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Preface

Polymers are one of the modern world’s most intriguing and versatile materials, able to assume a near-
infinite variety of shapes and properties that permeate almost every aspect of our lives as consumers.
The commutative nature of plastics is not only a function of their melt-processing capabilities, but also
a reflection of the wide variety of possible microstructures that each polymer chain (or distribution
of chains) can assume as a unique fingerprint of the polymerization mechanism.

Among the many aspects of polymer chain microstructures, tacticity is arguably the most
critical for determining polymer properties and uses. For example, atactic polypropylene is a
soft, amorphous material, useful only in very limited applications such as adhesives or asphalt
modifiers, while isotactic polypropylene is stiff and highly crystalline, possessing good heat res-
istance and a high melting point. Isotactic polypropylene is one of today’s most commercially
important polymers, used to make a wide range of products including fibers, food containers,
molded auto parts, films, and nonwoven fabrics. These significant property differences arise
principally from alignment of the polymer’s pendant methyl groups into a regular rather than random
arrangement.

Today, the development of a new polymeric material requires a keen understanding of how
to manipulate the most intimate features of individual polymer chains—tacticity, branching,
comonomer sequence distribution, block length, regioerrors—to obtain desirable physical properties
and performance. The modern polymer chemist must possess a good understanding of fundamental
microstructural structure–property relationships for any system under study, both from the synthetic
perspective (relationships between polymerization catalyst ligand/active site structure, polymeriza-
tion mechanism, and chain microstructure) and the performance perspective (relationships between
chain microstructure, phase behavior, and bulk properties).

With this book, we have sought to create a one-volume reference containing information
on the most important classes of tactic polymers and polymerizations carried out using single-
site catalysis.1−5 This book contains 25 individual review chapters on tactic polymers and
polymerizations, each contributed by top researchers in the area, grouped into five parts.

The first part describes the basic types of tactic polypropylenes and catalyst systems used to pre-
pare them. These chapters provide the reader with an overview of known catalyst structure–polymer
property relationships, and explain the critical ligand modification strategies used to achieve stereo-
control. Newer classes of polypropylene polymerization catalysts, including nonmetallocene and
late transition metal precatalysts, are also highlighted in order to exemplify emerging catalyst design
techniques. A chapter discussing theoretical site-control studies is included to illustrate how such
techniques assist with and complement catalyst design. Introductions to the fundamental concepts of
tacticity and polymerization mechanisms are also featured in the earliest chapters. The second part
contains chapters highlighting the role of tacticity in the design of polypropylenes with special phys-
ical properties (stereoblock, elastomeric, and functional tactic materials). Tacticity considerations in
ethylene–propylene copolymers are also examined.

In the third part, tacticity considerations are expanded to other monoolefinic monomers and poly-
mers, with chapters covering tactic α-olefin and styrene polymerizations. Ditactic polymerizations
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and copolymerizations of cyclic olefinic monomers with two adjacent prochiral centers (cyclopentene
and norbornene) are then described. The fourth part addresses the increasingly complex mechan-
istic and microstructural aspects of diene polymerization, with chapters addressing linear and cyclic
conjugated diene monomers, diene cyclo(co)polymerization, tacticity in olefin-containing polymers
formed from bicyclic olefin metathesis polymerization (and their hydrogenated derivatives), and the
polymerization of acetylenes.

The final part of this book features tactic polymerizations of functional and nonolefinic
(ring-opening) monomers—materials for which many aspects of polymer stereochemistry and micro-
structure control are very different than for simple polyolefins. Acrylate, epoxide, and lactide
polymerizations are addressed in this part, along with tactic olefin/carbon monoxide co- and terpoly-
mers. These final chapters provide an expanded view of polymer microstructures and stereocontrol
strategies, such as enantiomer-selective polymerization, that may be less familiar to the polyolefin-
minded chemist and serve to enhance the reader’s overall understanding of stereoregular polymers
and polymerization.

Our goal in constructing this book was to create a reference volume that would be valuable
both to experts in the area and new researchers or students wishing to learn the fundamentals of
an unfamiliar system. To this end, although each review chapter presents exciting recent advances
in the field, the chapter content has been carefully written and edited to feature basic and practical
information that will continue to be relevant and useful over time. In particular, each chapter includes
the following:

• Introductory material describing the basic features of the general mechanism, poly-
mer microstructures, and/or catalyst systems concerned, to assist less familiar readers
in understanding subsequent material in the chapter

• Generous references with titles so that readers can quickly locate additional information
for systems of interest

• Characterization information explaining how tactic polymers are commonly evaluated,
with many spectral examples

• Descriptions of the physical properties and industrial applications of important tactic
polymers presented from a structure–property viewpoint

• Detailed information on important tactic copolymers in addition to homopolymers.
• Cross-references to other chapters when additional information is available on a topic,

allowing readers to find information most quickly and efficiently.

As researchers in the single-site catalyst design/polymer structure–property area, we have found
editing this volume to be a tremendous education. We hope that the information in this book will
prove equally useful to the readers in their work for many years to come.

Lisa S. Baugh
ExxonMobil Research & Engineering Company

Annandale, New Jersey

Jo Ann M. Canich
ExxonMobil Chemical Company,

a division of Exxon Mobil Corporation
Baytown, Texas
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1.1 INTRODUCTION

Polypropylene (PP) is one of the most highly utilized engineering plastics, with production in the
United States and Canada of over 8 million metric tons in 2003.1 The starting material for PP, propyl-
ene, can be transformed into polymers with a range of physical properties by adjusting the relative
stereochemistry of the pendant methyl groups on the polymer backbone. For instance, when the

3
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methyl groups are placed in a stereorandom configuration, the resulting polymer, known as atactic
polypropylene, is amorphous and lacks crystallinity. The vast majority of polypropylene sold is
isotactic polypropylene (iPP), a resin valued for its strength, toughness, chemical and heat resist-
ance, and processability. The highly stereoregular structure of iPP, in which the pendant methyl
groups reside on the same side of the polymer chain, imparts a crystalline structure to the poly-
mer and allows the material to have a high melting point (160–165 ◦C).2,3 A versatile plastic, iPP
can be found in a wide range of applications from packaging to fibers to containers. Commercial,
highly crystalline iPP is largely synthesized using traditional heterogeneous Ziegler–Natta catalysis,
but the advent of homogeneous group 4 metallocenes has enabled polyolefin producers to access
a wider range of polymer microstructures and properties. The mechanism of stereoselective poly-
merization by these catalysts is now well understood; the issues of stereocontrol and influence of
the metallocene catalyst structure on the propylene polymerization behavior have been discussed
in detail in earlier reviews.4–6 Excellent review articles are also available on the synthesis of chiral
group 4 metallocenes.7,8 This chapter will introduce some fundamental aspects of metallocene-
catalyzed propylene polymerization, discuss the details of how the C2-symmetry of the catalyst is
exploited in the synthesis of iPP, and then survey the general ligand structures that are commonly
encountered.

1.1.1 FUNDAMENTALS OF METALLOCENE-CATALYZED PROPYLENE

POLYMERIZATION

A brief overview of the necessary steps for polymer formation is discussed here. A more detailed
review may be found elsewhere.6

1.1.1.1 Activation of Metallocene Precatalysts

The most widely used homogeneous catalysts for the synthesis of iPP are group 4 metallocenes
(Scheme 1.1). Metallocene precatalysts typically consist of the metallocene dichlorides. Addition of
a Lewis acidic cocatalyst is necessary to generate the catalyst. The cocatalyst replaces the chlorides on
the metal with alkyl groups and, in a subsequent step, abstracts one alkyl group to generate the active
catalyst. The most common cocatalyst for this purpose is the oligomeric mixed aluminum alkyl/oxide
methylaluminoxane (MAO). MAO is obtained from controlled hydrolysis of trimethylaluminum,
with the final product being a dynamic mixture of different compounds.9 Alternatives to MAO include
boron-based cocatalysts such as tris(perfluorophenylborane) and tetrakis(perfluorophenylborate)s
with various counterions.9,10

The metallocene species after activation is a d0, cationic, 14-electron species with a pseudotet-
rahedral structure and a highly Lewis acidic metal center. Two of the four coordination sites on the
metal are occupied by the ligands, such as η5-cyclopentadienyl (Cp, C5H5) groups or other moieties.
The two remaining sites participate directly in the polymerization process.

M
Cl

Cl
M

RCocatalyst (MAO)

= Open coordination site

R = Alkyl/growing polymer chain

= Counterion (e.g., MAO−)

Active
catalyst
species

A−

A−

SCHEME 1.1 Formation of an active catalyst species from a metallocene dichloride.
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SCHEME 1.2 General mechanism of chain propagation for metallocene-catalyzed propylene polymerization
(L = cyclopentadienyl or similar ligand).

1.1.1.2 Mechanism of Chain Propagation

The mechanism of chain propagation in metallocene-catalyzed propylene polymerization has been
well studied; the essential steps are shown in Scheme 1.2. Propylene insertion takes place in two
steps: (1) olefin coordination with cis opening of the double bond and (2) chain migratory insertion.
The monomer inserts primarily with 1,2-regioselectivity with the less substituted carbon bonded
to the metal. Following migration of the polymer chain to the site with the coordinated olefin, the
monomer coordination site is transformed into the site bearing the growing polymer chain; the site
formerly occupied by the polymer chain is now free for monomer coordination. Therefore, in most
cases, propylene insertion occurs at each of the two sites in an alternating manner.

The energetics of each step have been deduced using a variety of computational methods. Pro-
pylene uptake (coordination) by a coordinatively unsaturated metallocene alkyl species is favorable
(∼10 kcal/mol) and essentially barrierless unless sterically bulky ligands are involved.6 The bar-
rier to insertion of propylene for a C2-symmetric zirconocene catalyst has been calculated at 2–4
kcal/mol.11

Four proposed detailed mechanisms for monomer insertion are shown in Scheme 1.3. All mech-
anisms begin with the coordinatively unsaturated metal center bearing the growing polymer chain.
In the Cossee mechanism (Scheme 1.3a),12–16 olefin coordination to the metal is followed by chain
migratory insertion through a four-center metallocycle transition state. The Green–Rooney mech-
anism (Scheme 1.3b)17,18 involves an oxidative 1,2-hydrogen shift from the polymer chain onto
the metal to form an alkylidene hydride. This alkylidene can react with the monomer to form
a metallocyclobutane. Reductive elimination regenerates the three-coordinate metal center. Since
the metallocenes discussed here are d0 species incapable of oxidative addition, this mechanism
can be ruled out. The next two mechanisms involve α-agostic interactions: the modified Green–
Rooney mechanism (Scheme 1.3c)19–21 features agostic interactions between a hydrogen atom on
the α-carbon of the polymer chain and the metal in the ground and transition states, while the
fourth mechanism (Scheme 1.3d) has an agostic interaction of this type only in the transition state.
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SCHEME 1.3 Four mechanisms for propylene insertion (spectator ligands and charge on metal center not
shown; P = growing polymer chain;� = open coordination site; half-arrow represents an agostic interaction).
(Adapted with permission from Grubbs, R. H.; Coates, G. W. Acc. Chem. Res. 1996, 29, 85–93. Copyright
1996 American Chemical Society.)

Ground-state agostic interactions have been observed experimentally in model compounds of active
sites;22,23 growing polymer chain geometries containing β- and γ-agostic interactions are calculated
to be more stable than those with α-agostic interactions,24 and thus are a likely feature of the resting
state of the catalyst. The presence of an α-agostic interaction in the transition state has been observed
experimentally in mechanistic studies25–27 and is consistent with the proposed conformation adop-
ted by the growing polymer chain as a means of affecting enantioselective propylene insertion (vide
infra). These experimental results support the modified Green–Rooney mechanism (Scheme 1.3c)
as the most likely mechanism for propylene insertion.

1.1.1.3 Regioirregular Propylene Insertion

Insertion of propylene with 1,2-regioselectivity is known as primary insertion or regioregular
insertion because it is the most prevalent type of monomer enchainment for metallocenes. Some
metallocenes do insert propylene in other, regioirregular ways28–30 (Scheme 1.4). The monomer may
be inserted with 2,1-regioselectivity (Scheme 1.4a), known as secondary insertion, with the more
substituted olefinic carbon bonded to the metal. Following 2,1-insertion, a unimolecular isomeriza-
tion may take place to give a 3,1-insertion31–34 (Scheme 1.4b). Alternatively, monomer insertion can
occur following a regioirregular insertion. This insertion step is always regioregular (1,2-insertion)
and occurs at a slower rate than 1,2-insertion following a regioregular insertion; the reduced rate of
chain propagation following 2,1-insertion has led to the suggestion that these sites are effectively
dormant.35 Chain release through β-hydride transfer to monomer (vide infra) is another possible
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SCHEME 1.4 (a) 2,1-Insertion following 1,2-insertion into a growing polymer chain and (b) isomerization
to produce a 3,1-insertion. (Adapted with permission from Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, F.
Chem. Rev. 2000, 100, 1253–1345. Copyright 2000 American Chemical Society.)
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n
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B

P

SCHEME 1.5 Hydride transfer chain release mechanisms: (A) β-hydride elimination (transfer to metal);
(B) β-hydride transfer to monomer (P = growing polymer chain). (Adapted with permission from Resconi, L.;
Cavallo, L.; Fait, A.; Piemontesi, F. Chem. Rev. 2000, 100, 1253–1345. Copyright 2000 American Chemical
Society.)

reaction which is thought to be responsible for the decrease in molecular weights for metallocenes
with a high number of 2,1-insertions.6

1.1.1.4 Chain Release

One very important feature of metallocene-catalyzed propylene polymerization is that more than
one polymer chain is produced by each metal site. This is possible through mechanisms of chain
release which follow monomer insertion, both 1,2-insertion and 2,1-insertion. Scheme 1.5 depicts
the two most common chain release mechanisms: β-hydride transfer to the metal36–39 (with or
without associative displacement by incoming monomer) and β-hydride transfer to the monomer.40

Both processes result in identical chain endgroups (vinylidene and n-propyl), but can be studied by
examining the rate law for chain release.

Another chain release mechanism is β-methyl transfer from the polymer to the metal center
(Scheme 1.6a).37,39 This process occurs when highly substituted Cp ligands are present41–43 and
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SCHEME 1.6 Other chain release mechanisms: (a) β-methyl elimination (transfer to metal); (b) chain transfer
to Al; (c) chain transfer to H2 (P = growing polymer chain). (Adapted with permission from Resconi, L.;
Cavallo, L.; Fait, A.; Piemontesi, F. Chem. Rev. 2000, 100, 1253–1345. Copyright 2000 American Chemical
Society.)

produces allyl and isobutyl chain endgroups. A fourth mechanism is chain transfer to aluminum44–47

(Scheme 1.6b); trimethylaluminum is a component of the MAO activator required to form the catalyst
from the metallocene dichloride. This mechanism is observed at high [Al]/[metal] ratios and results
in two saturated isobutyl endgroups on a polymer chain.

An effective way to lower polymer molecular weights is to add hydrogen as a chain transfer agent
(Scheme 1.6c).48,49 This results in saturated n-propyl and isobutyl chain ends for the polymer. For
catalysts that produce dormant sites through 2,1-insertion (vide supra), hydrogen can also serve to
increase productivity.6

1.2 CONTROL OF POLYPROPYLENE STEREOCHEMISTRY

1.2.1 POLYMER STEREOCHEMISTRY

Figure 1.1 depicts the polymer architectures commonly known to exist for polypropylene. These
polymers differ only in the relative stereochemistry of the pendant methyl groups on the polymer
backbone. There are two possible configurations for two adjacent methyl groups (dyads): when the
methyl groups reside on the same side, they are meso to each other, denoted as m; two methyl
groups on opposite sides of the chain are racemo, denoted as r. There are three possible sequences
of triads (three adjacent methyl groups): mm, rr, and mr/rm. The 13C NMR chemical shift of
each methyl group is sensitive to the relative stereochemistry of its neighbors. High-resolution 13C
NMR is capable of distinguishing the ten different sets of five stereocenters, known as pentads50,51

(Figure 1.2). The percentages of the pentads are used as a measure of the degree of stereoregularity
of the polymer. For example, perfectly isotactic PP has mmmm = 100% whereas statistically atactic
PP has mmmm = 6.25%.

A spectrum of polymer microstructures exists. There are two crystalline, stereoregular polypro-
pylenes, one in which each methyl group has an m configuration with respect to its neighbors
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FIGURE 1.1 The most common polypropylene microstructures.

(isotactic, Figure 1.1a) and one in which each methyl group has an r configuration with respect
to its neighbors (syndiotactic, Figure 1.1b). The completely stereoirregular, amorphous atactic
polypropylene (Figure 1.1e) represents the other end of the spectrum. In the middle are hemiisotactic
PP (Figure 1.1c), where every other methyl group is on the same side of the polymer chain, and
stereoblock PP, where one segment of the polymer is atactic and the other is isotactic (Figure 1.1d).

1.2.2 MECHANISM OF STEREOCONTROL

As discussed in Section 1.1.1.2, metallocene catalysts insert propylene from two sites in an alternating
manner (exceptions will be discussed in Section 1.2.2.2). Each insertion of the prochiral propylene
monomer into the growing polymer chain creates a new chiral center. The configuration of the new
chiral center will be determined by which enantioface of propylene coordinated to the metal prior to
insertion. The two enantiofaces, re and si, are shown coordinated to a metallocene in Figure 1.3.

Since insertion occurs at two different sites on the metal center most often in an alternating
fashion, an m dyad (two methyl groups on the same side of the polymer chain) results when the
same enantioface of propylene is inserted consecutively (re after re and si after si); isotactic polymer
is produced after many insertions. Similarly, when the two coordination sites of the catalyst prefer
opposite enantiofaces (re after si and si after re), an r dyad (two methyl groups on opposite sides of
the polymer chain) is formed and a syndiotactic polypropylene is produced.

It should be noted that a mixture of active catalyst centers that insert either only the re or si
enantioface will still produce iPP. Although the chain start and chain end of each polymer chain are
generally not the same group, when iPP molecular weight is high, a pseudo plane of symmetry exists
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FIGURE 1.4 (a) Chain-end control and (b) Enantiomorphic site control of propylene insertion (P = growing
polymer chain).

in each individual polymer chain; a polymer chain created from only re insertions is the enantiomer
of a polymer chain resulting from only si insertions but neither is optically active.

In order for the coordination of one enantioface of propylene to be favored over the other, a
chiral environment is required. The two possible sources of this chirality are the stereocenter(s)
of the growing polymer chain (chain-end control, Figure 1.4a) and the ligands on the metallocene
(enantiomorphic site control, Figure 1.4b). In both mechanisms, enantiofacial selectivity of propylene
insertion is achieved through steric interactions between the incoming monomer and the growing
polymer chain.

As discussed in the following sections, the two mechanisms can be distinguished by observing
the 13C NMR spectra of the polymers produced because the stereochemical misinsertions are dis-
tinct. In principle, both mechanisms may be operating for a given catalyst system. But since
enantiomorphic site control is far superior to chain-end control in producing highly isotactic polypro-
pylene, the pentads that result from a chain-end control mechanism operating simultaneously with
enantiomorphic site control are often too low in intensity to be evaluated.6

1.2.2.1 Chain-End Control

In the chain-end control mechanism, the stereochemistry of the last-inserted monomer in the polymer
chain influences the enantiofacial selectivity for insertion of the next propylene unit. As suggested
by molecular mechanics models for [Cp2Ti(growing polymer chain)]+,52 the chiral center on the
last inserted monomer within the polymer chain causes the chain to favor a particular orientation
relative to the ligands of the metallocene (Figure 1.5). The next propylene to be inserted coordinates
to the other metal site with its methyl group anti to the growing chain. This favors the formation of
m dyads (i.e., the insertion of an si-coordinated monomer favors the si enantioface of the subsequent
monomer). Therefore, it is possible to generate iPP but not syndiotactic PP using the chain-end
control mechanism.

This mechanism will produce perfectly isotactic polypropylene as long as there are no enantiofa-
cial misinsertions. However, the difference in energy between insertion of the re and si enantiofaces
is fairly small (∼2 kcal/mol) for the chain-end control mechanism.43,53 The stereocenter resulting
from each misinsertion will cause the opposite enantioface of the alkene to be preferred for the
next insertion; the result is a stereoblock structure with one isolated r defect, mmmmmrmmmm
(Figure 1.6). The signature for a chain-end control mechanism is therefore the presence of the mmrm
and mmmr pentads in a 1:1 ratio in the 13C NMR of the polypropylene synthesized.54

Several catalysts have been found to produce iPP through the chain-end control mechanism.
These include the Cp′2TiR2/MAO systems (Cp′ = C5H5 or substituted Cp; R = Ph or Cl)53,54 and
(pyridyldiimine)FeCl2/modified methylaluminoxane catalysts.55 Low polymerization temperatures
are required to achieve moderate isotacticity with both classes of catalysts. The frequency of mis-
insertions produces an average stereoblock length of less than 16 units, the minimum required for
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FIGURE 1.5 Chain-end control mechanism: (a) re coordination following si insertion (disfavored); (b) si
coordination following si insertion (favored) (P = growing polymer chain).
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FIGURE 1.6 Microstructures of polypropylene synthesized through (a) chain-end control and (b) enantio-
morphic site control (P = growing polymer chain).

crystallite formation.56,57 Consequently, the iPPs synthesized with Cp′2TiR2/MAO have low melting
points and crystallinitities.58,59

1.2.2.2 Enantiomorphic Site Control

When the structure of the metallocene is responsible for enantiofacial selectivity in propylene inser-
tion, the catalyst is operating under enantiomorphic site control. The catalyst environment (the metal
and ligands) determines the conformation of the growing polymer chain, and in a mechanism sim-
ilar to chain-end control, the incoming propylene monomer coordinates then to the metal with its
methyl group anti to the growing chain (vide infra). In order for a stereoregular polypropylene to
be synthesized, the catalyst must consistently place the polymer chain in the same conformation
for each of the two metal coordination sites. This type of rigidity is not expected for unbridged
cyclopentadienyl-type ligands, which are known to spin freely around the metal-Cp axis, except at
low temperatures or in the presence of bulky substituents on the Cp rings (see Section 1.3.2.).

However, metallocene rigidity can be achieved through the introduction of a bridging group
between the two rings. For instance, for two identical ligands such as indene, the introduction of a
short bridge between the ligands, such as –CH2CH2– or –SiMe2–, will result in three diastereomers
of the metallocene (Figure 1.7). Two of these catalysts, A and B, are chiral and exist as a pair of
enantiomers with C2 symmetry; the third, C, is achiral with Cs symmetry. All three diastereomeric
metallocenes may be formed when the ligands are metallated; the ratio of the diastereomers is
determined by their relative stabilities. The bridge prevents the interconversion of the diastereomers
under usual polymerization conditions. Typically, the enantiomers A and B are isolated together as
a racemic pair, called rac-bis(indenyl)zirconocene dichloride, whereas C is obtained as the meso-
bis(indenyl)zirconocene dichloride. (See Sections 1.3.1.1 and 1.4.1 for further discussion on these
types of ansa-metallocenes.)

After activation using a Lewis acid cocatalyst such as MAO, catalysts A, B, and C will each
have two coordination sites. In C, the two coordination sites are diastereotopic; owing to the plane
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FIGURE 1.7 The three possible diastereomers of ethylene-bridged bis(indenyl)zirconocene dichloride: (a)
(R,R)-Et(Ind)2ZrCl2; (b) (S,S)-Et(Ind)2ZrCl2; (c) meso-(R,S)-Et(Ind)2ZrCl2.
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FIGURE 1.8 Lowest energy structures for propylene coordination to a chiral, C2-symmetric metallocene-
isobutyl complex. For both enantiomers, the two sites shown for monomer coordination and chain growth are
equivalent.

of symmetry within the metallocene, neither site will preferentially orient the polymer chain in a
particular direction so insertion of the re or si face of the incoming propylene monomer is equally
likely at both coordination sites; this results in the formation of atactic polypropylene.

For the chiral racemic pair A and B, the two sites are equivalent (homotopic) through the C2 axis
of symmetry. Both sites will orient the growing polymer chain away from the benzene portion of
the indene ligand. This causes the (R,R)-enantiomer, A, to prefer insertion of the re enantioface of
propylene and the (S,S)-enantiomer, B, to prefer the si face. The coordination of the two enantiofaces
of propylene (re and si) to metallocenes A and B is shown in Figure 1.8.

The origin of enantiomorphic site control by C2-symmetric metallocenes has been well studied.
One hypothetical mechanism is the direct influence of the ligand upon the propylene monomer.
However, many researchers have demonstrated that the first monomer insertion into the metal–alkyl
bond of C2-symmetric metallocenes proceeds with at the most only slight enantioselectivity when
the alkyl group is methyl.60–65 The energy difference between re and si coordination of the alkene to
this species is< 1 kcal/mol;63,65 the distance between the methyl group of propylene and the ligand
is sufficiently large such that the ligand framework is unable to affect enantioselective coordination.

In contrast, propylene insertion into a metal–alkyl bond is selective when the alkyl group is
isobutyl, a model for the growing polymer chain.61,62,66,67 In the lowest energy structure of the
monomer coordinated to the metallocene (Figure 1.8), the polymer chain is directed toward the
open sector of the ligand framework (chiral orientation of the growing chain). The propylene then
coordinates to the metal with the methyl group anti to the β-C atom of the growing chain. The
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difference in energy between coordination of correct (preferred) versus incorrect (nonpreferred)
enantiofaces of propylene by C2-symmetric metallocenes is typically 3–4 kcal/mol.68–71

Since the structure of the catalyst (metal center and ligands) determines the enantiofacial
selectivity of propylene insertion, the polymer microstructure of polypropylenes synthesized under
enantiomorphic site control is different from the microstructure resulting from chain-end control. An
insertion of the opposite enantioface does not change the enantiofacial preference of the following
insertion for enantiomorphic site control, and the occurrence of an r dyad resulting from misinsertion
is not propagated. Rather, the catalyst “corrects itself” by generating a second r dyad to generate
a mmmrrmmm sequence. Therefore, mmrr and mrrm pentads are observed in the polymer in a 1:1
ratio (Figure 1.6).

In summary, the ability of C2-symmetric metallocene catalysts to produce iPP can be rationalized
given the discussion above. The ligand imposes the same chiral orientation upon the growing polymer
chain regardless of which of the two positions (coordination sites) on the metal is occupied by the
chain. This results in the insertion of the same enantioface of propylene at both sites. The two
coordination sites are therefore homotopic, and each insertion yields a new stereocenter with the
same chirality as the previous monomer insertions.

It is important to note that catalysts with C2-symmetry are not the only metallocenes capable
of forming iPP. Metallocenes with C1-symmetry where one of the coordination sites is very steric-
ally crowded as a result of ligand substitution can also produce polypropylene of low-to-moderate
isotacticity. In C1-symmetric metallocenes, the metal has two different coordination sites, one isose-
lective and one aselective, that should result in a hemiisotactic PP. However, chain propagation
does not occur in a strictly alternating fashion between the two sites on the metal. The extreme
steric hindrance at the site closest to the large ligand substituent causes a unimolecular isomeriz-
ation reaction to occur; the polymer chain “back skips” to the less crowded site without insertion
of monomer (called chain back skip or unimolecular site epimerization). Therefore, the majority
of monomer insertions take place from the isoselective site. An example of such a catalyst is the
isopropyl-bridged (3-tert-butyl-Cp)(fluorenyl)zirconocene shown in Scheme 1.772 (see Chapter 2
for a further discussion of C1-symmetric Cp-fluorenyl catalysts and site epimerization).

M
P

Me2C ZrCl2

M
P

Migratory
insertion 

Crowded

P

= Open coordination site Chain back skip
to less hindered
site

Monomer
coordination

Catalyst

Migratory
insertion 

Isospecific
propagation

M

P

M

SCHEME 1.7 Synthesis of iPP by a C1-symmetric catalyst through the chain back skip mechanism (P =
growing polymer chain). (Adapted with permission from Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, F.
Chem. Rev. 2000, 100, 1253–1345. Copyright 2000 American Chemical Society.)
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SCHEME 1.8 Mechanism of epimerization of the last stereocenter on the growing polymer chain.

1.2.3 EXPERIMENTAL CONDITIONS THAT AFFECT POLYMER TACTICITY

Polymerization conditions can affect the synthesis of iPP by C2-symmetric catalysts. A temperature
dependence of polymer tacticity has been observed, with higher temperatures resulting in a decrease
in the mmmm content of the polymer. This observation has been rationalized in terms of the relative
energy of enantioface selectivity of propylene insertion.68–71

Low monomer concentration can also decrease the isotacticity of polypropylene. The three-
coordinate metallocene alkyl species that exists in the absence of a π-coordinated monomer is capable
of racemizing the methyl group of the last-inserted monomer unit. Evidence for the occurrence of
chain-end epimerization has come from studies using deuterium-labeled propylene;26,27,73,74 the
relevant mechanistic steps are believed to be a series of β-hydride eliminations and subsequent
isomerizations with a tertiary alkyl species as an intermediate (Scheme 1.8).

1.3 PROTOTYPICAL C2- AND PSEUDO-C2-SYMMETRIC CATALYSTS

In accordance with the mechanistic requirements for enantiomorphic site-controlled formation of
iPP from single-site catalysts, the most successful efforts in catalyst development have focused on
conformationally rigid systems locked in axial C2 symmetry. Historically, the milestone develop-
ment in this area was initiated in the late 1970s by Hans–Herbert Brintzinger’s publication of the first
chiral C2-symmetric ansa-metallocene, rac-trimethylenebis(3-tert-butylcyclopentadienyl)titanium
dichloride (1, Figure 1.9).75 The complex was initially developed as a stereorigid version of
chiral titanocenes for use in asymmetric reactions with prochiral olefins. Remarkably, in this
first report, the racemic mixture was already resolved into its single C2-symmetric enantiomers
by selective conversion of one of the enantiomers to the corresponding binaphtholate, a stand-
ard technique for resolving chiral racemic ansa-metallocenes. The ansa prefix, derived from Latin
bent or handle, had already been used earlier for alkane bridges across arene rings and was now
adopted by Hans Brintzinger, “the father of ansa-metallocenes,” as a short notation for the inter-
annular bridge in metallocene complexes. This first report was soon followed by the landmark
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TiCl2

1

FIGURE 1.9 The first chiral ansa-metallocene, rac-trimethylenebis(3-tert-butylcyclopentadienyl)titanium
dichloride (1). Only one enantiomer of the racemic pair is shown.

M ClCl M ClCl

2a : M = Ti
2b : M = Zr
2c : M = Hf

3a : M = Ti
3b : M = Zr
3c : M = Hf

FIGURE 1.10 Prototypical group 4 bis(indenyl) and bis(tetrahydroindenyl) ansa-metallocenes 2–3. Only one
enantiomer of the racemic pair is shown.

preparations of the first chiral group 4 bis(indenyl) and bis(tetrahydroindenyl) ansa-metallocenes,
rac-ethylenebis(indenyl)titanium dichloride (rac-Et(Ind)2TiCl2, 2a) and its hydrogenated congener
rac-ethylenebis(4,5,6,7-tetrahydroindenyl)titanium dichloride (rac-Et(H4Ind)2TiCl2, 3a) in 1982
(Figure 1.10).76 Preparations of the ansa-zirconocene analogues 2b and 3b were reported in 1985.77

By 1987, the hafnium analogues 2c and 3c had also been described by Ewen.78

With these C2-symmetric homogeneous catalysts at hand, the groups of John Ewen at Exxon
and Walter Kaminsky at the University of Hamburg almost simultaneously published revolutionary
studies on the formation of isotactic polypropylene upon activation of chiral ansa-metallocenes
with MAO.54,79 Ewen used a 56:44 mixture of rac- and meso-ethylenebis(indenyl)titanium
dichlorides to prepare a 63:37 mixture of isotactic and atactic polypropylenes;54 Kaminsky and
Brintzinger obtained exclusively isotactic polypropylene by use of the pure C2-symmetric rac
form (as a pair of enantiomers isolated away from the meso-diastereomer) of ethylenebis(4,5,6,7-
tetrahydroindenyl)zirconium dichloride in combination with MAO.79 This seminal experiment
unambiguously demonstrated the dependence of polypropylene microstructure on the stereo-
chemistry of the metallocene catalyst. The prototypical ansa-metallocene indenyl and 4,5,6,7-
tetrahydroindenyl catalyst precursors 2a-c and 3a-c are shown in Figure 1.10. While huge numbers of
structural variants of these parent systems have been described in the literature since the mid-1980s,
the racemic ethylene-bridged bis(indenyl)zirconium dichloride compound 2b remains the landmark
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prototype against which many of the new catalyst precursors are often referenced. Consequently,
considerable efforts have been directed toward synthetic and structural studies on 2b and its hydro-
genated congener 3b. A detailed investigation on the synthesis, molecular structure, and solution
dynamics of these metallocenes has appeared in the literature.80

The following discussion highlights the key findings and development of C2-symmetric cata-
lysts for isoselective propylene polymerization; polymerization results reported here are for
MAO-activated catalysts derived from the metallocene dichlorides shown in the figures unless other-
wise specified. Most of the catalysts described to date are bridged complexes of the ansa-metallocene
type. Only a few homogeneous catalyst systems of any significance based on nonmetallocene ligand
structures in combination with early or late transition metals have appeared (see Chapter 6).

In addition to the bridged metallocene-based catalysts, a number of unbridged metallocene
catalyst systems, exhibiting time-dependent C2-symmetry due to restricted ligand rotation around
the ligand–metal axis, have been reported to produce polypropylenes with a range of tacticities and
microstructures. In the context of the present discussion, the unbridged metallocene complexes are
considered as pseudo-C2-symmetric.

1.3.1 ANSA-METALLOCENES

As reported in Ewen’s seminal paper, the racemic ethylene-bridged bis(indenyl)titanocene 2a yields
isotactic polypropylene, albeit with fairly low activity and low stereoselectivity;54 however, this
complex has a limited stability under technical polymerization conditions found in industrial set-
tings. Kaminsky’s bis(tetrahydroindenyl)zirconocene analogue 3b79 displays a considerably higher
polymerization activity, although the properties of the polymers obtained with this catalyst are
far inferior to those of commercial-grade isotactic polypropylenes prepared using heterogeneous
Ziegler–Natta catalysts. For example, in liquid propylene at 70 ◦C, 3b produces iPP with a fourfold
decrease in activity as compared to a fourth-generation heterogeneous Ziegler–Natta catalyst of
the TiCl4/MgCl2/electron donor type (20 vs. 80 kg PP/mmol metal).81 The homopolymer weight
average molecular weight (Mw = 15,000) and melting point (Tm = 125 ◦C) are considerably lower
than those of commercial iPP (Mw = 100,000–500,000, Tm = 160–165 ◦C).81 Nevertheless, these
metallocene catalysts have had a tremendous intellectual impact on the scientific community. With
the correlation between polypropylene microstructure and metallocene chirality clearly established,
reports of new homogeneous metallocene catalysts for production of syndiotactic,82 hemiisotactic,83

and isotactic–atactic stereoblock84 polypropylene microstructures soon followed. Researchers also
pursued the development of metallocene-based catalysts for production of commercial-grade iPPs
by structural modifications of the Brintzinger-type catalysts. To date, the most successful attempts
at catalyst design for highly isotactic polypropylene have evolved from these C2-symmetric
racemic bis(indenyl) ansa-zirconocene-type structures. In a few cases, successful candidates have
been obtained by variations of bridged bis(cyclopentadienyl) ligand backbones; attempts using
bis(fluorenyl) ligands have been far less fruitful. Selected examples are presented in the discussion
below.

1.3.1.1 C 2-Symmetric Bis(indenyl) ansa-Metallocenes

Logical starting points for structural variations of bridged bis(indenyl) group 4 metallocenes are as
follows: (1) the central metal; (2) the interannular bridge connecting the η5-indenyl ligands; (3)
the substitution pattern of the ligand’s five-membered ring; and (4) the substitution pattern of the
ligand’s six-membered ring. Of these, the last is the most synthetically demanding.

Substantial experimental evidence shows that Zr is clearly the preferred transition metal in
terms of cost, activity, stability, and the resulting polymer molecular weight. Hafnium complexes
commonly produce polypropylenes with higher molecular weights than the analogous zirconium
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FIGURE 1.11 Representative dimethylsilylene-bridged bis(indenyl) ansa-metallocenes 4–10 for isoselective
propylene polymerization. Only one enantiomer of the racemic pair is shown.

complexes, owing to the relatively stronger Hf–C bond, while typically suffering from consider-
ably lower polymerization activities. Differences in stereoregulating ability between analogous Zr
and Hf catalysts are usually marginal. Most of the titanium analogues reported in the literature are
inferior to the corresponding zirconium complexes when catalyst activities, thermal stabilities, and
stereoselectivities are compared. Attempts to manipulate catalyst performance by optimizing the
ligand structure rather than changing the central metal are thus prevailing in the literature. Key
C2-symmetric bis(indenyl) ansa-metallocenes for iPP synthesis are shown in Figure 1.11; a com-
parison of these catalysts’ propylene polymerization characteristics under technical conditions is
summarized in Table 1.1.

Soon after the first reports by Ewen54 and Kaminsky and Brintzinger,79 it was shown that by
changing the two-atom ethylene bridge of 2b to a one-atom dimethylsilylene bridge (complex 4),
the molecular weight and isotacticity of the iPP produced were enhanced.85,86 A further increase in
polymer molecular weight was obtained by 2-methyl substitution of the indenyl ligands (complexes
5 and 6).87

Truly high-performance metallocene catalysts for the production of isotactic polypropylene have
been prepared (7–9).2,3 Key components of these catalysts are the following: (1) a one-atom dimethyl-
silylene bridge; (2) alkyl substitution at the 2-position of the indenyl five-membered ring; and (3) a
fused aromatic ring on the indenyl six-membered ring (benz[e]indenyl group) or a 4-aryl substituent.
For example, in liquid propylene, the 2-methyl-4-naphthyl-substituted catalyst 9 produces highly
isotactic polypropylene with an isotactic mmmm pentad content of> 99%, a Mw of 920,000, and a Tm
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TABLE 1.1
Comparison of Propylene Polymerization Performance for Some Advanced ansa-
Metallocenes and a Fourth-Generation Ziegler–Natta Catalysta

Catalyst Yearb Ac iPP Mw iPP iPP References
mmmm (%) Tm (◦C)

Ziegler–Nattad 1980s 20 900,000 > 99 162 81
rac-Me2Si(2-Me-4-Naph-Ind)2ZrCl2 (9) 1994 875 920,000 99.1 161 3
rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2 (8) 1994 755 729,000 95.2 157 3
rac-Me2Si(2-Me-Benz[e]Ind)2ZrCl2 (7) 1994 403 330,000 88.7 146 3
rac-Me2Si(2-Me-4-iPr-Ind)2ZrCl2 (6) 1992 245 213,000 88.6 150 3
rac-Me2Si(2-Me-Ind)2ZrCl2 (5) 1992 99 195,000 88.5 145 3
rac-Me2Si(Ind)2ZrCl2 (4) 1989 190 36,000 81.7 137 3
rac-Et(H4Ind)2ZrCl2 (3b) 1985 80 15,000 nae 125 81
rac-Et(Ind)2ZrCl2 (2b) 1985 188 24,000 78.5 132 3

a Under technical polymerization conditions (70 ◦C, MAO activator; [Al]:[Zr]= 15,000:1; liquid propylene). Ind= indenyl;
H4Ind= 4,5,6,7-tetrahydroindenyl; Naph= naphthyl; Ph= phenyl.
b First published.
c Activity in kg iPP/mmol metal·h.
d Heterogeneous Ziegler–Natta catalyst (Ti/MgCl2/electron donor).
e Data not available.

of 161 ◦C, values essentially identical to those obtained with modern heterogeneous Ziegler–Natta
catalysts.3 The activity of 9, however, exceeds that of the tabulated Ziegler–Natta catalyst by a factor
of 40 in terms of kg PP/mmol metal·h produced (880 versus 20). Further optimization attempts have
resulted in the preparation of catalyst precursor 10 having a 2-n-propyl-4-phenanthryl substitution
pattern, which reportedly provides even higher isotacticities and polymer melting points.88

On the basis of these empirical studies on the influence of catalyst structure on polymerization
performance, the synergistic influence of 2-alkyl-4-aryl substitution appears to be the most beneficial,
albeit through a complicated combination of steric and electronic effects. The 2-alkyl substituent
appears to disfavor chain release, even after 2,1-insertion, and consequently increases the polymer
molecular weight. The 4-aryl substituent affects the catalyst enantioselectivity of the insertion step,
and hence the polymer stereoregularity, apparently through a predominantly steric effect2,3,6,81,87

(see Chapter 3 for a further discussion of indenyl ligand substitution pattern effects in propylene
polymerization).

Notably, the last papers to contain significant conceptual insight into metallocene catalyst devel-
opment for the synthesis of highly crystalline iPP were published over 10 years ago.2,3 As envisioned
by Resconi, Cavallo, Fait, and Piemontesi in their seminal review,6 in terms of catalyst efficiency
and cost, metallocene catalysts are unlikely to replace the latest generation heterogeneous Ti/MgCl2
Ziegler–Natta catalysts “in any foreseeable future.” Instead, the greatest potential of homogeneous
catalysts for propylene polymerization appears to have shifted to lower-crystallinity, intermediate-
tacticity materials, such as thermoplastic elastomers, not obtainable with the current Ziegler–Natta
catalyst technologies.

Of the more recent publications involving catalyst design for highly crystalline iPP, the most
notable examples of high-performance C2-symmetric bis(indenyl) ansa-zirconocenes are probably
the one-carbon-atom-bridged catalysts with bulky 3-substituents.68,89 For example, the methylene-
and isopropylidene-bridged precursors 11 and 12 (Figure 1.12) produce iPP with superior regioreg-
ularity, high isotacticity (mmmm = 95–98%), high melting points (Tm = 154–163 ◦C), and modest
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FIGURE 1.12 Methylene-, isopropylidene-, and ethylene-bridged bis(indenyl) ansa-metallocenes 11–13 for
isoselective propylene polymerization. Only one enantiomer of the racemic pair is shown.
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FIGURE 1.13 C2-Symmetric bis(cyclopentadienyl) ansa-metallocenes 14–17 for isoselective propylene
polymerization. Only one enantiomer of the racemic pair is shown. Note that 17 is a group 3 metallocene
that does not require activation by a Lewis acidic species (R = hydride; actual precatalyst structure is a dimer).

to high molecular weights (Mw = 70,000–780,000). The polymer properties and catalyst productiv-
ities of 11 and 12 are not quite on the same level as those for the optimized catalysts 8 and 9, but
the very simple ligand design of 11 and 12 may offer some economical advantages in catalyst cost.
Isotactic polypropylene with similar properties has also been synthesized using the C2-symmetric,
ethylene-bridged 2,4,7-trimethyl-substituted bis(indenyl) catalyst 13 (Figure 1.12).90

1.3.1.2 C 2-Symmetric Bis(cyclopentadienyl) ansa-Metallocenes

In comparison to bis(indenyl) ansa-metallocenes, there are considerably fewer examples of C2-
symmetric isoselective metallocene catalysts on the basis of bridged bis(cyclopentadienyl) ligand
framework. Representative complexes 14–17 are illustrated in Figure 1.13.3,91–93 Many of the
reported chiral bis(cyclopentadienyl) ansa-zirconocenes produce highly stereoregular iPP, but with
polymerization activies much lower than those of the structurally optimized bis(indenyl)-based
catalysts. For example, in liquid propylene at 70 ◦C, 16 produces iPP with mmmm > 94%,
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FIGURE 1.14 Representative C2-symmetric ansa-“heterocenes” 18–22 for isoselective propylene polymer-
ization. Only one enantiomer of the racemic pair is shown.

Mw = 19,000, and Tm = 155 ◦C with a polymerization activity of 10 kg PP/mmol Zr·h,3 as compared
to Mw = 920,000 and 880 kg PP/mmol Zr · h obtained with the 2-methyl-4-naphthyl-substituted
bis(indenyl) catalyst 9 under similar polymerization conditions (see Chapter 3 for a further discussion
of cyclopentadienyl ligand substitution pattern effects in propylene polymerization).

The C2-symmetric neutral yttrocene complex 17 was the first stereoselective single-component
catalyst (the catalyst precursor is a dimeric hydride-bridged yttrocene that does not require a Lewis
acid activator to insert propylene) reported for propylene polymerization. This catalyst produces
highly isotactic polypropylene at ambient temperature (mmmm = 97%, Tm = 157 ◦C), albeit with
low activity and low polymer molecular weight.93

As an entirely new approach, “heterocene”-based C2-symmetric metallocene catalysts for iPP
synthesis have been reported;94–97 their ligand design incorporates a heterocyclic ring system such
as thiophene or pyrrole fused to a cyclopentadienyl ring. Representative complexes 18–22 of this
class are shown in Figure 1.14. Essentially, the complexes have been designed to mimic the high-
performance bis(indenyl)zirconocenes 8 and 9.2,3 Heterocene 19 is reportedly the most active
metallocene catalyst for polypropylene reported as of 2001.95 This catalyst produces highly isotactic
PP with Mw = 122, 000 and Tm = 157 ◦C with a polymerization activity of 5000 kg PP/mmol
Zr·h (in liquid propylene, 70 ◦C, in the presence of H2). The 2-methylcyclopenta[b]indole-derived
zirconocene 22 in turn exhibits polymerization characteristics intermediate between those of the
high-performance catalysts 7 and 8.96

1.3.1.3 C 2-Symmetric Bis(fluorenyl) ansa-Metallocenes

A few C2-symmetric bis(fluorenyl) ansa-metallocenes have been prepared by either desymmet-
rizing the fluorenyl ligand to generate a geometry analogous to that of bridged bis(indenyl)
complexes98,99 or by desymmetrization of the interannular ethylene bridge with proper substitu-
ents (Figure 1.15).100 These variations result in catalysts with low polymerization activity and
stereoselectivity. The methyl- and benzo-fused-substituted complexes 23 and 24 produced atactic
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FIGURE 1.15 C2-Symmetric bis(fluorenyl) ansa-metallocenes 23–25 for isoselective propylene polymeriz-
ation. Only one enantiomer of the racemic pair is shown.
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SCHEME 1.9 Temporal C2 symmetry displayed by unbridged metallocene complexes with identically
substituted cyclopentadienyl ligands (a pair of enantiomers is shown).

or slightly isotactic polypropylenes.98,99 The bridge-substituted catalyst 25 yields polypropylenes
with mmmm = 32–64% and Mw = 1,800–21,200, depending upon the polymerization temperature.
The pentad distributions for 25 indicate stereocontrol by the enantiomorphic site mechanism. The
low catalyst activities and the lack of any significant stereocontrol for the bis(fluorenyl) catalysts is
attributable to steric crowding on both sides of the active center, resulting in steric hindrance toward
monomer coordination/insertion and, even more likely, a failure of the ligands to affect chiral orient-
ation of the growing polymer. Questions concerning the thermal stabilities of group 4 bis(fluorenyl)
metallocenes have also been raised.

1.3.2 UNBRIDGED METALLOCENES

Unbridged group 4 metallocene complexes with two identically substituted cyclopentadienyl ligands
may display temporal C2-symmetry (Scheme 1.9), which theoretically can result in stereoselective
polymerization by the enantiomorphic site control mechanism. In most cases, however, the barrier
against ligand rotation around the cyclopentadienyl-metal axis is low, and time-averaged molecu-
lar C2v-symmetry prevails at all temperatures. With carefully selected bulky ligand substituents,
these systems may be tuned to produce at least partially isotactic polypropylenes, often at low
polymerization temperatures with concomitant decreases in polymerization activities. In such cases,
conformational isomers displaying stereoselective monomer coordination and chain propagation
may prevail for sufficient time intervals in order to produce isotactic chains.
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FIGURE 1.16 Unbridged group 4 bis(cyclopentadienyl) complexes 26–28 for isoselective propylene
polymerization.

In special cases, this type of catalyst may “oscillate,” switching between the two stereose-
lective C2-symmetric racemic-like conformations and a nonstereoselective meso-like conformation
during the propagation of a single polymer chain. The result is a stereoblock polymer microstruc-
ture (see Chapter 8). The most-studied catalyst precursor of this type is the unbridged complex
bis(2-phenylindenyl)zirconium dichloride (vide infra).84,101 The “oscillating” stereocontrol mech-
anism was, for the first time, initially proposed for this particular catalyst,84 although the actual
mechanism may be inherently more complex.102

1.3.2.1 Pseudo-C 2-Symmetric Bis(cyclopentadienyl) Metallocenes

In 1984, Ewen reported the first chain-end controlled polymerization of propylene to
isotactic polypropylene with metallocene catalysts, using the unbridged C2v-symmetric
bis(cyclopentadienyl)titanium diphenyl complex 26 at low temperature (Figure 1.16).54 With this
catalyst system, partially isotactic PP with mmmm = 52% is obtained at −45 ◦C.

Enantiomorphic site-controlled formation of iPP with unbridged pseudo-C2-symmetric
bis(cyclopentadienyl) metallocene catalysts has been observed in only a few cases. At −79 ◦C,
racemic 1-phenylethyl-substituted bis(cyclopentadienyl)zirconocene 27 (Figure 1.16) produces low
molecular weight iPP with mmmm = 60% through a mechanism that is at least partially chain-end
controlled.103 The related racemic 9-boracyclo[3.3.1]nonane-substituted analogue 28 (Figure 1.16)
gives slightly higher stereoselectivity, producing iPP having mmmm = 75% with predominating
enantiomorphic site control at −50 ◦C.104

1.3.2.2 Pseudo-C 2-Symmetric Bis(indenyl) Metallocenes

Certain chirally substituted unbridged bis(indenyl)zirconocenes are active catalysts for isoselective
propylene polymerization at low temperatures where ligand rotation is most restricted, and func-
tion by enantiomorphic site control (Figure 1.17).105,106 For example, the catalyst derived from
the cholestanyl-substituted bis(indenyl) complex 29 gives, at −30 ◦C, high molecular weight iPP
with mmmm = 80%.105 The neomenthyl- (30) and neoisomenthyl-substituted (31) zirconocene ana-
logues of this complex (and their tetrahydroindenyl congeners) give iPPs with a range of tacticities
from mmmm = 16–77% at polymerization temperatures ranging from −30 to −5 ◦C. At these tem-
peratures, the polymerization activities are fairly low. Higher stereoselectivities are obtained with
the neoisomenthyl-substituted complexes as compared to the isomenthyl-substituted catalysts. The
observed enantioselectivity of propylene insertion for 29, 30, and 31 is likely to result from the
predominance of a C2-symmetric metallocene rotamer.
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FIGURE 1.17 Unbridged pseudo-C2-symmetric bis(indenyl) zirconocenes 29–34 for isoselective propylene
polymerization.

The 2-arylindenyl zirconocenes developed by Waymouth for the synthesis of stereoblock elast-
omeric polypropylenes (see Chapter 8) provide de facto a range of tacticities, depending on the
polymerization conditions such as temperature and pressure and the ligand substitution pattern.101

The prototypical catalyst bis(2-phenylindenyl)zirconium dichloride 32 (Figure 1.17) gives stereo-
block polypropylene with intermediate tacticity and isotactic pentad content (mmmm = 33%) in
liquid propylene at 20 ◦C.84,101 The sterically more congested 3,5-bis(trifluoromethyl)-107 and 3,5-
(di-tert-butyl)-substituted108 analogues (33 and 34, respectively, Figure 1.17) both provide iPPs
with mmmm = 70% under similar polymerization conditions. The increase in stereoselectivity is
believed to arise from the 3,5-substituents’ role in restricting ligand rotation, which favors a predom-
inance of the C2-symmetric chiral rotamers and thus enhances the stereoselectivity of the propagation
step.101,107,108

1.3.2.3 Pseudo-C 2-Symmetric Bis(fluorenyl) Metallocenes

Among unbridged C2-symmetric bis(fluorenyl)metallocenes, the racemic 1-methyl-substituted zir-
conocene 35a (Figure 1.18) reportedly produces isotactic polypropylene with mmmm > 80%
upon activation with MAO at unusually high polymerization temperatures (60 ◦C) for unbridged
catalysts.109 The iPP obtained with 35a has a Tm of 145 ◦C, characteristic of moderately high isotacti-
city, although both the molecular weight of the polymer (Mw = 65,000) and catalyst activity are
fairly low. Somewhat lower molecular weights and less stereoregular polymer are obtained with the
hafnium analogue 35b (Figure 1.18). Once again, strongly hindered ligand rotation is responsible for
the chiral disposition of the substituted fluorenyl ligands, which in turn affect enantiofacial selectivity
in monomer insertion.

1.4 SYNTHETIC CONSIDERATIONS

Of the C2-symmetric metallocene catalysts used to prepare iPP, the bis(indenyl)- and
bis(tetrahydroindenyl)-type complexes form the most important classes. Thus, the synthetic
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M ClCl

35a : M = Zr
35b : M = Hf 

FIGURE 1.18 Bis(1-methylfluorenyl)metallocenes 35a–b for isoselective propylene polymerization.

considerations illustrated here are focused upon these classes of ligands. In most cases, analog-
ous procedures and strategies apply to the bis(cyclopentadienyl) and bis(fluorenyl) ligand systems
as well. Since excellent and detailed review articles are readily available describing the synthesis of
various substituted chiral and prochiral cyclopentadienyl, indenyl, and fluorenyl ligands and their
corresponding chiral group 4 metallocene complexes,7,8 only selected synthetic considerations are
briefly discussed in the present context, including recently published references. The synthesis of
group 4 bis(indenyl) metallocenes containing heteroatom-substituted ligand frameworks (containing
N, O, or S) has likewise been reviewed recently.110

1.4.1 SEPARATION OF RAC AND MESO DIASTEREOMERS

The application of chiral group 4 metallocenes in stereoselective synthesis and polymerization reac-
tions is hampered by their often difficult preparation. Commonly, these complexes are prepared
by salt metathesis reactions of the ligand dianions, often lithium or potassium salts, with group 4
metal tetrahalides. Chemical yields may vary to a great extent and issues controlling the chemose-
lectivity (metallocene versus dinuclear or oligomeric products) and diastereoselectivity (formation
of racemic versus meso diastereomers) are only poorly understood. In order to optimize yields, which
are frequently low, several counterions, transition metal reagents, solvents, reaction temperatures,
and work-up procedures may have to be screened in each case. The issue becomes especially critical
with multiply-substituted ligand precursors, such as those in complexes 8 and 9,2,3,81,87 for which
several low-yielding steps are already required for construction of the ligand frameworks.

The most important issue in the synthesis of bridged ansa-metallocenes is the separation of
the Cs-symmetric meso diastereomer from the C2-symmetric racemic enantiomer pair, as only
the latter isomer by definition functions as a stereoselective polymerization catalyst. A simpli-
fied schematic presentation of the synthesis of the classic ethylenebis(indenyl)zirconium dichloride
2b is illustrated in Scheme 1.10; for detailed discussions on the synthesis of this and other
chiral metallocenes the reader is referred to the reviews in the literature7,8 and the original
publications.2,3,68,75–78,80–83,85–89,94–96 In general, a similar situation exists for most other bridged
ansa-metallocenes as well, and a reaction of the bridged ligand dianion with the appropriate group
4 metal halide yields both racemic and meso diastereomers of the corresponding metallocene in
variable ratios. The desired rac diastereomer is then purified and isolated (as a mixture of enan-
tiomers) by fractional crystallization with variable success. The corresponding tetrahydroindenyl
complexes are obtained by catalytic hydrogenation of the parent indenyl complexes, often in nearly
quantitative yields.

Various strategies have been devised to maximize the formation of the racemic diastereo-
mers of ansa-metallocenes. Most of the hitherto-described methods lack generality and are
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Zr ClCl Zr ClCl Zr ClCl
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(R,S)

- -
Li+

Li+

ZrCl4

SCHEME 1.10 Generalized synthesis of bis(indenyl) ansa-zirconocenes to give a mixture of rac and meso
diastereomers.

applicable in specific cases only.111 Bulky ligand substituents in the α-position to the interannu-
lar bridge, sterically congested or stereogenic bridges, and use of various ligand transfer agents
based upon silicon, tin, and aluminum have been employed to increase the rac yield with vari-
able results.7,8 The racemoselective synthesis of several chiral ansa-metallocene diamides by the
amine elimination reaction of M(NMe2)4 (M = Zr, Hf) with protic bridged bis(indenes) and
bis(cyclopentadienes) has been reported.112–114 Very recently, the selective synthesis of racemic
C2-symmetric ansa-metallocenes by the chelate-controlled reaction of bis(indenyl) ligand dilithium
salts with Zr{PhN(CH2)3NPh}Cl2(THF)2 (THF = tetrahydrofuran) has been developed and shows
considerable promise as a general method for racemate synthesis.111

In the case of unbridged bis(indenyl) complexes, a similar selectivity issue exists with unsymmet-
rically substituted ligand precursors, for which the two π-faces of the ligand are inequivalent (planar
chirality; (pR) versus (pS); Scheme 1.11).8 If the substituent R is achiral (resulting in enantiotopic
ligand π-faces), three stereoisomers can be formed, and a racemic pair consisting of the (pR)(pR) and
(pS)(pS) combinations must be separated from the (pR)(pS) meso-form by fractional crystallization.
If, as for example in the case of the cholestanyl- and menthyl-substituted complexes 29–31, the
substituent R is chiral (resulting in diastereotopic ligand π-faces), three diastereomers are formed;
the (pR)(pR) and (pS)(pS) combinations no longer share an enantiomeric relationship and are often
referred to as “racemic-like” diastereomers apart from the (pR)(pS) “meso-like” diasteromer.103–106

For symmetrically substituted ligands (which have equivalent or homotopic ligand π-faces), for
example, the 2-arylindenyl metallocenes 32–34,84,107,108 the situation becomes simpler because only
one stereoisomer complex can be formed regardless of the nature (chiral versus achiral) of the ligand
substituent(s).

1.4.2 VARIATIONS ON LIGAND SUBSTITUENTS

Variations in the ligand substitution pattern of the indenyl five-membered ring are easy to perform.
Deprotonation of indene with strong bases such as n-BuLi generates indenyl anion, which reacts
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SCHEME 1.11 Synthesis of unbridged bis(indenyl)zirconocenes to give a mixture of rac [(pR)(pR) and
(pS)(pS)] and meso [(pR)(pS)] diastereomers.
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SCHEME 1.12 General methods for the synthesis of 1- and/or 3- and 2-substituted indenes are the following:
(a) synthesis of 3-substituted indenes through deprotonation of the indene followed by substitution with an alkyl
halide; (b) synthesis of 3-substituted indenes through addition of a Grignard reagent to 1-indanone followed
by dehydration; (c) synthesis of 2-substituted indenes through addition of a Grignard reagent to 2-indanone
followed by dehydration; (d) synthesis of 2-substituted indenes through metal-catalyzed cross-coupling of a
Grignard reagent with 2-bromoindene.

with alkyl and silyl halides to form 1- and/or 3-alkyl/silyl-substituted indenes (Scheme 1.12a).
A second, more general method (Scheme 1.12b) is the addition of metal alkyls to 1-indanones;
following acid-catalyzed dehydration, 3-alkylindenes are obtained, often in good yields. A similar
reaction sequence with 2-indanones (Scheme 1.12c) provides 2-substituted indenes. Another useful
synthesis of 2-substituted indenes is based on the metal-catalyzed cross-coupling of alkyl and aryl
Grignard reagents with 2-bromoindene (Scheme 1.12d). For a detailed discussion on the generality
and applicability of the synthesis methods for these ligand and heteroatom-substituted variants, the
reader is referred to recent reviews.7,8,110

Substitutions in the six-membered rings of indenes are considerably more difficult to access
synthetically. In most cases, construction of the entire indenyl ring system from smaller building
blocks is required and the desired ligands are obtained in low overall yields. As an example, the
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SCHEME 1.13 Synthesis of 2-methyl-7-phenylindene.

synthesis of 2-methyl-7-phenylindene, a building block for the high-performance catalyst 8, is shown
in Scheme 1.13.3 Related strategies are employed for the synthesis of other multiply substituted
indenes.2,3,8,87

1.4.3 VARIATIONS IN THE INTERANNULAR BRIDGE

The preparation of ethylene- and dimethylsilylene-bridged indenes generally follows the alkylation
routes displayed in Scheme 1.12. Thus, in most cases, the reaction of indenyllithium salts with dibro-
moethane or dimethyldichlorosilane gives the corresponding bridged bis(indenes) in good yields
(Scheme 1.14).7,8,76–78,80,81,83,86,110 The reaction is equally applicable to substituted indenes.2,3,87

Considerably less attention has been paid to longer alkyl and silyl bridges, since these variations gen-
erally result in a considerable decrease in catalyst efficiency, rendering the complexes either inactive
or nonstereoselective toward propylene insertion.4–6,81,86 These decreases in efficiency have been
attributed to increased conformational flexibility of the ligand backbone with the longer bridges, a
decrease in the bite angle, and narrowing of the coordination gap.

The one-carbon bridged ligands for the Montell high-performance catalysts 11 and 12 are eleg-
antly constructed in high yield by the base-catalyzed condensation of formaldehyde or acetone with
the corresponding 3-substituted indenes.68,89

1.5 CONCLUSIONS

The synthesis of iPP from C2-symmetric metallocenes is a mature field within the discipline of olefin
polymerization. The mechanism by which the chirality of the catalyst structure affects enantiofacial
insertion of the monomer has been elucidated in great detail. Synthetic efforts have generated many
structural variations on the parent bis(cyclopentadienyl), bis(indenyl), and bis(fluorenyl) ligand
motifs, both bridged and unbridged. Although C2-symmetric metallocenes capable of synthesizing
highly crystalline iPP have been developed, they are not industrially significant. However, these
complexes remain an important milestone in homogeneous catalysis and continue to impact the
development of metallocenes for the synthesis of polypropylenes with other microstructures.
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SCHEME 1.14 Synthesis of (a) ethylene-bridged and (b) dimethylsilylene-bridged bis(indenes).
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2.1 INTRODUCTION

2.1.1 BACKGROUND

The fortuitous synthesis in 19511 and structural elucidation of ferrocene in 19522 were monumental
steps in what would become the field of organometallic homogeneous polymerization catalysis. Pion-
eering work in the realm of metallocene synthesis initially focused on the cyclopentadienide ligand,
[C5H5]− (Figure 2.1), resulting in a family of structures having the general formula (C5H5)2MXn,
where M is a transition, lanthanide, or actinide metal, and X is an anionic ligand (often Cl− or
Br−) that completes the valence of the overall neutral metallocene.3 In 1953, the first metallocene

37
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[C5H5]− [C9H5]− [C13H9]−

FIGURE 2.1 Cyclopentadienide, indenide, and fluorenide are important ligands commonly found in
stereoselective olefin polymerization catalysts.

based on indenide (Figure 2.1) was reported and had the formula (C9H7)2Co.4 Progression from
“benzocyclopentadienide” to “dibenzocyclopentadienide” in 1958 resulted in the first report of a
metallocene based on fluorenide (Figure 2.1), having the formula (C13H9)2Mn.5 Since this time
the fluorenide ligand—or “fluorenyl” ligand in the neutral formalism—has been incorporated into
thousands of organometallic compounds. While the fluorenyl ligand remains the least investigated of
these three important cyclopentadiene-based ligands, it is an essential component in a large number
of stereoselective olefin polymerization catalysts.6

2.1.2 SCOPE

The focus of this chapter is fluorenyl-containing organometallic species that (upon activa-
tion) reportedly catalyze the homogeneous polymerization of propylene with quantifiable stereo-
regularity in the resultant polymer. Hence, many such species that have been investigated
only for ethylene polymerization7 are excluded. Similarly, certain group 3 species that pro-
duce syndiotactic polystyrene8 will not be discussed (see Chapter 14 for further information
on tactic polystyrene). Fluorenyl-containing species that have only been investigated as het-
erogeneous catalysts following immobilization will not be addressed.9 Furthermore, a wide
variety of fluorenyl-containing species that produce atactic (truly or nearly stereorandom) poly-
mers will not be addressed, but can be categorized into the following groups: nonbridged
fluorenyl/cyclopentadienyl species such as (C5H5)(C13H9)ZrCl2;10 nonbridged fluorenyl/indenyl
species such as (C9H7)(C13H9)ZrCl2;11 nonbridged fluorenyl/fluorenyl C2v-symmetric spe-
cies such as (C13H9)2ZrCl2;12 bridged fluorenyl/fluorenyl C2v-symmetric species such as
Me2Si(C13H8)2ZrCl2, which can yield high molecular weight atactic polypropylene having elast-
omeric properties;13 certain fluorenyl-containing species with heteroatom substituents such as (9-
(Me2N)C13H8)2ZrCl2;14 bridged C1-symmetric species containing one fluorenyl ligand and another
bulky ligand such as (C13H8)PhCHCH2(C27H16)ZrCl2;15 fluorenyl-containing species that likely
do not retain fluorenyl ligation following activation such as (CH3)2C(C5H4)(C13H8)Zr(C5H5)Cl;16

titanium-based species, such as Ph2C(C5H4)(C13H8)TiCl2, which are generally difficult to
activate17 or only produce atactic polymers;18 bridged group 3 Cs-symmetric species such as
Ph2C(C5H4)(C13H8)ScMe(AlMe3), which produces atactic polypropylene without a cocatalyst;19

and group 5 compounds, from which there are no clear examples of stereoregular polymers. Finally,
it should be noted that monofluorenyl species are generally unstable20 or otherwise fail to polymerize
olefins.21

A recent SciFinder® search for fluorenyl-containing zirconium species resulted in 924 Chemical
Abstracts Service (CAS) registry numbers in 1137 references. A similar search for fluorenyl-
containing hafnium species resulted in 134 CAS registry numbers in 137 references. Still smaller
numbers for titanium—103 CAS registry numbers in 95 references—are a result of the scant success
found with fluorenyl-containing titanium compounds as olefin polymerization catalysts. Nearly all
significantly stereoselective fluorenyl-containing catalysts are based on zirconium and hafnium and
thus, such transition metal species that are not excluded for the aforementioned reasons will be
the focus of this chapter. While zirconium- and hafnium-based catalysts with identical ligands often
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SCHEME 2.1 The activation of a metallocene catalyst precursor initiates a catalytic cycle in which thousands
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differ considerably in terms of catalytic activity, and produce polymers of widely different molecular
weights, it is a fair generalization that they display similar stereoselectivities.

2.1.3 MECHANISMS AND NOMENCLATURE

Since reasonably active metallocene-based homogeneous polymerizations were first reported in
1980,22 a large number of researchers have contributed to the understanding of the mechanism that
allows for catalytic stereoselective olefin polymerization. Scheme 2.1 depicts two possible routes to
generating the requisite metallocenium cation from a dichloride or dimethyl precatalyst. Methylalu-
minoxane (MAO, an oligomeric material with a repeat unit of −−−−Al(CH3)O−−−−) serves to alkylate
the metallocene and abstract the remaining chloride ligand, generating a metallocene alkyl cation.23

Boron-based activators are designed to abstract an alkyl anion, R−, from a dialkyl precatalyst.24

Iterative migratory insertion of olefinic monomer into the metal–carbon bond constitutes propaga-
tion and elongates the pendant polymer until a chain termination event occurs. A number of chain
termination modes are possible; a common one, which is depicted, is β-hydride transfer. This results
in a new metal–H bond into which an olefin can insert, thereby allowing the catalytic formation of,
typically, 500–5000 polymer chains per metal.25

The transition state for migratory insertion of an olefin into a metal carbon bond is widely
believed to rely on a α-agostic interaction26 as shown in Figure 2.2a. This interaction (between
an α-hydrogen on the polymer chain and the metal center) helps to orient the highly directional
sp3 orbital of the α-carbon toward the π orbital of the incoming olefin, which is known to insert
with high 1,2-regioselectivity as depicted. This allows for more bonding in the transition state
and lowers the energetic barrier for insertion. The stereochemical implications of the α-agostic
interaction are profound and form the basis of stereoregular α-olefin polymerizations. The pendant
polymer chain has two α-hydrogens. Selection of one (Figure 2.2b) allows the sterically demanding
polymer chain to occupy an open quadrant of the metallocene during the transition state. However,
selection of the other α-hydrogen (Figure 2.2c) results in a congested steric interaction wherein the
growing polymer chain resides in close proximity to the benzo ring of the fluorenyl ligand during
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FIGURE 2.2 The α-agostic interaction lowers the energetic barrier for olefin insertion. The stereochemical
consequences of this interaction ultimately dictate which enantioface of propylene inserts into the metal–carbon
bond; b is preferred over c.

the insertion. With selection of the “correct” α-hydrogen, the polymer occupies an open quadrant
(Figure 2.2b) and the methyl group of the incoming propylene monomer assumes a trans relationship
with the growing polymer chain during the transition state for monomer insertion. The absolute
stereochemistry of this model has been experimentally established for C2-symmetric, indenyl-based
catalysts.27 However, for Cs-symmetric, fluorenyl-based catalysts, this stereochemical model is
supported only by theoretical calculations (see Chapter 7 for a further discussion on theoretical
calculations).28

2.1.4 DETERMINATION OF POLYMER STEREOCHEMISTRY

The most important tool for assessing the stereochemistry of a polypropylene chain is 13C NMR
spectroscopy.29 The chemical shift of a methyl carbon is sensitive to the relative stereochem-
istry of neighboring methine carbons. For example, the methyl carbon of the pentad described
as mmmm (m = meso) resonates at 21.62 ppm while the methyl carbon of the pentad described
as rrrr (r = racemo) resonates at 20.15 ppm, as shown in Figure 2.3. There are a total of ten
possible pentads. Since two of these are roughly coincident at 100 MHz, nine peaks are typically
observed at this frequency (proton decoupling, {1H}, is standard). The 13C NMR spectrum for a
sample of atactic polypropylene is shown in Figure 2.3. For this stereochemically random polymer,
a statistical distribution of pentads is observed with the relative intensities 1:2:1:2:4:2:1:2:1 cor-
responding to mmmm:mmmr:rmmr:mmrr:mmrm + rrmr:mrmr:rrrr:rrrm:mrrm. Generally, a 13C
NMR spectrum with one predominant methyl peak at 21.62 ppm (mmmm) is considered isotactic
and a 13C NMR spectrum with one predominant methyl peak at 20.15 ppm (rrrr) is considered
syndiotactic. While isotactic and syndiotactic describe limiting structures of the highest stereo-
chemical order for a linear poly(α-olefin), there are many other tacticities that are still considered
stereoregular.30

2.1.5 OVERVIEW OF POSSIBLE TACTICITIES

Awide variety of stereoregular polymers can be obtained with metallocene-based catalysts.31 The vast
majority of these can be prepared with fluorenyl-containing catalysts, and in this sense, the fluorenyl-
based catalysts have displayed a stereoselective versatility not yet demonstrated with catalysts bearing
only cyclopentadienyl and/or indenyl ligands.

Figure 2.4 depicts a continuum of polypropylene tacticities that is possible only with fluorenyl-
based catalysts. At the extremes of this continuum are isotactic polypropylene and syndiotactic
polypropylene. Note the relationship between these two polymers emphasized by the shaded
boxes. For both of these polymers, every other stereocenter has the same relative stereochemistry.
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sensitive to the relative stereochemistry of the pentad (m = meso and r = racemo). A statistical distribution of
pentads is observed in the {1H} 13C NMR spectrum of the methyl region of atactic polypropylene.

The intervening stereocenters align with their neighbors for isotactic polypropylene, whereas the
intervening stereocenters do not align with their neighbors for syndiotactic polypropylene. In
the middle of this continuum is a tacticity called hemiisotactic, which also has stereoregular-
ity at every other stereocenter; however, the intervening stereocenters are stereorandom. If the
intervening stereocenters are partially, but not completely, aligned with their neighbors, then
isotactic-hemiisotactic polymer is obtained. Similarly, if the intervening stereocenters are par-
tially, but not completely, oppositely aligned with their neighbors, then syndiotactic-hemiisotactic
polymer is obtained. None of these polymers is atactic or stereorandom, but clearly the structure
of minimum stereoregularity in this particular continuum lies somewhere between isotactic and
syndiotactic.
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Isotactic-hemiisotactic
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Syndiotactic-hemiisotactic

Syndiotactic

FIGURE 2.4 Every other stereocenter (shaded) is the same in the hemiisotactic continuum, which ranges from
isotactic to syndiotactic, depending on the stereochemistry of the intervening stereocenters (not shaded).

2.1.6 QUANTIFICATION OF POLYMER STEREOREGULARITY

What exactly constitutes stereoregularity in a polymer? It is quite tenable to define isotactic poly-
mers as 100% stereoregular. In addition, most would agree that syndiotactic polymers are also
stereoregular—just less so than isotactic ones. But, how much less? Hemiisotactic polymers cer-
tainly seem less stereoregular than either isotactic or syndiotactic polymers. However, would it be
correct to assert that perfectly hemiisotactic polymers have the minimum stereoregularity among
those polymers defined by the continuum of Figure 2.4? Answers to these questions are best for-
mulated by quantifying the stereoregularity of the polymers under discussion. For the following
derivation, it is useful to note that any tacticity described in Figure 2.4 can be defined by a single
stereochemical parameter.32 The m dyad composition [m], which ranges from 0% to 100%, is equal to
the probability that an intervening stereocenter is aligned with its two neighbors. This is true because
such alignment results in an mm triad, but the rr triad is formed when the intervening stereocenter
is not aligned with its neighbors.

The absolute stereoregularity (�abs)of a polymer can be defined by quantifying the likelihood that
identical stereocenters occur in succession along a polymer chain. Mathematically, there are several
possible ways to proceed, but �abs in Table 2.1 averages the probability that adjacent (α,β and β,γ)
and nearly adjacent (α,γ and β,δ) stereocenters are identical. For the hemiisotactic continuum, the
probability that two adjacent stereocenters are the same is simply [m]. The probability that nearly
adjacent stereocenters are the same is either 1.00 (for α,γ) or [m]2+ (1− [m])2 (for β,δ), depending
on which pair of stereocenters is considered. Thus �abs = {1+ [m]2}/2 and will vary between 0.50
and 1.00.

Similarly, the relative stereoregularity (�rel) of a polymer can be defined by quantifying the
likelihood that identical dyads occur in succession along a polymer chain.�rel in Table 2.1 averages
the probability that adjacent (α,β and β,γ) and nearly adjacent (α,γ and β,δ) dyads are identical. For the
hemiisotactic continuum, the probability that two adjacent dyads are identical is either 1.00 (for α,β)
or [m]2+ (1− [m])2 (for β,γ), depending on which pair of dyads is considered. The probability that
two nearly adjacent dyads are the same is simply [m]2+(1−[m])2. Thus,�rel = {2−3[m]+3[m]2}/2
and will vary parabolically between 0.625 and 1.00, with the minimum at 0.625 when [m] = 0.50.

The average of�abs and�rel is� (Table 2.1) and provides a quantitative measure of a polymer’s
stereoregularity. If only �abs were considered, then a syndiotactic polymer (�abs = 0.50) would be
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FIGURE 2.5 The stereoregularity (�) of a polymer in the hemiisotactic continuum can be defined as the
average of the absolute stereoregularity (�abs) and the relative stereoregularity (�rel).

less stereoregular than a purely hemiisotactic one (�abs = 0.625). If only�rel were considered, then
a syndiotactic polymer (�rel = 1.00) would have the same perfect stereoregularity as an isotactic one
(�rel = 1.00). Therefore, both the absolute and relative components are needed to provide a realistic
quantification of polymer stereoregularity. Figure 2.5 plots �abs, �rel, and � as a function of [m].
It is satisfying to note that the syndiotactic (� = 0.75) and isotactic (� = 1.00) polymers represent
local maxima on the stereoregularity curve. In the hemiisotactic continuum, the polymer with the
least stereoregularity occurs when [m] = 0.375 (� = 0.609375). This mathematical analysis of
stereoregularity can be applied to polymers outside the scope of this chapter. For example, a purely
atactic Bernoullian polymer,30 which should be the least stereoregular polymer possible, will have
�abs = �rel = � = 0.50.

2.2 SYNDIOTACTIC POLYPROPYLENE

2.2.1 BRIDGED FLUORENYL/CYCLOPENTADIENYL METALLOCENES

In 1988, Ewen et al. reported the first organometallic olefin polymerization catalysts that contained
the fluorenyl ligand.33 The zirconium and hafnium precatalysts (CH3)2C(C5H4)(C13H8)MCl2 were
activated with MAO and yielded syndiotactic polypropylene with [rrrr] = 86% for M = Zr and
[rrrr]= 74% for M=Hf. This initial report opened the door to a detailed mechanistic understanding
of the syndioselective olefin polymerization mechanism that is common to many fluorenyl-containing
metallocene catalysts,34 and even a class of doubly bridged metallocene catalysts that do not rely
on the fluorenyl ligand (see Chapter 4 for further information on doubly bridged metallocene
catalysts).35

Scheme 2.2 illustrates the commonly accepted stereochemical mechanism for syndioselective
propylene polymerization.36 Two principal types of stereoerrors can be detected (Figure 2.6). A
unimolecular site epimerization event, 37 which disrupts the alternating employment of enantiotopic
coordination sites, can lead to the creation of an isolated m dyad in an otherwise perfect sequence
of r dyads (…rrrmrrrr…). An enantiofacial misinsertion, in which the wrong enantiotopic face of
the incoming monomer is used for coordination and migratory insertion, can lead to the creation
of an isolated mm triad in an otherwise perfect sequence of r dyads (…rrrmmrrr…). As shown
in Figure 2.6, these two kinds of stereoerrors generate different pentad signatures and can thus be
differentiated and quantified.
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SCHEME 2.2 Site epimerization and enantiofacial misinsertion are two principal sources of stereoerrors
commonly observed in syndioselective polymerizations. The bridge substituents have been omitted for clarity;
P represents the growing polymer chain; and M = cationic Zr+ or Hf+, generally.

Since 1988, many fluorenyl/cyclopentadienyl variants related to the original Ewen/Razavi cata-
lyst (s-1) have been prepared. Figure 2.7 depicts essentially all of these in chronological order of
their appearance in the literature.38–40 For simplicity, only the reported zirconocene dichlorides are
shown; but in many cases, derivatives—such as the zirconocene dimethyls—are known and have
also been investigated. Where the corresponding hafnium dichloride species have been reported, a
parenthetical note (Hf) in Figure 2.7 is provided. None of the related titanium-based metallocenes
is known to produce significantly stereoregular polypropylene.18

Several recent reviews chronicle the polymerization behavior displayed by the most prominent
of these catalysts.36,41 The following observations and general trends are noteworthy.

Not all syndioselective precatalysts are Cs-symmetric; indeed, many of the metallocenes in
Figure 2.7 are C1-symmetric. Usually symmetry is broken by distal substituents on the fluorenyl ring
or on the bridge. But, even proximally substituted C1-symmetric species s-70 and s-83, with cyclo-
pentadienyl substitution, give syndiotactic polypropylene with melting points (Tms) of 129 ◦C ([r]=
86.4%)42 and 134 ◦C,43 respectively. Even double cyclopentadienyl substitution, as in Cs-symmetric
s-93 ([rrrr] = 90.5%)44 or C1-symmetric s-95 ([r] = 66%),45 does not preclude syndioselectivity.
The cyclopentaphenanthrene derivative s-6 exhibits diminished stereoselectivity ([rrrr] = 72%),46

in line with its relative inability to accommodate the methyl group of the inserting propylene
monomer (see Figure 2.2b). The 4-methyl-substituted catalyst s-18 shows a similarly decreased
syndioselectivity ([rrrr] = 67%).40
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FIGURE 2.6 Site epimerization and enantiofacial misinsertion produce defective pentads in characteristic
ratios. (Reprinted with permission from Miller, S. A.; Bercaw, J. E. Organometallics 2004, 23, 1777–1789.
Copyright 2004 American Chemical Society.)

Two-atom bridges, such as those found in s-12, s-27, s-50, and s-79, generally result in a less
rigid, less stereoselective catalyst; for example, s-12 has a [rrrr] pentad fraction (83.0%) that is 3%
less than that of the parent catalyst s-1.47 Catalysts bearing dialkyl-silicon or diaryl-silicon bridges
usually afford syndiotactic polymer plagued with site epimerization stereoerrors. For example, the
silicon bridge of s-7 decreases the [rrrr] fraction to 24% from the 72% afforded by its carbon-bridged
analogue s-6.46 Depending on the polymerization conditions, silicon-bridged s-29 can produce atactic
polymer with [rr] = 12% 48 or syndiotactic polymer with [rr] = 76.2%.49 The catalyst bearing the
diphenyl germanium bridge (s-52) suffers similarly ([rr] = 65.5%),49 but the catalyst bearing a
phenyl phosphorus bridge (s-72) ([rrrr] = 81%, Tm = 128 ◦C, Tp (polymerization temperature) =
50 ◦C) fares comparably to the parent catalyst, s-1.50 Diarylmethylidene bridges typically allow for
a higher molecular weight than isopropylidene bridges.51,52 The increase is usually between 200%
and 500%.

The inclusion of heteroatom substituents on the metallocene ligand has varied consequences. A
generalization found for species s-19 through s-26 is that electron-donating substituents in the 1-, 2-,
or 3-position of the fluorenyl ring (as in s-19, s-20, and s-21, respectively) decrease catalytic activity
and polymer molecular weight. In contrast, such substituents in the 4-position of the fluorenyl ring
(as in s-22) increase catalytic activity and polymer molecular weight. For example, s-21 provides a
catalytic activity of 3,000 g PP/(g cat.·h) with a viscosity average molecular weight (Mv) of 114,000,
whereas s-22 provides 38,000 g PP/(g cat.·h) with Mv = 295,000 under comparable conditions.
Stereoselectivity operates on a steric basis with a 4-substitutent being more disruptive: s-21, [rrrr]
= 87%, s-22, [rrrr] = 80%.40

Inspection of the ligand structure of more recently developed catalysts reveals considerable effort
directed toward the incorporation of steric bulk into the fluorenyl plane of the ligand framework.
Indeed, this has proven to be the most successful strategy toward increasing catalyst syndioselectivity.
When compared to other catalysts under identical reaction conditions, one of the most stereoselective
catalysts in Figure 2.7 is s-90, which produces high molecular weight syndiotactic polypropylene with



DK3712: “dk3712_c002” — 2007/10/23 — 11:47 — page 47 — #11

Fluorenyl-Containing Catalysts for Stereoselective Propylene Polymerization 47

Si

FF

O

(H2C)6 (CH2)6

MeO

MeO
MeO

Cl Cl F

N

Si

Si Si Si

N

MeO

ZrCl Cl ZrCl Cl ZrCl Cl ZrCl Cl

ZrCl Cl ZrCl Cl ZrCl Cl ZrCl Cl

ZrCl Cl ZrCl Cl ZrCl Cl ZrCl Cl

ZrCl Cl ZrCl Cl ZrCl Cl

ZrCl Cl

ZrCl Cl

ZrCl Cl ZrCl Cl

ZrCl ClZrCl Cl

ZrCl Cl ZrCl Cl

ZrCl Cl ZrCl Cl ZrCl Cl ZrCl Cl

ZrCl Cl ZrCl Cl ZrCl Cl ZrCl Cl

s-1 (Hf) s-2 (Hf) s-3 (Hf) s-4

s-5 (Hf) s-6 s-7 s-8

s-9 (Hf) s-10 s-11 (Hf) s-12

s-13 (Hf) s-14 s-15 s-16

s-17 s-18 s-19 s-20

s-21 s-22 s-23 s-24

s-25 s-26 s-27 s-28

s-29 (Hf) s-30 s-31 s-32 (Hf)

MeO
ZrCl Cl

F

N
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that have been employed for syndioselective propylene polymerization. Known hafnium dichloride analogues
are indicated by (Hf).
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FIGURE 2.7 Continued.

Mw (weight average molecular weight) = 535,000, [r] = 97.5%, and Tm = 154 ◦C (Tp = 0 ◦C).53

Interestingly, catalytic activity generally increases with the added steric bulk. A tentative explanation
has been posited that an extended ligand framework enforces a greater ion pair separation, decreasing
the energetic barrier to counteranion dissociation, which can be the rate-determining step54 before
monomer coordination and insertion.53
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FIGURE 2.7 Continued.

Of all the hafnium compounds listed in Figure 2.7, none excels their zirconium counter-
parts in syndioselectivity. This observation is sometimes attributed to hafnium’s decreased rate
of bimolecular propagation relative to unimolecular site epimerization. Lower overall activities with
hafnium catalysts corroborate this argument. The most syndioselective hafnium catalyst appears
to be C1-symmetric s-92-Hf, which produces syndiotactic polypropylene with [r] = 92.2% and
Tm = 141 ◦C (Tp = 0 ◦C).53
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FIGURE 2.7 Continued.

2.2.2 BRIDGED FLUORENYL/INDENYL METALLOCENES

A few bridged fluorenyl/indenyl metallocenes show a tendency toward modest syndioselectivity
(Figure 2.8).55 These are rare, but a particularly syndioselective example is s-120, which produces
syndiotactic polypropylene having [r] = 93.8%, [rr] = 89.4%, and [rrrr] = 74.4% (Tp = 0 ◦C).56

It has been proposed that this catalyst operates with alternating stereodifferentiation mechanisms at
the two coordination sites. In addition to the normal stereochemical mechanism wherein the ligand
directs the growing polymer chain (see Figure 2.2), monomer insertion at the other coordination site
is controlled directly by a ligand/monomer interaction that favors placement of propylene’s methyl
group away from the 4-methyl substituent of the indenyl ring. Lower monomer concentrations or
higher polymerization temperatures result in less stereoregular polymer, as might be expected with
increasing site epimerization.

2.2.3 BRIDGED FLUORENYL/FLUORENYL METALLOCENES

Members of a small class of fluorenyl/fluorenyl catalysts, shown in Figure 2.9, exhibit weak syndi-
oselectivity. Several of these produce nearly atactic polypropylene with [rr] values near 25%, but
are included here for comparison. Steric perturbation at the 4- and 5-positions of one fluorenyl ring
serves to increase the syndioselectivity through weak enantiomorphic site control that is in compet-
ition with site epimerization.55 Note that the direct comparison of s-124 with s-124-Hf provides an
unusual example for which the hafnium analogue is more stereoselective than the zirconium version.
The most syndioselective of these is s-130, which arguably has the greatest size discrepancy between
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FIGURE 2.8 Rare examples of syndioselective bridged fluorenyl/indenyl precatalysts.
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FIGURE 2.9 Weakly syndioselective bridged fluorenyl/fluorenyl precatalysts.

the fluorenyl moieties and can generate syndiotactic polypropylene with [r]= 81.3%, [rr]= 71.2%,
and [rrrr] = 49.1% (Tp = 0 ◦C, no Tm, amorphous).53 The enantiomorphic site control of this
catalyst operates in contrast to the completely aselective nature of the unsubstituted, C2v-symmetric
parent compound (CH2CH2)(C13H8)2ZrCl2 s-123 ([r]= 50.2%, [rr]= 25.1%, [rrrr]= 6.3%).53,57

2.2.4 BRIDGED FLUORENYL/AMIDO HALF-METALLOCENES

A number of fluorenyl/amido half-metallocenes or “constrained geometry catalysts” (CGCs) have
been investigated for ethylene/α-olefin copolymerizations.58–60 However, such CGCs typically exert
little or no stereocontrol in α-olefin homopolymerizations. Figure 2.10 depicts fluorenyl-containing
exceptions to this rule. The zirconium-based species s-13161 is reportedly syndioselective ([r] =
91.8%, [rrrr] = 77.4%, Tm = 148.9 ◦C, Tp = 20 ◦C) when activated by MAO/Al(i-butyl)3, but
isoselective when activated by [HMe2N(C6H5)]+[B(C6F5)4]−/Al(i-butyl)3 ([m]= 96.3%, [mmmm]
= 92.0%, Tm = 160.5 ◦C, Tp = 20 ◦C).62 The syndiotactic polymer is generated with enanti-
omorphic site control, but the corresponding titanium catalyst s-131-Ti reportedly operates with
moderately syndioselective chain-end control ([rr] = 55–64%, [rrrr] = 30–38%, Tp = 40 ◦C),
regardless of the activator.63 In nonpolar solvents, living syndioselective polymerization is possible
with the dimethyl variant of s-131-Ti; a syndioselectivity of [rrrr] = 42% is typical.64 The 3,6-di-
tert-butylated s-133 is considerably syndioselective ([rr]= 94.5%, [rrrr]= 86.7%, Tm = 151.2 ◦C,
Tp = 40 ◦C)36,65 and the titanium analogue s-133-Ti has been shown to employ a weak enantio-
morphic site control mechanism,66 suggesting that this is the case for s-131-Ti as well. Repeated
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FIGURE 2.10 Syndioselective bridged fluorenyl/amido half-metallocene precatalysts. Titanium or hafnium
dichloride analogues are indicated by (Ti) or (Hf). Unusual η1 binding to zirconium is observed for s-136.

polymerizations with s-133-Ti/MAO at 30 ◦C revealed the catalyst’s propensity to undergo site
epimerization, making it less syndioselective ([rrrr] = 62.9–78.9%) than the parent metallocene
catalyst, s-1. Activation of the dimethyl version of s-133-Ti with borate activators resulted in a
dramatic decline in stereoselectivity ([rrrr] = 20.7–35.6%).66

The zirconium-based catalyst s-136/MAO67 is highly syndioselective ([r] > 99%, Tp = 0 ◦C)
and apparently provides the highest-melting syndiotactic polypropylene known.68 The unannealed
Tm for the polypropylene is 164 ◦C, and the annealed Tm is 174 ◦C. Stereoerrors have not been
detected in this polymer by 13C NMR, but pentads presumably attributable to site epimerization
(single m mistakes) can be found if polymerizations are conducted in dilute propylene at elevated
temperatures.

2.3 ISOTACTIC POLYPROPYLENE

2.3.1 BRIDGED FLUORENYL/CYCLOPENTADIENYL METALLOCENES

Shortly following the report of Ewen, Razavi, et al.33 demonstrating the MAO-
cocatalyzed formation of syndiotactic polypropylene with fluorenyl-containing metallocenes
of the type (CH3)2C(C5H4)(C13H8)MCl2 (e.g., M = Zr, s-1), several authors—principally
Ewen,46,69Spaleck,70 Razavi,71 and Fink72—prepared cyclopentadienyl-substituted variants of the
parent Cs-symmetric metallocene. Incorporation of a substituent at the 3-position of the cyclo-
pentadienyl ring lowers the symmetry of the metallocene to C1. As a consequence, the obtained
polymers are no longer syndiotactic, but display alternative tacticities depending on the nature
of the substituent. When the substituent is tert-butyl (i-1), isotactic polypropylene is obtained
having [m] = 91.9%, [mmmm] = 78.0%, and Tm = 129 ◦C (Tp = 40 ◦C).71 Several isoselective
fluorenyl/cyclopentadienyl precatalysts are shown in Figure 2.11.

The stereochemical mechanism responsible for the isoselectivity of C1-symmetric metallocene
catalysts has been a topic of considerable debate. There are two limiting mechanisms possible for
the formation of isotactic polypropylene with such C1-symmetric catalysts having diastereotopic
coordination sites. These are the site epimerization mechanism and the alternating mechanism, as
shown in Scheme 2.3.

The vast majority of published reports for isotactic polypropylene formation with metal-
locenes based on i-1 invoke the site epimerization mechanism37 to account for the observed
isoselectivity.69–72 When the growing polymer chain occupies the coordination site distal to the
tert-butyl group (Scheme 2.3, site α), it is directed away from the benzo substituent of the fluorenyl
ligand in the transition state for monomer insertion. The methyl group of the incoming monomer is
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FIGURE 2.11 Isoselective bridged fluorenyl/cyclopentadienyl precatalysts.
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SCHEME 2.3 There are two limiting mechanisms for isoselective polymerization with C1-symmetric cata-
lysts: the site epimerization mechanism and the alternating mechanism. The bridge substituents have been
omitted for clarity; P represents the growing polymer chain; and M= cationic Zr+ or Hf+, generally. (Reprin-
ted with permission from Miller, S. A.; Bercaw, J. E. Organometallics 2006, 25, 3576–3592. Copyright 2006
American Chemical Society.)

directed in a trans fashion away from the growing polymer chain. Following migratory insertion,
the growing polymer chain briefly occupies the coordination site proximal to the tert-butyl substitu-
ent (Scheme 2.3, bottom left). Epimerization at the metal moves the polymer chain away from the
bulky tert-butyl group in a unimolecular process that regenerates the original coordination site for
monomer insertion (Scheme 2.3, bottom right). The site epimerization process is usually presented
as occurring only in the direction shown. Hence, only the α coordination site of the metallocene
is employed for monomer insertion according to a strict site epimerization model. This results in
repeated employment of the same monomer enantioface for insertion, and isotactic polypropylene
is thereby formed.

Also depicted in Scheme 2.3 is a second limiting mechanism, the alternating mechanism. Follow-
ing monomer insertion at the more stereoselective α site, the β site becomes available for monomer
coordination. In the transition state for insertion at the less stereoselective site (β), the growing
polymer chain is directed competitively by both the tert-butyl group and the benzo substituent on
that half of the metallocene. In order for the resulting polymer to be isotactic, the tert-butyl group
must prevail and the growing polymer chain is preferentially directed toward the benzo substituent.
Insertion ensues with a trans arrangement between the polymer chain and the methyl group of the
inserting monomer; this regenerates the original coordination site (Scheme 2.3, bottom right). In
contrast to the site epimerization mechanism, the alternating mechanism employs two coordina-
tion sites (α and β sites) for monomer insertion. Note that both sites must exhibit the same general
monomer enantioface selectivity for isotactic polypropylene to result.

Efforts to differentiate between these two models through statistical analysis of the pentad
distributions have been inconclusive. Figure 2.12 summarizes one such investigation with i-1,73

which concluded that the site epimerization model and the alternating model converged to the
same enantiofacial selectivity parameter upon minimization of the RMS (root mean square) error in
comparison with the observed pentad populations. If the site epimerization model applies, then
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FIGURE 2.12 Astatistical analysis of isotactic polypropylene from i-1/MAO cannot conclusively differentiate
between the site epimerization model and the alternating model. (Reprinted with permission from Miller, S. A.;
Bercaw, J. E. Organometallics 2006, 25, 3576–3592. Copyright 2006 American Chemical Society.)

the enantioselectivity of the one-site catalyst is α = 95.2%. If the alternating model applies,
then the enantioselectivities of the two-site catalyst are the same at both sites, α = 95.2% and
β = 95.2%.

An early investigation71 found that the stereoregularity and polymer melting temperature of
polypropylene derived from i-1 both decreased slightly as the polymerization temperature increased
from 20 to 80 ◦C (in liquid monomer). The [mmmm] fraction decreased from 79.2% to 76.8%, as
did the melting temperature, from 133 to 127 ◦C. These results are not wholly consistent with either
model. If the alternating model were operative at low temperatures, one would predict that an increase
in polymerization temperature would increase the likelihood of the unimolecular site epimerization
process relative to bimolecular propagation, thereby accessing the more stereoselective insertion to
a greater degree—resulting in an increase in [mmmm] and Tm. Moreover, if the site epimerization
model is operative at low temperatures, then only one coordination site for monomer insertion is
employed and therefore, the stereoselectivity is predicted to be essentially invariant to an increase
in polymerization temperature.

A more recent set of experiments favors the alternating mechanism.73 If polymerizations are
conducted in dilute monomer (10% by volume in toluene), the melting temperatures and [mmmm]
fractions exceed those obtained from bulk polymerizations. For example, Tm = 135 ◦C and
[mmmm]= 88.8% are obtained in 10% monomer solution as compared to Tm = 129 ◦C and [mmmm]
= 78.0% in neat monomer at the same Tp(40 ◦C). In addition, under these dilute conditions, [mmmm]
is found to increase from 82.2% to 89.4% as the polymerization temperature increases over the range
of 0–60 ◦C. A similar effect was reported with 2 bar of propylene monomer in toluene; the [mmmm]
fraction increased from 83.5% to 87.7% as Tp increased from 10 to 50 ◦C.74 These results are consist-
ent with an alternating mechanism that increasingly yields to a site epimerization mechanism as the
monomer concentration decreases or the polymerization temperature increases. This conclusion is
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contrary to the popular view in the literature that invokes the site epimerization mechanism under all
conditions.

One of the primary explanations offered in support of an exclusive site epimerization mechanism
is that the tert-butyl side of the metallocene is too sterically crowded to accommodate the growing
polymer chain. Calculations by Morokuma75 suggest that the bulky substituent forbids the growing
chain to reside nearby, necessitating a site epimerization following every insertion. Calculations by
Fink28d,76 and Corradini,77 however, are more forgiving and allow the insertion with the polymer
chain proximal to the tert-butyl group.

Convincing experimental evidence that such an insertion occurs has been found with a 4-methyl
substituted variant of this catalyst, (CH3)2C(3-tert-butyl-4-methyl-C5H2)(C13H8)ZrCl2 (ih-5).73

Attempts to fit the pentad distribution (Tp = 20 ◦C, Figure 2.13) to a one-site (site epimerization)
model generally fail, whereas a two-site (alternating) model fits the data quite satisfactorily (RMS
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FIGURE 2.13 The pentad distribution of polymer formed by (CH3)2C(3-tert-butyl-4-methyl-
C5H2)(C13H8)ZrCl2/MAO (ih-5) at Tp = 20 ◦C is poorly described by a one-site enantiomorphic site
control model. A superior fit is obtained with a two-site model that approximates hemiisotactic polypropylene.
(Reprinted with permission from Miller, S. A.; Bercaw, J. E. Organometallics 2006, 25, 3576–3592. Copyright
2006 American Chemical Society.)
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FIGURE 2.14 A statistical analysis of the pentad distribution predicts that (CH3)2C(3-tert-butyl-4-methyl-
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growing polymer chain; and M = cationic Zr+. (Reprinted with permission from Miller, S. A.; Bercaw, J. E.
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error = 1.02). The formed polymer is essentially hemiisotactic polypropylene having the charac-
teristically low intensities of pentads with isolated m and r dyads (mrmm, rmrr, and mrmr),30 and
therefore must have arisen through a two-site mechanism wherein the growing polymer chain resides
proximal to either the methyl group or the tert-butyl group in an alternating fashion. The statistical
analysis indicates that the more stereoselective site (α) is 94.6% enantioselective whereas the less
stereoselective site (β) is 64.5% stereoselective toward the same enantioface of the coordinating
propylene monomer (Figure 2.14).

With the understanding that C1-symmetric metallocene catalysts can operate through a two-site,
alternating mechanism, it has been possible to engineer more highly isoselective monosubstituted
(pre)catalysts of this symmetry. The identification and modification of three important catalyst
features have allowed for a greater isoselectivity.73

First, the 3-cyclopentadienyl substituent R should be larger than tert-butyl. If the stereocon-
trol mechanism proposed in Figure 2.14 is correct, then a group larger than tert-butyl should
enforce greater enantiofacial selectivity at the more stereoselective site (α). This substituent has
a greater purpose than simply effecting site epimerization; it competes with the opposing benzo
substituent in repelling the growing polymer chain during the transition state for monomer inser-
tion at one of the two operative sites. The diphenyl methyl substituent (i-45, [m] = 86.1%,
Tm = 137 ◦C) and the 2-methyl-2-adamantyl substituent (i-41, [m] > 99%, Tm = 159 ◦C) are
phenomenologically larger than tert-butyl (i-1, [m] = 79.5%, Tm = 126 ◦C) and allow for greater
isoselectivity (comparative data for Tp = 0 ◦C).73 However, the group should not be so large
that it retards polymerization activity altogether. Apparently, R = 2-phenyl-2-adamantyl or R =
2-(CH2Si(CH3)3)-2-adamantyl are extremely large substituents that do not allow the catalyst to
accommodate both the polymer chain and monomer in the coordination sphere. The corresponding
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zirconocene dichloride/MAO species are essentially inactive for both propylene and ethylene
homopolymerizations.73

Second, factors that encourage site epimerization should lead to polymers of higher isotacticity
since the more stereoselective site can be used preferentially. “Turning on” the site epimerization
mechanism can be accomplished, in principle, by altering polymerization conditions (e.g., increasing
temperature, decreasing monomer concentration)78 or by the inclusion of a silicon-based bridge. It
is well documented for Cs-symmetric complexes that a disubstituted silylene bridge increases the
site epimerization/propagation quotient compared to an isopropylidene bridge.48,49 Silicon-bridged
i-3 (Tm = 161 ◦C for Tp = 30 ◦C; Tm = 148 ◦C for Tp = 60 ◦C) exhibits greater isoselectivity
than carbon-bridged i-1 (Tm = 130 ◦C for Tp = 30 ◦C; Tm = 125 ◦C for Tp = 60 ◦C) as gauged
by the melting temperatures of the obtained isotactic polymers.79 Even a catalyst with a poorly
directing 3-substituent can provide moderately isotactic polymer if the site epimerization mechanism
has been turned on.70c Such is the case with the silicon-bridged 2-adamantyl catalyst i-43 ([m] =
75.3%, Tm = 109 ◦C); its isopropylidene-bridged counterpart is less isoselective ([m] = 62.3%,
∼amorphous) because it largely avoids site epimerization.80

Third, to the extent that the catalyst system preferentially utilizes the more stereoselective site for
monomer insertion, enhancement of the stereoselectivity at that site will lead to higher isotacticity.
Thus, efforts to increase the size of the fluorenyl ring have led to enhanced isoselectivity, presumably
because a substituted benzo moiety is more repulsive in the transition state than the benzo group
itself. Catalysts derived from tert-butylated fluorenes such as i-16 ([mmmm]= 95.7%, Tm = 153 ◦C)
successfully demonstrate this approach.81

One of the most isoselective C1-symmetric catalysts known is i-42, which encompasses all
three strategies for improving isoselectivity. It contains the bulky 2-methyl-2-adamantyl substituent.
While it does not bear a silicon-based bridge, it is nonetheless plausible that site epimerization is
facile because of extreme steric crowding contributed by both the 2-methyl-2-adamantyl substituent
and the opposing octamethyloctahydrodibenzofluorenyl ligand. The directing ability of the sterically
enhanced fluorenyl ligand results in greater stereoselectivity at the more stereoselective site. With
i-42/MAO, highly isotactic polypropylene is obtained, as stereoerrors are virtually absent by
13C NMR analysis ([mmmm] > 99%). The polymers prepared at 0 and 20 ◦C have high melt-
ing temperatures (167.0 and 162.7 ◦C, respectively) and large enthalpies of melt (92.0 J/g and
87.5 J/g, respectively). Apparently, the highest previously reported melting temperature for an
isotactic polypropylene made through homogeneous catalysis is 166 ◦C.82 The high isoselectiv-
ity of i-42/MAO suggests that it may employ a single propagative transition state for monomer
insertion.73

2.3.2 BRIDGED FLUORENYL/INDENYL METALLOCENES

The vast majority of isoselective metallocene catalysts are based on bridged C2-symmetric
indenyl/indenyl species.34 However, it has been demonstrated that certain bridged C1-symmetric
fluorenyl/indenyl metallocenes are isoselective as well. Examples are depicted in Figure 2.15,
along with the highest mmmm pentad fractions reported. Generally, the isoselectivities are poorer
than the related indenyl/indenyl C2-symmetric catalysts and are quite dependent on the reaction
conditions (e.g., MAO activation versus borate-based activation of the dimethyl species). How-
ever, specific substitution of the indenyl ring and optimization of the reaction conditions—neither
follow an obvious trend—can lead to a very high isoselectivity, as in i-63/MAO ([mmmm] =
98.0%).83 Note also that the nature of the bridge is important; the dimethyl silylene variant
of i-63, i-65, is markedly less isoselective ([mmmm] = 71.7%).83 The mechanism is gen-
erally thought to be a combination of the alternating and site epimerization pathways;56,84,85

hence isoselectivity is strongly dependent on the polymerization temperature and monomer
concentration.85–87 With some exceptions, isotacticity increases with decreasing monomer con-
centration and increasing polymerization temperature because of increased utilization of the site
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FIGURE 2.15 Isoselective bridged fluorenyl/indenyl precatalysts. Pentad fractions [mmmm] (or triad fraction
[mm]) correspond to the highest reported value.

epimerization mechanism; these trends are opposite those found with C2-symmetric indenyl/indenyl
catalysts.88

2.3.3 FLUORENYL/FLUORENYL METALLOCENES

Several fluorenyl/fluorenyl metallocenes are reportedly useful for the preparation of moderately
isotactic polypropylene (Figure 2.16). One strategy has been to prepare bridged C2-symmetric
fluorenyl/fluorenyl metallocenes, in analogy to ansa-C2-symmetric indenyl/indenyl metallocenes.
This has led to catalysts that operate with modest enantiomorphic site control, with i-83 and i-84
exhibiting [m] = 88.9 % and [m] = 89.5%, respectively.89,90 Bridged C1-symmetric species have
also been prepared (i-82 and i-87), but these are less isoselective.55,91 Complex i-81 still stands
as perhaps the only nonbridged fluorenyl-containing metallocene that is sufficiently stereoselective
([mmmm] = 82.9%) to make high-melting polypropylene (145 ◦C).57,92
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SCHEME 2.4 A hemiisoselective mechanism (shown here for catalyst h-1) relies on alternating employment
of diastereotopic coordination sites—one that is highly enantioselective (in gray) and one that is aselective (in
brackets). The bridge substituents have been omitted for clarity; P represents the growing polymer chain; and
M = cationic Zr+ or Hf+, generally.

2.4 HEMIISOTACTIC POLYPROPYLENE

Farina et al. first prepared hemiisotactic polypropylene in 1982 through the hydrogenation of
isotactic poly(2-methylpenta-1,3-diene).93 The first direct, stereoselective synthesis of hemiisotactic
polypropylene was reported by Ewen, et al. in 199146 with the methyl-substituted zirconocene
(CH3)2C(3-CH3-C5H3)(C13H8)ZrCl2 (h-1) activated with MAO.57,70c,71b,72 Scheme 2.4 depicts
the proposed stereochemical mechanism. Modeling and calculations suggest that one of the diaster-
eotopic coordination sites is highly enantioselective whereas the other site is aselective.28 To the
degree that site epimerization is minimal, ideal hemiisotactic polypropylene should result, providing
only sequential mm and rr triads, as depicted in Scheme 2.4.

Naturally, this catalyst is not perfect and stereoerrors are invariably present in the formed polymer.
The principal stereoerrors arise from enantiofacial misinsertion at the more stereoselective site and
site epimerization. Such mistakes give rise to mr and rm triads and m and r dyads in an otherwise
consistent procession of mm and rr triads (Figure 2.17). Thus, perfect hemiisotactic polypropylene
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FIGURE 2.17 Enantiofacial misinsertion and site epimerization stereoerrors give rise to pentads containing
isolated m and r dyads (in bold); such pentads are forbidden in perfectly hemiisotactic polypropylene.

is contaminated with the three forbidden pentads that contain isolated m and r dyads (mmrm, rrmr,
and mrmr).

Figure 2.18 shows typical deviations from the ideal 3:2:1:4:0:0:3:2:1 pentad distribution that
is expected from perfectly hemiisotactic polypropylene.30,46,71,80 An increase in the polymeriza-
tion temperature effects an increase in the prevalence of stereoerror pentads, mmrm, rrmr, and
mrmr. Note that a site epimerization can skip an insertion at either one of the two coordination
sites. If the site epimerization effects polymer chain migration away from the methyl group of the
cyclopentadienyl substituent, then only (mm)(m)(mm), (mm)(m)(rr), (rr)(m)(mm), and (rr)(m)(rr)
stereoerrors can result. None of these sequences gives rise to the mrmr pentad, which can form
through a site epimerization involving chain migration toward the methyl group or through enan-
tiofacial misinsertion. Hence, the failure of the [mrmr] pentad fraction to grow as rapidly as
the [mmrm] + [rrmr] pentad fractions with increasing polymerization temperature (Figure 2.18)
suggests that site epimerization of the chain migrating away from the methyl group is the dominant
stereochemical mistake. For h-1/MAO, the best statistical match with ideal hemiisotactic polypro-
pylene is obtained at 20 ◦C (RMS error = 2.36, 1.46, and 2.19 for Tp = 0, 20, and 60 ◦C,
respectively).70c,80

Figure 2.19 depicts several reported hemiisoselective fluorenyl-containing metallocenes. The
parent catalyst, h-1, appears to be the most hemiisoselective with [m] = 49.6% at Tp = 20 ◦C.80

Any deviation in catalyst structure tends to effect less hemiisotactic polymers. For example, ethyl
substitution (h-5) instead of methyl substitution (h-1) results in a measurable increase in syndiose-
lectivity. The indenyl variant h-4 commits a considerable fraction of stereoerrors ([mmrm] + [rrmr] +
[mrmr]= 7.5% at Tp = 10 ◦C).74 In addition, the hafnium complex h-1-Hf is more isoselective than
the parent zirconium complex h-1 under identical conditions ([mmmm]= 24.2% versus [mmmm]=
15.1% at Tp = 60 ◦C).71b

2.5 ISOTACTIC-HEMIISOTACTIC POLYPROPYLENE

Isotactic-hemiisotactic polymers are variants of hemiisotactic polymers wherein the intervening
stereocenters exhibit partial alignment with their stereoregular neighbors. The general approach to
this kind of polymer is to employ a steric variant of the methyl-substituted hemiisoselective metal-
locene (CH3)2C(3-CH3-C5H3)(C13H8)ZrCl2 (h-1). As predicted by the stereochemical mechanism
in Scheme 2.5, 3-cyclopentadienyl substituents that are considerably larger than the methyl group
should more effectively repel the growing polymer chain than the opposing benzo group. Hence, the
less stereoselective coordination site will preferentially employ the same monomer enantioface as
the more stereoselective site. If site epimerization is minimized, an isotactic-hemiisotactic polymer
will result.
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SCHEME 2.5 Isotactic-hemiisotactic polymers should arise from a two-site catalyst that has one highly
enantioselective coordination site (in gray) and one coordination site that is moderately enantioselective for
the same monomer enantioface (in brackets). R is substantially larger than methyl; the bridge substituents
have been omitted for clarity; P represents the growing polymer chain; and M = cationic Zr+ or Hf+,
generally.

Isotactic-hemiisotactic polypropylene has been obtained from the metallocenes shown in
Figure 2.20, which have the general structure (R′)2C(3-R-C5H3)(C13H8)MCl2.80,94 Figure 2.21
depicts the pentad distributions obtained for each of the corresponding zirconocene/MAO polymer-
izations performed at 0 ◦C. As mechanistically prescribed, the mmrm, rrmr, and mrmr pentads
are minimally abundant. Not surprisingly, the 3,4-disubstituted metallocene ih-5 commits the
most stereoerrors. The more stereoselective insertion with this catalyst pits a tert-butyl group
against a benzo substituent, resulting in increased enantiofacial misinsertion as compared to the
stereoselectivity when benzo competes against a simple hydrogen substituent.

As the size of the cyclopentadienyl substituent increases, the less stereoselective site is more
likely to choose the same monomer enantioface as the more stereoselective site. The [m] dyad fraction
increases accordingly. Figure 2.22 plots the observed polymer melting temperature as a function of
the [m] dyad composition.94 Several polymers exhibit no strong endotherm via differential scanning
calorimetry (DSC) and are essentially amorphous. Above [m]≈70%, normal DSC traces are obtained
and the melting temperature is proportional to the isotacticity as quantified by [m].

An interesting case arises for ih-9, which contains the sterically expanded octamethyloctahydro-
dibenzofluorenyl ligand.94 Its diminished isoselectivity ([m]= 89.2%), compared to that of similarly
substituted ih-6 ([m] = 94.7%), suggests that this expanded fluorenyl ligand competes effectively
against the opposing diphenylmethyl group during monomer insertion at the less stereoselective site.
In short, the diphenylmethyl substituent of ih-9 and ih-6 is a potent polymer-directing group, but its
ability to repel the growing polymer chain is attenuated when it competes against the octamethyloct-
ahydrodibenzofluorenyl component. Note that site epimerization is likely not prevalent with ih-9.
If it were, ih-9 should equal or excel the isoselectivity of ih-6 because of an equal or enhanced
isoselectivity at the more stereoselective site.

Ewen, et al. have also reported the synthesis of isotactic-hemiisotactic polypropylene from
a catalyst that employs a sulfur-containing cyclopentadithiophene moiety instead of the fluorenyl
component.95 This “heterocene” catalyst, Me2C(3-(2-adamantyl)-C5H3)(C9H4S2)ZrCl2, is compar-
able to ih-1 in its stereoselectivity at 0 ◦C ([m]= 57.9%), but engages in significant site epimerization
at higher polymerization temperatures, and is slightly more prone to enantiofacial misinsertion at
the more stereoselective site.

A stereochemical analysis has predicted the distribution of isotactic stereoblocks present in
isotactic-hemiisotactic polypropylene.32 For an ideal case (without site epimerization and with per-
fect enantiofacial selectivity at the more stereoselective site), the derived equations depend only on
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FIGURE 2.20 Metallocenes used for the preparation of isotactic-hemiisotactic polypropylene. The [m] dyad
fractions are for MAO-cocatalyzed polymerizations performed in liquid propylene at 0 ◦C. Hafnocene [m]
values are given in parentheses.
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FIGURE 2.22 The [m] dyad fraction and the polymer melting temperature of isotactic-hemiisotactic
polypropylenes can be controlled by manipulation of the catalyst steric framework.

the [m] dyad content and the number average molecular weight (Mn). Thus, the elastomeric proper-
ties observed for certain isotactic-hemiisotactic polypropylenes can be rationalized.80 As illustrated
by the Monte Carlo simulation in Figure 2.23, chains with [m] ≈ 60% and Mn ≈ 100,000 are pre-
dicted to have an average of 2.9 isotactic blocks of length 21 monomer units or greater, a length
presumed sufficient for cocrystallization with other isotactic segments. Polymers with [m] near 50%
are poor elastomers because there is an average of less than one isotactic block per chain—an insuf-
ficient number to create a substantially cross-linked network. Finally, polymers with [m]≈ 75% are
predicted to have properties that are dominated by the crystalline phase because fully 19% of the
monomers reside in isotactic blocks of length 21 or greater. Indeed, ih-4 and ih-4-Hf produce rigid,
yet flexible polymers that are the first in Figure 2.22 along the continuum of increasing [m] to exhibit
normal, well-defined melting endotherms by DSC.

A more careful DSC analysis shows that isotactic-hemiisotactic polymers generally have a melt-
ing temperature higher than that predicted by simple consideration of the [mmmm] pentad content.
Figure 2.24 shows several exemplary data points (black squares) and their relationship to data col-
lected from typical isoselective catalysts (gray circles) that range from moderately isoselective96 to
highly isoselective.34 For isotactic-hemiisotactic polymers with [mmmm] below 40%, the melting
temperatures are obtained from DSC endotherms with small melting enthalpies. These peaks, the
location of which depends on the thermal history of the sample, are attributed to the crystalline
fraction of the polymer sample made up of cocrystallized isotactic segments from multiple chains
present in an otherwise amorphous medium.80
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FIGURE 2.23 Ninety simulated isotactic-hemiisotactic polypropylene chains (Mn = 100,000; degree of
polymerization = 2376) with ten chains per value of [m]. The average number of isotactic stereoblocks—
denoted by the black regions—of length 21 or greater per chain is given by Nn≥21. The gray regions denote
amorphous, hemiisotactic stereoblocks (calculated according to equations in Reference 32). (Reprinted with
permission from Miller, S. A. Macromolecules 2004, 37, 3983–3995. Copyright 2004 American Chemical
Society.)
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FIGURE 2.24 Typical isotactic polymers generally adhere to a linear relationship between the [mmmm]
pentad fraction and melting temperature (gray circles), whereas isotactic-hemiisotactic polymers can exhibit
faint melting endotherms at considerably higher temperatures (black squares) than predicted by this
relationship.

2.6 SYNDIOTACTIC-HEMIISOTACTIC POLYPROPYLENE

Syndiotactic-hemiisotactic polymers are variants of hemiisotactic polymers wherein the interven-
ing stereocenters, on average, have stereochemistry opposite that of their stereoregular neighbors.
An initial approach to this kind of polymer has been reported94 through the use of steric vari-
ants of the methyl-substituted hemiisoselective metallocene (CH3)2C(3-CH3-C5H3)(C13H8)ZrCl2
(h-1). Whereas the strategy for making isotactic-hemiisotactic polymers involves increasing the
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SCHEME 2.6 Syndiotactic-hemiisotactic polymers result from a two-site catalyst that has one highly enan-
tioselective coordination site (in gray) and one coordination site that is moderately enantioselective for the
opposite monomer enantioface (in brackets). The bridge substituents have been omitted for clarity; P represents
the growing polymer chain; and M = cationic Zr+ or Hf+, generally.

steric size of the cyclopentadienyl substituent, the strategy for making syndiotactic-hemiisotactic
polymers involves increasing the steric size of the fluorenyl substituent. Scheme 2.6 shows the
general stereochemical mechanism when the sterically expanded octamethyloctahydrodibenzo-
fluorenyl component is employed. As long as the cyclopentadienyl substituent is comparatively
small, then the less stereoselective site prefers the monomer enantioface opposite that which is
chosen at the more stereoselective site. The alternating use of these two coordination sites results in
syndiotactic-hemiisotactic polypropylene.

Syndiotactic-hemiisotactic polypropylene with [m] < 50% has been obtained from the metallo-
cenes shown in Figure 2.25.94 According to the stereochemical model, the growing polymer chain
prefers to reside near the cyclopentadienyl substituent during monomer insertion at the less stereose-
lective site. This is quite plausible for sh-1 and sh-2 because of the presumed steric repulsion of the
octamethyloctahydrodibenzofluorenyl ligand. However, it is somewhat surprising that this is true for
sh-3, sh-4, and sh-5 because this suggests that the 2-methylcyclohexyl, cyclohexyl, and 2-norbornyl
substituents are smaller than the methyl group of the parent hemiisoselective catalyst (h-1), which
affords polypropylene with [m] ≈ 50%. A possible explanation for this behavior invokes an attract-
ive interaction between the chain and the alkyl substituent of the cyclopentadienyl ring during the
transition state for monomer insertion.94 The attractive interaction may derive from cumulative van
der Waals dispersion forces.

Figure 2.26 illustrates the pentad composition of the corresponding polypropylenes. Enantiofacial
misinsertion and site epimerization are largely suppressed in liquid propylene at 0 ◦C, as evidenced
by a consistently low level of stereoerror pentads, mmrm, rrmr, and mrmr. However, further analysis
suggests that site epimerization, with chain migration away from the cyclopentadienyl substituent, is
considerably more frequent than enantiofacial misinsertion. The mrmr pentad, which is essentially
absent, only results from enantiofacial misinsertion or the unlikely event of site epimerization with
chain migration toward the cyclopentadienyl substituent.
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FIGURE 2.25 Metallocenes used for the preparation of syndiotactic-hemiisotactic polypropylene. The [m]
dyad fractions are for MAO-cocatalyzed polymerizations performed in liquid propylene at 0 ◦C.
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Figure 2.27 plots the observed polymer melting temperature as a function of the [m] dyad compos-
ition. The syndiotactic-hemiisotactic polypropylenes with [m] > 30% exhibit no strong endotherm
through DSC and are essentially amorphous. Below [m]≈ 25%, normal DSC traces are obtained and
melting temperature is proportional to the syndiotacticity as quantified by 1− [m]. For comparison,
a data point for highly syndiotactic polypropylene from s-90 (R = H)53 has been included.

2.7 CONCLUSIONS

The fluorenyl ligand has proven to be an essential component in many homogeneous, stereoselective
olefin polymerization catalysts. Since the first fluorenyl-containing metallocene was employed in
1988 for syndioselective propylene polymerization, other tacticities have been accessed: isotactic,
hemiisotactic, isotactic-hemiisotactic, and syndiotactic-hemiisotactic. Indeed, fluorenyl-containing
metallocenes are remarkably versatile, valuable for mechanistic inquiry, and functional in the
synthesis of polymers with novel structures and properties.
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TABLE 2.2
Syndioselective Compounds and References

# References # References # References # References # References # References

s-1 33 s-24 40 s-47 133 s-70 43 s-93 44 s-116 97
s-2 51 s-25 40 s-48 52 s-71 98 s-94 39 s-117 55
s-3 99, 100 s-26 40 s-49 38 s-72 50 s-95 45 s-118 55
s-4 101 s-27 102 s-50 38 s-73 103 s-96 104, 105 s-119 55
s-5 52, 130 s-28 49 s-51 106 s-74 107 s-97 104, 105 s-120 56
s-6 46 s-29 48, 108 s-52 49 s-75 107 s-98 104, 105 s-121 55
s-7 46 s-30 109 s-53 110 s-76 111 s-99 112 s-122 55
s-8 113 s-31 109 s-54 114 s-77 115 s-100 112 s-123 57
s-9 116, 117 s-32 40, 118 s-55 114 s-78 119 s-101 112 s-124 55
s-10 120 s-33 40 s-56 114 s-79 121 s-102 112 s-125 55
s-11 116 s-34 49, 122 s-57 114 s-80 123 s-103 112 s-126 55
s-12 47 s-35 49 s-58 124 s-81 123 s-104 112 s-127 55
s-13 125, 126 s-36 127 s-59 124 s-82 123 s-105 112 s-128 55
s-14 126 s-37 40, 116 s-60 124 s-83 43 s-106 112 s-129 55
s-15 128 s-38 40 s-61 38 s-84 81 s-107 112 s-130 53
s-16 128 s-39 40 s-62 38, 52 s-85 41b s-108 112 s-131 61
s-17 129 s-40 40 s-63 38 s-86 130 s-109 112 s-132 41b, 131
s-18 40 s-41 40 s-64 38 s-87 130 s-110 132 s-133 36, 65
s-19 40 s-42 133 s-65 40 s-88 130 s-111 134 s-134 41b, 131
s-20 40 s-43 40 s-66 40 s-89 135 s-112 134 s-135 136
s-21 40 s-44 40 s-67 125 s-90 53 s-113 134 s-136 67, 68
s-22 40 s-45 40 s-68 137 s-91 53 s-114 138
s-23 40 s-46 52 s-69 139 s-92 53 s-115 138

TABLE 2.3
Isoselective Compounds and References

# References # References # References # References # References # References

i-1 46, 140 i-16 81 i-31 145 i-46 141 i-61 84 i-76 142
i-2 143 i-17 81 i-32 145 i-47 132 i-62 96 i-77 142
i-3 144 i-18 81 i-33 145 i-48 132 i-63 83 i-78 142
i-4 70d i-19 81 i-34 145 i-49 138 i-64 83 i-79 142
i-5 65 i-20 81 i-35 145 i-50 138 i-65 83 i-80 55
i-6 42 i-21 145 i-36 145 i-51 146 i-66 87 i-81 92, 47
i-7 147 i-22 145 i-37 145 i-52 146 i-67 87 i-82 91, 148
i-8 43 i-23 145 i-38 145 i-53 146 i-68 87 i-83 89
i-9 107 i-24 145 i-39 145 i-54 146 i-69 86, 149 i-84 90
i-10 107 i-25 145 i-40 150 i-55 146 i-70 86 i-85 90
i-11 107 i-26 145 i-41 73, 151 i-56 146 i-71 86 i-86 152
i-12 107 i-27 145 i-42 73, 151 i-57 146 i-72 86 i-87 55
i-13 153 i-28 145 i-43 73, 151 i-58 85 i-73 154
i-14 153b i-29 145 i-44 73, 151 i-59 48, 155 i-74 154
i-15 156 i-30 145 i-45 73, 151 i-60 84 i-75 157
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TABLE 2.4
Hemiisoselective Compounds and References

# References # References # References # References # References # References

h-1 71, 80 h-5 74 h-9 159 ih-4 80 ih-8 73, 151 sh-3 94, 151
h-2 42 h-6 42 ih-1 80 ih-5 80 ih-9 73, 151 sh-4 73, 151
h-3 74 h-7 158 ih-2 80 ih-6 73, 151 sh-1 73, 151 sh-5 94, 151
h-4 74 h-8 159 ih-3 80 ih-7 94, 151 sh-2 73, 151
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3.1 INTRODUCTION

Metallocenes based on group 4 metals were first synthesized by Wilkinson et al. in 1953;1 however,
the great utility of these compounds as catalyst precursors for the stereoselective polymerization
of α-olefins was not realized until the mid-1980s when two key discoveries were made. The first
of these was the discovery that alkyl substituents placed on the cyclopentadienyl framework of the
metallocene can significantly influence the performance and behavior of the catalyst.2 The second
was the discovery that enantioselectivity in the insertion step of an α-olefin polymerization could
result if one made metallocene catalysts with the appropriate chirality and stereorigidity.3

Since these early discoveries, an enormous amount of effort has been put forth to understand
and improve upon stereoselective catalyst systems. Because of the excellent research that has been
accomplished over the past 20+ years, the ability to influence the mechanistic details of each step
of the polymerization process from insertion to chain release now exists. This chapter will focus on
how the “tuning” of metallocene polymerization catalyst structures can be carried out to influence
stereoregularity in the resulting polymer.

For the purpose of the present chapter, the definition of metallocene catalysts is limited to the
bis(cyclopentadienyl)-based complexes of the group 4 transition metals (titanium, zirconium, or
hafnium). The focus is exclusively on group 4 metallocenes since they uniquely have demonstrated
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the ability to influence stereocontrol over the entire range of polymer microstructures and molecular
weights. Furthermore, the discussion is limited to bridged frameworks, that is, the so called “ansa-
metallocenes” containing only substituted indenyl or cyclopentadienyl ligands.

3.2 CATALYST STRUCTURE AND SYMMETRY

Ewen first demonstrated a correlation between a catalyst’s molecular symmetry and the stereoregu-
larity of the polymer produced by studying the two isomers (rac and meso) of the ansa-metallocene
Et(Ind)2TiCl2 (Ind= indenyl).3a Ewen found that the achiral meso form (1) produced atactic polypro-
pylene, whereas the C2-symmetric rac form (2) produced polypropylene with moderate isotacticity
(Figure 3.1). Both (1) and (2) suffered from poor catalytic activity owing to the instability of the
titanium species.

Shortly after the initial discovery by Ewen had been disclosed, Brintzinger and Kamisky demon-
strated that a similar metallocene, C2-symmetric rac-Et(H4Ind)2ZrCl2 (H4Ind= tetrahydroindenyl)
(3), was able to produce a much greater yield of isotactic polypropylene (iPP) relative to the sim-
ilar titanocene species (2).3b These two discoveries led the way for the development of several
different families of symmetry-based metallocene catalysts. In almost every metallocene example,
zirconium is selected as the metal of choice because it usually produces the most active catalyst
(relative to the hafnium and titanium analogues). However, hafnium metallocenes do tend to pro-
duce higher molecular weights in the resulting polymers than do the corresponding zirconium or
titanium analogues.

This chapter will focus on four classes of ansa-metallocene catalysts: C2-symmetric bis-Cp
metallocenes, C2-symmetric bis(indenyl) metallocenes, C1-symmetric Cp-indenyl mixed metallo-
cenes, and lastly, C1-symmetric bis(indenyl) metallocenes containing two different indenyl moieties
(Figure 3.2). There are several other classes of catalysts that have been shown to produce stereore-
gular polypropylene. These systems will not be reviewed herein, but are discussed in other chapters
of this book.

3.2.1 C2-SYMMETRIC ANSA-METALLOCENES

C2-symmetric ansa-metallocenes greatly outnumber all of the other catalyst structures studied to
date. This is partly due to the flexibility offered by the cyclopentadienyl ligands in these systems,
which can be readily substituted to change the structural framework of the resulting metallocene
catalyst. In addition, this structural variety can and has lead to a whole spectrum of molecular weights
and tacticities available in the polymers produced by these catalysts. In other words, metallocene
catalysts can be “tuned” to produce polypropylene with tacticity ranging from completely atactic to
perfectly isotactic by changing the ligand framework around the group 4 metals.

The symmetry of an ansa-metallocene arises from the ligand framework of the compound and is
preserved by the bridge, which is the group that links the two Cp moieties together and prevents their
rotation. In terms of bis-Cp ansa-metallocene nomenclature, the position where connection to the
bridge (Z) takes place is labeled as position 1. The bridging group (Z) is usually a CH2CH2-, R2C-,

TiCl2 TiCl2 ZrCl2

1 32

FIGURE 3.1 Examples of ansa-bis(indenyl) metallocenes.
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R1

Z ZrCI2

Z ZrCI2
Z ZrCI2

Z ZrCI2

R2

Bis(cyclopentadienyl) zirconocenes Bis(indenyl) zirconocenes

(Cyclopentadienyl)(indenyl) zirconocenes Mixed bis(indenyl) zirconocenes

FIGURE 3.2 The four classes of cyclopentadienyl/indenyl metallocenes reviewed in this chapter. Z represents
a bridge, for example, CH2CH2 or Me2Si.

ZrCl2Z

1
25

4 3

FIGURE 3.3 Numbering system for biscyclopentadienyl ansa-metallocenes.

or R2Si- fragment (R= alkyl, aryl, or H), although several other bridge types have been investigated.
The “front” positions of the Cp are labeled as positions 3 and 4, which bear the α-substituents. The
“back” positions, which bear the β-substituents, are labeled as positions 2 and 5. The terms α and β

refer to the position of each substituent relative to the bridging position (Figure 3.3).
Bis(indenyl) metallocenes employ a slightly different numbering system owing to the presence

of the fused aromatic ring within the Cp framework. In these instances, a traditional classification for
fused ring compounds is adopted where one begins numbering along the periphery of the fused ring
system beginning at the first nonfused atom contained within the 5-membered ring. Fused carbon
atoms are not included in this numbering system. The bridge in most cases is located at position one,
but as will be discussed later, the bridge can theoretically exist at any location (Figure 3.4).

3.2.1.1 Bis(cyclopentadienyl) Systems

There are only a handful of examples of C2-symmetric bis-Cp ansa-metallocenes, in contrast
to the numerous existing examples of analogous bis(indenyl) systems. The known bis-Cp com-
plexes demonstrate a definite correlation between the Cp substituent (both position and type) and
the physical properties of the polypropylene produced using these systems.4 Table 3.1 lists some
representative examples of bis-Cp catalysts and their polymerization behaviors.4–6 In the series of
compounds characterized by the general formula rac-Z-(RnCp)2ZrCl2 (where n indicates the number
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1
2

5 4
3

ZrCl2

6

7

FIGURE 3.4 Numbering system for bis(indenyl) ansa-metallocenes.

TABLE 3.1
Propylene Polymerization Data from Representative Substituted Bis(cyclopentadienyl)
Zirconocene Precatalysts Activated with MAO

Precatalyst Al/Zr Tpa (◦C) Activityb Mw Tm (◦C) mmmm (%) References
Ratio

(4) rac-CH2CH2(3-MeCp)2ZrCl2 2,000 40 5.8 19,600 133 92.2 4
(5) rac-CH2CH2(3-i-PrCp)2ZrCl2 2,000 40 4.5 19,400 136 94.6 4
(6) rac-CH2CH2(3-t-BuCp)2ZrCl2 2,000 40 1.0 17,400 141 97.6 4
(7) rac-Me2Si(3-MeCp)2ZrCl2 10,000 30 16.3 13,700 148 92.5 5
(8) rac-Me2Si(3-t-BuCp)2ZrCl2 10,000 30 0.3 9,500 149 93.4 5
(9) rac-Me2C(3-t-BuCp)2ZrCl2 3,000 50 15 17,000c 153 99.5d 6
(10) rac-Me2Si(2-Me-4-t-BuCp)2ZrCl2 15,000 70 10 19,000 155 94.3 7
(11) rac-Me2C(2-Me-4-t-BuCp)2ZrCl2 8,000 50 73 103,000 162 99.5d 6

a Polymerization temperature.
b kg PP/mmol Zr·h.
c Recorded as Mv.
d Value on primary (1,2) insertions only.

of R substituents), changing the substituent has a distinct effect on the tacticity and the molecular
weight of the polypropylene produced.

As a general trend, the alkyl substituent at C-3 appears to have a direct influence on the isotacti-
city of the polymer whereas the substituent at C-2 appears to have more influence on the polymer
molecular weight. The effect of the substituent at C-3 can be seen most clearly by comparing data for
the ethylene-bridged series rac-CH2CH2(3-RCp)2ZrCl2 as R is varied from a methyl to an isopropyl
to a tert-butyl substituent (4–6). The methyl analogue (4) gives rise to a polypropylene with an
mmmm value of 92.2%. However, as the size of the substituent is increased, the value increases to
94.6% and 97.6% for the isopropyl (5) and tert-butyl (6) analogues, respectively.

Similar influence of alkyl substitution around the catalyst framework has also been demonstrated
with both Me2C- and Me2Si-bridged analogues of the bis(cyclopentadienyl) zirconcocenes.5,6 For
example, the introduction of an alkyl substituent at C-2 causes a net increase in the molecular weight
of the resulting polymer relative to derivatives without substitution at that position. This observation
can be explained by the fact that alkyl substitution at C-2 hinders the bimolecular chain release
by β-hydride transfer to the monomer. This hypothesis is also supported by the observation that
the molecular weight effects become more pronounced in liquid propylene, which would not be
the case if the substituent were simply hindering the unimolecular β-hydride transfer to the metal.
In addition, replacement of a Me group (7) with a bulkier t-Bu group (8) at the C-3 position of
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the Me2Si- metallocene worsens catalyst activity, and produces polypropylene of lower molecular
weight.

To date, optimal catalyst performance has been achieved by placing alkyl substituents at both C-2
and C-4, as was demonstrated with precatalysts (10) and (11). Each of these precatalysts contains a
Me substituent at C-2 and a bulky t-Bu substituent at C-4, producing a synergistic effect and leading
to improved catalyst activity and molecular weights and isotacticities of the resulting polymers far
superior to the unsubstituted analogues.

Attempts to further increase catalyst performance by making alternative modifications to the
bridge have also been made. Most notably, Brintzinger and coworkers8,9 created a series of differently
bridged bis-Cp zirconocene analogues, including complexes having spirosilane ((CH2)3Si-) or 2,2′-
biphenyl bridges.8,9a,b Unfortunately, these catalysts performed poorly relative to the analogues
listed in Table 3.1.

3.2.1.2 Bis(indenyl) Systems

The C2-symmetric ansa-metallocenes containing a bis(indenyl) ligand are the most common and best
studied of all of the metallocene catalysts.10 The chemistry involved in synthesizing the metallocene
ligands has been very creative, oftentimes elegant, and inventive, which has lead to a plethora
of ligand structures and metallocene frameworks for study. The effect of ligand substitution has
been studied at every position of the indenyl ring to gain a better understanding of the substituents’
ability to control polymerization behavior. In addition, multitudes of bridges have been investigated
to probe more completely the role that the bridge (both position and type) has in influencing the
polymerization behavior of the catalysts.

When placing alkyl substituents on the bis(indenyl) framework, the most significant effects are
obtained when the substituents are placed on the C-2, C-3, and C-4 positions. There have been
numerous modeling and experimental studies performed that reveal the significance of each of these
positions.10a Table 3.2 lists representative examples of alkyl-substituted bis(indenyl) catalysts and
their propylene polymerization behavior.

TABLE 3.2
Propylene Polymerization Data from Representative Substituted Bis(indenyl) Zirconocene
Precatalysts Activated with MAO

Precatalyst Al/Zr Tpa Activityb Mw Tm mmmm (%) References
Ratio (◦C) (◦C)

(12) rac-Me2Si(Ind)2ZrCl2 n/ac 70 190 36,000 137 81.7 13
(13) rac-Me2Si(H4Ind)2ZrCl2 8,000 50 54 30,300 148 94.9 14
(14) rac-Me2Si(benz[e]Ind)2ZrCl2 15,000 70 274 270,000 138 80.5 7
(15) rac-CH2CH2(Ind)2ZrCl2 8,000 50 140 33,600d 134 87.4 17a
(16) rac-Me2Si(2-MeInd)2ZrCl2 15,000 70 99 195,000 145 88.5 7
(17) rac-Me2Si(2-MeInd-H4)2ZrCl2 15,000 70 40 55,000 144 87.4 7
(18) rac-Me2Si(2-PhInd)2ZrCl2 1,000 20 2.4 444,000 139 87.0 11
(19) rac-Me2Si(2-Me-benz[e]Ind)2ZrCl2 15,000 70 403 330,000 146 88.7 7
(20) rac-CH2CH2(4,7-Me2Ind)2ZrCl2 2,000 40 7.8 5,800 130 92.2 15
(21) rac-CH2CH2(2,4,7-Me3Ind)2ZrCl2

e 30 21 n/a 158 90.6 12

aPolymerization temperature.
bkg PP/mmol Zr·h.
cNot available.
dMv.
e[Ph3C][B(C6F5)4]/Al(i-Bu)3; Zr/B = 1:1, Al/Zr = 100:1.
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As can be seen by comparing the 2-alkyl substituted analogues (16–19) with their unsubstituted
parent catalysts at the same polymerization temperature (12–14), the introduction of an alkyl substitu-
ent at C-2 increases both the molecular weight and isotacticity of the resulting polypropylene.7,11–15

Furthermore, substitution with methyl groups at the C-4 and C-7 positions of the indene (as
demonstrated in 20 and 21) increases the stereoselectivity slightly, but is detrimental to both the
molecular weight and regioregularity (2,1- versus 1,2-insertions) of the resulting polymer.15 The
low molecular weight of these polymers is due to the large number of regioerrors associated with
these polymerization catalysts since 2,1-insertions frequently lead to a chain termination event.

The most interesting and promising substitution pattern has been obtained by placing substituents
at both C-2 and C-4. This 2,4-disubstituted arrangement has produced some of the most active
metallocene catalysts known to date, and the polypropylenes produced rank amongst the highest in
regioregularity, stereoregularity, and molecular weight.7,16 The observed catalyst performance can
be attributed to the substituent at C-2 blocking a coordination sight and hence preventing/reducing the
possibility of a misinsertion and thus producing a highly regioregular polymer. In addition, the bulky
substituent at C-4 directs the face that the monomer will use to coordinate to the metal center leading
to a highly stereoregular arrangement of the resulting polymer. Some representative examples of
these 2,4-disubstituted metallocenes (and some of their counterparts without a substituent at C-2)
are shown in Table 3.3.

For example, when comparing rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2 (19) to its unsubstituted
parent, rac-Me2Si(Benz[e]Ind)2ZrCl2 (14), one observes a doubling of the catalyst activity and
a significant increase in both molecular weight and isotacticity of the resulting iPP (Table 3.2).
Similarly, when comparing the 2,4-disubstituted rac-Me2Si(2-Me-4-PhInd)2ZrCl2 (24) with rac-
Me2Si(4-PhInd)2ZrCl2 (22), which lacks the corresponding substituent at C-2, the activity of the 2,4-
disubstitued complex is over 15 times greater than that for the less-substituted analogue. There is a cor-
respondingly impressive jump in molecular weight and isotacticity for this system as well. Table 3.3
lists several other examples of 2,4-disubstituted indenyl systems that exhibit even higher activities,
molecular weights, and stereoregularity than similar complexes lacking the 2,4-disubstitution pattern.

Substitution at C-3 can also have a dramatic effect on catalyst activity, but only under very
specific conditions (Table 3.4). For example, the metallocene series rac-Z-(3-MeInd)2ZrCl2 where
Z is a CH2CH2- (28), Me2Si- (29), or Me2C- (30) bridge produces polypropylene of low molecular
weights and tacticity.13,17–19 However, by changing the substituent at C-3 from a methyl group (30)
to a bulkier tert-butyl (31) or trimethylsilyl group (32) in the isopropylidene-bridged analogues, the
catalysts produce highly isotactic polypropylene of moderate molecular weights exhibiting mmmm
values of close to 95% from the former catalyst (31) and 86% from the latter catalyst (32).17 Interest-
ingly, the same increase in polymer properties is not observed in either rac-Me2Si(3-t-BuInd)2ZrCl2
(33) or rac-CH2CH2(3-(Me3Si)Ind)2ZrCl2 (34).13,19 The improved performance therefore arises
synergistically from both the presence of the bulky alkyl group at C-3, and the higher rigidity and
larger bite angle that results from the isopropylidene bridge relative to the Me2Si- bridge or CH2CH2-
bridge. This change in angle allows the substituent group at C-3 to influence the environment typ-
ically influenced by substituents at C-2 and C-4 when the smaller bite angle is present, which thus
produces a marked increase in polymer regioregularity, stereoregularity, and molecular weight.

3.2.1.3 Effect of Changing the Bridging System

In addition to the extensive studies performed on the substitution patterns in bis(indenyl) ansa-
metallocenes, the nature of the bridging moiety has also been exhaustively probed. The wide array
of bridging groups investigated ranges from simple one-atom bridges to complex organic molecules.
Although the effect of varying the bridge is reviewed elsewhere, some generalizations regarding
the effects of the most common bridging fragments on polymerization behavior of the catalysts are
noted herein.
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TABLE 3.4
Influence of Alkyl Substitution at C-3 on Bis(indenyl) Zirconocene Precatalysts Activated
with MAO in Propylene Polymerization

Precatalyst Al/Zr Tpa Activityb Mw Tm mmmm (%) References
Ratio (◦C) (◦C)

(28) rac-CH2CH2(3-MeInd)2ZrCl2 8,000 50 28 15,800 n/ac 19.9 17a
(29) rac-Me2Si(3-MeInd)2ZrCl2 15,000 70 33 28,000 n/a n/a 17a
(31) rac-Me2C(3-t-BuInd)2ZrCl2 8,000 50 125 89,400 152 94.8 17a
(32) rac-Me2C(3-(Me3Si)Ind)2ZrCl2 3,000 50 74 70,900 135 85.9 17a
(33) rac-Me2Si(3-t-BuInd)2ZrCl2 n/a 70 0.5 700 n/a 10.5 19
(34) rac-CH2CH2(3-(Me3Si)Ind)2ZrCl2 2,000 1 2.6 5,000 n/a 75.5 (mm) 13

aPolymerization temperature.
bkg PP/mmol Zr·h.
cNot available.

TABLE 3.5
Influence of the Bridge on Bis(indenyl) Zirconocene Precatalysts Activated with MAO in
Propylene Polymerization

Precatalyst Al/Zr Tpa (◦C) Activityb Mv Tm (◦C) mmmm (%) References
Ratio

(35) rac-CH2(Ind)2ZrCl2 4,000 50 62 5,300 110 71.4 17c
(36) rac-Me2C(Ind)2ZrCl2 3,000 50 66 11,000 127 80.6 17a
(12) rac-Me2Si(Ind)2ZrCl2 3,000 50 17 56,000 144 90.3 13,17a
(15) rac-CH2CH2(Ind)2ZrCl2 8,000 50 140 33,600 134 87.4 17a
(37) rac-Ph2Si(Ind)2ZrCl2 n/ac 70 40 42,000 136 80.5 13
(38) rac-Me2SiMe2Si(Ind)2ZrCl2 n/a 70 3 9,000d 73 40.2 13

aPolymerization temperature.
bkg PP/mmol Zr·h.
cNot available.
dRecorded as Mw.

The most popular and best studied bridging moieties are the H2C-, Me2C-, C2H4-, and Me2Si-
groups. In general, the molecular weight and isotacticity of the polymer produced increases as the
catalyst bridge is changed from H2C- (35) to Me2C- (36) to C2H4- (15) to Me2Si- (12) (Table 3.5),
although there are exceptions (e.g., the rac-Z-(3-MeInd)2ZrCl2 series (28–30) discussed above). The
effect of changing the methyl groups to other alkyl groups in the R2C- and R2Si-bridged bis(indenyl)
framework has also been thoroughly investigated and the effects vary depending on the system.
Last, several longer bridges20 and heteroatom bridges21 have been investigated, but generally these
analogues suffer from poorer catalyst performance as compared to the previously mentioned carbon-
and silicon-based bridges.

3.2.1.4 Influence of Changing the Position of the Bridge

Almost all of the known examples of ansa-bis(indenyl) metallocenes consist of two indenyl ligands
bridged at the C-1 position of each indenyl ring. There are three major variations to this structural
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ZrCl2
Z

Z

FIGURE 3.5 Generalized structure of a doubly bridged zirconocene. Each Z represents a bridge, for example,
CH2CH2 or Me2Si.

ZrCl2

39: R1, R2, R3 = H
40: R1 = Me, R2, R3 = H
41: R1 = Et, R2, R3 = H
42: R1, R2 = H, R3 = Ph
43: R1 = Me, R2 = H, R3 = Ph
44: R1, R2 = Me, R3 = H

R3

R3

R2

R2

R1

R1

FIGURE 3.6 Generalized structure of a 2,2′-bridged ansa-metallocene.

framework. The first variation involves the formation of doubly bridged systems that involve tethering
the indenyl moieties together at both the C-1 and C-2 positions (Figure 3.5).22,23 To date, mainly
CH2CH2- and Me2Si-bridged analogues have been synthesized; however very little polymerization
work has been performed. Not only do these species suffer from a challenging synthetic route, but
they also have thus far proven to be very poor catalysts that decompose quite readily to singly
bridged systems.23 (For additional information on doubly bridged bis(indenyl) metallocenes, see
Chapter 4.)

A second approach has involved moving the position of the bridge from C-1 to C-2. Several
of these substituted 2,2′-bridged bis(indenyl) complexes of Ti and Zr have been prepared by both
Nantz24 and Schaverien25 and their polymerization behaviors have been studied. The bridge in each
case was an ethylene moiety and substitution, when present, was located at a combination of C-1,
C-3, or C-4 (39–44) (Figure 3.6). Although these systems were active for ethylene polymerization,
the attempted polymerization of propylene resulted only in oligomers (Mn = 400–900 Da) with very
little stereoregularity along the backbone (Table 3.6).25

Halterman,26 and Bosnich27 have also synthesized some specialized biaryl strapped 2,2′-
bis(indenyl) metallocenes (45–48) (Figure 3.7), but the routes are quite demanding synthetically
and very little has been done in the way of polymerization studies. The polymerization stud-
ies that have been done have generally shown these derivatives to display poor activities and
to produce oligomers of low stereoregularity similar to the other C-2 bridged systems shown in
Table 3.6.

Lastly, the most successful modification to the position of the bridge has involved moving the
bridge from the C-1 to the C-4 or C-7 positions of the indenyl ligands (49–55) (Figure 3.8).28,29

The best reported catalyst of this type, rac-Me2Si{4,4′-(3-Me-1-PhInd)}2ZrCl2 (50), has been
shown to produce iPP with an mmmm value of 98% and a molecular weight of 60,000 Da. This
catalyst also exhibits activities comparable to those for several well-known C-1 bridged indenyl
analogues.28
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TABLE 3.6
C-2-Bridged Bis(indenyl) Zirconocene Precatalysts Activated with MAO in Propylene
Polymerization

Precatalyst Al/Zr Tpa (◦C) Activityb Mn mm (%) References
Ratio

(39) CH2CH2(2-Ind)2ZrCl2 10,000 50 530 400 n/ac 25
(40r) rac-CH2CH2(1-Me-2-Ind)2ZrCl2 40,200 50 6,240 850 n/a 25
(40m) meso-CH2CH2(1-Me-2-Ind)2ZrCl2 40,200 50 4,160 1,800 22.0 25
(41r) rac-CH2CH2(1-Et-2-Ind)2ZrCl2 40,000 50 1,320 1, 600 36 25
(41m) meso-CH2CH2(1-Et-2-Ind)2ZrCl2 40,000 50 5,080 1,700 23 25
(42) rac-CH2CH2(4-Ph-2-Ind)2ZrCld2 40,000 50 330 1,100 62.2 25
(43) rac-CH2CH2(1-Me-4-Ph-2-Ind)2ZrCld2 40,000 50 1,080 1,000 27.8 25
(43m) meso-CH2CH2(1-Me-4-Ph-2-Ind)2ZrCl2 40,000 50 900 1,000 26.3 25
(44) CH2CH2(1,3-Me2-2-Ind)2ZrCl2 4,000 50 5,040 1,900 40.3 25
(45) 1,1′-biphenyl(2-Ind)2ZrCl2 40,195 50 114 1,700 44.2 25

aPolymerization temperature.
bkg PP/g Zr·h.
cNot available.
dPolymerizations performed with a 4:1 rac:meso ratio.

MCl2

45: R1 = H, M = Zr

46: R1 = H, M = Ti

47: R1 = Me, M = Ti

TiCl2

48

R1

R1

FIGURE 3.7 Representative structures of biaryl strapped 2,2′-bridged ansa-metallocenes.

3.2.2 C 1-SYMMETRIC ANSA-METALLOCENES

By definition, a C1-symmetric compound will lack any symmetry elements, which allows for the pos-
sibility of a wide range of structures. C1-symmetric metallocenes like their C2-symmetric analogues
can produce all degrees of molecular weight and tacticities. However, C1-metallocenes offer an even
greater degree of ligand structure variation, which should in turn allow for greater “tunability” of
the resulting polymer, including the production of materials with hemiisotactic microstructures and
elastomeric properties.

For the purpose of this chapter, two types of C1-symmetric metallocenes are considered. The
first is a “mixed ligand metallocene” in which the metal is bound to a Cp ligand and an indenyl
ligand connected to one another through a bridging unit. The second is a metallocene in which
the metal is bound to two indenyl ligands (linked by a bridging unit), but the substituents on each
indenyl ligand differ from one another, thus eliminating the symmetry in the molecule. A third type
of C1 ansa-metallocene containing a fluorene ligand has been extensively studied and is reviewed
elsewhere. (For additional information on fluorene containing metallocenes, see Chapter 2.)
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Me2Si
ZrCl2

4,4′-bridged metallocenes

7,7′-bridged metallocenes

dl meso dl

51: R = Me
52: R = i-Pr

53: R = Me
54: R = i-Pr 55

R

Cl
M

Cl

R

R

M
Cl

Cl
M

Cl

Cl

Ph

Ph
49 50

Me2Si ZrCl2

R

FIGURE 3.8 Some representative examples of 4,4′ and 7,7′-bridged ansa-metallocenes.

Z ZrCl2
ZrCl2

ZrCl2Me2C

58: Z = Me2C

57: Z = Me2Si

56: Z = Me2C

erythro form

58: Z = Me2C

threo form

Me2C

FIGURE 3.9 C1-Symmetric Cp-indenyl mixed metallocene catalysts showing poor propylene polymerization
behavior.

3.2.2.1 Cp-Indenyl Metallocenes

The simplest known examples of the class of mixed indenyl-Cp metallocenes are the isopropylidene-
(Z=Me2C-, 56) and dimethylsilylene-bridged (Z=Me2Si-, 57) cyclopentadienyl-indenyl zircono-
cene dihalides (Figure 3.9). Many polymerization studies have been performed on these unsubstituted
systems, but unfortunately, the published studies demonstrate poor catalytic behavior for pro-
pylene polymerizations.30 Even the substituted analogue of the isopropylidene-bridged complex,
erythro/threo-Me2C(3-MeCp)(Ind)ZrCl2 (58),31 exhibits the same low catalytic activity and low
polypropylene molecular weight observed for the unsubstituted parent system.
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Miyake et al.19 have had some success developing mixed metallocenes that produce iPP (mm =
51–99.6%), albeit with low molecular weights (ca. 10–100 kDa). These catalysts, with the general
formula Z-(3-t-BuCp)(3-t-BuInd)MCl2 (where Z = Me2C, or Me2Si- and M = Ti, Zr, Hf (59–62)
(Figure 3.10) possess bulky tert-butyl groups on both the indenyl and cyclopentadienyl moieties of
the metallocene framework which leads to increased isoselectivity of the resulting iPP. An unusual
feature of these catalysts is that the molecular weight of the resulting iPP exhibits a strong dependence
on the polymerization temperature decreasing from 105,000 Da at 1◦C to 9,000 Da at 60 ◦C while
the isoselectivity remains relatively unchanged (Table 3.7).19

Interestingly, the Ti analogue 60 is more active (1950 g PP/mmol Zr·h) than the analogous
zirconocene 59t (620 g PP/mmol Zr·h), yet retains very high isoselectivity (mm = 99.6% for each
species). This observation is unusual, since most zirconocene catalysts are more active than their
titanocene analogues. Furthermore, the analogous hafnocene 61 follows the typical trend seen for
most metallocene catalysts, exhibiting a large decrease in polymerization activity (30 g PP/mmol
Zr·h) relative to the zirconocene analogue 59t.19 Last, when the bridging moiety is changed from an

Me2C ZrCl2

59e

Z MCl2

erythro-form threo-form

59t: Z = Me2C, M = Zr
60: Z = Me2C, M = Ti
61: Z = Me2C, M = Hf
62: Z = Me2Si, M = Zr

FIGURE 3.10 C1-Symmetric isoselective (3-tert-butyl)Cp-(3-tert-butyl)indenyl mixed metallocene cata-
lysts.

TABLE 3.7
Unsymmetrical Metallocene Precatalysts Activated with MAO in Propylene Polymerization

Precatalyst Al/Zr Tpa (◦C) Activityb Mn mm (%) References
Ratio

(59t) threo-Me2C(3-t-BuCp)(3-t-BuInd)ZrCl2 2,000 1 620 105,000 99.6 19
(59t) threo-Me2C(3-t-BuCp)(3-t-BuInd)ZrCl2 2,000 60 42,000 9,000 99.2 19
(59e) erythro-Me2C(3-t-BuCp)(3-t-BuInd)ZrCl2 2,000 1 60 9,000 51.8 19
(60t) threo-Me2C(3-t-BuCp)(3-t-BuInd)TiCl2 2,000 1 1,950 34,100 99.6 19
(61t) threo-Me2C(3-t-BuCp)(3-t-BuInd)HfCl2 2,000 1 30 39,000 99.5 19
(62t) threo-Me2Si(3-t-BuCp)(3-t-BuInd)ZrCl2 2,000 1 110 28,000 98.6 19
(56) Me2C(Cp)(Ind)ZrCl2 2, 000 1 730 1,100 35.2 19

aPolymerization temperature.
bg PP/mmol Zr·h.
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ZrCl2 Cl2Zr

anti-63 syn-63

FIGURE 3.11 Example syn/anti C1-symmetric mixed Cp/indenyl metallocene precatalysts for the polymer-
ization of thermoplastic-elastomeric polypropylene.

64 65 66

Ph Ph

Me2Si Me2Si Me2SiZrCl2 ZrCl2 ZrCl2

FIGURE 3.12 C1-Symmetric bis(indenyl) mixed metallocenes.

isopropylidene 59t to dimethylsilylene group 62, a corresponding decrease in tacticity, molecular
weight, and activity is observed (Table 3.7).19

As was mentioned earlier, C1-symmetric catalysts allow for the unique opportunity to pro-
duce novel polypropylenes of varying microstructures and properties. This control of polymer
properties has been nicely demonstrated by Rausch et al. in the synthesis of thermoplastic-
elastomeric polypropylene (TPE-PP).32 Novel TPE-PP consisting of isotactic and atactic blocks
of polypropylene was produced by using the syn and anti isomers of the mixed metallocene catalyst,
(CH3)CH(Me4Cp)(Ind)ZrCl2 (63) (Figure 3.11). The polypropylene that is produced has a very low
crystallinity (low isotacticity) and melting temperature (mmmm = 40%; Tm = 50–65 ◦C).32a These
initial studies by Rausch et al. have led to the development of several related C1-symmetric, mixed
metallocene catalysts capable of producing elastomeric polypropylene. (For additional information
on elastomeric polypropylene, see Chapter 8.)

3.2.2.2 Mixed Bis(indenyl) Metallocenes

There are only a few examples of metallocenes having two differently substituted indenyls as part
of their ligand framework. Remarkably, these complexes have demonstrated decent catalytic beha-
vior for the polymerization of propylene. For example, anti-rac-Me2Si(Ind)(3-MeInd)ZrCl2 (64)
(Figure 3.12) has been shown to produce elastomeric PP with mmmm contents ranging from 30–50%
depending on polymerization temperature and monomer concentration.33

Spaleck et al. have produced the best catalysts of this type to date. The metallocenes,
rac-Me2Si(Ind)(2-Me-4-PhInd)ZrCl2 (65) and rac-Me2Si(2-MeInd)(2-Me-4-PhInd)ZrCl2 (66),34

combine individual indenyl moieties that have previously demonstrated excellent catalytic prop-
erties in C2-symmetric metallocenes. These systems give rise to polypropylene having both high
molecular weight and high isotacticity. For example, (66) produces iPP with molecular weights
greater than 500,000 Da and mm values exceeding 96%. All of these findings can be fully explained
by molecular modeling analyses.35
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3.3 CONCLUSIONS

This chapter has provided a brief overview of factors that one should consider when designing
substituted indenyl and cyclopentadienyl catalysts for stereoselective propylene polymerization.
Symmetry of the catalyst precursor, substitution patterns around the cyclopentadienyl framework,
position and type of bridging moiety, and type of ligand employed all appear to be critical factors in
tuning the properties of the resulting polypropylene. The most studied and best performance catalysts
to date belong to the ansa-bis(indenyl) class of metallocenes. Both C1- and C2-symmetric analogues
of this class have been prepared which have been shown to be highly active for the polymerization of
polypropylene. Polymer tacticities ranging from completely atactic to isotactic are possible and the
specific tuning of the polymer properties can be accomplished through modification of the groups
surrounding the metal framework. Bridging at the 1 position of the indenyl rings has proved to be the
most successful strategy using either a one- or two-atom bridge. Lastly, the most significant effects
on the properties of the resulting polymer can be obtained through modification of the substituent
groups, particularly in the 2, 3, 4, and 7 positions of the indenyl ring.
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4.1 DOUBLY BRIDGED METALLOCENES

Many academic and industrial researchers have probed the utility of group 3 and group 4 metallocenes
as catalyst precursors for the polymerization of ethylene and α-olefins such as propylene.1–4 In
particular, much emphasis has been placed on the use of an interannular bridge, or linking group,
between the two cyclopentadienyl rings in these metallocenes. These complexes are known as ansa-
metallocenes, a term that Brintzinger introduced in his landmark work in this field.5 The term ansa
(Latin, for “bent handle”) may be used to describe metallocenes with either one or two interannular
bridges (Figure 4.1).

The presence of an interannular bridge causes a geometric, and hence, steric distortion in these
catalysts as compared to unlinked metallocenes. ansa-Metallocenes are also electronically different
from their unlinked counterparts; these differences were recently treated in the literature.6 Variations
in geometry and electronics can affect reactivity, and in many cases, also affect activity and stereo-
control in the polymerization of α-olefins. A recent review article summarizes the broad array of
interannular bridges that have been incorporated in group 3 and 4 metallocenes; consequences for
reactivity are also treated.7 While many group 3 and 4 singly bridged ansa-metallocenes are known,
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FIGURE 4.1 Group 4 metallocenes can be unlinked, singly linked, or doubly linked. These metallocene
dichloride complexes are common precatalysts for olefin polymerization.

examples of doubly bridged ansa-metallocenes are relatively rare. A review of doubly bridged
bis(cyclopentadienyl) metal complexes, with a structural focus, was published in 2003.8

Few doubly bridged group 3 and 4 ansa-metallocenes have been tested as precatalysts for the
polymerization of ethylene or α-olefins. These complexes fall into the following three categories:
(1) the precatalyst can produce polyethylene, but tests for α-olefin polymerization are not reported;
(2) the precatalyst can produce polyethylene, but does not polymerize α-olefins; and (3) the precata-
lyst polymerizes both ethylene and α-olefins. Some complexes in this third class serve as outstanding
precatalysts for making polypropylene with regard to catalyst activity, polymer molecular weight
(Mw or Mn), polydispersity index (PDI, Mw/Mn) and tacticity.

This chapter will discuss all known group 3 and 4 doubly bridged ansa-metallocenes made to
date. When polymerization data is unavailable, comments will be made on the perceived viability of
the compounds as precatalysts for α-olefin polymerization based on their structure and symmetry. For
the α-olefin polymerization precatalysts described herein, the correlation between catalyst structure
and polymer tacticity will be discussed. Further, the correlation between catalyst structure and
regiocontrol, polymerization activity, and polymer molecular weight will be addressed when there
is pertinent data present for a given precatalyst.

4.1.1 GENERAL DESCRIPTION OF BONDING IN DOUBLY BRIDGED ANSA-METALLOCENES

Structural information is known for many doubly bridged ansa-metallocenes. The presence of one
or two interannular bridges causes distortion from unlinked metallocene geometry (vide infra). In
part, these distortions may be quantified by the angles depicted in Figure 4.2. Angles α, β, τ,
and γ are often reported.6 The interplanar cyclopentadienyl ring angle (dihedral angle between the
ring planes) is represented by α. The angle between the normals to the ring centroids (Cpnorm–
Cpnorm) is designated β, where α+ β = 180 ◦. The Cpcent–metal–Cpcent angle (where Cpcent is the
cyclopentadienyl centroid) is referred to as γ.

Ring slippage, defined as a cyclopentadienyl coordination mode of less than η5, can be ascertained
by comparison of β and γ. Specifically, the tilt angle can be used to verify whether or not a linked
metallocene exhibits ring slippage when compared to its unlinked counterpart. The tilt angle, τ, is
defined as (γ− β)/2. Angle α is also related to τ by the following expression: α = (2τ− γ+ 180 ◦).
A linked metallocene will tend to have a larger value of τ than its unlinked counterpart. In addition,
a doubly linked metallocene will tend to have a larger value of τ than its singly linked counterpart
does. There are two caveats when using τ as a measure of ring slippage: (1) two-atom bridges (or
greater) tend to provide τ values that are comparable to unlinked metallocenes, and (2) substituents
on the cyclopentadienyl ligands can lead to unexpected variations in τ values. When assessing ring
slippage for a given ansa-metallocene, it is best to make a comparison to a similarly substituted,
unlinked analog.
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τ

FIGURE 4.2 Angles α, β, τ, and γ are often used to describe the bonding in ansa-metallocenes with two
interannular linkers.
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FIGURE 4.3 The presence of one versus two interannular bridges affects the steric environment of the
metallocene wedge.

Some generalities can be made when comparing metallocenes with one interannular bridge
to those with two. Doubly bridged metallocenes typically have increased α values, decreased γ

values, and increased τ values as compared to singly bridged metallocenes. In this chapter, α, β,
τ, and γ values are provided in Table 4.1 for doubly bridged metallocenes with reported X-ray
crystallographic data. When available, R–M–R′ angles are also reported in Table 4.1, where R and
R′ are noncyclopentadienyl ligands located in the metallocene wedge.

Another important consequence of interannular linkers is the resulting orientation of cyclo-
pentadienyl rings themselves (Figure 4.3). When one interannular bridge is present, it forces two
cyclopentadienyl carbon atoms to be eclipsed in the narrow rear of the metallocene. The central
coordination site of the metallocene wedge “sees” a carbon–carbon bond of a cyclopentadienyl ring
directly above and below. In contrast, the presence of two interannular bridges forces two sets of two
carbon atoms to be eclipsed in the narrow rear of the metallocene. The central coordination site of
the metallocene wedge “sees” a carbon atom (not a carbon–carbon bond) of a cyclopentadienyl ring
directly above and below. This has important consequences for coordination of the cyclopentadienyl
rings to the metal, that is, for M–C bond distances. In doubly bridged metallocenes, the ipso-carbon
atoms are closer to the metal than the three remaining distal carbon atoms. In the extreme, this can
be considered an η2-allyl coordination mode.

The presence of two interannular linkers changes the substitution patterns required to achieve
various metallocene symmetries. Though the data is somewhat limited, doubly bridged metallocenes
tend to follow metallocene symmetry/polymer tacticity relationships that have been established for
singly bridged metallocenes.3 There are examples (vide infra) where the steric congestion of the
metallocene wedge can hinder activity so dramatically that metallocene symmetry/polymer tacti-
city relationships cannot be addressed. Regardless, metallocene symmetry is used as an organizing
principle for this chapter.
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4.1.2 METALLOCENES WITHOUT REPORTED POLYMERIZATION DATA

Some metallocenes with two interannular bridges have appeared in the literature, but with no poly-
merization data included in the reports of their synthesis and structure. Most of these examples
possess C2v-symmetry. These types of precatalysts are expected to produce atactic polypropylene
under enantiomorphic site control conditions (the most common scenario). Tacticity may vary if
chain-end control is obeyed (rarer). Perhaps the authors did not publish polymerization data for
propylene because of the expectation of obtaining atactic polymer, considered to be less industri-
ally useful than its isotactic counterpart. (For more information on enantiomorphic site control and
chain-end control, see Chapter 1.)

Two ethanediyl interannular linkers have been used to produce C2v-symmetric titanocene and zir-
conocene dichloride complexes (1a and 1b, respectively; Figure 4.4). In 1994, Brintzinger described
the synthesis and X-ray crystallographic analysis of 1a and 1b9 and Hafner described a distinct syn-
thesis for 1b10,11 along with crystallographic data (see Table 4.1). For both complexes, α (the dihedral
angle between the ring planes) was found to be only slightly larger than that of the corresponding
complexes with a single ethanediyl bridge (a similar phenomenon has been described for metallo-
cenes with a single ethanediyl bridge versus the corresponding unlinked metallocenes6). The two
cyclopentadienyl rings in both 1a and 1b are nearly eclipsed, yielding a slight distortion from ideal
C2v-symmetry. Thus, these complexes display approximate C2-symmetry.

Also in 1994, Buchwald12 described the synthesis of a ligand with two fused interannular linkers
comprised entirely of carbon and hydrogen (2, Figure 4.4). This ligand enforces a C2-symmetry in
ansa-titanocene complexes (3a–c, Figure 4.4). The bicyclo[3.3.1]nonane skeleton present in these
complexes is structurally analogous to norbornadiene. Combination of 2 with either ZrCl4(THF)2 or
HfCl4(THF)2 did not provide the desired zirconocene or hafnocene complexes. Compound 3c was
analyzed by X-ray crystallography (see Table 4.1). The authors propose that the failed metallation of
2 with both Zr and Hf is due to the compact nature of ligand 2. Namely, the Ti-C(cyclopentadienyl)
and Ti-cyclopentadienyl centroid (Cpcent) distances are reported to be relatively short in comparison
to a titanocene with a single ethanediyl bridge. Angles of α and β were not reported for 3c; it
should be noted that the cyclopentadienyl rings are canted relative to one another (at the back of the
metallocene wedge, the C−−C bonds of each cyclopentadienyl ring are not parallel).

Examples of metallocenes with two dimethylsilyl interannular linkers are more numerous than
those composed strictly of C−−C and C−−H bonds. Royo first reported the synthesis of ansa-
metallocenes with a [{(CH3)2Si}2(C5H3)2] ligand array.13–15 Relevant metallocene dichloride and
dimethyl complexes 4a–d are depicted in Figure 4.5. X-ray crystal structures have been obtained for
dichloride complexes 4a and 4b13 and dimethyl complex 4c14 (see Table 4.1). In all three structures,
the cyclopentadienyl rings are eclipsed. Despite a wealth of synthetic and crystallographic data,

M
Cl

Cl

1a (M = Ti)
1b (M = Zr)

Ti
Y

X

3a (X = Cl, Y = Cl)
3b (X = Cl, Y = Br)
3c (X = Br, Y = Br)

CH3

CH3
H3C

CH3

2

Li+

Li+

FIGURE 4.4 Metallocenes and ligands with two carbon-based interannular bridges.
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MSi

Si

Me

Me

Me

Me X

X

4a (M = Ti, X = Cl)
4b (M = Zr, X = Cl
4c (M = Ti, X = CH3)
4d (M = Zr, X = CH3)

MSi

Si

Me

Me

Me

Me Cl

Cl

MSi

Si

Me

Me

Me

Me Cl

Cl

rac-7a (M = Ti)
rac-7b (M = Zr)

meso-8a (M = Ti)

Me2Si SiMe2

Li+

Li+

rac-6

ZrSi

E

Me

Me
Cl

Cl

5a (E = Me2Si)
5b (E = PhP)
5c (E = PhC=CPh)

FIGURE 4.5 Metallocenes and ligands with one or two Me2Si- interannular bridges.

Royo has not put forward α-olefin polymerization results for precatalysts 4a–d. However, Lang has
tested 4a for polymerization of ethylene and propylene (vide infra).34

Bulls and Bercaw employed two dimethylsilyl interannular linkers in the preparation of
[(Me2Si)2{η5-C5H2-4-C(CH3)3}2]ZrCl2 (5a, Figure 4.5).16 The most notable aspect of the X-ray
crystal structure for 5a is the dihedral angle (α) of 73(4)◦ formed by the cyclopentadienyl ring planes
(see Table 4.1). This value is high in comparison to both singly linked and unlinked zirconocenes.

Owing to the C2v-symmetry of complexes 1–5a, it is anticipated that these precatalysts would
produce atactic polypropylene through an enantiomorphic site control mechanism. Furthermore,
the distortion of 1a and 1b from C2v-symmetry is so slight that atactic polypropylene would be
anticipated under a range of polymerization conditions.

In the Zubris laboratories, the synthesis of two Cs-symmetric, meso complexes of the form
[(Me2Si)(E){η5-C5H2-4-C(CH3)3}2]ZrCl2 (E = PhP, 5b; E = PhC=CPh, 5c; Figure 4.5) is cur-
rently being pursued.17 Syntheses of the singly linked ligands, [(PhP)(t-Bu-C5H4)2] and a cis/trans
mixture of [(PhC=CPh)(t-Bu-C5H4)2], were recently reported.18,19 Zirconocenes 5b and 5c with
two distinct interannular linkers have been targeted to examine the steric requirements for regiose-
lectivity in α-olefin polymerization. It is anticipated that these precatalysts may favor 2,1-olefin
insertion, a mode that is not common for most zirconocenes. Synthetic methods to prepare 5b and
5c are currently under development.

In 1998, Miyake and Bercaw reported the synthesis of a zirconocene and two titanocenes, each
with two dimethylsilyl interannular linkers.20 Notably, they described a novel intermediate and
an isomerization reaction for doubly bridged metallocenes. C2-symmetric rac-7b was prepared by
reaction of the ligand, rac-6, with ZrCl4 in dichloromethane (Figure 4.5). The 1H NMR spectrum
of isolated rac-7b was consistent with C2-symmetry; no signals were evident for the meso isomer.
In contrast, reaction of rac-6 with TiCl3(THF)3 in toluene followed by treatment with 1 equivalent
of PbCl2 provided a roughly 1:1 mixture upon workup of rac-7a and meso-8a (Figure 4.5). Since
pure rac-6 was used as a starting material, the authors postulate that a rac-to-meso interconversion
was occurring under the reaction conditions. Furthermore, pure rac-7a was found to equilibrate with
meso-8a rapidly in hydrocarbon solvent in the dark at ambient temperature. The authors propose
an isomerization mechanism involving an intermediate with both Si atoms bound to the same sp3

hybridized C of Cp and with Ti coordinated to Cp in an η1-fashion (via an adjacent sp2 hybridized C)
(Scheme 4.1). This is the first example of an intermediate and isomerization reaction requiring a
change in cyclopentadienyl face for a doubly bridged metallocene.

Single crystals of rac-7a were obtained and analyzed by X-ray diffraction (see Table 4.1). While
the angle γ (128.1◦) is moderately less than unlinked or singly linked metallocenes (see Table 4.1
for representative data), α (69.7◦) is considerably greater than for related unlinked or singly linked
metallocenes. Arelatively large value of τ (8.9◦) also indicates that the titanium-ring carbon distances
in the back of the wedge are much shorter than those to the front ring carbons.

The rapid rac-meso interconversion for [(Me2Si)2{3-(CHMe2)-5-Me-C5H}2]TiCl2 leads to
complications in predicting tacticity preferences for this precatalyst. In the absence of rac-meso
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Ti
Si

Si

Me

Me

Me

Me Cl

Cl

Ti
Si

Si

Me

Me

Me

Me Cl

Cl

rac-7a meso-8a

Ti
Si

Si

Me

Me

Me

Me Cl

Cl

Intermediate

SCHEME 4.1 Proposed mechanism for conversion of rac-7a to meso-8a.

Zr
Br Br

SiMe2

SiMe2Me2Si

Me2Si

OO

9

FIGURE 4.6 A zirconocene with two -Me2SiOSiMe2- interannular bridges in a 1,3-relationship relative to
one another.

interconversion, C2-symmetric rac-7a would be expected to yield isotactic polypropylene, and
Cs-symmetric meso-8a would be expected to yield atactic polypropylene through an enantiomorphic
site control mechanism. Owing to the absence of rapid rac-meso interconversion, C2-symmetric zir-
conocene rac-7b would be expected to produce isotactic polypropylene through an enantiomorphic
site control mechanism.

When two transannular linkers are present in an ansa-metallocene, they do not necessarily adopt
positions that are adjacent to one another (in a 1,2-relationship). One such example of a nonadjacent
complex was reported by Deck (9, Figure 4.6). This zirconocene dibromide has two tetramethyldis-
iloxane bridges in a 1,3-relationship relative to one another.21 This complex was characterized by
1H NMR, 13C NMR, and elemental analysis but not by X-ray crystallography. Owing to the C2v-
symmetry of 9, it is anticipated that this precatalyst would yield atactic polypropylene. However,
the steric bulk of the tetramethyldisiloxane bridges may hinder the coordination of propylene to
zirconium through a 1,2-coordination mode.

4.1.3 POLYETHYLENE CATALYSTS WITHOUT PROPYLENE POLYMERIZATION DATA

Some metallocenes with two interannular linkers have been used as precatalysts for poly-
ethylene formation although their reactivity towards α-olefins has not been reported. Noh
described the synthesis of group 4 metallocenes with two disiloxanediyl interannular linkers,
[(Me2SiOSiMe2)2(C5H3)2]MCl2, (M = Hf, 10a; M = Zr, 10b; Figure 4.7).22 Complex 10b was
methylated to provide the corresponding dimethyl complex (10c), and benzylated to provide the
corresponding bis(benzyl) complex (10d). Complex 10b was analyzed by single-crystal X-ray dif-
fraction. This compound displays C2-symmetry in the solid state and the two Cp rings are nearly
eclipsed, as expected. The interannular linkers give this complex its C2-symmetry. The angle α

(44.1 ◦) was found to be smaller than in the related compound containing a single disiloxane bridge
(51.1 ◦)23 (see Table 4.1). Notably, this is the opposite of the trend for other doubly bridged versus
singly bridged metallocenes, perhaps owing to the bridge length.
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M
R

R

O

O

10a (M = Hf, R = Cl)

10b (M = Zr, R = Cl)

10c (M = Zr, R = CH3)

10d (M = Zr, R = CH2C6H5)

= SiMe2

FIGURE 4.7 Group 4 metallocenes with two -Me2SiOSiMe2- interannular bridges in a 1,2-relationship can
serve as effective precatalysts for ethylene polymerization.

M
R'

R

O

11a (M = Sm, R = THF, R′ = THF)
11b (M = Sm, R, R' = (Cl.LiCl(THF)2)
11c (M = Y, R = Cl, R' = THF)

Sm
THF

THF

O

O

12

M R
O

13a (M = Sm, R = CH(SiMe3)2)
13b (M = Y, R = CH(SiMe3)2)

= SiMe2

= SiMe2

= SiMe2

FIGURE 4.8 Samarocenes and yttrocenes with one or two -Me2SiOSiMe2- interannular bridges and one or
zero Me2Si- interannular bridges do not polymerize α-olefins (THF = tetrahydrofuran; complexes 11a and 12
are divalent while complexes 11b, 11c, 13a, and 13b are trivalent).

Complex 10b serves as an efficient ethylene polymerization catalyst when activated with modi-
fied methylaluminoxane (MMAO) at 70 ◦C in an ethylene-saturated toluene solution. The analogous
Hf compound (10a) was found to be less active. Complex 10b displayed a higher activity than
Cp2ZrCl2, Ind2ZrCl2, and Et(Ind)2ZrCl2 (Ind= indenyl) under the polymerization conditions stud-
ied. Polymerization attempts using α-olefins were not reported. Owing to the C2-symmetry of 10a–d,
it is anticipated that the precatalysts would yield isotactic polypropylene through an enantiomorphic
site control mechanism.

4.1.4 POLYETHYLENE CATALYSTS THAT DO NOT POLYMERIZE PROPYLENE

Yasuda and Kai have prepared samarocenes with one disiloxanediyl bridge and one dimethylsilyl
bridge (11a, 11b, 13a), yttrocenes with one disiloxanediyl bridge and one dimethylsilyl bridge (11c,
13b), and a samarocene with two disiloxanediyl bridges (12) (Figure 4.8).24–26 Compounds 11a,
11c, and 12 have been characterized by X-ray crystallography (see Table 4.1).24,25

The solid-state structure of samarocene 11a confirms that it is a meso compound with
Cs-symmetry. In comparison to two related ansa-metallocenes with only a single dimethylsilyl
bridge25 the (Cpcent)–Sm–(Cpcent) bite angle (γ) changed only slightly (<1 ◦) as a result of adding
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the second disiloxanediyl linker. Samarocene 12 displays C2v-symmetry both in solution (as evid-
enced by 1H NMR spectroscopy) and the solid state.25 The value of α for 12 is fairly small compared
to other doubly bridged metallocenes (Table 4.1); in fact, the long bridging groups make this metal-
locene geometrically similar to an unbridged complex, Cp*2Sm(THF)2 (Cp*= C5Me5; γ = 136 ◦),
according to the authors. In the solid-state structure of yttrocene 11c, it appears that the cyclo-
pentadienyl rings are not “planar,” making the dihedral angle between the cyclopentadienyl ring
planes, α (112.4(6) ◦), a number of little utility. And while γ (120.8 ◦) was reported to be less than
for unlinked yttrocenes (γ = 134.4(4) ◦ for Cp*2YCH(SiMe3)2 and γ = 132.2(2) ◦ [132.4(2) ◦] for
Cp*2YN(SiMe3)2),27 no comparison was made to singly bridged yttrocenes.

Compound 11a acts as an initiator for ethylene polymerization at 23 ◦C with 1 atm of ethylene
in toluene solution, although the polydispersity index of the resulting polymers is somewhat broad
(3.29–3.49) depending on reaction time. No cocatalyst (e.g., methylaluminoxane, MAO) was added
to 11a to initiate polymerization: this divalent complex undergoes a different initiation mechan-
ism than group 4 or group 3 d0 metal alkyls or hydrides. The authors propose an initiation and
propagation mechanism for 11a analogous to that reported by Evans for Cp*2Sm(THF)2.28 For
Cp*2Sm(THF)2, the polymerization mechanism involves coordination of ethylene to two Cp*2Sm
units accompanied by one electron transfer from each Sm to ethylene. This first step generates
Cp*2Sm-(CH2CH2)-SmCp*2, which subsequently initiates and propagates from both sides. While
the initiation mechanism is distinct, the propagation mechanism is proposed to be analogous to
group 4 and group 3 d0 metal alkyls or hydrides. Similarly, 12 also catalyzes ethylene polymeriza-
tion, although it is much less active than 11a and produces polymer having a narrower PDI (3.04).
The same initiation and propagation mechanism is suggested for polymerizations involving 12. Both
11a and 12 are inactive for the polymerization of α-olefins such as 1-pentene and 1-hexene.

Compound 11c was not tested as a polymerization catalyst; this compound would not be expected
to serve as a Ziegler–Natta catalyst owing to its ligands (R and R′). Trivalent alkyl complexes 13a
and 13b were tested for ethylene polymerization, but no evidence of polymerization was observed.26

The steric bulk of the CH(SiMe3)2 alkyl ligand was provided as an explanation for the inactivity
of these compounds. This phenomenon is typical for group 3 metallocene alkyls bearing this bulky
alkyl substituent; for example, complexes of the type, Cp*2LnCH(SiMe3)2 (Ln = La, Nd) are
inactive toward ethylene polymerization.29 In contrast, trivalent lanthanocene methyl complexes
(R=Me), which are isoelectronic with group 4 metallocene alkyl cations, are known to function as
single-component polymerization catalysts for ethylene; these methyl complexes are also known to
oligomerize α-olefins, such as propylene.30–32 Trivalent lanthanocene methyl complexes are capable
of acting as polymerization initiators without any cocatalyst present, such as MAO. However, these
authors do not describe the synthesis of trivalent lanthanocene methyl complexes with their ligand
arrays.

4.2 PROPYLENE POLYMERIZATION CATALYSTS

Polypropylene tacticity data for selected precatalysts from this section is summarized in Table 4.2.

4.2.1 C2v -SYMMETRIC (ASPECIFIC)

Lang has described the synthesis and polymerization testing of C2v-symmetric precatalysts with two
dimethylsilyl interannular linkers (4a, Figure 4.5; 14b–d, Figure 4.9).33,34 While compound 4a was
first synthesized by Royo (vide supra), Lang was the first to describe its polymerization activity.
Ethylene and propylene polymerization data have been reported for precatalysts 4a and 14b–c; only
ethylene polymerization data has been reported for 14d.33 Titanocene 14d was also characterized
by X-ray crystallography.34 The crystallographic data for 14d is typical for a titanocene with two
dimethylsilyl interannular linkers.
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FIGURE 4.9 C2v-symmetric titanocenes and zirconocenes with two Me2Si- interannular bridges.

Upon activation with MAO, precatalysts 4a and 14b–d showed activity for ethylene polymer-
ization at 10 bar ethylene in toluene solution with reaction temperatures of either 30 or 40 ◦C.
Polymerization activities increased as the amount of MAO or the temperature was increased (from
30 to 40 ◦C). The activities of precatalysts 4a and 14b–d were fairly comparable to one another.

Precatalysts 4a and 14b–c do yield polypropylene when activated with MAO, although the
activities are fairly low. Polymerizations were carried out in neat propylene at either 40 or 50 ◦C. All
three catalysts yield essentially atactic polypropylene; low mm triad values were reported (42.0%,
25.7%, and 8.7%, respectively). The polypropylene sample formed from precatalyst 4a had an mmmm
pentad value of 15.3%. Tacticity data for polypropylenes formed by precatalysts 4a and 14b–c is
summarized in Table 4.2. The authors postulate that 4a may degrade under polymerization conditions,
leading to an mm triad value that is only marginally higher than the ideal atactic polypropylene’s
mm triad value of 25%. The polypropylene sample formed from precatalyst 14b has a large PDI
value (14.4), suggesting the presence of more than one active catalyst under reaction conditions.
Precatalyst 14c yields polypropylene with the highest activity of the three precatalysts; no PDI
is given for this polymer sample. In summary, precatalysts 4a and 14b–c form primarily atactic
polypropylene, consistent with what is expected for C2v-symmetric precatalysts operating under an
enantiomorphic site control mechanism.

Miyake and Bercaw have synthesized another C2v-symmetric precatalyst with two dimethylsilyl
interannular linkers, [(Me2Si)2(3,5-(CHMe2)2-C5H}2]ZrCl2 (15, Figure 4.9).35 No X-ray crystallo-
graphic data was reported for 15. In combination with MAO in liquid propylene at 0 ◦C, precatalyst
15 forms atactic polypropylene and displays a low activity. The resulting polymer has an Mw value
of 430,000 g/mol and a PDI value of 2.11. This polypropylene sample is predominantly atactic, with
an [rrrr] value of 12.9% and an [r] value of 61.6%. Tacticity data is summarized in Table 4.2. The
authors postulate that the 3,5-substitution pattern of both cyclopentadienyl rings may hinder polymer
chain movement during the migratory insertion step of chain propagation (see Chapter 1 for more
information on migratory insertion).

4.2.2 C2-SYMMETRIC (ISOSELECTIVE)

When enantiomorphic site control is operating, C2-symmetric precatalysts with two interannular
linkers are predicted to yield isotactic polypropylene. In most cases, this has been borne out by
experiment, but the steric environment of the metallocene wedge (as illustrated in Figure 4.3) has
important implications for both activity and regiocontrol. In particular, substituents in the 4-position
of the cyclopentadienyl ring can be influential.
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FIGURE 4.10 Zirconocenes with a spirosilane bridge may be considered a hybrid of metallocenes with one
and two interannular bridges.

Brintzinger prepared a set of zirconocenes with a spirosilane bridge that could be considered
hybrids—metallocenes with properties somewhere in between those of complexes with one and two
interannular bridges (16a–c, Figure 4.10).36 Three chiral ansa-zirconocenes were synthesized with
a trimethylene linker between the silicon bridge atom and the α-position of each cyclopentadienyl
ring. Complexes 16a and 16b were analyzed crystallographically (see Table 4.1). Indeed, these
complexes do not adopt the idealized geometries of either singly or doubly bridged metallocenes;
this is the most notable aspect of both crystal structures. In 16a and 16b, the cyclopentadienyl rings
are not eclipsed; this is in contrast to metallocenes with either one or two interannular bridges (see
Figure 4.3 for the idealized eclipsed orientations).

Compounds 16a–c have been activated with MAO and used for propylene polymerization. Poly-
merizations were carried out with a constant propylene pressure of 2 bars in toluene solution at
50 ◦C. Surprisingly, precatalyst 16c produces essentially atactic polypropylene ([mmmm] = 6%) of
low molecular weight (Mw = 3700). The authors suggest that the absence of substituents on the Cp
ligand β to the silicon linker (i.e., since R = H) caused this low level of isotacticity. 16a and 16b
provide highly isotactic polypropylene, with [mmmm] values of 90% and 97%, respectively. The
molecular weights for these polymers were moderate (Mw = 8400 and 9800, respectively). Tacticity
data for polypropylenes formed by precatalysts 16a–c is summarized in Table 4.2.

A notable aspect of the polymer formed by precatalyst 16b is the high number of 1,3-insertions
in the polymer microstructure (approximately 2.5%, compared to <0.5% for 16a). When a 2,1-
insertion (a regioerror) occurs, the resulting secondary metal-alkyl species can rearrange to the
terminally bound isomer before the next olefin inserts; this is called a 1,3-insertion. Regioerrors can
cause melting point depression in polymers of high tacticity. This is consistent with the different
observed melting points for the polypropylene samples generated by 16a and 16b (138 versus
128 ◦C, respectively). The authors carried out molecular mechanics analysis of the transition states
for 1,2- versus 2,1-insertions for 16b; this analysis indicates that the energetic difference between the
two modes is approximately 4 kJ/mol, significantly smaller than the estimated 13 kJ/mol energetic
difference for an analogue with only one dimethylsilyl interannular linker. Overall, these calculations
are consistent with the increased frequency of 1,3-misinsertions for precatalyst 16b.

Brintzinger has described the synthesis of two chiral, C2-symmetric zirconocenes having two
dimethylsilyl interannular linkers.37 Metallation of dilithio salt rac-17a with ZrCl4 provides a 3:1
ratio of rac and meso zirconocene; the desired rac-zirconocene (18) was isolated by fractional
crystallizations (Figure 4.11). Similarly, metallation of rac-17b provides a 3:2 ratio of rac and
meso zirconocene; the desired rac-zirconocene (19) was also isolated by fractional crystallizations
(Figure 4.11). Crystal structures were reported for complexes 18 and 19 (see Table 4.1). The dihedral
angle α is fairly large in both cases (72.1 ◦ and 72.9 ◦, respectively). The authors state that α is
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FIGURE 4.11 When suitably activated, C2-symmetric group 4 metallocenes with two dimethylsilyl bridges
provide isotactic polypropylene.

10 ◦–12 ◦ larger for 18 and 19 than for related zirconocenes with a single dimethylsilyl interannular
linker. The crystallographic data verifies that 18 and 19 exhibit C2-symmetry in the solid state.

Both 18 and 19 were used as precatalysts for polypropylene formation, in combination with MAO
as a cocatalyst. Polymerizations were carried out with 2 bar of propylene in toluene solution. The
tacticities of the resulting polymers are [mmmm] = 38% and [mmmm] = 80%, respectively, with
the former polymer an oily wax and the latter polymer a solid. Pertinent tacticity data is provided
in Table 4.2. The time profiles for these polymerizations are noteworthy; catalysts 18/MAO and
19/MAO display minimal activity for the first 10–30 min, and then the activity increases substan-
tially over the next several hours. At extended reaction times (>16 h), activities decline. The authors
propose that 18 and 19 are prone to MAO-promoted decomposition and supported this assertion with
a control experiment. In this experiment, 5–10 mg samples of 18 and 19 were dissolved in 5 mL
of a 10% MAO solution (in toluene) and incubated at 50 ◦C for 8 h. The singly bridged zircono-
cene, Me2Si(2-Me-4-t-Bu-C5H2)2ZrCl2, was incubated under the same conditions for comparison
purposes. After incubation, the solutions were hydrolyzed with CH3OH/HCl, evaporated to dryness,
and the residues extracted with CDCl3. 1H NMR analysis of the residues revealed that the sample of
the singly bridged zirconocene remained largely unchanged. In contrast, the residues from doubly
bridged zirconocenes showed that 18 and 19 accounted for only one-half of the recovered material.
The authors suggest that the doubly bridged ligand framework degrades in the presence of MAO,
and furthermore, these decomposition products are proposed to serve as the active catalytic species.
The isotacticity of the polypropylenes obtained suggests that the decomposition products maintain
their C2-symmetry.

Halterman has reported the synthesis of C2-symmetric, doubly bridged bis(indenyl)titanium
and zirconium dichloride compounds with two ethane-1,2-diyl interannular linkers (20a–b,
Figure 4.11).38 Only the rac- isomer was isolated in each case, owing to the geometric constraints
imposed by the two -CH2CH2- interannular linkers. A single crystal of 20b was analyzed by X-ray
diffraction studies; two independent molecules of slightly different conformations were found in the
unit cell (see Table 4.1). While 20b displays C2-symmetry in the solid state, the cyclopentadienyl
rings are not quite eclipsed. The Cpcent-Zr-Cpcent angle (γ) of 120.4 ◦ [120.8 ◦] is comparable to 1a
and 1b (Figure 4.4). While no details are provided, Halterman states that 20b promotes the isotactic
polymerization of propylene.

4.2.3 CALCULATIONS FOR C2-SYMMETRIC (ISOSELECTIVE) AND Cs -SYMMETRIC

(SYNDIOSELECTIVE) ZIRCONOCENES

Cavallo has applied ab initio methods and density functional calculations to examine the geometry
of coordination of zirconium to a doubly bridged ligand based on a norbornadiene skeleton.39 C2v-
symmetric 21 (Figure 4.12) was evaluated, revealing that a ligand array with a norbornadiene skeleton
is computationally viable for generating an ansa-zirconocene. The two Cp rings are pentahapto
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FIGURE 4.12 Ab initio methods and density functional calculations were used to analyze these doubly bridged
zirconocene dichloride complexes with norbornadiene-skeleton linkers.

coordinated to zirconium in each case, and the bis(cyclopentadienyl) ligand is not greatly strained.
Ab initio methods and density functional calculations predicted similar geometries for 21. The
synthesis of complex 21 has not been reported to date.

Cavallo also targeted a range of substituted doubly bridged zirconocenes based on a norbor-
nadiene skeleton for enantioselectivity studies using molecular mechanics calculations.39 Spe-
cifically, ligands (22a–c, 23, 24, and 25, Figure 4.13) were chosen which theoretically yield the
corresponding zirconocene dichloride complexes 29a–c, 30, 31, and 32 (Figure 4.12). These substi-
tution patterns were employed to generate both C2- and Cs-symmetric complexes (C2: 29a–c, 30,
31; Cs: 32). The synthesis of complexes 29a–c, 30, 31, and 32 has not been reported to date. Ligands
with a single interannular linker (26–28) were also used for comparison purposes in these molecular
mechanics studies (Figure 4.13). The authors used molecular mechanics methods to study prein-
sertion intermediates along with pseudotransition states for monomer insertion; these intermediates
and pseudotransition states were chosen to glean information about potential enantioselectivity of
these zirconocenes in propylene polymerization. A priori, these model systems were predicted to
be enantioselective, with C2-symmetric complexes favoring formation of isotactic polyolefins and
Cs-symmetric complexes favoring formation of syndiotactic polyolefins.

For the C2-symmetric zirconocenes, only 29c was calculated to be highly enantioselective, and
thus, have a strong iso preference. Complex 31 was calculated to exhibit some iso preference, while
29a, 29b, and 30 were calculated to show poor enantioselectivity, and thus a poor iso preference. Cs-
symmetric 32 was calculated to be highly enantioselective (and thus have a high syndio preference),
although the predicted enantioselectivity was lower than that for its isoselective analogue, 29c.
In comparison with zirconium analogues having a single interannular linker (derived from 26–28),
the metallocenes with two interannular linkers were always calculated to be less enantioselective.

4.2.4 Cs -SYMMETRIC (SYNDIOSELECTIVE)

In 1996, Bercaw40 first described the use of Cs-symmetric zirconocenes with two dimethylsilyl
interannular linkers for the syndioselective polymerization of propylene. Importantly, this com-
munication clarified important metallocene design features for high syndioselectivity. Prior to this
work, singly bridged Cs-symmetric [(Me2C){(fluorenyl)(Cp)}]ZrCl2 (33) was synthesized by Ewen
and Razavi in 1988 (Figure 4.14) and found to be a highly syndioselective precatalyst for propyl-
ene polymerization.41 These authors attributed syndioselectivity to regularly alternating propylene
insertions occurring at each enantiotopic side of the metallocene wedge. Furthermore, the authors
postulated that both the growing polymer chain and the methyl group of an incoming propylene
monomer would be directed away from the larger fluorenyl ligand in their catalyst system.

To further probe these two hypotheses of Ewen and Razavi, Bercaw prepared singly bridged
Cs-symmetric 34 (Figure 4.14) and tested it for propylene polymerization. Combination of 34 with
MAO in liquid propylene at 0 ◦C provided polypropylene that was essentially atactic (55% r dyads).40
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FIGURE 4.13 C2- (22–24) and Cs- (25) symmetric doubly bridged ligands based on a norbornadiene skeleton,
and comparative singly bridged ligands (26–28).
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FIGURE 4.14 Singly bridged, Cs-symmetric ansa-metallocenes.

This led the authors to believe that an open region, or “pocket,” was necessary for the bulky cyclo-
pentadienyl ring to accommodate the methyl group of an incoming propylene monomer and control
tacticity. In this model, it follows that the methyl group of propylene would adopt a trans relationship
with respect to a growing polymer chain during polypropylene formation. To test this model, a novel
Cs-symmetric zirconocene framework was targeted, as illustrated in Figure 4.15.42

Cs-symmetric precatalysts 35a–d (Figure 4.16) and C1-symmetric precatalysts 40a–b (vide infra,
Figure 4.19) were synthesized and tested for propylene polymerization. Precatalysts 35a–d were
activated with MAO and found to be highly syndioselective for the polymerization of propylene.
Polymerizations were run in either neat propylene or dilute propylene (40 psig in toluene solution),
with reaction temperatures of either 0 or 25 ◦C, respectively. One trial was carried out in neat propyl-
ene at 60 ◦C. Zirconocene 35a displays the highest activity of the series; at 60 ◦C in neat propylene, an
activity of 74,200 g polymer/(g cat·h) was found, along with high syndioselectivity ([rrrr] = 76.0%
and [r] = 92.6%). Zirconocene 35b is the most syndioselective at 0 ◦C in neat propylene, tacticities



DK3712: “dk3712_c004” — 2007/10/10 — 14:12 — page 117 — #17

Doubly Bridged Metallocenes for Stereoselective Propylene Polymerization 117

Zr

R

si

P
Zr+

R

Si

Si

Me

Me

Me

Me Me

Open region

Open region

= SiMe2

P = Polymer

R = H, C1–C10 alkyl,
       5–7 membered cycloalkyl,
       C6–C15 aryl or arylalkyl,
       or SiR′3 

R′ = C1–C10 alkyl,
       C6–C15 aryl,
       or C3–C10 cycloalkyl 

FIGURE 4.15 The open region of this zirconocene with two Me2Si- interannular linkers can accommodate
the alkyl group of the incoming α-olefin, such as the methyl group of propylene. It is thought to help give these
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FIGURE 4.16 When suitably activated, Cs-symmetric group 4 metallocenes with two dimethylsilyl bridges
provide syndiotactic polypropylene.

of [rrrr] = 98.9% and [r] = 99.6% are obtained for the resulting polypropylene. Representative
polypropylene tacticity data for precatalysts 35a–d appears in Table 4.2.

The X-ray crystal structure of 35b was reported elsewhere (see Table 4.1).43 Similar to other
substituted metallocenes with two dimethylsilyl interannular linkers, the tilt angle τ is fairly large
(7.1 ◦). This is reflected by the longer Zr–C distances to C-4 of each cyclopentadienyl ring, versus
C-1 and C-2 (in the rear of the metallocene wedge). Representative bond lengths appear in Table 4.3.

In another study by Bercaw, compound 35b was tested as a precatalyst for polymerization of
1-pentene, along with a zirconocene dibenzyl complex (36a) and a zirconocene dimethyl complex
(36b) with the same ligand array (Figure 4.16).44 Zirconocene dibenzyl complex 36a was analyzed by
X-ray crystallography. What is most notable is the value of τ for this complex (8.4 ◦) (see Table 4.1).
Longer Zr–C distances to the C-4 position (labeled C3 and C8) of the cyclopentadienyl rings, versus
to C-1 and C-5, C-6 and C-10 (in the rear of the metallocene wedge) are observed. Representative
bond lengths appear in Table 4.3.

In polymerization tests, 35b was activated with MAO, 36b was activated with
[CPh3]+[B(C6F5)4]−, and 36a was activated with [CPh3]+[B(C6F5)4]− or B(C6F5)3. The authors
carried out these experiments to investigate whether fluorinated borane or borate activators would
provide comparable stereoselectivity and productivity as compared to MAO as a cocatalyst. All three
compounds were found to be active precatalysts for 1-pentene polymerization. Polymerizations were
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TABLE 4.3
Representative Bond Lengths for [(Me2Si)2(3,5-i -Pr2Cp)(4-i -PrCp)ZrCl2
(35b) and [(Me2Si)2(3,5-i -Pr2Cp)(4-i -PrCp)]Zr(CH2Ph)2 (36a)a

35b 36a

Chemical bond Bond length (Å) Chemical Bond Bond length (Å)

Zr-C1 (CpA) 2.441(5) Zr-C1 (CpA) 2.441(6)
Zr-C2 (CpA) 2.428(5) Zr-C5 (CpA) 2.441(6)
Zr-C4 (CpA) 2.652(5) Zr-C3 (CpA) 2.686(6)
Zr-C6 (CpB) 2.415(5) Zr-C6 (CpB) 2.419(6)
Zr-C7 (CpB) 2.418(5) Zr-C10 (CpB) 2.426(6)
Zr-C9 (CpB) 2.673(5) Zr-C8 (CpB) 2.713(6)

aCpA is the “top” Cp ring and CpB is the “bottom” Cp ring in Figure 4.16.

carried out in neat 1-pentene at −10 ◦C, 6.6 M 1-pentene in toluene solution at −10 ◦C, or 3 M 1-
pentene in toluene solution at −10 ◦C. Catalyst systems 35b/MAO and 36a/[CPh3]+[B(C6F5)4]−
were found to be highly syndioselective, with only the rrrr pentad apparent by 13C NMR spec-
troscopy; 36b/[CPh3]+[B(C6F5)4]− was found to be slightly less syndioselective, with peaks for
other pentads present in addition to the rrrr pentad. Owing to overlapping signals for most pentads
in the 13C NMR spectra for 36b/[CPh3]+[B(C6F5)4]−, quantitative poly(1-pentene) tacticity data
(e.g., [rrrr] percentages) was not reported. The authors attribute the decreased syndioselectiv-
ity of 36b/[CPh3]+[B(C6F5)4]− to insufficient reaction temperature control for this exothermic
polymerization reaction.

The effect of monomer concentration on activity and molecular weight distributions varied for
these catalysts. For precatalysts 36a and 36b, dilute polymerization conditions (6.6 M 1-pentene
or 3 M 1-pentene) provided either negligible amounts of polymer or a polymerization appearing to
have more than one active species (large PDI values and multimodal molecular weight distributions
as evidenced by gel permeation chromatography). The authors postulate that decomposition of the
starting material under reaction conditions serves as an explanation for these results.

Cs-symmetric [(SiMe2)2{3,5-(SiMe3)2-C5H}{4-CHMe2-C5H2}]ZrCl2 (37) was also synthes-
ized by Bercaw and tested as a precatalyst for propylene polymerization (Figure 4.16).35 In the
presence of neat propylene at 0 ◦C, 37/MAO is syndioselective for propylene polymerization. While
the Mw of the resulting polymer is comparable to that formed from 35b/MAO under similar reac-
tion conditions (1,000,000 versus 1,100,000, respectively), the syndioselectivity is slightly lower.
For 37/MAO, values of [rrrr] = 75.4% and [r] = 93.7% were reported (representative data is
provided in Table 4.2); under similar reaction conditions for 35b/MAO, values of [rrrr] = 98.9%
and [r] = 99.6% were reported.

4.2.4.1 Mechanisms for Formation of Stereoerrors

For the Cs-symmetric zirconocenes that appear in Figure 4.16 (35a–d, 36a–b, and 37), there are
three potential mechanisms for error formation in the polymerization of propylene; these three
mechanisms are illustrated in Scheme 4.2. The first, enantiofacial misinsertion, generates an mm
triad and is independent of propylene concentration. The second, site epimerization (chain movement
from one side of the wedge to the other without monomer insertion), generates an m dyad, and is
dependent on propylene concentration. The third, chain epimerization (inversion of the chirality of
the β-C of the polymer chain) can generate either an m dyad or mm triad, and is also dependent
on propylene concentration. (If there is retention of configuration at the metal center during chain
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SCHEME 4.2 Mechanisms for stereoerror formation in propylene polymerization: enantiofacial misinsertion,
site epimerization, and chain epimerization (with or without site epimerization). (P represents the polymer
chain.)

epimerization, an mm triad is produced; if there is inversion of configuration at the metal center
during chain epimerization, an m dyad is produced.) Busico45,46 first put forth a mechanism for
chain epimerization consisting of the following steps: (1) β-hydrogen elimination, (2) 180 ◦ rotation
of the resulting geminally disubstituted olefin, (3) secondary insertion to give a tertiary alkyl complex,
(4) 120 ◦ rotation about the M−−C bond for this tertiary alkyl, (5) β-hydrogen elimination, (6) 180 ◦
rotation of the resulting geminally disubstituted olefin, and (7) primary insertion to regenerate a
primary alkyl complex. These steps alone will generate an mm triad; if these steps are accompanied
by a site epimerization, an m dyad is produced.

For precatalyst 37, Bercaw postulates that the bulky trimethylsilyl groups at the 3 and 5 positions
of the lower cyclopentadienyl ring (Figure 4.16) may encourage the polymer chain to rest near the
center of the metallocene wedge, making site epimerization more prevalent. Site epimerization
interrupts the regular alternation of monomer insertions at the two sides of the metallocene wedge,
thus lowering syndioselectivity.

The pentad distribution for polypropylene formed by 37/MAO was examined to support this
hypothesis for lowered syndioselectivity. Both single m defects (. . . rrrrmrrr . . .) and double m
defects (. . . rrrrrmmrrr . . . ..) were detected. However, the mrmr pentad was not detected. The
authors used two pentads to estimate the probability of these two errors types: mmdefect = [rmmr]
and mdefect = 1/2[rmrr]. With these estimates, the amount of site epimerization for 37/MAO
was reported as 2.1% (versus 1.8% for 35b/MAO) and the amount of enantiofacial misinsertion
for 37/MAO was reported as 0.3% (versus 0.1% for 35b/MAO). Detailed mechanisms for site
epimerization and enantiofacial misinsertion appear in Schemes 4.3 and 4.4, respectively.
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Bercaw examined 35a–c under a range of polymerization conditions (varying propylene concen-
tration and temperature) to determine the error-forming mechanisms for these precatalysts.47 Polymer
molecular weight and polydispersity index were also evaluated as a function of propylene concen-
tration and temperature. For catalysts 35a–c/MAO, as the concentration of propylene decreases
(from neat propylene down to 0.8 M propylene in toluene solution), polypropylene molecular weight
decreases. As temperature increases (from 20 up to 70 ◦C), polypropylene molecular weight decreases
and PDI increases. Overall, 35a was found to be more active for propylene polymerization than 35b
or 35c. For catalysts 35a–c/MAO, no regioerrors (2,1-insertions or 1,3-insertions) were observed
through 13C NMR spectroscopy.

With regard to tacticity, as the concentration of propylene decreases for catalysts 35a–c/MAO,
r dyad content decreases and m dyad content increases. This propylene dependence suggests that
enantiofacial misinsertion is not an important error-forming mechanism for 35a–c/MAO. At low
propylene concentrations, 2–3% mm triads were detected for all three precatalysts. These mm triads
were attributed to chain epimerization. At higher propylene concentrations, <1% mm triads were
detected for 35a/MAO and negligible mm triads were observed for 35b/MAO and 35c/MAO. This
provides further support for the assertion that enantiofacial misinsertion is not significant for these
catalysts, accounting for less than 1% of stereoerrors.

At low propylene concentrations, isolated m stereoerrors were also observed for 35a–c/MAO
and found to be more numerous than mm stereoerrors. The isolated m stereoerrors were found to have
a strong dependence on propylene concentration. This gave further support for site epimerization
as the major stereoerror-forming mechanism for 35a–c/MAO. However, since chain epimerization
occurring with simultaneous site epimerization can also lead to isolated m stereoerrors, the authors
undertook a deuterium labeling study to probe the importance of chain epimerization as a potential
mechanism for forming both single m and double mm stereoerrors.

For catalyst 35b/MAO, a kinetic isotope effect experiment was devised using the monomers d0-
propylene and 2-d1-propylene for polymerization. 2-d1-Propylene was chosen for this experiment
since β-hydride elimination is a component of the mechanism for chain epimerization. Polymeriza-
tions were carried out at 25 ◦C in toluene solution with 1 atm of propylene (0.8 M) (Figure 4.17). The
deuterated polymer was examined by 2D NMR spectroscopy; this technique showed that most of
the deuterium was incorporated as –CD(CH3), with 2–3% incorporation as –CH(CH2D). The latter
can be attributed to chain epimerization, which appears to be consistent with the 2–3% mm triads
observed under similar conditions for propylene polymerization with 35a–c/MAO.

Both polypropylene and poly(2-d1-propylene) displayed similar tacticities (r = 83.3% and
84.2%, respectively), but the deuterated monomer produced higher molecular weight polymer (Mn
32,840 versus 56,830, respectively). Based on these molecular weights, a k(β-H)/k(β-D) value of 1.6
can be calculated, suggesting that β-H elimination is the predominant chain termination pathway. This
result is consistent with the expectation that β-H elimination would be slower for the polymerization
of 2-d1-propylene than for polypropylene.
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CH3
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35b/MAO

35b/MAO

r = 83.3%

r = 84.2%
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FIGURE 4.17 Use of 35b/MAO as a catalyst for polymerization of d0-propylene and 2-d1-propylene.
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The effect of temperature on stereoerror formation for catalysts 35a–c/MAO was also studied.
Neat propylene polymerizations were carried out at 20, 50, and 70 ◦C. In general, as temperature
increased, the r dyad content decreased. Besides, at 70 ◦C, isolated m stereoerrors were more com-
mon than mm stereoerrors. These observations are consistent with site epimerization (a first order
process) being in competition with propagation through migratory insertion (a second order process).
Migratory insertion has a more negative �S‡ and a smaller �H‡ than site epimerization; thus, at
higher temperature, site epimerization becomes more significant.

In summary, experiments at reduced propylene concentration and at elevated temperatures sup-
port the assertion that site epimerization is the major stereoerror-forming mechanism for precatalysts
35a–c. Chain epimerization also appears to play a role as an error-forming mechanism, though to a
lesser extent.

In addition to zirconocenes, Cs-symmetric scandocenes and yttrocenes with two dimethylsilyl
interannular linkers (38a–c, 39, Figure 4.18) have been synthesized and tested as polymerization
catalysts for propylene and 1-pentene.48,49 Owing to the electronics of these group 3 catalysts (14-
electron, d0 electronic configuration) no cocatalysts are required. However, metallocene chlorides
cannot be used for polymerization; metallocene alkyl or hydride compounds are necessary.

Three tetramethylaluminate complexes were prepared (38a–c) along with an yttrocene complex
with a bis(trimethylsilyl)methyl group (39). Scandocene 38b and yttrocene 39 were analyzed through
X-ray crystallography (see Table 4.1). As observed for related zirconocenes such as 35b, the value
of γ is large for 38b and 39 (9.6 ◦ and 8.4 ◦, respectively). In the crystal structure of 39, the
bis(trimethylsilyl)methyl group sits to one side of the metallocene wedge, with an apparent interaction
between the yttrium atom and one of the silicon carbon bonds of the alkyl ligand. This type of
interaction has been observed for other yttrocenes (e.g., for [Me2Si(η5-C5Me4)2]YCH(SiMe3)2).50

Reaction of 39 with hydrogen gas (H2(g)) to form the corresponding yttrocene hydride com-
plex was also achieved. Hydrogenation of a benzene-d6 solution of 39 provides a mixture of two
dimeric yttrocene hydride complexes, as evidenced by 1H NMR spectroscopy. One of these com-
plexes selectively crystallized from benzene-d6 solution and was found to be a “fly-over” dimer, in
which each doubly bridged bis(cyclopentadienyl) ligand spans two yttrium atoms. While the other
dimethylsilyl yttrocene hydride complex could not be characterized by X-ray crystallography, 1H
NMR data suggested that it was also a “fly-over” dimer. A mixture of these two dimeric yttrocene
hydride complexes did not react with ethylene or α-olefins (such as 1-butene) over the course of
several days at 22 ◦C.

Yttrocene 39 did not polymerize ethylene or α-olefins such as 1-pentene over the course of several
days at 22 ◦C. For this reason, in situ activation of 39 with H2(g) was required to generate a viable
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FIGURE 4.18 Cs-symmetric group 3 metallocenes do not provide syndiotactic polypropylene.
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polymerization catalyst. Presumably, in situ activation of 39 with H2(g) generates a small amount of
a monomeric yttrocene hydride complex that can react readily with an olefin. Notably, the reaction
time for polymerization of 1-pentene using 39/H2(g) (≈1 week) is much longer than the reaction
time for polymerization of 1-pentene using either 38a or 38b.

Yttrocene tetramethylaluminate complex 38a was found to be less reactive towards ethylene
and α-olefins than the corresponding scandocene, 38b. This reactivity trend is consistent with the
observed reactivity for 39/H2(g). Compounds 38a–c and 39/H2(g) were tested for the polymerization
of propylene and 1-pentene. 1-pentene polymerizations were carried out in neat monomer, either at
0 ◦C or at room temperature (≈22 ◦C). Propylene polymerizations were carried out either in neat
monomer or with a 50/50 (v/v) mixture with toluene, all at −5 ◦C. In general, scandocenes 38b and
38c provided higher polymer Mn values and were more active for polymerization than yttrocenes
38a and 39/H2(g).

Representative poly(1-pentene) tacticity data is provided in Table 4.4; representative polypro-
pylene tacticity data is provided in Table 4.2. Poly(pentene) was produced using neat 1-pentene;
poly(propylene) was produced using neat propylene or a 50/50 (v/v) mixture with toluene. These
scandocenes and yttrocenes provide atactic polymers. The tacticity values range from [r] = 28.62%
to [r] = 52.12% for poly(1-pentene) samples, and from [r] = 48.77% to [r] = 61.13% for
poly(propylene) samples. Within experimental error, polymerization temperature and monomer
dilution appear to exert a minimal effect on polymer tacticity.

The tacticity data was found to be consistent with a chain-end control mechanism, where the
relative energies of diastereomeric transition states for olefin insertion dictate tacticity. Theoretical
work by Bierwagen51 suggested that these catalysts might be nonsyndioselective, owing to an ener-
getic preference for an alkyl substituent (a model of a polymer chain) to rest in the center of the
metallocene wedge for neutral, group 3 metallocenes. This is in contrast to the energetic preference
for cationic group 4 metallocenes, in which an alkyl substituent has a preference to rest on the side
of the metallocene wedge. For catalysts 38a–c and 39/H2(g), if the growing polymer chain prefers
to rest in the center of the metallocene wedge after an olefin insertion, both sides of the metallocene
wedge are comparable in accessibility for the following olefin insertion. Thus, regularly alternat-
ing migratory insertion is lost. Alternatively, if site epimerization effectively competes with regular
migratory insertions, the same outcome would be realized. Scheme 4.5 illustrates the chain-end
control mechanism for polymerization of α-olefins using a group 3 metallocene with two dimethyl-
silyl interannular linkers. In summary, these Cs-symmetric yttrocenes and scandocenes with two
dimethylsilyl interannular linkers do not provide syndiotactic poly(α-olefin) and do not follow an
enantiomorphic site control mechanism.

TABLE 4.4
Representative 1-pentene Polymerization Data for 38a–c and 39/H2(g )

a

Compound Symmetry Reaction Conditions m (%) r (%) Mn (g/mol) PDI

38b Cs 0 ◦C, 10.75 h 48.31 51.73 9300 2.9
38b Cs 20 ◦C, 2 h 47.92 52.12 4500 2.6
38c Cs 0 ◦C, 9 h 62.76 37.26 —b —
38c Cs 21 ◦C, 2 h 61.69 28.62 3900 1.9
38a Cs 22 ◦C, 7.5 d 64.39 35.51 2900 1.9
39/H2(g) Cs 22 ◦C, 7.5 d 59.23 40.81 — —

aAll polymerizations were carried out with neat 1-pentene.
b—: not available.
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SCHEME 4.5 Chain-end control mechanism for stereocontrol of doubly bridged group 3 metallocenes
(M is Sc or Y).

4.2.5 C1-SYMMETRIC (VARYING STEREOSELECTIVITY)

When the synthesis of Cs-symmetric zirconocenes 35a–c was first described, two C1-symmetric
zirconocenes (40a–b, Figure 4.19) were also noted.40 In combination with MAO, both 40a and
40b were used as catalysts for propylene polymerization. Pertinent tacticity data for 40a–b/MAO
appears in Table 4.2. At 0 ◦C in liquid propylene, 40a behaves similar to Cs-symmetric 35b in
terms of activity, though it is slightly less syndioselective ([rrrr] = 83.1% and [r] = 94.4% for
40a versus [rrrr] = 98.9% and [r] = 99.6% for 35b). However, when polymerization is carried
out at 25 ◦C in dilute propylene (40 psig propylene in toluene solution), the syndioselectivity of
precatalyst 40a decreases dramatically, to [rrrr] = 20.0% and [r] = 62.0%. Precatalyst 40b yields
even more dramatic results, at 0 ◦C in liquid propylene [rrrr] = 41.8% and [r] = 73.5% and at 25 ◦C
in dilute propylene (40 psig propylene in toluene solution) [rrrr] = 0.0% and [r] = 14.6%. When
polymerization is carried out with precatalyst 40b at 25 ◦C in dilute propylene (either 40 psig or
10 psig propylene in toluene solution), the resulting polymers are moderately isotactic with mmmm
values of 61.2% and 58.5%, respectively (and m values of 85.4% and 82.4%, respectively).

Site epimerization is used to account for the isoselectivity of 40b at 25 ◦C at dilute propylene
concentrations. When site epimerization is competitive with olefin insertion for a C1-symmetric
catalyst, it follows that olefin coordination and insertion from one side of the metallocene wedge
will be energetically favored in comparison to the other side. Repetitive olefin insertions from one
side of the metallocene wedge with the same enantioface will lead to a sequence of m dyads. The
mechanism for site epimerization is illustrated in Scheme 4.3 (vide supra); this concept illustrated
for Cs-symmetric 37 can be extrapolated to this case.

In 1999, Bercaw synthesized C1-symmetric zirconocene 40c47 that has a (+)-menthyl sub-
stituent (1R,2S,5R-menthyl) on the “top” cyclopentadienyl ring (Figure 4.19). Complex 40c was
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FIGURE 4.19 C1-symmetric zirconocene precatalysts where -SCH2CH(CH3)CH2CH3 is (S)-2-methyl-
1-butanethiolate.

characterized by X-ray crystallography, and six independent molecules were found in the unit cell
(see Table 4.1). Average angles of 122 ◦ for γ and 105 ◦ for the Cl–Zr–Cl bond angle were reported.

Both 40b and 40c were tested as precatalysts for propylene polymerization in combination with
MAO cocatalyst. The concentration of propylene was varied to examine the effect on polymer
molecular weight, PDI, and tacticity. When the propylene concentration was decreased from neat
propylene down to dilute conditions (0.5 M propylene in toluene solution), the resulting polypropyl-
ene was found to change from moderately syndiotactic, to imperfect hemiisotactic, to moderately
isotactic. In addition, a nearly linear decrease of [r] was observed with decreasing propylene con-
centration. These tacticity results can be attributed to a site epimerization process competing with
regularly alternating migratory insertion. Since site epimerization is a unimolecular process and
migratory insertion is a bimolecular process, it follows that the relative rates of these two processes
will change as a function of propylene concentration. For these catalysts, migratory insertion appears
to be favored at high propylene concentration, thus providing moderately syndiotactic polymer. At
low propylene concentration, site epimerization dominates. For catalyst 40b/MAO at low propyl-
ene concentration (0.5 M propylene in toluene solution), isoselective enantiomorphic site control is
followed. These results are consistent with the mechanistic description provided for 40a–b/MAO
(vide supra).

At intermediate propylene concentrations, where the resultant polypropylene displays r ≈
m ≈ 50%, the polymers are not atactic. In fact, the pentad data suggests that these polymers
are hemiisotactic. The following is the characteristic pentad distribution for hemiisotactic polymers:
mmmm: mmmr: rmmr: mmrr: (rmrr + mrmm): rmrm: rrrr: rrrm: mrrm = 3:2:1:4:0:0:3:2:1. In
these polymers, the rmrm pentad is absent, and the amount of (rmrr+mrmm) is quite low (for
40b–c/MAO, it is present in 9.1% and 11.4%, respectively, at 3.4 M propylene in toluene solution).
These results can also be attributed to the site epimerization mechanism. If chain swinging to the
less hindered side of the metallocene wedge (for energetically preferred olefin insertion) occurs in
competition with regularly alternating migratory insertion, hemiisotactic polymer can form.

Interestingly, this same propylene dependence for tacticity is not observed for the Ewen
catalyst, [Me2C{(3-Me-C5H4)(fluorenyl)}]ZrCl2/MAO.52 This precatalyst is a C1-symmetric,
methyl-substituted version of 33 (Figure 4.14) and was chosen by the authors for comparison
purposes since it was reported to produce polypropylene with a microstructure that approximates
hemiisotactic. For [Me2C{(3-Me-C5H4)(fluorenyl)}]ZrCl2/MAO, hemiisotactic polypropylene is
formed over a range of propylene concentrations; it appears that site epimerization does not compete
with propagation. This is a noteworthy example of singly bridged and doubly bridged metallocenes
displaying different mechanisms for stereoerror formation in propylene polymerization.
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Reaction temperature was also varied for propylene polymerization using 40b–c/MAO to exam-
ine the effect on polymer tacticity. In general, as reaction temperature decreased, [r] content
increased. For example, polypropylene formed by 40c/MAO in neat propylene at 25 ◦C had an
[r] content of 78.7%; polypropylene formed at 0 ◦C had an [r] content of 90.4%. This is consistent
with unimolecular site epimerization occurring in competition with bimolecular chain propagation
where the latter is favored at lower temperature.

The effect of propylene concentration on polymer molecular weight was inspected for
Cs-symmetric precatalysts 35a–c and C1-symmetric precatalysts 40b–c, all activated with MAO.
For 35a–c, as propylene concentration increases, there is a roughly linear increase in polymer molecu-
lar weight. For 40b–c (in particular, 40b), as propylene concentration increases, polymer molecular
weight increases; however, there is slightly less than first order dependence of polymer molecular
weight on propylene concentration.

Based on 1H NMR analysis of low molecular weight polypropylene formed by 40b/MAO
at 25 ◦C with a propylene concentration of 0.5 M (in toluene solution), the predominant chain
termination pathway appears to be β-H elimination (i.e., vinylidene end groups are present).
The primary kinetic isotope effect observed for 35b/MAO (vide supra) is also indicative of β-H
elimination operating as the predominant chain termination pathway. No β-CH3 elimination was
observed for these catalysts; specifically, no vinylic end groups are present in the 1H NMR spec-
tra. For 35a–c and 40c, chain transfer was found to be primarily unimolecular, derived from
β-H elimination. For 40b, a small bimolecular contribution (chain transfer to monomer) was
also suggested, owing to the less than first order dependence of molecular weight on propylene
concentration.

4.2.5.1 Kinetic Resolution of Chiral Olefins

Recently, Bercaw described the synthesis of optically active, C1-symmetric ansa-zirconocene
precatalysts for the kinetic resolution of chiral α-olefins.53 Compounds of the form [(SiMe2)2{3,5-
R2-C5H}{4-((S)-CHMeCMe3)-C5H2}]ZrCl2, where R is CHMe2 (41a), CHEt2 (41b), or cyclohexyl
(41c) were prepared (Figure 4.19). The stereochemistry for these enantiopure zirconocenes
is derived from an enantiopure methylneopentyl substituent on the “upper” cyclopentadi-
enyl ring. The parent compound, 41a, was derivatized by reaction with two equivalents of
lithium (S)-2-methyl-1-butanethiolate, thus forming (S,S,S)-[(SiMe2)2{3,5-(CHMe2)2-C5H}{4-
((S)-CHMeCMe3)-C5H2}]Zr(SCH2CH(CH3)CH2CH3)2 (42a) in greater than 98% optical purity
(Figure 4.19). Besides, the parent compound, 41a, was derivatized by reaction with two
equivalents of Li(SC6H5), thus forming [(SiMe2)2{3,5-(CHMe2)2-C5H}{4-((S)-CHMeCMe3)-C5
H2}]Zr(SC6H5)2 (42b, Figure 4.19); this compound was prepared solely for characterization through
X-ray crystallography.

Compounds 41a–c and 42b were characterized through X-ray crystallography (see Table 4.1).
In the solid state, the enantiopure methylneopentyl substituent adopts a confirmation with the tert-
butyl group directed nearly perpendicular to the cyclopentadienyl ring plane, and thus the methine
hydrogen and methyl group encroach upon the metallocene wedge. This orientation of substituents
is depicted in Figure 4.19. The authors propose that the steric environment presented by complexes
41a–c is fairly similar, since both the R= CHEt2 and R= Cy (where Cy is cyclohexyl) substituents
adopt similar orientations on the “lower” cyclopentadienyl ring as compared to the parent compound
(35b, where R= CHMe2). The authors discuss the solid-state orientation of the thiophenoxy ligands
of 42b in some detail.

In addition, diastereomerically pure precatalysts were prepared with the stereochemistry derived
from one enantiopure 1-cyclohexylethyl substituent on the “lower” cyclopentadienyl ring (43 and
44, Figure 4.20). Crystallographic data was not provided for 43 or 44.
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FIGURE 4.21 Chiral α-olefins employed for kinetic resolution experiments.

The authors carried out polymerizations with bulky, racemic α-olefins with substituents in
either the 3- or 4-positions, or both. The monomers tested in this report appear in Figure 4.21: 3-
methyl-1-pentene (3-MP1); 3-methyl-1-hexene (3-MH1); 3,5,5-trimethyl-1-hexene (3,5,5-TMH1);
3,4-dimethyl-1-pentene (3,4-DMP1); and 4-methyl-1-hexene (4-MH1). It is notable that these doubly
bridged precatalysts are capable of polymerizing α-olefins with steric bulk in these positions;
most singly bridged metallocenes are incapable of doing so. Only singly bridged Cs-symmetric
[(Me2C){(fluorenyl)(Cp)}]ZrCl2 (Figure 4.14, 33) and racemic C2-symmetric metallocenes rac-
[Me2Si(Ind)2]ZrCl2, rac-[Me2Si(BenzInd)2]ZrCl2 (BenzInd= benz[e]indenyl), rac-[Me2Si(2-Me-
BenzInd)2]ZrCl2, and rac-[C2H4(Ind)2]ZrCl2 have been said to polymerize 3-methyl-1-pentene
prior to this report;54,55 in all cases, MAO/Al(13CH3)3 was used as the cocatalyst. These Cs- and
C2-symmetric precatalysts are not capable of kinetic resolution owing to their symmetry.54,55

Precatalysts 41a–c and 44 were activated with MAO and tested for kinetic resolution. Tetradecane
was used as a solvent for these polymerizations at 25 ◦C. Kinetic resolution was reported by using
stereoselectivity factors, or s values, where s = (rate of fast reacting enantiomer)/(rate of slow
reacting enantiomer). Experimentally, s may be calculated by using the following equation: s =
ln[(1− c)(1− ee)]/ ln[(1− c)(1+ ee)], where ee is the enantiomeric excess of the recovered olefin
and c is the fraction conversion.56 If no kinetic resolution is achieved, s = 1. The authors assayed the
fraction conversion, c, by gas chromatography (GC) analysis of two aliquots for each polymerization
run: (1) an aliquot removed immediately before the start of polymerization (i.e., immediately before
the addition of zirconocene catalyst) and (2) an aliquot removed after the desired conversion was
reached; in all cases, tetradecane was used as the internal standard.

For the parent compound, 41a, an s value of 2.6(2) was obtained for 3-MP1 polymerization. The
best kinetic resolution using 41a was obtained for 3,4-DMP1 with an s value of 16.8(8). Addition
of another methyl group to the monomer at the 5-position (i.e., 3,5,5-TMH1) decreased the level of
kinetic resolution to s = 2.1(1). The presence of a single substituent in the 5-position (i.e., 4-MH1)
lead to poor kinetic resolution with s = 1.1. In all cases, the S enantiomer of the racemic olefin is
preferentially incorporated in the polymer. Experiments using 41b and 41c as precatalysts revealed
the same trends. For these two complexes, 3,4-DMP1 yielded the best kinetic resolution, followed
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by 3-MP1 with slightly poorer kinetic resolution. As observed when using 41a, 4-MH1 gave poor
kinetic resolution when 41b or 41c were used.

For precatalyst 44, the best kinetic resolution was found for 3,4-DMP1 (s = 2.6). The kinetic
resolution for other α-olefins was negligible (s values from 1.0 to 1.2). In all cases, the R enantiomer
was preferentially polymerized using precatalyst 44. This is consistent with the authors’ comments
regarding 1H NMR data and molecular mechanics calculations for 44; it appears that the axial
orientation of the cyclohexyl group means that it has a minimal role in steric interactions with
coordinated monomer or the growing polymer. The authors go on to predict that both 43 and 44
would be expected to behave like an achiral, Cs-symmetric system.

Polymer tacticity was assayed by using parent compound 41a as a precatalyst for polymeriza-
tion. Poly(3-methyl-1-pentene) made by using 41a/MAO is predominantly isotactic. Quantitative
measures of isotacticity (e.g., [mmmm]) were not provided. The authors suggest that the isotactic
microstructure results from a rapid site epimerization process. It appears that the rate of site epi-
merization greatly exceeds the rate of propagation; thus, the olefin is repetitively enchained on one
side of the metallocene wedge, with the same olefin enantioface presented each time. The authors
suggest an indirect mechanism for selectivity, where the methylneopentyl substituent on the “top”
cyclopentadienyl ring dictates the preferred side of the metallocene wedge for the polymer chain.
The polymer chain then directs the incoming monomer to the opposite side of the metallocene wedge.
The proposed favored transition state for olefin insertion is illustrated in Figure 4.22. As shown, the
orientation of the methylneopentyl substituent favors the polymer chain resting on the left side of
the metallocene wedge. This directs the S enantiomer of the chiral α-olefin to the right side of the
metallocene wedge. Coordination and subsequent insertion occurs by presentation of the si olefin
face to the metal.

To provide further support for this proposed transition state, molecular mechanics calculations
(using CAChe: Computer-Aided Chemistry Modeling Software on Windows, version 4.9, Fujitsu
America, Inc.) were carried out to study the olefin binding intermediate using ([(SiMe2)2{3,5-
(CHMe2)2-C5H}{4-((S)-CHMeCMe3)-C5H2}]ZrCH3)+. The authors did not specify the level of
theory used for these calculations. For 3-MP1, coordination of the S enantiomer on the right side of
the metallocene wedge is slightly favored (�E = 0.8 kcal/mol versus the R enantiomer). However,
for 3,4-DMP1, the R enantiomer is favored by more than 1.5 kcal/mol for the right side of the
metallocene wedge; a result that is apparently inconsistent with the experimental data. To account
for the experimental data, the authors conclude that the �E of the diastereomeric transition states
for alkyl migration (not evaluated by CAChe) must determine olefin enantiomer preferences. In
addition, the importance of the asymmetric β and γ centers of the migrating polymer chain in the
diastereomeric transition states for alkyl migration was noted.
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FIGURE 4.22 Proposed favored olefin insertion transition state for activated 41a.
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FIGURE 4.23 The resulting polymer microstructure formed by suitably activated 43.

Polymer tacticity was also assayed by using compound 43 as a precatalyst for polymerization.
The prediction for 43 was that it would behave like an achiral, Cs-symmetric system (vide supra).
This prediction was borne out by using 43 as a precatalyst for polymerization of neat propylene; a
predominately syndiotactic polymer was formed with [r] = 91.5%. Pertinent tacticity data appears
in Table 4.2. However, when 43 is used to polymerize 3-methyl-1-pentene, the resulting polymer is
predominantly isotactic (similar to the results from precatalyst 41a). Quantitative tacticity data was
not given.

The authors justify these results, along with the corresponding low level of kinetic resolution of 3-
and 4-substituted α-olefins, by a chain-end mediated site epimerization mechanism (see Scheme 4.6).
In this mechanism, site epimerization controls which diastereomeric active site is favored for a β-R or
β-S chain end. For example, a polymer chain containing a β-R chain end will favor the less hindered
side of the metallocene wedge (the right side), and thus coordination of the S olefin enantiomer will
be favored on the left side of the metallocene wedge. It follows that a polymer chain containing a
β-S chain end will favor the more hindered side of the metallocene wedge (the left side), and thus
coordination of the R olefin enantiomer will be favored on the right side of the metallocene wedge.

Site epimerization is estimated to be fast relative to olefin uptake and insertion. Thus, repetitive
enchainment of one olefin enantiomer will occur, producing an isotactic block of poly(α-olefin) until
a syndiotactic enchainment error occurs. When this happens, olefin insertion will be switched to the
opposite side, and another block of isotactic poly(α-olefin) will be produced. Thus, the resulting
polymer is predominantly isotactic with isolated r dyads; stereoblocks of the two olefin enantiomers
surround each isolated r dyad (Figure 4.23).

The authors conclude that the importance of polymer chain-end chirality (especially at the β and γ

positions) is largely unknown. Further, the relative importance of enantiomorphic site control versus
polymer chain-end chirality is not known. In the Bercaw laboratories, copolymerization experiments
with chiral and achiral olefins are underway to address these issues.

4.3 CONCLUSIONS

Doubly bridged ansa-metallocenes are a relatively small yet significant category of group 3 and
4 metallocenes. More experimentation is needed to supplement what has already been learned
about how precatalyst structure and symmetry affects α-olefin polymerization activity, catalyst
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decomposition, regioselectivity, and stereoselectivity. As described in this chapter, stereoselectivity
and stereoerrors formation can deviate from what is observed for analogous singly bridged ansa-
metallocenes. Recent successes in producing highly syndio- and regio-selective catalysts along with
advances in polymerizing sterically hindered α-olefins (with steric bulk in the C3 and C4 positions)
suggest that doubly bridged group 3 and 4 ansa-metallocenes will receive continuing attention.
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5.1 INTRODUCTION

The demonstration of single-site control over polymer stereochemistry by C2-symmetric ansa-
titanocene and zirconocene catalysts in 1984 and 1985 ushered in a new era in alkene polymerization
catalysis.1,2 Since then, a plethora of ansa-metallocene ligand designs have been developed for the
purpose of controlling the stereochemistry and molecular weight of the polymer product and for
increasing the activity of the catalyst. Besides numerous ring substitution patterns as well as the
replacement of one ring with another moiety (such as an amide ligand), different types of bridges have
been used to alter both the geometry and electronic properties of the ansa-metallocene. For the most
part, these bridges have consisted of relatively inert carbon- or silicon-based moieties. Apart from
a few phosphorus-3,4 and arsenic5-bridged ansa-zirconocene complexes, examples of heteroatom-
bridged group 4 ansa-metallocenes were scarce until about a decade ago, when the potential of the
heteroatom to expand the functionality of the ansa-metallocene ligand and increase its influence
on the polymerization properties of the catalyst was recognized. (Note: The term “heteroatom” is
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generally associated with any p-block element other than carbon; however, in this chapter it refers
to any p-block element outside of group 14.)

So far, only boron, phosphorus, and arsenic have served as single heteroatom bridges in group 4
ansa-metallocene complexes, probably owing to the greater synthetic accessibility of these systems.
ansa-Metallocenes with a single oxygen or nitrogen atom joining the π ligands have not been
developed, although these atoms have been combined with one or two other heteroatoms6–9 or have
been flanked by carbon and silicon to form the backbone of the bridge.10–15 This chapter will focus
only on ansa-metallocenes containing heteroatoms within the backbone of the bridge. Heteroatom-
bridged half sandwich complexes of the “constrained-geometry” type, in which the π-ligand is linked
to an amide ligand,16–18 are also outside the scope of this chapter.

The following abbreviations are used for the π-ligands of the ansa-metallocene complexes: cyc-
lopentadienyl (Cp), substituted cyclopentadienyl (CpR), indenyl (Ind), 2-methyl-4-phenyl-indenyl
(2-Me-4-PhInd), and fluorenyl (Flu).

5.2 GROUP 4 BORON-BRIDGED ANSA-METALLOCENE
COMPLEXES

A boron bridge offers more functionality than silicon or carbon bridges to the chemistry of group 4
ansa-metallocene complexes because it can reversibly bind a variety of Lewis basic moieties that are
designed to influence the electronic and stereochemical properties of the complex. By coordinating
an anionic Lewis base, the boron can potentially serve as an internal, counteranion to the catalytically
active, cationic group 4 metal alkyl, as in the hypothetical zwitterionic complex shown in Figure 5.1.
The polymerization activity of the zwitterionic catalyst should benefit from the remote location of
the counteranion from the active site, where it will not compete with the alkene monomer for a
coordination site on the metal.

5.2.1 Y(Cp)2MX2 (M = Ti, Zr)

Very little has been reported about the propylene polymerization properties of boron-bridged
dicyclopentadienyl group 4 complexes. In most cases, only the ethylene polymerization beha-
vior of the complex has been examined. This is owing to the fact that ansa-metallocenes
containing two unsubstituted cyclopentadienyl rings produce atactic polypropylene (PP) and
are typically less active propylene polymerization catalysts than their bis(indenyl) counterparts.
Nevertheless, the investigation of a new type of ansa-bridge is usually initiated with the cyc-
lopentadienyl ligand, which is less costly and often easier to handle than indenyl and fluorenyl
ligands. Furthermore, dicyclopentadienyl complexes are useful prototypes for the more synthet-
ically intensive stereoselective ansa-metallocenes. Their polymerization activities (even if only
for polyethylene) indicate whether or not the pursuit of more elaborate ansa-metallocene designs
is worthwhile. For this reason, an overview of the chemistry of boron-bridged Y(Cp)2MX2
(M = Ti, Zr, Hf) complexes is presented here as prelude to the discussion of their stereoselective

Zr MeB
R'

R

FIGURE 5.1 Hypothetical boron-bridged zwitterionic zirconocene complex.
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FIGURE 5.2 Boron-bridged (Cp)2MX2 complexes (M = Zr, Ti, Hf). Compounds 1e, 1f, 1h, 2b, and 2c are
anionic species (counter ions not shown), while compound 1g is zwitterionic.

analogues: Y(Ind)2ZrX2, Y(2-Me-4-PhInd)2ZrCl2, and Y(Flu)(Cp)ZrCl2. Figure 5.2 presents a com-
plete list of these complexes. The first example, PhB(Cp)2ZrCl2 (1a), was prepared independently
by Rufanov19 and by Reetz.20

The Rufanov synthesis involved the reaction between ZrCl4 and PhB{(SnMe3)C5H4}2, which
was formed in situ from the 2:1 reaction between (SnMe3)2C5H4 and PhBCl2. A 40% yield of 1a
was reported; however, the synthesis has not been reproducible.21 The Reetz synthesis was similar
but instead used PhB{(SiMe3)C5H4} as a ligand source and afforded 1a in only 7% yield. A more
reliable approach to the phenylboron-bridged ansa-zirconocene system was developed by Shapiro
and coworkers,22,23 who prepared 1b by reacting ZrCl4(SMe2)2 with PhB{(SiMe3)(SnMe3)C5H3}2.
Complex 1b forms selectively even if two equivalents of ZrCl4(SMe2)2 are reacted with the ligand
precursor. The Me2S donor in 1b is weakly coordinated and dissociates readily from the complex
in solution, leaving the boron bridge vulnerable to attack by strong nucleophiles. Consequently,
efforts to alkylate the zirconium center of 1b using various alkyllithium, Grignard, dialkylzinc, and
trialkylaluminum reagents result in decomposition of the complex.21 The involvement of boron–
cyclopentadienyl bond cleavage in the decomposition was indicated by signals characteristic of
nonbridged CpZr moieties in the 1H NMR spectra of the decomposition products. When the SMe2
adduct in 1b was replaced with more tightly coordinating PMe3 (1d), alkylation of the zirconium
center by alkyllithium and Grignard reagents proceeded smoothly.21

An exception to the decomposition of 1b by alkylating reagents was discovered by Lancaster and
Bochmann,24 who selectively alkylated the zirconium center of 1b with two equivalents of (C6F5)Li
while leaving the Me2S adduct on the boron bridge undisturbed to form complex 1c. Displacement of
the Me2S with additional Li(C6F5) produced the borate-bridged species 1h. The opposite selectivity
was observed in the reaction between 1b and (C5Me5)2AlMe. Methyl anion transfer to boron instead
of zirconium occurred to produce 1f.25 Thus, the outcome of these alkylation reactions is very
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BR2N
MCl4(THF)nR2NBCl2

2 (CpH)2B(NR2)
2 Li[N(i-Pr)2] or Li[n-Bu]

M′

M = Zr, Hf 
(n = 0-2)

M' = Li, Na

2.  TiCl3(THF)3

3.  2 PbCl2

1.  2 Li[n-Bu]

MCl2

SCHEME 5.1 Synthetic routes to R2NB(Cp)2MCl2 complexes (M = Ti, Zr, Hf).

sensitive to the choice of alkylating reagent, and the stability of the alkylborate-bridge appears to
depend on the identities of both the anionic donor and its countercation.

R2NB-bridged group 4 ansa-metallocene complexes 3a–c, 4a–c and 5a–d, were prepared in
the research groups of Ashe26–28 and Braunschweig.29–33 These complexes are considerably more
robust than the aforementioned Ph(L2)B-bridged systems, presumably owing to π-bonding between
the amide nitrogen and boron. Moreover, the ligand syntheses and metallations are accomplished
using standard nucleophilic displacement and acid/base reactions without compromising the boron
bridge (Scheme 5.1).

Selected olefin polymerization data for these boron-bridged zirconocene complexes are presen-
ted in Table 5.1. Since precise comparisons cannot be made among data acquired under different
experimental conditions by different researchers, an effort is made whenever possible to compare
data arising from a single source. Otherwise, conservative comparisons are made among data from
different sources when important trends are indicated.

A comparison of the ethylene polymerization activities of 1d–1f (Table 5.1, entries 2–4) and
a separate comparison of the ethylene polymerization activities of 1h and 2b–c (Table 5.1, entries
6–10) indicate that the identity of the donor ligand (L2) does not have a substantial influence on the
reactivities of the Ph(L2)B-bridged complexes. Complexes 1b and 1g are exceptions to this observa-
tion. Complex 1b exhibited no polymerization activity whatsoever (Table 5.1, entry 1), presumably
owing to its decomposition by methylaluminoxane (MAO). It is not possible to compare 1g directly
with the other Ph(L2)B-bridged complexes using the available data; however, in a parallel screening
of the ethylene/octene copolymerization properties of 1g, 3a, Cp2ZrCl2(C1), and Me2Si(Cp)2ZrCl2
(C2) at 140 ◦C, 1g exhibited remarkably high ethylene polymerization activity compared to the
other complexes (Table 5.1, entries 5, 11, 18, 19).34 Significantly, 1g was over 30 times more act-
ive than 3a. The 140 ◦C polymerization temperature indicates that it is also surprisingly thermally
robust. A bis(indenyl)zirconium analogue of 1g was pursued (see Section 5.2.3) with the hope that
it would be as thermally robust as 1g and exhibit similarly high activity for polypropylene poly-
merization. Unfortunately, the indenyl analogue proved to be much less thermally stable than the
cyclopentadienyl complex.

Braunschweig reported that his R2NB-bridged ansa-zirconocene complexes are approximately
seven times more active than their hafnocene analogues toward ethylene polymerization, while the
hafnocene complexes produce higher molecular weight polymer (Table 5.1, entries 12 and 15).33

This is consistent with the alkene polymerization behavior of other zirconocene and hafnocene
systems.

More recently, Braunschweig and coworkers reported the synthesis and characterization of the
B(NR2)–B(NR2)-bridged group 4 metallocenes shown in Figure 5.3.9 The molecular structures of
these complexes indicate that a bridge containing two boron atoms exerts significantly less strain on
metallocene geometry than a bridge containing one boron atom. In fact, the geometric parameters for
6b are remarkably similar to those of nonbridged Cp2HfCl2. Both 6a and 6b are reasonably active
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TABLE 5.1
Polymerization Dataa for Boron-Bridged Cp2MCl2 Complexes (M = Zr,Hf)

Entry Complex Activator (equivalent) Tpb(◦C) P (bar) Activityc References

1 1b MAO (50) 25 ∼1 none 21
2 1d MAO (1000) 25 2.2 3.6 25
3 1e [(Ph2P)2N]+

counter ion
MAO (1000) 25 2.2 1.2 25

4 1f[Cp*Al]+
counter iond

MAO (1000) 25 2.2 2.0 25

5 1g MAO (1000) 140 34 2490 (C=2 /C=8 ) 34
70 nr 7.4 (C=3 )

6 1h ([NEt4]+
counter ion)

MAO (500) 60 1 0.80 24

7 2b ([Li(Et2O)4]+
counter ion)

MAO (600) 60 1 1.10 24

8 2b ([Li(Et2O)4]+
counter ion)

[Ph3C]+[B(C6F5)4]−(2)
+ Al(i-Bu)3 (10)

60 1 2.13 24

9 2c ([Li(Et2O)4]+
counter ion)

MAO (1000) 60 1 0.69 24

10 2c ([Li(Et2O)4]+
counter ion)

[Ph3C]+[B(C6F5)4]−(1)
+ Al(i-Bu)3 (10)

60 1 0.37 24

11 3a MAO (1000) 140 34 12.6 (C=2 /C=8 ) 34
70 150 ge 3.8 (C=3 )

12 3b MAO (4500) nrf 150 g 1.8 30
13 3c MAO (1000) 20 5 1.7 32

MAO (650) 60 5 4.2
14 4b MAO (100) 20 5 1.9 32
15 5b MAO (4500) ndg nr 0.26 33
16 6a MAO (2000) 70–85 20 28 35
17 6b MAO (2000) 70–85 20 27 35
18 C1 MAO (1000) 140 34 72 (C=2 /C=8 ) 34

(Cp2ZrCl2) nr 2.0 (C=3 )
19 C2 MAO (1000) 140 34 3.4 (C=2 /C=8 ) 34

(Me2Si(Cp)2ZrCl2) nr 6.2 (C=3 )
a Data is for ethylene polymerization, unless otherwise indicated.
bTp polymerization temperature.
c Activity in kg polymer/mmol Zr·h. Notation in parentheses indicates alternative monomers used in the polymerization where
C=2 /C=8 is an ethylene/1-octene copolymerization and C=3 is propylene homopolymerization.
d Cp* is pentamethylcyclopentadienyl.
eMass of polypropylene used in the polymerization.
f nr = not reported.
gThe authors report that a “slightly elevated” temperature was used.

ethylene polymerization catalysts (Table 5.1, entries 16 and 17) and surprisingly similar in their
activity. Both systems also produce very high-molecular-weight polymers (Mv = 896, 000 g/mol
and 1,600,000 g/mol for 6a and 6b, respectively) compared to complexes containing a single boron
atom in the bridge (Mw < 20, 000). The authors attributed the lower chain-termination rates of
complexes 6a and 6b to the smaller tilt angles of the cyclopentadienyl rings. Analogous complexes
containing modified cyclopentadienyl rings (i.e., indenyl and fluorenyl) for stereoselective catalysis
are undoubtedly under development.
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FIGURE 5.3 Braunschweig’s diboron-bridged group 4 ansa-metallocene complexes (6a and 6b).
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FIGURE 5.4 Boron-bridged (Ind)2MX2 complexes (M = Zr, Ti, Hf). Complex 8a is zwitterionic.
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SCHEME 5.2 Synthetic route to (L2)PhB(Ind)2ZrCl2 complexes (7a, 7b and 7c).

5.2.2 Y(Ind)2MX2 (M = Ti, Zr, Hf)

ansa-Bis(indenyl)zirconium complexes are generally more efficient propylene polymerization cata-
lysts than their cyclopentadienyl counterparts, and the C2-symmetric rac isomers are preferred over
the meso isomers for their selectivity. Figure 5.4 shows the rac boron-bridged (Ind)2Zr complexes
that have been reported to date.36,37,26

Complexes 7a–c was reported by Reetz et al. in 1999.35 Complex 9a was reported by Ashe et al.
in the same year.26 The synthetic route to 7a–c is shown in Scheme 5.2. Base-catalyzed isomerization
of PhB(HInd)2 to a more stable isomer with vinylic instead of allylic B–C bonds before metallation
of the ligand improved the yield of 7a. Replacement of the Et2O ligand on boron with PMe3 afforded
7c as a mixture of rac and meso isomers, from which the rac isomer was selectively crystallized in
12% yield.
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SCHEME 5.3 Synthetic routes to (i-Pr)2NB(Ind)2ZrCl2(9a).

TABLE 5.2
Propylene Polymerization Data for Racemic Y(Ind)2ZrCl2 Complexesa

Entry Y MAO Tpb(◦C) Activityc mmmm Tmd(◦C) PPMw PDIe References
(equivalent) (%) (×10−5g/mol)

1 (PMe3)PhB (7c) 1,000 40 1.05 90 ndf 1.29 nrg 35
2 (PMe3)PhB (7c) 1,000 60 0.174 85 nd 0.62 nr 35
3 i-Pr2NB (9a)h 1,000 70 2.4 72i 113 nr nr 26
4 Me2C (C3) 8,000 70 27 69.7 124 0.15 nr 39
5 Me2Si (C4) j 15,800 50 14 89 142 0.61 1.7 41
6 Me2Si (C4) 15,000 70 190 81.7 137 0.36 2.5 38, 40
7 CH2CH2 (C5) 15,000 70 188 78.5 132 0.24 nr 38, 40

aUnless otherwise indicated, polymerizations were performed in liquid propylene.
bTp = polymerization temperature.
c Activity in kg PP/mmol Zr·h.
dTm = polymer melting point.
ePDI = molecular weight polydispersity (Mw/Mn).
f nd = not determined.
gnr = not reported.
h Polymerization conditions: 23.3 atm. propylene, Isopar-ETM solvent.
i Polymer tacticity also reported as 82% mm:12% mr:6% rr.
jPolymerization conditions: 2 bar propylene, toluene solvent.

Two different synthetic approaches were used to prepare complex 9a (Scheme 5.3). The
aminolysis approach, modeled after the method developed by Jordan and coworkers,37afforded
9b with a higher selectivity for the rac isomer (rac:meso ratio of 7:1) than the salt metathesis route
to form 9a (rac:meso ratio of 3:2).

The propylene polymerization activities of 7c, 9a, and their nonheteroatom-bridged racemic
analogues38–41Me2C(Ind)2ZrCl2 (C3), Me2Si(Ind)2ZrCl2 (C4), and CH2CH2(Ind)2ZrCl2 (C5) are
compared in Table 5.2. The polymerization activities of the boron-bridged complexes (Table 5.2,
entries 1–3) were 1–2 orders of magnitude lower than the activities of C3, C4, and C5 (Table 5.2,
entries 4–7). The polymerization activity of 7a (L2 = Et2O), as a mixture of meso and rac isomers,
was also examined. This species exhibited much poorer activity than 7c and produced low molecular
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TABLE 5.3
Selected Structural Parameters and Stereoselectivities of Y(Ind)2ZrX2 Complexes

Entry Y θ( ◦) γ( ◦) α( ◦) τ( ◦) dcc(Å) % mmmma( ◦C) References

1 i-Pr2NB (9a) 104.9 121.6 66.8 4.2 2.517 72 (70) 26
2 Me2C (C3) 100.3 118.3 70.8 4.55 2.354 69.7 (70) 43
3 CH2CH2 (C5) — 125.31 63.47 4.39 2.763 78.5 (70) 46
4 Me2Si (C4) 94.57 127.81 61.94 4.875 2.749 81.7 (70) 40
5 (PMe3)PhB (7c) 99.4 121.6 66.7 4.15 2.483 85 (60) 35

aPolymer tacticity measured as % mmmm from polymerizations conducted at 70 or 60 ◦C as indicated by the number in
parentheses.

weight, atactic polymer. The higher activity of 7c relative to 7a can probably be attributed to the
greater protection afforded to the boron bridge by the more tightly coordinated PMe3.

The tacticities of the PP produced by the racemic Y(Ind)2ZrCl2 complexes are listed in Table 5.3
along with selected metric parameters (defined in Figure 5.5) from the X-ray crystal structures of
these complexes. The parameters α, τ, γ, and dcc are commonly used to evaluate the tilt of the
π-ligands on the metal.42 These parameters reveal a direct correlation between the degree of ring
tilt in Y(Ind)2ZrCl2(Me2C > (i-Pr)2NB ≈ (PMe3)PhB > Me2Si ≈ CH2CH2) and the size of Y
(Me2C < (i-Pr)2NB ≈ (PMe3)PhB < Me2Si < CH2CH2). In general, the smaller the bridging
atom, the greater the ring tilt angle.

Theoretical and experimental models indicate that the selectivity of the rac ansa-metallocenes
for isotactic PP arises primarily from nonbonding interactions between the indenyl rings and the
growing polymer.44,45 Logically, the steric influence of the indenyl rings at the active site, and hence
the stereoselectivity of the metallocene catalyst, should decrease with increasing ring tilt angle.
The relative stereoselectivities of the racemic Y(Ind)2ZrCl2 complexes (Me2C < (i-Pr)2NB <

CH2CH2 < (PMe3)PhB ≈ Me2Si) follow roughly the expected trend; however, a less than perfect
correspondence between stereoselectivity and ring tilt indicates the influence of other factors as
well. For example, 7c and Me2Si(Ind)2ZrCl2 (C4) exhibit comparable stereoselectivities (Table 5.3,
entries 4 and 5), taking into account differences in polymerization temperatures (Tp), despite the
greater ring tilt angle of the former species. Furthermore, 7c exhibits a higher stereoselectivity than
9a (Table 5.3, entry 1), which has nearly identical ring tilt parameters. This last comparison is
somewhat mitigated, however, by the different polymerization conditions that were employed for
7c and 9a.

The rigidity of the bridge must also be considered and is responsible for the higher stereose-
lectivity of the Me2Si-bridged C4 relative to the CH2CH2-bridged C5 (Table 5.3, entries 3 and
4).39 The more flexible CH2CH2 bridge allows C5 to rearrange dynamically in solution between
indenyl-forward and indenyl-backward conformations.46Evidently, the greater conformational
mobility of the ligand framework in C5 reduces its control over the stereochemistry of the
polymerization.

5.2.3 Y(2-Me-4-PhInd)2ZrCl2
Zwitterionic (Ph3PCH2)PhB(2-Me-4-PhInd)2ZrCl2 complexes 8a–c (Figure 5.6) were recently
reported by Shapiro et al.34 The precursor, (Me2S)PhB(2-Me-4-PhInd)2ZrCl2(8, Figure 5.4), was
formed as a 2:1 mixture of meso:rac isomers by using ZrCl4(SMe2)2 in a synthetic procedure sim-
ilar to the one developed by Reetz (Scheme 5.3).35 Displacement of the Me2S adduct by the ylide
base produced a mixture of three diastereomers, the rac isomer and two meso-like isomers with
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FIGURE 5.5 Metric parameters for describing ansa-metallocene geometry.
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FIGURE 5.6 rac and meso isomers of (Ph2CH2)PhB(2-Me-4-PhInd)2ZrCl2.

different boron configurations (Figure 5.6). Efforts to separate the rac isomer from the mixture
were unsuccessful; however, the authors managed to isolate single crystals of the rac isomer and
one of the meso isomers for X-ray crystal structure determinations. Unlike the zwitterionic dicyclo-
pentadienyl analogue, 1g (Section 5.2.1), 8a–c are thermally unstable. Consequently, the propylene
polymerization activity of 8a–c decayed from a fairly high level at 70 ◦C to a low level at 115 ◦C
compared to the complex rac-Me2Si(2-Me-4-PhInd)2Zr(-(Ph)C=CHCH=C(Ph)-)47 (C6, Table 5.4,
entries 1–8), which was used as a benchmark owing to its high thermal stability and high selectivity
for isotactic PP. A similar decay in propylene polymerization activity with increasing polymerization
temperature (Tp) was observed for Reetz’s phosphine adducts, 7c (Table 5.2, entries 1 and 2). The
PP produced by 8a–c (as a 2:1 meso:rac mixture) was moderately isotactic (% mmmm = 52.4),
indicating that the rac isomer is slightly more active than the meso isomers. It is not uncom-
mon for rac-zirconocene complexes to be as much as 10–20 times more active than their meso
isomers.48,49

5.2.4 Y(Flu)(Cp)ZrCl2
Ashe and coworkers also developed the Cs-symmetric boron-bridged complex, (i-Pr)2NB(Flu)(Cp)
ZrCl2 (11, Figure 5.7)50 which, like the analogous Me2Si(Flu)(Cp)ZrCl2 (C8),51 Me2C(Flu)(Cp)ZrCl2
(C9),52CH2CH2(Flu)(Cp)ZrCl2 (C10)52 and PhP(Flu)(Cp)ZrCl2 (12)48 complexes, is selective for
syndiotactic PP. The data in Table 5.5 indicate the following order of stereoselectivity for the series
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TABLE 5.4
Propylene Polymerization Data for Racemic Y(2-Me-4-PhInd)2ZrX2

a Complexes

Entry Y MAO Tpb( ◦C) Activityc mmmm Tmd( ◦C) Mw
e PDIf References

(equivalent) (%) (×10−5g/mol)

1 (Ph3PCH2)PhB
(8a–c)g

1,000 70 197 52.4 156 3.73 2.0 33

2 (Ph3PCH2)PhB
(8a–c)g

1,000 85 186 ndh 155 1.96 2.2 33

3 (Ph3PCH2)PhB
(8a–c)g

1,000 100 130 nd 154 1.32 2.1 33

4 (Ph3PCH2)PhB
(8a–c)g

1,000 115 61 nd 153 0.32 2.1 33

5 Me2Si (C6)i 1,000 70 82 nd 159 5.13 1.8 33
6 Me2Si (C6)i 1,000 85 92 nd 157 3.09 2.0 33
7 Me2Si (C6)i 1,000 100 152 nd 154 1.84 3.3 33
8 Me2Si (C6)i 1,000 115 164 nd 154 0.80 2.8 33
9 PhP (15a) 37,000 67 57.6 98 156 0.64j nr 48
10 i-PrP (16a) 37,600 50 126 99.6 160 nrk nr 48
11 Me2Si (C7) 15,000 70 755 95.2 157 7.3 nr 38

aX = Cl, and complexes are racemic unless otherwise indicated.
bTp = polymerization temperature.
c Activity in kg PP/mmol Zr·h.
dTm = polymer melting point.
eMw = PP weight average molecular weight unless otherwise indicated.
f PDI = molecular weight polydispersity (Mw/Mn).
gUsed as a 2:1 mixture of meso:rac isomers.
hnd = not determined.
iX2 = –(Ph)C=CHCH=C(Ph)–.
jPolymer molecular weight as the polymer viscosity average molecular weight (Mv).
knr = not reported.

Zr

Cl

ClY 11: Y = (i-Pr)2NB
12: Y = PhP

FIGURE 5.7 Y(Flu)(Cp)ZrCl2 complexes.

of Y(Flu)(Cp)ZrCl2 complexes: Me2C > PhP > R2NB ≈ CH2CH2 > Me2Si. A different relative
order for polymerization activity is indicated: R2NB > Me2C > CH2CH2 > PhP > Me2Si.
The high ethylene polymerization activity exhibited by 11 at 140 ◦C indicates that the complex is
thermally robust, again illustrating the stabilizing influence of π-electron donation from the amide
nitrogen to boron.
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TABLE 5.5
Propylene Polymerization Data for Y(Flu)(Cp)ZrCl2 Complexesa

Entry Y MAO Tpb( ◦C) Activityc rrrr Tmd( ◦C) PPMw PDIe References
(equivalent) (%) (×10−5g/mol)

1 i-Pr2NB (11) f 1000 70 77 71g; 81 (rr) 112 1.1 1.9 50
2 PhP (12) 1000 50 9 81 128 3.0 ndh 48
3 PhP (12) 1000 67 14 nd 119 1.3 nd 48
4 Me2C (C9) 1000 67 37 85 134 1.2 2.0 49
5 Me2C (C9) nri 60 17 84 136 0.09 nr 52
6 Me2Si (C8) 1000 67 1.6 51 nr nr nr 48
7 Me2Si (C8) 1000 70 25 76 (rr) nr nr 2.3 51
8 Me2Ge (C11) 1000 70 8 65 (rr) nr 2.9 2.3 51
9 CH2CH2 (C10) nr 60 4.5 74.3 111 1.7 nr 52

aUnless otherwise stated, all polymerizations were performed in liquid propylene.
bTp = polymerization temperature.
c Activity in kg PP/mmol Zr·h.
dTm = polymer melting point.
ePDI = molecular weight polydispersity (Mw/Mn).
f Polymerization conditions: Isopar-ETM solution, 34 atm. propylene.
gPolymer tacticity also reported as 4% mm:15% mr:81% rr.
hnd = not determined.
inr = not reported.

5.3 GROUP 4 PHOSPHORUS-BRIDGED ANSA-METALLOCENE
COMPLEXES

5.3.1 Y(CpR)2MCl2(R = H, t -Bu;M = Ti, Zr)

Similar to the boron bridge, the phosphorus bridge possesses more functionality than a carbon or sil-
icon bridge because of its Lewis basicity and its ability to be either three or four coordinate. Although
the first phosphorus-bridged titanocene complexes were reported as early as 19834 and 1988,3 it was
not until 1996 that the first application of phosphorus-bridged ansa-zirconocene complexes to olefin
polymerization was described in a patent application by Brintzinger et al.53 Of the two complexes
shown in Figure 5.8, only the phosphonium-bridged species (14) was active toward propylene poly-
merization in the presence of MAO, producing polypropylene with Mw = 42, 500 and Mn = 19, 800
(polydispersity index [PDI] = 2.15). The polymer microstructure was not described; however, its
melting point of 151.2 ◦C indicates that it was isotactic-rich.

5.3.2 Y(Flu)(Cp)ZrCl2
Schaverien48 prepared a series of phosphorus-bridged (Flu)(Cp)ZrCl2, (Ind)2ZrCl2, and (Flu)2ZrCl2
complexes and performed a comprehensive study of their performance as propylene polymer-
ization catalysts. The performance of the Cs-symmetric complexes Me2C(Flu)(Cp)ZrCl2 (C9),
PhP(Flu)(Cp)ZrCl2 (12), and Me2Si(Flu)(Cp)ZrCl2 (C8)) were compared under identical reaction
conditions. The data is presented in Table 5.5 along with polymerization data collected by other
groups on complexes C9 and C8. Polymerization data for complexes 11 and CH2CH2(Flu)(Cp)ZrCl2
(C10)52 are also included for comparison.
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FIGURE 5.8 Tertiary and quaternary phosphorus-bridged bis(tert-butylcyclopentadienyl)zirconocene
complexes.

TABLE 5.6
Selected Structural Parameters and Stereoselectivities of Y(Flu)(Cp)ZrCl2 Complexes

Entry Y dcc(Å) θ( ◦) γ( ◦) α( ◦) % rrrra(◦C) References

Calculated Structures
1 H2C 2.34 99.3 121.5 nrb — 48
2 H2Si 2.73 94.3 129.4 nr — 48
3 HP 12.56 87.7 127.2 nr — 48
4 PhP (12) 2.57 87.8 127.4 nr 81 (50) 48
Crystallographically Determined Structures
5 Me2C (C9) 2.336 99.4 118.6 72.0 85 (67) 55
6 i-Pr2NB (11) 2.504 104.7 122.1 68.1 71 (70) 50
7 Me2Si (C8) 2.756 93.4 127.9 62.5 51 (67) 51
9 CH2CH2 (C10) nr — 127.2 nr 74.3 (60) 52

a Polymer tacticity measured as % rrrr from polymerizations conducted at 70 or 60 ◦C as indicated by the number in
parentheses.
b nr = not reported.

In order to explain the variations in the stereoselectivity of complexes C9, 11, and C8,
Schaverien48 sought structural clues from calculated (ab initio) structures of model complexes
(Table 5.6). As can be seen, there is excellent agreement between the calculated structures of the
H2C- and H2Si-bridged complexes and the molecular structures of C9 and C8. The authors attrib-
uted the relative syndioselectivities of the complexes to the effect of ligand “bite angle” (which is the
inverse of ring tilt angle) on the barrier to inversion of stereochemistry (epimerization) at the metal
center. (See Chapter 2 for further information on epimerization of bridged (Flu)(Cp) complexes.) The
smaller the “bite angle” (greater ring tilt), the higher the barrier to epimerization of the metal center
through a shifting of the growing polymer chain in the equatorial plane from one coordination site
to the other.54 Since the syndioselectivity of the polymerization is believed to depend on the regular
alternation of olefin insertion from side to side in the equatorial plane,55,56 a higher inversion barrier
should translate into fewer stereoerrors. The authors found that the relative syndioselectivities of
complexes C9, C8, and 12 (from highest to lowest: C9 > 12 > C8) correspond to their ligand “bite
angles” (from smallest to largest: C9 < 12 < C8), which they based on the structural parameter dcc.
Notably, the stereoselectivity and “bite angle” of boron-bridged species 11 falls between that of C9



DK3712: “dk3712_c005” — 2007/10/23 — 11:48 — page 147 — #13

Metallocenes with Donor/Acceptor and Other Heteroatom Bridges 147

meso

Me
P ZrCl2

R

Ph

Me

Ph

rac

ZrCl2P

Me

Ph

R

Me

Ph

15a: R = Ph
16a: R = i-Pr

15b: R = Ph
16b: R = i-Pr

FIGURE 5.9 rac and meso isomers of RP(2-Me-4-PhInd)2ZrCl2 (R = Ph, i-Pr).

and C8, as predicted by the model. The lower stereoselectivity exhibited by Me2Ge(Flu)(Cp)ZrCl2
(C11) versus C8 is consistent with expectation since the larger Me2Ge bridge should produce a
larger “bite angle” (smaller tilt angle) between the metallocene rings (Table 5.5, entries 7–8). The
stereoselectivity of C10 is greater than expected judging from its ring centroid-Zr-ring centroid angle
(γ), which is narrower than that of C8. This may be somehow associated with the greater flexibility
of its CH2CH2 bridge.

5.3.3 Y(2-Me-4-PhInd)2ZrCl2
The same authors examined the propylene polymerization properties of PhP(2-Me-4-PhInd)2ZrCl2
(15a–b, Figure 5.9).48 Since they were not able to separate the rac from the meso isomers, they used
the 1:2 rac:meso mixture directly and obtained highly isotactic PP(mmmm = 97.5–98%) along with 4–
10% atactic PP, which originated from the meso isomers and could be largely removed from the bulk
polymer by extraction with hot xylene. The PP was also highly regioregular, with 99.2–99.8 mole%
1,2 insertions and 0.2–0.5 mole% and 0.03–0.2 mole% of 2,1-and 1,3-regiodefects, respectively.
The presence of primarily isobutyl end groups in the PP implicated chain transfer to aluminum as
the primary chain transfer pathway. The activity of the system increased more than twofold (from
200 to 576 kg PP/g Zr·h) when the polymerization temperature was increased from 50 to 67 ◦C. This
activity is comparable to that of Me2Si(2-Me-4-PhInd)2ZrCl2 (C7, Table 5.4), which was measured
by Spaleck et al. under similar conditions (liquid propylene, 70 ◦C).38,40 Interestingly, changing
the phenyl substituent on the phosphorus bridge to an isopropyl substituent (16a–b) increased the
activity of the system three to fivefold.

5.3.4 Y(Flu)2ZrCl2
Schaverien48 and Alt57 independently reported the synthesis of PhP(Flu)2ZrCl2 (17, Figure 5.10),
which has average C2v symmetry. This system exhibited much lower ethylene and propylene poly-
merization activity than the Me2Si(Flu)2ZrCl2 (C12) and CH2CH2(Flu)2ZrCl2 (C13) analogues,
although the molecular weight and tacticity of the PP produced by 17 were comparable to that of
the C12 (Table 5.7).48,58 As expected, C2v-symmetric Y(Flu)2ZrCl2 complexes are not especially
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ZrCl2Y
17:      Y = PhP
C12:   Y = Me2Si
C13:   Y = CH2CH2

FIGURE 5.10 Y(Flu)2ZrCl2 complexes.

TABLE 5.7
Polymerization Data for Racemic Y(Flu)2 ZrCl2 Complexesa

Entry Y MAO Tpb( ◦C) Activityc Tacticity Polymer References
(equivalent) (mm/mr/rr) Mw(×10−5g/mol)

1 PhP (17) 1,000 50 0.09 (C=3 ) 15.7/49.5/34.8 1.9 (Mv) 48
2 PhP (17) 17,000 60 28 (C=2 )d nae 4.3 (Mn) 57
3 Me2Si (C12) 1,000 50 2.0 (C=3 ) 19/49/32 2.3 (Mv)

f 48
4 Me2Si (C12) 1,000 50 1.6 (C=3 ) 3.6/1 rrrr/mmmm 2.0 (Mn)

g 58
5 CH2CH2 (C13) 200 70 nr (C=3 )h 32/24/44 0.35 (Mw) 52
6 CH2CH2 (C13) 1,000 50 2.0 (C=3 ) nr 0.71 (Mn)

g 58

aAll propylene polymerizations were performed in liquid propylene (C=3 ).
bTp = polymerization temperature.
cActivity in kg polymer/mmol Zr·h; C=3 indicates a propylene polymerization while C=2 indicates an ethylene polymerization.
dPolymerization conditions: 10 bar ethylene (C=2 ), pentane solvent.
ena = not applicable.
f Calculated from a viscosity (η) = 2.2 dl/g using the same formula as the authors in reference 48 did for entry 1.
gCalculated from Pn value (number average polymerization degree) reported by authors.
hnr = not reported.

stereoselective; however, the oily PP products are not completely atactic. Rather, they are slightly
enriched in syndiotactic sequences.

Alt attributed the low activity of 17 versus C13 to the greater electron donating capability
of the phosphorus bridge, which should increase electron density at the metal, strengthen the
carbon–metal bond, and thereby reduce the rate of alkene insertion. This argument, although
logical, is contradicted by the relative polymerization activities of 15a–b versus 16a–b mentioned in
Section 5.3.3.

5.4 GROUP 4 DONOR-ACCEPTOR-BRIDGED
ANSA-METALLOCENE COMPLEXES

Starzewski and coworkers6,7,59–61 developed a highly versatile ansa-metallocene design in which
a donor–acceptor (D/A) bridge is formed by a Lewis acidic boryl substituent on one π-ligand and



DK3712: “dk3712_c005” — 2007/10/23 — 11:48 — page 149 — #15

Metallocenes with Donor/Acceptor and Other Heteroatom Bridges 149

either a phosphoryl or amine substituent on the other. A wide range of D/A-bridged Cp2MCl2(M =
Ti, Zr) (18a–d, 19a–g), (Ind)(Cp)ZrCl2(20a–f), Ind2ZrCl2(21a–f), (Flu)(Cp)ZrCl2 (22a–c), and
(Flu)(Ind)ZrCl2 (23a–b) complexes, as well as Cp(phosphole)TiCl2 (24) and Cp(pyrrole)TiCl2 (25)
complexes with in-ring donors have been prepared (Figure 5.11).

The reversibility of the D/A interaction of the bridge (Figure 5.12) affords additional control
over the polymer microstructure for stereoselective metallocenes. By controlling the equilib-
rium between bridged and nonbridged catalysts, using the temperature of the polymerization
and the strength of the D/A interaction as variables, one can vary the properties of the PP
from elastomeric material, with alternating atactic and isotactic blocks, to high melting, isotactic
material.

Table 5.8 lists propylene polymerization data for some of the complexes shown in Figure 5.12.
Varieties of other polymer products have been prepared using the D/A-bridged complexes. For
example the (Flu)(Cp)ZrCl2 complexes (22a–b) produce ultra-high molecular weight (UHMW)
polyethylene with intrinsic viscosities as high as 13.5 d/g. The D/A metallocenes are also effective
catalysts for the copolymerization of α-olefins with ethylene to produce medium to ultra-low density
polyethylene products.7

5.5 CONCLUSIONS

It is striking how pronounced an effect varying the bridging atom and its substituents can have on the
polymerization activities and stereoselectivities of group 4 ansa-metallocene complexes. Even subtle
changes to the bridge have a significant influence on catalyst activity. The electronic reasons for these
effects are currently not well understood. The electronic effect of the bridging moiety on the strength
of the metal–carbon bond has been suggested as a possible explanation;62 however, contradictory
results indicate that the situation is more complex. Some rationales have been put forth concerning
the effects of the heteroatom bridges on catalyst stereoselectivity. In general, bridges that enforce
large ring tilt angles are detrimental to the isoselectivity of C2-symmetric bis(indenyl) complexes
because they reduce the steric influence of the indenyl rings over the polymerization. The opposite
effect of ring tilt applies to Cs symmetric (Flu)(Cp) complexes. Increasing ring tilt (decreasing “bite
angle”) increases the barrier to epimerization at the metal center.

Whereas Ph(L2)B-bridged metallocenes are too chemically and thermally sensitive to be practical
for industrial use, (R2N)B-bridged metallocenes are relatively robust and exhibit high stereoselectiv-
ities and activities that sometimes exceed that of their single carbon- and silicon-bridged analogues.
It will be interesting to see how the stereoselectivity of rac-bis(indenyl)zirconium and hafnium com-
plexes containing a -B(NR2)B(NR2)- bridge compares to that of other Y(Ind)2MX2 analogues. The
trends identified in Section 5.2.2 indicate that the larger size of this bridge relative to single-atom
bridges and its greater rigidity relative to the CH2CH2 bridge should favor a comparatively high
selectivity for isotactic PP.

The phosphorus-bridged metallocene complexes exhibit high stereoselectivities and, in some
cases, relatively competitive polymerization activities. It would be worthwhile to examine the
effect of quaternizing the phosphorus bridge on the activities of these complexes in light of the
significant effect that this has on the relative polymerization activity of complex 13 versus 14
(see Section 5.3.1).

Starzewski’s D/A-bridged metallocene complexes illustrate the enormous versatility that het-
eroatom bridges can bring to the chemistry of ansa-metallocenes. The modular nature of the
syntheses of these complexes and the medley of donors and acceptors available for varying the
strength of the bridge make it possible to tailor these systems toward a remarkable variety of polymer
products.
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FIGURE 5.12 Reversible cleavage of the D/A bridge.

TABLE 5.8
Propylene Polymerization Data for D/A Complexes

Entry Complex Tpa( ◦C) Activityb Polymer Tmc( ◦C) PP Mw(×10−5 PDId References
Tacticity (%) g/mol)

1 21be rtf 7 mmmm (92) 161 4.2 (Mv) nrg 6
2 21be 50 nr mmmm (81) 158 4.3 (Mv) nr 6
3 21bh rt nr mmmm (98) 165 20(Mv) nr 6
4 22ai 20–22 0.014 mm/mr/rr

(5/21/74)
87 0.059 (Mv) nr 60

22bj 20–24 0.017 mm/mr/rr
(15/41/45)

nr 5.3 (Mw) 2.3 61

5 22ck 0 0.0004 rrrr (63)
mm/mr/rr
(3/16/82)

100 µ = 10.8 dl/gl nr 59

6 20ak 20 0.009 mm/mr/rr −4 1.6 (Mw) 1.8 61
(37/41/22) (Tg)

m

7 21ek 55–60 40.3 mm/mr/rr
(99/1/0)

161 µ = 2.01 dl/g nr 61

8 21fe 20–25 0.009 mm/mr/rr
(93/5/2)

156 12.9 (Mw) 4.1 61

9 23bk 20–23 0.014 mm/mr/rr
(68/21/11)

148 µ = 1.04 dl/g nr 61

aTp = polymerization temperature.
b Activity in kg PP/mmol Zr·h.
cTm = polymer melting point.
dPDI = molecular weight polydispersity (Mw/Mn).
e2 bar propylene, toluene solvent, (i-Bu)3Al (TIBA), [Me2HNC6H5]+[B(C6F5)4]− activator.
f rt = room temperature.
gnr = not reported.
h Liquid propylene used.
i1 mL propylene, toluene solvent, 10,000 equivalent MAO activator.
j1 mole propylene, toluene solvent, 10,000 equivalent MAO activator.
k200 g propylene, toluene solvent, 10,000 equivalent MAO activator.
lµ = polymer viscosity.
mTg = polymer glass transition temperature.
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6.1 INTRODUCTION

The advent of homogeneous metallocene catalysis has allowed chemists to make significant progress
in understanding the steric, electronic, and dynamic structures of the active organometallic species
in olefin polymerizations, as described in previous chapters. The polymer structures obtained using
these well-defined homogeneous systems can be qualitatively related to the structures of the metal-
locene catalysts, and vice versa. This significant achievement has stimulated many researchers
to develop nonmetallocene olefin polymerization catalysts, that is, catalysts that do not have any
η5-cyclopentadienyl (Cp) type ligands. Drawing on the knowledge obtained from metallocene cata-
lysts, many electrophilic (cationic) nonmetallocene complexes based on both early and late transition
metals have been investigated as potential olefin polymerization catalysts.1,2 Propylene polymeriz-
ation has been examined in those cases where the steric properties of the catalyst were expected
to provide stereoselective polymerization. These nonmetallocene catalysts generally have ligands
containing oxygen and/or nitrogen (sometimes sulfur and phosphorus), and these heteroatoms are
usually incorporated into a chelate ligand structure. Even though many well-defined nonmetallocene
catalysts have been developed since the late 1980s, their use to achieve propylene polymeriza-
tion with comparable stereoselectivity to heterogeneous Ziegler–Natta and chiral ansa-metallocene
catalysts has remained a challenge, until quite recently.

In this chapter, recent advances in stereoregular propylene polymerizations with nonmetallocene
complexes are briefly reviewed. The greatest emphasis is placed on phenoxy-imine ligated group 4
complexes, which have been used to achieve both highly isotactic and highly syndiotactic (living)
propylene polymerization.

157
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6.2 RECENT ADVANCES IN NONMETALLOCENE CATALYSTS FOR
STEREOSELECTIVE PROPYLENE POLYMERIZATION

6.2.1 NONMETALLOCENE CATALYSTS BASED ON EARLY TRANSITION METALS

In 1962, Natta discovered that syndiotactic polypropylene, which was first separated from the largely
isotactic crude polypropylene products prepared by heterogeneous titanium catalysts, could be
produced in a selective manner using vanadium compounds such as VCl4 and V(acac)3 (acac =
acetylacetonate) combined with R2AlX (R = alkyl; X = halogen) at subambient polymerization
temperatures (e.g., −78 ◦C).3 These systems may be qualified as the first single-site catalysts to
mediate stereoregular propylene polymerization, because these catalysts are soluble in the polymer-
ization medium and the product polymers have narrow molecular weight distributions (represented
by Mw/Mn, also referred to as polydispersity indexes, PDIs) of around 2, or sometimes even close to
1. These narrow PDIs are indicative of single-site catalysis, and those close to 1 are suggestive of a
living polymerization.4 The propylene monomer is inserted in a 2,1-manner and the syndioselectivity
(which can reach up to 76% rr) arises from the asymmetry of the last-inserted monomer unit (chain-
end control).5–8 The actual catalytic active species, although not well characterized, are assumed
to be in the trivalent state9 and have octahedral configurations around vanadium which resemble
the geometries of many nonmetallocene group 4 complexes recently developed as stereoselective
propylene polymerization catalysts.

Eisen and coworkers reported one such example of these recently developed octahedral com-
plexes. Benzamidinate zirconium complexes (1 and 2, Figure 6.1) activated by methylaluminoxane
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FIGURE 6.1 Early transition metal nonmetallocene complexes for stereoregular propylene polymerization.
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(MAO) can polymerize propylene in a highly isotactic fashion at 25 ◦C in CH2Cl2 under high pres-
sure (9.2 atm propylene). As expected from their C2-symmetric structure, isotactic polypropylene
was produced with up to 98% mmmm and a polymer melting point (Tm) of 149 ◦C.10–12 The poly-
merization reaction propagates through 1,2-insertions, with occasional 2,1- and 1,3-insertions, and
is terminated exclusively by β-methyl elimination. The isotacticity observed is sensitive to monomer
concentration (pressure), such that the isotacticity is rapidly decreased at lower propylene monomer
pressure. This is because the unimolecular chain-end epimerization reaction (which racemizes the last
inserted propylene unit) is more pronounced than the bimolecular propagation reaction (which pro-
duces isotactic linkages) at low monomer concentration. (For further information on the mechanisms
of propylene insertion, see Chapter 1.)

Other examples of octahedral complexes that can be used for stereoselective propylene polymer-
ization are group 4 complexes incorporating two bidentate phenoxy-imine ligands (3, Figure 6.1)
developed by scientists at Mitsui as a family of highly versatile olefin polymerization catalysts.13–16

When a metal, a ligand, and a cocatalyst are chosen appropriately, these complexes can afford either
highly isotactic17 or highly syndiotactic18 polypropylene with high melting temperatures. The chem-
istry and proposed mechanisms for stereoregulation of these catalysts are discussed in subsequent
sections of this chapter.

Complexes featuring a tetradentate bisphenoxy-bisamine [ONNO] ligand (4, Figure 6.1) were
found by Kol and coworkers to promote the living polymerization of 1-hexene with high isose-
lectivity. These complexes are C2-symmetric in an octahedral framework with a cis-N, trans-O
disposition.19 The complexes are also capable of polymerizing propylene with high isoselectivity.
For example, upon activation with MAO at 25 ◦C, complex 4 polymerizes propylene into isotactic
polypropylene with 80% mmmm through an enantiomorphic site-control mechanism involving
1,2-insertion.20

The tetrahedral titanium diamide complex, [Ar-N(CH2)3N-Ar]TiCl2 (Ar = 2,6-(i-Pr)2-C6H3)
(5a, Figure 6.1), yields a mixture of isotactic and atactic polypropylene upon activation with R3Al
(R = i-Bu, C6H13, C8H17)/[Ph3C]+[B(C6F5)4]−.21,22 The weight fraction of the isotactic polymer
increases as the monomer concentration increases or with the addition of cyclohexene to the system
at low concentration of propylene monomer, although the mmmm values of the isotactic fraction are
almost constant at around 80%. From the fact that the isoselective propagation is roughly second
order in the propylene monomer, and that cyclohexene is scarcely incorporated into the resulting
polymer, a species involving two coordinating monomer molecules was proposed (i.e., a coordinating
propylene or cyclohexene might assist the isoselective insertion of propylene monomer). For reasons
that are yet to be elucidated, the isotactic fraction vanishes when the alkyl groups on the Al cocatalyst
are methyl- or ethyl-groups, or if the substituents on the aromatic ring of the ligand are methyl groups
(5b) instead of isopropyl groups. Judging from the 13C NMR spectrum of the isotactic fraction of
the polymer, having stereoerrors in [mmmr]:[mmrr]:[mrrm]= 2:2:1 an enantiomorphic site-control
mechanism seems to be operating, although the authors did not specifically mention it in their work.
The regiochemistry of monomer insertion was not identified in this study.

A vanadium complex ligated by a tridentate thiobisphenoxy group (6, Figure 6.1) was reported
by scientists at Sumitomo Chemical to produce isotactic polypropylene with 68% mm and a Tm of
138 ◦C (MAO, 20 ◦C, 1 h, propylene bulk polymerization).23

More recently, zirconium and hafnium complexes incorporating a C1-symmetric pyridyl-amine-
C(aryl) ligand (7, Figure 6.1) were discovered that produced highly isotactic polypropylene at
polymerization temperatures (Tp) high enough for the catalyst to be used in a solution polymerization
process (Tm in the range 150–155 ◦C; Tp was not specified although a high Tp of about 100 ◦C or
above is usually required to dissolve isotactic polypropylene in organic solvents).24–26 The combin-
ation of ligand substituents required in order to realize high isotacticity is a subtle balance, which,
according to the authors, would have been difficult to achieve without the high-throughput screening
used in the study. The Hf complexes give higher activity, higher isotacticity, and higher molecular
weight polypropylene than the analogous Zr complexes under identical polymerization conditions.
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FIGURE 6.2 Late transition metal nonmetallocene complexes for stereoregular propylene polymerization.
For complex 3, R1 to R3 can be a variety of substituents. Examples can be found in Table 6.1.

The isotactic polymerization proceeds through an enantiomorphic site-control mechanism with suc-
cessive 1,2-insertions. Theoretical studies demonstrate that each diastereotopic polymerization site
exhibits opposite stereoselectivity, suggesting that only one of the two sites is used for the isotactic
polymerization.

6.2.2 NONMETALLOCENE CATALYSTS BASED ON LATE TRANSITION METALS

In late transition metal catalyzed olefin polymerization, generally fast β-hydrogen elimination rel-
ative to propagation results in low molecular weight products with terminal double bonds. This
disadvantage was successfully overcome by the ingenious molecular design of Ni(II) and Pd(II)
diimine complexes (e.g., 8, Figure 6.2), where the axial positions of the square planar complexes are
effectively blocked by bulky 2,6-disubstituted aryl groups to prevent associative displacement of a
coordinating oligomeric olefin from the olefin-hydride species by an ethylene molecule, or to avoid
chain-transfer of the metal-alkyl species to ethylene monomer.27 Because the spatial environment
of the catalytic center can be modulated amongst C2v, C2, and Cs symmetry by changing these aryl
substituents, propylene polymerization was examined to see if the relationship between the sym-
metry of the Ni complex and the stereochemistry of the polypropylene as observed for metallocene
catalysts still holds true.28,29 Upon activation with MAO, polymerization proceeds by 1,2-insertion
of propylene with a considerable amount of regioerrors, including 1,3-insertions. The polypropyl-
ene obtained at a polymerization temperature of −45 ◦C is prevailingly syndiotactic (61–75% rr;
1–8% mm) through chain-end control for C2v and Cs complexes (8a–8c, Figure 6.2), whereas the
polymer formed by complexes with C2 symmetry (8d–8f, Figure 6.2) exhibits clearly intensified mm
triad signals (25–34% rr; 23–41% mm), suggesting that the chain-end control and enantiomorphic
site-control mechanisms operate simultaneously.

The steric environment for iron complexes with tridentate pyridine-bis(imine) ligands is similar
to that for the Ni diimine complexes, except that the two metal-bound halogen atoms, which are
presumably transformed into a polymerization site upon activation, are located in the plane perpen-
dicular to the Fe-N3 plane (9, Figure 6.2), while they are in the Ni-N2 plane of the square planar Ni
complexes.30,31 In the iron complex–catalyzed polymerizations, the propylene monomer is inserted
in a highly regioregular 2,1-fashion and exclusively yields 1-propenyl chain ends. The polypropylene
that is produced is prevailingly isotactic (up to 67% mmmm at−20 ◦C; 69% mm at 0 ◦C) irrespective
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of the catalyst symmetry (9a–9i, Figure 6.2), indicating that the stereochemistry is dictated by
chain-end control.32,33

6.3 BIS(PHENOXY-IMINE) GROUP 4 COMPLEXES (FI CATALYSTS)

A series of group 4 transition metal complexes discovered by scientists at Mitsui incorporating
two phenoxy-imine chelate ligands15 (FI catalysts, named after the Japanese pronunciation of the
ligand13) can be readily varied in their structures and catalytic properties by systematically changing
the substituents (R1 to R3 of 3, Figure 6.1) of their phenoxy-imine ligands, which can be synthes-
ized in a straightforward way from readily available chemicals.13–16 An enormous ligand library
has been built and studied around the polymerization properties of the various combinations with
the central metals and the cocatalysts. The existence of this diversified library makes the FI catalyst
family extremely versatile, such that polyolefins with specific desired properties (molecular weight,
molecular weight distribution, comonomer content, chain-end structure, tacticity, etc.) can some-
times be obtained in a predictable way by selecting appropriate combinations of ligands, metal, and
cocatalyst.

Peculiar propylene polymerization behaviors of FI catalysts including syndioselective living
polymerization were first disclosed in the patent application by Mitsui Chemicals, Inc. filed in Janu-
ary 200016 and have been published in the subsequent scientific papers by the same group. Coates
and coworkers at Cornell University independently conducted intensive work on Ti-FI catalysts, and
reported their results on syndioselective propylene polymerization in June 200034 and on syndiose-
lective living propylene polymerization in February 2001.35 Since then, a great deal of work aiming
at the design and synthesis of new and superior FI catalysts and at understanding polymerization
mechanisms for FI catalysts, has been carried out, and is discussed below.

6.3.1 PROPYLENE POLYMERIZATION WITH FI CATALYSTS ACTIVATED WITH MAO

Theoretically, the FI catalysts can possess five isomers, among which a C2-symmetric cis-N, trans-O,
cis-Cl configuration shown in Figure 6.1 (complex 3) is the most stable, although a C1-symmetric
cis-N, cis-O, cis-Cl configuration is sometimes observable depending on the ligand structure and the
group 4 metal centers.13–16,37,51 Despite the fact that most of the FI catalysts have a C2-symmetric
cis-N, trans-O, cis-Cl configuration, the FI catalysts behave in quite a different way from the
isoselective C2-symmetric metallocene complexes for propylene polymerization. Ti-FI catalysts
with MAO used as the cocatalyst polymerize propylene in a moderately to highly syndiotactic
manner,18,34–38 whereas the corresponding Zr-FI and Hf-FI catalysts used in conjunction with MAO
afford atactic to slightly syndiotactic polypropylene.39,40 The stereoerrors in the syndiotactic polypro-
pylenes obtained with Ti-FI catalysts are of the isolated m-type (. . .rrrrmrrrr. . .), indicating that the
syndioselective enchainment is mediated through chain-end control.34–38 The molecular weights of
the polypropylenes that are obtained are also strongly affected by the identity of the group 4 metal
center. Low molecular weight polymers or oligomers with double bonds at one chain end (formed
through β-H transfer) are principally obtained when Zr-FI and Hf-FI catalysts are used,39,40 while
much higher molecular weight polypropylenes are produced with Ti-FI catalysts.34–38 When R1 is
perfluorophenyl, the nature of Ti-FI catalysts to form high molecular weight polymers is further
pronounced, and the catalysts exhibit a robust living nature for both propylene polymerization and
ethylene polymerization,41 with much enhanced propylene syndioselectivity relative to the corres-
ponding nonfluorinated catalysts (R1 = C6H5).42 The difference in polymerization characteristics
between Ti-FI and Zr-FI/Hf-FI catalysts when activated with MAO may be attributed to differences
in the regiochemistry of propylene insertion (Scheme 6.1).43–46,29 Regarding Ti-FI catalysts, a pro-
pylene molecule is inserted into the Ti-R bond exclusively in a 1,2-fashion (primary insertion) when
R is -H or -CH3. For ethylene/propylene copolymerization, primary insertion of propylene is also
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propylene unit (left) and that of a coordinating propylene monomer (right). For example, kps is the rate constant
of a secondary (2,1-) insertion to a primary chain end.

favored after ethylene insertion, that is, R = -CH2CH2-. However, when R becomes -CH2CH(CH3)-
(as after the primary insertion of a propylene monomer), primary propylene insertion to this primary
chain end (kpp) seems to be energetically comparable with or slightly less favorable than 2,1-insertion
(secondary insertion; kps ≥ kpp), depending on the catalyst structures and polymerization conditions.
Once a secondary insertion occurs, which sets a -CH(CH3)CH2- structure at the chain end of the
active species, the subsequent insertion is preferentially secondary (kss � ksp). On the whole, the
regioselectivity described above ends up comprising prevailingly secondary insertion with an exclus-
ive 1,2-insertion at the initiating chain-end. Propylene polymerization through secondary insertion
is highly unusual for group 4 transition metal-mediated olefin polymerization. In contrast, Zr-FI
and Hf-FI catalysts polymerize propylene through ordinary primary insertion with a considerable
amount of regioerrors.39,40

The behavior of apparently C2-symmetric Ti-FI catalysts is obviously different from that of
isoselective C2-symmetric metallocenes that polymerize propylene by 1,2-insertion through an enan-
tiomorphic site-control mechanism. Instead, it is similar to that of soluble vanadium catalysts for
which the propylene insertion is secondary, and where polypropylene with low to moderate syndio-
tacticity is formed through a chain-end control mechanism (see Section 6.2.1).5–8 The well-defined
nature of FI catalysts relative to classical vanadium catalysts allows systematical change of their
molecular structures, which leads to intriguing results on a stereoregulating mechanism. The steric
modulation of R2 substituents gives a sharp increase in syndioregularity that is proportional to
the volume of R2, producing up to 94% of rr triads when R2 = Me3Si (Table 6.1).18,34–38,47 In
a comparison between R1 = C6H5 and R1 = C6F5, the fluorinated complex tends to give higher
syndioregularity when R2 and R3 are the same for both catalysts (Table 6.1, runs 4, 5).34–38,42 All
of these results are rather unexpected in view of traditional chain-end control, in which stereose-
lectivity is governed by the asymmetry of the last inserted monomer unit, whereas the chain-end
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TABLE 6.1
Effects of the R2 Substituent of Ti-FI Catalysts (3, Figure 6.1) on
Propylene Polymerization36,38,42

Run R1 R2 R3 Activitya Mn/104b Mw/Mnb Tmc rrd

1e C6F5 H H 30.7 18.9 1.51 n.d.f 43
2e C6F5 Me H 68.8 26.0 1.22 n.d.f 50
3e C6F5 i-Pr H 31.1 15.4 1.16 n.d.f 75
4e C6F5 t-Bu H 3.70 2.85 1.11 137 87
5g C6H5 t-Bu H 0.95 0.43 1.38 97 62.9h

6e C6F5 SiMe3 H 5.86 4.70 1.08 152 93

akg polymer/mol Ti·h.
bNumber average molecular weight (Mn) and weight average molecular weight (Mw)
measured by gel permeation chromatography (GPC, polypropylene calibration).
cPolymer melting point measured by differential scanning calorimetry (DSC).
d% rr dyads unless otherwise noted as measured by 13C NMR.
eToluene (250 mL), 0.1 MPa of propylene, 25 ◦C, 5 h, Ti-FI Catalyst = 10 µmol,
MAO = 2.5 mmol.
f Not detected.
gToluene (350 mL), 0.37 MPa of propylene, 1 ◦C, 6 h, Ti-FI Catalyst = 0.1 mmol,
MAO = 15 mmol.
h% rrrr.

controlled syndioselectivity observed with the Ti-FI catalysts is obviously affected by the catalyst
ligand structure (ligand-directed chain-end control). The chain-end controlled syndioselectivity that
was observed was explained theoretically using the hypothesis that the Ti-FI catalysts are fluxional
between the � and � enantiomers of their cis-N, trans-O, cis-Cl configuration (Scheme 6.2).48,49

According to the proposed mechanism, the octahedral active species are subject to fluxional iso-
merization between the � and � forms at a rate comparable to or faster than chain propagation,
driven by the stereochemistry of the α-carbon of the last 2,1-inserted propylene unit to ease steric
interference between the specific polymer configuration and an R1 substituent. The energetically
favored diastereomers (re-chain/�-site, E or F and si-chain/�-site, A or B) exert a strong stereose-
lectivity on propylene coordination and insertion, which essentially functions as a result of steric
repulsion between the ligand R2 substituents, and the methyl group of the coordinating propylene
(�-site/si-face, E and�-site/re-face, B). Thus, the stereochemistry of the α-carbon dictates the face-
selectivity of the prochiral propylene monomer (re-chain preferred si-face, and si-chain preferred
re-face) using the ligand of the catalyst as an intermediary. This scenario, which was originally
proposed for the soluble vanadium catalysts,50 is in good accord with the observation that the steric
bulk of the Ti-FI catalyst R2 substituent has a pronounced effect upon syndioselectivity. Although
the postulated inversion between the � and � forms is not experimentally supported, FI catalysts
are likely to be fluxional in solution, as has been reported for some Zr-FI catalysts51 and some other
related complexes,52 probably through dissociation of an M–N bond.

6.3.2 PROPYLENE POLYMERIZATION WITH FI CATALYSTS ACTIVATED WITH
i -Bu3Al/[Ph3C]+[B(C6F5)4]−

When FI catalysts are activated by i-Bu3Al/[Ph3C]+[B(C6F5)4]−, the polymerization character-
istics are strikingly different from those observed for MAO activation. This is because the imine
groups of the FI catalysts, -CH==NR1, are susceptible to attack by electrophiles and are easily
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SCHEME 6.2 A proposed mechanism for the chain-end controlled syndioselective propylene polymerization
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reduced, in this case by i-Bu3Al to -CH2-NR1-Al-i-Bu2 groups with the concurrent formation of
isobutylene (Scheme 6.3, lower path).53 The catalyst species with reduced ligands are, in gen-
eral, lower in polymerization activity than the corresponding MAO-activated species, but tend to
polymerize olefins into extremely high molecular weight polymers. Propylene polymerization char-
acteristics of these species with reduced ligands can be varied by changing the metal center and
the ligand substituents in an apparently similar manner to that for the MAO-activated FI catalysts,
but with opposite selectivity. A Ti-FI catalyst, bis[N-3-tert-butylsalicylidene)anilinato]titanium (IV)
dichloride, yields ultra-high molecular weight atactic polypropylene with a significant amount of
regioirregular units upon activation with i-Bu3Al/[Ph3C]+[B(C6F5)4]−.54 On the other hand, the
corresponding Zr-FI and Hf-FI catalysts afford rather isotactic polypropylenes, mmmm = 36% for
Zr and mmmm = 56% for Hf.54 In these polymerizations, the polymer product obtained with the
Ti catalyst exhibits a relatively broad molecular weight distribution (Mw/Mn = 4.15), indicating
the presence of multiple active species, whereas the Zr and Hf catalysts demonstrate single-site
polymerization characteristics (Mw/Mn = 2.42, and 2.15, respectively). The isoselectivity of the
Zr- and Hf-FI catalysts activated with i-Bu3Al/[Ph3C]+[B(C6F5)4]− can be improved by chan-
ging the ligand substituents. The bulkiness of the R2 substituents has a tremendous impact on the
isotacticity of the polypropylene that is produced. The best result thus far have been obtained when
M = Hf , R1 = cyclohexyl, R2 = adamantyl, and R3 = CH3. Although this catalyst exhibits
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SCHEME 6.3 Activation of FI Catalysts (a) with MAO and (b) with i-Bu3Al/[Ph3C]+[B(C6F5)4]− and
formation of putative active species for olefin polymerizations. R1 to R3 are, for example, as defined in
Table 6.1. R is presumably the isobutyl group.

multiple-site character (Mw/Mn = 14.6), isotacticity reaches 97% mmmm and the melting temper-
ature of the polypropylene is 165 ◦C after removal of low stereoselective polymers by fractionation
with boiling hexane.17 Microstructural analyses of these isotactic polypropylenes suggest that the
polymerization proceeds through an enantiomorphic site-control mechanism with the primary (1,2-)
insertion of propylene.17 Although the structure of the active species of FI catalysts activated with
i-Bu3Al/[Ph3C]+[B(C6F5)4]− remains elusive, there are three possibilities that might rationalize the
observed isoselectivity. The first possible explanation is that the presumed phenoxy-amine catalyst
species possesses a C2-symmetric, octahedral cis-N, trans-O, cis-Cl configuration similar to that of
the nonreduced phenoxy-imine. However, the fluxional inversion of chirality assumed to occur with
the phenoxy-imine catalysts (Section 6.3.1) may be inhibited by the large substituents on the amine
nitrogen. The second possibility is incomplete reduction of the imines by i-Bu3Al, which may result
in a C1-symmetric (phenoxy-imine) (phenoxy-amine)M-P species (P = polymer chain). The third
possibility is that both imines are reduced into amines but one of the amine-metal bonds is elongated
or dissociated owing to the steric bulk and the reduced basicity of Al-coordinated amine moiety,
which leads to a species with C1-symmetric structure. In any case, an isoselective polymerization
through the primary insertion of propylene monomers with these Zr- or Hf-FI catalysts can occur
through a similar mechanism to that operative for metallocene catalysts having C2 and C1 symmetry.

6.4 CONCLUSIONS

Rapid progress in the design and synthesis of well-defined organometallic complexes and the rational
interpretation of the polymerization reaction mechanisms has made highly stereoregular propylene
polymerizations using nonmetallocene catalysts a reality. Two important outcomes may arise from the
recent development of stereoselective nonmetallocene polymerization catalysts. First, the dynamic
character of these complexes (such as fluxional isomerization) may present another useful strategy
for realizing highly stereoselective reactions, which is in a sharp contrast with the sterically rigid
ligand frameworks that have been used to improve stereoregularity in metallocene-based chemistry.
Secondly, new stereoselective catalysts with novel molecular structures (which may, unfortunately,
be beyond rational design or imagination for most of us) may be identified with combinatorial
chemistry.
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SCHEME 7.1 Stereochemical and regiochemical conformational alternatives for a representative ansa-
metallocene catalyst shown with growing polypropylene chain.

7.1 INTRODUCTION

This chapter presents a review of theoretical studies of stereo- and regiocontrol in propylene poly-
merization. The working hypothesis of researchers in this field is that an enhanced understanding
of the molecular sources of stereo- and regiocontrol will lead to the development of improved poly-
merization catalysts. The intellectual challenge of this and other theoretical catalytic studies is that
understanding selectivity is an exercise in transition state energetic differentiation. For site control in
propylene polymerization, this means computing the energetic difference between transition states
that are merely conformeric alternatives for the methyl group of the approaching propylene (Scheme
7.1). In this scheme, the upper left conformation illustrates stereonormal 1,2-insertion, whereas the
upper right illustrates stereoerror 1,2-insertion. The two lower conformations illustrate 2,1-regioerror
conformations. Given that heroic efforts are needed to compute bond energies or excitation ener-
gies to “chemical accuracy” for even the smallest of organic molecules,1 one must ask the question
of how meaningful stereo- and regiodifferentiations can be computed for the large complexes of
olefin polymerization. In this chapter, the limitations of alternative theoretical methodologies are
described, and a roadmap for computing the necessary small energy differences are provided along
with validating examples.

7.2 METHODOLOGIES

As discussed earlier,2 a range of theoretical approaches (including simple sketches, through rigid
docking studies, and complete conformational searches including all electronic and nuclear degrees
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FIGURE 7.1 Fragment analysis of a metallocene-based olefin insertion transition state (a = transition metal
+ associated ligand; b = olefin + α carbon of polymer chain; c = remainder of polymer chain).

of freedom) have been used to study regio- and stereodifferentiation in olefin polymerization. Each
theoretical approach plays a useful role in this process, but has its own limitations. In this section, a
number of areas of concern are summarized, and a number of theoretical methodologies are reviewed.

As sketched in Figure 7.1, the analysis of the challenges associated with modeling stereo- and
regiodifferentiation breaks the problem into three structural fragments. For the first fragment, the
transition metal and associated ligand (Figure 7.1a) is considered to be rather rigid and is common
to each regio- and stereoconfiguration. For the second fragment, the olefin and α carbon (Cα) of the
polymer chain (Figure 7.1b) along with the metal center are the focus of the electronic reorganization
that occurs during the reaction. For the final fragment, the remaining polymer chain (Figure 7.1c) is
the source of conformational flexibility and nonbonded/steric interactions.

7.2.1 ELECTRONIC REORGANIZATION ERRORS

A number of years ago, it was recognized that the geometry of the olefin and α carbon of the poly-
mer chain in an olefin polymerization transition state (Figure 7.1b) is remarkably similar to the
transition state geometry for addition of a methyl radical to an olefin (compare Figure 7.2a and b).3

This structural similarity led Polyakov to carry out a large-scale quantum mechanics study of both
the addition of a methyl radical to ethylene, and the 1,2- and 2,1-additions of a methyl radical to
propylene (Figure 7.2c). The geometrically similar model system was studied because more com-
putationally intense and accurate methodologies could be applied to this much smaller system. Both
hybrid density functional (B3LYP) and wave function Projected Møller Plessset perturbation the-
ory to second order (PMP2) quantum mechanical (QM) techniques were systematically used as a
function of basis set size.4 Figure 7.3 summarizes key results. In this study, the Gaussian basis set
was systematically improved through the addition of shells of Gaussian functions5,6 as displayed
from left to right in the figure for both the PMP27 and B3LYP8 calculated activation energy barriers.
The PMP2 barriers systematically drop as the basis set is improved, whereas the B3LYP barriers
systematically increase. At the large basis limit, the density functional (B3LYP) barriers are roughly
1.2 kcal/mol higher than the wave function (PMP2) barriers. This error would have no impact on
stereo- or regiodifferentiation were it not for the additional 1.4 kcal/mol differential between 1,2-
and 2,1-addition. This 1.4 kcal/mol additional error will have a profound impact on regiodifferen-
tiation for propylene homopolymerization as well as for ethylene–propylene copolymerization. A
probable explanation for this 1.4 kcal/mol error between the two methods can be extracted from an
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FIGURE 7.2 (a) MP2 geometry for the methyl radical plus ethylene transition state; (b) MP2 geometry for
the ethylene plus bis(cyclopentadienyl)zirconium methyl cation transition state; (c) schematic of the correlation
between the 1,2 propylene insertion transition state and corresponding 1,2 and 2,1 methyl radical transition states.
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FIGURE 7.3 PMP2 (wave function) and B3LYP (hybrid density functional) activation energies for methyl
radical reaction with ethylene, and for 1,2 and 2,1 approach to propylene, as a function of Gaussian basis set.
Energies are in kcal/mol.
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FIGURE 7.4 Methane dimer potential curve showing the van der Waals binding energy (E) as a function of the
C–C distance (R) for MP2 wave function (solid line) and B3LYP density functional (dashed line) approaches.

analysis of methane dimer. Dispersion, the attractive part of a van der Waals potential, is absent in
modern density functional methods such as B3LYP; they simply do not account for the dispersive
attraction between nonbonded electrons.9–11 Hence, the interaction between two methane molecules
is computed by B3LYP to be purely repulsive. In contrast, MP2 does provide the type of electron
correlation associated with dispersion,11 and a binding energy of roughly 0.5 kcal/mol is computed;
potential curves are provided in Figure 7.4. At the methane–methane equilibrium distance, Re ∼ 3.6
Å (the methyl–methyl distance at the transition state for the 2,1 approach of methyl to propylene
modeled in Figure 7.3), the error between the density functional and wave function computations is
roughly 1 kcal/mol. For RMe−Me = 2.7 Å (the methyl–methyl distance for the 1,2 methyl approach
to propylene transition state modeled in Figure 7.3), the error is 2.7 kcal/mol. Thus, a differen-
tial dispersion error of 1.7 kcal/mol is anticipated for density functional-computed methyl-ethylene
regiodifferentiation.

7.2.2 POLYMER CHAIN ISSUES

The growing polymer chain (Figure 7.1c) is generally acknowledged to provide the bulk of the
stereodifferentiation observed in ansa-metallocene propylene polymerization. Early computational
studies of stereodifferentiation12 arose from chemists’ pencil and paper models that assumed, a la
Ockham’s razor, that the polymer chain could only adopt a single conformational orientation.13 If
conformational flexibility of the polymer chain is acknowledged, then several computational issues
arise regarding the growing polymer chain. First, what is the orientation of the α carbon directly
attached to the metal (Cα)? Secondly, what is the minimally appropriate length of the chain? Thirdly,
what is the conformational flexibility of the chain, that is, how many low-lying conformations are
there? And lastly, what, if any, is the interaction of the growing polymer chain with the associated
counteranion?

7.2.2.1 Cα Orientation

Starting with the first electronic structure calculations on olefin polymerization,14–16 it has been
observed that there are two classes of transition state orientation for Cα that are nearly isoenergetic
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FIGURE 7.5 Cα transition state conformational orientations for 1,2 approach of propylene to a L2MR+
catalyst active site.
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FIGURE 7.6 Pino–Corradini Stereocontrol model: (a) stereonormal insertion, (b) stereoerror insertion with
associated steric repulsions, (c) ethyl, (d) propyl, and (e) isobutyl chain models.

(within 1 kcal/mol) (Figure 7.5). In the first class, the methyl adopts a staggered orientation with
respect to the olefin substituents consistent with the orientation of the product polymer chain. In the
second class, the methyl adopts an eclipsed orientation relative to the olefin substituents. This orienta-
tion provides a metal to C–H bond agostic interaction, but also introduces repulsive interactions with
the olefin. For both orientations, the Cα hydrogen shown in Figure 7.5 is in the plane defined by the
olefin C–C bond and the M–Cα bond. As discussed in Section 7.3.1, the orientation that is ultimately
favored is strongly dependent on ligand structure, stereoconfiguration of the propylene molecule,
stereoconfiguration of the polymer chain, as well as the presence or absence of a counteranion. For
any given polymerization system, both classes of Cα orientation must be considered.

7.2.2.2 Minimal Chain Length

Dating from the 1980s, Corradini’s extension13 of Pino’s active site model12 defined the minimum
polypropylene chain length needed to account for stereocontrol. As shown in Figure 7.6, stereodif-
ferentiation arises from an interaction between the propylene methyl and a methyl group attached to
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the β carbon of the polymer chain (Cβ); compare Figure 7.6a and b. Despite its use in the literature
as a polymer chain model, an ethyl chain is simply too short17 to provide predictive stereodifferenti-
ation. The preferred conformation of an ethyl substituent places it in the ansa-metallocene equatorial
plane away from the propylene (Figure 7.6c). This symmetric placement cannot provide significant
stereodifferentiation. Constraining the ethyl chain so as to provide stereodifferentiation is certainly
artificial—the generally accepted Corradini–Pino model does this by ascribing stereodifferentiation
to a pendant methyl of the polymer chain. Extension of the chain by one carbon to a propyl chain
again cannot provide stereodifferentiation—equatorial placement of the chain is again preferred
(Figure 7.6d). Constraining the propyl chain into a conformation that provides steric interaction
does not necessarily mean that it is the proper conformation; it merely presupposes an answer and
eliminates the possibility of contributing to the understanding of why a given catalyst yields a partic-
ular level of stereodifferentiation. Addition of another carbon, generating an isobutyl chain (Figure
7.6e), again cannot provide stereodifferentiation because the methyl groups of an isobutyl chain are
equivalent. The ligand backbone can, in principle, provide some orientational bias; however, proper
conformational sampling should minimize this bias. The smallest chain model that can, in principle,
provide chain-induced stereodifferentiation is the pentyl chain (Figure 7.6a). Even this chain should
provide only minimal differentiation owing to the minor steric difference between its methyl and ethyl
substituents.

7.2.2.3 Chain Flexibility

Considering the pentyl chain of Figure 7.6 with a pendant polymer group, there are four conforma-
tionally active torsions, each with three torsional minima giving rise to 81 conformational minima
(Figure 7.7). When the two classes of Cα orientation are considered, the number of conformational
minima doubles to 162. Based on the trans-gauche energy difference in butane of 0.7 kcal/mol and
a carbon sp3–sp3 rotation barrier of roughly 3 kcal/mol, a large fraction of these 162 conformations
are kinetically and thermally accessible. This conformational space needs to be coupled with the four
propylene orientations of Figure 7.3 since chain conformational preferences are likely coupled with
propylene orientation. A few conformations are eliminated by the “pentane effect” that describes the
relative inaccessibility of the gauche+-gauche− and equivalent gauche−-gauche+ conformations
owing to methyl–methyl repulsions; in the idealized structure, the nonbonded C–C distance is 2.5 Å.
An additional number of conformations are excluded by the ligand framework—the precise number
being dictated by the ligand fragment. The calculational challenge lies in knowing which conform-
ations are accessible/preferred for a given ligand. This can be accomplished through a systematic
sampling of the entire conformational space, through a Monte Carlo search, or through an annealed
molecular dynamics procedure.18

Poly Poly Poly Poly

FIGURE 7.7 The four conformationally active torsions of a pentyl chain model.
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7.2.2.4 Chain–Anion Interaction

As described in other chapters, single-site olefin polymerization is a rather complex task. Typically, a
well-defined organometallic complex is mixed with an activator complex, usually a Lewis acidic main
group organometallic complex, to generate an active catalytic system composed of a cationic metal
complex and an anionic main group complex. In the primarily nonpolar polymerization medium,
the cation and anion form an ion pair wherein the counteranion is not an innocent spectator. The
strongly interacting anion certainly must sterically restrict or distort the available conformational
space of the polymer chain.

The most common activator is known as MAO (methylaluminoxane). MAO is a complex mixture
of chemical species, but has the rough C:Al:O stoichiometry of 1:1:1. MAO is prepared from the care-
ful reaction of trimethylaluminum with water. As described earlier, the Rappé group has developed
a MAO model based on structural studies and analogy to AlR(NR’) clusters. The model consists
of a (AlMeO)9 cluster that has abstracted a Me− and has had the resulting two-coordinate oxygen
coordinated by the Lewis acidic AlMe3. In the following discussion, we refer to this counteranion
model as MAO9.

7.2.3 DIASTEREOMERIC ENERGY DIFFERENCES

Practical stereodifferentiation corresponds to activation energy differentiation of 1–2 kcal/mol. In
studies on stereodifferentiation,19,20 computational chemists have relied on the empirical observation
that stereodifferentiating transition state energy differences are more accurate than the computa-
tion of the absolute barrier heights—the energy difference between the reactants and transition
state. If the monomer’s olefinic atoms are roughly in the right place, errors in intramolecular ener-
getic terms will likely cancel for the four possible conformeric transition states of Scheme 7.1,
and energetic differentiation will arise predominantly from intermolecular effects. Hence, errors
in energetic differentiation will arise from errors in the computation of intermolecular interac-
tions. The limitations highlighted in Section 7.2.1 are of particular concern for density functional
studies.

Olefin polymerization is not a simple single-step olefin insertion process; it involves complex
kinetics and multiple equilibria. Insertion is preceded by olefin complexation21,22 (Scheme 7.2a) or
olefin complexation coupled with counterion displacement (Scheme 7.2b). In view of this complexity,
how can the use of barrier differences be justified? The use of barrier height differences arises from
the Curtin–Hammett principle.23 The Curtin–Hammett principle is a kinetic analysis that describes
product distributions for reactions involving a pair of equilibrating reactants or intermediates, each
capable of forming a product. The stereodifferentiation of general isotactic polymerization can be

M P +
M PM P

StereonormalStereoerror

M P + M P M P′

(a)

(c)

M P + M P

(b)

A AA

M P′

SCHEME 7.2 Olefin polymerization reaction schemes; (a) conventional Cossee–Arlman reaction sequence;
(b) counteranion displaced reaction sequence; (c) stereodifferentiation reaction sequence. P and P′ represent
polymer chains of length n and n + 1, respectively.
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FIGURE 7.8 Potential curves for Curtin–Hammett/Winstein–Holness kinetics limiting cases (a) L1 limit
where the free energy difference between barriers dictates product distribution and (b) L2 limit where the free
energy difference between equilibrating intermediates dictates the product distribution.

described by a set of reactions in Scheme 7.2c. Starting in the middle with free olefin and a metal
active site, reversible coordination by each enantioface occurs. Insertion through the right pathway
leads to stereonormal chain growth. Insertion through the left pathway leads to a stereoerror. If the
olefin complexation equilibria are rapidly maintained relative to product formation, then the L1
potential curve of Figure 7.8a applies, and the energy differences between transition states dictate
the polymer stereochemistry. If instead olefin complexation equilibria is rate limiting, then the L2
potential curve of Figure 7.8b applies, and the energy difference between intermediates A and B
dictates polymer stereochemistry.

7.2.4 MODELS

The primary goals of site-control theoretical modeling efforts are to understand the molecular basis
for stereo- and regiocontrol and to suggest ways to enhance differentiation. As reviewed elsewhere,2

these modeling efforts range from simple pencil and paper sketches to large-scale electronic structure
studies. Each approach has both utility limitations.

7.2.4.1 Conceptual Models

Over the years, advances in the stereochemical control of polymerization catalysis have arisen
from conceptual models of the 3-dimensional shape of the polymerization active site. The ori-
ginal stereocontrol model of Pino et al.12 was based on crystal structure of the dichloride catalyst
precursor. The chlorides of the crystal structure were removed, and a propylene monomer and
ethyl chain visually added. The utility of the model was established by its success in explaining
the stereochemistry of propylene hydrooligomerization. As discussed in Section 7.2.4.2, Pino’s
model was quickly replaced by a model that more properly incorporated the shape of the poly-
mer chain. Lacking an energy representation, it is not possible for conceptual models to estimate
the magnitude of stereo- or regiodifferentiation of a given model. The usefulness of a conceptual
model rests in its utility for explaining experimental observations and for formulating additional
experiments.
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7.2.4.2 Molecular Mechanics

Molecular mechanics (MM)18 is a simple computational molecular model primarily used for under-
standing conformational energy differences and structural deviations due to steric interactions in
isolated molecules. It is also used to understand nonbonded interactions between molecules. Because
bonded atoms are typically held together by nonphysical harmonic potentials in MM, the bond break-
ing/bond making events of chemical reactivity are not within its natural arena. Since the late 1980s,
the stereo- and regiochemical differentiation questions of single-site propylene polymerization have
been cast as conformational questions, albeit involving somewhat distorted structures. Early and use-
ful efforts relied on rigid transition state models that varied only a few torsional degrees of freedom to
relieve steric repulsions. Corradini et al.13 used such a model to confirm Pino’s active site model, and
to enhance it to include the impact of the stereochemistry of the growing polymer chain. Using MM,
Corradini and coworkers found that steric interactions between the propylene methyl groups and the
methyl substituent of the last inserted propylene were important for stereocontrol. They suggested
that the dominant interaction was that between the polymer chain and the propylene methyl group,
rather than direct interactions between the propylene methyl group and the active site. The active
site was proposed to cause the polymer chain to adopt a conformation leading to the chain-monomer
repulsion. In 1991, this hypothesis received experimental support from Erker et al’s observation24 of
double stereodifferentiation; both enantiomorphic-site control and chain-end control were found to
contribute to stereodifferentiation. (For additional information on enantiomorphic-site control and
chain-end control see Chapter 1.)

More recent MM studies25–28 have permitted more complete geometric relaxation to release steric
strain and moderate the magnitudes of steric effects. Quite recently, full transition state geometric
relaxation including polymer chain conformational sampling has been achieved, and stereo- and
regiodifferentiation events comparable in magnitude to experiment have been computed.29

7.2.4.3 Electronic Structure Models

Modern electronic structure or QM technologies do not rely on any knowledge of molecular structure
or preconceived ideas about bonding.30 The geometry of unknown as well as known complexes can
be determined. Electronic structure methods can be straightforwardly used to study new compositions
of matter, and hence, novel catalysts. They can also be employed to characterize the transition states
of chemical transformations. This freedom comes at the expense of an increased computational
effort. As discussed in Section 7.2.1, density-functional theory (DFT), the most popular of the
electronic structure methodologies, lacks dispersion and hence cannot properly describe the important
intermolecular effects associated with stereodifferentiation.

7.2.4.4 Combined Methods

The time demands of modern electronic structure techniques have limited researchers to electronic
structure studies on small model complexes. Unfortunately, the interesting and important questions in
single-site catalyzed polymerization concern the large steric encumbrances that chemists have added
to achieve molecular control. To begin to address these important questions, theorists have begun
to develop and apply hybrid methods.31–35 These methods are a combination of electronic structure
(QM) methodologies and MM techniques. In the most widely used QM/MM technique, ONIUM31,32

modern electronic structure theory is used for the atoms involved in electronic reorganization, and
force field methods are used for the steric periphery. In another hybrid technique termed the reaction
force field (RFF),33–35 electronic structure methods and bonding concepts are used to develop the
shapes of potential surfaces,33 and QM resonance is used to couple potential surfaces together to
describe reactions.34,35 Recent theoretical reports36–41 and the results in Section 7.3 highlight the
dramatic role that the “real” ligands play in olefin binding as well as in stereocontrol.
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7.3 EXAMPLES

The issues raised in Section 7.2 are best illustrated by considering several real-world examples.
Isotactic polymerization is considered first, followed by syndiotactic polymerization. These clas-
sic examples are followed by two studies on novel polymerization systems. The third case
study concerns a single-site metallocene system that produces a stereoblocky material with novel
elastomeric properties. The last example involves an ethylene–propylene copolymerization cata-
lyst that exhibits nonrandom monomer incorporation. Common themes of these four examples
include monomer–polymer chain control, van der Waals attraction, and the importance of the
counteranion.

7.3.1 ISOTACTIC POLYPROPYLENE

A number of groups have contributed to the development of computational models of ansa-
metallocene-based isotactic polypropylene catalysts. Their work will be briefly reviewed here.

In the early 1990s, Castonguay and Rappé,42 Hart and Rappé,43 Guerra et al.,28 and Yu and
Chien25 reported MM investigations of stereoselectivity for ansa-metallocene catalysts, predomin-
antly zirconium indenyl and tetrahydroindenyl ansa-metallocene bare cation models. By adopting
somewhat rigid transition state models, stereodifferentiation magnitudes in line with experiment
were computed. Despite agreement with experiment, it is not possible to assess whether or not the
agreement was due to the author’s precise choice of transition state model.

In addition in the early 1990s, Kawamura-Kuribayashi et al. published44 a combined ab initio-
MM (QM/MM) study of a range of substituted Ti, Zr, and Hf indenyl bare cation ansa-metallocenes
that radically overestimated the energetic differentiation for stereo- and regiodifferentiation in
isotactic propylene polymerization. Here, regiodifferentiation greater than 20 kcal/mol was com-
puted for catalysts with experimentally observed regiodifferentiations of at most a few kcal/mol.
More refined work from the Morokuma and coworkers in 199645 dropped the regiodifferentiation
energies to ∼ 10 kcal/mol, though the computed stereodifferentiation rose to 16 kcal/mol for a bare
cation model of an aryl substituted bis(indenyl) catalyst with an experimentally observed stereodif-
ferentiation of roughly 4 kcal/mol.46,47 In this study, the positions of the transition state core (the two
olefinic carbons, Cα, and zirconium) were held fixed based on the electronic structure optimization
of the ethylene-zirconium methyl system.

In 1994, Spaleck et al. reported one of the major achievements in single-site catalyst
evolution.46,47 They found that by making appropriate bis(indenyl) ansa-metallocene ligand modific-
ations, they were able to achieve enhanced stereocontrol, increased molecular weight, and improved
catalyst productivity in isotactic propylene polymerization. A portion of this experimental data is
collected in Figure 7.9. Normally, attempts to improve catalyst performance result in a trade off
between increasing activity and increasing selectivity. Adding large ligand substituent groups to
control the reaction, as for example in going from 1 to 2, also usually slows the polymerization.
The aryl-substituted system 2 has been studied twice; first as discussed above by the Morokuma and
coworkers,45 and more recently by Bormann–Rochotte.29

Findings by Bormann–Rochotte relevant to the discussion in Section 7.2.2 include (1) the import-
ance of van der Waals interactions, (2) the importance of chain conformational sampling, and (3) the
importance of the counteranion. This work is summarized below.

7.3.1.1 van der Waals Interactions

One of the most intriguing computational observations of the Bormann–Rochotte work was the
computed decrease in the stereonormal propylene insertion barrier caused by the addition of the
4-naphthyl substituent to each indenyl ring. In agreement with the experiment, addition of a steric
encumbrance decreased the barrier. Visual examination of the insertion saddle point provides an
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FIGURE 7.9 As studied by Spaleck et al., 4-aryl substitution impacts catalyst performance in producing
isotactic polypropylene. Shown are precatalysts dimethylsilylene bis(2-methylindenyl)zirconium dichlor-
ide (1) and dimethylsilylene bis(2-methyl-4-naphthylindenyl)zirconium dichloride (2). Liquid propylene
polymerization at 70 ◦C, Zr:Al 1:15,000, methylaluminoxane cocatalyst.

explanation for this observation (Figure 7.10). At the insertion saddle point, the methyl group of
the propylene is found to be within van der Waals contact of the aromatic ring, and is placed in
the attractive well of the interaction rather than in the inner repulsive wall (3.5 Å). In the reactants,
free propylene and the alkylated cation of 2, this stabilizing van der Waals interaction is absent; thus,
the saddle point is differentially stabilized.

7.3.1.2 Chain Orientation

As discussed in Section 7.2.2.1, there are two classes of transition state chain orientation—staggered
and eclipsed with respect to the monomer olefin substituents. For both classes, at the insertion
transition state, there is a Cα–H bond nearly in the plane defined by the metal–Cα and olefinic C–
C bonds. Bormann–Rochotte computed the Cα–H bond to be 31 ◦ out of plane for the staggered
orientation and 23 ◦ out of plane for the eclipsed orientation. The remaining two Cα substituents
including the polymer chain occupy out-of-plane positions. These staggered and eclipsed chain
orientations are illustrated in Figure 7.11 for 2. For the staggered orientation, the C1–Zr–Cα–Cβ

dihedral angle of complex 2 is 119 ◦, very near the idealized value of 120 ◦. In the eclipsed orientation,
the C1–Zr–Cα–Cβ dihedral angle is 104 ◦, opened up significantly from the idealized angle of 60 ◦.
For 2, the staggered orientation has a 140 ◦ Zr–Cα–Cβ–Cγ dihedral angle. The eclipsed orientation
places the Zr–Cα–Cβ–Cγ dihedral angle at 92 ◦. Earlier computational studies have assumed the
eclipsed, “least motion” polymer chain orientation for the transition state.25–28,48 In the past, this
“least motion” pathway was assumed because it led to maximal stereodifferentiation.

The eclipsed and staggered chain orientations were found by Bormann–Rochotte to be nearly
isoenergetic for the transition state for stereoregular isotactic propylene insertion into a stereoregular
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FIGURE 7.10 Stereonormal insertion transition state for 2 as studied by Bormann-Rochotte; attractive van
der Waals interactions between the propylene methyl group and the naphthyl substituent aryl carbons are
highlighted. The C–C distances provided demonstrate that the carbons are in the attractive part of the curve as
illustrated in Figure 7.4.
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FIGURE 7.11 The (a) staggered and (b) eclipsed chain orientations of the stereonormal isotactic propylene
insertion transition state for 2. The olefinic carbons are labeled 1 and 2. The α, β, and γ polymer chain carbons
are labeled as well.

polymer chain (see Figure 7.12). For the stereonormal insertion, the staggered orientation was favored
by 1.8 kcal/mol for a bare cation model of 1, and by 0.6 kcal/mol for a methylaluminoxane ion pair
(1·MAO9) (gray bars in Figure 7.12). For 2, the eclipsed orientation was favored by 0.2 kcal/mol
for a bare cation model of the stereonormal insertion, and the staggered orientation was favored by
1 kcal/mol for the ion pair model (2·MAO9). Thus for bare cations, the staggered chain orientation
was favored for 1, but for 2, the eclipsed orientation was favored. For ion pair models, the staggered
chain orientation was favored for both.
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FIGURE 7.12 Olefin insertion activation energy differences relative to the isotactic propylene insertion
transition state for a stereonormal staggered chain orientation as compared to a stereonormal eclipsed chain
orientation, a stereoerror staggered chain orientation, and a stereoerror eclipsed chain orientation. Results are
reported for 1 and 2 bare cations and 1·MAO9 and 2·MAO9 ion pair models. The experimental estimate was
derived from the %mmmm distribution on an experimental polymer.

For the stereoerror insertion transition state, a syndiotactic 1,2-addition to an isotactic 1,2-ended
chain, there were more significant energetic consequences due to the chain orientation. For the bare
cation model 1, the eclipsed conformation stereoerror insertion transition state is 2.8 kcal/mol higher
than the staggered conformation stereoerror insertion transition state. This conformational differ-
entiation has mechanistic consequences. For the bare cation model 1 for the energetically favored
staggered chain orientation, a stereodifferentiation of 0.3 kcal/mol was predicted, whereas for the
higher barrier eclipsed chain orientation, a stereodifferentiation of 1.3 kcal/mol was predicted. If only
the eclipsed conformation were studied, it would be tempting to say that the observed stereodifferen-
tiation was reproduced and the counterion plays no role. However, for the ion pair model 1·MAO9,
the energetically favored staggered chain orientation model predicted a 2 kcal/mol stereodiffer-
entiation; for the higher barrier eclipsed chain orientation a 1.5 kcal/mol stereodifferentiation was
computed. For the eclipsed chain orientation, the counterion only had a 0.2 kcal/mol impact, whereas
for the staggered chain orientation, the counterion raised the stereodifferentiation 1.7 kcal/mol. This
chain orientation dependence carries over to 2. For the bare cation model 2, the eclipsed stereoerror
insertion transition state is 1.1 kcal/mol higher than the staggered stereoerror insertion transition
state. For the bare cation model 2 for the slightly higher barrier staggered chain orientation, a ste-
reodifferentiation of 3.3 kcal/mol was predicted, whereas for the energetically favored eclipsed chain
orientation, a stereodifferentiation of 4.6 kcal/mol was predicted which is in good agreement with
the experimental estimate of 4.3 kcal/mol. Again, if only the eclipsed conformation were studied, it
would be tempting to say that the observed stereodifferentiation was reproduced and the counterion
plays no role. If both chain orientations are considered (the lowest energy stereonormal eclipsed
chain compared to the lowest energy stereoerror chain, i.e., the staggered chain), as is proper, the
bare cation stereodifferentiation is 3.5 kcal/mol. For the ion pair model 2·MAO9, the energetically
favored staggered chain orientation model predicted a 4.7 kcal/mol stereodifferentiation, in good
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(a) (b)

FIGURE 7.13 Graphical impact of counteranion on chain orientation for (a) 1 and (b) 2 for a stereonormal
isotactic propylene insertion. The dashed line structure is for the bare cation; the solid line structure is for the
ion pair (1·MAO9 or 2·MAO9).

agreement with the experimental estimate of 4.3 kcal/mol; for the higher energy eclipsed chain ori-
entation, a 6.5 kcal/mol stereodifferentiation was computed. Hence, the counterion raises the barrier
by 1.2 kcal/mol.

7.3.1.3 Counteranion

As discussed above, the counteranion has a significant impact on the stereoselectivity of 1 during
isotactic polymerization, raising the relative stereodefect barrier to nearly 2 kcal/mol. As shown in
Figure 7.13a, this increase is due to a counteranion-induced polymer chain and propylene move-
ment. Repositioning the polymer chain causes greater interaction with the methyl substituent of the
incoming propylene monomer, raising the energy of the stereodefect transition state. The polymer
chain reorganization computed for 2 is significantly smaller (see Figure 7.13b), though the energetic
impact is comparable.

7.3.2 SYNDIOTACTIC POLYPROPYLENE

The model required for syndiotactic polymerization is a bit more complex than models needed for
isotactic polymerization. Rather than requiring repeated reaction by the same olefin enantioface,
olefin enantioface alternation is needed to produce a syndiotactic polymer. In 1988, Ewen et al.49

reported the discovery of a metallocene catalyst, isopropyl(cyclopentadienyl)(9-fluorenyl)zirconium
dichloride (3) that produced syndiotactic polypropylene when activated with MAO. In contrast to
catalysts such as 1 and 2 that are C2-symmetric catalyst precursors, 3 is Cs-symmetric. Ewen proposed
that in order for this catalyst to produce syndiotactic polymer, the active site must epimerize, flipping
the polymer from one active site side to the other during/after each insertion step (Scheme 7.3). During
normal-stereoselective polymerization, polymerization was suggested to proceed through a and b
(Scheme 7.3), with the polymer flipping from the left to the right side upon monomer insertion.
Stereoerrors were suggested to be due to either reaction with the incorrect olefin enantioface, as in
conventional isotactic polymerization c, or by the metal site undergoing site epimerization (polymeryl
chain inversion at the stereogenic metal center, which “swings” the chain from one site to the other
without inserting a monomer unit),50 also referred to as chain “back-skipping” d. Epimerization
is usually observed in situations where one site is more energetically favorable than the other,
therefore a chain that has “flipped” into the less favored site utilizes epimerization to return to the
more favored site. The need to think about site epimerization is unique to Cs- and C1-symmetric
active site catalysts. For C2-symmetric catalyst precursors, site epimerization is mechanistically
invisible because the two active sites are stereochemically equivalent. (For additional information
on epimerization of Cs-symmetric catalysts, see Chapter 2.)
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SCHEME 7.3 Stereochemical alternatives for metallocene-based syndiotactic propylene polymerization.

This model of syndiotactic polymerization involving Cs-symmetric active sites implicitly
assumes that site epimerization follows Curtin–Hammett L2 kinetics (Figure 7.8b) wherein the inter-
mediate interconversion barrier is significantly larger than the propagation barriers. Furthermore, if
epimeric defects are infrequent, then by the L2 model, the epimerized chain must be significantly
higher in energy than the normal chain.

In 1991, Guerra and coworkers51 reported a few-degrees-of-freedom force field study on metal-
locene syndiotactic polymerization with 3. Their modeling work supported Ewen’s mechanistic
proposal, and suggested again that the polymer chain was the primary source of stereocontrol. The
catalyst active site shape was responsible for providing the preferred orientation for the polymer
chain. In contrast to the isoselective C2-symmetric active sites in which the polymer chain and pro-
pylene monomer can each be placed in a steric “hole,” for syndioselective Cs-symmetric active sites,
the steric demands of the polymer chain induce the propylene methyl group to be pointed towards
the more substituted fluorenyl ring. This initial study was followed by more complete QM/MM
studies on 317,28,48 wherein stereodifferentiation consistent with experiment was reported without
considering epimerization.

The site epimerization feature (Scheme 7.3d) has prompted several computational efforts. Starting
with the work of Jolly and Marynick,52 theoretical studies53 have found that group 14 metallocenium
ions are pyramidal at the metal center. This gives rise to the stereogenic character of the metal center.
However, as discussed earlier,2 computed barriers to inversion at the metal are quite small, and
therefore not consistent with retention of active site stereochemistry. Recently, Busico, Budzelaar,
and coworkers,17 based on a DFT study of propylene insertion with an ethyl polymer chain model,
suggested that polymer chains longer than methyl should yield larger inversion barriers. However,
Chen and Marks reported54 an anion-dependent experimental barrier of ∼ 20 kcal/mol for the
equilibration (epimerization) step d for a methyl chain. If the methyl bare cation has a small barrier
and the methyl ion pair has a large barrier to inversion, then the counteranion should be the source
of the large barrier. This raises the question, if the counteranion does prevent site epimerization
during polymerization, how can the normal site isomerization that occurs upon monomer insertion
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SCHEME7.4 Stereochemical alternatives for syndiotactic propylene polymerization, incorporating the impact
of the counteranion (A). P and P′ represent polymer chains of length n and n + 1, respectively.
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FIGURE 7.14 Distal ligand elaboration impacts catalyst performance for the production of syndiotactic
polypropylene. Shown are precatalysts diphenylmethylene(9-fluorenyl)(cyclopentadienyl)zirconium dichlor-
ide (4) and diphenylmethylene(octamethyloctahydrodibenzofluorenyl)(cyclopentadienyl)zirconium dichloride
(5). (Liquid propylene polymerization at 20 ◦C, Zr:Al 1:1000 and 1:2000, methylaluminoxane cocatalyst.

(Scheme 7.3a and b) occur with a low barrier? What is the nature of the choreography of the anion
dance? This dilemma is summarized in Scheme 7.4. Starting in the middle of Scheme 7.4 with I, olefin
approach can either occur opposite the anion (through a), or from the same face as the anion (through
c). For “normal” site isomerization to occur somehow during the insertion process, the anion must
concertedly switch places with the polymer chain (b or d) to form II. If site epimerization occurs
through e, the frontside and backside olefin approaches are depicted as f and h, respectively. Again,
during the insertion process, the anion must somehow concertedly switch places with the polymer
chain to form III. It is difficult to envision an anion-switching insertion process occurring with a
barrier lower than simple site epimerization. Unfortunately, the literature provides little guidance;
the impact of the counteranion on site epimerization or isomerization has not been computationally
investigated since the early work of Castonguay and Rappé.42

This anion dilemma in conjunction with the recent report of an exceptionally productive highly
ligand-substituted syndiotactic catalyst by Miller and Bercaw,50 (5, Figure 7.14), prompted Rappé
to initiate an RFF study of syndiotactic polymerization. As with Spaleck et al’s observation46,47
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for 2, Miller and Bercaw reported that an increase in distal steric bulk, going from 4 (a
diphenylmethane-bridged analogue of 3) to 5, led to an increase in productivity as well as an
increase in stereocontrol (as evidenced by an enhanced melting point).

Consistent with Bormann–Rochotte observations described in Section 7.3.1, the counteranion
was found by Rappé to play a critical role in stereocontrol, and van der Waals interactions are again
one source of the observed increase in productivity. This work is summarized below.

7.3.2.1 Counteranion

As for isotactic propylene polymerization, bare cation models are found to provide very little ste-
reodifferentiation in syndiotactic polymerization; both eclipsed and staggered Cα chain models for
3 yield insertion stereodifferentiation of less than 0.3 kcal/mol. In addition, a barrier of 7 kcal/mol
is computed for active site epimerization. As reported by Bormann–Rochotte,29 addition of a MAO
counteranion results in an increase in stereodifferentiation. For the ion pair 3·MAO9, the barrier
for propylene approach from the same side as the counteranion c of Scheme 7.4 is 2.5 kcal/mol
higher than propylene approach from the opposite side, a of Scheme 7.4. Both the stereoerror and
stereonormal transition states adopt eclipsed Cα conformations. Addition of a counteranion only
raises the active site epimerization barrier by 2 kcal/mol. Thus, the ion pair site epimerization barrier
is only 9 kcal/mol owing to a significant stabilizing interaction between the polymer chain and the
counteranion that is not lost in the transition state. Active site epimerization equilibration should
therefore occur prior to chain propagation. But if active site epimerization occurs rapidly, how does
stereoregular polymerization proceed? The implicitly assumed Curtin–Hammett L2 behavior cannot
apply. If epimerization occurs rapidly, then epimerized and normal pathways must be considered,
and Curtin–Hammett L1 behavior must be considered. In Scheme 7.5, these barriers for 3·MAO9
are presented relative to stereonormal insertion (N), wherein the propylene methyl is directed toward
the fluorenyl ring (see Figure 7.16). Stereoerror insertion, where the propylene methyl is pointed
toward the cyclopentadienyl ring, is denoted S. Insertion with the propylene methyl directed toward
the fluorenyl ring, but following metal site epimerization, is labeled E. Insertion with the propylene
methyl pointed toward the cyclopentadienyl ring following metal site epimerization is denoted ES. In
isolation, stereo (S) and epimerization (E) insertion errors both lead to the formation of an m defect;
subsequent insertion dictates whether an m or an mm defect has occurred. Stereonormal insertion
(N) is favored over defect insertions by roughly 2 kcal/mol (Scheme 7.5a). Both stereoerror (S) and
epimerization (E) barriers are higher by roughly 2.5 kcal/mol for an epimerized chain. Subsequent
insertion into the defect chain follows a different energetic course (Scheme 7.5b). In this situation,
insertion following site epimerization (E) is favored, leading to the favorable production of an overall
isolated m defect. Barriers for the two pathways that lead to an mm triad (N and ES) are each roughly
1 kcal/mol above the E barrier. The preference for E is not surprising, because the chain end for this
transition state is the same as the chain end for the defect-free chain—configurational differences
occur at the penultimate monomer unit. In order to test the feasibility of this new model, a pentad
distribution has been computed. Comparison of this new model to experimental data for 3·MAO9
and a previous computational study17 is provided in Figure 7.15. The magnitudes of the classical
epimerization errors (rrmr) and classical stereoerrors (mmrr) are both reproduced well by the current
model. The earlier literature model did not include an epimerization pathway, so underestimation of
rrmr pentads is expected.

The normal stereoregular propylene insertion for 3·MAO9 adopts a unique Cα conformation that
places the polymer chain in the equatorial plane. The counteranion is positioned above the olefin,
corresponding to a frontside displacement. In the corresponding stereoerror transition state, the poly-
mer chain adopts a staggered Cα conformation with respect to the monomer olefin substituents. The
counteranion is positioned above the polymer chain, corresponding to a backside displacement. The
full set of lowest energy Cα conformations and anion positions is summarized in Figure 7.16. Active
site epimerization effectively interchanges positions of the polymer chain β carbon substituents.
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SCHEME 7.5 New model for stereocontrol in metallocene-based syndiotactic propylene polymerization with
3·MAO9 where (a) = normal insertion pathway; (b) defect chain insertion pathway; N = stereonormal insertion;
S = stereoerror insertion; E = insertion following epimerization; ES = insertion following epimerization with the
propylene methyl pointed in the opposite orientation as E. Numeric values represent transition state energetic
differences relative to the lowest insertion transition state, in kcal/mol.
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FIGURE 7.16 Structural characteristics of syndiotactic propylene insertion transition states for 3.

Following substituent interchange, for example, of the methyl substituent with the polymer chain,
the resulting polymer chain rotates to reduce active site steric interactions. This exchange-rotation
leads to the methyl attached to the β carbon being pointed toward the counteranion rather than the
approaching propylene as it is in the nonepimerized chain. This structural reorganization increases
repulsions between the approaching propylene monomer and the polymer chain.



DK3712: “dk3712_c007” — 2007/10/10 — 14:11 — page 189 — #21

Catalyst Structure and Polymer Tacticity 189

3.52Å

FIGURE 7.17 Stereonormal insertion transition state for 5·MAO9, showing attractive van der Waals interac-
tion between the propylene monomer and the substituted fluorenyl ring (dashed line). Counterion is not shown
for clarity.
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SCHEME 7.6 Site alternation control for EHPP catalysis (cationic active species shown).

7.3.2.2 van der Waals Stabilization

The stereonormal insertion transition state for 5·MAO9 provides a possible explanation for its
increased productivity as compared to 4·MAO9. The methyl group of the propylene monomer
is found to be within van der Waals contact of the distal ring of the substituted fluorenyl ligand
at the insertion saddle point of 5·MAO9 (Figure 7.17). This places it in the attractive well of the
interaction rather than the inner repulsive wall (3.5 Å). In the reactants, free propylene and 5·MAO9,
this stabilizing van der Waals interaction is absent, thus the saddle point (relative to reactants) for
5·MAO9 is differentially stabilized relative to 4·MAO9, in this case by 1.4 kcal/mol. The van der
Waals attraction between the propylene methyl and the substituted cyclohexyl substituent in 5·MAO9
present only in the insertion transition state, lowers the barrier and hence increases the propagation
rate relative to 4·MAO9.

7.3.3 OSCILLATING-SITE POLYPROPYLENE

In 1995, Coates and Waymouth55,56 reported a catalyst that produced polypropylene containing
blocks of atactic polypropylene and isotactic polypropylene. This novel elastomeric material was
referred to as elastomeric homopolypropylene (EHPP). The unit cell of the crystal structure of the
EHPP catalyst precursor, bis(2-phenylindenyl)zirconium dichloride (6), was observed to contain
two distinct diastereomeric conformers for the structures and reaction model (Scheme 7.6). In one
conformer, 6m, the phenyl rings of the substituted indenyl ligands were postulated to be on the same
side of the active site yielding a meso diastereomer, whereas in the other conformer, 6r, the indenyl
ligands were postulated to be on opposite sides of the active site producing a rac enantiomeric
pair. The authors suggested that the isotactic blocks of the polypropylene were produced from the
rac active site, and atactic blocks from the meso active site. This model implicitly assumes L2
Curtin–Hammett kinetics wherein the 6r–6m equilibration barrier is higher than the propagation
barriers.
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In a 1996 paper, Cavallo et al.57 found the experimental conformations 6m and 6r (dichoride
precursor) to be nearly isoenergetic and suggested that site alternation was controlled by steric
interactions present in the rac-meso isomerization transition state.

In 1996 Pietsch and Rappé, using MM on the dichoride precursor, suggested58 that switching
between the rac and meso active site shapes of 6m and 6r was controlled by ground state-stabilizing
π -stacking interactions between the phenyl substituents in the rac conformer and between phenyl
rings and the benzo groups of the indenyls in the meso conformer. This π -stacking model and a L2
Curtin–Hammett kinetics model, wherein the rac-meso energy differentiation dominates the block
structure, have been used at BP–Amoco as an important part of the EHPP catalyst development
effort.59 In this model, isotactic block growth was assumed to occur from rac active sites, atactic
block growth from meso active sites, and block termination through rac-meso active site equilibration.

Despite the practical utility of the model outlined in Scheme 7.6, it cannot explain the atomic force
microscopy (AFM) images of EHPPs prepared using 6 as reported by Kravchenko et al.,60 nor the
magnitude of their crystallite-induced elasticity. The AFM images show pronounced hard wormlike
crystalline features distinct from the soft amorphous background. The thickness of the crystalline
regions (12±4 nm) corresponds to roughly 54 monomer units. TheAFM images and elasticity require
a significant concentration of isotactic blocks of approximately 50 monomers in length. Digestion
of a sample of EHPP polymeric material in hot HNO3 yielded an oligomeric material with a degree
of polymerization of 120 and a polydispersity (Mw/Mn) of 1.06. Polydispersities nearing 1.0 are
consistent with living block growth and a Poisson distribution of block lengths. To aid the discussion,
generic Shulz–Flory and Poisson Mn and Mw distributions are given in Figure 7.18. For the active
site model of Scheme 7.6, the required site switching equilibrium provides a Shulz–Flory block
termination step. This site switching step terminates the synthesis of an isotactic or atactic block along
a chain, and initiates the synthesis of a subsequent block having the other tacticity. Isotactic block
growth consistent with the model presented in Scheme 7.6 must yield the exponentially decaying
block length distribution of Shulz–Flory statistics. In a Shulz–Flory polymer with an average isotactic
block Mw of 100, only 7.7% of the blocks actually fall in the Mw range between 90 and 110. The
observed bulk material is 25% mmmm, so only 2% of the isotactic blocks would have the correct
length of 100 or at least 100—not enough to produce the wormlike crystalline features in the AFM
images observed.
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FIGURE 7.18 Generic Schulz–Flory and Poisson model number-average (Mn) and weight-average (Mw)

molecular weight distributions; # = number of chains of a given length; length = number of monomer units in
a given chain. For the Poisson distribution, the Mn and Mw distributions are identical.
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In order to rationalize the disagreement between the model of Scheme 7.6 and observa-
tion, Polyakov developed61 a more computable chain/block length distribution model to treat the
continuum from a living polymerization (Poisson distribution) to a terminating polymerization
(Shulz–Flory distribution).62,63

The population distribution of the living chains in this generalized Flory model is given by
Equation 7.1. In this equation, x is the polymerization degree or chain length, α is the first-order
propagation rate constant, β is the chain termination rate constant, and t is time. The analogous
distribution of terminated chains in provided in Equation 7.2. As β approaches 0, Px the population
distribution of terminated chains, approaches zero, and Cx the population distribution of living
chains, is given by Equation 7.3.

Cx = e−(α+β)·t · (α · t)
x−1

(x − 1)! (7.1)

Px = β

α
·
(

α

α + β
)x

·
[

1− e−(α+β)·t ·
x−1∑
i=0

[(α + β) · t]i
i!

]
, x = 1, 2, 3, . . . (7.2)

Cx = e−α·t · (α · t)
x−1

(x − 1)! (7.3)

This model can be directly applied to the structure of individual blocks in EHPP oscillating-site
polymerization. The time evolution of the molecular weight distribution provided by this model
is displayed in Figure 7.19. Independent of model parameters α and β, Polyakov’s Generalized
Flory distribution model yields a Poisson molecular weight distribution early in the polymer-
ization process, but inevitably yields a Shulz–Flory distribution at completion. Since there are
multiple isotactic blocks within each polymer chain and each block terminates by a block ter-
minating site switching equilibrium, an assumption of low conversion is untenable. While not
providing an explanation of the observed isotactic block-length distribution in the EHPP prepared
with 6, this generalized Flory distribution model does provide a kinetic framework for assessing
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FIGURE 7.19 Number-based generalized Flory molecular weight distribution as a function of time (t); # =
number of chains of a given length; length = number of monomer units in a given chain; PI = polydispersity index.
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FIGURE 7.20 Number-based molecular weight distribution as a function of scaled time (t) for a generalized
Flory model that includes a chain/block length dependent propagation–termination rate ratio; # = number of
blocks/chains of a given length; length = number of monomer units in a given block/chain; legend is scaled time.

alternative unconventional mechanistic scenarios. To date, a single scenario has been found that is
consistent with a peak in the number-based distribution for block-terminating kinetics (Figure 7.20).
The curves in Figure 7.20 trace the evolution in the block length, or Mn distribution. The initial
t = 100 dotted line curve depicts a distribution that is dominantly Poisson with a small Shulz–Flory
feature at small length. At t = 200, the Poisson peak has shifted toward longer length. As time
progresses, the Poisson feature moves to longer length, but it and the Shulz–Flory feature at short
length get swamped by the peak at 50. In this proposed scenario, the difference in activation energy
between block propagation and block termination varies, and is dependent upon the growing block
length. In the curves shown in Figure 7.20, the energy difference between propagation barrier and
the higher termination barrier linearly drops 0.02 kcal/mol per monomer unit. Rather than having a
propagation rate constant, the model assumes that as the block grows, the propagation rate slows,
and termination thus becomes relatively more favorable. The precise position of the peak in the final
distribution is dependent upon the propagation α and termination β parameters as well as how fast
α changes with block length. Given the decreased conformational flexibility of an isotactic block
relative to an atactic block, it is plausible that as an isotactic block increases in length, the associated
insertion barrier will increase in height.

To provide a molecular basis for a block length-dependent activation energy for isotactic block
propagation, RFF computations of the insertion transition state for propylene polymerization with 6r
and 6r·MAO9 have been carried out (Figure 7.21). The polarizable isotactic polypropylene chain is
found to be attracted to the counteranion, leading to a chain distortion. The bare cation model adopts
a Cα chain eclipsed conformation with a C1–Zr–Cα–H dihedral angle of 164 ◦, whereas the ion pair
model adopts a more intermediate conformation with a C1–Zr–Cα–H dihedral angle of 140 ◦. This
distortion is at odds with the preferred helical growth of an isotactic chain. As the isotactic block
increases in length, the conformational strain induced by the counteranion increases, leading to an
increase in insertion barrier while not impacting the site isomerization barrier.
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FIGURE 7.21 Superposition of ion pair (solid line) and bare cation (dashed line) insertion transition state
models for isotactic polypropylene block formation with 6r/6r·MAO9.

This theory has been supported by experimental results. In 2002, Wilmes et al. reported64 that
for EHPP polymerization with 6, catalyst productivity and stereocontrol depended upon the nature
of the cocatalyst, with MAO yielding the highest stereocontrol and tris(pentafluorophenyl)borane
the lowest.

7.3.4 ALTERNATING ETHYLENE/PROPYLENE COPOLYMERIZATION

Ethylene/propylene copolymerization is of significant commercial importance. Elastomers formed
from random ethylene/propylene copolymers (EP) possess a number of valuable properties65–67

including a high plateau modulus (∼1.6 MPa), which permits a higher filler loading and more cost-
effective compounding.65 Furthermore, of the major hydrocarbon-based rubbers, EP is by far the
least reactive with oxygen and ozone.

A major distinction between heterogeneous Ziegler–Natta ethylene polymerization and single-
site polymerization is the greater facility with which comonomers are incorporated into the chain with
single-site catalysts.68 Adding steric encumbrances to a single-site catalyst has been shown to enhance
this effect. With the parent bis(cyclopentadienyl)zirconium dichloride activated with MAO, ethylene
polymerizes 25 times faster than propylene; with the more bulky catalyst precursor rac-ethylene
bis(tetrahydroindenyl)zirconium dichloride activated with MAO, ethylene is polymerized only 10
times faster than propylene;69 and with bridged bis(2-methyl-4-aryl-indenyl)zirconium dichloride
complexes such as 2 activated with MAO, ethylene and propylene are polymerized at comparable
rates.46,47 It is reasonable to hypothesize that this differential enhancement of polymerization rate for
propylene versus ethylene with increasing steric bulk is due to favorable van der Waals interactions
between the ligand and the propylene methyl substituent.

In 1997, Schneider et al. reported70 that benzannelation of the indenyl ring in 1 forming rac-
dimethylsilylene bis(2-methylbenz[e]indenyl)zirconium dichloride (7) enhances the incorporation
of octene in ethylene–octene copolymerization. In order to explain this remarkable observation, they
carried out a MM study and indeed found that 7 has a smaller transition state energy difference
between ethylene insertion and octene insertion than the parent complex 1.
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Leclerc and Waymouth have exploited this apparently general differential rate enhancement
arising from steric bulk to produce a highly alternating copolymer of ethylene and propylene.71

Copolymers with ethylene–propylene–ethylene (EPE) and propylene–ethylene–propylene (PEP)
alternating triad contents of up to 70% have been achieved.71,72 Triad distributions are collected
in Figure 7.22 for an EP made from MAO-activated catalysts 3, 8, and 9. The triad distribution pro-
duced by 3 is that of random propylene incorporation into polyethylene, produced in an ethylene-rich
feed. The distribution produced by 9 is that of random ethylene incorporation into polypropylene,
produced in a propylene-rich feed. For 8, there is a pronounced peak for the alternating EPE and
PEP sequences. Remarkably, this high degree of alternation was achieved with a Cs-symmetric cata-
lyst, 8. Leclerc and Waymouth proposed that, in analogy to other metallocene control mechanisms,
monomer alternation was chain-end controlled. As with other metallocenes, the orientation of the
chain end was induced by the ligand framework. For 8, site and hence monomer differentiation is
not obvious. Which of the two symmetrically equivalent sites prefers ethylene and which favors
propylene? The structural nature and relative contributions of the various structural factors leading
to alternating polymerization remains an open question.

In order to understand the structural source of alternation for ethylene–propylene copolymeriz-
ation, Polyakov carried out an RFF study.61 Transition states for ethylene and propylene insertion
into ethylene- and propylene-terminated chains were found, and triad distributions were computed.
Experimental and computed triad distributions are compared in Figure 7.23 for a bare cation model of
8. The agreement is remarkable. Relatively speaking, an ethylene-terminated chain prefers to react
with propylene while a propylene-terminated chain has a preference for ethylene. The source of this
olefin-based differentiation is shown in Figure 7.24. For the ethylene-terminated chain, the chain
orientations for ethylene and propylene insertions are remarkably similar (Figure 7.24a and b). Inde-
pendent of whether ethylene or propylene is approaching, the ethylene-terminated chain adopts a Cα

staggered conformation owing to a β-agostic interaction between the chain and the zirconium center.
For the propylene-terminated chains, the two orientations for ethylene and propylene approach are
significantly different (Figure 7.24c and d). In this instance, the propylene methyl substituent prevents
the propylene-terminated chain from adopting its preferred conformation. For ethylene approach,
the propylene-terminated chain adopts an eclipsed conformation for Cα. For the propylene approach
transition state, the propylene-terminated chain adopts a staggered Cα conformation. Conversion of
the ethylene monomer fragment in the conformation shown in Figure 7.24c into propylene without
allowing geometric relaxation leads to the situation depicted in Figure 7.24e, where there is a short
C–C contact of 2.64 Å between the propylene methyl and the first methyl of the polymer chain.

7.4 CONCLUSIONS

The energetics associated with stereo-, regio-, and monomer selectivity can be reproduced by modern
theoretical methodologies. The counteranion, the polymer conformation, and the metallocene active
site shape and van der Waals attraction are each computed to play a role in dictating selectivity.

Reactive force field methodologies such as RFF, QM/MM approaches, and DFT methodologies
continue to be used to study polymerization, though the level of activity has dropped since the
1990s. Perhaps this decline is due to a lack of agreement with experiment in efforts initiated, but
not published. The lack of dispersion in DFT summarized in Section 7.2.1, the polymer chain
conformational issues discussed in Section 7.2.2, and the difficulty in accounting for the counteranion
in Section 7.2.2.4 are the most probable sources of disagreement with experiment.

The simplest energetic differentiation question is the stereodifferentiation discussed in this
chapter where bonding reorganization is nearly identical for each of the transition states of
interest. More challenging questions involve significant electronic differentiation. The methyl rad-
ical plus ethylene regiochemical differentiation discussed in Section 7.2.1 demonstrates the level
of uncertainty to be expected. Particularly important processes, where detailed model calibration
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FIGURE 7.24 Ethylene/propylene copolymerization insertion transition states of 8 for: (a) ethylene insertion
into an ethylene-terminated chain (ee); (b) propylene insertion into an ethylene-terminated chain (pe); (c) ethyl-
ene inserting into a propylene-terminated chain (ep); and (d) propylene insertion into a propylene-terminated
chain (pp). The steric impact of a propylene methyl substituent on the geometry of the ep ethylene insertion
transition state in (c) is shown in (e). The C–C distance of 2.64 Å is indicative of substantial steric repulsion.

studies have not been carried out, include a comparison of β-hydride and β-methyl termination
pathways with the propagation insertion pathway and the related composite chain isomerization
process. Because of the change in metal-polymer chain bonding, chain transfer to counteranion as
well as chain transfer to alternative metal sites, are of even greater uncertainty.
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8.1 INTRODUCTION

Stereoblock polypropylenes are complicated, intriguing, and challenging polymers. It may be worthy
to open this chapter by recalling that, according to the IUPAC Glossary of Basic Terms in Polymer
Science,1 a block is “a portion of a macromolecule comprising many constitutional units, that has
at least one feature which is not present in the adjacent portions”; a block macromolecule is “a
macromolecule which is composed of blocks in linear sequence”; a stereoblock macromolecule is “a
block macromolecule composed of stereoregular, and possibly non-stereoregular, blocks.” On paper,
applying these definitions to propylene polymers is straightforward with the notable exception of
the “stereoblock-isotactic” case, which will be discussed specifically in the last part of this section.
On the other hand, demonstrating that these structures exist for a real polypropylene sample is a
formidable microstructural problem; in fact, of the many cases claimed in the scientific and patent
literature, those rigorously proven to be stereoblock polypropylenes can be counted on the fingers
of one hand.

The stereoblocks present in these polymers can be all crystallizable (e.g., isotactic and syndi-
otactic), or crystallizable and noncrystallizable (e.g., isotactic or syndiotactic and atactic). In the
latter case, predominantly amorphous materials can behave as thermoplastic elastomers (TPEs),
because the stereoregular chain segments trapped in crystalline domains act as physical crosslinks,
and induce an elastic recovery after deformation.2,3 Producing a polyolefin-based TPE from a single
monomer greatly simplifies the manufacturing process, and correspondingly reduces cost. This is the
reason why elastomeric polypropylene has always been a target of industrial research.4 Of course,
the relatively high glass transition temperature (Tg) of polypropylene chains (ca. −10 ◦C, irrespect-
ive of the tacticity) is a limitation, but for certain applications (e.g., as a replacement for the less
environmentally friendly plasticized poly(vinyl chloride)) it is not necessarily a severe drawback.
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At the molecular level, stereoblock propylene polymerization is truly fascinating. For a single-
center catalyst, it requires a controlled fluxionality of the active species, reversibly changing the
local environment of the transition metal like a molecular switch. Alternatively, one can imagine
using mixtures of catalysts with diverse stereoselectivities in the presence of a “chain shuttling”
agent, so that each polymer chain grows at intervals in environments with different stereocontrol.
Unfortunately, both strategies are difficult to achieve in a clean and usefully manageable way, as we
shall see in the following sections.

This chapter aims to introduce the reader to the various aspects of the stereoblock polypropylene
field. Rather than presenting a detailed list of catalysts and polymers, the approach is to provide the
tools for a critical reading of the literature, which already includes a number of recent reviews.4–7

After a short section on the methods of polymer characterization, the various possible catalytic
routes into stereoblock polypropylene are presented and discussed. This is followed by some general
conclusions and a perspective outlook.

To begin with, to avoid ambiguity, we call the reader’s attention to two important definitions. As is
well known,5,6 catalytic olefin polymerization occurs at transition metal centers with two available
coordination sites: one for the growing polymer chain, another for the inserting monomer. With
only a few (albeit important) exceptions (e.g., C2-symmetric catalysts), the said two sites are not
equivalent, and owing to the chain migratory insertion mechanism both can host the M–C σ bond
(active site). Therefore, rather than “single-site,” we believe that (homogeneous) catalysts with one
active species (as opposed to typical heterogeneous catalysts with multiple active species) should be
referred to as “single-center”; this more rigorous definition is adopted throughout the chapter.

As far as polymer stereochemistry is concerned, a controversial issue is what should be defined
as “stereoblock-isotactic.” Isotactic polypropylene is usually obtained as a result of site control
(i.e., the preference of an intrinsically chiral transition metal active species to react with one of the
two enantiofaces of the prochiral monomer).5,6 In the case of a simple C2-symmetric single-center
catalyst with homotopic active sites, if we denote as σ the probability that the monomer inserts with
a given enantioface at an active site of given chirotopicity, the fractions [m] and [r] of meso and
racemo diads in the polymer are given by Equations 8.1 and 8.2

[m] = σ2 + (1− σ)2 (8.1)

[r] = 2σ(1− σ) (8.2)

Extension of these relationships to longer sequences is trivial. Inevitable failures of enantioselection
result in . . .mmmrrmmm. . . stereodefects (Figure 8.1a), which can be viewed as the signature of
site control in the chains.5,6 When the catalyst is used in racemic form (which is the norm), the
two enantiomers select opposite monomer enantiofaces (“enantiomorphic-sites control”8); however,
as long as their configuration is invariant throughout the polymerization process, polymer chains
generated at transition metal centers of opposite chirality are indistinguishable and equally described
by the simple Equations 8.1 and 8.2.

Less common, but well-documented, is isotactic propagation under chain-end control.5,6 In this
case, it is the configuration of the last-inserted monomer unit that drives the selection of monomer
enantioface in such a way that an m diad is formed (1,3-like asymmetric induction). Intuitively,
the predominant stereodefects in chain-end-controlled isotactic polypropylene are isolated r diads
(. . .mmmrmmm. . ., Figure 8.1b), because occasional faults of enantioselection invert the chirality
of the stereocontrolling agent, which then tends to be perpetuated. This can be expressed in terms
of Bovey’s well-known chain-end statistical model of propagation,9 assuming a first-order Markov
distribution of configurations (Equations 8.3 and 8.4)

[m] = Pm = P(RR) = P(SS) (8.3)

[r] = Pr = 1− Pm = P(RS) = P(SR) (8.4)
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FIGURE 8.1 Sawhorse representations of site-controlled isotactic (a), chain-end-controlled isotactic (b), and
stereoblock-isotactic (c) polypropylene sequences.

where P(XY) is the probability that a monomeric unit of configuration X is followed by another of
configuration Y (X and Y = R or S). Isotactic polypropylenes with this microstructure have been
obtained, for example, with Cp2TiX2/MAO (Cp = cyclopentadienyl; X = Cl, alkyl (R) or aryl
(Ar); MAO = methylalumoxane), and more recently with some late transition metal catalysts, but
always at very low polymerization temperatures and with modest degree of stereoregularity.5,6

The microstructure shown in Figure 8.1b is often referred to as stereoblock-isotactic, instead
of chain-end-controlled isotactic, to emphasize the alternation of isotactic strands with opposite
configurations along the individual chains.10 We are of the opinion that this should be avoided,
mainly for the following two reasons:

The definition is redundant.
In all known cases, as already noted before, the extent of chain-end control is modest. As a result,

the average length of the (m)n strands spanned by two r diads is very low (typically, n = 3–6), which
is inconsistent with the IUPAC definition of block.

It was only recently that true stereoblock-isotactic polypropylenes were reported, as a result
of enantiomorphic site control at a fluxional catalytic species, which reversibly inverts its config-
uration during individual chain growth.11–13 It is important to note that, in addition to isolated
r diads at the stereoblock junctures, rr triads inside the blocks are also present owing to occa-
sional faults of enantioselection in monomer insertion (Figure 8.1c). A simple Coleman–Fox-type
model14 reproducing the 13C NMR stereosequence distribution and compact matrix multiplication
algorithms for its application have been described.12,13 The model has two adjustable paramet-
ers: site enantioselectivity, σ (where σ(1) = 1 − σ(2) as defined in Equations 8.1 and 8.2 for the
two enantiomorphous catalyst states 1 and 2), and the conditional probability of their interconver-
sion, P12(= P21). The number-average stereoblock length, 〈Liso〉, is given by the relationship in
Equation 8.5

〈Liso〉 = (1− P12)

P12
(8.5)

8.2 CHARACTERIZATION OF STEREOBLOCK POLYPROPYLENE

A direct proof that a certain sample of polypropylene contains stereoblock chains is 13C NMR
identification of the (stereo)chemical junctures between the blocks. In most cases, though, this is
very difficult to achieve, if not impossible.

Taking the apparently straightforward example of sequential isotactic (. . .mmmmmm. . .) and
syndiotactic (. . .rrrrrr. . .) blocks, in the ideal case (Figure 8.2a), any “mixed” stereosequences
(e.g., mmmr, mmrr, mrrr) would be the sign of a . . .mmmmrrrr. . . juncture. Real polypropylenes,
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FIGURE 8.2 Sawhorse representations of an ideal isotactic/syndiotactic stereoblock polypropylene juncture
(a), and of stereodefective isotactic, and syndiotactic polypropylene sequences (b–f).

however, invariably contain stereodefects, which are usually randomly distributed rr triads
(. . .mmmrrmmm. . ., Figure 8.2b) in isotactic chains, and m diads (. . .rrrrmrrr. . ., Figure 8.2c)
or mm triads (. . .rrrmmrrr. . ., Figure 8.2d) in syndiotactic ones.5,6 Unless the stereoregularity is
very high, adjacent stereodefects (e.g., . . .mmrrmrrm. . . or . . .rrmmrmrr. . ., Figure 8.2e and f) are
also present in nonnegligible amounts. Therefore, the 13C NMR detection of “mixed” sequences
is not immediately diagnostic for a stereoblock nature, and only a quantitative statistical ana-
lysis of the stereosequence distribution can allow one to recognize the extra presence of block
junctures.

For this, good quality 13C NMR data (in terms of sensitivity and resolution), the availabil-
ity of adequate codes for the simulation and analysis of the spectrum, and previous information
(or at least an educated guess) regarding the origin of the stereocontrol during isotactic and syn-
diotactic chain propagation are equally important prerequisites. An ambiguous verdict, though, is
to be expected whenever the fraction of hypothetical junctures is (much) lower than that of the
stereodefects.

In the case of inherently more complicated stereoblock polypropylenes containing
(close-to-)atactic blocks, with all possible stereosequences present in comparable amounts, the
requirements for a meaningful microstructural analysis are even more stringent. Routine 13C NMR
characterization of propylene polymers gives access to the stereosequence distribution at the pentad
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level, which is greater than what is achievable for any other vinyl polymer,5 but not enough for this
problem.15 Unfortunately, statistical analyses at higher resolution are still a rarity. This is despite the
fact that they have been shown to be technically feasible, and that the full assignment of the 150 MHz
13C NMR spectrum of regioregular polypropylene at the heptad to undecad level has been reported
in the literature16 along with mathematical codes based on matrix multiplication techniques suited
to handle the high amount of experimental data inherent in this approach.5,16

As will be seen in this chapter, in the vast majority of cases the diagnosis of a stereoblock
microstructure is indirect and, as such, presumptive. Solvent fractionation is a widely used tool
for this purpose. Nonstereoregular (atactic or poorly tactic) and stereoregular sequences found in
insoluble polypropylene fractions are commonly assumed to be chemically bound, because only
the latter can develop crystallinity. This conclusion is sound, if the fractionation is accurate
(exhaustive in case of solvent extraction; slow enough not to be under kinetic control for tem-
perature rising elution fractionation (TREF) or fractional crystallization). For polymers of very
high average molecular mass, flawed results are not rare. An additional, more serious drawback
of this approach is that it cannot be used (or is inconclusive) when the stereoblocks are all crys-
tallizable and have similar melting temperatures, or—at the other extreme—when they are all
amorphous.

Physicomechanical properties have also been proposed as indirect indicators of a stereoblock
structure. As we have already noted in the introduction, stereoblock polypropylenes containing
crystallizable and noncrystallizable blocks are expected to behave as TPEs. The problem here is that
intimate physical blends of semicrystalline and amorphous polypropylenes can also have elastomeric
properties, particularly when small amounts of truly stereoblock chains are also present and act as
phase compatibilizers.4

In our opinion, in the absence of definitive 13C NMR data, any diagnosis of a stereoblock nature
for polypropylene-based materials should be regarded as potentially flawed and subjected to a critical
analysis.

8.3 CATALYTIC ROUTES TO STEREOBLOCK POLYPROPYLENE

8.3.1 HETEROGENEOUS MULTICENTER ZIEGLER–NATTA CATALYSTS

Although this book is focused on single-center olefin polymerization catalysts, this chapter would
be incomplete if it did not mention that the roots of stereoblock polypropylene are deep within
heterogeneous Ti-based systems, and date back to the very early days of Ziegler–Natta catalysis.4,5

In fact, samples of polypropylene obtained with the original Ziegler catalyst (TiCl4 + AlEt3), as
well as with combinations of “violet” TiCl3 and aluminum trialkyls, contained more or less sig-
nificant amounts of a weakly crystalline fraction, insoluble in boiling diethyl ether and soluble in
boiling heptane, which was referred to by Natta et al. as [isotactic/atactic] stereoblock fraction.17

Rather than being based on direct microstructural evidence (still with years to go for the develop-
ment of NMR spectroscopy), this definition was based on the intermediate solubility of the fraction
(“isotactic” and “atactic” polypropylene being defined at that time as the polymer fractions insol-
uble in boiling heptane and soluble in diethyl ether, respectively), and on its observed elastomeric
properties.

Today, we know that Natta’s intuition was correct, and also that stereoblock chains are present
in commercial polypropylenes prepared with industrial Ziegler–Natta catalysts (including latest-
generation MgCl2-supported catalysts).4,5 The active species of these multicenter heterogeneous
systems have been grouped into three basic classes according to the type of stereocontrol that they
offer: highly isotactic, poorly isotactic (“isotactoid”), and syndiotactic.5 Notably, the correspond-
ing polymerization products (Figure 8.3a through c, respectively) can be found within individual
polypropylene chains as linear sequences of stereoblocks.5,18
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FIGURE 8.3 Sawhorse representations of highly isotactic (a), poorly isotactic (“isotactoid”) (b), and
syndiotactic (c) sequences/blocks found in polypropylenes produced with heterogeneous Ziegler–Natta
catalysts.

Recent high-field 13C NMR studies18 have shown that the individual fractions obtained from
a given polypropylene sample, for example, by solvent extraction or TREF, differ mainly in their
relative amounts of the three types of building stereosequences; with increasing melting temperature,
the fractions become richer in highly isotactic blocks, but even highly crystalline ones can contain
minor amounts of isotactoid and syndiotactic blocks.18,19 It follows that most stereodefects in the
polymer are not distributed at random, but instead confined in the isotactoid and syndiotactic blocks.
This explains why isotactic polypropylene samples produced with heterogeneous Ziegler–Natta
catalysts invariably melt at a higher temperature than samples with the same average degree of
isotacticity prepared with homogeneous single-center catalysts5,20 (Figure 8.4). In the latter case,
the stereodefects are present in a random distribution, which corresponds to the highest possible
disturbance to the crystallization (i.e., to the minimum average length of the perfectly isotactic
strands).5,20,21

To account for these observations, a model of catalytic species has been proposed (Figure 8.5).18 It
assumes that the coordination geometry of all active Ti centers is the octahedral, locally C2-symmetric
arrangement originally postulated by Cossee andArlman.22 The model traces the three possible types
of stereocontrol (isotactic, isotactoid, and syndiotactic) to the presence or absence of “ligands” L1,
L2 (vide infra) bound to adjacent coordinatively unsaturated metal atoms (Ti or Mg), and at close
nonbonded contact with the first C–C bond of the growing polypropylene chain. It is only when at
least one such ligand is present that the chiral information of the active Ti center can be carried over
to an inserting propylene molecule, with the intermediacy of the growing chain (first chain C–C
bond pointing away from L1 or L2, and propylene reacting faster with the enantioface which directs
the methyl substituent anti to the said C–C bond; Figure 8.6).5,23

Experimental and computer modeling results18,24 indicate that the extent of the asymmetric
induction can be modulated by the nature and bulkiness of L1 and L2 (e.g., a surface Cl atom, or a
Lewis base molecule purposely added to enhance stereoselectivity4,5). In particular, when L1 and L2
are both present (Figure 8.5a) and bulky (e.g., Lewis bases) chain propagation is predicted to be highly
isotactic; losing one (Figure 8.5b) or both (Figure 8.5c) ligands would result in isotactoid or (chain-
end-controlled) syndiotactic chain propagation, respectively. Well-defined single-center catalysts
mimicking the different environments of Figure 8.5 have been prepared, and their stereoselectivity
in propylene polymerization found to be consistent with the above assumptions.25

What is most relevant for the purposes of this chapter is the concept of active center fluxionality
inherent in this model. The three basic surface structures in Figure 8.5 are proposed to be in equi-
librium through Lewis base chemisorption/desorption.18 In the presence of strongly coordinating
Lewis base molecules (e.g., chelating alkoxysilanes), the equilibrium is shifted largely toward struc-
ture 8.5a, which is consistent with the very high isotactic selectivities of catalyst systems modified
with such donors.4,5 On the other hand, the use of certain labile donors results in the formation of
elastomeric polypropylene samples or fractions rich in isotactoid and syndiotactic blocks along with
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FIGURE 8.4 Correlation between degree of isotacticity (expressed as % of mmmm pentad) and DSC melting
temperature (Tm; 2nd heating scan) for (predominantly) isotactic polypropylenes (♦) = samples made with
metallocene catalysts; ( ) = fractions obtained by Temperature Rising Elution Fractionation of samples made
with heterogeneous Ziegler–Natta catalysts. The straight lines through the data points are only for orientation.
(Reprinted with permission from Busico, V.; Cipullo, R. Prog. Polym. Sci. 2001, 26, 443–533. Copyright 2001
Elsevier Science Ltd.)
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FIGURE 8.5 General three-site dynamic model of active species for heterogeneous Ti-based Ziegler–Natta
catalysts: (a) highly isotactic stereocontrol; (b) isotactoid stereocontrol; (c) syndiotactic stereocontrol. L1 and
L2 = Cl, AlRxCl3−x, or Lewis base. (Reprinted with permission from Busico, V.; Cipullo, R. Prog. Polym. Sci.
2001, 26, 443–533. Copyright 2001 Elsevier Science Ltd.; Busico, V.; Cipullo, R.; Monaco, G.; Talarico, G.;
Vacatello, M.; Chadwick, J. C.; Segre, A.; Sudmeijer, O. Macromolecules 1999, 32, 4173–4182. Copyright
1999 American Chemical Society.)

minor amounts of highly isotactic ones; this points to reversible interconversions between structures
8.5a, 8.5b, and 8.5c.18

Several patents claim the production of stereoblock polypropylene-based TPEs with suitably
modified heterogeneous Ziegler–Natta systems.26,27 Unfortunately, control of the distribution of
catalytic species in these systems is limited, and the polymerization products are complicated
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FIGURE 8.6 Model of C2-symmetric active species (a in Figure 8.5) for heterogeneous Ti-based Ziegler–Natta
catalysts. According to Molecular Mechanics calculations (see internal energy maps shown for L1 = L2 = Cl),
at the two homotopic active sites the growing polymer chain is constrained into a chiral orientation by the
repulsive interaction with the nearest-in-space of ligands L1, L2 (generically represented with shaded spheres).
This favors, in turn, propylene coordination and 1,2-insertion with the enantioface orienting the methyl group
anti to the first chain C–C bond (as shown); therefore, chain propagation is isotactic. (Reprinted with permission
form Corradini, P.; Busico, V.; Cavallo, L.; Guerra, G.; Vacatello, M.; Venditto, V. J. Mol. Catal. 1992, 74,
433–442. Copyright 1992 Elsevier Science Ltd.)

blends containing not only a truly elastomeric fraction, but a completely amorphous and/or a highly
crystalline fraction as well.

8.3.2 UNBRIDGED METALLOCENE CATALYSTS

Other chapters of this book discuss the manner in which well-defined stereorigid metal complexes
with chirotopic sites can be converted into highly efficient catalysts for the stereoselective poly-
merization of propylene. For ansa-metallocenes, in particular, the relationship between precursor
symmetry and catalyst stereoselectivity has been deeply studied and is now well-understood.5,6

Unbridged metallocene catalysts are more complicated. Catalysts derived from unsubstituted
bis(cyclopentadienyl) group 4 metal complexes, having C2v symmetry and nonchirotopic sites,
afford purely atactic polypropylene unless polymerization is carried out at a temperature low enough
to effect a weak isotactic chain-end stereocontrol (Figure 8.1b).5,6 An upper limit of Pm = 0.85
(Equation 8.3) was reported by Ewen28 for the Cp2TiPh2/MAO catalyst system at T ≤ −45 ◦C,
corresponding to an average isotactic strand length of between 5 and 6 monomeric units.

The picture changes for catalyst systems with substituted cyclopentadienyl ligands. Bulky sub-
stituents, in particular, hinder the rotation of the aromatic cyclopentadienyl rings, and conformational
isomerism becomes an issue. Torsional isomers with different symmetries (C2, Cs, C1) have been
found in the solid state, and detected (or proposed to exist) in solution, for complexes of the
type (R-Cp)2MX2,29,30 (1-R-indenyl)2MX2,31 (1-R-4,5,6,7-tetrahydroindenyl)2MX2,31 and (2-Ar-
indenyl)2MX6,32,33

2 (R = sterically bulky alkyl, such as menthyl; Ar = aryl including phenyl and
substituted phenyl; M = Zr, Hf; X = Cl, Me). The steric interference between substituents, minimized
in rac-like (C2-symmetric) conformations, can be significant in meso-like (Cs-symmetric) confor-
mations, which in fact have never been identified by means of NMR in solution.31,34–36 The local
environment of the transition metal in rac-like conformers (Figures 8.7a and b) is very similar to
that of stereorigid ansa-metallocene homologues in a rac-configuration. Therefore, it is conceivable
that unbridged rac-like active cations can produce site-controlled isotactic polypropylene blocks, or
even whole isotactic polypropylene chains, when their conformational dynamics are (much) slower
than monomer insertion.

Kaminsky and Buschermoehle29 and Erker et al.30,31 were the first to report that isotactically
enriched propylene polymers are obtained with MAO-activated (R-Cp)2ZrCl2, (1-R-indenyl)2ZrCl2,
or (1-R-4,5,6,7-tetrahydroindenyl)2ZrCl2 catalysts bearing sterically demanding substituents (such
as R = (neo/iso)menthyl). Thorough studies aimed at correlating precursor solid-state structures,
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FIGURE 8.7 Possible C2-symmetric (rac-like) conformations (a,b) of unbridged (1-R-indenyl)2MX2 com-
plexes. (Adapted from Erker, G.; Aulbach, M.; Knickmeier, M.; Wingbermuehle, D.; Krueger, C.; Nolte, M.;
Werner, S. J. Am. Chem. Soc. 1993, 115, 4590–4601. Copyright 1993 American Chemical Society.)

X X
RR

(a)

R

X X

(b)

R

FIGURE 8.8 Possible C2-symmetric (a) and C1-symmetric (b) conformations of unbridged (1-R-
indenyl)2MX2 complexes. Adapted from reference. (Reprinted with permission from Erker, G.; Aulbach,
M.; Knickmeier, M.; Wingbermuehle, D.; Krueger, C.; Nolte, M.; Werner, S. J. Am. Chem. Soc. 1993, 115,
4590–4601. Copyright 1993 American Chemical Society.)

conformational statistics in solution, and catalyst stereoselectivities were carried out for complexes
with 1-menthyl-substituted indenyl and tetrahydroindenyl moieties.31,34 Single crystal X-ray struc-
ture analyses of such complexes revealed the possible occurrence of two conformational types,
differing in molecular symmetry: (1) C2-symmetric, with the bulky terpenyl substituents oriented
antiperiplanarly in the lateral sectors of the bent metallocene wedge (Figure 8.8a), (2) C1-symmetric,
with only one substituent oriented laterally, and the second directed toward the metallocene front
(Figure 8.8b). Variable-temperature NMR studies in solution gave evidence for the C2-symmetric
species, either alone or in rapid interconversion with minor amounts of C1-symmetric species.
Notably, in the former case of only C2-symmetric species being present, precursor activation by MAO
led to catalysts producing polypropylenes with microstructures close to the purely site-controlled
isotactic, and [mmmm] values of up to 77% (Figure 8.9a). In the other case, instead, polymers of
much lower stereoregularity and complex microstructure were produced. The methyl region “finger-
print” (Figure 8.9b) is seemingly a mixture of site-controlled isotactic sequences (rr stereodefects,
Figure 8.1a and Equations 8.1 and 8.2; mmmr:mmrr:mrrm = 2:2:1) and of chain-end-controlled
isotactic sequences (r stereodefects, Figure 8.1b and Equations 8.3 and 8.4; mmmr:mmrm = 1:1).
As a matter of fact, attempts to reproduce the normalized pentad distributions in terms of a linear
combination of the corresponding statistical models of chain propagation ended up with reasonably
good fits.30,31
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FIGURE 8.9 Methyl region of the 13C NMR spectra of polypropylene samples prepared at −50 ◦C
with catalyst systems (1-neoisomenthylindenyl)2ZrCl2/MAO (a) and (1-neomenthylindenyl)2ZrCl2/MAO (b).
(Reprinted with permission from Erker, G.; Aulbach, M.; Knickmeier, M.; Wingbermuehle, D.; Krueger, C.;
Nolte, M.; Werner, S. J. Am. Chem. Soc. 1993, 115, 4590–4601. Copyright 1993 American Chemical Society.)
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FIGURE 8.10 The structure of precursor complexes 1 and 2.

Therefore, assuming that conformational equilibria similar to those observed for the precursor
complexes occur for the active cations as well, Erker et al. proposed31 that (1) C2-symmetric con-
formers can produce enantiomorphic-sites-controlled isotactic polypropylene with rr stereodefects,
(2) C1-symmetric conformers are (much) less stereoselective, and (3) reversible catalyst
switches between the different accessible conformations can lead to stereoblock polypropylene
microstructures, including the stereoblock-isotactic one (Figure 8.1c).

Another important finding of these studies is that there is no necessary relationship between the
“frozen” conformation(s) found in the solid state and those dynamically generated in solution. As an
example, (1-neoisomenthylindenyl)2ZrCl2, which has a C1-symmetric conformation in the crystal,
appears as a C2-symmetric species in solution.31

Similar results were reported a few years later by Waymouth and Coates for (2-Ar-indenyl)2MX2
complexes.7,32 The first and most simple member of this class, (2-phenylindenyl)2ZrCl2
(Figure 8.10, 1) was found to crystallize as a mixture of C2-symmetric (rac-like) and Cs-symmetric
(meso-like) configurational isomers. The catalyst obtained by activation of this complex with MAO
is reasonably active for propylene polymerization, and produces polymers that appear to be blends of
isotactic and atactic polypropylene when looked at by 13C NMR. This is in line with the observation
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SCHEME 8.1 Proposed mechanism of isotactic/atactic stereoblock propylene polymerization with 1/MAO,
entailing an “oscillation” of the active cation between a rac-like (isotactic-selective) and a meso-like (nonste-
reoselective) conformation. (Reprinted with permission from Coates, G. W.; Waymouth, R. M. Science 1995,
267, 217–219. Copyright 1995 American Association for the Advancement of Science.)

of comparatively low X-ray crystallinities concomitantly with high differential scanning calorimetry
(DSC) melting points (of up to 150 ◦C). However, the physical properties of these polymers, which
are those of TPEs, led the authors to postulate32 an isotactic/atactic stereoblock structure, and to
propose that this resulted from an “oscillation” of the active cation between the two conformations
found in the solid state (Scheme 8.1) at an average frequency intermediate between those of monomer
insertion and chain transfer. Based on well-known structure/property relationships for bridged metal-
locene homologues,37 the rac-like species was proposed to be isotactic-selective, and the meso-like
one nonstereoselective.

An intensive research effort led to the synthesis of a large number of (2-Ar-indenyl)2MX2 com-
plexes (M = Zr or Hf) with different aryl substituents, including very bulky ones (see, for example,
Figure 8.10, 2).7 After activation with MAO, most of these compounds were reported to produce
elastomeric polypropylenes; hence the mechanism of Scheme 8.1 was extended to the whole class
of “oscillating” metallocenes.

Although simple and captivating, this interpretation is not in line with the previously dis-
cussed results obtained by Kaminsky and Erker for unbridged metallocenes having 1-substituted-
bis(indenyl) ligands, particularly with respect to the unprecedented (and undemonstrated) hypothesis
of a significant presence of meso-like species in solution. Common sense suggests that the meso-like
conformations of the (2-Ar-indenyl)2MX2 complexes are higher in energy than the rac-like conform-
ations, and that the bulkier the aryl group, the greater the energy difference. This hypothesis was
confirmed by computer modeling.38–40 In addition, both experimental34–36,41 and theoretical39,40

estimates of the rotational barriers for a large variety of (2-Ar-indenyl)2MX2 led to the disturbing
conclusion that, in general, these energy barriers are too low to justify the observed ability of the
catalysts to produce long (high-melting) isotactic blocks.

High-field 13C NMR studies by Busico et al. ultimately led to a better understanding of the
polymer microstructure and to a substantial revision of the mechanism of stereocontrol, which was
found to be critically dependent on the steric hindrance of the aryl substituent on the indenyl rings.11,12

The methyl region of the 150 MHz 13C NMR spectrum of a polypropylene sample produced
with a catalyst bearing a very bulky substituent (Ar = 3,5-di-tert-butyl-4-methoxyphenyl) is shown
in Figure 8.11. The active catalyst was obtained by reacting precatalyst 2 with MAO, and the
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FIGURE 8.11 Methyl region of the 150 MHz 13C NMR spectrum (in tetrachloroethane-1,2-d2 at 90 ◦C) of a
stereoblock-isotactic polypropylene sample prepared with 2/MAO at 25 ◦C and [C3H6] = 6.7 M in toluene. The
chemical shift scale is in ppm downfield of TMS. (Reprinted with permission from Busico, V.; VanAxel Castelli,
V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M. J. Am. Chem. Soc. 2003, 125, 5451–5460.
Copyright 2003 American Chemical Society.)

polymerization was conducted in toluene at 25 ◦C at high propylene concentration ([C3H6] = 6.7 M).
The spectrum reveals that the polymer is moderately isotactic, with a large predominance of single-r
stereodefects (. . .mmmrmmm. . .) over rr (. . .mmmrrmmm. . .) stereodefects (see peak attributions
in the same Figure 8.11); quite surprisingly, this rather obvious feature was overlooked in previous
13C NMR studies at lower field. The unprecedented heptad/nonad-level resolution at 150 MHz,
along with the use of adequate tools for spectral simulation and statistical analysis, made it possible
to demonstrate that the observed microstructure, while deceptively similar to chain-end-controlled
isotactic (Figure 8.1b), is instead site-controlled stereoblock-isotactic (Figure 8.1c). This is consistent
with a mechanism of stereocontrol entailing an oscillation of the active cation between the two
minimum-energy enantiomorphous rac-like conformations (Scheme 8.2).

In Table 8.1, the experimental stereosequence distribution, as obtained from the spectrum of
Figure 8.11, is compared with best-fit calculated stereosequence distributions according to the chain-
end model (Equations 8.3 and 8.4) and to the Coleman–Fox version of the enantiomorphic-sites
model (see Section 8.1). The fit is poor (χ2

red = 17) in the former case, owing to the systematic
tendency of the model to underestimate the low but nonnegligible amounts of rr stereodefects
internal to the isotactic blocks, and idiosyncratic to site control. On the other hand, very good
agreement (χ2

red = 1.3)was obtained with the Coleman–Fox model using best-fit values of σ = 0.985
(Equations 8.1 and 8.2) and P12 = P21 = Posc = 0.086. The calculated number-average stereoblock
length is 〈Liso〉 = (1 − Posc)/Posc ≈ 12 monomeric units (Equation 8.5). The mechanism of
Scheme 8.2 predicts that Posc increases with decreasing [C3H6], and tends asymptotically to 0.5 for
[C3H6] → 0 (in other words, monomer insertion and catalyst oscillation tend to be equiprobable).
This limit corresponds to purely atactic propagation, irrespective of the value of σ. Such a trend was
confirmed experimentally.11,12

With decreasing steric hindrance of the aryl substituent, the fluxionality of the catalyst complex
increases. For example, at 20 ◦C ligand rotation for (2-phenylindenyl)2ZrBn2 (Bn = benzyl) was
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SCHEME 8.2 Mechanism of stereoblock-isotactic propylene polymerization with 2/MAO, through reversible
interconversions of the active cation between the two enantiomorphous rac-like conformations. (Reprinted with
permission from Busico, V.; Van Axel Castelli, V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M.
J. Am. Chem. Soc. 2003, 125, 5451–5460. Copyright 2003 American Chemical Society.)

TABLE 8.1
150MHz 13 C NMR Stereosequence Distribution of the Polypropylene Sample
Shown in Figure 8.11 and Best-Fit Calculated Stereosequence Distributions in
Terms of the Chain-End (CE) or Enantiomorphic-Sites (ES) Stochastic Model of
Chain Propagation12

Stereosequence Fractional Abundance
Experimental Calculated

CE Model
Calculated
ES Model

mmmm 0.6446 (125) 0.6735 0.6495
mmmmmm 0.5178 (127) 0.5527 0.5267
mmmmmr 0.1082 (30) 0.1148 0.1165
mmmr 0.1419 (22) 0.1399 0.1436
mmmmrr 0.0255 (20) 0.0119 0.0267
rmmr 0.0105 (20) 0.0073 0.0079
mmrr 0.0342 (20) 0.0145 0.0329
mmrm+rmrr 0.1336 (20) 0.1414 0.1303
mmmrmm 0.0991 (20) 0.1148 0.1025
mmmrmr 0.0147 (22) 0.0119 0.0116
rmrm 0.0162 (20) 0.0145 0.0143
mrmrmm 0.0098 (20) 0.0119 0.0102
rrrr 0.0009 (20) 0.0001 0.0005
rrrm 0.0045 (20) 0.0015 0.0053
mrrm 0.0145 (20) 0.0073 0.0156
mmrrmr 0.0029 (20) 0.0012 0.0028
mmrrmm 0.0116 (20) 0.0060 0.0127

χ2
red = 17 χ2

red = 1.3
Pm = 0.906(5) σ = 0.985(1)

Posc = 0.086(1)

Pm = probability to generate a meso diad.
σ = probability to select a given monomer enantioface at an active species of given chirality.
Posc = probability of enantiomorphic sites interconversion (“oscillation”).
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FIGURE 8.12 Methyl region of the 50 MHz 13C NMR spectrum (in tetrachloroethane-1,2-d2 at
120 ◦C) of the amorphous (diethylether-soluble) fraction of a typical polypropylene sample prepared with
2/[HMe2NC6H5]+[B(C6F5)4]−/Al(i-butyl)3 at 25 ◦C and [C3H6] = 6.7 M in toluene. The chemical shift
scale is in ppm downfield of TMS. (Reprinted with permission from Busico, V.; Van Axel Castelli, V.; Aprea,
P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M. J. Am. Chem. Soc. 2003, 125, 5451–5460. Copyright 2003
American Chemical Society.)

reported to be about 100 times faster than that for (2-(3,5-di-tert-butylphenyl)indenyl)2ZrBn2.41

Therefore, it is not surprising that polypropylenes produced with 1/MAO are largely atactic
(Posc ≈ 0.5) even for polymerizations carried out at high monomer concentration.5–7,11,12,32 How-
ever, as first noted by Coates and Waymouth,32 these polymers can also contain low amounts of
high-melting isotactic sequences. Quite unexpectedly, in such cases a highly crystalline (albeit not
completely isotactic) fraction can be separated from the amorphous part of the polymer sample
by solvent extraction.6,7,42,43 This strongly suggests the coexistence of different catalytic species,
and that in the case they are in equilibrium, their average lifetimes are (much) longer than the
average polymer chain growth time. Another sign of a nonsingle-center catalyst nature is the fre-
quent observation of comparatively broad polymer molecular weight distributions for these polymers
(Mw/Mn > 2.0).6,7

Even more puzzling is the fact that the stereoselectivity of this catalyst is affected by the nature
of the cocatalyst/activator and the solvent.11,12 For polymerizations in toluene, the semicrystal-
line fraction in the polymer products was found to be significantly more abundant when using
1/[HMe2NC6H5]+[B(C6F5)4]−/Al(i-butyl)3 rather than 1/MAO. On the other hand, the semicrys-
talline fraction was completely absent, regardless of activator choice, for polymers prepared in
moderately polar solvents such as bromobenzene or 1,2-dichlorobenzene.

Athorough high-field 13C NMR microstructural analysis of polypropylene samples obtained with
this complicated catalyst system under various conditions and subjected to solvent fractionation was
recently reported.12 The amorphous polymer fraction was confirmed to be atactic-like, albeit with
an excess of m diads in sequence for samples polymerized in a nonpolar medium such as toluene
(Figure 8.12).

In contrast, the semicrystalline fraction was found to consist mainly of isotactic blocks, exhibit-
ing the rr stereodefects typical of site control and separated by very short stereoirregular sequences.
Owing to the unprecedented resolution of the 150 MHz 13C NMR spectra, it was possible to demon-
strate that the relative configuration of adjacent isotactic blocks is the same (Figure 8.13a). This rules
out the hypothesis that the microstructure arises from an oscillation of the active species between



DK3712: “dk3712_c008” — 2007/10/10 — 14:11 — page 217 — #17

Stereoblock Polypropylene 217

(a)

(b)

FIGURE 8.13 Sawhorse representation of two isotactic polypropylene blocks with same (a) or opposite (b)
relative configurations separated by a short stereoirregular sequence.
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SCHEME 8.3 Proposed equilibria in solution for an active cation of 1 (A− = counteranion). (Reprinted with
permission from Busico, V.; Van Axel Castelli, V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M.
J. Am. Chem. Soc. 2003, 125, 5451–5460. Copyright 2003 American Chemical Society.)

a rac-like (isotactic-selective) and a meso-like (nonstereoselective) conformation, as originally
proposed32 (Scheme 8.1), because in such a case, equal amounts of adjacent isotactic blocks having
the same configuration (Figure 8.13a) and the opposite configuration (Figure 8.13b) are expected.

An alternative mechanism was therefore suggested (Scheme 8.3),11,12 which disregards the less
stable meso-like conformation and assumes that the active cation is mainly rac-like. Two dynamic
regimes, however, are still possible in this scenario: “oscillating” and “conformationally locked.” In
the former, the two enantiomorphous rac-like conformations are in fast interconversion (Posc = 0.5),
and chain propagation is nonstereoselective. In the latter, the oscillation is frozen, and the active
species retains its configuration for a sufficient time to produce crystallizable isotactic blocks. Based
on the observed cocatalyst and solvent effects, the transition from the oscillating to the locked regime
was proposed to be induced by the association of the active cation with the counterion in the form of
a sterically hindered contact ion pair. In this state, the anion would play a role analogous to that of
the covalent bridge in an ansa-metallocene, albeit presumably with a lower ability to freeze ligand
conformation. In particular, there could be room for transient and limited distortions from a rac-like to
a T-shaped C1-symmetric conformation, without crossing the barrier to the enantiomorphous rac-like
conformation; results of computer modeling support this view (Figure 8.14).12 The microstructure of
Figure 8.13a would then be explained by tracing the short stereoirregular sequences to the transient
C1-symmetric catalyst conformer.

The discussed reinterpretation of (2-Ar-indenyl)2MX2-based catalysts11,12 unifies the mech-
anistic picture for all substituted unbridged metallocenes. However, the scientific debate is still
open.44,45
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FIGURE 8.14 Quantum Mechanics/Molecular Mechanics (QM/MM) optimized structure of the transition
state for propylene insertion into the Zr-Me bond of a putative [rac-(2-phenyl-indenyl)2Zr(Me)]+[B(C6F5)4]−
ion couple with the borate anion sterically interlocked at the catalyst rear (Zr · · · F distance, 0.32 nm). The
fragments treated at MM level are shown in wire frame. (Reprinted with permission from Busico, V.; Van
Axel Castelli, V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M. J. Am. Chem. Soc. 2003, 125,
5451–5460. Copyright 2003 American Chemical Society.)
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FIGURE 8.15 The structure of precursor complex 3.

8.3.3 STEREORIGID BRIDGED METALLOCENE CATALYSTS

The synthesis of stereoblock polypropylene has been claimed not only from fluxional unbridged
metallocene catalysts, but also—more intriguingly—from some stereorigid ansa-metallocene cata-
lysts. In particular, a series of papers by Chien and coworkers46 reported that, upon activation
with MAO, rac-[ethylidene(tetramethylcyclopentadienyl)(1-indenyl)]TiCl2 (Figure 8.15, 3) and its
dimethyl homologue produced polypropylenes with an isotactic/atactic multiblock stereostructure.
This claim was based on (1) the physical properties of the material, which were typical of a TPE; (2) a
13C NMR microstructural characterization at pentad level, revealing the copresence of predominantly
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SCHEME 8.4 Proposed mechanism of isotactic/atactic stereoblock propylene polymerization at the active
cation of 3.46 (Reprinted with permission from Gauthier, W. J.; Corrigan, J. F.; Taylor, N. J.; Collins, S.
Macromolecules 1995, 28, 3771–3778. Copyright 1995 American Chemical Society.)

isotactic and close-to-atactic sequences; (3) solvent fractionation studies documenting the inability
to completely separate the two types of stereosequences, which should be possible for physical
mixtures of isotactic and atactic polypropylene.

The C1-symmetric active cation derived from 3 has two diastereotopic sites. To explain their
observations, the authors postulated that propylene insertion is enantioselective at only one of the
sites, and isotactic/atactic stereoblock chain propagation results from long sequences of monomer
insertions at the two sites (kiso[C3H6] � kinv and kasp[C3H6] � k−inv in Scheme 8.4).

A variety of Ti, Zr, and Hf analogues of 3 with different bridges were subsequently prepared
and investigated by Collins and coworkers, and found to behave very similarly.15,47 However, these
authors underlined that the mechanism proposed in Scheme 8.4 is in obvious conflict with the known
tendency of propylene insertion to occur in a chain migratory fashion.5,6 They also demonstrated,
by means of thorough mathematical modeling of stereosequence distributions, that it is not possible
to discriminate unambiguously between isotactic/atactic stereoblock polypropylene and a physical
blend of isotactic and atactic polypropylene based on 13C NMR data at pentad level.15 To date, this
case has not been reconsidered at higher resolution.

It should be noted here that elastomeric polypropylenes with predominantly isotactic or syndi-
otactic structures have been obtained using a variety of C2-, Cs-, and C1-symmetric ansa-metallocene
catalysts of comparatively poor stereoselectivity.48 In such polymers, the stereodefects are distrib-
uted nearly at random, and the average length of the stereoregular sequences is very close to the
minimum length needed for crystallization (11–15 monomeric units15). This results in the formation
of a three-dimensional network in which large amorphous domains are tied up by low amounts of
(very) small crystalline domains acting as physical crosslinks. It is possible, at least in some cases,
that polymers with this structure have been claimed to be stereoblock polypropylenes.

8.3.4 FLUXIONAL BRIDGED METALLOCENE CATALYSTS

A strategy for stereoblock propylene polymerization that can be viewed as a hybrid between those
described in Sections 8.3.2 and 8.3.3 consists of using metallocene catalysts with “hapto-flexible”
cyclopentadienyl-aryl ligands.49,50 The catalyst precursors in these systems are Ti(IV) or Zr(IV)
complexes bearing a (substituted) cyclopentadienyl or indenyl ligand bridged to a neutral aromatic
moiety such as a (substituted) phenyl or naphthyl. A typical example is 4 (Scheme 8.5), which
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SCHEME 8.5 Proposed mechanism of isotactic/atactic stereoblock propylene polymerization with 4/MAO,
entailing reversible interconversions between three different active cations. (Reprinted with permission from De
Rosa, C.; Auriemma, F.; Circelli, T.; Longo, P.; Boccia, A. C. Macromolecules 2003, 36, 3465–3474. Copyright
2003 American Chemical Society.)

has been claimed to yield isotactic/atactic stereoblock polypropylene owing to the fluxionality of
the active cation.50 This supposedly entails an equilibrium between two metallocene-like species,
with the two aromatic moieties coordinated in a rac-like or a meso-like configuration (Scheme 8.5,
4a and 4c, respectively), and a half-metallocene in which the neutral ligand is not coordinated
(Scheme 8.5, 4b). The rac-like metallocene cation would be responsible for the formation of the
isotactic polypropylene sequences, whereas both the meso-like metallocene and the half-metallocene
cation would be nonstereoselective. Once again, it should be noted that the microstructural analysis of
the polymer is inconclusive, and that the mechanism of stereocontrol is only presumptive; therefore,
caution should be taken in the evaluation of the aforementioned results.

8.3.5 NONMETALLOCENE CATALYSTS

The recent literature shows a rapidly growing interest in the development of new nonmetallocene
(“postmetallocene”) single-center olefin polymerization catalysts.51 Among these, MAO-activated
octahedral bis(benzamidinate) complexes of group 4 metals (Scheme 8.6 for M = Zr) have been
claimed by Eisen and coworkers to afford, in some cases, elastomeric isotactic/atactic stereoblock
polypropylenes.52–54 For a number of these complexes, the stereoselectivity in propylene poly-
merization at a given temperature was found to decrease from isotactic to atactic with decreasing
propylene concentration. This was attributed52 to a competition between site-controlled isotactic
chain propagation and an intramolecular racemization of the last-inserted monomeric unit (growing
chain epimerization), similar to what occurs with C2-symmetric ansa-zirconocenes.55 By making
use of a special reactor in which high and low propylene partial pressures could be attained with very
fast cycling (up to 100 Hz), isotactic/atactic multiblock chain propagation was claimed.53 Although
impractical for large scale operation and not well-proven with respect to the real microstructure of
the polymerization products, this path to stereoblock polypropylene deserves citation as an ingenious
example of unconventional thinking.

More recently, the same authors have proposed that stereoblock polymerization with these
catalysts might be due to a fluxional behavior of the active species, oscillating between an
isotactic-selective C2-symmetric form, with both benzamidinate ligands in η2 coordination, and a
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SCHEME 8.6 Proposed mechanism of isotactic/atactic stereoblock propylene polymerization with
bis(benzamidinate) Zr(IV) complexes.52 Chain propagation at high monomer concentration would be site-
controlled isotactic-selective, whereas at low monomer concentration it would become nonstereoselective
owing to intramolecular growing chain epimerization. (Reprinted with permission from Volkis, V.; Nelken-
baum, E.; Lisovskii, A.; Hasson, G.; Semiat, R.; Kapon, M.; Botonshansky, M.; Eishen, Y.; Eisen, M. S. J. Am.
Chem. Soc. 2003, 125, 2179–2194. Copyright 2003 American Chemical Society.)

nonstereoselective C1-symmetric form in which one benzamidinate ligand is bound to the transition
metal in an η1 fashion.54

8.3.6 STEREOBLOCK POLYPROPYLENE VIA EXCHANGE OF GROWING

POLYMER CHAINS

A conceptually different route to the synthesis of stereoblock polypropylenes entails the repeated
exchange of growing polymer chains between active species of different stereoselectivity. Two
pathways are conceivable:

1. Reversible trans-alkylation by a main group metal-alkyl cocatalyst (such as AlR3 or ZnR2)

LyM(1)−P+ RxM−R→ LyM(1)−R + RxM−P (8.6)

LyM(2)−R + RxM−P→ LyM(2)−P+ RxM−R (8.7)

(M(1) and M(2) = transition metal; M = main group metal; R = alkyl; P = Polymeryl)
2. Direct polymeryl exchange through dinuclear transition metal species.

Pathway (1) has recently found an interesting demonstration in the related area of ethylene/1-
alkene multiblock copolymerization, with ZnR2 acting as the “chain shuttling” agent.56 In propylene
homopolymerization, presumptive evidence of isotactic/atactic stereoblock chain formation with a
similar mechanism was reported by Chien et al.57 for polypropylenes obtained with mixtures of
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a C2-symmetric ansa-zirconocene, such as rac-ethylene-bis(1-indenyl)ZrCl2 or its dimethylsilyl-
bridged homologue, and a C2v-symmetric metallocene, such as ethylene-bis(9-fluorenyl)ZrCl2, in
combination with Al(i-butyl)3 and the triphenylcarbenium salt of tetrakis-perfluorophenylborate. In
spite of exhaustive extraction of the polymers with boiling hexane, appreciable amounts of atactic
sequences were found in the insoluble residue; in contrast, complete separation of isotactic and
atactic chains by the same boiling hexane extraction procedure was achieved for physical blends of
isotactic and atactic polypropylene prepared independently with the same catalysts. Isotactic/atactic
stereoblock chains were estimated to represent up to 10 wt% of the raw polymer, and were suggested
to act as phase compatibilizers between the isotactic and atactic polypropylene parts; this would
explain the remarkable elastomeric properties of the material.

More recently, the same strategy was attempted to prepare isotactic/syndiotactic stereob-
lock polypropylene by using mixtures of rac-dimethylsilyl-bis(2-methyl-benz[e]-1-indenyl)ZrCl2
and diphenylcarbenyl(Cp)(9-fluorenyl)ZrCl2 in combination with MAO. Morphological studies by
means of atomic force microscopy on such materials documented exclusive microphase separation
between the isotactic and syndiotactic domains. This behavior is at odds with physical blends of
isotactic and syndiotactic polypropylene, for which macrophase separation was observed.58

A diligent study on the possibility of achieving Al-trialkyl-mediated stereoblock polypropyl-
enes using mixed ansa-metallocene catalysts of various symmetries was carried out by Lieber and
Brintzinger.59 These authors studied propylene polymerization using the zirconocene complexes 5–8
(Figure 8.16), activated either with MAO (with or without added AlMe3) or with Al(i-butyl)3 and
triphenylcarbenium tetrakis-perfluorophenylborate. These catalysts were first studied individually
regarding their tendency toward alkyl-polymeryl exchange with the respective alkylaluminum activ-
ators, and then pairwise regarding their capability to generate polymers with a stereoblock structure.
A direct 13C NMR identification of stereoblock junctures was not achieved. However, the combined
results of the trans-alkylation study and of the solvent fractionation and pentad-level microstructural
analysis of the polymers led the authors to conclude with reasonable confidence that growing chain
exchange between different active cations can occur, provided that an efficient trans-alkylating agent
is present. In particular, stereoblock chain formation was not observed for any metallocene pair in

ZrCl Cl
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FIGURE 8.16 The structure of precursor ansa-zirconocene complexes 5–8.
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FIGURE 8.17 The structure of precursor complex 9.
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SCHEME 8.7 Mechanism of isotactic/atactic stereoblock propylene polymerization with 9, through degener-
ative chain transfer.61,62 (Reprinted with permission from Harney, M. B.; Zhang, Y.; Sita, L. R. Angew. Chem.
Int. Ed. 2006, 45, 6140–6144. Copyright 2006 John Wiley & Sons, Inc.)

combination with Al(i-butyl)3 (a negative result which seems to be in conflict with the aforemen-
tioned previous results by Chien57,58), whereas in the presence of AlMe3 (in equilibrium with MAO),
chain transfer from the active species of 6 to that of 7(and possibly also to that of 8) occurred. This
clearly points to an AlMe3-mediated process (Equations 8.6 and 8.7; RxM–R = AlMe3), which
seems to be favored when steric hindrance is relieved, that is, when a growing polymeryl is trans-
ferred from a crowded zirconocene cation (like that derived from 6) to a less congested one (like that
of 7). A recent thorough investigation of reversible trans-alkylation by ZnEt2 in catalytic ethylene
polymerizations60 is substantially in line with Brintzinger’s conclusions.59

Concerning pathway (2), in turn, nice examples of stereoblock and “stereogradient” propylene
polymerizations were reported by Sita and coworkers.61,62 In previous papers,63 they had demon-
strated that the (η5-pentamethylcyclopentadienyl)Zr-amidinate, (Cp∗){N(t-Bu)C(Me)N(Et)}ZrMe2
(Figure 8.17, 9), can be converted by methide abstraction (e.g., with [HMe2N(C6H5)]+[B(C6F5)4]−)
into a catalyst (initiator) for the isotactic Ziegler–Natta polymerization of 1-alkenes, and that at low
temperature (≤−10 ◦C) chain propagation is living. The stereoselectivity is controlled by the intrinsic
chirality of the metal center in the configurationally stable [(Cp*){N(t-Bu)C(Me)N(Et)}Zr(P)]+
active cation (P = Polymeryl). Neutral dialkyls, on the other hand, undergo racemization owing to fast
rotation of the amidinate ligand. Importantly, [(Cp*){N(t-Bu)C(Me)N(Et)}Zr(P)]+ and (Cp*){N(t-
Bu)C(Me)N(Et)}Zr(Me)(P) species interconvert through facile methyl exchange;63 this results into
degenerative chain transfer,64 that is, a condition of direct exchange between active (cationic) and
“dormant” (neutral) Zr-Polymeryls (Scheme 8.7).

With elegant and ingenious manipulations of the system, and in particular of the precatalyst
activation chemistry, it was possible to adjust the relative values of kp and ktr of Scheme 8.7, and by
this means to fine-tune the stereoselectivity of chain growth between the two extremes of isotactic (for
kp � ktr) and atactic (for kp � ktr).61,62 The living nature of the catalyst made it possible to change
such values stepwise or—even—continuously during individual chain growth, with the resulting
formation, respectively, of isotactic/atactic stereoblock or of “stereogradient” polypropylene (a novel
microstructural type, in which the tacticity of the chain changes progressively from one end to



DK3712: “dk3712_c008” — 2007/10/10 — 14:11 — page 224 — #24

224 Stereoselective Polymerization with Single-Site Catalysts

the other). Unfortunately, important drawbacks for practical application are a rather poor catalyst
productivity and stereoselectivity; in particular, in spite of the low polymerization temperature
(−10 ◦C) the upper limit of polypropylene stereoregularity was modest ([mmmm] = 71%).

8.4 CONCLUDING REMARKS AND PERSPECTIVE OUTLOOK

The literature results reviewed in this chapter prove the existence of several catalytic routes (either
direct or cocatalyst-mediated) to stereoblock polypropylenes with practically all conceivable micro-
structures, but also demonstrate that a complete control over the very many process variables
is—euphemistically—difficult to achieve.

The catalytic route closest to being completely managed and understood is stereoblock-isotactic
polymerization in the presence of bis(2-Ar-indenyl) group 4 metallocenes with very bulky aryl
substituents. The simple and clean mechanism of stereocontrol entails an oscillation of the active
cation between the two enantiomorphous rac-like conformations. Unfortunately, the resulting poly-
mers have fairly high crystallinity and thermoplastic properties which are of rather limited practical
interest, compared with those in which the alternation of crystallizable and amorphous blocks results
in materials behaving as TPEs.

Amongst the latter TPE-like materials, elastomeric polypropylenes containing isotactic/atactic
stereoblock chains have been obtained with a number of single- and multicenter catalyst systems,
but unfortunately always as a mixture with isotactic and/or atactic polypropylene and with limited
process management at both the molecular and the macroscopic scale. One decade after the first
optimistic literature announcements,32 the idea of well-behaved and versatile rac-like/meso-like
oscillating metallocenes has largely evaporated, leaving behind a new and more critical awareness
of the persisting obstacles to rational catalyst design.65

The demonstration of the viability of “chain shuttling” between different active species in mixed
catalyst systems56 may offer alternative and possibly easier routes into well-controlled stereoblock
polypropylenes and block (co)polymers in general. The fundamentals of this process still need to be
better understood, but the fact that existing catalysts with a known behavior can be employed makes
the search for effective “chain shuttling” agents and conditions potentially of very broad scope and
perspective.

Whatever the synthetic strategy, it is highly advisable that the modern tools of high-field 13C
NMR microstructural analysis are used for stereoblock polypropylene evaluation.5 Until recently,
with few exceptions, polymer microstructures have been determined at an inadequate level of detail;
as a result, many structure/property studies are flawed at the origin.66

There is a clear trend in current polyolefin research toward the synthesis of novel and well-
controlled polymer architectures, leading to materials with special properties and higher added
value.67 Stereoblock polypropylenes can still represent a promising area for development; it is up to
those who invest in it to take full advantage of the modern experimental and theoretical toolkits, and
to transform the traditional, substantially “blind” approach into a more conscious (and by no means
less exciting) scientific adventure.
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9.1 INTRODUCTION

Tailoring polymer properties such as stiffness, strength, or processing requires control of the molecu-
lar architecture of the polymers. For the polymerization of olefins like propylene, the development
of metallocene catalysts gives access to new polymer microstructures. During the last decade, major
advances have been made in metallocene catalysis for polypropylenes, providing higher levels of
control over composition, molecular mass distributions, and stereoregularity. This leads to a large
variety of polypropylenes with varying types and degrees of stereoregularity,1–4 from amorphous or
low-crystallinity types to highly stereoregular ones such as isotactic and syndiotactic polypropylene.4

Owing to the regular arrangement of methyl groups, these stereoregular polypropylenes are semicrys-
talline materials with melting points above 180 ◦C exhibiting typical thermoplastic deformation
behavior (Thermoplast, Figure 9.1), but isotactic and syndiotactic polypropylene differ in elastic
modulus and impact strength.5 In atactic polypropylenes, the statistically random arrangement of
the methyl groups prevents crystallization. Therefore, atactic polypropylenes are soft, amorphous
polymers ranging from oils to soft, waxy materials (Wax, Figure 9.1).6

Isotactic polypropylenes with lower levels of stereoregularity show physical and mechanical
properties different from those of stiff, plastic, highly isotactic polypropylene (iPP). When the
mmmm content decreases to a level below 50%, the materials become more flexible than iPP. In
the stress–strain curves no yield points appear (Plastomer, Figure 9.1), and the specimens do not
show distinct necking zone. Instead, the samples can be homogeneously deformed revealing a
continuous increase in stress until the samples fail. Higher elastic recovery of the samples, as
compared to pure thermoplastic polypropylene, can be found after stretching the samples to a given
elongation and releasing the stress. Such behavior is typical of so-called “plastomer” behavior.7,8
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FIGURE 9.1 Stress–strain curves of semicrystalline polypropylenes allow a classification based on their
mechanical properties.
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Decreasing the mmmm content further leads to transparent materials with improved toughness that
may present elastomeric properties such as high elongation ratios and improved elastic recovery
(Elastomer, Figure 9.1). Owing to this interesting variation in mechanical properties, low-crystalline
polypropylenes have become an increasing point of interest.

Natta discovered the first elastomeric polypropylene in 1950.9,10 He explained the elastic proper-
ties in terms of a heterogeneous chain microstructure. Such chains consist of alternating domains of
more regular isotactic sequences, which are able to crystallize, and stereoirregular, noncrystallizable
sequences. This leads to a phase-separated morphology where crystalline domains provide physical
crosslinks of the amorphous chain segments.11 During the last 30 years a broad variety of micro-
structures with different sizes and distributions of isotactic sequences have been synthesized, such
as polypropylenes with an intermediate isotactic-atactic microstructure,12–17 stereoblock isotactic-
atactic polypropylenes,18–22 and stereoblock isotactic-hemiisotactic polypropylenes23 show-
ing elastomeric properties. All of these low-isotactic polypropylenes have semicrystallinity
in common.

In the solid state, the crystalline morphology and the crystallinity of such polymers are affected
by three major factors: (1) the amount and size of isotactic sequences, (2) the molecular weight
of the polymer, and (3) the crystallization conditions. In the case of low-isotactic polypropylenes,
little is known about the correlation between the chain microstructures, the morphologies they will
generate, and the resulting mechanical properties. It is therefore of particular interest to control the
chain microstructures of low-isotactic polypropylenes and to analyze how and to what extent they
crystallize.

9.2 THERMOPLASTIC ELASTOMERS

Polymers can be broadly classified on the basis of their macroscopic properties.24 Thermoplastic
polymers are linear or branched polymers that can be reversibly melted or solidified, because the
polymer chains of these polymers are not crosslinked. The polymer chains can slide by each other.
Thus, they are irreversibly deformed under mechanical stress. Elastomers are polymers showing
a large deformability with essentially high recovery. They consist of long main chains, which
form wide-meshed, physically or chemically crosslinked polymer networks. Owing to the rel-
atively low crosslinking density of the polymers and the presence of flexible segments that can
alter their arrangement and extension response to external stress, elastomers display rubber elastic
behavior.11 Conventional rubbers are chemically crosslinked polymers. These materials can be
reversibly deformed, but reprocessing through softening or melting is impossible because chem-
ical crosslinking is an irreversible process, making it impossible for the chains to flow along each
other at higher temperatures. About 60 years ago, a new class of elastomeric materials was described
that could be molded and remolded again and again.25–28 These polymers feature elastomeric beha-
vior due to the formation of reversible crosslinks. Reversible crosslinks use noncovalent (secondary)
interactions between the polymer chains to bind them together in a physically crosslinked network.
Such crosslinks can easily be opened at increased temperatures. Therefore, transitions between
the elastomeric and melt states can be initiated by temperature variations. Since these polymers
possess physical properties similar to vulcanized rubber and processing characteristics similar to
thermoplastics, they are called thermoplastic elastomers (TPEs).11

9.2.1 MORPHOLOGY OF THERMOPLASTIC-ELASTIC POLYPROPYLENE

Conventional TPEs consist of block copolymers with defined ABA building units. This block struc-
ture is responsible for their phase-separated morphology, where one segment of the polymer chain
forms the soft phase responsible for the elastomeric behavior. The other (stiffer) segments form the
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Flexible segments

Crystallizable segments

Crystalline domains

FIGURE 9.2 In thermoplastic-elastic polypropylenes, the network is formed by crystallization of stereoregular
chain segments.

hard phase, which consists either of chain segments having a glass transition temperature (Tg) far
above room temperature or of crystallizable chain segments.

This hard phase exists as a physical crosslinked network at room temperature, but becomes
fluid when the temperature exceeds either the Tg or the melting temperature (Tm) of this phase.
Low-isotactic polypropylenes contain only of one kind of monomer, but owing to variations in their
stereoregular arrangement, a heterogeneous chain microstructure can be obtained. The chains consist
of alternating domains of stereoirregular, noncrystallizable sequences and more regular isotactic
sequences that are able to crystallize (Figure 9.2, left). The stereoregular, isotactic sequences of
different polymer chains can cocrystallize. These crystalline domains dispersed in the amorphous
matrix are thought to provide the physical crosslinks for the amorphous segments of the chain
(Figure 9.2, right). Thus, low-isotactic polypropylenes reveal a phase-separated morphology and
exhibit elastomeric behavior. These polypropylenes are called thermoplastic-elastic polypropylenes
(TPE-PPs).11

9.2.2 CRYSTALLINE STRUCTURES

The crystalline aggregates formed by isotactic chain sequences are proposed to be necessary for the
elastic behavior of TPE-PP.29 It is therefore of particular interest to understand how polypropylenes
crystallize. Stereoregular, highly isotactic polypropylene chains form a 31 helix (Figure 9.3). Owing
to stereoerrors present in the chains, these helices can crystallize through chain folding in a lamellar
morphology. Bensason et al.30 studied the morphology of polyethylene-based TPEs. They revealed
that polyethylenes with densities below 0.89 g/cm3 form a granular morphology where the individual
granules have diameter of about 5–10 nm.31 The granules are made of bundled crystals or fringed
micelles.32 Thus, most probably, low-isotactic polypropylenes will crystallize through the parallel
alignment of helical chain segments in a granular structure, forming fringed micelles (Figure 9.3).
When the crystallinity—and therefore the isotacticity—increases, stacked lamellae may be formed
in a manner similar to the process observed for polyethylene.

Zhu et al.33 showed that polypropylene crystallization is not induced until the isotactic block
length exceeds a critical number of sequential isotactic propylene units, niso crit . Based on the
Doi–Edwards theory for isotropic-to-nematic transitions of liquid crystals34–37 and the proposal
of Imai et al.38–40 that a parallel order of polymer segments induces a spinodal composition-type
microphase separation prior to crystallization, they calculated the persistence length L of the helical
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FIGURE 9.3 Crystallization of isotactic polypropylene chains leads to lamellae and fringed micelles.

sequences necessary for crystallization. If the persistence length L is smaller than the critical value, no
crystallization occurs because the melted state is stable. Alternatively, the melt becomes instable and
the parallel alignment of helices starts to increase when the helical sequences are larger in length than
the critical value. The critical value L for increasing order can be calculated by Equation 9.133,34,40

L = 4.19M0

bl0ρNA
(9.1)

where b is the diameter of the polymer segment, ρ is the density, NA is Avogadro’s number, and M0
and l0 are the molecular weight and the length of the enchained monomer repeat unit, respectively.
For an isotactic polypropylene melt, M0, b, l0, and ρ can be taken to be 42 g/mol, 0.665 nm,
0.217 nm, and 0.85 g/cm3, respectively. With these parameters, the critical length L was found to
be 2.38 nm.33 This suggests that when the helical sequence length exceeds 2.38 nm, the level of
parallel ordering of helix structures starts to grow, and crystallization occurs. Since the crystalline
isotactic polypropylene has a 31 helix conformation and the c-axis dimension of the repeating unit is
0.665 nm, this value corresponds to 11 monomer units in an isotactic sequence (niso crit = 11). This
calculation implies that low-isotactic polypropylenes do not crystallize until their isotactic segment
length niso is above 11 isotactic repeating units.

Isotactic polypropylene can crystallize in different forms (modifications), such as α, β, γ, and
smectic, which differ by their unit cell type and thus by their packing density.41–47 The most common
are the α-form and the γ-form. The α-modification is the preferred crystalline form of polypropylenes
synthesized by conventional Ziegler–Natta catalysts.48–52 High molecular weight isotactic polypro-
pylenes prepared by metallocene catalysts preferentially crystallize in the γ-form.44,49,50,53–59 The
different polymorphic behaviors of metallocene and Ziegler–Natta samples can be related to the
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different distributions of defects in the polymeric chains generated by these different kinds of cata-
lytic systems.49–53 Whereas in metallocene-made isotactic polypropylenes the distribution of defects
along the chains is random, in Ziegler–Natta iPP samples the majority of defects are segregated in
small fractions of poorly crystallizable macromolecules or in the more irregular portions of the chain.
Therefore, much longer fully isotactic sequences can be produced in Ziegler–Natta iPP samples, lead-
ing to the crystallization of the α-form even for a relatively high overall concentration of defects. In
contrast, the presence of interruptions in the regular sequences of isotactic polypropylene favors the
development of the γ-form.51,53,60 Alamo et al.53 discovered a linear correlation between the content
of the γ-modification and the average isotactic segment length niso. Fischer and Mülhaupt60 showed
for higher-isotactic polypropylenes that polymers having an isotactic block length niso of below 40
monomer units crystallize exclusively in the γ-modification. De Rosa et al.51 confirmed these results
by showing that isotactic polypropylenes will crystallize preferentially in the γ-modification when
increasing amount of rr stereoerrors are present, leading to shorter isotactic sequences.51 Neverthe-
less, both of the two modifications (the α-form54 as well as the γ-form55,62) have been found, in
addition to mixed α/γ-modifications.55,56,63 This indicates that, depending on the catalytic system
used to prepare the polypropylene, the isotactic block length can vary over a broad range.

The different crystalline forms have different unit cells with different crystalline densities. The
monoclinic α-phase (Figure 9.4a) has a higher crystalline density than the γ-phase.41 The latter
crystalline form exhibits a less densely packed orthorhombic unit cell, which may also contain some
stereodefects.64–67 The γ-phase also represents a unique packing arrangement,58,59,68−70 wherein the
orthorhombic unit cell is composed of bilayers of two parallel helices (Figure 9.5a). The directions
of the chain axes in adjacent bilayers are tilted at an angle of 81◦ to each other.68 In contrast, only
parallel-arranged lamellae are observed in α-phase crystals.68 The different unit cells providing
the basis for the different crystalline forms can be discriminated using wide-angle X-ray scattering
(WAXS) experiments. The α-modification reveals a WAXS peak at� = 9.3◦ (Figure 9.4b). For the
γ-modification, this peak is missing and a WAXS peak at� = 10◦ can be found (Figure 9.5b).58 For
the case of a mixed crystal phase, both peaks are present. Here, the fractions of the corresponding
α- and γ-modifications can be estimated by fitting the individual peaks using a Lorentzian function.

(a)

(b)

(c)
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FIGURE 9.4 Polypropylene crystallized in the monoclinic α-form consisting of parallel-aligned lamellae (a)
reveals a characteristic peak at � = 9.3◦ in its WAXS pattern (b); the lamellae will aggregate and form
spherulitic superstructures as shown in a Scanning Force Microscopy phase image (c).
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FIGURE 9.5 Polypropylene crystallized in the γ-form consisting of bilayers of two parallel helices (a) reveals
a characteristic peak at� = 10◦ in its WAXS pattern (b); lamellae will aggregate and form arborescent lamellar
superstructures as shown in a Scanning Force Microscopy phase image (c).

On a microscopic scale, discrimination owing to morphological differences arising from differ-
ent lamellar arrangements is also possible. For α-form lamellae, various morphologies have been
observed, such as single ribbon-like lamellae, lamellar stacks, and spherulites (Figure 9.4c).43,68,69

When isotactic polypropylene crystallizes, α-phase lamellae are initially generated. These lamel-
lae serve as nuclei for the edge-on crystallization of short, secondary lamellae appearing as thin
branches. When secondary lamellae crystallize in the α-form, the angle between the primary
and the secondary lamellae is about 81◦. This results in extended crosshatch structure.61,70,71

In contrast, for the γ-modification only an arborescent arrangement of lamellae can be observed
(Figure 9.5c).44,46,53,72,73 This morphology can be explained by the fact that γ-phase lamellae are
only generated by epitaxial growth on the surface of primarily formed α-phase lamellae, leading to
a branching angle of about 40◦.46

9.3 SYNTHESIS OF THERMOPLASTIC-ELASTIC POLYPROPYLENES

9.3.1 POLYPROPYLENES THROUGH METALLOCENE CATALYSIS

Transition metal-catalyzed polymerization reactions allow the formation of polymeric materials with
a unique relationship between catalyst structure and material properties. In contrast to conventional
heterogeneous Ziegler–Natta systems, which comprise multiple active sites with different stereose-
lectivities, metallocenes are uniform catalysts with a defined molecular structure at a single active
site. In 1984, Ewen74 first proved the correlation between metallocene chirality and polymer tacticity
with the ansa-titanocene C2H4(1-Ind)2TiCl275 (Ind = indenyl; ansa-metallocenes are complexes
containing a bridging group that links their two cyclopentadienyl (or similar) ligands, blocking their
rotation4). The C2-symmetric racemic form of this metallocene yields isotactic polypropylene (up
to 71% mm), but the meso form produces atactic polymer with low molecular weight. One year



DK3712: “dk3712_c009” — 2007/10/10 — 14:11 — page 238 — #8

238 Stereoselective Polymerization with Single-Site Catalysts

FIGURE 9.6 Correlation of polypropylene microstructure with metallocene precatalyst symmetry.

later, Kaminsky and Brintzinger showed that much higher yields of isotactic polypropylene could
be synthesized with a similar C2-symmetric zirconocene, rac-C2H4(1-H4Ind)2ZrCl2.76

From then on, metallocene catalysts were no longer considered purely as model systems for het-
erogeneous Ziegler–Natta systems; rather, it became obvious that they could be the key to preparing
tailor-made polymers with new, fascinating properties. This was a consequence of their ability to
provide efficient control of polymer regio- and stereoregularity, monomer incorporation, molecular
weight, and molecular weight distribution. Thus, metallocene catalyst structures can be correlated
with a product polymer’s properties, such as chain microstructure, and based on this correlation,
also with a polymer’s crystallization behavior and mechanical properties.4,6,77 Some representative
examples of different types of the metallocene precatalysts illustrating the facts outlined above are
shown in Figure 9.6.

A prochiral monomer such as propylene offers two faces for coordination to a metal center. The
steric environment at the active site, formed by the coordinated ligands and the growing polymer chain
after activation with a cocatalyst, determines the orientation of the incoming monomer. In this case,
the mechanism of stereoselection is referred to as enantiomorphic site control.78 The stereochemistry
of the polymer is thus determined by the chirality relationship of the two coordination sites of the
catalyst. However, every monomer insertion generates a new stereogenic center. As a consequence,
chiral induction (enantioface preference) arises from the last-inserted monomer unit in the growing
polymer chain. This mechanism is referred to as chain-end control78 (see Chapter 1 for an introduction
to chain-end and enantiomorphic site control mechanisms in iPP synthesis).

In C2-symmetric catalysts (e.g., 1, Figure 9.6) having bifold symmetry of rotation around a
horizontal axis, both polymerization sites are identical and therefore possess equal selectivity for the
coordination of the prochiral monomer. All coordinations on either monomer enantioface or at either
coordination site of the metal lead to identical stereoselective insertions, and thus an isotactic polypro-
pylene chain is produced by a chain migratory insertion mechanism (enantiomorphic site control).
Nevertheless, the resulting polypropylene’s tacticity can be decreased by means of catalyst frame-
work and polymerization conditions. For less stereoselective C2-symmetric catalysts, the magnitude
of chain-end control operating during polymerization can be comparable to that of enantiomorphic
site control, thus leading to a decline in polymer tacticity.78 Instead, at conditions of lower propylene
concentration, unimolecular primary-growing-chain-end epimerization (Scheme 9.1) accounts for
the decreased stereoregularity of the polymers.

Complexes with Cs-symmetry (e.g., 2, Figure 9.6) have an internal vertical mirror plane bisecting
the ligand from back to front.78 The two coordination sites formed after activation are mirror images,
and therefore show opposite selectivity for the coordination and insertion of the prochiral monomer.
This means that the preferred propylene face for coordination changes after every insertion step,
which affords a syndiotactic polypropylene microstructure.
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SCHEME 9.1 Epimerization (R = ligand substituent).

Reducing the symmetry of the Cs-symmetric complex, for example by introducing a methyl
substituent in the 3-position on the cyclopentadienyl ring of 2, leads to an asymmetric catalyst with
no mirror plane or rotation axis, having C1-symmetry (e.g., 3, Figure 9.6). This particular species
possesses a selective (isospecific, more sterically hindered) site and a nonselective (atactic, less ster-
ically hindered) site. Every second insertion (assuming polymer chain migration to the site previously
occupied by the coordinated propylene monomer) is thus random, and a hemiisotactic polymer is
obtained.6 However, asymmetric C1 catalysts can not only produce hemiisotactic polymers, but
depending on their ligand framework, can also produce isotactic microstructures. Replacing the
symmetry-breaking substitutent residing on one of the cyclopentadienyl distal positions (i.e., the 3-
methyl substituent at the β-position to the bridgehead C atom in 3) with a bulkier one leads to a strong
nonbonded, repulsive interaction between this bulky substituent and the growing polymer chain. The
bulkier substituent hinders chain migration to the coordination site underneath the β-substitutent,
which is therefore only available for propylene coordination.79–81 The formation of an isotactic
polymer can thus be explained only by assuming back-skip of the growing chain to its initial, less
hindered position after each propylene insertion82 (vide infra). The exclusive availability of only one
site for monomer coordination at each active center, and its preference for only one kind of propyl-
ene enantioface, are the reasons for the formation of isotactic polypropylene with such systems.80

This is a consequence of enantiomorphic site control over the polymerization stereochemistry (see
Chapter 2 for a further discussion of C1- and Cs-symmetric propylene polymerization catalysts).

9.3.2 DESIGNED CATALYSTS FOR CONTROLLING THE POLYMER TACTICITY

In recent years, polypropylenes with lower levels of stereoregularity have become an increasing point
of interest owing to their elastic properties. In 1990, more than 30 years after Natta isolated the first
polypropylene elastomer,9 Chien reported a homogenous asymmetric C1 metallocene catalyst, [1-
(η5-indenyl)-1-(η5-tetramethylcyclopentadienyl)ethane]TiCl2 (4, Figure 9.7), capable of producing
elastomeric polypropylene.83,84 Chien attributed the elastomeric properties of the isolated polypro-
pylenes to atactic and isotactic blocks statistically distributed along the polymer chain.15,85–87 The
relative abundance of the isotactic and atactic blocks is based on a competitive two-site model made
by mixing a chain-end-controlled site (to model the atactic blocks) and an enatiomorphic site (for
the isotactic blocks).

A modification by Collins and coworkers88,89 of the system introduced by Chien, to a
dimethylsilylene-bridged zirconocene (5, Figure 9.7), afforded an improved activity (10,400 kg
PP/mol Zr) and higher molecular weight polypropylenes (weight average molecular weight (Mw) ≈
100, 000 g/mol). This catalyst has only one sterically demanding β-carbon ligand substituent (CH3
on top indenyl ring) allowing facile monomer coordination at each catalyst side. Consequently, only
the polymerization temperature influences the polymer stereoregularity. In these cases, low-isotactic
polypropylenes with low Tms or amorphous polypropylenes having a more homogeneous distribution
of stereoerrors are obtained.

More successful for producing elastomeric polypropylenes were Resconi et al.,90 who have
reported a chiral C2-symmetric ansa-zirconocene catalyst (6, Figure 9.7). This catalyst produces
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FIGURE 9.7 Asymmetric catalysts investigated by different research groups for the production of elastomeric
polypropylene.
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FIGURE 9.8 δ-Forward (7a) and λ-backward (7b) conformers of [1-η5-9-fluorenyl)-1-(R,S)-phenyl-2-(η5-
1-(R)-indenyl)ethane]ZrCl2.

highly flexible, transparent, nonsticky, amorphous polypropylenes with medium molecular weights
and preferably isotactic microstructures. In these cases, the resultant polymers have a random distri-
bution of stereoerrors. The presence of short isotactic sequences allows the development of a small
level of crystallinity in some of these materials, which show some elastic properties.90

9.3.3 C1-SYMMETRIC CATALYSTS

Rieger91 introduced a new generation of C1-symmetric catalysts based on ethylene-bridged (Ind-
CH2CH(Ph)-Flu) (Flu = 9-fluorenyl) ligands having two opposed β-substituents, which exhibited,
for the first time, a strong dependence of stereoselectivity on monomer concentration. Two of
the four possible forms of seven are sketched in Figure 9.8: [1-(η5-9-fluorenyl)-1-(R)-phenyl-
2-(η5-1-(R)-indenyl)ethane]ZrCl2 (7a) and [1-(η5-9-fluorenyl)-1-(S)-phenyl-2-(η5-1-(R)-indenyl)
ethane]ZrCl2 (7b). The bulky phenyl groups occupy the energetically favored equatorial positions
of the metallacycles92 in both complexes. This leads to preferred conformations of the chelate rings,
depending on the nature of the stereogenic backbone center. A (R)-configuration at the bridge carbon
bearing the phenyl substituent causes a δ-conformation (7a), whereas the (S)-conformation gives
rise to the λ-conformer (7b), while the stereochemistry of the indenyl fragments remains unchanged
(R).93 The different bridge twists result in staggered arrangements of the fluorenyl and indenyl units
within 7a and 7b. This allows control of the relative positions of the ligand β-carbon CH sub-
stituents (fluorenyl-5H (β2) and indenyl-4H (β3), Figure 9.8) to each other, which are assumed
to play a major role in the enantiofacial discrimination of the inserting propylene monomer.94

According to a notation introduced by Brintzinger and coworkers,95 the δ-conformation places the
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FIGURE 9.9 Ethylene-bridged (Ind-H-Flu) asymmetric catalysts (9a: M = Zr, R = Cl; 9b: M = Hf,
R = Me; 10a: M = Zr, R = Cl; 10b: M = Zr, R = Me).

opposite-standing substituents β1 and β3 in a forward position, minimizing the distance between the
groups. Consequently, a backward arrangement characterizes the λ-conformation, with a maximum
distance between β1 and β3.96

The δ-forward conformer 7a is by far the most selective catalyst. The polymers produced with
7a/MAO (MAO = methylaluminoxane) are crystalline materials with defined Tms at all applied
polymerization temperatures. Inversion of the backbone twist to the λ-backward conformer results
in a nearly complete loss of stereoselectivity; 7b produces atactic oils or waxes with mmmm values
ranking between 26.5% and 36.0%.

For 7a and 7b, both diastereomers (forward and backward conformers) are asymmetric with
comparatively small differences between their ligand arrangements. The main difference between
them is that 7a provides a tight chiral coordination cage, owing to the forward position of the β-
substituents. To account for the stereoregularity of polypropylenes prepared with 7a, one could
assume that the stereorigidity of this template favors one particular geometry of the chain and the
propylene monomer. It would then be easy to visualize that the opened cage in 7b allows a less
rigid arrangement with more than one possible olefin insertion transition state. The importance of
obtaining optimal coordination gap geometry for the design of highly selective catalysts was recently
pointed out by Brintzinger and Hortmann.97

Further research by Rieger and coworkers98–100 using complexes 8–10 (Figure 9.9) showed that
this concept can be used for control of the regular/nonregular segments within an isotactic polymer
chain, and hence to induce phase separation phenomena leading to stereoregular polyolefins with
elastomeric properties.

The highly active precatalyst rac-[1-(9-η5-fluorenyl)-2-(5,6-cyclopenta-2-methyl-1-η5-indenyl)
ethane]zirconium dichloride (9a) was the first asymmetric complex used for the production of high
molecular weight isotactic polypropylene with controllable amounts of isolated stereoerrors for
achieving and adjusting elastic properties.98 It was found that the 2-methyl group and the 5,6-
substitution on the indenyl fragment are necessary requirements to obtain a high enough molecular
weight and a sufficient amount of stereoerrors for the formation of elastic, isotactic polypropenes.
Beside high molecular weight and stereocontrol of the lengths of the isotactic blocks, increased
activities were achieved (32,020 kg PP/mol Zr·[C3]·h). By using hafnium rather than zirconium as
the active metal center (9b), even ultrahigh molecular weight polypropylenes (4.9× 106 g/mol) can
be obtained, which are X-ray-amorphous materials.101

9.3.3.1 Polymerization Mechanism

To get a closer insight into the polymerization mechanism responsible for the strong dependence of
stereoselectivity on monomer concentration observed for this type of asymmetric catalyst, the pentad
distributions of the polypropylenes prepared with 9a were investigated using 13C nuclear magnetic
resonance (NMR) spectroscopy.98 The mmmm pentad content was observed to decline with increas-
ing monomer concentration; this relationship was attributed to the existence of two coordination sites
in these “dual-side” complexes, which show different stereoselectivities for monomer coordination
and insertion. Guerra et al. have supported this hypothesis in a theoretical study.102
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SCHEME 9.2 Proposed back-skip mechanism for the formation of isotactic polypropylenes with isolated
stereoerrors obtained with C1-symmetric catalyst 9a (� = empty coordination site).

Beside the chain migratory insertion mechanism operative for metallocene catalysts, a chain
stationary mechanism (known as chain “back-skip”)98,101,103 was proposed to be responsible for
the statistical distribution of stereoerrors in isotactic polypropylene chains prepared using a C1-
symmetric polymerization catalyst of type 9a. The two sites available for monomer coordination in
the active center form of 9a are depicted in Scheme 9.2, along with the proposed reaction pathway
for explaining the formation of isotactic polypropylenes with variable degrees of stereoerrors. The
incoming monomer can be coordinated between the sterically demanding Flu-Ind moieties (site A)
or at the less hindered site of the catalyst (site D). Isotactic mmmm sequences are produced when
the polymerization reaction is performed in the order A → B → C, that is, repeated migratory
insertion of the monomer coordinated at site A (A→ B) and consecutive back-skip of the growing
polymer chain to the less crowded site (B → C). The difference between the activation energies
for the back-skip and for the formation of the high-energy alkene-coordinated intermediate D is a
decisive factor in determining the probability of the back-skipping process of the polymer chain.

At low propylene monomer concentrations, the back-skip of the polymer chain (B → C) is
faster than monomer coordination. This leads to high isotacticities at low propylene concentrations
and elevated temperatures. At higher propylene monomer concentrations, however, coordination of
monomer at the less hindered site D is favored over back-skip of the polymer chain from site B to
site C. Subsequent coordination of the monomer at site D followed by migratory insertion leads to
the formation of a stereoerror (D → E). Insertion from E → F proceeds in a stereoselective way,
similar to the process A→ B, but instead leads to the formation of an rr triad owing to the previous
nonselective insertion (D → E). At low propylene monomer concentrations, the back-skip of the
polymer chain to the less encumbered site (F→ C) is favored over monomer coordination (F→ D).
At site C, the catalyst follows the isotactic cycle A→ B→ C.

The formation of single isolated stereoerrors is supported by the fact that the mrmr pentad,
characteristic for atactic sequences,104–106 is absent in the polymer samples or only detectable in
minor concentrations (below 1%) (Figure 9.10). Owing to the occurrence of consecutive select-
ive and nonselective insertions, the same pentad is also absent in hemiisotactic polypropylene.
However, polymers products prepared with catalyst 9a do not fit the pentad distribution required for
hemiisotactic polypropylene.107,108 They can best be characterized as isotactic with variable amounts
of stereoerrors that fuse into longer stereoerror sequences as isotacticity decreases.
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FIGURE 9.10 13C NMR spectra for polypropylenes with 26–52% mmmm prepared with 9a; the mrmr pentad
characteristic of atactic sequences is detectable only in minor concentrations.

Furthermore, the formation of single isolated stereoerrors can be proved by the distribution of
pentads characteristic of isolated stereoerrors (mmmr, mmrr and mrrm)109,110 in relation to mmmm
content (Figure 9.11). When mmmm is above 40%, the mmmr, mmrr, and mrrm pentads all decrease
continuously with increasing mmmm content. A pentad distribution of mmmr/mmrr/mrrm = 2:2:1
also indicates the formation of isolated stereoerrors.109,111 Below 40% mmmm, the mrrr (not shown
in Figure 9.11), rrrr, and mmrr signals increase overproportionally, owing to the fusion of isolated
stereoerrors into longer stereoerror sequences. However, the content of the rrrr pentads is not high
enough to characterize the polymers as block isotactic–syndiotactic, since it is present only in minor
quantities relative to the mmmm sequences.

These results show that using catalyst 9a for polypropylene synthesis results in isotactic polypro-
pylenes not in the manner of stereoblock polymers, but as iPPs with statistically distributed
stereoerrors.
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FIGURE 9.11 Variation of stereoerrors (mmmr, mmrr, mrrm, rrrr) in polypropylenes with reduced isotacticity
(as isotactic pentads, % mmmm) as a fingerprint for the polymerization mechanism.

TABLE 9.1
Selected Propylene Polymerization Results Obtained with the Catalysts 10a/MAO
and 10b/[Ph3C]+[B(C6F5)4]−

Entry Precatalyst Cocatalyst Al/Zr Tp
a [C3]b Catalyst Mw

d mmmme

(◦C) Activityc (g/mol)

1 10a MAO 300 30 3.0 1.2 60,000 33.5
2 10a MAO 1000 30 3.0 0.7 45,000 34.7
3 10a MAO 300 30 5.1 1.5 115,000 35.4
4 10b Boratef — 30 1.2 5.1 135,000 55.6
5 10b Boratef — 30 3.0 2.9 150,000 42.5
6 10b Boratef — 30 5.1 3.1 160,000 36.8

a Polymerization temperature.
b Propylene monomer concentration in mol/L.
c In units of (103 kg PP/mol Zr·[C3]·h).
d By gel permeation chromatography (GPC) at 145 ◦C in 1,2,4-trichlorobenzene, versus polypropylene standards.
e In %.
f Borate = [Ph3C]+[B(C6F5)4]−.78,98–101

9.3.3.2 Reversible Chain Transfer to Aluminum

In addition to differences in polymer microstructures caused by cocatalyst (activation with MAO
versus borate activation), some specific particularities are noticed with regards to the influence
of additional parameters on polymerization results using different cocatalysts. For the 5,6-ethoxy-
substituted indenyl zirconium complexes 10a and 10b (Figure 9.9), where 10a is activated with
MAO and 10b with trityl tetrakis(pentafluorophenyl)borate, [Ph3C]+[B(C6F5)4]−, it has been
found that the mmmm pentad concentration of the polymer products varies over a broad range
(33–56%) depending on temperature and monomer concentration but is independent of the Al/Zr
ratio (Table 9.1).99,100,103
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SCHEME 9.3 Proposed mechanism of reversible chain transfer to aluminum for propylene polymerization
with catalyst 10a (� = empty coordination site).

For typical MAO-activated polymerizations, increased activities are observed at higher alu-
minum contents. In contrast, reduced activities at higher aluminum contents were found with
10a. This indicates a direct interaction between MAO and the ZrIV center. In situ activation
with [Ph3C]+[B(C6F5)4]− led to increased molecular weights and also to increased isotacticities.
This proves that, when using MAO as the cocatalyst, the aluminum content influences the overall
stereoselectivity of the polymerization reaction.

As a result of the particularities of the MAO activation method noticed so far, it has been
concluded that, besides chain “back-skip,” a different mechanism occurs when using this cocatalyst.
One possible explanation might be a reversible chain transfer reaction between the cocatalyst and the
active species.7 As a result of the intrinsic chirality at the metal center, the catalytic system consists of
two enantiomers112 (S and R, Scheme 9.3). Under different polymerization conditions (i.e., different
Al/Zr ratios), the coordination and insertion of the monomer can take place at the metal center of
either of the two enantiomers. At higher Al/Zr ratios, a unidirectional transfer of polymer chains
from ZrIV (enantiomer R, for example) to aluminum can be suggested, because reduced molecular
weights of the polymer products have been found. Relocation of the chain from aluminum to the
other enantiomer of the C1-symmetric catalyst species (enantiomer S, Scheme 9.3) and then back
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to R through a similar transfer process would lead to the formation of a single stereoerror mrrm and
could—at enhanced frequencies—account for the observed reduction of isotacticity for the MAO-
activated complexes.113−116 If the insertion of the new monomer unit takes place at the Zr center of
enantiomer S, stereoerrors of type mrmm are found along the polymer chain. The proposed reversible
chain transfer to aluminum does not exclude the chain back-skip mechanism valid for the asymmetric
catalysts, but could take place in addition to it at high Al/Zr ratios.

9.3.3.3 Influence of the Cocatalyst Nature on Polymer Microstructure

Since it has been shown that the cocatalyst nature has an influence on the distribution of stereoerrors
along the polymer chain, this parameter (cocatalyst identity) was probed in propylene polymerization
experiments using either MAO (Table 9.2, A samples) or [Ph3C]+[B(C6F5)4]−/TIBAL (“borate
activation,” TIBAL = triisobutylaluminum; Table 9.2, B samples) to activate catalyst 9a.117 Polymer
samples prepared in the presence of MAO showed a strong decline in molecular weight when the
mmmm content is increased, for example, Mw ≤ 7.5 × 104 g/mol at mmmm contents greater than
40%. When borate activation is used, the molecular weights of the polymers also decrease at higher
mmmm contents, but remains above 1.2 × 105 g/mol. A comparison of the samples obtained with
these two cocatalysts under similar polymerization conditions reveals lower values of the molecular
weights for samples prepared in the presence of MAO (see also the results in Table 9.1 for 10a/10b).
Similar increases in isotacticity are noticed for samples obtained with MAO and borate cocatalysts
under similar conditional variations, but samples prepared using borate activation reveal about 3–4%
higher mmmm values than the analogous MAO-activated samples (e.g., B29 versus A26 and B34

TABLE 9.2
Selected Propylene Polymerization Results Obtained with Precatalyst 9a after MAO
or [Ph3C]+[B(C6F5)4]−/TIBAL Activation

Sample Precatalyst Cocatalysta Tp
b C3 pressure Mw

d Mw/Mn
d mmmme

Number (◦C) (bar)c (g/mol)

A26 9a MAO 30 7 153,000 2.2 26
A28 9a MAO 30 6 110,000 1.5 28
A30 9a MAO 30 5 110,000 2.2 30
A32 9a MAO 35 7 121,000 2.1 32
A36 9a MAO 35 6 160,000 1.8 36
A43 9a MAO 30 3 71,000 1.9 43
A51 9a MAO 40 3 48,300 2.0 51
A54 9a MAO 50 5 75,000 2.3 54
B29 9a Borate 30 7 200,000 2.2 29
B34 9a Borate 30 5 205,000 2.1 34
B39 9a Borate 35 5 133,500 2.2 39
B46 9a Borate 40 5 160,000 2.0 46
B51 9a Borate 45 5 120,000 1.9 51

a Borate = [Ph3C]+[B(C6F5)4]−/TIBAL; Al/Zr ratio for MAO activation = 2000:1; Al/Zr ratio for borate
activation (from TIBAL) = 200:1.
b Polymerization temperature.
c Propylene monomer pressure in bar.
d By gel permeation chromatography (GPC) at 145 ◦C in 1,2,4-trichlorobenzene, versus polypropylene standards.
e In %.
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versus A30, Table 9.2; the numeric portion of each polymer sample name corresponds to its %
mmmm).

In order to identify differences in the polymer microstructures, polypropylenes containing similar
amounts of isotactic mmmm pentads but prepared with either MAO (A26–A54, Table 9.2) or borate
(B29–B51, Table 9.2) cocatalyst have been subjected to further analysis. No comparable differences
were found in the samples’ 13C NMR spectra or in their isotactic block lengths; however, WAXS and
differential scanning calorimetry (DSC) experiments revealed specific particularities corresponding
to each activation method.

9.3.3.3.1 Isotactic Block Lengths
The distribution of pentads allows an estimation of the percentage of blocks containing four or
more monomers units in an isotactic sequence. Based on the findings of Collette et al.,118 the
average isotactic block length niso between two isolated stereoirregular insertions can be estimated
by Equation 9.2

niso = 4+ 2[mmmm]
[mmmr] (9.2)

where mmmm = the percentage amount of isotactic pentads and mmmr = the percentage of pentads
containing one syndiotactic stereoerror. The amounts of mmmm and mmmr fractions estimated by
13C NMR (Table 9.3)114 are used to determine the isotactic block length of the polypropylenes
synthesized with 9a.

Within the accuracy of the method, the determined isotactic block lengths are equal for samples
made using different cocatalysts but having comparable amounts of isotactic pentads (Figure 9.12).
Thus, the average isotactic block length seems to be independent of the cocatalyst nature.

TABLE 9.3
13C NMR Pentad Distribution of Polypropylenes
Synthesized with 9a

Sample mmmma mmmrb niso
c

Number

A26 26.0 16.8 7.1
A28 28.0 17.2 7.3
A30 30.1 16.8 7.6
A32 32.1 17.0 7.8
A36 35.6 16.9 8.2
A43 43.4 16.1 9.4
A51 51.4 14.7 11.0
A54 54.2 14.5 11.5
B29 29.1 16.4 7.5
B34 34.0 17.1 8.0
B39 39.0 17.2 8.5
B46 45.7 16.2 9.6
B51 50.9 15.3 10.7

a,b In %.
c Number of monomer units in isotactic sequence.
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FIGURE 9.12 Isotactic block lengths (in monomer units) for polymers prepared with precatalyst 9a, deter-
mined from the pentad distribution and plotted versus % mmmm, show no difference between MAO-activated
samples (filled circles) and borate-activated samples (open circles).

9.3.3.3.2 Crystallization Properties
For semicrystalline polymers, melting temperature (TM) is correlated to the thickness of crystalline
lamellae. If all other variables are held constant, thinner lamellae will melt at lower temperatures
than thicker ones.119 Thus, the melting temperature TM, defined as the maximum temperature within
a melting regime M, can be used to approximate the lamellar thickness. Within the first DSC run
curves120 of polypropylenes prepared by 9a, typically several melting transitions, M1, M2, and M3,
with maxima TM1 , TM2 , and TM3 , can be seen (Figure 9.13).

It is likely that the various melting transitions indicate the formation of more than one distinct
crystallite size, owing to a nonequal distribution of isotactic block lengths.121 This distribution may
limit the number of lamellae of a given thickness L that can be formed. If isotactic sequences are
assumed to generate the lamellae, the melting temperature TM is controlled by the average segment
length niso.119,122 Thus, the detected melting temperature correlated to an isotactic block length niso
is given by Equation 9.3118,119

l = 2σeT0
MM

ρc�H0
f (T

0
M − TM)

+ kTM

b0σs
(9.3)

where l = average lamellar thickness in nm; σe = specific fold surface free energy = 100 mJ/m2;
T0

M = equilibrium melting temperature = 460.7 K; M = molecular weight of repeating unit =
42 g/mol; ρc = isotactic crystal density = 0.94 g/cm3;�H0

f = molar heat of fusion = 8.79 kJ/mol;
TM = observed melting temperature (maximum temperature within the melting regime); k =
Boltzmann’s constant = 1.38×10−23 J/K; b0 = single layer thickness = helix diameter = 0.65 nm;
and σs = specific side surface free energy. The melting temperature, molar heat of fusion, crystal
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FIGURE 9.13 DSC curves of elastomeric polypropylenes prepared with 9a using different cocatalysts (A=
MAO, left; B = borate, right) obtained during the first DSC run reveal several melting transitions indicating
multiple block lengths (nisos).

density, and σe were suggested as given in the literature.118 The value σs was arbitrarily taken
to be the same as for polyethylene.122 The resulting block lengths for the different low-isotactic
polypropylenes are plotted in Figure 9.14.

All samples show their first melting transition TM1 at about 50 ◦C (Figure 9.13). This temperature
can be correlated to the melting of the thinnest lamellae L1 consisting of chain sequences with a
block length niso of about 22 consecutive isotactic monomers (Figure 9.14a, squares).117,118 This
indicates that within the temperature range and monomer concentration used for polymerization
(Table 9.2), the block length of the thinnest lamellae seems to be independent of the polymerization
conditions. In addition, the influence of the two cocatalysts used for activation (MAO and borate)
can be neglected.117

The integral area under first melting peak,�HTM1
, can be attributed to amount of energy necessary

to melt the crystalline fraction of thin lamellae L1 (niso = 22).123 Thus, the ratio �HTM1
/�Htot,

where�Htot is equal to the total heat of fusion obtained after adding all the melt transitions together,
characterizes the percentage of short blocks present in samples (as a fraction of all blocks) produced
under different polymerization conditions. Plotting this ratio versus the total amount of isotactic
pentads (% mmmm, Figure 9.14b) reveals differences due to the cocatalyst used. When samples
are synthesized in the presence of MAO, the relative amounts of short blocks decreases when %
mmmm increases. Taking the polymerization conditions (Table 9.2, series A) into account, this gives
evidence that at higher polymerization temperatures, the formation of thicker lamellae is favored
compared to the formation of thinner ones. In contrast, increased percentages of short blocks can
be observed at increasing % mmmm when borate activation is used. This refers to an influence of
the cocatalyst on the obtained block length distribution: in the absence of MAO, the formation of
shorter isotactic blocks seem to be favored.
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FIGURE 9.14 (a) Isotactic blocks lengths determined from the melting temperatures of polypropylenes pre-
pared with catalyst 9a (TM1 = squares, TM2 = circles, TM3 = diamonds) reveal differences when different
cocatalysts are used (filled = MAO, unfilled = borate). (b) The relative amount of short isotactic blocks
as a function of isotacticity (% mmmm) in polypropylenes synthesized with 9a also varies by cocatalyst
(filled = MAO, unfilled = borate).

In addition, melting peaks appearing at higher temperatures (Figure 9.13, TM2 and TM3 ) indicated
that longer isotactic blocks were also formed, whose length niso increases linearly with increasing
mmmm content (Figure 9.14a, circles and diamonds). The chain “back-skip” mechanism is proposed
to be responsible for this increase in isotactic block length, owing to the fusion of shorter blocks to
form longer ones.98 The eye-catching fact in the DSC curves shown in Figure 9.13 is that for samples
prepared using borate activation, only one melting transition M2 appears at higher temperatures
(TM2 > 85 ◦C) referring to the formation of isotactic blocks with a minimum block length niso = 36
monomers. In contrast, two melting regimes M2 and M3 with melting transitions TM2 (ranging from
90 to 95 ◦C) and TM3 (>103 ◦C) can be observed for MAO-activated samples containing more than
40% mmmm pentads. This indicates the formation of two crystalline fractions with different block
lengths. The lamellae melting at TM3 consist of isotactic sequences of least 36 monomers and fit to the
lamellar fraction obtained for the samples prepared using borate activation. The lamellar fraction of
M2 contains blocks where niso ranges between 28 and 32 monomers. Comparing samples containing
similar amounts of mmmm pentads, but prepared by different cocatalysts (Figure 9.14a), longer
block lengths for the borate-activated samples have been determined. The differences in isotactic
block length for samples with similar isotacticity, as well as the formation of several populations of
block length, cannot be explained by the chain “back-skip” mechanism, but provides strong evidence
that a different mechanism occurs when MAO is used as a cocatalyst as compared to when borate
activation is used.

As was shown in Section 9.2.2, the crystalline form of iPP can be correlated to isotactic
block length. Based on this, the samples prepared using both MAO and borate activation
(Table 9.2) should mainly crystallize in the γ-form. To study the presence of the different crys-
talline forms in these MAO- and borate-activated low-crystalline polypropylene samples, WAXS
analysis was performed as shown in Figure 9.15. Both series A and B display WAXS peaks at
� = 9.3◦, characteristic for the presence of the α-modification, and at � = 10◦, character-
istic for the presence of the γ-modification, pointing out that lamellae will crystallize in a mixed
α/γ-form.

By fitting individual peaks using a Lorentzian function, as shown in the small inset diagram in
Figure 9.15a, the fractions of the corresponding α- and γ-modifications can be estimated. Since it
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FIGURE 9.15 WAXS diffraction patterns of (a) 9a/MAO-derived polypropylenes and (b) 9a/borate-derived
polypropylenes having similar mmmm contents show different amounts of the α-and γ-forms.
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FIGURE 9.16 Ratios of the α- and γ-forms (γ/α) in polymers prepared with 9a, determined by WAXS
analysis, show that the γ-modification is preferred in borate-activated samples (open circles); MAO-activated
samples (filled circles) show both modifications in comparable amounts (dotted line indicates γ/α = 1).

has been shown that the formation of γ-phase lamellae requires the previous formation of α-form
crystals,46 the γ/α-modification ratio was estimated and plotted versus the mmmm content of the
samples (Figure 9.16). For both series A and B, an increasing amount of the γ-phase is seen as a
constant increase in the curves at increasing mmmm content. When MAO is used as the cocatalyst,
the α-modification is the preferred crystalline unit cell for samples with mmmm contents below
40%. For these materials, nearly equal portions of both modifications were found; thus, the ratio
α/γ ≈ 1 (Figure 9.16, dotted line). In polymers synthesized using borate activation, lamellae
crystallize preferentially in the γ-modification, resulting in the ratio γ/α > 1. According to the DSC
experiments, where higher amounts of thinner lamellae L1 were detected in samples prepared using
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borate activation, these results corroborate the findings for higher-isotactic polypropylenes that the
prevailing crystalline form can be correlated to the isotactic block length. Furthermore, these results
confirm the assumption that different types of catalyst activation influence the chain microstructure.

9.4 SOLID STATE PROPERTIES OF ELASTIC POLYPROPYLENES
WITH VARIABLE TACTICITY

Low-isotactic polypropylenes belong to the group of semicrystalline polymers. Thus, their crystal-
line morphologies depend on the amount and size of isotactic sequences and the molecular weight of
the polymer. Although a broad variety of elastomeric polypropylenes have been synthesized, little
is known about the interplay of chain microstructure, morphology, and mechanical properties. It
is therefore of particular interest to analyze and understand how, and to what extent, low-isotactic
polypropylenes crystallize. Typically, the morphology of semicrystalline polymers is studied using
polarized optical microscopy (POM), but the size of the crystalline aggregates formed in low-isotactic
polypropylenes is below 500 nm, which is below the resolution limit of an optical microscope. Elec-
tron microscopy (EM) studies revealed that these polypropylenes crystallize as short individual
lamellae embedded in an amorphous matrix.63,118 The disadvantage of this technique is that only
conducting samples can be imaged. Thus, the polymer samples have to be metal coated. In 1986,
Binnig et al. developed a complimentary technique, called scanning force microscopy (SFM),124

which requires no special sample treatment and enables imaging of the surface topography at scales
ranging from micrometers to nanometers. Here, a presumably atomically sharp silicon or silicon
nitride probe attached to the bottom side of a cantilever with an approximate length of 100 µm is
moved across a sample surface at a constant distance to the surface. The probe is moved by piezo
crystals in the x-, y-, and z-directions, and its bending is detected by a laser beam focused on the top
side of the cantilever. Surface topographic information is obtained from the feedback signal, which
monitors the deflection of the cantilever as a result of the changing force due to height variations.125

The resulting height plot is depicted in a color-coded map (topography image), where elevated areas
appear bright (e.g., Figure 9.17a, vide infra). The development of intermittent contact techniques,
such as tapping mode,126,127 where the tip is not continuously in contact with the samples, enables
the imaging of polymeric surfaces with the nanometer-level resolution needed for the investiga-
tion of small crystalline structures. In the tapping mode, the height data are complemented with
simultaneously measured phase shift data, and these phase data are very useful to map domains of
varying material properties at or near the surface.128,129 Typically, imaging conditions are adjusted

(a) (b) (c)

FIGURE 9.17 (a) Topography and (b) phase shift TM-SFM images reveal the phase-separated morphology
of low-isotactic polypropylene dip coated thin films prepared with MAO cocatalyst (sample A28). Converting
the phase shift image into a binary picture (c) enables the determination of the amount of hard phase.



DK3712: “dk3712_c009” — 2007/10/10 — 14:11 — page 253 — #23

Elastomeric Homo-Polypropylene 253

in such a way129 that harder domains appear bright in the phase shift image (e.g., Figure 9.17b,
vide infra).

Tapping Mode SFM (TM-SFM) has been successfully used to image the crystalline morphology
of highly isotactic iPP crystallized in the α- or γ-modifications.130–135 Also, the phase-separated
morphology of low-isotactic polypropylenes can be evidenced. Schönherr et al.61 found that elastic
stereoblock isotactic-atactic polypropylenes with mmmm contents of about 30%, obtained by frac-
tionation, generate morphologies reminiscent of classical semicrystalline polymers such as lamellae,
crosshatching, hedrites, and spherulites. Kravchenko et al.136 showed that elastomeric polypro-
pylenes with mmmm contents between 25% and 30%, derived from unbrigded bis(2-arylindenyl)
metallocenes, crystallize as short individual lamellae embedded in an amorphous matrix. This mor-
phology was attributed to the extremely low crystallinity of the polymer. These results support earlier
findings obtained from EM studies.63,118

Nevertheless, the morphology of low-isotactic polypropylenes with statistically distributed ste-
reoerrors is sparsely explored. To get a better understanding of the morphology of low-isotactic
polypropylenes, samples prepared with C1-symmetric catalyst 9a were investigated using TM-
SFM. Thin films dip coated on silicon from a hot polypropylene solution in toluene have been
used to study the polymer morphology. Depending on the amount of isotactic sequences and on the
cocatalyst used (MAO or borate), different morphologies can be observed. Since dip coated samples
reveal an increased crystallinity due to the surface–polymer interaction, bulk morphology has also
been studied using microtome cuts.

9.4.1 POLYPROPYLENES PREPARED BY A C1-SYMMETRIC CATALYST USING

METHYLALUMINOXANE AS COCATALYST

9.4.1.1 Basic Structure

In dip coated thin films of polypropylenes prepared with catalyst 9a in the presence of MAO (A26–
A54, Table 9.2), rodlike features were found to be the basic structure (Figure 9.17). The correlation
of topography (Figure 9.17a) and phase shift images (Figure 9.17b) points out that the rods turning
up as elevated (brighter) features in the topography image correspond to brighter, and thus harder,
domains in the phase image. Considering the imaging conditions, the contrast in the tapping mode
phase image is assumed to be based on differences in stiffness of the crystals and the amorphous
matrix. Comparing the tensile modulus of the amorphous fraction, Eam = 1.73 MPa,41 to the one
of the crystalline fraction, Elam = 1.0–1.7 GPa,137 a difference of three orders of magnitude can
be determined. This difference in elastic modulus is responsible for the pronounced contrast in the
TM-SFM phase image. Thus, most likely the rodlike structures can be attributed to ordered chain
segments or crystalline lamellae, which are likely caused by the finite isotactic blocks and the low-
crystalline segment fractions. This refers to sufficiently long and perfectly stereoregular sequences
that are able to crystallize.

To determine the amount of hard phase, the phase shift image was converted into a binary picture
(Figure 9.17c), where the brighter domains appear white and the soft matrix black. For the shown
sample (A28, 28% mmmm) a relative amount of 14 ± 2% of white phase was found.117 Thus, the
surface is covered by a similar amount of rodlike lamellae. This value exceeds the detected DSC
crystallinity,138 but the deviation can be explained by experimental considerations: (1) in dip coated
films used for SFM experiments, crystallization is more facile as compared to bulk samples; (2) it is
not a priori clear whether, or to what extent, the fibrils protrude from the surface; and (3) the tip radius
of the cantilever used limits the resolution in a manner such that hard domains appear larger than they
really are. Bearing these discrepancies in mind, the amount of hard domains (Figure 9.18, circles)
determined for a series of polypropylenes with increasing mmmm content (A and B series, Table 9.2)
shows a good correlation with the crystallinity determined from the heat of fusion�Htot (Figure 9.18,
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FIGURE 9.18 Per cent crystallinity (squares) and the amount of hard phase determined from dip coated
film TM-SFM phase shift images (circles) of polypropylenes prepared with 9a/MAO show the same trend but
different absolute values.

Lamella

Fringed
micelle

FIGURE 9.19 A TM-SFM phase shift image of a dip coated film of low-isotactic polypropylene having 28%
mmmm prepared with 9a/MAO (sample A28) shows that either homogeneous lamellae or small crystalline
blocks (fringed micelles) are present.

squares). Thus, the bright domains in phase shift images can be attributed to the crystalline phase of
the polymer.

An image taken at higher resolution (Figure 9.19) reveals lamellae with an average thickness
l of 7 ± 3 nm. This thickness is in good agreement with values reported for crystalline lamellae
observed in low-isotactic polypropylenes.61,63,118 Assuming that parallel-aligned helices generate
the crystalline structures, their thickness can be used to estimate the length of isotactic sequences
present in the harder (crystalline) domains. Since crystalline isotactic polypropylene has a 31 helix
conformation and the c-axis of the repeating unit is 0.665 nm, the lamellar l can be attributed to
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32± 3 monomer units in isotactic sequence. This block length is in good agreement with the isotactic
block length niso > 28 monomers obtained from the melting temperatures detected in DSC curves
for the thicker lamellar fraction of M2,3 (it should be noted that whenever such small structures are
imaged, the tip radius of the cantilever used must be taken into account. On the basis of imaging a
calibration grid, the radii of the tips used in these studies were 5–15 nm. Aquantitative deconvolution
of the SFM images was not attempted, however, owing to the uncertainty of the indentation depth
and the experiment geometry).

A closer look at the rodlike structures (Figure 9.19) enables discrimination between two different
types of rods: (1) longer, homogeneous rods with a lateral extension of up to 500 nm, which might
be attributed to crystalline lamellae; and (2) shorter rods with a length of about 150 nm, revealing
a bead-like structure consisting of individual blocks with a lateral extension of 5–10 nm separated
by amorphous domains. Owing to the size of the individual blocks and their higher stiffness, these
blocks are most probably fringed micelles.139 The appearance of such beads of crystalline blocks can
be explained using a crystallization model proposed by Strobl and coworkers.140,141 Crystallization
from the melt produces, in a first step, imperfect “native” crystals where small lamellar blocks are
aligned in a parallel fashion. A structural relaxation process stabilizes these imperfect lamellae,
subsequently leading to more perfect lamellae. Owing to the low amount of regular sequences in
low-isotactic polypropylenes, only some of the lamellae can undergo this second step. More often,
the native lamellar state seems to remain stable.

9.4.1.2 Crystallization Properties

Hot stage TM-SFM can be used to study the crystallization behavior of polymers in situ.142,143

Crystallization studies on a hot stage TM-SFM (Figures 9.20 and 9.21) confirm the mixed
α/γ-modification of polypropylenes prepared by 9a using MAO activation proposed from the WAXS
studies.144 When a polypropylene with an mmmm content of 36% (A36, Table 9.2) crystallizes from
the melt at 80 ◦C, stable lamellar structures with a lateral extension of up to 500 nm are formed
(Figure 9.20a). Based on the DSC results, these fibrils can be assigned to lamellae composed of
longer isotactic sequences (niso > 28). Upon cooling further to room temperature (Figure 9.20b),
the contrast in the phase shift image is improved, but the size of the lamellar crystals is still unchanged.
Thus, no further crystallization occurs.

This low-isotactic polypropylene sample shows a low crystallization rate at room temperature,
which allows one to follow the crystallization in situ (Figure 9.21). The initially formed lamellar

(a) (b)

FIGURE 9.20 Temperature-dependent TM-SFM phase shift images of a dip coated film of polypropylene
having 36% mmmm prepared with 9a/MAO (sample A36) cooled down from the melt to (a) = 80 ◦C and
(b) = 25 ◦C.
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(a) (b) (c)

FIGURE 9.21 The time-dependent development of crystalline domains in a dip coated film of polypropylene
having 36% mmmm prepared with 9a/MAO (sample A36) can be tracked by obtaining TM-SFM phase shift
images at room temperature after (a) 0 min, (b) 120 min, and (c) 280 min.

(a) (b) (c)

FIGURE 9.22 TM-SFM phase shift images of dip coated polypropylene films derived from 9a/MAO having
different amounts of isotacticity reveal the underlying lamellar structure: (a) sample A28, 28% mmmm; (b)
sample A36, 36% mmmm; (c) sample A54, 54% mmmm.

crystals (Figure 9.21a, circled rod) develop and act as stable nuclei for lamellae growing edge-on
with two preferential angles (Figure 9.21b). An angle of about 80 ± 5◦ indicates crystallization
in the α-form,46 whereas the additionally found angle of 40 ± 3◦ refers to secondary lamellae
crystallization in the γ-form.46 These secondary lamellae are thinner and shorter that the primary
lamellae. Thus, they are most probably formed by the shorter isotactic sequences with niso = 22
monomers determined from DSC experiments. At increasing times of crystallization (Figure 9.21c),
the amount of slow-growing lamellae increases until nearly 18% of the surface is covered with
crystalline lamellae.

9.4.1.3 Morphology at Various mmmm Contents

The lamellar features described above represent the basic structure of polypropylenes produced with
catalyst 9a having mmmm contents of between 25% and 54%, as shown in Figure 9.22. However,
depending on the amount of isotactic sequences, the arrangement of the lamellar phase changes.
When the isotacticity is below 30% (A28, 28% mmmm, Figure 9.22a), individual fibrils with a lateral
extension up to 1 µm are formed. Shorter fibrils growing edge-on at an angle of 80◦ to the main
fibrils give strong evidence that these are lamellae crystallized in the monoclinic α-modification.46 In
addition, diffuse gray phase domains appearing close to the lamellae can most probably be attributed
to a crystalline phase consisting of less ordered γ-modification crystals. With increasing amount
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Zmax = 35 nm Zmax = 40 nm Zmax = 35 nm

(a) (b) (c)

FIGURE 9.23 TM-SFM topography images of dip coated polypropylene films derived from 9a/MAO having
different amounts of isotacticity show the transition from a structure consisting of individual lamellae to circular
aggregated lamellae: (a) sample A28, 28% mmmm; (b) sample A36, 36% mmmm; (c) sample A54, 54% mmmm.

of mmmm (A36, 36% mmmm, Figure 9.22b), rodlike lamellae growing from different aggregates
meet and join at various angles. With increasing amount of isotactic sequences, the crystalline
structures (fibrils as well as the diffuse phase) accumulate until a densely packed structure has been
formed. When the isotacticity exceeds 50% (A54, 54% mmmm, Figure 9.22c), in addition to the
edge-on lamellae, a crosshatching pattern46 can be found, confirming the presence of the monoclinic
α-modification.

The increase in lamellar density visible in the phase shift images is accompanied by a change
in topography (Figure 9.23). The samples with mmmm < 30% reveal individual lamellae joining at
various angles. Their intersections are the center of star-like aggregates appearing elevated (brighter)
in topography images (A28, 28% mmmm, Figure 9.23a). When the isotactic content exceeds 30%,
disk-like structures with a diameter of about 1 µm, which seem to consist of more densely packed
radially arranged lamellae, can be found in the topography image (A36, 36% mmmm, Figure 9.23b).
When the mmmm content exceeds 40%, the circular features appear more compact and disks with an
average diameter of about 1 µm are formed (not shown in Figure 9.23). At mmmm contents above
50%, circles with densely packed radially arranged lamellae are generated, exhibiting diameters of
about 2 µm (A54, 54% mmmm, Figure 9.23c). Similar but larger circular structures were observed
on highly isotactic dip coated polypropylene films. The structures are assigned to two-dimensional
spherulites.145 Thus, most likely the circular features observed in the topography images shown in
Figure 9.23 can be suggested to be a spherulitic pre-state.

Although dip coated films reflect the morphology of semicrystalline polymers, the bulk structure
of melt-pressed samples can differ from those of dip coated films owing to a reduced degree of
crystallization in thicker specimens. This necessitates the additional investigation of bulk samples.
To elucidate the bulk morphology of the polypropylenes, phase shift images have been performed on
the surface of melt-pressed samples after microtoming. Such samples are known to more realistically
mirror the true phase-separated morphology.

Bulk samples (Figure 9.24) reveal the different crystalline morphologies at increasing mmmm
content more clearly. To begin with, when the mmmm content is about 25%, small crystalline blocks
are formed (not shown in Figure 9.24), which are arranged parallel to each other forming bead-like
aggregates. With an increasing amount of isotactic sequences in the polymer chain, the structure
partially passes into a lamellar morphology (A28, 28% mmmm, Figure 9.24a). When the isotacticity
exceeds 30%, the lamellae aggregate and join at various angles forming a star-like morphology (A36,
36% mmmm, Figure 9.24b). The branching angle between two lamellae (line marks, Figure 9.24b)
is about 40 ± 3◦. Therefore, these structures can be assigned to cocrystallized α/γ-form lamellae.
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(a) (b) (c)

FIGURE 9.24 TM-SFM phase shift images of microtomed, melt-pressed polypropylene films derived from
9a/MAO having different amounts of isotacticity show the change in morphology from individual lamellae
(a = A28, 28% mmmm) to branched lamellar aggregates (b = A36, 36% mmmm) forming arborescent features
at higher mmmm content (c = A54, 54% mmmm).

Here, initially, longer isotactic chains crystallize in α-form lamellae. These lamellae act as nuclei for
the epitaxial growth of γ-form crystals.46 In addition, in between the lamellae, a fine, bright (thus
hard), granular phase appears. Most probably, this corresponds to fringed micelles, which, according
to WAXS and DSC measurements, consist of short chain segments crystallized in the γ-form. Joint
lamellae in combination with the fringed micelles provide a crystalline network. Such a network is
required for low-crystalline polymers to behave like elastomers.31 When the mmmm amount exceeds
40%, the samples form more extended lamellar structures appearing in an arborescent shape (A54,
54% mmmm, Figure 9.24c). Marking the direction of the primary lamellae and some of the secondary
lamellae (line marks, Figure 9.24c) clearly shows an angle of 40± 3◦ between these features. This
confirms the formation of branched α/γ-form lamellae.46,58,63

9.4.2 POLYPROPYLENES PREPARED USING A PERFLUOROPHENYL BORATE AS

COCATALYST

The differences in chain microstructure observed for the samples prepared using different cata-
lyst activation (A and B series, Table 9.2) may lead to a change in the polymer morphology. The
differences are obvious when comparing TM-SFM images of dip coated polypropylene films of
MAO-activated samples (Figure 9.22) to film samples produced using borate activation (B29–B51,
Table 9.2). The phase shift images of these samples show a rodlike basic structure similar to the
MAO-activated samples, but specimens with comparable mmmm contents show characteristic dif-
ferences (Figure 9.25). The eye-catching fact is that when the mmmm content is below 50%, lamellae
with an average length of 500 nm are formed, independent of the isotaciticity (Figure 9.25a and b).
None of the lamellae show secondary crystallization. Even when the amount of fibrils increases
(Figure 9.25c), they do not join.

The topography images of samples with mmmm contents below 35% (B29, 29% mmmm,
Figure 9.26a) clearly show the formation of lamellae, which do not join to form circular aggregates.
When the mmmm content exceeds 39% (B39, 39% mmmm, Figure 9.26b), disk-like structures appear
in the topography images, although no lamellar aggregation had been observed in the phase shift
images (B39, 39% mmmm, Figure 9.25b). The diameter of the circular features is always in the
range of 500 nm. Unlike for the MAO-activated samples (Figure 9.23), the diameter of the disk-
like structures is independent of the isotacticity, but the number of these aggregates increases with
increasing isotacticity (B51, 51% mmmm, Figure 9.26c). Even though the phase shift images show
no preferential ordering of the fibrils, the topography images show an in-line alignment of circular
aggregates.
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(a) (b) (c)

FIGURE 9.25 TM-SFM phase shift images of dip coated polypropylene films derived from 9a/borate having
different amounts of isotacticity do not show secondary crystallization: (a) sample B29, 29% mmmm; (b) sample
B39, 39% mmmm; (c) sample B51, 51% mmmm.

Zmax = 58 nmZmax = 23 nm Zmax = 48 nm

(a) (b) (c)

FIGURE 9.26 TM-SFM topography images of dip coated polypropylene films derived from 9a/borate having
different amounts of isotacticity show the transition from a structure consisting of individual lamellae to small
circular aggregates: (a) sample B29, 29% mmmm; (b) sample B39, 39% mmmm; (c) sample B51, 51% mmmm.

The differences in morphology between polypropylenes derived from catalyst 9a with different
activators become more palpable in the volume structures displayed in phase shift images taken from
microtomed bulk samples of borate-activated polymer series B (Figure 9.27), as compared to samples
from MAO-activated series A (Figure 9.24). Most striking are the isolated linear lamellae with short
edge-on lamellae, which turn up in similar amounts in all samples independent of isotacticity. Since
the angle between longer primary and shorter secondary lamellae is about 80± 5◦, these structures
are most probably lamellae crystallized in the α-modification. The thickness of the lamellae is about
15 nm. Thus, these are lamellae formed owing to the crystallization of isotactic sequences with
lengths of about 60–70 monomers. Within the limits of resolution, this value corresponds to isotactic
block length niso estimated by DSC experiments for the crystalline fraction of M2, which melts at
higher temperatures TM2 .

In between the lamellae a second structure can be found, which varies with the amount of mmmm
content. Samples with mmmm contents below 35% show bright granular features with dimensions of
5–10 nm2 in between the lamellae (B29, 29% mmmm, Figure 9.27a) giving evidence for the presence
of larger amounts of fringed micelles. The granular structure extends to form thin fibrils when the
mmmm content increases (B39, 39% mmmm, Figure 9.27b). The amount of fibrils increases until a
crystalline network has been formed (B51, 51% mmmm, Figure 9.27c). Since the diameter of these
lamellae is a third of the width of the α-modification lamellae, it is most likely that short isotactic
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(a) (b) (c)

FIGURE 9.27 TM-SFM phase shift images of microtomed, melt pressed polypropylene films derived from
10a/borate having different amounts of isotacticity show only individual lamellae crystallized in the α-form:
(a) sample B29, 29% mmmm; (b) sample B39, 39% mmmm; (c) sample B51, 51% mmmm.

sequences (niso = 22) generate this substructure. Based on the WAXS and DSC experiments,117

it can be suggested that this intermediate structure comprises lamellae crystallized in the
γ-modification.

9.4.3 COMPARING THE PROPERTIES OF POLYPROPYLENES PREPARED USING

DIFFERENT COCATALYSTS

9.4.3.1 Morphology

The SFM investigations117 clearly show that the different chain microstructures not only form
different crystalline modifications, but that the crystalline lamellae also aggregate in various super-
structures. When samples are prepared in the presence of MAO, crystalline lamellae and an
intermediate granular substructure are generated. The crystalline lamellae are not homogeneously
distributed within the bulk samples. When the mmmm content increases to above 50%, the discon-
tinuous lamellar structure seems to be converted into a continuous lamellar structure. In contrast,
the morphology of in situ borate-activated samples reflects the bimodal distribution of crystalline
lamellae proposed from DSC experiments. Thicker, isolated α-phase lamellae and fringed micelles
or thin lamellae, most probably formed by γ-phase crystals, coexist. This suggests that the more reg-
ular chain microstructures obtained with borate activation may result in homogeneously distributed
crystalline crosslinks. Chains with a less regular distribution of isotactic chain segments obtained
using MAO activation are preferably arranged in larger, not homogeneously distributed crystalline
domains. These differences in morphology should cause variance in the elastic properties of the
samples.

9.4.3.2 Mechanical Properties

The different morphologies generated in the bulk polymer samples prepared using catalyst 10a in
combination with either MAO or borate activation (A and B series, Table 9.2) can be implicated
in variations in mechanical behavior. To study the influence of the morphology on macroscopic
mechanical behavior, melt-pressed samples were subjected to uniaxial stretching until they failed
(A series, Figure 9.28; B series, Figure 9.29). For mmmm contents below 40%, stress–strain curves
are observed that are characteristic of elastomeric materials.

As long as the elongation ratio is below λ = 1.5 (λ = l/l0, where l = the actual sample
length and l0 = the initial sample length) a linear increase with stress can be seen, characteristic
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FIGURE 9.28 Stress–strain curves of melt-pressed polypropylene samples prepared with 9a/MAO show a
transition from elastomeric to plastomeric deformation behavior when the mmmm content rises above 40%.

of elastic deformation.146 The slope of this line section is correlated to Young’s modulus, which
ranges between 2 and 4 MPa for the samples (Figure 9.30a). When the elongation ratio increases,
no further increase in stress or the formation of a yield point can be seen; the stress stays constant
and a so-called elastic plateau is developed ranging from λ = 1.5 to λ = 9. Plateau stresses in the
range between 0.5 and 1.5 MPa are low. At elongation ratios above λ = 9, the stress increases again
continuously with increasing deformation until the samples fail at maximum stresses σmax in the
range of 4–8 MPa. This indicates that at higher elongation ratios a strain-hardening region occurs,
most probably owing to strain-induced crystallization. Nevertheless, high maximum deformation
ratios of between 10 and 20 times the original length have been detected for these samples. When
the mmmm content rises above 40%, the stress–strain curves change from elastic to plastomeric.
This change in mechanical behavior is supported7 by the following: (1) maximum elongation drops
below λ = 9, (2) the maximum stress σfail increases by a factor of three, (3) the elastic plateau
region becomes smaller (λ = 1.5–3) and a distinct region of strain hardening can be observed. This
assumption is supported by a strong increase in the Young’s modulus (Figure 9.30a), which increases
about 8 times when the mmmm contents exceed 40%. The improvement of mechanical parameters,
such as the increase in Young’s modulus, can be explained by the presence of a larger quantity of
crystalline lamellae, leading to a higher crosslinking density of the materials.

Comparing the stress–strain curves obtained for the two series of polypropylenes A and B, sim-
ilar Young’s moduli were found for samples with similar mmmm contents. This can be explained by
similar amounts of crystalline aggregates formed within the samples. Nevertheless, a closer look at
the stress–strain curves reveals a clear difference in mechanical behavior for samples with similar
mmmm contents, but showing different chain microstructures (e.g., A43, 43% mmmm, Figure 9.28
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FIGURE 9.29 Stress–strain curves of 9a/borate-derived polypropylene samples show a transition from elastic
to plastomeric deformation behavior when the mmmm content rises above 40%.
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FIGURE 9.30 Polypropylenes prepared with 9a/MAO (filled circles) or 9a/borate (open circles) show an
increase in mechanical strength, detected as an increasing Young’s modulus (a), when their mmmm content
exceeds 40%; at the same time their elastic recovery (b) decreases.

versus B39, 39% mmmm, Figure 9.29; A54, 54% mmmm, Figure 9.28 versus B51, 51% mmmm,
Figure 9.29). Small yield points were developed in the MAO-activated samples with mmmm> 40%,
but none of the samples show a yielding zone characteristic of thermoplastic deformation. This refers
to irreversible changes in the lamellar structure occurring at small elongation ratios. In contrast,
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stress–strain curves of the borate-activated samples exhibit no yield point, indicating elastic
deformation.

At higher crosslinking densities (as evidenced by higher Young’s moduli), the materials are
reinforced and their viscous properties are reduced, enhancing elastic properties. To demonstrate147

variations in elastic properties, the reversible deformation (εrev) after elongation to a given strain
rate λcyc can be determined using Equation 9.4

εrev =
(

λcyc − λrel

λcyc − 1

)
· 100 (9.4)

where λrel = lrel/l0; l0 = the initial length of the sample; and lrel = the length of the relaxed sample
after stretching to λcyc.147 Thus, improved elasticity can be correlated to an increase in the reversible
deformation εrev.

Now, differences between samples having similar mmmm contents but different microstructures
are more obvious. Both polymer series A and B display the lowest set at mmmm contents below 40%,
but for samples prepared using MAO cocatalyst, a higher elastic recovery was observed as compared
to samples prepared by borate activation (Figure 9.30b). Within this range of isotacticity, the samples
preferably form a discontinuous crystalline network consisting of mixed crystalline blocks and
lamellar aggregates. This suggests that the overall amount of crystalline crosslinks determines the
macroscopic elastic properties of the samples. Thus, most probably the differences in elastic recovery
are due to changes in the total amount of crystalline domains generated.

If mmmm content exceeds 40%, the elastic recovery strongly decreases to values below 50%,
indicating reduced elastic recovery. This decline in elastic recovery is in accordance with the observed
change from elastomeric to plastomeric deformation behavior and can be explained as a result of a
change in morphology. With increasing mmmm content, the lamellar networks become less flexible
because the amount of the granular domains is increased and additional lamellae are formed. This
leads to an increase in mechanical strength, but, on the other hand, reduces the elastic recovery. When
lamellae are extended, they are irreversibly transformed at the yield point into a fibrillar structure.148

Since the samples still show elastic recovery, it might be concluded that flexible domains that can
be reversibly deformed are still present. Nevertheless, the results show that, when a continuous
lamellar network is generated, the distribution of the crystalline lamellae determines the elastic
recovery. Smaller, more regular distributed lamellar structures, like those formed in samples of series
B (cf. Figure 9.27), provide improved mechanical properties such as higher mechanical strength and
increased flexibility as compared to materials where extended branched lamellae are formed (cf. A
series, Figure 9.24).

9.5 CONCLUSIONS

The combination of polymerization and structural studies of a series of low-isotactic polypropyl-
enes derived from a C1-symmetric metallocene provided insights not only into the polymerization
mechanism and the resulting chain structures, but also into polymer microstructure and the resulting
macroscopic properties. Polymerization experiments with an ansa-asymmetric metallocene catalyst
were used to prepare low-isotactic polypropylenes with different chain microstructures. The existence
of two active sites having different selectivities in the catalyst framework proved to be a useful tool
for varying the stereoregularity of the resultant polymers. Control over the stereoregularity is gained
by manipulating two parameters, polymerization temperature and propylene pressure. Achain “back-
skip” mechanism is suitable to explain the abovementioned facts, but this mechanism is not sufficient
to explain an increase in molecular weight or higher isotacticity when [Ph3C]+[B(C6F5)4]−/TIBAL
is used to activate the catalyst 9a instead of MAO. Experiments at different MAO/catalyst ratios
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show that the catalytic activities and molecular weights of the polymers are sensitive to the aluminum
content provided by the activators. This dependence suggests an additional reversible chain transfer
to aluminum as mechanistic event when activation is performed with MAO. In the case of activation
with [Ph3C]+[B(C6F5)4]−/TIBAL, lower contents of aluminum are provided in the polymerization
system, and the only mechanism occurring is the chain “back skip.”

The influence of cocatalyst nature on polymer microstructure was investigated by preparing two
series of polypropylenes having increasing amounts of mmmm pentads, which showed different
polymer microstructures for samples prepared with MAO and borate cocatalysts. The differences
for polymers prepared with different activators can best be explained by a change in stereoerror
distribution, leading to different block length distributions of the isotactic chain segments. These
differences in chain microstructure are reflected in the polymers’ thermal and mechanical behaviors,
and sustain the proposed reversible chain transfer process proposed for MAO activation.

Different chain microstructures lead to different crystalline modifications, facilitating the form-
ation of various polymer morphologies. Elastic behavior can be found for morphologies providing
a flexible crystalline network based on a granular (fringed micelle) structure. In the case that exten-
ded lamellar superstructures are formed, such as a lamellar network, branched lamellar aggregates,
or spherultites, the elastic properties of the polymer are deteriorated. Taking into consideration
the correlation between polymer microstructure and material properties, it was demonstrated that
ansa-asymmetric catalysts possess a high potential for tailoring the polymer microstructures of
low-isotactic polypropylenes, leading to new materials with tunable elastic properties.
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10.1 INTRODUCTION

The intense research interest in tactic control of metallocene-mediated propylene polymerization has
provided a tremendous amount of detail regarding the mechanism of polymerization,1−4 including
active site structure, the regioselectivity and stereoselectivity of propylene coordination and inser-
tion, and the relationship between catalyst symmetry and polymer microstructure and properties.
Nevertheless, chain release mechanisms, usually involving various chain transfer reactions, have
received less attention. Some reports5−7 focus on the control of catalyst activity, polymer molecular
weight, and saturated polymer chain-end structure by introducing hydrogen transfer agents using
different metallocene catalysts.
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Considering a propylene polymerization having a typical catalyst activity (>5 × 104 kg poly-
mer/mol Zr·h), each catalytic site on average produces hundreds and thousands of polymer chains
before deactivation. In other words, each active site experiences chain transfer, chain release, and
reinitiation of a new polymer chain hundreds and thousands of times during the polymerization
process. Chain transfer reactions clearly play a key role in governing the active site concentra-
tion, and affect catalyst activity, polymer molecular weight, chain-end structure, and even chain
microstructure. On the other hand, chain transfer reactions also provide an excellent opportunity
to introduce a terminal functional group at the polymer chain end. With a frequent chain transfer
reaction, a suitable chain transfer agent (CTA), and a metallocene catalyst, it is possible to prepare
chain-end functionalized polymers in situ with high polymer yield (no change in catalyst activity)
during metallocene-mediated propylene polymerization.

Since the discovery of Ziegler–Natta catalysts in the early 1950s, the functionalization of poly-
olefins has been a scientifically interesting and technologically important subject.8–11 The lack of
functionality (i.e., heteroatom-containing groups) in polypropylene (PP), resulting in its poor compat-
ibility with other materials, has been a major drawback for many applications,12–14 particularly those
in which adhesion, dyeability, printability, or compatibility with other polymers is paramount. Unfor-
tunately, polypropylene is a particularly difficult substrate for functionalization reactions. Common
free-radical-mediated processes usually involve many undesirable side reactions such as degradation
and crosslinking.15

Chain-end functionalized polypropylene has a very attractive polymer structure that possesses
an unperturbed polymer chain with desirable physical properties (such as high melting temperature,
crystallinity, good mechanical properties, etc.) almost the same as those of pure polypropylene.
Nevertheless, the terminal reactive group at the polymer chain end has good mobility to diffuse
to the surface and can provide a useful reactive site for many applications, such as adhesion to
substrates, reactive blending, and the formation of block copolymers.

The preparation of chain-end functionalized polymers has been largely limited to living polymer-
ization techniques, used in combination with a controlled initiation or termination (functionalization)
reaction.16,17 Unfortunately, there are only a few transition metal coordination catalysts that exhibit
living polymerization behavior, and the utility of most of these is limited to the preparation of
polyethylene.18–20 Furthermore, living polymerization only produces one polymer chain per initiator,
which presents a very low rate of catalyst activity for a typical polyolefin preparation.

This chapter will review most of the well-studied chain transfer reactions in metallocene-mediated
propylene polymerization, starting with regular chain release mechanisms that occur without the
addition of any external CTAs. Subsequently, polymerization reactions using hydrogen to control
polymer molecular weight and chain-end structure will be discussed, as well as the effects of hydrogen
on catalyst activity and polymer microstructure. Special attention will then be focused on the chain-
end functionalization of polypropylene involving various specially designed CTAs.

10.2 CHAIN RELEASE MECHANISMS

10.2.1 β-HYDRIDE AND β-METHYL TRANSFER REACTIONS

When propylene is polymerized using homogeneous metallocene/methylaluminoxane (MAO) cata-
lysts, several chain transfer mechanisms occur to release free polymer chains. Their relative
frequencies are dependent on the polymerization conditions and the catalyst structure. Three chain
transfer mechanisms are identified that form chain-end unsaturated polypropylene. These are:
(1) β-hydride transfer to metal after a primary (1,2-) propylene insertion, (2) β-hydride transfer
to monomer after a primary propylene insertion, and (3) β-hydride transfer after a secondary (2,1-)
propylene insertion. The formations of these chain ends and associated polymer head groups (chain
starts) are shown in Scheme 10.1. Mechanism (2) is commonly referred to as chain transfer to
monomer.
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SCHEME 10.1 β-Hydride chain transfer reactions. M = metal, for example, Ti, Zr, Hf (a generic cationic
group 4 complex is shown); L= ligand, for example, cyclopentadienyl, indenyl, fluorenyl; PP= polypropylene
chain.

The predominant chain transfer mechanism in propylene polymerization is β-hydrogen trans-
fer to metal after a primary propylene insertion (Scheme 10.1a). This occurs when the active site
metal (M) abstracts a hydrogen atom from the β-carbon of the growing polymer chain, form-
ing a M–H bond and a polymer chain with a vinylidene unsaturated end group (i). The newly
formed metal-hydride active site reinitiates polymerization of propylene to incorporate an n-propyl
head group (chain start) at the beginning of polymer chain (iii). Bercaw21,22 and Jordan23,24 have
shown that both neutral group 3 and cationic group 4 metallocene alkyl complexes readily undergo
spontaneous β-hydride transfer, forming the corresponding metal hydrides and releasing vinylidene-
terminated polypropylene. Thisβ-hydrogen elimination process can also occur simultaneously during
monomer insertion (β-hydrogen transfer to monomer, Scheme 10.1b),25–27 which may reduce the
energy barrier for the reaction. This bimolecular mechanism also results in the same PP chain-
end structures (a vinylidene group at the chain end (i) and an n-propyl group at the chain start
of the newly formed chain (iii)) without generating a metal hydride active site. A metal-alkyl
(M-CH2CH2CH3) species is generated instead. This reaction is first order in propylene, and is
a common chain transfer mechanism during the polymerization of propylene with heterogeneous
catalysts.

On the other hand, β-hydrogen transfer after a regioirregular secondary propylene insertion
(Scheme 10.1c) produces a polypropylene chain with a 2-butenyl end group (ii),6,28,29 along with
a M–H active site that initiates growth of a new polymer chain with an n-propyl chain start (iii).
In several catalyst systems, including rac-Et(4,7-Me2-Ind)2ZrCl2/MAO (Ind = 1-indenyl) and rac-
Me2Si(Benz[e]-Ind)2ZrCl2/MAO, propylene polymerization only yields a low molecular weight
polymer with reduced catalyst activity, owing to a great majority (up to 90%) of the active sites
being trapped in a “dormant” state after secondary propylene insertion occurs.30,31 The methyl group
in the 4-position of the ligand in the rac-Et(4,7-Me2-Ind)2ZrCl2 system increases the tendency for
secondary propylene insertion,6 owing to the steric interaction between the 4-methyl substituent and
the methyl group of the incoming primary propylene monomer; the methyl group in the 2-position of
the ligand in the rac-Me2Si(2-Me-Benz[e]-Ind)2ZrCl2 system6 suppresses this insertion mechanism.
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The steric congestion at the active site after 2,1-propylene insertion significantly diminishes the rate
of subsequent propylene insertions. To release steric hindrance in this dormant state, the active
site either engages in isomerization to form a linear 1,3-propylene unit28 in the polymer chain or
undergoes β-hydride transfer reactions, which reduce the average polymer molecular weight.

There is another chain transfer mechanism, first observed by Watson32 in the polymerization of
propylene using a Cp*2LuMe (Cp* = C5Me5) catalyst, which involves β-methyl group migration
to metal center. As illustrated in Scheme 10.2, the metal center abstracts a β-CH3 group, instead
of a β-hydrogen atom, at the β-carbon of the growing polymer chain, thus forming a M–CH3
bond at the active center and leaving the polymer with a vinyl end group (iv). This remarkable
C–C bond activation is a unimolecular process.22,24 Reinitiation of polymerization at the M-CH3
active site results in an isobutyl group at the beginning of the PP chain (v). This β-CH3 trans-
fer mechanism was later found to be quite common in group 4 catalysts when the metal center
bears highly substituted cyclopentadienyl (Cp; C5H5) ligands, such as indenyl and fluorenyl (Flu)
ligands.33–35

Chain transfer to an alkylaluminum cocatalyst is common with heterogeneous Ziegler–Natta
catalyst systems. It also occurs with some metallocene systems that utilize a high concentration of
MAO cocatalyst. The growing polymer chain exchanges with the methyl group of AlMe3 present in
the MAO molecule to form a M-CH3 active species and a Me2Al-terminated polymer chain,36–39 as
illustrated in Scheme 10.3. Subsequent propylene insertion into the M-CH3 active site produces
an isobutyl head group at the beginning of the new PP chain (v); oxidation/hydrolysis of the
Me2Al terminus of the released chain results in the formation of polypropylene with an OH end
group (vi).

10.2.2 INFLUENCE OF CATALYST STRUCTURE AND REACTION CONDITIONS ON

CHAIN TRANSFER REACTIONS

All chain transfer reactions are influenced by the nature of the metallocene catalyst (steric/electronic
factors) and polymerization conditions (temperature/pressure). Table 10.1 summarizes the effect of
the ligand structure in the metallocene active site on chain transfer mechanisms and the structure of
the growing polymer chain in propylene polymerization.
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TABLE 10.1
Effect of Metallocene Ligand Structure on Chain Transfer Reactions in Propylene Polymeriz-
ation at 40–60 ◦C with MAO Cocatalyst

Metallocene Symmetry Primary Chain
Transfer
Reaction

Type of Polymer

Cp2ZrCl2 C2v (β-H)p Oligomers40

Cp2HfCl2 C2v (β-H)p Oligomers40

Cp*2ZrCl2 C2v β-Me Oligomers41

Cp*2HfCl2 C2v β-Me Oligomers41

Ind2ZrCl2 C2v β-Me Oligomers42

meso-Et(Ind)2ZrCl2 Cs β-H aPP
rac-Et(Ind)2ZrCl2 C2 β-H iPP43

rac-Me2Si(Ind)2ZrCl2 C2 β-H iPP44

rac-Me2Si(2-Me-Ind)2ZrCl2 C2 β-H iPP44

rac-Me2Si(Benz[e]-Ind)2ZrCl2 C2 β-H iPP6

rac-Me2Si(2-Me-Benz[e]-Ind)2ZrCl2 C2 (β-H)p iPP6

rac-Et(4,7-Me2-Ind)2ZrCl2 C2 (β-H)s iPP43

Me2C(Cp)(Flu)ZrCl2 Cs (β-H)p sPP40

Et(Flu)2ZrCl2 C2v β-Me aPP42

Me2Si(Flu)2ZrCl2 C2v β-Me aPP42

(β-H)p = β-hydride transfer from a primary growing chain.
(β-H)s = β-hydride transfer from a secondary growing chain.
β-H = β-hydride transfer from both primary and secondary growing chains.
β-Me = β-methyl transfer from a primary growing chain.
Cp = cyclopentadienyl (C5H5); Cp* = C5Me5; Ind = 1-indenyl; 2-Me-Ind = 2-methyl-1-indenyl; 4,7-Me2-Ind = 4,7-
dimethyl-1-indenyl; Flu = 9-fluorenyl; iPP = isotactic polypropylene; aPP = atactic polypropylene; sPP = syndiotactic
polypropylene.

Steric effects around the metal atom in group 4 metallocene catalysts can cause a significant
increase in the energy of the transition state associated with β-H elimination, owing to the nonbonded
repulsion between the polymer chain and the periphery of the bulky ligand. In order to attain the
transition state for β-H elimination, it is necessary to rotate the polymer chain about the Cα–Cβ

bond, so that the filled Cβ-H orbital overlaps with one of the vacant orbitals on the transition metal
atom. This effect increases with the steric bulk of the ligand. Furthermore, as the ligands around
the electron-deficient metal center become more electron releasing, the thermodynamic driving
force for β-H elimination diminishes. The electron releasing ability of commonly used metallocene
ligands increases in the order Cp < Ind < Flu. Table 10.1 shows the influence of metallocene
ligand substitution pattern on chain transfer reactions and polypropylene molecular weight. It is
clearly shown that β-H transfer after primary insertion is the most commonly recurring chain transfer
pathway for zirconocenes with unsubstituted Cp ligands; for chiral bis(indenyl) zirconocenes, β-H
transfer occurs from both primary and secondary chains. On the other hand, β-Me transfer becomes
predominant in the case of highly substituted metallocenes, such as Cp*2ZrCl2 and zirconocenes
with fluorenyl ligands. Although the methyl substitution in the 4-position of the indenyl ligand of
rac-Et(4,7-Me2-Ind)2ZrCl2 increases the tendency of secondary insertion,43 the methyl group in the
2-position of the indenyl ligand in the rac-Me2Si(2-Me-Benz[e]-Ind)2ZrCl2 system6 suppresses the
same insertion mechanism.

Chain transfer reactions have higher activation energies4 than monomer insertions; consequently,
a change in temperature strongly affects the relative rate of chain transfer as compared to propagation,
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which, in turn, affects polymer molecular weight. Soga45 has reported a living propylene polymeriz-
ation utilizing a Cp2ZrMe2/B(C6F5)3 catalyst at −78 ◦C or a Cp2HfMe2/trioctylaluminum catalyst
at −50 ◦C for which chain transfer is so slow that polymer molecular weight is only a function of
polymerization time.

10.3 CONTROL OF POLYPROPYLENE MOLECULAR WEIGHT BY
HYDROGEN

Hydrogen is the most commonly added CTA in both heterogeneous Ziegler–Natta46–48 and
metallocene-mediated49–52 propylene polymerization. It is used to control polymer molecular
weight, increase catalyst activity, and to produce polymer with saturated chain ends. The effect
of hydrogen is strongly dependent upon the specific catalyst structure used and the polymerization
conditions (i.e., monomer concentration, temperature, and H2 pressure). In some cases, a substantial
increase (>10 times) of catalyst activity is observed upon hydrogen addition. The most likely mech-
anism of the H2 chain transfer reaction is the direct insertion of H2 into the metal–carbon (M–C)
bond of the growing polymer chain after either primary (Scheme 10.4a) or secondary (Scheme 10.4b)
propylene insertion.

Kashiwa49 described the influence of hydrogen on the catalytic efficiency of the isoselective
catalyst rac-Et(Ind)2ZrCl2/MAO in toluene at 30 ◦C and low propylene concentration (∼1 atm pro-
pylene). On the basis of the strong activating effect of hydrogen on this catalyst, along with the
presence of n-butyl end groups (viii) and the disappearance of 1,3-regioerrors, they concluded
that the activating effect arises from the hydrogenolysis of secondary (2,1-inserted) “dormant”
chains (Scheme 10.4b). The M–H active site regenerated after chain transfer reinitiates propylene
polymerization, incorporating an n-propyl group at the beginning of the new polymer chain.

Mülhaupt6 examined two highly isoselective metallocenes, rac-Me2Si(Benz[e]-Ind)2ZrCl2 and
rac-Me2Si(2-Me-Benz[e]-Ind)2ZrCl2, which showed a limited catalyst activation by hydrogen (38%
and 17%, respectively, for polymerization at 40 ◦C in toluene, 0.35 bar H2, and 1.9 bar pressure of
propylene monomer). An appreciable amount of internal regioerrors (head-to-head enchainments)
were observed in the isotactic polypropylene (iPP) samples prepared with both catalysts, showing
that at the low concentrations of hydrogen used, propylene insertion into a secondary growing
chain is still competitive with hydrogenolysis. All of the effects of hydrogen on the polymerization,
including a reduction of 2,1-inserted head-to-head monomer sequences to one-third of their original
content, formation of n-butyl end groups (viii, Scheme 10.4b) (with a 1:1 n-butyl:n-propyl end
group molar ratio, both increasing in parallel with the reduction of incorporated 2,1-units), and a
strong hydrogen response of polymer molecular weight reduction to hydrogen concentration, indicate
hydrogen-mediated chain transfer at secondary growing chains. Since no isobutyl end groups (vii,

PP

PP

PP

PP

H2

H2

Chain end (vii)Primary PP chain

Secondary PP chain
"dormant" site

(a)

(b)

Chain end (viii)

H

H

+

+

L2M
+

L2M
+

L2M
+

L2M
+

SCHEME 10.4 Hydrogen chain transfer reactions.
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Scheme 10.4a) were detected, the hydrogen-mediated chain transfer at secondary growing chains is
much faster than transfer at primary chains for these two zirconocenes.

10.4 CHAIN-END FUNCTIONALIZED POLYPROPYLENE

A polymer containing a terminal functional group presents a unique opportunity to serve as a build-
ing block for constructing multisegmented polymers and for forming composites with fillers. For
polypropylene, the opportunity is even more interesting owing to its commercial importance and
the scientific challenge in finding suitable routes to prepare functional PPs8,53 with desirable func-
tional groups. In general, there are three methods used for the preparation of polymers with terminal
functional groups. These are: (1) living polymerization54–56 with a functional initiator or controlled
termination with a specific functional reagent, (2) in situ chain transfer reactions carried out during
polymerization (vide infra), and (3) chemical modification57–59 of a polymer having an unsaturated
chain end. The use of in situ chain transfer reactions is by far the most convenient and effective
method for introducing a functional group to the polymer chain end. With the combination of a
well-defined metallocene catalyst and a suitable CTA, it is possible to have a chain transfer reaction
take place with little change in the base polymerization rate, and with each polymer chain produced
bearing a terminal functional group (the residue of the CTA). Usually, polymer molecular weight is
inversely proportional to the [CTA]/[monomer] ratio.

Several interesting CTAs have been studied over the past two decades, with the major objective
of this work being the introduction of functional (polar) groups at the polypropylene chain end
(see Chapter 11 for a discussion of the synthesis of tactic polypropylenes having functionalities at
locations other than the chain end). As discussed previously, an aluminum alkyl (MAO/Me3Al) was
reported to act as both a coinitiator and a CTA in propylene polymerization. Zinc alkyls were also
reported to act with dual function in the heterogeneous Ziegler–Natta polymerization of propylene.
Recently, two other hydride CTAs, silanes and boranes containing Si-H or B-H moieties, respectively,
have been successfully used in this manner in metallocene-mediated polymerization (vide infra).
For the latter, this chemistry is very general for most metallocene systems and can be applied
to the polymerization of most α-olefin monomers and their mixtures. The resulting silane- and
borane-terminated polyolefins, having relatively well-defined molecular structures, can be used as
intermediates for the preparation of more elaborate polymer structures. It is very intriguing that the
versatility of metallocene catalysis also allows this chain transfer reaction principle to be extended to
styrenic and allylic molecules, which typically serve instead as monomers. These new routes allow
for the preparation of chain-end functional polypropylenes containing terminal functional groups,
such as OH and NH2, through a one-pot polymerization process.

10.4.1 ZINC ALKYL-TERMINATED POLYPROPYLENE

For a long time, zinc alkyls have been known to have a dual function60 as both coinitiators (alkylating
agents) and CTAs in Ziegler–Natta polymerizations. The addition of a large amount of ZnEt2 to
the TiCl3/AlEt3 propylene polymerization system causes a marked decrease in polymer molecular
weight. The resulting EtZn-terminated iPP61 can be converted into various functional groups, such
as hydroxy, carboxyl, halogen, or vinyl, in approximately 50% yield. The remaining 50% of the
polymers contain no functional group.

In the early 1990s, Soga62,63 studied several bis(ω-alkenyl)zinc compounds, such as bis(3-
butenyl)zinc and bis(4-methyl-3-pentenyl)zinc, as CTAs in propylene polymerization in an attempt
to prepare polypropylenes having a terminal alkylzinc group on one chain end and an alkenyl group
on the other. As expected for a heterogeneous TiCl3 catalyst system with multiple active sites, the
reaction forms a mixture of polymer structures with zinc groups both in the side chains and on the
chain ends. In fact, bis(ω-alkenyl)zinc serves three roles in the reaction: as coinitiator, comonomer
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SCHEME 10.5 Catalytic cycle for [Me2Si(Me4C5)(t-BuN)TiMe]+[B(C6F5)4]−-mediated propylene poly-
merization using PhSiH3 chain transfer agent to form a silyl-terminated atactic polypropylene product
(aPP-SiPhH2).

(through polymerization of the ω-alkenyl group), and CTA. Overall, the polymer product has both
broad molecular weight and composition distributions.

10.4.2 SILANE-TERMINATED POLYPROPYLENE

Marks64 reported that organosilanes containing Si-H groups serve as CTAs in lanthanocene-mediated
olefin polymerizations to afford silyl-terminated ethylene polymers and copolymers, including
poly(ethylene-co-1-hexene) and poly(ethylene-co-styrene). This chemistry was expanded to group
4 metallocene catalysts65,66 and other monomers, including propylene. The primary silane PhSiH3
was shown to be an efficient CTA in propylene polymerization systems using a catalyst with a relat-
ively sterically open active site. An example is the polymerization of propylene in the presence
of PhSiH3 with the constrained geometry catalyst [Me2Si(Me4C5)(t-BuN)TiMe]+[B(C6F5)4]−,
illustrated in Scheme 10.5.

The molecular weight of the silyl-terminated atactic PP product (aPP-SiPhH2) is inversely
proportional to PhSiH3 concentration. It is interesting to note that only one of the three
Si-H moieties in PhSiH3 participates in the chain transfer reaction with the [Me2Si(Me4C5)(t-
BuN)TiMe]+[B(C6F5)4]− system. However, the remaining two Si-H moieties in aPP-
SiPhH2 are reactive toward other catalyst systems having more open active sites, such as
[(Me5C5)TiMe2]+[B(C6F5)4]−. In one study,66 aPP-SiPhH2 was used as a polymeric CTA for
the polymerization of styrene with a single-Cp Ti catalyst, [(Me5C5)TiMe2]+[B(C6F5)4]−. Diblock
copolymers of atactic polypropylene-syndiotactic polystyrene were produced.

10.4.3 BORANE-TERMINATED POLYPROPYLENE

Chung67 has investigated organoboranes (containing the B-H moiety) as CTAs for olefin polymeriza-
tions. Given the facile ligand exchange between B–H bonds and most metal-alkyl groups, it is logical
to expect a fast chain transfer reaction to take place in most metallocene catalyst systems.68–70 Indeed,
the B-H chain transfer reaction also occurs with [Me2Si(2-Me-4-Ph-Ind)2ZrMe]+[B(C6F5)4]−, for
which hydrogen and Si-H chain transfer reactions are ineffective. As shown in Scheme 10.6, the res-
ulting borane-terminated polyolefin is a very versatile intermediate, and can be converted into a broad
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SCHEME 10.6 Reaction mechanism for B-H chain transfer reactions and subsequent transformations to
prepare chain-end functionalized iPP and iPP-b-PMMA diblock copolymer (MMA = methyl methacrylate;
PMMA= poly(methyl methacrylate)).

range of polar group-terminated polyolefins and diblock copolymers containing both polyolefin and
functional polymer segments.

In the presence of a dialkylborane containing a B-H group, the metallocene-mediated propagat-
ing isotactic PP chain (ii) engages in a facile ligand exchange reaction between the B–H and C–M
bonds, owing to the favorable acid–base interaction between the cationic metal center and anionic
hydride. This ligand exchange reaction results in a borane-terminated polyolefin (iii) and a new act-
ive site (i) that can reinitiate polymerization. Ideally, this chain transfer reaction should not change
the overall catalyst activity, and each polymer will contain a terminal borane group with the aver-
age polymer molecular weight inversely proportional to the molar ratio of [CTA]/[olefin].67 The
resulting borane-terminated polyolefin (iii) can be converted into a hydroxy-terminated polyolefin
(iv) by treatment with NaOH/H2O2, or can be selectively transformed to a polymeric peroxide
containing a peroxylborane (C-O-O-BR2) moiety by a simple oxygen auto-oxidation reaction. This
peroxylborane is a reactive radical initiator even at ambient temperature. Spontaneous homolytic
cleavage of the peroxide group generates a reactive alkoxy radical (C-O*) and a stable, dormant
(owing to the back-donation of electron density to the empty π-orbital of boron) boronate rad-
ical (*O-BR2). The alkoxy radical then initiates the radical polymerization of functional (polar)
monomers such as methyl methacrylate (MMA) at ambient temperature (chain extension). The
dormant boronate radical serves as an endcapping agent during radical polymerization, forming a
weak, reversible bond with the growing chain end. This process minimizes undesirable radical chain
transfer and termination reactions between the growing chain ends. On the whole, this process pro-
duces functional polyolefin diblock copolymers (v) with the nature and concentration of the functional
groups in the polymer determined by the functional monomers introduced during the chain extension
reaction.67

There are two potential side reactions that can derail the catalytic cycle shown in Scheme 10.6,
namely, hydroboration of the olefin monomer by borane and ligand exchange reactions between the
borane and cocatalysts containing aluminum alkyl groups. Fortunately, borane compounds contain-
ing B-H groups usually form stable dimers (Figure 10.1) that are unreactive toward olefins in typical
olefin polymerization solvents (e.g., hexane, toluene). To eliminate the second process, however,
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FIGURE 10.1 Two borane dimers used in chain transfer reactions (9-BBN = 9-borabicyclo[3.3.1]nonane;
H-B(Mes)2 = dimesitylborane).
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SCHEME 10.7 Catalytic cycle during metallocene-mediated propylene/p-MS copolymerization, with
p-MS/H2 chain transfer reaction (monomer 1 = propylene; monomer 2 = p-MS).

a perfluoroborate cocatalyst (stable toward most alkylborane compounds) must be used instead of
MAO or aluminum alkyl activators.

10.4.4 STYRENE-TERMINATED POLYPROPYLENE

It is most intriguing to expand chain transfer methodology to styrenic molecules that usually serve
as monomers during polymerization reactions. Chung71,72 has studied a new two-component chain
transfer system based on the combination of styrene derivatives and hydrogen. This system per-
forms most effectively with certain stereoselective metallocene catalysts, including isoselective ones
used for propylene polymerization. Ironically, the metallocene catalysts best suited for propylene
polymerization usually show very poor styrene incorporation. In fact, this research stemmed from
several observations73 made during propylene/p-methylstyrene (p-MS) copolymerization using an
isoselective rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2/MAO catalyst system, as illustrated in Scheme 10.7.
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The copolymerization reaction became completely stalled at the very beginning of the copoly-
merization process. Catalyst deactivation was speculated to result from steric interference during the
process of 1,2-propylene insertion (k21; monomer 1 = propylene; monomer 2 = p-MS) following a
previous 2,1-insertion of p-MS (k12). The combination of this unfavorable 1,2-insertion of propylene
and the lack of p-MS homopolymerization (k22 reaction) at the propagating site (iii, Scheme 10.7)
drastically reduces catalyst activity. This hypothesis was supported by fact that addition of a small
amount of ethylene dramatically improves catalyst activity. The sluggish propagating chain end (iii)
more readily allows the insertion of ethylene, which reenergizes the propagation process.

Assuming the above mechanism to be operative, the dormant propagating site (iii) may be
advantageously reacted with hydrogen, a process that not only regenerates the M–H catalytic site (i)
but also produces iPP with a terminal p-MS group (v) (iPP-p-MS). Ideally, the chain transfer reaction
does not significantly affect the rate of polymerization, but reduces the average molecular weight of
the resulting polymer. The molecular weight of the iPP-p-MS should be linearly proportional to the
concentration ratio of propylene to p-MS, and independent of the propylene to hydrogen ratio.

Table 10.2 summarizes a systematic study of propylene polymerization using rac-Me2Si(2-Me-
4-Ph-Ind)2ZrCl2/MAO in the presence of p-MS/hydrogen.72 The in situ chain transfer reaction is
evidenced by its comparison with control reactions carried out under similar reaction conditions
without hydrogen and/or p-MS. A small amount of p-MS used alone (control 2) effectively stops the
polymerization of propylene. The introduction of hydrogen (runs 1–4) restores the catalyst activity;
run 4 exhibits about 85% of the catalyst activity of control 1 (a polymerization without any CTAs).

TABLE 10.2
A Summary of PP-p-MS Polymers Prepared by Batch Reaction Using rac -Me2Si(2-Me-4-Ph-
Ind)2ZrCl2/MAO Catalyst and p-MS/Hydrogen Chain Transfer Agenta

Run p-MS (mol/L) H2 (psi) Yield (g) Catalyst
Activityb

p-MS in
PP (mol%)c

p-MS
Conversion (%)

Mn
d Mw/Mn

d

Control 1 0 0 26.94 86,208 0 – 77,600 2.9
Control 2 0.0305 0 0.051 163 0.16 0.05 59,700 3.4
1 0.0305 2 3.80 12,160 0.14 8.30 55,500 2.4
2 0.0305 6 8.04 25,728 0.15 18.83 54,800 2.5
3 0.0305 12 12.04 38,528 0.15 28.19 55,400 2.3
4 0.0305 35 24.67 78,944 0.13 50.05 34,600 2.8
Control 3 0.076 0 0 – – – – –
5 0.076 6 0.91 2,912 0.40 2.33 27,600 2.1
6 0.076 12 1.69 5,408 0.41 4.33 25,900 2.3
7 0.076 20 8.81 28,192 0.43 23.65 20,500 2.3
8 0.076 35 10.52 33,664 0.41 26.86 25,800 2.3
Control 4 0.153 0 0 – – – – –
9 0.153 12 0.35 1,120 0.66 0.72 10,000 2.0
10 0.153 20 3.81 12,192 0.61 7.26 11,700 2.0
11 0.153 35 4.41 14,112 0.63 8.67 9,700 1.9

aReaction conditions: 50 mL toluene, 100 psi propylene, [Zr] = 1.25× 10−6 mol/L, [MAO]:[Zr] = 3000:1, temperature =
30 ◦C, time = 15 min.
bCatalyst activity in kg PP/mol Zr·h.
cDetermined by 1H NMR.
dMeasured by gel permeation chromatography; Mn = number average molecular weight; Mw = weight average molecular
weight.
Source: Reproduced with permission from Chung, T. C.; Dong, J. Y. J. Am. Chem. Soc. 2001, 123, 4871–4876. Copyright
2001 American Chemical Society.
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Hydrogen is clearly needed to complete the chain transfer cycle during polymerization. The higher
the concentration of p-MS, the lower the molecular weight of the resulting polymer (e.g., comparison
of runs 4, 8, and 11). Polymer with very low molecular weight (Mn ∼ 2000) has been obtained by
further increasing p-MS concentration to 0.45 mol/L, and the molecular weight distributions of the
polymers are generally narrow, consistent with a well-defined single-site polymerization process.1–3

The catalyst activity is also proportionally depressed with increasing p-MS concentration, which
reflects the slow chain transfer and reinitiation process.

Three comparative reaction sets (runs 1–4, runs 5–8, and runs 9–11) were conducted under the
same reaction conditions, varying hydrogen pressure between the runs in each set from 0 to 35 psi.
Changing the hydrogen concentration does not significantly affect the polymer molecular weight
and molecular weight distribution, but has a profound effect on catalyst activity. Therefore, it can
be concluded that hydrogen does not engage in the initial chain transfer reaction, but rather assists
in the completion of the reaction cycle (as shown in Scheme 10.7). A sufficient concentration of
hydrogen, as compared to the p-MS concentration, is needed to maintain high catalyst activity and
p-MS conversion.

The effects of the chain transfer reaction are further revealed by the existence of terminal p-
MS groups. Figure 10.2 shows the 13C NMR spectrum of an iPP-p-MS sample (Mn 4600; Mw/Mn
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FIGURE 10.2 13C NMR spectra of iPP-p-MS (Mn 4600; Mw/Mn 1.7) with insets for the expanded aliphatic
region and for two types of chain-end groups (CDCl2CDCl2, 110 ◦C). (Reproduced with permission from
Chung, T. C.; Dong, J. Y. J. Am. Chem. Soc. 2001, 123, 4871–4876. Copyright 2001 American Chemical
Society.)
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1.7) prepared with rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2/MAO, with an inset of the expanded aliphatic
region. In addition to three major peaks (δ 21.6, 28.5, and 46.2 ppm) corresponding to the CH3
(mmmm), CH2, and CH groups in the PP backbone, the spectrum exhibits all of the carbon chemical
shifts associated with both chain ends. Two types of chain start structures (a and b in the inset of
Figure 10.2) are seen, owing to the initiation reaction of Zr-H species (i, Scheme 10.7) with 1,2- and
2,1-insertions of propylene, respectively. Although both insertion modes are allowed in the initiation
step, it is generally accepted that the propagation step of isotactic propylene polymerization with
zirconocene catalysts takes place by a regioselective 1,2-insertion of the propylene monomer at the
Zr-C active center (ii, Scheme 10.7). The peak intensity ratio indicates that the p-MS and alkyl
chain ends are present in about a 1:1 molar ratio, and the iPP-p-MS molecular weights derived
from NMR and gel permeation chromatography (GPC) are in good agreement. It is important to
note that there are no detectable vinyl groups (associated with conventional β-H elimination chain
transfer processes), nor any chemical shifts for enchained pendant p-MS units (associated with
propylene/p-MS copolymerization).

10.4.5 FUNCTIONALIZED STYRENE-TERMINATED POLYPROPYLENE

It is very desirable to extend this styrene chain transfer reaction to the direct preparation of polypro-
pylenes with useful terminal functional groups74 such as Cl, OH, and NH2. In other words, the ideal
polypropylene functionalization reaction is a one-pot in situ polymerization process where no chain-
end functionalization would be needed after the polymerization reaction. The basic idea in the direct
preparation of the chain-end functionalized iPP is to use a functionalized styrenic CTA (St-f) that can
engage in metallocene-mediated propylene polymerization/chain transfer reactions, similar to p-MS.
Three St-f molecules have been investigated: p-chlorostyrene (St-Cl), trialkylsilane-protected p-
vinylphenol (St-OSi(Me)2(t-Bu)), and trialkylsilane-protected p-ethylaminostyrene (St-N(SiMe3)2)

(Figure 10.3). No external protecting agent is needed for St-Cl in the rac-Me2Si(2-Me-4-Ph-
Ind)2ZrCl2/MAO system. However, the cationic metallocene active site is very sensitive to both
the OH and NH2 functionalities. The trialkylsilane groups provide effective protection for the OH
and NH2 groups during metallocene-mediated polymerization, and can be completely removed by
aqueous HCl solution during the polymer workup procedure. The overall reaction especially bene-
fits from the very small quantity of the CTA needed in the preparation of high-molecular-weight
polymers. Therefore, the additional protection–deprotection step causes almost no change in the
polymerization conditions and procedures.

Cl O

Si

N
Me3Si SiMe3

St-Cl St-OSi(Me)2(t-Bu) St-N(SiMe3)2

FIGURE 10.3 Three functionalized styrenic chain transfer agents (St-f) used in rac-Me2Si(2-Me-4-Ph-
Ind)2ZrCl2/MAO-mediated propylene polymerization to prepare chain-end functionalized iPP polymers.
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FIGURE 10.4 Plots of number average molecular weight (Mn) of iPP-St-f polymers versus the concentration
ratio of [propylene]/[St-f] using (a) St-Cl/H2, (b) St-OSi(Me)2(t-Bu)/H2, and (c) St-N(SiMe3)2/H2 chain trans-
fer agents with the rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2 catalyst system. (Reproduced with permission from
Dong, J. Y.; Wang, Z. M.; Han, H.; Chung, T. C. Macromolecules 2002, 35, 9352–9359. Copyright 2002
American Chemical Society.)

In a typical reaction, a 450 mL autoclave equipped with a mechanical stirrer was charged with
50 mL of toluene and 4.5 mL of MAO solution (10 wt% in toluene) before purging with hydrogen
(20 psi). Then, the desired amount of St-f was injected into the reactor and 100 psi (3.24 M con-
centration) of propylene was applied, bringing the total pressure to 120 psi at ambient temperature.
About 1.25× 10−6 mol of rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2 catalyst in toluene solution was then
syringed into the rapidly stirred solution under propylene pressure to initiate the polymerization
reaction. Additional propylene was fed continuously into the reactor to maintain a constant pressure
(120 psi) during the course of the polymerization. After 15 min of reaction at 30 ◦C, the reaction
solution was quenched with methanol and filtered.

Figure 10.4 shows plots of iPP polymer molecular weight (Mn) versus the concentration ratio
of propylene to St-f for the St-Cl/H2, St-OSi(Me)2(t-Bu)/H2, and St-N(SiMe3)2/H2 chain transfer
systems.74 In general, the average polymer molecular weight and the concentration ratio of propylene
to St-f are linearly proportional. It is clear that the chain transfer reaction to St-f (rate constant ktr) is
the dominant chain-termination process, and that it competes with propagation (rate constant kp). The
degree of polymerization (Xn) follows a simple comparative equation, Xn = kp[propylene]/ktr[p-
MS], with chain transfer constants (ktr/kp) of 1/21 for St-Cl/H2, 1/48 for St-OSi(Me)2(t-Bu)/H2,
and 1/34 for St-N(SiMe3)2/H2. It is intriguing that the ktr/kp values are significantly lower than
those seen for styrene/H2 and p-MS/H2 CTAs72 under similar reaction conditions. The relatively
large steric bulk of the protected functional groups may reduce the frequency of the chain transfer
reaction. As shown in Figure 10.4, chain-end functionalized iPP polymers with very low molecular
weights (Mn ∼ 3000) have been obtained, and the molecular weight distributions of the polymers
are quite narrow (Mw/Mn ∼ 2), which is generally consistent with a single-site polymerization
process.1–3

The terminal functional group at the chain end provides direct evidence for the chain transfer reac-
tion. Figure 10.5 (left) shows the 1H NMR spectra (with inset of magnified region and chemical shift
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assignments) of iPP-St-OSi(Me)2(t-Bu) (a) prepared with rac-Me2Si[2-Me-4-Ph(Ind)]2ZrCl2/MAO
catalyst and the corresponding deprotected iPP-St-OH polymer (b) (Mn 22,000; Mw/Mn 2.0).74 For
iPP-St-OSi(Me)2(t-Bu), in addition to three major peaks (δ 0.95, 1.35, and 1.65 ppm) for the CH3,
CH2, and CH groups in the iPP backbone, there are three minor chemical shifts at 0.25, 2.61, and
6.75–7.18 ppm (with an intensity ratio near 6:2:4) shown in Figure 10.5 (left, a), corresponding to
the -OSi(CH3)2(t-Bu), -CH2-St-OSi, and -CH2-C6H4-OSi groups, respectively. The chemical shift
for the silane protecting group completely disappears in Figure 10.5 (left, b), indicating complete
deprotection. The equally split chemical shifts for the phenyl protons (labeled b and c) in both
spectra, combined with no detectable side products, further indicate clean formation of the terminal
p-alkylphenol moiety. Figure 10.5 (right) compares the 1H NMR spectra74 of similarly prepared iPP-
St-N(SiMe3)2 (a) and the corresponding deprotected iPP-St-NH2 polymer (b) (Mn 24,200; Mw/Mn
2.3). In addition to the chemical shifts for iPP polymer, Figure 10.5 (right, a) shows all of the chemical
shifts associated with the bis(trimethylsilyl)amino terminal group connected to the p-dialkylbenzene
moiety. All four phenyl protons merge into a single chemical shift at 7.22 ppm. Figure 10.5 (right, b)
shows an almost identical spectrum, except for the disappearance of the trimethylsilane protecting
groups at 0.24 ppm.

10.4.6 ALLYL MONOMER-TERMINATED POLYPROPYLENE

Shiono75 recently reported that olefin monomers bearing allylic OH or NH2 groups serve as CTAs
during propylene polymerization using the rac-Me2Si(Ind)2ZrCl2/MAO catalyst system. To prevent
catalyst poisoning, the allyl monomers were pretreated with alkylaluminums, including trimethyl-
and triisobutylaluminum, before polymerization. In general, the catalyst activity was very low, less
than 10% of that for the corresponding propylene homopolymerization under similar reaction con-
ditions. The incorporation of allyl alcohol (protected with trimethyl- and triisobutylaluminum) was
extraordinarily low (0.04–0.08 mol%); the Al(CH3)3-treated allylamine was found to be somewhat
better incorporated (0.65 mol%). The polymer 13C NMR spectra indicated that the position of the
allylamine unit in the polymer was influenced by the nature of the alkylaluminum protecting group.
WhenAl(CH3)3 was used, 83% of the iPP polymer obtained contain a terminal NH2 group. However,
when Al(i-Bu)3 was used, the incorporated allylamine units are located both at the chain end and
within the main chain (see Chapter 11 for a further discussion of the use of this system to prepare
side-chain-functionalized iPP).

As illustrated in Scheme 10.8, the amino group-terminated polypropylene is probably obtained
through a special chain transfer mechanism that may involve a “dormant” species (iii) formed
after insertion of the alkylaluminum-treated allylamine. The nitrogen atom of the inserted masked
allylamine is located near the Zr cation and results in a stable complex (iii), to which nucleophilic
attack from Al(CH3)3 can occur at the chain end to produce a polymeric intermediate (iv). With HCl
treatment during workup, this intermediate (iv) is converted into iPP-NH2 (v).75

10.5 APPLICATIONS OF CHAIN-END FUNCTIONALIZED
POLYPROPYLENE

10.5.1 DIBLOCK COPOLYMERS

Diblock copolymers are known to be the most effective compatibilizers76 for improving the inter-
facial interactions between two polymers that are immiscible. This is particularly interesting for
iPP, since its lack of functionality and the poor compatibility between iPP and other materials have
imposed limitations for iPP applications in many areas, including polymer blends and composites.
The synthesis of iPP with terminal functional groups (OH, NH2, etc.) offers a good opportunity to
carry out chain extensions through simple coupling reactions with suitable polymers. These may be
carried out in solution or in the polymer melt. Reactive extrusion of two chain-end reactive polymers
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SCHEME 10.8 The postulated mechanism for rac-Me2Si(Ind)2ZrCl2/MAO-mediated propylene polymeriz-
ation with Al(CH3)3-treated allylamine chain transfer agent, forming iPP-NH2 polymer.

can be used to form small amounts of diblock copolymers in situ at the interfaces of a polymer blend;
these in situ-formed diblocks can then serve as compatibilizers for the polymer blend.

One example of diblock formation through the coupling of chain-end functional polymers is the
coupling reaction between iPP-St-NH2 (Mn 110,000; Mw/Mn 2.0) and poly(ε-caprolactone) (PCL;
Mn 50,000; Mw/Mn 2.0) containing a terminal COOH group (1:1 molar ratio, reacted in refluxing
toluene).77 The resulting iPP-b-PCL diblock copolymer (with an ester linkage) was subjected to
vigorous Soxhlet extraction with boiling acetone to remove any unreacted PCL homopolymer. The
diblock nature of the resultant acetone-insoluble polymer sample is evidenced by several character-
ization techniques. The intrinsic viscosity after the coupling reaction changes from 1.03 dL/g for
the iPP-St-NH2 precursor to 1.42 dL/g for the iPP-b-PCL diblock. The GPC trace of the copolymer
shows a single peak with an increased polymer molecular weight and a relatively narrow molecular
weight distribution. The 1H NMR spectrum of the material (in 1,1,2,2-dichloroethane-d2 at elevated
temperature) indicates a composition of about 30 mol% PCL, which is consistent with the expected
iPP-b-PCL composition.

This iPP-b-PCL diblock copolymer has served as a compatibilizer in iPP/PCL polymer blends.77

Two polymer blends—an iPP/PCL homopolymer blend (70:30 weight ratio) and a blend comprised
of a 70:30:10 weight ratio of homo-iPP, homo-PCL, and iPP-b-PCL, respectively—were prepared
by homogeneous mixing in dichlorobenzene solution at 180 ◦C and precipitation into hexane at
ambient temperature. Films were then press-molded at 180 ◦C. Figure 10.6 compares scanning
electron microscopy (SEM) images of the cross sections of cryofractured films (prepared at liquid
N2 temperature) of the homopolymer blend (a) and the blend containing the diblock compatibilizer
(b), which are indicative of the bulk morphologies.

In the homopolymer blend (Figure 10.6a), the polymers are grossly phase separated, as can be
seen by a PCL minor component that exhibits nonuniform, poorly dispersed domains, and voids
at the fracture surface. This “ball and socket” topography is indicative of poor interfacial adhesion
between the iPP and PCL domains and represents PCL domains that are pulled out of the iPP
matrix. Such pullout indicates that no stress transfer takes place between the phases during fracture.
Upon blending iPP and PCL with the in situ-formed iPP-b-PCL compatibilizer, a drastic change
in morphology occurs. The compatibilized blend (Figure 10.6b) no longer displays distinct PCL
globules, and has a rather flat, featureless surface, indicating very small domain sizes. The addition
of the diblock copolymer to the system stabilizes the interfaces and increases the interfacial adhesion
between the iPP and PCL microdomains. Similar improvements for iPP/Nylon 11 and iPP/PEO (PEO
= polyethylene oxide) blends using iPP-b-polyamide (Nylon 11)59 and iPP-b-PEO78 compatibilizers
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(a) (b)

FIGURE 10.6 SEM micrographs of (a) 70:30 iPP/PCL homopolymer blend and (b) 70:30:10 iPP/PCL/iPP-
b-PCL blend (2000x). (Reproduced with permission from Dong, J. Y.; Wang, Z. M.; Han, H.; Chung, T. C.
Macromolecules 2002, 35, 9352–9359. Copyright 2002 American Chemical Society.)

(prepared, respectively, through the coupling reaction between iPP-St-NH2 and chain-end functional
Nylon 11 and the chain extension of iPP-OH with ethylene oxide) were also observed. In fact, iPP-
St-NH2 itself has been used directly as a component in the reactive blending between iPP and Nylon
11 in a melt mixer (Brabender). The in situ-formed iPP-b-Nylon 11 diblock copolymer, located
right at the iPP/Nylon 11 interfaces in the blend, dramatically reduces domain size and improves
morphology in PP/Nylon 11 blends.

10.5.2 POLYPROPYLENE/CLAY NANOCOMPOSITES

Recently, polymer/clay nanocomposites (having a nanodispersion of inorganic silicate layers in
a polymer matrix)79 have attracted great attention. This nanocomposite structure simultaneously
increases the tensile strength, flex modulus, and impact toughness of a polymer, contributes a general
flame retardant character, and affords a dramatic improvement in barrier properties that cannot be
realized by conventional fillers.80 The availability of a broad range of well-defined, functionalized
iPP polymers provides a great advantage for evaluating the applications of functionalized iPPs
in iPP/clay nanocomposites.81 Ammonium group-terminated iPP (iPP-NH+3 Cl−) polymers have
been prepared by simple mixing between iPP-NH2 and HCl. Both pristine Na+-montmorillonite
clay (Na+-mmt), with an ion-exchange capacity of ca. 0.95 meq/g, and a dioctadecylammonium-
modified montmorillonite organophilic clay (2C18-mmt) (Southern Clay Products) have been used
for the preparation of nanocomposites through static melt intercalation.

Figure 10.7a compares the X-ray diffraction (XRD) patterns81 before and after static anneal-
ing of a physical mixture (90:10 weight ratio) of iPP-NH+3 Cl− (Mn 58,900; Mw 135,500; melting
point (Tm) 158.2 ◦C) and pristine Na+-mmt clay. Simple mixing of dried iPP-NH+3 Cl− powder and
Na+-mmt, ground together by mortar and pestle at ambient temperature, creates an XRD pattern
(Figure 10.7a, top) with an (001) peak at 2θ ∼= 7◦, corresponding to the characteristic Na+-mmt d-
spacing of ca. 1.2 nm. The mixed powder was then annealed under static conditions at 190 ◦C for 2 h
under vacuum. The resulting iPP-NH+3 /mmt hybrid shows a featureless XRD pattern (Figure 10.7a,
bottom), indicating the formation of an exfoliated clay structure. This corresponds to the thermo-
dynamically stable state of the nanocomposite, as the ammonium terminus of the iPP-NH+3 Cl−
exchanges with the alkali (Na+) cations at the mmt surfaces. It is clear that an organic surfactant
is not needed to promote compatibility between iPP-NH+3 Cl− and pristine Na+-mmt clay. Besides
any economic benefits, elimination of the mmt’s organic surfactant also offers some significant
materials advantages. For example, it eliminates two major concerns relating to thermal stability of
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FIGURE 10.7 (a) X-ray diffraction patterns of iPP-NH+3 Cl−/Na+-mmt (90:10 weight ratio); top = physical
mixture made by simple powder mixing at ambient temperature; bottom = same mixture after static melt-
intercalation (iPP-NH+3 /mmt hybrid). (b) X-ray diffraction patterns of a 50:50 mixture by weight of neat iPP

and exfoliated iPP-NH+3 /mmt (90:10 weight ratio); top= before melt-annealing; bottom= after melt-annealing.
(Reproduced with permission from Wang, Z. M.; Nakajima, H.; Manias, E.; Chung, T. C. Macromolecules 2003,
36, 8919–8922. Copyright 2002 American Chemical Society.)

organic surfactants during high temperature melt processing and long-term stability (migration and
degradation) of organic surfactants in the polymer/clay nanocomposite under various application
conditions.

The binary iPP-NH+3 /mmt hybrid was subsequently blended further (at a 50:50 weight ratio)
with unfunctionalized iPP (Mn 110,000; Mw 250,000). Figure 10.7b (top) shows the XRD pattern of
a physical mixture of exfoliated iPP-NH+3 /mmt and neat iPP (50:50 weight ratio). The featureless
XRD pattern is maintained after further annealing (Figure 10.7b, bottom). This exfoliated structure
was also directly observed by transmission electron microscopy (TEM).82 Apparently, the added iPP
is compatible (cocrystallizable) with the backbone of the iPP-NH+3 polymer, and the iPP polymer
chains serve largely as diluents in the ternary iPP-NH+3 /mmt/iPP system, with the thermodynamically
stable iPP-NH+3 /mmt exfoliated structure dispersed in an iPP matrix.

For comparison with these results obtained using terminally functionalized iPPs, several function-
alized iPP polymers containing functional groups (including OH and succinic anhydride) randomly
distributed as side chains or lumped together in a block copolymer microstructure were also evaluated
for the synthesis of iPP/mmt nanocomposites.81 Similar static melt-intercalation procedures were
followed with these comparative functional iPPs, except that alkylammonium-modified montmor-
illonites were used for improved miscibility with iPP: 2C18-mmt (2C18 = dioctadecylammonium)
for random copolymers and C18-mmt (C18= octadecylammonium) for block copolymers. All XRD
patterns of the nanocomposites prepared using these comparative functional iPPs show a (001) peak
near 2θ ∼ 3◦, indicating intercalated structures with an interlayer d-spacing of about 3 nm (d-spacing
of 2C18-mmt = 2 nm).

These comparative results between chain end and side-chain-functionalized iPP clearly demon-
strate the advantages of chain-end functionalized iPPs (iPP-NH+3 s) for nanocomposite synthesis.
These polymers seem to adopt a unique molecular structure atop the clay surfaces, which results
in an exfoliated montmorillonite structure (Figure 10.8a). The terminal hydrophilic NH+3 functional
group anchors the iPP chains (through ion exchange) to the inorganic surfaces, and the hydro-
phobic high molecular weight, semicrystalline iPP “tail” effectively exfoliates the clay platelets to
give a structure that is maintained even after further mixing with neat iPP. In contrast, side-chain-
functionalized and block copolymer functional iPPs form multiple contacts with each of the clay
surfaces along each chain (Figure 10.8b). This results not only in the alignment of the polymer chains
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Clay layer

iPP chain

Terminal NH3 group
+
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FIGURE 10.8 Illustration of the iPP/clay nanocomposite structures using (a) chain-end functionalized iPPs
and (b) side-chain-functionalized iPPs. (Reproduced with permission from Wang, Z. M.; Nakajima, H.;
Manias, E.; Chung, T. C. Macromolecules 2003, 36, 8919–8922. Copyright 2002 American Chemical Society.)

parallel to the clay surfaces but also in bridging of neighboring clay platelets. This bridging promotes
intercalated structures, especially for higher lateral size montmorillonites.

10.6 CONCLUSIONS

This chapter summarizes several known chain transfer mechanisms operative in metallocene-
mediated propylene polymerization. In the absence of added CTAs, normal propylene chain transfer
processes involve β-hydride and β-methyl groups and form polypropylenes having various unsat-
urated chain ends, the exact identities of which are determined by catalyst structure and reaction
conditions. In the presence of added hydrogen, catalyst activity usually increases owing to hydrogen-
mediated release of the polymer chain from “dormant” active sites generated by the 2,1-insertion
of propylene. This is very significant for catalysts prone to 2,1-regioerror formation. Hydrogen-
mediated chain transfer also controls polymer molecular weight and produces polypropylenes having
fully saturated chain ends.

It is scientifically interesting and industrially important to use the chain transfer process to
form chain-end functionalized polypropylene polymers. Several specially designed CTAs have been
discussed. The in situ simultaneous chain transfer/functionalization process shows many advant-
ages, including simplicity, retention of high catalyst activity, good yields of chain-end functional
groups in the polymer products, and utility for the subsequent preparation of diblock copolymers.
Polypropylenes with reactive terminal functional groups (such as -OH and -NH2) are also ideal inter-
facial agents for reactive polymer blending and for the synthesis of exfoliated polypropylene/clay
nanocomposites.
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11.1 INTRODUCTION

Polyolefin materials occur in almost every walk of life. They are inexpensive and nontoxic, and
their properties can now be tailored to suit a wide range of applications. However, there are some
properties that these materials lack owing to their hydrophobic surfaces. These include compatibility
with polar compounds (including other polymers) and adhesion to materials such as fillers, printing
inks, and pigments, as well as compatibility with microorganisms and cells that would be important in
biological and medical applications. For this reason their chemical structure, or at least the structure
of the surfaces of polymer films, needs to be modified by functional groups.1 There are various ways
of achieving functionalization. Surface treatment of premolded polypropylene (PP) components
with oxygen or CO2 plasma is industrially important but beyond the scope of this chapter. Other
approaches are the modification of preformed PP by radical grafting, reactions of endgroups, and
copolymerization of propylene with functionalized or functionalizable comonomers.

The functionalization of PP has a significant influence on its surface energy, and is therefore
important in the compatibilization of PP polymer blends. For example, polypropylene functionalized
with primary or secondary amino groups gives compatibilized blends with thermoplastic polyure-
thanes, based on the reaction of the amine functionalities with urethane linkages or traces of isocy-
anates (“reactive compatibilization”). This process results in much finer domain size and more stable
blend morphology, with improvements in tear and abrasion resistance of the composite material.2

Maleic anhydride grafting is particularly widely applied to improve PP blend compatibility.3 The
presence of functionalized PP in blends with isotactic PP (iPP) reduces the crystallinity and the
crystallite size of PP, but increases crystallization rate and increases the crystallization temperature
compared to PP homopolymer.4 Dye-labeled samples of chlorinated maleated iPP (“CPO”, 21.8 wt%
chlorine) were used as tracers to study the miscibility and the morphology of polyolefin blends, such
as the thickness of the interface between functionalized PP and other blend components.5

297



DK3712: “dk3712_c011” — 2007/10/23 — 11:49 — page 298 — #2

298 Stereoselective Polymerization with Single-Site Catalysts

Other applications of functionalized PP include PP composites with inorganic fillers and toughen-
ers, such as glass fibers. Thus, maleic anhydride was grafted onto PP and the resulting material
blended with styrene/ethylene-co-butene/styrene block copolymers and injection molded with short
glass fibers.6 Phenol-modified iPP was tested for the same purpose.7 The functionalized PP was
found to improve the adhesion between the glass fibers and the polymer blend, and increased the
mechanical strength of the composite. Chlorinated iPP was shown to bind covalently to multi-
walled carbon nanotubes and to lead to a large stress transfer, giving composite materials with
an increased Young’s modulus, tensile strength, and toughness.8 Similarly, addition of maleated
iPP as a compatibilizer to iPP blends allows the incorporation of organically modified layer
silicates.9

Polypropylene-based ion exchange membranes can be prepared from iPP nonwoven fabrics
functionalized with sulfonate groups on pendant sidechains.10 Polypropylene modified by radiation
grafting with 2,3-epoxypropylmethacrylate and subsequent ring-opening functionalization of the
epoxide (hydroxylation, iminodiacetation, sulfonation, phosphonation, and amination) gave films
that showed improved blood compatibility; phosphoric-acid-group- and heparin-introduced PP films
were especially good in this respect.11 The chemistry leading to such functionalized PP materials
will be discussed in the sections below, with emphasis on PP produced by metallocene-catalyzed
reactions.

11.2 RADICAL GRAFTING OF TACTIC POLYPROPYLENES

There are various ways for functionalizing PP by radical methods, involving either ultraviolet (UV)
or gamma radiation or radical initiators. The advantage of the latter technique is that it can be
conducted in the polymer melt and during the extrusion process. The functional molecule is added to
the chain statistically by radical-induced C-H activation, which may also cause polymer degradation.
Sulfonated, chlorinated, carboxylated, and hydroperoxidated PP can be prepared, while modifying
PP with polar monomers such as styrene, acrylates, methacrylates, and maleic anhydride allows the
attachment of polar monomer sidechains. Aspects of this chemistry have recently been surveyed.12 In
early work, Datta and Lohse showed that iPP chain-end functionalized with succinic anhydride reacts
with ethylene–propylene–norbornene (EPNB) copolymers bearing pendant amino groups either in
solution or in the melt state, giving graft copolymers with iPP pendant arms. These materials act as
compatibilizers for blends of iPP and ethylene–propylene (EP) copolymers (Scheme 11.1).13

Radical functionalization of iPP with acrylic acid (AA) gives iPP-AA, which acts as a compatibil-
izer for PP/liquid crystal polyblend fibers and increases fiber crystallinity and interfacial adhesion.14

The reaction of PP with maleic anhydride in xylene at elevated temperatures (120 ◦C) in the pres-
ence of benzoyl peroxide gives maleated iPP. Co-melting of this material with poly(ε-caprolactone)
(PCL) for 6 h at 120 ◦C gave a PP-g-PCL graft copolymer.15 Similar methods have been employed
for the grafting of N-phenylmaleimide and maleimido benzoic acid onto iPP oligomers in order to

P
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O

O
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SCHEME 11.1 Reaction of amino-functionalized ethylene-propylene copolymers with maleated iPP.
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probe the efficiency of the grafting reactions. Grafting was conducted in the presence of a peroxide
radical initiator, with progress monitored by various spectroscopic methods. Grafting yields were
essentially quantitative with up to 10 mol% of maleic imide but dropped at higher maleic imide load-
ings. Grafting of polymers was done by reactive extrusion and products were analyzed by infrared
spectroscopy. Optimal grafting yields could be achieved with 1 wt% monomer and 0.5 wt% peroxide
concentration.16 Other applications of radical grafting with peroxide initiators include PP function-
alization with 4-allylphenols,17 itaconic acid esters,18 maleic anhydride/vinyl acetate mixtures,19

and isopropenyl-substituted benzylic isocyanates.20 Recent reports on radiation grafting include the
functionalization of PP films with acryloyl chloride under gamma radiation21 and the attachment of
glycidyl methacrylate in the vapor phase under UV irradiation with benzophenone as photoinitiator.22

UV irradiation of PP in the presence of 1-fluoro-2-nitro-4-azidobenzene allowed the immobilization
of enzymes such as horseradish peroxidase and glucose oxidase on PP surfaces.23

11.3 COPOLYMERIZATIONS OF PROPYLENE WITH FUNCTIONAL
MONOMERS

The copolymerization of simple 1-alkenes such as propylene with comonomers bearing functional
groups is, in principle, the simplest route to functionalized PP or poly(α-olefin) polymers. The disad-
vantage of this approach is the sensitivity of high-activity polymerization catalysts to heteroatoms.
This can be minimized by three strategies: (1) the protection of the functional group with bulky
substituents, (2) by a long spacer between the C==C double bond of the comonomer and the func-
tionality, or (3) by incorporating a non-heteroatom-containing comonomer that can be functionalized
easily in a second, separate step. Both methods 1 and 3 require post-polymerization reactions.

Most olefin copolymerizations are conducted using group 4 metallocene catalysts. However, as
Marques has pointed out,25 poisoning by heteroatoms is less prevalent with late transition metals,
and nickel catalysts proved to be several times more active than group 4 metallocenes for the co- and
terpolymerization of ethylene and propylene with 1-alkenes bearing terminal –OH and –COOH func-
tional groups. The use of methylaluminoxane (MAO) as activator proved to be an advantage, since the
polar functionalities were protected by the stoichiometric reaction with trimethylaluminum and eas-
ily deprotected during subsequent aqueous workup of the copolymer product to regenerate the –OH
and –COOH moieties. Diimine-ligated nickel complexes (1, Figure 11.1) were found to be highly
active for such copolymerizations, although they do not give stereoselectivity in propylene copoly-
merizations. The presence of 5-hexen-1-ol had little effect on catalyst activity. Copolymers with
5-hexen-1-ol, 10-undecen-1-ol, and 10-undecenoic acid were produced. Ethylene/propylene/10-
undecen-1-ol terpolymerizations catalyzed by either 1/MAO (R1 = R2 = Me) or by the group 4
catalyst system rac-Et(Ind)2ZrCl2/MAO (Ind = 1-indenyl) (2/MAO, Figure 11.1) gave typically
3–8 mol% 10-undecen-1-ol enchainment.24,25

N N

Ni

Br Br

R2 R2

R1

R1 R1

R1

1

ZrCl2

2

FIGURE 11.1 Structures of catalyst precursor complexes 1 (R1, R2 = H, alkyl) and 2.
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FIGURE 11.2 Structures of catalyst precursor complexes 3 and 4.
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SCHEME 11.2 Copolymerization of propylene with oxazoline-functionalized monomers.

A similar strategy, that is, using long spacers between the comonomer C==C bond and the func-
tionality, was employed by Deffieux et al., who used 11-chloro-1-undecene in terpolymerizations
with ethylene and propylene catalyzed by 2/MAO. The termonomer incorporation levels were low
(1–2 mol% 11-chloro-1-undecene). The copolymer product was converted into sidechain-
functionalized azides and benzoic esters.26 The copolymerization of propylene with 10-undecen-1-ol
using the sterically hindered zirconocene system 2/MAO has also been reported.27 Sterically con-
gested catalysts such as 3 and 4 (Figure 11.2), which are optimized for the production of highly
isotactic PP, are poorly suited to higher α-olefin comonomer incorporation. In agreement with
this, the incorporation rates of 10-undecen-1-ol into iPP with these catalysts were found to be low
(0.1–0.9 mol%). The copolymers were used as blend compatibilizers.27 Long chain 1-alkenes bear-
ing terminal oxazoline functional groups copolymerize with propylene in the presence of catalysts
2/MAO and 4/MAO at high Al/Zr ratios (10,000:1) and mild conditions (Scheme 11.2). As was
the case for 3 with 10-undecen-1-ol, the incorporation levels of the functional comonomer are low,
typically<0.5 mol%, and the productivities for copolymerization are about two orders of magnitude
lower than for propylene homopolymerizations. The copolymers are, however, highly isotactic, with
mmmm pentad intensities of 80%–90% for copolymers derived from 2 and 95.5% for copolymers
derived from 4.28

In this context, it may be noted that the copolymerization of ethylene (but not propylene) with
allylic alcohol, that is, of a comonomer with only one CH2 spacer between the functional group and
the double bond, is possible with 5/MAO, whereas 6/MAO and the constrained-geometry catalyst
7/MAO (Figure 11.3) were inactive for the copolymerization. The allylic alcohol was predominantly
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FIGURE 11.3 Structures of catalyst precursor complexes 5–7.

incorporated as an end group in the polyethylene.29,30 The copolymerization of propylene with allylic
alcohol or allyl amine is, however, possible using catalyst 6/MAO. Not unexpectedly, the comonomer
incorporation rate is low (up to 0.65 mol%). The polymer is isotactic (mmmm 81%–84%). Protection
of the monomer functional group with trimethylaluminum led mainly to PP with terminal amino end
groups.31 The analogous copolymerization of propylene with CH2==CH(CH2)2OAlR2 (from a 1:1
mixture of 3-buten-1-ol and AlR3; R = Me or i-Bu) catalyzed by 6/MAO gives copolymer with
3-buten-1-ol incorporated into the main chain at an incorporation level of 0.6–3.8 mol%. Only about
12%–34% of the OH groups were terminal. The addition of excess trimethylaluminum increased the
proportion of hydroxyl-terminated copolymer versus copolymer with random hydroxyl enchainment.
Catalyst 3/MAO also gave PP with 3-buten-1-ol incorporated almost exclusively into the main chain
(as opposed to the chain ends) and mm = 87%–95%. The activities and molecular weights were
modest and depended on the amount of trialkylaluminum added. Whereas the triisobutylaluminum-
protected system produced a copolymer containing 3-buten-1-ol in the main chain, protection with
excessAlMe3 gave end-hydroxylated polypropylenes. The end-functionalized polymer was probably
formed by chain transfer reactions with AlMe3

32 (see Chapter 10 for a further discussion of the
synthesis of polypropylenes with terminal functionalities).

Conceptually similar is the copolymerization of propylene or other 1-alkenes with unsatur-
ated amines of medium chain length. For example, Waymouth reported the copolymerization of
an amine with a three-carbon spacer, 5-N ,N-diisopropylamino-1-pentene, with either 1-hexene
or 4-methyl-1-pentene using rac-Et(H4Ind)2ZrMe2 (H4Ind = 4,5,6,7-tetrahydroindenyl) activated
with dimethylanilinium tetrakis(pentafluorophenyl)borate ([HNMe2Ph]+[B(C6F5)4]−). The result-
ing copolymers were isotactic. In 1-hexene/aminopentene copolymerizations the incorporation rate
was a linear function of the comonomer feed concentration, and the product of the reactivity ratios
r1r2 ≈ 0.99 indicated almost ideal random copolymerization behavior (r1r2 = 1.0).33

For copolymerization with propylene, good incorporation rates were also achieved with the
alkoxyamine-functionalized alkene A, a precursor for radical reactions (Scheme 11.3). Copoly-
merization of A with propylene catalyzed by rac-Et(H4Ind)2ZrMe2/[HNMe2Ph]+[B(C6F5)4]−
afforded a range of copolymers with a copolymer content that corresponded well to the feed ratio.
The alkoxyamine side chains were used for subsequent grafting, for example, to attach polystyrene
chains by “living” free radical techniques.34

The catalyst system 3/MAO catalyzes the polymerization of propylene in the presence
of small amounts of para-functionalized styrenes, H2C==CH-C6H4X (X = Cl, OSiMe3, or
CH2CH2N(SiMe3)2) and hydrogen.35 Silyl protection of –OH and –NH2 as –OSiMe3 and
–N(SiMe3)2 functionalities is required during polymerization, although the trimethylsilyl groups
are readily removed during aqueous acidic workup of the polymer. The styrenes act as chain transfer
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SCHEME 11.3 Random copolymerization of propylene with TEMPO-functionalized alkenes (TEMPO =
tetramethylpiperidine N-oxide). The product is suitable for heat-induced radical grafting of styrene.
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SCHEME 11.4 Preparation of polypropylenes with (a) terminal and (b) pendant borane functional groups
(R = alkyl).

agents; since they add to the growing polymer chain in a 2,1- rather than a 1,2-fashion, they block
further monomer insertion until the chain is released by chain transfer to hydrogen (hydrogenolysis).
The product is iPP carrying a functionalized styrene chain end (iPP-Cl, iPP-OH, or iPP-NH2). iPP-
NH2 was coupled with the -COOH functionality of poly(ε-caprolactone) to give iPP-b-PCL diblock
copolymers that act as effective compatibilizers for iPP/PCL blends.35

11.4 COPOLYMERIZATIONS OF PROPYLENE WITH BORANE AND
SILANE REAGENTS

Unlike molecules containing electron-rich heteroatoms, boron compounds do not poison Ziegler–
Natta or metallocene polymerization catalysts. Borane-containing olefin comonomers are therefore
well suited to produce olefin copolymers while retaining good catalyst activity. The resulting poly-
mers are suitable for subsequent conversion into a variety of functional groups. In principle, two
approaches are possible: (1) hydroboration of the terminal double bond (formed by typical chain
transfer processes) of a preformed polyolefin, and (2) direct copolymerization of propylene or a
1-alkene with an alkenyl borane (Scheme 11.4).

Early work by Mülhaupt et al.36 and Shiono et al.37 demonstrated the first of these strategies. The
hydroboration of the vinylidene endgroups of atactic or isotactic polypropylene was achieved using
borane reagents in benzene, followed by the addition of 1-hexene to convert remaining B-H function-
alities into boron alkyls. Treatment with BCl3 resulted in the conversion of the boron alkyls into -BCl2
groups, which upon reaction with 1-butylazide and subsequent hydrolysis, gave amino-terminated
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SCHEME 11.5 Hydroboration—oxidation reaction sequence leading to PP-PMMA block copolymers by
radical grafting.
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SCHEME 11.6 Copolymerization of propylene with alkenylboranes catalyzed by Ziegler–Natta catalysts.

polypropylenes (PP-NHBu).37 In a series of papers, Chung exploited this reaction to prepare chain-
end functionalized polymers suitable as precursors for the synthesis of graft copolymers. For example,
hydroboration of the terminal unsaturations of metallocene-generated iPP with 9-borabicyclononane
(9-BBN) gives boryl-terminated iPP (iPP-BR2; R2= bicyclo[3.3.1]nonane) (Scheme 11.5). Reaction
of this material with O2 under controlled conditions affords iPP-O-O-BR2. Since O–O bond cleav-
age is facile, iPP-O radicals are formed, which upon subsequent treatment with methyl methacrylate
(MMA) generate iPP-O-PMMA diblock polymers (PMMA= poly(methyl methacrylate)).38–40 The
first reaction principle can be applied to prepare multifunctionalized polymers if the polypropylene
contains unsaturated side chains. For example, the copolymerization of ethylene with 1,4-hexadiene
gives products with 2-butenyl side chains, which can be subsequently hydroborated with 9-BBN and
oxidized with H2O2/NaOH to afford side-chain-OH-containing polymers.41–43

5-Hexenyl-9-BBN can be polymerized with a variety of olefins, including propylene, to give
copolymers with pendant –(CH2)4-9-BBN side chains. While ethylene copolymerizations with this
comonomer proceeded well using homogeneous zirconocene catalysts, heterogeneous isospecific
Ziegler catalysts such as TiCl3/Et2AlCl proved more effective for its copolymerization with higher
1-alkenes. High molecular weight propylene copolymers containing up to 6 mol% of 5-hexenyl-9-
BBN were obtained by copolymerization at 25 ◦C (Scheme 11.6). The 9-BBN-containing side chains
appeared to be concentrated at the chain ends, giving “brush-like” structures surrounding crystalline
iPP domains, so that the physical characteristics of pure iPP are essentially preserved.44

Suspending this borane-functionalized iPP powder in aqueous NaOH/H2O2 proved an effective
method of converting the material into a polyhydroxylated iPP. This material cocrystallizes with
iPP and is suitable for the preparation of iPP/polyhydroxylated iPP membranes having controllable
pore structures, with the OH functional groups apparently concentrated on the surface. These mem-
branes offer good performance in ultrafiltration.45 With a MgCl2-supported TiCl4/AlEt3 catalyst,
the copolymerization of propylene with 5-hexenyl-9-BBN results in spherical PP particles, which
upon treatment with NaOH/H2O2 give PP granules with a high surface concentration of OH groups.
These granules have been used for the immobilization of Cp2ZrCl2/MAO (Cp = cyclopentadienyl)
catalysts for the slurry polymerization of ethylene.46
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Apart from acting as a post-polymerization hydroboration agent, boranes added during the
polymerization process can act as chain transfer agents, giving boron-terminated polyolefins
(Scheme 11.7). The amount of borane added is an effective way of controlling the polymer molecular
weight, while at the same time introducing a terminal functionality. Different boranes show different
reactivities, that is, 9-BBN is a more reactive chain transfer agent than dimesitylborane. This prin-
ciple has been applied to ethylene polymerization, styrene polymerization, and ethylene/1-alkene
copolymerizations catalyzed by a variety of metallocene complexes.47

Apart from boranes, other main group hydrides can be used as chain transfer agents in
metallocene-catalyzed alkene polymerizations. Most notably, silanes can be used to give silyl-
capped linear polymers (Scheme 11.8a and b) and silyl-linked star polymers (Scheme 11.8c). In
this case, the precise structure of the catalyst is important. For the polymerization of propylene in the
presence of PhSiH3 to give phenylsilane-capped atactic PP (aPP) (Scheme 11.8a), the constrained-
geometry catalyst [Me2Si(C5Me4)N-t-BuTiMe]+[B(C6F5)4]− was 2800 times more active than
[Me2Si(C5Me4)N-t-BuTiMe]+[MeB(C6F5)3]− under the same conditions, owing to differences in
the strength of anion coordination to the active site. On the other hand, zirconocene and hafnocene
complexes, including the analogous Zr catalysts [Me2Si(C5Me4)N-t-BuZrMe]+[X]− (X=B(C6F5)4
or MeB(C6F5)3), gave predominantly or exclusively polyolefins devoid of silyl caps, together with
dehydrogenative silane coupling products (PhSiH2)n.

Disilanes such as Me2SiH2 and Et2SiH2 can also be used as endcapping reagents. The latter
tends to give mixtures of silyl-capped polymers and uncapped terminally unsaturated polymers
when used with the Ti constrained-geometry catalysts, whereas the more open half-sandwich
catalyst [(C5Me5)TiMe2]+[B(C6F5)4]− gives silyl-capped polymers derived from propagating spe-
cies with primary and secondary alkyl chains (Scheme 11.8b). iPP with –SiH2Ph endgroups
is obtained with [rac-Et(Ind)2TiMe]+[B(C6F5)4]− at low temperature (−45 ◦C), whereas ana-
logous ansa-zirconocenes give uncapped iPP. With di-and trisilane endcapping reagents and

CH2 CH2 CH2 CH2
CH2 CH2

R2B

BR2M(L)n M(L)n
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SCHEME 11.7 Boranes as chain transfer agents (R = alkyl; M(L)n = metallocene).
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SCHEME 11.8 Silanes as chain transfer reagents in propylene polymerizations, leading to terminal silylation
(a,b) or star polymers (c).
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bis(cyclopentadienyl) samarium catalysts, silane-coupled and star-like polymer architectures are
accessible (Scheme 11.8c).48

11.5 POST-POLYMERIZATION FUNCTIONALIZATION OF TACTIC
POLYPROPYLENES BY NON-RADICAL-GRAFTING METHODS

Various non-radical-grafting methods have been employed to functionalize premade PP, including
oxidation of PP films, solution oxidation of PP (including catalytic oxidations), functionalization of
the terminal unsaturated endgroups of premade PP, and copolymerization of propylene with diolefinic
monomers that readily undergo post-polymerization chemistry.

The treatment of PPfilms with ozone under UV irradiation leads to the formation of ether linkages,
ketones, and carboxylate groups on the polymer surface. Oxidation of the PP surface is proposed to
occur through two alternate mechanisms: (1) insertion of a singlet oxygen atom to form ether link-
ages, or (2) hydrogen abstraction by triplet oxygen followed either by crosslinking or by reaction with
oxygen species to form carbonyl and carboxyl functional groups. The extent of functionalization can,
to some degree, be controlled by reaction parameters such as the UV intensity. The product function-
alized PP material shows increased wettability.49 The manganese(III) porphyrin complex 8 (Figure
11.4) catalyzes the potassium peroxymonosulfate oxidation of alternating ethylene-alt-propylene
copolymers in dichloromethane or chloroform in the presence of imidazole and a phase transfer
agent under ambient conditions, without polymer degradation. The primary oxidation products are
ketones and tertiary alcohols.50 An even simpler method used to functionalize iPP is the oxidation
of the polymer powder at 80–130 ◦C with concentrated nitric acid. Nitration, preferably at tertiary
positions, is observed together with the formation of –COOH functionalities. The latter appear to be
located predominantly at the chain ends, possibly arising from polymer degradation by C–C bond
scission. The –COOH groups can be transformed into acyl chlorides, esters, amides, and hydroxyls.51

The chain-end functionalization of PP to give anhydrides, esters, amines, carboxylic acids, sil-
anes, boranes, alcohols, and thiols has been briefly summarized by Mülhaupt et al. These materials
were obtained by converting the terminal C==C bonds of the propylenes (formed during chain trans-
fer) into functional groups using conventional organic synthetic methods.36 The functionalization
of metallocene-derived ethylene-propylene copolymers with terminal vinylidene groups is also pos-
sible, by treatment of the vinylidenes with maleic anhydride in the absence of free radical initiators.
The reaction is accompanied by partial double bond isomerization of the vinylidene to an internal
olefin; both types of double bond can react to give maleated products.52 Diblock PP-b-PMMA

N
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N

Mn Ar
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Ar

Ar

OAc

Ar =

Cl
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8

FIGURE 11.4 Structure of manganese(III) oxidation catalyst 8 (Ac = acetyl).
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SCHEME 11.9 Hydrosilylation of polypropylene endgroups suitable for subsequent grafting of poly(methyl
methacrylate) by atom transfer radical polymerization (ATRP) methods.

copolymers (Scheme 11.9) were prepared by first carrying out hydrosilylation of the terminal
C==C bonds of low-molecular weight PP (Mn ≈ 3100) with 1-(2-bromoisobutyryloxy)propyl-
tetramethyldisiloxane. These functionalized PPs were then used as macroinitiators for the atom
transfer radical polymerization (ATRP) of MMA, giving diblock copolymers with a narrow molecu-
lar weight distribution (Mw/Mn = 1.14). Unreacted PP homopolymer could be removed from the
diblock by ether extraction.53

para-Methylstyrene (p-MS) is a versatile comonomer for copolymerization with 1-alkenes,
including propylene, since the C–H bonds of its benzylic methyl group can readily be converted into
a variety of functional groups. Thus, the copolymerization of propylene with p-MS was conducted
using two metallocene catalysts, Et(H4Ind)2ZrCl2/MAO and 2/MAO, as well as two heterogeneous
Ziegler catalysts, TiCl4/MgCl2/electron donor/AlEt3 and “TiCl3 AA”/Et2AlCl. The metallocene
catalysts showed low activities and low p-MS incorporations in the product PPs (0.9–2.3 mol%),
most probably owing to steric jamming by 2,1-inserted p-MS units (formed by p-MS insertion after
1,2-insertion of propylene). The polymers showed melt transitions (Tms) from 75 to 143 ◦C. The
heterogeneous catalysts, on the other hand, polymerize both monomers exclusively through 1,2-
insertion, and therefore copolymerization is not retarded by p-MS incorporation. The TiCl4/MgCl2
catalyst is by far the most active and does not form p-MS homopolymer. However, p-MS incorpora-
tion rates were still modest with this catalyst, up to 0.8 mol%, while the polymer showed improved
tacticity (Tm 155–158 ◦C).54

Nonconjugated diene comonomers containing both a terminal (vinylic) double bond and a more
highly substituted (vinylene, vinylidene, or trisubstituted) double bond are suitable for the synthesis
of copolymers with unsaturated sidechains that can subsequently be functionalized. Only the less
substituted double bond is incorporated into the polymer chain (typically a vinyl group is incorpor-
ated, although in some instances the incorporated olefin can be a 1,2-disubstitued vinylene). For
example, Rieger et al. have used 2/MAO for the isotactic copolymerization of propylene with dienes
B–D (Figure 11.5) with good catalyst activities. Comonomer incorporation increased linearly with
diene feed concentration and could be used to provide control over copolymer crystallinity and tac-
ticity. Up to 15.6 mol% isocitronellene (D) was incorporated at 30 ◦C. Raising the polymerization
temperature to 60 ◦C halved the diene content in the copolymer; under such conditions a fluffy
product was obtained that showed a glass transition (Tg) of −18 ◦C and a Tm of 71.9 ◦C. The res-
ulting copolymers were quantitatively epoxidized or brominated at the pendant olefin sites, using
chloroform solutions of m-chloroperoxybenzoic acid (mCPBA) or bromine, respectively. Irradiation
of hexene solutions of the copolymer in the presence of perfluorohexyl iodide led to radical grafting
of the C6F13 moiety onto the pendant C==C bond.55

The copolymerization of propylene with 7-methyl-1,6-octadiene (C, “MOD”) catalyzed by
2/MAO was also investigated in detail, with and without controlled addition of the comonomer,
to determine the influence of the comonomer feed concentration on the polymer composition
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FIGURE 11.5 Diene comonomers for vinyl-selective copolymerizations with propylene.
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SCHEME 11.10 Functionalization of aPP/7-methyl-1,6-octadiene copolymers by epoxidation and subsequent
transformations to ketones and alcohols.

as a function of time. Working at constant comonomer concentration by controlling the rate of
comonomer addition spectroscopically resulted in a uniform distribution of MOD throughout the
polymer chain.56

The copolymerization of MOD with propylene, catalyzed by (C5Me5)TiMe3/B(C6F5)3 in tolu-
ene under 1 bar of propylene, gives elastomeric atactic PP (aPP) copolymers with up to ∼20
mol% incorporation of the comonomer and high molecular weights (copolymer E, Scheme 11.14;
Mw 70,000–380,000). With ansa-zirconocenes such as 2/MAO, copolymers with up to 3.8 mol%
MOD content were prepared. The copolymerizations were conducted by adding the total amount
of comonomer at the start of the polymerization. Even though these conditions did not provide for
controlled addition to keep the diene concentration constant, under these conditions the comonomer
incorporation was a linear function of the diene feed ratio. The catalyst (C5Me5)TiMe3/B(C6F5)3
showed a significantly higher affinity for MOD than the more sterically hindered zirconocene 2; for
copolymerization using the latter catalyst, comonomer incorporation ranged from 0.4 to 3.8 mol%
and the copolymer molecular weights were lower (Mw ≈ 35, 000). Subsequent mCPBA epoxidation
of the unsaturated sidechain followed by LiAlH4 reduction led to OH-functionalized copolymers,
whereas addition of MgBr2 caused isomerization of the epoxide to a ketone. Other functional groups
available through the epoxidized copolymer are shown in Scheme 11.10.

A more versatile functionalization method (as compared to epoxidation) was the treatment of
dissolved or chloroform-swollen iPP/MOD copolymers with ozone under controlled conditions.
Ozonolysis at−78 ◦C followed by treatment with PPh3 gave the aldehyde-functionalized copolymer,
while at room temperature the carboxylic acid derivative was obtained (Scheme 11.11, copolymers
F and G, respectively). These products were converted into a number of derivatives using standard
organic synthesis methods. Monitoring the progress of the reactions by 1H nuclear magnetic res-
onance (NMR) spectroscopy showed that most of these transformations proceeded with essentially
quantitative conversion. This methodology also allowed for the covalent binding of dyes. Function-
alization, in particular the impregnation of the copolymer with hydrophilic dye molecules, drastically
increased the solubility of even iPPs in polar solvents such as acetone or methanol.57
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SCHEME 11.11 Functionalization of iPP/7-methyl-1,6-octadiene copolymers through ozonolysis of pendant
C==C bonds for the synthesis of highly functionalized polymer derivatives. (Adapted from Song, F.; Pappalardo,
D.; Johnson, A. F.; Rieger, B.; Bochmann, M. J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 1484–1497.)

The copolymerization of propylene and 5-vinyl-2-norbornene (VNB) is possible using
precatalysts 2, 4, or 6 activated with [Ph3C]+[B(C6F5)4]−/Al(i-Bu)3 or MAO. VNB was
selectively incorporated through its endocyclic double bond (Scheme 11.12). Catalysts
2/[Ph3C]+[B(C6F5)4]−/Al(iBu)3 and 6/[Ph3C]+[B(C6F5)4]−/Al(i-Bu)3 yielded iPP copolymers
with Mw 4,000–52,000 and VNB contents as high as 41.0 mol%, with good catalyst activities.
The VNB incorporation levels increased linearly with the feed concentration as long as the VNB
fraction in the feed was below 30 mol%; above this value, increasing the initial feed concentration of
VNB did not result in substantially increased incorporation levels. In contrast to catalysts 2 and 6, the
more sterically hindered catalyst 4/MAO displayed low productivity at room temperature and only
moderate incorporation of VNB at 60 ◦C. Surprisingly, in spite of their closely related structures,
catalysts 2 and 6 showed very different reactivities toward VNB, with 2 having a greater affinity
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SCHEME 11.12 Copolymerization of propylene with vinylnorbornene catalyzed by zirconocenes.

for VNB than for propylene (rVNB > rP). The resulting PP-co-VNB polymers were quantitatively
converted into ester- and epoxy-functionalized copolymers by means of post-polymerization func-
tionalization reactions of the VNB vinyl groups; thus, ozonolysis followed by addition of PPh3 and
methanol/HCl afforded methyl esters, while addition of mCPBA gave peroxides.58

11.6 CONCLUSIONS

The functionalization of tactic polypropylenes follows several strategies. Surface functionalization
of premolded PPs does not affect the physical bulk properties of these materials, but increases their
adhesive properties and allows for the attachment of dyes and pigments to the polymer surface. Bulk
functionalization of PP is best carried out by free radical methods that allow for modifications to be
conducted in the melt, for example, during the resin extrusion process, even though polymer chain
degradation may be a side reaction. There have been some recent successes involving oxidative
methods for the functionalization of PP that utilize two-phase reactions capable of introducing
functional groups without the need to dissolve or melt the polymer. However, these reactions are
unlikely to give uniform material.

More selective chemical methods for PP functionalization, such as epoxidation or hydrobor-
ation, allow for a much higher degree of control but generally need to be conducted in solution.
Some of these functionalization reagents, such as boranes and silanes, have little catalyst poison-
ing effect and can act as chain transfer agents to give end-functionalized PPs. Alternatively, the
unsaturated endgroups of PPs can be used to advantage to produce a large number of chain-end
functionalized PP derivatives, including block copolymers. These materials are primarily of interest
as blend compatibilizers. Polyfunctionalized PPs bearing side chain functionalities are accessible
through copolymerizations of propylene, either with functionalized comonomers or, alternatively,
with dienes. The latter lead to copolymers with sidechains bearing C==C bonds, which may be
regarded as protected functional groups. The disadvantage of the first (functionalized comonomer)
strategy is the sensitivity of early transition metal catalysts to heteroatoms, requiring the use of
protecting group chemistry. The second (diene) strategy often gives good catalytic activities and
maximum control of chemical structure in the resulting copolymers, but may present additional
challenges on a larger scale. However, such functionalized materials may be of interest for specialty
uses, for example, in medical applications where improved cell adhesion and good biocompatibility,
coupled with the low toxicity and good durability of PP, are important.
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12.1 INTRODUCTION

Following the discovery of the stereoselective polymerization of vinyl monomers,1–4 the relevance
of tacticity in the placement of monomeric units along the macromolecular chain was immediately
recognized.2,3 In fact, the average length of tactic sequences of monomeric units in the polymer
chain is the main factor determining the occurrence and the degree of crystallinity of polymeric
materials, and hence, their physical properties. It is also well-recognized that tacticity can also be
relevant for copolymers. This is not only true for the obvious case of block copolymers, but also
for random copolymers when the formation of crystallizable sequences requires a tactic placement
of monomeric units, for instance for propylene-rich4 or 1-butene-rich5 random copolymers with a
minor amount of ethylene.

Much less recognized is the possible influence of tacticity on copolymer properties when α-olefin
monomer units are a minor component, and crystallinity is not based on a tactic α-olefin sequence
but on a different comonomer such as ethylene. In this chapter, this tacticity effect is shown for
ethylene-rich ethylene/propylene (EP) copolymers, where the crystallizable sequences are based on
ethylene, that is, a comonomer that does not have tacticity requirements. In particular, this chapter
describes in detail the microstructure of EP copolymers having industrially relevant compositions
(ethylene content 80–55 mol%), with particular focus on the placement of propylene units along
the ethylene-based macromolecular chains and their influence on copolymer properties. This subject
is, of course, related to the industrial relevance of EP copolymers and ethylene/propylene/diene
monomer terpolymers (EPDMs) (collectively referred to as EP(D)Ms), which presently represent
the most widely produced saturated rubbers.6

In this chapter, copolymers of propylene with ethylene are discussed, giving consideration to the
relative distribution of ethylene and propylene along the chain and the regio- and stereochemistry of
propylene placement.2 The products of monomer reactivity ratios are used to assess the intramolecular
distribution of comonomers, and the stereo- and regiochemistry of propylene insertion are quantit-
atively examined. Catalytic systems suitable for preparation of the abovementioned copolymers are
presented, and in particular, the implications of the structure of the catalytic sites on the important
molecular parameters of the copolymers are discussed. Copolymer property discussions are focused
on the crystallinity and elasticity of samples having compositions suitable for elastomeric behavior.
It is thus worth reminding the reader here that an elastomer, according to the American Society for
Testing and Materials (ASTM) standard definition, is “a natural or synthetic polymer, which at room
temperature, can be stretched repeatedly to at least twice its original length and which after removal
of the tensile load will immediately and forcibly return to its original length.”7 In this chapter, the
effect of propylene placement tacticity on the elasticity of EP elastomers is rationalized.

12.2 SYNTHESIS OF ETHYLENE/PROPYLENE COPOLYMERS BY
ZIEGLER–NATTA-TYPE CATALYSTS

EP copolymers are obtained through polymerization promoted by Ziegler–Natta-type catalysts.8

A Ziegler–Natta catalyst polymerizes olefins by inserting them into a metal–carbon bond. As a
consequence, the exact structure of the catalytic site, determined by the interaction between the
organometallic complex and the growing polymer chain, has a dramatic influence on the insertion
reaction and hence on copolymer characteristics.

Three families of catalytic systems have been used to date for the preparation of copolymers
containing ethylene and propylene over a wide compositional range. They are based on vanadium,9

titanium (heterogeneous),9e,10 and so-called “single-site” catalysts (SSCs), which are typically
metallocenes11 or cyclopentadienyl (Cp)-amido group 4 dihalides often referred to as “constrained
geometry” catalysts (CGCs).12 All three families of catalysts have industrial relevance. Vanadium-
based catalysts are largely used for the industrial production of elastomeric ethylene copolymers,
mainly EP(D)Ms. Titanium-based catalysts are used for the production of crystalline propylene
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copolymers with a minor amount of ethylene. EPM (ethylene/propylene) grades made in this man-
ner were once commercially available from DUTRAL (now Polimeri Europa)10h,13 but are no longer
industrially produced. In the family of SSCs, those based on Cp-amido and metallocene catalysts
have found applications on a commercial scale for the production of polyolefin elastomers. The
concept of single-site catalysis (and hence the name) is correlated with the homogeneous nature of
the organometallic transition metal active species.14 These kinds of catalysts produce polymers with
narrow molecular weight distributions and copolymers with narrow composition distributions. It is
also worth noting that the class of vanadium-based catalysts discussed in this chapter also behaves
as SSCs. It would therefore be more correct to consider single-site metallocene and CGCs as a new
generation of SSCs.

12.2.1 VANADIUM-BASED CATALYSTS

Vanadium-based catalytic systems for EP(D)M synthesis are comprised of a vanadium com-
pound (“catalyst precursor”), a chlorinated aluminum alkyl (“cocatalyst”), and a chlorinated ester
(“promoter”). Typical components of a vanadium-based catalytic system are the following:

Vanadium compound VOCl3, V(acac)3 (acac = acetylacetonate)
Chlorinated aluminum alkyl (C2H5)3Al2Cl3, aluminum sesquichloride
Chlorinated promoter Ethyl trichloroacetate, n-butyl

perchlorocrotonate, α,α,α-trichlorotoluene

The reaction of the vanadium salt with the aluminum alkyl leads to displacement of the vanadium
ligands, with the formation of V–C bonds.15 As a consequence, the catalytic site is not sterically
demanding. As mentioned above, vanadium-based catalysts behave as SSCs for olefin polymeriza-
tion. Although the structure of their active catalytic sites is still unknown, the structures of polymers
produced with vanadium systems are typical of those from SSCs. The majority of commercially
available EP(D)M grades are from vanadium-based catalysts.6

12.2.2 TITANIUM-BASED CATALYSTS

The components of a typical heterogeneous titanium-based catalytic system are a titanium compound
(“catalyst precursor”), an aluminum alkyl (“cocatalyst”), and an organic substance acting as electron
donor substantially to titanium (as widely accepted in the literature).16 The titanium compound is
typically a titanium halide and is usually supported on MgCl2. Electron donors are present as internal
donors, that is, ones presupported on MgCl2, and as external donors, that is, those added along with
the aluminum alkyls.16 The cooperation between the support and the electron donor provides a steric
environment at the titanium center that is responsible for the regio- and stereoselective control of
propylene insertion. A characteristic of titanium-based catalysts is their multiplicity of catalytic sites,
which is typical for heterogeneous catalysts.

12.2.3 “SINGLE-SITE” CATALYSTS (SSCs)

Among the new generations of Ziegler–Natta catalysts, two families of SSCs have been well-studied
from a scientific point of view and have been used for commercial applications: metallocenes11

and CGCs.12
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FIGURE 12.1 A prototypical metallocene suitable for the preparation of EP copolymers, rac-
[ethylenebis(4,5,6,7-tetrahydroindenyl)]zirconium dichloride (rac-[C2H4(H4Ind)2]ZrCl2).
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FIGURE 12.2 A prototypical constrained geometry catalyst, [dimethylsilylene(tetramethylcyclopentadienyl)
(tert-butylamido)]titanium dichloride (Me2Si(Me4Cp)(N-t-Bu)TiCl2).

12.2.3.1 Metallocenes

A metallocene is a coordination compound in which a transition metal is π-bonded to two
cyclopentadienyl-type ring ligands. The structure of a prototypical metallocene suitable for the
preparation of EPcopolymers, rac-ethylenebis(4,5,6,7-tetrahydroindenyl)zirconium dichloride (rac-
[C2H4(H4Ind)2]ZrCl2), is shown in Figure 12.1. This isoselective metallocene is a suitable catalyst
for the preparation of the whole range of polyolefins and is particularly interesting for the synthesis
of EP(D)Ms for two basic reasons: it gives high molecular mass elastomers, and it promotes good
conversions of 5-ethylidene-2-norbornene (ENB), the diene termonomer that is almost exclusively
used on the industrial scale. On the market, examples of EP(D)M and plastomers from metallo-
cenes are respectively the VistalonTM and the ExactTM grades from ExxonMobil. Mitsui recently
announced the production for mid-2006 of metallocene propylene-based elastomers with the trade
name of Tafmer XMTM.

12.2.3.2 Constrained Geometry Catalysts (CGCs)

“Constrained geometry” catalysts of the group 4 metals were first reported in 1990
by both Dow Chemical Company and Exxon Chemical Company.12 A typical CGC,
[dimethylsilylene(tetramethylcyclopentadienyl)(tert-butylamido)]titanium dichloride (Me2Si(Me4-
Cp)(N-t-Bu)TiCl2), is shown in Figure 12.2. The “constrained geometry” terminology refers to the
ligand bite angle (N–Ti–Cp centroid angle) as being smaller than the analogous angle in metallocenes
(Cp–Ti–Cp centroid angle). For metallocenes, this angle is generally found to be much larger than
115◦. From the definition point of view, a CGC is not a metallocene but rather a half sandwich Cp
or substituted Cp complex. However, CGCs are often referred to as “metallocenes.”

A peculiar feature of CGCs is that they are quite aselective catalysts; out of the many structures
known, only a few are able to produce stereoregular polypropylenes (PPs). However, CGCs based
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on fluorenyl-amido structures have been reported as having stereoselectivity, giving rise to either
syndiotactic or isotactic PP, as a function of the activator. In particular, the syndiotactic PP with the
highest known melting point (Tm) was obtained with this family of CGCs17 (see Chapter 2). CGCs
can also be used to prepare atactic PPs (with slightly prevalent syndiotactic placement) with relatively
high molecular masses. CGCs used for ethylene/propylene copolymerization produce copolymers
characterized by low reactivity ratio products (r1r2 values, vide infra), and hence by very short
propylene sequences, that have been reported as atactic.11p,12c

The use of CGCs to make ethylene-based polymers gives rise to long-chain branching. In
this process, CGCs used at very high polymerization temperatures (>100 ◦C) are able to pro-
duce macromolecular chains terminated with double bonds and then to insert the double bond
termini of these chains into a new growing chain. CGCs produce EP copolymers with a random
comonomer distribution.11p,12c So far, they have found applications at the industrial level for the
production of both polyolefin plastomers and polyolefin elastomers. The plastomer materials are
ethylene/1-octene copolymers, commercialized by Dow under the trade name of EngageTM. Ethyl-
ene/styrene copolymer samples (produced industrially by Dow) were available in the late 1990s but
are no longer present on the market. The elastomer materials are EPDMs based on ENB as the diene
termonomer, commercialized first by Dow Dupont Elastomers and now by Dow under the trade
name of NordelTM IP.

12.3 COMONOMERS IN ETHYLENE/PROPYLENE COPOLYMERS

Ethylene and propylene are molecules that possess different symmetry (Figure 12.3). Ethylene has
two C2 rotation axes and a σ mirror plane. Propylene, owing to the presence of the methyl group,
possesses only a σ mirror plane (the double bond plane). The first consequence of this difference
is that propylene has two chiral faces with respect to the plane defined by the double bond. In this
respect, each face should be regarded as an enantioface. In Figure 12.3, the enantiofaces are indicated
using the si and re nomenclature.18

The reaction of the propylene double bond with the metal–carbon bond, that is, the insertion
reaction, produces an enchained monomeric unit with a tertiary carbon atom whose configuration
is determined by the identify of the reacting enantioface (Figure 12.4). The stereoselectivity of a
catalyst is its ability to discriminate between the two different monomer enantiofaces.

In more precise terms, propylene is a prochiral molecule, and a reaction involving addition to
its double bond generates a chiral center, the configuration of which depends upon the face involved
when insertion occurs. Furthermore, the two unsaturated carbon atoms of propylene are substituted

H
H

H
H

H
CH3

H
H

si

H3C
H

H
H

re

C2

C2

si re

σ σ σ
Ethylene Propylene

FIGURE 12.3 Ethylene and propylene monomer symmetry.
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FIGURE 12.4 Insertion of ethylene and propylene into a metal–growing chain bond (P= growing polymer
chain).

differently and this gives rise to two possible insertion modes having different regiochemistry. When
propylene addition occurs with formation of a metal–CH2 bond, the insertion is called primary (or
1,2) (Figure 12.4, top). When the propylene addition occurs with formation of a metal–CH bond,
the insertion is called secondary (or 2,1) (Figure 12.4, middle). The regioselectivity of a catalyst is
its ability to discriminate between primary and secondary monomer insertions. The symmetry of
ethylene makes all possible approaches of the monomer to the catalyst identical, and only one type
of insertion occurs (Figure 12.4, bottom).

12.3.1 ANALYTICAL CHARACTERIZATION OF ETHYLENE/PROPYLENE COPOLYMERS

The regiochemistry of propylene insertion is characterized by counting the number of methylene
groups (-CH2-) in sequence along the produced macromolecular chains (Figure 12.5). In a regiore-
gular propylene homopolymer, only isolated methylenes are detected, whereas the occurrence of a
misinsertion leads to a sequence of two methylene groups. In EP copolymers with a regioregular
placement of propylene, sequences of an odd number of (-CH2-) units between two -CH(CH3)- units
are observed, for example, [metal-(CH2)-CH(CH3)-(CH2)-(CH2)-(CH2)-CH(CH3)-]. On the other
hand, sequences having an even number of (-CH2-) units between two -CH(CH3)- units, for example,
metal-CH(CH3)-(CH2)-(CH2)-(CH2)-(CH2)-CH(CH3)-, are diagnostic of regioirregular propylene
placements. Even or odd (-CH2-) sequences can be analytically discriminated by 13C nuclear mag-
netic resonance (NMR) spectroscopy and counted, although only to a degree of approximation. It is
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FIGURE 12.5 Catalyst selectivity, relative orientation of incoming monomer, and resultant polymer
microstructure for propylene homopolymerization.

thus possible to use the methylene sequences to quantify the regioregularity of propylene placement
in EP copolymers.19

12.3.2 FIVE DIFFERENT REPEAT UNITS IN ETHYLENE/PROPYLENE COPOLYMERS

The five different monomer insertions shown in Figure 12.4 (ethylene and the four different pro-
pylene combinations of 1,2- or 2,1-insertion with the re or si enantioface) can be considered to be
five different repeat units (five different comonomer units) present in the macromolecular chain.
Scheme 12.1 summarizes these five comonomer insertions for an EP copolymer.

12.4 INTRAMOLECULAR DISTRIBUTION OF THE COMONOMERS:
REACTIVITY RATIOS r1 AND r2

12.4.1 GENERAL REMARKS

The relative reactivity of comonomers during copolymerization is usually expressed through the
reactivity ratios r1 and r2.20 The reactions involved in a copolymerization are shown in Figure 12.6.
Generally speaking, the value kij is the rate constant for addition of monomer j to a growing chain
bearing comonomer i as the last inserted monomer, where i and j equal either 1 or 2. Here, 1 and 2 stand
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SCHEME 12.1 The five comonomer insertion events in ethylene/propylene copolymerization (M = metal
center; P= growing polymer chain).

M–P + P                  M–P–P  R22 =  k22[M-P][P]

r2 =r1 =

M–E + P                  M–P–E  R12 =  k12[M-E][P]

M–P + E                  M–E–P  R21=  k21[M-P][E]

M–E + E  M–E–E  R11 =  k11[M-E][E]

k22

k21

k11

k12

FIGURE 12.6 Definition of the reactivity ratios r1 and r2 for ethylene/propylene copolymerization (E =
ethylene = monomer 1; P= propylene = monomer 2; R = rate of indicated insertion process).

for ethylene (E) and propylene (P), respectively. In simple words, r1 represents the relative probability
of a homo-addition of ethylene (an ethylene insertion followed by another ethylene insertion, k11)
versus the hetero-addition of propylene (an ethylene insertion followed by a propylene insertion,
k12). The value r2 represents the relative probability of a homo-addition of propylene (a propylene
insertion followed by another propylene insertion, k22) versus the hetero-addition of propylene (a
propylene insertion followed by a ethylene insertion, k21). When evaluating r1 and r2 ratios for
EP copolymers, the insertion mode of propylene (1,2 versus 2,1 and re versus si) is not taken into
account and propylene is considered as one comonomer.

12.4.2 THE r1r2 PRODUCT

The way in which ethylene and propylene distribute themselves along the macromolecular chain
is expressed by the product of the reactivity ratios r1 and r2 (Figure 12.7). In particular, if the
comonomer insertion:

1. Is not influenced by the last inserted comonomer unit, then k11/k12 = k21/k22, and
the relative probabilities of insertion of comonomers 1 and 2 are the same, regardless
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FIGURE 12.7 Product of reactivity ratios r1r2 and comonomer distribution in EP copolymers.
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FIGURE 12.8 Average length of ethylene sequences in EP copolymers versus r1r2. [E]copolymer is the
concentration of ethylene in the copolymer, expressed as wt%.

of whether the last inserted comonomer was 1 or 2. This means that r1r2 = 1. The
copolymerization is called random.

2. Is influenced by the last inserted comonomer unit(s), then k11/k12 �= k21/k22, and the
relative probabilities of insertion of comonomers 1 and 2 depend on the identity of the
last inserted comonomer unit. This means that r1r2 �= 1. In particular, values of r1r2 > 1
indicate that the catalytic system favors homosequences rather than an alternating distribu-
tion of comonomers. Conversely, alternating sequences are more abundant in copolymers
obtained with values of r1r2 < 1. It is important to emphasize that the way ethylene
and propylene distribute themselves along the macromolecular chain is expressed only
by the product of reactivity ratios r1r2, no matter what the individual values of r1 and r2
values are.

It is thus clear that (1) in a random copolymer (from a random copolymerization), homosequences
of both comonomers can be present, with a length depending on chemical composition; and (2) in
a copolymer with r1r2 � 1, the probability of having long homosequences of both comonomers
increases.

Figure 12.8 shows the correlation between values of r1r2 and the average length of ethylene
sequences in an EP copolymer for three levels of ethylene content ([E]copolymer). Figure 12.9 shows
the effect of r1r2 on the probability (fraction) of ethylene sequences with 10 or more ethylene units
(E10), a microstructural feature that influences the copolymer crystallinity. For copolymers with a
given comonomer composition, crystallization ability is generally maximized by blocky constitutions
(r1r2 > 1) and minimized by alternating constitutions (r1r2 → 0). As a consequence, minimum
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FIGURE 12.9 Probability (fraction) of ethylene sequences with ten or more ethylene units (E10) in EP
copolymers versus r1r2.

crystallinity, and hence structural order, generally corresponds to copolymers having alternating
tendencies rather than to random copolymers (r1r2 ≈ 1) with a minimum of microstructural order.

12.5 ANALYTICAL EVALUATION OF PROPYLENE PLACEMENT IN
THE COPOLYMER CHAINS

The stereoregularity and regioregularity of propylene sequences in EPcopolymers can be analytically
evaluated by 13C NMR.19 Tacticity is obtained as the percentage of mm triads from the signals of
the central tertiary CH carbon in the propylene triad (PPP) sequences (Tββ), using Equation 12.1

mm(%) = 100× Tββ(mm)

[Tββ(mm)+ Tββ(mr + rr)] (12.1)

According to Randall19b,c the lower limit of regioirregular unit content can be estimated from the
relative amount of sequences containing 2 and 4 methylene groups, as quantified by Equation 12.2
(where Sαα, Sαβ, Sββ, Sβγ, Sγδ, and Sγγ represent secondary CH2 chain carbons α, β, or γ to the
nearest tertiary propylene CH carbon on either side)

∑ [-(CH2)2-] + [-(CH2)4-]∑ [-(CH2)-] =
(100)

(
1
2 Sαβ + 1

2 Sβγ

)
(

Sαα + 1
2 Sαβ + Sββ + 1

2 Sβγ + Sγγ + 1
2 Sγδ

) (12.2)

This represents a lower limit of regioirregular units, because sequences containing six or more
methylenes are indistinguishable from those formed by sequences of at least three ethylene units.
Since the reactivity ratios r1 and r2 are obtained only from triads containing regioregular propylene
units, the presence of a relatively large amount of regioirregular propylene placements introduces
uncertainties in their evaluation.
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TABLE 12.1
Nature of Catalytic Sites andDistribution of CopolymerMolecular Properties
for Common Ethylene/Propylene Copolymerization Systems

Catalytic System Catalytic Catalyst Precursor Distribution of
Sitea Molecular

Structure Ligand Stabilityb Properties

Titanium (heterogeneous)10o,11j,p Multi Unknown (No) Broad
Vanadium9f ,11j,p Single Unknown No Narrow

Multi Unknown No Broad
Metallocene11j,l,o,p Single Known Yes Narrow
Constrained geometry11p,12c Single Known Yes Narrow

aNumber of active sites.
bDuring the polymerization.

12.6 CATALYTIC SYSTEMS AND COPOLYMER CONSTITUTION
AND CONFIGURATION

The behavior of different families of catalysts in the polymerization of ethylene and propylene is
described as follows.

12.6.1 NATURE OF CATALYST ACTIVE SITE AND INTERMOLECULAR DISTRIBUTION

OF MOLECULAR PROPERTIES

Table 12.1 summarizes some features of common catalyst systems used for ethylene/propylene
copolymerizations. SSCs, either based on vanadium salts9f ,11j,p or on organometallic compounds
such as metallocenes11j,o,p and constrained geometry complexes,11p,12c are able to produce a narrow
distribution of copolymer properties such as chemical composition and molecular weight distri-
bution, distinguishing these catalysts from heterogeneous titanium-based catalysts. This ability of
SSCs is of fundamental importance not only from an applications point of view, but also because
it allows for accurate determination of the microstructures of EP copolymers and prevents mislead-
ing evaluations of mixtures of macromolecules having different molecular properties, in particular
different chemical compositions. With a multisite catalyst, such as a heterogeneous titanium-based
species, macromolecules with a wide range of chemical compositions are produced, from almost
pure polyethylene (PE) to almost pure PP.

Vanadium-based catalysts used on a commercial scale are definitely single site, as demonstrated
by the resultant intermolecular distribution of copolymer molecular properties. However, it is possible
to have multisite vanadium catalysts, for example, by supporting a vanadium salt on an inorganic
carrier such as MgCl2,9f changing the nature of the aluminum-based cocatalyst (i.e., substituting the
chlorinated aluminum alkyl with an aluminum trialkyl),9f or modulating the Al:V ratio (with higher
ratios producing narrower molecular property distributions).11j A broad intermolecular distribution
of copolymer properties can also be obtained for metallocene-based copolymers, for example, by
using a mixture of metallocenes.

What is really key for the “SSC family” based on metallocenes and CGCs is the opportunity to
have a catalyst precursor of defined chemical structure. For example, in the case of metallocenes, the
π-bound cyclopentadienyl-type ligands remain coordinated to the transition metal atom during the
course of polymerization. This allows for the following: (1) the control of polymerization behavior
and polymer microstructure by modifying the structure of the ligands, and, as a consequence, (2)
establishment of a correlation between ligand structure and polymer microstructure.
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TABLE 12.2
Intermolecular Distribution of Molecular Mass and Chemical
Composition for EP Copolymers Prepared with Various Catalyst
Systems

Catalytic System Molecular Weight Chemical
Distributiona Composition

Distributionb

Titanium (heterogeneous)10o,11p 5–15 10–25
Vanadium (single site)9f ,11j,p 2–2.5 0.5–2
Metallocene11j,l,o,p 2-2.5 0.5–2
Constrained geometry11p,12c 2–2.5 0.5–2

aMw/Mn.
bVariation coefficient, V (see text).

Table 12.2 shows a numerical evaluation of the intermolecular molecular weight distribution
and chemical composition distribution in EP copolymers made with different catalyst systems. The
ratio between the polymer weight average molecular weight and number average molecular weight
(Mw/Mn, generally measured by gel permeation chromatography) is used to describe the distribution
of molecular masses, and a statistical parameter called the variation coefficient (V ) is used to charac-
terize the chemical composition distribution. The variation coefficient is a relative dispersion index,
as given by Equation 12.3, where the arithmetic mean and standard deviation refer to numerical data
indicating the chemical composition (comonomer content) of copolymer fractions obtained through
fractionation:9f

V =
(

standard deviation

arithmetic mean

)
× 100 (12.3)

Copolymers analyzed were fractionated using solvents (or mixtures of solvents) having increasing
solubility power, at their boiling points. Dissolved polymer fractions were subsequently collected,
their chemical composition determined through NMR, and arithmetic mean and standard deviation
of these data were then calculated. Thus, the range of ethylene content in an EP copolymer is given
by Equation 12.4

Ethylene content = (average ethylene content) ± [(V / 100)(average ethylene content)] (12.4)

where the average ethylene content expressed as either mol% or wt% is the arithmetic mean obtained
from the fractions (and is coincident with the value obtained for the copolymer before fractiona-
tion). Copolymers prepared with single-site vanadium, metallocene, and CGCs thus have a high
homogeneity of molecular properties. This allows an easier investigation of the correlation between
molecular and physical properties.

12.6.2 CONTROL OF PROPYLENE INSERTION

Table 12.3 summarizes stereochemical control in propylene homopolymerization for different cata-
lytic systems. Metallocenes are the only SSCs currently able to produce the entire variety of possible
propylene sequence microstructures (isotactic, syndiotactic, and hemiisotactic). As mentioned above,
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TABLE 12.3
Polypropylene Tacticities Achievable with Different
Catalyst Systems

Stereochemical Control of Propylene
Insertion

iso- syndio- hemi- a-

Titanium (heterogeneous) Yes No No Yes
Vanadium (single site) No Yes No Yes
Metallocene Yes Yes Yes Yes
Constrained geometry No Yesa No Yes

aSee text.

essentially atactic (actually slightly syndiotactic) PPs are obtained with most CGCs. Vanadium-based
catalysts can be used to prepare either atactic or syndiotactic PPs. Heterogeneous titanium-based
catalysts are the source of isotactic PPs available on a commercial scale.

It is worth commenting on the regioregularity of propylene insertion for various systems. Het-
erogeneous titanium-based catalysts are well-known for being extremely regioregular; propylene
insertion occurs only through 1,2-enchainments, and constitutional mistakes cannot be detected in
most commercial products. In contrast, syndiotactic PP from vanadium-based catalysts is formed
at a low polymerization temperature (−78 ◦C) through the 2,1-insertion of propylene.15,21a In EP
copolymers from vanadium-based catalysts, the 1,2-insertion of propylene is largely prevailing. As
discussed below, a large content of regioirregularities, formed through 2,1-insertion, is the tradi-
tional fingerprint of an EP copolymer obtained from a vanadium-based catalyst. Up to 20 mol% of
2,1-inserted propylene units can be detected (in a commercial product such as DUTRAL® CO034
from Polimeri Europa, regioirregularities were found to be about 14 mol%).11p Metallocenes present
a variety of situations regarding regioregularity, the isoselective metallocenes being the most regioir-
regular. However, the low regioselectivity of vanadium-based catalysts has not been equaled by any
new SSC.

There is a general agreement in the field of Ziegler–Natta catalysis that both the stereo- and
regioselectivity of all catalyst families can be rationalized mainly on the basis of steric interac-
tions. Refined models have been proposed for the heterogeneous titanium and SSCs to correlate
the steric structure of the catalyst active site to the microstructure of the resultant PP.21 Conversely,
the displacement of the ligands in vanadium-based catalysts appears to be responsible for the low
stereoregularity and very low level of regioregularity in the PPs formed.

12.6.3 ETHYLENE/PROPYLENE COPOLYMERS: PROPYLENE PLACEMENT

Table 12.4 presents a summary of the propylene placement in EP(D)M copolymers, in terms of
tacticity and regioregularity, for the catalyst families discussed. The values reported are a collection
of those available in the scientific literature and determined by the authors on commercial samples.

Heterogeneous titanium-based catalysts give rise to isotactic propylene sequences with negligible
regioirregularities. One can thus say that these catalysts produce EP copolymers with the highest
possible degree of order in the propylene sequences. As previously mentioned, the crucial aspect
determining the behavior of titanium-based catalysts is the multiplicity of catalytic sites, which
leads to a multiplicity of macromolecular chains. Atactic sequences and a remarkable amount of
regioirregularities are brought about by vanadium catalysts, introducing the highest degree of disorder
in propylene sequences.
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TABLE 12.4
Propylene Placement in EP(D)M as a Function of the Catalyst System Used for
Polymerization

Catalytic Examplea Tacticity R.I.b Comonomer References
System (% mm) (mol %) Repeat Units, n c

Titanium MgCl2/donor ∼100 n.d.d 2 10o,11j,p
(heterogeneous) (isoselective system)
Vanadium VOCl3, V(acac)3 30 up to 20 5 11j,p
(single site)
Metallocene rac-Et(H4Ind)2ZrCl2 ∼100 0 2 11j,l,p

Ind2ZrCl2 30 n.d.d 3 11j,l,p
Constrained geometry Me2Si(Me4Cp)(N-t-Bu)TiCl2 30 6 5 11p,12c

aInd = indenyl; H4Ind = tetrahydroindenyl; Cp = cyclopentadienyl.
bPropylene regioirregularity values corresponding to the lower limits calculated as (CH2)2 + (CH2)4 using 13C NMR.
cNumber of different types of repeat units present out of the five possible structures (see Section 12.3.2 and Figure 12.4).
dNot detectable.

Metallocenes offer a unique opportunity, unmatched by traditional catalysts as well as by other
classes of SSCs, to control the placement of propylene. Sequences achievable range from atactic
to isotactic. Syndiotactic sequences are not observed in metallocene-based EP copolymers, because
the syndioselective metallocenes are characterized by low values of r1r2 and thus do not allow
the formation of propylene sequences long enough to discriminate between atactic and syndiotactic
placement. Only a minor amount of regioirregular propylene placements are detectable in EP copoly-
mers prepared with isoselective metallocenes. It should be noted that presently available aselective
metallocenes are not able to prepare EP copolymers with sequences that are simultaneously stereo-
and regioirregular.

CGCs give rise to atactic propylene sequences and clearly detectable amounts of regioirregular-
ities. CGCs are thus closest to vanadium-based catalysts in their behavior, although by comparison
only a minor amounts of regioerrors are present in CGC-derived copolymers.

As previously discussed, these different placements of propylene can be considered to be dif-
ferent comonomer units in the macromolecular chain. This is a crucial point, since the stereo- and
regioselectivity of the catalytic system determines propylene placement and hence the microstructure
of the resultant copolymers.

12.6.4 ETHYLENE/PROPYLENE COPOLYMERS: INTRAMOLECULAR DISTRIBUTION OF

THE COMONOMERS

Table 12.5 collects literature values for r1 and r1r2 for different catalyst systems. With
vanadium-based catalysts, a correct evaluation of r1r2 is hindered by the remarkable presence of
regioirregularities.9 One could say, however, that short comonomer sequences are obtained. With
heterogeneous titanium-based catalysts, blocky copolymers are prepared. A correct determination of
r1r2 is, however, hindered by the multisite nature of the catalyst, that is, by the presence of (many)
different polymer fractions resulting from many catalyst sites with different r1r2 values that could
in principle be responsible for an apparent higher blockiness.

Metallocene-based catalysts are the only catalysts that can be used to prepare EP copolymers
with a broad range of r1r2 values, from almost perfectly alternating structures to blocky EP(D)M
materials. In fact, metallocenes are the only class of catalysts that can produce EP copolymers with
microstructures ranging from long sequences of both comonomers (r1r2 � 1) to an alternating
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TABLE 12.5
Type of Catalyst Systems and Reactivity Ratios in Ethylene/
Propylene Copolymerization (Monomer 1= Ethylene; Monomer
2 = Propylene)

Catalytic System r1r2 r1 r1r2 Control References

Titanium >1 2–4 No 10o, 11j,p
(heterogeneous)
Vanadium (single site) 0.1–1 3–26 Noa 11j,p
Metallocene 0.001–6.3 1.3–250 Yes 11j,l,p
Constrained geometry 1–1.5 1.4 No 11p, 12c

aDifferent values of r1r2 can be obtained by, for example, changing the Al:V ratio.

TABLE 12.6
Properties of Commercial EP Copolymers Prepared with ConstrainedGeometry
Catalysts

Commercial Grade Propylene r1r2 Tacticity (mol %) R.I.b(mol %) References
Based on CGCa Content

(mol%)

NordelTM IP 4770 18.8 1.84 20.1 3.3 11p
NordelTM IP 3430 43.9 1.52 11.9 6 11p

aFrom DuPont Dow Elastomers.
bPropylene regioirregularity values corresponding to the lower limits calculated as (CH2)2 + (CH2)4
using 13C NMR.

distribution of comonomers (r1r2 → 0). The only example of a truly random EP copolymer (r1r2 =
1) is from a CGC.12c Moreover, the values of r1 and r2 for this system are very similar to each other,
that is, ethylene and propylene show similar reactivities.

12.7 EXAMPLES OF ETHYLENE/PROPYLENE COPOLYMERS FROM
SINGLE-SITE CATALYSTS

In this section, examples of EP copolymers prepared with the three families of SSC systems discussed
above (vanadium, metallocene, and CGC) are described. Commercial EP copolymer samples based
on vanadium typically have an ethylene content of about 20%. By applying the abovementioned
methods for the determination of r1r2 and regioirregularities, averages of about r1r2 = 0.6 and 12
mol% regioirregularities can be obtained. However, these numbers have to be considered only as
qualitative indications, because a precise interpretation of the copolymer NMR spectra is inhibited
by the large amount of regioirregularities. Table 12.6 gives examples of commercial samples of EP
copolymers made using CGCs. These copolymers are characterized by a limited amount of regioir-
regularities, and thus can be analyzed to give a reasonably complete characterization of comonomer
distribution and propylene placement.

Table 12.7 provides a comparison of EP copolymers having different r1r2 values (<1,≈1, and
>1) and different propylene sequences (isotactic without regioirregularities, atactic without regioir-
regularities, and atactic with regioirregularities). These materials were prepared using the SSC types
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previously described. In particular, metallocenes capable of different stereo- and regiocontrol are
compared. Experimental conditions for the preparation of these polymers are reported elsewhere.22

The probability (fraction) of ethylene homosequences with 10 or more ethylene units and the enthalpy
of fusion (�Hm) of the copolymers’ Tms are reported as well.

12.8 CRYSTALLINITY OF ETHYLENE/PROPYLENE COPOLYMERS

This section deals with general aspects of crystalline organization and crystallization behavior of
EP copolymers, although all of the EP data shown in the Figures discussed below refer only to
samples obtained from a rac-(C2H4)(H4Ind)2ZrCl2-based system. The influence of the regio- and
stereoregularity of propylene insertion (i.e., of the microstructural features discussed in the previous
sections) on EP crystallization behavior will be discussed in Section 12.9.

The crystallinity present in EP copolymers has been extensively studied by X-ray diffraction.23

The bulk of these crystallinity studies have been devoted to copolymers useful for the production of
industrially relevant crosslinked elastomers having ethylene contents generally lower than 85 mol%.
It is well established that propylene units enter into the lattice of orthorhombic PE,24 gradually
increasing the disorder in the crystalline phase but leaving the trans-planar conformation of the
chains substantially unaltered. In fact, the dimension of the a axis of the unit cell of PE increases
almost proportionally to the propylene content of the copolymer, whereas the b and the c axes
practically retain the same dimensions found in PE (Figure 12.10).23c,h

At high propylene content, a becomes nearly equal to b
√

3 and, hence, the unit cell becomes
pseudohexagonal23c (Figure 12.11). X-ray diffraction studies on oriented EPcopolymer samples have
shown that this pseudohexagonal form presents a long-range order only in the hexagonal arrangement
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FIGURE 12.10 Dependence of the a (top) and b (bottom) unit cell parameters on ethylene molar content for
EP (circles) and ethylene/styrene (triangles) copolymer samples.
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FIGURE 12.11 Schematic presentation of the transition from the orthorhombic crystal structure typical of
PE to the pseudohexagonal crystal structure typical of EP copolymers with less than 70 mol% of ethylene.

30

20

10

0
100 95 90 85 80 75 70 65 60

Ethylene molar content (%)

Xc (%)

FIGURE 12.12 Degree of crystallinity for EP (circles) and ethylene/styrene (triangles) copolymer samples
as a function of ethylene molar content as evaluated from X-ray diffraction patterns at room temperature.

of the axes of nearly trans-planar chains; a large packing disorder (rotational and translational as well
as conformational) is associated with the inclusion of methyl groups of the propylene comonomer
units in the crystalline phase.23g

It is worth noting that behavior of ethylene copolymers containing bulkier α-olefins is completely
different from that of EP copolymers. In fact, bulkier comonomer units are excluded from the
crystalline phase, which remains orthorhombic for high comonomer contents, giving rise only to
small increases of the a and b unit cell parameters (as shown for ethylene/styrene random copolymers
in Figure 12.10).23h Moreover, as shown in Figure 12.12, as the ethylene molar content in EP
copolymers decreases, the concomitant decrease in crystallinity is less rapid for EP copolymers than
for ethylene/styrene and similar ethylene copolymers containing bulkier α-olefins. This is due to the
inclusion of propylene units and the exclusion of bulkier units from the crystalline phase.23h

The data in Figure 12.12 also show that the room temperature crystallinity of EP copolymers
generally becomes null for ethylene contents lower than 70–75 mol%. It is worth noting, however,
that EP copolymers, although amorphous at room temperature, can crystallize at low temperatures.
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FIGURE 12.13 DSC scans of unannealed compression molded EP copolymer samples with ethylene molar
contents of (a) 63.6%, (b) 65%, and (c) 74%.
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FIGURE 12.14 X-ray diffraction patterns of a compression molded EP copolymer sample (74 mol% ethylene,
DSC curve c, Figure 12.13) at (a) room temperature; (b) −100 ◦C.

This can be shown by differential scanning calorimetry (DSC), which can detect broad endothermic
peaks below room temperature.25 This is exemplified in Figure 12.13 for EP samples with ethylene
molar contents in the range 63–74 mol%.25c

The occurrence of crystallization phenomena at low temperatures can be also shown by comparing
X-ray diffraction patterns taken at different temperatures. For example, for an EP copolymer with
74 mol% ethylene, the X-ray diffraction pattern taken at room temperature presents only a broad
diffraction halo (Figure 12.14a), as typical of fully amorphous samples, whereas the X-ray diffraction
pattern taken at −100 ◦C (Figure 12.14b) additionally presents a narrower diffraction peak (at
2θ◦ = 21.3◦) associated with formation of the crystalline phase.25c

It is worth adding that EP samples that are amorphous at room temperature (e.g., the material
in Figure 12.14a) can also crystallize as a consequence of the molecular orientation associated with
stretching.23c In addition, for copolymer samples with ethylene contents greater than 70 mol%,
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long-term room temperature annealing generally produces crystallite reorganization phenomena.
These improve the quality (perfection and size) of the imperfect crystallites present, as deduced
from the appearance of a narrower DSC melting peak in the temperature range 40–50 ◦C and the
appearance of a well-defined crystalline peak in the room temperature X-ray diffraction pattern,
analogous to that observed in Figure 12.14b (although shifted to 2θ = 20.7 ◦ due to the temperature
difference).25c

12.9 INFLUENCE OF REGIO- AND STEREOREGULARITY OF
PROPYLENE INSERTION ON CRYSTALLIZATION BEHAVIOR
AND ELASTICITY OF ETHYLENE/PROPYLENE COPOLYMERS

It is well-known that the crystallinity of EPcopolymers mainly depends on comonomer content (com-
position) and comonomer distribution (constitution). It is the objective of this section to demonstrate
that the tacticity of propylene, that is, the regio- and stereoregularity of propylene insertion, also plays
a fundamental role in controlling crystallinity. As discussed earlier in detail, all of these microstruc-
tural features in turn essentially depend on the catalytic system and on polymerization conditions.
13C NMR-derived microstructural information for several EP copolymer samples, obtained using
different SSC systems and having constitutions and compositions in the range of industrial interest,
has been collected in Table 12.7.22

To achieve a significant comparison between EPs having different placements of propylene
units, the different copolymer constitutions (varying from nearly alternating to almost blocklike)
must be taken into account. A standardized parameter for comparison can be obtained by reporting
the copolymer melting enthalpy versus the fraction (probability) of PE sequences longer than a fixed
value (as shown in Figure 12.15 for sequences of 10 or more ethylene units). In Figure 12.15, the
experimental data collected in Table 12.7 are approximately fitted to three lines corresponding to
the three different general placement types of propylene comonomer units: a lower line for regio-
/stereoirregular copolymers, an intermediate line for regioregular/stereoirregular copolymers, and
an upper line for regio-/stereoregular copolymers.22

These results are in qualitative agreement with simple energy calculations made using packing
models of EP copolymers.22 Figure 12.16 shows side- and along-the-chain views of trans-planar EP
copolymer chains (75 mol% ethylene), having regio-/stereoirregular, regioregular/stereoirregular,
or regio-/stereoregular placements of the propylene units. The placement of the comparatively less
bulky regio-/stereoregular chains into pseudohexagonal crystals involves the least steric interac-
tions. Hence, the molecular modeling clearly indicates that EP chains with regio-/stereoregular
enchainments of the propylene units are more easily accommodated into the crystallites.22

In summary, for copolymers having equivalent amounts and distributions of propylene
comonomer units, a higher disturbance of PE crystallinity is achieved in the case of regio- and
stereoirregular placements of propylene units. Moreover, both experimental data and calculations
indicate that regioirregularity of propylene insertion is more effective in disturbing crystallinity than
stereoirregularity.

12.10 MOLECULAR PICTURE OF ELASTICITY: DIENE- AND
ETHYLENE-BASED ELASTOMERS

To obtain a good synthetic elastomer, macromolecular chains must be characterized by: (1)
linearity and very high molecular weight to prevent viscous creep; (2) the absence of strong
intermolecular interactions that could reduce macromolecular mobility, such as interactions owing
to the presence of polar groups or hydrogen bonding; and (3) sequences of monomeric units



DK3712: “dk3712_c012” — 2007/10/10 — 14:11 — page 333 — #21

Influence of Tacticity of Propylene Placement 333

0

5

10

15

20

25

30

35

0.0000

P(E10)

∆H
  (

J/
g)

r -EBTHI

BDMI

r-EBDMI

m-EBDMI

r-Me2C(3tBu-Ind)2

C.G.
V V

r-Me2Si(Ind)2

BDMI

Isotactic

Atactic

Atactic with 2,1-units

Propene sequences

0.12000.10000.08000.06000.04000.0200

FIGURE 12.15 Melting enthalpy of the EP copolymers shown in Table 12.7 versus the probability (fraction)
of copolymer ethylene sequences with ten or more ethylene units (keyed to entries in Table 12.7: r-EBTHI= 1;
BDMI= 2,4; C.G.= 3; V= 5,10; m-EBDMI= 6; r-Me2C(3tBu-Ind)2= 7; r-EBDMI= 8; r-Me2Si(Ind)2 = 9.)
Considered copolymers present regio-/stereoregular (diamonds), regioregular/stereoirregular (triangles), or
regio-/stereoirregular (squares) placements of propylene co-units.

Regio-and stereoregular propylene insertion  
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(a)

(b)

(c)

FIGURE 12.16 Side- (left) and along-the-chain (right) views of trans-planar EP copolymer chains (75:25 E:P)
presenting regio-/stereoirregular (a), regioregular/stereoirregular (b), and regio-/stereoregular (c) placements
of propylene co-units.

with constitutional and configurational irregularities to render crystallization at rest difficult. For
elastomeric properties, however, it is advantageous to have partial and reversible crystallization of
the macromolecular chains with stretching. It is well-known that unsaturated macromolecular chains
such as cis-1,4-polyisoprene and cis-1,4-polybutadiene are ideal elastomers because they possess
the abovementioned molecular features. In particular, cis-1,4-polyisoprene presents a negligible
crystallization rate at rest, but can easily crystallize under stretching, thus leading to the physical
crosslinking responsible for the elasticity in the uncured state of natural rubber.26 Among saturated
polymer chains, those based on ethylene meet most of the basic requirements for being elastic.
In fact, since PE can be completely linear, it potentially possesses a very high macromolecular
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flexibility, as demonstrated by its very low glass transition (Tg) values (always reported in the liter-
ature as <−60 ◦C). However, rubber materials are not based on PE because of its high crystallinity
at rest.

Elastomeric copolymers based on ethylene were first obtained by Giulio Natta through the
copolymerization of ethylene and propylene. The reasoning behind the decision to insert propyl-
ene comonomer units into ethylene-based polymers was explained by Natta in a paper prepared for
the “XVI Congres Internationale de Chimie Pure at Appliqué,” held in Paris in 1957.27 Natta stated,
“If the regularity of the polyethylene chain could be reduced so as to prevent crystallization, without
introducing any polar group and without reducing the flexibility of the chain and the rotation capa-
city of the C–C linkage of the chain, a chain should be obtained that would be suitable as the basic
material for obtaining a good rubber. The problem has been solved with the ethylene alpha-olefin
copolymers (for example, ethylene–propylene). Those having a content of alpha-olefin, such as to
make them not crystalline in the state of rest, have proved to be interesting rubbers. The possibility
of maintaining not too short portions of ordered ethylenic units, capable of crystallizing when the
molecules are oriented by stretching, is a favorable aspect of the problem and can make it possible to
realize better mechanical behaviors.” The role of propylene in preventing PE crystallization and the
importance of a suitable length of ethylene sequences was already clear to Natta in 1957. Regarding
the placement of propylene in EP copolymers, Ver Strate6b reported that “In the case of an EP(D)M,
stereoregular placement of ethylene and propylene contribute to crystallinity, where crystallinity
is not desired.” This was a clear indication of the preferred use of copolymerization catalysts that
produce regio- and stereoirregular propylene sequences.

12.11 ETHYLENE/PROPYLENE COPOLYMERS: ELASTICITY IN THE
UNCURED STATE

Microcrystalline domains in EP copolymers have a strong influence on the physical properties of
uncrosslinked materials. In particular, as shown in Figure 12.17, the elongation at break at room
temperature of EP copolymer samples derived from rac-C2H4(H4Ind)2ZrCl2, which have crystalline
domains already present in the unstretched state (generally, samples with ethylene contents of >72
mol%), is relatively small, and is smaller still for fully amorphous samples that are noncrystallizing
under stretching (generally, those with ethylene contents of <65 mol%). However, elongation at
break is much larger for samples that are essentially amorphous in the unstretched state and partially
crystallizing under stretching (generally, those with ethylene contents between 65 and 72 mol%).
However, the most relevant effect of crystallinity on the physical properties of EP copolymers
concerns the elastomeric behavior of uncured samples, as shown in Figure 12.18.

Figure 12.18 demonstrates that ethylene-rich EP copolymers presenting stereo- and regiore-
gular placements of propylene (such as those from rac-Et(H4Ind)2ZrCl2) show elasticity in the
uncured state.22,25c,d In fact, they can be repeatedly stretched, even at high elongations (>200%),
and repeatedly recover their initial size and shape, thus showing very low tension set values.7,25c It is
clear from the discussion above that the highest degree of order in propylene placement allows for (1)
the formation of disordered microcrystalline domains at rest, in a chemical composition range that
depends on the r1r2 product (from about 68–77 mol% ethylene for rac-C2H4(H4Ind)2ZrCl225c,d);
and (2) the development of further crystallinity under stretching. Microcrystalline domains act as
physical crosslinks for the prevailingly amorphous samples and account for the elastomeric beha-
vior observed in the uncured state. Elasticity in the uncured state is unusual for EP copolymers, and
copolymers prepared using rac-C2H4(H4Ind)2ZrCl2 were the first reported case.25d Commercially
available vanadium-based EPM and EPDM do not show this behavior.10n In fact, when the ethyl-
ene content in EP copolymers is low enough to avoid any crystallinity at rest, the macromolecules
undergo viscous creep as the strain increases. On the contrary, an ethylene content high enough
to avoid viscous creep under stress renders the copolymers crystalline at rest, and therefore high
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FIGURE 12.17 Elongation at break of EP copolymer samples (inherent viscosity = 3.6 < η < 6.0) as a
function of copolymer composition.
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FIGURE 12.18 Tension set of EP copolymer samples (inherent viscosity = 3.6 < η < 6.0) as a function of
copolymer composition.

values of tension set are obtained. It thus appears that it is insufficient simply to have (in Natta’s
words) “not too short portions of ordered ethylenic units”27 to have reversible crystallization under
stretching in EP copolymers and hence elastic behavior. The tacticity of the propylene sequences
plays a fundamental role and the combination of highly stereo- and regioregular sequences with “not
too long portions of ordered ethylenic units” seems to be a favorable molecular feature.

Thus, while the “stereoregular placement of propylene”6b should be prevented in order to produce
a fully amorphous EP copolymer and a very soft elastomer, the opposite direction (greater regularity)
is desired in order to achieve elastomeric behavior in the uncured state (i.e., Natta’s “better mechanical
behaviors”27).

The stress-strain behavior of uncured EP copolymers with highly stereo- and regioregular propyl-
ene placements resembles that of natural rubber. Both elastomers possess all the requisites discussed
in Section 12.10. In particular, they have negligible crystallinity at rest and are able to develop
crystallinity under stretching.
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12.12 ELASTOMERS BASED ON ETHYLENE: SELECTION OF
CATALYTIC SYSTEMS FOR THEIR PRODUCTION

From the above discussion, it can be concluded that in an EP copolymer of industrial relevance, a
residual, almost negligible, crystallinity at rest in the unstretched state may be desired to effect ther-
moplastic elastomeric behavior. This could be achieved, for a given ethylene content, by enhancing
the tacticity of propylene sequences. However, when a highly stereo- and regioselective catalyst is
used, the only other strategy for controlling crystallinity is changing the relative contents of ethylene
and propylene. A high propylene content must be avoided, mainly to obtain low Tgs and to produce
a minimum content of tertiary carbon atoms (potential degradation sites) along the macromolecular
chain.

EP elastomers were first obtained by Natta and coworkers using vanadium-based catalysts in the
early 1960s. Since that time, the key structural features of vanadium-based EP(D)M materials have
allowed for the commercial production of millions of tons of elastomeric products. These features are
high copolymer molecular weight, a narrow distribution of copolymer molecular properties (mainly
chemical composition distribution due to the single-site nature of the catalysts), and high conversion
of the diene termonomer. Regarding control of EP copolymer crystallinity and elasticity, it is now
clear that the most critical feature brought about by vanadium-based catalysts—more important than
the so-called random distribution of the comonomers—is actually the high degree of disorder of
propylene placement, particularly the high level of propylene regioirregularities. This in turn can be
reasonably attributed to vanadium ligand displacement after reaction with the aluminum cocatalyst,
which provides sufficient room for propylene misinsertions. Moreover, there is also enough space at
the vanadium center for insertion of a bulky diene such as ENB, whose presence is a condicio sine
qua non for sulfur-based vulcanization processes.

A new generation of ethylene-based elastomers is now industrially produced using borane-
activated CGCs. These catalysts also give rise to copolymers with high molecular weights and
narrow molecular weight and composition distributions, and affect reasonable conversions of diene
termonomers. However, the longer average length of ethylene sequences and the lower amount of
regioirregularities produced by these catalysts as compared to vanadium catalysts requires a higher
amount of propylene to avoid crystallinity.

12.13 CONCLUSIONS

The crystallinity and physical properties of EP copolymers mainly depend on comonomer con-
tent (composition) and comonomer distribution (constitution). However, for industrially relevant
ethylene-rich copolymers, the regio- and stereoregularity of propylene insertion also plays a funda-
mental role in controlling both crystallinity and elastic properties. Highly stereo- and regioregular
propylene units are at the origin of elasticity in the uncured state. These microstructural features are
further dependent upon both the catalytic system employed and the polymerization conditions.
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13.1 SCOPE OF CHAPTER

This chapter gives a perspective on the evolution of catalyst systems for the stereoregular polymer-
ization of higher α-olefins (CH2=CHR, where R ≥ CH2CH3). Heterogeneous systems, metallocene
systems, and nonmetallocene systems (including amine-phenolate catalyst systems introduced by
the Kol research group) are reviewed. In general, the mechanisms controlling chain growth, regiore-
gularity, and stereoregularity that apply to propylene polymerization also apply for higher α-olefin
polymerization, so they will not be discussed in detail in this chapter.

13.2 SIGNIFICANCE OF STEREOREGULAR POLYMERIZATION OF
HIGHER α-OLEFINS

Stereoregular α-olefin polymerization by early transition metal Ziegler-type compounds was first
reported in 1955 by Natta et al.1 Since then, major industrial and academic research efforts have
focused mainly on the development of highly efficient, stereoselective catalyst systems for propylene
polymerization. Concurrently, the polymerization of higher α-olefins was also investigated, with the
hope of revealing new opportunities in the field of polymeric materials.

Natta first reported the stereoselective (isotactic and syndiotactic) polymerization of α-olefins
using heterogeneous catalysts.1−5 In addition, he was the first to describe the solid state structures

345
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(a)

(b)

FIGURE 13.1 Stereoviews along the main chain of helical structures exhibited by isotactic poly(α-olefins),
with a single atom representing the side chains (a) a threefold helix (31-polypropylene) and (b) a fourfold helix
(41-polyvinyl cyclohexane).

of isotactic poly(α-olefins).6 Among others, the threefold (31-helix) structures of poly(1-butene)
and poly(5-methylhexene), the fourfold (41-helix) structures of poly(vinylcyclohexane) and poly(3-
methylbutene), and the sevenfold (72-helix) structure of poly(4-methylpentene) were described
(Figure 13.1). On the basis of crystal structure data, Natta concluded that the shape of the R
substituent of the α-olefin (CH2-CHR) repeat unit was responsible for the different conform-
ations of these isotactic helices. These findings seem to indicate that, bulkier olefins, that is,
olefins in which the branch is closer to the double bond, give rise to a longer repeat unit of the
helix. More significantly, the shape of particular R groups may cause lack of crystallinity in the
isotactic polymer, which in turn can have substantial influence on polymer properties. For instance,
isotactic poly(meta-methylstyrene) and poly(ortho-methylstyrene) are crystalline, whereas isotactic
poly(para-methylstyrene) is amorphous.

13.3 STEREOCONTROLLED α-OLEFIN POLYMERIZATION BY
HETEROGENEOUS CATALYSTS

Very early on in poly(α-olefin) research, it became clear that for a given monomer, the nature of
the polymeric material obtained was determined largely by the nature of catalyst used. Several het-
erogeneous Ziegler-type catalytic systems were examined by Natta for α-olefin polymerization and
were shown to produce polymers with different stereochemical properties. In general, the catalysts
studied were comprised of an early transition metal complex (mostly in a form of a metal halide)
combined with a main-group compound (cocatalyst, generally in a form of alkyl or alkyl-halide
compound). Different crystalline forms of TiCl3 (α, β, and γ) were studied as the early transition
metal components in heterogeneous α-olefin polymerization systems. Among these, the α (violet)
form of TiCl3 produced the most isotactic poly(α-olefin)s.7 The β (brown) form of TiCl3 and simil-
arly studied Ti alkoxides produced polymers having much lower tacticities. High valency vanadium
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compounds, when used as the early transition metal component, produced stereoblock polymers.8

In terms of the main group organometallic compounds (cocatalysts) used, their effects on stereore-
gularity were found to depend mainly upon the ionic radii of the main-group metal. Employing the
α (violet) modification of TiCl3, cocatalysts that were organometallic derivatives of highly electro-
positive metals (Al, Be) with small radii resulted in highly isotactic polymers,8 whereas cocatalysts
featuring higher atomic radii (Mg) or less electropositive metals (Zn) led to polymers with a lower
portion of an isotactic fraction.7

The chirality of the active sites in the heterogeneous Ziegler–Natta system TiCl3/AlR3 was
postulated to be the origin of the stereoselectivity shown in the polymerization of α-olefins (“enanti-
omorphic site control”).2 Although heterogeneous systems are not easily accessible for mechanistic
study, Pino and others conducted a series of elegant experiments using TiCl4/Al(i-C4H9)3 that
involved polymerization of chiral α-olefins possessing an asymmetric carbon atom at the 3- (α to the
double bond) or 4- (β to the double bond) positions.9 Polymerization of racemic monomer mixtures,
led to polymer chains that were enriched in specific enantiomers (a stereoselective process) even
when the stereoregularity of the chains was very low (as revealed from measurement of optical rota-
tion of fractions of the polymer separated on a chiral stationary phase). These experiments confirmed
the intrinsic chirality (dissymmetry) of the heterogeneous active centers in the Ziegler–Natta cata-
lyst, and implied that stereocontrol in α-olefin polymerization is governed by an enantiomorphic site
control mechanism. The stereodiscrimination ability of Ziegler–Natta catalysts in the polymerization
of chiral α-olefins (having substituents in the 3- and 4-positions, such as racemic 3-methylpentene
and 4-methylhexene) was further demonstrated by Giardelli and coworkers. Thus, they induced the
elective polymerization of one enantiomer of a racemic olefin by reacting the initiators (TiCl4 or
TiCl3) with an optically active metal alkyl, or alternatively, by employing an optically active third
component such as Zn((S)-2-methylbutyl)2.10 In contrast, a study of 1-butene polymerization in the
presence of MgCl2-supported Ziegler–Natta catalysts, conducted by Busico et al., gave evidence for
the formation of stereoblock polymers, demonstrating that the syndiopreference in this system results
from a chain-end control mechanism.11 (See Chapter 1 for further information on enantiomorphic
site control and chain-end control mechanisms.)

13.4 STEREOCONTROLLED α-OLEFIN POLYMERIZATION BY
METALLOCENE CATALYSTS

The development of single-site metallocene catalysts provided investigators with useful tools for
controlling stereoregularity and for studying the mechanistic aspects of α-olefin polymerization.
The use of metallocene polymerization systems has shown, for the first time, a clear relationship
between the structure and the symmetry of a well-defined catalyst and the microstructure of the
resulting polymer. In 1985, Kaminsky and Brintzinger reported the highly isotactic polymerization
of both propylene and 1-butene using the chiral C2-symmetric ansa-zirconocene precatalyst (1, see
Figure 13.2) activated by methylaluminoxane (MAO).12 The chirality of the catalytic site induced
by the ligand wrapping around the metal induces an enantiomorphic site control mechanism able to
differentiate between the two enantiotopic faces of the incoming olefin. The C2-symmetry ensures
that a possible flip of the growing polymeryl chain will not affect the stereocontrol. Similarly,
Ewen’s Cs-symmetric catalyst (2) produced highly syndiotactic poly(1-butene) via a site control
mechanism.13 In this case, the olefin may approach the metal from two mirror-reflected directions
being enantiotopic to one another. An alternating olefin approach through its opposite enantiotopic
faces will lead to the syndiotactic polymer. Significantly, even a complex of higher symmetry,
that is, the C2v-symmetric (Cp∗)2ZrCl2/MAO (Cp∗ = pentamethylcyclopentadienyl) catalyst (3)
was able to produce predominantly syndiotactic poly(1-butene), operating, however, through a
chain-end control mechanism, according to the Bernoullian value (B = 4[mm][rr]/[mr]2) of ≈ 1.
Stereoselectivity was lost when a bulkier α-olefin (4-methylpentene) was employed.14 The chain-end
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FIGURE 13.2 Various metallocene group 4 complexes employed as precatalysts or cocatalysts in stereoregular
polymerizations.

control requires discrimination between the steric bulk of the C-2 substituent of the last inserted
unit and the rest of the growing polymer chain. The loss of stereselectivity (for 4-methylpentene
polymerization) was attributed to a similar steric bulk between the former (i-Bu group) and the
latter. Notably, the combination of a Solvay-type TiCl3 with a nonstereoselective C2v-symmetric
Cp2TiMe2 (4) led to the highly isoselective polymerization of various α-olefins.15 However, in this
case, the metallocene served as a cocatalyst for the actual catalyst being the heterogeneous TiCl3.

The homopolymerization of several important α-olefins by C2- and Cs-symmetric ansa-
metallocenes was thoroughly investigated in the past decade. Kaminsky and Grumel developed
highly active syndioselective ansa-zirconocene catalysts (5, 6 respectively) for the polymerization
of 1-pentene, 1-hexene, and 1-octene, and studied the effects of temperature on polymer molecular
weight and microstructure.16,17 It was found that polymer syndiotacticity depended strongly upon
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polymerization temperature, rapidly decreasing at elevated temperatures. Deffieux and cowork-
ers observed that the syndiotacticity of poly(1-hexene) produced by the i-Pr(Cp)(Flu)ZrCl2/MAO
catalyst system, 6/MAO, (Cp = cyclopentadienyl; Flu = 9-fluorenyl) depends strongly on the
polymerization media, being high when aromatic solvents are used and much lower when polar
chlorinated media are employed.18 In contrast, the use of chlorinated solvents for polymeriza-
tion did not decrease the isotacticity of poly(1-hexene) produced by the C2-symmetric catalyst
system, rac-CH2CH2(Ind)2ZrCl2/MAO, 7/MAO (Ind = indenyl). However, chlorinated solvents
did increase the activity of the catalyst, and enabled the use of a lower MAO/precatalyst molar
ratio.19 Yamaguchi et al. studied the influence of high pressure on the stereoselectivity of 1-hexene
polymerization by various C2-symmetric ansa-metallocene catalysts, such as 8. They found that,
employing high pressures of the olefin (100–500 MPa) increased catalyst activity and poly(1-hexene)
molecular weights, while maintaining the high isoselectivity of the catalysts.20 Finally, studying the
polymerization of high α-olefins (1-pentene, 1-hexene, 1-octene, 1-decene) with rac-Me2Si(2-Me-
4-t-BuCp)2Zr(NMe2)2/Al(i-Bu)3/[Ph3C]+[B(C6F5)4]−, Kim et al. observed that the isotacticity of
the resultant poly(α-olefins) (as measured by the percentage of mm triads in the polymer 13C NMR
spectrum) decreased with increasing bulk of the α-olefin side chain. This relationship was explained
by an increased hindering of the rearrangement of the polymeryl unit (to allow the next monomer
insertion) in enantiomorphic site control mechanism.21

Several research groups have investigated the mechanism of α-olefin polymerization through
metallocene-based catalysts, using 13C NMR spectroscopy as a major diagnostic tool. As reported
by Rossi and others, end group analysis of poly(1-butene) produced with an ansa-zirconocene/MAO
catalyst, 9/MAO, revealed that chain propagation proceeds through 1,2-enchainment in this sys-
tem, and that termination takes place through β-hydride transfer, chain transfer to aluminum, or
β-alkyl transfer.22 (See Chapter 1 for further information of chain release.) Busico and coworkers,
using rac-CH2CH2(Ind)2ZrCl2 (7) and rac-Me2Si(Ind)2ZrCl2 (10), have observed that 1-butene
as compared to propylene is substantially less reactive after 2,1-insertions (regioerrors), and that
the resulting “dormant” sites isomerize to give 4,1-regioregular units.23,24 Chien and cowork-
ers studied the end groups of poly(1-hexene) produced by ansa-zirconocene-based precatalysts
rac-CH2CH2(Ind)2ZrCl2 (7) and AlEt3/[Ph3C]+[B(C6F5)4]− as cocatalyst using 13C NMR spec-
troscopy. They found that β-hydride elimination (transfer) was the prevailing chain termination
pathway, resulting in the formation of a disubstituted vinylidene endgroup. In addition, trisubsti-
tuted vinylidene end groups were observed; these groups were postulated to arise from zirconium
migration along the carbon backbone.25 A detailed kinetic study of the initiation, propagation, and
termination steps of isoselective 1-hexene polymerization by the system rac-CH2CH2(Ind)2ZrMe2
(11) activated with B(C6F5)3 was reported by Landis and coworkers.26 The initiation and propaga-
tion processes were found to be of the first order in olefin and in catalytic species, and the initiation
step was slower than the propagation step by a factor of 70. β-Hydride elimination, following both
1,2- and 2,1-insertions, was found to be the main chain termination process.

Stereoselective metallocene-based systems have enabled the efficient preparation of a large num-
ber of stereoregular poly(α-olefins), and the properties of these polymers have been thoroughly
investigated. In agreement with the early observations of Natta, the properties of stereoregular
poly(α-olefins) were found by later researchers to depend on the nature of the side chain. Wahner
and coworkers carried out a comparative study of the thermal properties of poly(α-olefins) possess-
ing linear side chains of varying length.27,28 The melting point (Tm) of the stereoregular (isotactic)
poly(α-olefins) was found to drop from polypropylene to poly(1-pentene), and then to increase from
poly(1-decene).27−29 Whereas poly(1-pentene) is a relatively high-melting material, both poly(1-
hexene) and poly(1-octene) are amorphous polymers without a distinct melting point. Further, two
melting points are generally detected for the poly(α-olefins) with long side chains (starting from
poly(1-pentene)). For example, poly(1-pentene) displays Tm1 = 53 ◦C and Tm2 = 95 ◦C, and
poly(1-decene) displays Tm1 = 10 ◦C and Tm2 = 26 ◦C. Several explanations have been proposed
for this phenomenon. Among those are the melting of the crystals formed by the side chains and
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the main chains (for poly(1-decene) and higher α-olefins), or the different crystal modifications (for
poly(1-pentene)).28−30

In 1999, the polymerization of 1-hexene by a system showing both isoselective and living
character was reported for the first time by Fukui, Soga, and coworkers, who utilized a rac-
CH2CH2(Ind)2ZrMe2 (11) precatalyst, activated by B(C6F5)3 at −78 ◦C. The living character of
this polymerization was demonstrated by the narrow molecular weight distributions of the poly(1-
hexene) (Mw/Mn < 1.3). However, only a small fraction of the zirconium complex was actually
activated for polymerization (ca. 10%, assuming a living polymerization), and the activity of the
system at −78 ◦C was very low.31

Very recently, Bercaw and coworkers described the kinetic resolution of chiral α-olefins using
enantiomerically pure ansa-zirconocenes.32 Several C1-symmetric, doubly bridged zirconocenes
(e.g., 12 and 13) were prepared in enantiomerically pure form. Subsequently, they were activated
by MAO for the polymerization of bulky racemic α-olefin monomers substituted in the 3- and 4-
positions (such as 3- and 4-Me-1-pentene). Preferential uptake of one enantiomer over the other
during polymerization occurred to an extent dependent upon the exact monomer and catalyst struc-
tures; subsequently, the product polymer was easily separated from the unreacted monomer, now
enriched in the slower reacting enantiomer (enantiomeric excesses of up to 58.6% were obtained).
Although only a low differential between polymerization rates of the individual enantiomer pairs
was found for most of the monomers, a rate ratio of>15:1 was found for the two enantiomers of 3,4-
dimethyl-1-pentene. The ease of polymer separation from the remaining enantiomerically enriched
monomer, and the lack of useful chiral transformations for the relatively simple α-olefins, reveal the
potential importance of this efficient route toward enantiomerically pure α-olefins through kinetic
resolution, as a source of chiral starting materials in organic synthesis.

13.5 STEREOCONTROLLED POLYMERIZATION OF α-OLEFINS BY
NONMETALLOCENE SYSTEMS

13.5.1 BIPHENOLATE GROUP 4 TYPE CATALYSTS

The first significant diversion from the metallocene catalyst strategy for tactic higher α-olefin
polymerization was reported in 1995.33 Schaverien and coworkers described a series of chelat-
ing biphenolate and binaphtholate complexes of titanium and zirconium and their catalytic use
including 1-hexene polymerization/oligomerization in the presence of MAO. It was found that the
steric bulk of the ligands had substantial effects on both the molecular weight and the tacticity
of the resulting oligo/poly(1-hexene). Thus, zirconium dichloride complexes ligated with binaph-
tholates having bulky substituents, for example, ortho-trialkylsilyl groups (14, see Figure 13.3) gave
high-molecular weight poly(1-hexene)s having relatively narrow molecular weight distributions and
high isotacticities (> 90%) through a regioregular 1,2-insertion process. In contrast, titanium com-
plexes of sulfur-bridged biphenolate ligands with bulky ortho-tert-butyl substituents (15) gave atactic
polymers of low molecular weight, obtained by regioregular 1,2-insertion.

13.5.2 CHELATING DIAMIDO GROUP 4 TYPE CATALYSTS

A noteworthy development in the area of higher α-olefin polymerization catalysis was McConville’s
1996 report of a new catalyst system (16, Figure 13.4): a dialkyltitanium complex featuring a che-
lating, bulky diamide ligand that upon activation with B(C6F5)3 afforded the living polymerization
of neat 1-hexene and other higher α-olefins at room temperature.34,35 Although these poly(α-olefins)
were atactic, a dichlorotitanium complex incorporating this ligand and related ligands led to isotactic
propylene polymerization when activated with Al(i-Bu)3/[Ph3C]+[B(C6F5)4]− at 40 ◦C as reported
by Uozumi and coworkers.36,37
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13.5.3 BIS(PHENOXY-IMINE) GROUP 4 TYPE CATALYSTS

Another noteworthy α-olefin polymerization development was the use of MAO activated Ti and
Zr catalysts bearing bis(phenoxy-imine)s ligand (17, Figure 13.4) or related bidentate monoanionic
ligands. These systems were first introduced by Fujita and coworkers from the Mitsui company, and
subsequently also studied by Coates.38,39 These systems have been observed to carry out ultrahigh
activity ethylene polymerization and the living syndiotactic polymerization of propylene. Although
these systems were also found to be highly active for the polymerization of 1-hexene and other
high α-olefins, the high-molecular weight poly(α-olefins) obtained were both stereoirregular and
regioirregular.40

13.5.4 CP-ACETAMIDINATE GROUP 4 TYPE CATALYSTS

A versatile, efficient family of higher α-olefin polymerization catalysts was introduced by Sita and
Jayaratne in 2000 (18a-b, Figure 13.5).41 These C1-symmetric zirconium dimethyl precatalysts
feature a cyclopentadienyl or pentamethylcyclopentadienyl ligand and a chelating acetamidinate
ligand having two different N-alkyl substituents. Upon activation with [PhNMe2H]+[B(C6F5)4]−
at −10 ◦C, a catalyst of this family (18a: Cp∗; R1 = Et; R2 = t-Bu) effected the highly isotactic
polymerization of 1-hexene (>95% mmmm). This process was living as evidenced by very narrow
Mw/Mns (as narrow as 1.03), a linear relationship between polymer molecular weight and poly-
merization time, and the successful consumption of a second portion of monomer after complete
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FIGURE 13.5 Sita’s cyclopentadienyl-acetamidinate precatalysts (18a and 18b), when activated with
[PhNMe2H]+[B(C6F5)4]−, leads to living polymerization of higher α-olefins and isotactic polymer.
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SCHEME 13.1 Activation of a scandium complex forming a dicationic, C3-symmetric scandium catalyst that
is capable of polymerizing 1-hexene to isotactic poly(1-hexene) (TMS = trimethylsilyl).

consumption of an initial portion. The high isotacticity found with the system was attributed to a
relatively high barrier to racemization of the chiral metal center of the active cationic species relative
to the low barrier found for the neutral dialkyl precursor. Subsequent studies have shown that these
systems may be employed in block-copolymerization of 1,5-hexadiene and 1-hexene;42 that systems
based on Cp ligand are more active than systems based on Cp∗ ligand and may be employed for isose-
lective polymerization of vinylcyclohexane by a chain-end control mechanism (the Cs-symmetric
catalyst yielded isotactic poly(vinylcyclohexane));43 and revealed mechanistic insight regarding the
structure of the active species.44

13.5.5 TRIS(OXAZOLINE) SCANDIUM TYPE CATALYSTS

Very recently, a scandium complex based on a C3-symmetric, neutral tris(oxazoline) ligand intro-
duced by Gade and coworkers was reported to lead to active 1-hexene polymerization catalysis (19,
Scheme 13.1).45 This complex produced either monocationic or (proposed) dicationic species (20)
upon activation with [Ph3C]+[B(C6F5)4]−, depending on the number of equivalents of cocatalyst
added. Whereas the monocationic catalyst exhibited low activity polymerization and variable tacticity
control, the proposed dicationic complex was highly active, giving high-molecular weight, highly
isotactic poly(1-hexene). Increases in molecular weight (up to Mw = 750,000 where Mw is the weight
average molecular weight) and lower molecular weight distributions (down to Mw/Mn = 1.18) were
found as the polymerization temperature was lowered from ambient to −30 ◦C.

13.5.6 AMINE-PHENOLATE GROUP 4 TYPE CATALYSTS

Several years ago, Kol and coworkers began investigating the group 4 metal chemistry of amine
bis(phenolate) ligands.46,47 These ligands feature several useful properties, in particular (1) a broad



DK3712: “dk3712_c013” — 2007/10/23 — 11:49 — page 353 — #11

Stereocontrol in the Polymerization of Higher α-Olefin Monomers 353

N

O
O
N

Zr

Bn
Bn t-Bu

N

O
O
O

Ti

Me
Me

t-But-Bu

t-Bu
t-Bu

t-Bu

t-Bu
t-Bu

N

O
O

Cl
Cl

N
Ti

Bn
BnCl Cl

21 22 23

FIGURE 13.6 Representative amine bis(phenolate) ligand complexes (Bn = benzyl).

range of ligands featuring different steric and electronic characteristics may be synthesized in a
single step from readily available starting materials; (2) the ligands may be attached to group 4
transition metals through several straightforward protocols, the most convenient of which is a one-
step reaction between the ligand precursor and an appropriate tetrabenzylmetal precursor.48 Most
importantly, catalysts exhibiting a broad range of activities for propylene and higher α-olefins poly-
merization may be prepared. Through structural modifications of the ligands, and the use of different
group 4 metals, amine bis(phenolate) catalyst structure-activity relationships for 1-hexene polymer-
ization have been revealed. Selected examples of amine bis(phenolate) precatalysts are shown in
Figure 13.6.

Complex 21 is a dibenzylzirconium complex of an amine bis(phenolate) ligand bearing tert-butyl-
substituted phenyl rings and a dimethylamino donor that is bound through an ethylene bridge to the
central nitrogen donor. Activation of this complex with B(C6F5)3 at room temperature led to a highly
active 1-hexene polymerization catalyst (activity = 21, 000 g PH/mmol Zr·h; PH= poly(1-hexene)).
The poly(1-hexene)s formed had Mws of up to 170,000 and Mw/Mns of around 2.0, signifying single
site catalyst behavior.49 Analogous zirconium and hafnium complexes exhibited similar activities.50

Complex 22 is a dimethyltitanium complex featuring a strong tetrahydrofuran (THF) sidearm donor.
Upon activation with B(C6F5)3, this complex initiated the slow living polymerization of 1-hexene
at room temperature (remaining active for up to 6 days), yielding a polymer with an Mw of ca.
1,000,000 and an Mw/Mn of less than 1.10.51,52 Analogous titanium complexes featuring strong
sidearm donors, such as methoxy and tert-butylphenolate substituents also catalyzed the living
polymerization of 1-hexene or 1-octene, and produced block copolymers of these two monomers at
room temperature.53,54 Complex 23 is a titanium complex of an amine bis(phenolate) ligand featuring
a dimethylamino sidearm donor and chloro substituents on the phenolate groups.55 Activation of
this complex with B(C6F5)3 led to a highly active 1-hexene polymerization catalyst exhibiting a
very high propagation/chain transfer rate ratio, thus enabling the production of ultrahigh molecular
weight polymer (Mw ca. 4,500,000) in 1 h. Interestingly, related complexes featuring small phenolate
substituents and other sidearm donors (e.g., methoxy or THF) led to substantially less active catalysts,
apparently owing to regioerrors (2,1-misinsertions) during α-olefin polymerization that may possibly
result from the more open catalytic site.

When ligands with two identical phenolate groups and a nonchiral sidearm donor are used (e.g.,
complexes of type 21 and 23), the resulting Ti and Zr complexes are Cs-symmetric. Since the two
diastereotopic monomer coordination sites of these catalysts reside on a mirror plane, there is no facial
preference for olefin coordination and insertion (assuming that a chain-end stereocontrol mechanism
does not operate), and therefore these catalysts produced atactic poly(1-hexene), poly(propylene),
and so forth.56 Even when the catalyst symmetry is reduced to C1, as in the case of complex 22
(with a chiral THF sidearm donor bound in position 2), or when the two phenolate rings on catalysts
of type 21 and 23 have different substituents, no tacticity induction was observed. Apparently, the
ligand asymmetry is too remote from the coordination sites to have a significant effect on olefin
coordination preference. It thus seemed that tacticity induction would require a more substantial
structural change, or, in other words, a ligand skeletal rearrangement.
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FIGURE 13.7 The “divergent” connectivity in amine bis(phenolate) ligands bearing a dimethylamino sidearm
donor (a), and their isomeric “sequential” analogues, [ONNO]-type diamine bis(phenolate) (Salan) ligands (b).
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SCHEME 13.2 A one step Mannich-type synthesis is used to prepare Salan ligand precursors.

The amine bis(phenolate) ligands featuring a sidearm donor may be defined as “divergent”
ligands—ligands featuring three donors emerging from a central nitrogen donor. Their typical
wrapping mode around an octahedral metal center places the two phenolate oxygens in a trans
geometry. In designing the new ligand system, we aimed to keep the donor groups in place but
change their connectivity mode, namely, to have the donors connected in a “sequential” mode.
These new, sequential diamine bis(phenolate) [ONNO]-type ligands may be regarded as isomers of
amine bis(phenolate) ligands that bear a dialkylamino sidearm donor. Such ligands (Salan’s, also
known as tetrahydro-Salan’s) have been employed earlier, but not in group 4 chemistry (Figure 13.7).

Ligands featuring a diaminoethane backbone were initially chosen for complexation studies
because they were expected to form a favorable five-membered chelate with the metal center.57

These ligands are readily accessible through the same single-step Mannich-type chemistry employed
for making the amine bis(phenolate) ligands (using a di-secondary amine, formaldehyde, and a
substituted phenol as shown in Scheme 13.2). A variety of Salan ligands featuring a broad scope of
steric and electronic characteristics are readily accessible.58

The sequential arrangement of substituents in the Salan ligand allows for a higher freedom of
wrapping modes around an octahedral metal center. The different wrapping modes are conveniently
described by use of the fac/mer terms for binding of the two O-N-N fragments, namely fac-fac,
mer-mer, and fac-mer (Scheme 13.3). The mer-mer mode, typical of the intensively studied Salan
ligands ([ONNO]-type salicylalkylidene ligands), places the two labile groups (X, typically halide)
in a trans geometry, and is therefore not suitable for α-olefin polymerization catalysis. The fac-mer
mode, while leading to a cis arrangement of the labile groups, results in an overall C1-symmetry
of the octahedral complex, and therefore to less well-defined control over monomer approach. The
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24 25

FIGURE 13.8 Chem-3D representations of the X-ray structures of dibenzylzirconium (24) and dipropoxy-
titanium (25) Salan complexes demonstrating the fac-fac Salan wrapping mode (hydrogen atoms are not
shown).

preferred wrapping mode is the fac-fac mode, which produces C2-symmetric complexes in which
the labile groups have a cis-disposition.

We found that the typical wrapping mode of Salan ligands around Ti and Zr benzyls, alkoxides,
and so forth, is indeed the fac-fac mode, and in most cases a single stereoisomer is obtained as
indicated by nuclear magnetic resonance (NMR) analysis of the crude complexation products.59 X-
ray structures of a zirconium dibenzyl complex of a Salan ligand featuring tert-butyl aryl substituents
(24, Figure 13.8) and of a titanium di-n-propoxide complex of a Salan ligand featuring chloro aryl
substituents (25) confirm the proposed fac-fac wrapping modes.57,63 These, and additional Salan
compounds discussed are illustrated in Figure 13.9.

Activation of complex 24 with B(C6F5)3 produced an active 1-hexene polymerization catalyst.
The activity of this catalyst in neat 1-hexene at room temperature (ca. 30 g PH/mmol Zr·h), was
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FIGURE 13.9 Representative Salan ligand complexes (Bn = benzyl).

considerably lower than that of its Cs-symmetric amine bis(phenolate) isomeric analogue 21. Fol-
lowing the progress of the polymerization for 30 min indicated a constant rise in poly(1-hexene)
molecular weight and a very narrow molecular weight distribution (1.12–1.15), supporting a living
polymerization at room temperature. Most importantly, 13C NMR of the resulting poly(1-hexene)
indicated a highly isotactic structure (mmmm > 95%). This was the first reported achievement of
living, isotactic room temperature α-olefin polymerization.57 Under the same conditions, a dibenzyl
zirconium complex of a Salan ligand featuring less bulky 2,4-methyl phenolate substituents (26)
acted as a slightly more active catalyst for 1-hexene polymerization. However, the polymer obtained
was atactic according to 13C NMR, indicating that the C2-symmetry of the octahedral zirconium
Salan complexes must be supported by bulky aryl substituents at the ortho positions to efficiently
direct the approach of the incoming olefin. Busico et al. employed complexes 24 and 26 for the poly-
merization of propylene, and for the block copolymerization of propylene and ethylene. 13C NMR
analysis of the polypropylene homopolymers formed using these catalysts indicated that the cata-
lyst with bulky 2,4-tert-butyl phenolate substituents (24) produced isotactic polymer formed by an
enantiomorphic site control mechanism with 1,2-insertions, whereas the catalyst with the less bulky
2,4-methyl phenolate substituents (26) formed a slightly syndiotactic polymer through a chain-end
control mechanism with 1,2-insertions.60,61 A theoretical study by Cavallo and coworkers correlated
the structure and stereoselectivity of 24 (nicknamed “New Century Catalyst”) to those of traditional
heterogeneous Ziegler–Natta catalysts that produce isotactic polymers.62 Both classes of catalysts
polymerize α-olefins by a 1,2-insertion, and their stereoregularity is induced by an enantiomorphic
site control mechanism. Transition state calculations indicated that the origin of stereoregularity in
both systems is not through a direct interaction between the chiral site and the incoming monomer,
but that instead, the chiral site orients the growing chain, and this orientation is responsible for the
enantioface selection of the incoming olefin.



DK3712: “dk3712_c013” — 2007/10/23 — 11:49 — page 357 — #15

Stereocontrol in the Polymerization of Higher α-Olefin Monomers 357

N

HO

N

OH

R

Me

Me

R

RR

M
Bn

N

Bn

O

O
M = Ti

Catalysts of high activity
ultra-high Mw isotactic polymers

R = Cl, mm = 60%; R = Br, mm = 80%

M = Zr
Catalysts of very high activity

low Mw atactic polymers

R = Cl; M = Zr (27a)
R = Cl; M = Ti (27b)
R = Br; M = Zr (28a)
R = Br; M = Ti (28b)

1-hexene

M(Bn)4
B(C6F5)3N

SCHEME 13.4 Synthesis and polymerization activity of zirconium and titanium catalysts with electron-
deficient Salan ligands.

The lower α-olefin polymerization activities of the C2-symmetric Salan catalysts 24 and 25, as
compared to those exhibited by related the Cs-symmetrical amine bis(phenolate) zirconium catalysts
(e.g., 21), did not improve upon reducing the size of the Salan group phenolate substituent. This
suggested a need to explore the influence of electronic effects.63 Thus, diamine bis(phenolate) ligand
precursors featuring electron-withdrawing ortho, para-dichloro-, or dibromo-substituted phenolate
rings were synthesized by employing the Mannich synthesis route outlined in Scheme 13.2. The
dibenzylzirconium complexes of these ligands, synthesized by reaction of the free ligand precurs-
ors with tetrabenzylzirconium (27a and 28a, Scheme 13.4), functioned as highly active 1-hexene
polymerization catalysts upon activation with B(C6F5)3. The highest activity obtained with these
complexes in neat 1-hexene was ca. 5000 g PH/mmol Zr·h. However, gel permeation chromato-
graphy (GPC) analysis indicated a low molecular weight for these polymers (Mw ca. 9000 g/mol);
more importantly, 13C NMR analysis revealed that they were atactic.

The synthesis of dibenzyltitanium complexes was then investigated, with the hope that the size
of these phenolate substituents would be sufficient to induce tacticity with this smaller metal, while
still retaining high polymerization activity. The dibenzyltitanium complex 27b was obtained in high
yield by reaction of the ligand precursor with tetrabenzyltitanium (Scheme 13.4). The ligand wrapped
around the titanium center in the desired fac-fac mode, as evidenced by NMR analysis and by X-ray
crystal structure of the analogous di(n-propoxytitanium) complex (25, Figure 13.8). Even though the
dibenzyltitanium complex 27b was found to be somewhat unstable in solution at room temperature,
activation with B(C6F5)3 in neat 1-hexene produced a highly active catalyst whose polymerization
activity persisted for many hours, giving ultrahigh molecular weight polymers. Polymer samples
with very narrow molecular weight distributions and very high-molecular weights could be obtained
after a relatively short time (40 min; Mw = 550, 000; Mw/Mn = 1.2). Allowing polymerization
to proceed for longer periods resulted in broadening of the molecular weight distribution and the
formation of even higher molecular weight polymers (19 h; Mw = 1, 900, 000; Mw/Mn < 2.0).
Most significantly, these polymers were found to be isotactically enriched (mm ca. 60%). From
this result, it was predicted that the titanium complex with the bulkier bromo substituents (28b)
would exert an even higher stereocontrol over the incoming olefin in 1-hexene polymerization.
This was indeed found to be the case: Isotactic poly(1-hexene) of mm ca. 80% was obtained using
this catalyst, with the tacticity arising from an enantiomorphic site control mechanism (as revealed
from pentad analysis of polymer 13C NMR spectra). Interestingly, this catalyst was found to be
somewhat more active than the previous one, and led to polymers of even higher molecular weights
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(75 min polymerization time, Mw = 1, 750, 000, Mw/Mn = 1.2; and 18 h, Mw = 4, 000, 000,
Mw/Mn = 2.9).

13.6 CONCLUSIONS

The search for new catalysts enabling the stereoregular polymerization of α-olefins has yielded sev-
eral systems diverging from the classical metallocene motif in recent years. These systems afforded
some unprecedented reactivities including the living and stereoregular polymerization. Further devel-
opments in catalyst design may lead the way to new polymeric materials. These catalysts may also
find applications in other processes including asymmetric catalysis.
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14.1 INTRODUCTION

Atactic polystyrene, as an amorphous material, has been known for centuries. In principle, poly-
styrene can occur with atactic, isotactic, and syndiotactic configurations. With the extensive studies
concerning the stereoselective polymerization of olefins by Ziegler–Natta catalyst systems discovered
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in the early 1950s, the first stereoregular polystyrene, isotactic polystyrene (iPS), was obtained by
Natta using the TiCl4/AlEt3 system in 1955.1 iPS is a semicrystalline polymer that has a high melting
point, Tm = 240 ◦C.2 Several companies have tried to commercialize iPS, but its crystallization rate
is too slow to be practical in industrial processes.

It was not until 1985, decades after the discovery of isotactic polystyrene, that the initial synthesis
of syndiotactic polystyrene (sPS) was reported by Ishihara et al.3,4 This discovery was enabled, to
a large degree, by the introduction of methylaluminoxane (MAO) as a cocatalyst for metallocene-
mediated olefin polymerizations by Sinn and Kaminsky at the end of 1970s.5 Since then, syndiotactic
polystyrene has been the subject of intense investigation6,7 because of its useful properties, which
include a high melting point (Tm = 270 ◦C), a high rate of crystallization, and a high modulus of
elasticity. This material also exhibits a low specific gravity and a low dielectric constant, in addition
to excellent resistance to water and organic solvents at ambient temperature, thus making sPS a
promising material for a large number of applications in many market areas.

Owing to the distinct stereochemical structures, atactic, isotactic, and syndiotactic polystyrene
can be distinguished easily from one another by solubility and spectroscopic methods.3 As shown
in Figure 14.1, the 13C NMR spectrum (1,2,4-trichlorobenzene, 130 ◦C) shows five main peaks in
the range of 145.12–146.7 ppm for the phenyl C-1 carbon of atactic polystyrene, corresponding to
the various configurational sequences. In contrast, a single and sharp peak is displayed for isotactic
polystyrene as well as for syndiotactic polystyrene, because of their highly regular stereochemical
structures, albeit distinct chemical shifts (iPS, 146.24 ppm; sPS, 145.13 ppm). Specific characters
are also observed in the 1H NMR spectra of these three types of polymers (Figure 14.2).3

In this chapter, recent developments and the most important aspects in the stereoregulating
catalysis of styrene polymerizations will be reviewed.

Chemical shift (ppm)

146.0 145.0

(1)

(2)

(3)

FIGURE 14.1 13C NMR spectra (1,2,4-trichlorobenzene, 130 ◦C, 67.8 MHz) of phenyl C-1 carbon of poly-
styrenes: (1) atactic; (2) isotactic; (3) syndiotactic. (Reprinted with permission from Ishihara, N.; Seimiya, T.;
Kuramoto, M.; Uoi, M. Macromolecules 1986, 19, 2464–2465. Copyright 1986 American Chemical Society.)
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Chemical shift (ppm)

FIGURE 14.2 1H NMR spectra (1,2,4-trichlorobenzene, 130 ◦C, 270.1 MHz) of the methine and methylene
protons of polystyrenes (1) isotactic; (2) atactic; (3) syndiotactic. (Reprinted with permission from Ishihara,
N.; Seimiya, T.; Kuramoto, M.; Uoi, M. Macromolecules 1986, 19, 2464–2465. Copyright 1986 American
Chemical Society.)

14.2 SYNDIOTACTIC POLYSTYRENE

14.2.1 TRANSITION METAL COMPLEXES FOR THE SYNDIOSELECTIVE
POLYMERIZATION OF STYRENE

By using homogeneous catalyst systems based on titanium complexes and MAO, Ishihara et al.
obtained sPS with an rrrr pentad content greater than 98%.3,4 Based on this pioneering work, a
large number of transition metal (mainly titanium) complexes have been synthesized and examined
for styrene polymerization, when used in combination with a cocatalyst such as MAO or a
tris(pentafluorophenyl)borane derivative.6,7 Both the catalyst activity and the syndioselectivity are
highly dependant on the choice of transition metal complex. Some typical styrene polymerizations
using different transition complexes with MAO as the activator are summarized in Table 14.1.
From the data, titanium complexes are much preferred as precatalysts for syndioselective styrene
polymerization, which may be because of the relatively smaller titanium ionic radius and higher nuc-
leophilicity with respect to some other transition metal compounds. Among the classes of titanium
complexes, mono(cyclopentadienyl)titanium complexes have the highest activities and produce poly-
mer with much higher syndiotacticity. Titanium complexes in oxidation states I to IV, but especially
III, can behave as catalysts or catalyst precursors.4,8,9–12

14.2.1.1 Group 4 Metal Complexes of the Form MXn (X = Alkyl, Alkoxy,
Halide; n = 2–4)

Among group 4 metal complexes of formula MXn, tetrabenzyltitanium activated with MAO is the
most active and syndiospecific catalyst for styrene polymerization ([r] = ∼1, sPS% = 93% where
sPS% is the percentage of acetone or 2-butanone insoluble fraction in the obtained polymer). The
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zirconium analogue also shows high syndioselectivity but with less activity for styrene polymeriza-
tion ([r] = 0.93).4,9–11 In the presence of MAO, titanium halides, for example, TiCl4 and TiBr4, show
high syndioselectivity for the polymerization of styrene, whereas ZrCl4 only gives atactic polystyrene
with low activity.4 Recently, it was reported that in contrast to ZrCl4/MAO, the ZrCl4(THF)2/MAO
(THF = tetrahydrofuran) system polymerizes styrene syndioselectively but with low stereoregular-
ity in the polymer chain ([rmr]/[rrr]/[rrm] = 4:82:14).13 The author suggested that the presence of
an organic Lewis base, such as THF, enhanced the syndioselectivity of the catalyst system toward
the polymerization of styrene.

The catalyst systems consisting of MAO and titanium alkoxides, such as Ti(OMe)4, Ti(OEt)4,
and Ti(O-n-Bu)4, catalyze syndioselective styrene polymerization with moderate activities,4,9 but
are less active than mono(cyclopentadienyl)titanium-based systems. Nevertheless, higher molecular
weight syndiotactic polystyrenes are obtained from these catalyst systems (Table 14.1, entries 3–6).

Apart from Ti(IV), titanium complexes of other oxidation states (Ti(III) and Ti(II)), such as
Ti(acac)3 (acac = acetylacetonate) and TiPh2, also show syndioselective polymerization activity
and produce syndiotactic polystyrene. As for the Ti(0) complex, Ti(bipy)3 (bipy = 2,2′-bipyridine),
only atactic polymer is produced (Table 14.1, entries 10–12).9

14.2.1.2 Bis(cyclopentadienyl) Complexes of Group 4 Metals

Bis(cyclopentadienyl) titanium complexes activated with MAO can initiate syndioselective
styrene polymerization, but with quite low activities as compared to the corresponding mono-
cyclopentadienyl complexes (Table 14.1, entries 13–17).4,11 This lower activity might be explained
by the presence of two cyclopentadienyl rings at the active site of [Cp2TiP]+ (Cp = cyclopentadienyl;
P = the polymer chain) versus one for [CpTiP]+, where in the former, the insertion and/or
coordination of the monomer may be more sterically hindered and less electronically favored.4 The
polymerization activities of several ansa-titanocene complexes (Figure 14.3, 1–6) as well as their
syndioselectivities decrease with increasing bite-angle (Cpcentroid–Ti–Cpcentroid angle).6,14 The order
of decreasing activity for these complexes is 1> 2> 3> 4> 5> 6. Bis(cyclopentadienyl) zirconium
and hafnium complexes show no stereoselectivity and quite low activity for styrene polymerization,
only producing, in some cases, small amounts of atactic polymers (Table 14.1, entries 21–23).4,11,15

14.2.1.3 Mono-Cyclopentadienyl Complexes of Group 4 Metals

Titanium half-sandwich complexes of cyclopentadiene and substituted cyclopentadienes (Cp′) activ-
ated with MAO or organic boron compounds especially show a high styrene polymerization activity,

Ti
Cl

Cl Ti
Cl

Cl

Ti
Cl

Cl
Si Ti

Cl

Cl

2

Ti
Cl

Cl

Ti
Cl

Cl

1

4 5

3

6

FIGURE 14.3 Structures of titanocene complexes 1–6.
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as well as a high proportion of syndiotactic content in the resulting polymers. The structure of the
Cp′ ligand has been widely varied in order to find catalysts with higher activity and syndioselectiv-
ity. Pentamethylcyclopentadienyl (Cp*) is one of the most investigated ligands. Under the same
experimental conditions, Cp*TiCl3 and its derivatives obtained from substitutions of Cl show higher
activities, and produce polystyrenes with higher syndiotacticity and much higher polymer molecular
weights as compared to Cp-titanium analogues (Table 14.1, entries 16–17).4,11,16 It is believed that
the addition of electron-donating methyl groups to the Cp ring better stabilizes the electrophilic
titanium center; as a result, the concentration of active species present increases that leads to higher
catalyst activity. Furthermore, chain transfer through β-H elimination is likely to be suppressed
because of the stronger electron-donating ability of the Cp* ligand as compared to Cp, thus leading
to higher molecular weight sPS.

Styrene polymerization activities of some mono-cyclopentadienyl titanium complexes increase as
the number of electron-releasing substituents on the Cp ring increases: CpTi(OMe)3< [(Me3Si)2Cp]-
Ti(OMe)3 < (Me4Cp)Ti(OMe)3 < [(Me3Si)Me4Cp]Ti(OMe)3 < Cp*Ti(OMe)3 < (EtMe4Cp)-
Ti(OMe)3 (10–210 kg sPS/g Ti).14 An increase in polymer molecular weight and syndioselectivity
obtained with these complexes was observed in the same order.

Chien and coworkers observed that the styrene polymerization activities of a set of MAO activated
mono-cyclopentadienyl Ti catalysts (Figure 14.4, 7–10) as well as their syndioselectivity, decreased
with increasing steric bulk on the Cp-ring in the following order: 7 > 8 > 10 (sPS% for complexes
7, 8, 10 are 99%, 98%, 75% respectively).17 In complex 9, the introduction of diphenylphosphino
group caused a drastic decrease of catalyst activity.

The introduction of cyclopentadienyl ligands with a heteroatom-containing substituent capable of
bonding with the metal is exemplified by complexes 11–17 (Figure 14.5). When activated with MAO,
these complexes form catalyst species with rather low activities and decreased syndioselectivities
compared to those without heteroatom substituents.18–20 The catalyst activities of complexes 11 and

Ti
O O

O
R1

R1

R2

R1

R1

7: R1 = Me, R
2
 = H

8: R1 = Me, R
2
 = SiMe3

9: R1 = Me, R
2
 = PPh2

10: R1 = Ph, R
2
 = H

FIGURE 14.4 Structures of mono-Cp titanium complexes 7–10 with different Cp ring substituents.
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FIGURE 14.5 Structures of mono-Cp titanium complexes 11–17 with a heteroatom-containing substituent
on the Cp ring.
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12 in the presence of MAO are two orders of magnitude lower as compared to CpTiCl3; the syndiose-
lectivities are also as low as 62–75%.18 It is believed that the pendant heteroatom intramolecularly
coordinates to the Lewis acidic metal center reducing its electrophilicity, and sterically hinders
the coordination and insertion of the styrene molecule. Nevertheless, an interaction between the
heteroatom and the MAO cocatalyst is also possible. The low activity of [(Me3SiO)Me4Cp]TiCl3
most likely arises from such an interaction since the oxygen atom (that is directly bonded to the
cyclopentadienyl ring in this complex) is unlikely to act as a unimolecular donor atom to the
metal center,21 although a bimolecular interaction of one CpOR ligand to a different metal cen-
ter can not be excluded. Not all heteroatom-containing substituents will lead to a dramatic drop
in polymerization activity; the activity of complex 18 (Figure 14.6) is still comparable to that of
(Me3SiCp)TiCl3.22 Complex 19, with a chloride atom in the side arm, shows higher activity and
improved syndioselectivity compared to (Me3SiCp)TiCl3. The introduction of an alkenyl substituent
into the side arm as a weak donor slightly influences the polymerization behavior of the resulting
catalysts (Figure 14.7, 20–23).23 In comparison with their alkyl analogues, the styrene polymeriz-
ation activities of these complexes increase in the order 20 < 21 < 23 < CpTiCl3 < 22. Therein,
a weak intramolecular coordination of the unsaturated moiety to the titanium center during poly-
merization has been proposed to explain the low activity of complex 20. Whereas in complex 22,
it is thought that the C=C bond of the butenyl group might not coordinate to the active center or
coordinate much more weakly to the active center owing to the longer arm, thus leading to higher
catalyst activity.

The replacement of a cyclopentadienyl ligand of a mono-Cp Ti complex with an indenyl ligand
brings a 50–100% increase in the polymerization activity.24 The indenyl titanium complex/MAO
systems are much less sensitive to polymerization conditions, showing high syndioselectivity for
styrene polymerization even at 90 ◦C. The enhancement in activity and syndioselectivity may be
attributed to the greater electron-donating ability of the indenyl ring relative to the Cp moiety.
The influence of the indenyl ring substituents on the polymerization has been investigated extens-
ively (Figures 14.8 and 14.9, 24–47).25–29 The addition of a small substituent, such as methyl or
phenyl, at the C(2)-position of the indenyl ring (27, 28) significantly increases the activity and
syndioselectivity.25,26,29 When a fused ring was introduced onto the indenyl ligand, as in complex
42, styrene (S) polymerization activities as high as 1.8×108 g PS/(mol Ti·mol S·h) were reported.25

Si
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Si
Ti

Cl
Cl

Cl

Cl

18 19

FIGURE 14.6 Structures of mono-Cp titanium complexes 18, 19 with a heteroatom-containing substituent
on the Cp ring.
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FIGURE 14.7 Structures of mono-Cp titanium complexes 20–23 with an alkyl or alkenyl substituent on the
Cp ring.
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FIGURE 14.8 Structures of indenyl titanium trichlorides 24–39 with different Ind ring substituents.
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FIGURE 14.9 Structures of indenyl titanium trichlorides 40–47 with fused rings on the π-ligand.

Complex 47, having a second fused ring, showed an extremely high catalyst activity of 7.5× 108 g
PS/(mol Ti·mol S·h).30

The variation of the Ti complex σ-ligands rather than the Cp-substitution pattern, can also influ-
ence the polymerization behavior of the catalyst. Kaminsky et al. found31 that at the low MAO to
complex molar ratio (Al:Ti = 300), the polymerization activity of the fluorinated half-sandwich
titanium complex Cp′TiF3 (Cp′ = Cp, Cp*, MeCp, EtMe4Cp, n-PrMe4Cp, n-BuMe4Cp, etc.) was
about 30–40 times higher than that of the analogous chlorinated system. The highest activity, up to
14,000 kg sPS/(mol Ti·h), was obtained by (MeCp)TiF3 in combination with MAO.31 The molecu-
lar weight, syndiotacticity, and the melting point (Tm = 277 ◦C) of the polymers produced by the
fluorinated complexes were also significantly higher. The same trend was also observed for indenyl
titanium complexes.32 The higher activity and syndioselectivity of the fluoride catalysts as compared
to their chloride analogues are attributed to a greater number of more stable Ti(III) active sites, and
a higher propagation rate constant for polymerization.31,32 Qian et al. reported that the treatment
of Cp′Ti(OMe)3 with BF3·Et2O resulted in titanium complexes with both fluoride and methox-
ide σ-ligands, that is, Cp′TiF2(OMe).33,34 When activated with MAO, these complexes showed an
increased styrene polymerization activity as compared to those for Cp′TiCl2(OMe) and CpTiCl3,
but were less active than Cp′Ti(OMe)3.

The most commonly applied variation of the σ-ligands in mono-Cp Ti styrene polymeriza-
tion catalysts is the introduction of alkoxy/aryloxy groups,7,35,36 which generally leads to catalysts
with increased activity and syndioselectivity. Campbell et al.16 determined the order of deceasing
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FIGURE 14.10 Structures of mono-Cp titanium complexes 48–52 with an alkoxy σ-ligand.

catalyst activity with various mono-cyclopentadienyl titanium complexes of this type, and found the
following trends: CpTi(OEt)3 >CpTi(O-i-Pr)3 >CpTi(OPh)3�CpTiCl3. Usually, the comparative
differences in polymerization activity and syndioselectivity are much larger between the chlorides
and the alkoxides than between complexes bearing different alkoxide groups.7

MAO activated mono-cyclopentadienyl titanium complexes containing one alkoxide σ-ligand
appear to have a superior catalyst performance as compared to the analogous trichlorides,
Cp′TiCl3.18,19,33,37–39 CpTiCl2(OR)/MAO systems have polymerization activities that are double or
more than that of CpTiCl3, and exhibit greater syndioselectivities.37,38 It was reported by Qian and
coworkers19,37–39 that the polymerization activities of a series of titanium complexes with various
monoalkoxy group σ-ligands decrease in the order: CpTiCl2(OMe)>CpTiCl2(OEt)>CpTiCl2(O-i-
Pr)> CpTiCl3 ≈ CpTiCl2[O-(1R,2S,5R)-menthyl]> CpTiCl2(O-cyclo-C6H11)> CpTiCl2(O-i-Bu)
> CpTiCl2(OBn) (Bn= benzyl)> CpTiCl2(O-n-Bu). For indenyl analogues, the activities decrease
as follows: IndTiCl2(OEt) > IndTiCl2(O-i-Pr) ≈ IndTiCl2(OMe) > IndTiCl3 (Ind = indenyl).40,41

Obviously, both the steric and electronic effects of the alkoxy groups might influence the activities
and the syndioselectivities of the catalysts. At a low MAO to titanium complex molar ratio (Al:Ti
= 300), the introduction of the alkoxy group significantly promotes the syndioselective polymeriz-
ation of styrene, affording a higher proportion of syndiotactic polystyrene in the obtained polymer
as compared to the polymer from the corresponding trichlorides (sPS% = 70–96% versus 60% for
CpTiCl3, 65% for IndTiCl3).40,42 The presence of an additional oxygen atom in the alkoxy group
can further improve the thermal stability of the active catalyst species. The maximum activities for
the MAO activated complexes 48–52 (Figure 14.10) were reached at 70 ◦C, as compared to 50 ◦C
for CpTiCl3 and CpTiCl2(OR) (R = alkoxyl group with one oxygen).42

When using boron-based activators, the metallocene chlorides are typically replaced by
alkyl groups, such as methyl, benzyl, or trimethylsilylmethyl.43–46 Cp*TiMe3, Cp*TiBn3, or
Cp*Ti(CH2SiMe3)3 when mixed with a boron compound such as B(C6F5)3, [Ph3C]+[B(C6F5)4]−,
[Et3NH]+[B(C6F5)4]− (C6F5 = pentafluorophenyl) in a 1:1 ratio, affords catalytic styrene
polymerization systems with high activity and syndioselectivity.43,44

14.2.1.4 Group 4 Metal Complexes with Non-Cyclopentadienyl Polydentate
Ligands

Titanium complexes with acetylacetonate (acac) ligands were first tested for the polymerization of
styrene by Ishihara et al.4 and Zambelli et al.9 When activated with MAO, Ti(acac)2Cl2 and Ti(acac)3
can produce syndiotactic polystyrene with low activities, whereas their zirconium analogues only
afford atactic polystyrene.4,9 Hu and coworkers studied a series of MAO activated 1,3-diketonato
titanium complexes (Figure 14.11, 53–57) and found that their activities increased in the following
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FIGURE 14.11 Structures of titanium complexes 53–65 with non-Cp polydentate ligands.
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FIGURE 14.12 Structures of titanium complexes 66, 67 with bidentate N , N ′-bis(trimethylsilyl) benzamidate
ligands.

order: 53 < 54 < 55 < 56 < 57 (0.43–6.15 × 105 g PS/(mol Ti·h)).47,48 The corresponding series
where the phenoxide ligand(s) were replaced by chloride ligand(s) showed lower overall activities that
increased in the same order. Substitution at the 2-position increases the activities of the resulting MAO
activated complexes (Figure 14.11, 58–60) by ten times compared to that of the parent unsubstituted
complex.49 Several MAO activated titanium complexes with 8-hydroxyquinolinato (Figure 14.11,
61–63) or β-dinaphtholate ligands (64, 65) also syndioselectively polymerize styrene to sPS with
a high melting point (Tm = 272 ◦C), but with low catalyst activities (105–106 g sPS/(mol Ti·mol
S·h)).7,47,50

Bidentate N,N′-bis(trimethylsilyl)amidinate ligands, [η-RC(NSiMe3)2]− are formal three-
electron-donating groups that can be regarded as steric equivalents of cyclopentadienyl groups.7

In comparison with half-sandwich titanium cyclopentadienyl complexes, the titanium complexes
[η-PhC(NSiMe3)2TiX3]n (n = 1, X = O-i-Pr or n = 2, X = Cl) (Figure 14.12, 66, 67) show lower
polymerization activities in the presence of MAO, but give a high proportion of sPS in the obtained
polymers (sPS% = ∼95%) with high melting points (Tm = ∼273 ◦C).46

Titanium complexes with Schiff-base ligands (Figure 14.13, 68–76) show low activities for the
syndioselective polymerization of styrene when activated with MAO (2.26× 104 g PS/(mol Ti·mol
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FIGURE 14.13 Structures of titanium complexes 68–76 with Schiff-base ligands.
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FIGURE 14.14 Structures of titanium complexes 77–84 with bridged bis(phenolate) ligands.

S·h)).51 The variation of ligand substituents in complexes 68–76 slightly influences the polymeriza-
tion behavior of the catalysts. The introduction of substituents improves the syndioselectivity of the
catalyst system as compared to complex 68. No clear trend is implied.

In bridged bis(phenolato) titanium complexes (Figure 14.14, 77–84), the catalyst activity for
styrene polymerization strongly depends on the nature of the bridging group Z.52 The sulfur-bridged
ligands provide the most active catalysts for the syndioselective polymerization of styrene (84, 1.78
× 105 g sPS/(mmol Ti·h)). For dichloride complexes, the syndioselective styrene polymerization
activity increases in the following order: 77 ≈ 78 < 82 < 80. The diisopropoxyl complexes show
lower activities as compared with the dichloride analogues (79 < 78; 83 < 82).
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14.2.1.5 Complexes of Nongroup 4 Transition Metals

In addition to group 4 metal complexes, only a few complexes of other metals are active for the syndio-
selective polymerization of styrene. In the presence ofAl(i-Bu)3 and with H2O, CHCl3 or CCl4 as the
third component, the neodymium complex, Nd(P204)3 (P204= [CH3(CH2)3CH(Et)CH2O]2P(O)O-),
can produce syndiotactic-rich atactic polystyrene.53 Syndiotactic-rich atactic polystyrene (charac-
terized by the major signal of 145.7 ppm in 13C nuclear magnetic resonance (NMR) of the polymer
accounting for the rrrr pentad, Figure 14.15) can also be obtained from tetra-allyl lanthanides
of the formula [Ln(C3H5)4]Li(dioxane)1.5 (Ln = Sm, Nd, C3H5 = allyl),54 the neutral nickel
σ-acetylide complex, [Ni(C≡CPh)2(P-n-Bu3)2],55 and indenyl nickel complexes of the formula
(η3-1-R-Ind)Ni(PPh3)Cl/NaBPh4 (R = cyclopentyl, benzyl)56 without addition of cocatalysts.

Very recently, Hou and coworkers have reported that rare earth half-metallocene complexes
(Figure 14.16, 85–88) activated with [Ph3C]+[B(C6F5)4]− afford highly active systems for syndio-
specific styrene polymerization, producing sPS with high syndiotacticities (rrrr > 99%) and rather
narrow polydispersities (Mw/Mn = 1.29–1.55).57 The activity of scandium complex 85 is compar-
able with that for the most active titanium catalysts (1.36× 107 g sPS/(mol Sc·h)). The neutral allyl
lanthanide complexes 89–92 (Figure 14.16) in the absence of a cocatalyst are also active for the
syndiospecific polymerization of styrene (rrrr ≥ 99%), but with lower activities that are in the order

14
5.

7

148 146 144

14
6.

4

14
6.

0

Chemical shift (ppm)

FIGURE 14.15 13C NMR spectrum (CDCl3, 50 ◦C, 128 MHz) of the phenyl C-1 carbon of syndiotactic-rich
atactic polystyrene prepared from [Ln(C3H5)4]Li(dioxane)1.5 (Ln = Sm, Nd, C3H5 = allyl). (Reprinted with
permission from Baudry-Barbier, D.; Camus, E.; Dormond, A.; Visseaux, M. Appl. Organomet. Chem. 1999,
13, 813–817. Copyright 1999 John Wiley & Sons, Ltd.)
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FIGURE 14.16 Structures of rare earth metal complexes 85–92.

of Nd � Sm > La > Y.58 Among these catalysts, the Nd complex 91 features a remarkably high
activity (1.71× 106 g sPS/(mol Ln·h)).

14.2.2 COCATALYSTS

Transition metal complexes alone typically cannot initiate the syndioselective polymerization of
styrene.4 Like other homogenous alkene polymerizations, the commonly used cocatalysts are MAO
and boron-based compounds. For polymerizations, MAO, which is the reaction product of tri-
methylaluminum (TMA) and water, is generally used in large excess to the titanium complex. It acts
as both a weak reductant and an alkylation agent for the titanium complex to form the active species.7

For CpTiCl3/MAO catalyzed styrene polymerizations, the polymer yield increases with increasing
MAO concentration (Al:Ti= 400–5000).4 A rather low MAO to titanium complex molar ratio leads
to a decrease in the polymerization rate as well as a decrease in the syndiotacticity of the polymer.
The amount of the residual TMA in MAO also influences the polymerization behavior of the cata-
lyst system.6,7 Investigation on Cp*Ti(OMe)3 activated by MAOs with different concentrations of
residual TMA showed, that increasing the amount of TMA concentration from 12% to 50% in MAO
led to a significant decrease in the activity.14 The residual TMA is thought to play a deciding role
in the reduction of the titanium complex to a Ti(III) species, thus forming the active species for the
syndioselective polymerization of styrene. An excess amount of TMA will over reduce the titanium
complex to Ti(II), decreasing the polymerization activity.

Boron compounds based on tris(pentafluorophenyl)borane and derivatives (e.g., tetra-
kis(pentafluorophenyl)borates (e.g., [Ph3C]+[B(C6F5)4]− and [Et3NH]+[B(C6F5)4]−) are also used
as cocatalysts in syndioselective polymerization of styrene.43–46 A titanium complex to boron com-
pound 1:1 molar ratio gives the best catalyst performance.43,59 Higher or lower than a 1:1 molar ratio
leads to a significant decrease in both catalyst activity and syndioselectivity. The boron compound
reacts with the titanium complex by formation of an active cationic metal species and a noncoordin-
ating borate counter ion. The choice of the tetrakis(pentafluorophenyl)borate countercation (e.g.,
Ph3C+, Et3NH+) also influences the catalyst activity.43–46

14.2.3 ACTIVATORS AND CHAIN TRANSFER AGENTS

Besides the cocatalyst, there are some other additives that are capable of influencing the performance
of catalyst systems during styrene polymerization. The addition of a proper amount of triisobutylalu-
minum (TIBA) to various titanium complex/MAO systems increases the catalyst activity, whereas
the addition of TMA or triethylaluminum (TEA) inhibits polymerization.4 A relatively high molar
ratio of TIBA/MAO will cause a reduction in activity and a sharp decrease in the molecular weights
of sPS.60 When a haloalkylaluminum such as AlEt2Cl is used with the CpTiCl3/MAO system, only
atactic polystyrene is produced by a noncoordination polymerization process, that is, a cationic
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polymerization process.4 The halo effect is also observed when a halo-containing aluminoxane such
as chloroaluminoxane instead of MAO is used with CpTiCl3; the effect is to switch the styrene
polymerization dramatically from syndioselective to atactic.4

As for borane-activated catalyst systems, such as Cp*TiMe3/B(C6F5)3, the addition of TIBA is
essential to increase the catalyst activity, syndioselectivity, and the molecular weight of the resultant
sPS.43–46,59 Herein, TIBA acts as a scavenger for impurities in the polymerization system.

The binary Cp*TiMe3/B(C6F5)3 system polymerizes styrene or 4-methylstyrene to an atactic
polymer structure at low temperatures from −78 to −20 ◦C.61 A carbocationic process initiated
from the contact ion pair, Cp*Ti+(IV)Me2(µ-Me)B−(C6F5)3, is assumed for this nonstereoselect-
ive polymerization (Scheme 14.1). The addition of trioctylaluminum (TOA) as a third component
to this binary Cp*TiMe3/B(C6F5)3 system is effective in initiating the syndioselective living homo-
polymerization of styrene (Mw/Mn = ∼1.5) or 4-methylstyrene (Mw/Mn = ∼1.1), as well as their
living random copolymerization at −20 ◦C.61 The role of TOA is assumed to shift the equilib-
rium between contact ion pair Cp*Ti+(IV)Me2(µ-Me)B−(C6F5)3 and the solvent-separated ion pair
[Cp*Ti(IV)Me2]+[MeB(C6F5)3]− significantly to the latter at −20 ◦C (Scheme 14.1). Therefore,
TOA behaves both as a promoter for the syndioselective polymerization, and as an inhibiter for
nonstereoselective polymerization. The use of TOA is also effective in eliminating chain transfer
to alkylaluminum that usually occurs when an alkylaluminum compound is used with a catalyst
system.61 The living nature of the polymerization and the high molecular weights of the obtained
polymers suggest that no chain transfer to TOA exists in the ternary Cp*TiMe3/B(C6F5)3/TOA
system.
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SCHEME 14.1 The role of TOA in the proposed mechanisms for the formation of the active species for
atactic and syndioselective polymerizations of styrene with the Cp∗TiMe3/B(C6F5)3 catalyst system at low
temperature. Dashed lines represent weak coordination interactions.
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14.2.4 CATALYST IMMOBILIZATION

To be practical in industrial processes, it is desirable to support homogeneous polymerization
catalysts on insoluble carriers, such as SiO2, Al2O3, MgCl2, and so forth, in order to carry out
the polymerization in slurry or gas phase. When Ti(O-n-Bu)4/MAO is supported on SiO2, the
catalyst system shows higher activity for the syndioselective polymerization of styrene even at
90 ◦C, which might be due to the higher thermal stability of the active species formed on the
support surface.62,63 Alumina alone is not a good support for Ti(O-n-Bu)4/MAO, but the addi-
tion of ethylene glycol to this system leads to a great enhancement in both productivity and
syndioselectivity.63

Supporting a CpTiCl3/MAO catalyst on silica results in a drop of both activity and syndioselectiv-
ity in comparison with the analogous homogeneous system.64 However, SiO2-supported CpTiCl3
with MAO as cocatalyst demonstrates better performance in styrene polymerization than MAO/SiO2-
supported CpTiCl3 further activated with additional MAO (MAO/SiO2 is SiO2 pretreated with
MAO).65 Higher syndioselectivity and activity are observed for the former. With MAO as cocata-
lyst, MgCl2 is not a preferred support for CpTiCl3, and leads to lower activity and syndiotacticity of
the obtained polystyrene.66 In the presence of TIBA, MAO/SiO2-supported CpTiCl3, and CpTiF3
systems behave in a similar manner to each other. Both show the same dependency on Alsupport/Ti
molar ratio and have comparable activity, which suggests that the active species of the two systems
are essentially the same.67

14.2.5 MECHANISM OF THE SYNDIOSELECTIVE POLYMERIZATION OF STYRENE

It is generally accepted that the syndioselective polymerization of styrene with titanium complexes
in combination with MAO or boron-based activators, proceeds according to a coordination-
insertion mechanism (polyinsertion).4,68 In the presence of MAO that includes residual TMA,
half-sandwich titanium complexes of the oxidation state (IV) are converted to [Cp′TiIII CH3]+ spe-
cies (Cp′ = substituted Cp, Ind, etc.) through the reduction and alkylation by MAO and/or TMA.
The addition of styrene significantly accelerates these processes. The precoordination of styrene to
the electron deficient Ti+(III) center leads to the active cationic species for syndioselective styrene
polymerization. Competitive coordination of solvent molecule (e.g., toluene) with styrene to the
metal center is suggested. The preliminary initiation of the polymerization is realized by a secondary
insertion (2,1-insertion)69 of coordinated styrene into the Ti–CH3 bond of the active species to form
the –CH(Ph)CH2CH3 end, where a cis-addition to the double bond occurs.70 After sequential sec-
ondary insertions of styrene into the metal–carbon bond of the growing polymer chain, the polymer
chain can be terminated through β-hydride transfer to the metal to form a (Ph)C=CH– end group and
a Ti-H species that serves as the active species to form a new polymer chain, end-capped with the
–CH(Ph)CH3 group. The syndioselective stereochemistry of the polyinsertion process is controlled
by the configuration of the tertiary carbon of the last inserted styrene unit (unlike 1,3-asymmetric
induction),71,72 that is, the syndiotactic configuration of the polymer chain is determined from the
steric repulsive interaction between the phenyl moieties of the last unit of the growing chain end and
the incoming monomer (chain-end control).7,11,43

In addition, a carbocationic polymerization mechanism has been proposed for the polymer-
ization of styrene with the Cp*TiMe3/B(C6F5)3 catalyst system.73 However, detailed studies
confirmed that under normal polymerization conditions (room temperature and above, in toluene),
the syndioselective styrene polymerization with the Cp*TiMe3/B(C6F5)3 system proceeds through
coordination–insertion mechanism instead of a carbocationic mechanism.74 Using this same cata-
lyst system, a real carbocationic polymerization of styrene becomes significant at low temperature
(below 0 ◦C) or in methylene chloride, and yields atactic polystyrene (Scheme 14.1).61,73
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14.2.5.1 Initiation and the Active Species for Ti-Based Catalysts

Owing to the complexity of the initiation reaction, the nature and formation of the true active species
for syndioselective polymerization have not yet been fully elucidated. The treatment of mono-
Cp titanium complexes with MAO leads to trivalent metal species, which have been observed by
electron paramagnetic resonance (EPR) spectroscopy.36 By using redox titration methods, Ti(IV),
Ti(III), and Ti(II) species were found to coexist in the catalyst systems.32,36,75 Cp*-titanium com-
plexes activated with MAO give a higher concentrations of Ti(III) species than MAO activated
Cp-titanium complexes. This is consistent with the polymerization activities for Cp*-titanium based
catalysts being higher than those for Cp-titanium catalysts.16 Xu and Ruckenstein also reported that
a higher concentration of Ti(III) species was detected in the (1-MeInd)TiF3/MAO system versus
the (1-MeInd)TiCl3/MAO system, which corresponds with the higher catalyst activity of the former
versus latter.32 Both EPR investigations and the polymerization results28,32,36 suggest that Ti(III)
species are the major active species for the syndioselective polymerization of styrene, although
Ti(IV) and Ti(II) species as active species may not be completely ruled out.

With respect to the activation of Ti-based catalysts with borates, the formation of
the ionic complexes [Cp*TiR2]+[B(C6F5)3R]− or [Cp*TiR2]+[B(C6F5)4]− (R = Me, Bn)
from Cp*TiR3/B(C6F5)3 or Cp*TiR3/[Ph3C]+[B(C6F5)4]− systems could be characterized
spectroscopically.45,76 Detailed NMR and ESR investigations by Grassi’s group and Xu’s group on
Cp*TiR3/B(C6F5)3 (R=Me, Bn, CH2SiMe3) systems indicated that under the polymerization con-
ditions, the Ti(IV) species [Cp*TiR2]+ slowly decomposed to [Cp*TiR]+, a cationic Ti(III) species,
and that the reduction rate was enhanced after the addition of styrene.44,59,76–78 Furthermore, the con-
centration of [Cp*TiR]+ as evaluated by ESR measurements was consistent with concentrations of the
active species determined by kinetic methods,77 indicating that Ti(III) species instead of those well-
characterized ionic Ti(IV) complexes (i.e., [Cp*TiR2]+[B(C6F5)3R]− or [Cp*TiR2]+[B(C6F5)4]−)
are the active species for the syndioselective polymerization of styrene.45,77

When Cp*TiMe3 was premixed with 75% 13C-enriched Al(13CH3)3, a fast methyl exchange
between Ti and Al was observed in the 1H NMR spectra with no significant side reaction. Sequen-
tial addition of 1 equiv. B(C6F5)3 at 18 ◦C led to an active catalyst system for the syndioselective
polymerization of styrene.68 From this system, the 13C-enriched end group, -CH(Ph)CH13

2 CH3, was
detected in the NMR spectra of the sPS polymer, suggesting that the syndioselective polymerization of
styrene was initiated by the 2,1-insertion of monomer into a Ti-13CH3 bond (Scheme 14.2).68,73,76,78

Fast methyl exchange between Ti and Al produces Cp*Ti(13CH3)3. After sequential treatment
with B(C6F5)3, the Ti(IV) contact ion pair species Cp*Ti+(13CH3)2(µ-13CH3)B−(C6F5)3 and
solvent-separated ion pair species [Cp*Ti(13CH3)2(solvent)]+[(13CH3)B(C6F5)3]− are formed.
These cationic Ti(IV) species were observed to be in equilibrium,73 and were shown to be thermally
unstable and to readily undergo reduction to produce Ti(III) species. A doublet and a triplet
with the same g value and the same coupling constant were observed in the ESR spectrum of
the Cp*Ti(13CH3)3/B(C6F5)3 system at room temperature, and were therefore assigned to the
Ti(III) contact ion pair Cp*Ti+(13CH3)(µ-13CH3)B−(C6F5)3 and the solvent-separated ion pair
[Cp*Ti(13CH3)(solvent)]+[(13CH3)B(C6F5)3]−, respectively.76,78 A similar equilibrium between
the Ti(III) contact ion pair and the solvent-separated ion pair was anticipated according to the
observed spectrum. Syndioselective polymerization of styrene was more likely initiated from
the latter.68,73,76,78

To further confirm the Ti(III) nature of the active species, several Ti(III) compounds have
been investigated for syndioselective styrene polymerization.6,79 A comparison between Cp*Ti
(C3H5)2/[PhMe2NH]+[B(C6F5)4]− (system A, Ti(III)) and Cp*TiBn3/[PhMe2NH]+[B(C6F5)4]−
(system B, nominally Ti(IV)) showed that in the dark, only system A initiated the syndioselective
polymerization of styrene. The syndioselective catalyst activity of system B in ambient light arose
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SCHEME 14.2 Proposed mechanism for the formation of active species for syndioselective styrene poly-
merization using the Cp∗TiMe3/Al(13CH3)3/B(C6H5)3 catalyst system. Also shown in the formation of a
-CH(Ph)CH13

2 CH3 end group. Dashed lines represent weak coordination interactions.

from the reduction of [Cp*TiBn2]+ to the Ti(III) species,79 leading to the conclusion that Ti(III)
species are the active species for the syndioselective polymerization of styrene.

14.2.5.2 Monomer Insertion and Propagation Reactions for Ti-Based
Catalysts

The propagation reaction of syndioselective styrene polymerization by titanium catalyst systems
involves electrophilic polyinsertion of the monomer. There are two possibilities for the addition
of the growing polymer chain to the vinylic double bond of styrene (i.e., cis and trans addition
of [Ti]-growing polymer chain bond across the olefin). Through detailed analysis of 1H NMR
coupling constants of the random copolymer of perdeuteriostyrene with a small amount of cis-
β-deuteriostyrene obtained from the TiBn4/MAO catalyst system,7,70 Longo and coworkers found
that the mode of addition of the growing polymer chain end to the double bond of the monomer is
cis (Scheme 14.3).

There are also two other regiochemical pathways for the insertion of styrene into the active metal–
carbon bond, primary insertion (1,2-insertion) and secondary insertion (2,1-insertion) as illustrated
in Scheme 14.4.
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By using the TiBn4/MAO and Al(13CH2CH3)3 (70% 13C-enriched; 13TEA) catalyst system for
styrene polymerization, Pellechia et al. observed a sharp methylene resonance at 18.4 ppm in the
13C NMR spectrum of the obtained syndiotactic polystyrene.69,80 This resonance was assigned to
the –CH(Ph)CH13

2 CH2CH3 end group, which is only accessible through secondary styrene inser-
tion into the active catalyst Ti-13CH2CH3 bond that is formed either via exchange between the
catalyst complex and 13TEA, or via chain transfer with 13TEA.80 The 13C NMR analysis of a sPS
sample obtained using the catalyst system Cp*TiMe3/Al(13CH3)3/B(C6F5)3 confirmed the presence
of -CH(Ph)CH13

2 CH3 end groups, which indicates secondary insertion of styrene into the active
catalyst Ti-13CH3 bonds as well.68 In addition, the existence of equal amounts of –CH2CH(Ph)CH3
and (Ph)CH=CH– end groups in low molecular weight sPS prepared with the TiBn4/MAO cata-
lyst system also provided additional evidence for the secondary insertion of styrene,80 with the
former structure being formed by secondary styrene insertion into the active catalyst Ti–H bond
(formed by a chain transfer processes), and the latter structure occurring from β-H elimination of
the polymer chain.

13C NMR m and r dyad analysis of syndiotactic polystyrenes prepared with MAO activated
CpTiCl3 or Cp*TiCl3 systems was in agreement with the Bernoullian symmetric statistical model
for stereoselective propagation.7,11 The polymer microstructure is a long sequence of syndiotactic
dyads with only isolated m defects and no consecutive isotactic dyads (Figure 14.17), which is con-
sistent with a chain-end control mechanism directed by the configuration of the tertiary carbon of the
last inserted styrene unit (unlike 1,3-asymmetric induction).72,73 Thus, the syndiotactic preference
exerted by the chain end arises from the phenyl–phenyl repulsive interaction between the last inserted
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SCHEME 14.5 Incorporation of the coordinated styrene molecule and stereoselective coordination of a new
styrene molecule results in the mirror related active species. Pn and Pn+1 represent the polymer chain with n or
n+ 1 styrene unit. (Reprinted with permission from Longo, P.; Proto, A.; Zambelli, A. Macromol. Chem. Phys.
1995, 196, 3015–3029. Copyright 1995 Hüthig & Wepf Verlag, Zug.)

styrene unit and the incoming styrene molecule. In Scheme 14.5, the incorporation of a coordinated
styrene molecule is fulfilled via two simultaneous steps: cis-migratory insertion, and a nucleophilic
substitution of the phenyl moiety of the last unit of the growing polymer chain end by the newly
incorporated unit. Sequentially after incorporating this unit, a new styrene coordinates enantioselect-
ively to the metal center, leading to a mirror related active species that implies the syndioselective
propagation of the polymer chain.7,11

A theoretical study by Cavallo and coworkers81 with models based on [CpTiIIICH(Ph)CH3]+
species showed that, independent to the chirality of styrene coordination, low energy states are
always characterized by the interaction of the aromatic group of the last enchained unit with the
metal center. The most stable transition state leads to the formation of a syndiotactic dyad, which
is favored by 6 KJ/mol with respect to the transition state leading to an isotactic dyad. The former
is favored because the smallest atom on the Cα of the chain, the H atom, can be pointed towards
the Cp ligand; whereas for the latter, one of the bigger groups on the growing chain rather than
H atom must be oriented toward the Cp ring, leading to higher energy (Figure 14.18). In structure
Syndio, the shortest interaction distance (3.2 Å) occurs between a C atom of styrene and a C atom
of the Cp ring; in structure Iso, the shortest interaction distance (∼3.0 Å) occurs between styrene
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FIGURE 14.18 Geometries of the transition states for the insertion of styrene into the Ti–C bond of the
CpTiIIICH(Ph)CH+3 species, in which the chiral CH(Ph)CH3 group is used to simulate a re-ending growing
chain. The numbers close to the C atoms represent the distance of these atoms from the metal. All distances
are reported in Å. (a) Structure Syndio, characterized by a re-ending chain, a si-coordinated monomer and a R
configuration at the metal atom, is the most stable transition state that leads to the formation of a syndiotactic
dyad; (b) Structure Iso, characterized by a re-ending chain, a re-coordinated monomer, and a S configuration at
the metal atom, is the most stable state that leads to an isotactic dyad. (Reprinted with permission from Minieri,
G.; Corradini, P.; Guerra, G.; Zambelli, A.; Cavallo, L. Macromolecules 2001, 34, 5379–5385. Copyright 2001
American Chemical Society.)

and the Cp ring, as well as the Cp ring and the growing chain. The calculation also showed that
[Cp*TiIIICH(Ph)CH3]+ is more stereoselective than [CpTiIIICH(Ph)CH3]+, since the most stable
transition state leading to a syndiotactic dyad is favored by 16 KJ/mol with respect to the transition
stated leading to an isotactic dyad.81

14.2.5.3 Chain Transfer and Termination Reactions for Ti-Based Catalysts

The syndioselective polymerization of styrene is typically initiated by insertion of the monomer
into a Ti–CH3 bond formed by alkylation of the Ti chloride or alkoxide precatalyst by the
MAO. During the polymerization, β-H elimination occurs extensively to form Ti-H active spe-
cies (Scheme 14.6), which leads to a large amount of sPS end-capped by –CH2CH(Ph)CH3 groups,
since the monomer inserts in a secondary fashion into the active Ti–R bond (R= polymer, initiating
alkyl group, or hydride). As mentioned in the previous section, the amount of PhCH=CH– end
groups formed by β-H elimination is equal to the amount of –CH2CH(Ph)CH3 end groups in the low
molecular weight sPS prepared with the TiBn4/MAO catalyst system,80 which indicates that β-H
elimination is the major chain transfer process or termination reaction during the polymerization
process.

In addition to chain transfer processes arising from the β-H elimination reaction, the growing
polymer chain can also be terminated by transfer reactions to alkylaluminum, MAO and monomer,7,35

all of which lead to a decrease of the molecular weights of sPS. In the presence of TIBA, the chain
transfer reaction to aluminum is the dominant chain transfer reaction instead of β-H elimination. No
unsaturated end group could be detected in the obtained polystyrene after deactivation with acidic
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SCHEME 14.6 Illustration for chain termination process through β-H elimination. [Ti] represents the active
catalyst site.

methanol, indicating that all growing polymer chains are transferred to aluminum leading to saturated
(Ph)CH2CH2- end groups after deactivation.

A kinetic investigation with the CpTi(O-n-Bu)3/MAO system by Chien and coworkers showed
that at high styrene concentration ([S] = 1.4 M), the rates of β-H elimination and chain transfer to
monomer were comparable. Chain transfer to monomer became slower at lower styrene concentra-
tions ([S]< 1.4 M). Meanwhile, the rate of β-H elimination was independent of styrene concentration
and was about 76 times faster than chain transfer to MAO.35

14.3 ISOTACTIC POLYSTYRENE

In comparison with the extensive and fruitful investigations in the area of homogeneous syndiose-
lective styrene polymerization, research in the field of isoselective polymerization is still trudging.
Isotactic polystyrene, known for almost a half century, is best produced by heterogeneous Ziegler–
Natta catalysis.2 Recently, the homogeneous isoselective polymerization of styrene by soluble
metallocenes and nonmetallocene transition metal complexes has been gradually developed.

14.3.1 TRANSITION METAL COMPLEXES FOR ISOSELECTIVE POLYMERIZATION OF

STYRENE

14.3.1.1 Group 4 Metal Complexes

Heterogeneous catalyst systems, such as TiCl4/SiCl4/Mg(OEt)2/MAO, TiCl3/AlEt3/α-cyclodextrin,
and TiCl3/AlEt3/butyl ether show very high activities for the isoselective polymerization of styrene
(∼2000 g PS/(g Ti); 2-butanone insoluble fraction, 14–93%).82 Solvay-type-TiCl3/Cp2TiMe2
(solvay-type-TiCl3:TiCl3 containing coordinated solvent molecules, such as pyridine) and
Ti(O-n-Bu)4/MgCl2/AlMe3 systems give extremely high-isotacticity polystyrene (2-butanone insol-
uble fraction: 99∼100%), but with low activities (0.4 ∼ 30 mol PS/(mol Ti·h)).83 For supported
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FIGURE 14.19 Structures of ansa-zirconocene complexes 93, 94.

Ti(O-n-Bu)4 systems, the tacticity of the obtained polystyrene strongly depends on the support
material (i.e., the presence of Cl in the carrier).84 When MgCl2-supported Ti(O-n-Bu)4 is activated
with MAO, the soluble part of the catalyst in toluene can afford sPS, whereas the insoluble part of
the catalyst gives iPS. This is also true for the Ti(O-n-Bu)4/Mg(OH)Cl system when activated with
MAO. For Ti(O-n-Bu)4/Mg(OH)2/MAO, which has no Cl in the carrier, the insoluble part gives
syndiotactic polystyrene, and the soluble part is almost inactive for styrene polymerization.84 For
the TiCl3 (AA)/MAO-system (AA= aluminum-activated), iPS (95% mmmm pentad, melting point
221 ◦C) and sPS are obtained from the insoluble and soluble part of the catalyst respectively.85

The great success in the field of stereoselective polymerization of α-olefins promoted the in depth
investigation of styrene polymerization using soluble ansa-zirconocene complexes and nonmetal-
locene complexes. It was reported that isopropylidene-bridged ansa-zirconocenes such as complex
93 (Figure 14.19), in the presence of MAO, are capable of producing isotactic polystyrene.86

rac-H2C(3-t-BuInd)2ZrCl2 (Figure 14.19, 94) activated by MAO can initiate the isoselective
polymerization of styrene.87 13C NMR evidence suggests that polymerization proceeds through
primary insertion (1,2-) of styrene into a zirconium–hydrogen bond or the zirconium–polymer chain
bond. The presence of 3-tert-butyl substituents on the indenyl ligands of 94 is thought to be respons-
ible for this unusual styrene addition regiochemistry. It should be pointed out that the styrene insertion
with ansa-zirconocene-based catalysts generally occurs with secondary insertion.88

Recently, isoselectivity during styrene polymerization has been achieved using easily access-
ible catalyst precursors of the type [MX2(OC6H2-t-Bu2-4,6)2{S(CH2)2S}] (Figure 14.20, 95–98)
activated with MAO.89 Aremarkable dependence of both the activity and stereoselectivity of the cata-
lyst on the ligand backbone is observed, as analogous precursors with 1,5-dithiapentanediyl-linked
bis(phenolato) ligands (Figure 14.20, 99, 100) can only afford syndiotactic polystyrene with low
activity. The presence of a C2-symmetric ligand sphere has been suggested to be critical for isoselect-
ive styrene polymerization.89,90 Isotactic polystyrenes with high melting points (Tm = 208–225 ◦C)
and high molecular weights (Mn = 2.65×106, Mw/Mn = ∼2) can be obtained by using the titanium
complexes, 95 and 96. The narrow molecular weight distribution indicates that polymerization is
occurring via a single active catalyst site.89,90

14.3.1.2 Complexes of Nongroup 4 Transition Metals

The Ni(acac)2/MAO/Et3N system produces partially isotactic polystyrene with moderate molecular
weight (Mw = 9, 000–25, 000; Mw/Mn = 1.6–4.2; 75–85% m diads).91,92 Ni(α-naph)2 (α-naph =
α-nitroacetophenonate, Figure 14.21, 101) and Ni(hfacac)2 (hfacac = hexafluoroacetylacetonate,
Figure 14.21, 102) in combination with MAO and PCy3 as an ancillary ligand (PCy3 ligates in
situ; Cy= cyclohexyl) can also catalyze the polymerization of styrene to produce partially isotactic
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FIGURE 14.20 Structures of titanium complexes 95–100 with dithioalkanediyl-bridged bis(phenolate)
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FIGURE 14.21 Structures of Ni(α-naph)2 (101) and Ni(hfacac)2 (102).

polystyrene.93 Furthermore, partially isotactic polystyrene is also obtained using the Cp2Ni/MAO
system.94

The polystyrenes obtained by a heterogeneous vanadium-based catalyst VCl3/AlCl3 in the pres-
ence of TEA have a highly isotactic microstructure, and are semicrystalline with a melting point
of 220 ◦C.95 When activated with TIBA, the MgCl2-supported TiCl4/NdCl3 heterogeneous system
catalyzes the isoselective polymerization of styrene with fairly high activity.82 The addition of NdCl3
significantly improves the catalyst activity, which is nearly four times more active when compared to
the corresponding system without NdCl3. The isoselectivity is also greatly improved; iPS with 98%
mmmm pentads is obtained when using the catalyst system containing NdCl3. Xu and Lin believe
that the promoting effect of NdCl3 on the isoselectivity and the catalyst activity may be closely
related to the electronegativity of Nd, and the good energy matching and orbital overlap between
the f-orbital of Nd and the π-orbital of styrene in the interaction of NdCl3 with TiCl4 during the
polymerization process.82

Some catalyst systems based on rare earth metal complexes, such as Nd(P507)3/H2O/TIBA
(P507 = RP(OR)(O)O-, R = CH3(CH2)3CH(Et)CH2-), are also active for styrene polymerization
and give mixtures of atactic and isotactic polystyrenes (Tm = 220 ◦C).96
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14.3.2 MECHANISM OF ISOSELECTIVE POLYMERIZATION OF STYRENE

The isoselective polymerization of styrene can be achieved by different mechanisms depending on
the catalyst used. With a Ziegler–Natta catalyst, such as TiCl4/TIBA/MgCl2, the insertion of the
monomer into the metal–carbon bond of the active site is primary (1,2-), and the stereochemistry of
the insertion is controlled by the chirality of the active sites (enantiomorphic-site control).91

13C NMR analysis of polystyrene samples obtained from the δ-TiCl3/Al(13CH3)3 system indic-
ates that the polymerization is highly regioselective. The existence of 2,4-diphenylpentyl polymer
end groups also confirms the primary (1,2-) insertion mode of the monomer.97 From the detailed 13C
NMR analysis of the phenyl C-1 carbons of select iPS samples obtained using the TiCl4/TIBA/MgCl2
catalyst system, a number of minor resonances diagnostic of almost every stereochemical heptad
could be assigned. However, resonances accounting for mmmmrr, mmmrrm, and mmrrmm heptads
are found to be next intensive after the major signal of the mmmmmm heptad. The relatively high
intensity of resonances of the mmmmrr and mmmrrm heptads and their intensity relative to the mmr-
rmm resonance, suggests that the most dominating stereoirregularities in the polymer chain are those
with a pair of r diads, which can only be formed through an enantiomorphic-site control mechanism.
Thus, in the presence of such heterogeneous Ziegler–Natta catalysts, isoselective steric control is
due to asymmetric catalytic centers (enantiomorphic-site control, Figure 14.17).91

When isoselective polymerization is promoted by nickel catalysts, such as the
Ni(acac)2/Et3N/MAO system, the insertion of the monomer is mainly secondary (2,1-).93 The steric
control of the polymerization still arises from chiral sites (enantiomorphic-site control), but the con-
figuration of the sites apparently changes rather often during chain propagation since iPS with lower
isotacticity is obtained.

Although styrene insertion using δ-TiCl3/Al(13CH3)3 seems to follow the generally primary
regiochemistry of 1-alkene insertion, experimental evidence supports a secondary regiochemistry
of insertion for most C2- and Cs-symmetric zirconocene systems, that is, formation of a zirconium-
benzylidene end group is observed.98 For rac-H2C(3-R-Ind)2ZrCl2/MAO systems (Figure 14.22,
103–106),99 the regiochemistry of styrene insertion is related to the encumbrance of the substituents
in the C(3) position of the indenyl ring. A detailed 13C NMR analysis shows that the regiochemistry
of styrene insertion changes from secondary to primary as the bulk of the R substituent in the C(3)
position increases: H < Me < Et < i-Pr < t-Bu. The isopropyl group is the smallest substituent
capable of preferentially inducing primary styrene insertion. This regiochemistry becomes strongly
prevalent when 3-tert-butyl-substituted zirconocene catalysts are used.87

14.4 TACTIC STYRENE COPOLYMERS

Although they have high stereoregularity in the polymer backbone, isotactic polystyrene and syndi-
otactic polystyrene are still not perfect from a material applications point of view. The rather slow
crystallization rate of iPS prevents its commercial application; whereas the high syndiotacticity of

R

ZrCl2H2C

103: R = H
104: R = Me
105: R = Et
106: R = i-Pr

R

FIGURE 14.22 Structures of rac-[H2C(3-R-Ind)2]ZrCl2 103–106.
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sPS results in high levels of crystallinity that cannot be well controlled, causing problematic brit-
tleness during processing. In order to solve these practical problems in manufacturing polystyrene
products, it is desirable to form a copolymer of styrene with other monomers.

Owing to the amount and variety of literatures in this area, only copolymers containing
stereoregular styrene–styrene sequences will be discussed here.

14.4.1 COPOLYMERIZATION WITH STYRENIC MONOMERS

Semicrystalline styrene-co-4-methylstyrene copolymers produced from TiBn4 or Cp′TiCl3 (Cp′ =
Cp, Cp*) in combination with MAO are syndiotactic and have melting points ranging from 245 ◦C
at 90 mol% styrene to 220 ◦C at 56 mol% styrene.100 The poly(styrene-co-4-methylstyrene)
obtained using the CpTiCl3 and Cp*TiCl3 systems possesses, respectively, a random or a
slightly blocky structure.100 Syndiotactic poly(4-methylstyrene)-block-polystyrene and poly(4-
methylstyrene)-block-poly(styrene-co-3-methylstyrene) copolymers can be obtained using the tern-
ary system Cp*TiMe3/B(C6F5)3/TOA at −25 ◦C, which carries out polymerization in a living
manner.101 The same catalyst system can also be used to carry out the block copolymerization
of styrenic monomers bearing functional groups (Figure 14.23).102

Lower feed ratios of 4-[(tert-butyldimethylsilyl)oxy]styrene (M1) to styrene (2:98–3:97,
mol:mol) lead to useful polymer precursors that can be converted to hydroxyl-functionalized syn-
diotactic polystyrenes without great loss of physical properties in comparison to those of sPS.103

The increased incorporation of M1 leads to decreasing not only the stereoregularity of the copoly-
mer as determined by the melting points, but also the catalyst productivity. Even in the presence
of the syndioselective homogeneous catalyst system, IndTiCl3/MAO, at relatively high feed ratios
of M1 to styrene (50:50–70:30, mol:mol), the copolymerization is suggested to proceed through
a cationic mechanism, resulting in blocky amorphous copolymers.103 Auer et al. copolymerized
styryl-substituted antioxidant monomers such as M2 and its trimethylsilylated analogue M3 with
styrene using the IndTiCl3/MAO system to give self-stabilized syndiotactic polystyrene grades.104

The copolymers possess a highly syndiotactic microstructure as characterized by a very sharp 13C
NMR resonance for the phenyl C-1 carbon of styrene at δ = 145.7 ppm,4,104 but also markedly
lower melting points (245–263 ◦C). These copolymers contain from 2.4 to 6.8 wt% functional units
and exhibit enhanced thermo-oxidative stabilities.

When carried out using a syndioselective catalyst system, such as CpTiCl3/MAO, the copoly-
merization of the styrene-terminated macromonomer, M4, with styrene can lead to the formation
of graft copolymers with highly syndiotactic polystyrene main chains.105 The melting point of the
graft copolymers decreases with an increasing number of grafts per main polymer chain.

O

Si

OH

CH2 CH2

OSiMe3

H2C CH CH2 s-Bu

n

M1 M2 M3 M4

FIGURE 14.23 Structures of styrenic monomers bearing functional groups.



DK3712: “dk3712_c014” — 2007/10/10 — 14:10 — page 389 — #27

Tactic Polystyrene and Styrene Copolymers 389

The copolymerization of styrene with a styrene-terminated polyisoprene macromonomer using
Ni(acac)2/MAO can easily give a high molecular weight graft copolymer having highly isotactic
polystyrene as the main chain and polyisoprene as the side chains.106

14.4.2 COPOLYMERIZATION WITH OLEFINS

The structure and composition of copolymers of ethylene and styrene are dependent on the catalyst
system used and on the molar ratio of transition metal to cocatalyst (typically MAO). Polymers
containing phenylethylene units bridging polyethylene sequences, that is isolated styrene units
surrounded by PE segments, are generally formed with titanium-based catalysts.107

The constrained geometry catalyst system Me2Si(Cp′)(N-t-Bu)TiMe2/[Ph3C]+[B(C6F5)4]−
(Cp′ = tetramethylcyclopentadienyl) (Figure 14.24, 107), shows an alternating tendency for the
copolymerizing ethylene with styrene. This system produces relatively high molecular weight
copolymers (Mη = 140,000–150,000) even at 80 ◦C.108 Ethylene–styrene copolymers obtained
with Cp*TiBn3/B(C6F5)3, rac-CH2CH2(Ind)2ZrCl2/MAO (108) or MePhC(Cp)(Flu)ZrCl2/
MAO/Al(13CH3)3 (Flu = 9-fluorenyl) (109) catalyst systems basically have an alternating
structure.91,109,110 End group analysis shows that in the initiation step, the regioselectivity of styrene
insertion into the Zr–13CH3 bonds is prevailingly secondary (2,1-).

The reaction of Me2Si(Flu)(N-t-Bu)TiMe2 and [Ph3C]+[B(C6F5)4]− nearly quantitatively forms
the “cationic” compound [Me2Si(Flu)(N-t-Bu)TiMe]+[B(C6F5)4]− (Figure 14.25, 110), which pro-
duces a perfectly alternating ethylene and styrene copolymer with the styrene units in a well-defined
isotactic arrangement.111 The structure of the active species (with the bulky fluorenyl ligand) and the
following alternating site migratory insertion of comonomer during chain propagation are believed to
be responsible for the preferentially alternating, isotactic comonomer incorporation. That is, styrene
is coordinated and inserted to the re-face side of the cationic complex 110, and as a consequence,
has the same enantiofacial orientation (isotactic); alternatingly, the ethylene monomer is coordin-
ated and inserted to the si-face side.111 The copolymerization of ethylene and styrene employing the
system consisting of complex Me2C(Ind)2ZrCl2/MAO (Figure 14.25, 111) affords a copolymer con-
sisting of ethylene–ethylene, styrene–ethylene, head-to-tail styrene–styrene sequences, and highly
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FIGURE 14.24 Structures of group 4 metal complexes used for ethylene–styrene copolymerizations.
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FIGURE 14.25 Structures of group 4 metal complexes used for copolymerizations of styrene with olefins.
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isotactic ethylene–styrene alternating sequences with a melting point of 80–110 ◦C.112 MAO activ-
ated rac-H2C(3-t-BuInd)2ZrCl2 (Figure 14.19, 94), employed as a catalyst for ethylene–styrene
copolymerization, produces block copolymers.87 The polystyrene blocks are isotactic and show
crystallinity. The NMR evidences of the existence of the 2,4-diphenyl-1-alkenyl group (formed by
β-H elimination, with primary insertion of the last styrene unit) and the 1,3-diphenylalkane group
(formed by primary styrene insertion into the catalyst Zr–H bond) suggests a primary (1,2-) styrene
insertion into the metal–carbon bond of the growing chain.87

Titanium complexes without a π-ligand have also been investigated for the copolymerization
of ethylene and styrene. Kakugo et al. reported that an alternating styrene-ethylene copolymer with
an isotactic arrangement of styrene units (together with some syndiotactic polystyrene) could be
obtained by using a catalyst based on 2,2′-thiobis(4-methyl-6-tert-butylphenoxy)titanium dichloride
(Figure 14.14, 80) and MAO.113 The copolymerization of styrene with small amounts of ethylene
using the dithio-linked bis(phenoxy) complex 95/MAO (Figure 14.20) results in the unprecedented
formation of isotactic polystyrene containing isolated ethylene units.114 The same system can also
be used for the copolymerization of propylene and styrene to produce multiblock copolymers, which
contain long isotactic styrene sequences interrupted by short isotactic propylene strings,115 where the
opposite regiochemistry of addition of the two monomers (2,1-insertion for styrene and 1,2-insertion
for propylene) is retained to give tail-to-tail and head-to-head linkages between the homopolymer
blocks.

Very recently, Hou and coworkers reported for the first time that the scandium complex 85
(Figure 14.16) in combination with [Ph3C]+[B(C6F5)4]− efficiently copolymerizes styrene with
ethylene, giving random copolymers with syndiotactic styrene–styrene sequences and controllable
styrene contents.57 The narrow, unimodal molecular weight distributions (Mw/Mn = 1.14–1.26) of
the copolymers indicate the single-site behavior of the catalyst system.

Block copolymerization of propylene and styrene can be achieved with the Cp*Ti(OBn)3/MAO/
TIBAsystem by means of sequential monomer addition to give a-PP-block-s-PS copolymers.60 In the
presence of Me2C(Cp)(Flu)ZrCl2 (Figure 14.25, 112) and MAO, a mixture of propylene and ethylene
bubbled into a toluene solution of styrene under ambient conditions leads to an ethylene–propylene–
styrene terpolymer, which has an amorphous phase of styrene–ethylene segregated into syndiotactic
polypropylene chains.116 Syndiotactic styrene–butadiene block copolymers can be obtained with the
catalyst systems Cp′TiX3/MAO (Cp′ = Cp, X = Cl, F or Cp′ = Cp*, X = Me) and TiXn/MAO
(n = 3, X = acac or n = 4, X = O-t-Bu).117 By means of sequential monomer addition, cis-(1,4)-
polybutadiene-block-syn-polystyrene copolymers are obtained with the CpTiCl3/MMAO system
(MMAO=modified MAO).118 By employing the CpTiCl3/MAO system, styrene can also be copoly-
merized with (Z)-1,3-pentadiene to afford copolymers mostly containing 1,2-inserted pentadiene
units. Both the styrene and the pentadiene units are in a syndiotactic arrangement, but the comonomer
sequence distribution is far from the Bernoullian statistical model.119

14.4.3 COPOLYMERIZATION WITH POLAR MONOMERS

The palladium-catalyzed alternating copolymerization of olefins with carbon monoxide proceeds
through alternating insertions of an olefin into a Pd–acyl bond and carbon monoxide into a Pd–alkyl
bond. Suitable catalysts for styrene/carbon monoxide copolymerization are mostly cationic Pd(II)
complexes with bidentate nitrogen ligands and weakly coordinating anions (Figure 14.26).120,121

The resulting alternating copolymers are characterized by structural features such as regioisomerism
(either monomer 1,2- or 2,1- insertion) and stereoisomerism (iso-, syndio-, or atactic structure). (For
more information on copolymers of carbon monoxide, see Chapter 22.)

A true random copolymerization of styrene with a polar monomer was reported by Marks and
coworkers.122 The catalyst for the copolymerization, which is generated in situ through Zn reduction
of the Ti(IV) precursor derived from the activation of Cp*TiMe3 with [Ph3C]+[B(C6F5)4]−, can
mediate the copolymerization of methyl methacrylate (MMA) and styrene (1:19 molar feed ratio) at
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50 ◦C to yield random, ∼80% coisotactic poly[styrene-co-(methylmethacrylate)] containing ∼4%
MMA (coisotactic, defined as the phenyl group in the styrene unit and the carbomethoxy group in the
neighboring MMA unit adopt the same configuration,123 Figure 14.27). The actual oxidation state
of the active species is still not clear, but control experiments suggest that a single-site Ti catalyst is
the active species for the copolymerization.122

14.5 CONCLUSIONS

The past several decades have witnessed a great breakthrough in the catalysis of stereoregulating
polymerizations by homogeneous metallocene catalysts, enabled to a large degree by the introduction
of MAO as a cocatalyst by Sinn and Kaminsky at the end of 1970s. Today, we have many efficient and
selective catalysts available for stereoregulating polymerization and have gained better control on the
fine-tuning of the stereochemical structures of polymer products. Polystyrenes with atactic, isotactic,
and syndiotactic stereoregularities can be obtained efficiently through the goal-directed selection of
different catalyst systems. The preliminary results and potential possibilities of copolymerizations
of styrene with a variety of polar or nonpolar monomers provided by these novel catalyst systems,
should further allow the creation of unlimited new polymer architectures, such as alternating, block
copolymers and end functional macromolecules. This should allow the opportunity for a thorough
investigation of structure and property relationships, and their influence on the mechanical and
physical properties of new materials. The main challenge facing this field is the ability to achieve
precise control of the polymer stereochemical structure, thus obtaining polymer products with desired
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structures from the use of the appropriate choice and design of metal complex/cocatalyst systems.
It is expected that the development of homogenous metallocene catalysts for commercial processes
and commercial polymers will serve as a dominant force in the polymer industry in the near future.
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15.1 INTRODUCTION

Cyclopentene (CPE) is obtained from one of the C5 fractions of cyclopentadiene, which is a sub-
product of cracking naphtha. CPE is prepared by partial hydrogenation of cyclopentadiene or
reduction of cyclopentadiene by sodium in liquid nitrogen. CPE is a unique olefin that, owing to
its diverse insertion modes, can be polymerized with various transition metal catalysts. Figure 15.1
shows the four types of CPE polymerization insertion and enchainment modes: 1,2-cis-enchainment,
1,2-trans-enchainment, 1,3-cis-enchainment, and 1,3-trans-enchainment.

The homopolymerization of CPE and the characterization of the resulting poly(cyclopentene)
(PCPE) have been widely investigated. Crystalline homo-PCPE is a largely insoluble material having
a melting temperature (Tm) of 395 ◦C (under vacuum), which is much higher than its decomposition
temperature. Copolymerizations of CPE with the common olefins ethylene and propylene have also
been investigated in order to control the properties of the resulting copolymers and to clarify the inser-
tion mechanisms of CPE homopolymerization. When CPE units are incorporated as comonomers
into polyethylene or isotactic polypropylene (iPP), the Tms of the polymers are reduced, and the
glass transition temperatures (Tgs) are increased to room temperature. This chapter reviews recent
developments in the polymerization and copolymerization of CPE with early and late transition metal
catalysts.
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FIGURE 15.1 Enchainment modes of CPE.

15.2 HOMOPOLYMERIZATION OF CYCLOPENTENE WITH
TRANSITION METAL CATALYSTS

15.2.1 HOMOPOLYMERIZATION WITH EARLY TRANSITION METAL CATALYSTS

The polymerization of cycloolefins using traditional heterogeneous Ziegler–Natta catalysts yields
only products generated by ring-opening polymerization.1−3 Kaminsky et al. first achieved the
vinyl-type polymerization of CPE using early transition metal catalysts in 1988.4−6 They conduc-
ted polymerization with the isoselective zirconocene catalysts rac-ethylenebis(indenyl)zirconium
dichloride (rac-Et(Ind)2ZrCl2) and rac-ethylenebis(tetrahydroindenyl)zirconium dichloride (rac-
Et(H4Ind)2ZrCl2), using methylaluminoxane (MAO) as a cocatalyst at ambient temperature. The
resulting PCPE was a crystalline polymer with a high melting temperature of 395 ◦C. The wide-
angle X-ray diffraction (WAXD) pattern of this material showed three diffraction peaks at 2θ= 16 ◦,
19.5 ◦, and 24 ◦. PCPE exhibiting this WAXD pattern is defined as having crystal Type I. The WAXD
pattern of Type I PCPE exhibits a small halo region derived from the amorphous phase, indicating
a high degree of crystallinity.

Since Type I crystalline PCPE has low solubility in typical organic solvents, it is difficult to
study its microstructure by solution nuclear magnetic resonance (NMR) spectroscopy. Kaminsky
et al. thus synthesized soluble oligomeric CPEs for 13C NMR spectroscopic studies by employing
high temperatures, a high catalyst concentration, and a low CPE concentration during polymerization.
The oligomeric CPEs obtained were soluble in 1,2,4-trichlorobenzene at ca. 100 ◦C for 13C NMR
studies and exhibited three strong peaks at 31, 39, and 47 ppm. From these studies, it was concluded
that most of the polymer had cis-1,2- or trans-1,2-enchainment.

Hydrooligomerization of CPE (carrying out polymerization in the presence of added H2 as a chain
transfer agent) is another effective method for decreasing PCPE molecular weight and improving the
solubility of the product for characterization purposes. Collins and Kelly have hydrooligomerized
CPE using rac-Et(Ind)2ZrCl2 and bis(cyclopentadienyl)zirconium dichloride (Cp2ZrCl2) catalysts
activated with MAO. From the mixture of oligomers produced, pure CPE trimer and tetramer were
isolated and studied in order to better understand how CPE polymerization proceeds with these
catalysts.7 Model samples of CPE trimers having known regio- and stereochemistries were separ-
ately produced by means of total synthesis as comparatives. 13C NMR spectroscopy of the model
trimers and hydrooligomers clearly showed that the enchainment of CPE during polymerization with
rac-Et(Ind)2ZrCl2/MAO occurs predominantly through cis-1,3-insertion.

Two possible stereoisomeric tetramers can result from the cis-1,3-enchainment of CPE, based
on the structure of the CPE trimers studied: erythrodisyndiotactic (cis–cis syndiotactic) and eryth-
rodiisotactic (cis–cis isotactic) (Figure 15.2). Chiral column gas chromatography (GC) analysis of
CPE tetramers obtained using rac-Et(Ind)2ZrCl2/MAO showed that the tetramers consisted of a
single stereocomponent (not a mixture of diastereomers). It was impossible to determine whether
the 1,3-PCPE was diisotactic or disyndiotactic. Because CPE is not prochiral, it is therefore not clear
that the chiral rac-Et(Ind)2ZrCl2 catalyst would intrinsically favor an isotactic polymer structure (as it
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Erythrodisyndiotactic, cis–cis syndiotactic 

Erythrodiisotactic, cis–cis isotactic 

FIGURE 15.2 Possible stereoisomeric tetramers for cis-1,3 CPE enchainment. (Reprinted with permission
from Kelly, W. M.; Taylor, N. J.; Collins, S. Macromolecules 1994, 27, 4477–4485. Copyright 1994 American
Chemical Society.)
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SCHEME 15.1 cis-1,3-Insertion mechanism for CPE during hydrotrimerization. (Reprinted with permission
from Collins, S.; Kelly, W. M. Macromolecules 1992, 25, 233–237. Copyright 1992 American Chemical
Society.)

does for α-olefins). Scheme 15.1 outlines a mechanism proposed by Collins for the 1,3-enchainment
of CPE during hydrotrimerization (and polymerization) with rac-Et(Ind)2ZrCl2/MAO: (1) insertion
of CPE into a Zr–H bond (obtained following a β-hydride or hydrogen chain transfer event, not
shown), (2) cis insertion of a second CPE monomer unit (forming a bis(cyclopentyl) intermedi-
ate), (3) β-hydride elimination to form a cycloolefin hydride complex, (4) rotation of the resultant
coordinated cycloolefin about the Zr center, and finally, (5) cis reinsertion of this cycloolefin at the
olefinic carbon farthest from the polymer chain.
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cis-cis isotactic cis-cis syndiotactic

cis-trans heterotactic cis-trans heterotactic

trans-trans syndiotactic trans-trans isotactic

FIGURE 15.3 Possible stereoisomeric tetramers for cis- and trans-1,3 CPE enchainments. (Reprinted with
permission from Kelly, W. M.; Taylor, N. J.; Collins, S. Macromolecules 1994, 27, 4477–4485. Copyright 1994
American Chemical Society.)

Collins et al. also investigated the hydrooligomerization and polymerization of CPE with rac-
Et(H4Ind)2ZrCl2/MAO. They found not only cis-1,3-enchainment of CPE in the polymer, but also
trans-1,3-enchainment.8,9 This determination was accomplished by 13C NMR comparison of the
actual CPE tetramers formed through hydrooligomerization to independently synthesize authentic
samples of the six possible stereoisomeric tetramers (Figure 15.3).

Collins and coworkers have proposed two mechanisms for the formation of trans-1,3-enchained
CPE units with rac-Et(H4Ind)2ZrCl2.9 In the first of these (reversible chain transfer, Scheme 15.2),
CPE monomer displaces coordinated, β-hydride-eliminated polymer chains having 2-cyclopentenyl
end groups (i). Subsequent recoordination/reinsertion of the polymer chains with the oppos-
ite orientation (ii) would lead to trans-1,3-insertion (iii). An alternative mechanism involves
indirect isomerization through an intermediate σ-CH complex (Scheme 15.3). Collins et al.
also investigated the deuterium isotope effect on the stereochemistry of oligomerization using
cyclopentene-d8. The observations agreed with the alternative process involving the σ-CH complex
intermediate.

Kaminsky and Arndt also investigated the hydrooligomerization and polymerization of CPE
with Cp2ZrCl2, rac-dimethylsilylenebis(indenyl)zirconium dichloride (rac-Me2Si(Ind)2ZrCl2),
and diphenylmethylene(cyclopentadienyl)(9-fluorenyl)zirconium dichloride (Ph2C(Cp)(Flu)ZrCl2).
The microstructures of the resulting oligomers and polymers were studied using 13C, HH
COSY, DEPT, and heteronuclear correlation NMR spectroscopy.10,11 The C2-symmetric rac-
Me2Si(Ind)2ZrCl2 catalyst produces crystalline polymer and an erythrodiisotactic hydrotetramer
(100% m dyads), indicating highly stereoselective insertion. On the other hand, the C2v-symmetric
Cp2ZrCl2 and Cs-symmetric Ph2C(Cp)(Flu)ZrCl2 catalysts show little or no stereoselectivity in the
polymerization and yield amorphous polymers. The 13C NMR spectra of the amorphous PCPE
polymers showed three strong peaks at 31, 39, and 47 ppm, as observed in the spectra of oli-
gomers obtained with C2-symmetric zirconocene catalysts.4−6,10 Oligomerization with Cp2ZrCl2
and Ph2C(Cp)(Flu)ZrCl2 yielded a mixture of the two diastereomeric cis,cis-hydrotetramers in each
case.10 The low stereoselectivity seen in polymerization with Ph2C(Cp)(Flu)ZrCl2 may be the result
of unfavorable ligand-monomer interactions; other possible causes are site isomerization errors or
two consecutive chain elimination/readdition steps.
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SCHEME 15.2 Proposed mechanism for trans-1,3-insertion of CPE through reversible chain transfer (P and
P′ = polymer chain). (Reprinted with permission from Kelly, W. M.; Wang, S.; Collins, S. Macromolecules
1997, 30, 3151–3158. Copyright 1997 American Chemical Society.)
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SCHEME 15.3 Proposed mechanism for trans-1,3-insertion of CPE via indirect isomerization through a σ-
CH complex (P = polymer chain). (Reprinted with permission from Kelly, W. M.; Wang, S.; Collins, S.
Macromolecules 1997, 30, 3151–3158. Copyright 1997 American Chemical Society.)
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Asanuma et al. investigated CPE polymerization with the Cs-symmetric catalyst isopropy-
lidene(cyclopentadienyl)(9-fluorenyl)zirconium dichloride (iPr(Cp)(Flu)ZrCl2), using MAO as a
cocatalyst, and produced PCPE with a new type of crystalline structure.12 The WAXD pattern of
this PCPE shows three diffraction peaks at 2θ = 17 ◦, 19 ◦, and 21 ◦ with a wide-based reflection
peak. PCPE exhibiting this WAXD pattern is defined as having crystal Type II. The WAXD pattern
of Type II PCPE has a large halo region derived from the amorphous phase, indicating a lower
crystallinity than Type I PCPE. The 13CNMR spectrum of this material showed three strong peaks at
31, 39, and 47 ppm, as observed in the spectra of amorphous PCPEs prepared using Cs-symmetric
Ph2C(Cp)(Flu)ZrCl2.10 The nature of the ligand ring bridge in Cs-symmetric polymerization catalysts
affects the morphology of the resulting PCPEs (crystalline for iPr(Cp)(Flu)ZrCl2 versus amorphous
for Ph2C(Cp)(Flu)ZrCl2).

15.2.2 HOMOPOLYMERIZATION WITH LATE TRANSITION METAL CATALYSTS

CPE is polymerized by some late transition metal catalysts. McLain et al. investigated polymer-
ization and hydrooligomerization with MAO- and borate-activated Ni and Pd catalysts having
diimine ligands.13,14 These catalysts produce crystalline PCPE of Type II (similar to PCPE obtained
with iPr(Cp)(Flu)ZrCl2).12 13C, DEPT, and 2D INADEQUATE NMR spectroscopy of this PCPE
shows a cis-1,3-enchainment of the CPE units. The tacticity of polymerization was investigated
by hydrooligomerizing CPE using a Ni diimine/MAO catalyst and performing a GC separation
of the resultant pentamers (Scheme 15.4) and other oligomers. The tacticity of the oligomers was
essentially atactic (52% m dyads) to moderately isotactic (66% m dyads). It was concluded that
the crystalline structure of Type II PCPE differs in tacticity from the Type I structure. The Tms
of the Type II PCPEs obtained with Ni and Pd diimine catalysts ranged from 240 to 330 ◦C,
lower than Tms for Type I PCPEs. These late transition metal catalysts also polymerize substi-
tuted cyclopentenes such as 3-methylcyclopentene, 3-ethylcyclopentene, 4-methylcyclopentene, and
3-cyclopentylcyclopentene.15,16

The relationship between the structures of the zirconocene (and nickel) catalysts used for CPE
polymerization and the features of the resulting PCPE are summarized in Table 15.1. While the

N

N

Ni

Br

Br

mm

mr

rr

+ MAO

H2

SCHEME 15.4 Hydrooligomerization of CPE with a Ni diimine catalyst to give pentamers. (Reprinted with
permission from McLain, S. J.; Feldman, J.; McCord, E. F.; Gardner, K. H.; Teasley, M. F.; Coughlin, E.
B.; Sweetman, K. J.; Johnson, L. K.; Brookhart, M. Macromolecules 1998, 31, 6705–6707. Copyright 1998
American Chemical Society.)
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TABLE 15.1
Relationship between Catalyst Structure and Morphology of PCPE

Catalyst
Symmetry of

Catalyst CPE Enchainment PCPE Tacticity PCPE Morphology References

Cp2ZrCl2 C2v cis Atactic Amorphous 10,11
rac-Et(Ind)2ZrCl2 C2 cis Isotactic Crystal Type I 4
rac-Et(H4Ind)2ZrCl2 C2 cis, trans Not determined Not determined 8
rac-Me2Si(Ind)2ZrCl2 C2 cis Isotactic Crystal 10,11
iPr(Cp)(Flu)ZrCl2 Cs Not determined Not determined Crystal Type II 12
Ph2C(Cp)(Flu)ZrCl2 Cs cis Atactic Amorphous 10,11
Ni diimine — cis Atactic Crystal Type II 13

catalyst nature affects the morphology of the resulting polymers, no clear correlation is observed
between the symmetry of the catalyst and the morphology of the polymer. Relationships between
catalyst nature and PCPE tacticity have been reported in fragments. Some C2-symmetric catalysts,
that is, rac-Et(Ind)2ZrCl2 and rac-Me2Si(Ind)2ZrCl2, produce isotactic polymer. On the other hand,
C2v-symmetric Cp2ZrCl2, Cs-symmetric Ph2C(Cp)(Flu)ZrCl2, and nonmetallocene Ni diimine cata-
lysts yield atactic polymer. Further consideration is needed to make general comments about the
correlation between the catalyst nature, tacticity, and morphology of PCPE.

15.3 COPOLYMERIZATION OF ETHYLENE AND CYCLOPENTENE
WITH TRANSITION METAL CATALYSTS

15.3.1 COPOLYMERIZATION WITH ZIRCONOCENE CATALYSTS

The copolymerization of ethylene and CPE was investigated with classical heterogeneous and homo-
geneous Ziegler–Natta catalysts by Natta. CPE was polymerized through both ring-opening and
vinyl-type polymerization mechanisms, and yielded crystalline and elastomeric copolymers.17−19

Kaminsky and Spiehl were the first to investigate the copolymerization of ethylene and CPE
with homogeneous metallocene catalysts.20 They achieved copolymerization under various poly-
merization conditions (−10 to 20 ◦C, 0:1–23:1 CPE:ethylene molar ratio, 0.296 mol/L ethylene
concentration) using the MAO-activated isoselective zirconocene catalyst rac-Et(Ind)2ZrCl2 (0.1–
6.4 µmol/L catalyst concentration, 220 mmol/L MAO concentration). The consumption of ethylene
was used to monitor the copolymerization rate over time, and the maximum polymerization rate
was observed at 3 min after initiation at the following conditions: 20 or 30 ◦C, 7.7:1 molar ratio
of CPE:ethylene, and 0.64 µmol/L catalyst concentration. The highest overall polymerization rate
was attained when the molar ratio of CPE:ethylene in the feed was 15.3:1. The CPE content in the
copolymer increased linearly as the amount of CPE in the feed was increased, but decreased when
the polymerization temperature was increased or catalyst concentration was decreased.

13C NMR spectroscopy showed that CPE was preferentially incorporated in the copolymers
through the 1,2-insertion mode, without ring-opening metathesis. The 1,2-enchainment pattern is a
result of the facile coordination of ethylene to the active metal center: β-hydride elimination of a
CPE-ended chain, which is needed to form a 1,3-enchained CPE unit, is relatively slow compared to
ethylene insertion. In the NMR spectrum of the copolymer containing 28 mol% CPE, short blocks
of PCPE units were detected.

Kaminsky and Spiehl also investigated the copolymerization of ethylene with cyclohexene,
cycloheptene, and cyclooctene using the isoselective zirconocene rac-Et(Ind)2ZrCl2 under similar
conditions to those used for ethylene/CPE copolymerization.20 Ethylene copolymerization with
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FIGURE 15.4 rac-Dimethylsilandiyl(ferroceno[2,3]inden-1-yl)(cyclopentadienyl)zirconium dichloride. (Re-
printed with permission from Jerschow, A.; Ernst, E.; Hermann, W.; Müller, N. Macromolecules 1995, 28,
7095–7099. Copyright 1995 American Chemical Society.)

cycloheptene and cyclooctene yielded the corresponding copolymers (containing 3.2 mol% cyclo-
heptene and 1.2 mol% cyclooctene, respectively) with vinyl-type polymerization of the cycloolefins.
The activity for copolymerization with cycloheptene was four times smaller than that for copolymer-
ization with CPE. In copolymerization with cyclooctene, the incorporation of cyclooctene caused
a considerable decrease of polymer molecular weight with increasing comonomer content. Cyclo-
hexene did not copolymerize, owing to the stability and the low ring strain of its six-membered ring
structure.

Müller and coworkers investigated the copolymerization of ethylene and CPE using
the C1-symmetric zirconocene rac-dimethylsilandiyl(ferroceno[2,3]inden-1-yl)(cyclopentadienyl)
zirconium dichloride (Figure 15.4) at 50–70 ◦C with MAO cocatalyst.21 The microstructure of the
copolymer was studied using one- and two-dimensional heteronuclear correlated NMR. Both 1,2-
enchained and 1,3-enchained CPE units were detected. The ratio of 1,3- to 1,2-units increased as the
CPE content in the copolymer increased, with up to 64% of the CPE units having a 1,3-structure.
This catalyst also produced PCPE homopolymers having both 1,3- and 1,2-units. The cis/trans
ratio was quantified for homo-PCPE sequences in these polymers; 10.0% of the 1,3-units and 2.9%
of 1,2-units are trans. Owing to its different structure, rac-dimethylsilandiyl(ferroceno[2,3]inden-
1-yl)(cyclopentadienyl)zirconium dichloride should produce different PCPE homopolymer and
ethylene/CPE copolymer microstructures than the rac-Et(Ind)2ZrCl2 catalyst.

Naga and Imanishi have studied the effects of zirconocene catalyst ligand structure on the copoly-
merization of ethylene and CPE.22 The catalysts used in the investigation were the nonbridged (aspe-
cific) catalysts Cp2ZrCl2, bis(pentamethylcyclopentadienyl)zirconium dichloride (Cp*2ZrCl2),
and bis(indenyl)zirconium dichloride (Ind2ZrCl2); the bridged aspecific catalyst dimethyl-
silylenebis(cyclopentadienyl)zirconium dichloride (Me2SiCp2ZrCl2); the isoselective catalysts
rac-Et(Ind)2ZrCl2 and rac-Me2Si(Ind)2ZrCl2; and the syndioselective catalyst Ph2C(Cp)(Flu)ZrCl2
(conditions: toluene solvent, 40 ◦C, 1.0 atm ethylene, MAO activation). All of the nonbridged cata-
lysts produced polyethylene (homopolymer) without incorporation of CPE. On the other hand, all
of the bridged catalysts yielded copolymer. Amongst the catalysts used, rac-Et(Ind)2ZrCl2 showed
the highest reactivity toward CPE, producing a copolymer with 38 mol% CPE. The CPE units in
the copolymers obtained with all of the bridged catalysts except for rac-Et(Ind)2ZrCl2 were mainly
enchained as cis-1,2 units as determined by 13C NMR, independent of the symmetry of the catalyst.

The copolymers obtained with rac-Et(Ind)2ZrCl2 contained not only cis-1,2 CPE units but also
cis-1,3 CPE units (20%–30% of total CPE units). These 1,3-inserted CPE units were also detected in
high-CPE content copolymers (>20 mol%) obtained with the other bridged catalysts. The 13C NMR
CCC triad sequence (assigned by Müller21), where C represents the CPE unit, was not observed
in any of the copolymers. Small amounts of 13C NMR CC dyad sequences21 were detected in the
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copolymers obtained with Me2SiCp2ZrCl2 and rac-Me2Si(Ind)2ZrCl2, and no [CC] dyads were
detected in the copolymer obtained with Ph2C(Cp)(Flu)ZrCl2. These results indicate the difficultly
of reacting CPE monomer with a growing polymer chain having a CPE unit as its last-inserted
monomer. Moreover, there is the possibility of the highly alternating copolymerization of ethylene
and CPE.

Differential scanning calorimetry (DSC) analysis of the copolymers obtained with MeSiCp2ZrCl2
and rac-Et(Ind)2ZrCl2 showed multiple melting endotherms. Temperature rising elution fractionation
(TREF) of the copolymers showed a broad composition distribution, which should arise from multiple
active sites during copolymerization. Kaminsky and Spiehl described a broad molecular weight
distribution for ethylene/CPE copolymers obtained with rac-Et(Ind)2ZrCl2,20 a finding that suggests
the same broad distribution of copolymer composition. On the other hand, a narrow copolymer
composition distribution was confirmed by TREF for ethylene/CPE copolymers obtained with rac-
Me2Si(Ind)2ZrCl2. This result suggests that the nature of the ring bridge in the catalyst affects the
composition distribution of the copolymer. A possible explanation is a distortion of indenyl ligands
of rac-Et(Ind)2ZrCl2 owing to internal rotation of the ethylidene bridge. This catalyst forms either a
right-handed or a left-handed ring helix as reported by Kaminsky et al. The internal rotation between
its right- and left-handed forms changes the geometry of the coordination sites, and therefore the
monomer reactivity of the active sites.23

15.3.2 SYNTHESIS OF ETHYLENE/CYCLOPENTENE COPOLYMERS HAVING

ALTERNATING AND BLOCK MONOMER SEQUENCES

Alternating copolymerizations of ethylene and CPE have been achieved using some titanium cata-
lysts. Coates and Fujita reported the synthesis of highly alternating ethylene-CPE copolymers
(no CC dyad sequences) using a MAO-activated bis(phenoxyimine)titanium dichloride catalyst
(Scheme 15.5a).24 The Tg of the copolymers increased as the CPE content in the copolymer
increased, and ranged from −27.3 (27 mol% CPE) to 10.1 ◦C (47 mol% CPE). Coates et al. also
synthesized comparative atactic and isotactic poly(ethylene-alt-(cis-1,2-cyclopentene))s, using the
ring-opening metathesis polymerization of bicyclo[3.2.0]hept-6-ene and subsequent hydrogenation
of the unsaturated main chain. The 13C NMR spectra of these authentic samples clearly show
that the bis(phenoxyimine)titanium dichloride catalyst produces atactic, highly alternating ethylene-
CPE copolymers. Block copolymers of ethylene and ethylene-alt-(cis-1,2-cyclopentene) were also
synthesized with this catalyst by repeatedly raising and lowering the ethylene pressure of the ethyl-
ene/CPE copolymerization (Scheme 15.5b). This reaction produced several kinds of diblock and
multiblock copolymers.

Waymouth et al. investigated highly alternating CPE/ethylene copolymerization using con-
strained geometry catalysts (CGCs).25 Copolymerization with a dimethylsilylene(tetramethyl
cyclopentadienyl)(N-tert-butyl)titanium dichloride catalyst activated with a modified methyl-
isobutyl aluminoxane (MMAO) yielded highly alternating, atactic copolymers with cis-
1,2-enchained CPE units (Scheme 15.6a). On the other hand, a chiral indenyl CGC,
dimethylsilylene(indenyl)(N-tert-butyl)titanium dichloride, was able to induce the highly isose-
lective and perfectly alternating copolymerization of ethylene and CPE (Scheme 15.6b). During
copolymerization with these CGCs, CPE was incorporated preferentially through cis-1,2-insertion.
The isotactic copolymer had a higher Tg and Tm (50 mol% CPE, Tg= 16.3 ◦C, Tm = 182.5 ◦C) than
the atactic copolymer (40 mol% CPE, Tg= − 21.8 ◦C, Tm = 127.2 ◦C).

Waymouth and Lavoie also recently reported the highly alternating stereoselective copolymer-
ization of ethylene with CPE, cycloheptene, and cyclooctene using a series of CGCs.26 Highly
alternating CPE/ethylene copolymerization was also achieved using CGCs having benz[6,7]indenyl
ligands.
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SCHEME 15.5 Copolymerization of ethylene and CPE with a bis(phenoxyimine)titanium dichloride cata-
lyst: (a) alternating copolymerization; (b) block copolymerization producing blocks of polyethylene and
poly(ethylene-alt-(cis-1,2-cyclopentene) (L= phenoxyimine ligand). (Reprinted with permission from Fujita,
M.; Coates, G. W. Macromolecules 2002, 35, 9640–9647. Copyright 2002 American Chemical Society.)
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SCHEME 15.6 Copolymerization of ethylene and CPE with (a) pentamethylcyclopentadienyl and (b) indenyl
constrained geometry catalysts. (Lavoie, A. R.; Ho, M. H.; Waymouth, R. M. Chem. Commun. 2003, 864–865.
Reproduced by permission of The Royal Society of Chemistry.)



DK3712: “dk3712_c015” — 2007/10/10 — 14:10 — page 409 — #11

Cyclopentene Homo- and Copolymers 409

15.4 COPOLYMERIZATION OF PROPYLENE AND CYCLOPENTENE
WITH TRANSITION METAL CATALYSTS

CPE may be incorporated into polypropylenes in order to lower their Tms and raise their Tgs. Kam-
insky et al. reported the copolymerization of propylene and CPE using the isoselective zirconocenes
rac-Et(Ind)2ZrCl2 and rac-Me2Si(Ind)2ZrCl2.5,27 13C NMR spectroscopy of the resulting isotactic
copolymers (containing 2–5 mol% CPE) revealed a 1,2-enchainment mode for the CPE units; no
PCPE blocks were detected (Figure 15.5).

Köller and coworkers investigated propylene/CPE copolymerization with rac-Me2Si(Ind)2ZrCl2
and prepared copolymers with various CPE contents ranging from 0.5 to 30.5 mol%.28 The Tgs of
the copolymers increased as the CPE content increased, and reached 19 ◦C at 30.5 mol% CPE.
The calculated reactivity ratios were rp= 40 and rc= 0.001, where rp= kpp/kpc, rc= kcc/kcp, and
kpp, kpc, kcp, and kcc are the rate constants of propylene addition to a propylene terminal chain,
CPE addition to a propylene terminal chain, propylene addition to a CPE terminal chain, and CPE
addition to a CPE terminal chain, respectively.

In order to study the precise insertion mode for CPE in its copolymerization with propylene,
Naga and Imanishi investigated copolymerization using the isoselective catalysts rac-Et(Ind)2ZrCl2,
rac-Me2Si(Ind)2ZrCl2, and rac-dimethylsilylenebis(2-methylindenyl)zirconium dichloride (rac-
Me2Si(2-Me-Ind)2ZrCl2) and the syndioselective catalyst Ph2C(Cp)(Flu)ZrCl2.29 The isoselective
zirconocenes produced isotactic propylene-CPE copolymers with narrow molecular weight distri-
butions, whereas the syndioselective zirconocene produced syndiotactic polypropylene (homopoly-
mer). The catalysts rac-Et(Ind)2ZrCl2 and rac-Me2Si(Ind)2ZrCl2, which show regioirregularity
and relatively low isoselectivity in propylene polymerization,30 produced isotactic copolymers
containing 1.4–10.1 mol% CPE enchained as both cis-1,2- and cis-1,3-units (Scheme 15.7). The 1,3-
enchained CPE units comprised 52%–62% of the total CPE units present in the copolymers obtained
with rac-Et(Ind)2ZrCl2 and 23%–32% for the copolymers obtained with rac-Me2Si(Ind)2ZrCl2. On
the other hand, the highly isoselective catalyst rac-Me2Si(2-Me-Ind)2ZrCl2 produced an isotactic
copolymer incorporating 6.1 mol% CPE as preferentially cis-1,2-inserted CPE units.

The kinetic parameters for copolymerization, that is, the relative rates of CPE 1,2-insertion
and 1,3-insertion (through isomerization), were estimated from the relative amounts of 1,2- and 1,3-
inserted units in the copolymers. The proportion of 1,3-inserted units increased as the CPE content in
the copolymers increased. The rate constant ratio ki/kcp for copolymerization with rac-Et(Ind)2ZrCl2,
where ki and kcp are the rate constants of, respectively, isomerization of a 1,2-inserted CPE unit to
form a 1,3-inserted CPE unit and propylene addition to a 1,2-inserted CPE propagating chain end, is
3.6 times greater than ki/kcp for rac-Me2Si(Ind)2ZrCl2 (Scheme 15.7). This indicates that propylene
is more reactive with the 1,2-inserted CPE propagating chain end of the rac-Me2Si(Ind)2Cl2 catalyst
than with that of the rac-Et(Ind)2ZrCl2 catalyst. This trend agrees with the order of the catalysts’ rp

values; rp = 45.5 for rac-Et(Ind)2ZrCl2 and 72.0 for rac-Me2Si(Ind)2ZrCl2. The structural differences
between these catalysts, that is, the somewhat narrower coordination space of rac-Me2Si(Ind)2ZrCl2
as compared to rac-Et(Ind)2ZrCl2, would cause the lower CPE reactivity and increased rp value seen
in copolymerization using the former catalyst.31,32

* *m
n

FIGURE 15.5 Enchainment modes of CPE and propylene units for propylene/CPE copolymerization with
isospecific zirconocene catalysts (a block copolymer structure is not implied).
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L2Zr L2Zr

L2Zr

Isomerization

1,2-Insertion

1,3-Insertion

P P

P

kcp

ki

ki /kcp

0.64    rac-Et(Ind)2ZrCl2

0.17    rac-Me2Si(Ind)2ZrCl2

0         rac-Me2Si(2-Me-Ind)2ZrCl2

SCHEME 15.7 Insertion modes of CPE (1,2 versus 1,3) in the copolymerization of propylene and CPE with
isospecific zirconocene catalysts (L2 = ansa-indenyl ligand and P = polymer chain). (Reprinted from Naga,
M.; Imanishi, Y. Polymer 2002, 43, 2133–2139. Copyright 2002, with permission from Elsevier.)

15.5 CONCLUSIONS

The development of early and late transition metal catalysts has advanced olefin polymerization
and the synthesis of new polyolefins. Cyclopentene (co)polymers are interesting polyolefins owing
to the diverse insertion modes and controllable monomer sequence distributions possible with this
monomer. However, CPE polymerization and copolymerization require further research into achiev-
ing precise control of the polymerization process in order to best tailor polymer properties for
commercial applications. For example, while PCPE is an excellent nucleating agent for isotactic
polypropylene,33 it is not suitable for construction materials because its high melting temperature
makes it difficult to process. New polymerization technologies, particularly the further development
of transition metal catalysts, will hopefully solve these problems and make the tailored synthesis and
commercialization of CPE (co)polymers possible for special uses, such as heat-resistant polyolefins
or modifiers for other polyolefin materials.
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16.1 INTRODUCTION

Metallocene/methylaluminoxane (MAO) and other single site catalysts for olefin polymerization
have opened a new field of synthesis in polymer chemistry.1–3 Strained cyclic olefins such as cyc-
lobutene, cyclopentene, norbornene (NB), and their substituted compounds can be used as monomers
and comonomers in a wide variety of polymers.4 Much interest is focused on norbornene homo- and
copolymers because of the easy availability of norbornene and the special properties of their poly-
mers. Norbornene can be polymerized by ring opening metathesis polymerization (ROMP), giving
elastomeric materials,5 or by double bond opening (addition polymerization). Homopolymerization
of norbornene by double bond opening can be achieved by early and late transition metal catalysts,
namely Ti, Zr, Hf,6–8 Ni,9,10 and Pd11–13 (Scheme 16.1).

Polymerization of norbornene with heterogeneous Ziegler–Natta catalysts is accompanied by
ROMP,14 whereas homogeneous metallocene, Ni, and Pd catalysts promote addition polymerization.
The polymers feature two chiral centers per monomer unit and therefore are ditactic.

Cyclic monomers can be divided into achiral and prochiral types. Polymerization of both types
by chiral metallocenes may yield tactic, crystalline homopolymers.15 The melting points (Tms) of

413
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n

n
* *

ROMP Addition
polymerization

SCHEME 16.1 Mechanisms for the transition metal-catalyzed polymerization of norbornene (NB).

these homopolymers are extremely high, about 600 ◦C, and decomposition occurs before melting.
Whereas the atactic polymers can be dissolved in hydrocarbon solvents at least to some extent, the
tactic polymers are hardly soluble.

Polynorbornene (PNB) homopolymers of industrial interest are not processible owing to their
high Tms and insolubility in common organic solvents. By copolymerization of norbornene with
ethylene, a cycloolefin copolymer (COC) can be produced. These new materials have been the
focus of academic and industrial research. Ethylene/norbornene (E/NB) copolymers are usually
amorphous and show an excellent transparency and high refractive index, making them suitable for
optical applications.16

16.2 POLYNORBORNENE

16.2.1 EARLY TRANSITION METAL CATALYSTS

The use of early transition metal catalysts for the homopolymerization of norbornene dates back to
1963. Sartori et al.17 reported on the polymerization of norbornene by TiCl4/(i-Bu)3Al (Ti:Al=1:2).
Further reports refer to the analogous TiCl4/Et3Al system, which produces a mixture of ROMP and
addition polymer.18

While the copolymerization of norbornene and ethylene by vanadium and titanium catalysts
had been investigated in the 1970s, it was not until the invention of metallocene/MAO catalysts
and their application to the homopolymerization of norbornene and other cycloolefins by Kaminsky
et al.8,15,19 that the use of early transition metal catalysts for the addition polymerization of norbornene
drew new attention. Nevertheless, the industrial relevance of E/NB copolymers, and the nature of
the homopolymers, described in the first reports as insoluble in organic solvents, crystalline, and
extremely high melting, focused further investigations on copolymers rather than on norbornene
homopolymers.

Thus, it was not until 1990 that the group of Kaminsky and Arndt-Rosenau took a more detailed
look at the homopolymerization of norbornene and the structures of the resulting polymers. Driven
by the growing interest in copolymers with high norbornene contents and high glass transition
(Tg) temperatures, as well as the unusual properties of PNBs, Arndt-Rosenau et al.20,21 used the
hydrooligomerization technique to produce saturated model norbornene dimers and trimers with
metallocene catalysts known to produce atactic, isotactic, and syndiotactic poly(α-olefins) (1–3,
Table 16.1).

The authors analyzed the structures and distributions of the oligomers and tried to correlate
results with the metallocene structure and the polymerization mechanism, in order to extrapolate the
structural findings to the polymer microstructure. It was shown that oligomers (and polymers) of
different stereochemistries (tacticities) can be produced using metallocene catalysts, and that while
some of the PNBs were insoluble in common organic solvents, other catalysts gave polymers soluble
in, for example, toluene.

Their investigations showed that norbornene was inserted into the M–C bonds of the growing
polymer chain (or into M–H bonds formed by chain transfer) in a cis-exo fashion. Owing to the
structure of norbornene, each insertion generates two chiral centers of opposite stereochemistry and
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mm mr rm rr

meso (m) rac-1 (r) rac-2 (r)

(a)

(b)

FIGURE 16.1 Structures of the hydrodimers (a) and hydrotrimers (b) of norbornene according to Arndt-
Rosenau.

therefore the resulting polymers are erythroditactic. The possible configurational base units (the
erythroditacticities) of homo-PNB are represented by the following configurations:

erythrodiisotactic -(RS)(RS)(RS)(RS)(RS)(RS)(RS)(RS)-
m m m m m m m

erythrodisyndiotactic -(RS)(SR)(RS)(SR)(RS)(SR)(RS)(SR)-
r r r r r r r

erythroatactic -(RS)(SR)(SR)(RS)(SR)(SR)(RS)(RS)-
r m r r m r m

Detailed 2D nuclear magnetic resonance (NMR) investigations on the hydrodimers formed by 1–
3 showed that all three catalyst precursors (when combined with MAO) yielded two diastereomeric
hydrodimers, which were found to be the meso and racemic isomers shown in Figure 16.1a.

Despite the catalysts’ different stereoselectivity in α-olefin polymerization, all three favored
the formation of the meso-hydrodimer. In case of the achiral catalyst Cp2ZrCl2 (1, Cp =
cyclopentadienyl), this has to be attributed to chain-end control since the Cp ligands do not
induce stereopreference. From the meso/rac ratio, a difference in the free energies of activation
(�G#

meso −�G#
rac) of 1.5 kJ/mol at 30 ◦C has been calculated.

Of the three hydrotrimers that may result from a cis-exo insertion (Figure 16.1b), 1 was found
to produce only two: the mm and mr isomers (Table 16.2). No rr-hydrotrimer is produced, showing
that a racemic enchainment (r dyad) formed by the first two insertions preferably is followed by a
meso linkage (m dyad). In addition, the high amount of mr isomer found in combination with the
distribution of hydrodimers indicates that a meso enchainment formed by the first two insertions is
preferably followed by a racemic one. Thus, it can be concluded that the penultimate unit has a rather
strong influence on the monomer insertion (one has to bear in mind that every main chain atom of
the growing polymer is a chiral center and that norbornene has to be considered as a bulky and rigid
monomer). Based on the distribution of hydrodimers and trimers, a polymer formed by the same
mechanisms should have a heterotactic (mrmrmrm) structure disturbed by a significant amount of
mm sequences.

Based on the mechanisms known from α-olefin polymerization, Cs-symmetric [Ph2C(Cp)(Flu)]
ZrCl2 (3, Flu = 9-fluorenyl) should produce an erythrodisyndiotactic polymer and there-
fore favor the formation of the rac-hydrodimer, whereas C2-symmetric rac-[Me2Si(Ind)2]ZrCl2
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TABLE 16.2
Mol% Distribution of the Hydrodimers and -Trimers of Norbornene Produced
at 30 ◦C by Metallocene/MAO Catalysts 1–320

Cp2ZrCl2(1) rac -[Me2Si(Ind)2]ZrCl2(2) [Ph2C(Cp)(Flu)]ZrCl2(3)
C2v C2 Cs

meso-hydrodimer 65 58 53
rac-hydrodimer 35 42 47
mm hydrotrimer 23 62 8
(mr + rm) hydrotrimer 77 38 15
rr hydrotrimer 0 0 77

Cs-symmetric catalyst C2-symmetric catalyst 

P(SR)–Zr

(a)

P(SR)PZr(R) Zr(S) Zr(R)

P(SR)(RS)(SR)–Zr(S)

P(RS)–Zr

P(RS)(RS)(RS)–Zr

(b)

P(RS)(SR)(RS)– Zr(S)

Zr – P

P(SR)(SR)(SR)–Zr

(RS)(SR)P

(SR)(RS)P

Zr(R)Zr(R)– P Zr–(RS)(RS)P

Zr – P Zr–(SR)(SR)P

(A) (B)

P(RS)– Zr(S)

SCHEME 16.2 Stereochemistry during the polymerization of a prochiral cycloolefin such as norbornene using
Cs- (A) and C2-symmetric (B) catalysts. Independent of the relative topicities of the single insertion events
(contrasted by pathways a and b), application of the mechanisms known from α-olefin polymerization predict
an erythrodisyndiotactic polymer to be formed by Cs-symmetric catalysts and an erythrodiisotactic polymer to
be formed by C2-symmetric catalysts.

(2, Ind = 1-indenyl) should produce an erythrodiisotactic polymer and therefore preferably yield
the meso-hydrodimer.

As shown in Scheme 16.2 and Table 16.2, both catalysts yield mixtures of meso- and rac-
hydrodimers with a meso/rac ratio greater than one. This can be explained by a change of the
relative topicities of insertion from the first to the second insertion, and is in accordance with
observations by Pino22 and Corradini23 showing that the insertion into an M–H bond of an active
metallocene catalyst species is governed directly by steric interactions of the monomer with the ligand
framework of the catalyst (direct stereocontrol), while further insertions are controlled by the orient-
ation of the (bulky) growing polymer chain and its interactions with the ligand framework (indirect
stereocontrol).

In accordance with this mechanism, 2 produces no rr-hydrotrimer; thus a low stereoselectiv-
ity of the first insertion (forming both m and r dimers) is followed by highly stereoselective
consecutive insertions producing meso enchainments only (mm and rm trimers). As expected, 3
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Zr

H

RH
Zr

R

Zr R

Zr
R Zr R

Zr RZr

R
Zr R

SCHEME 16.3 Mechanism of the formation of 2-exo,7′-syn-enchained units during norbornene polymeriz-
ation by rac-[Me2C(Ind)2]ZrCl2/MAO catalysts according to Fink25 (R = H, Me; bis(indenyl) ligand and
charge on Zr center are not shown).

produces preferably the rr-hydrotrimer plus some mr-hydrotrimer; nevertheless, a small amount of
mm-hydrotrimer was also found, indicating the lower stereoselectivity of this catalyst compared to 2.

In a later paper, Arndt-Rosenau and Gosmann24 reported on the crystal structure of a
hydropentamer of norbornene produced using rac-[C2H4(H4Ind)2]ZrCl2 (H4Ind = 4,5,6,7-
tetrahydroindenyl; 4, vide infra) that shows a trisubstituted central norbornene linking unit and con-
sists of a stereoregular (erythrodiisotactic) trimer to which a stereoregular (meso) dimer is attached.
More recently, Fink et al.25 have extended the work of Arndt-Rosenau and characterized tetramers
and pentamers obtained by the hydrooligomerization of norbornene using rac-[Me2C(Ind)2]ZrCl2
(5, vide infra, Scheme 16.3). They propose C–H activation at the C7 carbon of the most recently
inserted norbornene unit to be the root cause of the formation of trisubstituted units, and based
on the results of deuterium labeling experiments and molecular modeling, assume that PNBs pro-
duced by some metallocene catalysts may have a regular structure involving such trisubstituted
norbornene units.

By 1994, Arndt20 had pointed out that norbornene behaves differently from other olefins in
addition polymerization owing to its rigid structure, which prevents the formation of agostic inter-
actions with hydrogen atoms attached to main chain carbon centers, and therefore leaves the active
metallocene center highly unsaturated. The calculations by Fink et al.25 indicate that this is the root
cause of the C7-linkage formation. If this mechanism involving C–H σ-bond metathesis and sub-
sequent monomer insertion at the activated C7 site is regular, a PNB with alternating 2-exo,7′-syn and
2-exo,2′-exo-enchainments in the main chain and 2-exo,2′-exo-linked norbornyl branches would be
the result (Figure 16.2). Differences in solubilities and 13C-CPMAS (cross-polarization/magic-angle
spinning) NMR spectra of polymers produced by different catalysts indicate that not all metallocenes
produce PNBs of this special structure.

Half-sandwich complexes of titanium, when activated by a cocatalyst such as MAO, are even
more active for the homopolymerization of norbornene than metallocenes.26,27 Heitz and Peucker28

found that chromium-based half-sandwich complexes can also be activated to produce PNBs and
E/NB copolymers. Nevertheless, detailed investigations on half-sandwich complexes for the addition
polymerization of norbornene do not appear in the literature.
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FIGURE 16.2 Structure of a polynorbornene containing alternating 2-exo,7′-syn- and 2-exo,2′-exo-
enchainments in the main chain and 2-exo,2′-exo-linked norbornyl branches.

16.2.2 LATE TRANSITION METAL CATALYSTS

The first addition polymerization of norbornene catalyzed by a late transition metal compound
dates back to work of Schultz in 1966 using PdCl2 as a catalyst.29 In the late 1970s, palladium
complexes of the type L2PdCl2 (L = C6H5CN, Ph3P) were reported to promote the addition poly-
merization of norbornene,30–32 and based on the work of Sen and Lai,33,34 the dicationic system
[(CH3CN)4Pd]2+[BF4]−2 was found to be a very active catalyst.

As with early transition metal catalysts, renewed interest in the Pd-catalyzed polymerization of
norbornene and its derivatives grew in the early 1990s when Heitz and Risse12,13,35–38 began to
investigate the Pd-catalyzed homo- and copolymerization of norbornene and its derivatives. Also in
the early 1990s, the first Ni-based catalysts to homopolymerize norbornene to low molecular weight
polymers with narrow molecular weight distributions were reported by Novak and Deming.9 Since
that time, Ni-based catalysts activated by MAO have been reported to catalyze the formation of high
molecular weight amorphous addition PNBs.

Goodall and researchers at BF Goodrich39 recognized the potential of polymers based on nor-
bornene derivatives, and devised a toolbox of Pd- and Ni-based catalysts for their homo- and
copolymerization. They used these newly developed, highly active catalysts to design several product
groups based on addition polymers of norbornene derivatives.

The catalysts developed at BF Goodrich can be divided into three distinct groups: (1) catalysts
based on cationic “naked”-type nickel and palladium complexes, or multicomponent systems able to
generate similar active species; (2) catalysts based on neutral Ni and Pd compounds bearing highly
electrophilic groups; and (3) catalysts based on cationic palladium complexes.

The “naked” nickel and palladium catalysts10 are based on the concept of “naked” nickel catalysts
as used in butadiene polymerization. A catalyst precursor is selected, which in the presence of the
monomer, forms a catalytically active center bearing only monomer and the growing polymer chain as
ligands. Among the simple olefins, norbornene can be considered to be a strong π-donor; therefore,
cationic π-allyl complexes of nickel and palladium stabilized by cyclooctadiene (COD) ligands
and noncoordinating counterions such as PF−6 are prototypes of this class of catalyst precursors
(Figure 16.3). As depicted in Figure 16.4 for Ni, the active species is assumed to consist of a metal
center bearing two norbornene monomer ligands and the growing polymer chain.

Similar active species are most probably formed in situ from several of the multicomponent
systems. Thus, the BF Goodrich group found that a “naked” nickel catalyst system based on di(2-
ethylhexanoate)nickel, BF3·Et2O, and AlEt3 in a 1:9:10 ratio forms, in the presence of butadiene,
a catalyst precursor that may be activated by HSbF6 to yield a cationic active species for nor-
bornene polymerization. In a very similar mode, bis(1,4-cyclooctadiene)nickel(0)/butadiene/HSbF6
and di(2-ethylhexanoate)nickel/butadiene/HSbF6 give highly active catalysts for norbornene
polymerization.
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FIGURE 16.3 “Naked”-type nickel and palladium catalysts for norbornene polymerization developed by the
group at BF Goodrich (M = Ni, Pd).
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FIGURE 16.4 Active species for norbornene polymerization by “naked”-type nickel catalysts according to
Goodall (P= polymer chain).

The PNBs from all of these Ni-based catalysts are soluble in common organic solvents such as
toluene or hexane, and resemble PNBs produced using Ni(acac)2 (acac = acetylacetonate) or di(2-
ethylhexanoate)nickel in combination with MAO. Goodall and coworkers40 describe the structure
of PNB formed using [(η3-crotyl)Ni(1,4-COD)]+[PF6]− as containing almost equal amounts of mm
and mr triads.

By introducing α-olefins into the polymerization system as chain transfer agents (CTAs), the
molecular weight of the PNBs from the Ni cation-based catalysts can be controlled; the insertion of
an α-olefin is immediately followed by β-hydrogen elimination, and a vinyl-terminated PNB and a
Ni hydride are formed (Scheme 16.4). The Ni hydride species serves as a starting point for another
chain growth reaction.

Compared to its nickel analogue, the palladium catalyst [(η3-crotyl)Pd(1,4-COD)]+[PF6]−
according to Goodall et al. is substantially less active and results in insoluble or hardly soluble
polymers that are proposed to be erythrodiisotactic. Similar insoluble PNBs were produced by
Arndt-Rosenau and Gosmann using Pd(acac)2 in combination with MAO.24

In the literature, many Pd and Ni complexes are described as yielding PNBs after activation with
MAO. Nevertheless, in most cases the catalysts produce products identical to those obtained from
simple Pd or Ni salts combined with MAO, and it has to be assumed that the cocatalyst in the former
cases simply removes the ligand to generate a catalytically active species. Therefore, in contrast to
what has been shown for metallocene catalysts, in most cases there is no influence of the ligand
structure on the polymer microstructure and properties, although there is an influence on kinetic
profiles and conversion during polymer formation.

The second class of active Ni and Pd catalysts described by the BF Goodrich group40 is based on
neutral Ni or Pd compounds bearing highly electrophilic groups. It was found during investigations of
the activation of Ni complexes with B(C6F5)3 that simple Ni salts such as Ni(dpm)2 (dpm = 2,2,6,6-
tetramethyl-3,5-heptanedionate) or Ni(2-ethylhexanoate)2 may be activated by B(C6F5)3 and other
boranes bearing highly electrophilic aryl groups, in the absence of any aluminum alkyl, to yield
active catalysts for norbornene polymerization (Scheme 16.5a). These multicomponent catalysts
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SCHEME 16.4 Mechanism of molecular weight regulation by the use of α-olefins as chain transfer agents
(CTAs) in the addition polymerization of norbornene by Ni-based catalysts.

P
Ni

O O
Ni

P

PhPh

Ph Ph

Ph
Ph

+
P

Ni
O

PhPh

Ph

F

FF

F

F
F

F

F

F
F

Active species(b)

O

t-Bu

t-But-Bu

t-Bu

M + Active species

M = Ni, Pd

(a) B(C6F5)3

2 B(C6F5)3

O

O

O

SCHEME 16.5 Multicomponent Ni and Pd (a) acac-type and (b) SHOP-type catalysts/initiators for the
polymerization of norbornene.

were shown to be based upon neutral active species generated by the transfer of two pentafluorophenyl
groups to the Ni center, as shown for a SHOP-type (SHOP = Shell Higher Olefins Process) catalyst
in Scheme 16.5b.

Single component catalyst precursors are also based on nickel bis(pentafluorophenyl) complexes
(Figure 16.5a and b). It can be assumed that in the active species (Figure 16.5c), one of the penta-
fluorophenyl groups acts as a starting point for the growing polymer chain, whereas the other reduces
electron density at the transition metal center.

The polymers generated from the Ni catalyst according to Goodall et al. show a slightly eryth-
rodiisotactic structure and feature pentafluorophenyl end groups, while polymers from the analogous
palladium systems could not be investigated owing to their insolubility. Molecular weight regulation
by α-olefins is possible, but is accompanied by catalyst deactivation due to the reductive elimination
of pentafluorobenzene. Another method for molecular weight regulation is the addition of small
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FIGURE 16.5 (a,b) Neutral bis(pentafluorophenyl)nickel initiators for the polymerization of norbornene and
(c) proposed structure of the active species (P= polymer chain).
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SCHEME 16.6 Multicomponent catalysts for norbornene polymerization based on cationic palladium
phosphino-complexes (X = Cl, NO3, O2CCH3, O2CCF3; R = Ph, n-Bu, t-Bu, o-tolyl, benzyl, C6F5,
cyclohexyl).

amounts of water or alcohols to induce protolysis of the growing chain. Therefore, these catalysts
can be regarded as initiators rather than as true catalysts, forming multiple polymer chains.

Finally, palladium allyl compounds41 bearing a phosphine ligand and a leaving group were found
by the BF Goodrich group to be single component catalyst precursors, yielding palladium cations that
are highly active for norbornene polymerization (Scheme 16.6). Multicomponent catalyst systems
based on the combination of a palladium allyl compound bearing a phosphine ligand and an activator
(to replace a leaving group with a noncoordinating anion) can be used, as can the combination
of allyl palladium chloride dimer with an activator in the presence of norbornene and a suitable
phosphine.

The molecular weight of the polymers obtained depends upon the phosphine used, and the
addition of α-olefins can be used to induce chain transfer; nevertheless, the system is less susceptible
to the α-olefin chain transfer method than the aforementioned Ni catalysts. A major advantage of
this catalyst system is its tolerance toward polar groups, enabling its use in the copolymerization of
functional derivatives of norbornene and for polymerization in suspension or emulsion.

Iron- and cobalt-based catalysts26,42,43 have been reported to be active for the polymerization of
norbornene, especially when activated with MAO. Similar to the case of many nickel and palladium
catalysts, PNBs generated with simple salts such as cobalt neodecanoate are similar to PNBs prepared
with ligand-bearing catalysts (e.g., Brookhart–Gibson type pyridyldiimine cobalt catalysts).

16.2.3 STRUCTURE

Generally, PNBs may be grouped into two classes: those that are soluble in toluene and those that
precipitate during polymerization. Wide-angle X-ray scattering (WAXS) and 13C-CPMAS NMR
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FIGURE 16.6 13C NMR CPMAS spectra of the three basic types of PNBs described by Arndt-
Rosenau and Gosmann, prepared using Ni(acac)2/MAO (Type 1a), 2/MAO (Type 1b), and Pd(acac)2/MAO
(Type 2).24,26

investigations, as well as high temperature high-resolution 13C NMR investigations of the sol-
uble polymers, confirm the different structures of the polymers and enable a further classification
(Figure 16.6).24,26

Although their 13C CPMAS NMR spectra are similar, the polymers generated by Ni(acac)2/MAO
and other “naked” nickel-type catalysts (Type 1a, Figure 16.6) differ significantly in their solubility
from those derived from metallocene 2 (Type 1b, Figure 16.6). The PNB generated from the Ni
catalysts is totally soluble in toluene, whereas the polymer generated from the zirconocene is insol-
uble. Taking WAXS data into account, this difference must be attributed to a different tacticity of
the polymers; while the Type 1a product from the Ni catalysts only shows two amorphous halos, the
Type 1b polymer generated by 2 shows three amorphous halos superimposed by sharp reflections
showing crystallinity. Nevertheless, not all metallocenes produce this type of PNB. PNBs generated
by 1/MAO are soluble in toluene and their spectra are similar to those of the “naked”-type nickel
catalysts.
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FIGURE 16.7 13C NMR chemical shifts of bridge and bridgehead carbon atoms in norbornene hydrotrimers
according to Arndt-Rosenau.
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FIGURE 16.8 13C NMR spectrum of a soluble Type 1a PNB generated with “naked” nickel-type
catalysts/MAO and peak assignments according to Goodall et al.

Based on the assignments made by Arndt-Rosenau for norbornene hydrotrimers (Figure 16.7),21

Goodall and coworkers assigned the 13C NMR resonances of the soluble PNBs made with “naked”-
type nickel catalysts as shown in Figure 16.8.40 Using 13C NMR DEPT (distortionless enhancement
by polarization transfer) spectra, they were able to assign two resonances to C7 (Figure 16.9(a)).
Owing to the fact that both appear below 40 ppm, comparison to the hydrotrimers indicates
that they belong to mm (33.8 ppm) and mr + rm or rr (34.2–34.3 ppm) triads. The proxim-
ity of the resonances from mr + rm and rr triads prevents an unambiguous assignment of the
latter peak.

Their investigations were aided by comparison of the PNBs from “naked”-type nickel catalysts
to those from neutral nickel catalysts bearing pentafluorophenyl (highly electrophilic) groups, which
produced a substantially different material (Figure 16.9b). The DEPT spectra for this latter polymer
showed only one resonance for C7 at about 35 ppm, which indicated no substantial content of mm
triads. Again, the overlapping of the mr + rm and rr triad signals prevents a clear assignment of
tacticity.

The results of Goodall et al. and Arndt-Rosenau shed some light on the microstructure of PNB.
Nevertheless, the recent observations by Fink and Arndt-Rosenau indicate that further investigations
are needed to assign clearly the microstructures of PNBs, and that extrapolation of results from
trimers to polymers is not always possible.
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FIGURE 16.9 13C NMR spectra (c) and 13C NMR DEPT spectra showing the methine (b) and methylene (a)
carbon atoms of PNBs generated by the “naked”-type nickel catalyst [(η3-crotyl)Ni(1,4-COD)]+[PF6]− (A)
and Ni(dpm)2/AlEt3/B6F5 (B).40
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FIGURE 16.10 Basic concept of Promerus product lines based on copolymers of norbornene derivatives.
Different substituents are used to tailor specific polymer properties (R1 = alkyl group, oxygen-containing
group; R2 = trialkylsiloxy group; R3 = photosensitive ester group).

16.2.4 INDUSTRIAL APPLICATIONS

Copolymers based on norbornene derivatives bearing different functional groups (Figure 16.10)
are commercialized by Promerus,44 a subsidiary of Sumitomo Bakelite Co. who took over this
business from BF Goodrich. Using Ni- and Pd-based catalysts, they produce a range of tailor-
made homo-, co-, and terpolymers based on substituted norbornenes for applications in electronic
materials. Three basic products have been developed at BF Goodrich:39 Avatrel,™ Appear,™ and
DUVCOR.™

Avatrel™ is a group of dielectric polymers based on copolymers of alkyl norbornenes (>90 wt%)
and 5-norbornene-2-triethoxysilane (2–10 wt%), in which the alkyl group (R1 in Figure 16.10) is used
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to tailor the polymer’s Tg and toughness, and the trialkylsiloxy group (R2 in Figure 16.10) is used
to impart good adhesion to metals.45 Dielectric polymers46 are used for electronic packaging, for
example, in multichip modules, where their low dielectric constants (2.4–2.6) enable close packing
of conducting lines and thereby a high interconnect density. Their hydrocarbon nature causes a
low water uptake and therefore a stable dielectric character, which gives them an advantage over
polyimides, which are also used for these applications.

Appear™ polymers have a similar composition and consist of >90 wt% of an alkyl nor-
bornene and <10 wt% of an oxygen-containing norbornene derivative, which is used to increase
chain–chain interactions and thereby the overall polymer properties (also represented by R1 in
Figure 16.10). Applications for these polymers are flat panel displays47–49 and optical wave guides,50

both of which are accessible owing to the high optical transmission and low birefringence of
the polymers, combined with their excellent moisture resistance and ability to be used at high
temperature.

DUVCOR™ polymers are used in photolithographic applications, primarily in deep UV (197
and 153 nm) positive photoresists.51 Whereas the cycloaliphatic backbone of PNB ensures a good
transparency and a high reactive ion etch resistance, norbornene comonomers bearing functional
substituents such as esters or ethers are used to tailor the adhesive properties of the material (R3
in Figure 16.10). A high amount (10–40%) of norbornene comonomers bearing acid-sensitive
groups (R3 in Figure 16.10), for example tert-butyl carboxylic ester, is used to enable subsequent
acid-catalyzed deprotection to change the solubility of the copolymer. Typically, photosensitive
acid generators such as triarylsulfonium hexafluorophosphate are used to induce cleavage of the
ester moiety.

Further products based on PNB copolymers have been developed for adhesive encapsulation and
cover coatings, as well as sacrificial materials for microelectromechanical applications.52,53

16.3 COPOLYMERS OF NORBORNENE

Norbornene can be copolymerized with olefins such as ethylene, propylene, 1-butene, and longer-
chain α-olefins using early and late transition metal catalysts. The resultant copolymer properties
depend on different parameters, such as comonomer content and distribution throughout the polymer
chain, as well as the conformational orientation of the comonomer units. The microstructure of the
copolymer can be controlled by the appropriate choice of reaction conditions and catalyst structure.
The most powerful method to determine copolymer microstructure is 13C NMR spectroscopy. In
the past years, much progress has been achieved in making peak assignments for olefin–norbornene
copolymers.54–58

Metallocene catalysts are very active for the copolymerization of norbornene with ethylene, but
are also very sensitive to polar impurities such as aldehydes, esters, and ketones. The incorporation
of norbornene into the polymer chain is slower than the incorporation of ethylene, and it is necessary
to use high molar fractions of norbornene in the monomer feed to achieve all technically interesting
norbornene incorporation levels. Since Brookhart and coworkers discovered that cationic nickel
and palladium complexes possessing bulky α-diimine ligands are able to produce high molar mass
polymers,59,60 catalysts based on late transition metals have become an interesting alternative to
metallocene catalysts.61,62 In 1998, Goodall et al. reported ethylene/norbornene copolymerization
using a variety of late transition metal-based catalysts.10 α-Diimine-ligated palladium(II) catalyst
systems were able to copolymerize ethylene with norbornene,63 in contrast to their nickel analogues,
which did not incorporate norbornene. These palladium catalysts are relatively insensitive to polar
impurities.

Another interesting feature of these catalyst systems is that they generate highly branched
or even hyper-branched (i.e., containing branches on branches) products when used for ethylene
polymerization.64 E/NB copolymers with low norbornene contents also show these hyper-branches.
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FIGURE 16.11 Molecular structures of ethylene/norbornene copolymerization catalysts used for experiments
presented in Tables 16.3–16.5.

The mechanical properties of these branched polymers are assumed to differ from those of
metallocene/MAO-based COCs.64 Other amorphous copolymers of norbornene and ethylene are
also available using less active vanadium catalysts.65

16.3.1 EARLY TRANSITION METAL CATALYSTS

Early attempts to produce E/NB copolymers utilized heterogeneous TiCl4/AlEt2Cl or vanadium
catalysts, but real progress was achieved utilizing metallocene catalysts for this purpose. Metallo-
cenes are about ten times more active than vanadium systems, and by choosing the metallocene,
the norbornene/ethylene comonomer sequence distribution in the copolymer may be varied from
statistical (random) to alternating.

For the copolymerization of norbornene and ethylene, different metallocene catalysts having C1,
C2, C2v, and Cs symmetry were studied by the authors (1–3, Table 16.1, and 4–15, Figure 16.11).
The copolymers obtained differ not only regarding the incorporation of norbornene, but also in
microstructure and stereostructure, depending on the symmetry of the catalyst used.

The copolymerizations were carried out under argon using a 1 L Büchi A6 Type I autoclave
equipped with an additional external cooling system.66 For the standard experiments, the reactor was
evacuated at 95 ◦C for 1 h and subsequently charged with a solution of norbornene in toluene, 190 mL
toluene solvent, 500 mg MAO in 10 mL toluene (from Witco/Crompton), and ethylene at different
pressures. Norbornene was dried over triisobutylaluminum and subsequently distilled before use.
Polymerizations were initiated by injection of a toluenic metallocene solution into the reaction vessel
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(5 µmol/L = 1 µmol zirconocene). The MAO Al:Zr ratio was 8600; the time of runs was 2 h if not
otherwise specified. The ethylene concentration was 0.237 mol/L = 2 bar ethylene pressure (during
the reactions, the ethylene pressure was kept constant at the noted pressure). Polymerizations were
quenched by addition of 5 mL ethanol. Workup proceeded by adding the quenched polymer solution
to 50 mL diluted aqueous HCl (0.2 mol/L) and stirring overnight, followed by neutralization of
the toluene solution with aqueous NaHCO3 and washing with water. After phase separation, the
copolymer was precipitated from the organic (toluene) phase, if possible. Otherwise, the organic
solvent was removed from the organic phase under reduced pressure and the polymer obtained was
dried in vacuum.

The polymers were characterized with the following protocols: 13C NMR spectra were recorded
on a Bruker Avance 400 Ultrashield spectrometer at 100.62 MHz (pulse program: waltz-16, pulse
angle: 60◦, delay time: 5 s, number of scans: 1000–4000) and 100 ◦C using 200–300 mg of polymer
in 2.7 mL of 1,2,4-trichlorobenzene and 0.3 mL of 1,1,2,2-tetrachloroethane-d2. Chemical shifts
are reported relative to C2D2Cl4 (δ = 74.24 for 13C). High temperature gel permeation chromato-
graphy (GPC) measurements were performed in 1,2,4-trichlorobenzene at 135 ◦C using a Waters
GPCV 2000 instrument with Ultrastyragel columns. Calibration was applied using polystyrene stand-
ards. Differential scanning calorimetry (DSC) curves were recorded on a Mettler Toledo DSC 821e
instrument calibrated with n-heptane (Tm = −90.6 ◦C), mercury (Tm = −38.9 ◦C), and gallium
(Tm = 419.5 ◦C). Results of the second thermal cycle are presented exclusively. Viscosimetric meas-
urements were performed in decahydronaphthalene at 135 ◦C using an Ubbelohde viscosimeter (Oa
capillary, K = 0.005 mm2/s2). In the case of copolymers with norbornene incorporation levels of less
than 5%, the Mark–Houwink constants of polyethylene (K = 4.34× 10−2 mL/g; a = 0.724) were
applied. For all other copolymers, molar masses were calculated using Mark–Houwink constants for
a highly alternating E/NB copolymer (K = 4.93× 10−2 mL/g; a = 0.589).67

The relative reactivities of a comonomer pair (monomers 1 and 2) in a copolymerization are
typically expressed using the reactivity ratios r1 and r2 and their product r1r2. For the comonomer
pair ethylene/norbornene (monomer 1 = ethylene, monomer 2 = norbornene; that is, r1 = rE

and r2 = rN ), the copolymerization parameter r1 quantifies how much faster ethylene is inserted
than norbornene when the previous insertion was ethylene (e.g., an r1 value of 2 indicates that
ethylene is inserted two times faster than norbornene). The parameter r2 quantifies how much slower
norbornene is inserted than ethylene when the previous insertion was norbornene. If r2 = 0, it
is impossible to insert a norbornene when the previous insertion was norbornene; in this case it
is impossible to synthesize dyads or longer blocks of norbornene units in the polymer chain. The
product r1r2 indicates the nature of the copolymerization. If r1r2 = 1, the copolymerization is
statistical (random). If r1r2 = 0, no blocks of monomer 2 are possible; the result is an alternating
structure of both monomers even with a high excess of monomer 2 in the starting phase. If the
product r1r2 > 1, there are longer blocks of monomer 2 formed in the copolymer (see Chapter 12
for a further discussion of reactivity ratios).

Table 16.3 gives r1, r2, and r1r2 values for norbornene/ethylene copolymerization with metal-
locenes of various symmetries (1–4, 6–10, 15). As compared to other sterically hindered olefins
such as 1-hexene or 1-octene, for which r1 values are >5, the insertion of norbornene units into
the growing polymer chain is more facile. The r1 value for the ansa-zirconocene 4, which indic-
ates facile norbornene insertion at 0 ◦C, increases with polymerization temperature indicating that
NB addition becomes less likely as temperature increases. The incorporation as measured by r1
is also high for the Cs-symmetric complex 3. In general, metallocene catalysts are more likely
to form statistical (random) to alternating copolymers than blocky E/NB copolymers. This can
be seen by the products of r1r2 in Table 16.3, which are <1. C1-symmetric metallocenes should
produce stereoregular alternating copolymers (r1r2 ≈ 0), depending on the symmetry of the metal-
locene, whereas meso compounds (Cs-symmetric diastereotopes) should produce atactic alternating
copolymers (for polyolefins in general, C2v-symmetric and meso metallocenes make atactic mater-
ials, C2- and C1-symmetric metallocenes make isotactic materials, and Cs-symmetric (homotope)
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TABLE 16.3
Parameters r1, r2, and r1r2 for Ethylene/Norbornene Copolymerization with Different
Metallocene/MAO Catalysts (Monomer 1 = Ethylene; Monomer 2 = Norbornene)

Metallocene Symmetry Tp (
◦C)a r1 r2 r1r2

rac-[C2H4(H4Ind)2]ZrCl2 (4) C2 0 1.9 <1 ∼1
25 2.2 <1 ∼1
50 3.2 <1 ∼1

rac-[C2H4(Ind)2]ZrCl2 (6) C2 25 6.6 0.10 0.7
rac-[Ph2Si(Ind)2]ZrCl2 (7) C2 30 3.44 <1 ∼1
rac-[Me2Si(Ind)2]ZrCl2 (2) C2 30 2.6 <2 ∼1
[Me2C(Cp)(Flu)]ZrCl2 (8) Cs 30 3.4 0.06 0.2
[Ph2C(Cp)(Flu)]ZrCl2 (3) Cs 0 2.0 0.05 0.1

30 3.0 0.05 0.15
[Me2C(3-t-BuCp)(Flu)]ZrCl2 (9) C1 30 3.1 0 0
[Me2C(3-MeCp)(Flu)]ZrCl2(10) C1 30 3.3 0.001 0.03
meso-[C2H4(Ind)2]ZrCl2 (15) Cs diastereotope 30 18.1 0.007 0.13
Cp2ZrCl2 (1) C2v 23 20 <0.1 ∼1

aPolymerization temperature; see text for other conditions.

metallocenes make syndiotactic materials; C2- and C2v-symmetric catalysts make more random
copolymers, Cs-symmetric catalysts make random to alternating copolymers, and C1-symmetric
catalysts make more alternating copolymers).

The differing steric demands of the two inequivalent coordination sides in the C1-symmetric
catalyst Me2C(3-t-BuCp)(Flu)]ZrCl2 (9) were exploited to control the distribution of monomers
along the polymer chain, and to promote a specific copolymerization mechanism. The more open
coordination site of this catalyst can better accommodate norbornene (vide infra); in this manner,
the formation of alternating copolymers was accomplished (i.e., r1r2 = 0).

Table 16.4 shows activity, mol% norbornene incorporation, and copolymer molecular weight
and Tg/Tm for ethylene/norbornene copolymerization using MAO-activated zirconocenes 8–15. Of
the catalysts used in this investigation, [Me2Si(Cp)(Flu)]ZrCl2 (11) was the most active, providing
high molecular weights along with good comonomer incorporations in the polymer. The observed
Tgs of polymers formed with 11 reach 133 ◦C; the highest Tgs (200 ◦C) are achieved using
[Me2C(Cp)(Flu)]ZrCl2 (8).

Surprisingly, in some cases copolymer molecular weight increases with increasing norbornene
incorporation, which is remarkably illustrated by the catalyst [Me2C(3-MeCp)(Flu)]ZrCl2 (10). The
lowest weight average molecular weight (Mw) of 87,000 g/mol is found for a feed composition of
xN = 0.37 (37 mol% norbornene), reaching 431,000 g/mol at xN = 0.94.

As might be expected, the Tgs of the copolymers depend upon microstructure and norbornene
content. At about 14 mol% norbornene content in the copolymer (XN = 0.14), a Tg of 0 ◦C is
found for all of the catalysts tested and increases for statistically distributed (random) copolymers
to 200 ◦C. A random copolymer with XN = 0.50 has a Tg of about 145 ◦C.

The activities of [Me2Si(Ind)(Flu)]ZrCl2 (13), meso-[Me2Si(Ind)2]ZrCl2 (14), and meso-
[C2H4(Ind)2]ZrCl2 (15) are low, as are as the molar masses of the obtained polymers. Norbornene
block sequences were observed in these copolymers, which is remarkable, considering the generally
poor incorporation of norbornene by these systems. Multimodal molar mass distributions are found
for the products of 13/MAO (e.g., Mw/Mn = 8.1, xN = 0.59; Mn = number average molecu-
lar weight) and 14/MAO (e.g., Mw/Mn = 8.8, xN = 0.31), whereas the Mw/Mn distribution for
copolymers from the other catalysts is about 2.
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TABLE 16.4
Ethylene/Norbornene Copolymerization with Various Zirconocene/MAO Catalysts

Zirconocenea xNb XN
c Activity Mw

d,e Tg [Tm]f ,e

(kgPol/mol Zr·h) (g/mol) (◦C)

[Me2C(Cp)(Flu)]ZrCl2 (8) 0 0 1,540 558,000 [136]
0.21 0.090 5,880 178,000 [7]
0.40 0.145 5,550 230,000 0
0.56 0.260 5,080 114,000 46
0.80 0.371 3,310 129,000 92
0.95 0.495 1,780 158,000 135
0.99 0.626 2,080 143,000 200

[Me2C(3-MeCp)(Flu)]ZrCl2 (10) 0.19 0.073 3,430 145,000 n.d.
0.37 0.150 3,270 87,000 3
0.55 0.218 3,920 99,000 40
0.77 0.324 4,420 171,000 86
0.89 0.407 5,720 252,000 106 [215]
0.94 0.438 1,600 431,000 118 [243]
0.96 0.456 20 n.d. 124 [276]

[Me2C(3-t-BuCp)(Flu)]ZrCl2 (9) 0.23 0.055 1,850 230,000 −96
0.43 0.080 1,120 159,000 −66
0.58 0.160 296 101,000 14
0.68 0.220 355 90,000 37
0.83 0.313 437 82,000 74
0.91 0.373 205 7,300 97 [242]
0.93 0.388 145 8,900 103 [255]

[Me2Si(Cp)(Flu)]ZrCl2 (11) 0.21 0.054 38,900 842,000 [88]
0.40 0.123 27,100 705,000 −4 [44]
0.57 0.184 30,200 808,000 15
0.79 0.323 27,400 1,011,000 70
0.90 0.407 14,300 1,123,000 65
0.95 0.467 11,000 431,000 129
0.99 0.644 432 190,000 133

[Me2Si(Cp)(Ind)]ZrCl2 (12) 0.20 0.090 6,900 29,600 [8]
0.45 0.170 3,800 28,000 15
0.80 0.440 460 13,800 120

[Me2Si(Ind)(Flu)]ZrCl2 (13) 0.21 0.028 332 360,000 [124]
0.42 0.088 370 n.d. [127]
0.59 0.107 170 182,000 40 [124]
0.80 0.257 70 135,000 21 [126]
0.91 0.216 86 57,000 82 [129]

meso-[Me2Si(Ind)2]ZrCl2 (14) 0 0 2,780 4,400 [108]
0.31 0.096 654 12,600 [86]
0.49 0.170 260 200,000 2 [118]
0.70 0.299 27 222,000 77

meso-[C2H4(Ind)2]ZrCl2 (15) 0.40 0.41 1,970 221,000 [102]
0.49 0.57 688 210,000 2 [65]
0.90 0.253 180 245,000 51
0.98 0.387 7 81,400 n.d.

aConditions: [ethylene] = 0.237 mol/L = 2 bar, [Zr] = 5 µmol/L, [MAO] = 2.5 g/L (Al:Zr = 8600), 200 mL toluene, 2 h, 30 ◦C,
batch process; see text for other conditions and analytical procedures. bNorbornene molar fraction in feed. cNorbornene molar
fraction in copolymer (13C NMR, 1,2,4-trichlorobenzene, 100 ◦C). dBy GPC in 1,2,4-trichlorobenzene at 135 ◦C, versus
polystyrene. en.d. = Not detected. f By DSC.
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TABLE 16.5
Ethylene/Norbornene Copolymerization with Constrained Geometry Catalysts/MAO

CGC Catalysta xNb XN
c Activity Mη

d,f Tg [Tm]e,f

(kgPol/mol Ti/Zr·h) (g/mol) (◦C)

[Me2Si(3-t-BuCp)(N-t-Bu)]TiCl2 (16) 0 0 12,000 n.d. [135]
0.20 0.01 20,000 45,000 n.d.
0.40 0.03 27,000 48,000 n.d.
0.60 0.09 30,000 46,000 −3
0.80 0.18 18,000 37,000 17
0.95 0.35 4,000 20,000 78

[Me2Si(3-t-BuCp)(NC12H23)]TiCl2 (17) 0.40 0.17 350 54,000 16
0.60 0.25 250 43,000 40
0.80 0.35 200 40,000 79
0.95 0.49 70 22,000 140

[Me2Si(3-t-BuCp)(NAdam)]ZrCl2 (18) 0.20 0.10 400 n.d. −1
0.40 0.22 590 6,000 35
0.60 0.31 600 5,300 51
0.80 0.42 1,200 6,000 77
0.95 0.51 380 4,400 108

aConditions: [ethylene]o = 2 bar, [Zr] = 5–10 µmol/L, [MAO] = 2.5 g/L (Al:Zr ratio = 4300 – 8600), 200 mL toluene, 1 h,
90 ◦C; see text for other conditions and analytical procedures.
bNorbornene molar fraction in feed.
cNorbornene molar fraction in copolymer (13C NMR, 1,2,4-trichlorobenzene, 100 ◦C).
dCopolymer molar mass determined by viscosimetry in 1,2,4-trichlorobenzene at 135 ◦C.
en.d. = Not detected.
f By DSC.

Constrained geometry catalysts (CGCs) are also able to copolymerize ethylene and
norbornene.68,69–72 The MAO-activated CGCs Me2Si[(3-t-BuCp)(N-t-Bu)]TiCl2 (16), [Me2Si(3-
t-BuCp)(NC12H23)]TiCl2 (17), and Me2Si(3-t-BuCp)(NAdam)]ZrCl2 (18, Adam = adamantyl)
(Figure 16.11) were studied as copolymerization catalysts. Table 16.5 shows the results of these
copolymerizations.

The CGC catalysts are less active than C1-symmetric zirconocene/MAO systems, but produce
nearly perfectly alternating copolymers. For all three CGC catalysts, the product rErN(r1r2) is<0.03.
The 90 ◦C copolymerization parameters for the three catalysts are: 16, rE = 14.6, rN = 5× 10−8;
17, rE = 3.5, rN = 0.0006; 18, rE = 1.63, rN = 0.014. As seen for Cp-Flu zirconocenes, the
tert-butyl Cp substituent is a necessary condition to produce alternating structures. The norbornene
incorporation decreases with the following substitution at the ligand N-atom: adamantyl (18) >
cyclododecyl (17) > tert-butyl (16).

The mechanism by which ethylene/norbornene copolymerization proceeds depends on the exact
nature of the metallocene or CGC catalyst employed. The insertion rate depends not only on the
last inserted monomer unit, but can also be influenced by the second last inserted monomer unit.
The copolymerization parameters described above (Markov 1 model) are derived from the following
insertion events:

Cat–E–P+ E
kEE−→Cat–E–E–P

Cat–E–P+ N
kEN−→Cat–N–E–P
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Cat–N–P+ E
kNE−→Cat–E–N–P

Cat–N–P+ N
kNN−→Cat–N–N–P

where E = ethylene unit (or enchained ethylene unit), N = norbornene unit (or enchained norbornene
unit), P = growing polymer chain, and Cat = active metal center of catalyst, and

rE = kEE

kEN

rN = kNN

kNE

If the second last unit plays a role, eight equations are given (Markov 2 model); for example,

Cat–E–E–P+ N
kEEN−→ Cat–N–E–E–P

and

rEE = kEEE

kEEN

rEN = kENN

kENE

rNE = kNEE

kNEN

rNN = kNNN

kNNE

C1-symmetric catalysts such as 9 and 10 bear a Cp ring substituent pointing in the same direction
as one of the chlorine atoms on the Zr center. In the active catalyst species, the chlorine is replaced
by the growing polymer chain or a π-complex-bonded olefin. The coordination site on the same
side as the Cp substituent (site B) is more sterically hindered than the other coordination site (site
A). After insertion of a monomer coordinating at site B, the polymer chain is “walked” back to less
sterically hindered site A by the next monomer insertion (alternating/chain migratory mechanism).
But in some cases, the polymer chain can “back skip” to site A before the next monomer insertion
(site epimerization). Norbornene, as a bulky olefin, can be π-bonded only at site A73 (see Chapter 2
for a further discussion of the alternating and site epimerization mechanisms with catalyst 9).

A chain migratory insertion mechanism for ethylene/norbornene copolymerization utilizing both
A and B coordination sites in an alternating fashion66,73 is implied by the derived parameter set
rA

E = 3.08, rA
N = 0, rB

E = 500, and rB
N = 0 for the C1-symmetric tert-butyl-substituted Cp-Flu

metallocene 9 at 30 ◦C. However, for the analogous methyl-substituted catalyst 10, at relatively low
norbornene feed concentrations (i.e., xN < 0.93 and XN < 0.46) only one of the two coordination
sites is used, and this site inserts both monomers according to the derived parameters rE = 3.3 and
rN = 0.001. At higher norbornene feed concentrations (i.e., 0.93 < xN < 0.98) with 10, norbornene
blocks are formed by this chain back-skip mechanism.

In the case of the unsubstituted Cs-symmetric metallocenes 8 and 11, copolymerization proceeds
under control of the last inserted monomer unit (chain-end control), that is, it can be described by a
second order Markov model. Ethylene is inserted with these zirconocenes66 three times faster than
norbornene. No norbornene block sequences longer than two (NN units) are formed, in agreement
with parameters calculated for 8 (rEE = 2.40, rNE = 4.34, rEN = 0.03, and rNN = 0.00).66 This
result easily explains the maximum observed XN = 0.66.
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FIGURE 16.12 Palladium α-diimine catalysts used for ethylene/norbornene copolymerization (GLY= 1,2-
ethanediimine = glycine-derivate; BUD = 2,3-butanediimine).

Ethylene/norbornene copolymerization with the CGC catalysts could be described by a
Markov first order model. No temperature effects on incorporation and microstructure were
observed.

16.3.2 LATE TRANSITION METAL CATALYSTS

Ethylene/norbornene copolymerzations were carried out by the authors using palladium catalysts
incorporating symmetric α-diimine ligands.26,67 The synthesis of these catalysts is comparat-
ively easy and fast, making them a candidate for combinatorial chemistry. Symyx Technologies
has reported the combinatorial syntheses of large NiII and PdII α-diimine complex libraries and
the investigation of their ethylene polymerization behavior in high-throughput screenings.74 Two
α-diimine catalysts with interesting performance, [(2,6-Me2C6H3)2GLY]Pd (19, GLY = 1,2-
ethanediimine = glycine-derivate) and [(2,6-i-Pr2C6H3)2BUD]Pd (20, BUD = 2,3-butanediimine)
(Figure 16.12) were synthesized as discrete cationic species according to the literature,60 and
their behavior in ethylene/norbornene copolymerization was investigated in detail by the authors
(Table 16.6). The activities of these catalysts range from 8 to 243 kg polymer/mol Pd·h. Considering
the high incorporation rates of norbornene achieved, these activities are about one order of magnitude
lower than for typical metallocene/MAO catalyst systems.

Catalysts 19 and 20 show notably different polymerization behaviors. Catalyst 19 incorporates
norbornene much better than ethylene (Figure 16.13). Even at very low molar fractions of norbornene
in the feed (e.g., xN = 0.05), the incorporation of norbornene is at about XN = 0.44 (Table 16.6,
Run 2). When metallocene/MAO catalyst systems are used similarly, it is necessary to carry out
copolymerization at feed compositions of up to xN = 0.90 to incorporate norbornene in the same
amount. At higher xNs with 19, incorporation is nearly independent of feed composition and reaches
a plateau of about XN = 0.60. Polymerizations carried out at xN > 0.60 yielded partially insoluble
polymers that were not evaluable by standard 13C NMR characterization protocols.

In contrast, 20 shows almost ideal copolymerization behavior at low to moderate values of
xN, that is, the norbornene content of the polymer reflects the feed composition. The norbornene
incorporation levels are low compared to those seen with 19, although still higher than for most
metallocene/MAO catalysts. The norbornene content does not surpass XN = 0.40. No norbornene
block structures could be observed in the 13C NMR spectra; even at higher xN, sequences with
isolated norbornene units are formed exclusively as determined by 13C NMR.67 The coordination
sites of 20 are blocked by its isopropyl ligand aryl substituents and the ligand is inflexible because of
its 2,3-butanediimine bridge system. The steric bulk of the growing polymer chain, if norbornene is
the last inserted unit, disfavors the coordination of norbornene. The formation of norbornene block
sequences is therefore improbable. The coordination of ethylene is much more likely, leading to
copolymers with isolated norbornene units.

In contrast, the steric bulk of the methyl ligand aryl substituent groups in 19 is much lower,
and its 1,2-ethanediimine bridge is more flexible than the 2,3-butanediimine backbone of 20. The
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TABLE 16.6
Ethylene/Norbornene Copolymerization with Pd Diimine Catalysts (2,6-
Me2C6H3)2GLYPd (19) and (2,6-i -Pr2C6H3)2BUDPd (20)

Reaction conditionsa Results
Run xNb [E]oc [N]oc Pd Ad XN

e Tg
f Mη

g Mw/Mn
h

(mol/L) (mol/L) (µmol) (◦C) (g/mol)

[(2,6-Me2C6H3)2GLY]Pd (19)
1 0.00 0.70 — 16.76 36 0.00 −75 1,500i 1.4
2 0.05 0.72 0.04 4.19 161 0.44 98 13,000 1.4
3 0.10 0.72 0.08 4.19 243 0.48 126 36,000 1.5
4 0.20 0.57 0.14 4.19 120 0.54 146 40,000 1.7
5 0.34 0.47 0.24 8.38 67 0.59 169 55,000 1.9
6 0.40 0.42 0.28 16.76 57 0.60 177 54,000 1.8
7 0.50 0.35 0.35 16.76 50 0.62 189 36,000 1.7
8 0.59 0.29 0.41 16.76 34 0.62 216 18,000 1.7
9 0.80 0.14 0.56 16.76 11 [j] [k] 12,000 1.7
10 0.90 0.07 0.63 33.54 10 [j] [k] 7,000 2.7l

11 1.00 — 0.88 33.54 <1 1.00 [k] [m] [m]
[(2,6-i-Pr2C6H3)2BUD]Pd (20)
1 0.00 0.69 — 7.77 185 0.00 −67 73,000 1.1
2 0.10 0.63 0.07 7.77 75 0.09 −28 502,000 1.7
3 0.20 0.55 0.14 7.77 63 0.16 10 358,000 1.7
4 0.34 0.47 0.24 7.77 53 0.26 48 287,000 1.7
5 0.40 0.42 0.28 7.77 57 0.29 63 248,000 1.6
6 0.49 0.36 0.35 7.82 48 0.34 83 231,000 1.5
7 0.59 0.29 0.42 7.82 37 0.40 97 157,000 2.7
8 0.81 0.17 0.70 7.82 8 0.40 120 22,000 6.3
9 0.90 0.17 1.52 15.65 4 [j] [k] [m] [m]
10 1.00 — 0.79 26.22 <1 1.00 [j] [l] [l]

aConditions: 200 mL toluene, 30 ◦C (see Reference 67).
bNorbornene molar fraction in feed.
cE = ethylene; N = norbornene.
dActivity in kgPol/mol Pd·h.
eNorbornene molar fraction in copolymer (13C NMR, 1,2,4-trichlorobenzene, 100 ◦C).
f By DSC.
gCopolymer molar mass determined by viscosimetry in 1,2,4-trichlorobenzene at 135 ◦C.
hBy GPC in 1,2,4-trichlorobenzene at 135 ◦C, versus polystyrene.
iMw by GPC.
jNot evaluable by 13C NMR spectroscopy due to insolubility.
kPolymer decomposes.
lPolymer molecular weight distribution is bi- or multimodal.
mPolymer is not soluble.

coordination sites are therefore less blocked in 19, making norbornene block sequences more likely.
At xNs of less than 10%, alternating structures are dominant.67

There is a comonomer feed composition effect seen on the polymerization activity of 19. Activity
reaches a maximum at xN = 0.1 (Table 16.6, Run 3) and is seven times higher than that for the
homopolymerization of ethylene. At higher xNs, activity decreases. Catalyst 20 does not show such
an effect. The E/NB copolymer molecular weights obtained with the Pd catalysts range between
7,000 and 502,000 g/mol. For both catalysts, a comonomer feed composition effect on molecular
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FIGURE 16.13 Diagram for the copolymerization of ethylene and norbornene with palladium α-diimine
catalysts (triangles = 19; squares = 20).

weight is seen. The molecular weights increase with higher xNs, and reach a maximum for 19 by
xN = 0.34 and for 20 by xN = 0.1. The polydispersities (Mw/Mn) of the copolymers formed with the
Pd catalysts are generally lower than 2, indicating that the polymerization mechanism is intermediate
between single site (Mw/Mn = 2) and living (Mw/Mn = 1) character. Polymers produced at high
xNs are bi- or multimodal.

The amount of norbornene incorporated into the copolymer also influences Tg. The Tgs of E/NB
copolymers produced with 19 are very high and range from 98 to 217 ◦C. Copolymers produced at
xN = 0.80 and higher, as well as homo-PNB, show no Tgs or Tms under 350 ◦C, and decompose at
>350 ◦C. The Tgs of copolymers produced by 20 range from −28 to 120 ◦C, owing to their lower
norbornene content.

16.3.3 ANALYSIS AND STRUCTURE

The best method for E/NB copolymer micro- and stereostructural analysis is 13C NMR
spectroscopy,60,66,73,75 which can be used to determine if the polymer chain contains dyads and
triads (short norbornene blocks) or only isolated norbornene units. This section compares the differ-
ent microstructures of E/NB copolymers made with the different types of catalysts discussed in this
chapter. Details can be found in the literature.56,66,75,76

To begin a discussion of the micro- and stereostructures of E/NB copolymers produced with
different types of catalysts, trends for C1-symmetric metallocenes will first be considered. While C2-
symmetric catalysts (e.g., 2, 4, 6, 7) produce random copolymers with small norbornene blocks if the
norbornene concentration in the feed is high, C1-symmetric catalysts produce more alternating (10) or
purely alternating (9) polymers. The catalyst system 10/MAO was found to incorporate norbornene
slightly better than 9/MAO (Table 16.4); whereas exclusively isolated and alternating norbornene
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FIGURE 16.14 Structural units in E/NB copolymers with (a) isolated norbornene units and (b) alternating
norbornene/ethylene units.

TABLE 16.7
Assignment of the Norbornene C1–C7 and Ethylene Cα–Cδ

Carbon Atoms in E/NB Copolymers with Isolated or Altern-
ating Norbornene Units to Different Groups of 13C NMR
Peaks as Depicted in Figure 16.14

Signal Area δ 13C (ppm) Assignments

A 56–44.8 C2, C3
B 44.8–36.8 C1, C4
C 36.8–32.8 C7
D 32.8–10 C5, C6, Cα, Cβ, Cγ, Cδ

sequences (but no norbornene blocks) are formed by 9/MAO at 30 ◦C, polymers containing more than
47 mol% of norbornene produced by 10/MAO feature norbornene blocks (dyads).66 At a norbornene
feed concentration of xN = 0.998, copolymers made with 10 reach XNs of 0.60. The molar masses of
the copolymers produced by 10/MAO are significantly lower than average values in this study. Their
alternating microstructures lead to Tms in the range of 215–280 ◦C when 0.40 < XN < 0.46 (at even
higher values for XN, the crystallinity from the alternating microstructure is disturbed by norbornene
blocks). In comparison, copolymers produced by 9/MAO at 30 ◦C, which have only alternating
and isolated norbornene units, show Tms of up to 320 ◦C, peaking at 50 mol% norbornene in the
polymer.73

The incorporation level of norbornene, as well as its distribution and enchainment orienta-
tion, have a great influence on the properties of E/NB copolymers. Norbornene copolymerization
with early and late transition metal complexes happens exclusively by double bond addition (2,3-
insertion). The norbornene unit has a 2,3-cis-exo-orientation (Figure 16.14a), and two stereocenters
are formed in the polymer chain. Copolymers with isolated norbornene units therefore have different
possible tacticities than alternating copolymers (Figure 16.14b).

Table 16.7 gives correlations of 13C NMR peaks to the carbon atoms in the E/NB copolymer chain
as shown in Figure 16.14a (signal areas A, B, C, D stand for peak regions of the 13C NMR spectrum).
The signals for general E/NB copolymer 13C NMR spectra (i.e., for both isolated norbornene units and
norbornene–norbornene linkages) were assigned to the different compositional and stereochemical
pentads by different authors (Arndt,66,73 Fink,75,76 Tritto77). Table 16.8 shows a correlation of the
13C NMR peak assignments with the carbon atoms C2/C3. The assignments of Fink were carried
out using 13C-enriched monomers.75,76

The major differences in the pentads are reflections of the differing abilities of various metal-
locenes to form blocks of norbornene units and different stereoregularities within the norbornene
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TABLE 16.8
Pentad and Tetrad Assignments of 13C NMR Peaks for E/NB Copolymer Carbon
Atoms C2/C366,73,75,76

Peak Number δ 13C Pentada C-atom
(ppm)

1 55.6 r,m-ENNNE C2/C3
2 55.0 m,m-ENNNE C2/C3
3 52.0 m,m-NNNE C2/C3
4 51.5 m,r-ENNNE C2/C3
5 50.4 m,m-ENNN C2/C3
6 50.3 r-ENNE C2
7 49.4 m-ENNE C2
8 48.3 m-ENNEN/m-NENNE C3
9 48.23 m-ENNE C3
10 48.05 m,m-NENEN + 0.5 m-EENEN/m-NENEE C2/C3

= 0.5 m-ENEN/m-NENE
11 47.8 r-ENNE C3
12 47.7 m,m-EENNN C2/C3
13 47.55 r,r-NENEN + 0.5 r-EENEN/r-NENEE C2/C3

= 0.5 r-ENEN/r-NENE
14 47.35 EENEE + 0.5 EENEN/NENEE C2/C3

= 0.5 EENE/ENEE
15 45.8 m,r-NNNE C2/C3
16 44.8 m,r-ENNN C2/C3

aThe norbornene unit underlined in the pentad is considered for peaks assigned to C2/C3.

blocks.66 The C1-symmetric metallocene system 10/MAO (which gives highly alternating copoly-
mers at XN < 0.50 but can make blocks at higher levels) produces a copolymer consisting mainly
of alternating NENEN sequences, as characterized by a sharp 13C NMR resonance at 48 ppm, and
only a few (E)NN(E) blocks, characterized by small resonances at 51–49 ppm and at 47.5–47 and
29.5–28 ppm. In contrast, at an identical incorporation level of norbornene (49 mol%), the copoly-
mer produced by the unsubstituted 8/MAO catalyst system features a significantly higher amount of
(E)NN(E) blocks. Thus, the trend is a correlation of greater Cp ligand substitution to less blockiness,
that is, unsubstituted (8) > 3-Me (10) > 3-t-Bu (9). The 3-tert-butyl-Cp ligand substitution pattern
is so selective that no more than 50 mol% norbornene can be incorporated. The stereochemistry of
the NN linkage in the copolymers prepared with 8/MAO is most probably predominantly racemic
(syndiotactic), in accordance with the stereoselectivity of this catalyst system in the hydrooligo-
merization of norbornene. The polymer produced by the C2-symmetric ansa-metallocene system
2/MAO features meso (isotactic) (E)NN(E) blocks and longer N(N)N sequences, which increase
significantly as the norbornene incorporation rate increases, and are indicated by the appearance of
13C NMR resonances between 35 and 40 ppm.

In contrast to alternating polymers made using other catalyst systems, the alternating copolymer
structures obtained with 9 are not due to a chain-end control mechanism (that produces alternating
structures because sterically demanding monomers cannot insert twice in a row). Instead, this is due
to the structure of the catalyst in combination with a chain migratory insertion mechanism. In this
process, norbornene can insert at only one site of the catalyst, whereas the smaller monomer ethylene
can insert at either site, which results in copolymers containing only odd-numbered ethylene sequence
lengths.73 In the case of high norbornene:ethylene feed ratios, an alternating structure results.
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FIGURE 16.15 13C NMR spectra of E/NB copolymers synthesized using constrained geometry catalysts 16
(XN = 0.42), 17 (XN = 0.40), and 18 (XN = 0.41).

Broadening this comparison to include copolymers prepared by both early and late transition
metal catalysts, the results discussed immediately above show that C1-symmetric zirconocenes such
as 9/MAO produce only copolymers with isolated norbornene units or alternating structures (at
30 ◦C), mainly with isotactic (meso) configurations. C2-symmetric zirconocenes such as 2/MAO
readily produce norbornene dyads that are exclusively meso-linked (isotactic). In accordance with
their catalyst structures, Cs-symmetric zirconocenes such as 8/MAO produce norbornene dyads with
a rac-linkage (syndiotactic), although with a generally lower stereoselectivity. Palladium α-diimine
catalysts, despite the homotopic nature of their coordination sides (that would be expected to give a
mixture of meso and racemic blocks), produce norbornene dyads that are solely rac-connected. This
behavior can be attributed to a chain-end control type polymerization mechanism.

Alternating E/NB copolymers synthesized by CGC catalysts show a range of different micro-
structures and tacticities (Figure 16.15). Catalysts 16 and 18 are not able to make copolymers with
norbornene–norbornene dyads, even with a high molar excess of norbornene in the feed. Small
amounts of meso norbornene dyads can be observed if catalyst 17, which contains a relatively
flexible cyclododecyl ligand N-substituent, is used.

Alternating copolymers prepared with 16/MAO and 17/MAO are predominantly isotactic.
However, the low amounts of syndiotactic alternating structures present are sufficient to prevent
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FIGURE 16.16 Tgs of E/NB copolymers made with different zirconocenes (filled squares= 2; open squares
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crystallization, and these materials are amorphous. Copolymers prepared with 18/MAO do not show
any syndiotactic alternating sequences, and are semicrystalline with a melting point of 280 ◦C if
the norbornene content is more than 40%. The melting point of the alternating sequences is not
sensitive to composition; only the amount of crystallinity depends on the composition, and increases
with the norbornene content at compositions of over 40 mol% norbornene. Longer ethylene blocks
are formed with the N-adamantyl catalyst 18, which has the bulkiest N-substituent, as compared to
CGCs 16 and 17.

16.3.4 PROPERTIES AND INDUSTRIAL APPLICATIONS

E/NB copolymers are characterized by excellent transparency and high, long-life service tem-
peratures. They are solvent- and chemical-resistant and can be melt processed. Owing to their
high carbon/hydrogen ratio, these polymers have a high refractive index (1.53 for a 50:50
ethylene/norbornene copolymer). Their stability against hydrolysis and chemical degradation, in
combination with their stiffness, makes them interesting materials for optical applications, for
example in compact discs, lenses, or films. The Tgs of E/NB copolymers (both statistically random
and alternating types) are correlated with norbornene incorporation (Figure 16.16).

At a norbornene content of 50 mol%, the Tg of a statistically random or alternating E/NB copoly-
mer is about 150 ◦C. A material with 75 mol% norbornene has a Tg of about 200 ◦C. Alternating
copolymers are semicrystalline if the norbornene content is above 37 mol%. They feature Tgs of
100–130 ◦C and Tms of 270–320 ◦C. Alternating copolymers have an even greater solvent resist-
ance than statistical copolymers, although they are still transparent owing to the small size of their
crystalline regions (5 nm).

The Tg of COC copolymers can be increased if higher condensed cyclic olefin comonomers
are used, such as dimethanooctahydronaphthalene (DMON) or trimethanododecahydroanthracene
(TMDA) (Figure 16.17).78,79 With increasing monomer bulk, incorporation of the cycloolefin
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DMON TMDA

FIGURE 16.17 Structures of dimethanooctahydronaphthalene (DMON) and trimethanododecahydro-
anthracene (TMDA).

becomes more and more difficult. While r1 for norbornene is similar to that of propylene, r1 values
for DMON and TMDA are comparable to those of 1-butene and 1-hexene.

Because polypropylene has a much higher Tg than polyethylene, the copolymerization of pro-
pylene and norbornene yields copolymers featuring higher Tgs than E/NB copolymers at similar
norbornene contents. The rate of propylene/norbornene copolymerization is significantly lower than
that observed for ethylene/norbornene copolymerization, most reasonably explained by the diffi-
culty of inserting propylene after the cycloolefin owing to steric interactions of the propylene methyl
group and the norbornene unit. Therefore, the rate of insertion is lowered relative to the rate of chain
termination, and the molecular weights of these copolymers decrease dramatically with increasing
norbornene:propylene feed ratios.

A commercial plant for the production of COC material (E/NB copolymer) was built in 2000 by
Ticona in Oberhausen, Germany, with a capacity of 30,000 t/a (tons per annum). Mitsui produces
E/NB copolymers using vanadium-based catalysts. The industrially produced copolymers have nor-
bornene contents between 30 and 60 mol% and Tgs of 120–180 ◦C. The copolymer densities are
low and near 1. For many applications, these COC materials show better mechanical properties
than comparable amorphous thermoplastics, and are processible by all conventional methods. E/NB
copolymers are proving valuable as materials for high capacity CDs and DVDs, lenses, blister foils,
medical equipment, capacitors, and packaging.16

16.4 CONCLUSIONS

Single site catalysts, such as metallocene compounds, CGCs, and nickel or palladium diimine
complexes, used in combination with MAO or borate cocatalysts, are highly active for the homopoly-
merization of norbornene and its copolymerization with ethylene. The structure of the norbornene
homo- and copolymers can be widely influenced by the symmetry and structure of the ligands on
the transition metal complexes.

E/NB copolymers can be obtained as random amorphous materials with high Tgs or as altern-
ating, partially crystalline materials with high Tms. Amorphous copolymers have short blocks of
norbornene units (dyads or triads), which account for their high Tgs and excellent optical prop-
erties. All norbornene homo- and copolymers made by single site catalysts are characterized by
narrow molecular weight distributions, which make technical processing easier. The first commercial
norbornene copolymer products are already available.
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17.1 INTRODUCTION

Polydienes are amongst the largest worldwide produced and manufactured classes of polymers.
This is because of their elastomeric properties, which make them suitable for many applications as
synthetic rubbers.1

The peculiar features of polydienes are due not only to the presence of unsaturated double bonds
in the polymer chain, but also to their particular microstructural characteristics (chemo-, regio-,
and stereoselectivity). Owing to the complexity of polydiene structures, before going into detail
concerning the different stereoregular polymers that can be obtained from a given monomer, it is
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worth clarifying the meaning of the terms used to describe the selectivity of the polymerization
reactions, because these reactions determine the microstructures of the resulting polydienes.

1. Chemoselectivity refers, in a general sense, to the preferential reactivity of a chemical
functionality with respect to another functionality present in the same molecule. In the
case of diene polymerization, this term is used to depict the preferential reactivity of
one double bond with respect to another double bond, leading (in the case of complete
selectivity) to the formation of a polymer constituted of only one repeat unit (i.e., a 1,2-,
1,4-, or 3,4-polydiene).

2. Regioselectivity refers, in analogy to α-olefin polymerization, to the mode of insertion of
the double bond into the bond between the metal and the growing polymer chain (i.e.,
Markovnikov or anti-Markovnikov).

3. Stereoselectivity describes the preferential formation of one stereoisomer when two or
more stereoisomers are possible. In the case of polydienes, in addition to the iso–syndio
isomerism possible due to the presence of a prochiral carbon atom (as observed for α-olefin
monomers), an additional source of stereoisomerism is present. This is the presence of
the double bond in the polymer backbone, which can assume two possible configurations
(cis–trans).

As a consequence, even for the simplest diene monomer, butadiene (BD), one can obtain four
different kinds of stereoregular polybutadienes (PBDs), as shown in Figure 17.1. Isomerism becomes
even more complex in polymers of substituted (isoprene-like) monomers having the general formula
H2C=CRCH=CH2 (R= alkyl or aryl group), because in this case it is possible to obtain additional
enchainment structures, as shown in Figure 17.2. Moreover, for monomers having the general
formula H2C=CHCH=CHR, the presence of the additional asymmetric (R group-bearing) carbon
in combination with the stereoisomerism arising from the presence of the double bond causes an
even higher number of possible stereoregular polymer microstructures.

Dienes can be efficiently polymerized by anionic polymerization, but this polymerization process
only yields polymers with a low degree of stereoregularity.2 In analogy to α-olefin polymerization,
the tool that has paved the way for the synthesis of highly stereoregular diene polymers is the
use of transition metal catalysts. Using suitable catalytic systems, it is possible, for example, to
obtain BD polymers of all possible microstructures with a high degree of stereoregularity. As with
the polymerization of α-olefins, the mechanism commonly accepted for this polymerization is an
insertion mechanism. However, as compared to stereoregular α-olefin polymerizations, the polydiene
microstructure is less easily predictable from catalyst design. In many cases, the nature of the metal
center and reaction conditions play a decisive role in stereocontrol. This behavior is most likely
due to the more remarkable role of electronic factors in diene polymerization as compared to steric
factors. The stronger influence of electronic factors is a result of the additional double bond in diene
monomers, which can interact with the metal center to give allylic-type interactions that can have a
strong influence on stereocontrol.
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FIGURE 17.1 Structures of stereoregular polybutadienes: (a) cis-1,4-polybutadiene; (b) trans-1,4-
polybutadiene; (c) isotactic or syndiotactic 1,2-polybutadiene.
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FIGURE 17.2 Structures of stereoregular 2-substituted (isoprene-like) polybutadienes (R = alkyl or aryl
group): (a) cis-1,4-polymer; (b) trans-1,4-polymer; (c) isotactic 1,2-polymer; (d) syndiotactic 1,2-polymer;
(e) isotactic 3,4-polymer; (f) syndiotactic 3,4-polymer.

In recent years, however, many endeavors have been devoted to rationalize the polymerization
behavior of conjugated dienes from both the experimental and theoretical points of view. This chapter
will cover the latest developments in the field with particular attention given to stereoselective
polymerizations performed in the presence of homogeneous catalytic systems.

17.2 BUTADIENE POLYMERS

cis-1,4-Polybutadiene is one of the most important rubbers used for technical purposes and is pro-
duced with a high degree of stereoregularity using conventional Ziegler–Natta catalysts.1 Moreover,
the other possible stereoregular microstructures are also known for PBD (trans-1,4-polybutadiene,
isotactic 1,2-polybutadiene, and syndiotactic 1,2-polybutadiene).

17.2.1 CIS-1,4-POLYBUTADIENE

The first and most extensively studied catalytic systems for the polymerization of BD were the
conventional Ziegler–Natta systems comprising titanium salts and aluminum alkyls: AlR3/TiCl4,
AlR3/TiBr4, and AlR3/TiI4 (R=Me, Et, i-Bu).3 These systems produce 1,4-PBD with a cis content
ranging from 65% in the case of the chloride derivatives of titanium to 94% in the case of the
iodide derivatives, with the concomitant production of crystalline trans polymer (∼2%) and a low
content of 1,2 units (∼4%). The most commonly used aluminum alkyl is Al(i-Bu)3, but other types
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FIGURE 17.3 Bis(aryloxo)-based titanium catalysts: 2,2′-thiobis(6-tert-butyl-4-methylphenoxy)titanium
diisopropoxide (1) and bis(phenoxyimino)titanium dichlorides (2). (Reprinted with permission from Lopez-
Sanchez, J. A.; Lamberti, M.; Pappalardo, D.; Pellecchia, C. Macromolecules 2003, 36, 9260–9263. Copyright
2003 American Chemical Society.)

of aluminum alkyls have also been used. These catalysts were the basis for the first commercial
production of PBD; however, it is not possible to use them to obtain a polymer with a cis content
of higher then 95%. In analogy to α-olefin polymerization, these catalysts produce polymers with
broad molecular weight distributions owing to the presence of multiple active sites in the catalyst
system.

Recently, homogeneus titanium half-sandwich catalysts of the general formula Cp′TiX3 (Cp′ =
cyclopentadienyl (C5H5)or alkyl-substituted cyclopentadienyl; X=F, Cl, Br, OR (R= alkyl group)),
when activated by methylaluminoxane (MAO), have demonstrated high activities for the production
of 1,4-PBD with a cis content of 75%–85%.4 In contrast to heterogeneous catalytic systems, the poly-
mers obtained in this case have a very low content of trans units (1%–5%) but show a higher content
of vinyl (1,2-enchained) units (15%–20%) that are useful for subsequent vulcanization. In addition,
Miyazawa et al. have shown that it is possible to obtain polymerization with living behavior by per-
forming the polymerization at subambient temperatures.5 Both Ti(CH2Ph)4 and bis(aryloxo)-based
titanium compounds, such as 2,2′-thiobis(6-tert-butyl-4-methylphenoxy)titanium diisopropoxide
(1) and bis(phenoxyimino)titanium dichlorides (2) (Figure 17.3), when activated with MAO,
show analogous behavior to that of half-sandwich titanocenes, leading to the hypothesis that the
same catalytic species is formed during the polymerization regardless of the catalyst precursor
structure.6

Vanadium(III) complexes, namely Cp2VCl and CpVCl2(PEt3)2 (Cp = C5H5), produce PBD
with a predominantly cis-1,4 structure (87%) containing some 1,2 units (12%) and very low trans
content (1%) when activated by MAO.7 Compounds 3 and 4 (Figure 17.4), when activated by MAO,
produce PBD with similar contents of cis-1,4 (91%) and 1,2 units (9%), but with no detectable trans
content.8

Homogeneous catalytic systems based on cobalt salts of organic acids (typically Co octanoate)
and aluminum alkyls containing chlorine (i.e., AlEt2Cl, Al2Et3Cl3, or AlEtCl2) display high activity
and produce PBD with cis contents of up to 95% depending on the polymerization conditions
(temperature, Cl:Al ratio in the alkylaluminum chloride compound, and the nature of the solvent).9

The systems Co(stearate)3/MAO/tert-butyl chloride and Co(acac)3/MAO (acac = acetylacetonate)
have also been shown to produce PBD with a high cis content (>97%) and a narrow molecular
weight distribution.10

Several catalytic systems based on nickel give high cis content PBDs with activities and
stereoselectivities similar to those observed for cobalt compounds.11 One such catalytic sys-
tem is either a soluble nickel salt (Ni(acac)2 or Ni(octanoate)2) plus an alkylaluminum chloride,



DK3712: “dk3712_c017” — 2007/10/10 — 14:10 — page 451 — #7

The Stereoselective Polymerization of Linear Conjugated Dienes 451

V

NMe

NMe

Cl V

N

N

Cl

3 4

FIGURE 17.4 Bis(cyclopentadienyl) vanadium(III) complexes active for the cis-1,4 polymerization of
butadiene. (Reprinted with permission from Bradley, S.; Camm, K. D.; Furtado, S. J.; Gott, A. L.; McGowan,
P. C.; Podesta, T. J.; Thornton-Pett, M. Organometallics 2002, 21, 3443–3453. Copyright 2002 American
Chemical Society.)

or a three-component AlEt3/Ni(carboxylate)2/(BF3·OEt2) system. These systems produce PBD
with cis contents of up to 98%. In addition, the aluminum alkyl-free Ni(cod)2/B(C6F5)3 (cod
= 1,5-cyclooctadiene) system also produces PBD with a predominantly (up to 91%) cis-1,4
structure.12

The best results in terms of activity, cis selectivity, and polymer molecular weight have so far been
obtained using catalytic systems based on lanthanides, in particular on neodymium. Amongst these
we can distinguish two class of catalytic systems: AlEt2Cl/Nd(carboxylate)3/Al(i-Bu)3 and Al(i-
Bu)3/NdCl3(L)n (where L is a donor such as tetrahydrofuran, dimethylsulfoxide, or pyridine).13

Both systems are able to produce PBD with cis contents of up to 99% and negligible trans content.
Notably, the PBD molecular weight increases continuously with the polymerization time, which is
the most distinctive feature of these catalytic systems. BD polymerization using these systems cannot
be considered to be a true living polymerization because of the relatively broad molecular weight
distributions obtained (Mw/Mn > 2). Recently, Taube and coworkers have shown that neodymium
tris-allyl complexes of the general formula Nd(C3H4R)3 (R= H or -(C6H4)xC3H5, with x= 0–15),
when activated by various aluminum alkyls or aluminoxanes, are able to produce PBD with high cis
contents and narrow molecular weight distributions (Mw/Mn < 1.4) at high temperatures (50 ◦C).14

A very high degree of cis-1,4 selectivity (>99.5%) and “living” character (Mw/Mn = 1.4–1.8) has
been obtained by Hou and coworkers using a samarocene catalyst (5, Figure 17.5) in combination
with modified methylaluminoxane (MMAO).15

17.2.2 TRANS-1,4-POLYBUTADIENE

Despite the low commercial interest in trans-1,4-polybutadiene (due to its crystalline nature, which
prevents its use in applications as a synthetic rubber), many catalytic systems are able to produce
PBD with a high trans-1,4 selectivity.

Heterogeneous titanium systems such as TiCl3/AlEt3 produce mixtures of PBDs containing vari-
ous amounts of trans-1,4 polymer, which can be recovered after extraction with a suitable solvent.16 A
polymer consisting of 93%–94% trans-1,4-polybutadiene can be obtained using the catalytic system
AlEtCl2/Ti(On-Bu)4.17
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FIGURE 17.5 Samarium(II) complexes active for the cis-1,4 polymerization of butadiene. (Reprinted with
permission from Kaita, S.; Takeguchi, Y.; Hou, Z.; Nishiura, M.; Doi, Y.; Wakatsuki, Y. Macromolecules 2003,
36, 7923–7926. Copyright 2003 American Chemical Society.)
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FIGURE 17.6 A bis(imino)pyridyl vanadium(III) complex, {2,6-[(2,6-i-Pr2C6N3)N=C(Me)]2
(C5H3N)}VCl3] (6), active for the trans-1,4 polymerization of butadiene. (From Colamarco, E.; Milione, S.;
Cuomo, C.; Grassi, A. Macromol. Rapid Commun. 2004, 25, 450–454. With permission.)

Various heterogeneous and homogeneous systems consisting of vanadium halides (VCl3, VCl4,
VOCl3) and aluminum alkyls produce high molecular weight PBD with trans selectivities of up to
99%.18 Other MAO-activated soluble vanadium compounds, such as bis(imino)pyridyl vanadium
complexes (i.e., 6, Figure 17.6), have been shown to produce PBD with high trans selectivity.
However, the PBDs obtained with both the vanadium halides and other catalyst systems exhibit
broad molecular weight distributions.19

Recently, Yasuda and coworkers have obtained PBD with high trans-1,4 selectivity by using
MMAO-activated iron complexes bearing tridentate terpyridyl N ,N ,N-donor ligands (7, Figure 17.7)
as catalysts.20 By adding a neutral donor such as a tertiary amine (e.g., NEt3) to the cobalt salt-based
catalytic systems described earlier for the synthesis of cis-1,4-polybutadiene, it is also possible to
prepare PBD with high trans selectivity (up to 95%).21 Simple rhodium salts such as Rh(NO3)3·2H2O
and RhCl3·3H2O also produce PBD with high trans selectivity in aqueous or alcoholic solution; not-
ably, no alkylating agents are required.22 Finally, single-component lanthanide tris-allyl complexes
and binary systems consisting of neodymium alkoxides or aryloxides and dialkylmagnesiums (in
place of the alkylaluminum reagents used to provide a cis-1,4-specific catalyst as described previ-
ously) also produce PBD with high trans selectivity (95%) and narrow molecular weight distributions
(Mw/Mn = 1.1–1.8).23
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FIGURE 17.7 Terpyridyl iron(III) complexes active for the trans-1,4 polymerization of butadiene and
the 3,4-polymerization of isoprene. (Reprinted with permission from Nakayama, Y.; Baba, Y.; Yasuda H.;
Kawakita, K.; Ueyama, N. Macromolecules 2003, 36, 7953–7958. Copyright 2003 American Chemical
Society.)

17.2.3 SYNDIOTACTIC AND ISOTACTIC 1,2-POLYBUTADIENES

While these crystalline stereoregular polymers are not of commercial interest, their synthesis has
been accomplished using a variety of catalytic systems. Titanium alkoxides in combination with
aluminum alkyls produce syndiotactic 1,2-polybutadiene with the concomitant production of an
amorphous polymer.24 V(acac)3, Co(acac)3, Mo(acac)3, and other cobalt and molybdenum com-
pounds such as CoBr2, Co(SCN)2, MoCl5, and MoO2(acac)2, when used in combination with
aluminum alkyls, produce mixtures of PBDs in which the amount of 1,2-syndiotactic polymer can
rise to above 80%.25 The best results in terms of 1,2 selectivity (>99%) and polymer crystallinity
(>79%) are obtained using the ternary system Co(acac)3/organoaluminum/CS2 (organoaluminum
= aluminoxane, aluminum alkyl, or alkylaluminum halide).26 Porri and coworkers have recently
obtained PBD with a prevalently 1,2-syndiotactic microstructure (up to 70%) using various MAO-
activated iron complexes such as Fe(bipy)2Et2 (8; bipy = 2,2′-bipyridine) and Fe(phen)2Cl2 (9;
phen = 1,10-phenanthroline) (Figure 17.8).27

Isotactic 1,2-polybutadiene has so far only been obtained using catalyst systems composed of
aluminum alkyls and soluble chromium compounds such as Cr(acac)3, Cr(C=NPh)6, Cr(CO)6, and
Cr(CO)3Py3.28 In all of these cases, high Al:Cr ratios and ageing of the catalytic system are crucial
to obtain prevalently isotactic polymer; otherwise, syndiotactic polymer is produced. This behavior
indicates that the catalytic species actually responsible for the isotactic polymerization are formed
by reduction of the initial Cr complex by the alkylaluminum reagent.

17.3 ISOPRENE POLYMERS

The presence of an additional methyl group on the C2 carbon of the BD skeleton gives rise to a
more complicated situation regarding the possible number of polymer stereoisomers for isoprene
(Figure 17.2; R = CH3). However, owing to the lower reactivity of this monomer as compared
to BD, only a few stereoregular polyisoprenes (PIs) have been obtained so far. Synthetic cis-
1,4-polyisoprene obtained by transition metal catalysis is practically identical to natural rubber,
with a cis content of ca. 97%. Highly 1,4-trans polymer (>99%) with a structure equivalent to
that of natural balata or gutta-percha rubber can be also obtained by judicious choice of the cata-
lytic polymerization system. The industrial production of these polymers is less profitable than
that of PBD owing to the high cost of isoprene monomer and the large availability of the natural
products.1
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FIGURE 17.8 Iron(II) complexes active for the 1,2-syndiotactic polymerization of butadiene and the 3,4-
polymerization of isoprene: Fe(bipy)2Et2 (8; bipy = 2,2′-bipyridine) and Fe(phen)2Cl2 (9; phen = 1,10-
phenanthroline).

17.3.1 CIS-1,4-POLYISOPRENE

Classical heterogeneous Ziegler–Natta catalytic systems based on TiCl4/AlR3 (R = Me, Et, i-Bu)
were initially used to obtain 1,4-polyisoprene with high cis content. These systems have been thor-
oughly studied. Notably, several parameters such as Al:Ti ratio, reaction temperature, the nature of
the alkyl groups in the organoaluminum compounds, catalyst ageing, and the presence of additional
atom donors such as Ph2O and CS2 can influence both catalyst activity and stereoselectivity.29

In spite of the high activities shown for BD polymerization by homogeneous catalyst systems,
amongst these only a few have been found to be active for isoprene polymerization. MAO-
activated titanium complexes produce 1,4-polyisoprene polymer with a prevalently cis microstructure
(>94%).6a,c Recently, Miyazawa et al. have shown that monocyclopentadienyl titanium complexes
activated by MAO can promote isoprene polymerization, giving polymers with narrow molecular
weight distributions (Mw/Mn < 2) and cis contents of up to 92% with small amounts of 1,2- and
3,4-enchained structures also present.30

Neodymium-based complexes, analogous to those previously discussed for high cis-1,4-
polybutadiene, also polymerize isoprene with high cis selectivity (>95%).31

17.3.2 TRANS-1,4-POLYISOPRENE

Titanium-based TiCl3/AlR3 (R = Me, Et, i-Bu) catalysts produce PI with high trans contents
(>85%).16 However, the most active and stereoselective systems for the synthesis of trans-1,4-
polyisoprene are those based on vanadium compounds. Vanadium halides and mixtures of vanadium
and titanium halides, in combination with aluminum alkyls, give high trans-1,4-polyisoprene
(∼90%).18

17.3.3 3,4-POLYISOPRENE

Recently, PIs with high 3,4 contents (up to 99%) have been obtained using various catalytic systems
based on iron complexes and MAO or MMAO. The highest selectivity is obtained in the presence
of the previously mentioned terpyridyl iron complexes 7 (>99%),20 while Fe(bipy)2Cl2 complexes
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activated by MAO give PI with a lower degree of 3,4 content (93% at −78 ◦C).27 In spite of the
high crystallinity shown by these polymers, they seem to possess a low degree of stereoregularity,
displaying a comparable amount of isotactic and syndiotactic dyads in their 13C nuclear magnetic
resonance (NMR) spectra.

17.4 1,3-PENTADIENE POLYMERS

1,3-Pentadiene (PD) exists in two isomeric forms, (E) and (Z), having different reactivities
and chemoselectivies depending on the type of catalyst used. The presence of an additional
source of stereoisomerism owing to the presence of a terminal methyl group in the monomer
causes a multiplication of the possible stereoregular polymers (Figure 17.9). Amongst the 11
possible stereoregular polymers, however, only five have been prepared so far: trans-1,4-
isotactic, cis-1,4-isotactic, cis-1,4-syndiotactic, cis-1,2-syndiotactic, and trans-1,2-syndiotactic
poly(1,3-pentadiene) (PPD).

17.4.1 ISOTACTIC TRANS-1,4-POLYPENTADIENE

Highly crystalline trans-1,4-isotactic PPD has been prepared using the heterogeneous system
AlEt3/VCl332 starting from either the (E) or (Z) isomers; however, at present, no homogeneous
catalyst is known that gives trans-1,4-isotactic polymers from PD.

17.4.2 ISOTACTIC CIS-1,4-POLYPENTADIENE

cis-1,4-Isotactic polypentadiene was first synthesized with the homogeneous catalytic system
AlR3/Ti(On-Bu)4 (R = Et, i-Bu).33 The crude polymer also contains 1,2 and 3,4 polymers in the
amount of about 30%, which can be removed by extraction to give the crystalline product polymer.
It is worth noting that both the (E) and (Z) isomers of PD can be polymerized with this system.
Interestingly, when the pure (Z) isomer is used, a mixture of the two isomers is recovered in the
presence of the catalyst at about 10% conversion, showing that the (Z) isomer is transformed into
the (E) isomer during the polymerization process. A more active and stereoselective system for the
synthesis of cis-1,4-isotactic PPD is the ternary system AlEt2Cl/Nd(octanoate)3/Al(i-Bu)3, which
produces highly crystalline polymers containing up to 95% cis-isotactic units.34 The non-cis units
are predominantly 1,2 with no traces of 3,4 units. In this case, only the (E) isomer is efficiently
polymerized.

Various MAO-activated catalytic systems based on chromium(II) compounds, such as
CrCl2(dmpe)2 and Cr(CH3)2(dmpe)2 (dmpe = 1,2-bis(dimethylphosphino)ethane), produce cis-
1,4-isotactic PPD from (E)-1,3-pentadiene and atactic cis-1,4-polypentadiene from (Z)-1,3-
pentadiene.35

CpTiCl3activated by MAO polymerizes (Z)-1,3-pentadiene, affording a polymer with high cis
content (≥99%) at room temperature. In this case, the polymer does not show crystallinity, suggesting
an atactic arrangement of the methyl groups.4a Notably, in this case the (E) isomer is more reactive,
but its polymerization results in a mixture of 1,4-cis (50%), 1,4-trans (40%), and 1,2 (10%) units.
Similar results have also been obtained using bis(phenoxyimino) titanium catalysts 2 activated by
MAO.6c

17.4.3 SYNDIOTACTIC CIS-1,4-POLYPENTADIENE

This polymer is produced by cobalt-based catalyst systems such as Co(acac)3/AlEt2Cl/H2O36 and
Co(acac)3/MAO.37 The presence of water in the former catalytic system is needed to produce an
aluminoxane, which is the true activator. The polymer produced is highly crystalline, with a 1,4-cis
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FIGURE 17.9 Structures of the possible stereoregular polymers of 1,3-pentadiene: (a) cis-1,4-isotactic; (b)
cis-1,4-syndiotactic; (c) trans-1,4-isotactic; (d) trans-1,4-syndiotactic; (e) 1,2-isotactic (cis and trans); (f)
1,2-syndiotactic (cis and trans); (g) 3,4-erythrodiisotactic; (h) 3,4-threodiisotactic; (i) 3,4-disyndiotactic.

content of up to 94% and minor amounts of 1,2 (5%) and 1,4-trans units (<1%). Crystalline cis-
1,4-syndiotactic PPD is also obtained in presence of AlEt3/Ni(octanoate)2/BF3 with lower 1,4-cis
content (88%).38 Ni(acac)2

4a and Cp2Ni39 catalysts activated with MAO also produce a polymer
with a predominantly cis-1,4-syndiotactic structure (85%) and lower amounts of 1,4-trans (12%)
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and 1,2 units (3%). It is worth noting that in the presence of these catalytic systems only the (E)-
1,3-pentadiene isomer is polymerized; even in mixtures of the two isomers, the (Z)-1,3-pentadiene
isomer is completely unreactive.

17.4.4 SYNDIOTACTIC CIS-1,2-POLYPENTADIENE

The catalytic system CpTiCl3, which at room temperature produces PPD with an atactic 1,4-cis
microstructure, instead gives at polymerization temperatures of≤−30 ◦C highly crystalline, stereo-
regular cis-1,2-syndiotactic (≥99%) PPD having a melting point (Tm) of ca. 100 ◦C.40 This polymer
was subsequently fully characterized by 1H and 13C NMR, infrared (IR) spectroscopy, and X-ray
diffraction.41

17.4.5 SYNDIOTACTIC TRANS-1,2-POLYPENTADIENE

Highly crystalline PPD (Tm 132 ◦C) consisting of trans-1,2-syndiotactic units (≥99%) was obtained
for the first time using the catalytic system CoCl2(Pi-PrPh2)2/MAO.42 In this case, only the (E)
isomer is reactive, whereas the (Z) isomer is completely unreactive. The C2-symmetric zirconocene
compound rac-[CH2(3-tert-butyl-1-indenyl)2]ZrCl2, when activated by MAO, produces a preval-
ently 1,2-syndiotactic (80%–95%) polymer from (E)-1,3-pentadiene with low activity.43 In this
case, the 1,4-trans units present in the polymer (5%–20%) lower the crystallinity, resulting in an
amorphous polymer. This system also polymerizes (Z)-1,3-pentadiene, producing atactic 1,4-trans
polymer. PPDs with prevalently 1,2-syndiotactic structures were also obtained in the presence of
AlEt2Cl/Co(acac)3 in heptane44 and AlEt3/Fe(octanoate)/BuSCN,38 in both cases with a low degree
of stereoregularity.

17.5 OTHER CONJUGATED DIENE POLYMERS

1,3-Dialkenes having different structures than butadiene, isoprene, and 1,3-pentadiene can be
described as substituted butadienes bearing alkyl groups at the C1 or C2 carbon atoms, as shown in
Figure 17.10.

The interest in the synthesis of stereoregular polymers based on these 1,3-diene monomers is
rather limited owing to their scarce availability and consequent high cost. However, some polymer-
izations have been performed, mainly to gain (from an analysis of polymer microstructure) more
information about the mechanism of polymerization in the presence of a given catalyst. In this area,
most studies date back to the infancy of Ziegler–Natta catalysis and therefore deal with heterogen-
eous catalysts based on titanium or vanadium salts.1 Only in a few cases have such monomers been
used more recently with homogeneous catalysts. Longo and coworkers have reported the polymer-
ization of phenyl-1,3-butadienes, namely, 2-phenyl-1,3-butadiene and (E)-1-phenyl-1,3-butadiene,
in the presence of CpTiCl3 and Ni(acac)2 activated by MAO.45 2-Phenyl-1,3-butadiene behaves
like other dienes (e.g., butadiene, isoprene), giving a polymer with high cis content (>99%) with
titanium catalysts, while affording polymer with a low degree of stereoregularity (63% 1,4-cis; 26%

CH2 CH CH CH R

R = Et, i-Pr, n-Bu, i-Bu, Ph 

CH C

R

R = Et, i-Pr, t-Bu, Ph 

(a) (b)

CH2
CH2

FIGURE 17.10 Other conjugated diene monomers: (a) 1-substituted butadienes; (b) 2-substituted butadienes.
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FIGURE 17.11 The possible stereoregular polymers of 4-methyl-1,3-pentadiene: (a) 1,2-isotactic or
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1,4-trans; 1% 3,4) with the nickel catalyst. In contrast, with both catalytic systems, (E)-1-phenyl-
1,3-butadiene gives a polymer with a predominantly 3,4 structure (76%–84%) and minor amounts
of 1,4-cis (11%–16%) and 1,4-trans (5%–8%) units. These results have been explained by consid-
ering the positive electronic influence of the phenyl ring on the stability of the allylic intermediate
involved in the polymerization process for 2-phenyl-1,3-butadiene, and in terms of steric effects
that prevent the formation of such an allylic intermediate for (E)-1-phenyl-1,3-butadiene, allowing
only its less congested (3,4) double bond to react. Several catalytic systems have been used to poly-
merize 3-methyl-1,3-pentadiene (3-MPD). Ni(acac)2 activated by MAO affords a polymer with a
cis-1,4-syndiotactic structure,4a while the ternary system AlEt2Cl/Nd(octanoate)3/Al(i-Bu)3 gives a
polymer with a cis-1,4-isotactic structure.46 More recently, Porri et al. and Ricci et al. have repor-
ted the polymerization of 1,3-dienes such as 2,3-dimethyl-1,3-butadiene (DMB) and 3-MPD using
(bipy)2FeEt2 activated by MAO.27a,b In the case of DMB, a 1,4-cis microstructure was attributed to
the highly crystalline polymer obtained (Tm 200 ◦C) on the basis of X-ray analysis. Poly(3-MPD)
presents some degree of crystallinity but its microstructure has not been completely elucidated.

17.6 4-METHYL-1,3-PENTADIENE POLYMERS

The presence of a quaternary carbon atom bearing two methyl groups in 4-methyl-1,3-pentadiene
(4-MPD) renders the polymerization behavior of this monomer quite different from that of other
dienes. In fact, amongst the six possible stereoregular polymers for this monomer (Figure 17.11),
only the two stereoregular 1,2 structures are known so far. Therefore, this monomer can be regarded
as being more similar to styrene than to other conjugated 1,3-diolefins.

17.6.1 ISOTACTIC 1,2-POLY(4-METHYL-1,3-PENTADIENE)

The polymerization of 4-MPD to give 1,2-isotactic polymer has been performed with various
heterogeneous titanium catalysts.47 The product in this case contains a portion (20–30%) of sol-
uble, amorphous 1,4 polymer. The insoluble polymer material is highly crystalline with a Tm of



DK3712: “dk3712_c017” — 2007/10/10 — 14:10 — page 459 — #15

The Stereoselective Polymerization of Linear Conjugated Dienes 459

S

S

O

O

Ti

Cl

Cl

10

FIGURE 17.12 Dichloro[1,4-dithiabutanediyl-2,2′-bis(4,6-di-tert-butyl-phenoxy)]titanium (10), an active
catalyst for the isospecific 1,2-polymerization of 4-methyl-1,3-pentadiene. (Reprinted with permission from
Proto, A.; Capacchione, C.; Venditto, V.; Okuda, J. Macromolecules 2003, 36, 9249–9251. Copyright 2003
American Chemical Society.)

166 ◦C. The only homogeneous catalyst system able to produce highly 1,2-isotactic poly(4-MPD)
hitherto reported is the MAO-activated post-metallocene catalyst dichloro[1,4-dithiabutanediyl-
2,2′-bis(4,6-di-tert-butyl-phenoxy)]titanium (10, Figure 17.12).48 This catalyst was first used
to promote the isospecific polymerization of styrene;49 its successful use to produce highly
isotactic 1,2-poly(4-MPD) confirms the known similar polymerization behavior of these two
monomers.

As judged by 1H and 13C NMR, this polymer displays a high degree of stereoregularity with a
very small amount of 1,4 units (≤3%). X-ray and IR analyses are in agreement with those reported for
poly(4-MPD) obtained in the presence of the heterogeneous titanium catalysts; the slightly lower Tm
observed (146 ◦C) was attributed to the presence of the 1,4 units, which can disturb the crystallinity
of the polymer even in small amounts. It is worth noting that, in this case, 13C NMR analysis is
ineffective for distinguishing between isotactic and syndiotactic poly(4-MPD) because the difference
between their carbon chemical shifts is too small (Table 17.1).

Conversely, the poly(4-MPD) 1H NMR spectrum allows one to discriminate elegantly between
the two possible microstructures. As shown in Figure 17.13a, two distinct multiplets between 0.6
and 1.3 ppm are clearly visible for isotactic 1,2-poly(4-MPD). Such a spectrum is expected for two
magnetically inequivalent geminal protons (Ha and Hb), as in the case of the isotactic structure,
while a single resonance (deceptive triplet) due to the equivalence of these protons is expected in
the case of the syndiotactic structure (Figure 17.13b).

17.6.2 SYNDIOTACTIC 1,2-POLY(4-METHYL-1,3-PENTADIENE)

The discovery of homogeneous catalysts for the synthesis of syndiotactic polystyrene has generated
an interest in the stereocontrolled polymerization of 4-MPD.50 Highly syndiotactic 1,2-poly(4-MPD)
was first synthesized and structurally characterized through 1H NMR and 13C NMR by Zambelli’s
group in 1988 using a Ti(CH2Ph)4/MAO catalytic system.6a The 13C NMR spectrum of this amorph-
ous polymer consists of six sharp resonances, which are diagnostic of a highly regioregular and
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TABLE 17.1
Assignments of the 13C NMR Resonances for Isotactic and Syndiotactic 1,2-Poly(4-methyl-
1,3-pentadiene) (poly(4-MPD))

Carbon Isotactic 1,2-poly(4-MPD) (ppm) Syndiotactic 1,2-poly(4-MPD) (ppm)

H2C CH

HC

C

H3C
CH3

(1) (2)

(3)

(4)
(5′)

(5)

C(1) 42.00 42.63
C(2) 33.69 33.52
C(3) 131.75 131.54
C(4) 128.86 129.54
C(5) 25.81 25.86
C(5′) 18.11 17.95

Source: Reprinted with permission from Proto, A.; Capacchione, C.; Venditto, V.; Okuda, J. Macromolecules 2003, 36,
9249–9251. Copyright 2003 American Chemical Society.
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FIGURE 17.13 1H NMR spectra of (a) isotactic and (b) syndiotactic 1,2-poly(4-methyl-1,3-pentadiene) (P=
polymer chain). (Reprinted with permission from Zambelli, A.; Ammendola, P.; ProtoA. Macromolecules 1989,
22, 2126–2128; Proto, A.; Capacchione, C.; Venditto, V.; Okuda, J. Macromolecules 2003, 36, 9249–9251.
Copyright 1989 and 2003 American Chemical Society.)
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FIGURE 17.14 End groups detected in poly(4-methyl-1,3 pentadiene) polymerized with CpTiCl3/MAO in
the presence of Al(13CH3)3: 2,1-insertion (A); 1,4-insertion (B) (P= polymer chain).

stereoregular structure (less than 12% of 1,4 units); a syndiotactic arrangement was inferred on
the basis of the polymer 1H NMR spectrum. As shown in Figure 17.13b, the methylene region
of syndiotactic 1,2-poly(4-MPD) consists of a triplet centered at 1.36 ppm, which arises from the
two magnetically equivalent methylene protons Ha and H′a, as predicted for a polymer chain with
syndiotactic structure. Furthermore, catalytic hydrogenation of this polymer and comparison of
the 13C NMR spectra of the resulting material with a genuine sample of isotactic poly(4-methyl-
1-pentene) confirms the syndiotactic structure. Subsequently, Porri and coworkers also obtained
such polymer using catalytic systems composed of MAO-activated titanocene and half-titanocene
catalysts (Cp2TiCl2, CpTiCl3, CpTiCl2).4d,51 A mixture of isotactic and syndiotactic polymers is
obtained in presence of the catalytic system Ti(On-Bu)4/MAO.52 All of the abovementioned cata-
lysts display the same stereospecificity for the polymerization of styrene and 4-MPD, producing
syndiotactic polymer in both cases. Surprisingly, the MAO-activated catalyst rac-[CH2(3-tert-
butyl-1-indenyl)2]ZrCl2, which polymerizes styrene isospecifically, produces highly syndiotactic
poly(4-MPD).43

The regiochemistry of 4-MPD polymerization was also studied using the catalytic system
CpTiCl3/MAO in presence of isotopically 13C-enriched Al(13CH3)3.53 In addition to the signals
due to the 1,2-syndiotactic polymer, the 13C NMR spectrum of the polymer obtained under these
conditions displayed two additional signals at 11.9 and 13.9 ppm in a 7:3 intensity ratio. These
signals were attributed to, respectively, the enriched methyl groups in the polymer end groups A
and B shown in Figure 17.14.

End group A is similar to that observed in styrene polymerization49a and is due to the secondary
(Markovnikov or 2,1) insertion of the monomer into the Ti–13CH3 bond. In the case of styrene
polymerization, the further absence of detectable regioinversions in the polymer structure suggests
that the polymerization is highly regiospecific either in the initiation step or the propagation step.
The additional presence of end group B, due to 1,4 insertion, is quite unexpected, because of the
absence of 1,4 units in the polymer prepared with the same catalytic system but without added
isotopically enrichedAl(13CH3)3. The difference in chemoselectivity observed between the initiation
and propagation steps can be explained by considering that after a 2,1 insertion of the first monomer
unit into the Ti–13CH3 bond, an allylic intermediate is formed; thus, the next inserting monomer unit
can add at either carbon Ca or Cb, resulting in the formation of end groups A and B, respectively
(Scheme 17.1). The subsequent incoming monomers (i.e., propagation steps) are always attacked at
their terminal C1 carbon by the carbon labeled Cc or Cc’ of the growing polymer chain, because the
double bond in the growing chain interacts with the metal center (back-biting coordination), favoring
this mode of insertion and resulting in a highly regioregular polymer.

The role of back-biting coordination in governing 4-MPD polymerization chemoselectivity was
subsequently confirmed using ethylene/4-MPD copolymerization.54 In this case, a considerable
amount of 1,4-enchained 4-MPD units were detected adjacent to ethylene units along the polymer
chain. This suggests that the absence of a double bond in the penultimate unit of the growing
chain (i.e., after ethylene insertion), and thus the impossibility of back-biting coordination, causes a
decrease in chemoselectivity for 4-MPD incorporation.
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SCHEME 17.1 Schematic representation of the monomer insertion process in 4-methyl-1,3-pentadiene
polymerization that leads to the two different polymer end groups A and B (L= ancillary ligand).

17.7 MECHANISM OF CHEMOSELECTIVITY AND
STEREOSELECTIVITY IN DIENE POLYMERIZATION

As discussed in the earlier sections, many catalysts can be used to polymerize linear conjugated
dienes, making it possible to achieve a wide variety of structurally different materials characterized
by high chemo- and stereoregularity. As is known for monoalkenes, the most accredited mechanism
for conjugated diene polymerization by homogeneous single site catalysts involves two steps, namely,
coordination of the incoming monomer to the catalyst active site and subsequent monomer insertion
into a metal–carbon bond. However, the polymerization mechanism for conjugated dienes presents
several peculiar aspects, mainly related to the type of bond between the transition metal of the
catalyst and the growing chain. This bond is of a σ type in monoalkene polymerizations, but is
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SCHEME 17.2 Mechanism of formation of 1,2 and 1,4-cis/trans polydienes (P= polymer chain; additional
ligands eventually present on the metal center omitted for clarity). (Modified with permission from Costabile,
C.; Milano, G.; Cavallo, L.; Guerra, G. Macromolecules 2001, 34, 7952–7960. Copyright 2001 American
Chemical Society.)

of the allylic type (η3) in conjugated diene polymerizations.1 Furthermore, the conjugated diene
monomer can coordinate to the metal center assuming different conformations and hapticities: s-cis-
η4 (cis conformation around the single bond and coordination of the two double bonds), s-trans-η4

(trans conformation around the single bond and coordination of the two double bonds), or s-trans-η2

(trans conformation around the single bond and coordination of only one double bond) (Scheme 17.2).
For simple dienes such as butadiene, isoprene, and (E)-1,3-pentadiene, cis-η4 coordination is by
far the most energetically favored mode of coordination. The trans-η4 coordination, although less
common, has been observed in some complexes of Zr55 and Mo;56 therefore, one cannot exclude its
intermediacy in polymerization with some transition metal catalysts. Finally, trans-η2 coordination
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likely occurs when only one coordination site is available. The most accepted scheme to explain
chemoselectivity and cis–trans stereoisomerism is depicted in Scheme 17.2.1a

Either 1,4-cis or 1,2 units can arise from the intermediate involving an s-cis-η4 coordinated diene
monomer and the η3-coordinated allyl terminus of the growing chain presenting an anti structure
(Scheme 17.2, top center). This kind of ligand arrangement gives rise to either 1,4-cis or 1,2 units,
depending on whether the incoming monomer reacts at, respectively, the terminal C4′ or internal
C2′ allyl carbon of the growing chain. Conversely, 1,4-trans units can derive from an intermediate
involving an s-trans-η4 or s-trans-η2 coordinated diene monomer and the η3-coordinated allyl ter-
minus of the growing chain presenting a syn structure (Scheme 17.2, middle left and bottom left).
In this case, insertion at the terminal allyl carbon C4′ affords a monomer-free intermediate with
a syn structure (Scheme 17.2, bottom right). An alternative route that also gives rise to such an
intermediate is isomerization of the corresponding anti form arising from the intermediate involved
in the cis-1,4-polymerization mechanism (Scheme 17.2, top right). In the absence of steric effects
due to the presence of substituents at the monomer C2 carbon, this equilibrium is completely shifted
towards the syn form, which is thermodynamically more stable.57

It is thus evident that the cis–trans selectivity of a given catalytic system depends essentially
on two factors: (1) the insertion process of a new monomer unit at the allylic group of the growing
polymer chain coordinated to the metal center, and (2) the relative rate of the insertion process with
respect to the rate of the anti→syn isomerization.

In addition to cis–trans stereoisomerism, if an asymmetric carbon is formed during the polymer-
ization, as in the 1,2-polymerization of a generic diene monomer, or the cis-1,4-polymerization of a
4-monosubstituted or 1,4-disubstituted diene monomer, the resulting polymer can have an isotactic
or syndiotactic microstructure.58 As depicted in Scheme 17.2, 1,4-cis and 1,2 polymers arise from
the same intermediate; the growing polymer chain is anti-η3 bonded to the metal center, and the
new incoming monomer is cis-η4 coordinated. The tacticity of the resulting polymer is thought
to be imposed by the mutual orientation of the incoming monomer and the last-inserted monomer
unit as shown in Figure 17.15. The incoming monomer can adopt two orientations with respect to
the last-inserted allylic (butenyl) unit, and in each orientation it can react either at the last-inserted
unit’s terminal C1 carbon to give a cis-1,4-enchained unit, or at its internal C3 carbon to give a
1,2-enchained unit. The combination of these two factors results in the formation of a new butenyl
group having either the same or the opposite chirality. Reaction of the incoming monomer at the
last-inserted unit’s C3 carbon with an orientation as shown in Figure 17.15a gives rise to a 1,2-
enchained unit and a new butenyl group having opposite chirality with respect to the previous one,
whereas an orientation as shown in Figure 17.15c results in a butenyl group having the same chiral-
ity; hence, 1,2-syndiotactic and 1,2-isotactic polymers are formed, respectively. On the other hand,
insertion of the new monomer at the last-inserted unit’s C1 carbon will give a situation as shown
in Figure 17.15b, producing a 1,4-cis-enchained unit and a butenyl group with the same chirality
as the previous one; in the case of the path shown in Figure 17.15d, the newly formed butenyl
group will have an opposite chirality to the previous one. These pathways result in, respectively,
cis-1,4-isotactic and cis-1,4-syndiotactic polymer.

The scenario depicted above is of general validity, and the way in which the different mech-
anisms are achieved depends on the balance between the energy required for structural variation
and the energy gained from stronger interactions between the reactants in the coordination sphere
of the metal atom. Therefore, mechanistic studies should take into account the nature of the
metal center, the ancillary ligands eventually present, and the steric and electronic features of the
diene monomer.

From both the experimental and theoretical points of view, the most thoroughly studied catalytic
systems are undoubtedly allylnickel(II) systems59 and monocyclopentadienyl titanium complexes.60

In the case of the nickel systems, chain growth proceeding by BD insertion into the allyl-transition
metal bond was proven directly by NMR spectroscopy for both 1,4-trans- and 1,4-cis-regulating
catalysts.61 In this case, the proposed mechanism for stereoregulation suggests that the cis–trans
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FIGURE 17.15 Possible mutual orientation of the monomer and growing polymer chain around the metal
center and mechanism of iso-syndio selectivity in diene polymerization (note that carbon atoms for the last-
inserted monomer unit are numbered differently than in Scheme 17.2). (From Porri, L.; Giarrusso, A.; Ricci,
G. Macromol. Symp. 2002, 178, 55–68. With permission.)

selectivity is not determined by the rate of anti-syn isomerization, but by the different reactivities
of the anti- and syn-butenylnickel(II) complexes with respect to the mode of BD coordination.
Theoretical studies have confirmed this mechanism through density functional theory methods59

and have pointed out that the two crucial steps for the cis–trans regulation are monomer insertion
and syn-anti isomerization. They have shown that chain propagation takes place by cis-butadiene
insertion into the π-butenylnickel(II) bond (π-allyl-insertion mechanism) through a quasi-planar
four-membered transition state. The insertion most likely occurs from a prone orientation of cis-
butadiene (vide infra).

Furthermore, the two isomeric butenylnickel(II) forms of the active catalyst complex, the anti and
syn forms, can differ in their reactivity depending on the catalyst structure. The key to understanding
the cis–trans regulation lies in the different reactivities of the anti- and syn-butenylnickel(II) forms of
the active catalyst complex, both in relation to their interconversion and together with the associated
anti-syn equilibrium.

As discussed earlier, the catalytic system CpTiCl3/MAO promotes the polymerization of vari-
ous diene monomers, yielding a polymer with a prevalently 1,4-cis microstructure in the case of
BD.4a Assuming that the catalytic species is the organotitanium cation [CpTi-P]+ (P = growing
polymer chain), Peluso et al.60b,c have proposed that the polymer chain P in the active species is
coordinated to the metal center through both the π-allyl group of its terminal unit and the π bond
of its penultimate diene unit (backbiting), and that cis-η4 coordination of an incoming monomer
to the active species requires the breakage of the latter (backbiting) interaction and a change of
the terminal allyl coordination mode from η3 to η1. The rearrangement of the growing polymer
chain is predicted to be the rate-determining step of the whole propagation reaction, and should
be much easier when the ending unit of the growing polymer chain is a butenyl rather than a 2-
methylbutenyl group (explaining the large difference observed between the polymerization rates of
BD and isoprene). The stereo- and chemoselectivity for this catalytic system was also explained, con-
sidering an intermediate bearing a Cp ring as an ancillary ligand and considering that the back-biting
interaction is removed during the insertion step. In this case, assuming an anti-allyl coordination
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FIGURE 17.16 Possible orientations of the coordinated monomer and the allylic end group of the growing
polymer chain around the metal center in diene polymerization with monocyclopentadienyl titanium catalyst
systems: (a) endo–endo (prone–prone); (b) endo–exo (prone–supine); (c) exo–endo (supine–prone); (d) exo–
exo (supine–supine). (Reprinted with permission from Peluso, A.; Improta, R.; Zambelli, A. Organometallics
2000, 19, 411–419. Copyright 2000 American Chemical Society.)

of the growing chain, most insertions would occur starting from the endo–endo (prone–prone)
monomer-coordinated intermediate (Figure 17.16a), that is, from a s-cis-η4-coordinated monomer
having its concavity oriented toward the terminal allyl group of the growing chain.

This insertion would lead, through least nuclear motions, essentially only to 1,4-like (two consec-
utive units enchained with the same enantiofaces) and 1,2-unlike (two consecutive units enchained
with opposite enantiofaces) monomer-free intermediates. This situation is assumed to be due to
the presence of an ancillary ligand in the coordination sphere that allows only one back-biting
interaction, and it is not dependent on the nature of both the metal and the ancillary ligand.60e In
contrast, for monomers with high-energy s-cis-η4 configurations, such as (Z)-pentadiene and 4-
methyl-pentadiene, the favored insertion reaction involves a s-trans-η2 monomer coordination and a
backbiting syn-allyl (η3-η2) coordinated growing polymer chain. This mechanism is able to account
for the high stereoselectivity in favor of 1,2-syndiotactic polymerization observed for these dienes.
In addition, the switching to a s-cis-η4 coordination of the monomer when backbiting of the penul-
timate unit of the growing chain is unfeasible, both for the initiation step of polymerization and for
diene insertion steps following an ethylene insertion during copolymerization, explains the loss of
chemoselectivity observed in these cases.60f

17.8 CONCLUSIONS

The development of homogeneous catalysis, similar to the case for monoalkenes, has engendered
new possibilities for the stereoselective polymerization of dienes. As discussed in this chapter, new
polymers with unprecedented microstructural features have been synthesized in recent years, and
through parallel experimental and theoretical studies, a deeper knowledge of the factors governing
chemo- and stereoregulation has been reached. Nevertheless, complete comprehension of the factors
regulating the chemo- and stereoselectivity of diene polymerizations promoted by homogeneous
catalytic systems still remains a challenge. The most relevant difference with respect to α-olefin
polymerization is, in our opinion, the lack of a precise understanding of the relationship between
the structure of the ancillary ligand of the precatalyst complex and the activity and selectivity of the
resulting catalytic system, which renders it difficult to design a catalyst for the purpose of obtaining
a polymer with a given set of microstructural features. This gap will probably never be completely
overcome, owing to the intrinsically different electronic properties of different diene monomers, but
presents a stimulating objective for future research in this area.
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18.1 INTRODUCTION

Interest in cyclic olefin polymers has been growing over the past decade owing to their thermal
and chemical stability, high mechanical strength, and modulus, which originate from the restricted
molecular motion of cyclic groups. In addition, some cyclic olefin polymers are recognized as prom-
ising optical materials because of their low birefringence and high transparency. Among the various
cyclic unsaturated compounds, cyclic conjugated dienes are quite attractive monomer candidates
because some of them can be derived from desirable raw materials. For instance, 1,3-cyclohexadiene
(CHD) is readily prepared from cyclohexene, a known inexpensive byproduct from ε-caprolactam
synthesis. Another example is cis-5,6-dihydroxy-1,3-cyclohexadiene, which is a microbial oxidiza-
tion product of benzene utilizing Pseudomonas putida.1 If the cyclic diene compound is polymerized
with controlled microstructure, the obtained polymer is expected to form a soluble precursor of an
electron-conductive poly(p-phenylene) (PPP) (Scheme 18.1).1

Although cyclic conjugated diene polymers are potentially fascinating materials, examples of
these materials have been so far limited because of the following reasons:

1. Few active catalysts have been found for cyclic conjugated diene polymerization, whereas
a wide variety of catalysts for linear conjugated diene polymerization are known (see
Chapter 17 and other reviews2). Only two types of polymerization systems are considered
to be effective. They are Li complex-catalyzed anionic polymerization and Ni-mediated
coordination polymerization.

2. The monomer variety is quite limited. In most cases, only six-membered-ring monomers,
for example, CHD and its derivatives, could provide a polymer in relatively high yield.

3. In the case of regio- and stereoselective polymerization of CHD, the obtained polymer is
hard to characterize fully because it is insoluble in organic solvents.
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SCHEME 18.1 Synthesis of poly(cis-5,6-dihydroxy-1,3-cyclohexadiene) as a poly(p-phenylene) precursor.

This chapter begins with a brief discussion of the regio- and stereostructures of poly(cyclic con-
jugated dienes). Second, the anionic polymerization of CHD will be mentioned. Although ionic
polymerization is not a central topic of this book, it is beneficial to compare anionically synthesized
polymers with transition metal-derived ones. Recent breakthroughs concerning the living anionic
polymerization of CHD provide another reason for including this topic. Subsequently, coordination
polymerizations of CHD and its derivatives using several transition metal complexes are introduced.
Nickel-catalyzed polymerization is the central theme of this chapter from the viewpoint of both
regio- and sterecontrol and catalyst activity. Finally, a brief overall perspective of cyclic conjugated
diene polymerization is given.

18.2 REGIO- AND STEREOSTRUCTURE OF POLY(CYCLIC
CONJUGATED DIENES)

This section focuses on the regio- and stereostructure of CHD polymers, because very few cyclic
conjugated diene monomers besides CHD can be polymerized. Although poly(cis,cis-1,3-
cycloheptadiene) and poly(cis,cis-1,3-cyclooctadiene) were synthesized by cationic polymeri-
zation,3 the obtained products were found to be oligomers and their detailed structures were not clear.

The regiochemistry of poly(CHD) is similar to that of poly(1,3-butadiene) (PBD); 1,4- and 1,2-
linked structures are shown in Scheme 18.2. For reference, the cis and trans possibilities for the 1,4-
and 1,2-structures are also depicted. In this context, cis (or trans) denotes that the bridging C–C
bonds between monomer units are in a cis (or trans) relationship on the face of the cyclohexenyl
ring. In contrast to PBD, it is difficult to produce high molecular weight poly(CHD) solely through
1,2-addition because of monomer steric hindrance.

Concerning the stereochemistry of 1,4-linked poly(CHD), there are four stereoisomers:
cis-diisotactic (erythrodiisotactic), cis-disyndiotactic (erythrodisyndiotactic), trans-diisotactic
(threodiisotactic), and trans-disyndiotactic (threodisyndiotactic), shown in Figure 18.1. Both the
regiostructure and the stereostructure of poly(CHD) affect physical properties such as solubility and
crystallinity (vide infra).

18.3 CHARACTERIZATION AND PROPERTIES OF POLY(CYCLIC
CONJUGATED DIENES)

The relationship between physical properties and the regio-/stereostructure of poly(CHD) homo-
polymer has not yet been fully elucidated, but the general tendencies are as follows:

1. Poly(CHD)s with 1,2-linked and 1,2-/1,4-linked mixed regiostructures are amorphous and
soluble in organic solvents.

2. 1,4-linked regioregular poly(CHD) with low stereoregularity is also amorphous and sol-
uble in organic solvents. Crystallinity is occasionally observed in partly soluble 1,4-linked
poly(CHD), but the melting temperature (Tm) of the polymer is below 200 ◦C.

3. Insoluble and crystalline poly(CHD) is considered to be 1,4-linked poly(CHD) with high
stereoregularity. The Tm range of these poly(CHD)s is from ca. 270 to 325 ◦C.
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FIGURE 18.2 1H NMR proton assignments for 1,4- and 1,2-linked poly(CHD) units.

Regiostructures for soluble poly(CHD) and its copolymers are determined by solution 1H nuclear
magnetic resonance (NMR) spectroscopy. For the poly(CHD) unit, the Ho, Ha, and Hb protons
(Figure 18.2) are identified with signals at, respectively, 5.73, 2.01, and 1.56 ppm. There are equal
numbers of Ho and Ha protons in the 1,4-unit of poly(CHD), while the ratio of Ho to Ha protons in
the 1,2-unit is 2:3.3 Therefore, regioregularity can be estimated by the Ho/Ha integral value ratio.

Some insoluble poly(CHD)s are characterized using solid-state cross-polarization/magic-angle
spinning (CPMAS) 13C NMR. As shown in Scheme 18.2, 1,4-linked poly(CHD) should have only
three types of carbon atoms in its 13C NMR spectrum, whereas 1,2-linked poly(CHD) possesses six
different types of carbon atoms. In the case of insoluble poly(CHD) synthesized using Ni complexes,
carbon signals are observed at around 24, 40, and 131 ppm, which are attributed to, respectively,
methylene, saturated methine, and unsaturated methine groups.4,5 Concerning the stereostructure of
poly(CHD), virtually no useful characterization method has so far been established because highly
stereoregular poly(CHD) is considered to be insoluble.

The crystallinity of poly(CHD) is estimated by X-ray diffraction (XRD). Three major peaks (d=
5.28, 4.51, and 3.91 Å) are observed in its XRD spectrum in most cases.5,6 Although differential
scanning calorimetry (DSC) has been adopted to investigate Tm, the degree of polymer crystallinity
cannot be quantitatively determined because the heat of fusion (�Hf ) value (in J/g) of a poly(CHD)
single crystal has not yet been determined.

18.4 ANIONIC POLYMERIZATION OF CYCLIC CONJUGATED
DIENES

Although various alkyllithiums are well-known anionic polymerization initiators,7,8 a CHD polymer
with high molecular weight had not been obtained anionically until the mid-1990s. Owing to allylic
hydrogen abstraction from CHD by the organolithium species, 1,4-cyclohexadiene and benzene are
formed during the polymerization.9,10 The breakthrough in this field was the discovery of alkyllith-
ium/chelate compound systems, which induce the living polymerization of CHD.11−13 By the use of
two-component catalysts, for example, n-BuLi/N , N , N ′, N ′-tetramethylethylenediamine (TMEDA),
the molecular weight and the molecular weight distribution of poly(CHD) become well-controlled.
The ratio of 1,2- and 1,4-linked structures in the obtained poly(CHD) depends mainly on the nature of
the nitrogen-containing chelate compound used. When TMEDA is used as the additive, the obtained
polymer has a relatively high 1,2-unit content, whereas 1,4-units were found to predominate for
the alkyllithium/1,4-diazabicyclo[2.2.2]octane (DABCO) initiating system. The stereoregularity of
the 1,4-linked poly(CHD) mentioned here must be relatively low because the obtained polymers
are soluble in organic solvents. In addition, Long and coworkers elucidated that the 1,4-units in the
polymer main chain have mixed cis/trans stereostructures by analysis of functionalized end groups.14

Quirk et al. revealed that sec-BuLi combined with DABCO provided partly insoluble poly(CHD)
with crystallinity,15 which indicates a more stereoregular structure. The obtained polymer, however,
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must still only have moderate stereoregularity because its Tm (178 ◦C) is much lower than those of
the Ni-derived poly(CHD)s discussed in the following section (Tm > 300 ◦C).

18.5 TRANSITION METAL-CATALYZED COORDINATION
POLYMERIZATION OF CYCLIC CONJUGATED DIENES

A wide variety of transition metal catalysts, such as Ti-, Mo-, W-, Ni-, and Pd-based complexes,
have been investigated since the late 1950s for cyclic conjugated diene polymerization. Because
this chapter focuses on the “coordination” polymerization of CHD and its derivatives, cationic
polymerization initiated by transition metal compounds3 will be excluded in this section.

To our knowledge, titanium complexes were the first catalysts used for cyclic conjugated
diene polymerization. Marvel, Hartzell, and Dolgoplosk et al. reported TiCl4/Al(i-Bu)3-catalyzed
CHD polymerization, but very little information about microstructure was given.16,17 Because the
poly(CHD) obtained is soluble in aromatic solvents, its regio- and/or stereostructure is likely not
well-controlled. Lefebvre and Dawans also tried to polymerize CHD using TiCl4-based catalysts,
but the obtained polymer was considered to be a mixture with a cationically polymerized product.7

Sen’s research group found that [Pd(CH3CN)4]2+[BF4]−2 catalyzes the polymerization of CHD
in addition to the polymerization of other unsaturated compounds such as styrene, phenylacetylene,
and norbornene.18 Unfortunately, the Pd complex used was not very active, giving poly(CHD) in
40% yield with a number average molecular weight (Mn) of 2000. On the basis of the 1H NMR
spectrum of the polymer, the 1,2-linkage was predominant along the main chain. This regiose-
lectivity might be the reason for the low molecular weight of the polymer obtained. The complexes
[M(NO)2(CH3CN)4]2+[BF4]−2 (M=Mo, W) are other CHD polymerization catalysts developed by
Sen and Thomas.19 Again, the polymers obtained with these catalysts were oligomers. Judging from
their 1H NMR spectra, the regiostructure of these poly(CHD)s was found to be a mixture of 1,2- and
1,4-linkages, with the latter predominating.

In contrast to the transition metal catalysts above, nickel complexes have been studied intensely
for the polymerization of CHD and its derivatives. π-Allylnickel-based complexes were employed
by Dolgoplosk et al. for CHD polymerization.17,20 They used π-alkenylnickel halides, for example,
π-metallyl nickel dichloride and π-allyl nickel dibromide, combined with electron acceptors such
as chloranil (tetrachloro-p-quinone) or nickel trichloroacetate. Unfortunately, the true propagating
species of the above catalytic systems are not clear, but they were moderately active for CHD
polymerization and the polymer obtained appeared to have a predominantly 1,4-linked structure.
However, the stereoregularity of the polymer was not very high based on its Tm (270 ◦C).

Hampton et al. synthesized a series of π-allylnickel complexes of the formula [Ni(η3-allyl)(µ-
X)]2 (X = OAr, SAr; Ar = aryl) (1–8, Figure 18.3) for the polymerization of 1,3-butadiene (BD)
and CHD.4 Complexes 5–7 were active enough to provide poly(CHD) quantitatively, whereas
complexes 1–4 and 8 were inactive as polymerization initiators. Although an electron-deficient
X ligand is a necessary prerequisite, it is not sufficient for the [Ni(η3-allyl)(µ-X)]2 complexes to
exhibit polymerization activity. In the case of complexes 3 and 4, inactivity could be due to the
coordination of the o-chlorine or -fluorine atoms to the nickel center. The inactivity of complex 8
could be due to the better π-donor ability of arenethiolates as compared to phenols, which could
stabilize its dimeric structure compared with complex 5. In general, reduction of coordinative unsat-
uration makes the nickel complexes less active for diene polymerization. The regiostructure of
insoluble poly(CHD)s prepared using complexes 5–7 was characterized using solid-state CPMAS
13C NMR. These polymers should have >95% 1,4-linked structures because there are only three
types of carbon atoms in their NMR spectra.4 The stereochemistry of polymerization is believed to
be syn-coordinative addition to CHD, resulting in the formation of a cis structure. The syn-addition
mechanism was originally proposed by Porri and Aglietto for linear conjugated diene polymerization
(see Chapter 17).21
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FIGURE 18.3 π-Allylnickel complexes [Ni(η3-allyl)(µ-X)]2 (X = OAr, SAr; Ar = aryl) used for CHD
polymerization.

Grubbs and coworkers attempted to polymerize CHD and its functionalized derivatives
(Figure 18.4) using bis[(η3-allyl)(trifluoroacetato)nickel(II)] (ANiTFA).22,23 Their ultimate goal
was to make a PPP without structural defects via soluble precursor methods. In order to achieve this
goal, regio- and stereocontrol are important: 1,4-regioregular poly(CHD) derivatives yield perfectly
para-linked poly(phenylene) after elimination of the functional substituents. For facile substituent
elimination (aromatization) to PPP, the 1,4-SSRR repeat unit shown in Scheme 18.3 is desirable. In
addition, ANiTFA was expected to work as a catalyst because it is potentially tolerant to monomer
functionalities.24,25 Among the CHD derivatives studied, only cis-5,6-bis(trimethylsiloxy)-1,3-
cyclohexadiene (TMSO-CHD) was polymerized by ANiTFA in high yield (Scheme 18.4). The
authors concluded that the obtained poly(TMSO-CHD) has a 1,4-linked regioregular structure
because no 1H NMR proton resonance in the 1.8–2.1 ppm range was observed (proton signals
around 2.0 ppm are characteristic for the 1,2-unit of poly(TMSO-CHD) synthesized using a radical
initiator).19 The obtained poly(TMSO-CHD) was thus considered to have either a 1,4-linked cis-
diisotactic or a 1,4-linked cis-disyndiotactic structure, because of the following reasons: (1) its XRD
spectrum revealed a partially ordered structure (a single diffraction peak was observed at 9.73 Å), (2)
it had a relatively high Mark–Houwink–Sakurada coefficient a of 0.9–1.1 in tetrahydrofuran (THF),
indicating a rodlike conformation. Although the detailed stereostructure of poly(TMSO-CHD) is
not yet elucidated, the authors succeeded in converting poly(TMSO-CHD) into PPP without ortho-
linkages26 (note that the NMR spectra and XRD patterns of poly(TMSO-CHD) are different from
those discussed earlier for poly(CHD), because of the trimethylsiloxy substituents).

Recent achievements in nickel-mediated CHD polymerization involve the development of
methylaluminoxane (MAO) activated catalytic systems, which have been studied independently by
a few research groups. Although ANiTFA is a good catalyst for CHD polymerization, the complexes
discussed below are more active.

Our group at Toyota Central R&D Labs has discovered a remarkably active bis(allylnickel
bromide)/MAO (ANiBr/MAO) catalyst for CHD polymerization.6,27 As shown in Table 18.1, CHD
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polymerization in the presence of ANiBr/MAO is complete immediately (under 5 min) at room
temperature to afford a polymer in high yield (78–96%). On the other hand, Zr, Ti-, and Pd-based
complexes were found to be much less active for CHD polymerization, and ANiTFA provided a
polymer in 40% yield after a 34 h polymerization time.
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TABLE 18.1
Polymerization of 1,3-Cyclohexadiene (CHD) Using Various Transition Metal Catalysts

Entrya Catalyst Cocatalyst [Al]/[cat] Solvent Time Polymer
Yield (%)

1 ANiBr MAO 100 Toluene 5 min 78
2 ANiBr MAO 100 Chlorobenzene <1 min 88
3 ANiBr MAO 100 o-Dichlorobenzene <1 min 96
4 ANiBr MAO 100 Cyclohexane <1 min 92
5 rac-Et(H4Ind)2ZrCl2 MAO 1000 Toluene 5 days 10
6 CpTiCl3 MAO 1000 Toluene 4 days 30
7 [(η3-C3H5)Ni(OC(O)CF3)]2 None — Toluene 34 hb 40
8 [(η3-C3H5)Pd]+[SbF6]− None — Dichloromethane 7 days 10
9 [(η3-C3H5)Ni(cod)]+[B(C6F5)4]− None — o-Dichlorobenzene 20 min 72

a Polymerization conditions: [CHD]o = 1.5 mol/L, [CHD]o/[catalyst] = 500:1, room temperature; MAO = methylalu-
minoxane; H4Ind = 4,5,6,7-tetrahydro-1-indenyl; Cp = C5H5; cod = 1,5-cyclooctadiene.
b Polymerization was carried out at room temperature for 24 h followed by 10 h at 50 ◦C.
Source: Nakano, M.; Yao, Q.; Usuki, A.; Tanimura, S.; Matsuoka, T. Chem. Commun. 2000, 2207–2208. Reproduced by
permission of The Royal Society of Chemistry.

The catalytic activity of the ANiBr/MAO system depends on the amount of MAO present.
Adding excess MAO to ANiBr generally enhances the rate and the yield of CHD polymerization,
although 100–200 equivalents of Al per Ni are sufficient. The solvent also plays an important role for
controlling polymerization behavior. Halogenated aromatic solvents (Table 18.1, entries 2 and 3) and
cyclohexane were found to enhance catalyst activity. In contrast, polar solvents such as diethylether or
THF deactivated the catalyst, resulting in polymer formation in low yield. It is interesting, however,
that ANiBr/MAO exhibited extremely high activity in toluene containing a small amount of THF.
Presumably, the THF molecule would cause the dimeric nickel complex to dissociate to a monomeric
state, and would moderately stabilize the metal center of the propagating species.

TheANiBr/MAO catalyst showed high activity for the following reasons: (1)π-allylnickel should
have an identical structure to the propagating species of polymerization, allowing for immediate
initiation; (2) MAO activates ANiBr to form a highly electron-deficient species favorable for binding
unsaturated compounds; (3) ANiBr has a very high solubility in various organic solvents; (4) for
sterically demanding monomers such as CHD, the π-allylnickel species should have enough space
around the metal center for monomer insertion.

Borate-based cocatalysts have also been investigated. Most borate-based activators were
quite effective for CHD polymerization using ANiBr.28 In particular, [Ph3C]+[B(C6F5)4]− and
Li+[B(C6F5)4]− effectively activated ANiBr to afford quantitative yields of poly(CHD)s, even with
equimolar or smaller amounts of borate-based cocatalysts per ANiBr.

In order to explore the CHD polymerization mechanism catalyzed byANiBr combined with MAO
or borate-based cocatalysts, single-component Ni complexes29 were synthesized (Figure 18.5). Both
[(η3-allyl)Ni(1,5-cyclooctadiene)]+[PF6]− and [(η3-allyl)Ni(1,5-cyclooctadiene)]+[B(C6F5)4]−
provided poly(CHD) in high yield (>70%). In addition, the polymer obtained showed the same
regio- and stereostructure as polymer produced using ANiBr/MAO (vide infra). Furthermore, the
complex with [B(C6F5)4]− counterion showed higher activity than the complex with [PF6]−, imply-
ing that the cationic allylnickel center (and not the anion) is presumably the true propagating
species in the CHD polymerization. In contrast, the well-defined Pd analogues [(η3-allyl)Pd(1,5-
cyclooctadiene)]+[PF6]− and [(η3-allyl)Pd(1,5-cyclooctadiene)]+[B(C6F5)4]− showed no catalytic
activity for CHD polymerization.6
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Unfortunately, the CHD homopolymer obtained with ANiBr/MAO was insoluble in organic
solvents. Therefore, 30 mol% of BD was randomly copolymerized with CHD in the presence of
ANiBr/MAO in order to produce a soluble polymer.6 On the basis of its 1H NMR spectra, the observed
Ho/Ha integral value ratio of the poly(CHD) unit agreed well with the calculated one, leading to the
postulation that the 1,4-linkage is dominant in the poly(CHD) main chain (Figure 18.6).

Another experiment performed to confirm the polymer regiostructure was the synthesis of a
poly(CHD) oligomer anchored by a soluble poly(norbornene) with a high molecular weight. The
propagating species of ANiBr/MAO-catalyzed norbornene polymerization was not perfectly living,
but was long-lived.6,28 After norbornene polymerization by ANiBr/MAO, CHD was added to give a
soluble norbornene-CHD diblock copolymer. The 1H NMR spectrum of this material showed a sharp
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FIGURE 18.7 X-ray diffraction patterns for: (a) poly(CHD) obtained using n-BuLi/TMEDA; (b) poly(CHD)
obtained using ANiBr/MAO; (c) cis-syndiotactic 1,4-poly(CHD) simulated using the COMPASS force field.
(Nakano, M.; Yao, Q.; Usuki, A.; Tanimura, S.; Matsuoka, T. Chem. Commun. 2000, 2207–2208. Reproduced
by permission of The Royal Society of Chemistry.)

single peak for olefinic protons at 5.75 ppm, which also supports a regioregular 1,4-structure for the
oligo(CHD) chain attached to the poly(norbornene). Taken together, these observations suggest that
a 1,4-linked structure is predominant in the poly(CHD) prepared using ANiBr/MAO.

As shown in Figure 18.7a, the poly(CHD) prepared using a n-BuLi-based initiator gave a typical
amorphous powder XRD pattern, even when the polymer main chain consisted of >90% 1,4-units.
On the other hand, 1,4-poly(CHD) obtained with theANiBr-based catalysts or with [(η3-allyl)Ni(1,5-
cyclooctadiene)]+[B(C6F5)4]− was found to be highly crystalline, with three major peaks in its XRD
spectrum (Figure 18.7b).6 Therefore, the crystallinity of poly(CHD) initiated withANiBr/MAO cata-
lyst originates from the stereoregularity, rather than the regioregularity, of its structure. Since the
obtained poly(CHD) is insoluble, constant-temperature and constant-pressure molecular dynam-
ics simulations of the crystalline poly(CHD) were performed at 300 K and under zero pressure
using the COMPASS force field.30 By use of the simulated atomic coordinates of the crystal-
line poly(CHD), time-averaged powder XRD spectra were calculated for the four stereoisomers
shown in Figure 18.1. Interestingly, it was confirmed that only the simulated crystalline structure
of the cis-syndiotactic 1,4-linked poly(CHD) shown in Figure 18.7c could reproduce the experi-
mental XRD pattern. Ni-catalyzed poly(CHD) is believed to be a cis-rich structure arising from a
syn-coordinative mechanism.21 This simulation reinforces the supposed mechanism and provides
additional information about the tacticity of 1,4-linked cis-poly(CHD).

An additional series of nickel complexes was synthesized to investigate ligand effects on poly-
merization behavior and polymer microstructure.28,31 MAO-activated nickel complexes with bulky
diimine ligands27 (Figure 18.8) were found to give reduced polymerization activities as compared
to the ANiBr/MAO catalyst. Interestingly, the polymerization rate of CHD with these complexes
strongly depends on the R substituents attached to the backbone carbons of the diimine ligand, with
less bulky R groups providing higher catalytic activities. Bulkier backbones such as acenaphthene
tend to suppress the rotation of the 2,6-diisopropylphenyl substituents, which can block the apical
positions of the Ni center more strictly than when these substituents can freely rotate.32 Because CHD
is a bulky monomer, its coordination and insertion processes in polymerization are considered to be
sensitive to the steric effects around the metal center. All of the polymers obtained using the above
catalysts were insoluble in organic solvents and were crystalline with Tms of 310–320 ◦C. The XRD
patterns of the polymers are basically the same as those of polymers prepared with ANiBr/MAO.
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Related catalyst systems have been proposed by Po et al.33 and Longo et al.5 The former group
employed Ni(acac)2/MAO (acac = acetylacetonate) for CHD polymerization while the latter adop-
ted Cp2Ni/MAO (Cp = C5H5). Ni(acac)2/MAO ([Al]/[Ni] = 100:1) was so active that it provided
poly(CHD) almost quantitatively at 50 ◦C; Cp2Ni/MAO was less active. The polymerization yield
using Cp2Ni/MAO was moderate even at a higher [Al]/[Ni] ratio (2000:1) and a higher polymer-
ization temperature (75 ◦C). As is the case with ANiBr/MAO, the above catalytic systems should
generate a cationic π-allyl nickel species in situ in the polymerization as a propagating species.
Judging from the polymer solid-state 13C NMR spectra, XRD patterns, and Tms (310–320 ◦C),
the regio- and stereostructures of the obtained poly(CHD)s are almost identical to polymers made
in our group at Toyota using ANiBr-based catalysts or single-component Ni complexes such as
[(η3-allyl)Ni(1,5-cyclooctadiene)]+[B(C6F5)4]−.

Recently, a constrained geometry catalyst, [Me2Si(Nt-Bu)(Me4Cp)]TiCl2 (Figure 18.9), was
proposed as a CHD polymerization catalyst.34 When activated by MAO, this catalyst copolymerized
ethylene with CHD, although CHD incorporation into the copolymer was limited to≤ 12 mol%. The
CHD units in the obtained copolymer were 1,4-linked, but information concerning stereoregularity
was not given.

18.6 CONCLUSIONS

This chapter has reviewed cyclic conjugated diene polymerization using a wide variety of catalysts.
Ni complexes have been primarily discussed because they are quite active for CHD polymerization
and because the obtained polymer has a regio- and stereoregular structure, which induces crystal-
lization. However, stereoregular poly(CHD) as a practical material has some problems that require
improvement. For example, the decomposition temperature of poly(CHD) (320–330 ◦C) is so close
to its melting point that the polymer is not melt processable. Although we and other groups have
tried to control microstructure by changing polymerization conditions or the ligands of catalyst
complexes, the regio- and stereostructure of poly(CHD) has not varied much upon changing these
parameters.
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One of the key technologies needed to make cyclic conjugated diene polymers use-
ful is an expansion of monomer availability. Presently, neither 1,3-cycloheptadiene nor 1,3-
cyclooctadiene has been coordinatively polymerized, even with highly active cationic Ni com-
plexes. The polymerization of functionalized CHDs is, so far, limited to ANiTFA. In order to
provide processability and functionality to cyclic conjugated diene polymers, these problems must
be overcome. The progress of transition metal-catalyzed polymerization may make this possible in
the near future.
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19.1 INTRODUCTION

The polymerization of nonconjugated dienes to form polymers and copolymers that incorporate recur-
ring units of cyclic moieties in the polymer or copolymer backbone is well known.1,2 While it had
been initially presumed that the polymerization of nonconjugated dienes produces only crosslinked
polymers, the cyclopolymerization of diallyl quaternary ammonium salts to noncrosslinked poly-
mers was first reported by G. B. Butler in 1947.3 A polymerization mechanism involving alternating
intramolecular–intermolecular chain propagation was proposed to account for the linear cyclopoly-
mers. The proposed cyclic structures in the polymer backbone were substantiated by degradation of
representative polymers. Since then, a large variety of nonconjugated dienes have been reported to
undergo cyclopolymerization. Later studies have shown that in numerous cases, cyclic structures are
derived by propagation through the less stable intermediate, that is, the reactions are under kinetic
rather than thermodynamic control.3

The copolymerization of nonconjugated dienes with monoolefinic vinyl monomers is also
known.1,2 Depending upon the comonomer pair and the copolymerization conditions, the product
copolymer may contain (1) cyclized units made from sequential addition of both ends of the diene
monomer; (2) cyclized units made from addition of one end of the diene followed by the monoolefin
comonomer or one side of a second diene, followed by the other end of the first diene; (3) non-
cyclized diene units bearing pendant olefins, and (4) crosslinked dienes formed by incorporation of
these pendant olefins into another polymer chain (Scheme 19.1). For symmetrical, nonconjugated
dienes, it has been shown that all of the well-known methods of polymerization can be employed to
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SCHEME 19.1 The possible structures of polymers synthesized by 1,5-hexadiene (1,5-HD) polymerization.

initiate cyclopolymerization. Polymerizations by free-radical, cationic, and anionic initiation have
been demonstrated.3

The stereocontrol capabilities of homogeneous metallocene polymerization catalysts present an
opportunity for the microstructural design of polymers that are difficult or impossible to prepare
with conventional heterogeneous catalysts. The availability of various chiral metallocene com-
pounds provides an opportunity to design new chiral polymers. For example, the homogeneous
cyclopolymerization of nonconjugated dienes yields an array of structurally diverse cyclopolymers.
The Waymouth research group reported the diastereo- and enantioselective cyclopolymerization of
1,5-hexadiene (1,5-HD) to give stereoregular poly(methylene-1,3-cyclopentane) (PMCP).1,4–8

This chapter will discuss various homogeneous catalyst systems for the cyclopolymerization of
nonconjugated diolefins, particularly 1,5-HD, which control the stereochemistry and microstruc-
ture and therefore the physical properties of the polymers synthesized. In addition, the effect
of metallocene structure on ethylene/1,5-HD and propylene/1,5-HD copolymerizations will be
described.

19.2 STEREOREGULAR CYCLOPOLYMERIZATION OF
NONCONJUGATED DIENES

Some nonconjugated dienes, such as 1,5-HD, 2-methyl-1,5-hexadiene, 1,6-heptadiene, and 1,7-
octadiene (1,7-OD), polymerize in the presence of metallocene catalysts to give polymers with cyclic
structures. Whereas poly(α-olefin)s have only two microstructures of maximum order (isotactic and
syndiotactic),9 cyclopolymers have four such microstructures (Figure 19.1), since the cyclization
step introduces an additional type of selectivity (diastereoselectivity) that concerns the formation of
cis and trans rings.1 Polymers with vinyl-ended branches resulting from 1,2-addition (Scheme 19.1c)
are also possible. Even though metallocene-based catalysts exhibit high cyclo- and regioselectivities
for the cyclopolymerization of α,ω-dienes, the selectivities depend on the catalysts, monomers, and
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FIGURE 19.1 Maximum order structures of the cyclopolymers produced by the cyclopolymerization of 1,5-
HD (a), 1,6-heptadiene (b), and 1,7-OD (c) with metallocene catalysts. These structures are also referred to as cis-
diisotactic (meso-diisotactic), cis-disyndiotactic (meso-disyndiotactic), trans-diisotactic (racemo-diisotactic),
and trans-disyndiotactic (racemo-disyndiotactic).

reaction conditions. In the following sections, the factors that govern the diastereoselectivity of diene
cyclopolymerization will be presented according to the monomer used.

19.2.1 STEREOREGULAR CYCLOPOLYMERIZATION OF 1,5-HEXADIENE WITH
METALLOCENE CATALYSTS

The Waymouth research group extensively investigated group 4 metallocene/methylaluminoxane
(MAO) catalysts for the polymerization of 1,5-HD, finding that cyclization is complete in the
case of these homogeneous catalysts.4–8 Four microstructures of maximum order are possible for
the cyclopolymers (Figure 19.1).1 In addition, the cyclopolymerization can be diastereoselective
depending upon the type of ligands present in the metallocene complexes. For example, the cyclo-
polymerization of 1,5-HD by optically active metallocene catalysts led to optically active trans-
isotactic PMCP as a major product.4–8 The trans-isotactic microstructure is a novel example of a
polymer that is chiral by virtue of configurational main chain stereochemistry.10,11

Marvel and Garrison proposed the widely accepted cyclopolymerzation mechanism through their
initial work on the cyclopolymerization of various α, ω-dienes (H2C=CH(CH2)nCH=CH2, where
n = 4–12, 14, 18) using TiCl4/Al(iBu)3 catalyst.3,12,13 There are two distinct stereochemical events,
olefin 1,2-addition and olefin cyclization. The enantioselectivity of the first olefin 1,2-addition of the
diene monomer determines the tacticity of the polymer, and the diastereoselectivity of the cyclization
step determines whether cis or trans rings are formed.1,4–8 As discovered by the Waymouth research
group, MAO-activated Cp2ZrCl2 (Cp = C5H5; 1a, Figure 19.2) gives trans-atactic PMCP, and
the more sterically hindered MAO-activated Cp∗2ZrCl2 (Cp∗ = C5Me5; 2a, Figure 19.2) gives
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FIGURE 19.2 Various metallocene and half-metallocene catalyst precursors for the cyclo(co)polymerization
of nonconjugated dienes.

cis-atactic PMCP.4–8,10,11 The same research group also reported that isotactic polymers with trans
rings could be obtained by using chiral metallocenes of the Brintzinger type, rac-Et(H4Ind)2ZrCl2
(H4Ind = 4,5,6,7-tetrahydro-1-indenyl; 3, Figure 19.2) and rac-Et(Ind)2ZrCl2 (Ind= 1-indenyl; 4a,
Figure 19.2).4–8

As expected, the cis/trans diastereoselectivity is influenced by the structure of the catalyst
precursor, and is controllable by choosing a proper catalyst and polymerization conditions. The
enantioselectivity (the relative stereochemistry between the rings) of PMCP is also affected by the
catalyst structure. Complexes 1a, 1b (Figure 19.2), and 2a, which give atactic poly(α-olefin)s, pro-
duce atactic PMCP, and the isoselective catalysts 3 and 4a yield isotactic PMCPs. These differences in
enantioselectivity versus catalyst type are consistent with those for the polymerization of α-olefins.1,9

trans-Isotactic polymers can be optically active (chiral) if homochiral catalysts are used. The
Waymouth research group showed that the MAO-activated homochiral ansa-zirconocene BINOL
complex 5 (BINOL = 1,1′-bi-2-naphtholate; Figure 19.2) gave optically active trans-polymer.
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A recent paper by Mukaiyama has reported a bis(ferrocenyl) zirconocene complex (6, Figure 19.2)
that exhibits an extremely high trans selectivity for ring formation in PMCP.14

Cavallo et al. carried out a conformational modeling study for 1,5-HD polymerization using
bis-Cp (1) and bis-Cp∗ (2) zirconocenes in order to investigate the origin of diastereoselectivity.7

Active catalyst 1 formed a chair structure with the growing polymer in a pseudoequatorial position
as the lowest energy conformation, which yields a trans ring, while the bulkier active catalyst 2
formed a twisted-boat arrangement in a pseudoequatorial placement as a minimum energy conform-
ation, which results in the formation of a cis ring. According to these results, it might be expected
that highly stereoselective catalyst 5 would effect a homofacial 1,2-addition/cyclization process,
yielding a cyclopolymer with predominantly cis rings. However, the polymer produced by catalyst
5 contains predominantly trans rings. The trans selectivity of both less sterically hindered active
catalyst 1 and more sterically hindered catalysts 4 and 5 demonstrates that these catalysts prefer a
heterofacial 1,2-addition/cyclization sequence, rather than a homofacial 1,2-addition/cyclization
that leads to cis selectivity. In the heterofacial 1,2-addition/cyclization sequence, the cycliza-
tion step occurs on a diastereoface of opposite topicity to the enantioface selected for the initial
1,2-addition step.

In our group, cyclopolymerizations of 1,5-HD were investigated in the presence of different
metallocene catalysts (2b, 4b, 7, Figure 19.2).15 In the presence of MAO or noncoordinating anion
activators such as [Ph3C]+[B(C6F5)4]−, precatalysts having the spectator ligand structure present
in 2b yield atactic polymers in α-olefin polymerization, while those with the ligand structure of
4b yield isotactic polymers and those with the ligand structure of 7 yield syndiotactic polymers.9

Table 19.1 shows the results of 1,5-HD polymerizations with 2b, 4b, and 7 in conjunction with
[Ph3C]+[B(C6F5)4]−/Al(i-Bu)3 cocatalyst. Polymerization of 1,5-HD using 4b proceeded much
more rapidly than polymerization using 7 and 2b, producing insoluble, rubbery products. With cata-
lyst 4b, polymerization reactivity (as measured by yield) increased as the polymerization temperature
was increased under conditions of [Zr]= 39µM and [1,5-HD]0 = 0.88 M (runs 1, 2, 5, 8, 10). Most
of the products were insoluble in toluene, suggesting that crosslinking occurred. The toluene-soluble
percentage of the polymer product, which was determined by extraction in toluene and represents the
noncrosslinked and cyclized product percentage, was highest at−25 ◦C and lowest at 50 ◦C. Under
more dilute conditions, the content of toluene-soluble polymer increased, but yield decreased (runs
3, 4, 6, 7, 9). It is interesting to note that resonances corresponding to uncyclized monomer units were
barely detectable in 1H and 13C nuclear magnetic resonance (NMR) analyses of the toluene-soluble
polymers; thus, under these conditions, cyclization had predominantly taken place.

With catalysts 2b, 7, and 1a (using comparative data from the literature6), conversion of monomer
was not so high; however, all of the polymer products were soluble in toluene. The dependence of
the reactivities of 2b and 7 on the polymerization temperature was in contrast to that seen with 4b.
As shown in the Table 19.1 runs with 4b, when the conversion of monomer (as measured by yield)
is more than about 36% under the polymerization conditions used, much of the product is insoluble
in toluene. Thus, it is assumed that the percentage of toluene-soluble polymer is proportional to the
degree of cyclization. The degree of cyclization is higher under more dilute conditions.15

By using the two-step mechanism of olefin 1,2-addition and cyclization proposed by Marvel
and Garrison,12,13 the degree of olefin cyclization can be interpreted as the point of competit-
ive intramolecular cyclization and intermolecular propagation (Scheme 19.2).4–8,15,16 Because the
intramolecular cyclization is unimolecular (Step 2, Scheme 19.2) while the intermolecular propaga-
tion is bimolecular (Step 3, Scheme 19.2), the rate of intramolecular cyclization/intermolecular
propagation increases with more dilute conditions. In other words, the concentration of monomer
does not affect the cyclization rate, but affects the intermolecular propagation rate.17 Thus, the relative
amount of cyclized product increases under more dilute conditions compared to product formed by
intermolecular propagation. Some unreacted vinyl groups remaining as pendant groups (intermediate
D in Scheme 19.2), which come from intermolecular propagation (Step 3), may react continuously
with other active species (Step 4, Scheme 19.2), and produce insoluble material (intermediate E).
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SCHEME 19.2 Proposed unimolecular and bimolecular mechanisms forming cyclopolymer and network
polymer in 1,5-HD polymerization (P= polymer chain). (From Kim, I.; Shin, Y.-S.; Lee, J. K.; Won, M.-S. J.
Polym. Sci., Part A: Polym. Chem. 2000, 38, 1520–1527. With permission.)

The 1H NMR spectra of toluene-soluble PMCP fractions showed resonances in the olefin region
resulting from 1,2-addition,4–8,18–20 indicating the presence of pendant olefins. The degree of cyc-
lization of 1,5-HD showed a dependence on polymerization temperature;4–8,16 however, it was not
always proportional to temperature. The degree of cyclization by catalysts 4b and 7 increased as
the polymerization temperature increased, but that for catalyst 2b decreased under these conditions.
Thus, it can be said that more dilute conditions enhance the cyclization of 1,5-HD, and the effect of
polymerization temperature on cyclization is dependent on the structure of the catalyst.

In the polymerization of 1,5-HD, 1,2-addition and cyclization reactions can be described by
Equations 1.1 through 1.3 (where r = the rate of reaction), on the condition that the 1,2-addition
obeys a first-order Markovian process and the cyclization follows a Bernoullian process:15

rvv = kvv[M∗v ][M] (19.1)

rcv = kcv[M∗c ][M] (19.2)

rc = kc[M∗v ] (19.3)

where [M∗v ], [M∗c ], [M], kvv, kcv, and kc are, respectively, the number of propagating chain ends of
1,2-vinyl insertion units (V ), the number of propagating chain ends of cyclized units (C), monomer
concentration, the rate constant of 1,2-vinyl insertion of a second monomer after 1,2-vinyl addition,
the rate constant of 1,2-vinyl insertion of a second monomer after cyclization, and the rate constant
of cyclization. The ratio of 1,2-addition units (d[Mv]) to cyclization units (d[Mc]) in the polymer can
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be expressed by Equation 19.4

d[Mv]
d[Mc] =

kvv[M∗v ][M]
kc[M∗v ]

=
(

kvv

kc

)
[M] (19.4)

If the 1,2-addition and cyclization reactions follow this equation, the values of [V ]/[C] should increase
almost proportionally to an increase of [M].15

Cyclopolymerization of 1,5-HD using the MAO-activated constrained geometry catalyst
Me2Si(Me4Cp)(N-t-Bu)TiCl2 (8, Figure 19.2) was also investigated by Mülhaupt and Waymouth
and coworkers.21 This catalyst system afforded randomly distributed cis- and trans-cyclopentane
rings in the backbone. 1,5-HD incorporation reached 52 mol% and the ratio of vinyl side chains
(noncyclized units) to cyclopentane rings was controlled by the 1,5-HD concentration, where low
1,5-HD concentrations promoted cyclopolymerization.

19.2.2 STEREOREGULAR CYCLOPOLYMERIZATION OF 1,7-OCTADIENE WITH
METALLOCENE CATALYSTS

Polymerization of 1,7-OD was conducted by Naga et al. with MAO-activated aselective (1a),
isoselective (9, Figure 19.2),and syndioselective (10, Figure 19.2) metallocene catalysts.22 The
polymerization activity decreased in the order 9 > 10 > 1a. The molecular weight distributions
(Mw/Mn)s of the polymers obtained with 9 and 10 were 1.7–2.5 at low conversion (with conversion
measured by yield). The results indicated that polymerization of 1,7-OD proceeds with a single act-
ive species.1,9 Three kinds of incorporated 1,7-OD units are proposed on the assumption that vinyl
addition proceeds preferentially with 1,2-regiochemistry; the structures of the units are shown in
Figure 19.3.

The first structure is a 1,2-inserted unit with pendant vinyl group (F). The second is a cycloaddition
unit formed through intramolecular 1,2-addition of the pendant vinyl group (G). The third is a
graft addition unit formed through intermolecular 1,2-addition of the pendant vinyl group (H).
The structures of the polymers obtained were confirmed using 13C NMR and DEPT (distortionless
enhancement by polarization transfer) spectroscopy.22,23 The resonances at 26.7 (d), 30.0 (e) 33.9
(b), 34.0 (c), 35.5 (f), 41.8 and 44.0–45.0 (a), and 114.5 and 139.5 (g,h) ppm are assigned to the
pendant vinyl group structure (F). The resonances at 26.7 (d′,e′), 36.0 (c′,f ′), 37.2 (b′,g′), 43.2
(a′), and 44.0–45.0, 47.8, and 48.5 (h′) ppm are assigned to the cyclic polymer structure (G). Even

n n n

1,2-Addition Cycloaddition Network formation

n'

G

a
b

c

d

e

f

g

h

a'
b'

c'

d'e'

f'

g'h'

F H

FIGURE 19.3 The possible structures of enchained units in 1,7-OD polymerization.
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though the structure of the network polymer (H) could not be distinguished from F by NMR owing to
structural similarity, solvent (toluene) extraction can be utilized for the separation of each polymer.
The high glass transition temperatures (Tgs) of poly(1,7-OD) obtained with catalyst 9 also indicate
the presence of cyclic units in these polymers. Investigation of the effect of monomer conversion
(as measured by yield) on the microstructures of the resultant polymers showed that the fraction
of saturated units in the poly(1,7-OD)s, that is, the cyclization selectivity, decreased in the order
9 > 1a > 10.22

The cyclization selectivity decreased with lower polymerization temperatures. Waymouth and
Coates reported the same tendency in the cyclopolymerization of 1,5-HD.8 The monomer concentra-
tion affects the microstructure of poly(1,7-OD), and the cyclization selectivity is drastically decreased
with increasing monomer concentration. Similar results with 1,5-HD polymerizations were also
reported.15,21 Poly(1,7-OD) cyclopolymers have four possible microstructures, since the cyclization
step introduces diastereoselectivity that concerns the formation of cis and trans rings (Figure 19.1).1

As compared to 1,5-HD cyclopolymerization, the longer diene monomer structure of 1,7-OD results
in a decrease in the conformational rigidity of the incipient ring during cyclization.4–8,15,22 Since
a homofacial insertion/cyclization sequence results in a cis ring, an increase in diene length will
result in an increase in the cis ring content of the polymer. Waymouth and Coates demonstrated that
polymerizations of 1,5-HD, 1,6-heptadiene, and 1,7-OD with catalyst 5 yielded polymers with cis
ring contents of 28%, 50%, and 78%, respectively.24

19.2.3 CYCLOPOLYMERIZATION OF NONCONJUGATED DIENES WITH
NONMETALLOCENE CATALYSTS

The polymerization of nonconjugated dienes with various homogeneous Ziegler–Natta catalysts
has been investigated for the synthesis of polyolefins having cyclic units and pendant vinyl
groups. Cyclopolymerization of 1,5-HD to PMCP was reported initially by Marvel et al.,12,13

and further investigated by Makowski.17 Ziegler–Natta catalysts formed from TiCl4/Al(i-Bu)3
and TiCl4/AlEt3 showed low activities and incomplete cyclization of the diene. Cheng repor-
ted the cyclopolymerization of 1,5-HD using TiCl3/AlEt2Cl catalyst.20 13C NMR analysis of the
resulting polymer indicated complete cyclization. Doi et al. reported that the living polymerization
of 1,5-HD with V(acac)3/AlEt2Cl in toluene at −78 ◦C gave a polymer composed of alternating
methylene-1,3-cyclopentane (MCP) and 1-vinyl tetramethylene (VTM) units.25

Other polycyclic systems have been introduced into polymers using nonmetallocene catalysts.3

For example, by using a Ziegler–Natta catalyst, the triolefinic monomer 3-vinyl-1,5-hexadiene has
been converted into a soluble polymer having little unsaturation. An extensive linear chain structure
containing 2,6-methylene-linked bicyclo[2.2.1]-heptyl rings is indicated. Triallylmethylsilane has
also been polymerized by Ziegler–Natta catalysts to give soluble, solid polymers showing little
residual unsaturation, properties consistent with a large bicyclic [3.3.1] ring content.

Cyclopolymers were also produced by the cyclopolymerization of 1,5-HD employing a reduced
valence state group VIB metal oxide catalyst on a porous support by Ho and Wu.26 The preferred
catalyst comprises carbon monoxide-reduced chromium on silica. The 13C NMR analysis of the
resulting polymer showed that the chromium catalyst yielded predominantly cyclic polymer with
a small amount of unsaturated double bonds at the end of each polymer chain and recurring units
of irregular enchainment, that is, head-to-head, head-to-tail, and so forth. The polymers did not
exhibit stereochemical regularity or block structures. The recurring units of poly(1,5-HD) poly-
merized according to this process are those formed by the routes shown in Scheme 19.1a and c.26

These products with unique chemical structures have unusual properties for application as lubricants,
additives, or chemical intermediates.

Recently, Hustad and Coates reported cyclopolymerization of 1,5-HD27 and 1,6-heptadiene28

using a MAO-activated fluorinated bis(phenoxyimine)-based titanium complex that yields syndi-
otactic polymer in propylene polymerization (Scheme 19.3). Detailed analysis of the resulting
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SCHEME 19.3 Primary (1,2-) and secondary (2,1-) insertion/cyclization mechanisms in 1,5-HD and 1,7-OD
cyclopolymerizations with a fluorinated bis(phenoxyimine) titanium catalyst (P = polymer chain). (Adapted
with permission from Hustad, P. D.; Coates, G. W. J. Am. Chem. Soc. 2002, 124, 11578–11579; Hustad, P. D.;
Tian, J.; Coates, G. W. J. Am. Chem. Soc. 2002, 124, 3614–3621. Copyright 2002 American Chemical Society.)

poly(1,5-HD) microstructures revealed that the polymers contained MCP units (63%) as well
as 3-vinyl tetramethylene units (37%). Owing to the propensity for 2,1-addition, this catalyst
system resulted in the insertion/isomerization polymerization of 1,5-HD, giving a material com-
posed of VTM and MCP repeat units (Scheme 19.3).27,28 Cyclopolymerization of 1,6-heptadiene
with the same catalyst produced a polymer with no observable unsaturation, indicating quantit-
ative cyclization. The microstructure of the poly(1,6-heptadiene) displayed resonances consistent
with poly(methylene-1,3-cyclohexane) (PMCH) having 80% cis rings; however, the polymer 13C
NMR spectrum also contained new peaks at 44–43, 31, 29, and 23 ppm which matched those
of poly(ethylene-1,2-cyclopentane) (PECP; prepared independently by the ring opening metathesis
polymerization (ROMP) of bicyclo[3.2.0]-hept-6-ene and subsequent hydrogenation).28 The pres-
ence of both methylene-1,3-cyclohexane (MCH) and ethylene-1,2-cyclopentane (ECP) units in the
polymer was caused by the high occurrence of secondary insertions in this catalytic system, since
the ECP units can only form following monomer insertion with 2,1-regiochemistry.

19.3 COPOLYMERIZATION OF NONCONJUGATED DIENES AND
MONOOLEFINS

Copolymerizations of ethylene and/or propylene with nonconjugated dienes using various
metallocene catalysts are a useful method to synthesize polyolefins with cyclic backbones.
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Olefin/nonconjugated diene copolymerizations can be an attractive alternative synthetic method
to olefin/cycloolefin copolymerization, because homo- and copolymerizations of cycloolefins typ-
ically show low productivity. Bergemann et al. studied ethylene/1,5-HD copolymerization with the
MAO-activated catalyst 11 (Figure 19.2) under a high ethylene pressure of 1500 bar.29 According to
13C NMR analysis, that is, resonances at 33.1 and 32.0 ppm assigned to cis- and trans-cyclopentane
rings in the polymer backbone, respectively, and a resonance at 29.8 ppm assigned to the methylene
group, the copolymer contained 4.2 mol% of cyclic 1,5-HD units with predominantly trans rings
(feed concentration of 1,5-HD during polymerization = 72 mol%). Naga and Imanishi investig-
ated ethylene/1,5-HD copolymerizations with various MAO-activated nonbridged (e.g., 1a, 2a) and
bridged (e.g., 4a, 9, 10) zirconocene catalysts.30 They found that the ligand structure of the zircono-
cene, the amount of 1,5-HD in the feed, and the catalyst concentration strongly affected the resulting
copolymer composition. The bridged catalysts showed greater reactivity toward 1,5-HD than the
nonbridged catalysts.

Mülhaupt and coworkers studied homo- and copolymerizations of 1,5-HD with ethylene and
styrene using the MAO-activated constrained geometry catalyst 8.21 This catalyst system afforded
very high 1,5-HD incorporation (reaching 52 mol%) with randomly distributed cis- and trans-
cyclopentane rings in the homo- and copolymer backbones. The ratio of vinyl side chains to cyclic
rings was controlled by the 1,5-HD concentration, where low concentrations of 1,5-HD promoted
cyclopolymerization.

We have investigated the effects of metallocene stereoselectivity on ethylene/1,5-HD31 and
propylene/1,5-HD32 copolymerizations with two metallocene catalysts, isoselective 4b and syn-
dioselective 7, in combination with Al(i-Bu)3/[Ph3C]+[B(C6F5)4]− cocatalyst. In ethylene/1,5-HD
copolymerizations, a consistently higher incorporation of 1,5-HD was observed with syndioselect-
ive 7 (Figure 19.4). This tendency is in good agreement with the results of propylene/1,5-HD and
ethylene/α-olefin copolymerizations with the same catalysts, in which the syndioselective catalyst
shows higher comonomer reactivity than the isoselective catalyst.33 In the simplest case, a copoly-
merization reaction of ethylene (E) and 1,5-HD, four propagation reactions are possible. The two
participants in each chain propagation step are a monomer molecule and an active center (C∗) that
carries a polymer chain ending with a monomer unit derived either from E or from 1,5-HD (Equations
19.5 through 19.8)

C∗–E–polymer+ E
kEE−→ C∗–E–E–polymer (19.5)

C∗–E–polymer+ 1,5-HD
kEHD−→ C∗–1,5-HD–E–polymer (19.6)

C∗–1,5-HD–polymer+ E
kHDE−→ C∗–E–1,5-HD–polymer (19.7)

C∗–1,5-HD–polymer+ 1,5-HD
kHDHD−→ C∗–1,5-HD–1,5-HD–polymer (19.8)

where kEE is the rate constant for a propagating chain ending in E adding to monomer E, kEHD

that for a propagating chain ending in E adding to 1,5-HD, and so on. The four rate constants in
the copolymerization reactions are traditionally grouped into two reactivity ratios (Equations 19.9
and 19.10)

rE = kEE/kEHD (19.9)

rHD = kHDHD/kHDE (19.10)

Most procedures for evaluating rE and rHD involve the experimental determination of the copolymer
composition for several different comonomer feed compositions in conjunction with a differential
form of the copolymerization equation.
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FIGURE 19.4 Plot of mol% 1,5-HD incorporated into the copolymer versus mol% 1,5-HD in the monomer
feed for ethylene/1,5-HD cyclocopolymerization using 4b and 7 (Al(i-Bu)3/[Ph3C]+[B(C6F6)4]− cocatalyst).
(Reprinted from Kim, I.; Shin, Y. S.; Lee, J.-K.; Cho, N. J.; Lee, J.-O.; Won, M.-S. Polymer 2001, 42,
9393–9403. With permission from Elsevier.)

The calculation of copolymerization parameters according to a Kelen–Tüdös plot34,35 using
the data in Figure 19.4 resulted in rE = 17.44 and rHD = 0.02 (rErHD = 0.35) with 4b/Al(i-
Bu)3/[Ph3C]+[B(C6F6)4]− catalyst, and rE = 4.48 and rHD = 0.12 (rErHD = 0.54) with
7/Al(i-Bu)3/[Ph3C]+[B(C6F6)4]− catalyst.

Since ethylene is much more reactive than 1,5-HD, the rE values are higher than 1 and the rHD

values are lower than 1. Different types of copolymerization behavior are observed depending on
the values of the monomer reactivity ratios. Copolymerizations can be classified into three types
based on whether the product of the two monomer reactivity ratios r1r2 is unity, less than unity, or
greater than unity. It is useful to recall that when r1r2 ≈ 1 the resultant copolymer shows a random
structure; when r1r2 > 1 a blocky structure is evident, and when r1r2 < 1 the copolymer has an
alternating structure.36 In this sense, poly(ethylene-co-1,5-HD) copolymers produced using 4b and
7 appear to show alternating structures to some degree. However, detailed analysis of the copolymer
microstructure by 13C NMR spectroscopy31 shows that 4b produces copolymers having a random
distribution of 1,5-HD units and 7 produces copolymers with an alternating distribution of 1,5-HD
and ethylene units. The 1,5-HD units incorporated in the copolymers produced by both catalysts
were completely cyclized to MCP units derived from the intramolecular cyclization of 1,2-added
1,5-HD.

The microstructure of ethylene/1,5-HD copolymers is considerably more complicated than that
of simple ethylene/α-olefin copolymers, since it includes structures resulting from cyclization of
1,2-added 1,5-HD. Cyclopolymerization of 1,5-HD giving PMCP is a chain growth reaction during
which a conventional 1,2-addition of a vinylic function into the metal–carbon bond is followed by
an intramolecular 1,2-addition, resulting in the formation of alicyclic rings connected by methylene
groups (Figure 19.5). The cyclic units formed from 1,5-HD are described by both the cis/trans
stereochemistry of the rings and the relative stereochemistry between the rings.4–8,10,11,15 In addition,
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FIGURE 19.5 The plausible microstructures of poly(ethylene-co-1,5-HD) and its characterization by 13C
NMR spectroscopy. (Reprinted from Kim, I.; Shin, Y. S.; Lee, J.-K.; Cho, N. J.; Lee, J.-O.; Won, M.-S. Polymer
2001, 42, 9393–9403. With permission from Elsevier.)

intermolecular propagation of 1,2-added 1,5-HD yields olefin-bearing side chains in the copolymer.
The degree of cyclization of 1,2-added 1,5-HD is dependent upon the concentration of 1,5-HD
in the feed, owing to the competition between the intramolecular cyclization and intermolecular
propagation reactions. However, the degree of cyclization of 1,2-inserted 1,5-HD, as determined by
1H NMR spectroscopy of the copolymers obtained from catalysts 4b and 7, did not vary much with
variation in 1,5-HD concentration in the feed within the experimental range used in our experiments;
that is, only a small amount of side chain vinylic double bonds were detected (4.85–5.02 ppm,=CH2,
and 5.5–5.9 ppm, =CH-) at high concentrations of 1,5-HD in the copolymerization feed.

Copolymerization of propylene (P) and 1,5-HD was also carried out at 30 ◦C with the 4b/Al(i-
Bu)3/[Ph3C]+[B(C6F6)4]− and 7 /Al(i-Bu)3/[Ph3C]+[B(C6F6)4]− catalyst systems.32 Figure 19.6
shows plots of 1,5-HD percentage in the feed versus 1,5-HD percentage in the resultant copolymers.
The calculation of copolymerization parameters according to a Kelen–Tüdös plot resulted in rP =
16.25 and rHD = 0.34 (rPrHD = 5.53) for 4b and rP = 8.85 and rHD = 0.274 (rPrHD = 2.74) for
7. Catalyst 7 gives higher incorporations of 1,5-HD than catalyst 4b. These results indicate that a
syndioselective catalyst shows a higher reactivity toward 1,5-HD than an isoselective catalyst. Similar
results for relative comonomer reactivities were reported for the copolymerization of propylene and
1-hexene.37–39 Considering the products of the monomer reactivity ratios, the poly(propylene-co-
1,5-HD) copolymers appear to be blocky, the more blocky the more isoselective the catalyst.

As in the case of ethylene/1,5-HD copolymerization, the degree of cyclization of 1,2-inserted
1,5-HD in the poly(propylene-co-1,5-HD) copolymers (determined by 1H NMR spectroscopy) was
dependent upon the 1,5-HD concentration in the feed.32 At low 1,5-HD feed concentration, the degree
of cyclization approaches almost 100%; however, it decreases to some degree as the concentration of
1,5-HD increases. The selectivity of 1,2-added 1,5-HD cyclization can be interpreted as the point of
competition between the intramolecular cyclization and intermolecular propagation reactions.31,32

Shiono and coworkers studied copolymerizations of propene with 1,5-HD and 1,7-OD with
MAO-activated isoselective catalyst 9 and syndioselective catalyst 10.40 The incorporation of the
nonconjugated dienes in the copolymers was higher with 10 than with 9. The microstructures of
the copolymers were studied by 13C NMR and DEPT spectroscopy; detailed assignments of the
resonances are shown in Figure 19.7.40 The stereoregulations of the cyclic carbons in the isol-
ated MCP units next to propene units were defined as cis-m, cis-r, trans-m, and trans-r and were
assigned the 13C NMR resonances shown in Figure 19.7. The stereoselectivity in the cycloaddi-
tion of 1,5-HD was investigated based on the structures of isolated MCP units. It was found that
1,5-HD was inserted stereoselectively by enantiomorphic site control with both catalysts. The cyc-
lization selectivity for 1,5-HD copolymerization was higher than that for 1,7-OD copolymerization.
Catalyst 9 gave copolymers with higher cyclization selectivity than catalyst 10 in the propene/1,5-HD
copolymerization.
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FIGURE 19.6 Plot of mol% 1,5-HD incorporated into the copolymer versus mol% 1,5-HD in the monomer
feed for propylene/1,5-HD cyclocopolymerization using 4b and 7 (Al(i-Bu)3/[Ph3C]+[B(C6F6)4]− cocatalyst).
(From Kim, I.; Shin, Y. S.; Lee, J.-K. J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 1590–1598. With
permission.)

Recently, Choo and Waymouth performed the copolymerization of ethylene with 1,5-HD using
various metallocene catalysts (12, 13, 14, Figure 19.2).41 1,5-HD cyclopolymerized exclusively to
give MCP units in the copolymers, with only traces of uncyclized 1,2-inserted 1,5-HD. The diaste-
reoselectivity of the cyclocopolymerization favored the formation of trans-1,3-cyclopentane rings
for metallocenes (74% trans for 12, 81% trans for 13, and 66% trans for 14). For metallocenes 12
and 14, the ethylene/1,5-HD copolymerization yielded copolymers with similar comonomer com-
positions and sequence distributions to those observed for ethylene/1-hexene copolymerization with
these catalysts. On the other hand, the copolymers derived from metallocene 13 showed very different
compositions and sequence distributions. At comparable comonomer feed ratios, the poly(ethylene-
co-1,5-HD)s were enriched in the 1,5-HD comonomer and deficient in ethylene as compared to
the analogous polymers prepared from ethylene and 1-hexene. The copolymerization behavior of
13 provided support for a dual-site alternating mechanism for 1,5-HD incorporation, wherein one
coordination site of the active catalyst center is highly selective for the initial 1,2-inserion of 1,5-HD
and the other site is selective for cyclization.

Sita and Jayaratne42–44 invented very effective half-metallocene catalysts (15, 16, 17,
Figure 19.2) that can polymerize α-olefins upon activation with borate cocatalysts. These trans-
ition metal complexes possess the ability to polymerize α-olefins and dienes in both a stereoselective
and living fashion. As a result, these catalysts can be utilized to design new block copolymers. Cyclo-
polymerization of 1,5-HD using 15–17 in combination with [PhNMe2H]+[B(C6F5)4]− cocatalyst in
chlorobenzene at−10 ◦C gave high molecular weight PMCP materials possessing extremely narrow
polydispersities (Mw/Mn < 1.1) in a living fashion.44 Polymerization activity was attenuated as
the steric bulk of the amidinate substituents in compounds 15–17 was increased. All of the cata-
lysts were found to be at least 98% selective for cyclopolymerization versus linear 1,2-addition of
1,5-HD. Additional support that cyclopolymerizations of 1,5-HD were occurring in a living fashion
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FIGURE 19.7 The microstructures of isolated MCP units next to propylene units in propylene/1,5-HD cyclo-
copolymerization and their 13C NMR characterization. (Adapted with permission from Naga, N.; Shiono, T.;
Ikeda, T. Macromolecules 1999, 32, 1348–1355. Copyright 1999 American Chemical Society.)

with these catalysts was provided by the successful synthesis of di- and triblock copolymers of
isotactic poly(1-hexene) and PMCP with narrow polydispersity.

19.4 PROPERTIES OF POLY(METHYLENE-1,3-CYCLOPENTANE)
AND MONOOLEFIN/1,5-HEXADIENE COPOLYMERS

Polyolefins with cyclic units in the backbone show high Tgs and high transparencies, and thus
are suitable for optical and medical applications.45,46 Even though they can be prepared by the
copolymerization of ethylene and cyclic olefins (such as norbornene) using metallocene catalysts,
the cyclopolymerization of nonconjugated dienes offers another access route into cyclopolymer
materials.

According to a recent X-ray diffraction (XRD) study of PMCP materials by Auriemma and
coworkers,10,11 a common disordered crystalline form presenting a long range positional order
(pseudo-hexagonal) for the axes of configurationally and conformationally disordered chains was
observed. A conformational analysis for PMCP of different microstructures revealed that, independ-
ent of the PMCP microstructure, extended chain conformations suitable for the disordered crystalline
phase were proven to be geometrically and energetically feasible. Configurational order (i.e., cis,
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trans, or isotactic structures) resulted in large increases in the entropy of melting for the polymers,
owing to the related higher conformational order in the disordered crystalline phase.

The melting temperatures (Tms) of the PMCPs studied ranged from 86 to 171 ◦C and were
dependent upon the cis content of the different samples, but were scarcely dependent upon the
relative stereochemistry between the rings (e.g., a trans-atactic PMCP and a trans-isotactic PMCP
showed the same Tm value). Thus, PMCP with 81% trans rings had a Tm of 86 ◦C; PMCPs with 63%
and 66% trans rings had the same Tm value of 86 ◦C; random-isotactic PMCP with 52% cis rings
had a Tm of 120 ◦C; and cis-atactic PMCP with 86% cis rings had a Tm of 171 ◦C.10,11 A cis-atactic
PMCP with a higher cis ring content (93.5%), produced by 7 at −25 ◦C, had an even higher Tm of
190.5 ◦C.15 These results suggest that the strong increase of the melting temperature of PMCP with
increasing cis content is related to the more efficient lateral packing of the chains, pointed out by the
shorter interchain distances.

The Tm values of homo-polyethylene and homo-PMCP (67.6% trans rings) produced using
catalyst 7 were 138.0 and 76.7 ◦C, respectively. The poly(ethylene-co-1,5-HD)s produced by the
same catalysts showed multiple melt transitions.31 As an example, a copolymer containing 16.7 mol%
of 1,5-HD units in the main chain showed Tms at 88.6 and 116.4 ◦C, and a copolymer containing 39.6
mol% of 1,5-HD units in the main chain showed Tms at 73.8 and 96.9 ◦C. The crystallinity of the
copolymers, as measured by XRD analysis, decreased monotonously as the content of 1,5-HD units
in the main chain increased.31 Poly(propylene-co-1,5-HD)s produced by 7 lost their crystallinity,
as evidenced by both XRD and differential scanning calorimetry (DSC) analysis, as the content of
1,5-HD units in the main chain was increased.32 Thus, when the content of enchained 1,5-HD units
reached 6.7%, the copolymer showed no Tm and no characteristic XRD peaks.

As a means of developing applications, we have investigated the thermal-responsive shape
memory properties of trans-isotactic PMCP prepared using catalyst 4b.47 The PMCP polymer
resembles a ROMP poly(norbornene), which is an example of a commercially available shape
memory polymer.48 The PMCP polymer of this study was partially crystalline and had an elongation
at break of more than 400% at 25–85 ◦C.48 The shape memory effect of PMCP of moderate molecular
weight was enhanced by polyethylene segments introduced by sequential copolymerization; that is,
after polymerization of 1,5-HD for 24 h using 4b, ethylene was continuously polymerized, leading to
poly(ethylene-block-1,5-HD) copolymers. The crystalline phase of the polyethylene segments seems
to strengthen the fixed structure that stores (memorizes) the shape. In this system, the Tg or Tm of
the PMCP was selectively used as the shape recovery temperature when an appropriate deformation
temperature was chosen.

19.5 CONCLUSIONS

Recent advances in tactic diene cyclopolymerization and cyclocopolymerization with various metal-
locene catalysts demonstrate the value of metallocene compounds in new cyclopolymer syntheses.
The use of metallocene catalysts provides better control of enantioselectivity in nonconjugated diene
cyclopolymerizations than the use of conventional Ziegler–Natta catalysts. In addition, metallocene-
based catalysts exhibit extremely high cyclo- and regioselectivities for the cyclopolymerization of
α,ω-dienes. The cyclization step introduces an additional type of selectivity (diastereoselectivity)
that concerns the formation of cis and trans rings. Thus, by controlling the ligand structure of the
metallocene catalyst used for polymerization, PMCPs having several of the different potential kinds
of microstructures have been obtained: random-atactic, random-isotactic, cis-atactic, trans-atactic,
and trans-isotactic. Longer aliphatic dienes such as 1,7-OD result in a decrease in the conformational
rigidity of the incipient ring during cyclization. As a result, an increase in diene monomer length
results in an increase in the cis ring content of the polymer.

In our work, the isoselective catalyst 4b was found to show higher activity but lower reactivity
toward 1,5-HD than the syndioselective catalyst 7 in the copolymerization of 1,5-HD with ethylene
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or propylene. According to the values of rErHD and rPrHD, poly(ethylene-co-1,5-HD)s produced by
4b and 7 show alternating structures to some degree, and poly(propylene-co-1,5-HD)s show blocky
structures to some degree. In copolymerizations, the insertion of 1,5-HD proceeds by enantiomorphic
site control. Poly(ethylene-co-1,5-HD) shows multiple Tms even at high 1,5-HD contents (e.g.,
39.6 mol%) and a characteristic XRD pattern; however, poly(propylene-co-1,5-HD)s lose their
crystallinity at a moderate 1,5-HD content (i.e., ≥ 6.7 mol%).

It is expected that, in the coming decade, polymer chemists will continue to find that transition
metal complexes, including metallocenes, present advantages for the synthesis of novel cyclopoly-
mers with controlled structures using nonconjugated diene monomers. The controlled nature of
such polymerizations also provides a route into new functional polymers, such as polyolefin-based
block copolymers containing functional domains. In addition, suitable applications for the new cyc-
lopolymers are expected to be developed, along with more detailed mechanistic investigations of
cyclopolymerizations.
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20.1 INTRODUCTION TO THE OLEFIN METATHESIS REACTION

Over the last few decades, the olefin metathesis reaction has become a very important reaction in
organic synthesis and polymer synthesis.1–7 It involves the transition metal-catalyzed redistribution
of carbon–carbon double bonds. It can be understood as a reaction, in which the σ- and π-bonds of
the C=C units are cleaved, and double bonds are reformed with the alkylidene groups exchanged
(Scheme 20.1).

Detailed investigations of the catalytic mechanism of metathesis revealed that transition
metal carbenes and metallacyclobutanes represent key intermediates.8–12 The metathesis reaction
(Scheme 20.2) generally proceeds through a [2 + 2] addition of an alkene to a transition metal carbene
(A) to give a metallacyclobutane (B). The metallacyclobutane subsequently cleaves to reform a trans-
ition metal carbene (C), which can continue the catalytic cycle. Transition metal carbenes with metals
in a high oxidation state are also called transition metal alkylidenes.

Important classes of olefin metathesis reactions include cross metathesis (CM),1−7,13 ring-closing
metathesis (RCM),1−7,14−16 acyclic diene metathesis polymerization (ADMET),1−7,17,18 and ring-
opening olefin metathesis polymerization (ROMP).1−7,18−20 This chapter focuses on the last class of
metathesis reactions, ROMP, and in particular on the stereochemistry of the resulting macromolecular
products.

When cyclic olefins are subjected to olefin metathesis, breaking of the double bonds proceeds with
opening of the unsaturated cyclic unit, and poly(alkenylenes), that is, macromolecular products that
are also known as polyalkenamers,21 can be obtained (Scheme 20.3). Common examples of cyclic
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SCHEME 20.1 The olefin metathesis reaction.
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SCHEME 20.2 Transition metal carbenes and metallacyclobutanes are key intermediates in the catalytic cycle
of the olefin metathesis reaction (M= transition metal; L= ligand, e.g., halide, phosphine, alkoxide, arylamido,
cyclopentadienyl; R1, R2 = alkyl group or, with some late transition metals, functional group).
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SCHEME 20.3 Ring-opening olefin metathesis polymerization (ROMP) of cyclic olefins affording macro-
molecular structures.
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olefin ROMP monomers are cyclobutene, cyclopentene, cyclooctene, norbornene, norbornadiene,
and dicyclopentadiene.1–7

The release of ring strain contributes to the driving force for this reaction.22 Cyclohexene displays
very little ring strain and accordingly is difficult to polymerize.23 By comparison, norbornene and
norbornene derivatives are significantly strained and undergo reaction readily with a large number
of metathesis catalysts.

A wide range of catalyst compositions based on the transition elements Ti, Nb, Ta, Cr, Mo, W, Re,
Co, Ir, Ru, and Os are active for ROMP.1,2 These can be categorized as either conventional catalysts
or recently developed well-defined catalysts. The active metathesis catalyst is generally a transition
metal carbene (the metallacyclobutane form represents the actual resting state of the catalyst in the
case of several Ti- and Ta-based catalysts).

Conventional catalysts are often multicomponent systems, in which the metathesis-active carbene
is generated from a precursor such as a transition metal halide, oxohalide, or oxide compound through
reaction with a main group organometallic compound. For example, WCl6 and MoCl5 form highly
active metathesis catalysts upon reaction with Me4Sn or Et3Al,24,25 whereby reaction of the Sn or Al
compound with the halide produces the transition metal carbene in situ.1,2 Late metal halides such
as RuCl3·(H2O)3, OsCl3, and OsCl3·(H2O)n become active catalysts upon addition of a strained
cyclic olefin monomer in a polar solvent.26–30 ReCl5 can act as an effective polymerization catalyst
for bicyclic olefins and is generally used in either benzene or chlorobenzene solvent.

In recent years, well-defined catalysts have found increasing use in metathesis
polymerizations.1–7 These are single-component transition metal complexes, which can be isolated
and stored and which do not require reaction with a second component for catalyst activation.

20.2 STEREOCHEMICAL CONFIGURATIONS OF POLYMERS
PREPARED BY ROMP

Metathesis polymers obtained from unsubstituted monocyclic olefins, such as cyclopentene or cyc-
looctene, can contain two types of repeating units. These are units in which the carbon–carbon
double bond has the cis or trans configuration.2,24,31−33 Sequences of cis- and trans-enchained
poly(1-octenylene) are shown in Figure 20.1.

ROMP of 4-methylcyclopentene leads to the formation of a polymer that can adopt different ste-
reochemical configurations owing to the relative positioning of the methyl substituents in neighboring
repeating units (dyads).2,34 The four possible dyad structures are displayed in Figure 20.2.

The stereochemistry of ROMPproducts derived from norbornene (NB) and norbornadiene (NBD)
and their derivatives has been extensively investigated and is described in a similar manner to the
stereochemistry of addition polymers (isotactic, syndiotactic, etc.).1–7 These polymers are comprised
of an alternating sequence of olefin units and cis-1,3-enchained five-membered rings.35 The tertiary
carbon atoms attached to the olefin units represent chiral centers. Accordingly, four different isomeric
dyad structures are possible for metathesis polymers of NB, NBD, and symmetrically substituted
norbornene and norbornadiene derivatives.1,2,20,36−38 The four dyad structures for polynorbornene

Poly(1-octenylene) sequence with cis C=C units

Poly(1-octenylene) sequence with trans C=C units

FIGURE 20.1 Cis and trans isomerism in polymers obtained by ROMP of cyclooctene.
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cis-meso

cis-racemic

trans-racemic

trans-meso

FIGURE 20.2 Stereochemical configurations of polymers prepared by ROMP of 4-methylcyclopentene.

cis-meso cis-racemic

trans-meso trans-racemic

FIGURE 20.3 Dyad structures for polynorbornene prepared by ROMP.

(poly(NB)) are depicted in Figure 20.3. Isotactic polymers are composed primarily of meso (m)
units; syndiotactic polymers are composed primarily of racemic (r) units. Atactic polymers contain
an approximately equal amount of meso and racemic units. It is possible to prepare polymers of NB
and related polycyclic olefins that display a wide range of cis/trans olefin contents and significantly
different tacticities.

In the case of polymers derived from unsymmetrically substituted norbornene derivatives, such
as 1- and 5-alkylnorbornenes, the possibility of regioisomerism exists.39–45 The substituents of
neighboring units may be oriented in the same direction or in opposite directions, giving rise to head–
tail (tail–head), head–head, and tail–tail structures (Figure 20.4). A head–tail dyad is structurally
identical with a tail–head dyad. A particular carbon atom, which is part of a head unit that is
neighbored by a tail unit, is labeled HT; a carbon atom belonging to a tail unit neighbored by a head
unit is labeled TH.

20.3 STEREOCHEMISTRY OF POLYMERS PREPARED FROM
BICYCLIC OLEFIN MONOMERS EMPLOYING
CONVENTIONAL METATHESIS CATALYSTS

Ivin and Rooney et al. pioneered 13C nuclear magnetic resonance (NMR) polymer microstruc-
tural analysis of ROMP polynorbornenes, using conventional metathesis catalysts in their early
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FIGURE 20.4 Regioisomerism in a metathesis polymer prepared from a 5-substituted norbornene derivative
(head–tail dyads are structurally identical with tail–head dyads).
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FIGURE 20.5 Carbon numbering scheme for ROMP polynorbornene.

studies.2,37,39−45 They found that the polymer stereochemistry depends on various factors involving
the catalyst, the monomer, and the polymerization solvent. The 13C NMR spectrum of the parent
polymer poly(NB) displays significantly different chemical shifts for cis- and trans-enchained repeat-
ing units.37 As for polymers prepared from monocyclic olefins, there is a characteristic 4–5 ppm shift
difference between the resonances of the carbon atoms α to trans and α to cis C=C units. The allylic
carbon atoms attached to cis C=C units resonate at higher field. It was possible to assign signals to
the cis/trans isomerism at the triad level (three repeating units). However, the shift differences for
structures having the same C=C enchainment (cis or trans) but different tacticities (meso or racemic)
are very small for poly(NB), and have not been resolved so far (with spectrometers of MHz ≤ 500).
The signals corresponding to the allylic carbons (C1,4; numbering system as shown in Figure 20.5)2

display a small degree of line broadening as compared to the signals of the C2H4 segment of the
five-membered rings (C5,6).46

20.3.1 POLYMERIZATION OF 5,5-DIMETHYLNORBORNENE

Ivin and Rooney recognized that an indirect method could be used to distinguish between
isotactic and syndiotactic structures in ROMP polynorbornenes.37,39−45 This method exploits the
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SCHEME 20.4 Use of a single enantiomer of 5,5-dimethylnorbornene in the determination of polymer
tacticity.

observable olefin carbon NMR shift differences seen for the various head/tail enchainments in
poly(5-substituted)norbornenes, and relates them to structures with different tacticities. A perfectly
isotactic polymer, poly(iso-5,5-Me2NB), derived from a pure enantiomer of 5,5-dimethylnorbornene
(5,5-Me2NB), would by nature be exclusively composed of tail–head (head–tail) dyads (with the
corresponding olefin carbons denoted as TH and HT in Scheme 20.4), whereas the corresponding
perfectly syndiotactic polymer, (poly(syn-5,5-Me2NB)), would contain exclusively head–head and
tail–tail dyads (with the corresponding olefin carbons labeled HH and TT).

Enantiomerically enriched 5,5-Me2NB was subjected to metathesis polymerization. ReCl5
catalyst (in chlorobenzene solvent) was found to produce a highly stereoregular cis-syndiotactic
polymer.41–44 The syndiotactic structure was deduced from its 13C NMR spectrum, which displays
two prominent signals corresponding to the HH and TT olefin carbons of poly(syn-5,5-Me2NB)
(two low-intensity signals are also visible that correspond to the HT and TH olefin carbons of the
incorporated minor stereoisomer of 5,5-Me2NB). The cis-vinylene structure in this polymer, and in
all subsequently discussed metathesis polymers of bicyclic and polycyclic monomers, is identified by
the characteristic upfield shift of the 13C NMR signal for the cis-allylic carbon nuclei (as compared
to trans-allylic carbons).

Subsequently, a high-cis syndiotactic (90%) polymer of 5,5-Me2NB was also obtained using
the catalyst mixture OsCl3/phenylacetylene in tetrahydrofuran (THF) solvent.44 The tungsten com-
plexes 1a–c (Figure 20.6), upon activation with Et2AlCl, produce high-cis poly(5,5-Me2NB) samples
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FIGURE 20.6 Tungsten diolate complexes for the preparation of poly(5,5-Me2NB) enriched in cis-
syndiotactic structures.

reported to be syndiotactic.47 The high cis content (>95%) is suggested to arise from minimized
steric repulsion in the transition state for chain propagation.

The catalyst (mesitylene)W(CO)3/EtAlCl2/exo-2,3-epoxynorbornane produces predominantly
trans-isotactic poly(iso-5,5-Me2NB) (85:15 trans:cis) at a monomer concentration of 0.4 mol/L.43

The 13C NMR spectrum of the polymer obtained from enantiomerically enriched monomer displays
two prominent signals in the region of δ 128–138 ppm that correspond to the trans-HT and trans-TH
olefin carbon nuclei. At higher monomer concentrations, that is, 2.7 mol/L, the proportion of cis
units increases to 40% (it is noted that the cis/trans and m/r dyad ratios of metathesis polymers are
often measured by the intensity of the relevant 13C NMR signals, and small errors in these ratios can
occur when spin relaxation is not complete).

The amount of trans olefin units in poly(5,5-Me2NB) can be increased to 95% by using
RuCl3·(H2O)3 catalyst (solvent = ethanol/chlorobenzene). However, the 13C NMR spectrum of
the polymer made from enantiomerically enriched monomer shows four olefin signals of nearly
equal intensity, which indicates that the polymer is predominantly atactic (57% m and 43% r).42 The
13C NMR spectrum of poly(5,5-Me2NB) prepared from racemic monomer also reveals an atactic
structure, as it displays splitting of the HH olefin signal into two peaks owing to the presence of
syndiotactic and isotactic head–head units. (The other three olefin signals (HT, TH, TT) assigned to
the head–tail and tail–tail units are not further split.)

The choice of a solvent can be important for the stereochemistry of products obtained by
metathesis polymerization. Poly(5,5-Me2NB) prepared with WCl6/Me4Sn in chlorobenzene is
mainly atactic and contains 69% cis olefin units. In comparison, poly(5,5-Me2NB) obtained with
WCl6/Me4Sn in dioxane is an all-cis, slightly syndiotactic polymer (r:m = 70:30).46 The same
stereochemistry is achieved with MoCl5/Me4Sn in dioxane.

Polymers with different tacticities and cis/trans olefin contents were also synthesized from
racemic and enantiomerically enriched exo- and endo-5-methylnorbornene.39,40,44 High-cis syn-
diotactic polymers were prepared with ReCl5 (in benzene or chlorobenzene) and high-trans atactic
polymers were obtained with two Ru-based catalysts, RuCl3·(H2O)3 in PhCl/EtOH and an in
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SCHEME 20.5 An early model for the formation of syndiotactic cis-polynorbornene (M = transition metal,
L= ligand, P= polymer chain, � = vacant coordination site).

situ-prepared Ru cyclooctadiene complex. Tacticity was further confirmed by 13C NMR analysis
of the hydrogenated versions of 5-methyl- and 5,5-dimethyl-substituted norbornene polymers.44

An early model was suggested by Calderon and Kelly38 and Ivin et al.37 to account for a predomin-
antly syndiotactic microstructure in high-cis metathesis polymers (Scheme 20.5) and a predominantly
isotactic structure in high-trans polymers (Scheme 20.6) when conventional metathesis catalysts are
employed. This is a theoretical model, which assumes chain propagation to occur at chiral transition
metal alkylidene species (LnM=CH-R). It was proposed that the rate of rotation about the metal–
carbon double bond is significantly lower than the rate of chain propagation, and that scrambling of
the vacant coordination site with any of the ligand sites does not occur. Accordingly, a syndiotactic
sequence is formed in high-cis poly(NB). In the top row of Scheme 20.5, both the methylene bridge
of the monomer and the polymer chain P point in the same direction, that is, out of the plane of
projection, as the monomer approaches the metal alkylidene, and a cis-metallacyclobutane struc-
ture is formed. The metallacyclobutane subsequently cleaves to reform a metal alkylidene, and a
cis-vinylene structure is obtained. In the middle row of Scheme 20.5, the metal alkylidene (com-
plete molecule rotated around two axes) is approached by a second monomer molecule, whereby
the CH2 bridge and polymer chain P are pointing behind the plane of projection. A second metalla-
cycle is formed and cleaved to produce a syndiotactic dyad with a cis double bond (bottom row of
Scheme 20.5). The formation of trans-isotactic poly(NB) occurs in a similar fashion, and part of the
relevant sequence is displayed in Scheme 20.6.
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SCHEME 20.6 An early model for the formation of isotactic trans-polynorbornene (M = transition metal,
L= ligand, P= polymer chain, � = vacant coordination site).

It was further suggested that the cis:trans ratio in the polymer is determined by the extent that the
last reacted monomer unit remains π-bonded to the transition metal center when the next monomer
molecule is approaching. It must be emphasized here that these models are based on speculation,
as the transition metal carbene and metallacyclobutane intermediates responsible for polymer chain
growth in these conventional polymerization systems have not yet been identified and characterized.

20.3.2 POLYMERIZATION OF 1-METHYLNORBORNENE

Several catalysts convert 1-methylnorbornene (1-MeNB) into poly(1-MeNB) samples that contain
exclusively or predominantly head–tail linkages.45 The catalyst ReCl5 (in chlorobenzene) produces
an all head–tail cis-syndiotactic polymer. This means that poly(1-MeNB) consists of a strictly altern-
ating sequence of the two enantiomers of 1-MeNB (Scheme 20.7). So far, reactions of ReCl5 with
enantiomerically pure 1-MeNB have not produced any macromolecular products.

The catalyst OsCl3 (in a 1:1 by volume mixture of ethanol/chlorobenzene) converts racemic
1-MeNB into an atactic, all-trans polymer with predominantly head–tail structures at low monomer
concentrations (0.2 mol/L). The ratio of (HT + TH)/(HH + TT) signals is 9:1. By comparison,
polymerization of a single isomer of 1-MeNB gives isotactic poly(1-MeNB), as the selective head–tail
enchainment necessarily leads to the meso stereochemistry when enantiomerically pure monomer is
used (Scheme 20.8). At an increased monomer concentration (1.5 mol/L), a polymer with 16% cis
units is formed. This polymer does not contain any cis-head–head sequences.

Polymerization of 1-MeNB with RuCl3·(H2O)3 (in 1:1 EtOH/PhCl) produces poly(1-MeNB)
exclusively composed of repeating units that contain trans olefin structures. This polymer contains
a completely random sequence of HT, HH, and TT units and is atactic, both when prepared from a
racemic mixture of 1-MeNB and when synthesized from a single enantiomer of 1-MeNB.45
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SCHEME 20.9 ROMP of a 1:1 mixture of syn- and anti-7-methylnorbornene is strongly selective for
polymerization of the anti isomer.

20.3.3 POLYMERIZATION OF 7-METHYLNORBORNENE AND

7-METHYLNORBORNADIENE

Both ReCl5 and (mesitylene)W(CO)3/EtAlCl2/exo-2,3-epoxynorbornane produce polymers of
anti-7-methylnorbornene (anti-7-MeNB) with highly tactic sequences (Scheme 20.9).48 The ste-
reochemistry of poly(anti-7-MeNB) is assigned assuming that the tacticity is the same as for
poly(5,5-Me2NB): cis-syndiotactic when polymerization of anti-7-MeNB is carried out with ReCl5
(90% cis), and mixed trans-isotactic and cis-syndiotactic when (mesitylene)W(CO)3/EtAlCl2/
exo-2,3-epoxynorbornane is used. In the case of the W-based catalyst, the trans/cis ratio for
poly(anti-7-MeNB) is 55:45, which is lower than that for poly(5,5-Me2NB) prepared with the same
catalyst.

Poly(anti-7-MeNB) prepared with RuCl3·(H2O)3 (in 1:1 EtOH/PhCl) is all trans and atactic.
Its 13C NMR spectrum displays splitting owing to tacticity for all carbon nuclei with the exception
of C7 (numbering scheme according to Figure 20.5). Polymerization with OsCl3 in EtOH/PhCl
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produces poly(anti-7-MeNB) with 87% trans-atactic structures.48 The trans olefin content can be
further decreased to 48% by employing WCl6/Bu4Sn in chlorobenzene as the catalyst. Both the
cis and trans olefin sequences are atactic. Use of a ruthenium trifluoroacetate catalyst (prepared
from RuCl3·(H2O)3 and CF3COOAg) gives poly(anti-7-MeNB) that contains 43% trans-atactic and
57% cis-syndiotactic dyads. This stereochemistry differs from that of poly(anti-7-MeNB) made with
RuCl3·(H2O)3.

Technically, these polymerizations were carried out with a 1:1 mixture of syn- and anti-7-
methylnorbornene (Scheme 20.9) rather than with pure anti-7-MeNB.48 The anti isomer selectively
undergoes polymerization, and the syn isomer remains largely unreacted, usually to an extent of 90%
or more.

This result suggests that the polymerization of norbornene-type monomers occurs selectively
on the exo face. Samples of poly(7-MeNB) prepared with (mesitylene)W(CO)3/EtAlCl2/exo-
2,3-epoxynorbornane contain a small amount of the syn monomer incorporated as measured by
13C NMR. This catalyst is also capable of polymerizing the syn monomer in the presence of a
small amount of the anti monomer or norbornene; the resulting product is mainly composed of
repeating units of the syn monomer.48 However, the polymerization of pure syn-7-MeNB with
(mesitylene)W(CO)3/EtAlCl2/exo-2,3-epoxynorbornane was reported to have failed.

The monomer 7-methylnorbornadiene (7-MeNBD) also undergoes polymerization in the pres-
ence of several conventional metathesis catalysts to form poly(7-MeNBD). It is noteworthy that
the catalyst OsCl3 (in 1:1 EtOH/PhCl) leads to polymer stereochemistry that is significantly dif-
ferent from that of poly(anti-7-MeNB). The OsCl3-derived polymer of the monoolefin contains
predominantly atactic trans olefin structures, whereas the analogous diolefin polymer is composed
of nearly exclusively cis alkene structures (97%) and predominantly syndiotactic dyads (r:m = 75:25
through the 13C NMR signals of the methyl substituent at δ 16.2–17.0 ppm).49 The catalysts ReCl5
and WCl6/Me4Sn produce poly(7-MeNBD) with a similar stereochemical configuration to that of
poly(anti-7-MeNB) made with these catalysts. Both of the ReCl5-based products are cis-syndiotactic,
but the cis olefin content is slightly lower in the case of the diene-based polymer, that is, 80% versus
90%.

The WCl6/Me4Sn-derived poly(7-MeNBD) contains 42% cis and 58% trans units, both of which
are atactic. A catalyst based on (mesitylene)W(CO)3/EtAlCl2 produces poly(7-MeNBD) with 76%
cis C=C units that are highly syndiotactic and 24% trans C=C structures that are highly isotactic. A
MoCl5/Me4Sn/Et2O catalyst gives an atactic, predominantly trans polymer (80% trans C=C). With
all of these catalysts, polymerization occurs selectively at the anti face of the monomer, and the
resulting products generally contain only between 6% and 8% repeating units that are derived from
the reaction at the syn face (Scheme 20.10).

The stereochemistry of the syn units of poly(7-MeNBD) was investigated for products made with
OsCl3 (in EtOH/PhCl) and WCl6/Me4Sn (in PhCl) and found to be very similar to the microstructure
of the anti units. The tacticity results for poly(7-MeNBD) were confirmed by 13C NMR analysis of
the hydrogenated polymer.

Me

Poly(7-MeNBD)

n
Meanti syn

n

7-MeNBD

(anti /syn is typically 0.92/0.08 to 0.94/0.06)

SCHEME 20.10 ROMP of 7-methylnorbornadiene can occur at either the syn or anti face, with predominant
reaction at the anti face.



DK3712: “dk3712_c020” — 2007/10/10 — 14:09 — page 520 — #12

520 Stereoselective Polymerization with Single-Site Catalysts

n

H2C H2C
CH2 CH2

n

Poly(7-spiro-(CH2)2-NB)7-spiro-(CH2)2-NB

SCHEME 20.11 Polymerization of spiro(bicyclo[2.2.1]hept-2-ene-7,1’-cyclopropane).
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SCHEME 20.12 ROMP of norbornene and norbornadiene with subsequent hydrogenation for 13C NMR
analysis (TsH = p-toluenesulfonhydrazide).

20.3.4 POLYMERS OF SPIRO(BICYCLO[2.2.1]HEPT-2-ENE-7,1′-CYCLOPROPANE)
The spiro bridge of spiro(bicyclo[2.2.1]hept-2-ene-7,1′-cyclopropane) (7-spiro-(CH2)2-NB) is less
sterically demanding than the syn-methyl substituent of syn-7-MeNB, and yields greater than 90%
of poly(7-spiro-(CH2)2-NB) (Scheme 20.11) are obtained with RuCl3·(H2O)3 (12:1 toluene/EtOH,
18 h, 75 ◦C) and WCl6/Ph4Sn (toluene, 15 h, 20 ◦C). Samples of poly(7-spiro-(CH2)2-NB) made
using both catalysts are atactic and contain predominantly trans olefin linkages (85% for the W-based
catalyst and 95% for the Ru catalyst).50

20.3.5 POLYMERS OF NORBORNENE AND NORBORNADIENE

It became possible to estimate the tacticity of the parent polymers, poly(NB) and polynorbornadiene
(poly(NBD)), after hydrogenation of the olefin double bonds (Scheme 20.12), employing a high-field
NMR spectrometer. The carbon nuclei C7 and C5,6 of the hydrogenated products poly-H-(NB)/poly-
H-(NBD) display splitting with partial signal resolution owing to r/m stereochemistry.51

The polymerization of norbornene with ReCl5 (in PhCl) affords a high-cis, predominantly syndi-
otactic poly(NB) (Table 20.1).51 The 13C NMR spectrum of the hydrogenated polymer qualitatively
reveals that the stereoregularity is not quite as high as in poly(5,5-Me2NB) prepared with ReCl5.
Poly(NB) with higher stereoregularity can be obtained by employing a modified OsCl3 catalyst. In
the case of the polymerization of anti-7-MeNB, it was shown that OsCl3 (in 1:1 EtOH/PhCl) gave
a high-trans atactic polymer.48 However, through the addition of p-benzoquinone or by employing
phenylacetylene in THF, the Os catalyst becomes highly cis-selective, and poly(NB) samples with
95% and 98% cis double bonds, respectively, are obtained.52 These polymers are more than 90%
syndiotactic (Table 20.1).46,52 In the case of the p-benzoquinone-modified catalyst, it is essential to
employ a sufficiently high monomer concentration, such as 0.8 mol/L, to retain selectivity. The cis
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TABLE 20.1
Stereochemical Configuration of Polynorbornene (poly(NB)) and Polynorbor-
nadiene (poly(NBD)) Samples Obtained with Conventional ROMP Catalysts

Monomer Catalyst/Solvent Olefin Tacticity
Stereochemistry

NB ReCl5/PhCl High-cis Predominantly syndiotactic
NB OsCl3/p-benzoquinone/EtOH/PhCl 95% cis >90% syndiotactic
NB OsCl3/phenylacetylene/THF 98% cis >90% syndiotactic
NB WCl6/Me4Sn/dioxane >90% cis Atactic
NB MoCl5/Me4Sn/dioxane >90% cis Atactic
NB NbCl5/Me4Sn/dioxane >90% cis Atactic
NB TaCl5/Me4Sn/dioxane >90% cis Atactic
NB (mesitylene)W(CO)3/EtAlCl2/PhCl 16% cis Predominantly atactic
NB (mesitylene)W(CO)3/EtAlCl2/dioxane 95% cis Predominantly atactic
NB RuCl3·(H2O)3/EtOH/PhCl High-trans Atactic
NBD OsCl3/phenylacetylene/THF >95% cis >90% syndiotactic
NBD OsCl3/EtOH/PhCl 93% cis 65–80% syndiotactic
NBD WCl6/Me4Sn/dioxane High-cis Atactic
NBD MoCl5/Me4Sn/dioxane High-cis Atactic
NBD NbCl5/Me4Sn/dioxane High-cis Atactic
NBD TaCl5/Me4Sn/dioxane High-cis Atactic

olefin content drops to 31% when a monomer concentration of 0.3 mol/L is used in a 1:1 mixture of
chlorobenzene/ethanol.52

The catalysts WCl6/Me4Sn, MoCl5/Me4Sn, NbCl5/Me4Sn, and TaCl5/Me4Sn, in the solvent
dioxane, also produce poly(NB) with a cis double bond content of more than 90% (Table 20.1).46

These polymers are atactic, which slightly contrasts with the 70% r structure of poly(5,5-Me2NB)
prepared with WCl6/Me4Sn/dioxane or MoCl5/Me4Sn/dioxane. The cis content of poly(NB) pre-
pared with these catalysts drops to 50% or less when the polymerization solvent is changed from
dioxane to chlorobenzene. (Mesitylene)W(CO)3/EtAlCl2 also produces poly(NB) with a different
stereochemical structure when the solvent system is changed.51 A polymer containing 84% trans-
vinylene units is obtained in chlorobenzene, but the trans content decreases to 25% when a 0.7:3.7
volume ratio of dioxane/chlorobenzene is used as solvent. The trans-vinylene content is further
decreased to 5% when the polymerization is conducted in pure dioxane (Table 20.1).

High-trans atactic poly(NB) can be prepared with RuCl3·(H2O)3 (in 1:1 EtOH/PhCl) and [(p-
cymene)RuCl2]2(in 1:10 EtOH/PhCl). In the case of RuCl3·(H2O)3, the addition of phenylacetylene
as an additive to the polymerization system does not lead to a different polymer microstructure,51

in contrast to OsCl3. cis-Syndiotactic poly(NB) obtained with OsCl3/phenylacetylene/THF
(Table 20.1) is compared with trans-atactic poly(1-MeNB) and poly(anti-7-MeNB) prepared with
OsCl3/EtOH/PhCl, assuming that polymer stereochemistry is not significantly changed in the
presence of a 1- or 7-Me substituent.

Differential scanning calorimetry (DSC) analysis of an atactic hydrogenated poly(NB) sample
reveals a melt transition (Tm)with a peak maximum at 146 ◦C (�H = 49 J/g).53,54 This demonstrates
that atactic hydrogenated poly(NB) is moderately crystalline despite its irregular microstructure.

When norbornene is replaced by norbornadiene, very similar stereochemistry results are obtained
using the catalysts WCl6/Me4Sn, MoCl5/Me4Sn, NbCl5/Me4Sn, and TaCl5/Me4Sn in the solvent
dioxane.46 Norbornadiene polymerizations are often carried out in the presence of a small amount of
a linear olefin to prevent crosslinking or the formation of very high molar mass polymers.55 Again,
a highly stereoregular polymer is isolated when OsCl3/phenylacetylene (in THF) is used as the
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catalyst (>95% cis double bonds and >90% r dyads) (Table 20.1).46 This tacticity is higher than in
poly(NBD) prepared with unmodified OsCl3(in EtOH/PhCl) (high-cis content and about 65%–80%
r).51 The latter polymer has a very similar stereochemistry to that of poly(7-MeNBD) obtained with
OsCl3 but differs from the high-trans-atactic structure of poly(anti-7-MeNB) obtained with OsCl3.

In many earlier studies, the stereochemistry of poly(NBD) was determined only after hydrogen-
ation of the polymer products.51 Subsequently, it was found that poly(NBD) microstructure can be
directly assessed by examining the 13C NMR signal corresponding to the olefin carbons C5,6 of the
five-membered rings (Scheme 20.12). This signal is split when both m and r dyads are present.46

20.3.6 POLYMERS OF ENDO,EXO-5,6-DIMETHYLNORBORNENE

The conventional catalyst system OsCl3/phenylacetylene (in THF) produces moderately regular
metathesis polymers of enantiomerically enriched (90% ee) (Scheme 20.13) and racemic endo,exo-
5,6-dimethylnorbornene (endo,exo-5,6-Me2NB).56 The stereoregularity is not as pronounced as for
the highly syndiotactic poly(NB) and poly(NBD) samples prepared with this same catalyst system.
The product formed from (+)-endo,exo-5,6-Me2NB is reported to contain approximately 61% cis
C=C units, and the polymer made from the racemic monomer contains about 85% cis units. The
r/m ratio is established after hydrogenation of the C=C double bonds (Figure 20.7). The intensity of
the 13C NMR signals assigned to the rr triad of hydrogenated poly(+)-endo,exo-5,6-Me2NB (poly-
H-((+)-endo,exo-5,6-Me2NB)) is approximately twice the intensity of the corresponding mm triad
resonances.

It is noteworthy that the fraction of rm and mr triads is significantly smaller than the fraction
of mm triads, which indicates that the polymer is predominantly composed of block sequences of
syndiotactic and isotactic structures (Figure 20.7). This is a syndiotactic-biased stereoblock polymer.
The authors suggested that the Os-based catalytic sites responsible for the formation of cis C=C
structures produce syndiotactic sequences, and the trans-specific sites form isotactic structures.
By comparison, poly((+)-endo,exo-5,6-Me2NB) prepared with RuCl3·(H2O)3 (in EtOH/PhCl) is
all-trans and atactic.

n
ROMP

Poly-((+)-endo,exo-5,6-Me2NB)

(+)-endo,exo-5,6-Me2NB

n

SCHEME 20.13 ROMP of (+)-endo,exo-5,6-dimethylnorbornene.
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FIGURE 20.7 Dyad structures of hydrogenated poly((+)-endo,exo-5,6-dimethylnorbornene) (a) and stereo-
block polymer composed of repeating monomer (M) units linked in a racemic (r) and meso (m) fashion (b).
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endo-DCPD exo-DCPD

endo-7,8-H2DCPD exo-7,8-H2DCPD

FIGURE 20.8 Tricyclic ROMP monomers.

20.3.7 POLYMERIZATION OF ENDO- AND EXO-DICYCLOPENTADIENE

Metathesis polymers of endo- and exo-dicyclopentadiene (endo- and exo-DCPD, Figure 20.8)
prepared with WCl6/Me4Sn (in PhCl) are atactic and contain both cis and trans olefin struc-
tures. Polymer tacticity was established after complete hydrogenation of the polymers.57 Products
prepared with ReCl5 (in PhCl) have essentially all-cis olefin linkages. It is noteworthy that
poly(endo-DCPD) synthesized with RuCl3·(H2O)3 (in EtOH/PhCl) is an all-cis polymer. This
contrasts with polymers prepared from exo-DCPD, endo- and exo-7,8-dihydrodicyclopentadiene
(endo-7,8-H2DCPD and exo-7,8-H2DCPD, Figure 20.8), and other norbornene-type monomers
prepared using RuCl3·(H2O)3, which contain 90% or more trans olefin linkages. The high-trans
poly(endo-7,8-H2DCPD) is atactic.

The authors tentatively proposed that the steric bulk of the catalytic site caused by coordination
(in a chelating fashion) of an additional endo-DCPD molecule, which is not involved in chain
propagation, is responsible for the high-cis structure of poly(endo-DCPD) that is obtained with
RuCl3·(H2O)3.

20.3.8 POLYMERS OF 2,3-DICARBOALKOXYNORBORNADIENES AND

2,3-DICARBOALKOXY-7-OXANORBORNADIENES

As outlined in the sections above, the macromolecular stereochemistry of ROMP polymers depends
on factors involving the catalyst, cocatalyst, solvent, and monomer employed. An additional factor
affecting microstructure—the presence or absence of phenylacetylene as an additive in the poly-
merization system—is also found when 2,3-dicarbomethoxynorbornadiene (2,3-(CO2Me)2NBD,
Figure 20.9) is polymerized by OsCl3.58 Polymerization without added phenylacetylene gives atactic,
high-trans (90%) poly(2,3-dicarbomethoxynorbornadiene) (poly(2,3-(CO2Me)2NBD)), whereas
polymerization with OsCl3/phenylacetylene produces a high-cis (83%) polymer enriched in syn-
diotactic dyads (ca. 80% r). The high-trans composition of the former polymer contrasts with the
high-cis structure of poly(NBD) prepared with unmodified OsCl3, but is similar to that of trans-
atactic, OsCl3-derived poly(anti-7-MeNB) (i.e., that obtained when no phenylacetylene is added to
the polymerization system).

The trans-atactic stereochemistry of the OsCl3-derived poly(2,3-(CO2Me)2NBD) also dif-
fers significantly from the high-cis (76%–86% cis), syndiotactic (ca. 80% r) microstructure of
the polymer obtained from the OsCl3-catalyzed polymerization of the analogous monoolefin,
exo,cis-2,3-dicarbomethoxynorborn-5-ene (exo,cis-2,3-(CO2Me)2NB, Figure 20.9). By comparison,
RuCl3·(H2O)3-catalyzed polymerizations of 2,3-(CO2Me)2NBD and 2,3-exo,cis-(CO2Me)2NB give
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FIGURE 20.9 Carboxylic ester-substituted bicylic olefin monomers bearing two (identical) ester substituents
R or R∗.
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FIGURE 20.10 Catalyst precursor Ru(p-cymene) chloride dimer.

polymers with similar stereochemistry. These are high-trans (94% and 99%, respectively) and
moderately enriched in meso dyads (ca. 65%–75% m).

High-trans, isotactic-enriched polymers are also obtained when norbornadiene diesters 2,3-
(CO2R)2NBD and 2,3-(CO2R*)2NBD, bearing either achiral or chiral alkoxy groups (Figure 20.9),
are reacted with [RuCl2(p-cymene)]2 (2, Figure 20.10) activated by trimethylsilyldiazomethane.59,60

In addition, RuCl3·(H2O)3 and 2/trimethylsilyldiazomethane both polymerize 2,3-dicarbomethoxy-
7-oxanorbornadiene (2,3-(CO2Me)2ONBD, Figure 20.9) to give a high-trans material;60,61 the
latter catalyst system has also been reported to form high-trans poly(2,3-(CO2Et)2ONBD)
and poly(2,3-(CO2i-Pr)2ONBD) from the higher 7-oxanorbornadiene esters 2,3-dicarboethoxy-7-
oxanorbornadiene and 2,3-dicarboisopropoxynorbornadiene.60

To this date, poly((CO2Me)2NBD) prepared with the catalyst system MoCl5/Me4Sn/dioxane
stands out as a rare example of an isotactic, all-cis polymer obtained with a conventional transition
metal halide catalyst.58 This microstructure contrasts with the atactic and moderately syndio-
tactic structures of poly(NB) and poly(5,5-Me2NB), respectively, that are obtained with the
MoCl5/Me4Sn/dioxane system.

20.3.9 ALTERNATING ETHYLENE/NORBORNENE COPOLYMERS

A polymer composed of a strictly alternating sequence of norbornene and ethylene repeating units
can be obtained through a reaction sequence that involves ROMP of exo-tricyclo[4.2.1.02,5]non-
3-ene (exo-TCN) and subsequent hydrogenation of the polymer double bonds (Scheme 20.14).62
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85% r, when RuCl3·(H2O)3 is used as the ROMP catalyst 
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SCHEME 20.14 Strictly alternating ethylene-norbornene copolymers enriched in r dyads prepared through
ROMP and subsequent hydrogenation (TsH = p-toluenesulfonhydrazide).

Cp2Ti

3 4

Cp2Ti

FIGURE 20.11 Titanacyclobutane compounds that initiate “living” ROMP (Cp = cyclopentadienyl).

This polymer is enriched in syndiotactic sequences (85% r) when RuCl3·(H2O)3 is employed as the
metathesis catalyst.

20.4 POLYMERIZATIONS WITH WELL-DEFINED METATHESIS
CATALYSTS

Over the last two decades, several well-defined metallacyclobutanes and transition metal alkylidenes
have been developed. They often catalyze metathesis polymerizations of norbornene-type monomers
in a “living” fashion.1–7 “Living” polymerizations are those that proceed with fast initiation, and
generally, no chain termination and chain transfer occur, thus providing control of molar mass and
molar mass distribution.93 Some of these well-defined catalysts can be employed for stereoselective
polymerizations, and they provide further insight into the mechanisms of stereocontrol in ROMP.
The following sections describe the use of catalyst/monomer combinations in which the catalyst
is a metallacyclobutane, a transition metal alkylidene compound, or a structurally well-defined
transition metal complex that forms a ROMP-active transition metal alkylidene compound upon
thermal activation. In the case of the well-defined ROMP catalyst precursors, polymerization often
proceeds in a nonliving fashion when initiation is slow with regard to chain propagation or when the
chain propagating alkylidene is either not sufficiently stable or not highly ROMP-selective.

20.4.1 TITANACYCLOBUTANE CATALYSTS

The first “living” metathesis polymerizations were established using metallacyclobutane complexes
3 and 4 as catalysts (Figure 20.11) and NB as the monomer.63 The latter complex has been employed
for the synthesis of moderately regular (80:20 trans:cis) poly(anti-7-methylnorbornene) (poly(anti-
7-MeNB)) that contains a small excess of syndiotactic structures.64 Trans double bonds are primarily
associated with r dyads (r:m = 75:25), whereas cis double bonds are predominantly associated with
m dyads. The overall r:m ratio of the hydrogenated derivative of the polymer (poly-H-(anti-7-MeNB),
Figure 20.12) is 64:36.

These relationships of trans-racemic and cis-meso structures differ from those observed for ROMP
products obtained with most conventional catalyst systems (described in the previous sections). For
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FIGURE 20.12 Hydrogenated poly(anti-7-methylnorbornene).
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SCHEME 20.15 Coordination of the previously formed double bond to Ti gives a trans-racemic dyad when
anti-7-methylnorbornene approaches the Ti=C face of E from the front side with its cyclic structure pointing
down ([Ti] = Cp2Ti, P= polymer chain, arrow used to indicate monomer approach).

conventional catalysts, cis C=C structures of ROMP products are often associated with syndiotactic
sequences, and trans structures are present as either atactic or isotactic sequences. It is believed
that in titanacycle-catalyzed ROMP (Scheme 20.15), the titanacycle D cleaves to give a titanium
carbene intermediate, and the olefin bond formed can remain coordinated to the transition metal
when the next monomer molecule is approaching (structure E).64 The monomer advances toward
the face of the titanium alkylidene that is opposite to the coordinated olefin unit (approach from the
front side of E). If the monomer approaches the alkylidene in such a fashion that a trans double
bond is formed, that is, the cyclic structure pointing down, away from the alkylidene α-substituent
(i.e., the five-membered ring) which is pointing up, trans-titanacycle F is formed. This titanacycle
subsequently cleaves to produce a trans-racemic dyad. When, sporadically, the 6-membered-ring
of the monomer is pointing up instead (cis with respect to the five-membered ring linked to the
alkylidene carbon), a cis-meso dyad is formed. It is assumed that occasionally the previously formed
C=C double bond is not bound to Ti, and then the monomer can approach both faces of the alkylidene
(front side and back side). Under those circumstances, cis and trans olefin units with both meso and
racemic stereochemistry can be formed.

Trans/cis olefin ratios were also determined for poly(1-MeNB) and poly(NB) prepared with 3
and 4, respectively.64 In the first case, the trans/cis ratio is between 90:10 and 95:5, and in the latter
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FIGURE 20.13 Ta catalysts for cis and trans selective ROMP of norbornene.

case, the trans/cis ratio is 64:36. Poly(1-MeNB) obtained with 3 contains a significant amount of
head–head and tail–tail structures, with (HT+ TH)/(HH+ TT) = 2.6:1.

20.4.2 TANTALUM-BASED CATALYSTS

Tantalum complexes 5–7 (Figure 20.13) catalyze the polymerization of NB and anti-7-MeNB when
they are heated above ambient temperature.66 It is believed that thermolysis leads to the formation
of metathesis-active tantalum alkylidene compounds. Dibenzyltantalum complex 5a acts as a cis-
isospecific ROMP catalyst for anti-7-MeNB, producing poly(anti-7-MeNB) with 99% cis olefins
and 88% m dyads when polymerization is conducted at ≥45 ◦C.65 By comparison, poly(NB) pre-
pared with 5a is high-cis (97%–98%) but atactic (55%–57% m).66 Ta complexes 6a and 6b also
produce poly(NB) with a cis content of 97%–98%, whereas o-xylylene complexes 7 and 8 (Figure
20.13) produce high-trans (90%–95%) poly(NB). Ta complex 5b (bearing a cyclopentadienyl ligand
instead of pentamethylcyclopentadienyl as in 5a) catalyzes the polymerization of norbornene in a
nonselective manner. The resulting polymer contains 50% cis double bonds, which contrasts with
the formation of high-trans polymer when anti-7-MeNB is polymerized using 5b. All of the poly-
mers synthesized with Ta complexes 5–8 display moderately broad molar mass distributions, and
are therefore not the result of “living” polymerizations.

20.4.3 RUTHENIUM ALKYLIDENE CATALYSTS

The ruthenium alkylidene complexes 9–11 (Figure 20.14) combine high metathesis activity with
remarkable tolerance of functional groups, and have found significant use in a wide range of olefin
metathesis reactions.1,5 The polymerization of NB and NBD with Grubbs’ Ru catalyst 9 is not very
selective with regard to tacticity. While both polymers display only a very small excess of m dyads
and can be classified as atactic,67 they contain 83% and 86% trans double bonds, respectively.
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FIGURE 20.14 Ru benzylidene complexes that are metathesis catalysts.

By comparison, the polymerization of anti-7-MeNB with 9 gives moderately isotactic poly(anti-
7-MeNB). This polymer contains between 65% and 80% meso structures for both cis- and trans-
enchained dyads, the trans/cis ratio being 80:20.67

The trans C=C content of poly(7-MeNBD) synthesized with 9 is similar to that for poly(anti-7-
MeNB), and is reported to range from 71% to 83%.67–69 However, this polymer is atactic overall
with 55% of the trans- and 62% of the cis-enchained dyads displaying racemic geometry.68 This
contrasts with the moderately isotactic structure of poly(anti-7-MeNB) obtained with this catalyst.

In Ru benzylidene catalysts 10–11, one or both of the PCy3 ligands of 9 have been exchanged for
N-heterocyclic carbene ligands, respectively. The trans selectivity of 10a,b and 11a-c in the ROMPof
anti-7-MeNB ranges from 44% to 66%, which is lower than when 9 is used. Catalyst 11a produces
poly(anti-7-MeNB) with 66% trans C=C enchained dyads that are predominantly syndiotactic,69

which differs from the microstructure of poly(anti-7-MeNB) prepared with 9. Poly(anti-7-MeNB)
prepared with 10a,b and 11b,c is also reported to contain trans C=C linked units that are predomin-
antly syndiotactic. A moderate excess of isotactic dyads is detected for the cis C=C-enchained units
of poly(anti-7-MeNB) produced with all of 9–11.69

Poly(7-MeNBD) prepared with 10b and 11a contains between 47% and 52% trans C=C units,
which are atactic.69 It is reported that the cis sequences in these samples comprise more r than m
dyads. A model has been proposed suggesting that the change in polymer tacticity from syndiotactic
to atactic is due to switching from a mode of coordination of the previously formed C=C double
bond (similar to structure E in Scheme 20.15) to a mode of noncoordination.

20.4.4 TUNGSTEN-BASED CATALYSTS

Tungsten alkylidene complex 12 (Figure 20.15) bears the same binaphtholate ligand as tungsten
complex 1a. However, the polymerization of 5,5-Me2NB by 12/GaBr3 produces an atactic polymer
(48% r) that contains 41% cis double bonds.47 This contrasts with the high-cis, syndiotactic poly(5,5-
Me2NB) formed with 1a/Et2AlCl. The cis content of poly(NB) prepared with 12/GaBr3 is lower
than that in similarly prepared poly(5,5-Me2NB) and is reported to be 24%.

Similar to most conventional catalysts, tungsten alkylidene complex 12 (without GaBr3) select-
ively polymerizes the anti isomer of 7-MeNB from a 1:1 mixture of the syn and anti isomers.
The resulting poly(anti-7-MeNB) contains less than 5% 7-syn-MeNB incorporated. This polymer
is atactic and contains 41% trans C=C structures.70 The hydrogenated polymer (poly-H-(anti-7-
MeNB)) is semicrystalline despite its atactic stereochemistry. This is similar to the partial crystallinity
of the atactic hydrogenated polynorbornene previously described. The DSC curve for poly-H-
(anti-7-MeNB) displays an endothermic melt transition with a peak maximum at Tm = 176 ◦C
(�H = 26 J/g) (there is an additional minor peak at 137 ◦C). This result shows that partial
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FIGURE 20.15 Tungsten alkylidene ROMP catalysts.

crystallinity is not necessarily associated with high tacticity in hydrogenated metathesis polymers
prepared from norbornene-type monomers.

Tungsten catalyst 13 (Figure 20.15) becomes highly ROMP active upon addition of GaBr3, and
syn-7-MeNB also undergoes polymerization at temperatures above −38 ◦C. Poly(syn-7-MeNB) is
formed from isomerically pure syn-7-MeNB and 13/GaBr3 and contains 90% trans C=C units.70 The
13C NMR spectrum does not show fine structure beyond trans/cis isomerism that indicates that this
polymer is highly tactic. Ivin et al. suggested that it is isotactic on the basis of the mechanistic model
presented in Scheme 20.6, but this has not yet been confirmed. The DSC curve (second heat cycle)
of hydrogenated poly-H-(syn-7-MeNB) shows two endotherms, with peak maxima at T1 = 179 ◦C
(�H = 13 J/g) and T2 = 230 ◦C (�H = 26 J/g). Synthesis of a block copolymer, poly(anti-7-
MeNB)-block-poly(syn-7-MeNB), is achieved by polymerization of a 1:1 mixture of the anti and
syn isomers of 7-MeNB by 13, initially with no GaBr3 present and subsequently with GaBr3 added
to the polymerization mixture after all of the anti-7-MeNB has been consumed.70

A moderately stereoregular all-head-tail poly(1-MeNB) is obtained with tungsten alkylidene 14
(Figure 20.15). This metathesis polymer is high-cis and slightly syndiotactic (ca. 70% r).53 This
microstructure contrasts with the high-trans, predominantly head–tail atactic stereochemistry of
poly(1-MeNB) prepared using OsCl3.45

Tungsten oxo alkylidene complex 15 (Figure 20.15) is reported to polymerize both
2,3-bis(trifluoromethyl)norbornadiene (2,3-(CF3)2NBD, Figure 20.16) and 2,3-dicarbomethoxynor-
bornadiene (2,3-(CO2Me)2NBD, Figure 20.9) in a very stereoselective manner.71 The resulting
poly(2,3-CO2Me)2NBD) and poly(2,3-(CF3)2NBD) are high-cis and isotactic (>95% cis;>95% m).
This is suggested to result from a chain-end control mechanism (vide infra, Section 20.4.5.2). Further,
the molar mass distributions of these products obtained with 15 are narrow, as the polymerizations
proceed in a living fashion.

20.4.5 IMIDO MOLYBDENUM ALKYLIDENE COMPLEXES

Schrock et al. developed and explored a wide range of achiral and chiral molybdenum alkylidene
compounds that can be employed as well-defined ROMP catalysts.1,2,4,7,20,72–74 Some examples of
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FIGURE 20.17 Well-defined imido molybdenum alkylidene ROMP catalysts.

achiral Mo alkylidenes are compounds 16a–f (Figure 20.17). These are pseudotetrahedral complexes
that are stabilized by bulky arylimido and alkoxide ligands. The alkylidene carbon generally bears
a relatively large α-substituent (R′). The transition metal center becomes more electrophilic upon
increasing the electron withdrawing character of the alkoxide ligand, and the metathesis activity
increases substantially when changing from the tert-butoxide ligand in 16a,b to the hexafluoro-
tert-butoxide ligand in 16e,f. Changes in the size and electron withdrawing nature of the ligands
coordinated to the transition metal are also often accompanied by a significant change in the stereo-
chemistry of the ROMP products. Complexes 16a–f have been employed in numerous metathesis
polymerization systems. They provide living metathesis polymerizations of strained bicyclic olefins,
and they display reasonably good functional group tolerance (even though they react with oxygen
and water).

20.4.5.1 Cis/Trans Selectivity in Polymerizations Catalyzed by Imido
Molybdenum Alkylidene Complexes

Feast and Gibson et al. joined Schrock et al. in extensive studies of the stereocontrol
that can be exerted with Mo-based ROMP catalysts/initiators.75,76 2,3-(CF3)2NBD and 2,3-
dicarboalkoxynorbornadienes (e.g., 2,3-(CO2Me)2NBD) are moderately reactive monomers that
were found to be well suited for investigations of the stereoselectivity of Mo alkylidene cata-
lysts/initiators. Polymerization of 2,3-(CF3)2NBD by tert-butoxide-based Mo alkylidene 16a
produces high-trans poly(2,3-(CF3)2NBD) (≥98% trans),75 and ROMP of 2,3-(CF3)2NBD with
the hexafluoro-tert-butoxide based Mo alkylidene 16e yields a high-cis polymer (≥97% cis).76 A
mechanism of cis/trans selectivity in these Mo alkylidene-catalyzed metathesis polymerizations has
been proposed that is based on detailed kinetic investigations.77 In contrast to most conventional
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2,6-i-Pr2C6H3).

metathesis catalysts, Mo alkylidenes 16a–f are well-defined, and thus are well suited for mechanistic
studies through NMR analysis.

Two rotameric forms exist of the initiating species 16a–f and the subsequently formed propagat-
ing alkylidenes, which produce characteristic 1H NMR signals in the range of δ 10–14 ppm.75,78,79

The alkylidene substituent R′ is syn with regard to the imido ligand NAr in one of these isomers,
and anti in the other isomer (Scheme 20.16). It was suggested by Schrock and Oskam that the syn
rotamer is responsible for producing cis double bonds, and that the anti form leads to the formation
of trans olefin structures, upon reaction with cyclic olefin monomers.77 A mechanism for the overall
cis/trans stereocontrol in ROMP with 16a–f was proposed, which is based on kinetic data of syn/anti
isomerization compared with the metathesis activity of each of the rotameric forms as outlined in
the following discussion.

The anti/syn ratio can vary over several orders of magnitude depending on the alkylidene sub-
stituent R′ (i.e., on the monomer used). The syn rotamer is usually the predominant isomer, and in
one of the prominent polymerization systems, that is, the polymerization of 2,3-(CF3)2NBD, the
anti/syn ratio is smaller than 10−2:1. This means that it can be difficult to detect the anti rotamer
when employing common NMR methods; however, in oligomers obtained by the reaction of 2,3-
(CO2Me)2NBD with catalyst 16a75 the anti/syn ratio is approximately 0.2:1, and both rotamers are
observed by NMR. In complexes 16a–f and in the reaction products of 16a–f with 2,3-(CF3)2NBD,
for example, 17syn,trans and 17syn,cis (Schemes 20.17 and 20.18), the concentration of the energetic-
ally less favorable anti rotamer is very small. The anti/syn rotamer ratio is substantially increased
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(to approximately 0.5:1) upon low temperature photolysis.77 Afterwards, NMR signals of the anti
rotamer are clearly visible, and both the rate of the anti to syn rotamer transformation and the rate of
metathesis reaction can be determined by low temperature NMR studies. The anti rotamer 16fanti

is able to react with 2,3-(CF3)2NBD at −80 ◦C in toluene as the solvent. The insertion product
17syn,trans contains a trans C=C structure (Scheme 20.17), and is formed at the same rate that 16fanti

is consumed. The syn rotamer 16fsyn and the newly formed 17syn,trans do not undergo reaction at this
temperature; however, they do slowly react with excess 2,3-(CF3)2NBD monomer at temperatures
above −40 ◦C. This indicates that the anti species react with 2,3-(CF3)2NBD at least two orders of
magnitude faster than the syn rotameric forms of the initiator and chain propagation species.

The first insertion product obtained from the syn rotamer 16fsyn (above−40 ◦C) contains exclus-
ively a cis olefin structure (17syn,cis in Scheme 20.18). The interconversion of syn to anti rotamer
for 16f in the temperature range of −40 to 25 ◦C is very slow. This means that the more stable
syn-Mo=CHR′ structure dominates the chain propagation of poly(2,3-(CF3)2NBD) polymerized by
16f, even though the anti form is more reactive. Propagation by syn-Mo=CHR′ is faster than rotamer
interconversion, and the second and subsequent insertions of 2,3-(CF3)2NBD predominantly involve
the syn rotamer, and high-cis poly(2,3-(CF3)2NBD) is formed. A mechanism has been suggested by
Schrock and Oskam in which the bicyclic monomer approaches a CNO face of the chain propagating
alkylidene, whereby C, N, and O represent the alkylidene carbon, the imido nitrogen, and one of
the two alkoxide oxygen atoms, respectively.77 The monomer C=C and catalyst Mo=C bonds are
approximately parallel to one another and the methylene bridge points toward the aryl ring of the
imido ligand (Scheme 20.18). It is proposed that a cis-metallacyclobutane intermediate is formed
and is subsequently cleaved, extending the growing polymer chain by one repeat unit. In this fashion,
a cis-vinylene and a syn alkylidene structure are produced.

Depending on the electron withdrawing character of the alkoxide ligand present in the Mo
catalyst, the rate of rotamer interconversion can vary by up to six orders of magnitude. It is very
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slow for the hexafluoro-tert-butoxide-based catalysts 16e,f with ksyn/anti = 7× 10−5/s at 25 ◦C (in
toluene), but it is very fast for alkylidenes 16a,b which bear nonfluorinated tert-butoxide ligands
(ksyn/anti represents the rate constant for the conversion of the syn rotamer into the anti rotamer as
shown in Scheme 20.16; kanti/syn represents the opposite process).77 For the latter catalysts (16a,b),
ksyn/anti is approximately 1/s at 25 ◦C. It is suggested that in polymerizations of 2,3-(CF3)2NBD
catalyzed by 16a,b, the anti rotamer is dominating in the chain propagation process, even though its
concentration is very small (for 16b, the ratio of ksyn/anti/kanti/syn in Scheme 20.16 is 1400:1, and the
ratio of ksyn/anti/kanti/syn for the active Mo alkylidene end groups of growing oligo- and poly(2,3-
(CF3)2)NBD) is larger than 100:1). In these polymerizations catalyzed by 16a,b, conversion of
the syn to the anti rotamer is faster than propagation (Scheme 20.19), whereas in the previously
described polymerizations catalyzed by 16e,f, propagation is faster than rotamer isomerization. It
is assumed (Scheme 20.19) that 2,3-(CF3)2NBD approaches the chain propagating anti form of
the alkylidene with the CH2 bridge directed toward the arylimido ligand (as in the case of 16e,f
presented in Scheme 20.18). A trans-metallacyclobutane structure is formed (Scheme 20.19), which
subsequently cleaves to produce a trans-vinylene structure and a new Mo alkylidene, which has the
syn form 17syn,trans. Conversion of the syn to the anti rotamer 17anti,trans (Scheme 20.19) is rapid
relative to chain propagation, and the next molecule of 2,3-(CF3)2NBD is very likely to react with
the anti form 17anti,trans to give again a trans-vinylene structure.

The cis/trans ratio of poly(2,3-(CF3)2NBD) prepared with Mo alkylidenes bearing the hexafluoro-
tert-butoxide ligand (16e,f) depends on the reaction temperature. When the reaction temperature is
increased from 25 ◦C to 65 ◦C, the cis content of poly(2,3-(CF3)2NBD) prepared with 16f in toluene
drops from 97% to 88%.80 This is consistent with a greater participation of the anti rotamer at
the higher temperature. The change in cis/trans selectivity is more pronounced when Mo(=N-2-t-
BuC6H4)(=CHCMe2Ph)[OCMe(CF3)2]2 (18, Figure 20.18) is used as the catalyst/initiator. In this
complex (bearing one tert-butyl N-aryl ortho-substituent), the syn/anti rotamer interconversion is
approximately three orders of magnitude faster than for complexes 16e,f (bearing two isopropyl N-
aryl ortho-substituents). The metathesis polymerization of 2,3-(CF3)2NBD with 18 must be carried
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TABLE 20.2
Cis Olefin Content in Poly(2,3-bis(trifluoromethyl)norbornadiene) (poly(2,3-(CF3)2NBD))
Samples Prepared at Different Polymerization Temperatures Employing Mo Alkylidenes with
Different Arylimido Ligandsa

Catalyst Arylimido Alkoxide T p(
◦C)c cis Content

Ligandb Ligand (%)

16f NAr (CF3)2MeC-O 25 97
16f NAr (CF3)2MeC-O 65 88
18 NAr∗ (CF3)2MeC-O −35 97
18 NAr∗ (CF3)2MeC-O 23 78
18 NAr∗ (CF3)2MeC-O 65 29
16d NAr (CF3)Me2C-O −35 56
16d NAr (CF3)Me2C-O 25 36
16d NAr (CF3)Me2C-O 65 9

aReference 80.
bAr = 2,6-i-Pr2C6H3, Ar∗ = 2-t-BuC6H4.
cSolvent = toluene.

out at low temperature (−35 ◦C) in order to obtain poly(2,3-(CF3)2NBD) with a high cis olefin
content (97%). The cis content drops to 78% at 25 ◦C and to 29% at 65 ◦C in toluene (Table 20.2).80

The cis-vinylene content is also significantly reduced in poly(2,3-(CF3)2NBD) prepared with
the trifluoro-tert-butoxide-based catalyst 16d. The syn/anti rotamer interconversion in 16d is
approximately two orders of magnitude faster than that for hexafluoro-tert-butoxide-based catalyst
16f. This implies that the anti rotamer is more accessible for 16d, and the cis content of poly(2,3-
(CF3)2NBD) prepared with 16d decreases from 56% at−35 ◦C to 36% at 23 ◦C and to 9% at 65 ◦C
(Table 20.2).

The cis-vinylene content of poly(2,3-(CF3)2NBD) can be varied between 2% and 98% by employ-
ing mixtures of 16a and 16e at different ratios.76 Exchange of the alkoxide ligands between the
two different catalyst species is fast compared to chain propagation, and polymer chains of uni-
form cis/trans composition are formed. For example, the cis content of poly(2,3-(CF3)2NBD) is
approximately 30% when an equimolar ratio of 16a and 16e is used for polymerization at 20 ◦C.

Stereoblock copolymers comprised of a sequence of high-trans poly(2,3-(CF3)2NBD) followed
by a sequence of high-cis poly(2,3-(CF3)2NBD) are obtained when ROMP is carried out initially
with16a and the tert-butoxide ligands are subsequently replaced by hexafluoro-tert-butoxide before
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FIGURE 20.19 Tungstacyclobutane derived from 2,3-bis(trifluoro)norbornadiene.

the addition of further monomer.81 This AB-type block copolymer displays phase separation. Thus,
two glass transition temperatures (Tg,1 and Tg,2) are recorded at 95 and 145 ◦C by DSC. Con-
formational mobility in the high-cis polymer is more restricted than in the high-trans polymer, and
accordingly, the Tg of cis-enchained polymer is higher.

The same trend, an increased Tg for a high-cis polymer as compared to the corresponding
trans polymer, is observed for poly(endo,exo-5,6-Me2NB) (Scheme 20.13): Tg = 85 or 79 ◦C for
poly(endo,exo-5,6-Me2NB) with 85% cis (made using 16e), versus Tg = 55 ◦C for poly(endo,exo-
5,6-Me2NB) containing 5% cis units (made using 16a).82

The cis/trans selectivity also depends on the steric bulk of the monomer. Racemic and enan-
tiomeric 1,7,7-trimethylnorbornene (1,7,7-Me3NB) monomers are very bulky and polymerize only
very slowly with the highly active hexafluoro-tert-butoxide-based catalyst 16f (Scheme 20.20).
Polymerization using 34 equivalents of monomer requires a reaction time of several weeks at 40 ◦C
in order to proceed to completion. The resulting poly(1,7,7,-Me3NB) is an all-head-tail, all-trans
polymer,83 which contrasts with the high-cis structures of poly(2,3-(CF3)2NBD) and poly(exo,endo-
5,6-Me2NB) prepared with 16f. At high monomer concentrations [M], the rate of polymerization
is essentially independent of [M] with a rate constant of k = 6.1 × 10−5/s at 20 ◦C. This value
is very similar to ksyn/anti = 7 × 10−5/s determined for the syn/anti rotamer interconversion of
16f at 25 ◦C. This means that the rate-determining step in the chain propagation of 1,7,7,-Me3NB
polymerization is the transformation of the syn alkylidene into the anti form, and thus confirms that
the mechanism of cis/trans selectivity outlined in Schemes 20.16 through 20.19 applies to several
ROMP monomer/catalyst combinations.

It is to be noted, however, that the existence of monomer/catalyst combinations in which the
syn rotamer can also contribute to the formation of trans C=C structures, and the anti rotamer can
produce some cis-vinylene units, can currently not be excluded. For example, tungstacyclobutane
compound 19 (Figure 20.19) was obtained from the reaction of monomer 2,3-(CF3)2NBD with
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FIGURE 20.20 2,3-Dicarbo-tert-butoxynorbornadiene.

W(=N-2,6-i-Pr2C6H3)(=CHC-t-Bu)(O-t-Bu)2 (which is the W-based equivalent of Mo alkylidene
16a).75 The tert-butyl substituent, which is cis with regard to the imido ligand, is trans with regard
to the bicyclic ring system in 19. Thus, 2,3-(CF3)2NBD approaches the syn rotamer of W=CH-t-Bu
in a trans fashion with the methylene bridge pointing toward the alkoxide ligands rather than the
imido ligand.

The cis/trans selectivity in Mo alkylidene-catalyzed polymerizations of 2,3-(CO2Me)2NBD
and 2,3-(CF3)2NBD is similar. Poly(2,3-(CO2Me)2NBD) prepared with the tert-butoxide-based
catalyst/initiator 16a contains between 90% and 95% trans-vinylene units,75 and poly(2,3-
(CO2Me)2NBD) synthesized with the hexafluoro-tert-butoxide-based catalyst 16f is high-cis (98%
cis-vinylene units).80,84 Similarly, the metathesis polymers of 2,3-dicarboethoxy-, 2,3-dicarbo-
isopropoxy-, and 2,3-dicarbo-tert-butoxynorbornadiene (2,3-(CO2Et)2NBD, 2,3-(CO2i-Pr)2NBD,
and 2,3-(CO2t-Bu)2NBD, Figures 20.9 and 20.20) contain between 97% and 99% cis C=C structures
when 16f and related perfluoroalkoxy-based Mo alkylidenes are employed as catalysts.80

Furthermore, poly(endo,exo-2,3-dicarbomethoxynorborn-5-ene) (poly(endo,exo-2,3-(CO2Me)2
NB)), poly(exo-cis-2,3-dicarbomethoxynorborn-5-ene) (poly(exo-cis-2,3-(CO2Me)2NB)), and
poly(endo,exo-2,3-dimethoxymethylnorborn-5-ene) (poly(endo,exo-2,3-(MeOCH2)2NB)) prepared
with the tert-butoxide-based Mo complex 16b are highly trans, that is, 90%, 95%, and 92% trans,
respectively (Table 20.3),85 which is similar to the trans content of poly(endo,exo-5,6-Me2NB)
prepared with 16b. By comparison, the trans-vinylene content is lower in similarly prepared
polymers of norbornene, benzonorbornadiene (BNBD), exo-cis-2,3-norbornenediol diacetate (exo-
cis-2,3-(AcO)2NB), and exo-cis-O,O′-isopropylidene-2,3-norbornenediol (exo-cis-2,3-(ketal)NB)
(Table 20.3)75,86 and ranges from 60% to 79%.

The exo- and endo-5-norbornene-2,3-dicarboximide compounds shown in Figure 20.21, which
are derived from methyl esters of natural α-amino acids, undergo ROMP in the presence of Mo
alkylidenes 16b, 16d, and 16f.87 In the case of the exo-dicarboximides exo-NB-2,3-(CO)2N-Gly,
exo-NB-2,3-(CO)2N-Ala, and exo-NB-2,3-(CO)2N-Ile, the tert-butoxide-derived Mo catalyst 16b
gives high-trans polymers (>90%), whereas the electron deficient hexafluoro-tert-butoxide catalyst
16f produces polymers enriched in cis-vinylene units (70–80% cis). An intermediate cis olefin
content is achieved with the Mo alkylidene 16d, which contains only one trifluoromethyl substituent
per alkoxy group. The endo-dicarboximides endo-NB-2,3-(CO)2N-Gly, endo-NB-2,3-(CO)2N-Ala,
and endo-NB-2,3-(CO)2N-Ile are generally less reactive than the exo derivatives and give high-trans
polymers with all three Mo alkylidenes 16b, 16d, and 16f.

In addition, exo-5-norbornene-2,3-dicarboximides with n-alkyl substituents form high-trans
ROMP products (97% trans) with Mo compound 16b, and form polymers with a lower trans content
(approximately 30%) with Mo catalyst 16f.88 In the case of the corresponding endo isomers, a 93%
trans-vinylene content is obtained with 16b and a 57% trans-vinylene content is achieved with 16f.

20.4.5.2 Tacticity in Polymerizations Catalyzed by Imido Molybdenum
Alkylidene Complexes

High-trans poly(2,3-(CF3)2NBD) obtained with the tert-butoxide-based Mo catalysts 16a and 16b
is highly syndiotactic (>90% r).75,85 This was initially deduced from the high relaxed dielectric
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TABLE 20.3
trans-Vinylene Content of ROMP Products of Norbornene and Norbornadiene
Derivatives Obtained with tert -Butoxide-Based Mo Alkylidene Catalysts 16a,ba

Monomer trans Solventb Monomer trans Solventb

C=C (%) C=C (%)

Me

Me

endo,exo-5,6-Me2NB 95 tol NB 60 tol

CO2Me
CO2Me

endo,exo-2,3-(CO2Me)2NB 90 tol BNBD 76 tol

CO2Me
CO2Me

exo-cis-2,3-(CO2Me)2NB 95 tol

OAc
OAc

exo-cis-2,3-(AcO)2NB 60 THF

CH2OMe

CH2OMe

endo,exo-2,3-(MeOCH2)2NB 92 tol

O

O

exo-cis-2,3-(ketal)NB 60 THF

aReferences 75, 85, 86.
bPolymerization solvent (tol = toluene).

N

O

O

O

OMe
OMeR

N

O

O

O

R

exo-NB-2,3-(CO)2N-R endo-NB-2,3-(CO)2N-R

exo-and endo-NB-2,3-(CO)2N-Gly: R = H 

exo- and endo-NB-2,3-(CO)2N-Ala: R = Me

exo- and endo-NB-2,3-(CO)2N-Ile: R = CHMeEt

FIGURE 20.21 Exo- and endo-5-Norbornene-2,3-dicarboximide monomers.
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FIGURE 20.22 Olefin protons in trans-enchained ROMP poly(norbornadiene-2,3-dicarboxylate)s bearing
chiral substituents R∗.

constant of the polymer, which reflects a high dipole moment. The predominantly syndiotactic
stereochemistry was subsequently confirmed by 1H,1H COSY NMR analysis of related metathesis
polymers that contain chiral substituents.85 These polymers, poly(2,3-dicarboalkoxynorbornadienes)
poly(2,3-(CO2Men)2NBD) and poly(2,3-(CO2Pan)2NBD) (Figure 20.22), were prepared by ROMP
of enantiomerically pure norbornadiene-2,3-dicarboxylic ester monomers bearing two chiral menthyl
(2,3-(CO2Men)2NBD) and pantalactonyl ester substituents (2,3-(CO2Pan)2NBD), respectively. In
the trans-isotactic sequence displayed in Figure 20.22, the two protons Ha and Hb within each
vinylene unit are not equivalent owing to the chirality of substituent R*. Accordingly, two different
olefin proton resonances would be recorded that would display correlation in the 1H,1H COSY NMR
spectrum. However, 1H,1H COSY NMR spectra of the highly stereoregular trans polymers show that
the corresponding two olefin protons are not coupled and therefore reside in the equivalent envir-
onment provided by the syndiotactic structure. These NMR results demonstrate that the metathesis
polymers obtained from monomers 2,3-(CO2Men)2NBD and 2,3-(CO2Pan)2NBD using catalyst 16b
are syndiotactic.85 The two protons Ha attached to the same vinylene unit in the trans-syndiotactic
structure are equivalent, as shown in Figure 20.22. Protons Hb of the neighboring vinylene unit
produce the second olefin proton resonance, and no coupling with Ha is detected.

High-cis (≥97% cis) poly(2,3-(CF3)2NBD) and poly(2,3-(CO2Me)2NBD) obtained with cata-
lysts 16e and 16f are slightly isotactic (containing approximately 75% meso units).85 This
stereochemistry was again elucidated with the aid of 2D NMR spectroscopy, employing related
highly stereoregular polymers of 2,3-(CO2Men)2NBD and 2,3-(CO2Pan)2NBD (>99% cis and
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*R R* *R R*

Hb Ha
Hb Ha

*R R*

FIGURE 20.23 cis-Isotactic polymers derived from the chiral monomers 2,3-(CO2Men)2NBD and 2,3-
(CO2Pan)2NBD (R∗ = CO2Men or CO2Pan).

>90% tactic). 1H,1H COSY NMR spectra reveal significant coupling between the relevant olefin
protons Ha and Hb and confirm the cis-isotactic microstructure displayed in Figure 20.23.

A chain-end control mechanism has been proposed that can explain the stereoselectivity
in metathesis polymerizations of trifluoromethyl- and carboalkoxy-susbstituted norbornadienes
2,3-(CF3)2NBD, 2,3-(CO2Me)2NBD, 2,3-(CO2Men)2NBD, and 2,3-(CO2Pan)2NBD catalyzed by
achiral complexes 16a,b and 16e,f.85 These pseudotetrahedral catalysts are characterized by two
different CNO faces (whereby C, N, and O represent the alkylidene carbon, the imido nitrogen,
and one of the two alkoxy oxygen atoms, respectively). If successive monomer additions/insertions
occur from opposite CNO faces of the catalyst, back side followed by front side approach of the
monomer (i.e., the monomer approaches the two CNO faces in an alternating fashion), a syndiotactic
polymer is formed (Scheme 20.21). Polymers synthesized with catalysts 16a and 16b are found to
be high-trans and highly syndiotactic.85 After the first addition/insertion involving the anti rotamer
(Scheme 20.21), the syn form of the Mo alkylidene is obtained, which rapidly interconverts into the
anti rotamer, as previously established for tert-butoxide-based Mo alkylidenes 16a,b. Subsequently,
the monomer approaches the front side. In this fashion, it is always the −(R)C=C(R)− part of the
previously inserted monomer unit that is presented to the incoming monomer. This means that the
polymer chain end attached to the transition metal controls the polymer stereochemistry.

This chain-end control mechanism was found to be ineffective in the polymerizations of
endo,exo-5,6-Me2NB, trans-2,3-(CO2Me)2NB, and trans-2,3-(MeOCH2)2NB catalyzed by 16a,b.
The resulting polymers are highly trans but atactic.56,82,85 In the case of 7-MeNBD, Mo compounds
16a,b produce polymers that contain 68% cis-vinylene structures. It is reported that the cis-enchained
units are highly syndiotactic and that dyads containing trans C=C structures are predominantly
isotactic (82% m).68 This result is markedly different from the stereochemistry results obtained for
2,3-(CF3)2NBD, 2,3-(CO2Me)2NBD, 2,3-(CO2Men)2NBD, and 2,3-(CO2Pan)2NBD using 16a,b.

In contrast to stereoselective ROMP by tert-butoxide-based Mo alkylidenes 16a and 16b, the
overall cis-selective hexafluoro-tert-butoxide-based Mo complexes 16e and 16f exert only moderate
chain-end control in polymerizations of 2,3-(CF3)2NBD, 2,3-(CO2Me)2NBD, and endo,exo-5,6-
Me2NB. High-cis polymers are formed that are isotactic to a small degree (mm triad content ranges
between 60% and 78%).80,82,85 The mm triad content increases to 88% when (CO2t-Bu)2NBD, with
bulky carbo-tert-butoxy substituents, is employed as the monomer.80 As previously discussed, it is
assumed that chain propagation catalyzed by 16e and 16f involves predominantly the syn rotamer,
since syn/anti interconversions are very slow relative to chain propagation.77 Schrock and coworkers
proposed that the monomer approaches the same CNO face in each propagation step during the
formation of the short to moderately long isotactic sequences (Scheme 20.22).85

However, a moderately syndiotactic poly(2,3-(CO2Me)2NBD) is obtained with the related cata-
lyst Mo(=N-2,6-i-Pr2C6H3)(=CHCMe2Ph)[OC(CF3)2CF2CF2CF3]2 (16g, Figure 20.24).80 The
77% rr triad content of this material contrasts with the isotactic structure of poly(2,3-(CO2t-
Bu)2NBD) that is produced with the same catalyst. The latter polymer, bearing more bulky tert-butyl
carboxylate substituents, contains 90% mm triads. This difference in tacticity cannot yet be explained.
Poly(7-MeNBD) prepared with Mo compound 16f contains 88% cis double bonds and is atactic.68

As noted previously, the commonly cis-selective catalyst 16f produces an all-trans poly-
mer of 1,7,7-Me3NB (Scheme 20.20), because the steric bulk of the monomer causes the rate
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SCHEME 20.21 Proposed chain end control mechanism producing trans-syndiotactic polymers in ROMP
of 2,3-disubstituted norbornadienes (Ar = 2,6-i-Pr2C6H3, P = polymer chain; R = CF3, CO2Me, or chiral
substituent R∗; arrow indicates monomer approach) (Reference 85).

of chain propagation to be significantly reduced in comparison to the rate of syn/anti rotamer
interconversion.83 Chain propagation is proposed by Feast et al. to involve exclusively the anti
rotamer and accordingly gives an all-trans polymer, which contrasts with the polymerizations of
(CO2Me)2NBD and (CF3)2NBD using 16f. Polymerization of 1,7,7-Me3NB is head–tail selective
and accordingly gives an isotactic polymer when a single enantiomer of 1,7,7-Me3NB is employed.
ROMP of a racemic mixture of 1,7,7-Me3NB by 16f leads to the formation of atactic polymer.

Polymerization of a single enantiomer of methyl-N-(1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-
ene-3-carboxylate (Scheme 20.23) by the hexafluoro-tert-butoxide-based Mo complex 16e produces
high-cis polymer (>98% cis) with an all-head-tail structure.89 This product is isotactic as a result
of the head–tail enchainment of enantiomerically pure monomer. By comparison, the all-head-tail
polymer formed from a racemic mixture of this azabicyclic olefin monomer is atactic.
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SCHEME 20.22 Partly stereoregular high-cis polymers obtained with an achiral Mo alkylidene complex
bearing electron deficient alkoxide ligands (Ar = 2,6-i-Pr2C6H3, P = polymer chain; R = CF3, CO2Me, or
chiral R∗; arrow indicates back side approach of the monomer). When successive monomers approach the same
CNO face, isotactic sequences are obtained (Reference 85).

Mo

N

RO

RO

R'

16g  R = C(CF3)2CF2CF2CF3, R' = CMe2Ph  

FIGURE 20.24 Imido molybdenum alkylidene ROMP catalyst with perfluoroalkoxide ligands.
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SCHEME 20.23 ROMP of methyl-N-(1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate.
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FIGURE 20.25 Mo alkylidene complexes with chelating diolate ligands (dme = dimethoxyethane).

High-cis polymers with a consistently high degree of isotacticity can be obtained from a wide
range of monomers by replacing the alkoxide ligands of 16e,f with C2-symmetric diolate ligands. Mo
alkylidene complex 20a (Figure 20.25), bearing the silyl-substituted chelating binaphtholate ligand
(±)-BINO(SiMe2Ph)2, stands out as a catalyst/initiator that produces essentially all-cis (>99% cis)
and highly isotactic poly(2,3-(CF3)2NBD) and poly(2,3-(CO2Me)2NBD) with >99% meso units
(Table 20.4).84,85 It has been proposed by Schrock and coworkers that the asymmetric configuration
of the diolate ligand is responsible for the enhanced stereocontrol in these polymerizations. This is
an enantiomorphic site control mechanism (Scheme 20.24).85
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TABLE 20.4
Proposed Enantiomorphic Site Control Mechanism in the Polymerization of
Norbornene and Norbornadiene Derivatives with Mo Alkylidene Complexes
Mo(=CHCMe2Ph)(=NAr)[(±)-BINO(SiMe2Ph)2](THF)a

Monomer =NAr (catalyst) cis Content m Content
(%) (%)

R = CF3 (2,3-(CF3)2NBD)

R

R

=N-2,6-Me2C6H3 (20a) >99 >99

2,3-(CF3)2NBD =N-2,6-i-Pr2C6H3 (20b) 71 86

R = CO2Me (2,3-(CO2Me)2NBD) =N-2,6-Me2C6H3 (20a) >99 >99
2,3-(CO2Me)2NBD =N-2,6-i-Pr2C6H3 (20b) 93 97

2,3-(CO2Men)2NBD

Me

Me

R = CO2

Me

=N-2,6-Me2C6H3 (20a) 99 >90

2,3-(CO2Pan)2NBD

R = CO2
Me Me

O

O

=N-2,6-Me2C6H3 (20a) 99 >90
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

R1 = Me (endo,exo-5,6-Me2NB)
R1

R1

=N-2,6-Me2C6H3 (20a) ca. 95 ca. 95

R1 = CO2Me (endo,exo-2,3-(CO2Me)2NB) =N-2,6-Me2C6H3 (20a) 99 93
R1 =MeOCH2 (endo,exo-2,3-(MeOCH2)2NB) =N-2,6-Me2C6H3 (20a) 99 91

aReferences 56, 84, 85.

The comparatively small methyl substituents of the arylimido ligand in 20a have the right size
for excellent stereocontrol in the polymerization of 2,3-(CF3)2NBD. Poly(2,3-(CF3)2NBD) prepared
with 20b (Figure 20.25), bearing the bulkier 2,6-diisopropylphenylimido ligand, is less regular. It
contains a smaller proportion of cis-vinylene units (71% cis) than poly(2,3-(CF3)2NBD) synthesized
with 20a; 86% of these cis units have the meso configuration.84 By comparison, stereocontrol is
still good in the polymerization of monomer (CO2Me)2NBD with catalyst 20b (93% cis; 97% of cis
units are meso) (Table 20.4).
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SCHEME 20.24 Enantiomorphic site control with Mo alkylidene catalysts bearing chelating asymmetric
diolate ligands (Ar = 2,6-Me2Ar, full circle representing either one or two bulky substituents, R = CF3,
CO2Me, CO2Men or CO2Pan).

Chiral ester-substituted 2,3-(CO2Men)2NBD and 2,3-(CO2Pan)2NBD polymers obtained
with 20a are also very stereoregular. They contain 99% cis-vinylene structures and more than 90% m
dyads.85 Poly(endo,exo-2,3-(CO2Me)2NB) and poly(endo,exo-2,3-(MeOCH2)2NB) prepared with
the same Mo complex are comprised of more than 99% cis-vinylene structures and 93% and
91% m dyads, respectively. Poly(endo,exo-5,6-Me2NB) prepared with 20a is highly cis, with
95% cis and 95% m units (Table 20.4).56 Other binaptholate-based Mo alkylidene complexes for
the preparation of stereoregular metathesis polymers are compounds 21a-d (Figure 20.25), which
contain aryl substituents in the 3 and 3′ positions of the chelating ligand instead of the 3,3′-silyl
substitutents in 20a.90

Overall, very good stereocontrol has also been reported for the Mo alkylidene complexes 22a,b
(Figure 20.25), which bear C2-symmetric R4tartH2 ligands (“tart” refers to tartaric acid-derived)
with R = phenyl or naphthyl.84 In polymerizations of 2,3-(CF3)2NBD with the biphenolate-based
Mo complexes 23a and 23b (Figure 20.25), the size of the imido ligand is again critical for good
stereocontrol. In the case of compound 23a, which bears the smaller 2,6-dimethylphenylimido
ligand, the cis selectivity is 96%, and more than 99% of these cis-vinylene structures are part
of isotactic units.90 The cis selectivity is significantly reduced to 44% when complex 23b, bear-
ing a larger 2,6-diisopropylphenylimido ligand, is used for polymerization of 2,3-(CF3)2NBD
instead of 23a.

20.4.6 ALTERNATING ETHYLENE/CYCLOPENTENE COPOLYMERS

Metathesis polymerization of bicyclo[3.2.0]hept-6-ene ([3.2.0]-6), followed by hydrogenation with
p-toluenesulfonhydrazide (TsH), affords the strictly alternating ethylene/cyclopentene copolymer
poly-H-([3.2.0]-6) (Scheme 20.25).91 A polymer sample of poly-H-([3.2.0]-6) obtained with the
Grubbs catalyst Ru(=CHPh)(PCy3)2Cl2 (9) is slightly syndiotactic (66% r dyads). This product is
semicrystalline with a Tg of 19 ◦C and a Tm with a peak maximum at 123 ◦C. A highly stereore-
gular poly([3.2.0]-6) is obtained with Schrock–Hoveyda catalyst 24 (Scheme 20.25; commercially
available). This polymer is isotactic and contains>99% cis-vinylene units; poly-H-([3.2.0]-6) made
from this material displays the thermal transitions Tg = 17 ◦C and Tm = 182 ◦C.
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SCHEME 20.25 Strictly alternating ethylene/cyclopentene copolymers via ROMP (TsH =
p-toluenesulfonhydrazide).

20.4.7 CRYSTALLINE POLY(ENDO-DICYCLOPENTADIENE) AND HYDROGENATED

POLY(ENDO-DICYCLOPENTADIENE)

The Schrock–Hoveyda catalyst 24 was also successfully employed in the preparation of highly
stereoregular poly(endo-dicyclopentadiene) (poly(endo-DCPD)).92 This product contains 95% cis-
vinylene structures and displays a Tm of 243 ◦C (�H = 14 J/g). The corresponding hydrogenated
poly-H-(endo-DCPD) (Figure 20.26) is crystalline, with Tm = 290 ◦C (�H = 42 J/g). This
product is believed to be isotactic, although the tacticity was not determined owing to the low sol-
ubility. Crystalline samples of poly(endo-DCPD) and poly-H-(endo-DCPD) with similar Tms were
also obtained with the two-component catalyst systems 25a/n-BuLi and 25b/n-BuLi (Figure 20.26).
The cis-vinylene contents of these products are 85% and 91%, respectively, and the corresponding
poly-H-(endo-DCPD) samples obtained after hydrogenation are 95% and 96% isotactic. By compar-
ison, poly(endo-DCPD) obtained with Schrock catalyst 16b (bearing tert-butoxide ligands) contains
55% trans double bonds and is amorphous, with Tg = 145 ◦C. The hydrogenated product derived
from this poly(endo-DCPD) is predominantly atactic (58% m dyads) and displays a Tg of 100 ◦C.
The Mw/Mn ratio of these polymers (prepared with both the single-component and two-component
catalysts) is in the range of 1.9 and 2.8. NMR data of the poly(endo-DCPD) samples suggest that all
of these products are noncrosslinked.

20.5 CONCLUSIONS

A wide range of multi- and single-component catalysts can be employed in the ROMP of
bicyclic and polycyclic olefin monomers. Many catalysts give polymers with low or moderate
regio- and/or stereoregularity. Selected monomer/catalyst combinations provide access to highly
stereoregular polymers. Noteworthy among the conventional catalyst systems are ReCl5 and
OsCl3/phenylacetylene, which give highly regular cis-syndiotactic poly(5,5-dimethylnorbornene).
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FIGURE 20.26 Hydrogenated poly(endo-dicyclopentadiene) prepared through ROMP with 16b, 24, or 25a,b
and subsequent hydrogenation.

In the case of the OsCl3/phenylacetylene catalyst, norbornene and norbornadiene are also poly-
merized in a highly regular manner, and products with more than 90% cis-syndiotactic units are
obtained. Most high-trans polymers produced with conventional catalysts are atactic. One of the
few exceptions is poly(5,5-dimethylnorbornene) prepared with (mesitylene)W(CO)3/EtAlCl2/exo-
2,3-epoxynorbornane. This metathesis polymer contains 85% trans-vinylene enchained units that
are predominantly isotactic.

Imido molybdenum alkylidene complexes bearing two tert-butoxide ligands produce highly
stereoregular poly(2,3-carboalkoxynorbornadiene) and poly(2,3-bis(trifluoromethyl)norbornadiene)
that are trans-syndiotactic. By comparison, a tungsten oxo alkylidene complex bearing two phenox-
ide ligands converts these carboalkoxy- and trifluoromethyl-substituted norbornadienes into high-cis
polymers that are nearly exclusively isotactic. It has been proposed that chain-end control mechan-
isms are responsible for the formation of the cis-isotactic and trans-syndiotactic structures in these
polymers.

Several molybdenum alkylidene complexes bearing bulky C2-symmetric biphenolate and
bisnaphtholate ligands exert excellent stereocontrol in a wider range of metathesis polymerizations
involving several bi- and tricyclic olefin monomers. The reaction products are cis-isotactic. These
polymer structures are highly regular, and it has been suggested that an enantiomorphic site control
mechanism controls the stereochemistry.
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21.1 INTRODUCTION

Acetylene and its mono- and disubstituted derivatives polymerize in the presence of suitable catalysts
to provide linear polymers (Scheme 21.1).1–6 Their polymerization behavior greatly varies, depend-
ing on the number and kind of substituents on the monomer. Unlike vinyl polymers, the formed
polyacetylenes possess carbon–carbon alternating double bonds along the main chain, and hence
they belong to the group of conjugated polymers. The alternating double bond structure endows
these polymers with unique properties such as electrical conductivity, paramagnetism, color, photo-
conductivity, electroluminescence, and electrochromism.7–10 Although various catalysts, including
radical and ionic initiators and metal complexes, have been examined for the polymerization of acet-
ylenes, only a restricted number of transition metal catalysts are able to selectively polymerize them.
Polymerization of acetylenes is often accompanied by cyclotrimerization and linear oligomerization;
hence, judicious choice of catalysts is essential. Furthermore, the type of monomers polymerizable
with a particular catalyst is typically rather restricted, and therefore it is important to recognize the
characteristics of each catalyst. Figure 21.1 shows typical catalysts used for the polymerization of
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SCHEME 21.1 Polymerization of acetylenes.
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FIGURE 21.1 Catalysts for the polymerization of acetylene include Ziegler-type catalysts, metathesis
catalysts, and Rh-based catalysts.
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SCHEME 21.2 Polymerization mechanisms for acetylenes where M represents the active catalyst site.
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FIGURE 21.2 Possible steric structures of polyacetylenes.

acetylenes. They are divided into three types: Ziegler-type (1, 2), metathesis (3–6), and Rh (7, 8)
catalysts. The polymerization induced by the Ziegler-type and Rh catalysts proceeds through an
alkyne insertion mechanism, where the propagating species are alkenyl metals (Scheme 21.2). On
the other hand, the polymerization using metathesis catalysts involves metal carbenes as the propagat-
ing species. Although the two mechanisms lead to the same alternating double bond structure, they
can be distinguished from each other by detailed studies on the polymer chain ends and propagating
species.

As shown in Figure 21.2, four steric (geometric) structures are theoretically possible for poly-
acetylenes, that is, cis-cisoid, cis-transoid, trans-cisoid, and trans-transoid, because the rotation of the
single bond between two main chain double bonds in the main chain is more or less restricted. Poly-
acetylene can be obtained in the membrane form by use of a mixed catalyst composed of Ti(O-n-Bu)4
and Et3Al, the so-called Shirakawa catalyst (1); both the cis- and trans-isomers are known, which
are thought to have cis-transoidal and trans-transoidal structures, respectively (Table 21.1).11–13

Phenylacetylene can be polymerized with a Ziegler-type catalyst, Fe(acac)3/Et3Al (2) (acac = acet-
ylacetonate), Rh catalysts (7), and metathesis catalysts (3–5) that contain Mo and W as the central
metals, to provide cis-cisoidal, cis-transoidal, cis-rich, or trans-rich polymers, respectively.

tert-Butylacetylene readily polymerizes with metathesis catalysts, and all-cis polymer is obtained
with Mo catalysts under suitable conditions. Many disubstituted acetylenes can be polymerized with
the MCln/cocatalyst systems (6), but the geometric structure of the formed polymers are not well
known, because they have a tetrasubstituted-olefin main chain structure, and their geometric structure
is difficult to characterize by 1H and 13C NMR. Rh catalysts such as 7 and 8 produce polymers from
specific monosubstituted acetylene monomers including phenylacetylenes (HC≡CPh), alkyl propi-
olates (HC≡C-C(=O)OR), and N-propargylamides (HC≡C-CH2NHC(=O)R), to yield cis-transoidal
polymers. In most cases, the cis contents of the polymers are quantitative, which is easily verified
by the presence of the sharp cis-olefinic signal in the 1H NMR spectra.

In this chapter, the stereoregularity of polyacetylene and its derivatives are discussed in cor-
relation with monomer, catalyst type, polymerization mechanism, polymer properties, and so
forth.
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TABLE 21.1
Relationships Between Catalysts and Monomers in Acetylene Polymerization

Catalyst Monomera Stereoregularity Mechanism

1 HC≡CH all-cis, all-trans Insertion
2 HC≡C-R Insertion

HC≡C-Ar cis-cisoidal Insertion
3–5 HC≡C-R Metathesis

HC≡C-t-Bu all-cis, trans-rich Metathesis
HC≡C-Ar cis-rich, trans-rich Metathesis

6 R-C≡C-R′ Metathesis
R-C≡C-Ar Metathesis
Ar-C≡C-Ar′ Metathesis

7, 8 HC≡C-Ar cis-transoidal Insertion
HC≡C-C(=O)OR cis-transoidal Insertion
HC≡C-CH2NHC(=O)-R cis-transoidal Insertion

a R, R′alkyl; Ar, Ar′aryl.

21.2 STEREOREGULARITY OF POLYACETYLENE

21.2.1 POLYMERIZATION CATALYSTS AND OTHER CONDITIONS

According to a broad definition, Ziegler-type catalysts are defined as catalysts comprising group
4–8 transition metal compounds in combination with group 1–3 organometals (including hydrides).
Figure 21.3 shows typical Ziegler-type catalysts employed for the polymerization of acetylene. The
Shirakawa catalyst, Ti(O-n-Bu)4/Et3Al, (1:4 ratio), is a homogeneous catalyst used more frequently
for acetylene polymerization than for substituted acetylenes polymerization.14,15 After this catalyst
is aged in toluene solution at room temperature for a certain time, acetylene gas is introduced to the
system. Polyacetylene membranes can be directly obtained with the Shirakawa catalyst when high
catalyst concentrations are used. If the catalyst concentration is low, a polymer membrane cannot
be obtained; instead, only powder or gel is formed. Typical polymerization conditions are: [Ti(O-
n-Bu)4] = 0.25 M, [Et3Al] = 1.0 M in toluene, −78 ◦C, and 500–600 mmHg acetylene pressure.
Since polyacetylene is insoluble in all solvents, its molecular weight cannot be determined directly.
Its molecular weight has been estimated to be typically around 10,000 (Mn) as determined from the
molecular weights of polyethylenes obtained by the hydrogenation of polyacetylene. Naarmann and
Theophilou have reported the use of a Ti(O-n-Bu)4/Et3Al (1:2 ratio) catalyst aged at high temperatures
(e.g., 120 ◦C in silicone oil), which affords a highly conducting polyacetylene membrane.16,17 The
Luttinger catalyst is less active than the Shirakawa catalyst, but has the advantage that flammable
Et3Al is unnecessary.18,19 Synthesis of polyacetylene was performed with the Luttinger catalyst
without the need of any solvents during catalyst preparation, or during the polymerization.20 By
this method, a ductile polyacetylene with large Young’s modulus and tensile strength is obtained,
which provides a highly oriented membrane. Furthermore, helical polyacetylene has been prepared
from the Luttinger catalyst by performing the polymerization in chiral nematic liquid crystalline
solvents.21

21.2.2 GEOMETRIC STRUCTURE OF POLYACETYLENE

The infrared (IR) spectra of cis- and trans-polyacetylenes are fairly simple because of their sym-
metrical structures.14 cis-Polyacetylene exhibits absorptions at 1329 and 1249 cm–1 (C-H in-plain
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Ti(O-n-Bu)4/Et3Al (1:4)
(aged at r.t.)

Co(NO3)2/NaBH4 (Luttinger catalyst)

(Shirakawa catalyst)

(Naarmann catalyst)Ti(O-n-Bu)4/Et3Al (1:2)
(aged at 120 °C)

FIGURE 21.3 Ziegler-type catalysts for acetylene polymerization.
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(a) TiCl3/Et2AlCl)

(b) Ti(O-n-Bu)4/Et3Al, –78 °C)

(c) Ti(O-n-Bu)4/Et3Al, 150 °C)

SCHEME 21.3 The cyclotrimerization of acetylene to form benzene (a), and the oligomerization of acetylene
forming a cis structure (b), or a trans structure (c).

deformation) and at 740 cm–1 (C-H out-of-plain deformation), whereas the trans isomer dis-
plays a large absorption at 1015 cm–1 (C-H out-of-plain deformation). The geometric structure
of polyacetylene can be readily determined by IR spectroscopy by use of Equation 21.1.

cis content(%) = 1.30A740

1.30A740 +A1015
× 100 (21.1)

where A740 and A1015 are the absorbances at 740 and 1015 cm–1 of a sample, respectively. The geo-
metric structure of polyacetylene can also be evaluated by 13C NMR22 and Raman spectroscopy23.
Polyacetylene, however, tends to undergo isomerization from laser light during Raman spectrum
measurement, making this a less valuable characterization technique.

In the polymerization of acetylene, the proportion of benzene (cyclotrimer) in the product
strongly depends on the Lewis acidity of the catalyst components;24 for example, benzene yield
100% (TiCl3/Et2AlCl); 70% (TiCl4/Et3Al); 80%–90% (Ti(acac)3/Et2AlCl); <1% (Ti(acac)3/Et3Al);
<1% (Ti(O-n-Bu)4/Et3Al). The cis content of polyacetylene can be controlled by varying the poly-
merization temperature.14,15 For example, when TiCl4/Et3Al (1:4 molar ratio) is used, the cis content
is 98% at−78 ◦C, while it is 0% at 150 ◦C (Scheme 21.3). The cis content also depends on the Al/Ti
molar ratio; that is, when TiCl4/Et3Al is used at 0 ◦C, the cis content is 2% atAl/Ti= 1, while it is 70%
at Al/Ti = 3. Furthermore, cis-polyacetylene (95% cis) can be isomerized into trans-polyacetylene
(95% trans) by heat treatment at 180 ◦C for 1 h.
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TABLE 21.2
Polymerization of Substituted Acetylenes by Metathesis Catalysts

Monomer Catalyst Mw × 10−3 or [η]a

a) Monosubstituted hydrocarbon acetylenes
HC≡C-n-Bu WCl2(OC6H4-2,6 -Me2)4 170 (Mn)
HC≡C-t-Bu MoCl5 33 (Mn)
HC≡CPh WCl6/Ph4Sn 15 (Mn)
HC≡CC6H2-2,6-Me2-4-t-Bu W(CO)6/CCl4/hν 600 (Mw)
b) Monosubstituted heteroatom-containing acetylenes
HC≡CCH(SiMe3)-n-C5H11 MoCl5/Et3SiH 4500 (Mw)
HC≡CC6H4-o-SiMe3 W(CO)6/CCl4/hν 3400 (Mw)
HC≡CC6H4-o-CF3 W(CO)6/CCl4/hν 1600 (Mw)
HC≡CC6F5 WCl6/Ph4Sn 0.61 ([n])
c) Disubstituted hydrocarbon acetylenes
MeC≡C-n-Pr MoCl5/n-Bu4Sn 1100 (Mw)
PhC≡CMe TaCl5/n-Bu4Sn 1500 (Mw)
PhC≡CPh TaCl5/n-Bu4Sn insoluble (Mw)
PhC≡CC6H4-p-t-Bu TaCl5/n-Bu4Sn 3600 (Mw)
d) Disubstituted heteroatom-containing acetylenes
ClC≡C-n-C6H13 MoCl5/n-Bu4Sn 1100 (Mw)
ClC≡CPh MoCl5/n-Bu4Sn 690 (Mw)
MeC≡CSiMe3 TaCl5 730 (Mw)
PhC≡CC6H4-p-SiMe3 TaCl5/n-Bu4Sn 2200 (Mw)

a Notation in parenthesis indicates the type of molecular weight (Mw) where Mw is the weight average molecular
weight in g/mol; Mn is the number average molecular weight in g/mol), and [n] is the polymer viscosity in dL/g.

21.3 METATHESIS POLYMERIZATION AND STEREOREGULARITY
OF THE FORMED POLYMERS

21.3.1 RELATIONSHIP BETWEEN MONOMERS AND CATALYSTS

Table 21.2 presents examples of the monomers and catalysts used in the metathesis polymerization
of mono- and disubstituted acetylenes. See other review articles for detailed information including
references therein.1,2,5,6 In general, when suitable Mo and W catalysts are chosen, they are cap-
able of polymerizing monosubstituted acetylenes including hydrocarbon-based monomers, as well
as heteroatom-containing monomers. Furthermore, sterically unhindered monomers as well as very
crowded monomers can be polymerized. In contrast, Nb and Ta catalysts induce merely cyclotri-
merization for monosubstituted acetylenes. Typical monosubstituted hydrocarbon monomers are
tert-butylacetylene and phenylacetylene. Examples of common heteroatoms in monosubstituted
acetylene substituents include Si, Ge, and halogens. In particular, Si- and F-containing substituents
are unlikely to deactivate polymerization catalysts, and tend to provide relatively high molecular
weight polymers. An interesting point in the polymerization of phenylacetylenes by W and Mo cata-
lysts is that phenylacetylene derivatives with bulky ortho-substituents (e.g., SiMe3 and CF3) yield
polymers whose molecular weights reach about one million. This ortho-substituent effect is quite
remarkable since the molecular weight of unsubstituted poly(phenylacetylene)s (PPAs) prepared
using the same catalysts are about two orders of magnitude smaller. This demonstrates that W and
Mo catalysts are especially effective in polymerizing sterically crowded monosubstituted acetylenes.

In general, disubstituted acetylenes are sterically more hindered than monosubstituted ones. Con-
sequently, they do not polymerize with either Ziegler-type or Rh catalysts, but are polymerized only
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by metathesis catalysts based on group 5 and 6 transition metals. Disubstituted monomers with less
steric hindrance tend to polymerize with Mo and W catalysts, whereas their more sterically crowded
counterparts polymerize only with Nb and Ta catalysts. For instance, n-dialkylacetylenes selectively
yield polymers with MoCl5/cocatalyst and WCl6/cocatalyst systems, whereas the polymerization of
these monomers produces cyclotrimers as byproducts when Nb and Ta catalyst systems are used. In
the polymerization of 1-phenyl-1-alkynes, in contrast, W-based catalysts are somewhat active, with
Nb and Ta catalysts being much more effective. Furthermore, Mo-, W-, and Nb-based catalysts only
minorly induce the polymerization of diphenylacetylene, whereas TaCl5/cocatalyst systems produce
polymer. Poly(diphenylacetylene) is insoluble in all solvents, whereas its derivatives having bulky
para-substituents are soluble in toluene and chloroform. One of the most reactive and interesting
heteroatom-containing disubstituted acetylenes is 1-(trimethylsilyl)-1-propyne, which is quantitat-
ively polymerized by Nb and Ta catalysts. The Mw of the polymer obtained with the TaCl5/Ph3Bi
system reaches four million. The Cl-containing monomers in Table 21.2 are polymerizable only by
Mo-based catalysts, which appears to be due to both steric and electronic reasons.

21.3.2 GEOMETRIC STRUCTURE OF THE FORMED POLYMERS

As described above, a variety of polymers are obtained from both mono- and disubstituted acetylene
monomers using metathesis catalysts.Among these monomers, the geometric structures of the formed
polymers have been studied in detail for phenylacetylene, tert-butylacetylene, and a few disubstituted
monomers. Nuclear magnetic resonance (NMR) and IR spectroscopies are often used to obtain
information about the geometric structure of the polymers. Generally, it is difficult to characterize
the geometric structure of disubstituted acetylene polymers because their main chain double bonds
have tetrasubstituted ethylene structural units. Discussed below are the geometric structures of the
polymers obtained from phenylacetylene, tert-butylacetylene, and a few disubstituted acetylenes.

21.3.2.1 Poly(phenylacetylene) and Other Poly(arylacetylenes)

The steric structure of poly(phenylacetylene) has been studied extensively, but only qualitatively in
most cases.25 The poly(phenylacetylene) prepared with Fe(acac)3/Et3Al (2), a Ziegler-type catalyst,
possesses mainly the cis-cisoidal structure (as evidenced by the C–H out-of-plane deformation at
740 cm–1 in the IR spectrum); this polymer is crimson in color and insoluble in all solvents owing
to its high crystallinity.25,26 On the other hand, the polymerization of phenylacetylene by WCl6 or
MoCl5 provides completely soluble polymers, having relatively high molecular weights (Mn) of ca.
5,000–15,000.27 The W-derived polymer, which possesses a weak absorption at 870 cm−1 in the IR
spectrum and an emission at 430 nm upon excitation at 250 nm, is auburn in color, and has a high
softening point (∼226 ◦C). In contrast, the Mo-derived polymer, which has a strong absorption at
870 cm–1 and an emission at 360 nm upon excitation at 250 nm, is dull yellow in color, and has a
high softening point (∼215 ◦C). These results suggest that the W- and Mo-derived polymers have,
respectively, trans-rich and cis-rich structures.

Poly(β-naphthylacetylene) (Mn = 92,000) obtained from WCl6 is fully soluble in toluene and
is dark brown in color, whereas polymer made from MoCl5 is only marginally soluble and is red
in color, suggesting a difference in their geometric structures.28 On the basis of IR spectroscopy,
differential thermal analysis, and X-ray diffraction, it is inferred that the former polymer is trans-
rich while the latter is cis-rich and more crystalline. W-derived poly(α-naphthylacetylene) (Mn =
140,000) is completely soluble in toluene, is dark purple in color, and has an absorption at 510
nm, whereas the Mo-derived polymer is insoluble and red in color.29 Thus the W-derived polymer
has a wider conjugation that is attributable to a more trans-rich structure. Poly(9-anthrylacetylene)
can be synthesized using both WCl6 and MoCl5, and is a black polymer insoluble in all solvents
irrespective of the identity of the catalyst used.30 Poly(1-pyrenylacetylene) has also been prepared
with both W and Mo catalysts systems.31 The W-derived polymer (Mn = 140,000) is a dark purple
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FIGURE 21.4 The methyl signal in the 1H NMR spectra of poly(o-methylphenylacetylene)s obtained
with MoOCl4/n-Bu4Sn/EtOH (1:1:1) in toluene at different temperatures. (Reprinted with permission from
Kaneshiro, H.; Masuda, T.; Higashimura, T. Polym. Bull. 1995, 35, 17. Copyright 1995 Springer-Verlag
GmbH.)

polymer soluble in o-dichlorobenzene, whereas the Mo-derived polymer is insoluble in any organic
solvents; this difference is also explainable in terms of a difference in geometric structure.

The cis content of poly(o-methylphenylacetylene) can be determined by NMR because the methyl
signal shows different chemical shifts, depending on the geometric structure of the backbone olefin
units (cis or trans).32 The MoOCl4/n-Bu4Sn/EtOH catalyst provides a cis-rich, “living” poly(o-
methylphenylacetylene) (cis content 77%, Mw/Mn = 1.21) at 0 and −30 ◦C (Figure 21.4). Whereas
poly(phenylacetylene) made using Fe catalysts is crystalline and insoluble owing to its cis-cisoidal
structure, poly(phenylacetylene) derivatives having p-adamantyl, p-tert-butyl, and p-n-butyl sub-
stituents are soluble, irrespective of the catalyst used in their preparation.33 According to 1H and
13C NMR, substituted poly(phenylacetylene) polymers obtained from either Fe or Rh catalysts have
virtually an all-cis structure, although it is difficult to distinguish between the cis-cisoidal and cis-
transoidal structures. On the other hand, Mo- and W-derived substituted poly(phenylacetylene)s
have, respectively, cis-rich and trans-rich structures.

21.3.2.2 Poly(tert -butylacetylene)

The geometric structure of poly(tert-butylacetylene) can easily be determined by 13C NMR34 and
1H NMR.35 MoCl5 produces polymer with a higher cis content than WCl6. The cis content is higher
when oxygen-containing polymerization solvents like anisole are used, as compared to hydrocarbon
solvents such as toluene.34 In the extreme case, all-cis poly(tert-butylacetylene) can be obtained by
utilizing MoCl5 in anisole, whereas the cis content for the WCl6/toluene system is the lowest and
is about 50%. Poly(tert-butylacetylene), obtained with the MoOCl4/n-Bu4Sn system by terminating
polymerization just after complete monomer consumption, possesses an all-cis structure.36 However,
stereoregularity decreases when the polymerization is allowed to stand for a further period after
complete monomer consumption. This is because acid-catalyzed geometric isomerization of the
polymer occurs, even though the propagation reaction itself proceeds stereoselectively.
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FIGURE 21.5 13C NMR spectra of poly(tert-butylacetylene)s obtained with (a) MoOCl4 and (b) MoOCl4 /n-
Bu4 Sn/EtOH (1:1:1) in toluene at 0 ◦C. (Reprinted with permission from Nakano, M.; Masuda, T.; Higashimura,
T. Macromolecules 1994, 27, 1344. Copyright 1994 American Chemical Society.)

tert-Butylacetylene undergoes stereoselective living polymerization with MoOCl4/n-
Bu4Sn/EtOH.37 The methyl carbon signal in the 13C NMR of poly(tert-butylacetylene) obtained
from a single-component MoOCl4 catalyst splits into two peaks, indicating the presence of
both cis and trans structures (Figures 21.5a and 21.6). In contrast, polymer obtained from the
MoOCl4/n-Bu4Sn/EtOH (1:1:1) catalyst system shows virtually only one peak for the methyl car-
bons (Figure 21.5b), and hence is thought to exclusively consist of the cis structure (cis content 97%,
Mw/Mn = 1.12). Similar, but somewhat inferior results are obtained with the MoCl5/n-Bu4Sn/EtOH
(1:1:1) system (cis content 90%, Mw/Mn = 1.24).

21.3.2.3 Polymers from Disubstituted Acetylenes

Although it is difficult to gain knowledge about the geometric structure of the polymers derived
from disubstituted acetylenes, some information is available regarding poly(diphenylacetylene) and
poly[1-(trimethylsilyl)-1-propyne]. The relationship between the catalyst used and the resultant poly-
mer geometric structure for poly(diphenylacetylene) is similar to that for poly(phenylacetylene): the
W-derived polymer is trans-rich while the Mo-derived polymer is cis-rich. These assignments were
made according to IR spectroscopy and differential thermal analysis; both polymers are completely
insoluble.38

Poly[1-(trimethylsilyl)-1-propyne] is a unique polymer that shows very high gas permeability.39

This polymer can be obtained by using either TaCl5 or NbCl5 as polymerization catalysts. All four
carbon atoms in this polymer display splitting of their 13C NMR signal into two peaks (Figure 21.7).40

From the peak area ratios, it can be concluded that the Nb-derived polymer has an approximately
60% cis structure, whereas its Ta-derived counterpart has a 38% cis structure. It is postulated that
NbCl5 provides poly[1-(trimethylsilyl)-1-propyne]s with higher cis content as compared to TaCl5
in a similar way to that in which Mo-based catalysts produce higher cis contents as compared to W-
based catalysts. Provided that the same catalyst is used, the geometric structure of this polymer varies
little with the polymerization temperature over a range of 30–100 ◦C, or with the polymerization
solvent (e.g., cyclohexane, toluene, 1,2-dichloroethane, anisole).



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 562 — #10

562 Stereoselective Polymerization with Single-Site Catalysts

34 3430 3026 26

34 30 26

34 30 26

34 30 26

34 30 26

MoOCl4 57%

Catalyst Catalyst cis content

70%

cis content

MoCl5

MoOCl4/
n -Bu4Sn/EtOH

MoOCl4/
n -Bu4Sn

MoCl5/
n -Bu4Sn/EtOH

MoCl5/
n -Bu4Sn

85% 92%

δ value

91% 90%

FIGURE 21.6 The methyl signal in the 13C NMR spectra of poly(tert-butylacetylene)s obtained with various
catalyst systems in toluene at 0 ◦C. (Reprinted with permission from Nakano, M.; Masuda, T.; Higashimura, T.
Macromolecules 1994, 27, 1344. Copyright 1994 American Chemical Society.)

21.4 POLYMERIZATION WITH RHODIUM CATALYSTS AND
STEREOREGULARITY OF THE FORMED POLYMERS

In 1969, Kern first reported that the Wilkinson catalyst, RhCl(PPh3)3, could be used to polymerize
phenylacetylene monomer, and that the color of the resulting poly(phenylacetylene) was dependent
on the polymerization conditions used.41 Recently, analogues of the Wilkinson catalyst such as
[(2,5-norbornadiene)RhCl]2 (7, Figure 21.1) have been developed that selectively produce cis-PPA
even at room temperature.42–46 This is in contrast to the low temperature (−78 ◦C) required when
using Ziegler–Natta catalysts to produce perfect cis-polyacetylene.47

Rh-catalyzed polymerizations of substituted acetylenes proceed through the insertion mech-
anism (Scheme 21.2b). Furthermore, the excellent ability of Rh catalysts to tolerate various
functional groups allows for the synthesis of highly functionalized polymers. Thus, the monomers
utilizable include phenylacetylenes bearing amino, hydroxyl, azo, and precursors of radical
groups (such as a nitroxide group), in addition to propiolic acid esters, N-propargylamides, and
cyclooctyne (Figure 21.8). The polymerization of electron-donor-substituted monomers, such
as p-methoxyethynylbenzene, gives a lower polymer yield as compared to the polymerization
of electron-accepting monomers such as p-chloroethynylbenzene. The opposite relationship is
observed when metathesis polymerization catalysts are used, demonstrating that the mechanisms
of polymerizations involving these two kinds of catalysts differ from each other.48
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FIGURE 21.7 13C NMR spectra of poly[1-(trimethylsilyl)-1-propyne]s obtained with NbCl5 and TaCl5 cata-
lysts in toluene at 80 ◦C. (Reprinted with permission from Izumikawa, H.; Masuda, T.; Higashimura, T. Polym.
Bull. 1991, 27, 193. Copyright 1991 Springer-Verlag GmbH.)

21.4.1 LIGAND AND SOLVENT EFFECTS IN THE POLYMERIZATION

Dimeric Rh complexes of the formula [(L-L)RhCl]2 (L-L = 2,5-norbornadiene (nbd) (7); 1,5-
cyclooctadiene (cod) (7a)) and [(L)2RhCl]2 (L = cyclooctene (coe) (7b)) have frequently been
employed for the polymerization of phenylacetylene (Figure 21.9).42,43,49–51 Of these Rh com-
plex catalysts, [(nbd)RhCl]2 gives the highest polymerization yield (almost quantitative), whereas
[(coe)2RhCl]2 does not yield any polymer.43 This suggests that the nbd ligand is strongly coordinated
to the Rh atom during the polymerization; that is, no replacement of this ligand with electron-donating
molecules including monomer takes place to decrease the polymerization yield. The order of cata-
lytic activity of the dimeric Rh complexes from highest activity to lowest is as follows: [(nbd)RhCl]2
> [(cod)RhCl]2 	 [(coe)2RhCl]2.43,51

The Rh-catalyzed polymerization of monosubstituted acetylenes proceeds in various solvents
including benzene, tetrahydrofuran (THF), ethanol, and triethylamine (Et3N). Among these
solvents, ethanol and Et3N are most favorable for phenylacetylenes from the viewpoint of both
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polymerization rate and polymer molecular weight. This polymerization feature is different from
that with metathesis catalysts, such as WCl6, which form stable complexes with amines, and
react with alcohols to give alkoxy complexes. The most widely employed Rh catalyst system
is [(nbd)RhCl]2/Et3N. This catalyst gives excellent yields of poly(phenylacetylenes) having high
molecular weights (Mn > 105). Combinations of [(nbd)RhCl]2 with suitable organometallics such
as n-BuLi and Et3Al greatly accelerate the polymerization of phenylacetylene.52

As shown in Figure 21.10, the 1H NMR spectra of various Rh-derived monosubstituted acet-
ylenes polymers display sharp singlet signals at about δ 7–6 ppm, which can be assigned to the
backbone hydrogen resonances. In particular, poly(phenylacetylene) shows a sharp peak at δ 5.8
ppm characteristic of the cis-olefinic protons of the main chain. The highly stereoregular poly-
mers shown in Figure 21.10 possess a completely head-to-tail structure, as clearly evidenced by the
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FIGURE 21.10 1H NMR spectra of (a) polyphenylacetylene, (b) poly(hexylpropiolate), (c) poly(4-methyl-
1-hexyne), (d) poly(N-propargylhexanamide), and (e) poly(propargylhexanoate). (Reprinted with permission
from Ciardelli, F.; Lanzillo, S.; Pieroni, O. Macromolecules 1974, 7, 174. Copyright 1974 American Chemical
Society.)

presence of a singlet vinyl proton signal in the 1H NMR. The 13C NMR spectra of two of these
polymers (Figure 21.11) display backbone resonances at about δ 130–140 ppm. Furthermore, their
Raman spectra display two large peaks at 1550 and 1330 cm–1 assigned to the cis-C=C bond in
the cis-transoidal structure, and to the C–C bond coupled with the C–H bond in the cis-polymer,
respectively.53,54 From these results, it is concluded that the Rh-based PPAs selectively possess the
cis-transoidal structure.

The UV-VIS spectrum of the [(nbd)RhCl]2 complex has been measured in various solvents to
gain insight into the active species of polymerization.43 An absorption shoulder at 360 nm in THF
or ethanol, which is also observed in the solid state, is assignable to the dimeric Rh complex. On the
other hand, when the catalyst is dissolved in neat Et3N, the UV-VIS peak observed at 380 nm can
be ascribed to a typical monomeric species of the Rh complex. The appearance of the monomeric
species of the Rh complex indicates that Et3N promotes the dissociation of the dimeric complex,
[(nbd)RhCl]2, to produce the Et3N coordinated monomeric one, which in turn must lose the Et3N
ligand to form the propagating species for the polymerization. The dissociation of the dimeric Rh
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FIGURE 21.11 13C NMR spectra of (a) polyphenylacetylene and (b) poly(N-propargylhexanamide) in
CDCl3. (Reprinted with permission from Furlani, A.; Napoletano, C.; Russo, M. V.; Feast, W. J. Polym.
Bull. 1986, 16, 311. Copyright 1986 Springer-Verlag GmbH.)

complex into the monomeric one is not fully complete in Et3N; the extent of this dissociation varies
depending on the solvent used.

As shown in Figure 21.12, the 1H NMR spectrum of [(nbd)RhCl]2 shows peaks at 1.2, 3.8,
and 3.9 ppm that can be assigned to, respectively, the bridging methylene protons, and the olefinic
protons in the ligating and free nbd molecules. This indicates that the complex has a planar square
structure. A large shift of the olefinic proton (Ha) in the ligand molecule from that of the free species
indicates strong coordination of the molecules to the Rh atom.43,55 Among the bis-coe, cod, and nbd
ligands, the largest upfield shift of the olefinic proton (from 6.63 ppm in the free molecule to 3.9
ppm in the coordinated molecule) is observed for nbd. This remarkable shift reflects a much stronger
coordination of the nbd molecules to the Rh atom, which should generate a more stable propagating
species. This is consistent with the fact that no polymer is formed with [(coe)2RhCl]2 catalyst, owing
to weaker coordination of coe to the Rh atom.

The 1H NMR spectrum of [(nbd)RhCl]2 was also measured in CDCl3 solution after the addition
of Et3N. The signals observed at 1.2 and 3.7 ppm are assigned to the ligand methylene bridge protons
(Hd) and methine protons (Hb), respectively. The two signals observed at 3.3 and 4.1 ppm after the
addition of Et3N can be assigned to the olefinic protons (Ha and Hc) in the monomeric species,
(nbd)RhCl/Et3N. Therefore, the spectral change induced by the addition of Et3N can be explained in
terms of dissociation of the dinuclear complex into the monomeric species as previously mentioned:
the two sets of protons (Ha and Hc) never become magnetically equivalent owing to the lower
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symmetry in the monomeric form. The signals marked with a hatch at 1.2 and 2.6 ppm may be
assigned to the methyl and methylene protons of free Et3N molecules, respectively. Thus, the 1H
NMR spectrum manifests that the Rh complex is stable even at room temperature, which agrees
with the fact that the Rh-catalyzed polymerization of monosubstituted acetylenes proceeds at room
temperature with fairly high polymer yields. The 1H NMR data regarding the dissociation of the
Rh catalyst is consistent with the of the UV-VIS data. Therefore, it is concluded that both Et3N
and methanol solvents, which are frequently used in this polymerization, are coordinated to the
monomeric Rh species to stabilize it, and that the order of the ability of the solvents to coordinate to
the Rh atom is as follows: Et3N > MeOH	 THF.

The polymerization of phenylacetylenes is feasible even in aqueous media when water-soluble
catalysts are used. For example, [(cod)Rh(mid)2]+[PF6]– (mid = N-methylimidazole) provides cis-
transoidal poly(phenylacetylene) (cis content 98%) in high yield (98%).56 Other complexes such as
(cod)Rh(SO3C6H4-p-CH3)(H2O) and (nbd)Rh(SO3C6H4-p-CH3)(H2O) also work as water-soluble
catalysts. The polymerization of phenylacetylene in compressed (liquid or supercritical) CO2 has
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been studied using a the Rh catalyst, [(nbd)Rh(acac)]2.57 Polymerization is accelerated in CO2
compared to the case of conventional organic solvents such as THF and hexane. Quite recently, ionic
liquids have been examined as media for Rh-catalyzed polymerization of phenylacetylene.58

21.4.2 POLYMERIZATION OF VARIOUS ACETYLENES

The excellent ability of Rh catalysts to tolerate functional groups enables the polymerization of
many functional acetylene monomers. For example, a substituted phenylacetylene bearing an N ,N-
dimethylamino group on the phenyl ring48 has been used to prepare radical-carrying polymers.
Phenylacetylenes with an OH group on the phenyl ring59,60 or an NH moiety on the phenyl ring
have been used as precursors for oxy radicals, and nitroxide groups61 for the formation of poly-
meric magnets. Several alkyl propiolates are polymerized in moderate yields using Rh catalysts
([(nbd)RhCl]2). Relatively high yields of poly(propiolate)s with high molecular weights are access-
ible when the polymerization is conducted in alcoholic solvents or acetonitrile at high monomer and
catalyst concentrations.62,63 In general, the cis olefinic proton of poly(propiolates) appears at around
6.7 ppm in the 1H NMR spectrum (Figure 21.10), and according to this peak’s relative magnitude,
poly(propiolates) with alkylene spacers between the ester group and the chiral carbon possess a
quantitative cis content (100%). The cis contents of the polymers without alkylene spacers are lower
than those of the other polymers (∼80%).

Although carboxylic acids are known to work as terminating agents for acetylene polymeriz-
ation, sodium p-ethynylphenylcarboxylate and sodium propiolate polymerize in the presence of
various water-soluble Rh complexes, including [Rh(cod)2]+[BF4]−, Rh(cod)(tosylate)(H2O), and
[Rh(nbd)2]+[ClO4]−.64,65 These carboxylate- and propiolate-bearing polyacetylenes can assume
predominantly one-handed helical conformations upon complexation with chiral amines. These
polymers can be used as probes for the chirality assignment of various chiral compounds.

Recently, it has been found that N-propargylamides can be polymerized by the cationic Rh
complex, [(nbd)Rh]+[η6-C6H5B(C6H5)3]– (8, Figure 21.9), to produce helical polymers.66,67

The helicity of these polymers is induced by intramolecular hydrogen bonding. The 1H NMR
spectra of poly(N-propargylalkylamides) show very broad signals for the olefinic protons of the
main chain. This peak broadening implies that the helical structure restrains the mobility of
the main chain. When a few drops of CD3OD are added to the CDCl3 solution of the poly-
mer sample, the signal of the main chain proton sharpens in the 1H NMR at 60 ◦C (6.0 ppm),
and verifies that the polymers possess almost perfect cis-stereoregularity (Figure 21.10). The
cis contents (∼80%) of poly(N-propargylbenzamides) tend to be lower than those of the other
poly(N-propargylalkylamides).

In general, Rh catalysts are not very effective in stereoselectively polymerizing sterically crowded
monosubstituted acetylenes such as tert-butylacetylene and ortho-substituted phenylacetylenes. Rh
catalysts are also not capable of polymerizing disubstituted acetylenes. One exception is cyclooctyne,
whose very large ring strain (∼38 kJ/mol) enables fast polymerization with [(nbd)RhCl]2, giving an
insoluble polymer in good yield.68

21.4.3 STEREOSELECTIVE LIVING POLYMERIZATION

Rh-catalyzed living polymerization was first accomplished in 1994.69 The excellent ability of pre-
isolated, well-defined catalyst to produce quantitative yields of poly(phenylacetylenes) with narrow
polydispersities was demonstrated. The catalyst used, (nbd)(PPh3)2Rh–C≡C–Ph (9, Figure 21.9),
has been completely characterized by single-crystal X-ray analysis. It has been disclosed that the ini-
tiation reaction of acetylene polymerization with this catalyst proceeds not through direct insertion
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of monomer into the Rh–C bond of (nbd)(PPh3)2Rh–C≡C–Ph, but through the initial formation
of a Rh–H complex by the reaction of (nbd)(PPh3)2Rh–C≡C–Ph with the acetylene monomer,
followed by monomer insertion.70 Polymerization of phenylacetylene with (nbd)(PPh3)2Rh–C≡C–
Ph in the presence of 4-(N ,N-dimethylamino)pyridine (DMAP) provides a well-defined polymer
having a long-lived active site at the propagating chain end. Without added DMAP, the polydis-
persity increases from about 1.0 to 1.3. The initiation efficiency of this Rh catalyst system, however,
remains low (no more than 35%). The high stability of the propagating centers of this system allows
for the isolation of poly(phenylacetylene) having active propagating sites, which can then be used
to sequentially polymerize different monomers, giving block copolymers with precisely controlled
structures.

One striking feature of the stereoregular poly(phenylacetylenes) is their simple NMR spectra,
which facilitate the investigation of the polymerization mechanism as well as the polymer structure.
A copolymer of phenylacetylene with partially 13C-labeled phenylacetylene (Ph13C=13C) shows two
doublet carbon signals with a J13C−13C of 72 Hz, indicating that the presence of a 13C=13C bond
in the polymer backbone.70 This is a clear indication of the presence of the insertion mechanism
instead of a metathesis pathway.

Following the discovery of the well-defined Rh-based living polymerization catalyst 9, a
new living polymerization catalyst, [(nbd)RhOMe]2/PPh3/DMAP, was further developed, which
increased initiation efficiency from 35% to 70%.71 Polymerization of acetylene monomers with
[(nbd)RhOMe]2/PPh3/DMAP is three to four times faster than with 9. Isolation of [(nbd)RhOMe]2
is unnecessary; a simple mixture of commercially available [(nbd)RhCl]2, Ph3P, NaOMe, and DMAP
induces the living polymerization of phenylacetylene without broadening polydispersity.

A ternary catalyst, [(nbd)RhCl]2/LiCPh=CPh2/PPh3, polymerizes phenylacetylene and its para-
substituted derivatives to give living polymers.72 Living polymerization is also possible in the
presence of water. The isolation of the active species from the [(nbd)RhCl]2/LiCPh=CPh2/PPh3 mix-
ture is not an essential requirement; when the complex is formed in situ by reaction of [(nbd)RhCl]2
with LiCPh=CPh2 and Ph3P, living polymerization is induced with quantitative initiation efficiency.
A new vinylrhodium complex, 10 (Figure 21.9) has also been prepared, isolated, and fully char-
acterized by X-ray analysis. This complex proved to be effective in the living polymerization of
phenylacetylenes.73 A remarkable feature of this polymerization system is the ability to introduce
functional groups at the initiating chain end. For example, living poly(phenylacetylene) bearing
a terminal hydroxyl group is readily obtained by the polymerization with a ternary catalyst com-
prising [(nbd)RhCl]2, LiCPh=C(Ph)(C6H4-p-OSi(CH3)2-t-Bu), and Ph3P, followed by deprotection
(desilylation) of the formed polymer. Polymerization of β-propiolactone with the terminal phenoxide
anion of this polymer gives a new block copolymer of phenylacetylene with β-propiolactone.74

21.5 CONCLUSIONS

Polyacetylenes are the most typical and basic π -conjugated polymers, and can ideally take four
geometrical structures (trans-transoid, trans-cisoid, cis-transoid, cis-cisoid). At present, not only
early transition metals, but also many late transition metals are used as catalysts for the polymerization
of substituted acetylenes. However, the effective catalysts are restricted to some extent, and Ta, Nd,
Mo, and W of transition metal groups 5 and 6, and Fe and Rh of transition metal groups 8 and
9 are mainly used. The polymerization mechanism of Ta, Nd, W, and Mo based catalysts is a
metathesis mechanism, and that of Ti, Fe, and Rh based catalysts is an insertion mechanism. Most
of the substituted polyacetylenes prepared with W and Mo catalysts provide trans-rich and cis-rich
geometries respectively. Polymers formed with Fe and Rh catalysts selectively possess stereoregular
cis main chains.



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 570 — #18

570 Stereoselective Polymerization with Single-Site Catalysts

REFERENCES AND NOTES

1. Masuda, T.; Sanda, F. Polymerization of substituted acetylenes. In Handbook of Metathesis; Grubbs,
R. H., Ed.; Wiley-VCH: Weinheim, 2003; Vol. 3, pp 375–406.

2. Nomura, R.; Masuda T. Acetylenic polymers, substituted. In: Encyclopedia of Polymer Science and
Technology, 3rd ed.; Kroshwitz, J. I., Ed.; Wiley: New York 2003; Vol. IA, p 1.

3. Tabata, M.; Sone, T.; Mawatari, Y.; Yonemoto, D.; Miyasaka, A.; Fukushima, T.; Sadahiro, Y.
π -Conjugated columnar polyacetylenes prepared with Rh complex catalyst. Macromol. Symp. 2003,
192, 75–97.

4. Tabata, M.; Sone, T.; Sadahiro, Y. Precise synthesis of monosubstituted polyacetylenes using Rh
complex catalysts. Control of solid structure and π -conjugation length. Macromol. Chem. Phys. 1999,
200, 265–282.

5. Masuda, T. Acetylene polymerization. In Catalysis in Precision Polymerization; Kobayashi, S., Ed.;
Wiley: Chichester, 1997; pp 67–97.

6. Masuda, T. Acetylenic polymer. In Polymeric Material Encyclopedia; Salamone, J. C., Ed.; CRC
Press: New York, 1996; Vol. 1, pp 32–40.

7. Lam, J. W. Y.; Tang, B. Z. Liquid-crystalline and light-emitting polyacetylenes. J. Polym. Sci., Part A:
Polym. Chem. 2003, 41, 2607–2629.

8. Yashima, E.; Maeda, K. Helicity induction on optically inactive polyacetylenes and polyphosphazenes.
In Synthetic Macromolecules with Higher Structural Order; Kahn, T. I. M., Ed.; ACS Symposium
Series 812; American Chemical Society: Washington, DC, 2002; pp 41–53.

9. McQuade, D. T.; Pullen, A. E.; Swager, T. M. Conjugated polymer-based chemical sensors. Chem.
Rev. 2000, 100, 2537–2574.

10. Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Electroluminescent conjugated polymers-seeing polymers
in a new light. Angew. Chem. Int. Ed. Engl. 1998, 37, 403–428.

11. Curran, S.; Stark-Hauser, A.; Roth, S. Polyacetylene. In Handbook of Organic Conductive Molecules
and Polymers; Nalwa, H. S., Ed.; Wiley: Chichester 1997; Vol. 2, Chapter 1.

12. Saxman, A. M.; Liepens, R.; Aldissi, M. Polyacetylene: Its synthesis, doping and structure. Prog.
Polym. Sci. 1985, 11, 57–89.

13. Chien, J. C. W. Polyacetylene; Academic Press: New York, 1984.
14. Shirakawa, H.; Ikeda, S. Infrared spectra of polyacetylene. Polym. J. 1971, 2, 231–244.
15. Ito, T.; Shirakawa, H.; Ikeda, S. J. Simultaneous polymerization and formation of polyacetylene film

on the surface of a concentrated soluble Ziegler-type catalyst solution. Polym. Sci., Polym. Chem. Ed.
1974, 12, 11–20.

16. Naarmann, H.; Theophilou, N. New process for the production of metal-like, stable polyacetylene.
Synth. Met. 1987, 22, 1–8.

17. Naarmann, H. Synthesis of new conductive polymers. Synth. Met. 1987, 17, 223–228.
18. Luttinger, L. B. Chem. Ind. (London) 1960, 1135.
19. Terlemezyan, L.; Mihailov, M. On the configuration of polyacetylene obtained by Luttinger’s catalyst.

Makromol. Chem., Rapid Commun. 1982, 3, 613–161.
20. Akagi, K.; Sakamaki, K.; Shirakawa, H. Intrinsic nonsolvent polymerization method for syn-

thesis of highly stretchable and highly conductive polyacetylene films. Macromolecules 1992,
25, 6725–6726.

21. Akagi, K.; Piao, G.; Kaneko, S.; Sakamaki, K.; Shirakawa, H.; Kyotani, M. Helical polyacetylene
synthesized with a chiral nematic reaction field. Science 1998, 282, 1683–1686.

22. Maricq, M. M.; Waugh, J. S.; MacDiarmid, A. G.; Shirakawa, H.; Heeger, A. J. Carbon-13
nuclear magnetic resonance of cis- and trans-polyacetylenes. J. Am. Chem. Soc. 1978, 100,
7729–7730.

23. Shirakawa, H.; Ito, T.; Ikeda, S. Raman scattering of electronic spectra of polyacetylene. Polym. J.
1973, 4, 460–462.

24. Shirakawa, H.; Ikeda, S. Cyclotrimerization of acetylene by the tris(acetylacetonato)titanium(III)-
diethylaluminum chloride system. J. Polym. Sci., Polym. Chem. Ed. 1974, 12, 929–937.

25. Simionescu, C. I.; Percec, V. Progress in polyacetylene chemistry. Prog. Polym. Sci. 1982, 8, 133–214.
26. Biyani, B.; Campagna, A. J.; Daruwalla, D.; Srivastava, C. M.; Ehrlich, P. Crystallizable

polyphenylacetylene. Preparation and solution properties. J. Macromol. Sci., Chem. 1975, A9,
327–339.



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 571 — #19

Stereoregularity of Polyacetylene and Its Derivatives 571

27. Masuda, T.; Sasaki, N.; Higashimura, T. Polymerization of phenylacetylenes. III. Structure and
properties of poly(phenylacetylene)s obtained by WCl6 and MoCl5. Macromolecules 1975, 8,
717–721.

28. Ohtori, T.; Masuda, T.; Higashimura, T. Polymerization of phenylacetylenes. IX. Polymerization of
β-naphthyl-acetylene by WCl6 and MoCl5. Polym. J. 1979, 11, 805–811.

29. Nanjo, K.; Karim, S. M. A.; Nomura, R.; Wada, T.; Sasabe, H.; Masuda, T. Synthesis and properties of
poly(1-naphthylacetylene) and poly(9-anthrylacetylene). J. Polym. Sci., Part A: Polym. Chem. 1999,
37, 277–282.

30. Musikabhumma, K.; Masuda. T. Synthesis and properties of widely conjugated polyacetylenes
having anthryl and phenanthryl pendant groups. J. Polym. Sci., Part A: Polym. Chem. 1998, 36,
3131–3137.

31. Karim, S. M. A.; Musikabhumma, K.; Nomura, R.; Masuda. T. Synthesis and properties of poly(9-
phenanthrylacetylene) and poly(1-pyrenylacetylene); Proc. Jpn. Acad., Ser. B: Phys. Biol. Sci. 1999,
75B, 97–100.

32. Kaneshiro, H.; Masuda, T.; Higashimura, T. Synthesis of a cis-rich, living poly[(o-
methylphenyl)acetylene] by use of the MoOCl4–n-Bu4Sn–EtOH catalyst. Polym. Bull. 1995, 35,
17–23.

33. Fujita, Y.; Misumi, Y.; Tabata, M.; Masuda. T. Synthesis, geometric structure, and properties of
poly(phenylacetylenes) with bulky para-substituents. J. Polym. Sci., Part A: Polym. Chem. 1998, 36,
3157–3163.

34. Okano, Y.; Masuda, T.; Higashimura, T. Polymerization of t-butylacetylene by group 6 transition metal
catalysts: Geometric structure control by reaction conditions. Polym. J. 1982, 14, 477–483.

35. Katz, T. J.; Ho, T. H.; Shih, N.-Y.; Ying, Y.-C.; Stuart, V. I. W. Polymerization of acetylenes and cyclic
olefins induced by metal carbynes. J. Am. Chem. Soc. 1984, 106, 2659–2668.

36. Masuda, T.; Izumikawa, H.; Misumi, Y.; Higashimura, T. Stereospecific polymerization of
tert-butylacetylene by molybdenum catalysts. Effect of acid-catalyzed geometric isomerization.
Macromolecules 1996, 29, 1167–1171.

37. Nakano, M.; Masuda, T.; Higashimura, T. Stereospecific living polymerization of tert-butylacetylene
by molybdenum-based ternary catalyst systems. Macromolecules 1994, 27, 1344–1348.

38. Masuda, T.; Kawai, H.; Ohtori, T.; Higashimura, T. Polymerization of phenylacetylenes. X.
Polymerization of diphenylac1etylene by WCl6- and MoCl5-based catalysts. Polym. J. 1979, 11,
813–818.

39. Nagai, K.; Masuda, T.; Nakagawa, T.; Freeman, B. D.; Pinnau, I. Poly[1-(trimethylsilyl)-1-propyne]
and related polymers: Synthesis, properties and functions. Prog. Polym. Sci. 2001, 26, 721–798.

40. Izumikawa, H.; Masuda, T.; Higashimura, T. Study on the geometric structure of poly[1-
(trimethylsilyl)-1-propyne] by 13C and 29Si NMR spectroscopies. Polym. Bull. 1991, 27,
193–199.

41. Kern, R. J. Preparation and properties of isomeric poly(phenylacetylenes). J. Polym. Sci., Polym.
Chem. Ed. 1969, 7, 621–631.

42. Tabata, M.; Yang, W.; Yokota, K. Polymerization of m-chlorophenylacetylene initiated by
[Rh(norbornadiene)Cl]2-triethylamine catalyst containing long-lived propagation species. Polym. J.
1990, 22, 1105–1107.

43. Tabata, M.; Yang, W.; Yokota, K. 1H-NMR and UV studies of Rh complexes as a stereoregular
polymerization catalysts for phenylacetylenes: Effects of ligands and solvents on its catalyst activity.
J. Polym. Sci., Part A: Polym. Chem. 1994, 32, 1113–1120.

44. Tabata, M.; Sadahiro, Y.; Yokota, K.; Kobayashi, S. Formation of columnar from poly(p-
methylethynylbenzene) polymerized using [Rh(norbornadiene)Cl]2 as a catalyst. Polym. J. 1996, 35,
5411–5415.

45. Furlani, A.; Licoccia, S.; Russo, A. M.; Camius, A. M.; Marsich, N. Rhodium and platinum complexes
as catalysts for the polymerization of phenylacetylene. J. Polym. Sci., Part A: Polym. Chem. 1986, 24,
991–1005.

46. Furlani, A.; Napoletano, C.; Russo, M. V.; Feast, W. J. Stereoregular polyphenylacetylene. Polym.
Bull. 1986, 16, 311–317.

47. Ferraro, J. R.; Williams, J. M. Introduction to Synthetic Electrical Conductors; Academic Press:
New York, 1987.



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 572 — #20

572 Stereoselective Polymerization with Single-Site Catalysts

48. Tabata, M. Personal communication, 1997.
49. Lindgren, M.; Lee, H-S.; Tabata, M.; Yang, W.; Yokota, K. Synthesis of soluble poly(phenylacetylenes)

containing a strong donor function. Polymer 1991, 32, 1531–1534.
50. Tabata, M.; Tanaka, Y.; Sadahiro, Y.; Sone, T.; Yokota, K.; Miura, I. Pressure-induced cis to

trans isomerization of aromatic polyacetylenes. 2. Poly((o-ethoxyphenyl)acetylene) stereoregularly
polymerized using a Rh complex catalyst. Macromolecules 1997, 30, 5200–5204.

51. Tabata, M.; Sone, T.; Sadahiro, Y.; Yokota, K.; Nozaki, Y. Pressure-induced cis to trans isomerization
of aromatic polyacetylenes prepared using a Rh complex catalyst: A control of π -conjugation length.
J. Polym. Sci., Part A: Polym. Chem. 1998, 36, 217–223.

52. Kanki, K.; Misumi, Y.; Masuda, T. Remarkable cocatalytic effect of organometallics and rate control
by triphenylphosphine in the Rh-catalyzed polymerization of phenylacetylene. Macromolecules 1999,
32, 2384–2386.

53. Tabata, M.; Takamura, H.; Yokoto, K.; Nozaki, Y.; Hoshina, H.; Minakawa, H.; Kodaira, K. Pressure-
induced cis to trans isomerization of poly(o-methoxyphenylacetylene) polymerized by Rh complex
catalyst. A Raman, X-ray, and ESR study. Macromolecules 1994, 27, 6234–6236.

54. Tabata, M.; Nozaki, M.; Yokota, K.; Minakawa, H. Structural differences of poly(α-
ethynylnaphthalene)s obtained with [Rh(norbornadiene)Cl]2 and WCl6 catalysts: An electron spin
resonance and Raman study. Polymer 1996, 37, 1959–1963.

55. Crabetree, R. H. The Organometallic Chemistry of the Transition Metals; Wiley: New York, 1988;
p 102.

56. Tang, B. Z.; Poon, W. H.; Leung, S. M.; Leung, W. H.; Peng, H. Synthesis of stereoregular
poly(phenylacetylene)s by organorhodium complexes in aqueous media. Macromolecules 1997, 30,
2209–2212.

57. Hori, H.; Six, C.; Leitner, W. Rhodium-catalyzed phenylacetylene polymerization in compressed
carbon dioxide. Macromolecules 1999, 32, 3178–3182.

58. Mastrorilli, P.; Nobile, C. F.; Gallo, V.; Suranna, G. P.; Farinola, G. Rhodium(I) catalyzed
polymerization of phenylacetylene in ionic liquids. J. Mol. Catal. A. 2002, 184, 73–78.

59. Togo, Y.; Nakamura, N.; Iwamura, H. Synthesis and photolysis of N-(phenoxycarbonyloxy)-2-
thiopyridone derivatives. A new unimolecular route to quantitative generation of phenoxyl radicals.
Chem. Lett. 1991, 7, 1201–1204.

60. Yoshioka, N.; Nishide, H.; Kaneko, T.; Yoshiki, H.; Tsuchida, E. Poly[(p-ethynylphenyl)
hydrogalvinoxy] and its polyradical derivative with high spin concentration. Macromolecules 1992,
25, 3838–3842.

61. Iwamura, H. Magnetic coupling of two triplet phenylnitrene units joined through an acetylenic or a
diacetylenic linkage. Mol. Cryst. Liq. Cryst. 1989, 176, 33–48.

62. Nakako, H.; Nomura, R.; Tabata, M.; Masuda, T. Synthesis and structure in solution of poly[(-)-
menthyl propiolate as a new class of helical polyacetylene. Macromolecules 1999, 32, 2861–2864.

63. Nakako, H.; Mayahara, Y.; Nomura, R.; Tabata, M.; Masuda, T. Effect of chiral substituents on the
helical conformation of poly(propiolic esters). Macromolecules 2000, 33, 3978–3982.

64. Sato, M. A.; Maeda, K.; Onouchi, H.; Yashima, E. Synthesis and macromolecular helicity induc-
tion of a stereoregular polyacetylene bearing a carboxy group with natural amino acids in water.
Macromolecules 2000, 33, 4616–4618.

65. Maeda, K.; Goto, H.; Yashima, E. Stereospecific polymerization of propiolic acid with rhodium
complexes in the presence of bases and helix induction on the polymer in water. Macromolecules
2001, 34, 1160–1164.

66. Nomura, R.; Tabei, J.; Masuda, T. Biomimetic stabilization of helical structure in a synthetic polymer
by means of intramolecular hydrogen bonds. J. Am. Chem. Soc. 2001, 123, 8430–8431.

67. Nomura, R.; Tabei, J.; Masuda, T. Effect of side chain structure on the conformation of poly(N-
propargylalkylamide). Macromolecules 2002, 35, 2955–2961.

68. Yamada, K.; Nomura, R.; Masuda, T. Polymerization of cyclooctyne with late transition metal catalysts.
Macromolecules 2000, 33, 9179–9181.

69. Kishimoto, Y.; Eckerle, P.; Miyatake, T.; Ikariya, T.; Noyori, R. Living polymerization of
phenylacetylenes initiated by Rh(C≡CC6H5)(2,5-norbornadiene)[P(C6H5)3]2. J. Am. Chem. Soc.
1994, 116, 12131–12132.



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 573 — #21

Stereoregularity of Polyacetylene and Its Derivatives 573

70. Kishimoto, Y.; Eckerle, P.; Miyatake, T.; Kainosho, M.; Ono, A.; Ikariya, T.; Noyori, R. Well-
controlled polymerization of phenylacetylenes with organorhodium(I) complexes: Mechanism and
structure of the polyenes. J. Am. Chem. Soc. 1999, 121, 12035–12044.

71. Kishimoto, Y.; Miyatake, T.; Ikariya, T.; Noyori, R. An efficient rhodium(I) initiator for stereospecific
living polymerization of phenylacetylenes. Macromolecules 1996, 29, 5054–5055.

72. Misumi, Y.; Masuda, T. Living polymerization of phenylacetylene by novel rhodium catalysts. Quant-
itative initiation and introduction of functional groups at the initiating chain end. Macromolecules
1998, 31, 7572–7573.

73. Miyake, M.; Misumi, Y.; Masuda, T. Living polymerization of phenylacetylene by isolated rhodium
complexes, Rh[C(C6H5)=C(C6H5)2](nbd)(4-XC6H4)3P (X = F, Cl). Macromolecules 2000, 33,
6636–6639.

74. Kanki, K.; Misumi, Y.; Masuda, T. Synthesis of poly(phenylacetylene)-block-poly(β-propiolactone) by
use of Rh-catalyzed living polymerization of phenylacetylene. Inorg. Chim. Acta 2002, 336, 101–104.

75. Ciardelli, F.; Lanzillo, S.; Pieroni, O. Optically active polymer of 1-alkynes. Macromolecules 1974,
7, 174–179.



DK3712: “dk3712_c021” — 2007/10/10 — 14:09 — page 574 — #22



DK3712: “dk3712_c022” — 2007/10/10 — 14:09 — page 575 — #1

Part V

Functional and Non-Olefinic
Monomers



DK3712: “dk3712_c022” — 2007/10/10 — 14:09 — page 576 — #2



DK3712: “dk3712_c022” — 2007/10/10 — 14:09 — page 577 — #3

22 Tacticity in Ethylene/Carbon
Monoxide/Vinyl Co- and
Terpolymerizations

Kyoko Nozaki

CONTENTS

22.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 577
22.2 Tacticities in Alternating Olefin/CO CO- and Terpolymers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 579
22.3 Isotactic Poly(propylene-ALT -CO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580

22.3.1 Synthesis of Isotactic Poly(propylene-ALT -CO) Using Achiral Ligands . . . . . . . . . 580
22.3.2 Synthesis of Isotactic Poly(propylene-ALT -CO) Using Chiral Ligands . . . . . . . . . . 581
22.3.3 Enantioselectivity in Isotactic Copolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 581
22.3.4 Spiroketal Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 582
22.3.5 Mechanistic Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 583

22.4 Syndiotactic Poly(Styrene-ALT -CO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 584
22.5 Isotactic Poly(styrene-ALT -CO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 585
22.6 Terpolymers Consisting of Two Kinds of Olefins and Carbon Monoxide . . . . . . . . . . . . . . . . 586
22.7 Other Alternating Copolymers Produced by Olefin/CO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
22.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
References and Notes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

22.1 INTRODUCTION

The study of the transition metal-catalyzed alternating copolymerization of ethylene with CO dates
back to the 1950s.1 While the polymer ethylene/CO ratio is higher than one when the copolymer
is produced via a radical process, a completely alternating copolymer is produced when transition
metal complexes, particularly palladium species, are employed as precatalysts.2 Because the melt-
ing point of ethylene/CO alternating copolymer is almost as high as its decomposition temperature,
decreasing its melting point is essential to obtain a melt-processable material. Thus, for practical
usage, a termonomer like propylene or a higher 1-alkene is typically added. The catalytic systems
most frequently used for ethylene/propylene/CO terpolymerization and propylene/CO copolymer-
ization are palladium complexes of the type [Pd(LˆL′)(S)2][X]2, where LˆL′ (L = or �= L′) is a
cis-chelating bis(phosphine) ligand such as 1,3-propanediyl-bis(diphenylphosphine) (dppp), S is a
solvent molecule, and X is an anion with low coordination capability. In addition, an oxidant is often
added to the dicationic palladium complexes in order to minimize the formation of inactive reduced
palladium species.3,4 On the other hand, for styrene/CO copolymerization or for ethylene/styrene/CO
terpolymerization, bis-sp2-nitrogen ligands, such as bipyridine or diimines, are suitable as the LˆL′
in [Pd(LˆL′)(S)2][X]2.

Olefin/CO copolymerization using dicationic [Pd(LˆL′)(S)2][X]2 compounds is often carried
out in methanol. The methanol reacts with the Pd dication to form a Pd–OMe bond generating a

577
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proton. The initiation step is reported to be carbonyl insertion into a Pd–OMe bond, followed by
the subsequent alternating insertion of olefins and CO (Scheme 22.1a). Chain transfer occurs by
methanolysis of the Pd–C(=O)–polymer species, generating a Pd–H species and a polymer with
an ester chain end (MeOC(=O)–polymer). Olefin insertion into the resulting Pd–H bond gives an
alkylpalladium species to which CO and olefin insert in an alternating manner to propagate a new
polymer chain. Oxidant, such as quinone, is often added to prevent the active Pd2+ species from being
reduced to inactive Pd0. The presence of the oxidant can be avoided by using fluorinated alcohols
as polymerization solvents instead of methanol, although the reason is still not clear.5 Alternatively,
alkylpalladium complexes of the general formula, [Pd(LˆL′)(CH3)(S)][X], are employed in some
cases, especially to initiate polymerizations carried out in aprotic solvents (Scheme 22.1b). In this
case, carbonyl insertion to the Pd–Me bond initiates the reaction. The propagation is the same as in
the other case. In this system, chain-transfer results from β-hydride elimination, generating enone
terminated polymer and a Pd–H species. Olefin insertion into the Pd–H bond regenerates the Pd–
alkyl species, which corresponds to the original Pd–Me. The methanolysis chain elimination process
is operative only when polymerizations are carried out in methanol, although β-hydride elimination
takes place in both mechanisms. Thus, one can expect the polymer products with higher molecular
weight when the polymerization is initiated by an alkyl–Pd species in an aprotic solvent.

Recently, several excellent review articles on the catalytic synthesis of olefin/CO copoly-
mers have been published, and include information on catalysts, substrates, and polymer
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performance.3,4,6–12 This chapter focuses on factors that control polyketone tacticities in palladium-
catalyzed alternating copolymerizations of olefins with carbon monoxide.

22.2 TACTICITIES IN ALTERNATING OLEFIN/CO CO- AND
TERPOLYMERS

Propylene/CO and styrene/CO copolymers possess side chains (methyl and phenyl groups,
respectively); thus, multiple possibilities for regioisomers and stereoisomers exist. Several mech-
anistic studies have proposed that the key step which determines the regio- and stereochemistry
of olefin/CO copolymers is olefin insertion into the acylpalladium species.6,7 Polymers with high
regioregularity are produced if the olefin insertion reaction is regioselective to either 1,2- or 2,1-
addition. As shown in Scheme 22.2, propylene insertion is mostly 1,2- whereas styrene insertion is
usually 2,1-.

There are two types of tacticity control; namely, chain-end control and enantiomorphic-site
control. For styrene/CO copolymerization, syndiotactic copolymers are obtained if efficient chain-
end control to the unlike13 diad controls chain propagation (Scheme 22.2b; see Reference 13
for a definition of like and unlike diads). This is the case when achiral bis(nitrogen) ligands,
such as bipyridine or 1,10-phenanthroline, are employed. On the other hand, isotactic copoly-
mers arise from enantiofacial selection by the catalyst (enantiomorphic-site control). Using chiral
catalysts that differentiate between the two-olefin enantiofaces, isotactic copolymers are pro-
duced both for propylene/CO and styrene/CO (Scheme 22.2a and c). Isotactic copolymers can
also be produced using an achiral catalyst if efficient chain-end control prefers the like diad to
the unlike diad. In fact, propylene/CO copolymerization catalyzed by Pd-complexes containing
1,3-bis(diethylphosphino)propane14 or bis(diarylphosphinomethyl)-1,2-phenylene ligands gives ste-
reoregular, isotactic polyketones.15 It should be noted, however, this like selectivity might be
attributed to the enantiomorphic-site control if the achiral ligands create chiral complexes upon
their coordination.16 In any case, for propylene or styrene, the stereoregular olefin/CO copoly-
mers reported to date are: isotactic poly(propylene-ALT -CO), syndiotactic poly(styrene-ALT -CO),
and isotactic poly(styrene-ALT -CO) (Scheme 22.2a, b, and c, respectively). Terpolymers of propyl-
ene/ethylene/CO and styrene/ethylene/CO have also been produced in which the α-olefin side-chains
are either atactic or isotactic (vide infra).

It should be noted that, unlike for polypropylene or polystyrene, there exist asymmetric centers
in the main chain of the propylene/CO and styrene/CO copolymers. Thus, one enantiomer of a
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FIGURE 22.1 Isotactic polypropylene (a and b) and isotactic poly(propylene-ALT -CO) (c and d). A σ-plane
exists in polypropylene; in other words, (a) and (b) are essentially the same. On the other hand, (c) and (d) are
enantiomers.

chiral catalyst should produce the corresponding enantiomer of the isotactic polyketone as long as
stereoregularity arises from catalyst control (enantiomorphic-site control). In other words, optically
active catalysts potentially produce optically active polyketones.

Asymmetric synthesis polymerization of prochiral monomers is a reaction that produces polymers
with configurational chirality in the main chain.17,18 Even if effective chiral induction takes place
during the polymerization of an α-olefin monomer (CH2=CHR), the resulting stereoregular (e.g.,
isotactic) polymer is hardly optically active because the polymer chain has a plane of symmetry if one
ignores the trifling difference of the chain ends (Figure 22.1a and b). On the other hand, alternating
copolymers of α-olefin monomers with carbon monoxide possess true chiral centers in the polymer
main chain, owing to the absence of a plane of symmetry. Accordingly, there exist two enantiomers,
namely, RRRR· · · and SSSS· · · , for isotactic polyketones (Figure 22.1c and d).

22.3 ISOTACTIC POLY(PROPYLENE-ALT -CO)

22.3.1 SYNTHESIS OF ISOTACTIC POLY(PROPYLENE-ALT -CO) USING ACHIRAL
LIGANDS

The first propylene/CO alternating copolymer was obtained using Pd dication complexes hav-
ing ligands with the structure Ar2P(CH2)3PAr2 (1a, Ar = phenyl; 1b, Ar = 2-methoxyphenyl;
Figure 22.2), however, the regioregularity and stereoregularity of this material were low as determ-
ined by 13C NMR spectroscopy in the region of the carbonyl resonances.19 The head-to-head (h–h)
and the tail-to-tail (t–t) propylene enchainments exhibit peaks at 223 and 214 ppm, respectively,
whereas the peaks around 218–219 ppm are attributed to the head-to-tail (h–t) structure. The sharp-
ness of the δ 219 peak, which corresponds to the like–like triad, provides an indication of the degree
of isotacticity present in the polymer.

In the 1990s, investigations into bis(phosphine) ligand design opened a new area for alternating
propylene/CO copolymerizations, namely, the ability to synthesize highly isotactic polyketones. Rep-
resentative ligands on Pd dication employed for these copolymerizations are shown in Figure 22.2.
While having the same 1,3-propanediyl backbone as previously used complexes (1a–b), simple
replacement of the aryl groups in Ar2P(CH2)3PAr2 by ethyl groups to give Et2P(CH2)3PEt2 (1c)
improved the regioselectivity of polymerization, and thus completely regioregular, isotactic-rich
copolymer was obtained although quantitative evaluation of the tacticities was not included in
literature.20 Another achiral ligand, bis(diarylphosphinomethyl)-1,2-phenylene (2), also provided
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FIGURE 22.2 Ligands for palladium dication or alkylpalladium complexes employed for the synthesis of
isotactic poly(propylene-ALT -CO).

the regioregular highly isotactic CO/propylene polyketone (82% for the major isotactic head-to-tail
carbonyl peak at 219 ppm).

22.3.2 SYNTHESIS OF ISOTACTIC POLY(PROPYLENE-ALT -CO) USING CHIRAL
LIGANDS

Chiral ligands were first employed to improve isotacticity in propylene/CO alternating copoly-
merization, by exploiting catalyst control over the enantiofacial selection of propylene. The
first attempted synthesis of isotactic poly(propylene-ALT -CO) using an optically active lig-
and involved DIOP (3); however, the product was both regioirregular and stereoirregular.21

In 1992, Consiglio succeeded in synthesizing of isotactic poly(propylene-ALT -CO) using 6,6′-
disubstituted-2,2′-bis(dialkylphosphino)-1,1′-biphenyl ligands such as 4 (100% h–t polymer, with
91% for the major peak at δ 219).20,22 Unlike dppp (1a), a chiral dimethyl-substituted dppp,
2,4-bis(diphenylphosphino)pentane (5), provided highly isotactic copolymer.23 Highly isotactic
poly(propylene-ALT -CO) was also produced using Pd complexes of chiral ligands 6,24 7,25,26

and 8.27,28 Notably, not only the C2-symmetric ligands 1–6, but also C1-symmetric 7 and 8, effi-
ciently produced the corresponding isotactic polyketone. The highest productivity for propylene/CO
alternating copolymerization, 1797 g polyketone/g Pdh has been reported using the catalyst system
Pd(OAc)2/ligand 7/BF3·OEt2 (OAc = acetate) in CH2Cl2-MeOH at 50 ◦C under 7.5 MPa of CO
pressure (polymer Mn = 14, 000; >99% h–t; >97.5% for the major peak at δ 219).

22.3.3 ENANTIOSELECTIVITY IN ISOTACTIC COPOLYMERS

As mentioned before, enantiomers exist for isotactic polyketones. It should be noted that high
isotacticity does not necessarily mean high polymer enantiopurity, since both RRRR· · · and SSSS· · ·
chain segments can exist in the same polymer in amounts determined by the nature of its stereoerrors.
For the asymmetric centers in the main chain of poly(propylene-ALT -CO) prepared using a catalyst
system containing ligand 6, almost complete enantioselectivity (preferential existence of one chain
stereoisomer) was confirmed by 13C NMR analysis utilizing a chiral shift reagent.24 Shorter units
of the copolymer, that contains one propylene unit or two propylene units were prepared by 429 and
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by 7,24 respectively, the results also supporting the exclusive formation of a single poly(propylene-
ALT -CO) enantiomer.

More practically, the molar absorption for the carbonyl group by circular dichroism (CD) can be
used as an indicator for the enantioselectivity of the poly(propylene-ALT -CO) chain. High values,
such as �ε +1.73 with a catalyst system containing 424 and �ε −1.66 with a catalyst system
containing 7,26 were reported using (CF3)2CHOH as a solvent. Although the presence of higher-
order polymer structures, for example, helical structures, would affect CD absorption, the absence
of such structures was indicated by comparing the CD spectrum of the polyketone to that of (S)-3-
methyl-2,5-hexanedione, a single configurational unit analogue.30 Accordingly, the molar absorption
of poly(propylene-ALT -CO) by CD can be taken as proportional to the enantiomeric excess of the
asymmetric center in the main chain.

22.3.4 SPIROKETAL FORMATION

Depending on the reaction conditions, poly(propylene-ALT -CO)s can be isolated as either the
true polyketone, poly(1-methyl-2-oxo-propanediyl), or as a polyspiroketal, poly[spiro-2,5-(3-
methyltetrahydrofuran)] (Scheme 22.3).31,32 The latter polymer can be transformed into the
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SCHEME 22.3 For highly isotactic poly(1-methyl-2-oxo-propanediyl) (poly(propylene-ALT -CO)), a solution
equilibrium exists between polyketone (a) and polyspiroketal (b) forms. The polyketone form is preferred in
(CF3)2CHOH.
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spectrum is attributed to the helical orientation of the azobenzene moiety in the polyspiroketal structure.
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polyketone either thermally in the absence of solvent, or by dissolution in (CF3)2CHOH (abbre-
viated as HFIP).14,24 There are no solvents other than HFIP that stabilize the polyketone form and
the reason is still not clear. In solvents such as CHCl3-MeOH, an equilibrium exists between the
polyketone and polyspiroketal. The ketal formation is unique for highly isotactic copolymers gen-
erated from propylene or other higher aliphatic 1-alkenes. A helical structure was suggested by CD
spectrum for a spiroketal having azobenzene side chains. Asymmetric alternating copolymerization
of CH2=CH-(CH2)4-O-C6H4-N=N-C6H5 with CO provided a 3:1 mixture of polyspiroketal and
polyketone upon reprecipitation from methanol and CHCl3. Strong Cotton effect of the azobenzene
moiety around 340 nm was indicative of the helical orientation of the azobenzene moiety in the
polyspiroketal structure (Figure 22.3).33

22.3.5 MECHANISTIC STUDIES

The key intermediates for the copolymerization of propylene and CO were successfully char-
acterized by 1H, 13C, and 31P NMR spectroscopy for copolymerization using a catalyst
system with ligand 7 (Scheme 22.4).26 By treatment of the cationic acylpalladium complex
[(7)Pd(C(=O)Me)(MeCN)]+[BAr4]− (Ar = 3,5-(CF3)2C6H3) with propylene, alkylpalladium
species were formed as a result of propylene 1,2-insertion (Scheme 22.4, top right). The major
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alkylpalladium species was isolated as the borate salt without β-hydride elimination, and its structure
was determined by single-crystal X-ray analysis (Figure 22.4).26 It should be noted that the five-
membered ring chelation in the alkyl complex is essential to prevent it from undergoing β-hydride
elimination.

22.4 SYNDIOTACTIC POLY(STYRENE-ALT -CO)

The first styrene/CO alternating copolymers were obtained using [Pd(2,2′-bipyridine)(S)2][X]2 or
[Pd(1,10-phenanthroline)(S)2][X]2 complexes as catalysts where S is a solvent, mainly methanol,
and X is a noncoordinating anion.34–36 Remarkably, using these planar symmetrical ligands, the
product poly(styrene-ALT -CO) was regioregular and prevailingly syndiotactic with a triad selectivity
of uu:ul:lu:ll = 0.80:0.10:0.10:0.13 The triad stereochemical composition can be estimated by 13C
NMR using the enchained styrene ipso-carbon peak at 136.1.20 For copolymers of para-substituted
styrenes with CO, the peaks due to the main chain carbons at δ 43.2 (CH2), 54.0 (CH), 209.7 (C=O)
are used to discuss the stereoregularity because there are two ipso-carbons for the substituted styrenes.

Successful chain-end control for the high syndiotacticity may be attributed to the exclusive
2,1-insertion of styrene, which is in sharp contrast to the predominant 1,2-insertion of aliphatic
1-alkenes such as propylene. The stereocontrol by the asymmetric center of the enchained styrene
unit (located at the β-position to the metal after insertion of CO) seems rather surprising, because
it seems too distant to control the direction of the next incoming styrene monomer. It is proposed
that, the asymmetric center of the acylpalladium propagating species controls the orientation of the
polymer chain carbonyl that is bound to palladium, and that this carbonyl interacts with the inserting
styrene to control the stereochemistry of insertion (Scheme 22.5, TS 1).35,7 Thus, mediated by the
carbonyl, effective chain-end control appears to ensue. The chain growth process of styrene/CO
copolymerization with a bipyridine acetyl palladium complex has been monitored by 1H and 13C
NMR over the first three alternating insertion sequences, by using 4-tert-butylstyrene that exhibits
more simple 13C NMR peaks as a substrate (Scheme 22.5).37 Insertion of 4-tert-butylstyrene gives
a 3:1 mixture of σ-benzyl complex and π-benzyl complex. After the subsequent insertion of CO,
4-tert-butylstyrene, and then another CO, formation of a single diastereomer was confirmed at low
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SCHEME 22.6 Stereochemical analysis for styrene/CO copolymers. (a) Highly diastereoselective diad form-
ation with 2,2′-bipyridine. (b) Amplification of stereoselectivity occurs as the polymer chain grows using a
diimine ligand 9.

temperature for the diad. Although the relative configuration was not determined, one would expect
it to be unlike.

Alternatively, lower molecular weight model compounds of poly(styrene-ALT -CO) were pre-
pared in the presence of an excess oxidant using Pd(CF3COO)2/2,2′-bipyridine in methanol. The high
concentration of oxidant accelerates the chain transfer so that shorter oligomers are obtained. Among
various products, a dimer, dimethyl 2,5-diphenyl-4-oxoheptanedioate (Scheme 22.6a), was obtained
in a diastereomerically pure form.38 Interestingly, in contrast, the diastereoselectivity (∼2:1) seen
for the first two insertions of 4-methylstyrene in copolymerization with CO was much lower than
the overall diastereoselectivity seen in the corresponding copolymer (∼92% of uu triad, determ-
ined by 13C NMR) when the catalyst system [Pd(H2O)2(9)](CF3SO3)2 in methanol was employed
(Scheme 22.6b).39 Thus, the contribution of the growing chain to the stereocontrol is proposed in
the latter case.

22.5 ISOTACTIC POLY(STYRENE-ALT -CO)

Brookhart and Wagner first reported the asymmetric alternating copolymerization of 4-tert-
butylstyrene with carbon monoxide using [Pd(Me)(MeCN)(10)]+[BAr4]− (Ar = 3,5-(CF3)2C6H3),
a methylpalladium catalyst containing a chiral bis(oxazoline) ligand (ligand 10, Figure 22.5).40 In
this copolymerization, the enantioface of the olefin was selected by the chiral ligand instead of
the chain end; as a result, the polymer was completely isotactic. Since one enantioface was dis-
criminated against the other by the chiral catalyst, it is probable that the copolymer is also of high
enantiopurity. The ligands employed for the isotactic copolymerization of styrenes with CO are sum-
marized in Figure 22.5. Bidentate sp2-nitrogen ligands, such as 11, 12, and 13 are most commonly
used,23,41–43 along with the phosphine-nitrogen bidentate ligand 1444,45 and phosphine-phosphite 7
(Figure 22.2).25,26
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FIGURE 22.5 Ligands employed for the copolymerization of styrene (or its substituted analogues) with CO.

The enantioselectivities for styrene/CO copolymerizations were mostly estimated by molar
optical rotation, [�]D, or CD, �ε. Currently, [�]D = −536 for 4-tert-butylstyrene/CO using
the catalyst system, [Pd(Me)(MeCN)(10)]+[BAr4]−,40 and �ε = −11.75 for styrene/CO using
a catalyst system, [Pd(Me)(MeCN)(14)]+[BAr4]−,46 are the highest reported values. A few stud-
ies involving the synthesis and characterization of oligomeric species have also been reported.
Based on nuclear magnetic resonance (NMR) analysis, Consiglio and coworkers revealed that
styrene insertion into the acylpalladium complex [(14)Pd(C(=O)Me)(MeCN)]+[OTf]− (OTf =
OSO2CF3) is both completely regioselective for 2,1-insertion and enantioselective, producing
[(14)Pd(CHPhCH2C(=O)Me)]+[OTf]− as a single species.47,48 This result is consistent with the
fact that dimethyl (R)-2-phenylbutanedioate was obtained almost exclusively as the S enantiomer
(95% ee) when styrene/CO copolymerization with [(14)Pd(Me)(MeCN)]+[OTf]− was carried out
in the presence of a high concentration of the oxidant, benzoquinone.

It is noteworthy that only low molecular weight oligoketones can be obtained with bis(phosphine)
ligands in alternating styrene/CO copolymerizations. Drent and Budzelaar have attributed this fact to
the higher electron density on the Pd center when phosphine ligands rather than nitrogen ligands are
used, because the growing styrene/CO copolymer has a higher tendency to terminate by β-hydride
elimination than growing propylene/CO chains.7 The rather unusual fact that high copolymer can
be prepared with catalyst systems [(7)Pd(Me)(MeCN)]+[B(3,5-(CF3)2-C6H3)4]− is proposed to be
attributable to the steric demand of this bulky ligand, which causes styrene to undergo 1,2-insertion
rather than the more typical 2,1-insertion.49 The continuous 1,2-insertion provided the h-t polyketone
with high enantiofacial selection ([�]D = −451).

22.6 TERPOLYMERS CONSISTING OF TWO KINDS OF OLEFINS
AND CARBON MONOXIDE

Using a mixture of two kinds of olefins, a terpolymer can be generated by alternating olefin/CO
copolymerization (Scheme 22.7). An olefin and carbon monoxide are incorporated in a com-
pletely alternating manner, and the order of the two olefins is mostly random. Asymmetric
terpolymerization of styrene/ethylene/CO has been intensely studied by Consiglio.41,46,50 Using
[(14)Pd(CH3)(MeCN)]+[OTf]− as a catalyst, ethylene was preferentially and randomly enchained
in the terpolymer, in spite of the comparably higher reactivity of styrene for the copolymerization. The
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enantioselectivity for styrene in the terpolymerization is as high as that observed for the styrene/CO
copolymerization.

Asymmetric terpolymerization of propylene/ethylene/CO with Pd–bis(phosphines) such
as Pd(OAc)2/4/Ni(ClO4)2/1,4-naphthoquinone, [(7)Pd(Me)(MeCN)]+[B(3,5-(CF3)2-C6H3)4]− or
[(8)Pd(Me)(MeCN)]+[B(3,5-(CF3)2-C6H3)4]− (ligands 4, 7, and 8; Figure 22.2) also provide
terpolymers in which the two olefins are incorporated in a random manner.23,51 By changing the par-
tial monomer pressures, the propylene/ethylene unit-ratio (CH2CHMeC(=O))/(CH2CH2C(=O))
in the terpolymer was varied. The molar ellipticity (�ε) per chiral unit, -CH2CHMeC(=O)-, as
measured by CD was essentially the same as for poly(propylene-ALT -CO).

Two examples have been reported of asymmetric 1-alkene/styrene/CO terpolymerizations, which
involve catalyst systems incorporating either phosphine-phosphite ligand 752 or bis(oxazoline) ligand
10 (ligand 7, Figure 22.2; ligand 10, Figure 22.5).53 Propylene and 1-hexene were employed as
the 1-alkene. Successive enantiofacial selection for both styrene and for 1-alkene gave the like-
rich terpolymer. The stereoregularity was estimated by optical rotation values. With phosphorus-
based [(7)Pd(Me)(MeCN)]+[B(3,5-(CF3)2-C6H3)4]− propylene was preferably incorporated into
the terpolymer over styrene, whereas styrene was preferentially incorporated when nitrogen-based
[(10)Pd(Me)(MeCN)]+[B(3,5-(CF3)2-C6H3)4]− was employed.

A stereoblock copolymer consisting of isotactic and syndiotactic 4-tert-butylstyrene/CO altern-
ating copolymer was prepared by Brookhart.54 First, copolymerization was initiated by using a Pd
catalyst containing chiral bis(oxazoline) ligand 10, to produce the isotactic block. Subsequently,
addition of 2,2′-bipyridine to the system resulted in ligand replacement, so that the second block
(formed by further copolymerization) was syndiotactic (Scheme 22.8).
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22.7 OTHER ALTERNATING COPOLYMERS PRODUCED BY
OLEFIN/CO

Since palladium-catalysts are tolerant to various functional groups, alternating olefin/CO copoly-
mers with polar-functionalized olefin units are accessible (Figure 22.6). Sen and coworkers have
reported that alternating Pd-catalyzed copolymerization proceeds with alkenes having hydroxyl and
carboxylic groups.55 For the products, highly isotactic copolymer is suggested by 13C NMR. Mono-
epoxides of nonconjugated dienes are also employable as the olefin moiety.56 The introduction
of a fluorine atom into the olefin side chain, such as CH2=CH-CH2-C6F5 or CH2=CH-CH2-
C4F9, affords fluorinated polyketones.57–59 The stereoregularity of the fluorinated copolymers
thus obtained is reported to be as high as that for with simple 1-alkene/CO copolymers. Fluor-
inated isotactic polyketones show a higher tendency to form polyspiroketals as compared to their
hydrocarbon analogues.

α, ω-Dienes can also be used as the alkene comonomer for olefin/CO copolymerization; in this
instance, cyclocopolymerization proceeds if the two C=C double bonds are separated by an adequate
distance. Thus, cyclocopolymerization has been reported for 1,5-hexadiene60 and 1,4-pentadiene
(Scheme 22.9).61 In both examples, complete cyclization has been achieved. When a chiral catalyst
is employed for the copolymerization of CO with a cyclopolymerizable diene, the first olefin insertion
takes place through catalyst-controlled enantiofacial selection. After a CO insertion, the second olefin
insertion takes place in an intramolecular manner; the cis/trans relative configuration between the
two substituents on the resultant cycloalkanone is not controlled completely.

More recently, the alternating copolymerization of vinyl acetate with carbon monoxide via a
palladium catalyzed coordination insertion mechanism has been reported.62 This is the first report
of a nonradical pathway for vinyl acetate polymerization.

22.8 CONCLUSIONS

Intensive studies by Shell on catalyst development for the ethylene/propylene/CO terpolymerization
provided the most effective catalyst represented as [Pd(LˆL′)(S)2][X]2, where LˆL′ (L = or �= L′) is
a cis-chelating bis(phosphine) ligand, S is a solvent molecule, and X is an anion with low coordin-
ation capability. Ligand development leads to three patterns of stereoregular polymers; those are,
isotactic poly(propylene-ALT -CO), syndiotactic, and isotactic poly(styrene-ALT -CO). Noteworthy
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is the fact that the isotactic polyketone does have asymmetric centers in the main chain. Thus, asym-
metric synthesis, that is the production of one enantiomer of the isotactic polyketone by use of the
corresponding enantiomer of a chiral catalyst, has been achieved.
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23.1 INTRODUCTION

Poly(acrylates) and poly(methacrylates) are commercially important polymers with a myriad of
uses, including paper and textile coatings, adhesives, caulks and sealants, plasticizers, paint and ink
additives, and optical components for computer displays. Since they are derived from monosubsti-
tuted and unsymmetrical 1,1-disubstituted vinyl monomers, poly(acrylate) and poly(methacrylate)
products with a spectrum of tacticities and thereby mechanical properties are potentially accessible.
To date, however, industrially produced materials are generated using free-radical polymerization
technology, which offers limited scope for tacticity control. Therefore, there has been much interest
in the development of metal-catalyzed routes to these polymers where the coordination environment
of the metal offers the potential to influence tacticity.

One of the main challenges in the use of metal catalysts is the suppression of undesirable termin-
ation reactions, which, for reasons described below, tend to be more prevalent for acrylate systems.
Most of the recent developments have thus been seen in the polymerization of methacrylate
monomers, especially commercially significant methyl methacrylate (MMA), which is polymer-
ized to the commodity material poly(methyl methacrylate) (PMMA), known by its trademark names
PerspexTM, PlexiglassTM, and LuciteTM (Scheme 23.1).1 Much of this chapter, therefore, focuses on
tacticity control in the production of PMMA using coordination polymerization catalysts. Though
little has been reported on stereocontrolled acrylate polymerization, the basic principles established
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FIGURE 23.2 Stereoregular PMMA microstructures.

for PMMA are potentially applicable to poly(acrylate) materials, provided unwanted termination
reactions can be eliminated. More recently, controlled free-radical polymerization methodologies,
exploiting transition metal catalysts, have provided more encouraging indications of tacticity control
for poly(acrylate) materials. The first part of this chapter reviews the effects of tacticity on the prop-
erties of PMMA and the commonly proposed coordinative polymerization mechanism. After a brief
review of classical (poorly defined) initiators, the bulk of the chapter is devoted to recent advances
in transition metal, rare earth, and main group single-site initiator systems. Finally, recent attempts
to control stereoselectivity through metal-mediated free-radical polymerizations are described.

General formulae of acrylate and methacrylate monomers of relevance to the studies described
in this chapter are shown in Figure 23.1 along with commonly used abbreviations. For the acrylates,
the various alkyl esters are depicted by RA, (e.g., MA= methyl acrylate), while methacrylates are
termed RMA, (e.g., MMA= methyl methacrylate).

23.1.1 The PROPERTIES OF STEREOREGULAR POLY(METHYL METHACRYLATE)

There are three major stereoregular forms of PMMA: isotactic, syndiotactic, and heterotactic
(Figure 23.2). However, commercially available samples prepared through free-radical initiators
tend to be in the region of 60%–70% syndiotactic, the precise syndio content being dependent upon
the reaction temperature (typically 65%–67% rr triad content at room temperature).2 It is generally
accepted (as a result of electron spin resonance (ESR) studies3,4) that the propagating species is a
carbon-based radical chain end and thus the bias toward a syndiotactic microstructure, that is, with
an alternating placement of the ester and methyl groups along the polymer backbone, arises from
steric repulsion between the bulky ester groups of the radical chain end and the incoming monomer
(Figure 23.3). Any deviation from such levels of syndiotacticity is often presented as good evidence
for a nonradical mechanism, although workers in this field often use the term “stereospecific” to
describe what, in reality, are relatively modest stereoselectivities.
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FIGURE 23.3 The proposed origin of syndiotactic bias in the radical polymerization of MMA.

Despite the inherent inclination toward a syndiotactic microstructure, the convenient produc-
tion of very highly syndiotactic PMMA has proved highly challenging. Such a material has been
recognized as offering potential technological advantages over less syndio-rich materials since
high syndiotacticity imparts a higher glass transition temperature (Tg) to the material,5 which may
have advantages in higher temperature applications. Thus, the Tg of highly isotactic PMMA is ca.
48–50 ◦C,6 significantly lower than its syndiotactic counterpart (ca. 130 ◦C)7. It has been repor-
ted that Tg values increase almost linearly with increasing r diad content.8 Accordingly, highly
heterotactic PMMA (96% rm content) displays an intermediate Tg value of 91 ◦C. All three stereor-
egular PMMA isomers exhibit some crystallinity, with melting points (Tms) decreasing in the order
heterotactic (Tm = 166 ◦C) > syndiotactic (159 ◦C) > isotactic (150 ◦C).8

The large majority of stereoselective acrylate polymerizations afford either isotactic or
syndiotactic-biased material and since heterotactic polymers have only been prepared on rare
occasions,9 they are not covered in depth in this chapter. The principal initiating system for the produc-
tion of heterotactic poly(alkyl methacrylates) is a stoichiometric 1:1 mixture of tert-butyllithium and
bis(2,6-di-tert-butylphenoxy)methylaluminum.9 The heterotactic content is particularly pronounced
at low temperatures and increases in the order methyl < ethyl < propyl < allyl methacrylates. For
example, at−95 ◦C, poly(allyl methacrylate) with 95.8% mr triad content is obtained; after reduction
to poly(methacrylic acid) and subsequent methylation, highly heterotactic PMMA results.10

The microstructure of PMMA is readily examined using nuclear magnetic resonance (NMR)
spectroscopy. The C(CH3)CO2Me region of the 1H NMR spectrum in CDCl3 consists of three
resonances, at ca. δ 1.2, 1.0, and 0.8, assigned to the mm, mr, and rr triad repeat units
respectively. Thus, much of the literature on PMMA describes microstructure in terms of triad
contents, although occasionally dyad percentages may be used (even though these are calcu-
lated from the triad measurements, e.g., %m = %mm + (0.5)(%mr)). More detailed information
may be obtained from the carbonyl region of the 13C NMR spectrum, which is sensitive to the
pentad11–14 and possibly even heptad level.15 The assignment of NMR resonances to microstruc-
tures has also been performed for several other poly(methacrylate)s and poly(acrylate)s, includ-
ing poly(ethyl methacrylate) (PEtMA),16 poly(n-butyl methacrylate) (PnBMA),17 poly(methyl
acrylate) (PMA),18,19 poly(isopropyl acrylate),20 poly(tert-butyl acrylate),21 poly(1-naphthyl
acrylate),22 poly(methyl α-(phenoxymethyl)acrylate) and poly(ethyl α-(phenoxymethyl)acrylate),23

poly(benzyl α-(methoxymethyl)acrylate),24 poly(methyl α-benzyl acrylate)s,25 poly(ethyl α-
benzoyloxymethylacrylate),26 and poly(di-n-butyl itaconate).27

23.1.2 THE MECHANISM OF COORDINATIVE ACRYLATE POLYMERIZATION

Historically, the earliest reported stereoselective polymerizations of MMA employed a variety of
main group organometallic catalysts, particularly those based upon lithium and magnesium, and to
a lesser extent, aluminum. These initiators were considered to operate through anionic mechanisms,
and the development of well-defined coordinative polymerization initiators may be considered a
logical extension of this work. Both anionic and coordinative pathways are proposed to propagate
through metal enolate species, and the difference between the two mechanisms may be simply
considered in terms of the degree of dissociation of the enolate ligand/anion.
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As shown in Scheme 23.2, oxygen-metalated enolate species (as opposed to carbon-bound keto
tautomers) undergo 1,4-addition of a coordinated monomer, in a manner often likened to the Michael
reaction, leading to the formation of the backbone carbon–carbon bond and the generation of a new
enolate ligand capable of repeating the insertion process. As described later in this chapter, it has
also been proposed that a bimetallic intermolecular version of this process might operate with certain
zirconocene initiators, whereby attack occurs by a metal enolate at a monomer bound to a second
metal.

The most prevalent known termination process is an intramolecular cyclization (Scheme 23.3)
with concomitant formation of an inactive metal methoxide species.28 This is shown as an anionic
process in Scheme 23.3 but may also occur with the metal covalently bonded to the polymer chain
end. Cyclization would be expected to occur most readily for sterically unhindered chains, explain-
ing the tendency of poly(acrylate)s such as PMA to be particularly susceptible to this form of
termination.29

23.2 CLASSICAL (POORLY DEFINED) INITIATORS

A very large number of organometallic compounds of groups 1–3 have been shown to polymerize
MMA, especially organolithium and organomagnesium species. These have been the subject of
extensive reviews and are not discussed in detail here. Most initiate non-living polymerizations
(especially at ambient temperatures) that afford little control over chain length, and molecular weight
distributions are typically broad, consistent with multiple propagating species. Where living-like
behavior has been documented, a rational approach to the development of stereospecific analogues
has been hampered by the ill-defined nature of the catalysts. Stereoselective polymerizations using
these initiators are known, but their discoveries have largely been the result of trial and error. For
instance, highly iso- and syndiotactic PMMA may be prepared by Grignard reagents (vide infra), but
identification of the active site(s) is complicated by processes such as aggregation, solvation effects,
and ligand exchange (i.e., through the Schlenk equilibrium). Furthermore, high stereoselectivity is
only observed at very low temperatures where propagation is consequently slow, and high molecular
weight (>20,000 g/mol) products are rarely obtained.
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23.2.1 CLASSICAL ORGANOLITHIUM INITIATORS

The most widely studied catalyst family for the anionic polymerization of MMA is that of lith-
ium alkyls. For systems containing relatively non-bulky substituents, for example, n-BuLi, the
polymerization is plagued by side reactions.30 These may be avoided if bulkier initiators such as
1,1-diphenylhexyllithium31 and low temperatures (typically −78 ◦C) are employed. Under such
conditions these systems often display living characteristics, including narrow molecular weight
distributions (Mw/Mn; Mw = weight average molecular weight, Mn = number average molecular
weight), and their use in the preparation of block copolymers has been reported.32–34 Examples of
stereoselective organolithium reagents include fluorenyllithium; with this system, at −60 ◦C highly
isotactic PMMA is prepared using 95% toluene/5% Et2O solvent mixtures, whereas syndiotactic
material is obtained from 85% toluene/15% tetrahydrofuran (THF).35

Alkali metal alkoxides have also been examined in some detail.36 The addition of bulky lithium
alkoxides to alkyllithium initiators retards the rate of intramolecular cyclization, thus allowing the
polymerization temperature to be raised. LiCl has been used to similar effect, allowing the prepar-
ation of monodisperse PMMA (Mw/Mn = 1.2) at −20 ◦C.37 Sterically bulky lithium aluminum
alkyls have been used to similar effect, with good chain length control retained even at ambient
temperature.38 However, these approaches have not yet been successfully applied to stereoselective
polymerizations.

23.2.2 CLASSICAL ORGANOMAGNESIUM INITIATORS

Some of the highest levels of stereocontrol in the polymerization of MMA have been reported using
Grignard reagents as initiators at very low temperatures. For example, t-BuMgBr polymerizes MMA
with almost 100% initiator efficiency at −78 ◦C in toluene, affording isotactic PMMA (>96% mm
triads). The bulky alkyl groups are believed to prevent side reactions, and narrow polydispersities
result. By contrast, m-vinylbenzyl magnesium chloride affords monodisperse (Mw/Mn < 1.2), highly
syndiotactic PMMA (97% rr triad content) in THF at −110 ◦C.39 In such cases, the mechanistic
origin of the stereocontrol remains unknown, a consequence of the ill-defined nature of the active
site (i.e., its composition and geometry) and the role of the solvent.

23.3 WELL-DEFINED INITIATORS

23.3.1 GROUP 3 AND RARE EARTH METAL INITIATORS

Some of the most defining work carried out on the coordinative polymerization of MMAwas reported
in the early 1990s by Yasuda,40,41 who described the living polymerization of MMA by lanthanocene
catalysts. The complex [Cp∗2Sm(µ-H)]2 (Cp∗ = C5Me5) (1, Scheme 23.4) was shown to afford high
molecular weight PMMA with very low polydispersities (Mw/Mn ≤ 1.05).42 At−95 ◦C the polymer
was found to be highly syndiotactic (95% rr triads), and even at 0 ◦C quite good stereoselectivity
was exhibited (82% rr). Isolation and X-ray analysis of the 1:2 complex of 1 and MMA provided
evidence for the participation of a metal-enolate as the active species. Complex 2 behaves in an
identical manner to the hydride precursor, converting 100 equivalents of MMA to polymer with
Mn = 11, 000 g/mol and Mw/Mn = 1.03.43 The intermediacy of the enolate structure confirmed the
accuracy of proposed intermediates described decades earlier by Cram and Kopecky44 and by Bawn
and Ledwith.45 The structure of 2 dramatically illustrates a striking difference between acrylate and
olefin polymerization, with chelation of the propagating chain to the active site very probable for
the former class of monomer. Much research is currently being performed to establish the degree
to which the cyclic enolate structure affects the stereochemistry of insertion (a factor obviously not
relevant to stereoselective α-olefin polymerization systems).

The samarocene and yttrocene alkyl complexes 3 and 443 (Figure 23.4) are also highly active
initiators for MMA polymerization and, since they bear the same supporting Cp* ligands, they are
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also syndioselective, affording 82%–85% rr PMMA at 0 ◦C with high initiator efficiencies and
narrow molecular weight distributions. Organic acids such as ketones and thiols act as chain transfer
agents.46 The range of monomers that can be polymerized in a well-controlled manner using the
lanthanocene initiators includes ethyl methacrylate (EtMA), isopropyl methacrylate (iPrMA), and
tert-butyl methacrylate (tBMA). Reactivity decreases in the order MMA≈ EtMA> iPrMA> tBMA
as may be anticipated on steric grounds. However, syndiotacticity is also greatest for the smaller
alkyl substituents, an observation that remains to be understood.

Complexes 3 and 4 also rapidly polymerize acrylate monomers at 0 ◦C.47,48 Both initiators
give monodisperse poly(acrylate)s (Mw/Mn = 1.02–1.07) with molecular weights of less than
5× 105 g/mol, although the polymers obtained are largely atactic. The polymerizations are exceed-
ingly rapid with 500 equivalents of n-butyl acrylate (nBA) and ethyl acrylate (EtA) being fully
consumed in <5 s at 0 ◦C; MA is somewhat slower, requiring 300 s for similar levels of conver-
sion. An enolate is again believed to be the active propagating species since the model complex
5 (Figure 24.3) was shown to initiate the polymerization of MA in a near-identical manner to 4.
However, the synthesis of block copoly(acrylate)s is hampered by rapid decomposition of the active
site following consumption of the first monomer, with lifetimes of less than 60 s in toluene at 0 ◦C
for PMA, though slightly longer lifetimes are observed in THF (70% chain survival after 5 min).

The lanthanocene complexes 3–5 are achiral and therefore the source of stereocontrol is assumed
to be chain-end control, though no detailed mechanism has been proposed. Marks and coworkers
investigated whether the polymerization of MMAmight also be subject to enantiomorphic site control
by employing C1-symmetric ansa-lanthanocenes bearing menthyl substituents.49 When the (+)-
neomenthyl catalyst 6 (Figure 23.5) is used, highly isotactic PMMAis produced (94% mm at−35 ◦C),
whereas the (-)-menthyl derivative 7 affords syndio-rich PMMA (73% rr at 25 ◦C). However, NMR
statistical analysis indicated that the PMMA microstructure could not arise exclusively either from
chain-end or enantiomorphic site control. Instead, the observed stereoselectively was rationalized on
the basis of competing insertion/isomerization pathways. As outlined in Scheme 23.5, fast addition
of the propagating enolate to the monomer (relative to the rate of enolate isomerization) leads to high
syndioselectivity. However, if enolate isomerization is rapid, and the diastereomeric equilibrium lies
towards the side of the newly formed isomer (a consequence of the cyclopentandienyl R∗ substituent),
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FIGURE 23.5 Structural formulae of complexes 6 and 7.
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SCHEME 23.5 Proposed mechanism controlling the formation of isotactic versus syndiotactic PMMA from
C1-symmetric chiral lanthanocene initiators 6 and 7 (R∗ = (+)-neomenthyl or (-)-menthyl and � = vacant
coordination site).

then an isotactic polymer should be formed. It has been alternatively suggested that the menthyl-
functionalized initiator 7 (Figure 23.5) generates syndiotactic PMMA from a cyclic eight-membered
ring intermediate (akin to 2) whereas complex 6 propagates through a nonchelated linear PMMA
chain.40

Before the discovery of controlled MMA polymerization by lanthanocene initiators, several
research groups had reported that lanthanocene alkyls were active for the polymerization of
ethylene.50–53 Yasuda reported that both Cp∗2SmMe(THF) and [Cp∗2Sm(µ-H)]2 catalyzed the block
copolymerization of ethylene with MMA (as well as the copolymerization of ethylene with other
polar monomers, including MA, EtA, and lactones).54 The scope of this system is limited some-
what by the need to keep the polyethylene block soluble (the olefin must be polymerized first),
thus restricting the Mn of this prepolymer to ca. 12,000 g/mol. Reversal of the order of monomer
addition, that is, polymerizing MMA first and then adding ethylene, affords PMMA homopolymer
only. Other lanthanide complexes have since been reported to catalyze the preparation of this diblock
material55–57 as well as copolymers of MMA with higher olefins such as 1-pentene and 1-hexene.58

The divalent analogues 8–10 (Figure 23.6) also generate syndiotactic PMMA,43 but exhibit
much lower initiator efficiencies of typically 30%–40% (evaluated by comparing observed polymer
molecular weights to calculated molecular weights). Yasuda had earlier proposed that initiation in
such systems occurs through in situ hydride formation, but Boffa and Novak59,60 presented evidence
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FIGURE 23.6 Divalent lanthanocene initiators 8–10.
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SCHEME 23.6 Formation of a bimetallic bis(enolate) intermediate during MMA polymerization using a
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SCHEME 23.7 Synthesis of PMMA using a bimetallic lanthanide initiator.

for a bimetallic bis(enolate) intermediate, arising from the dimerization of a radical anion61 (Scheme
23.6) that would lead to a maximum initiator efficiency of 50%. This system was then exploited
to prepare unusual triblock materials: the “middle” segment of the triblock is formed initially by
homopolymerization of the first monomer, and the two outer triblock segments are then grown
simultaneously upon addition of the second monomer. Triblock copolymers having both methacrylate
and acrylate segments have also been prepared.62,63 Using a similar “double-ended” chain growth
process, the bimetallic bis(allyl) complex 11 polymerizes MMA in a living fashion (Mw/Mn ≈ 1.1)
(Scheme 23.7).

Many other lanthanocene-based initiators for MMA polymerization have been described, espe-
cially amides;64–68 a selection (12–14) is shown in Figure 23.7. Additional work in this field parallels
contemporary research into new olefin polymerization catalysts, with rapid growth in interest in
non-cyclopentadienyl-containing systems (15–23, Figure 23.8)69–78 (mainly owing to the heavily
patented nature of metallocene catalysts), and a variety of PMMA microstructures have proved
accessible. The use of bulky ancillary ligands holds particular promise, as they may allow the
approach of monomer and the orientation of the propagating enolate ligand (and hence the stereo-
chemistry of insertion into the polymer chain) to be better understood and thence controlled. As an
example, the bis(pyrrolylaldiminato) samarium alkyl complex 19 was found to polymerize MMA in
a highly isoselective manner at room temperature (94.8% mm triads).



DK3712: “dk3712_c023” — 2007/10/10 — 14:08 — page 601 — #9

Stereoselective Acrylate Polymerization 601

Yb
N

N

Me

Me

H

12: 87.1 % [rr] at −78 °C

YMe2Si N(SiMe3)2

13: 58 % [mm] at 25 °C

LuPh2C

14: 59 % [rr] at 0 °C

N(SiMe3)2

FIGURE 23.7 Lanthanocene amides 12–14 used to polymerize MMA and the resultant PMMA microstruc-
tures.
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FIGURE 23.8 A selection of nonmetallocene lanthanide-based initiators used for MMA polymerization and
the resultant PMMA microstructures.

23.3.2 GROUP 4 INITIATORS

Although the polymerization of MMA using a group 4 metallocene initiator was first reported several
decades ago,79 it was not until more recent times that interest in this chemistry resurfaced. A patent
filed in 1988 by workers at du Pont disclosed that MMA could be polymerized in a living manner
using Cp2ZrCl(OC(OMe)=CMe2) (Cp = C5H5).80

Subsequent work by Collins and Ward confirmed this observation; they showed that an equimolar
mixture of the cationic alkyl complex [Cp2ZrMe(THF)]+[BPh4]− (24, Scheme 23.8) and neut-
ral Cp2ZrMe2 (25) generates low polydispersity PMMA (Mw/Mn = 1.2–1.4) with a syndiotactic
bias comparable to free-radical MMA polymerizations (80% r dyads at 0 ◦C) and a microstructure
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SCHEME 23.8 Generation of an active bimetallic initiator system for the polymerization of MMA from the
(poorly active) cationic enolate complex 26.
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consistent with a chain-end controlled mechanism.81 Initial support for the intermediacy of a cationic
enolate81 diminished when an isolable example of such a complex (26) was shown to be a poor
initiator.82 However, the 1:1 reaction of 26 with 25 to give 24 and the neutral alkyl enolate,
[Cp2ZrMe(OC(OMe)=CMe2)] (27) (Scheme 23.8), was found to be an active initiator system.
This mixture displays first order kinetics in both the neutral and cationic Zr species but is zero order
in MMA. Consequently, a bimetallic group transfer polymerization (GTP) type mechanism83,84 was
proposed, the rate-limiting step of which involves intermolecular Michael addition of the propagat-
ing enolate to activated monomer (Scheme 23.9).85 This system is highly moisture-sensitive, and
trialkylaluminum compounds have been employed in situ to remove traces of water. However, chain
transfer to the Al center occurs, unless the alkyl substituents are sufficiently bulky, for example,
i-Bu3Al.

The ability of the bimetallic system to polymerize the acrylate monomer nBA has also been
examined.85 Under similar conditions to those used for the polymerization of MMA (i.e., a 1:1
mixture of [Cp2ZrMe(THF)]+[BPh4]− and [Cp2ZrMe(OC(Ot-Bu)=CMe2)] in CH2Cl2), the poly-
merization of nBA proceeded poorly at 0 ◦C. However, at −78 ◦C poly(n-butyl acrylate) (PnBA)
was produced. Polydispersities were relatively narrow (Mw/Mn < 1.3) but broadened at higher
temperatures owing to termination through backbiting cyclization (Scheme 23.10).

In the light of Yasuda’s successful use of neutral lanthanocene alkyl complexes as initiators,
several authors, including Collins et al.,82 Soga et al.,86 Gibson et al.,87 and Höcker et al.,88 ration-
alized that isolobal single-component, cationic zirconocene alkyl complexes should also polymerize
MMA without the need for a second Zr center. This is indeed the case, and nearly all contem-
porary reports in this area now employ single-site cationic alkyl and cationic enolate initiators.
Figure 23.9 collects many of the complexes examined to date and summarizes the resultant PMMA
tacticities.
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SCHEME 23.11 Proposed initiation step in the polymerization of MMA by 28.

For example, [Cp2ZrMe]+[MeB(C6F5)3]− (28) initiates the polymerization of MMA in a rapid
and controlled manner,87 with a similar syndioselectivity to that observed for the corresponding
bimetallic system (24/25). Nucleophilic addition of the methyl ligand from the cationic zirconium
center to a coordinated MMA molecule is believed to generate a cationic ester enolate, the postulated
active propagating species (Scheme 23.11). This mechanism differs significantly from the bimetallic
pathway outlined above in Scheme 23.9 since the PMMA chain only propagates from one zirconium
center. Good supporting evidence for this mechanism has recently been presented by Chen and
Bolig who have shown that the cationic zirconocene ester enolate complex 31 readily initiates the
polymerization of MMA.89 This observation may appear to conflict with previous observations by
Collins, who found that the ester enolate complex 26 exhibits only low activity,82 but this may be
ascribed to the less coordinating nature of the anion in complex 31, and to the greater reactivity of
the bridged rac-bis(indenyl)zirconocenium fragment (vide infra).

Cationic initiators such as 28 are typically generated in situ by reaction of the dimethyl precursor
with B(C6F5)3 (Scheme 23.11).87 In initial studies performed by Soga et al., the borane was added
to the MMA monomer feedstock and this mixture was then treated with Cp2ZrMe2, but using such a
procedure no activity is observed unless a large excess of ZnEt2 is also added.86 However, work in our
laboratories indicates that the primary function of the organozinc reagent is to displace the monomer
from the Lewis acidic borane, allowing the latter to extract a methyl ligand from the zirconium center
and thus create the active cationic site.87 By generating the cationic alkyl complex first, then treating
with MMA, the need for the ZnEt2 cocatalyst is obviated, and very fast propagation is observed (e.g.,
28 consumes 200 equivalents MMA in under 2 min at 25 ◦C). ZnEt2 is still used to activate bulky
methacrylate monomers toward nucleophilic attack by the propagating enolate species.90 However,
the presence of ZnEt2 has no appreciable effect upon the stereoselectivity of the propagation process
(e.g., complex 30 is highly isoselective both in the presence and absence of the Lewis acid).

The stereoselectivity of MMA polymerization is obviously highly dependent upon the nature of
the zirconocene fragment, with microstructures ranging from very highly isotactic to moderately
syndiotactic (Figure 23.9). The nature of the Cp-based ligands also plays a major role in determining
polymerization activity. Activities are additionally dependent upon the coordinating nature of the
counteranion used. For example, the [BPh4]− analogue of 28 (complex 29) is inactive for MMA
polymerization,88 and counterparts of complex 45 featuring more strongly coordinating N-pyrrolyl-
based borate anions have been found to be inactive under identical reaction conditions.91 It has
generally been assumed that the counteranion does not play a significant role in influencing the
stereochemistry of monomer insertion, but the contrasting behavior of complexes 44 and 46 recently
disclosed by Erker and coworkers suggests that this may not be the case.91

One conclusion to arise from these studies is the propensity of C2-symmetric ansa-zirconocenium
complexes (such as 30–33) to exhibit high isoselectivities, whereas unbridged zirconocene initiators
tend to favor syndioselective insertion. For example, in toluene or CH2Cl2, high levels of isotacti-
city (95% mm) are afforded by the rac ansa-bis(indenyl) complex 30 and its tetrahydroindenyl
analogue 32.88,92 The analogous cationic enolate (31) behaves in a similar manner (consuming 400
equivalents MMA in under 10 min and giving PMMA with Mw/Mn = 1.03 and mm = 96.7%89),
and enolate end-groups have been detected in PMMA prepared with 31 using MALDI-TOF mass
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SCHEME 23.12 Proposed mechanism for the polymerization of MMA by a cationic zirconocene ester enolate
initiator.

spectroscopy.93 This polymerization exhibits a first-order dependence upon the cationic enolate and
upon the monomer, and therefore the propagation step has been deduced to be a monometallic
intramolecular Michael addition (Scheme 23.12).93 By synthesizing a zirconocene-based model of
the decamethylsamarocene cyclic enolate 2, the same authors further concluded that the rate determ-
ining step of insertion is the associative displacement of the coordinated ester of an eight-membered
cyclic intermediate by incoming MMA monomer. Microstructural analysis of the isotactic PMMA
formed with this system indicated that the isotacticity most likely originates through enantiomorphic
site control. Complex 31 has also been shown to generate very highly isotactic (>99% mm) PnBMA.
The isotactic polymerization of tert-butyl acrylate has also been achieved with an ansa-bis(indenyl)
zirconocene initiator.94

Highly isotactic PMMA has also been reported for a family of C2-symmetric monoalkyl-
substituted ansa-zirconocenes (42–45).91 The isotactic triad content in the PMMA increases with the
size of the ligand alkyl substituent, whereas the parent unsubstituted analogue 41 exhibits moderate
syndioselectivity. However, C2-symmetry is not a prerequisite feature of an isoselective group 4 ini-
tiator, as shown by the behavior of the C1-symmetric ansa-metallocene complex 34,87 the [BPh4]−
variant of which has also been reported to afford PMMA with 94.7% mm triad content at−30 ◦C.88

Attempts to prepare highly syndiotactic PMMA using zirconocene catalysts have met with little
success, despite the initial observation of r dyad selectivity using 28 and the report of modest
syndioselectivities for a range of other methacrylate monomers using this initiator, including hexyl,
decyl, and stearyl methacrylates.95 The only notable exception is complex 40, which produces 89% rr
PMMAat−45 ◦C with Mw/Mn = 1.31.96 However, Chen has shown that syndiotactic PMMAmay be
prepared using half-sandwich titanium-based initiators. For example, the cationic cyclopentadienyl-
amido complex 47 (Figure 23.10) effects the controlled polymerization of methacrylates at room
temperature, affording 82% rr PMMA and 89% rr PnBMA with Mw/Mn < 1.1 in both cases.97

Syndiotactic block and random copolymers of these two monomers have also been prepared. The
role of the metal in influencing the selectivity of monomer insertion is dramatically demonstrated
by comparing the behavior of complexes 48 and 49 (Figure 23.10); the cationic titanium ester
enolate complex 48 affords syndiotactic PMMA, whereas its isostructural zirconium counterpart 49
is isoselective (mm = 95.5% at −40 ◦C and 80.5% at −20 ◦C in CH2Cl2). However, the reason for
this difference in behavior has yet to be elucidated.

In order to shed some light upon the mechanism of enolate addition and upon the origin of
stereoselectivity with the zirconocene-based initiators, a series of computational studies have been
undertaken. In one of the earliest such studies Sustmann et al. examined both the bimetallic GTP-type
mechanism and the monometallic cationic alkyl/enolate pathway and showed that both were plausible
(a third hypothetical possibility operating through neutral intermediates was also considered).98 In
an attempt to deduce why the cationic bridged ansa-zirconocene complex 40 is a highly active MMA
polymerization initiator, while the closely related unbridged analogue 29 is inactive, Höcker and
coworkers carried out a series of density functional theory (DFT) calculations on stationary points
along the reaction coordinate (Scheme 23.13).99 The difference in reactivity between 40 and 29



DK3712: “dk3712_c023” — 2007/10/10 — 14:08 — page 606 — #14

606 Stereoselective Polymerization with Single-Site Catalysts

47

Ti
Me

N

Si

t-Bu

MeB(C6F5)3

MeB(C6F5)3

M = Ti, 48; M = Zr, 49

M
THF

Si
OC(Oi-Pr)=CMe2

N

t-Bu

FIGURE 23.10 Structural formulae of complexes 47–49.

Zr
Me

O

BPh4

MeO
Me

Zr
O

BPh4

MeO
Me

HH
H

Zr
O

BPh4

O

O

MeO
Me

Me

Zr
O

BPh4

O

O

MeO
Me

Me

Zr
O

BPh4

O

O

OMe
Me

Me

O

MeO
Me

Zr
O

BPh4

O

O

OMe
Me

Me

O

MeO Me

40.1 40.2 40.3

40.440.540.6

SCHEME 23.13 Computed key intermediates during the polymerization of MMA by complex 40.

was then ascribed to the lower activation energies encountered along the reaction coordinate for 40
(+20.52 and +11.48 kcal/mol for [40.1→ 40.2]‡ and [40.5→ 40.6]‡ versus +24.16 and +16.31
kcal/mol for unbridged analogue 29, respectively). This supposition was then rationalized in terms
of how readily the enolate ligand and the coordinated monomer may closely approach each other
before C–C bond formation. With bridged zirconocene fragments the metal center is more accessible
(angle between the Cp rings in 40 = 127.5◦ versus 115.2◦ in 29), thus allowing easier approach of
the enolate ligand to the bound MMA molecule (hence ansa-zirconocene initiators should be more
active than their unbridged counterparts). Furthermore, in the unbridged system, orbital overlap
of the two Cp rings with the Zr center is stronger than in 40; consequently the enolate ligand in
29 is bound less strongly to the metal, which leads to greater separation of the enolate from the
coordinated monomer. Third, it was proposed that the eclipsed nature of the Cp rings in 40 leads
to reduced steric interactions between the Cp hydrogen atoms and the enolate ligands compared to
unbridged analogue 29.

The same workers have also addressed the issue of stereoselectivity by computing competing
pathways for MMApolymerization initiated by the isoselective cyclopentadienyl-ansa-indenyl com-
plex 34.100 In the first phase of this study, the geometry of the metallacyclic enolate and the direction
of monomer approach were examined. The authors concluded that the incoming MMA monomer
prefers to approach the metal center from the same side as the indenyl unit (i.e., approach modes
34.1 and 34.3 in Figure 23.11) since this forces the propagating metallacyclic enolate to move away
from the more hindered side of the ansa-metallocene ligand. In addition, in order for facile C–C
bond formation to occur with the monomer, the enolate C=C bond must be proximal, that is, also on
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FIGURE 23.11 Possible MMA monomer approach pathways to the propagating metallacylic enolate derived
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SCHEME 23.14 Computed MMA addition modes for complex 34 (P = PMMA chain).

the same side of the complex as the indenyl ring (as in 34.1 and 34.2 of Figure 23.11). Consequently,
of the four possibilities shown in Figure 23.11, the approach mode depicted by 34.1 was computed
to be the energetically most favorable.

Given the approach pathway outlined above (i.e., 34.1), the stereoselectivity can then be rational-
ized by considering the way in which the MMAis oriented before C–C bond formation. As illustrated
in Scheme 23.14, the monomer may approach the enolate with its olefinic CH2 substituent either
below (34.1.1) or above (34.1.2) the plane defined by the O-Zr-O atoms (a second pair of alternatives
were also located but for the sake of brevity are not discussed here). Calculations reveal that the
addition of MMA from below the O-Zr-O plane (34.1.1) is favored by ca. 10 kcal/mol. Furthermore,
once C–C bond formation has taken place, the enolate C=C double bond is retained on the side of
the complex, that is, immediately below the indenyl ring. As a consequence, subsequent monomer
additions occur in exactly the same manner, leading to the continued formation of stereocenters with
the same configuration (i.e., isotactic PMMA).

The block copolymerization of MMA with ethylene has been described using 34/B(C6F5)3.101

Ethylene must be polymerized first (the reverse order of addition simply produces homo-PMMA)
and the diblock nature of the products was inferred from solubility behavior. 1H NMR spectroscopy
confirmed that the PMMA block was highly isotactic, as expected for this initiator.

A block copolymer of isotactic-PP-co-isotactic-PMMA (PP = polypropylene) has also been
synthesized using complex 40 (again, the olefin must be added first). Switching the initiator to the Cs-
symmetric titanium complex 47 afforded an atactic-PP-co-syndiotactic-PMMA block copolymer.102
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FIGURE 23.12 Coisoselective enchainment of MMA in a PS-PMMA copolymer.

Marks and coworkers have recently reported a low-valent titanium catalyst (generated in situ
from Zn reduction of the product of the reaction of Cp∗TiMe3 with [Ph3C+][B(C6F5)4]−), which
is capable of initiating the isoselective random copolymerization of styrene and MMA, although
incorporation of the methacrylate monomer is low (≤4%).103 The polymer obtained is best described
as containing atactic sequences of polystyrene (PS) with coisoselectively (ca. 80%) enchained MMA
units (Figure 23.12).

23.3.3 GROUP 5 INITIATORS

In theory, the cations of V, Nb, and Ta should be more tolerant towards polar functionalities than their
more oxophilic Group 4 counterparts. However, only a few reports of Group 5 MMA polymerization
initiators have appeared. Mashima and coworkers have synthesized 1,4-diaza-1,3-diene tantalum
complexes and found that in the presence of Me3Al, MMA may be polymerized in a living manner
at −20 ◦C to −30 ◦C (rr = 71–78%).104 Chen has also shown that Cp2TaMe3 polymerizes MMA
when activated with two equivalents of AlMe3. However, initiator efficiencies are low and molecular
weight distributions are broad.105

23.3.4 WELL-DEFINED MAGNESIUM AND LITHIUM INITIATORS

Given the high levels of stereocontrol for MMA polymerization exhibited by traditional Grignard
reagents, albeit at very low temperatures, there is much promise in the development of single-site
main group initiator systems capable of operating at higher reaction temperatures and influencing
tacticity through their ancillary ligand(s). Furthermore, steric protection of the metal center by
particularly large ancillary ligand sets is expected to help reduce (or even eliminate) the unwanted
side reactions commonly found in anionic polymerization systems.

To this end, we have recently found that low-coordinate magnesium alkyl complexes can be
stabilized by bulky N ,N ′-diisopropylphenyl β-diketiminate ligands, and that these compounds ini-
tiate a rapid polymerization of MMA. The alkyl complexes are prepared either by reaction of the
diketimine with dialkyl precursors such as MgMe106

2 or by treatment of RMgX (R=Me, i-Pr, t-Bu,
Ph; X = Cl, Br) with the lithium salt of the ligand (Scheme 23.15).107

The methyl and tert-butyl complexes 50 and 51 give very high syndioselectivities (rr > 95%)
for MMA polymerizations carried out at −78 ◦C; significantly, even at −30 ◦C the syndiotacticity
remains high (rr = 92%).108 However, chain length control using these two initiators is relatively
poor, with much higher PMMA molecular weights obtained compared to those expected based on
the monomer: initiator stoichiometries (Table 23.1). This behavior is attributed to a low efficiency
of initiation (i.e., a low percentage of Mg–alkyl bonds actually undergoing insertion of MMA), with
the steric bulk of the t-Bu initiating group implicated for 51, and the bridging nature of the methyl
groups (which is retained in solution) implicated for 50.

Although 50 and 51 were shown to be poorly controlled initiators for MMA polymerization, it
was reasoned that an alkyl group intermediate in size between a methyl and a tert-butyl might produce
a mononuclear complex, yet still be sufficiently small enough to allow facile nucleophilic attack on
a molecule of MMA (and therefore initiate polymerization more efficiently). In previous studies,107
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SCHEME 23.15 Synthetic routes to β-diketiminate magnesium alkyl complexes.

TABLE 23.1
Polymerizations of MMA Using β-Diketiminate Magnesium Initiatorsa

Complex Time (min) % Monomerb Mn
c Mn (calculated)d Mw/Mn

c % rre

Conversion

50 120 67 674,000 13,400 1.36 90
51 30 97 198,000 19,400 1.59 90
52 1.5 98 20,200 19,600 1.04 89
53 3.0 94 31,600 18,800 1.33 90
54 1.5 94 32,000 18,800 1.05 89

aToluene, −30 ◦C, 200 equivalents MMA, [Mg] = 0.01 M.
bDetermined by 1H NMR spectroscopy.
cIn g/mol; determined by gel permeation chromatography in chloroform at 25 ◦C (molecular weights
quoted relative to polystyrene standards).
dCalculated from [MMA]0/[Mg] × molecular weight of MMA (100.117 g/mol) × conversion.
eDetermined by integrating the [CH2C(CH3)CO2Me] resonances in CDCl3 on a reaction aliquot.
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FIGURE 23.13 Structural formulae of complexes 52–54 (Ar = 2,6-i-Pr2C6H3).

it had been shown that the isopropyl and phenyl analogues (52 and 53, respectively, Figure 23.13)
are structurally similar to the t-Bu complex 51, existing as three-coordinate mononuclear species.
As summarized in Table 23.1, both 52 and 53 are also highly active and syndioselective initiators
for the polymerization of MMA, but produce far more controlled molecular weights than when the
methyl and tert-butyl complexes 50 and 51 are employed. The isopropyl complex 52 delivers chain
lengths particularly close to those predicted from the initial monomer: initiator stoichiometry with
very narrow molecular weight distributions, consistent with a living process. Further investigations
with 52 confirmed these preliminary findings: the molecular weight of the PMMA formed by 52
increases linearly with monomer consumption, and polydispersities remain exceptionally narrow
throughout the polymerization (Figure 23.14).

The effect of temperature on the stereoselectivity of MMA polymerization using 52 has also been
investigated; the results are collected in Table 23.2. As might be anticipated, at higher temperatures
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FIGURE 23.14 Aplot of Mn versus monomer conversion for the polymerization of MMAinitiated by complex
52 at −30 ◦C (in toluene, [MMA]0/[52] = 200; Mw/Mn values in parentheses).

TABLE 23.2
Polymerizations of MMA Using Complex 52a

Temperature (◦C) Time (s) % Monomerb Mnc Mn (calculated)d Mw/Mn
c % rre

Conversion

−30 90 98 20,200 19,600 1.04 88.5
−20 60 97 18,500 19,400 1.05 84.9
−10 45 97 18,000 19,400 1.06 81.7

0 35 99 18,400 19,800 1.05 78.1
23 20 94 18,800 18,800 1.10 75.2

aToluene, 200 equivalents MMA, [Mg] = 0.01 M.
bDetermined by 1H NMR spectroscopy.
cIn g/mol; determined by gel permeation chromatography in chloroform at 25 ◦C (molecular weights
quoted relative to polystyrene standards).
dCalculated from [MMA]0/[Mg] ×molecular weight of MMA (100.117) × conversion.
eDetermined by integrating the [CH2C(CH3)CO2Me] resonances in CDCl3 on a reaction aliquot.

the stereoselectivity diminishes. Nonetheless, even at ambient temperature, this system still pro-
duces PMMA of notably greater syndiotacticity than would be expected by free-radical techniques,
suggesting a coordinative mechanism subject to ligand-assisted chain-end controlled insertion.

By analogy to the work described above on lanthanide and zirconocene initiators, it is believed
that initiation by the magnesium alkyl complexes occurs through addition of the alkyl ligand to one
equivalent of MMA monomer to afford a magnesium ester enolate species (Scheme 23.16). Propaga-
tion should then occur in a manner similar to that outlined in Scheme 23.2. As magnesium enolates
are often prepared through Hauser base precursors (i.e., magnesium amides), it was envisaged that
the well-defined amide complex 54 (Figure 23.13) should also react with MMA to form its ester
enolate and hence also function as a polymerization initiator. This indeed proves to be the case with
54 consuming 200 equivalents of MMA in just 90 s at −30 ◦C, again yielding highly syndiotactic,
monodisperse polymer (Table 23.1).108
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SCHEME 23.16 Postulated formation of the propagating enolate species in MMA polymerization with
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SCHEME 23.17 Synthesis of magnesium enolate complexes 55 and 56 (Ar = 2,6-i-Pr2C6H3).

To investigate the initiation process further, we have also prepared a well-defined magnesium
enolate species, 55, by treatment of the isopropyl complex 52 with 2′,4′,6′-trimethylacetophenone
(Scheme 23.17).109 X-ray diffraction studies revealed that complex 55 exists as an enolate-bridged
dimer in the solid state, with bond lengths indicative of oxygen metallation. Accordingly, it dissolves
in THF to give the monomeric four-coordinate oxygen-bound enolate complex, 56, featuring a
terminal methylidene unit. Alternatively, complex 56 may be prepared directly by treating 52 with
2′,4′,6′-trimethylacetophenone inTHF. It has also been found that both magnesium enolate complexes
55 and 56 can be prepared in high yields using a convenient, one-pot methodology whereby the free
β-diketimine ligand is reacted with Bu2Mg (a commercially available solution of equimolar amounts
of n- and sec-butyl species) followed by treatment with 2′,4′,6′-trimethylacetophenone.

A three-coordinate, base-free analogue of 56 containing a terminal enolate ligand (57,
Scheme 23.18) can be isolated by employing a bulkier β-diketiminate ligand.108 The tert-butyl back-
bone substituents of the β-diketiminate ligand force the aryl groups to project further forward,110

thereby increasing the steric protection of the magnesium center and stabilizing the lower coordin-
ation number. The molecular structure of 57 (Figure 23.15) confirms that the enolate ligand is
indeed oxygen-metallated. MMA polymerization studies using the well-defined enolate initiators
afforded excellent control over the molecular weight and narrow molecular weight distributions
(Mw/Mn < 1.1).

Importantly, the high levels of syndiotacticity observed when the alkyl initiators 50–53 were
employed for polymerization are retained with the enolate species. When MMA polymerization is
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FIGURE 23.15 The molecular structure of [HC{C(t-Bu)NAr}]Mg(OC(=CH2)Ar′) (Ar = 2,6-i-Pr2C6H3;
Ar′ = 2,4,6-Me3C6H2) (57); H atoms (except for those of the terminal methylidene group) are omitted for
clarity.

performed at−78 ◦C using either 55 or 56 in toluene, 1H NMR spectroscopy reveals a syndiotactic rr
content of 97%, which drops only slightly (to 92%) when the polymerization is carried out at−30 ◦C.

The origin of stereoselectivity in this system has been investigated by synthesizing magnesium
alkyl and enolate complexes bearing alternative β-diketiminate N-aryl substitution patterns.108 It was
found that reducing the size of the ortho-aryl substituents leads to a significant loss of stereocontrol.
For example, in changing from 2,6-diisopropylphenyl to 2,6-diethylphenyl and 2,6-dimethylphenyl
N-aryl groups, the syndiotactic rr triad contents of the resultant PMMAs prepared at −30 ◦C fall
from 92% to 78% and 73%, respectively.108 Clearly, the tacticity is highly sensitive to the steric
environment presented by the β-diketiminate ligands, and has parallels to findings for related zinc
β-diketiminate initiators used for lactide polymerization.111,112

Ester enolates of lithium are notoriously unstable. When they have proved isolable and have
been structurally characterized, they have been found to adopt highly aggregated structures.113

Nonetheless, the first example of a single-site mononuclear lithium initiator for the polymerization
of MMA has recently been reported by Chen and Rodriguez-Delgado, who found that the steric-
ally bulky Lewis acid bis(2,6-di-tert-butyl-4-methylphenoxy)aluminum methyl (58, Figure 23.16)
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SCHEME 23.19 Synthesis of a mono-lithium ester enolate complex.

deaggregates hexameric isopropyl α-lithioisobutyrate 59 and helps stabilize a monolithium product,
60 (Scheme 23.19).114 The difference in the ability of 59 and 60 to initiate the polymerization of
MMA is marked: the aggregated enolate species affords isotactic PMMA in toluene at room tem-
perature (mm = 76%) with a broad polydispersity (Mw/Mn = 6.8), whereas the single-site enolate
60 generates monodisperse, syndiotactic PMMA (Mw/Mn = 1.20, rr = 73%). Addition of a second
equivalent of 58 serves to activate the monomer (coordination of MMA to the Al center through
its carbonyl oxygen increases the δ+ charge on its olefinic =CH2 fragment, thus rendering it more
susceptible to nucleophilic attack from the lithium enolate) and allows the quantitative consumption
of 200 equivalents of MMA to be achieved within 1 h. This system has also been examined with
nBMA, and is again well-controlled and stereoselective, producing monodisperse (Mw/Mn = 1.18),
syndiotactic (rr = 87%) PnBMA at 0 ◦C.

23.3.5 WELL-DEFINED ALUMINUM INITIATORS

In 1987, Inoue and coworkers reported that irradiation of (TPP)AlCH3 (61, TPP= tetraphenylpor-
phyrinato, Figure 23.16) initiates the slow but well-controlled polymerization of MMA,115 but the
stereoselectivity of the process was not described. Photoactivation is required for polymerization to
proceed; in the dark the system is inactive. Polymerizations of MMA with 61 and other methac-
rylate monomers all exhibit living characteristics, and 1H NMR analysis of propagating oligomers
of tBMA provided support for an oxygen-metallated enolate as the active site.116 Successful diblock
copolymerizations of MMA with nBMA,77 and of MMA with epoxides,117 are further testament to
the living nature of this initiator. The analogous thiolate initiators, (TPP)AlSR (62, R= n-Pr; 63, R=
Ph, Figure 23.16), do not require photoexcitation to initiate polymerization, and consume 200 equi-
valents MMA in 18 h at 35 ◦C (Mn = 22, 000 g/mol, Mn (calc)= 20,000 g/mol, Mw/Mn = 1.12).118

The propagating species is again believed to be an enolate.119

The rate of polymerization may be increased by addition of a bulky Lewis acid such as the
bis(aryloxy)aluminum methyl compounds 58 and 64 (Figure 23.16). Coordination of the Lewis acid
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to the carbonyl oxygen atom of the methacrylate monomer serves to increase the electrophilicity
of the methylenic (=CH2) carbon, thus activating it towards Michael addition by the propagating
chain. For example, addition of 64 to a sample of living PMMA generated by irradiation of 61/MMA
caused a dramatic acceleration of the polymerization rate by a factor of over 45,000.120 The dual-
component systems consisting of 61/64 and 61/58 have proved particularly adept for preparing
monodisperse, ultrahigh molecular weight samples of PMMA (Mn > 106 g/mol, Mw/Mn = 1.2).121

Propagation from the thiolate initiators is also expedited by addition of 58, with 100 equivalents of
MMArequiring just 90 s for full conversion. Adetailed study into the mechanism of rate enhancement
revealed that use of a sterically bulky Lewis acid is imperative, in order to prevent scrambling of
the propagating enolate between the two aluminum centers (of the porphyrin initiator and the Lewis
acid).122 Hence, for aluminum diphenolate Lewis acid additives, ortho-substitution is essential.

Complexes 61–63 may also be used to polymerize acrylates123,124 in a living manner, although,
unlike the thiolate complexes, the methyl initiator again requires photoexcitation. Acrylate monomers
polymerize faster than methacrylates, with even sterically encumbered tert-butyl acrylate being
consumed more rapidly than MMA. As for MMA, no information concerning the stereoselectivity
of these polymerizations has been disclosed.

In theory, initiators based on tetradentate salicylaldiminato (salen) ligands (e.g., 65, Figure 23.17)
should offer greater potential for stereocontrol than their porphyrin relatives owing to the possibility
of incorporating chiral backbones, yet complexes such as 65 do not initiate MMA polymerization
under thermal or photochemical activation conditions, nor in the presence of a Lewis acid activator
such as 58. However, Gibson and coworkers discovered that addition of a nickel source, such as
Ni(acac)2 or Ni(COD)2 (acac= acetylacetonate (2,4-pentanedionate), COD= 1,5-cyclooctadiene),
catalyzes the formation of the active enolate species. Thus, using a three-component initiator system
comprising 65, 58, and Ni(acac)2, 200 equivalents MMA were polymerized within 2 min at room
temperature (Mn = 24, 700 g/mol, Mn (calc) = 20,000 g/mol, Mw/Mn = 1.17).125 At this polymer-
ization temperature the PMMA displays a slightly higher syndiotacticity than samples generated by
free-radical methods, with rr = 68%–72% rising to 84% rr at −20 ◦C. The living nature of the
system was demonstrated by a linear dependence of Mn upon monomer conversion and the syn-
thesis of a PMMA-b-PnBMA diblock by sequential monomer addition. The bulky Lewis acid 58
is proposed to serve two functions. The first is activation of the monomer as described by Inoue
for the (TPP)Al-based initiator system. The second is generation of a nickel catalyst capable of
catalyzing the formation of the aluminum enolate. This is proposed to involve methylation of the
Ni species, which then inserts MMA to generate a carbon-bonded nickel enolate (Scheme 23.20).
The enolate group of the latter species is then transferred to the aluminum center with concomitant
exchange of the Al-methyl group, thereby regenerating the Ni catalyst and affording an oxygen-
bonded aluminum enolate product. An analogous aluminum enolate has been prepared by treatment
of LiOC(Ot-Bu)=CMe2 with the chloro analogue of complex 65 and shown to initiate the controlled
polymerization of MMA.126

We have studied a wide range of alternative salen ligands, varying both the diimino backbone
and the substituents on the phenoxy rings, and have found that in nearly all cases the stereoselectivity
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FIGURE 23.17 Structural formula of complex 65.
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SCHEME 23.20 Polymerization of MMA using the 58/65/Ni(acac)2 system.

of the PMMA formed is invariant from that observed with 65. For example, when [N ,N ′-bis(3,5-di-
tert-butylsalicylidene)-trans-1,2-cyclohexanediamino]aluminum methyl is used in conjunction with
58 and Ni(acac)2, a syndiotactic content of 69% rr is observed at room temperature in CH2Cl2.

Another family of aluminum initiators has arisen from work on the cationic zirconocene systems
described in Section 23.3.2. Upon activation of the bis(indenyl)zirconocene complex 66 using the
alane Al(C6F5)3 (Scheme 23.21; as opposed to complex 30 derived from activation with B(C6F5)3),
Chen and Bolig127 found moderate (60.4% rr at 23 ◦C) syndioselectivity for MMA polymerization
(cf. 92.7% mm at 23 ◦C for 30). Furthermore, whereas the stereoselectivity of MMA polymeriza-
tion with borate-activated zirconocene initiators is highly dependent upon the metallocene ligand
geometry (Figure 23.9), C2-, C2v-, and Cs-symmetric zirconocenes activated with the alane all
afforded PMMA of similar syndiotacticity. 19F NMR studies revealed that initial generation of the
MeAl(C6F5)3 anion was followed by formation of a MMA→Al(C6F5)3 adduct and several differ-
ent propagating enolaluminate anions. The authors therefore proposed a polymerization mechanism
whereby the MMA propagates from the aluminum center, with the role of the zirconocene compon-
ent being initial generation of the active enolate ligand (Scheme 23.21) and subsequent monomer
activation.128 Good evidence for such a mechanism is the observation that the zirconocene com-
plex may be replaced by other Michael nucleophiles (i.e., enolate precursors). For example, at
−78 ◦C t-BuLi initiates slow, poorly controlled isoselective polymerization of MMA (75.0% mm;
Mw/Mn = 14.4), but under similar conditions, a 2:1 mixture of Al(C6F5)3 (one equivalent to gen-
erate the enolaluminate and one equivalent to activate the monomer) and t-BuLi produces 95.0%
rr PMMA with a relatively narrow molecular weight distribution (Mw/Mn = 1.33). As above, it
is believed that the organolithium reagent is only involved in enolate generation, with propagation
occurring exclusively at the aluminum centers.
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SCHEME 23.22 Synthesis of an isotactic-b-syndiotactic PMMA stereoblock.

Chen has further exploited this reaction to produce an isotactic-b-syndiotactic PMMA stereo-
block copolymer through the route outlined in Scheme 23.22.129 The isotactic block (i-PMMA)
is generated using the borate-activated zirconocene complex 30 at room temperature, before the
addition of 67 serves to convert the Zr-terminated propagating PMMA chain into an aluminate-
terminated analogue. Cooling to−78 ◦C followed by addition of a second feed of MMA then affords
the syndiotactic block (s-PMMA).

If the polymerization is performed at room temperature (or even at 0 ◦C) and the MMA is initially
added to a 1:1 mixture of 30 and 67, then a stereomultiblock PMMA material is produced.130 At
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this temperature, highly isotactic PMMA is produced by 30 while moderately syndiotactic PMMA
is formed at the enolaluminate derived from 67. The two propagating PMMA chains may exchange
between the cationic zirconium center and the anionic aluminum center, and since the rate of exchange
is comparable to propagation, the PMMA ultimately produced consists of several isotactic and
syndiotactic blocky regions.

23.4 FREE-RADICAL POLYMERIZATION

There has been much interest in the development of controlled free-radical processes for acrylate
and methacrylate polymerization4 and, recently, in the possibilities for stereocontrolled radical
polymerizations. One of the most commonly exploited controlled radical polymerization meth-
odologies is atom transfer radical polymerization (ATRP), pioneered by the groups of Sawamoto131

and Matyjaszewski.132

ATRP has been used to successfully polymerize many acrylate and methacrylate monomers.
For methacrylates, transition metal catalysts based upon Ru,133,134 Cu,135,136 Ni,137–139 Fe,140–143

Pd,144 and Rh145 have all been reported. Generally, polymerizations are performed at elevated
temperatures (70–90◦C) in toluene. PMMA samples generated by ATRP typically possess syndio-
rich atactic structures consistent with a free-radical propagation mechanism (Figure 23.3), and may
be prepared with relatively narrow polydispersities (Mw/Mn = 1.1–1.3).

Although the free-radical polymerization of MMA typically exhibits a syndiotactic bias (rr triad
content = 60%–70%), it has long been known that the stereochemical interactions between the
chain-end radical and vinyl monomers in free-radical polymerization can be modified by using
chiral protecting groups. For example, the 80 ◦C AIBN-initiated polymerization (AIBN = 2,2’-
azobisisobutyronitrile) of oxazolidine acrylamides based on valine and tert-leucine ultimately yields
highly isotactic (92% m dyad content) poly(acrylic acid) and PMA after chemical modification
(Scheme 23.23).146

Recently, more general approaches to stereoselective free-radical polymerizations have been
reported, although the levels of stereocontrol are still modest compared to what is achievable using
anionic or coordinative polymerization systems. For example, the free-radical polymerization of
vinyl acetate (VA) is known to give a syndiotactic-biased polymer when performed in phenolic
solvent, owing to hydrogen bonding between the acetyl group and the phenol.147 Such effects are
greatly increased in fluoroalcohol solvents, with (CF3)3COH allowing the synthesis of 62% r dyad
poly(vinyl acetate) (PVA) at 20 ◦C, rising to 72% r at−78 ◦C (PVA is atactic when prepared through
traditional free-radical methods).148 Similar studies with methacrylate monomers in fluoroalcohol
solvents allowed the preparation of PMMA, PEtMA, and PtBMA at−40 ◦C with rr triad contents of
82.9%, 86.9%, and 74.4%, respectively (PEtMA= poly(ethyl methacrylate); PtBMA= poly(tert-
butyl methacrylate).149

The role of the fluorinated alcohol in effecting stereocontrol has not been fully elucidated, but
it is believed to coordinate to the ester groups of the methacrylate monomer and polymer through
hydrogen bonding. Earlier studies from the 1960s have shown similar effects with MMA complexed
to stoichiometric quantities of nonfluorinated Lewis acids.150,151 As depicted in Scheme 23.24, this
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SCHEME 23.23 The free-radical polymerization of oxazolidine acrylamide monomers and conversion of the
polymers into highly isotactic poly(acrylic acid) and PMA.
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SCHEME 23.24 Proposed origin of increased syndioselectivity in the free-radical polymerization of MMA
using bulky Lewis acid additives.

would lead to increased steric hindrance at one or both of the reacting centers, and hence presumably
greater discrimination toward racemic (i.e., syndioselective) enchainment.

Such an effect should also be applicable to other bulky Lewis acids, and several workers have
shown that this is indeed the case. For example, it has been shown that the stereoselectivity of free-
radical MMA polymerization (carried out in nonfluorinated solvents) can be affected by addition
of MgBr2·Et2O.152 It has also been reported that the microstructures of poly(acrylamide)s may be
significantly altered from those obtained through traditional free-radical methods by addition of
Sc(OTf)3 (Tf = SO2CF3) to the polymerization system.153–156

Increased levels of syndioselectivity have been reported for the polymerization of benzyl (α-
methoxymethylacrylate); typical free-radical samples are atactic (m:r = 54:46), but syndio-bias is
observed in the presence of ZnBr2 (r = 71%) as may be expected from the pathway outlined in
Scheme 23.24.157 However, when Sc(OTf)3 was used instead of ZnBr2, a polymer with increased
isotactic content was obtained (m = 69%).158

When the Lewis acids HfCl4, Zn(OTf)2, ScCl3, and Ln(OTf)3 (Ln = Sc, Y, La, Sm, Eu, Yb,
Lu) were added to MMA polymerizations, the effects were negligible. For example, in the absence
of Lewis acid, PMMA with rr = 64% was obtained, whereas typical rr values obtained in the
presence of these Lewis acids fall in the range 60%–63%.159 Interestingly, the largest deviations
from typical free-radical tacticities, observed with Sc(OTf)3 and Yb(OTf)3, resulted in notably
increased isotactic content (e.g., with Sc(OTf)3 mm:mr:rr = 14:46:40), in contradiction to the
proposed mode of action outlined in Scheme 23.24.160 Similarly Matyjaszewski and coworkers
found that addition of Sc(OTf)3 to CuCl/bipyridine or CuCl/N ,N ,N ′,N ′′,N ′′-pentamethyldiethylene
triamine ATRP MMA polymerization systems afforded increased isotactic contents in the resultant
PMMAs (mm:mr:rr= 21:45:33). These results strongly suggest that the generalized mechanism
shown in Scheme 23.24 has severe limitations.

23.5 CONCLUSIONS

The development of well-defined metal coordination catalysts for the polymerization of methac-
rylates and acrylates has led to significant advances in controlling the stereochemical outcome of
these polymerizations. To date, by far the most extensive work has been carried out on the indus-
trially relevant monomer MMA, which has provided much needed insight not only into the factors
influencing stereocontrol, but also into the intricacies of the propagation mechanism and deactiva-
tion processes. Indeed, well-defined systems now exist that span the lanthanides, the early transition
metals, and main group metals. Many of these have been shown to facilitate the living polymer-
ization of methacrylate monomers, thereby providing access to tailored diblock and multiblock
poly(methacrylate) materials, as well as copolymers with other technologically significant classes
of polymers such as polyolefins. These studies on methacrylates have also provided a platform to
expand understanding to the more challenging acrylate monomers, which tend to be more suscept-
ible to termination processes, and for which stereocontrol has proved more difficult to harness.161
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As more advanced catalyst systems are developed that do not readily deactivate, highly tailored
materials that incorporate stereoregular poly(acrylates) can be confidently anticipated.
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24.1 INTRODUCTION

24.1.1 BACKGROUND

Near the time of Natta’s discovery of stereoselective alkene polymerization, Baggett and Pruitt1–3

reported that iron (III) chloride was capable of forming poly(propylene oxide) that could be divided
into amorphous as well as crystalline materials using solvent fractionation.4 Soon thereafter, Natta
et al.5 and Price et al.6,7 provided evidence that the crystalline material was isotactic poly(propylene
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oxide), in which the main-chain methyl substituents were of the same relative configuration. This
finding marked the first discovery of a stereoselective catalyst for epoxide polymerization. Since
that time, significant advances have been made in stereoselective epoxide polymerization, which is
the topic of this chapter.

24.1.2 SCOPE of CHAPTER

Many of the important contributors to the field of stereoselective epoxide polymerization have written
accounts of their research,8–20 but an up-to-date review does not exist. This chapter covers discrete
catalysts for the stereoselective polymerization of epoxides. Due to space limitations, catalysts bear-
ing at lease one ancillary ligand that is not likely to react with epoxides are discussed; those catalysts
only bearing ligands that are well-known to react with epoxides are not covered.21 A discussion
of strategies for controlling the relative configuration of main-chain stereogenic centers of epoxide
polymers is included. Because the emphasis is on stereochemical control of polymerization by the
catalyst or initiator, the polymerization of optically active epoxides is not covered.

24.2 BASIC CONCEPTS IN STEREOSELECTIVE EPOXIDE
POLYMERIZATION

24.2.1 REGIOCHEMISTRY

Both the ancillary ligands (Ln) surrounding the active metal center (M) and the growing polymer
chain (OR) influence the regiochemistry and stereochemistry of epoxide polymerization.22 When the
epoxide is unsymmetrically substituted (i.e., propylene oxide), enchainment can occur in two ways:
(1) attack by the polymer’s alkoxide chain-end at the methylene with retention of the stereochemistry
of the substituted carbon to give a secondary metal alkoxide, or (2) attack at the methine with inversion
of stereochemistry to give a primary metal alkoxide (Scheme 24.1). The polymer is regioregular
when only one process dominates; the polymer is regioirregular when both processes occur. The
regiochemistry of a polyepoxide (such as poly(propylene oxide)) can be readily determined by 13C
NMR spectroscopy.23–25

24.2.2 CHAIN-END CONTROL AND ENANTIOMORPHIC-SITE CONTROL OF

STEREOCHEMISTRY

In a chain-growth polymerization reaction, the end of the polymer chain remains at the active
metal center during monomer enchainment. Thus, the stereogenic center in the polymer chain
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SCHEME 24.1 Regiochemistry and stereochemistry of epoxide polymerization.
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from the last enchained monomer unit will have an influence on the stereochemistry of monomer
enchainment. If this influence is significant, the mode of stereochemical regulation is referred to as
“polymer chain-end control” (Scheme 24.2a). If the active site is chiral and overrides the influence
of the polymer chain end, the mechanism of stereochemical direction is termed “enantiomorphic-
site control” (Scheme 24.2b).9–11 In the former mechanism, a stereochemical error is propagated
(to give a polymer with . . .mmmrmm . . . sequences), but in the latter a correction occurs because
the ligands direct the stereochemical events, leading to an isolated stereoerror (to give a poly-
mer with . . .mmmrrmmm . . . sequences). (For additional information on chain-end control and
enantiomorphic-site control, see Chapter 1.)

Optically active catalysts can kinetically resolve racemic monomers (Scheme 24.2b), producing
optically active polymers as well as enantiomerically-enriched monomers since the nonpreferred
enantiomer remains behind as monomer after the preferred monomer has been converted into poly-
mer. The quantitative measure of stereocontrol in such a system is given by the parameter r, which
is the ratio of the rate constants for the polymerization of the R- and S-enantiomers of the monomer
[r = kR/kS = α/(1− α)].

24.2.3 ANALYSIS OF POLYMER STEREOCHEMISTRY

The most useful method for determining polymer tacticity and quantifying stereochemical purity
is nuclear magnetic resonance (NMR).26,27 In many cases the chemical shifts for the various poly-
mer nuclei are sensitive to adjacent stereogenic centers, resulting in fine structure that can provide
quantitative information about the polymer microstructure once the shift identities are assigned. For
example, the methyl, methylene, and methine regions of a high-resolution 13C NMR spectrum of
atactic poly(propylene oxide) display several peaks, each of which represents a different set of con-
secutive stereocenters. Because the position of each peak in the spectrum has been assigned,23,24,28

a routine 13C NMR experiment can reveal both the tacticity and the degree of stereoregularity of a
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sample of poly(propylene oxide). The ratio of the peaks can also be used to determine the mech-
anism of stereocontrol because the spectra can be simulated using statistical models based on the
various propagation mechanisms depicted in Scheme 24.2 and characteristic stereoerror sequences
associated with each mechanism.

24.3 STEREOSELECTIVE EPOXIDE POLYMERIZATION

The vast majority of papers reporting stereoselective epoxide polymerization focus on isospecific pro-
pylene oxide polymerization. For clarity, this chapter is organized by the type of metal of the catalyst
active center. The three most commonly used metals for discrete stereoselective epoxide polymeriz-
ation catalysts are aluminum, zinc, and cobalt, and research using these metals forms the foundation
of this chapter.

24.3.1 ALUMINUM-BASED CATALYSTS

Although aluminum alkoxide- and aluminoxane-based catalysts have shown promise for the iso-
specific polymerization of epoxides, the poorly defined nature of these species has significantly
hampered their use in such polymerizations.29 Some examples of discrete aluminum complexes
have been reported, however.

24.3.1.1 Aluminum–Acetylacetonate Catalysts

The prevailing theory for the mechanism of epoxide polymerization has been that epoxide coordin-
ation to the aluminum precedes insertion. To support this mechanism, Vandenberg proposed that the
addition of chelating agents such as acetylacetone (acacH) to an R3Al/H2O (R = alkyl) polymeriza-
tion system would block potential coordination sites on the metal center, thus hindering the reaction.
Instead, these additives enhanced the polymerization rate and ushered in a new class of versatile and
highly active catalysts.12,30–32 The presumed structure of the active aluminum-acac catalyst (acac
= acetylacetonate) is shown in Scheme 24.3. Although the precise structure of the active catalyst is
unknown, a few structural features have been determined: (1) an oxygen atom bridges two aluminum
centers (although the presence of multiple linkages, such as those in oligomeric aluminoxanes, can-
not be ruled out); (2) alkyl groups are present on the aluminum atoms; and (3) the acac ligand is
chelated to the aluminum center.20

Tuning the AlR3/H2O/acac catalyst (R = alkyl) composition by varying the R groups and
the ratio of components creates systems that conduct epoxide polymerizations to give high
conversions, in many instances achieving >90% conversion to give high-molecular-weight, ether-
insoluble polyethers. The fraction of acetone-insoluble, isotactic polymer produced varies according
to the exact qualities of the catalyst system used, and is generally around 30% of the total
mass of the ether-insoluble material while the remaining 70% is acetone-soluble polymer that is
generally atactic.31,32
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O Al O
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AlR2

O O
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O
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+
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SCHEME 24.3 Synthesis of AlR3/H2O/acacH epoxide polymerization catalysts (R = alkyl).
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SCHEME 24.4 Stereoselectivity of polymerization of cis- and trans-2,3-epoxybutane using AlR3/H2O
catalysts (R = alkyl).

In work investigating the mechanism of this system, Vandenberg used AlR3/H2O catalysts to
polymerize cis- and trans-2,3-epoxybutane. From the properties of the resultant polymers and the
examination of the diol decomposition products, mechanistic information was obtained. These results
are summarized in Scheme 24.4.12,20,33–35

The AlR3/H2O catalysts polymerize both cis- and trans-2,3-epoxy butane instantaneously at
−78 ◦C, consistent with a cationic process for monomer enchainment. The polymer isolated from the
cis isomer is an amorphous rubber, whereas the polymer isolated from the trans isomer is crystalline
with a Tm of 100 ◦C. This finding is in contrast to the AlR3/H2O/acacH system, which only slowly
polymerizes the same monomers at 65 ◦C, presumably through a much slower coordination–insertion
mechanism. The coordination polymerization of the cis isomer yields a crystalline polymer with
a Tm of 162 ◦C, whereas the trans isomer polymerizes extremely slowly, producing only trace
amounts of a crystalline polymer with a Tm similar to that obtained with the cationic polymerization.
The extremely slow polymerization of the trans isomer is attributed to its increased steric bulk
compared to the cis isomer. The steric bulk hinders the required precoordination to the metal center
for monomer insertion.

Through the controlled degradation of the polyethers to diol dimers using n-butyl lithium, the
stereochemistry of the monomer units in the polymer chain was determined.33 The decomposition
of all four polymers showed that inversion of stereochemistry at the site of attack on the epoxide
ring occurred in both polymerization mechanisms. The cis epoxides (RS stereocenters) produce
monomeric units in the polymer chain with RR and SS stereocenters, and the trans epoxides (either
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SCHEME 24.5 Proposed bimetallic enchainment of epoxides using (acac)Al complexes (acac =
acetylacetonate, P = polymeryl).
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SCHEME 24.6 Polymerization of propylene oxide with [(R-dmbd)1.5Al]n/ZnCl2 catalysts (dmbd = 3,3-
dimethyl-1,2-butanediolate).

RR or SS) produce monomeric units in the polymer chain with only RS units. This observation
shows that inversion of configuration occurs at the site of attack, regardless of the polymerization
mechanism.

To obtain the geometry required for a SN2 attack in a coordination–insertion mechanism, Vanden-
berg proposed the transition-state structure shown in Scheme 24.5. In this scheme, an epoxide is
activated by coordination to one aluminum center, while an adjacent aluminum center delivers the
growing polymer chain. During this process, coordination bonds are exchanged to keep the charges
balanced. Despite the evidence for bimetallic epoxide ring-opening events in other systems,36–38

there is little evidence to show that it occurs in these heterogeneous aluminum-based systems.

24.3.1.2 Aluminum Catalysts Featuring Chiral Alkoxides

Haubenstock et al. synthesized chiral aluminum alkoxides for the stereoelective polymerization of
propylene oxide.39 Addition of 1.5 equivalents of (R)-(–)-3,3-dimethyl-1,2-butanediol ((R-dmbd)H2)
to AlH3 generated the active complex [(R-dmbd)1.5/Al]n. Alone, [(R-dmbd)1.5/Al]n had a very low
activity for the polymerization of propylene oxide, achieving 85% conversion in 3 weeks with
negligible optical activity in the unreacted monomer. The addition of ZnCl2 (Al:Zn = 1:1) to
the [(R-dmbd)1.5/Al]n initiator generated a much more active catalyst, as shown in Scheme 24.6.
Furthermore, the optical activity of the unreacted propylene oxide was observed to increase with
increasing conversion to polymer, and based on the rotation of the unreacted monomer, Haubenstock
et al. determined that the catalyst system preferentially reacted with (R)-propylene oxide because
the solution became enriched in the (S) isomer, although with modest selectivity (r = 1.05).39

On fractionation, 10% of the total mass of the isolated polymer was acetone-insoluble and highly
isotactic (>99% m-dyads), whereas the remainder of the polymer was acetone-soluble and atactic.
Although a slight enantiomeric enrichment of monomer was achieved, this system did not signific-
antly improve the yield of isotactic poly(propylene oxide) compared to similar systems,40–42 and it
is unclear whether the selective insertion of the S-enantiomer was contributing to the formation
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FIGURE 24.1 Well-defined complexes for the polymerization of epoxides (tpp = 5,10,15,20-
tetraphenylporphyrin; salcy = N , N ′-bis(2-hydroxybenzylidene)-(1R,2R)-1,2-cyclohexanediamine); dmca =
dimethylcalixarene.

of the 10% of crystalline polymer as opposed to its arising from some other microstructural
feature.

24.3.1.3 Aluminum–Porphyrin Catalysts

Inoue first reported that 5,10,15,20-tetraphenylporphyrin (tpp) aluminum chloride (Figure 24.1, 1)
was active for the living polymerization of propylene oxide.43–45 Although the polymer micro-
structure was not studied in great detail, 13C NMR spectra showed the polymers to be highly
regioregular and slightly isotactic.43,44 The activity of (tpp)AlCl was relatively low, requiring 6
days to achieve 100% conversion. The addition of Cl or OMe substituents on the porphyrin ligand,
as in (p-Cl-tpp)AlCl (2) and (p-OMe-tpp)AlCl (3), increased the activity by a factor of two, but
the stereochemical consequences for the resulting polymer were not discussed.44 More detailed 13C
NMR analyses by Le Borgne et al. showed that the poly(propylene oxide) derived from 1 was slightly
isotactic, with an m-dyad content of 69% and an mm-triad content of 45%, confirming the initial
results reported by Inoue.24

24.3.1.4 Aluminum–Schiff-Base Catalysts

Well-defined [N ,N’-bis(2-hydroxybenzylidene)-(1R,2R)-1,2-cyclohexane diamine] (R-salcy) alumi-
num complexes (e.g., Figure 24.1, 4) have been used as stereoselective epoxide polymerization
catalysts.46–48 Polymerization of racemic propylene oxide in the presence of 5 mol% 4 yields∼70%
conversion to poly(propylene oxide) after 62 h. The remaining unreacted monomer exhibits an
optical rotation of +1.85◦, which corresponds to an ee of 15% (Scheme 24.7). The modest r-factor
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SCHEME 24.7 Attempted kinetic resolution of racemic propylene oxide using 4.

of 1.3 obtained in this system is slightly higher than that observed for the previously discussed
heterogeneous aluminum systems.49 Examination of the isolated polymer reveals both chloro and
hydroxyl end groups, suggesting that each metal center produces a single polymer chain since each
chain bears a Cl atom from initiation and an OH group from termination.47

24.3.1.5 Aluminum–Calixarene Catalysts

Kuran et al. synthesized a dimethylcalixarene-based system (Figure 24.1, 5) that was moderately
active for propylene oxide polymerization.50 The polymerization of propylene oxide produced
predominantly isotactic poly(propylene oxide) with an m-dyad content of ∼74%.

24.3.1.6 Other Well-Defined Aluminum Catalysts

N ,N ′,N ′′-Tris(trimethylsilyl)diethylenetriamine complexes of aluminum have been shown to be act-
ive oligomerization catalysts for propylene oxide.51 Over the course of 2 days, 6 (Figure 24.1)
produces low-molecular-weight poly(propylene oxide) (Mn < 500)with predominantly head-to-tail
linkages and an m-dyad content of 60%.

24.3.2 ZINC-BASED CATALYSTS

During research on aluminum catalysts for the stereospecific polymerization of epoxides, it was
discovered that the addition of zinc cocatalysts to these systems greatly enhanced catalyst activity.40

These enhancements prompted a number of studies focusing on the design of zinc-based catalyst
systems.

24.3.2.1 Zinc Alkoxide Catalysts

Furukawa et al. explored the use of methanol and ethanol as additives for diethylzinc-based epoxide
polymerization systems,52 and found that both the yield and crystallinity of the resulting polymers
were inferior to those for polymers synthesized with the ZnEt2/H2O system. The use of achiral
alcohols as cocatalysts was revisited in 1994 when Kuran and Listos reported the polymerization
of propylene oxide and cyclohexene oxide (a meso molecule) with ZnEt2/polyhydric phenol (such
as 4-tert-butyl-catechol), phenol, or 1-phenoxy-2-propanol.53 The poly(propylene oxide) formed
from these systems contained mostly isotactic dyads (72% m), whereas the poly(cyclohexene oxide)
contained mostly syndiotactic dyads (80% r) (Scheme 24.8).

24.3.2.2 Chiral Zinc Alkoxide Catalysts

Sigwalt and coworkers noted higher stereoselectivity in the polymerization of propylene sulfide using
a (R)-3,3-dimethyl-1,2-butanediol/ZnEt2 system when compared to a similar chiral alcohol/ZnEt2
system. Based on these results, Sigwalt as well as others have applied this system to propylene
oxide polymerization; however, the observed stereoselectivity was actually lower than that for the
polymerization of propylene sulfide.16,54,55 This lower stereoselectivity was presumably due to the
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SCHEME 24.9 Preparation of a mixture of isotactic and syndiotactic poly(cyclohexene oxide) using chiral
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weaker coordination of the “harder” epoxide oxygen atom to zinc, as compared to the “softer”
coordination of the episulfide sulfur atom.

Sepulchre et al. investigated the polymerization of cyclohexene oxide using ZnEt2 activated with
water, alcohols, and chiral alcohols. In their study, a mixture of ZnEt2 and 1-methoxy-2-propanol or
(1S,2R)-ephedrine simultaneously afforded a mixture of isotactic and syndiotactic poly(cyclohexene
oxide) that was characterized using 1H and 13C NMR spectroscopy (Scheme 24.9).56,57 They pro-
posed a “flip-flop” mechanism (similar to that proposed by Vandenberg as shown in Scheme 24.5)
involving neighboring zinc centers to explain this observation.20

24.3.2.3 Zinc Alkoxide Cluster Catalysts

Tsuruta and coworkers synthesized and investigated the epoxide polymerization activity of
several well-defined zinc clusters (Figure 24.2).58–67 Complexes [Zn(OMe)2(EtZnOMe)6] (7),
[Zn(OCH2CH2OMe)2(EtZnOCH2CH2OMe)6] (8), and [{CH3OCH2CH(Me)OZnOCH(Me)CH2-
OCH3}2{EtZnOCH(Me)CH2OCH3}2] ([Zn-MP]2,2) (9), were synthesized by the dropwise addition
of 1.1 equivalents of the corresponding alkoxyalcohols to ZnEt2 in heptanes at 5 ◦C, followed by
heating the resultant solution for 1 h at 50–80 ◦C and then cooling it to 5 ◦C. Upon cooling, crystals
suitable for X-ray analysis were isolated. Each complex was crystalline, and its molecular structure
was determined using X-ray crystallography.58,61,67

The propylene oxide polymerization activity for each complex is shown in Scheme 24.10. Surpris-
ingly, isostructural complexes 7 and 8 had significantly different polymerization activities; 7 achieved
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SCHEME 24.10 Polymerization of racemic propylene oxide with zinc alkoxide cluster catalysts 7–9.

91% conversion in 216 h, but 8 only attained 22% conversion in 240 h. Catalyst 9, however, was
twice as active as 7. This catalyst has a different molecular structure, as seen in Figure 24.2. This
complex bears six methoxy isopropyl groups in a chair-like structure in three different coordination
environments; the methoxy groups are either endo- and exo-coordinated to the central zinc atoms
through dative bonds, or non-coordinated.

Studies using a deuterated version of catalyst 9 revealed that the non-coordinating meth-
oxyisopropyl groups initiated the polymerization by attack on the propylene oxide monomer
whereas the coordinated methoxyisopropyl groups provided the chiral structure, which remained
unchanged during the polymerization.62 When these complexes were screened for cyclohexene
oxide polymerization, only 9 was found to be active.68,69 Through 1H NMR analysis of polymer
decomposition products (using Vandenberg’s method33), Tsuruta and coworkers determined that the
poly(cyclohexene oxide) obtained was syndiotactic (Scheme 24.11).

24.3.2.4 Zinc Porphyrin–Based Catalysts

Inoue and Takeda reported that the polymerization of propylene oxide at 20 ◦C with the zinc
porphyrin catalyst (Et2Zn/N-methyl-5,10,15,20-tetraphenylporphyrin, 10) produced syndiotactic
poly(propylene oxide) (Mw = 31, 000, 60% r) (Scheme 24.12). This result was in contrast to
those seen for all other zinc-based systems, which afford isotactic poly(propylene oxide). The
authors attributed the unexpected syndiotactic microstructure of the polymer to the planar ligand
and the isolated nature of the zinc center, which is different than that present in most other zinc
aggregate systems.43
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24.3.2.5 Zinc Catalysts for Asymmetric Cyclohexene Oxide/CO2

Copolymerization

There is significant interest in controlling the absolute stereochemistry of ring-opening in
epoxide/CO2 copolymerization. Cyclohexene oxide, a meso molecule, is an ideal substrate for
desymmetrization using chiral catalysts. In 1999, Nozaki et al. reported that a 1:1 mixture of ZnEt2
and (S)-α,α-diphenylpyrrolidine-2-yl-methanol (11) (Scheme 24.13) was active for stereoselect-
ive cyclohexene oxide/CO2 copolymerization at 40 ◦C and 30 atm CO2 (Scheme 24.14).70 The
resultant polycarbonate contained 100% carbonate linkages, had an Mn of 8400 g/mol, and had a
Mw/Mn of 2.2. Hydrolysis of this poly(cyclohexene carbonate) with base produced the corresponding
trans-cyclohexane-1,2-diol with 73% ee. 13C NMR spectroscopy studies of model polycarbon-
ate oligomers afforded spectral assignments for the isotactic (153.7 ppm) and syndiotactic dyads
(153.3–153.1 ppm) of poly(cyclohexene oxide),71 which agreed with those proposed by Coates and
coworkers.72 Finally, the ring-opening polymerization proceeded via complete inversion of config-
uration (SN2 mechanism); hence, no cis-cyclohexane-1,2-diol was observed upon base-catalyzed
hydrolysis of the polycarbonate.

In a recent report, Nozaki and coworkers isolated presumed intermediates in the asymmetric
alternating copolymerization of cyclohexene oxide with CO2.73 Reaction of a 1:1 mixture of ZnEt2
and (S)-α, α-diphenylpyrrolidine-2-yl-methanol (11, Scheme 24.13) yielded dimeric 12, which was
structurally characterized by X-ray diffraction studies. At 40 ◦C and 30 atm CO2, 12 catalyzed
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SCHEME 24.14 Enantioselective copolymerization of cyclohexene oxide and CO2 with 11, 13, or 14.

the formation of isotactic poly(cyclohexene carbonate) (Mn = 11, 800 g/mol, Mw/Mn = 15.7)
with a turnover frequency of 0.6 h−1). Hydrolysis of the resulting poly(cyclohexene carbonate)
yielded the trans-cyclohexane-1,2-diol of 49% ee, which was lower than that seen with catalyst
11. When copolymerization was attempted using a catalyst system consisting of 12 and 0.2–1.0
equivalents EtOH (12/EtOH), enantioselectivities of the hydrolyzed cyclohexane diol increased up
to 80% ee, and better control of polymer molecular weights and molecular weight distributions
resulted as compared to polymerization using only 12. Compound 13 (Scheme 24.13) was proposed
to be the active initiating species in this polymerization. End-group analysis of the poly(cyclohexene
carbonate)s prepared with 12 and 12/0.2 EtOH by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry revealed that in the absence of ethanol or in the presence of 0.2 equivalents
ethanol, end-group signals assignable to an aminoalcohol-initiated polymerization were identified.
However, as EtOH addition was increased from 0.2 to 1.0 equivalent, signals corresponding to the
aminoalcohol-initiated polycarbonate disappeared as peaks corresponding to end-group structures
for EtOH-initiated poly(cyclohexene carbonate) emerged. This result was further confirmed by end-
group analysis using 1H NMR spectroscopy. Finally, mechanistic studies suggested that the dimeric
form of the catalyst, 13, was in fact the active species.

In 2000, Coates and coworkers developed C1-symmetric imine-oxazoline-ligated zinc
bis(trimethylsilyl)amido compounds (Figure 24.3, 14) for the stereoselective, alternating copoly-
merization of cyclohexene oxide and CO2 (Scheme 24.14).72 Through multiple electronic and
steric manipulations of the imine-oxazoline ligand framework, compound 14 was found to exhibit
the highest enantioselectivity for polymerization (RR:SS ratio in polymer = 86:14; 72% ee).
Poly(cyclohexene carbonate) prepared with this catalyst possessed 100% carbonate linkages, an
Mn of 14,700 g/mol, a Mw/Mn of 1.35, a glass transition temperature (Tg) of 120 ◦C, and a melting
temperature (Tm) of 220 ◦C. Furthermore, stereocontrol was also achieved in the alternating copoly-
merization of cyclopentene oxide and CO2, producing poly(cyclopentene carbonate) with an RR:SS
ratio of 88:12 (76% ee). As revealed by 13C NMR spectroscopy, the experimental carbonyl tetrad
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concentrations of this material matched the predicted tetrad concentrations for an enantiomorphic-site
control mechanism.72

24.3.3 COBALT–BASED CATALYSTS

Tsuruta found that the optically pure complex [(R-salcy)Co] (15) was active for epoxide polymeriza-
tion (Scheme 24.15) when activated with AlEt3. Although the system exhibited no enantioselectivity
for the polymerization of propylene oxide, it was moderately selective (r = ∼1.5) for the kinetic
resolutions of tert-butyl ethylene oxide and epichlorohydrin (Scheme 24.15).

Coates and coworkers reported that [(R-salcy-t-Bu)CoOAc] (16) copolymerizes propylene oxide
and CO2 (Scheme 24.16).74 Novel features of the catalyst are high regioregularity and alternation,
coupled with high selectivity for polycarbonate formation (propylene carbonate is not formed).
(S)-Propylene oxide is consumed faster than (R)-propylene oxide with a modest r-factor of 2.8.
Given the same absolute monomer configuration and similar r-factor observed by Jacobsen and
coworkers for the cobalt-catalyzed ring-opening of aliphatic epoxides with benzoic acid,38 a related
mechanism was proposed to occur for polymerization with [(R-salcy-t-Bu)CoOAc], giving an act-
ive alkoxide active site with the regioregular structure shown in Scheme 24.16. Lu and Wang
found that the addition of quaternary ammonium salts to this system increased the r-factor to
3.5.75 More recently, Coates and Cohen have reported that a combination of complex 17 and
[Ph3P=N=PPh3]Cl exhibits an r-factor of 9.7 for the copolymerization of propylene oxide and CO2
at –20 ◦C (Scheme 24.16).76

Coates and coworkers recently reported the first syndioselective copolymerization of cyclohexene
oxide and CO2 (Scheme 24.17).77 Using complex [rac-(salpr-t-Bu)CoBr] (18), poly(cyclohexene
carbonate) was formed with 80% [r]-centered tetrads, as determined by 13C NMR spectroscopy.
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SCHEME 24.17 Syndioselective copolymerization of cyclohexene oxide and CO2 with 18.

The carbonyl and methylene regions were best simulated using Bernoullian statistical methods,
supporting a chain-end stereochemical control mechanism.

In 2005, Coates and coworkers reported the first highly active and selective catalyst system
for the isoselective polymerization of racemic propylene oxide (Scheme 24.18).78 The complex
[(salph-t-Bu)CoOAc] (19) exhibits excellent activity, regioselectivity, and stereoselectivity for the
formation of isotactic poly(propylene oxide). This is the first example of isotactic poly(propylene
oxide) generation from racemic propylene oxide without concomitant atactic byproduct. Notably,
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the complex itself is not chiral, suggesting the active catalyst adopts a chiral arrangement different
than that depicted in Scheme 24.18. Complex 19 also converts racemic butene and hexene oxides to
their respective isotactic polyethers.

24.4 CONCLUSIONS

Although significant advances in stereoselective epoxide polymerization have been achieved over the
last half-century, few known catalysts are capable of excellent levels of stereocontrol. Historically,
most catalysts for epoxide polymerization have been of the heterogeneous variety and have exhibited
poor selectivity. It is our opinion that the most fertile area for future catalyst exploration involves
homogeneous, discrete catalysts that are capable of involving multiple metal centers in the poly-
merization mechanism. If the spatial environment of the active catalyst is precisely controlled, new
generations of stereoselective epoxide polymerization catalysts will become available. Our current
research focuses on the search for such catalysts.
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25.1 INTRODUCTION

Poly(lactic acids) (PLAs) were first synthesized by heating lactic acid and driving off water
(Scheme 25.1). The product formed by this process is a gummy, tar-like material of ill-defined
molecular weight and microstructure. If this polymer is heated in the presence of zinc oxide, the
volatile cyclic condensation product of two lactic acid units is distilled from the polymeric mass.
This product is lactide (LA), 3,6-dimethyl-1,4-dioxane-2,5-dione.1,2

There are three isomers of lactide: l-, d-, and meso (Figure 25.1; l-LA, d-LA, and meso-LA).
The 50:50 racemic mixtures of l and d is known as rac-lactide (rac-LA). Lactide, in particu-
lar l-LA, can also be prepared by an enzymatic process from biomass; this is currently a major
commodity material produced by Cargill.3–6 Ring-opening polymerization of lactides can be
achieved by a wide variety of catalysts, many of which are metal-containing coordination com-
plexes that are better considered as catalyst precursors.7–10 Among the most common of these
are tin(II) bis(2-ethylhexanoate) (Sn(Oct)2), zinc lactate, and aluminum tris(acetylacetonate).11–16

These catalysts are typically employed in high-temperature (∼140 ◦C)melt polymerizations. Many
more well-defined single-site metal alkoxide complexes are now known that can effect LA poly-
merization at room temperature. A number of these are discussed in detail in this chapter since
they can bring about living polymerizations with control of both polymer molecular weight and
stereochemistry. The reaction sequence can be described by Scheme 25.2.17

CH3

CH C OH

O

H  O

CH3

CH C OH  +  n−1 H2O

O

n HO
n

∆

SCHEME 25.1 Poly(lactic acid) formed by condensation polymerization of lactic acids.
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SCHEME 25.2 PLA formed by ring-opening polymerization of lactides (M = metal; X = OH or OR where
R = alkyl or aryl).
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RCH2O(LA)n+1–(v) + HL+ RCH2O(LA)n+1H + L

SCHEME 25.3 Ring-opening polymerization of LA by Lewis bases (LA= enchained lactide unit).

Ring-opening polymerization of lactides can also be brought about by strong Lewis bases such as
4-(dimethylamino)pyridine (DMAP), or a N-heterocyclic carbene in the presence of a primary alcohol
initiator (Scheme 25.3).18–23 These polymerizations are living, and polymer molecular weight can
be controlled by the amount of the primary alcohol introduced.8
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FIGURE 25.2 Dependence of the equilibrium concentration of LA monomer in ring-opening polymerization
on temperature (crosses = ln[LA] versus 1/T; circles = [LA] versus 1/T). (From Chisholm, M. H.; Delbridge,
E. E. New J. Chem. 2003, 27, 1177–1183. Reproduced by permission of The Royal Society of Chemistry on
behalf of the Centre National de la Recherche Scientifique.)

A final general point of note is that ring-opening LA polymerization is an equilibrium process.
Formation of the polymer is favored on enthalpic grounds (�H◦ for ring opening is approximately -23
kJ/mol), but the cyclic dione is entropically favored.24 At low temperatures the equilibrium lies
greatly in favor of the polymer, but at higher temperatures the equilibrium concentration of monomer
becomes significant; that is, at 100 ◦C, ca. 15% LA monomer is present (Figure 25.2).24,25 Depoly-
merization of the polymer occurs by intrachain transesterification (Scheme 25.4a), and this process
must be avoided if stereocontrol is to be achieved. Intermolecular transesterification (Scheme 25.4b)
also becomes significant at higher temperatures, leading to a loss of both stereoselectivity and the
narrow molecular distributions characteristic of living polymerization.25

25.2 STEREOSEQUENCES

Polymerization of l-LA, which is the most readily available enantiomerically pure form of lactide,
leads to the formation of poly(l-LA) providing that no epimerization of the monomer stereocen-
ter occurs. Epimerization can be avoided by use of the majority of metal coordination catalysts
(Scheme 25.2) and by using the Lewis base/alcohol process (Scheme 25.3). However, in the poly-
merization of rac-LA or meso-LA, stereorandom polymers are generally produced. Figure 25.3
shows polylactides with various tacticities. Epimerization occurs only with the most highly active
of catalysts, such as organolithium and organomagnesium initiators.

Stereosequences in PLAs are routinely determined by the examination of nuclear magnetic res-
onance (NMR) spectra, particularly with regard to the 13C NMR methine resonance and the proton
decoupled 1H NMR methine resonance. Figure 25.4 shows the possible PLA tetrad stereosequences
(i = isotactic dyad; s = syndiotactic dyad). The original (13C and 1H) NMR peak assignments
for tactic PLAs were put forward at the tetrad level of sensitivity by Kricheldorf et al. based
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on an examination of PLAs formed from varying concentrations of l-LA, d-LA, and meso-LA
monomers.26,27 Chisholm et al. challenged these assignments based on heteronuclear correlation
(HETCOR) spectra,28,29 but this challenge was quickly refuted. Subsequently, more detailed studies
revealed that the stereosequence of a PLA tetrad is sensitive in the following manner: The 1H sig-
nal of each enchained LA methine moiety senses two stereocenters to the right and one to the left,
whereas the methine 13C signal is sensitive in the opposite manner (Figure 25.5).30 At high fields
(>500 MHz for 1H), assignments can be extended to the hexad level, but it is generally sufficient and
customary to employ the tetrad sensitivity when reporting stereoselectivities in LA polymerization
reactions.31–33



DK3712: “dk3712_c025” — 2007/10/10 — 14:08 — page 649 — #5

Stereoselective Polymerization of Lactide 649

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

SS R R

R R R R
O

O

O

O

O

O

O

OSS S S

O

O

O

O

O

O

O

OR R R R
O

O

O

O

O

O

O

OSS SS

O

O

O

O

O

O

O

O RR R R
O

O

O

O

O

O

O

OSS S S

R
O

O

O

O

O

O

O

OS SR

O

O

O

O

O

O

O

O RR R R
O

O

O

O

O

O

O

OSS SS

O

O

O

O

O

O

O

O RR R R
O

O

O

O

O

O

O

OSS S S

O

O

O

O

O

O

O

OR R RR

O

O

O

O

O

O

O

OSSS S

O

O

O

O

O

O

O

O RR RR

O

O

O

O

O

O

O

OSS S S

iii

iis

sii

isi

sis

ssi

iss

sss

FIGURE 25.4 The possible stereosequences in PLA at the tetrad level (i = isotactic dyad; s = syndiotactic
dyad).

O

O

O

O

O

O

O

O*

O

O
# ##

^
^

^
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unit with *) is split in the 1H by two neighboring units to the right and one to the left (units with #), and in the
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Polymerization of l-LA (or d-LA) leads to an isotactic polymer that is assigned as iii at the
tetrad level. The stereorandom polymerization of rac-LA leads to five possible tetrads: iii, iis, sii,
isi, and sis. Because each monomer unit in rac-LA contains an isotactic junction, there can be no
ss junctions. Similarly, in the polymerization of meso-LA (which contains an s junction) there can
be only five tetrads, namely, sss, ssi, iss, sis, and isi. No ii junctions are possible for poly(meso-
LA). However, if a mixture of l-, d-, and meso-LA is polymerized, or if pure l-, d-, or meso-LA is
polymerized with concomitant epimerization (for l-LA or d-LA) or transesterification (for rac-LA or
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TABLE 25.1
Tetrad Probabilities in Stereorandom Polymeriza-
tion of rac -LA and meso-LA Based on Bernoullian
Statistics

Tetrads Probability

rac-LA meso-LA

iii 0.375 0
iis 0.125 0
sii 0.125 0
isi 0.250 0.125
sis 0.125 0.250
ssi 0 0.125
iss 0 0.125
sss 0 0.375

meso-LA), then all eight tetrad sequences are possible. A polymer containing a random distribution
of all eight tetrads is said to be atactic. A polymerization of either rac-LA or meso-LA that gives a
statistical distribution of the respective possible five tetrads is a stereorandom polymerization. These
tetrad sequences are shown in Table 25.1 along with their statistical abundance for stereorandom
polymerization.34,35 Note that in the polymerization of rac-LA, where each monomer contains an
i junction, the formation of a heterotactic polymer is equivalent to the formation of a syndiotactic
polyolefin.

The stereoselective polymerization of meso-LA could give either syndiotactic PLA (with sss
tetrads) or heterotactic PLA (with isi/sis tetrads). Stereoselective polymerization of rac-LA can give
either heterotactic (isi/sis) or isotactic (iii) PLA, the latter being composed of a 1:1 mixture of chains
of poly(l-LA) and poly(d-LA) that form a stereocomplex polymer. This polymer has a higher melting
point (230 ◦C) than poly(l-LA) (175 ◦C), and as such is more attractive for certain processing proced-
ures and applications.36–38 In general, the observed tetrad populations from polymerization may be
analyzed by NMR spectroscopy and compared to statistically calculated distributions (Table 25.1).
The polymerization may then be mathematically assigned a stereoselectivity of Pi (= the fractional
probability of forming a new isotactic tetrad) or Ph (= the fractional probability of forming a new
heterotactic tetrad) where Ph + Pi = 1.034,39 (Equations 25.1 and 25.2). Selected PLA spectra are
shown in Figure 25.6.

Pi = observed − statistical

1− statistical
(25.1)

Ph = observed − statistical

1− statistical
(25.2)

At this point, it is worth noting that in some places in the literature the nomenclature for the
stereochemistry of polylactides is based on the use of m (meso) and r (racemo) dyads rather than i
and s dyads. This is common for poly(α-olefins), for which regioregular polymers can have mirror
symmetry with respect to the methylene carbon (Figure 25.7).35 Hence, an isotactic junction is
designated m and a syndiotactic junction r, and an isotactic tetrad is designated mmm rather than iii
and a syndiotactic tetrad rrr rather than sss. However, PLA is not a symmetric polymer, and as noted
previously, at the tetrad level the sensing of the 1H and 13C signals are in the opposite direction as
shown in Figure 25.5. For this reason, we prefer the nomenclature based on i and s, but note that
others may use m or r instead. Similarly, in referring to Equations 25.1 and 25.2, in this case Pm =
Pi and Pr = Ph.
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FIGURE 25.6 Homodecoupled 1H NMR spectra (methine proton region) of PLAs with various tacticities.
(Reprinted with permission from Chamberlain, B. M.; Cheng, M.; Moore, D. R.; Ovitt, T. M.; Lobkovsky, E.
B.; Coates, G. W. J. Am. Chem. Soc. 2001, 123, 3229–3238; Radano, C. P.; Baker, G. L.; Smith, M. R. III.
J. Am. Chem. Soc. 2000, 122, 1552–1553; Ovitt, T. M.; Coates, G. W. J. Am. Chem. Soc. 2002, 124, 1316–1326.
Copyright 2000, 2001, 2002 American Chemical Society.)

mmm = iii rrr = sss

FIGURE 25.7 Tetrad stereosequences in polypropylene.

25.3 STEREOSELECTIVE POLYMERIZATIONS

25.3.1 METAL SITE CONTROL

The first attempts to control the stereoselective polymerization of rac-LAwere carried out by Spassky
et al. in 1996.40 Working with a chiral Schiff-base salen (bis(salicylaldehyde)-ethylenediamine)
aluminum complex (R-1, Figure 25.8), he found that d-LAwas preferentially polymerized during the
early course of rac-LA polymerization. This was determined by examining the optical activity of the
residual LA monomer. Furthermore, he estimated that the ratio of the polymerization rate constants
for l-LA and d-LA, kD:kL, was 20:1. Following this work, many other researchers employed chiral
salen aluminum initiators (2, 4–6, Figure 25.8) with varying results. Reactions employing (R,R-
salen)Al(O-i-Pr) ((R,R)-4) were found by Feijen and coworkers to preferentially ring-open l-LA
with a kL:kD of ∼14:1.39,41

In studies of the initial ring-opening event, it was found that (R,R-salen)AlOEt ((R,R)-5) prefer-
entially reacts with l-LA in benzene, toluene, and O-donor solvents such as tetrahydrofuran (THF).
However, in CHCl3, this preference is reversed in favor of d-LA (Scheme 25.5 and Table 25.2).42

Equally surprising is the fact that (R,R-salen)AlOCH2CH(S)MeCl ((R,R)-6) preferentially ring opens
d-LA in all solvents (in contrast to the analogous ethoxide initiator, (R,R)-5) (Table 25.2). These
results point to complexity of stereocontrol in a ring-opening polymerization where both chain-end
control and enantiomorphic site control are involved.

Based on Spassky’s results, Baker and coworkers employed a racemic salen aluminum catalyst
(rac-2, Figure 25.8) and obtained a polymer proposed to be∼90% poly(l-LA) and poly(d-LA), that
is, a stereocomplex polymer.43 However, Coates and Ovitt reexamined this work, and based on the
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TABLE 25.2
Stereoselectivity of Products of 1:1 Reactions of Chiral Salen Al Complexes and
rac-LA in Various Solvents (per Scheme 25.5)

Solvent
L - D
(de, %)a

(R,R)-5 (S ,S )-5 (R,R)-6 (S ,S )-6
Benzene 20 −18 −31 −40
Toluene 12 −17 −33 −37
THF 22 −20 −33 −13
S-Propylene oxide 17 −13 −32 −12
Chloroform −16 14 −30 −3

aDiastereomeric excess of l-LA vs. d-LA ring-opened products.
Source: Chisholm, M. H.; Patmore, N. J.; Zhou, Z. Chem. Commun. 2005, 127–129. Reproduced by permission
of The Royal Society of Chemistry
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“mistakes” in the polymer microstructure, proposed that this material was in fact a blocky polymer
consisting of (l-LA)n-(d-LA)n segments where n ∼11.44 This distinction was made based on the
presence of the iis, sii, and isi tetrads.

Employing the enantiomerically pure catalyst of R-2, Coates and Ovitt prepared the first samples
of syndiotactic PLA (96% sss) from the ring-opening polymerization of meso-LA.45,46 In some
ways this is puzzling, because R-2 was shown to preferentially open l-LA having S,S-configuration.
Thus, it might have been anticipated that by chain-end control, an Al-(S,R) growing chain would
preferentially ring-open meso-LA at the S ketonic carbon generating a Al-(R,S)(S,R) unit having
an i junction. Obviously, meso-LA has two stereocenters of different configuration (R and S), and
both individually influence the rate of ring-opening polymerization as compared to the two identical
S stereocenters in l-LA. Even more puzzling was Coates’ finding that the racemic catalyst rac-2
polymerized meso-LA to give heterotactic PLA having 80% isi and sis junctions. To account for this
observation, Coates and Ovitt suggested a chain exchange mechanism (Scheme 25.6).46 For this
mechanism to work effectively, the rate of chain exchange must be much faster than the rate of ring
opening (propagation). It should be noted here that these aluminum (III) complexes are very slow
polymerization catalysts, typically requiring several days at 70 ◦C to polymerize 100 equivalents of
LA to ∼90% conversion.

Chiral salen yttrium complexes were also examined in the ring-opening polymerization of LA
(R-3, (S,S)-7, Figure 25.8). Although the yttrium catalyst R-3 showed higher kinetic activity (faster
polymerization rate) than Al catalyst R-2, unlike R-2, it produced atactic PLA from meso-LA.46

Similarly, atactic PLA was formed from rac-LA by the (S,S-salen) yttrium catalyst (S,S)-7.47,48

Chiral Mg and Zn trisindazolylborate metal complexes (8 and 9, Figure 25.9) have been syn-
thesized for use as single-site catalysts for the stereoselective ring-opening polymerization of LA by
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FIGURE 25.9 Chiral trisindazolylborate metal catalysts used for LA polymerization (third indazolyl ligand
represented as N–N for clarity).

Chisholm et al.49 In the copolymerization of a 1:1 mixture of meso:rac lactide, the chiral magnesium
complex 8 showed a marked preference for the polymerization of meso-LA over rac-LA, and a
modest preference for the formation of syndiotactic junctions (∼60% sss). However, the chiral zinc
complex 9 showed a much lesser degree of diastereoselectivity.

25.3.2 CHAIN-END CONTROL

When LA is ring opened by a M-X polymerization catalyst (M = metal, X = alkoxide, hydroxide,
amide, etc.), a chiral alkoxide ligand is formed at the metal center. This ligand may then impose its
influence in selecting the next LA molecule for ring opening, and so forth. For example, the initiator
LiO-t-Bu was reported to produce predominantly heterotactic polymer from rac-LA.31,50 Here,
the initial ring opening of l-LA would be followed by d-LA, and the initial ring-opening of d-LA
followed by l-LA, such that isi and sis tetrads would be formed. Such a chain-end control mechanism
has been exclusively studied by employing metal complexes with achiral auxiliary ligands.

Again, Schiff-base type salen aluminum catalysts (10–13, Figure 25.10) were used as mechanistic
probes. In 1997, Spassky and coworkers reported that when achiral salenAl catalyst 10 was employed
in the ring-opening polymerization of rac-LA, it offered a moderate stereoselectivity and produced
PLA with some enhancement in isotactic junctions.51 Nomura et al. prepared a series of achiral
salen Al catalysts (11a–12e); highly isotactic PLA (Pi = 0.9) was obtained from rac-LA using
catalyst 12e bearing bulky substituent groups.52 Chen and coworkers also reported that achiral
salen Al catalyst 13 polymerized rac-LA to give PLA with predominantly isotactic junctions (Pi
= 0.9).53 Gibson and coworkers recently prepared discrete salan-type (bis-o-hydroxybenzyl)-1,2-
diaminoethane) Al catalysts (14a–15d, Figure 25.11) that provide a wide range of PLA tacticities
from rac-LA, from highly isotactic to highly heterotactic (Ph:Pi = 0.21:0.79 to 0.96:0.04). A subtle
change in substituents resulted in a dramatic switch in selectivity.54

Achiral tris(pyrazolyl)borate (Tp) metal complexes of Mg, Zn, and Ca (16–18, Figure 25.12) were
first prepared by Chisholm et al. as initiators for the ring-opening polymerization of lactides.49,55,56

In the copolymerization of a 1:1 mixture of meso-LAand rac-LA, the magnesium and zinc complexes
(16 and 17) showed significant preferences for the polymerization of meso-LA over l- and d-lactides
in CH2Cl2.49 Remarkably, polymerization with the calcium complex (18) is extremely rapid, with
>90% conversion achieved within one minute at room temperature and a 200:1 monomer:catalyst
ratio; this catalyst selectively produces 90% heterotactic PLA(isi/sis) from rac-LAin THF solvent.56

In CH2Cl2, less selectivity is observed, which implicates the role of solvent THF in binding to the
metal center.
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FIGURE 25.10 Achiral salen aluminum catalysts used for LA polymerization.
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FIGURE 25.12 Achiral tris(pyrazolyl)borate (Tp) metal catalysts used for LA polymerization (third pyrazolyl
ligand represented as N–N for clarity).

Significant stereocontrol in the ring-opening polymerization of lactides was achieved by Coates’
group by using achiralβ-diiminate (BDI) metal complexes (19–22, Figure 25.13).34,57 With the bulky
BDI ligand bound to zinc, the complex [(BDI)Zn(O-i-Pr)]2 (21) is effective in polymerizing rac-LA
to give heterotactic PLA (94% isi/sis) and meso-LA to give syndiotactic PLA (76% sss) in CH2Cl2.
Here, chain-end control is operative as shown in Scheme 25.7. Also, Chisholm et al. have prepared
monomeric bulky BDI zinc complexes (23, 24, 26, 27, Figure 25.13) that similarly polymerize
rac-LA to heterotactic PLA (∼90% isi/sis).58–60 Interestingly, with analogous magnesium BDI
complexes (22, 25, 28, Figure 25.13), neither the Coates nor Chisholm groups observed stereose-
lective polymerization of lactides in CH2Cl2, although the Mg-catalyzed polymerization reactions
were much more rapid than the Zn-catalyzed polymerizations. Even more interestingly, Chisholm
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SCHEME 25.7 Chain-end control stereoselectivity in the ring-opening polymerizations of (a) rac-LA and (b)
meso-LA by the initiator [(BDI)Zn(O-i-Pr)]2 (21) (P = polymer chain; kR/SS = rate constant of ring opening
of l-LA (S,S) by a R chain end). (Reprinted with permission from Chamberlain, B. M.; Cheng, M.; Moore, D.
R.; Ovitt, T. M.; Lobkovsky, E. B.; Coates, G. W. J. Am. Chem. Soc. 2001, 123, 3229–3238. Copyright 2001
American Chemical Society.)

et al. found that working in THF as the polymerization solvent restored the stereoselectivity (∼90%
isi/sis) of the magnesium catalyst system back to that of the zinc system without significant loss
of rate.59,60 This again implicates the role of the solvent THF as a ligand. Gibson and coworkers
prepared (BDI)Sn(II)O-i-Pr (29, Figure 25.13) and obtained a modest preference for heterotacticity
when polymerizing rac-LA in toluene.61
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30:  M = Y, X = CH2SiMe3
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32:  M = La, X = N(SiHMe2)2

FIGURE 25.14 Group 3 alkoxy-amino-bis(phenolate) catalysts used for LA polymerization.

NN RR
33:  R = 2,4,6-trimethylphenyl
34:  R = 2,6-diisopropylphenyl
35:  R = tert-butyl

FIGURE 25.15 Carbenes used as catalysts for LA polymerization.

Carpentier and coworkers recently synthesized yttrium and lanthanide LA polymerization
catalysts with tetradentate alkoxy-amino-bis(phenolate) ligands (30–32, Figure 25.14).62 Yttrium
compounds 30 and 31 polymerized rac-LA to give predominantly heterotactic polymer (Ph = 0.8)
in THF, showing less selectivity in toluene (Ph = 0.6). The heterotacticity of PLA formed by lanthan-
ide complex 32 from rac-LA in THF is significantly decreased (Ph = 0.64) compared to its yttrium
analogue 31.

In the organic catalyst systems used for LA polymerization, such as carbene/primary alcohol,
usually little stereocontrol can be obtained. However, Hillmyer and Tolman have reported that
the carbenes 33–35 (Figure 25.15), in the presence of n-butanol, produced isotactic-enriched PLA
(Pi = 0.6) from rac-LA in CH2Cl2. Even higher selectivity (Pi = 0.75) was obtained when the
polymerization was carried out at −20 ◦C.63

25.4 CONCLUSIONS

It is clear that within the past decade, considerable progress has been made in the stereoselective
polymerizations of lactides. However, it is also fair to state that the success to date has largely
been from empirical studies. Unlike α-olefins, lactide monomers contain two stereocenters, and
the way in which these interact with the chiral end of the growing polymer chain and the chiral
metal center is far from understood. Moreover, the solvent may play a critical and somewhat sur-
prising role. This was seen, for example, with the highly active (BDI)MgOR and TpCaOR catalyst
systems (18, 25, 28) that convert rac-LA to heterotactic PLA in the O-donor solvent THF, which
can act as a ligand to these oxophilic metals. The complex nature of the role of the solvent and
the alkoxide ligand is also emphasized by the studies of the initial ring-opening event. Clearly a
good deal needs to be learned before catalysts can be designed for the stereoselective ring-opening
polymerization of lactides, and computational efforts underway in various groups may assist in these
matters.64,65
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� stereoregularity
�abs absolute stereoregularity
�rel relative stereoregularity
µ or [η] polymer viscosity

a or a- atactic
AA acrylic acid or aluminum-activated
acac acetylacetonate
acacH acetylacetone
Adam adamantyl
ADMET acyclic diene metathesis polymerization
AFM atomic force microscopy
AIBN 2,2′-azobisisobutyronitrile
An acenaphthyl
ANiBr bis(allylnickel bromide)
ANiTFA bis[(η3-allyl)(trifluoroacetato)nickel(II)]
APT Approximate Pair Theory
ATRP atom transfer radical polymerization

B3LYP 3-Parameter Becke fit + Lee Yang Parr correlation
function

9-BBN 9-borabicyclo[3.3.1]nonane
BD 1,3-butadiene
BDI β-diiminate
BenzInd benz[e]indenyl
BINOL 1,1′-bi-2-naphtholate
bipy or bpy 2,2′-bipyridyl or 2,2′-bipyridine
Bn benzyl
BzF5 perfluorobenzoyl

C=2 ethylene
C=3 propylene
C=8 1-octene
CAS Chemical Abstracts Service
CD circular dichroism
CE chain end
C6F5 pentafluorophenyl
CGC constrained geometry catalyst
CHD 1,3-cyclohexadiene
CM cross metathesis
COC cyclic olefin copolymer or cycloolefin copolymer
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COD or cod cyclooctadiene
coe cyclooctene
COSY correlation spectroscopy
Cp cyclopentadienyl (C5H5)

Cp∗ pentamethylcyclopentadienyl (C5Me5)

Cp′ cyclopentadienyl ligand (substituted or unsubstituted)
CpR substituted cyclopentadienyl ligand
Cpcent cyclopentadienyl centroid
CPE cyclopentene
CPO chlorinated maleated isotactic polypropylene
CP MAS or CPMAS cross-polarization magic-angle spinning
CTA chain transfer agent
Cy cyclohexyl

Da Dalton
D/A donor–acceptor
DABCO 1,4-diazabicyclo[2.2.2]octane
DEPT distortionless enhancement by polarization transfer
DFT density functional theory
DMAP 4-(N , N-dimethylamino)pyridine
DMB 2,3-dimethyl-1,3-butadiene
dmbd 3,3-dimethyl-1,2-butanediolate
dmbdH2 3,3-dimethyl-1,2-butanediol
dmca dimethylcalixarene
dme 1,2-dimethoxyethane
3,4-DMP1 3,4-dimethyl-1-pentene
dmpe 1,2-bis(dimethylphosphino)ethane
dpm 2,2,6,6-tetramethyl-3,5-heptanedionate
dppp 1,3-propanediyl-bis(diphenylphosphine)
DSC differential scanning calorimetry

E ethylene
ECP ethylene-1,2-cyclopentane
ee enantiomeric excess
EHPP elastomeric homopolypropylene
ENB 5-ethylidene-2-norbornene
EP, EPM ethylene/propylene copolymer
EPNB ethylene/propylene/norbornene terpolymer
EPDM ethylene/propylene/diene monomer terpolymer
ES enantiomorphic sites
ESR electron spin resonance
EtMA ethyl methacrylate
EtA ethyl acrylate

FI Catalyst bis(phenoxy-imine) group 4 complex
Flu fluorenyl

GPC gel permeation chromatography
GTP group transfer polymerization

1,5-HD 1,5-hexadiene
HETCOR heteronuclear correlation spectroscopy
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Hf , �Hf , �H heat of fusion or heat of transition
hfacac hexafluoroacetylacetonate
HFIP 1,1,1,3,3,3-hexafluoropropan-2-ol
h-h head-to-head
h-t head-to-tail
H4Ind 4,5,6,7-tetrahydroindenyl

i or i- isotactic
Ind indenyl
iPP isotactic polypropylene
iPrMA isopropyl methacrylate
iPS isotactic polystyrene
IR infrared

l like diad
LˆL′ cis-chelating bidentate ligand
LA lactide

m meso
MA methyl acrylate
MAO methylaluminoxane or methylalumoxane
MAO9 anionic (AlMeO)9 cluster counterion model
MCH methylene-1,3-cyclohexane
MCP methylene-1,3-cyclopentane
mCPBA meta-chloroperoxybenzoic acid
2-Me-4-PhInd 2-methyl-4-phenylindenyl
3-MH1 3-methyl-1-hexene
4-MH1 4-methyl-1-hexene
mid N-methylimidazole
MM molecular mechanics
MMA methyl methacrylate
MMAO modified methylaluminoxane
Mn number average molecular weight
MOD 7-methyl-1,6-octadiene
3-MP1 3-methyl-1-pentene
3-MPD 3-methyl-1,3-pentadiene
4-MPD 4-methyl-1,3-pentadiene
Mv, Mη viscosity average molecular weight
Mw weight average molecular weight

NA or na not applicable or not analyzed
Naph naphthyl
α-naph α-nitroacetophenonate
NB norbornene
NBD or nbd norbornadiene
nBA n-butyl acrylate
nBMA n-butyl methacrylate
ND or nd not determined or not detected
NMR nuclear magnetic resonance
nr not reported
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OAc acetate
1,7-OD 1,7-octadiene
Oct octamethyloctahydrodibenzofluorenyl

P propylene or polymeryl or polymer chain
PBD polybutadiene
PCL poly(ε-caprolactone)
PCPE poly(cyclopentene)
PD 1,3-pentadiene
PDI polydispersity index (also abbreviated PI)
PE polyethylene
PECP poly(ethylene-1,2-cyclopentane)
PEO poly(ethylene oxide)
PEtMA poly(ethyl methacrylate)
phen 1,10-phenanthroline
PI polyisoprene or polydispersity index (also abbreviated PDI)
PLA polylactide or poly(lactic acid)
PMA poly(methyl acrylate)
PMCH poly(methylene-1,3-cyclohexane)
PMCP poly(methylene-1,3-cyclopentane)
PMMA poly(methyl methacrylate)
PMP2 Projected Second Order Møller Plesset perturbation theory
p-MS para-methylstyrene
Pn number average degree of polymerization
PNB polynorbornene (also abbreviated poly(NB))
PnBA poly(n-butyl acrylate)
PnBMA poly(n-butyl methacrylate)
poly(NB) polynorbornene (also abbreviated PNB)
poly(NBD) poly(norbornadiene)
POM polarized optical microscopy
PP polypropylene
PPA poly(phenylacetylene)
PPP poly( p-phenylene)
PPD poly(1,3-pentadiene)
PS polystyrene
PtBMA poly(t-butyl methacrylate)
PVA poly(vinyl acetate)

QM quantum mechanics
QM-MM hybrid quantum mechanical-molecular mechanics method

r racemo (racemic)
RCM ring closing metathesis
RFF reactive force field
RMS root mean square
ROMP ring opening metathesis polymerization

s or s- syndiotactic
S styrene or solvent
salcy N ,N ′-bis-(2-hydroxybenzylidene)-1,2-cyclohexanediamine
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salan bis(o-hydroxybenzyl)-1,2-diaminoethane ligand
salen N ,N ′-bis-(2-hydroxybenzylidene)-1,2-ethanediamine
salph N ,N ′-bis-(2-hydroxybenzylidene)-1,2-benzenediamine
salpr N ,N ′-bis-(2-hydroxybenzylidene)-1,2-propanediamine
SEM scanning electron microscopy
SFM scanning force microscopy
SHOP Shell Higher Olefins Process
sPP syndiotactic polypropylene
sPS syndiotactic polystyrene
SSC single-site catalyst

tBMA t-butyl methacrylate
TEA triethylaluminum
TEM transmission electron spectroscopy
Tf triflate (trifluoromethanesulfonate)
Tg glass transition temperature
t-h tail-to-head
THF tetrahydrofuran
TIBAL or TIBA triisobutylaluminum
Tm, TM melting temperature
TMA trimethylaluminum
TMEDA N ,N ,N ′,N ′-tetramethylethylenediamine
3,5,5-TMH1 3,5,5-trimethyl-1-hexene
TM-SFM tapping mode scanning force microscopy
TOA trioctylaluminum
Tp polymerization temperature
Tp tris(pyrazolyl)borate
TPE thermoplastic elastomer
TPE-PP thermoplastic elastic (elastomeric) polypropylene
TPP 5,10,15,20-tetraphenylporphyrinato
TREF temperature rising elution fractionation
TS transition state
TsH p-toluenesulfonhydrazide
t-t tail-to-tail

u unlike diad
UHMW ultra high molecular weight
UV ultraviolet

V variation coefficient
VA vinyl acetate
VNB 5-vinyl-2-norbornene
VTM 1- or 3-vinyl tetramethylene

WAXD wide-angle X-ray diffraction
WAXS wide angle X-ray scattering

x crystallinity
Xn degree of polymerization
XRD X-ray diffraction
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A
2-Adamantyl catalyst i-43, 59
(2-Ar-indenyl)2MX2 complexes, 212–213
(2-Ar-indenyl)2MX2-based catalysts, 217
(AlMeO)9 cluster, 176
[Ar-N(CH2)3N-Ar]TiCl2(Ar = 2,6-(i-Pr)2-C6H3) (5a),

159
35a–c/MAO, 121
36a/[CPh3]+[B(C6F5)4]−, 118
41a/MAO, 128
Absolute stereoregularity, of polymer, 42
Acyclic diene metathesis polymerization (ADMET),

510
Al(13CH2CH3)3, 381
Al(13CH3)3, 461
Al(i-Bu)3, 449
Al(i-Bu)3/[Ph3C]+[B(C6F5)4]−, 350
AlEt2Cl, 376
AlEt2Cl/Nd(octanoate)3/Al(i-Bu)3, 455
AlEt3/[Ph3C]+[B(C6F5)4]−, 349
AlEt3/Ni(carboxylate)2/(BF3OEt2) system, 451
AlEtCl2/Ti(On-Bu)4, 451
Alkyllithium/1,4-diazabicyclo[2.2.2]octane (DABCO)

initiating system, 478
Alternating ethylene/cyclopentene copolymers,

544–545
Alternating ethylene/norbornene copolymers, 524–525
Alternating ethylene/propylene copolymerization,

193–195
Aluminum alkyl/oxide methylaluminoxane (MAO), 4,

8, 12, 24, 39
Aluminum catalysts featuring chiral alkoxides, 632
Aluminum–acetylacetonate catalysts, 630–632
Aluminum–calixarene catalysts, 634
Aluminum–porphyrin catalysts, 633
Aluminum–Schiff-base catalysts, 633–634
Amine bis(phenolate) catalyst, 353
Amine bis(phenolate) ligands, 352–354
Amine-phenolate group 4 type catalysts, 352–358
Analogous titanium complexes, 353
ANiBr/MAO catalyst, 482–485
ANiTFA catalyst, 480
Ansa-Bis(indenyl)zirconium complexes, 140
Ansa-metallocene complexes

group 4 boron-bridged
Y(Cp)2MX2 (M = Ti, Zr), 136–140
Y(Flu)(Cp)ZrCl2, 143–145
Y(2-Me-4-PhInd)2ZrCl2, 142–143

group 4 donor–acceptor-bridged, 148–149
group 4 phosphorus-bridged

Y(CpR)2MCl2(R = H, t-Bu; M = Ti, Zr), 145
Y(Flu)2ZrCl2, 147–148
Y(2-Me-4-PhInd)2ZrCl2, 147

Ansa-metallocene Et(Ind)2Ti Cl2, 84
Ansa-metallocenes

C2-symmetric bis(cyclopentadienyl), 20–21
C2-symmetric bis(fluorenyl), 21–22
C2-symmetric bis(indenyl), 17–20

Ansa-zirconocene/MAO catalyst, 349
Anti-rac-Me2Si(Ind)(3-MeInd)ZrCl2 (64), 95
Appear™ polymers, 426
Atactic polystyrene, 363
Avatrel™, 425–426

B
B(C6F5)3, 353, 372, 379
B(C6F5)3, 357
35b/MAO, 119, 126
36b/[CPh3]+[B(C6F5)4]−, 118
B3LYP barriers, 171
40b–c/MAO, 126
Base-catalyzed isomerization, of PhB(HInd)2, 140
Benzamidinate zirconium complexes, 158
Bernoullian polymer, 44
Bidentate N , N ′-bis(trimethylsilyl)amidinate ligands,

373
Biphenolate group 4 type catalysts, 350
Bis(1,4-cyclooctadiene)nickel(0)/butadiene/HSbF6, 419
Bis(2-phenylindenyl)zirconium dichloride (vide infra),

23
Bis(2-phenylindenyl)zirconium dichloride 32, 24
Bis(cyclopentadienyl) systems, 85–86
Bis(cyclopentadienyl) titanium complexes, 368
Bis(cyclopentadienyl) zirconcocenes, Me2C- and

Me2Si-bridged analogues of, 86
Bis(cyclopentadienyl) zirconium and hafnium

complexes, 368
Bis(cyclopentadienyl)-based complexes of the group 4

transition metals, 83
Bis(cyclopentadienyl)titanium diphenyl complex 26, 23
Bis(cyclopentadienyl)zirconium dichloride (Cp2ZrCl2)

catalyst, 400
Bis(imine-phenolate) complexes (17), 351
Bis(imino)pyridyl vanadium complexes, 452
Bis(indenyl) ansa-metallocenes, 16
Bis(indenyl) systems, 87–88
Bis(phenoxy-imine) group 4 complexes (FI catalysts),

propylene polymerization with FI catalysts
activated with MAO, 161–163
activated with MAO i-Bu3Al/[Ph3C]+[B(C6F5)4]−,

163–165
Bis(phenoxy-imine) group 4 type catalysts, 351
Bis(tetrahydroindenyl) ansa-metallocenes, 16
Bis(tetrahydroindenyl)zirconocene analogue 3b, 17

667
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Borane-terminated polypropylene, 280–282
Boron-bridged cp2mcl2 complexes, 139
Bridged bis(phenolato) titanium complexes, 374
Bridged bis-Cp zirconocene analogues, 87
Bridged C1-symmetric species, 60
Bridged fluorenyl/amido half-metallocenes, 51–52
Bridged fluorenyl/cyclopentadienyl metallocenes,

44–50, 52–59
Bridged fluorenyl/fluorenyl metallocenes, 50–51
Bridged fluorenyl/indenyl metallocenes, 50, 59–60
Bridging systems, effects of changing, 88–89
Brintzinger-type catalysts, 17
Brookhart–Gibson type pyridyldiimine cobalt catalysts,

422
Bruker Avance 400 Ultrashield spectrometer, 428
Butadiene polymers

cis-1,4-polybutadiene, 449–451
syndiotactic and isotactic 1,2-polybutadienes, 453
trans-1,4-polybutadiene, 451–453

C
(C13H8)PhCHCH2(C27H16)ZrCl2, 38
(C13H9)2Mn, 38
(C13H9)2ZrCl2, 38
(C5H5)(C13H9)ZrCl2, 38
(C5H5)2MXn, 37
(C5Me5)2AlMe, 137
(C9H7)(C13H9)ZrCl2, 38
(C9H7)2Co, 38
(CH3)2C(3-tert-butyl-4-methyl-C5H2)(C13H8)ZrCl2

(ih-5), 57
(CH3)CH(Me4Cp)(Ind)ZrCl2 (63), 95
[(CH3CN)4Pd]+2 [BF4]−2, 419

[(η3-crotyl)Ni(1,4-COD)]+[PF6]−, 420
[Cp*Ti(IV)Me2]+[MeB(C6F5)3]−, 377
[Cp*TiR2]+[B(C6F5)3R]−, 379
[Cp2Ti(growing polymer chain)]+ model, 11
[CPh3]+[B(C6F5)4]−, 117
[CpTiIIICH(Ph)CH3]+ species, 381
13C NMR spectra, of the polymers, 11, 40
13C NMR spectroscopy, 349, 357, 364, 381, 426
13C-CPMAS (cross-polarization/magic-angle

spinning)NMR spectra of polymers, 418
2-(CH2Si(CH3)-2-adamantyl, 58
40c/MAO, 126
(CH3)2C(C5H4)(C13H8)Zr(C5H5)Cl, 38
13C-enriched Al(13CH3)3, 461
C1-symmetric zirconocene

rac-dimethylsilandiyl(ferroceno[2,3]inden-1-
yl)(cyclopentadienyl) zirconium zirconium
dichloride, 406

C-2-bridged bis(indenyl) zirconocene precatalysts,
activated with mao in propylene polymerization,
92

C2-symmetric ansa-metallocene catalysts, 349
C2-symmetric rac- Me2Si(Ind)2ZrCl2 catalyst, 402
C2-symmetric rac-[Me2Si(Ind)2]ZrCl2, 416
C2-symmetric Salan catalysts 24 and 25, 356
C2v-symmetric (Cp*)2ZrCl2/MAO catalyst (3), 347
C2v-symmetric Cp2TiMe2 (4), 348
C3-symmetric scandium catalyst, 352
Carbon-bridged i-1, 59

Carbon–carbon bond, of a cyclopentadienyl ring, 103
CH(SiMe3)2 alkyl ligand, 110
CH2CH2- (28), 88
CH2CH2 (Flu)2ZrCl2 (C13), 147
CH2CH2 (Flu)(Cp)ZrCl2 (C10), 143, 145
CH2CH2-bridged C5, 142
CH3OH/HCl , 114
Chain flexibility, of polymers, 175
Chain propagation, in metallocene-catalyzed propylene

polymerization, 5–6
Chain release mechanisms
β- hydride and β-methyl transfer reactions, 274–276
influence of catalyst structure and reaction conditions

on chain transfer reactions, 276–278
in metallocene-catalyzed propylene polymerization,

6–7
Chain-end control mechanism, 11–12
Chain-end functionalized polypropylene

allyl monomer-terminated polypropylene, 288
applications

diblock copolymers, 288–290
polypropylene/clay nanocomposites, 290–292

borane-terminated polypropylene, 280–282
functionalized styrene-terminated polypropylene,

285–288
silane-terminated polypropylene, 280
styrene-terminated polypropylene, 282–285
zinc alkyl-terminated polypropylene, 279–280

Chelating diamido group 4 type catalysts, 350–351
Chemical Abstracts Service (CAS) registry, 38
Chemical bond lengths, representative, 118
Chemoselectivity, 448
Chiral C2-symmetric ansa-zirconocene precatalyst,

347
Chiral column gas chromatography (GC) analysis, 400
Chiral olefins, kinetic resolution of, 126–129
Chiral rac-Et(Ind)2ZrCl2 catalyst, 400
Chiral zinc alkoxide catalysts, 634–635
Cholestanyl- and menthyl-substituted complexes 29–31,

26
Cholestanyl-substituted bis(indenyl) complex 29, 23
Cis-1,4-Polybutadiene, 449–451
Cis-1,4-Polyisoprene, 454
Cis-5,6-bis(Trimethylsiloxy)-1,3- cyclohexadiene

(TMSO-CHD), 480
Cis-β-deuteriostyrene, 381
Co(acac)3/AlEt2Cl/H2O, 455
Co(acac)3/organoaluminum/CS2, 453
Co(stearate)3/MAO/tert-butyl chloride, 450
Cobalt-based catalysts, 638–641
Cocatalysts, of syndioselective polymerization of

styrene, 376
Conjugated diene polymers, 457–458
Constrained geometry catalysts (CGCs), 51
Copolymerization

alternating ethylene/propylene, 193–195
of ethylene and cyclopentene with transition metal

catalysts, 405–408
ethylene and styrene, 389
ethylene/norbornene, 429

with constrained geometry catalysts/MAO, 431
using palladium catalysts, 433–434
with various zirconocene/MAO catalysts, 430

ethylene/propylene, 161
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of propylene and cyclopentene with transition metal
catalysts, 409–410

of propylene with borane and silane reagents,
302–305

of propylene with functional monomers, 299–302
tactic styrene copolymers

with olefins, 389–390
with polar monomers, 390–391
with styrenic monomers, 388–389

zinc catalysts for asymmetric cyclohexene
oxide/CO2, 637–638

Copolymerization, ethylene/4-MPD, 461
Copolymers

of norbornene
analysis and structure, 435–439
early transition metal catalysts, 427–433
late transition metal catalysts, 433–435

properties and industrial applications, 439–440
produced by Olefin/CO, 588

Copolymers
temperature rising elution fractionation (TREF) of

the, 407
Corradini–Pino model, of polymer, 175
Cossee mechanism, 5
Counteranion, in isotactic polymerization, 183, 186–189
Cp*2Sm(THF)2, 110
Cp*2YN(SiMe3)2, 110
Cp*Ti(CH2SiMe3)3, 372
Cp*Ti+(IV)Me2(µ-Me)B−(C6F5)3, 377
Cp*TiCl3, 369
Cp*TiMe3/B(C6F5)3 system, 377
Cp*TiMe3/B(C6F5)3/TOA, 377
Cp2ZrCl2(C1), 138
Cp-acetamidinate group 4 type catalysts, 351–352
Cpcent–metal–Cpcent angle, 102
Cpcentroid–Ti–Cpcentroid angle, 368
Cpcent-Zr-Cpcent angle, 114
CpTi(O-n-Bu)3/MAO system, 384
CpTiCl2(OR)/MAO systems, 372
CpTiCl3/MAO system, 376
CpZr moieties, 137
Cp′2TiR2/MAO systems, 11
Cp′Ti(OMe)3., 371
Cp′TiX3, 450
Cp′TiX3/MAO, 390
Crystalline poly(endo-dicyclopentadiene) and

hydrogenated poly(endo-dicyclopentadiene),
545

Crystalline poly(endo-dicyclopentadiene), 545
Cs-symmetric [(Me2C)]ZrCl2 (33), 115
Cs-symmetric [(SiMe2)2
Cs-symmetric [Ph2C(Cp)(Flu)] ZrCl2, 416
Cs-symmetric amine bis(phenolate) isomeric analogue

21, 355
Cs-symmetric precatalysts 35a–d, 116
Cycloolefin copolymer (COC), 413
Cα Orientation, 173–174

D
1,3-Diketonato titanium complexes, 372–373
1,5-Dithiapentanediyl-linked bis(phenolato) ligands,

385

2,3-Dicarboalkoxynorbornadienes and
2,3-dicarboalkoxy-7-oxanorbornadienes,
523–524

2,4-Diphenyl-1-alkenyl group, 390
2,4-Diphenylpentyl polymer end groups, 387
2,4-Disubstituted rac-Me2Si(2-Me-4-PhInd)2ZrCl2

(24), 88
3,6-Ditert- butylated s-133, 51
5,5-Dimethylnorbornene, 513–517
1,3-Dialkenes, 457
Designed catalysts for controlling the polymer tacticity,

239–240
Di(2-ethylhexanoate)nickel/butadiene/HSbF6, 419
Di(n-propoxytitanium) complex (25), 357
Diarylmethylidene bridges, 46
Diastereomeric energy differences, 176–177
Diblock copolymers, 288–290
Diene- and ethylene-based elastomers, 332–334
Diene polymerization, mechanism of chemoselectivity

and stereoselectivity in, 462–466
Differential scanning calorimetry (DSC), 64
Dimethylsilylenebis(cyclopentadienyl)zirconium

dichloride (Me2SiCp2ZrCl2), 406
Diphenylmethylene(cyclopentadienyl)(9-

fluorenyl)zirconium dichloride
(Ph2C(Cp)(Flu)ZrCl2), 402

Disiloxanediyl bridge, 109
Doubly bridged metallocenes, 125

general description of bonding in doubly bridged
ansa-metallocenes, 102–106

metallocenes without reported polymerization data,
106–108

polyethylene catalysts
that do not polymerize propylene, 109–110
without propylene polymerization data,

108–109
DUVCOR™ polymers, 426

E
(E)-1-phenyl-1,3-butadiene, 457
E/NB copolymers

applications, 439–440
copolymerization

with constrained geometry catalysts/MAO, 431
using palladium catalysts, 433–434
with various zirconocene/MAO catalysts, 430

effect of incorporation level of norbornene, 436
micro- and stereostructural analysis, 435–439
pentads reflections, 436–437
synthesized by CGC catalysts, 438

[Et3NH]+[B(C6F5)4]−, 372
Elastomeric homo-polypropylene

solid state properties of elastic polypropylenes with
variable tacticity

comparing the properties of polypropylenes
prepared using different cocatalysts,
260–263

polypropylenes prepared by a C1-symmetric
catalyst, 253–258

polypropylenes prepared using a perfluorophenyl
borate as cocatalyst, 258–260
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Elastomeric homo-polypropylene (continued)
synthesis of thermoplastic-elastic polypropylenes

C1-symmetric catalysts, 240–252
designed catalysts for controlling the polymer

tacticity, 239–240
polypropylenes through metallocene catalysis,

237–239
thermoplastic elastomers

crystalline structures, 234–237
morphology of thermoplastic-elastic

polypropylene, 233–234
Electronic reorganization errors, 171–173
Electronic structure models, 178
Enantiofacial misinsertion, 68
Enantiomorphic site control, of metallocene, 12–14
Endo- and exo-dicyclopentadiene, 523
Endo,exo-5,6-dimethylnorbornene, 522–523
Epimerization process, 55
Erythro/threo-Me2C(3-MeCp)(Ind)ZrCl2 (58), 93
Ethylene- and dimethylsilylene-bridged indenes, 28
Ethylene and styrene copolymerization, 389
Ethylene/norbornene (E/NB) copolymers, 413
Ethylene/propylene copolymerization, 161, 193–196
Ethylene/propylene copolymers

analytical evaluation of propylene placement in the
copolymer chains, 322–323

catalytic systems and copolymer constitution and
configuration

control of propylene insertion, 324–325
intramolecular distribution of the comonomers,

326–327
nature of catalyst active site and intermolecular

distribution of molecular properties,
323–324

comonomers in, 317–319
crystallinity of, 329–332
diene- and ethylene-based elastomers, 332–334
elastomers based, 336
examples, 327–329
influence of regio- and stereoregularity of propylene

insertion, 332
intramolecular distribution of the comonomers,

319–322
propylene placement, 325–326
synthesis by Ziegler–Natta-type catalysts

“single-site” catalysts (SSCs), 315–316
titanium-based catalysts, 315
vanadium-based catalysts, 315

Ethylenebis(4,5,6,7-tetrahydroindenyl)zirconium
dichloride, 16

Ethylenebis(indenyl)zirconium dichloride 2b, 25
Ewen/Razavi catalyst (s-1), 45

F
Fe(bipy)2 Cl2 complexes, 454
Fluorenyl/fluorenyl metallocenes, 60–61
Fluorenyl-containing organometallic species

background, 37–38
determination of polymer stereochemistry, 40
hemiisotactic polypropylene, 61–62
isotactic polypropylene

bridged fluorenyl/cyclopentadienyl metallocenes,
52–59

bridged fluorenyl/indenyl metallocenes, 59–60
fluorenyl/fluorenyl metallocenes, 60–61

isotactic-hemiisotactic polypropylene, 62–67
mechanisms and nomenclature, 39–40
overview of possible tacticities, 40
quantification of polymer stereoregularity, 42–44
scope, 38–39
syndiotactic polypropylene

bridged fluorenyl/amido half-metallocenes, 51–52
bridged fluorenyl/cyclopentadienyl metallocenes,

44–50
bridged fluorenyl/fluorenyl metallocenes, 50–51
bridged fluorenyl/indenyl metallocenes, 50

syndiotactic-hemiisotactic polypropylene, 67–70
Free-radical polymerization, 617–618
Functionalized styrene-terminated polypropylene,

285–288

G
Gel permeation chromatography (GPC) analysis, 357
Green–Rooney mechanism, 5–6
Grignard reagents, 27
Group 4 boron-bridged

Y(2-Me-4-PhInd)2ZrCl2, 142–143
Y(Cp)2MX2 (M = Ti, Zr), 136–140
Y(Flu)(Cp)ZrCl2, 143–145

Group 4 donor-acceptor-bridged, 148–149
Group 4 phosphorus-bridged

Y(2-Me-4-PhInd)2ZrCl2, 147
Y(CpR)2MCl2(R = H, t-Bu;M = Ti, Zr), 145
Y(Flu)2ZrCl2, 147–148

H
[HMe2N(C6H5)]

+[B(C6F5)4]-/Al(i-butyl)3, 51
1,5-Hexadiene with metallocene catalysts, 491–496
1/[HMe2NC6H5]+[B(C6F5)4]-/Al(i-butyl)3, 216
H-1/MAO, 62
Hafnium complex h-1-Hf, 62
Hafnium complexes, 17–18
Hafnium dichloride species, 45

analogues, 47–50
β−H elimination, 121
Hemiisoselective compounds and references, 71
Hemiisotactic polypropylene, 61–62
Hf-FI catalysts, 161, 162, 164
High valency vanadium compounds, 346
Homopolymerization, of norbornene, 413
Hydrogenated poly(endo-dicyclopentadiene), 545
Hydrogenation, of a benzene-d6 solution, 122
Hydrooligomerization, of CPE, 400

I
(i-Pr)2NB(Flu)(Cp) ZrCl2 (11), 143
1,2-Isotactic poly(4-MPD), 459
I-42/MAO, 59
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I-63/MAO, 59
I-Bu3Al/[Ph3C]+[B(C6F5)4]−, 163–164
Imido molybdenum alkylidene complexes, 529–544
Indenyl titanium trichlorides 24–39, 371
Indenyl titanium trichlorides 40–47, 371
Indenyl/indenyl C2-symmetric catalysts, 59
Indenyl-Cp metallocenes, 93–95
IndTiCl3/MAO, 388
Initiators, for acrylate polymerization

classical (poorly defined)
organolithium, 597
organomagnesium, 597

well-defined
aluminum, 613–617
group 3 and rare earth metal initiators, 597–601
group 4 initiators, 601–608
group 5 initiators, 608
magnesium and lithium, 608–613

IPP, 11, 20
I-Pr(Cp)(Flu)ZrCl2/MAO catalyst system, 349
Iron complex-catalyzed polymerizations, 160
Isoprene polymers

3,4-polyisoprene, 454
cis-1,4-polyisoprene, 454
trans-1,4-polyisoprene, 454

Isopropyl-bridged
(3-tert-butyl-Cp)(fluorenyl)zirconocene, 14

Isopropylidene(cyclopentadienyl)
(9-fluorenyl)zirconium dichloride), 404

Isoselective compounds and references, 71
Isoselective zirconocene rac-Et(Ind)2ZrCl2, 405
Isotactic 1,2-poly(4-methyl-1,3-pentadiene),

458–459
Isotactic 1,2-polybutadienes, 453
Isotactic cis-1,4-polypentadiene, 455
Isotactic poly(meta-methylstyrene), 346
Isotactic poly(ortho-methylstyrene), 346
Isotactic poly(para-methylstyrene), 346
Isotactic poly(propylene-alt-CO)

enantioselectivity in isotactic copolymers, 581–582
mechanistic studies, 583–584
spiroketal formation, 582–583
synthesis using achiral ligands, 580–581
synthesis using chiral ligands, 581

Isotactic poly(styrene-alt-CO), 585–586
Isotactic poly(vinylcyclohexane), 352
Isotactic poly(α-olefin)s, 346
Isotactic polypropylene (iPP), 4, 9, 399
Isotactic polypropylene

chain orientation, 181–183
counteranion, 183
van der Waals interactions, 179–181

Isotactic polypropylene, 179
bridged fluorenyl/cyclopentadienyl metallocenes,

52–59
bridged fluorenyl/indenyl metallocenes, 59–60
fluorenyl/fluorenyl metallocenes, 60–61

Isotactic polystyrene
mechanism of isoselective polymerization, 387
transition metal complexes for isoselective

polymerization, 384–387
Isotactic trans-1,4-polypentadiene, 455
Isotactic–atactic stereoblock polypropylene

microstructures, 17

Isotactic-hemiisotactic polymer, 41
Isotactic-hemiisotactic polypropylene, 62–67

L
Lewis acid cocatalyst, 12
Lewis base chemisorption/desorption, 208

M
(1-MeInd)TiCl3/MAO system, 379
(Me3SiCp)TiCl3, 370
[(Me2Si)2(3,5-(CHMe2)2-C5H)2]ZrCl2, 112
[(Me2Si)22
[(Me3SiO)Me4Cp]TiCl3, 370
[Me2C(3-MeCp)(Flu)]ZrCl2 (10), 429
[Me2C(Cp)(Flu)]ZrCl2 (8), 429
[Me2Si(Ind)(Flu)]ZrCl2 (13), 429
1-Methylnorbornene, 517–518
2-Methylcyclopenta[b]indole-derived zirconocene 22,

21
4-Methyl-1,3-pentadiene polymers

isotactic 1,2-poly(4-methyl-1,3-pentadiene), 458–459
syndiotactic 1,2-poly(4-methyl-1,3-pentadiene),

459–462
4-Methyl-substituted catalyst s-18, 45
6/MAO, 349
7-Methylnorbornene and 7-methylnorbornadiene,

518–520
(9-(Me2N)C13H8)2ZrCl2, 38
(Me2S)PhB(2-Me-4-PhInd)2ZrCl2(8), 142
Mannich-type synthesis, 354
MAO, 364
McConville’s precatalyst (16), 351
Me2C(3-t-BuCp)(Flu)]ZrCl2 (9), 429
Me2Si(Flu)(N-t-Bu)TiMe2, 389
Me2Si(Me4Cp)(N − t-Bu)TiCl2 (8), 496
Metallation, of dilithio salt rac-17a with ZrCl4, 113
Metallocene precatalysts, activation of, 4–5
Metallocene rigidity, 12
Metallocene symmetry/polymer tacticity relationships,

103
Metallocene/MAO catalysts, characteristics of used for

norbornene hydrooligomerization, 415
Metallocene-catalyzed propylene polymerization,

fundamentals
activation of metallocene precatalysts, 4–5
chain release, 7–8
mechanism of chain propagation, 5–6
regioirregular propylene insertion, 6–7

Methylaluminoxane (MAO), 364–365
Methyl-substituted zirconocene

(CH3)2C(3-CH3-C5H3)(C13H8)ZrCl2 (h-1),
61, 67

MgCl2-supported Ti(O-n-Bu)4, 385
MgCl2-supported TiCl4/NdCl3 heterogeneous system,

386
M–H bond, of active metallocene catalyst, 417
Mm triads, 61
Modified methylaluminoxane (MMAO), 109, 451
Modified methylisobutyl aluminoxane (MMAO), 407
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Molecular mechanics (MM) model, 178
Mono-Cp Ti complex, with an indenyl ligand,

370
Mono-Cp titanium complexes 20–23, 370
Mono-cyclopentadienyl complexes, of group 4 metals,

368–372
Mono-cyclopentadienyl Ti catalysts, 369
Monoolefin/1,5-hexadiene copolymers, 503–504
Monoolefins and nonconjugated dienes,

cyclopolymerization of, 498–503
Monte Carlo simulation, 66
Montell high-performance catalysts 11 and 12, 28

N
“Naked” nickel and palladium catalysts, 419–420, 423
Nd(C3H4R)3, 451
Nd(P204)3, 375
Nd(P507)3/H2O/TIBA, 386
Neodymium-based complexes, 454
Ni diimine complexes, 160
Ni(2-ethylhexanoate)2, 420
Ni(acac)2/Et3N/MAO system, 387
Ni(acac)2/MAO/Et3N system, 385
Ni(dpm)2, 420
Ni(hfacac)2, 385
Ni(α-naph)2, 385
Nonconjugated dienes

cyclopolymerization of, and monoolefins, 498–503
stereoregular cyclopolymerization of

1,5-hexadiene with metallocene catalysts, 491–496
1,7-octadiene with metallocene catalysts, 496–497

Nonmetallocene catalysts, for stereoselective propylene
polymerization

based on early transition metals, 158–160
based on late transition metals, 160–161

Norbornene and norbornadiene, 520–522
Norbornene copolymers

analysis and structure, 435–439
early transition metal catalysts, 427–433
late transition metal catalysts, 433–435
properties and industrial applications, 439–440

O
α−Olefin (CH2-CHR) repeat unit, 346
1,7-Octadiene with metallocene catalysts, 496–497
Octamethyloctahydrodibenzofluorenyl ligand, 68
Olefin metathesis reaction, 510–511
Olefin polymerization, 176
Olefin/CO Co- and terpolymers, taciticity in, 579–580
Ortho-tert-butyl substituents (15), 350
Ortho-trialkylsilyl groups (14), 350
Oscillating-site polypropylene, 189–193

P
[η-PhC(NSiMe3)2TiX3]n, 373
1-Pentene polymerization data for 38a–c and 39/H2(g),

123

3,4-Polyisoprene, 454
(pyridyldiimine)Fe Cl2/modified methylaluminoxane

catalysts, 11
[Ph3C]+[B(C6F5)4]−, 352, 372, 375, 389
Palladium allyl compounds, 422
Pentamethylcyclopentadienyl (Cp*), 369
Pentane effect, 175
Ph2C(C5H4)(C13H8)ScMe(AlMe3), 38
Ph2C(C5H4)(C13H8)TiCl2, 38
Ph2C(Cp)(Flu)ZrCl2, 402, 404
Phosphorus-bridged (Flu)(Cp)ZrCl2, 145
Phosphorus-bridged (Flu)2ZrCl2, 145
Phosphorus-bridged (Ind)2ZrCl2, 145
PhP(2-Me-4-PhInd)2ZrCl2 (15a–b), 147
PhP(Flu)(Cp)ZrCl2 (12), 143, 145
PhP(Flu)2ZrCl2 (17), 147
PMP2 barriers, 171
Poly(cyclopentene) (PCPE), 399

relationship between catalyst structure and
morphology, 405

Poly(methylene-1,3-cyclopentane), 503–504
Polyacetylene

geometric structure of, 556–558
metathesis polymerization and stereoregularity of the

formed polymers
geometric structure of the formed polymers,

559–562
relationship between monomers and catalysts,

558–559
polymerization catalysts and other conditions, 556
polymerization with rhodium catalysts and

stereoregularity of the formed polymers
ligand and solvent effects in the polymerization,

563–568
polymerization of various acetylenes, 568

stereoselective living polymerization, 568–569
stereoregularity of, 556–557

Polyethylene
Mark-Houwink constants of, 428

Polyethylene catalysts, 108–110
Polymer chain issues

Cα orientation, 173–174
chain flexibility, 175–176
chain–anion interaction, 176
minimal chain length, 174–175

Polymerization
1,5-hexadiene with metallocene catalysts 2b, 4b, and

7, 494
acetylenes, 568
C1-symmetric (varying stereoselectivity), 124–129
C2-symmetric (isoselective), 112–114
C2v-symmetric (aspecific), 110–112
calculations for C2-symmetric (isoselective) and

Cs-symmetric (syndioselective) 114–115
cis/trans selectivity in, catalyzed by imido

molybdenum alkylidene complexes, 530–536
conjugated, 478–479
Cs-symmetric (syndioselective), 115–124
dienes, 462–466
fluorinated half-sandwich titanium complex, 371
from representative 2,4-disubstituted bis(indenyl)

zirconocene and their related parent
precatalysts activated with MAO, 89
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from representative substituted bis(indenyl)
zirconocene precatalysts activated with MAO,
87

ligand and solvent effects, 563–568
of 1-methylnorbornene, 517
of 5,5-dimethylnorbornene, 513–517
of 7-methylnorbornene and 7-methylnorbornadiene,

518–520
of endo- and exo-dicyclopentadiene, 523
of racemic monomer mixtures, 347
of styrene in the presence of different transition metal

complexes using MAO as the cocatalyst,
366–367

of zirconium and titanium catalysts with electron
deficient Salan ligands, 357

tacticity in, catalyzed by imido molybdenum
alkylidene complexes, 536–544

zirconocenes, 114–115
Polymerization temperature, 56
Polymers

absolute stereoregularity, 42
alternating ethylene/cyclopentene copolymers,

544–545
alternating ethylene/norbornene copolymers,

524–525
13C NMR spectra, 11
chain geometries, 6
chain issues, 173
of 2,3-dicarboalkoxynorbornadienes and

2,3-dicarboalkoxy-7-oxanorbornadienes,
523–524

of endo,exo-5,6-dimethylnorbornene, 522
of norbornene and norbornadiene, 520–522
relative stereoregularity, 42
stereochemistry, 8–9

determination of, 40
stereoregularity, 42

Polymers, formed by metathesis polymerization of
bicyclic and polycyclic olefins

stereochemical configurations of, prepared by ROMP,
511–512

stereochemical configurations of, prepared from
bicyclic olefin monomers

alternating ethylene/norbornene copolymers,
524–525

endo,exo-5,6-dimethylnorbornene,
522–523

endo- and exo-dicyclopentadiene, 523
2,3-dicarboalkoxynorbornadienes and

2,3-dicarboalkoxy-7-oxanorbornadienes,
523–524

5,5-dimethylnorbornene, 513–517
1-methylnorbornene, 517–518
7-methylnorbornene and 7-methylnorbornadiene,

518–520
norbornene and norbornadiene, 520–522

spiro(bicyclo[2.2.1]hept-2-ene-7,1′-cyclopropane),
520

Polynorbornene
early transition metal catalysts, 414–419
industrial applications, 425–426
late transition metal catalysts, 419–422
structure, 422–425

Polynorbornene (PNB) homopolymers, 413

Polypropylene stereochemistry, control of
chain-end control, 11–12
enantiomorphic site control, 12–15
experimental conditions that affect polymer tacticity,

15
mechanism of stereocontrol
polymer stereochemistry, 8–9

Polypropylene/clay nanocomposites, 290–292
Polypropylenes through metallocene catalysis,

237–239
Post-polymerization, by non-radical-grafting methods,

305–309
Projected Møller Plessset perturbation, 171
Propylene insertion, in metallocene-catalyzed propylene

polymerization, 6–7
Propylene polymerization

calculations for C2-symmetric (isoselective) and
Cs-symmetric (syndioselective) zirconocenes,
114–115

catalysts
C1-symmetric (varying stereoselectivity),

124–129
C2-symmetric (isoselective), 112–114
C2v-symmetric (aspecific), 110–112

Cs-symmetric (syndioselective), 115–124
data

from representative 2,4-disubstituted bis(indenyl)
zirconocene and their related parent
precatalysts activated with MAO, 89

from representative substituted bis(indenyl)
zirconocene precatalysts activated with
MAO, 87

influence of alkyl substitution at C-3 on bis(indenyl)
zirconocene precatalysts, 90

influence of the bridge on bis(indenyl) zirconocene
precatalysts, 90

stereo- and regiocontrol in
alternating ethylene/propylene copolymerization,

193–195
diastereomeric energy differences, 176–177
electronic reorganization errors, 171–173
isotactic polypropylene, 179–183

unsymmetrical metallocene precatalysts activated
with MAO in, 94

Propylene tacticity data, for selected doubly bridged
precatalysts, 111

Prototypical C2- and pseudo-C2-symmetric catalysts
ansa-metallocenes

C2-symmetric bis(cyclopentadienyl), 20–21
C2-symmetric bis(fluorenyl), 21–22
C2-symmetric bis(indenyl), 17–20

synthetic considerations
separation of rac and meso diastereomers, 25–26
variations in the interannular bridge, 28
variations on ligand substituents, 26–28

unbridged metallocenes
pseudo-C2-symmetric bis(cyclopentadienyl), 23
pseudo-C2-symmetric bis(fluorenyl), 24
pseudo-C2-symmetric bis(indenyl), 23–24

Pseudo-C2-symmetric bis(cyclopentadienyl)
metallocenes, 23

Pseudo-C2-symmetric bis(fluorenyl) metallocenes, 24
Pseudo-C2-symmetric bis(indenyl) metallocenes,

23–24
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Q
QM/MMtechnique, 178

R
(R,R)-enantiomer, 13
(R′)2C(3-R-C5H3)(C13H8)MCl2, 64
(η3-1-R-Ind)Ni(PPh3)Cl/NaBPh4, 375
R2NB-bridged group 4 ansa-metallocene complexes,

138
R3Al (R = i-Bu, C6H13, C8H17)/

[Ph3C]+[B(C6F5)4]−, 159
Rac- CH2CH2(Ind)2ZrMe2 (11) precatalyst, 350
Rac-[C2H4(H4Ind)2]ZrCl2, 418
Rac-[ethylidene(tetramethylcyclopentadienyl)(1-

indenyl)]Ti Cl2,
218

Rac-[H2C(3-R-Ind)2]ZrCl2 103–106, 387
Rac-CH2CH2(3-(Me3Si)Ind)2ZrCl2 (34), 88
Rac-CH2CH2(Ind)2ZrCl2 (7), 349
Rac-CH2CH2(Ind)2ZrCl2/MAO (108), 389
Rac-CH2CH2(Ind)2ZrCl2/MAO, 349
Rac-dimethylsilandiyl(ferroceno[2,3]inden-1-

yl)(cyclopentadienyl)zirconium dichloride,
406

Rac-dimethylsilyl-bis(2-methyl-benz[e]-1-
indenyl)ZrCl2, 222

Racdimethylsilylene
bis(2-methylbenz[e]indenyl)zirconium
dichloride (7), 193

Rac-dimethylsilylenebis(indenyl)zirconium dichloride,
402

Rac-diphenylcarbenyl(Cp)(9-fluorenyl)ZrCl2,
222

Racemic 3-methylpentene and 4-methylhexene),
346, 347

Racemic and meso diastereomers, 25–26
Racemic ethylene-bridged bis(indenyl)zirconium

dichloride, 17
Racemic Y(2-Me-4-PhInd)2ZrX2 complexes,

144
Racemic Y(Flu)2 ZrCl2 complexes, 148
Racemic Y(Ind)2ZrCl2 complexes, 142
Rac-Et(Ind)2ZrCl2, 400, 406
Rac-ethylenebis(indenyl)titanium dichloride, 16
Rac-ethylenebis(indenyl)zirconium dichloride

(rac-Et(Ind)2ZrCl2), 400
Rac-ethylenebis(tetrahydroindenyl)zirconium

dichloride, 400
Rac-H2C(3-R-Ind)2ZrCl2/MAO systems, 387
Rac-H2C(3-t-BuInd)2ZrCl2, 385
Rac-Me2Si(2-Me- 4-t-BuCp)2Zr(NMe2)2/Al(i-Bu)3/

[Ph3C]+[B(C6F5)4]−, 349
Rac-Me2Si(2-Me-4-PhInd)2Zr(-(Ph)C=CHCH=

C(Ph)-), 143
Rac-Me2Si(2-MeBenz[e]Ind)2ZrCl2 (19), 88
Rac-Me2Si(2-MeInd)(2-Me-4-PhInd)ZrCl2 (66),

95
Rac-Me2Si(2-Me-Ind)2ZrCl2, 409
Rac-Me2Si(3-t-BuInd)2ZrCl2 (33), 88
Rac-Me2Si(4-PhInd)2ZrCl2 (22), 88
Rac-Me2Si(Benz[e]Ind)2ZrCl2 (14), 88

Rac-Me2Si(Ind)(2-Me-4-PhInd)ZrCl2 (65), 95
Rac-Me2Si(Ind)2ZrCl2 (10), 349
Rac-Me2Si2ZrCl2 (50), 91
Rac-trimethylenebis(3-tert-butylcyclopentadienyl)

titanium dichloride, 15
Regioselectivity, 448
Relative stereoregularity, of polymer, 42
Ring opening metathesis polymerization (ROMP), 413,

510
Ring opening olefin metathesis polymerization

(ROMP), 510
Ring-closing metathesis (RCM), 510
Rm triads, 61
R–M–R′angles, 103
Ruthenium alkylidene catalysts, 527–528

S
(S,S)-enantiomer, 13
(S,S,S)-[(SiMe2)2{3,5-(CHMe2)2-C5H}{4- ((S)-

CHMeCMe3)
−C5H2}]Zr(SCH2CH(CH3)CH2CH3)2

(42a), 126
[(SiMe2)2{3,5-(CHMe2)2-C5H}{4-((S)-CHMeCMe3)-

C5 H2}]Zr(SC6H5)2 (42b),
126

([(SiMe2)2{3,5-
(CHMe2)2-C5H}{4-((S)-CHMeCMe3)-
C5H2}]ZrCH3)

+, 128
S-133-Ti/MAO, 52
S-136/MAO, 52
Salan ligands ([ONNO]-type salicylalkylidene ligands),

354
fac-fac Salan wrapping mode, 355
featuring tert-butyl aryl substituents, 355

Salan polymerization precatalysts, synthesis of, 354
Scandium complex 85, activity of, 375
Schrock–Hoveyda catalyst 24, 544
SciFinder® search, 38
SHOP-type catalyst, 421
Silane-terminated polypropylene, 280
Silicon-bridged i-3, 59
Sita’s cyclopentadienyl-acetamidinate precatalysts (18a

and 18b), 352
Site epimerization mechanism, 52
Solvay-type-TiCl3/Cp2TiMe2, 384
Spiro(bicyclo[2.2.1]hept-2-ene-7,1′-cyclopropane), 520
Spiroketal formation, 582–583
Spirosilane ((CH2)3Si-) or 2,2′- biphenyl bridges, 87
Stereo- and regiocontrol, in propylene polymerization

alternating ethylene/propylene copolymerization,
193–195

diastereomeric energy differences, 176–177
electronic reorganization errors, 171–173
isotactic polypropylene

chain orientation, 181–183
counteranion, 183
van der Waals Interactions, 179–181

Stereo- and regiocontrol, in propylene polymerization
models

combined methods, 178–179
conceptual models, 177–178
electronic structure models, 178
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molecular mechanics, 178
oscillating-site polypropylene, 189
polymer chain issues

Cα orientation, 173–174
chain flexibility, 175–176
chain–anion interaction, 176
minimal chain length, 174–175

syndiotactic polypropylene
counter anion, 186–189
van der Waals stabilization, 189

Stereoblock polymers, 347
Stereoblock polypropylene

catalytic routes
fluxional bridged metallocene catalysts, 219–220
heterogeneous multicenter Ziegler–Natta catalysts,

207–210
nonmetallocene catalysts, 220–221
stereoblock polypropylene via exchange of

growing polymer chains, 221–224
stereorigid bridged metallocene catalysts,

218–219
unbridged metallocene catalysts, 210–218

characterization, 205–207
Stereoregular cyclopolymerization, of nonconjugated

dienes
1,5-hexadiene with metallocene catalysts, 491–496
1,7-octadiene with metallocene catalysts, 496–497

Stereoregular polymerization, of higher α-olefins
by heterogeneous catalysts, 346–347
by metallocene catalysts, 347–350
by nonmetallocene systems

amine-phenolate group 4 type catalysts, 352–358
biphenolate group 4 type catalysts, 350
bis(phenoxy-imine) group 4 type catalysts, 351
chelating diamido group 4 type catalysts, 350–351
Cp-acetamidinate group 4 type catalysts, 351–352
tris(oxazoline) scandium type catalysts, 352

significance of, 345–346
Stereoselective acrylate polymerization

classical (poorly defined) initiators
organolithium, 597
organomagnesium, 597

free-radical polymerization, 617–618
mechanism of coordinative acrylate polymerization,

595–596
properties of stereoregular poly(methyl

methacrylate), 594–595
well-defined initiators

aluminum, 613–617
group 3 and rare earth metal initiators, 597–601
group 4 initiators, 601–608
group 5 initiators, 608
magnesium and lithium, 608–613

Stereoselective epoxide polymerization
aluminum-based catalysts

aluminum catalysts featuring chiral alkoxides, 632
aluminum–acetylacetonate catalysts, 630–632
aluminum–calixarene catalysts, 634
aluminum–porphyrin catalysts, 633
aluminum–Schiff-base catalysts, 633–634
other well-defined, 634

analysis of polymer stereochemistry, 629–630
chain-end control and enantiomorphic-site control of

stereochemistry, 628–629

cobalt-based catalysts, 639–641
regiochemistry, 628
zinc-based catalysts

chiral zinc alkoxide catalysts, 634–635
zinc alkoxide catalysts, 634
zinc alkoxide cluster catalysts, 635–636
zinc catalysts for asymmetric cyclohexene

oxide/CO2 copolymerization, 637–639
zinc porphyrin-based catalysts, 636–637

Stereoselective metallocene-based systems, 349
Stereoselectivity, 448
Stereoselectivity, in diene polymerization, 462–466
Styrene-terminated polypropylene, 282–285
Substituted indenyl and cyclopentadienyl catalysts

C1-symmetric ansa-metallocenes
Cp-indenyl metallocenes, 93–95
mixed Bis(indenyl) metallocenes, 95–96

C2-symmetric ansa-metallocenes
bis(cyclopentadienyl) systems, 85–87
bis(indenyl) systems, 87–88
effect of changing the bridging system, 88–90
influence of changing the position of the bridge,

90–92
Syndioselective ansa-zirconocene catalysts (5, 6),

348
Syndioselective compounds and references, 71
Syndioselective polymerization of styrene, mechanism

of
chain transfer and termination reactions for Ti-based

catalysts, 383–384
initiation and the active species for Ti-based catalysts,

379–380
monomer insertion and propagation reactions for

Ti-based catalysts, 380–383
Syndioselective polymerization, of styrene, 378
Syndiotactic 1,2-polybutadienes, 453
Syndiotactic and isotactic 1,2-polybutadienes, 453

Syndiotactic cis-1,2-polypentadiene, 457
Syndiotactic cis-1,2-polypentadiene, 457

Syndiotactic cis-1,4-polypentadiene, 455–457
Syndiotactic cis-1,4-polypentadiene, 455–457
Syndiotactic poly(4- methylstyrene)-block-

poly(styrene-co-3-methylstyrene) copolymers,
388

Syndiotactic poly(4-methylstyrene)-block-polystyrene
copolymers, 388

Syndiotactic poly(styrene-alt-CO), 584–585
Syndiotactic polypropylene, 183–186

bridged fluorenyl/amido half-metallocenes,
51–52

bridged fluorenyl/cyclopentadienyl metallocenes,
44–50

bridged fluorenyl/fluorenyl metallocenes, 50–51
bridged fluorenyl/indenyl metallocenes, 50
counteranion, 186–189
van der Waals stabilization, 189

Syndiotactic polystyrene
activators and chain transfer agents, 376–378
catalyst immobilization, 378
cocatalysts, 376
mechanism of the syndioselective polymerization of

styrene
chain transfer and termination reactions for

Ti-based catalysts, 383–384
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Syndiotactic polystyrene (continued)
initiation and the active species for Ti-based

catalysts, 379–380
monomer insertion and propagation reactions for

Ti-based catalysts, 380–383
transition metal complexes for polymerization

complexes of nongroup 4 transition metals,
375–376

group 4 metal complexes of the form MXn,
365–368

group 4 metal complexes with
non-cyclopentadienyl polydentate ligands,
372–375

mono-cyclopentadienyl complexes of group 4
metals, 368–372

Syndiotactic trans-1,2-polypentadiene, 457
Syndiotactic-hemiisotactic polymer, 41
Syndiotactic-hemiisotactic polypropylene, 67–70

T
Tactic polypropylenes, functionalization of

copolymerizations of propylene
with borane and silane reagents, 302–305
with functional monomers, 299–302

post-polymerization, by non-radical-grafting
methods, 305–309

radical grafting of, 298–299
Tactic styrene copolymers

olefins, 389–390
polar monomers, 390–391
styrenic monomers, 388–389

Tantalum-based catalysts, 527
Temperature rising elution fractionation (TREF), 207
Terpolymers

and olefin/CO CO-, taciticity in, 579–580
consisting of two kinds of olefins and carbon

monoxide, 586–588
Tert-butyl (i-1), 52
Tert-butyl group, 55, 58
2,4-tert-Butyl phenolate substituents (24), 356
Tetrabenzylmetal precursor, 353
Tetradentate bisphenoxy-bisamine [ONNO] ligand, 159
Tetrakis(perfluorophenylborate)s, 4
Tetramethylaluminate complexes, 122
N-BuLi/N , N , N ′,N ′-Tetramethylethylenediamine

(TMEDA), 478
Thermoplastic elastomers

crystalline structures, 234–237
morphology of thermoplastic-elastic polypropylene,

233–234
Thermoplastic-elastic polypropylenes, synthesis of

C1-symmetric catalysts, 240–252
designed catalysts for controlling the polymer

tacticity, 239–240
polypropylenes through metallocene catalysis,

237–239
Thermoplasticelastomeric polypropylene (TPE-PP), 95
Ti alkoxides, 346
Ti(acac)2Cl2, 372
Ti(acac)3, 368, 372
Ti(CH2Ph)4/MAO catalytic system, 459
Ti(III) active sites, 371

Ti(O-n-Bu)4 systems, 385
Ti(O-n-Bu)4/MAO, 378
Ti(On-Bu)4/MAO, 461
Ti(O-n-Bu)4/MgCl2/AlMe3 systems, 385
Ti–13CH3 bond, 461
Ti-based catalysts, chain transfer and termination

reactions for, 383–384
TiBn4/MAO catalyst system, 380, 381
Ti-C(cyclopentadienyl), 106
TiCl3 (AA)/MAO-system, 385
TiCl3/AlEt3, 451
TiCl3/AlEt3/butyl ether, 384
TiCl3/AlEt3/α-cyclodextrin, 384
TiCl4/Al(iBu)3 catalyst, 491
TiCl4/Al(i-Bu)3, 497
TiCl4/Al(i-C4H9)3, 347
TiCl4/AlEt2Cl, 427
TiCl4/AlEt3 system, 364
TiCl4/AlEt3, 497
TiCl4/MgCl2/electron donor-type, 17
TiCl4/SiCl4/Mg(OEt)2/MAO, 384
Ti-cyclopentadienyl centroid, 106
Ti-FI catalysts, 161, 163
Titanacyclobutane catalysts, 525–527
Titanium alkoxides, 453
Titanium complexes

half-sandwich, 418
without a π -ligand, 390
with Schiff-base ligands, 373–374

Titanocene 14d, 110
Trans-1,4-polybutadiene, 451–453
Trans-1,4-polyisoprene, 454
Transition metal alkylidenes, 510
Transition metal complexes for polymerization

complexes of nongroup 4 transition metals, 375–376
group 4 metal complexes of the form MXn, 365–368
group 4 metal complexes with non-cyclopentadienyl

polydentate ligands, 372–375
mono-cyclopentadienyl complexes of group 4 metals,

368–372
Tridentate terpyridyl N , N , N-donor ligands (7), 452
Triisobutylaluminum (TIBA), 376
Trimethylsilyl groups, 119
Tris(oxazoline) Scandium Type Catalysts, 352
Tris(perfluorophenylborane), 4
Trisubstituted vinylidene end groups, 349
Trivalent lanthanocene methyl complexes, 110
Tungsten-based catalysts, 528–529

U
Ultra-high molecular weight (UHMW) polyethylene,

149
Unbridged cyclopentadienyl-type ligands, 12
Unbridged group 4 metallocene complexes, 22–24
Unbridged metallocenes

pseudo-C2-pymmetric bis(cyclopentadienyl)
metallocenes, 23

pseudo-C2-symmetric bis(fluorenyl) metallocenes,
24

pseudo-C2-symmetric bis(indenyl) metallocenes,
23–24
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V
Van der Waals interactions, 179–181
Van der Waals stabilization, 189
Vanadium(III) complexes, 450

Withwell-defined metathesis catalysts
alternating ethylene/cyclopentene copolymers,

544–545
crystalline poly(endo-dicyclopentadiene) and

hydrogenated
poly(endo-dicyclopentadiene), 545

imido molybdenum alkylidene complexes,
529–544

ruthenium alkylidene catalysts, 527–528
tantalum-based catalysts, 527
titanacyclobutane catalysts, 525–527
tungsten-based catalysts, 528–529

Y
Y(2-Me-4-PhInd)2ZrCl2, 137, 142–143, 147
Y(Cp)2MX2 (M = Ti, Zr), 136–140
Y(CpR)2MCl2(R = H, t-Bu;M = Ti, Zr), 145
Y(Flu)(Cp)ZrCl2, 137, 143–145
Y(Flu)2ZrCl2, 147–148
Y(Ind)2ZrX2, 137
Yttrocene 39, 122
Yttrocene tetramethylaluminate complex 38a, 123

Z
Z-(3-t-BuCp)(3-t-BuInd)MCl2, 94
Ziegler–Natta catalysis, 4, 207
Ziegler–Natta catalysts, 17, 19, 110, 346–347, 356, 363,

405, 497
Ziegler–Natta ethylene polymerization, 193
Ziegler–Natta system TiCl3/AlR3, 347
Ziegler-type catalytic systems, 208, 346
Zinc alkoxide catalysts, 634
Zinc alkoxide cluster catalysts, 635–636
Zinc alkyl-terminated polypropylene, 279–280
Zinc porphyrin-based catalysts, 636–637
Zirconium dichloride complexes, 350
Zirconocene 35a, 116
Zirconocene 35b, 116
Zirconocene dibenzyl complex 36a, 117
Zirconocene dibromide, 108
Zirconocene dichloride/MAO species, 59
Zirconocene dimethyl complex 36b, 117
Zirconocene dimethyls, 45
Zirconocenes 5b and 5c, 107
Zn((S)-2-methylbutyl)2, 347
ZrCl2(THF)2, 26
ZrCl4(SMe2)2, 137
ZrCl4(THF)2/MAO, 368
Zr-FI/Hf-FI catalysts, 161
Zwitterionic (Ph3PCH2)PhB(2-Me-4-PhInd)2ZrCl2

complexes 8a–c, 142
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