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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.!=> 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 a-olefin and styrene polymerizations. Ditactic polymerizations



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:

e [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

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

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

e 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.! 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



4 Stereoselective Polymerization with Single-Site Catalysts

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).>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.*© Excellent review articles are also available on the synthesis of chiral
group 4 metallocenes.”® This chapter will introduce some fundamental aspects of metallocene-
catalyzed propylene polymerization, discuss the details of how the Cp-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.”

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
aLewis 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.” Alternatives to MAO include
boron-based cocatalysts such as tris(perfluorophenylborane) and tetrakis(perfluorophenylborate)s
with various counterions.”!%

The metallocene species after activation is a dO, 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 n’-cyclopentadienyl (Cp, CsHs) groups or other moieties.
The two remaining sites participate directly in the polymerization process.

[] =Open coordination site
Cl Cocatalyst (MAO) \R
o M"'“‘ - R = Alkyl/growing polymer chain
\Cl % \D A

Active
catalyst
species

i

A— = Counterion (e.g., MAO ")

SCHEME 1.1 Formation of an active catalyst species from a metallocene dichloride.
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coordination ©) insertion

Ly ot 1 2 L, L L, L L L
\ :\ \ R _.“\ "’._ /
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1,2-Chain migratory P
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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.® The bar-
rier to insertion of propylene for a C>-symmetric zirconocene catalyst has been calculated at 2—4
kcal/mol.!!

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 1.32:1),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)!7!8 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 d” species incapable of oxidative addition, this mechanism
can be ruled out. The next two mechanisms involve a-agostic interactions: the modified Green—
Rooney mechanism (Scheme 1.3¢)!%! features agostic interactions between a hydrogen atom on
the a-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; [J = 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;?>23 growing polymer chain geometries containing p- and y-agostic interactions are calculated
to be more stable than those with a-agostic interactions,?* and thus are a likely feature of the resting
state of the catalyst. The presence of an a-agostic interaction in the transition state has been observed
experimentally in mechanistic studies>>~% 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 1.3¢c)
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 ways?®—3° (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-insertion®'—3* (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.® Chain release through B-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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SCHEME 1.5 Hydride transfer chain release mechanisms: (A) B-hydride elimination (transfer to metal);
(B) B-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.®

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: B-hydride transfer to the metal®6-3° (with or
without associative displacement by incoming monomer) and B-hydride transfer to the monomer.*°
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 B-methyl transfer from the polymer to the metal center
(Scheme 1.6a).37-3 This process occurs when highly substituted Cp ligands are present*!*3 and
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SCHEME 1.6 Other chain release mechanisms: (a) B-methyl elimination (transfer to metal); (b) chain transfer
to Al; (c) chain transfer to Hy (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 aluminum**+7

(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 1.6¢).*34% 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.°®

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 '3C 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 pentads !
(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.

Hemiisotactic

(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

Asdiscussed 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 1.2 The ten possible combinations of five adjacent stereocenters (pentads) in polypropylene and the
13Cc NMR spectrum of the methyl region of atactic polypropylene.
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FIGURE 1.3 S and re coordination of propylene to a metal center (P = growing polymer chain).
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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 '3C 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.®

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 [Cp,Ti(growing polymer chain)]*,%? 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.*33 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 '3C NMR of the polypropylene synthesized.>*

Several catalysts have been found to produce iPP through the chain-end control mechanism.
These include the Cp’zTiRleAO systems (Cp’ = CsHs or substituted Cp; R = Ph or C1)>3* and
(pyridyldiimine)FeCl,/modified methylaluminoxane catalysts.>> 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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(a) re-coordination (b) si-coordination
to si-chain to si-chain
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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.”®>7 Consequently, the iPPs synthesized with Cp, TiR2/MAO have low melting
points and crystallinitities.”$-°

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 —CH,CH,— or —SiMe,—, 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 C, symmetry; the third, C, is achiral with Cy; 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)»ZrCly; (b) (S,S)-Et(Ind)»ZrCly; (c) meso-(R,S)-Et(Ind)o ZrCly.
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FIGURE 1.8 Lowest energy structures for propylene coordination to a chiral, Cp-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 C; 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 C>-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 C>-symmetric metallocenes proceeds with at the most only slight enantioselectivity when
the alkyl group is methyl.%0-%5 The energy difference between re and si coordination of the alkene to
this species is < 1 kcal/mol;%>9 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.®!626%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 B-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 C,-symmetric metallocenes is typically 3—4 kcal/mol.%3-7!

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 C>-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 Co-symmetry are not the only metallocenes capable
of forming iPP. Metallocenes with Cj-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 Ci-symmetric Cp-fluorenyl catalysts and site epimerization).
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SCHEME 1.7 Synthesis of iPP by a Cj-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 C>-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.®87!

Low monomer concentration can also decrease the isotacticity of polypropylene. The three-
coordinate metallocene alkyl species that exists in the absence of a T-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;?6->77374 the
relevant mechanistic steps are believed to be a series of B-hydride eliminations and subsequent
isomerizations with a tertiary alkyl species as an intermediate (Scheme 1.8).

1.3 PROTOTYPICAL G- AND PSEUDO-G-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 C, 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 Co-symmetric ansa-metallocene, rac-trimethylenebis(3-tert-butylcyclopentadienyl)titanium
dichloride (1, Figure 1.9).” 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 Cp-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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FIGURE 1.9 The first chiral ansa-metallocene, rac-trimethylenebis(3-zert-butylcyclopentadienyl)titanium
dichloride (1). Only one enantiomer of the racemic pair is shown.
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2c: M =Hf 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), TiCl,, 2a) and its hydrogenated congener
rac-ethylenebis(4,5,6,7-tetrahydroindenyl)titanium dichloride (rac-Et(H4Ind),TiCl,, 3a) in 1982
(Figure 1.10).7® Preparations of the ansa-zirconocene analogues 2b and 3b were reported in 1985.77
By 1987, the hafnium analogues 2¢ and 3c had also been described by Ewen.”®

With these C>-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.*7 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;>* Kaminsky and
Brintzinger obtained exclusively isotactic polypropylene by use of the pure Cp-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.”® 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.°

The following discussion highlights the key findings and development of C>-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 C,-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-C,-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;>* however, this
complex has a limited stability under technical polymerization conditions found in industrial set-
tings. Kaminsky’s bis(tetrahydroindenyl)zirconocene analogue 3b’® 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/MgCly/electron donor type (20 vs. 80 kg PP/mmol metal).®! The homopolymer weight
average molecular weight (M, = 15,000) and melting point (7, = 125 °C) are considerably lower
than those of commercial iPP (M,, = 100,000-500,000, T}, = 160-165 OC).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,?? hemiisotactic,®3
and isotactic—atactic stereoblock®* 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 C;-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 C2-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 n5-indeny1 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
Cy-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 Ewen®* and Kaminsky and Brintzinger,”® 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.-8 A further increase in
polymer molecular weight was obtained by 2-methyl substitution of the indenyl ligands (complexes
5 and 6).%7

Truly high-performance metallocene catalysts for the production of isotactic polypropylene have
been prepared (7-9).2 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 My, of 920,000, and a T,
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TABLE 1.1
Comparison of Propylene Polymerization Performance for Some Advanced ansa-
Metallocenes and a Fourth-Generation Ziegler-Natta Catalyst®

Catalyst YearP A€ iPP My iPP iPP References
mmmm (%) Tm (°C)
Ziegler—Nattad 1980s 20 900,000 >99 162 81
rac-Me, Si(2-Me-4-Naph-Ind), ZrCl, (9) 1994 875 920,000 99.1 161 3
rac-Me; Si(2-Me-4-Ph-Ind), ZrCl; (8) 1994 755 729,000 95.2 157 3
rac-Me; Si(2-Me-Benz[e]Ind), ZrCl; (7) 1994 403 330,000 88.7 146 3
rac-Me;Si(2-Me-4-iPr-Ind), ZrCl, (6) 1992 245 213,000 88.6 150 3
rac-Me;Si(2-Me-Ind),ZrCl, (5) 1992 99 195,000 88.5 145 3
rac-Me;Si(Ind),ZrCl, (4) 1989 190 36,000 81.7 137 3
rac-Et(H4Ind),ZrCl, (3b) 1985 80 15,000 na® 125 81
rac-Et(Ind),ZrCl; (2b) 1985 188 24,000 78.5 132 3

4 Under technical polymerization conditions (70 °C, MAO activator; [Al]:[Zr] = 15,000:1; liquid propylene). Ind = indenyl,
HyInd =4,5,6,7-tetrahydroindenyl; Naph = naphthyl; Ph = phenyl.

b First published.

¢ Activity in kg iPP/mmol metal-h.

d Heterogeneous Ziegler—Natta catalyst (Ti/MgCl,/electron donor).

¢ Data not available.

of 161 °C, values essentially identical to those obtained with modern heterogeneous Ziegler—Natta
catalysts.® 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.®3

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 effect>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.>> As envisioned
by Resconi, Cavallo, Fait, and Piemontesi in their seminal review,% in terms of catalyst efficiency
and cost, metallocene catalysts are unlikely to replace the latest generation heterogeneous Ti/MgCl,
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 C,-symmetric bis(indenyl) ansa-zirconocenes are probably
the one-carbon-atom-bridged catalysts with bulky 3-substituents.%®8% 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 (T, = 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 (C,-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 (My, = 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 C>-symmetric,
ethylene-bridged 2,4,7-trimethyl-substituted bis(indenyl) catalyst 13 (Figure 1.12).%

1.3.1.2 Cz-Symmetric Bis(cyclopentadienyl) ansa-Metallocenes

In comparison to bis(indenyl) ansa-metallocenes, there are considerably fewer examples of C;-
symmetric isoselective metallocene catalysts on the basis of bridged bis(cyclopentadienyl) ligand
framework. Representative complexes 14-17 are illustrated in Figure 1.13.3°1-%3 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 C-symmetric ansa-“heterocenes” 18-22 for isoselective propylene polymer-
ization. Only one enantiomer of the racemic pair is shown.

My, = 19,000, and Ty, = 155 °C with a polymerization activity of 10 kg PP/mmol Zr-h,3 as compared
to My, = 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 C,-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%, T,y = 157 °C), albeit with
low activity and low polymer molecular weight.®3

As an entirely new approach, “heterocene”-based Cp-symmetric metallocene catalysts for iPP
synthesis have been reported;**7 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 Heterocene 19 is reportedly the most active
metallocene catalyst for polypropylene reported as of 2001.%3 This catalyst produces highly isotactic
PP with My, = 122,000 and Ty, = 157 °C with a polymerization activity of 5000 kg PP/mmol
Zr-h (in liquid propylene, 70 °C, in the presence of H»). The 2-methylcyclopenta[b]indole-derived
zirconocene 22 in turn exhibits polymerization characteristics intermediate between those of the
high-performance catalysts 7 and 8.7

1.3.1.3 C2-Symmetric Bis(fluorenyl) ansa-Metallocenes

A few C-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)
complexes”®® or by desymmetrization of the interannular ethylene bridge with proper substitu-
ents (Figure 1.15).190 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 C,-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 C, symmetry displayed by unbridged metallocene complexes with identically
substituted cyclopentadienyl ligands (a pair of enantiomers is shown).

or slightly isotactic polypropylenes.”®? The bridge-substituted catalyst 25 yields polypropylenes
with mmmm = 32-64% and M,, = 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 C,,-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 Ca-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).3%'°! The “oscillating” stereocontrol mech-
anism was, for the first time, initially proposed for this particular catalyst,®* although the actual
mechanism may be inherently more complex.'%?

1.3.2.1 Pseudo-C,-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 C,,-symmetric
bis(cyclopentadienyl)titanium diphenyl complex 26 at low temperature (Figure 1.16).>* With this
catalyst system, partially isotactic PP with mmmm = 52% is obtained at —45 °C.

Enantiomorphic site-controlled formation of iPP with unbridged pseudo-C,-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.!?® 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-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).195106 For example, the catalyst derived from
the cholestanyl-substituted bis(indenyl) complex 29 gives, at —30 °C, high molecular weight iPP
with mmmm = 80%.1%° 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 C>-symmetric metallocene rotamer.
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FIGURE 1.17 Unbridged pseudo-C,-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. %!
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.84101 The sterically more congested 3,5-bis(trifluoromethyl)-197 and 3,5-
(di-tert-butyl)-substituted'%® 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 C>-symmetric chiral rotamers and thus enhances the stereoselectivity of the propagation
step. 101,107,108

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

Among unbridged C>-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.!%” The iPP obtained with 35a has a T}, of 145 °C, characteristic of moderately high isotacti-
city, although both the molecular weight of the polymer (M, = 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 C;-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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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,” 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,>331:87 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 Cg-symmetric meso diastereomer from the Cp-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 literature’® and the original
publications.?3:68.75-78,.80-83.85-89.94-96 1y 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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SCHEME 1.10 Generalized synthesis of bis(indenyl) ansa-zirconocenes to give a mixture of rac and meso
diastereomers.

applicable in specific cases only.!!! Bulky ligand substituents in the a-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.”® The racemoselective synthesis of several chiral ansa-metallocene diamides by the
amine elimination reaction of M(NMej)sa (M = Zr, Hf) with protic bridged bis(indenes) and
bis(cyclopentadienes) has been reported.!'>"14 Very recently, the selective synthesis of racemic
C>-symmetric ansa-metallocenes by the chelate-controlled reaction of bis(indenyl) ligand dilithium
salts with Zr{PhN(CH;)3NPh}CIl,(THF), (THF = tetrahydrofuran) has been developed and shows
considerable promise as a general method for racemate synthesis.!'!!

In the case of unbridged bis(indenyl) complexes, a similar selectivity issue exists with unsymmet-
rically substituted ligand precursors, for which the two wt-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 mt-faces), three stereoisomers can be formed, and a racemic pair consisting of the (pR)(pR) and
(»S)(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 m-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.'03-106

For symmetrically substituted ligands (which have equivalent or homotopic ligand nt-faces), for
example, the 2-arylindenyl metallocenes 32—-34,84107.108 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.

(1) n-BulLi H R
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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.”-3:110

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>887

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).7:3.76-78.80.81,83.86,110 The reaction is equally applicable to substituted indenes.?>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.*®81-8¢ 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.%%87

1.5 CONCLUSIONS

The synthesis of iPP from C,-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 C,-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.



Isotactic Polypropylene from C;- and Pseudo-C,-Symmetric Catalysts 29

= (2) 0.5 Br(CH,),Br

|
S THF

(1) n-BuLi

(1) n-BulLi \ %

= (2) 0.5 Me,SiCl,

7‘ | THF or Et,0 -
( \S ;
|

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 1951! and structural elucidation of ferrocene in 1952> 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,
[CsHs]™ (Figure 2.1), resulting in a family of structures having the general formula (Cs5Hs)oMX,,,
where M is a transition, lanthanide, or actinide metal, and X is an anionic ligand (often CI~ or
Br™) that completes the valence of the overall neutral metallocene.® In 1953, the first metallocene
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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)2C0.4 Progression from
“benzocyclopentadienide” to “dibenzocyclopentadienide” in 1958 resulted in the first report of a
metallocene based on fluorenide (Figure 2.1), having the formula (Cj3Hg)>Mn.> 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.°

2.1.2 Score

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 polymerization’ are excluded. Similarly, certain group 3 species that pro-
duce syndiotactic polystyrene® 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.” 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 (CsHs)(C13Hg)ZrCly;'° nonbridged fluorenyl/indenyl
species such as (C9H7)(C13H9)ZrC12;11 nonbridged fluorenyl/fluorenyl Cj,-symmetric spe-
cies such as (Cj3Hg)2ZrCly;!2 bridged fluorenyl/fluorenyl C,,-symmetric species such as
Me,Si(C13Hg)2ZrCl,, which can yield high molecular weight atactic polypropylene having elast-
omeric properties;'? certain fluorenyl-containing species with heteroatom substituents such as (9-
(MezN)CBHg)zZrClg;14 bridged Ci-symmetric species containing one fluorenyl ligand and another
bulky ligand such as (C13Hg)PhCHCH2(Cz7H16)ZrC12;15 fluorenyl-containing species that likely
do not retain fluorenyl ligation following activation such as (CH3),C(CsHy4)(C13Hg)Zr(CsHs)CI; 10
titanium-based species, such as PhpC(CsH4)(Ci13Hg)TiCly, which are generally difficult to
activate!” or only produce atactic polymers;'® bridged group 3 Cy-symmetric species such as
Ph,C(CsH4)(C13Hg)ScMe(AlMe3), which produces atactic polypropylene without a cocatalyst;'”
and group 5 compounds, from which there are no clear examples of stereoregular polymers. Finally,
it should be noted that monofluorenyl species are generally unstable?” or otherwise fail to polymerize
olefins.?!

Arecent 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
of polymer chains per metal can be synthesized. X~ represents [B(CgF5)4]~ or an aluminoxane-based anion.

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,%2 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 (MAQ, an oligomeric material with a repeat unit of —AI(CH3)O—) serves to alkylate
the metallocene and abstract the remaining chloride ligand, generating a metallocene alkyl cation.?3
Boron-based activators are designed to abstract an alkyl anion, R™, from a dialkyl precatalyst.>*
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 B-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.?>

The transition state for migratory insertion of an olefin into a metal carbon bond is widely
believed to rely on a a-agostic interaction”® as shown in Figure 2.2a. This interaction (between
an a-hydrogen on the polymer chain and the metal center) helps to orient the highly directional
sp> orbital of the a-carbon toward the 7 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 a-agostic
interaction are profound and form the basis of stereoregular a-olefin polymerizations. The pendant
polymer chain has two a-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 a-hydrogen (Figure 2.2¢) 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 a-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” a-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 C>-symmetric, indenyl-based
catalysts.”” However, for Cg-symmetric, fluorenyl-based catalysts, this stereochemical model is
supported only by theoretical calculations (see Chapter 7 for a further discussion on theoretical
calculations).?8

2.1.4 DETERMINATION OF POLYMER STEREOCHEMISTRY

The most important tool for assessing the stereochemistry of a polypropylene chain is '3C NMR
spectroscopy.?? 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, {'H}, is standard). The '>C 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 + remrzmrmr:rrereirrrmzmrerm. Generally, a 3C
NMR spectrum with one predominant methyl peak at 21.62 ppm (mmmm) is considered isotactic
and a 3C 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(a-olefin), there are many other tacticities that are still considered
stereoregular.3?

2.1.5 OVERVIEW OF POSSIBLE TACTICITIES

Awide variety of stereoregular polymers can be obtained with metallocene-based catalysts.! 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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FIGURE 2.3 A pentad consists of five repeat units. The 13C NMR chemical shift of a given methyl carbon is
sensitive to the relative stereochemistry of the pentad (m = meso and r = racemo). A statistical distribution of
pentads is observed in the {'H} 3C 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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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.>2 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 (Wyps) 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 W, in Table 2.1 averages the probability that adjacent (a,f and 8,y)
and nearly adjacent (a,y and B,8) 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 a,y) or [m)? + (1 — [m])? (for B.3), depending
on which pair of stereocenters is considered. Thus Wyps = {1 + [m]%}/2 and will vary between 0.50
and 1.00.

Similarly, the relative stereoregularity (W) of a polymer can be defined by quantifying the
likelihood that identical dyads occur in succession along a polymer chain. W, in Table 2.1 averages
the probability that adjacent (o, and ,y) and nearly adjacent (o, y and $,3) dyads are identical. For the
hemiisotactic continuum, the probability that two adjacent dyads are identical is either 1.00 (for o)
or [m]? + (1 — [m])?* (for B,y), depending on which pair of dyads is considered. The probability that
two nearly adjacent dyads are the same is simply [m]2+(1—[m])%. Thus, W,e = {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 W, and Wy, is W (Table 2.1) and provides a quantitative measure of a polymer’s
stereoregularity. If only W, were considered, then a syndiotactic polymer (W, = 0.50) would be
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FIGURE 2.5 The stereoregularity (W) of a polymer in the hemiisotactic continuum can be defined as the
average of the absolute stereoregularity (W) and the relative stereoregularity (Wyep).

less stereoregular than a purely hemiisotactic one (Wypg = 0.625). If only W) were considered, then
a syndiotactic polymer (W] = 1.00) would have the same perfect stereoregularity as an isotactic one
(W1 = 1.00). Therefore, both the absolute and relative components are needed to provide a realistic
quantification of polymer stereoregularity. Figure 2.5 plots Waps, Wiel, and W 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 (W = 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,3® which should be the least stereoregular polymer possible, will have
Wabs = Yl = ¥ = 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(CsH4)(C13Hg)MCl, were
activated with MAO and yielded syndiotactic polypropylene with [rrrr] = 86% for M = Zr and
[rrrr] = T4% 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,>* 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).>

Scheme 2.2 illustrates the commonly accepted stereochemical mechanism for syndioselective
propylene polymerization.>® 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. 330 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.!®

Several recent reviews chronicle the polymerization behavior displayed by the most prominent
of these catalysts.3®*! The following observations and general trends are noteworthy.

Not all syndioselective precatalysts are Cg-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 C;-symmetric species s-70 and s-83, with cyclo-
pentadienyl substitution, give syndiotactic polypropylene with melting points (7p,s) of 129 °C ([r] =
86.4%)*? and 134 °C,*3 respectively. Even double cyclopentadienyl substitution, as in Cs-symmetric
5-93 ([rrrr] = 90.5%)™ or C1-symmetric s-95 ([r] = 66%),* does not preclude syndioselectivity.
The cyclopentaphenanthrene derivative s-6 exhibits diminished stereoselectivity ([rrrr] = 72%),*6
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%).*
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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-6.6 Depending on the polymerization conditions, silicon-bridged s-29 can produce atactic
polymer with [rr] = 12% *? or syndiotactic polymer with [rr] = 76.2%.*° The catalyst bearing the
diphenyl germanium bridge (s-52) suffers similarly ([r7] = 65.5%),* but the catalyst bearing a
phenyl phosphorus bridge (s-72) ([rrrr] = 81%, T, = 128 °C, T}, (polymerization temperature) =
50 °C) fares comparably to the parent catalyst, s-1.°° Diarylmethylidene bridges typically allow for
a higher molecular weight than isopropylidene bridges.’!3 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 (M, ) of 114,000,
whereas s-22 provides 38,000 g PP/(g cat.-h) with M, = 295,000 under comparable conditions.
Stereoselectivity operates on a steric basis with a 4-substitutent being more disruptive: s-21, [rrrr]
= 87%, 5-22, [rrrr] = 80%.%

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
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that have been employed for syndioselective propylene polymerization. Known hafnium dichloride analogues

are indicated by (Hf).



48

cifZ~c

Meo OMe
s-45

2, cl

G
=X >
‘ s-49

FIGURE 2.7 Continued.

Stereoselective Polymerization with Single-Site Catalysts

OFO OFO OTO

AT~ ciF2~qy
C"Q """ C"O """""" g()o
s-34 (Hf) s-35 s-36
“aknilg CI,' 22, Q"a;zﬁc'
B’ Br

‘‘‘‘‘ s

Zr.

CI' ~cl Ci;'Z'E:CI C/ O
Q TS O MeooMe
s-43

s-42 s-44

cit?~ci ciiZ~ci ciie~c
e Dy
s-46 s-47 s-48
ﬁu | ch'zr*é@ Qﬁé@
L =X > P S s < ==X _>
<> s-50 s-51 s-52
BN~ ST >
s-56
MeZN\Q"ﬁCI
s-60

ciiZ~c

a

s-62 (Hf) s-63 s-64

M,, (weight average molecular weight) = 535,000, [r] = 97.5%, and T, = 154°C (T, = 0°C).3
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 step>* before

monomer coordination and insertion.
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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 Ci-symmetric s-92-Hf, which produces syndiotactic polypropylene with [r] = 92.2% and

Tm = 141°C (T, = 0°C).3
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2.2.2 BRIDGED FLUORENYL/INDENYL METALLOCENES

A few bridged fluorenyl/indenyl metallocenes show a tendency toward modest syndioselectivity
(Figure 2.8).%> 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% (T, = 0°C).%
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.> 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 2.9 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% (T, = 0°C, no T, amorphous).53 The enantiomorphic site control of this
catalyst operates in contrast to the completely aselective nature of the unsubstituted, C,,-symmetric
parent compound (CH,CH,)(C3Hg)2ZrCls s-123 ([r] = 50.2%, [rr] = 25.1%, [rrrr] = 6.3%).5357

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/a-olefin copolymerizations.*~° However, such CGCs typically exert
little or no stereocontrol in a-olefin homopolymerizations. Figure 2.10 depicts fluorenyl-containing
exceptions to this rule. The zirconium-based species s-131°! is reportedly syndioselective ([r] =
91.8%, [rrrr] = 77.4%, Ty, = 148.9°C, T, = 20°C) when activated by MAO/AI(-butyl)s, but
isoselective when activated by [HMe;N(CgHs) 1T [B(CgF5)4]~/Al(i-butyl)s ([m] = 96.3%, [mmmm]
= 92.0%, Ty, = 160.5°C, T, = 20°C).2 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%, T, = 40°C),
regardless of the activator.®3 In nonpolar solvents, living syndioselective polymerization is possible
with the dimethyl variant of s-131-Ti; a syndioselectivity of [rrrr] = 42% is typical.®* The 3,6-di-
tert-butylated s-133 is considerably syndioselective ([rr] = 94.5%, [rrrr] = 86.7%, Ty = 151.2°C,
T, = 40 °(C)36:65 and the titanium analogue s-133-Ti has been shown to employ a weak enantio-
morphic site control mechanism,® 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 n1 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%).%°

The zirconium-based catalyst s-136/MAO®” is highly syndioselective ([r] > 99%, T, =0°C)
and apparently provides the highest-melting syndiotactic polypropylene known.®® The unannealed
Ty, for the polypropylene is 164 °C, and the annealed Ty, is 174 °C. Stereoerrors have not been
detected in this polymer by '3C 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.3® demonstrating the MAO-
cocatalyzed formation of syndiotactic polypropylene with fluorenyl-containing metallocenes
of the type (CH3),C(CsHg)(Ci3Hg)MCl, (e.g., M = Zr, s-1), several authors—principally
Ewen,**%Spaleck,’® Razavi,’! and Fink’?>—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 C;. 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 fert-butyl (i-1), isotactic polypropylene is obtained
having [m] = 91.9%, [mmmm] = 78.0%, and T, = 129°C (T, = 40°C).”! Several isoselective
fluorenyl/cyclopentadienyl precatalysts are shown in Figure 2.11.

The stereochemical mechanism responsible for the isoselectivity of Cj-symmetric metallocene
catalysts has been a topic of considerable debate. There are two limiting mechanisms possible for
the formation of isotactic polypropylene with such Cj-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 mechanism>’ to account for the observed
isoselectivity.5°~7> When the growing polymer chain occupies the coordination site distal to the
tert-butyl group (Scheme 2.3, site o), 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



Fluorenyl-Containing Catalysts for Stereoselective Propylene Polymerization 53

Gi5Z~ci GixZ~cl

Wy LT

ek Gt
" ' ““ . ! S .! ... VY g = ! .
21 22

Tm=140°C T =155°C

Gi%Zi~cy ,“'(':'i""z'*m
27 i-28

T =143°C T =137°C Tpn = 150 °C T =142 °C

Gi5Z~ci Gikz<g
I s, % W '
“““ 29 1~ T80 1"
Tm=146°C Tm=149°C Tm=140°C Tm=105°C

FIGURE 2.11 Isoselective bridged fluorenyl/cyclopentadienyl precatalysts.



54

Ton = 146 °C

ciié'~ci

(
i

a1
T =159 °C

< ST >
45
Tm=137°C

\.~&,ﬂf;:7/
53

FIGURE 2.11 Continued.

OF

Gi%Z~c
S TS
T i34 [ 35 [

T =144 °C

Stereoselective Polymerization with Single-Site Catalysts

~

ciKZ~ci

..... —n

Z

T =150"°C

T =143°C

SN

-44
12

T =167 °C 9°C

6wﬂf;:TJ(
<>

i-54




Fluorenyl-Containing Catalysts for Stereoselective Propylene Polymerization 55

More Less
stereoselective stereoselective
site o site B

Site epimerization

SCHEME 2.3 There are two limiting mechanisms for isoselective polymerization with C|-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 fert-butyl substitu-
ent (Scheme 2.3, bottom left). Epimerization at the metal moves the polymer chain away from the
bulky fert-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 o 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 « site, the B site becomes available for monomer
coordination. In the transition state for insertion at the less stereoselective site (B), the growing
polymer chain is directed competitively by both the fert-butyl group and the benzo substituent on
that half of the metallocene. In order for the resulting polymer to be isotactic, the fert-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 (o and f 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,”3
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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FIGURE2.12 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 o« = 95.2%. If the alternating model applies,
then the enantioselectivities of the two-site catalyst are the same at both sites, & = 95.2% and
B=952%.

An early investigation’! 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 Ty,. 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.” 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, T, = 135°C and
[mmmm] = 88.8% are obtained in 10% monomer solution as compared to T, = 129 °C and [mmmm]
= 78.0% in neat monomer at the same 7}, (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 T, increased from 10 to 50 °C.”* 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 rerz-butyl side of the metallocene is too sterically crowded to accommodate the growing
polymer chain. Calculations by Morokuma’> suggest that the bulky substituent forbids the growing
chain to reside nearby, necessitating a site epimerization following every insertion. Calculations by
Fink?84-76 and Corradini,”” 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),C(3-ftert-butyl-4-methyl-CsH>)(C3Hg)ZrCl, (ih-5).73
Attempts to fit the pentad distribution (7, = 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

BIA mm r r m n
= >
ih-5 RMS
Observed . o B error |
30
Site epimerization |  78.6% 3.53
Alternating 94.6% 64.5% 1.02
F
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206 153 40 210 47 23 74 80 76

FIGURE 2.13 The pentad distribution of polymer formed by (CHjz)oC(3-tert-butyl-4-methyl-
CsHy)(Cy3Hg)ZrCly/MAO (ih-5) at T = 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.)



58 Stereoselective Polymerization with Single-Site Catalysts

mrmm + rmrr

220 215 210 205 200 195

FIGURE 2.14 A statistical analysis of the pentad distribution predicts that (CH3),C(3-fert-butyl-4-methyl-
C5Hj3)(C13Hg)ZrCl,/MAO (ih-5) operates through a two-site mechanism having enantiofacial selectivities
of 94.6% (site o) and 64.5% (site B). The bridge substituents have been omitted for clarity; P represents the
growing polymer chain; and M = cationic Zr*. (Reprinted with permission from Miller, S. A.; Bercaw, J. E.
Organometallics 2006, 25, 3576-3592. Copyright 2006 American Chemical Society.)

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 ferz-butyl group in an alternating fashion. The statistical
analysis indicates that the more stereoselective site (o) is 94.6% enantioselective whereas the less
stereoselective site (B) 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.”?

First, the 3-cyclopentadienyl substituent R should be larger than fert-butyl. If the stereocon-
trol mechanism proposed in Figure 2.14 is correct, then a group larger than fert-butyl should
enforce greater enantiofacial selectivity at the more stereoselective site (o). 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%,
T = 137°C) and the 2-methyl-2-adamantyl substituent (i-41, [m] > 99%, T\, = 159°C) are
phenomenologically larger than ferz-butyl (i-1, [m] = 79.5%, Ty, = 126 °C) and allow for greater
isoselectivity (comparative data for 7, = 0°C).”> However, the group should not be so large
that it retards polymerization activity altogether. Apparently, R = 2-phenyl-2-adamantyl or R =
2-(CH,Si(CHj3)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.”

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)’® or by the inclusion of a silicon-based bridge. It
is well documented for Cg-symmetric complexes that a disubstituted silylene bridge increases the
site epimerization/propagation quotient compared to an isopropylidene bridge.*#*° Silicon-bridged
i-3 (ITrn = 161°C for T, = 30°C; Try = 148°C for T, = 60°C) exhibits greater isoselectivity
than carbon-bridged i-1 (T}, = 130°C for T, = 30°C; Ty, = 125°C for T;, = 60°C) as gauged
by the melting temperatures of the obtained isotactic polymers.”® Even a catalyst with a poorly
directing 3-substituent can provide moderately isotactic polymer if the site epimerization mechanism
has been turned on.” Such is the case with the silicon-bridged 2-adamantyl catalyst i-43 ([m] =
75.3%, T,y = 109 °C); its isopropylidene-bridged counterpart is less isoselective ([m] = 62.3%,
~amorphous) because it largely avoids site epimerization.’?

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 fert-butylated fluorenes such as i-16 ([mmmm] =95.7%, Ty, = 153 °C)
successfully demonstrate this approach.8!

One of the most isoselective Cj-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 /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.”?

2.3.2 BRIDGED FLUORENYL/INDENYL METALLOCENES

The vast majority of isoselective metallocene catalysts are based on bridged C,-symmetric
indenyl/indenyl species.>* However, it has been demonstrated that certain bridged C;-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 C,-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%).8% 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%).3> The mechanism is gen-
erally thought to be a combination of the alternating and site epimerization pathways;>-8485
hence isoselectivity is strongly dependent on the polymerization temperature and monomer
concentration.8>=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 TIsoselective 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 C>-symmetric indenyl/indenyl

catalysts.®8

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 Cp-symmetric
fluorenyl/fluorenyl metallocenes, in analogy to ansa-C,-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.’>*° Bridged C;-symmetric species have

also been prepared (i-82 and i-87), but these are less isoselective.

391 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).>7-2



Fluorenyl-Containing Catalysts for Stereoselective Propylene Polymerization

61

ci-Zr~c Phcl:ll-'z"u crZ~c ““(‘:ﬁllz":u
S
81 (Hf) 82 (Hf) 783 -84
[mmmm] = 82.9% [mmmm] = 64.1% [mmmm] = 67.9% [m] = 89.5%
OMe
= >
"‘89'2*1‘C| Rzl cirZ~ci
>k
185 MeO  ge (Cnaphivy) o
[m] = 86% [mm] = 80%

FIGURE 2.16 Isoselective nonbridged and bridged fluorenyl/fluorenyl precatalysts. Dyad, triad, and pentad
fractions correspond to the highest reported value.

si insertion si insertion re insertion

(m my (m m (r n (r n (m m (r 1

(m m) (r n

SCHEME 2.4 A hemiisoselective mechanism (shown here for catalyst /-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 ZrT 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).”® The first direct, stereoselective synthesis of hemiisotactic
polypropylene was reported by Ewen, et al. in 1991% with the methyl-substituted zirconocene
(CH3)>C(3-CH3-C5H3)(C13Hg)ZrCly (h-1) activated with MAQ.37-70¢715.72 gcheme 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.”® 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.3?4%-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 #-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 7, = 0, 20, and 60°C,
respectively).’080

Figure 2.19 depicts several reported hemiisoselective fluorenyl-containing metallocenes. The
parent catalyst, 4-1, appears to be the most hemiisoselective with [m] = 49.6% at T, = 20 °C.80
Any deviation in catalyst structure tends to effect less hemiisotactic polymers. For example, ethyl
substitution (4-5) instead of methyl substitution (4-1) results in a measurable increase in syndiose-
lectivity. The indenyl variant #-4 commits a considerable fraction of stereoerrors ([mmrm] + [rrmr] +
[mrmr] =7.5% atT, = 10 °C).”* In addition, the hafnium complex /-1-Hf is more isoselective than
the parent zirconium complex /-1 under identical conditions ([mmmm] = 24.2% versus [mmmm] =
15.1% at T, = 60 °C).”1°

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)>C(3-CH3-C5H3)(C13Hg)ZrCl, (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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FIGURE 2.18 Ideal (bold) and actual pentad distributions for hemiisotactic polypropylene obtained with
(CH3),C(3-CH3-Cs5H3)(C13Hg)ZrCl/MAO (h-1/MAO) at varying polymerization temperatures.
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FIGURE 2.19 Hemiisoselective fluorenyl-containing metallocenes.
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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 Zrt or HfT,
generally.

Isotactic-hemiisotactic polypropylene has been obtained from the metallocenes shown in
Figure 2.20, which have the general structure (R’)>C(3-R-CsH3)(C13Hg)MCl,.3%%* 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.”* 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 iz-9, which contains the sterically expanded octamethyloctahydro-
dibenzofluorenyl ligand.®* Its diminished isoselectivity ([n] = 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 i4-9 and k-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 iA-9.
If it were, ih-9 should equal or excel the isoselectivity of i4-6 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
cornponent.95 This “heterocene” catalyst, Me, C(3-(2-adamantyl)-CsH3)(C9H4S2)ZrCl,, 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.3? 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
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FIGURE 2.21 A 13C NMR pentad analysis of nine different isotactic-hemiisotactic polypropylenes reveals
an increase in catalyst isoselectivity with increasing 3-substituent (R) size, but a consistently low level of
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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 (My). Thus, the elastomeric proper-
ties observed for certain isotactic-hemiisotactic polypropylenes can be rationalized.?? As illustrated
by the Monte Carlo simulation in Figure 2.23, chains with [m] ~ 60% and M, ~ 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, i#-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 isoselective®® to
highly isoselective.>* 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.%°
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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 reported®* through the use of steric vari-
ants of the methyl-substituted hemiisoselective metallocene (CH3),C(3-CH3-C5H3)(C3Hg)ZrCl,
(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 ZrT 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.%* 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 (4-1), 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.”* 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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FIGURE2.26 A13CNMR pentad analysis of five different syndiotactic-hemiisotactic polypropylenes reveals
astrong dependence on the steric substitution of the metallocene precatalyst. A consistently low level of stereoer-
ror pentads, mmrm, rrmr, and mrmr, is observed. Flu = fluorenyl; Oct = octamethyloctahydrodibenzofluorenyl.
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FIGURE 2.27 The [m] dyad fraction and the polymer melting temperature of syndiotactic-hemiisotactic
polypropylenes can be controlled by manipulation of the catalyst steric framework. Flu = fluorenyl; Oct =
octamethyloctahydrodibenzofluorenyl.

Figure 2.27 plots the observed polymer melting temperature as a function of the [m2] 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)>> 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 5-93 44 s-116 97
s-2 51 s-25 40 s-48 52 s-71 98 5-94 39 s-117 55
s-3 99,100  s5-26 40 s-49 38 s-72 50 5-95 45 s-118 55
s-4 101 5-27 102 s-50 38 s-73 103 596 104,105 s-119 55
s-5 52,130  s-28 49 s-51 106 s-74 107 5-97 104,105  s-120 56
5-6 46 s-29 48,108  s-52 49 s-75 107 s-98 104,105 s-121 55
s-7 46 5-30 109 5-53 110 s-76 111 5-99 112 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 5-33 40 5-56 114 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  5-36 127 5-59 124 5-82 123 s-105 112 s-128 55
s-14 126 s-37 40, 116 5-60 124 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 5-39 40 5-62 38,52 s-85 41b s-108 112 s-131 61
s-17 129 s-40 40 5-63 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 5-65 40 s-88 130 s-111 134 s-134  41b, 131
5-20 40 s-43 40 5-66 40 s-89 135 s-112 134 s-135 136
s-21 40 s-44 40 5-67 125 5-90 53 s-113 134 s-136 67, 68
5-22 40 s-45 40 5-68 137 s-91 53 s-114 138
5-23 40 s-46 52 5-69 139 5-92 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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(b) Miller, S. A.; Tebboth, J. A.; Tremaine, J. E. Dicyclopentadienyliron. J. Chem. Soc. 1952, 632-635.

2. (a) Wilkinson, G.; Rosenblum, M.; Whiting, M. C.; Woodward, R. B. The structure of iron
biscyclopentadienyl. J. Am. Chem. Soc. 1952, 74, 2125-2126. (b) Fischer, E. O.; Pfab, W.
Cyclopentadiene-metallic complex, a new type of organo-metallic compound. Z. Naturforsch. 1952,
7b, 377-379. (c¢) Wilkinson, G. Iron sandwich. Recollection of the first four months. J. Organomet.
Chem. 1975, 100, 273-278.

3. Wilkinson, G.; Pauson, P. L.; Birmingham, J. M.; Cotton, F. A. Bis-cyclopentadienyl derivatives of
some transition elements. J. Am. Chem. Soc. 1953, 75, 1011-1012.

4. (a) Fischer, E. O.; Seus, D.; Jira, R. Metal complexes of indene with cobalt. Z. Naturforsch. 1953, 8b,
692-693. (b) Fischer, E. O.; Seus, D. Diindenyl iron. Z. Naturforsch. 1953, 8b, 694.

5. Shapiro, H.; De Witt, E. G,; Brown, J. E. Cyclomatic manganese compounds. U.S. Patent 2,839,552
(Ethyl Corporation), June 17, 1958.
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7. (a) Alt, H. G.;; Koppl, A. Effect of the nature of metallocene complexes of group IV metals on their
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(b) Licht, E. H.; Alt, H. G;; Karim, M. M. Mixed substituted zirconocene dichloride complexes
as catalyst precursors for homogeneous ethylene polymerization. J. Mol. Catal. A: Chem. 2000, 59,
273-283. (c) Rodriguez, G.; Crowther, D. J. Olefin copolymerization process with bridged hafnocenes.
PCT Int. Pat. Appl. WO 2000/024792 A1 (Exxon Chemical Patents Inc.), May 4, 2000. (d) Schertl, P.;
Alt, H. G. Synthesis and polymerization properties of substituted ansa-bis(fluorenylidene) complexes
of zirconium. J. Organomet. Chem. 1999, 582, 328-337.

8. Kirillov, E.; Lehmann, C. W.; Razavi, A.; Carpentier, J.-F. Highly syndiospecific polymerization of
styrene catalyzed by allyl lanthanide complexes. J. Am. Chem. Soc. 2004, 126, 12240-12241.

9. (a) Peifer, B.; Milius, W.; Alt, H. G. Self-immobilized metallocene catalysts. J. Organomet. Chem.
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10. Schmid, M. A.; Alt, H. G.; Milius, W. Unbridged cyclopentadienyl-fluorenyl complexes of zirconium
as catalysts for homogeneous olefin polymerization. J. Organomet. Chem. 1995, 501, 101-106.
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polymers.
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3.1 INTRODUCTION

Metallocenes based on group 4 metals were first synthesized by Wilkinson et al. in 1953;! however,
the great utility of these compounds as catalyst precursors for the stereoselective polymerization
of a-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.” The second
was the discovery that enantioselectivity in the insertion step of an a-olefin polymerization could
result if one made metallocene catalysts with the appropriate chirality and stereorigidity.>

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), TiCl, (Ind = indenyl1).3® Ewen found that the achiral meso form (1) produced atactic polypro-
pylene, whereas the Cp-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, C;-symmetric rac-Et(H4Ind),ZrCl, (H4Ind = tetrahydroindenyl)
(3), was able to produce a much greater yield of isotactic polypropylene (iPP) relative to the sim-
ilar titanocene species (2).3® 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, hatnium 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: C>-symmetric bis-Cp
metallocenes, C>-symmetric bis(indenyl) metallocenes, C1-symmetric Cp-indenyl mixed metallo-
cenes, and lastly, C;-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

C>-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 CH,CHj-, R,C-,

®\ q

- g

1 2 3

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



Substituted Indenyl and Cyclopentadienyl Catalysts 85

5

Z ZrCl, Z ZrCl,

o

Bis(cyclopentadienyl) zirconocenes Bis(indenyl) zirconocenes

R1

A

z zcl, Z  ZcCl,

bij

(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, CH,CH, or Me, Si.

z ZrCl,

FIGURE 3.3 Numbering system for biscyclopentadienyl ansa-metallocenes.

or R;Si- 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 a-substituents. The
“back” positions, which bear the B-substituents, are labeled as positions 2 and 5. The terms o and B
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 C,-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.* Table 3.1 lists some
representative examples of bis-Cp catalysts and their polymerization behaviors.* In the series of
compounds characterized by the general formula rac-Z-(R,,Cp)>ZrCl, (where n indicates the number
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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 Tp? (°C) A(:tivityb Mw  Tm °C) mmmm (%) References
Ratio
(4) rac-CHpCH(3-MeCp),ZrCly 2,000 40 5.8 19,600 133 92.2 4
(5) rac-CHyCHy (3-i-PrCp), ZiCly 2,000 40 45 19400 136 94.6 4
(6) rac-CHpCHj(3-1-BuCp),ZrCl, 2,000 40 1.0 17,400 141 97.6 4
(7) rac-Me; Si(3-MeCp), ZrCly 10,000 30 16.3 13,700 148 92.5 5
(8) rac-Me Si(3-1-BuCp), ZiCly 10,000 30 03 9500 149 93.4 5
(9) rac-Me, C(3-t-BuCp),ZrCly 3,000 50 15 17,000¢ 153 99.5d 6
(10) rac-Me,Si(2-Me-4-1-BuCp),ZrCl, 15000 70 10 19,000 155 94.3 7
(11) rac-MeyC(2-Me-4-1-BuCp),ZiCl, 8,000 50 73 103,000 162 99.54 6

4 Polymerization temperature.

b kg PP/mmol Zr-h.

¢ Recorded as My.

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-CHyCH»(3-RCp)2ZrCl; 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 rert-butyl (6) analogues, respectively.

Similar influence of alkyl substitution around the catalyst framework has also been demonstrated
with both Me,C- and Me; Si-bridged analogues of the bis(cyclopentadienyl) zirconcocenes.>® 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 B-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 B-hydride transfer to the metal.
In addition, replacement of a Me group (7) with a bulkier 7-Bu group (8) at the C-3 position of
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the Me;Si- 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 #-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 coworkers®? created a series of differently
bridged bis-Cp zirconocene analogues, including complexes having spirosilane ((CHy)3Si-) or 2,2/-
biphenyl bridges.2Y Unfortunately, these catalysts performed poorly relative to the analogues
listed in Table 3.1.

3.2.1.2 Bis(indenyl) Systems

The C,-symmetric ansa-metallocenes containing a bis(indenyl) ligand are the most common and best
studied of all of the metallocene catalysts.'? 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.'% 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/Zy Tpa Activityb My Tm mmmm (%) References
Ratio (°C) °O

(12) rac-Me; Si(Ind), ZrCl, nj/a® 70 190 36,000 137 81.7 13

(13) rac-Me;Si(Hy4Ind), ZrCl, 8,000 50 54 30,300 148 94.9 14

(14) rac-Me; Si(benz[e]Ind), ZrCly 15,000 70 274 270,000 138 80.5 7

(15) rac-CH,CH;(Ind),ZrCly 8,000 50 140 33,6009 134 87.4 17a

(16) rac-Me; Si(2-Melnd), ZrCl, 15,000 70 99 195,000 145 88.5 7

(17) rac-Me;Si(2-Melnd-Hy ), ZrCl, 15,000 70 40 55,000 144 87.4 7

(18) rac-Me; Si(2-PhInd), ZrCl, 1,000 20 2.4 444,000 139 87.0 11

(19) rac-Me; Si(2-Me-benz[e]Ind), ZrCl, 15,000 70 403 330,000 146 88.7 7

(20) rac-CHpCH;(4,7-Me;Ind), ZrCly 2,000 40 7.8 5,800 130 922 15

(21) rac-CHyCH,(2,4,7-Me31Ind), ZrCl,© 30 21 n/a 158 90.6 12

4Polymerization temperature.

bkg PP/mmol Zr-h.

®Not available.

4y

©[Ph3C][B(CgFs)4/Al(i-Bu)z; Zt/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.”-!1=13
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.'> 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.”-!6 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-Me,Si(2-MeBenz[e]Ind),ZrCl, (19) to its unsubstituted
parent, rac-Me,Si(Benz[e]Ind)»ZrCl, (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-Me,Si(2-Me-4-Phlnd),ZrCl, (24) with rac-
Me, Si(4-Phlnd),ZrCl, (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-Melnd),ZrCl, where
Z is a CH,CHa- (28), Me; Si- (29), or Me,C- (30) bridge produces polypropylene of low molecular
weights and tacticity.!>17~19 However, by changing the substituent at C-3 from a methyl group (30)
to a bulkier zerz-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).!7 Interest-
ingly, the same increase in polymer properties is not observed in either rac-Me; Si(3-z-Bulnd),ZrCl,
(33) or rac-CH,CH3(3-(Me3Si)Ind);ZrCl; (34).1319 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 Me; Si- bridge or CH,CH3-
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 Tlf,a ActivityIO Mw Tm mmmm (%) References
Ratio (°C) O

(28) rac-CH>CH;(3-Melnd), ZrCl, 8,000 50 28 15,800 n/a¢ 19.9 17a
(29) rac-Me; Si(3-Melnd), ZrCl, 15,000 70 33 28,000 n/a n/a 17a
(31) rac-Me»C(3-¢-Bulnd),ZrCl, 8,000 50 125 89,400 152 94.8 17a
(32) rac-Me,C(3-(Me3Si)Ind)» ZrCl, 3,000 50 T4 70,900 135 85.9 17a
(33) rac-Me;Si(3-1-Bulnd), ZrCly n/a 70 0.5 700 n/a 10.5 19

(34) rac-CH>CH»(3-(Me3Si)Ind),ZrCl, 2,000 1 2.6 5,000 n/a 75.5 (mm) 13

4Polymerization temperature.
bkg PP/mmol Zr-h.
®Not available.

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

Precatalyst AVZr  Tp? (°O) Activityb My Tm °C) mmmm (%) References
Ratio

(35) rac-CH,(Ind)» ZrCl, 4000 50 62 5,300 110 71.4 17¢

(36) rac-Me,C(Ind),ZrCl, 3000 50 66 11,000 127 80.6 17a

(12) rac-Me; Si(Ind)> ZrCly 3000 50 17 56,000 144 90.3 13,17a

(15) rac-CHpCH;(Ind)» ZrCly 8000 50 140 33,600 134 87.4 17a

(37) rac-Ph;Si(Ind),ZrCl, n/a¢ 70 40 42,000 136 80.5 13

(38) rac-Me;SiMe, Si(Ind), ZrCI2 n/a 70 3 9,000d 73 40.2 13

4Polymerization temperature.
kg PP/mmol Zr-h.

“Not available.

dRecorded as My, .

The most popular and best studied bridging moieties are the H,C-, Me,C-, CoHy-, and Me, Si-
groups. In general, the molecular weight and isotacticity of the polymer produced increases as the
catalyst bridge is changed from H,C- (35) to Me,C- (36) to CoHy- (15) to Me;Si- (12) (Table 3.5),
although there are exceptions (e.g., the rac-Z-(3-Melnd),ZrCl, series (28-30) discussed above). The
effect of changing the methyl groups to other alkyl groups in the R,C- and R, Si-bridged bis(indenyl)
framework has also been thoroughly investigated and the effects vary depending on the system.
Last, several longer bridges>° and heteroatom bridges?' 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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FIGURE 3.5 Generalized structure of a doubly bridged zirconocene. Each Z represents a bridge, for example,
CH,CH; or Me,Si.

39:R',R? R®=H

40:R' =Me, R, R®=H
41:R'=Et, R, R®=H
42:R',R?’=H, R® = Ph
43:R'=Me, R°=H, R®=Ph
44:R',R®=Me, R*=H

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%3 To date, mainly
CH,CHj;- and Me,Si-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.?3 (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
Nantz?* and Schaverien® 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 (M, = 400-900 Da) with very
little stereoregularity along the backbone (Table 3.6).%

Halterman,?® and Bosnich?’ 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).2%%°
The best reported catalyst of this type, rac-Me;Si{4,4’-(3-Me-1-PhInd)},ZrCl, (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.”®
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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) CH,CH3(2-Ind),ZrCly 10,000 50 530 400 n/a® 25
(40r) rac-CHyCHy (1-Me-2-Ind), ZrClp 40,200 50 6,240 850 n/a 25
(40m) meso-CH,CHj(1-Me-2-Ind),ZrCl, 40,200 50 4,160 1,800 22.0 25
(41r) rac-CHpCHj (1-Et-2-Ind), ZrCl, 40,000 50 1,320 1,600 36 25
(41m) meso-CH,CH,(1-Et-2-Ind), ZrCly 40,000 50 5080 1,700 23 25
(42) rac-CH,CH, (4-Ph—2—Ind)2ZrClg 40,000 50 330 1,100 62.2 25
43) rac—CHZCHz(1—Me—4—Ph—2—Ind)2ZrClg 40,000 50 1,080 1,000 27.8 25
(43m) meso-CHyCH,(1-Me-4-Ph-2-Ind), ZrCl, 40,000 50 900 1,000 263 25
(44) CHyCHy(1,3-Mep-2-Ind), ZrCly 4,000 50 5040 1,900 403 25
(45) 1,1'-biphenyl(2-Ind), ZrCl, 40,195 50 114 1,700 442 25

4Polymerization temperature.
kg PP/g Zr-h.
“Not available.

dPolymerizations performed with a 4:1 rac:meso ratio.

RONy-Z g~

TiCl,

R' Cé Q{

45:R'=H,M=2zr 48
46:R'=H,M=Ti
47:R' = Me, M = Ti

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

3.2.2 C1-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. C;-symmetric metallocenes like their C-symmetric analogues
can produce all degrees of molecular weight and tacticities. However, C-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 Cj-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 Cy 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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4,4’-bridged metallocenes

7,7’-bridged metallocenes

c® \CI
\ \(; ! < p ;0|
P o 8

R
al meso
51: R=Me 53: R=Me
52: R = j-Pr 54: R = |-Pr 55

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

. LR

Z  zcl, Me2CE ZrCl, Me?CE ;ZrC'Z
56: Z = Me,C 58: Z = Me,C 58: Z=Me,C
57: Z = Me,Si erythro form threo form

FIGURE 3.9 C;-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 = Me,C-, 56) and dimethylsilylene-bridged (Z = Me,Si-, 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.>® Even the substituted analogue of the isopropylidene-bridged complex,
erythro/threo-Me, C(3-MeCp)(Ind)ZrCl, (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.'” 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-#-Bulnd)MCl, (where Z = Me;C, or Me;Si- and M = Ti, Zr, Hf (5§9-62)
(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)."°

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.!° Last, when the bridging moiety is changed from an

Z  MCl,
W
erythro-form threo-form
59e 59t: Z=Me,C, M = Zr

60: Z=Me,C,M=Ti
61: Z=Me,C, M = Hf
62: Z = Me,Si, M = Zr

FIGURE 3.10 C;-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 AVZr  Tp? (°O) ActivityID Mn mm (%) References
Ratio
(59t) threo-Me, C(3-1-BuCp)(3--Bulnd)ZrCl 2,000 1 620 105000  99.6 19
(59t) threo-Me,C(3-1-BuCp)(3--Bulnd)ZrCly 2,000 60 42,000 9,000 992 19
(59€) erythro-Me,C(3-t-BuCp)(3--Bulnd)ZrCly 2,000 1 60 9,000 518 19
(60t) threo-Me, C(3-1-BuCp)(3--Bulnd)TiCl, 2,000 1 1950 34100  99.6 19
(61t) threo-Me,C(3-1-BuCp)(3--Bulnd)HfCly 2,000 1 30 39,000  99.5 19
(62t) threo-Me,Si(3-1-BuCp)(3-+-Bulnd)ZrCl, 2,000 1 110 28,000 986 19
(56) Me,C(Cp)(Ind)ZrClp 2,000 1 730 1,100 352 19

4Polymerization temperature.
b9 PP/mmol Zr-h.
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CiZrC|2 CIZZ?' ™
@, O

anti-63 syn-63

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

Ph Ph
MeoSi  zrCl, Me,Si  ZrCl, Me,Si ZrCl,
64 65 66

FIGURE 3.12 C{-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, Cj-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).3?> 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(MesCp)(Ind)ZrCl; (63) (Figure 3.11). The polypropylene that is produced has a very low
crystallinity (low isotacticity) and melting temperature (mmmm = 40%; Ty, = 50-65 °C).3?2 These
initial studies by Rausch et al. have led to the development of several related C;-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-Me;Si(Ind)(3-Melnd)ZrCl, (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.>>

Spaleck et al. have produced the best catalysts of this type to date. The metallocenes,
rac-Me,Si(Ind)(2-Me-4-PhInd)ZrCl, (65) and rac-Me,Si(2-Melnd)(2-Me-4-PhInd)ZrCl, (66),3
combine individual indenyl moieties that have previously demonstrated excellent catalytic prop-
erties in Cp-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.>



96 Stereoselective Polymerization with Single-Site Catalysts

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 C;- 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 a-olefins such as propylene.'™ 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.> 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.® Variations
in geometry and electronics can affect reactivity, and in many cases, also affect activity and stereo-
control in the polymerization of a-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.” While many group 3 and 4 singly bridged ansa-metallocenes are known,
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\ /Cl \ /Cl
M ~ M ~
? Cl é cl
M = Ti, Zr, or Hf « = Linking functional group

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 a-olefins. These complexes fall into the following three categories:
(1) the precatalyst can produce polyethylene, but tests for a-olefin polymerization are not reported;
(2) the precatalyst can produce polyethylene, but does not polymerize a-olefins; and (3) the precata-
lyst polymerizes both ethylene and a-olefins. Some complexes in this third class serve as outstanding
precatalysts for making polypropylene with regard to catalyst activity, polymer molecular weight
(M, or M), polydispersity index (PDI, M,/M,) 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 a-olefin polymerization based on their structure and symmetry. For
the a-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 a, B, T,
and vy are often reported.® The interplanar cyclopentadienyl ring angle (dihedral angle between the
ring planes) is represented by a. The angle between the normals to the ring centroids (Cpporm—
CProrm) 18 designated B, where a 4 8 = 180 °. The Cpceni—metal-Cpeene angle (where Cpeent is the
cyclopentadienyl centroid) is referred to as y.

Ring slippage, defined as a cyclopentadienyl coordination mode of less than >, can be ascertained
by comparison of § and y. 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, T, is
defined as (y — f)/2. Angle a is also related to t by the following expression: o = (2t —y + 180°).
A linked metallocene will tend to have a larger value of t than its unlinked counterpart. In addition,
a doubly linked metallocene will tend to have a larger value of t than its singly linked counterpart
does. There are two caveats when using t as a measure of ring slippage: (1) two-atom bridges (or
greater) tend to provide t values that are comparable to unlinked metallocenes, and (2) substituents
on the cyclopentadienyl ligands can lead to unexpected variations in t 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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FIGURE 4.2 Angles a, 8, T, and y are often used to describe the bonding in ansa-metallocenes with two
interannular linkers.

=z <

\ X - X
M
~~x N Q
<5 X X
\\ Side-view Top-view / \\ Side-view Top-view /
One interannular bridge Two interannular bridges

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 o values, decreased y
values, and increased t values as compared to singly bridged metallocenes. In this chapter, a, B,
T, and y 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 n2-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.? 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 Co,-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 Cy, -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 1b° and Hafner described a distinct syn-
thesis for 1b!%!! along with crystallographic data (see Table 4.1). For both complexes, a (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 metallocenes®). The two
cyclopentadienyl rings in both 1a and 1b are nearly eclipsed, yielding a slight distortion from ideal
Cyy-symmetry. Thus, these complexes display approximate C>-symmetry.

Also in 1994, Buchwald!? 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 ZrCls (THF); or
HfCl4(THF), did not provide the desired zirconocene or hafnocene complexes. Compound 3¢ 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 a and § 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),Si}2(CsH3),] ligand array.!3~15 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 4b'3 and dimethyl complex 4¢'* (see Table 4.1). In all three structures,
the cyclopentadienyl rings are eclipsed. Despite a wealth of synthetic and crystallographic data,

. CHa
X
\M/CI Tii
~ / Y
; Cl CHs
1a (M = Ti) 3a(X=Cl,Y=Cl
1b (M =2Zr) 3b (X=Cl, Y =Br)

2 3c (X=Br,Y=Br)

FIGURE 4.4 Metallocenes and ligands with two carbon-based interannular bridges.
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4d (M =Zr, X = CHa) 5¢ (E = PhC=CPh)

FIGURE 4.5 Metallocenes and ligands with one or two Me; Si- interannular bridges.

Royo has not put forward a-olefin polymerization results for precatalysts 4a—d. However, Lang has
tested 4a for polymerization of ethylene and propylene (vide infra).3*

Bulls and Bercaw employed two dimethylsilyl interannular linkers in the preparation of
[(MeZSi)z{nS-C5H2-4-C(CH3)3 }217xCl, (Sa, Figure 4.5).16 The most notable aspect of the X-ray
crystal structure for Sa is the dihedral angle (o) 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 Cy,-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 Cj,-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
[(Me;Si)(E){n>-CsH,-4-C(CH3)3 }2]ZrCl, (E = PhP, 5b; E = PhC=CPh, 5c; Figure 4.5) is cur-
rently being pursued.!” Syntheses of the singly linked ligands, [(PhP)(z-Bu-CsHy),] and a cis/trans
mixture of [(PhC=CPh)(t-Bu-CsHy),], were recently reported.!3!° Zirconocenes 5b and 5c¢ with
two distinct interannular linkers have been targeted to examine the steric requirements for regiose-
lectivity in a-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 Sb and
Sc are currently under development.

In 1998, Miyake and Bercaw reported the synthesis of a zirconocene and two titanocenes, each
with two dimethylsilyl interannular linkers.’® Notably, they described a novel intermediate and
an isomerization reaction for doubly bridged metallocenes. C>-symmetric rac-7b was prepared by
reaction of the ligand, rac-6, with ZrCly in dichloromethane (Figure 4.5). The 'H NMR spectrum
of isolated rac-7b was consistent with Cp-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 PbCl, 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 sp>
hybridized C of Cp and with Ti coordinated to Cp in an 1! -fashion (via an adjacent sp> 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 y (128.1°) is moderately less than unlinked or singly linked metallocenes (see Table 4.1
for representative data), o (69.7°) is considerably greater than for related unlinked or singly linked
metallocenes. Arelatively large value of T (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 [(Me;Si);{3-(CHMe;)-5-Me-C5H},]TiCl, leads to
complications in predicting tacticity preferences for this precatalyst. In the absence of rac-meso
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SCHEME 4.1 Proposed mechanism for conversion of rac-7a to meso-8a.

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

interconversion, Cy-symmetric rac-7a would be expected to yield isotactic polypropylene, and
C,-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, C>-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.?! This complex was characterized by
'H NMR, 3C NMR, and elemental analysis but not by X-ray crystallography. Owing to the C»,-
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 o-olefins has not been reported. Noh
described the synthesis of group 4 metallocenes with two disiloxanediyl interannular linkers,
[(Me;Si0SiMe;)2(CsH3)2 IMCl,, (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 C>-symmetry in the solid state and the two Cp rings are nearly
eclipsed, as expected. The interannular linkers give this complex its Cp-symmetry. The angle o
(44.1°) was found to be smaller than in the related compound containing a single disiloxane bridge
(51.1°)?3 (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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10a (M = Hf, R = Cl)
10b (M = Zr, R = Cl)

10c (M = Zr, R = CHy)

10d (M = Zr, R = CH,CqHs)

<. - SiMe2>

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

11a (M = Sm, R = THF, R’ = THF) 12 13a (M = Sm, R = CH(SiMe),)
11b (M = Sm, R, R' = (CI-LICI(THF),) < - snvle2> 13b (M =Y, R = CH(SiMey),)
11c (M =Y, R=Cl, R = THF)

<. = SiMez> < = SiMe2>

FIGURE 4.8 Samarocenes and yttrocenes with one or two -Me,SiOSiMe,- interannular bridges and one or
zero Me; Si- interannular bridges do not polymerize a-olefins (THF = tetrahydrofuran; complexes 11a and 12
are divalent while complexes 11b, 11¢, 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
Cp2Z1Cly, IndyZrCl,, and Et(Ind),ZrCl, (Ind = indenyl) under the polymerization conditions stud-
ied. Polymerization attempts using a-olefins were not reported. Owing to the C>-symmetry of 10a—d,
it is anticipated that the precatalysts would yield isotactic polypropylene through an enantiomorphic
site control mechanism.

4.1.4 PoOLYETHYLENE 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).2*726 Compounds 11a,
11c, and 12 have been characterized by X-ray crystallography (see Table 4.1).24

The solid-state structure of samarocene 1la confirms that it is a meso compound with
Cs-symmetry. In comparison to two related ansa-metallocenes with only a single dimethylsilyl
bridge? the (Cpeent)-Sm—(Cpeent) bite angle (y) changed only slightly (<1 °) as a result of adding
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the second disiloxanediyl linker. Samarocene 12 displays C»,-symmetry both in solution (as evid-
enced by 'H NMR spectroscopy) and the solid state.>> The value of « 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*,Sm(THF), (Cp* = CsMes; y = 136°),
according to the authors. In the solid-state structure of yttrocene 1lc, it appears that the cyclo-
pentadienyl rings are not “planar,” making the dihedral angle between the cyclopentadienyl ring
planes, a (112.4(6) °), a number of little utility. And while y (120.8 °) was reported to be less than
for unlinked yttrocenes (y = 134.4(4) © for Cp*, YCH(SiMes), and y = 132.2(2) ° [132.4(2) °] for
Cp*2YN(SiMe3)3),2” 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 d° metal alkyls or hydrides. The authors propose an initiation and
propagation mechanism for 11a analogous to that reported by Evans for Cp*,Sm(THF),.?® For
Cp*:Sm(THF),, the polymerization mechanism involves coordination of ethylene to two Cp*,Sm
units accompanied by one electron transfer from each Sm to ethylene. This first step generates
Cp*2Sm-(CH,>CH;)-SmCp*;, 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 d° 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 a-olefins such as 1-pentene and 1-hexene.

Compound 11¢ 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.2®
The steric bulk of the CH(SiMe3); 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*,LnCH(SiMe3), (Ln = La, Nd) are
inactive toward ethylene polymerization.”? 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 a-olefins, such as propylene.?* =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 C3,-SYMMETRIC (ASPECIFIC)

Lang has described the synthesis and polymerization testing of Cy,-symmetric precatalysts with two
dimethylsilyl interannular linkers (4a, Figure 4.5; 14b—d, Figure 4.9).3%3% 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.3* Titanocene 14d was also characterized
by X-ray crystallography.>* The crystallographic data for 14d is typical for a titanocene with two
dimethylsilyl interannular linkers.
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14b (M = Ti, R = SiMe,, R’ = C)
14c (M = Zr, R = SiMe,, R’ = C))
14d (M = Ti, R = SiMe,, R’ = C=CSiMe)

FIGURE 4.9 (C;,-symmetric titanocenes and zirconocenes with two Me; Si- 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 14¢ 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 Cy,-symmetric precatalysts operating under an
enantiomorphic site control mechanism.

Miyake and Bercaw have synthesized another C,,,-symmetric precatalyst with two dimethylsilyl
interannular linkers, [(Me>Si)2(3,5-(CHMe;),-CsH},]ZrCl, (15, Figure 4.9).3% No X-ray crystallo-
graphic data was reported for 15. In combination with MAO in liquid propylene at O °C, precatalyst
15 forms atactic polypropylene and displays a low activity. The resulting polymer has an M,, 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 C-SYMMETRIC (ISOSELECTIVE)

When enantiomorphic site control is operating, C>-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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16a (R = CH(CHy),)
16b (R = C(CHj),)
16¢ (R = H)

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).3% Three chiral ansa-zirconocenes were synthesized with
a trimethylene linker between the silicon bridge atom and the a-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 16¢ produces essentially atactic polypropylene ([mmmm] = 6%) of
low molecular weight (M, = 3700). The authors suggest that the absence of substituents on the Cp
ligand B 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 (M, = 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, C;-symmetric zirconocenes having two
dimethylsilyl interannular linkers.’” Metallation of dilithio salt rac-17a with ZrCly 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 o is fairly large in both cases (72.1° and 72.9 °, respectively). The authors state that o is
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FIGURE 4.11 When suitably activated, C-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 C>-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, Me,Si(2-Me-4-1-Bu-CsHj;)»ZrCl,, was incubated under the same conditions for comparison
purposes. After incubation, the solutions were hydrolyzed with CH3OH/HCI, evaporated to dryness,
and the residues extracted with CDCl3. 'H 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 Cp-symmetry.

Halterman has reported the synthesis of Ch-symmetric, doubly bridged bis(indenyl)titanium
and zirconium dichloride compounds with two ethane-1,2-diyl interannular linkers (20a-b,
Figure 4.11).% Only the rac- isomer was isolated in each case, owing to the geometric constraints
imposed by the two -CH,CH>- 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 C>-symmetry in the solid state, the cyclopentadienyl
rings are not quite eclipsed. The Cpcent-Zr-Cpeent angle (y) 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 C-SYMMETRIC (ISOSELECTIVE) AND Cg-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.> C;,-
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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FIGURE4.12 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.® 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 C- and Cg-symmetric complexes (C;: 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 C>-symmetric complexes favoring formation of isotactic polyolefins and
Cs-symmetric complexes favoring formation of syndiotactic polyolefins.

For the C2-symmetric zirconocenes, only 29¢ 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, Bercaw*’ first described the use of Cy-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 [(Me,C){(fluorenyl)(Cp)}1ZrCl; (33) was synthesized by Ewen
and Razavi in 1988 (Figure 4.14) and found to be a highly syndioselective precatalyst for propyl-
ene polymerization.*! 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).*°
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FIGURE4.13 (;-(22-24) and C;- (25) symmetric doubly bridged ligands based on a norbornadiene skeleton,
and comparative singly bridged ligands (26-28).

HsCo,, CI Me,HC /, / C'
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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
C,-symmetric zirconocene framework was targeted, as illustrated in Figure 4.15.4?

C,-symmetric precatalysts 35a—d (Figure 4.16) and C-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 O 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



Doubly Bridged Metallocenes for Stereoselective Propylene Polymerization 117

<-= SiM92>

P = Polymer

R =H, C1-C10 alkyl,
5-7 membered cycloalkyl,
C6-C15 aryl or arylalkyl,
or SiR’;

Open region R’ = C1-C10 alkyl,

) C6-C15 aryl,
Open region _| or C3-C10 cycloalkyl

FIGURE 4.15 The open region of this zirconocene with two Me;Si- interannular linkers can accommodate
the alkyl group of the incoming a-olefin, such as the methyl group of propylene. It is thought to help give these
catalysts a high syndio preference for polymerization of a-olefins.
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FIGURE 4.16 When suitably activated, Cg-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).** Similar to other
substituted metallocenes with two dimethylsilyl interannular linkers, the tilt angle t 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).** Zirconocene dibenzyl complex 36a was analyzed by
X-ray crystallography. What is most notable is the value of t 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]T[B(CgFs5)4]~, and 36a was activated with [CPh3]T[B(C¢Fs)4]~ or B(CgFs)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 [(Me,Si)2(3,5-i-Pr2Cp)(4-i-PrCp)ZrCl,
(35b) and [(Me2Si)2(3,5-i-PraCp) (4-i-PrCp)1Zr(CH2Ph) (36a)?

35b 36a
Chemical bond Bond length (A) Chemical Bond Bond length (A)
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-Cé6 (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)

4CpA 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(CgF5)4]™
were found to be highly syndioselective, with only the rrrr pentad apparent by '3C NMR spec-
troscopy; 36b/[CPh3]"[B(C¢Fs)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]T[B(C¢Fs)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(C¢Fs)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 [(SiMe»)2{3,5-(SiMe3),-CsH} {4-CHMe;,-CsH; }]1ZrCl, (37) was also synthes-
ized by Bercaw and tested as a precatalyst for propylene polymerization (Figure 4.16).3 In the
presence of neat propylene at 0 °C, 37/MAO is syndioselective for propylene polymerization. While
the My, 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 B-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.) Busico**#® first put forth a mechanism for
chain epimerization consisting of the following steps: (1) B-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) B-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: mmgefect = [rmmr]
and mgefect = 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.



120 Stereoselective Polymerization with Single-Site Catalysts

Site
epimerization

Correct insertion

(.: SiMez)

P = polymer

Correct insertion
rrtriad rm triad
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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.*’ Polymer
molecular weight and polydispersity index were also evaluated as a function of propylene concen-
tration and temperature. For catalysts 35a—¢/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—¢/MAOQO, no regioerrors (2,1-insertions or 1,3-insertions) were observed
through '3C NMR spectroscopy.

With regard to tacticity, as the concentration of propylene decreases for catalysts 35a—¢/MAOQO,
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—¢/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 35¢/MAOQ. 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—¢/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—¢/MAQO. 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 dp-
propylene and 2-di-propylene for polymerization. 2-di-Propylene was chosen for this experiment
since B-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(CH;D). 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-d;-propylene) displayed similar tacticities (r = 83.3% and
84.2%, respectively), but the deuterated monomer produced higher molecular weight polymer (M
32,840 versus 56,830, respectively). Based on these molecular weights, a k(3-H)/k(B-D) value of 1.6
can be calculated, suggesting that $-H elimination is the predominant chain termination pathway. This
result is consistent with the expectation that $-H elimination would be slower for the polymerization
of 2-d;-propylene than for polypropylene.

CHs3
/\CHS 35b/MAO N r=83.3% M, = 32,840 PDI=1.9

n

D D CHj
/\ 35b/MAO N r=84.2% M, = 56,830 PDI=1.8
CHs3

n

FIGURE 4.17 Use of 35b/MAO as a catalyst for polymerization of dy-propylene and 2-d;-propylene.
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The effect of temperature on stereoerror formation for catalysts 35a—¢/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 AS* and a smaller AH* 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.*®*? Owing to the electronics of these group 3 catalysts (14-
electron, d° 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 y 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 [MeQSi(n5-C5M€4)2]YCH(SiM63 )2).50

Reaction of 39 with hydrogen gas (Hz(,)) to form the corresponding yttrocene hydride com-
plex was also achieved. Hydrogenation of a benzene-dg solution of 39 provides a mixture of two
dimeric yttrocene hydride complexes, as evidenced by '"H NMR spectroscopy. One of these com-
plexes selectively crystallized from benzene-dg 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, 'H
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 a-olefins (such as 1-butene) over the course of
several days at 22 °C.

Yttrocene 39 did not polymerize ethylene or a-olefins such as 1-pentene over the course of several
days at 22 °C. For this reason, in situ activation of 39 with Hy(,) was required to generate a viable

Me ,/ Hj

\\\ C//l CH3

Me/
Me—S, \ v \
wdf g

38a (R = CMeg, M=Y)
38b (R = CMe,, M = Sc) 39
38¢ (R = CHMe,, M = Sc)

FIGURE 4.18 C,-symmetric group 3 metallocenes do not provide syndiotactic polypropylene.
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polymerization catalyst. Presumably, in situ activation of 39 with Hy(,) 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/Hz(,) (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 a-olefins than the corresponding scandocene, 38b. This reactivity trend is consistent with the
observed reactivity for 39/H;(,). Compounds 38a—c and 39/H;(,) 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 M, 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 Bierwagen’! 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/H;(y), 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 a-olefins using a group 3 metallocene with two dimethyl-
silyl interannular linkers. In summary, these C,;-symmetric yttrocenes and scandocenes with two
dimethylsilyl interannular linkers do not provide syndiotactic poly(a-olefin) and do not follow an
enantiomorphic site control mechanism.

TABLE 4.4
Representative 1-pentene Polymerization Data for 38a—c and 39/H(g)*

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

38b Cy 0°C,10.75h 48.31 51.73 9300 29
38b Cs 20°C,2h 47.92 52.12 4500 2.6
38c Cs 0°C,9h 62.76 37.26 —b —
38c Cs 21°C,2h 61.69 28.62 3900 1.9
38a Cs 22°C,7.5d 64.39 35.51 2900 1.9
39/Hy(g) Cs 22°C,7.5d 59.23 40.81 — —

aAll polymerizations were carried out with neat 1-pentene.

b__: not available.
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4.2.5 C1-SYMMETRIC (VARYING STEREOSELECTIVITY)

When the synthesis of Cs-symmetric zirconocenes 35a—c was first described, two Cj-symmetric
zirconocenes (40a-b, Figure 4.19) were also noted.*” 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 Cq-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 Cg-symmetric 37 can be extrapolated to this case.

In 1999, Bercaw synthesized Cj-symmetric zirconocene 40c*’ 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 (Cj-symmetric zirconocene precatalysts where -SCH,CH(CH3)CH,CHj3 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 y and 105 © for the CI-Zr—Cl bond angle were reported.

Both 40b and 40c were tested as precatalysts for propylene polymerization in combination with
MAQO 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: rerm: 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, [Me,C{(3-Me-CsHy)(fluorenyl) }]ZrClleAO.52 This precatalyst is a C|-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 [Me;C{(3-Me-CsHy)(fluorenyl) }]ZrCl,/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—¢/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
[7] 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 Cj-symmetric precatalysts 40b—c, all activated with MAO.
For 35a-c, as propylene concentration increases, there is aroughly 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 'H 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 B-H elimination (i.e., vinylidene end groups are present).
The primary kinetic isotope effect observed for 35b/MAO (vide supra) is also indicative of f-H
elimination operating as the predominant chain termination pathway. No p-CHj3 elimination was
observed for these catalysts; specifically, no vinylic end groups are present in the 'H NMR spec-
tra. For 35a—c and 40c, chain transfer was found to be primarily unimolecular, derived from
B-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, Ci-symmetric ansa-zirconocene
precatalysts for the kinetic resolution of chiral a-olefins.>®> Compounds of the form [(SiMe;)s {3,5-
Ry-CsH}{4-((S)-CHMeCMej3)-CsH> }1ZrCl,, where R is CHMe; (41a), CHEt, (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, 4la, was derivatized by reaction with two equivalents of
lithium (S)-2-methyl-1-butanethiolate, thus forming (S,S,5)-[(SiMe3)>{3,5-(CHMe,),-CsH} {4-
((S)-CHMeCMe3)-Cs5H; }1Zr(SCH,CH(CH3)CH,>CH3), (42a) in greater than 98% optical purity
(Figure 4.19). Besides, the parent compound, 4la, was derivatized by reaction with two
equivalents of Li(SCgHjs), thus forming [(SiMe;)>{3,5-(CHMe,)>-CsH} {4-((S)-CHMeCMe3)-Cs
H» }1Zr(SCeHs), (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 fert-
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 = CHEt; 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 = CHMe,). 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 4.20 Diastereomerically pure C1-symmetric precatalysts.
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FIGURE 4.21 Chiral a-olefins employed for kinetic resolution experiments.

The authors carried out polymerizations with bulky, racemic a-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). Itis notable that these doubly
bridged precatalysts are capable of polymerizing a-olefins with steric bulk in these positions;
most singly bridged metallocenes are incapable of doing so. Only singly bridged Cs-symmetric
[Me,C){ (fluorenyl)(Cp) }1ZrCl, (Figure 4.14, 33) and racemic C>-symmetric metallocenes rac-
[Me,Si(Ind);]ZrCl,, rac-[Me,Si(Benzlnd);]ZrCl, (BenzInd = benz[e]indenyl), rac-[Me;Si(2-Me-
BenzInd),]ZrCl;, and rac-[CoH4(Ind);]ZrCl, have been said to polymerize 3-methyl-1-pentene
prior to this report;54’55 in all cases, MAO/AI(}3CH3)3 was used as the cocatalyst. These Cs- and
C,-symmetric precatalysts are not capable of kinetic resolution owing to their symmetry.3*3

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 =
In[(1 —c)(1 —ee)]/In[(1 —c)(1 + ee)], where ee is the enantiomeric excess of the recovered olefin
and c is the fraction conversion.® If no kinetic resolution is achieved, s = 1. The authors assayed the
fraction conversion, ¢, 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 a-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 '"H 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 a-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 ([(SiMe3)>{3,5-
(CHMe;);-CsH} {4-((S)-CHMeCMe3)-CsH; }1ZrCH3) . 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 (AE = 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 AE of the diastereomeric transition states
for alkyl migration (not evaluated by CAChe) must determine olefin enantiomer preferences. In
addition, the importance of the asymmetric § and y centers of the migrating polymer chain in the
diastereomeric transition states for alkyl migration was noted.

(= SiMe2>
P = Polymer

R =Two or
three carbon
linear or
branched alkyl

Favored

FIGURE 4.22 Proposed favored olefin insertion transition state for activated 41a.
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SCHEME 4.6 Proposed polymerization mechanism for activated 43.

Where R' = C°HMeEt and R? = CPHMeEt

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 a-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 $-R or
B-S chain end. For example, a polymer chain containing a $-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
B-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(a-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(a-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 f and y
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 a-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 a-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 C,-symmetric ansa-
titanocene and zirconocene catalysts in 1984 and 1985 ushered in a new era in alkene polymerization
catalysis.»? 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->* and arsenic’-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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136 Stereoselective Polymerization with Single-Site Catalysts

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 7 ligands have not been
developed, although these atoms have been combined with one or two other heteroatoms® or have
been flanked by carbon and silicon to form the backbone of the bridge.!%!> 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 wt-ligand is linked
to an amide ligand,'®~!8 are also outside the scope of this chapter.

The following abbreviations are used for the m-ligands of the ansa-metallocene complexes: cyc-
lopentadienyl (Cp), substituted cyclopentadienyl (CpR), indenyl (Ind), 2-methyl-4-phenyl-indenyl
(2-Me-4-Phlnd), 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),MX>
(M = Ti, Zr, Hf) complexes is presented here as prelude to the discussion of their stereoselective

F‘u,G> / \@

_B Zr—Me
R./

FIGURE 5.1 Hypothetical boron-bridged zwitterionic zirconocene complex.
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Cpd M L' L2 X
1a Zr Ph Cl
1b Zr Ph SMe, Cl
1c Zr Ph SMe, CeFs
1d Zr Ph PMe, Cl
1e Zr Ph cr Cl
o, \ 1f zr Ph Me- cl
) MX 1g zr Ph PhsPCH, cl
2 2 1h zr Ph CeFs™ CeFs
g 2a Zr CeFs Et,0 CeFs
2b Zr CeFs CeFs™ CeFs
2c zr CeFs CeFs” Me
3a zr (i-Pr),N cl
3b Zr Me,N Cl
3c zr (MezSi),N - cl
4a Ti (MezSi),N - cl
4b Ti (-Pr),N cl
4c Ti (-Pr)N NMe,
5a Hf (MegSi)pN - cl
5b Hf Me,N cl
5¢ Hf Et,N cl
5d Hf (CHy)sN cl

FIGURE 5.2 Boron-bridged (Cp)oMX, 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)>ZrX>, Y(2-Me-4-Phlnd),ZrCl,, and Y (Flu)(Cp)ZrCl,. Figure 5.2 presents a com-
plete list of these complexes. The first example, PhB(Cp),ZrCl, (1a), was prepared independently
by Rufanov!? and by Reetz.?

The Rufanov synthesis involved the reaction between ZrCls and PhB{(SnMe3)CsHy }>, which
was formed in situ from the 2:1 reaction between (SnMe3),CsHs and PhBCl,. A 40% yield of 1a
was reported; however, the synthesis has not been reproducible.?! The Reetz synthesis was similar
but instead used PhB{(SiMe3)CsH4} 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,?223 who prepared 1b by reacting ZrCls(SMe,), with PhB{(SiMe3)(SnMe3)CsH3 }».
Complex 1b forms selectively even if two equivalents of ZrCl4(SMe;), are reacted with the ligand
precursor. The Me,S 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.?! The involvement of boron—
cyclopentadienyl bond cleavage in the decomposition was indicated by signals characteristic of
nonbridged CpZr moieties in the 'H NMR spectra of the decomposition products. When the SMe,
adduct in 1b was replaced with more tightly coordinating PMes (1d), alkylation of the zirconium
center by alkyllithium and Grignard reagents proceeded smoothly.?!

An exception to the decomposition of 1b by alkylating reagents was discovered by Lancaster and
Bochmann,?* who selectively alkylated the zirconium center of 1b with two equivalents of (CFs)Li
while leaving the Me, S adduct on the boron bridge undisturbed to form complex 1c. Displacement of
the MeS with additional Li(CeF5) produced the borate-bridged species 1h. The opposite selectivity
was observed in the reaction between 1b and (CsMes),AlMe. 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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’

y ﬁ
, <®7 R,NBCl, (CpH)ZB(NRZ)2Li[N(i—Pr)2] or Liln-Bul_ MCIi(THF), 23\%\.\/@2

M = Zr, Hf
(n=0-2)
M' = Li, Na

1. 2 Li[n-Bu]
2. TiCly(THF),
3. 2 PbCl,

SCHEME 5.1 Synthetic routes to R,NB(Cp);MCl, 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.

RoNB-bridged group 4 ansa-metallocene complexes 3a—c, 4a—c and Sa—-d, were prepared in
the research groups of Ashe?6~28 and Braunschweig.?*33 These complexes are considerably more
robust than the aforementioned Ph(L?)B-bridged systems, presumably owing to mt-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 (L?) does not have a substantial influence on the
reactivities of the Ph(L?)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(L?)B-bridged complexes using the available data; however, in a parallel screening
of the ethylene/octene copolymerization properties of 1g, 3a, Cp,ZrCl,(C1), and Me;Si(Cp)2ZrCl,
(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 RyNB-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).%3
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(NR»)-B(NR)-bridged group 4 metallocenes shown in Figure 5.3.” 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 Cp,HfCl,. Both 6a and 6b are reasonably active
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TABLE 5.1

Polymerization Data® for Boron-Bridged Cp2MCl; Complexes (M = Zr, Hf)

Entry Complex Activator (equivalent) pr(°C) P (bar) Activity© References

1 1b MAO (50) 25 ~1 none 21

2 1d MAO (1000) 25 2.2 3.6 25

3 1e [(PhyP),NT+ MAO (1000) 25 22 12 25
counter ion

4 1f[Cp*AllT MAO (1000) 25 22 2.0 25
counter iond

5 1g MAO (1000) 140 34 2490 (C5/CR) 34

70 nr 74 (C3)

6 1h ([NEty]* MAO (500) 60 1 0.80 24
counter ion)

7 2b ([Li(EtyO)4]T MAO (600) 60 1 1.10 24
counter ion)

8 2b ([Li(Ety0)4]F [Ph3C]T[B(CgFs5)41~(2) 60 1 2.13 24
counter ion) + Al(i-Bu)3 (10)

9 2¢ ([Li(Bty0)4]F MAO (1000) 60 1 0.69 24
counter ion)

10 2¢ ([Li(EtpO)4]t [Ph3CIF[B(CeFs)4]~(1) 60 1 0.37 24
counter ion) + Al(i-Bu)j3 (10)

11 3a MAO (1000) 140 34 12.6 (C5/C3) 34

70 150 g® 3.8(C3)
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) nd® 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 (C5/C) 34
(Cp,ZrCly) nr 2.0 (C3)

19 C2 MAO (1000) 140 34 34 (C5/C) 34
(Me,Si(Cp)oZrCly) nr 6.2(C3)

4 Data is for ethylene polymerization, unless otherwise indicated.

b, p polymerization temperature.

¢ Activity in kg polymer/mmol Zr-h. Notation in parentheses indicates alternative monomers used in the polymerization where
C5 /Cgis an ethylene/1-octene copolymerization and C5" is propylene homopolymerization.
d Cp* is pentamethylcyclopentadienyl.

©Mass of polypropylene used in the polymerization.

f

nr = not reported.

2The 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 (M, = 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 (M, < 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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MeoN /@
B \ 6a:M=Z
l a: M =Zr

MCl, 6b: M = Hf

B g
MeoN~" \Q

FIGURE 5.3 Braunschweig’s diboron-bridged group 4 ansa-metallocene complexes (6a and 6b).

R  Cpd M L' L2 R R' X

' 72 zr Ph Et,0 H H

[ &2 7z Ph THF H H  C

. \ 7c Zr Ph PMeg H H Cl

Lo, R 8 Zr Ph Me,S Me Ph  Cl

7 o R WX 8a  zr Ph PhsPCH, Me  Ph  ClI

L = 9a Zr (FPry)N — H H Cl
9b zr (-Pry)N — H H  NMe,

10a T (Me3Si),N — H H cl

[ (Me;Si),N — H H cl

R' 10c  Hf (Me3Si),N — H H cl

FIGURE 5.4 Boron-bridged (Ind);MX; complexes (M = Zr, Ti, Hf). Complex 8a is zwitterionic.

. 2 Li[N(SiMe3),]
2. zrCl,
. (i-Pr)sP
2(ndlLi+ PhBCl, __,  ~g-Ph_(FPsP g-Ph _Tolene/BLO & 0)phB(ind),zrCl,
ﬂ d N

SCHEME 5.2  Synthetic route to (LZ)PhB(Ind)ZZrClz complexes (7a, 7b and 7c).

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

ansa-Bis(indenyl)zirconium complexes are generally more efficient propylene polymerization cata-
lysts than their cyclopentadienyl counterparts, and the C>-symmetric rac isomers are preferred over
the meso isomers for their selectivity. Figure 5.4 shows the rac boron-bridged (Ind),Zr complexes
that have been reported to date,30-37-26

Complexes 7a—c was reported by Reetz et al. in 1999.33 Complex 9a was reported by Ashe et al.
in the same year.® The synthetic route to 7a—c is shown in Scheme 5.2. Base-catalyzed isomerization
of PhB(HInd); 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 Et,O ligand on boron with PMes 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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1. 2 Li[N(i-Pr),] 2/

2. ZrCl/Et,0 \ ¢
5 + (i-Pr),NBCl, — (i-Pr),NB(HInd),———— (i-Pr),N ==B Zr"\CI (9a)
Li Qz
‘ Excess
Zr(NMey), Me,SiCl

i-Pr),NB(Ind),Zr(NMey), (9b
Toluene, & (-Pr)2NB(Ind),Zr(NMe), (9b)

SCHEME 5.3 Synthetic routes to (i-Pr), NB(Ind),ZrCl, (9a).

TABLE 5.2

Propylene Polymerization Data for Racemic Y(Ind),ZrCl, Complexes®

Entry Y MAO  TpP(C) Activity mmmm Tnd(°C) PPMy PDI® References
(equivalent) (%) (x10‘5g/mo|)

1 (PMe3)PhB (7c) 1,000 40 1.05 90 ndf 1.29 nré 35

2 (PMe3)PhB (7c¢) 1,000 60 0.174 85 nd 0.62 nr 35

3 i-PryNB (9a)! 1,000 70 24 721 113 nr nr 26

4 Me,C (C3) 8,000 70 27 69.7 124 0.15 nr 39

5 Me,Si (C4)l 15,800 50 14 89 142 0.61 1.7 41

6 Me, Si (C4) 15,000 70 190 81.7 137 0.36 2.5 38,40

7 CH,CH; (C5) 15,000 70 188 78.5 132 0.24 nr 38, 40

3Unless otherwise indicated, polymerizations were performed in liquid propylene.
pr = polymerization temperature.

¢ Activity in kg PP/mmol Zr-h.

A7, = polymer melting point.

€PDI = molecular weight polydispersity (My, /Mp).

fnd = not determined.

€nr = 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,?”afforded
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 7¢, 9a, and their nonheteroatom-bridged racemic
analogues®®*#'Me,C(Ind),ZrCl, (C3), Me,Si(Ind),ZrCl, (C4), and CH,CH,(Ind),ZrCl, (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 (L?> = Et,0), as a mixture of meso and rac isomers,
was also examined. This species exhibited much poorer activity than 7¢ and produced low molecular
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TABLE 5.3

Selected Structural Parameters and Stereoselectivities of Y(Ind)2ZrX, Complexes

Entry Y 0(°) y(°) a(®) (°) dec(A) % mmmm?(°C) References
1 i-PryNB (9a) 104.9 121.6 66.8 42 2.517 72 (70) 26

2 Me,C (C3) 100.3 118.3 70.8 4.55 2.354 69.7 (70) 43

3 CH,CH, (C5) — 12531 6347 439 2.763 78.5 (70) 46

4 Me,Si (C4) 9457 12781  61.94  4.875 2.749 81.7 (70) 40

5 (PMe3)PhB (7¢)  99.4 121.6 66.7 4.15 2.483 85 (60) 35

4Polymer 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)>ZrCl, 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 o, T, y, and d.. are commonly used to evaluate the tilt of the
ni-ligands on the metal.*> These parameters reveal a direct correlation between the degree of ring
tilt in Y (Ind),ZrCly(Me;C > (i-Pr);NB ~ (PMe3)PhB > Me;Si ~ CH,CH») and the size of Y
(Me,C < (i-Pr)2NB ~ (PMe3)PhB < Me;Si < CH>CHj3). 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.*** 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),ZrCl, complexes (Me;C < (i-Pr)oNB <
CH,>CH; < (PMe3)PhB =~ Me,Si) 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, 7¢ and Me;Si(Ind),ZrCl, (C4) exhibit comparable stereoselectivities (Table 5.3,
entries 4 and 5), taking into account differences in polymerization temperatures (7;), despite the
greater ring tilt angle of the former species. Furthermore, 7¢ 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 Me;,Si-bridged C4 relative to the CH,CH,-bridged CS (Table 5.3, entries 3 and
4).3 The more flexible CH,CH> bridge allows C5 to rearrange dynamically in solution between
indenyl-forward and indenyl-backward conformations.*Evidently, 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),ZrCl,

Zwitterionic (PhzPCH,)PhB(2-Me-4-PhInd),ZrCl, complexes 8a—c (Figure 5.6) were recently
reported by Shapiro et al.3* The precursor, (Me,;S)PhB(2-Me-4-Phlnd),ZrCl,(8, Figure 5.4), was
formed as a 2:1 mixture of meso:rac isomers by using ZrCls(SMe3); in a synthetic procedure sim-
ilar to the one developed by Reetz (Scheme 5.3).3% Displacement of the Me,S 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.

\'"Me ﬁ'Me
Ph.,, Mé \Z y PhsPCH,,, : Phu. Vel
°B rCl, B ZrCl, - rCl,
phopcry” \ Me / PR N Me, PhsPCHy” \ Me, i
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8c
8a | 8b |
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FIGURE 5.6 rac and meso isomers of (Php CH,)PhB(2-Me-4-Phlnd),ZrCl,.

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-Me,Si(2-Me-4-PhInd), Zr(-(Ph)C=CHCH=C(Ph)-)*’ (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 (7,) was observed for Reetz’s phosphine adducts, 7¢ (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.*49

5.2.4 Y(Flu)(Cp)ZrCl,

Ashe and coworkers also developed the Cs-symmetric boron-bridged complex, (i-Pr), NB(Flu)(Cp)
ZrCl, (11, Figure 5.7)°° which, like the analogous Me, Si(Flu)(Cp)ZrCl, (C8),>! Me, C(Flu)(Cp)ZrCl,
(€9),2CH,CH,(Flu)(Cp)ZrCl, (C10)°2 and PhP(Flu)(Cp)ZrCl, (12)*® 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),ZrX,® Complexes

Entry Y MAO pr( °C) Activity® mmmm de(°C) Mw© PDI| References

(equivalent) (%) (x10~3 g/mol)

1 (Ph3PCH,)PhB 1,000 70 197 52.4 156 3.73 2.0 33
(8a—c)®

2 (Ph3PCH,)PhB 1,000 85 186 ndh 155 1.96 2.2 33
(8a—c)®

3 (Ph3PCH,)PhB 1,000 100 130 nd 154 1.32 2.1 33
(8a—c)®

4 (Ph3PCH,)PhB 1,000 115 61 nd 153 0.32 2.1 33
(8a—c)®

5 Me,Si (C6)i 1,000 70 82 nd 159 5.13 1.8 33

6 Me; Si (Cﬁ)i 1,000 85 92 nd 157 3.09 2.0 33

7 Me, Si (C6)i 1,000 100 152 nd 154 1.84 3.3 33

8 Me,Si (C6)i 1,000 115 164 nd 154 0.80 2.8 33

9 PhP (15a) 37,000 67 57.6 98 156 0.64) nr 48

10 i-PrP (16a) 37,600 50 126 99.6 160 nrK nr 48

11 Me,Si (C7) 15,000 70 755 95.2 157 7.3 nr 38

4X = Cl, and complexes are racemic unless otherwise indicated.

pr = polymerization temperature.

¢ Activity in kg PP/mmol Zr-h.

A7, = polymer melting point.

M, = PP weight average molecular weight unless otherwise indicated.
fPDI = molecular weight polydispersity (My /My).

8Used as a 2:1 mixture of meso:rac isomers.

hnd = not determined.

X, = —(Ph)C=CHCH=C(Ph)-.

jPolymer molecular weight as the polymer viscosity average molecular weight (My).
Knr = not reported.

fo

Y \ .Gl 11: Y = (-Pr),NB
Zr
\Cl 12: Y = PhP

FIGURE 5.7 Y(Flu)(Cp)ZrCl, complexes.

of Y(Flu)(Cp)ZrCl, complexes: Me,C > PhP > RyNB ~ CH,CH, > Me;Si. A different relative
order for polymerization activity is indicated: RoNB > Me,C > CH;CH,; > PhP > Me,Si.
The high ethylene polymerization activity exhibited by 11 at 140 °C indicates that the complex is
thermally robust, again illustrating the stabilizing influence of m-electron donation from the amide
nitrogen to boron.
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TABLE 5.5

Propylene Polymerization Data for Y (Flu)(Cp)ZrCl, Complexes?

Entry Y MAO  T,P(°C) Activity®  rrr Td(°0) PPMyw PDI® References
(equivalent) (%) (x10‘5g/mol)

1 i-PpNBADT 1000 70 77 81 () 112 1.1 1.9 50

2 PhP(12) 1000 50 9 81 128 3.0 nd" 48

3 PhP(12) 1000 67 14 nd 119 1.3 nd 48

4 MeyC(C9) 1000 67 37 85 134 1.2 2.0 49

5 MeC(C9)  nr 60 17 84 136 0.09 nr 52

6 Me,Si (C8) 1000 67 1.6 51 nr nr nr 48

7 MeSi(C8) 1000 70 25 76 (rr) nr nr 23 51

8  MeyGe (C11) 1000 70 8 65 (rr) nr 2.9 2.3 51

9  CH,CH, (C10) nr 60 4.5 74.3 111 1.7 nr 52

4Unless otherwise stated, all polymerizations were performed in liquid propylene.
pr = polymerization temperature.

¢ Activity in kg PP/mmol Zr-h.

47, = polymer melting point.

¢PDI = molecular weight polydispersity (M /Mp).

fPolymerization conditions: Isopar—ETM solution, 34 atm. propylene.

&Polymer 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?)2MCl,(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 1983* and 1988, 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.>> 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 My, = 42,500 and M, = 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)ZrCl;

Schaverien*8 prepared a series of phosphorus-bridged (Flu)(Cp)ZrCl,, (Ind),ZrCl,, and (Flu)>ZrCl,
complexes and performed a comprehensive study of their performance as propylene polymer-
ization catalysts. The performance of the Cs-symmetric complexes Me; C(Flu)(Cp)ZrCl, (C9),
PhP(Flu)(Cp)ZrCl, (12), and Me,Si(Flu)(Cp)ZrCl, (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 CH, CH; (Flu)(Cp)ZrCl,
(C10)3? 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)ZrCl; Complexes
Entry Y dec(R) 0(°) ¥(°) a(®) % rrrrd(°C) References
Calculated Structures

1 H,C 2.34 99.3 121.5 nr? — 48
2 H,Si 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 Me,C (C9) 2.336 99.4 118.6 72.0 85 (67) 55
6 i-ProNB (11) 2.504 104.7 122.1 68.1 71 (70) 50
7 Me,Si (C8) 2.756 934 127.9 62.5 51 (67) 51
9 CH,CHj; (C10) nr — 127.2 nr 74.3 (60) 52

@ 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,
Schaverien* 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
H,C- and H;Si-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.>* 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,’>>® 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 d...
Notably, the stereoselectivity and “bite angle” of boron-bridged species 11 falls between that of C9
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FIGURE 5.9 rac and meso isomers of RP(2-Me-4-PhInd),ZrCl, (R = Ph, i-Pr).

and C8, as predicted by the model. The lower stereoselectivity exhibited by Me,Ge(Flu)(Cp)ZrCl,
(C11) versus C8 is consistent with expectation since the larger Me,Ge 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
(y), which is narrower than that of C8. This may be somehow associated with the greater flexibility
of its CH,CH bridge.

5.3.3 Y(2-Me-4-Phind),ZrCl,

The same authors examined the propylene polymerization properties of PhP(2-Me-4-PhInd),ZrCl;
(15a-b, Figure 5.9).*3 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 Me;Si(2-Me-4-Phlnd),ZrCl, (C7, Table 5.4), which was measured
by Spaleck et al. under similar conditions (liquid propylene, 70°C).3340 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),ZrCl,

Schaverien*®® and Alt’7 independently reported the synthesis of PhP(Flu),ZrCl, (17, Figure 5.10),
which has average C,, symmetry. This system exhibited much lower ethylene and propylene poly-
merization activity than the Me,Si(Flu),ZrCly (C12) and CH;CH, (Flu);ZrCl, (C13) analogues,
although the molecular weight and tacticity of the PP produced by 17 were comparable to that of
the C12 (Table 5.7).488 As expected, C»,-symmetric Y(Flu),ZrCl, complexes are not especially
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17. Y =PhP
C12: Y =Me,Si
C13: Y =CH,CH,

FIGURE 5.10 Y(Flu);ZrCl, complexes.

TABLE 5.7

Polymerization Data for Racemic Y(Flu); ZrCl, Complexes®

Entry Y MAO pr( °C)  Activity© Tacticity Polymer References
(equivalent) (mm/mr/rr) Mw(x10~3 g/mol)

1 PhP (17) 1,000 50 0.09 (C3=) 15.7/49.5/34.8 1.9 (My) 48

2 PhP (17) 17,000 60 28 (C2:)d na® 4.3 (My) 57

3 Me,Si (C12) 1,000 50 2.0 (C5) 19/49/32 2.3 My)f 48

4 Me,Si (C12) 1,000 50 1.6 (C3=) 3.6/1 rrrr/mmmm 2.0 (Mp)®8 58

5 CH,CHj, (C13) 200 70 nr (C3:)h 32/24/44 0.35 My) 52

6 CH,CHj; (C13) 1,000 50 2.0 (C3=) nr 0.71 (Mp)& 58

2All propylene polymerizations were performed in liquid propylene €3).

pr = polymerization temperature.

CActivity in kg polymer/mmol Zr-h; C3 indicates a propylene polymerization while C5" indicates an ethylene polymerization.
dPolymerization conditions: 10 bar ethylene (C5), pentane solvent.

®na = not applicable.

f Calculated from a viscosity (1) = 2.2 dl/g using the same formula as the authors in reference 48 did for entry 1.
8Calculated from Py, value (number average polymerization degree) reported by authors.

Bnr = 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 coworkers®”->°-01 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 mw-ligand and
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either a phosphoryl or amine substituent on the other. A wide range of D/A-bridged Cp,MCl,(M =
Ti, Zr) (18a—d, 19a-g), (Ind)(Cp)ZrCl>(20a-f), Ind>ZrCl,(21a-f), (Flu)(Cp)ZrCl, (22a—c), and
(Flu)(Ind)ZrCl, (23a-b) complexes, as well as Cp(phosphole)TiCl, (24) and Cp(pyrrole)TiCl, (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)ZrCl, 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 a-olefins with ethylene to produce medium to ultra-low density
polyethylene products.”

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;%> 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 Cp-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(L?)B-bridged metallocenes are too chemically and thermally sensitive to be practical
for industrial use, (RpN)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(NR»)B(NR»)- bridge compares to that of other Y(Ind),MX5 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 CH,CH> 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 Tp°(°C) Activityb Polymer Tm€(°C) PP My (x10~3 PDIY  References
Tacticity (%) g/mol)
1 21b° rtf 7 mmmm (92) 161 4.2 (My) nré 6
2 21b¢ 50 nr mmmm (81) 158 4.3 (My) nr 6
3 21p" It nr mmmm (98) 165 20(My) nr 6
4 22al 20-22 0.014 mm/mr/rr 87 0.059 (My) nr 60
(5/21/74)
22bi 20-24 0.017 mm/mr/rr nr 53 (My) 2.3 61
(15/41/45)
5 22¢k 0 0.0004 rrrr (63) 100 w=10.8dl/g! nr 59
mm/mr/rr
(3/16/82)
6 20ak 20 0.009 mm/mr/rr —4 1.6 (My,) 1.8 61
(37/41/22) (Tg)m
7 21eK 55-60 40.3 mm/mr/rr 161 w=201dl/g or 61
(99/1/0)
8 21f¢ 20-25 0.009 mm/mr/rr 156 12.9 (Mw) 4.1 61
(93/5/2)
9 23bk 20-23 0.014 mm/mr/rr 148 w=104dl/g nr 61
(68/21/11)

4Tp = polymerization temperature.

b Activity in kg PP/mmol Zr-h.
¢Tm = polymer melting point.

dpDI = molecular weight polydispersity (Myw /Mpy).
€2 bar propylene, toluene solvent, (i-Bu)3Al (TIBA), [MezHNC6H5]+[B(C6F5 )4]~ activator.
frt = room temperature.

€nr = not reported.

h Liquid propylene used.

1 mL propylene, toluene solvent, 10,000 equivalent MAO activator.

1 mole propylene, toluene solvent, 10,000 equivalent MAO activator.
k200 g propylene, toluene solvent, 10,000 equivalent MAO activator.
Iy = polymer viscosity.
MTy = 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
n>-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.'> 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.
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158 Stereoselective Polymerization with Single-Site Catalysts

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 VCly and V(acac)s (acac =
acetylacetonate) combined with RyAlX (R = alkyl; X = halogen) at subambient polymerization
temperatures (e.g., —78 °C).> 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 M,,/M,, 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.* 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).>® The actual catalytic active species, although not well characterized, are assumed
to be in the trivalent state® 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 CH,Cl, under high pres-
sure (9.2 atm propylene). As expected from their C>-symmetric structure, isotactic polypropylene
was produced with up to 98% mmmm and a polymer melting point (Tp,,) of 149 °C.'%-12 The poly-
merization reaction propagates through 1,2-insertions, with occasional 2,1- and 1,3-insertions, and
is terminated exclusively by B-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.!3-16
When a metal, a ligand, and a cocatalyst are chosen appropriately, these complexes can afford either
highly isotactic!” or highly syndiotactic'® 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 C-symmetric in an octahedral framework with a cis-N, trans-O
disposition.!® 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.

The tetrahedral titanium diamide complex, [Ar-N(CH;)3N-Ar]TiCl, (Ar = 2,6-(i-Pr),-C¢H3z)
(S8a, Figure 6.1), yields a mixture of isotactic and atactic polypropylene upon activation with R3Al
(R = i-Bu, C¢Hj3, CsH;7)/[Ph3C]T[B(CeFs)4]1~.2122 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 '3C 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 Ty, of
138°C (MAO, 20°C, 1 h, propylene bulk polymerization).>3

More recently, zirconium and hafnium complexes incorporating a Ci-symmetric pyridyl-amine-
C(aryl) ligand (7, Figure 6.1) were discovered that produced highly isotactic polypropylene at
polymerization temperatures (7},) high enough for the catalyst to be used in a solution polymerization
process (T in the range 150-155 °C; T}, was not specified although a high T}, of about 100 °C or
above is usually required to dissolve isotactic polypropylene in organic solvents).?*2 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, Rl toR3 canbe 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 B-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(Il) 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.?’ Because the spatial environment
of the catalytic center can be modulated amongst Cy,, C2, and C; 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.?8?° 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 C, and Cs complexes (8a—8¢, Figure 6.2), whereas the
polymer formed by complexes with C; 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-Nj3 plane (9, Figure 6.2), while they are in the Ni-N» plane of the square planar Ni
complexes.**3! 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 3233

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

A series of group 4 transition metal complexes discovered by scientists at Mitsui incorporating
two phenoxy-imine chelate ligands'> (FI catalysts, named after the Japanese pronunciation of the
ligand'?) can be readily varied in their structures and catalytic properties by systematically changing
the substituents (R' to R? of 3, Figure 6.1) of their phenoxy-imine ligands, which can be synthes-
ized in a straightforward way from readily available chemicals.'3>-1® 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 2000'¢ 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 20003* and on syndiose-
lective living propylene polymerization in February 2001.3> 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 C-symmetric
cis-N, cis-O, cis-Cl configuration is sometimes observable depending on the ligand structure and the
group 4 metal centers.!3-16-3731 Despite the fact that most of the FI catalysts have a Co-symmetric
cis-N, trans-O, cis-Cl configuration, the FI catalysts behave in quite a different way from the
isoselective Cp-symmetric metallocene complexes for propylene polymerization. Ti-FI catalysts
with MAO used as the cocatalyst polymerize propylene in a moderately to highly syndiotactic
manner, 83438 whereas the corresponding Zr-FI and Hf-FI catalysts used in conjunction with MAO
afford atactic to slightly syndiotactic polypropylene.3**° 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.3*-3® 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 B-H transfer) are principally obtained when Zr-FI and Hf-FI catalysts are used,>**" while
much higher molecular weight polypropylenes are produced with Ti-FI catalysts.>*>% When R! 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,*! with much enhanced propylene syndioselectivity relative to the corres-
ponding nonfluorinated catalysts (R! = CgHs).*> 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).43-4¢-2% 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 -CHj3. For ethylene/propylene copolymerization, primary insertion of propylene is also
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SCHEME 6.1 Regiochemistry of propylene polymerization mediated by Ti-FI Catalysts activated with MAO
(L = phenoxy-imine ligand). Two subscript characters attached to k stand for regiochemistry of the last-inserted
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 = -CH,CH,-. However, when R becomes -CH,CH(CH3)-
(as after the primary insertion of a propylene monomer), primary propylene insertion to this primary
chain end (k) 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)CH>- 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.3%40

The behavior of apparently C,-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).>~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 R? substituents gives a sharp increase in syndioregularity that is proportional to
the volume of R?, producing up to 94% of rr triads when R?> = Me3Si (Table 6.1).18:34-3847 1
a comparison between R! = CgHs and R! = C4Fs, the fluorinated complex tends to give higher
syndioregularity when R? and R? are the same for both catalysts (Table 6.1, runs 4, 5).343842 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 RZ Substituent of Ti-FI Catalysts (3, Figure 6.1) on

Propylene Polymerization3®3842

Run R! RZ R} Activity? Mn/10%®  My/MyP  Tn¢  md
1°  CgFs H H 30.7 18.9 1.51 ndf 43
2 C¢Fs Me H 688 26.0 122 ndf 50
3 C¢Fs i-Pr H 31.1 15.4 1.16 ndf 75
4 C¢Fs t+Bu H 3.70 2.85 111 137 87
52  C¢Hs +Bu H 0.95 0.43 1.38 97  62.9h
66  CgFs SiMe; H 5.86 4.70 108 152 93

4kg polymer/mol Ti-h.

bNumber average molecular weight (M) and weight average molecular weight (My )
measured by gel permeation chromatography (GPC, polypropylene calibration).
¢Polymer melting point measured by differential scanning calorimetry (DSC).

4% rr dyads unless otherwise noted as measured by 13C NMR.

€Toluene (250 mL), 0.1 MPa of propylene, 25°C, 5 h, Ti-FI Catalyst = 10 pmol,
MAO = 2.5 mmol.

fNot detected.

€Toluene (350 mL), 0.37 MPa of propylene, 1°C, 6 h, Ti-FI Catalyst = 0.1 mmol,
MAO = 15 mmol.

N 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 A and A 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 A and A forms at a rate comparable to or faster than chain propagation,
driven by the stereochemistry of the a-carbon of the last 2,1-inserted propylene unit to ease steric
interference between the specific polymer configuration and an R! substituent. The energetically
favored diastereomers (re-chain/A-site, E or F and si-chain/A-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 R? substituents, and the methyl group of the coordinating propylene
(A-site/si-face, E and A-site/re-face, B). Thus, the stereochemistry of the a-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,?” is in good accord with the observation that the steric
bulk of the Ti-FI catalyst R? substituent has a pronounced effect upon syndioselectivity. Although
the postulated inversion between the A and A forms is not experimentally supported, FI catalysts
are likely to be fluxional in solution, as has been reported for some Zr-FI catalysts>! and some other
related complexes,>? probably through dissociation of an M—N bond.

6.3.2 PROPYLENE POLYMERIZATION WITH FI CATALYSTS ACTIVATED WITH
i-BU3A|/[Ph3C]+[B(C6F5)4]_

When FI catalysts are activated by i-BuszAl/[Ph3C]*[B(CgFs)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=NR!, 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
by Ti-FI Catalysts activated with MAO (P = polymer chain). The species A/F, B/E, and C/D are pairs of
enantiomers.

reduced, in this case by i-BuzAl to -CH,-NR!-Al-i-Bu, groups with the concurrent formation of
isobutylene (Scheme 6.3, lower path).>> 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-fert-butylsalicylidene)anilinato]titanium (IV)
dichloride, yields ultra-high molecular weight atactic polypropylene with a significant amount of
regioirregular units upon activation with i—Bu3A1/[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.>* In these polymerizations, the polymer product obtained with the
Ti catalyst exhibits a relatively broad molecular weight distribution (M, /M, = 4.15), indicating
the presence of multiple active species, whereas the Zr and Hf catalysts demonstrate single-site
polymerization characteristics (M, /M, = 2.42, and 2.15, respectively). The isoselectivity of the
Zr- and Hf-FI catalysts activated with i-Bu3Al/[Ph3C]"[B(CgFs)4]~ can be improved by chan-
ging the ligand substituents. The bulkiness of the R? 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, R' = cyclohexyl, R> = adamantyl, and R®> = CHj3. Although this catalyst exhibits
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SCHEME 6.3 Activation of FI Catalysts (a) with MAO and (b) with i-Bu3Al/[Ph3C]T[B(Cg¢F5)4]~ and
formation of putative active species for olefin polymerizations. R! to R? are, for example, as defined in
Table 6.1. R is presumably the isobutyl group.

multiple-site character (M, /M, = 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.!” 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.!” Although the structure of the active species of FI catalysts activated with
i-BusAl/[Ph3C]T[B(C¢Fs)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 Cp-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-BuzAl, which may result
in a Ci-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 Cy-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 C, and C; 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,! 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,> 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 + a carbon of polymer chain; ¢ = 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 o carbon (C,) 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 o 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 7.2¢). 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 Mgller Plessset perturbation the-
ory to second order (PMP2) quantum mechanical (QM) techniques were systematically used as a
function of basis set size.* Figure 7.3 summarizes key results. In this study, the Gaussian basis set
was systematically improved through the addition of shells of Gaussian functions>® as displayed
from left to right in the figure for both the PMP27 and B3LYP? 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.” 1! 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,!! 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, R, ~ 3.6
A (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 Rye_me = 2.7 A (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 stereodifferentiation'? 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.'3 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 o carbon directly
attached to the metal (Cy)? 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 C, Orientation

Starting with the first electronic structure calculations on olefin polymerization,'*~10 it has been

observed that there are two classes of transition state orientation for C, that are nearly isoenergetic
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FIGURE 7.5 C, transition state conformational orientations for 1,2 approach of propylene to a LyMR™T
catalyst active site.

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 C, hydrogen shown in Figure 7.5 is in the plane defined by the
olefin C—C bond and the M—C, 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 C, orientation must be considered.

7.2.2.2 Minimal Chain Length

Dating from the 1980s, Corradini’s extension!3 of Pino’s active site model'? 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 B carbon of the polymer chain (Cg); compare Figure 7.6a and b. Despite its use in the literature
as a polymer chain model, an ethyl chain is simply too short!” 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 7.6¢). 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 C, 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 sp>—sp° 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 gauchet-gauche™ and equivalent gauche™ -gauche™ conformations
owing to methyl-methyl repulsions; in the idealized structure, the nonbonded C—C distance is 2.5 A.
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. '8
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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. MAQ 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 AIR(NR’) clusters. The model consists
of a (AIMeQ)g 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, 2% 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 complexation?!?> (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.>3 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
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® T
M—P + = - M—P — M—F
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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,?
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.'> 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)'8 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.'® 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 observation®* 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 studies>> 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.?’

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.>® 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.?!=3 These methods are a combination of electronic structure
(QM) methodologies and MM techniques. In the most widely used QM/MM technique, ONITUM?3!-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),33733 electronic structure methods and bonding concepts are used to develop the
shapes of potential surfaces,>> and QM resonance is used to couple potential surfaces together to
describe reactions.’*33 Recent theoretical reports3®=*! 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,*> Hart and Rappé,*? Guerra et al.,”® and Yu and
Chien® 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. published** 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 1996% 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.*®47 In this study, the positions of the transition state core (the two
olefinic carbons, Cy, 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.*®*” 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,* and more recently by Bormann—Rochotte.?

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 A). 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 C,—H bond nearly in the plane defined by the metal-C, and olefinic C—
C bonds. Bormann—Rochotte computed the Cy—H bond to be 31° out of plane for the staggered
orientation and 23 ° out of plane for the eclipsed orientation. The remaining two C, 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 C;—Zr—Cy—Cp
dihedral angle of complex 2 is 119 °, very near the idealized value of 120 °. In the eclipsed orientation,
the C1-Zr—Cy—Cg dihedral angle is 104 °, opened up significantly from the idealized angle of 60 °.
For 2, the staggered orientation has a 140 ° Zr-C,—Cg—C, dihedral angle. The eclipsed orientation
places the Zr-C,—Cg—C, dihedral angle at 92 °. Earlier computational studies have assumed the
eclipsed, “least motion” polymer chain orientation for the transition state.>>=2848 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 «, B, and y 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-MAOY) (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-MAQ9). 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-MAQO9 and 2-MAOQ9 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-MAO?9,
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-MAQ?9, the energetically
favored staggered chain orientation model predicted a 4.7 kcal/mol stereodifferentiation, in good
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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-MAQ9Y or 2-MAQO?9).

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.*’
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 C>-symmetric catalyst precursors, 3 is Cy-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 ¢, 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),’° 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 Cj-symmetric
active site catalysts. For Cr-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 coworkers>! 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 37248 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,>? theoretical studies>® 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,? 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,!” 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 reported> 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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SCHEME 7.4 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
¢). 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.*?

This anion dilemma in conjunction with the recent report of an exceptionally productive highly
ligand-substituted syndiotactic catalyst by Miller and Bercaw,’° (5, Figure 7.14), prompted Rappé
to initiate an RFF study of syndiotactic polymerization. As with Spaleck et al’s observation*®*’
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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 C, 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,?® addition of a MAO
counteranion results in an increase in stereodifferentiation. For the ion pair 3-MAQO9, the barrier
for propylene approach from the same side as the counteranion ¢ 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 C, 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-MAQ9
are presented relative to stereonormal insertion (V), 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-MAQ9
and a previous computational study'” 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-MAQ9 adopts a unique C,, 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 C, 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 C, conformations and anion positions is summarized in Figure 7.16. Active
site epimerization effectively interchanges positions of the polymer chain B carbon substituents.
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SCHEME 7.5 New model for stereocontrol in metallocene-based syndiotactic propylene polymerization with
3-MAOQ9 where (a) = normal insertion pathway; (b) defect chain insertion pathway; NV = 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 7.15 Experimental (Exp), literature (Reference 17), and new model (current) pentad distributions
for propylene polymerization with 3-MAO9.
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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 B 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.
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FIGURE 7.17 Stereonormal insertion transition state for 5-MAQ9Y, 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-MAQO9 provides a possible explanation for its
increased productivity as compared to 4-MAQO9. 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-MAQ9 (Figure 7.17). This places it in the attractive well of the
interaction rather than the inner repulsive wall (3.5 A). In the reactants, free propylene and 5-MAQ9,
this stabilizing van der Waals interaction is absent, thus the saddle point (relative to reactants) for
5-MAO9 is differentially stabilized relative to 4-MAQ9, in this case by 1.4 kcal/mol. The van der
Waals attraction between the prop