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Abstract

This review focuses on Group 4 metallocenes and their use in the polymerisation of
a-olefins. A brief overview of their history as well as theories concerning the
mechanistic details of the polymerisation reaction precedes a discussion on the
design of these polymerisation catalysts. This latter section will cover what effect
metal, ligand and bridge choice has on polymerisation activity and the physical
properties of the polymer produced. A major drawback to the use of these catalysts
in industrial processes is related to the cost of their synthesis, the major problem
here being the formation of an unwanted diastereomer during the synthetic process.
The techniques employed to overcome these problems are therefore also reviewed.
Lastly, the large volume of literature dealing with these catalysts makes it difficult to
compare the polymerisation data of different catalysts and laboratories. The review
therefore contains tables that attempt to collect the details of the most important

polymerisation studies in a comparable and easy to reference manner.
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1. Introduction and Historical Perspective

Catalysis is the key to efficient chemical processing and most industrial reactions are
therefore catalytic. These processes include the manufacturing of food, fuels,
polymers and pharmaceuticals to name but just a few. Transition metals are
invariably employed in the most successful catalysts, with their d-orbitals bonding to
chemical substrates such as H, CO and olefins. However, the metal cannot operate
in isolation as a catalyst and is therefore always surrounded by groups or atoms
(ligands). It is the ligands bonded to a metal atom(s) that strongly influence the
course of a reaction. A systematic modification of the ligand can therefore bring
about a specific change in both the rate of a reaction and the final product(s) formed.
This is done through either ligand steric or electronic effects, but more commonly, a
combination of both. Large ligands will, for example, prevent substrates beyond a
certain size from approaching the metal. Also, excessive stability of the bond
between the metal and substrate must be avoided as this slows down or prohibits
catalysis.

Metallocenes catalysts that are capable of polymerising o-olefins into useful
materials have proven to be very successful. The first of these -catalysts,
bis(cyclopentadienyl)titanium dichloride (1) was synthesised almost 50 years ago by
Wilkinson and Birmingham.! Its ability to polymerise ethene to polyethene, after
activation by an aluminium co-catalyst, was discovered shortly thereafter by Natta2 as
well as Breslow and Newburg.34 This did not however result in any commercial
applications of this complex due to the low polymerisation activity of this catalyst.
Instead, in the 1960’s and 1970’s metallocene o-olefin polymerising catalysts were
studied to obtain mechanistic information about the commercially successful
heterogeneous catalysts.

Reichert and Meyer found that by adding small amounts of water to the
1/C,H5AICI system, much higher polymerisation activities could be achieved.® Long
and Breslow published similar findings two years later in 1975. They found that
adding water, ca. 0.2-0.5 mole per mole aluminium, resulted in extremely active
catalysts being formed.¢ It was however Sinn and Kaminsky who discovered that a
very active co-catalyst could be synthesised by the controlled addition of water to
trimethylaluminium, thereby generating an alkyl-aluminoxane.”® These metallocene-
aluminoxane systems were found to be 10 000 times more active than the traditional
aluminium alkyl (R,AICl3.,) co-catalysed analogues. Not only ethene, but propene
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could also now be polymerised. Further, previously catalytically inactive metallocenes
such as Cp2ZrCl; (2) were also found to display catalytic activity.

Another defining moment in this area of research was the synthesis of a bridged
metallocene, Et(Ind),TiCl, (3), by Brintzinger in 1982.1© Ewen'' was later able to use
this compound to polymerise propene to partially isotactic polypropylene and shortly
thereafter Kaminsky and Brintzinger were able to obtain highly isotactic
polypropylene using the analogous tetrahydroindenyl zirconocene, Et(IndH4)ZrCl,
(4).2

It was these latter two discoveries, viz. the discovery of aluminoxane co-
catalysts and stereoselective catalysts, that has driven research in the area of Single
Centre Catalysts (SCC’s) from laboratory curiosity to commercially viable systems. In
the past 20 years there has hence been a fervent scramble amongst academic and
industrial research groups to synthesise better catalysts. In this review, these
catalysts are distinguished from the classical heterogeneous Ziegler-Natta (Z-N)
catalysts, which have been extensively and very profitably used in industry for the
past four decades. SCC’s differ in that they have very well defined molecular
structures. The active sites, which make up the active centre of a catalyst, co-
ordinate the incoming olefin monomers and insert them into the growing polymer
chain. The similarity of all of the active centres in a SCC results in all the polymer
chains produced being similar to each another. The polymers formed from Z-N
catalysts in turn have a broader molecular weight distribution as a result of
differences in their active centre morphologies, an artefact introduced through their
synthesis.

The large number of review articles that have appeared in the literature recently
attest to the importance of SCC-research.342 An overview of these articles, listed in
Table 4 (see Appendix), reveal that SCC’s no longer solely encompasses Group 4
metallocenes with cyclopentadienyl-type ligands such as 1-4. Amide and alkoxide
ligands bound not only to Group 4 metals, but also the later transition metals such as
iron, cobalt, nickel and palladium, have been found to form very active and unique
catalysts. Two recent reviews have very adequately described recent advances
made in this area.?®3° The work presented in this review concerns the former
cyclopentadienyl-type metallocenes of the general formula Cp,ZrCl, (Cp = Cp, Ind or

Flu). The emphasis will be on the metallocene ligand modifications and the influence
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that this has had on their polymerisation behaviour as well as the characteristics of

the polymer formed.

2. The Nature of Metallocene Catalysts

Before we commence the discussion of how metallocene ligand design has evolved,
it is perhaps appropriate to give a description of the nature of the active
polymerisation species. Current theories on how successive monomer insertions
occur as well as the termination of the growing polymer chain will also be briefly

discussed.

2.1. The Active Polymerisation Species

It is accepted that the active polymerisation species in metallocene type catalysts is a
cationic, 14-electron metal containing species. This was first suggested by Shilov,
Shilova and Dyachkovskii4344 in the 1960’s, but it was almost two decades later
before convincing evidence supporting this theory was published. Prior to this many
research groups advocated a bimetallic species formed from the reaction of, for
example, 1 with an aluminium alkyl, R,AICl3..

Initial UV-spectroscopic work by Breslow, Newburg and Long to try and
elucidate the nature of the active polymerisation species, suggested that the reaction
of 1 with Et;AICI gave the complex Cp,Ti(Cl)(Et)-EtAICI, (5b, Scheme 1).345 This
complex, or some species in equilibrium with it was suggested to be the active
catalyst. Similar bridged complexes were suggested by Henrici-Olivé and Olivé*647 to
be directly involved in the insertion of ethene.

In 1985 Eisch and co-workers published a paper that made it possible to
dismiss the idea of a bridged Cp.TiCl,—R,AICls.,, two-component catalyst.4¢ By
reacting 1 and CH3AICI, with a highly substituted surrogate for ethene, namely,

trimethyl(phenylethynyl)silane, they were able to trap the insertion product (6c,
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Scheme 2), thereby showing that 6b was the active species and not 6a. Further, the
possibility that 6a was the active catalyst was dismissed by the kinetic work of Fink,
who found that the rate of ethene polymerisation could only be explained if two

equilibria were involved in creating the active species.*®

Cl ELAC cl

Et
Cl Cl —AI<

: |

Et

— Cp2Ti< Cl
Cl —AI<

| Et

ba 5b

7
CH,CH, Y /Et CH2(CH,),CHj3
b szTi< c — Cp2Ti< C|
CI—AI< I—AI<
| Et
Cl
5¢c 5d

Scheme 1 The bimetallic species, 5b, was originally thought to be responsible for
ethene insertion and polymerisation.

Cl
| cl | CH, Cp,Tit—cH,
Cp,TiCl, + CHzAIC,,=—— Cp2Ti< Al J—
o c AICI,
1
6a 6b
CeHs SiMe,
6b + C6H5_CEC_S|(CH3)3 —_—>
CH3 T|+Cp2
AICl,

6¢c

Scheme 2 Reaction devised by Eisch and co-workers to disprove that the
bimetallic system 6a is responsible for ethene insertion. Instead, a
cationic species 6b was shown to be the active polymerisation catalyst.
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The kinetic studies by Fink#®-5'" showed that when an aluminium alkyl reacted
with Cp,TiCl,, an active species C is formed (Scheme 3). This species not only
inserted successive ethene molecules, but could also be reversibly converted into a
dormant state, C—P,.. This dormant species was spectroscopically detectable.

C*_Pn — C*—Pnﬂ — > C*—Pn+2 —— > et

+AL || +Al,  +AL || +Al +AL || +Al,

C—Pn C—Pn+1 C—Pn+2

Scheme 3 Reaction scheme, as proposed by Fink, illustrating the insertion of
ethene into an active polymerisation species (C-P ,) as well as the
transition of this species to a dormant state (C-P,) facilitated by an
alkylaluminium compound. Alg' = unknown, Al, = (AIEtClp),;, P, =
polymer chain.

It was Jordan, Bochmann and co-workers who however provided further proof
that cationic species are directly involved in polymerisation reactions.'”52 They were
able to show that cationic 14-electron metallocenes, free of aluminium alkyl co-
catalyst, could be used as olefin polymerisation catalysts. Crucial to the activity of
these cationic catalysts is the need for the presence of a very weakly co-ordinating
counterion. If this counterion was bound too strongly to the active site, the monomer
molecule was not able to displace the counterion and hence polymerisation was not
possible. Compounds with perfluoronated phenyl rings, such as B(CegFs)s, first
employed by Hlatky and Turner, have proved to be very successful weakly co-
ordinating counterions in this respect.5?

Work involving neutral Group 3 and lanthanide metallocenes, Cp>MR, have also
provided evidence for a 14-electron active species. These compounds are
isoelectronic with the cationic analogues mentioned above and have been shown to

exhibit polymerisation activity.5458

2.2. Polymerisation Mechanism
The reaction path followed by Z-N and SCC’s when polymerising o-olefins has
elicited much interest and speculation from researchers over the years. The

unravelling of the mechanistic details provides vital evidence that can be used in the
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synthesis of better commercial catalysts. For the purpose of this discussion, the
reaction mechanism may be broken down into two parts, viz. monomer insertions
resulting in polymer growth and chain transfer processes that determine the chain

length of the polymer.

2.21. Monomer Insertion and Chain Growth

Monomer insertion and polymer growth are believed to occur via a mechanism
similar to that proposed by Cossee and Ariman (Scheme 4).56" According to this
mechanism, the monomer pre-coordinates to the active complex leading to the
formation of a m-complex. This leads to an alkyl migration to the bound monomer
resulting in the formation of a new carbon-carbon bond. At no point is there an
interaction of the C—H bonds of the alkyl chain with the metal. Rooney and Green
proposed a modified version of this mechanism in which the growing polymer chain
undergoes a 1,2-hydrogen shift to give a metallocarbene, which precedes monomer
insertion (Scheme 5).6263

There are many examples in organometallic chemistry where agostic[I
interactions have been shown to play a role.®s The presence of an agostic bond
arises from the electron deficiency at a metal coupled to its co-ordinative

unsaturation and/or lack of steric protection.

H H
H(® H®
........ ® = /<® K 2
CpoM. Yy T CpMU N, —— CpoM” "NH —> Cp,M

v

Scheme 4 Carbon-carbon bond formation as described in the Cossee-Arlman
reaction mechanism.

These two mechanistic proposals can be thought of as extreme representations
of the chain growth processes. Numerous theoretical and experimental studies,
discussed below, instead point to an intermediate pathway, which lies somewhere
between the Cossee-Ariman and Green-Rooney mechanisms. Two improved

mechanisms have therefore been proposed.

' Term coined by M. Brookhart and M.L.H. Green. It is derived from the Greek word q(@FJ"H (taken
in turn from Homer's The lliad), meaning to clasp or hold onto oneself.54.65
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Scheme 5 In the Green-Rooney mechanism a 1,2-hydrogen shift, to form a
metallocarbene, precedes monomer insertion.

The first, the modified Green-Rooney mechanism put forward by Brookhart and
Green, 5465 stresses the importance of agostic interactions throughout the insertion
process (Scheme 6). However, in a recent review article on agostic interactions in
metallocene polymerisation catalysts, Grubbs and Coates® advocate a much more
transitory role for the a-hydrogen. By drawing on a body of experimental research
involving kinetic isotope effects, they argue that the a-hydrogen atom only interacts
with the metal during the transition state in C—C bond formation (i.e. second last step
in Scheme 6). It should be borne in mind that there are different mechanisms
associated with different catalysts, with ligand structural features playing an important
role in dictating the importance of agostic interactions during the polymerisation
reaction. This point will be further considered in Section 3, which entails a discussion

of the structural features in metallocene catalysts.

Scheme 6 In the Brookhart-Green mechanism, the a-H of the polymer chain bonds
agostically to the metal during the insertion. What has not been shown
in this scheme is how the y-agostic interaction in the final step reverts to
a more favoured o-agostic one.

The use of kinetic isotope effects to probe the polymerisation mechanism, first
proposed by Grubbs,’” has been most elegantly put to use by Brintzinger and his co-
workers.5870 By employing the knowledge that a Zr-H interaction is preferred over
that of a Zr-D interaction, it was shown that a-agostic interactions exist when (E)-

and (2)-1-D-1-hexene as well as (E)- and (Z)-propene-1-D were polymerised. In the
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former case, a higher ratio (1.3:1) of the erythro to threo product was explained by
the role of a favoured o-H agostic interaction with the metal during the rate-
determining insertion step (Scheme 7). Piers and Bercaw observed similar isotope

effects using scandium catalysts in the hydrocyclisation of trans, trans-1,6-d»>-1,5-

hexadiene.
D.H ;
H,D— D,H—: H,D
CpZZI’T}'\"””R CpZZr'/ y CpoZr,
IL>*{'""'DH P é

CH,R

C
erythro threo

Scheme 7 By exploiting the fact that the agostic interaction of H is preferred to that
of D, Brinztinger was able to prove the existence of agostic interactions.
In the hydrodimerisation of (E)- and (Z)-1-[D]-1-hexene, the erythro
diastereomers were formed in a higher ratio than that of the threo
(1.3:1).

A considerable body of work from theoretical studies has been gathered on the
metallocene olefin polymerisation mechanism. These studies not only try to map out
the details of the olefin insertion, but also attempt to explain the tacticity of the
polymer produced by a particular catalyst in the polymerisation of a prochiral
monomer such as propene. This work encompasses the use of quantum mechanics
(ab initio, density functional theory and semi-emperical methods), molecular

mechanics (molecular mechanics and molecular dynamic approaches) or a
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combination of both. Important issues relating to this area of research has been
covered in two recent reviews.37:38

The results provided by these theoretical studies tend to depend, however, on
the weight given to agostic interactions, but most agree on the following mechanistic
details. The resting state of the active polymerisation catalyst is a species that
contains a B-agostic interaction. Front-side insertion of the monomer is then most
likely, but before this can occur, rotation of the polymer chain about the M-C,, bond
must occur. This results in an o-agostic stabilised transition-state. This rotation is
thermodynamically favoured over B-elimination. Insertion can then occur to give a y-
agostic product which then either reverts to the more stable 3-agostic resting state or

continues with the insertion process (Scheme 8).72-80
CPZMK)\@) szM - Cp2M
N
szm% — szMw

Scheme 8 Before ethene inserts into a polymer chain, a rotation around the M-C,
bond occurs to give an a-agostic intermediate. The product, which is a
y-agostic intermediate revert to the more stable B-agostic species.

2.2.2. Chain Transfer Mechanisms

Termination of the growing polymer chain can occur through several pathways. The
most common chain transfer processes that can occur are: (i) B-H transfer to either
the metal or co-ordinated monomer, (ii) B-alkyl transfer to the metal or (iii) chain
transfer to aluminium. Chain termination may also be effected by the addition of H, to
the polymerisation reactor and this procedure is usually employed in industry to lower
the molecular weight of the polymer produced. By studying the chain-ends of the

polymers we can identify the termination pathway(s) followed by a particular catalyst.
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\
®/>\ H ® "N
szM\/<®—> szM\ H ——>Cp,

Scheme 9 Chain termination by transfer to co-ordinated monomer.

)

The first of these processes, B-H transfer to a co-ordinated monomer
(Scheme 9) or metal (Scheme 10) produces vinyl-terminated polymers and alkane
terminated chains when ethene is polymerised. When propene is the monomer,
these termination reactions result in vinylidene and n-propyl end groups. Theoretical
studies have, however, indicated that transfer to the metal is an endothermic process

with transfer to the monomer being thermodynamically more likely.74-77.79.80

H d H
@ @, N\ @
szMi/)\@D—> CpoM, \/\®—> Cp_M 4
) +

Scheme 10 Termination by chain transfer to the metal.

The second chain transfer mechanism is a p-Me transfer to the metal
(Scheme 11). This usually occurs in the polymerisation of propene and is especially
prevalent when the ligands attached to the metal are highly substituted.s!' Allyl

terminal groups result from this process.

® )\/® ®
Cp,M —— cp /\/®

Scheme 11 B-Me transfer to the metal resulting in the formation of an allyl end-
group.

Chain transfer of the polymer chain from the catalyst to an aluminium centre
results in saturated polymer chain ends once the polymerisation reaction is
terminated (Scheme 12). When propene is polymerised, this results in iso-propyl

chain ends being observed in the NMR-spectra of the polymer.
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e

Scheme 12 Chain transfer of the polymer to an aluminium centre.

® ®,/
Cp,M + Me-ARR, —> Cp,M~  + R,Al

3. The Design of Metallocene, Olefin Polymerisation Catalysts
The physical properties of the polymers produced by metallocene catalysts are
dependent on a number of factors. These include the reaction conditions employed
during the polymerisation (e.g. temperature and pressure), the monomer-type(s) fed
into the reactor and most importantly, the catalyst used to stitch the monomers
together. It is the design of the catalyst that dictates not only the amount of polymer
formed, but also its properties.

One of the most actively researched catalyst types has been the Group 4
metallocenes. In this section we discuss what has been learnt about ligand design
and the rules applied to achieve a desired result.

3.1. The Effect of Metal on Polymerisation Results

The choice of the Group 4 metal used in these metallocene catalysts has a profound
influence on the polymerisation reaction. For bis-cyclopentadienyl metallocenes, the
activity order is usually Zr > Ti > Hf whereas the molecular weight of the polymers
produced decrease in the order Hf > Zr > Ti.8289 This ordering may be explained by
steric and electronic factors. The Ti atom has a smaller radius than Zr and Hf, which
are similar in size. This results in more congested transition states during
polymerisation reactions where agostic interactions and chain rotations have to
occur. Therefore, any extra steric congestion introduced by the ligands bonded to the
metal result in a marked drop in polymerisation activity.®¢ The polymerisation
activities of the Constrained Geometry Catalysts (CGC’s)(Figure 1) bear this out.
Here the Ti-catalysts have a higher activity than Zr followed by Hf.9" Theoretical
studies confirm these findings where it has been shown that the insertion barriers for
Ti-CGC’s are lower than that of Zr and Hf CGC’s,%2 whereas for the bis-
cyclopentadienyl catalysts, the opposite result holds true.”> The increased polymer
molecular weights of the Hf catalysts are due to the stronger bonds they form to the
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polymer chain and the co-ordinated monomer. This phenomenon results in fewer
terminations by B-H transfer compared to their Zr analogues where faster monomer

insertions take place, and hence higher activity occurs.

Figure 1 A constrained geometry catalyst.

3.2. The Cyclopentadienyl Ligand

The cyclopentadienyl family of ligands has up until recently been the choice of ligand
used in organometallic polymerisation catalysts. Of these, the cyclopentadienyl (Cp,
7), indenyl (Ind, 8) and fluorenyl (Flu, 9) structures have been most often used.
Others that have for example been employed include the
cyclopenta[alacenaphthadienyl (10),*  cyclopenta[/l[phenanthryl  (11)*4%  and
benz[elindenyl (12)%98 ligand systems (Figure 2). Each of these has a different steric

and electronic impact on the polymerisation ability of a catalyst.

10 11 12

Figure 2 Examples of the cyclopentadienyl family of ligands.
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The steric bulk imposed on the parent ligand decreases in the order 9 > 8 > 7
(Steric effects are discussed more fully in Section 5). What is less obvious though is
the electronic impact these ligands have on the attached metal. Various studies have
been undertaken to probe the electronic properties of these ligands and the effect
they have on the electron density at the metal. One of the most effective methods of
measuring this electron density is the use of gas-phase Electron-Transfer Equilibrium
(ETE) techniques. In these techniques free energies for the oxidation of metal
complexes are determined by Fourier transform mass spectrometry. The cation
generated may then be reacted with a small molecule such as hydrogen and the rate
of this reaction determined, with more electrophilic cations reacting faster with
hydrogen. This type of study has been performed on a set of ruthenocene® and
Group 4 metallocene'.191 compounds. What they show is that 9 is more electron
donating than 8 followed by 7. The same result has been confirmed by X-ray
Photoelectron Spectroscopy (XPS) studies.02 This ligand-series is, however, affected
by ligand substituent(s). For example, the latter XPS study indicated that the
pentamethylcyclopentadienyl (Cp*) is able to donate more electron density than the
unsubstituted indenyl ligand. Another effect of the increased electron density on the
indenyl and fluorenyl ligands is that they are more prone to “ring-slippage”. This
results not only in decreased electron donation to the metal centre, but also in a

change in the geometry of the catalyst and hence its reactivity.23.103.104

3.3. Metallocene Symmetry and Polymer Tacticity

Monomers such as propene are prochiral and the face or topos presented to the
metal determines the stereoregularity of the polymer formed. The stereoregularity
refers to the position of the monomer substituent units with respect to each other, on
the polymer chain. There exist a number of different stereoregularities generated by
the propene polymerisation reaction and these are depicted in Figure 3. If the methyl
groups are randomly orientated, orientated all to one side or alternating with respect
to the polymer backbone, the polymer is defined as being atactic, isotactic or
syndiotactic respectively.EIApart from these three main structures it is also possible to

polymerise propene in a stereo-block fashion where blocks of the monomer units are

2 The suffix -tactic is derived from the Greek word tacticos, meaning arrangement. The term was

proposed by Guillo Natta’s wife.
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orientated in the same way on the polymer chain. Lastly, when polymers are formed
in which every second monomer unit is inserted in a random fashion with respect to
the rest of the polymer chain’s units, then the polymer is referred to as hemiisotactic.

These polymer types are used to reference polymers produced by different
catalyst systems. For example, the first metallocene employed to produce isotactic
polymer by catalytic-site control, rac-ethylene-bis(indenyl)zirconium dichloride,'* only
produced a polymer that was 63% isotactic. The rest of the monomer units in the
chains were inserted in an atactic fashion. Also, co-polymerisation of two monomers
can produce endless varieties of structures depending on the catalyst’s ability to

insert the respective monomers.

atactic

PO I I AN

isotactic

syndiotactic

stereo-block

DA A A A

hemiisotactic

Figure 3 The substituent on the monomer units in the polymer chain can be
positioned in different orientations to each other giving rise to different
stereostructures.

One of the driving forces behind innovation in the design of metallocene
catalysts has been the desire to control this stereostructure in the polymer formed.
This area has recently been thoroughly reviewed by Resconi and co-workers.3® The
control of polymer stereostructure is important as each of the polymers represented
in Figure 3 has vastly different physical properties suitable for different applications.
For example syndiotactic polypropylene is more flexible and clearer than the isotactic

polymer and is often used in the medical industry e.g. in blood bags.
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The most effective technique used to determine the microstructure of a polymer
sample is *C NMR spectroscopy. Although information can be gleaned from the
methine and methylene regions, the methyl region is the most useful in this regard.
For polypropylene, the chemical shift of each CH3; is determined by the configuration
of the two neighbouring CH3 groups on each side of it and the overall effect gives rise
to a signal due to a particular pentad. There are ten possible pentad signals and they
can be illustrated by the Fischer projections shown in Figure 4. These fall into three
groups, viz. mm-centred (mmmm, mmmr, rmmr), mr-centred (mmrr, mmrm, rmrr,
rmrm) and rr-centred (rrrr, rrrm, mrrm) signals.'% Only nine on these signals are
observed as mmrm and rmrr pentads have the same chemical shift. Thus, a perfectly
isotactic or syndiotactic polymer will only have one signal due to either the mmmm

and rrrr pentads respectively.

m m m m m m r r r r r r

:
I
T

m m m r

F

r mm r

o

m m r m

J

r mr r

;

r m r m

!

mm-centred mr-centred rr-centred

Figure 4 The ten possible arrangements of five CHj3 groups (pentads) on a
polypropylene backbone.

Polymer tacticity can arise through two mechanisms, viz. chain end control and
catalytic-site control (also known as enantiomorphic-site control). In the former, the
asymmetric configuration of the last inserted monomer unit in the chain dictates the
tacticity of the rest of the polymer chain whereas in the latter, this control is exercised

through the active polymerisation site (Figure 5). Therefore, if there is an incorrectly
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inserted unit in a catalytic-site controlled catalyst, this will be corrected when the next
monomer is inserted. By studying the '>*C NMR spectra of the polymer produced by a
particular catalyst, the tacticity control mechanism exercised may be determined.
Catalytic-site control gives rise to errors associated with mmrr and mrrm pentads,
whereas mmrm pentads are observed in chain-end controlled polymers.

Ewen has recently published two brief reviews'9.1% explaining the rules behind
metallocene design and polymer tacticity. The 1995 review by Brintzinger, Fischer,
Mulhaupt, Reiger and Waymouth also devoted a section to this topic.'> What was
proposed is that the chirality of the catalyst dictates the type of polymer produced.
These rules are generally obeyed as follows: catalysts with C,, and C; symmetry
produce atactic polymer whereas catalysts with C, and Cs symmetry form isotactic
and syndiotactic polymers respectively. Examples of these metallocenes are
presented in Figure 6. This is a general rule and exceptions, especially for Cs-
symmteric catalysts, have been found. This will be more fully explained in the next

section.

@
CpoM \>\>\>\/\>\> b.

m m r r m

Figure 5 The last inserted unit in a chain end controlled catalysts (a) defines the
orientation of the next inserted unit whereas for a catalytic-site controlled
catalyst (b), any errors are corrected by the chirality of the catalyst.

Theoretical modelling studies and stereochemical analyses of polymers by *C
NMR spectroscopy have proved to be potent tools in elucidating how metallocene
catalysts operate. The latter, for example, not only provides information on polymer
stereoregularity, but also about stereoerrors caused by misinsertions. Also, analysis
of the end-groups on the polymer chain can determine which chain transfer
processes have occurred.

The molecular mechanics work by Corradini and Guerra has shown the
importance of the growing polymer chain and non-bonded interactions on the
enantioselectivity of the catalyst.'07-113 In the approach used by these authors the area

surrounding the catalyst metal centre is divided into four quadrants. As expected, the
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steric bulk of the polymer chain is forced into a chiral orientation, in the least
congested quadrant around the metallocene due to its interactions with the n-ligands
(Figure 7). This quadrant will be Q; and Qs for catalysts with C,-symmetry and
quadrants Q, and Qs in the Cs-symmetric metallocenes. Non-bonded interactions
with the polymer chain then force the monomer (e.g. propene) to adopt an orientation
with its methyl-group trans to the polymer chain. For C,-catalysts the orientation of
the monomer will alternate between successive insertions whereas for Cs-symmetric
catalysts, the propene monomer will always have its methyl-group situated in the

most congested quadrants.
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Figure 6 For olefin polymerisation reactions, metallocenes may be divided in to four
main point-groups, examples of each are shown here.

This work has been confirmed by experimental studies. Recently, Sacchi,
Brintzinger and co-workers have shown that there is no stereocontrol over the first
inserted monomer unit, even for metallocenes that produce highly isotactic
polypropylene.’4 This work corroborates the earlier experimental findings of
Zambelli's and Pino.1"¢ Zambelli found that insertion of 1-butene into a Ti-CH3; bond

is partially enantioselective, whereas that of propene is not selective at all.
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Figure 7 The growing polymer chain always occupies the least congested quadrant.
Non bonded interactions with the chain forces a trans orientation of the
monomer R-group.

Researchers have exploited these rules outlined here to tailor catalysts for
specific purposes. These modifications made to catalysts to improve their
polymerisation characteristics are discussed in the next two sections.

3.4. The Effect of Ring Substituents
3.4.1. Unbridged Metallocenes
The first metallocenes used to synthesise polyolefins were unbridged metallocenes.
In these complexes both cyclopentadienyl-type ligands rotate freely about the metal—
ring centroid axis. As a result of this phenomenon, these catalysts are achiral and do
not polymerise propene in a stereospecific manner. If however specific modifications
to the catalyst are made or the polymerisation conditions are altered, then control of
polymer tacticity can be achieved. An example of the latter was the use by Ewen of
the metallocene Cp,TiPh, (13) to polymerise propene to isotactic propene at
temperatures below —30°C.1"117 At these low temperatures the catalyst exhibited
chain-end control over the polymer formed. Similar results were achieved by Erker
and co-workers when employing substituted bis-cyclopentadienyl metallocenes in the
polymerisation of propene, also at low temperatures.'18-122

Enantiomorphic-site control of propene has been accomplished by using
appropriate ring substituents. However, low temperature (T, < 0°C) polymerisations
are generally still required to achieve this result. By substituting the cyclopentadienyl

ring protons with a chiral tertiary alkyl substituent, Erker was able to synthesise a
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double stereodifferentiating catalyst, (CpCHMePh),ZrCl, (14)."¢ At polymerisation
temperatures of between —33 and —79°C this catalyst is able to produce polymer due
to both chain-end and catalytic-site control. The majority of the polymer (>65%) is
under the former control mechanism. Erker later extended this idea to bis-indenyl
catalysts.' The polymerisation of propene by (1-neoisomenthyl-Ind)>ZrCl, (15)
resulted in the majority (>80%) of the isotactic polypropene being formed through
catalytic-site control. It was rationalised that enantiomorphic-site control existed when
the rotation of the ligands placed the catalyst in a C,-conformation, which created a
chiral entity. A Cq-conformation of the catalyst on the other hand resulted in chain-
end control of the polymerisation reaction at low temperatures. The rotation of the
ligands is obviously retarded by the presence of the bulky substituents as most of the

polymer produced was isotactic.
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Waymouth has taken this idea one step further. Bulky substituents on the 5-
membered ring of indenyl ligands slowed down the rotation of the rings at ambient
temperatures.’24138 |n this way both the “rac-" and “meso-like” structures (Scheme 13)
had finite lifetimes, with the polymerisation of propene occurring in both these
arrangements. When the metallocene was in the “rac-like” conformation, isotactic
polymer is formed, whereas the “meso-like” conformation polymerises polymer in an
atactic fashion. The microstructure 