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Abstract

The nature of the counteranion is an essential component of metallocene polymerisation catalysts. Detailed mechanistic inves-

tigations show how the anion is able to determine the activity and, in many cases, also the stereoselectivity of the catalyst. This

review summarises recent advances in mechanistic understanding of well defined metallocene catalysts based on ion pairs

[L2ZrR
+ � � �X�] and describes recent insights in ion mobility and kinetics of alkene polymerisation processes. The interplay of ligand

structure and nature of the counteranions demonstrates a fascinating versatility and subtlety that continually challenge our ability to

rationalise and predict catalyst performance.
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1. Introduction

At the 40th anniversary of the Journal of Organome-

tallic Chemistry it is appropriate to recall two other cur-

rent anniversaries that have contributed so much to the

development of organometallic chemistry. The year

1953 saw the birth of two important newcomers to this

world whose fate, as it turned out, were to become intri-

cately linked: on 15 January 1953 Wilkinson et al. [1]

submitted their communication on the synthesis of

Cp2TiBr2 and Cp2ZrBr2, and on 26 October 1953 the
low-pressure polymerisation of ethylene with ‘‘Ziegler

catalysts’’ (TiCl4/AtEt3) was discovered [2], to be fol-

lowed a very short time later, on 11 March 1954, by

Natta�s discovery of polypropylene [3]. Within a year the

infants were introduced to each other: the potential of
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titanocene complexes as alkene polymerisation catalysts

was explored as early as 1955, not least because these

homogeneous catalysts were more amenable to mecha-
nistic investigation and were likely to throw some light

on the processes operative in Ziegler catalysts [4,5].

Some key mechanistic features were soon realised: (i)

the need for Lewis acidic main group alkyls as activa-

tors, which can form complexes with the inactive cata-

lyst precursor and are capable of transferring an alkyl

ligand to the transition metal [6]; (ii) the importance of

the appropriate activator to maximise catalytic activity,
(iii) oxidation state IV for the active species and reduc-

tion as a deactivating side reaction [6,7]; (iv) polymer

chain growth by monomer insertion into a Ti–alkyl

bond [7]; (v) the equilibrium nature of the reactions

leading to the active species; (vi) reversible alkyl ligand

transfer to aluminium, and (vii) an intermittent chain

growth behaviour, with an equilibrium between active

and dormant states [8]. Initiation, propagation and
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termination rates and the time dependence of the num-

ber-average molecular weight were measured using

(14CH3)2AlCl isotopic labelling [9].

While Breslow�s mechanistic suggestions (Scheme 1)
involved a zwitterionic species and adhered to a tetrahe-

dral geometry for the titanium centre [6,7], alternative

suggestions were made, such as octahedral intermediates

suggested by Henrice-Olivé and Olivé [10]. An early pro-

posal by Zefirova and Shilov [11] that the active species

was likely to be cationic (Scheme 2) received little atten-

tion until the advent of well-defined polymerisation cat-

alysts based on metallocenium salts in the mid-1980s
[12–15]. The discovery of methylaluminoxane (MAO)

as a more effective activator by Sinn and Kaminsky

[16] and the development of ansa-metallocenes by Brint-

zinger [17] provided the basis for modern high-activity

metallocene catalysts.

This brief review attempts to summarise some recent

advances in the mechanistic understanding of metallo-

cene polymerisation catalysts. For a fuller account of
the chemistry of metallocene catalysts the reader is re-

ferred to a series of excellent recent reviews [18–26].
2. Dramatis personae: structural principles of cationic

metallocene species

It is now well recognised that the active species is a
cationic complex, or more precisely an ion pair, [L2M–

R+� � �X�] [15,27]. Such species can be generated from

group 4 metallocene dichlorides and MAO, or from

metallocene dialkyls and cation generating agent such

as B(C6F5)3, HNMe2Ph
þBðC6F5Þ�4 or CPhþ

3 BðC6F5Þ�4
[15,19,21,28]. Boron-C6F5 compounds are characterised

by chemical robustness and resistance to hydrolysis [29],

and their use in metallocene polymerisation catalysis
[30,31] led to highly active catalyst systems that were

amenable to mechanistic studies. Since this aspect has

been dealt with in earlier reviews, only a brief summary
is given here. While methide-abstraction from L2ZrMe2
with B(C6F5)3 gives zwitterionic products of molecular

structure, L2ZrMe(l-Me)B(C6F5)3 (B, Scheme 3), the

reaction of L2MMe2 with [CPh3][B(C6F5)4] proceeds in
stages to give initially homobinuclear cations

[(L2MMe)2(l-Me)]+ (A2) which react with further

CPhþ
3 in a subsequent but much slower reaction to give

ion pairs of type C. The chemistry of the highly electron-

deficient 14-electron species [L2MMe]+ is dominated by

equilibria [32], including the formation of B via interme-

diate A1 [33]. The formation of A2 can be regarded as

instantaneous even at low temperatures [32], while the
formation of C with excess is comparatively slow,

depending on the ligand system. With L2 = rac-Me2-
Si(Ind)2 (SBI) in benzene-d6 at 298 K, the conversion

of A2 into C under pseudo-first order conditions pro-

ceeded with a rate k = 3 · 10�4 s�1 [34].

If other sufficiently basic and sterically unhindered

metal alkyls are present, such as Al2Me6, heterobinu-

clear adducts D result (Scheme 4) [32]. The identification
of these species is of obvious relevance to the catalyst

speciation in systems activated by MAO which typically

contains substantial amounts (ca. 30%) of Al2Me6. The

cation D and species related to C have subsequently

been identified in MAO-activated metallocenes, e.g.,

using 13C-labelled MAO [35,36].

Both A and D are catalytically active, even though a

neutral metal complex (i.e., L2ZrMe2 and AlMe3, re-
spectively) occupies the coordination site necessary for

alkene binding. One has to assume, therefore, that both

these species are part of a dissociation equilibrium with

the ‘‘naked’’ ion pair C. If so, additional AlMe3 should

have a negative effect on catalyst activity; this was in-

deed shown to be the case [32,37]. Dissociation becomes

more favourable with increasing bulkiness of AlR3; for

example, the AlEt3 adduct of [Cp2HfEt]+ dissociates
more readily and is consequently catalytically more ac-

tive than the AlMe3 adduct. Bulkier aluminium alkyls

do not appear to form such adducts; e.g., there is no
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evidence for Zr–Al complexes of AlBui
3 (TIBA) which is

an excellent co-activator and scavenger in CPhþ
3

BðC6F5Þ�4 activated systems. However, while it is conceiv-

able that the inability of TIBA to form stable adducts of

type D contributes to the high catalytic activity of such

systems, the chemistry of TIBA/metallocene mixtures is
complex, and other reaction pathways may operate here.

Apart from the formation of B, several other modes

of activating complexes with B(C6F5)3 have been de-

monstrated, notably the attack at a terminal CH2 moi-
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ety in the s-trans diene complex 1 to give zwitterionic

zirconocene allyl complexes 2. If B(C6F5)3 adds to the

s-cis diene isomer, agostically stabilised complexes with-

out Zr� � �F coordination result, for example 3 (Scheme 5).

Complexes of type 2 have proved useful for studying

the energetics of monomer insertion since at low temper-
ature they react with 1-alkenes to give a mono-insertion

product 5, probably via a r-allyl alkene complex 4. Alk-

ene coordination takes place in a pre-equilibrium step,

followed by rate-limiting alkene insertion, which tends
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to be about 2 kcal/mol higher than the dissociation acti-

vation energy [38].

The structural and reaction chemistry outlined for

metallocenes cannot necessarily be transferred to half-

sandwich complexes. In these more open systems solvent

coordination becomesmore important andmay even out-
weigh anion coordination. For example, while Cp*TiMe3
reacts with B(C6F5)3 in toluene to give 6, the zirconium

and hafnium analogues form ionic toluene complexes 7

[39,40]. The crystal structures of the C5H3(SiMe3)2 and

Cp* compounds confirm g6-toluene coordination and

the absence of close contacts with the anion. Toluene

coordination is thought to be responsible for the inferior

polymerisation activity of 7 compared to 6 [41,42]. A
similar arene complex is formed in the case of the ‘‘con-

strained-geometry’’ zirconium complex 8 after activation

of CGCZrMe2 with [CPh3][B(C6F5)4] [43].
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3. Ion pair dynamics in metallocene catalysts

The initiation of the polymerisation process re-

quires the displacement of the anion and coordination

of the alkene. The nature of this anion mobility has

therefore become the focus of a number of detailed
investigations. Questions to be answered are: How fast

is anion mobility? Is it faster or slower than monomer

binding and chain formation? Is this process associa-

tive or dissociative (Scheme 6)? What are the stereo-

chemical consequences of anion mobility on the

polymer structure?

Several scenarios are possible:

(i) The anion dissociates, generating a vacant coordi-

nation site on the metal centre which then picks

up a monomer molecule for subsequent enchain-

ment. This dissociative model has been favoured

in the past [15,19–21,25–29] since it allows a con-

venient explanation of the observed polymer stere-

ochemistry by considering only the ligands of the

cationic metallocene complex. However, anion dis-
sociation must be questioned since in non-polar

solvents charge separation is energetically

expensive.

(ii) Even if anion dissociation can be shown to be

prevalent, there will be a tendency for anion re-

association. This process may be fast or slow relative

to the rate of propagation: if it is slow, monomer

enchainment may proceed rapidly without anion
participation (Scheme 6, path C); if it is fast, the

anion will interrupt chain growth after each inser-

tion step, possibly forming long-lived resting states

(path D). Which mechanism applies?
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(iii) In view of the cost in electrostatic energy, it is con-

ceivable that anion dissociation does not take place

in the type of hydrocarbon solvents typically used

in polymerisation catalysis. Monomer binding will

then follow an associative substitution pathway.

In that case the anion has to be regarded as an addi-
tional, and very bulky, ligand; this will have conse-

quences for the stereoselectivity of 1-alkene

polymerisations.

Evidence for anion mobility comes from the exchange

process shown in Scheme 7, observed by NMR tech-

niques [25,28,44,45]. In principle, in such a system there

are productive and non-productive exchange processes,
i.e., those where R and X change positions and those

where the starting complex is re-formed; only the former

pathway, ion pair symmetrisation, is of course spec-

troscopically observable and described by the ion-pair

symmetrisation rate constant kips The process can be

conveniently monitored using suitable Cp substituents

or, if present, the bridge-SiMe2 resonances as reporter

signals [46].
Brintzinger and co-workers [45] have recently reinves-

tigated these processes, using complexes of the more

strongly coordinating MeBðC6F5Þ�3 anion (Scheme 3

type B) and the analogous, more ionic BðC6F5Þ�4 com-

pounds (Scheme 3, type C). For a series of ansa-metall-

ocenes Me2Si(L)2ZrMe(l-Me)B(C6F5)3 in C6D6 at 300

K, apparent first-order rate constants kapp are of the or-

der of 1–3 s�1, although those for L = 2-Me-4-ButC5H2

are an order of magnitude higher. Generally rates in-

creased with increasing zirconium concentration (2–20

mmol/L), as well as on addition of LiþMeBðC6F5Þ�3 .
The exchange rates for the analogous BðC6F5Þ�4 ion

pairs were about two orders of magnitude higher (recal-

culations from the given activation parameters lead to

kapp � 200–300 s�1 at 300 K). Differences in rates be-

tween the MeBðC6F5Þ�3 and BðC6F5Þ�4 systems were
mainly due to entropy. In effect, the polarised but essen-

tially molecular complexes L2ZrMe(l-Me)B(C6F5)3 re-

quire much higher concentrations before they form
kips
ZrSi

R

X
ZrSi

X

R

Scheme 7.
aggregates and display ionic-like exchange rates than

BðC6F5Þ�4 salts. This difference in polarity and exchange

behaviour is of course reflected in the well-known differ-

ences in solubility of the two systems and in their

propensity for phase separation, i.e., MeBðC6F5Þ�3 com-

pounds give homogeneous solutions in toluene even at
high concentrations, whereas BðC6F5Þ�4 compounds

tend to lead to droplet formation and oily precipitates.

Brintzinger suggested an anion exchange process via

ion quadruples or higher aggregates, as in Scheme 8.

Such a mechanism is attractive in the sense that any en-

ergy costs incurred by elongation of the M+� � �X� dis-

tance of one ion pair is compensated by an energy gain

as X� approaches the neighbouring metal centre of an-
other ion pair, i.e., ion exchange becomes a concerted

process. The suggestion of ion quadruple formation

was further supported by diffusion coefficient measure-

ments which suggested the existence in benzene solution

of ion aggregates larger than simple ion pairs [47].

These suggestions have not been without criticism,

the objection being that these studies were carried out

at significantly higher concentrations than are typi-
cally employed under catalytic conditions. Cryoscopic

and NMR studies did indeed confirm that methyl-

borate complexes L2ZrMe(l-Me)B(C6F5)3, as well as

Cp�
2ThMeþBðC6F5Þ�4 , exist in solution as simple tight

ion pairs [48]. Zirconocenium BðC6F5Þ�4 salts (Scheme

3, type C) are less accessible and were not measured.

On the other hand, NMR studies showed that outer-

sphere ion pairs, where direct contact between cation
and anion is prevented by firmly bonded donor ligands

or solvents, as in 9–11, have a tendency to form ion

quadruples or even hextuples at higher concentrations.

Clearly the ionic character of the ion pair, rather than

the nature of the anion, is important for aggregation

[49]. Since similar structures will be formed when an alk-

ene is coordinated (L = H2C‚CHR), the solution struc-

tures of these ion pairs are informative, although the
overall trends suggest that at catalytic concentrations

(e.g., [Zr] = 10�5–10�6 M) ion pairs rather than ion

aggregates may prevail.
M+X-

M+
X-

M+X-

M+
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Scheme 8.
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These investigations were carried out using zirconium-

methyl complexes, although methyl ligands have a
specific chemistry (cf. Scheme 3) and are rather poor

models of the growing polymer chain. Bulkier alkyl lig-

ands give much higher anion exchange rates, e.g., in the

series (1,2-Me2Cp)2Zr(R)(l-Me)B(C6F5)3 (12) the reor-

ganisation enthalpies decrease sharply with increasing

bulkiness of the alkyl ligand, R = Me > CH2Bu
t > CH2-
L
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SiMe3 � CH(SiMe3)2 [50]. For the ansa-zirconocenes

13, rates for R = CH2SiMe3 are approximately four times

higher than for R = Me, with values of ca. 20 s�1 for

X = MeB(C6F5)3 and 800 s�1 for X = B(C6F5)4. The data

also indicate that the ‘‘chain swinging’’ event associated

with anion exchange involves a 180� rotation of the alkyl
ligand [51].
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The monomer approach can occur from a head-on
direction (Scheme 9, path A), from the same side as

the anion (path B), or from a position trans to the anion,

with side exchange of the alkyl ligand R (path C). DFT

calculations on the ion pair ½ð1; 2-Me2C5H3Þ2
ZrRþ � � �BðC6F5Þ�4 � ðR ¼ Me; EtÞ have suggested that

ethene-sandwiched p-complexes are formed via A and

B, and a non-sandwiched p-complex via C. The product

of path C, arising from C2H4 attack on the metal centre
trans to the anion in an SN2-type reaction, was found to

be the most stable by 3.5 kcal/mol [52]. Calculations by

Lanza and Fragalà [53] on a simplified model of the con-

strained-geometry catalyst, ðC5H4SiH2NMeÞTiMeþ

MeBðC6F5Þ�3 , ruled out paths A and B and suggested

the monomer approach via path C, i.e., from the side

opposite to the anion, as the favoured insertion path-

way. This reaction sequence minimises cation–anion
separation and allows facile anion re-coordination once

the insertion step is complete. By contrast, calculations
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by Nifant�ev et al. [54] on Cp2ZrEt(X) + C2H4 suggested

path A as the preferred route for anion substitution by

the olefin.

In an attempt to provide evidence of the stereochem-

ical course, rates and equilibrium positions of anion dis-

placement, Brintzinger and co-workers [55] studied the
reactions of a series of zirconocene methylborates,

including 14–16, with weak donors, notably N,N-

dimethylaniline (DMA) and di-n-butyl ether (DBE).

Zr

14
Cp2Zr

Me

Me
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Me
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Anion substitution with these donors is reversible.

Indenyl and benzindenyl complexes did not react with

DMA. Whereas the equilibrium constants K =

[ZrMe(L)+X�]/[ZrMe(X)] Æ [L] changed only by a factor

of five from the most open (15) to the most bulky ligand

system (16), the second-order displacement rate con-

stants changed by five orders of magnitude, from 0.03

L mol�1 s�1 for 16 to 4000 L mol�1 s�1 for 15 (at 300
K). The rates of anion displacement proved particularly

sensitive to substituents in 2-position on the cyclopenta-

dienyl ring. The reaction shows several features that are

likely to be important for the mechanism of polymerisa-

tion catalysis: (i) The reaction proceeds via an associa-
Me

Zr

X

Si

Me

Me

+
ZrSi

Me

Me
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Scheme 1
tive, SN2-type mechanism; (ii) anion substitution is

stereospecific: the donor ligand L occupies the site the

anion has left, without site-exchange of the methyl lig-

ands; (iii) on addition of L, the anion is retained in an

outer-sphere complex; solvated, separated ions are not

formed in hydrocarbon solvents; (iv) exchange of outer-
sphere and inner-sphere anions shows the same stereo-

specificity as anion displacement by the donor ligand;

this process is much faster than methyl site exchange.

Semi-empirical and DFT calculations suggested a

front-attack by L on the metal centre, which readily ex-

plains the observed retention of configuration during

the substitution process (Scheme 10). The same structural

type is also favoured for L = ethene or propene. Signi-
ficantly, the experimental results on the stereochemistry

of anion displacement as well as these calculations are

in contrast to the theoretical models by Ziegler and

Fragalá [52,53]. The relative positions of cation and an-

ion in these ion pairs are quite similar to those found

in the solid-state structures of [CpRHfMe2(toluene)]
+

[MeB(C6F5)3]
� (CpR = 1,3-C5H3(SiMe3)2, C5Me5) [39,40]

and suggested very recently on the basis of NMR inves-
tigations for outer-sphere ion pairs in solution [49].

The rate of anion substitution ksub strongly depends

on the ligand framework and was found to be particu-

larly slow for those complexes known to be the most

effective catalysts for propene polymerisation, i.e., for

13 (R = Me, X = MeB(C6F5)3) ksub = 8 L mol�1 s�1,

while the value for 16 is even lower, ksub = 0.03 L mol�1

s�1. If these data are applicable to catalytic systems, the
results would point towards a rather slow initiation. The

reverse reaction, the rate of displacement of DBE by

MeBðC6F5Þ�3 , is even slower: 0.005 s�1 and 2.7 10�5

s�1 for 13 and 16, respectively. Polymerisation rates with

such catalysts are typically many orders of magnitude

higher. Even if it can be expected that the anion can

compete much more effectively with alkene ligands than

with DBE, these slow rates of anion re-association have
led the authors to suggest that this is an infrequent event

that impedes further propagation. This would hold par-

ticularly for the even less nucleophilic BðC6F5Þ�4 . Chain
growth would therefore be initiated by anion displace-

ment, followed by rapid monomer uptake and slow an-

ion re-coordination.

This view of the chain growth process gains support

by the observation that the molecular weight of polypro-
pene samples produced with ‘‘constrained-geometry’’

titanium catalysts is 10 times higher if the counteranion
Me

X

L

Me

Zr

L

Si

Me

Me

+

X

0.



M. Bochmann / Journal of Organometallic Chemistry 689 (2004) 3982–3998 3989
is BðC6F5Þ�4 than with the more strongly coordinating

MeBðC6F5Þ�3 [34]. On the other hand, the idea of a

‘‘spectator’’ role for the anion during the polymerisation

process and very slow anion re-association is not sup-

ported by kinetic studies (vide infra).
4. Controlling catalyst activity: Quantification of anion

effects

In view of the importance of the counteranion on cat-

alyst activity, a number of reports have been concerned

with the assessment of anion effects [28,56]. Certainly

different activator systems can have most remarkable ef-
fects on catalyst performance; for example, activating

the catalyst precursor (SBI)ZrCl2 with TIBA and

[CPh3][CN{B(C6F5)3}2] instead of MAO led to a 30–

40 fold increase in ethene polymerisation activity [57].

Some clear trends are apparent, such as the decrease

in the strength of anion binding in the series

MeBðC6F5Þ�3 > MeBðC6F4-2-C6F5Þ�3 > BðC6F5Þ�4 which

is reflected in an increase in polymerisation activity with-
in the same series. Examples of anions designed to max-

imise charge delocalisation and minimise coordinative

tendencies are 17–20 [34,57,58]. However, in most cases

a strict comparison between different catalyst systems is

not possible since concentrations and reaction times

were varied within wide limits. Differences in reaction

conditions have, for example, led to activities being re-

ported for the ‘‘standard’’ Cp2ZrCl2/MAO catalyst that
vary over four orders of magnitude [18].
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Much effort has been directed towards the design of

new metallocenes for ethene polymerization, and cata-

lyst activities are often directly correlated with ligand

structure [59]. However, the productivity of polymeri-

zation catalysts is a function of many variables, of

which the nature of the ligand may not be the most

important. Several scenarios are possible: (a) A catalyst

may have an intrinsically high propagation rate kp but

the productivity is low because the activation method is
inefficient and only generates very low concentrations

of active species [C*]; (b) the activation is efficient but

the equilibrium between active and dormant species is

unfavorable (e.g., because of tight cation–anion inter-

action, solvent coordination, etc.); (c) catalyst activa-

tion is efficient and [C*] is high but a facile

decomposition pathway leads to early catalyst deactiva-

tion; (d) the catalyst may form high [C*] and give
intrinsically high chain propagation rates, but the

monomer concentration becomes depleted over the

duration of the experiment, or the delivery of monomer

to the active centre is too slow (i.e., mass-transport lim-

itation); (e) as for (d), but the polymer is poorly solu-

ble, begins to precipitate during the early stages of

the reaction and thereby removes catalyst from the

reaction; (f) activation is efficient, the polymerization
is not mass-transport limited, and catalyst productivity

is a function of the ligand employed.

It is clear that although most catalytic experiments

tend to assume that situation (f) prevails, this is not

necessarily achieved. Differences in catalyst activation

and reaction conditions can produce differences in cat-

alyst activities which are at least as important as

changes in ligand structure. A major problem is mass-
transport limitation under conditions typically em-

ployed for catalyst testing under laboratory conditions,

i.e., with toluene solutions under 1 bar monomer pres-

sure at 25–50 �C. Ethene in particular has very limited

toluene solubility, and monomer uptake from the gas

phase is remarkably slow. An additional problem in

that case is the precipitation of the polymer at an early

stage, which tends to co-precipitate some catalyst and
prevents a quantitative assessment of activities. This is

also important, though less problematic, for propene.

For reliable activity data it needs to be demonstrated

that diffusion limitation is absent, e.g., by plotting the

dependence of polymer yield on the catalyst concentra-

tion [34,60].

Propene polymerisations using a given catalyst,

(SBI)ZrMe2, allowed the determination of the anion-
dependence of catalyst activities under strictly compara-

ble conditions. Since catalyst productivity values of

metallocenes generally decrease with increasing zircono-

cene concentration, the data were extrapolated to [Zr] =

0 to arrive at the ‘‘intrinsic’’ activities, which should be

independent of catalyst concentration (although still

dependent on temperature and solvent) and provide a
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Fig. 1. Activation energy increments for a series of perfluoroarylbor-

ate anions in propene polymerisations with (SBI)ZrMe2/TIBA/

[CPh3][X] (toluene, 25 �C, 1 bar).
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characteristic determinant of the anion influence. Tak-
ing the least coordinating anion, [CN{B(C6F5)3}2]

�

(17), as the baseline, these data provide an estimate of

the activation energy increment that each anion pro-

vides (Fig. 1) [34]. The more strongly coordinating

MeBðC6F5Þ�3 anion gave catalysts that were too poorly

active to operate on the same timescale employed for

the trityl activators (reaction times of 10–30 min vs. 30

s); i.e., the activation barrier for MeBðC6F5Þ�3 is ca. 12
kJ/mol higher than for [CN{B(C6F5)3}2]

�.

The amidodiborate anion [H2N{B(C6F5)3}2]
� (18),

although of similar size to [CN{B(C6F5)3}2]
�, is com-

parable to BðC6F5Þ�4 in catalytic activity, a possible
R
L2Zr

X

L2Zr
R

R

L2Zr

X

R
L2Zr

X

path A

path B

Scheme 1
consequence of its bent and more polar structure [61].

While at 25 �C the cyano-bridged anion [CN{B(C6-

F5)3}2]
� was found to give the highest propene polym-

erisation activities, at 60 �C [H2N{B(C6F5)3}2]
� proved

superior, probably do to its greater thermal stability

[62].
The observed anion effects on the catalytic activity

can be interpreted in two ways: (1) the activity increases

because the less coordinating anion generates higher

concentrations of active species, or (2) the anion modu-

lates the activation energy, i.e., remains involved in the

transition state. The first case implies the ‘‘solvated ion

pair’’ model for the active species (Scheme 11, path

A), whereas in the latter there the anion remains associ-
ated in the outer coordination sphere (path B). Informa-

tion about this aspect of the polymerisation mechanism

is obtained by kinetic studies.
5. Polymerisation kinetics

Early studies by Fink et al. on the mechanism of
ethene polymerisation using a combination of

quenched-flow kinetic [63] and 13C NMR spectroscopic

techniques [64,65] on the systems Cp2TiRCl/AlR2Cl/

ethene (R = Me, Et) clearly showed (i) the formation

of a chloro-bridged adduct between the aluminium

and titanium component (‘‘primary complex’’), (ii) that

initiation was significantly slower than propagation, i.e.,

that polymer chains were formed before most of the Ti–
Me bonds had undergone the first insertion; (iii) that the

primary complex was not itself the active species; (iv)

that the active species was in equilibrium with an

observable stabilised species, i.e., a resting state, and

(v) that a titanium ethene p-complex (cf. Schemes 6

and 11), although mechanistically necessary, was not

present in detectable quantities. These observations

formed the basis of a general mechanism where polymer
chain growth proceeded stepwise and could be inter-

rupted at any stage by reversibly forming a resting state:
X solvent-separated ion pair

outer-sphere ion pair

1.
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Scheme 12. C = catalyst precursor, C* = active catalyst species, Pz = polymer chain. C*Pz denotes active species carrying polymeryl chain after z

monomer insertions, in equilibrium with the resting state CPz. Adapted from [65].
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the ‘‘intermittent growth’’ model (Scheme 12) [65]. A

characteristic feature is expressed by the relative rate

constants for the first few ethene insertions into tita-

nium–alkyl bonds: insertion into Ti–Me was 120 times

slower than insertion into Ti–Et and 96 times slower

than into Ti–Prn; in other words, the catalyst initiation

step is concerned with the conversion of the Ti–Me pre-

cursor into the next higher alkyl before rapid chain
growth ensues [64].

More recently, Landis and co-workers [66] studied

the polymerisation of 1-hexene with (EBI)ZrMe-

(l-Me)B(C6F5)3 in toluene [EBI = rac-C2H4(Ind)2]. In

line with Fink�s results, they defined the catalyst initia-

tion step as the (irreversible) first monomer insertion

into the Zr–Me bond (Scheme 13). The first and subse-

quent insertion products were regarded as the ‘‘active
species’’, the concentration of which was determined

by deuterium quenching and approached 100%.

According to this definition, the active species is a

higher metal alkyl where the anion still occupies the

coordination site required for alkene binding. This def-

inition differs from the one preferred by Song et al. [67]

who attempted to differentiate between the total con-

centration of Zr species carrying a polymeryl chain
and those actively engaged in polymer chain growth

at any given time.

The hexene polymerisation follows a rate law that is

first order in both catalyst and monomer. Chain propa-

gation was ca. 30 faster than initiation, with kp � 6 L

mol�1 s�1 (at 20 �C). Unlike the Fink model, no pooling
Me
Zr

MeB(C6F5)3

Ind

Ind

Zr

MeB(C6

Ind

Ind

Bu

Me

"active species"

ki

Scheme 1
of the catalyst into a dormant state was evident; > 90%

of [Zr]total carried a polymeryl chain, with 1,2-insertions

leading to >99% isotactic poly(hexene) [66].

Heavy-atom (12C/13C) kinetic isotope effects (KIE)

for an (EBI)ZrMe2/activator system were consistently

higher for the hexene-C2 carbon than for C1 and negligi-

ble for C atoms 3–5. The results, in comparison with

computed KIE�s, were in agreement with an equilibrium
reaction for hexene binding, followed by an irreversible

insertion step (Scheme 14). Since the same isotope effect

was observed for different activators ½BðC6F5Þ3;
AlðC6F5Þ3;HNMe2Ph

þBðC6F5Þ�4 ;MAO�, in spite of

widely varying catalyst productivities, it was concluded

that the transition states must have very similar struc-

tures in all cases [68]. Although this could be seen to

question the influence of the counteranion on the transi-
tion state energy, the results suggest in essence that in all

these cases the transition state involves the same reac-

tion step, i.e., the transfer of an alkyl ligand to the C2-

atom of the monomer.

The reaction of (EBI)ZrMe(l-Me)B(C6F5)3 with 1-

hexene at 40 �C results in partial conversion of the

methyl complex into a Zr–poly(hexene) (Zr–PH) species

[69]. The first insertion step was 400 times slower than
subsequent insertions; propagation was 4 · 104 times

faster than termination. The polymerisation is living

under these conditions, and observation of the disap-

pearance of Zr–13CH2–POL on addition of a few equiv-

alents of unlabelled 1-hexene was in agreement with a

‘‘continuous’’ insertion mechanism where each hexene
F5)3

Zr

MeB(C6F5)3

Ind

Ind

Bu

Me

n

kp

3.



X

Cp2Zr R
k1

k-1

k2

XCp2Zr
R

X

Cp2Zr
R

+ XCp2Zr
R

Scheme 14.

3992 M. Bochmann / Journal of Organometallic Chemistry 689 (2004) 3982–3998
insertion step is followed by anion re-association, in

contradiction to Brintzinger�s suggestions [55] of slow

anion re-coordination.

The addition of propene to the Zr–PH species led to

be formation of a Zr–PP–b-PH block copolymer. Sur-
prisingly at first glance, the rate of propene polymerisa-

tion was only three times faster than that of 1-hexene.

This slow rate is caused by the strongly coordinating

nature of MeBðC6F5Þ�3 and contributes to the high reg-

ioselectivity of the polymerisation: no 2,1-propene mis-

insertions were detected. Termination occurs by b-H
elimination in a first-order process (Scheme 15). It could

also be shown that chain end epimerisation proceeded
via a zirconium tert-alkyl (rather than p-allyl) intermedi-

ate [70,71].

By contrast to hexene polymerisations with (EBI)Zr-

Me(l-Me)B(C6F5)3, the polymerisation of propene with

the system (SBI)ZrMe2/TIBA/[CPh3][CN{B(C6F5)3}2] is

orders of magnitude faster, too fast to be followed by

variable-temperature NMR spectroscopy, and not liv-

ing. Song et al. [67] studied the kinetics of this system
by quenched-flow techniques in toluene at 25 ± 0.1 �C
under 1 bar propene over reaction times of 0.2–5 s and

estimated the rates of initiation, chain propagation

and chain termination. Since the isotactic polypropene

(i-PP) produced has limited solubility in toluene, reac-

tion times were limited by the onset of polymer precipi-

tation. The polymerisation is first-order in [C3H6] and

[Zr].
MeB(C6F5)3

(EBI)Zr

R

Bu

n

MeB(C6F5

(EBI)Zr Me

m

10

-40oC

Scheme 1
NMR studies confirmed that by using an excess of

TIBA all the (SBI)ZrMe2 precursor complex was con-

verted to other species, and the limitation imposed by

the known slow first monomer insertion into the Zr–

Me bond did not apply. Nevertheless, this early reaction
phase does not operate under steady-state conditions.

The catalyst initiation rate constant proved difficult to

determine with accuracy; from the time-dependence of

PP yield, ki � 5 L mol�1 s�1. Since the half-life tinit1=2 for

this initial phase was 0.24 ± 0.03 s, after a reaction time

of 1 s catalyst initiation was no longer kinetically

relevant.

Two propagation rate constants were determined.
The time dependence of polymer mass gives an ‘‘appar-

ent’’ rate kappp , since the analysis assumes that 100% of

the initial Zr precursor has become catalytically active;

kappp � ð1:3–1:9� 0:1Þ � 103 L mol�1 s�1, with the lower

values found for the higher catalyst concentration where

monomer depletion effects are felt. For comparison with

the hexene data discussed above, at [C3H6] = 0.59 M this

corresponds to an observed first-order rate kobs = 760–
1100 s�1. Chain transfer to aluminium was negligible.

By contrast, the rate of polymer chain growth was an

order of magnitude faster, and from determinations of

the number-average molecular weight Mn a propagation

rate of kp = (17.2 ± 1.4) · 103 L mol�1 s�1 was deter-

mined. Since the latter is independent of [Zr], the ratio

kp=k
app
p gives a measure of the mol-fraction of total

[Zr] that is actively engaged in chain growth at any
)3

R

Bu

n

HB(C6F5)3
(EBI)Zr

14 h

-40oC

R

Bu

n

Me

m

+

Me
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one time, in this case kp=k
app
p ¼ 0:08. In other words,

about 90% of total zirconocene was in some sort of dor-

mant state. The termination rate was kt � 9 s�1.

The nature of the dormant state was determined by

end-group analysis. Two types of terminal unsaturations

were found, even in polymers made over reaction times
of less than 1 s: vinylidene end groups arising from 1,2-

inserted polymeryl chains, and cis-butenyl end groups,

arising from 2,1-misinsertions (Scheme 16). The latter

were dominant (66%). Low levels of stereoerrors due

to enchained 2,1-misinsertions were also detected, about

1 in 500. The data suggested that 2,1-insertion is slow

but leads to the accumulation of dormant states carrying

Zr-sec-alkyl chains which either terminate or undergo
slow 1,2-propene insertions to re-enter the main propa-

gation sequence.

Very similar kinetics were observed for (SBI)ZrCl2/

MAO: although this catalyst is an order of magnitude

less productive, the concentration of active species

turned out to be almost identical to the borate system:
L2Zr
CH2R'

X

L2Zr
CH2R'

X

L2Zr

X

L2Zr

X

CH2

2,1

Dormant

Active species

slow slow

fast

Scheme 1
kp=k
app
p ¼ 0:08, with a similar accumulation of dormant

states due to 2,1-misinsertions.

If the monomer binding equilibrium between

[(SBI)Zr(R)+� � �X�] and [(SBI)Zr(R)(propene)+� � �X�]

is established sufficiently fast, the results suggest an equi-

librium between active and dormant states (Scheme 17).
Based on the results for this particular catalyst system

at least, the energy difference between 1,2- and 2,1-

propene insertion, DDG�, is essentially independent of

the nature of the anion (Scheme 18), whereas the anion

influence on the chain propagation rate is significant.

The propene insertion rates determined for the

(SBI)ZrMe2/TIBA/trityl borate catalyst system at 25

�C ðkobsp � 104 s�1Þ [67] are about an order of magnitude
higher than the fastest anion exchange rates observed

under comparable conditions. Unless there is a dramatic

increase in anion mobility during the monomer insertion

process, it seems likely therefore that the results point

towards the existence of two kinetic regimes: (1) where

monomer insertion is slower than anion exchange

(kp 	 kips), as in the case of 1-hexene polymerisation,

and (2) where kp � kips, as in fast ethene and propene
polymerisations. In the latter case at present under-

standing, the fast chain growth is most conveniently ex-

plained by anion substitution followed by a series of

monomer insertions (Fink–Brintzinger model), before

anion re-association can take place and interrupt the

process. Since these propene reactions are extremely
L2Zr
CH2R'

L2Zr
CHR'

H

X

X

CH2R'

1,2

R'

chain
growth
cycle

termination

 state

fast
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fast, NMR monitoring of the Zr-polymeryl species and
direct proof of the kinetic regime, as was possible for

hexene polymerisations [69], has not been possible.

The existence of different kinetic regimes for closely

related reactions is also demonstrated by a comparison

of the anion effects in propene and 1-hexene polymerisa-

tions catalysed by (SBI)Zr(CH2SiMe3)(X) [X = MeB-

(C6F5)3 and B(C6F5)4]. These zirconium alkyls form very

stable ion pairs which allow kinetic studies without
TIBA scavenger. Propene polymerisations with X =

B(C6F5)4 were 70 times faster than for X = MeB(C6F5)3,

as expected for anions of different coordination power.

However, hexene polymerisation rates differ only by a

factor of three. This points towards an early transition

state for propene, where anion substitution is important

in the rate-limiting step, while for 1-hexene the transi-

tion state involves primarily the transfer of the (steri-
cally more hindered) alkyl chain to the (also more
Zr
L2

X

Zr
L2

X

P

R

Scheme 1
hindered) monomer and occurs later on the reaction
coordinate (Scheme 19) [72].

On the other hand, 1-hexene polymerisations with

(EBI)ZrMe(X) show a much stronger anion effect, with

a 20-fold acceleration for X = B(C6F5)4 over

X = MeB(C6F5)3 [73]. Such differences underline the

remarkably subtle responses of metallocene catalysts

to slight changes in ligand structure.

6. Anions and polymer stereochemistry

The anions discussed above are of considerable size

and can therefore be expected to exert a significant influ-

ence on the stereochemistry of alkene polymerisation,

even though the formation of syndiotactic and isotactic

1-alkenes have been readily explained by considering
only the cationic metallocenium species and their ligand

structure [74–76]. An example are the complexes
Zr
L2

X

P

L2Zr

X

CH2-POL
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Me2C(C5H3R)(Fluorenyl)ZrCl2, the selectivity of which

[syndiotactic (R = H); hemiisotactic (R = Me); isotactic

(R = But)] is conveniently explained using the ‘‘gas

phase cation’’ model [77,78].

There is no detectable effect of the counteranion on

polypropenes produced with C2-symmetric ansa-zircon-
ocenes [62,79]. For the Cs-symmetric complex 21, on the

other hand, there is a pronounced increase in stereose-

lectivity with tighter ion pairing. In early work Herfert

and Fink [80] showed that the activity of MAO-acti-

vated 21 (R = X = Cl) increases linearly with the dichlo-

romethane content of the solvent, i.e., with the dielectric

constant, while at the same time the intensities of the

rrrr pentads decreased sharply and the rmrr pentads in-
creased. This was interpreted in terms of formation of

solvated ion pairs at high [CH2Cl2] which allow more

facile site epimerisation (‘‘chain swinging’’, cf. Scheme

7) than tight ion pairs. Similar observations were made

more recently by Deffieux and co-workers [81] for the

1-hexene polymerisation with 21/MAO, by Chen and

Marks using the catalysts 21 [R = Me; X = MeB(C6F5)3,

MeB(C12F9)3, MeB(C6F5)3 and FAl(C12F9)3] [82] and by
Busico et al. [83] using the system 21-Cl2/TIBA/

[HNMe2Ph][B(C6F5)4]: high syndio-selectivity in tolu-

ene, particularly with FAlðC12F9Þ�3 , and fast site epime-

risation with collapse of rrrr intensity in polar solvents.

Busico estimated an insertion activation energy in tolu-

ene of 10–15 kcal/mol and an activation energy for site

epimerisation of about 20–25 kcal/mol, with both values

reduced by 5–10 kcal/mol in bromobenzene. The rrrr

pentad intensities for different anions are determined

by the ratio of the rate of insertion to the rate of inver-

sion. Remarkably, there is essentially no anion effect

with catalyst 22 where inversion (chain swinging) is al-

ways much faster than propagation [84].

21

ZrMe2C
X

R

22, E = C, Si

ZrMe2E
X

Me
Pn Pn

X X

Scheme 2
It is clear therefore that close proximity of the anion
is required to suppress chain swinging and to ensure

stereoregular chain propagation. Equally, syndiospecific

propagation (Scheme 20) can only be explained if alkene

attack from the side opposite the anion does not occur,

even though earlier calculations favoured exactly this

route because it minimises cation–anion separation

[52,53]. It seems therefore that the highly stereoselective
sequence: anion substitution–insertion/chain migration

– anion association to the opposite site – requires a

remarkable degree of molecular acrobatics.

Anion effects were also found important in the non-

bridged zirconocenes ZrCl2(2-ArInd) (Ar = aryl) which

are thought to oscillate between rac- and meso-like

states and are capable of producing elastomeric PP

homopolymers [85,86]. It was suggested that these mate-
rials contain isotactic blocks which are responsible for

the observed physical properties. Both the productivities

and stereoselectivities (mmmm pentads) were found to

be highest with MAO as catalyst activator and decrease

in the sequence MAO > [HNMe2Ph][B(C6F5)4] >

B(C6F5)3. They are however rather sensitive to other

factors, such as the type and previous history of the

MAO employed [86]. Although there is evidence that
the 2-phenylindenyl complex does indeed form polymers

with stereoblocks [87], the polymer can be fractionated

into an amorphous and essentially atactic major fraction

and a minor, predominantly isotactic component

[62,88,89]. The relative amount of the isotactic fraction

is anion-dependent, MAO < ½CNfBðC6F5Þ3g2�
� � ½Ni

fCNBðC6F5Þ3g4�
2�

< BðC6F5Þ�4 and most probably pro-

duced by rac-like conformations. It has been suggested
[88] that tighter anion binding in more ionic ion pairs in-

creases the lifetime of the rac-like conformation and

gives rise to the isotactic (mmmm � 70–80%) fraction.

The size of the MAO-anion may be particularly relevant

for these conformationally flexible catalysts; for exam-

ple, Babushkin and Brintzinger [90] were able to show

that zirconocenes exist as a mixture of tight ion pairs

[Cp2Zrðl-MeÞ2AlMeþ2 � � �MeMAO� and Cp2ZrMe+� � �
MeMAO�] in which the MeMAO� anion has an effec-

tive hydrodynamic radius of 12.2–12.5 Å and may con-

tain 150–200 Al atoms.
Pn
Pn+1

X

X

0.
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7. Conclusion

As this brief survey shows, metallocene catalysts

based on well-defined ion pairs continue to make major

contributions to our understanding of alkene polymeri-

sation catalysis. The interplay of ligand structure and
monomer- and anion-binding capacity is rather subtle

and warns against facile generalisation of mechanistic

aspects: what is important for one type of catalysts, such

as solvent coordination or anion displacement, may not

necessarily be extrapolated to other systems. The coop-

eration of different factors in order to slice small por-

tions off the activation barrier is rather reminiscent of

enzyme catalysis where precise tailoring of the active
pocket and control of polar interactions are crucial.

The ability to illustrate such factors in a precise manner

is one of the major benefits of mechanistic studies in

metallocene catalysis.
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[76] A.K. Rappé, W.M. Skiff, C.J. Casewit, Chem. Rev. 100 (2000)

1435 (modelling metallocene catalysts).

[77] Y. van der Leek, K. Angermund, M. Reffke, R. Kleinschmidt, R.

Goretzki, G. Fink, Chem. Eur. J. 3 (1997) 585.

[78] K. Angermund, G. Fink, V.R. Jensen, R. Kleinschmidt, Chem.

Rev. 100 (2000) 1457 (predicting stereospecificity of metallocene

catalysts).

[79] S. Hahn, G. Fink, Macromol. Rapid Commun. 18 (1997)

117.

[80] N. Herfert, G. Fink, Macromol. Chem. 193 (1992) 773.

[81] D. Coevoet, H. Cramail, A. Deffieux, Macromol. Chem. Phys.

200 (1999) 1208.

[82] M.C. Chen, T.J. Marks, J. Am. Chem. Soc. 123 (2001) 11803.

[83] V. Busico, R. Cipullo, F. Cutillo, M. Vacatello, V. van Axel

Castelli, Macromolecules 36 (2003) 4258.

[84] M. Mohammed, M. Nele, A. Al-Humydi, S. Xin, R.A. Stapleton,

S. Collins, J. Am. Chem. Soc. 125 (2003) 7930.

[85] G.W. Coates, R.M. Waymouth, Science 267 (1995) 217.

c Chemistry 689 (2004) 3982–3998 3997



3998 M. Bochmann / Journal of Organometallic Chemistry 689 (2004) 3982–3998
[86] G.M. Wilmes, J.L. Polse, R.M. Waymouth, Macromolecules 35

(2002) 6766 and cited references.

[87] V. Busico, R. Cipullo, A.L. Segre, G. Talarico, M. Vacatello, V.

van Axel Castelli, Macromolecules 34 (2001) 8412.

[88] V. Busico, R. Cipullo, W.P. Kretschmer, G. Talarico, M. Vacatello,

V. van Axel Castelli, Angew. Chem. Int. Ed. 41 (2002) 505;
V. Busico, V. van Axel Castelli, P. Aprea, R. Cipullo, A. Segre, G.

Talarico, M. Vacatello, J. Am. Chem. Soc. 125 (2003) 5451.

[89] W. Wiyatno, Z.R. Chen, Y. Liu, R.M. Waymouth, V. Krukonis,

K. Brennan, Macromolecules 37 (2004) 701.

[90] D.E. Babushkin, H.H. Brintzinger, J. Am. Chem. Soc. 124 (2002)

12869.


	Kinetic and mechanistic aspects of metallocene polymerisation catalysts
	Introduction
	Dramatis personae: structural principles of cationic metallocene species
	Ion pair dynamics in metallocene catalysts
	Controlling catalyst activity: Quantification of anion effects
	Polymerisation kinetics
	Anions and polymer stereochemistry
	Conclusion
	Acknowledgement
	References


