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Ion—ion interactions are a crucial but often overlooked aspect of many polymerization reactions. The precise nature
of cation—anion binding is as yet poorly understood, and little is known of the extent of ionic interactions in the
typically nonaqueous, low-polarity reaction media of most polymerizations. Nevertheless, adequate control of
cation—anion interactions can greatly enhance the productivity and efficiency of chemical processes and can provide
low-energy alternatives to current methods. This is illustrated here with the carbocationic polymerization of isoalkenes.
Carbocationic polymerizations involve, as the name implies, carbocations as propagating species. Of the various
types of substrates that can be polymerized cationically, the copolymerization of isobutene to isobutene—isoprene rub-
ber stands out as the only large-scale, industrially important implementation of this reaction type. The products, elas-
tomers with controlled degrees of unsaturation for subsequent cross-linking, have excellent gas barrier and mechanical
dampening properties that make them indispensable components in polymer composites. For such applications, the
polymer molecular weight has to be high, ~5 x 10 g/mol, with 1—2 mol % isoprene. Cationic polymerizations are
however notoriously difficult to control. As a means of suppressing chain transfer, the process is carried out at tem-
peratures as low as —100 °C, with aluminum chloride initiators in chloromethane. Current industrial production of
isobutene—isoprene butyl rubber is thus highly energy intensive and produces aluminum and chloride effluent.
This Account summarizes how highly electrophilic organometallics coupled with new types of very weakly coor-
dinating counteranions can provide the basis for a more environmentally friendly, lower energy alternative. Because
any copolymerization of two monomers, here primarily isobutene and isoprene, leads to two different propagating
species, each of which is characterized by different chain growth and chain termination Kinetics, variation of the asso-
ciated counteranions can give rather unexpected results. With judicious choice of the initiator and the counteranion,
new chemistry can be injected into such processes and can open avenues to new families of polymer materials.
Mechanistic investigations of the initiation process with zirconocene hydrides illustrate the complexity of this first
step. Replacing aluminum with zinc initiators not only provides a nontoxic alternative but also generates a system in
which the polymer molecular weight is much less affected by temperature and comonomer concentration, which can
lead to a range of products, from oligomeric lubricant precursors to C=C-rich high-molecular-weight elastomers. The
key in all these cases is the construction of either preformed or in situ-generated complex anions that are resistant
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to electrophilic or redox degradation and are capable of stabilizing tightly associated carbocations. Such initiator sys-
tems allow much more benign operating temperatures, reduce the need for chlorocarbon solvents, and can operate
at concentrations as low as 5 x 107> M. Along the way are provided the first examples of structurally characterized
sec-alkyl carbocations and carbocation salts of organometallic zincates.

1. Introduction

The polymerization of 1-alkenes mediated by Lewis acidic
metal complexes can follow two distinct pathways: (i) by
migratory insertion of the 1-alkene into a metal—alkyl bond
or (i) via the formation of a carbocation as propagating spe-
cies.! Polymerization by migratory insertion is the principle of
chain growth in Ziegler—Natta catalysis. Here, the monomer
binds to a Lewis acidic metal center prior to the migratory
chain growth step.” Polymerization by a carbocationic mech-
anism, on the other hand, involves attack of a cationic spe-
cies M™ or H* on the C=C bond of the monomer, thus
creating a carbocation, which acts as propagating species. The
major industrially relevant process that uses this principle is
the production of isobutene—isoprene butyl rubber (“IIR").
Because of its excellent gas barrier properties, this material is
predominantly used as inner tubes or liners of car tires but
also as cable insulation and vibration dampers and in seal-
ants and gaskets.?

Which polymerization pathway is favored depends on the
substitution of the alkene (Scheme 1). Olefin coordination in
Ziegler-type catalysts is dissymmetric;* the polarity this
induces is the basis for the migratory chain growth process.
The metal here acts as the catalyst and is involved in every
chain growth step.”

In 1,1-disubstituted alkenes, on the other hand, steric as
well as electronic factors favor an even greater polarization of
the coordinated monomer, leading to carbocations as propa-
gating species (Scheme 2). Such carbocations may be the
result of 5'-coordination of the isoalkene to M* or be formed

SCHEME 2. Proposed Isobutene Polymerization Mechanisms by (a)
Direct or (b) Indirect Initiation by a Lewis Acidic Metal Center, M*
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indirectly by the reaction of M* with traces of moisture, to give
highly reactive protons capable of attacking the monomer and
thus initiating the same reaction sequence. In the absence of
direct evidence for metal-bound initiating species, it is not easy
to distinguish between the two modes of initiation; in any
case, the resulting polymers are identical.

Cationic isobutene (IB) polymerizations differ from cata-
lyzed olefin polymerizations in several important respects.
First, chain growth proceeds essentially without an activation
barrier and is therefore facile even at very low temperatures.
Second, since the propagating species is a tert-carbocation
[-CH,CMe,|*, deprotonation and H* transfer to monomer is
a major competing reaction pathway (Scheme 3). For most
applications, high molecular weight polymers (M, ~ 5 x 10°
g/mol) are required, and this facile chain transfer has to be
suppressed. This means operating large-scale processes at
very low temperatures, which is costly and energy intensive.
Third, 1IR, the most important material, is a copolymer with
isoprene (IP); this however is a potent retardant and reduces

SCHEME 1. General Polymerization Mechanisms for (A) Migratory Insertion of 1-Alkenes and (B) Carbocationic Polymerization by
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SCHEME 3. Thermally Induced Chain Transfer in Isobutene
Polymerizations

S

both yield and polymer molecular weight; the isoprene con-
tent in commercial polymers is therefore limited to 2—2.5 mol
%. Overcoming this limitation remains an important research
target.

Various Lewis acids have been employed as initiators for
IB/IP copolymerizations. The prominent commercial process
for the production of IIR uses an initiating system based on
AlICI; in chloromethane in the presence of water at low tem-
peratures (ca. —100 °C).2 This is a proton-initiated system.
Other systems generate carbocations directly; for example,
mixtures of alkyl aluminum halides and alkyl halides, R—X,
lead to carbocations R* by halide abstraction (eq 1).°

R’AICI, + R—Cl = [R]"[R’AICI,] (1)

For Et,AICl, self-ionization to [AIEt,]*[Et>AlICI,]~ has been pro-
posed,” although from what is now known?® about the insta-
bility of [AlIEt,]", the formation of aluminum alkyl cations in
meaningful concentrations seems highly unlikely. Carboca-
tionic polymerizations using metal halide initiators have
recently been reviewed.’

Any carbocationic propagating species is of course paired
with a counteranion derived from whatever Lewis acid initia-
tor had been used. Since metal halide anions such as BCl,~
and AICl,~ have comparatively high proton affinities, they
facilitate deprotonation unless cooled to very low operating
temperatures; this presents a major limitation. This Account
summarizes the role of organometallic Lewis acids in devel-
oping systems designed to overcome the limitations of tem-
perature, molecular weight, and composition that have the
potential of providing more environmentally friendly cationic
polymerization processes.'®

Extremely weakly coordinating anions such as [B(CeFs)4]~
are now common in polymerization catalysis.'" It was real-
ized that the same anions can play an important role in cat-
ionic polymerizations: their extremely low proton affinities
might enable cationic polymerization processes to be con-
ducted at significantly higher operating temperatures, with
concomitant improvements in energy efficiency and environ-
mental benefits, without loss in polymer molecular weight.

Organometallics for Carbocationic Polymerizations Bochmann

2. Metallocene Complexes as Initiators for
Isobutene Polymerizations

The first example of a well-defined cationic aluminum com-
plex capable of inducing cationic isobutene polymerizations
was reported in 1996 (eq 2)."?

Cp,AlMe + B(C4F5); — [Al(7>-Cp,) [MeB(CFs)sl ™ (2)

The [AICp,]* cation shows a sharp 2”Al NMR signal at ¢
—126.4. It initiates IB polymerizations and IB/IP copolymer-
izations at —25 to —78 °C to give high-molecular weight prod-
ucts with up to 2.7 mol % isoprene content.'® By contrast, the
more stable analogues [Al(CsMes),]™ and [Al(CsHMey),]™ have
no or moderate polymerization activity.'*

Whereas [AICp,|™ adopts a symmetrical sandwich structure,
trivalent metals with larger ionic radii form complexes with
coordinated anions, as in (CsH4R),Y(u-Me)B(CgFs)s (R = H,
SiMes) (eq 3). These isolated complexes, as well as mixtures
of [(CsH4R)2YMel, with [CPhs]*[B(CeFs)s]~, polymerize isobutene
at —50 to —78 °C to high molecular weight polymers. There
is a pronounced anion effect, with [B(CgFs)4]~ giving higher My
values, >10° g/mol.">

F
RO© F
Me
N B(CeFs)s @ F F
CsHaR)Y. Y(CsHaR N\ 3
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<E:§ \\ \

« CsFs
R =H, SiMe; R H Cofs
Initiator systems based on group 4 metallocenes have
proven to be particularly successful in terms of initiator effi-
ciency and molecular weight control by the anion. The first
example was Cp*TiMes(u-Me)B(CeFs)s (Cp* = CsMes) which was
reported by Baird'®~2" as well as Shaffer?*2® who also inves-
tigated a series of zirconocene and hafnocene dimethyl com-
plexes activated with [CPhs][B(CeFs)s]. These systems
homopolymerize isobutene in chlorobenzene or dichlo-
romethane at temperatures of —75 to —20 °C. At —60 °C in
toluene, Cp*TiMe,(u-Me)B(CqFs); gave IB—IP copolymers with
My ~ 125000 (2 mol % IP)."® Replacing B(CeFs)s with
[CPhs][B(CgFs)4] improved polymer yields but not the molecu-
lar weight, while surprisingly Cp*TiMes/Al(CgFs)3 showed only
very low activity.'® The system can be improved by adding
long-chain alcohols, thiols, or carboxylic acids, which react
with B(CsFs)s to give even less coordinating anions (Scheme 4).
High conversions were achieved, particularly in polar solvents
like CH,Cl,, with M, ~ (3—5) x 10° g/mol at —30 °C (IP con-
tent 1—1.7 mol %), while in toluene, yields and molecular
weights were much reduced.?%2"
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SCHEME 4. Titanium-Based Initiators with Modified Borate Anions
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The performance of initiators for cationic polymerizations
depends strongly on the reaction conditions, in particular, the
solvent, and the way the initiator is introduced. While stud-
ies with Cp*TiMes/B(CgFs); were best conducted in dichlo-
romethane or methyl chloride (i.e., solvents that assist
ionization), Cp,ZrMe,/B(CgFs)3 and Cp,ZrMe,/[CPh;][B(CsFs)a]
gave best results in our hands if the metallocene and activa-
tor were allowed to prereact in a small amount of dichlo-
romethane and then injected into neat IB or IB/IP mixtures.
This also reduces the use of chlorocarbons. Injecting Cp,ZrMe,
and B(CqFs)3 separately proved ineffective.

Initial IB homo- and copolymerizations with the “parent” zir-
conocene system, Cp,ZrMe,/B(CgFs)s, at IB/Zr ratios of 2000:1
at —78 to —30 °C produced polymers of reasonably high but
not outstanding molecular weight (M, ~ (1—1.5) x 10%).2* It
was shown that these reactions are not proton initiated.
Increasing the IB/Zr ratio 10-fold led to a significant increase
in both polymer yield and M, In contrast to H*/AICl;5 initi-
ated systems, the molecular weights of IB—IP copolymers pro-
duced with metallocenes were found to be essentially the
same as the homopolymers, a very unusual feature in cat-
ionic polymerizations. IB/IP copolymerizations with zir-
conocenes are also much less temperature dependent than
those with conventional aluminum-based systems; this fact
could be exploited for the production of high molecular
weight materials at higher temperatures.

As an alternative to zirconocene dimethyls, the methyl-
amido complex MeZr{N(SiMes),}; has some attractions since it
is insensitive to water. Activation with B(CeFs)s gives
[Zr{N(SiMes),}5] [MeB(CgFs)s] ~; the anion is not coordinated to
Zr for steric reasons (eq 4). At IB/Zr ratios of 2100:1, the
homo- and copolymer molecular weights were significantly
higher than those obtained with Cp>ZrMe,/B(CsFs); under com-
parable conditions, while the temperature dependence of the
molecular weight resembled that of the zirconocene system.>>

B(CeFs)s [(MesSiN @ __N(SiMe;),
MeZr{N(SiMe3)ots ——— zr

} [MeB(CeFs)sl (4)
N(SMes),

To be effective and to avoid local exotherms and hence
loss of molecular weight control, an initiator system must be

SCHEME 5. Formation of Cationic Zirconocene Hydride Initiators
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dispersed quickly in the reaction medium. This is particularly
important for initiators generated from ionogenic precursors
like Cp,ZrMe,/[CPhs][B(CgFs)4] in hydrocarbons since the ionic
products tend to form oily phases, particularly at low temper-
atures, which represent high local initiator concentrations.
While this may produce fast polymerization in the immedi-
ate vicinity of initiator droplets, encapsulation by the poly-
mer can lead to rapid cessation of chain growth and to low
polymer vyields. It is therefore advantageous to improve the
solubility of the initiator by modifying the ligand. For most of
our metallocene studies this was achieved using CsH,SiMes
(Cp’) instead of CsHs. Careful monitoring of the internal reac-
tion temperature proved necessary to ensure comparability of
results in systematic studies.

3. Zirconocene Hydride Initiators

Given the polarity of the M—H bonds in early transition metal
hydrides, it might be expected that carbocationic propagat-
ing species are rapidly quenched by hydrides. We were there-
fore surprised to find that activating [Cp’>ZrH(u-H)]> with
[CPhs][B(CsFs)a] generated particularly effective initiators; in
fact, they gave such rapid polymerizations that adequate tem-
perature control was a major problem. The reaction produces
the fluxional zirconocene hydride [Cp’4Zr>Hs][B(CsFs)4] (Scheme
5).2° By comparison, polymerizations with Cp,ZrMe,/B(CgFs)s
or [CPhs][B(CeFs)4] are typically isothermal or lead only to small
temperature increases. Conversion rates and yields were dra-
matically higher than with Cp’,ZrMe,/[CPhs][B(CeFs)4], while
polymer molecular weights were comparable. Since the for-
mation of the [Cp’4Zr,Hs][B(CsFs)4] is quantitative and irrevers-
ible, very low initiator concentrations can be employed, down
to [Zr] = 5 x 107° mol/L and IB/Zr ratios of ca. 200 000:1
(limited only by the level of poisoning background impuri-
ties and the difficulties of handling very small amounts of lig-
uids).?” This system suffered much less from the commonly
observed retarding effect of isoprene, and comonomer con-
version rates and molecular weights obtained with the zir-
conocene hydride initiators were remarkably similar to 1B
homopolymers, especially at temperatures of —50 °C and
above. Even at —30 °C IB/IP copolymerizations gave good
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SCHEME 6. Zirconium 7'-Isoalkene Adducts As Possible Intermediates
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SCHEME 7. Reaction of [Cp’sZr,H;]* with Isoalkenes and Possible Structure of the Initiating Species
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conversions, under conditions where the Cp,ZrMe, produced
only trace amounts of product. The system also operates in
the complete absence of chlorocarbon cosolvents; replacing
CH,Cl; in the premixing stage by a mixture of toluene and
1,2-difluorobenzene resulted in even higher molecular
weights at —30 °C.2°

In view of the remarkable activity and apparent simplicity
of this system, it was chosen for more detailed investigations
into the nature of the initiating species and its reactions with
isobutene.

Early in the investigation of cationic polymerizations with
metallocene systems, Baird had proposed the #'-isobutene
adduct A as initiating species (Scheme 6)."” It seemed reason-
able to assume that a cationic zirconocene hydride might react
with isobutene to give B. However, it was found that pre-
formed Cp,Zr(iBu), reacts with [CPhs][B(CeFs)4] even at —78 °C
instantaneously to give the methallyl cation C, which is itself
a powerful initiator for IB polymerizations. An intermediate of
type B could not be detected. This, of course, does not prove
that such a species does not play a kinetically important role,
as the very recent detection of the related 7 '-alkene adduct D
shows.>®

The reaction of [Cp’4Zr,Hs][B(CeFs)4] with isobutene is rather
more complex. Using 1,1-diphenylethene as IB surrogate, it
could be shown that the [Cp’4Zr,Hs]* cation was converted to
another species before a carbocationic reaction ensues. This
transformation was accompanied by two successive hydroge-
nation steps of 1,1-diphenylethene; since [Cp’4Zr,Hs]" con-
tains only three hydrogens, a C—H activation process was
suggested to generate the fourth. Spectroscopic studies pro-
vided support the formation of a binuclear species, E (Scheme
7), although an unequivocal characterization did not prove
possible. Analogous products were found in reactions of
[Cp’aZroH5l ™ with 2,3,3-trimethylbut-1-ene, 2,4,4-trimethylpent-
1-ene and isobutene itself. These species also contained '>C
NMR signals around 6 196, which were in agreement with the
proposed formation of a cationic zirconium vinyl complex,
although similar chemical shifts would also be expected for
the carbocationic resonance structure of an #'-coordinated
isoalkene.?” Whatever species turns out to be ultimately
responsible for the initiation step, the reaction reveals the
unexpected complexity of this process.

Whereas the organometallic species is responsible for the
formation of the first carbocation, it is the associated counter-
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SCHEME 8. Structures of Counteranions Used for Quantifying Anion Effects
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anion that dominates the chain growth kinetics, depending on
the strength of its interaction with the propagating carboca-
tion. Very bulky nonbasic anions minimize such interactions
and compete least with an incoming monomer. Anions
F—H?°3% (Scheme 8) were used in combination with
[Cp’4ZroHs5] in IB/IP copolymerizations.

The temperature dependence of M, turns out to be a very
sensitive probe for quantifying the strength of the
cation—anion association in liquid IB (Figure 1). While F and
G give copolymers of nearly identical molecular weights, the
linear anion H forms evidently the least associated ion pair
and produces IB/IP copolymers with M,, ~ 5 x 10° even at
—35 °C, the only system to reach such high values at these
comparatively high temperatures.3’ Interestingly, the anion
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FIGURE 1. Counteranion control of M, in IB/IP copolymerizations
as a function of the reaction temperature.?”
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sequence F ~ G < H mirrors that found in the zirconocene-
catalyzed Ziegler-type polymerization of propene:2 although
the polymerization mechanisms are very different, clearly
anion displacement by monomer is important in the rate-de-
termining steps of either system.

Similarly important is the water content of the reaction mix-
ture. The industrial AlCl3-based system contains water in a
chloromethane medium, although in this case its action is
moderated by the very low reaction temperature. In polymer-
izations at higher temperatures water is a powerful chain
transfer agent; for example, Figure 2 shows the decrease of
M,, with increasing [H,0] at —35 °C. At this temperature,
industry-standard molecular weights are only obtained under
scrupulously dry conditions.

4.5
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w
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FIGURE 2. Dependence of M,, on [H,0] in IB/IP copolymerizations
initiated with [Cp’4Zr2Hg]*[CN{B(C5F5)3}2]‘ at —35 °C.
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4. Zinc-Based Polymerization Initiators

Although zirconocene complexes activated with trityl perfluo-
roarylborates had demonstrated excellent initiator efficien-
cies and the ability to generate very high molecular weight
IB/IP copolymers at temperatures as high as —30 °C and at ini-
tiator concentrations as low as 5 x 107% mol/L, the cost of the
anions is not inconsiderable. The search for alternative sys-
tems with fewer costly CsFs groups per initiating center led us
to the hydrocarbon-soluble Lewis acid Zn(CeFs),(toluene),
which is readily made from commerdially available ZnMe, and
B(CsFs)3.3? It was anticipated that Zn(CeFs), would be a strong
enough Lewis acid to react with tert-alkyl halides to generate
reactive carbocations (eq 5). However, unlike the reactions of
zirconocenes with trityl borates, eq 5 is an equilibrium, and
therefore higher metal concentrations are required to gener-
ate adequate concentrations of initiating species.

Zn(C4Fo), + RCMe,Cl = [RCMe,| T[CIZn(CFo),l~  (5)

Zinc dichloride itself, unlike other simple metal halides, has
so far not found use in IB polymerizations, most probably
because of its insolubility in low-polarity solvents. Indeed we
found mixtures of RCMe,Cl (R = Me, Ph) and ZnCl,, whether
as freshly made precipitate or finely ground solid, to be com-
pletely inactive under a variety of conditions. There have been
only sporadic reports on the use of zinc compounds in IB poly-
merizations; for example, a 1971 patent claims a combina-
tion of BF; with metal dialkylamides including zinc* and
mixtures of t-Bul, Znl,, and zinc powder under UV light report-
edly give low yields of polyisobutene.>

By contrast, Zn(CgFs)> mixed with t-butyl chloride or cumyl
chloride was highly effective for IB homo- and copolymeriza-
tions. The system is readily soluble in IB, CH,Cl,, and IB/CHsCl
mixtures and gave high molecular weight copolymers over the
tested temperature range of —78 to —35 °C. The ionization
according to eq 5 and the formation of aryl zincate counter-
anions could be demonstrated by reacting Zn(CeFs), with
PhsCCl, which led to the isolation of [CPhs]*[Zn(CgFs)s]~ (Fig-
ure 3).36 Clearly CgFs-substituted zincate anions are sufficiently
resistant to electron or aryl transfer to stabilize carbocations in
the solid state and in solution.

These zinc initiators allowed the incorporation of unexpect-
edly high amounts of isoprene. Up to about 10 mol % IP
could be incorporated without significant reduction in yield or
molecular weight. Equally important is the low gel content of
these copolymers: high-IP copolymers can be prone to gel for-
mation, which can make them unprocessable. With the zinc

Organometallics for Carbocationic Polymerizations Bochmann

FIGURE 3. Crystal packing diagram of [CPh;][Zn(CeFs)s].

system, the gel content was found to be very low even at high
IP incorporation.”

The ability of the growing polymer chain to produce iso-
prene-rich high molecular weight polymers, as opposed to
chain termination after IP incorporation, depends on the rel-
ative reactivity of the terminal allylic cation—anion ion pair
that is formed after isoprene addition to the chain. It appears
that unlike ion pairs formed from aluminum chlorides, with
zincate counteranions addition of IB to an allylic end group is
more likely than chain termination (Scheme 9), and the
energy difference between the [-CH,CMe,"---X~] and the
[-CH,C(Me)CH=CH,* - - - X7 ion pairs seems to be less for X~
= perfluoroarylzincate than for chloroaluminates.

An IP content of around 6 mol % gave the optimum copol-
ymer molecular weight. As Figure 4 shows, this means that
this zinc initiator is able to produce new isoprene-rich copol-
ymers with molecular weights well above the threshold level
of 500 000 Da, a type of material that would be difficult to
generate by conventional initiator systems. Such highly unsat-
urated copolymers can be expected to facilitate cross-linking
to other unsaturated bulk polymers to generate polymer com-
posites with improved bonding characteristics.

The incorporation of dienes into poly(isobutylene) is
dependent on the rate of reaction of carbocations with
isobutene on the one hand and the diene on the other. As
Mayr has shown, these rates are very sensitive to steric as well
as electronic parameters and explain why isobutene is well
matched to isoprene but not to butadiene.?® Styrene deriva-
tives show similar variable rates; therefore the level of incor-
poration and nonblocky distribution of the comonomer is
substituent dependent. The Zn(CsFs),/t-BuCl system proved
capable of producing copolymers with a series of substituted
o-methylstyrenes. Copolymers with 4-allyl and 4-chloro-o-
methylstyrene showed some tendency toward blockiness.
4-Trimethylsilyl-o-methylstyrene incorporates only at low lev-
els and terminates by ready indane formation, while the
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SCHEME 9. Propagation versus Termination from Allylic lon Pair Chain Ends Following Isoprene Incorporation
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SCHEME 10. Copolymers of Isobutene with Substituted a-Methylstyrenes
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incorporation rates (Scheme 10).3°
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FIGURE 4. Dependence of copolymer molecular weight on IP
content (Zn(CgFs)»/t-BuCl, —78 °C). The shaded area indicates the
region of new high-isoprene materials. The red and green lines
indicate the M,, and the IP content limits, respectively, of standard
industrial lIR.
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5. Chloro Complexes of Zinc and
Zirconium

EtZnCl is a coordination polymer with an infinite lattice con-
sisting of ZnsCls six-membered rings*® and shows very lim-
ited solubility in neat isobutene. Unlike the previous reactions,
polymerizations with EtZnCl/RCMe,Cl mixtures (R = Me, Ph)
need to be conducted in dichloromethane/IB mixtures and
work best at higher temperatures. The system ZnEt,/tBuCl is
soluble but inactive.

The method of introducing the zinc component into the
mixture proved crucial for the success of the polymerization.
Thus, premixing EtZnCl and tBuCl in CHCl; either at low tem-
perature or at 20 °C immediately gave a white precipitate
(bulk ZnCly), which when injected into IB/CH,Cl,/tBuCl mix-
tures produced only traces of polymer. There was no polym-
erization with EtZnCl in the absence of tBuCl. The reactions are
best carried out by adding EtZnCl into IB/CH,Cl,/tBuCl mix-
tures, with tBuCl being employed as the limiting reagent. In IB
homopolymerizations at 20 °C, high concentrations of tBuCl
gave rise to nearly quantitative conversions after 30 min reac-
tion time to medium-molecular weight PIB (Mn =
10 000—29 000 g/mol).
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The molecular weight could be controlled by adjusting
the tBuCl concentration; it is reduced with rising [tBuCl],
while the conversion is increased. The polymers showed up
to 90% terminal C=C bonds.*' Low molecular weight poly-
isobutenes containing more than 60% terminal double
bonds are of interest as intermediates in the preparation of
additives to lubricants since they can be chemically modi-
fied by epoxidation or reaction with maleic anhydride. A
high content of vinylidene end groups is desired since only
terminal double bonds react at a sufficiently high rate; these
materials are therefore referred to as “high reactivity” PIBs.
The EtZnCl/tBuCl system also gives IB/IP copolymers at
room temperature, with up to 4 mol % IP incorporation,
with no significant decrease in polymer yield. The molec-
ular weights of these copolymers were remarkably similar
to the homopolymers.

While EtZnCl/tBuCl initiators polymerize isobutene in the
temperature range of +35 to —35 °C, poor solubility ren-
ders the system inactive at lower temperatures. However,
n-octylzinc chloride activated with cumyl chloride shows
good activity at temperatures as low as —90 °C to give
medium-to-high molecular weight polymers. Both the
EtZnCl and the OctZnCl/cumyl chloride systems showed an
unexpectedly low activation energy of polymerization, Epp
= —3.3 kJ mol~". The polymer molecular weights obtained
with these zinc systems are therefore much less tempera-
ture dependent than is the case in classical initiator sys-
tems (Epp ~ —23 kJ mol~" for BF3, AlCl5 and EtAICI5)3®? and
is also less than for zirconocene systems involving
[B(C6Fs)4]~ anions.?” Although both Zn systems showed
essentially identical temperature dependence, the octyl-
zinc initiator produced higher molecular weights, consis-
tent with the involvement of more bulky, less coordinat-
ing anions such as [OctZnCl,]~ or [(OctZnCl),Cl]".

The alkylzinc systems are equally effective in IB/IP copo-
lymerizations. Like the Zn(CgFs), initiators, RZnCl proved
remarkably insensitive to isoprene; in fact, unusually for a
chloride-containing system, the copolymers had rather
higher molecular weights than the homopolymers, with M,,
= (2—3) x 10° and 2—6 mol % IP incorporation.***3

Zirconium tetrachloride is another metal halide that at first
glance appears to be an attractive, nontoxic alternative to the
classical aluminum-based initiators. Bayer AG patented the use
of ZrCl, in the presence of organic nitro compounds.** How-
ever, one drawback is the aging effect of ZrCl,: whereas
freshly sublimed material shows good activity and gives high
molecular weight products, the performance rapidly deterio-
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rates on storage. One way to overcome this problem is to use
the hexamethylbenzene complex, Zr,Clg(CsMeg) (eq 6).4°

2 ZrCl, + —_ \ / \ / (6)

The complex can be applied in two ways, as a dichlo-
romethane solution or as a solid. In neither case did it
prove to be necessary to add an organic halide co-initia-
tor. Remarkably, the homogeneous and the heterogeneous
application of Zr,Clg(CsMeg) gave very different types of
temperature dependence; in particular, the addition of solid
Zr,Clg(CsMeg) to IB/IP mixtures in dichloromethane at —78
°C allowed reactions to be conducted with good tempera-
ture control to give copolymers with narrow polydispersi-
ties and high molecular weights (~(4—6) x 10°, 1—3 mol
% IP content).*® The presence of isoprene proved helpful in
controlling the reaction. The results indicate that chlorozir-
conate anions, which must be involved here, show suffi-

ciently low nucleophilicity to give attractive and
comparatively inexpensive isobutene polymerization
systems.

The suitability of zirconium and hafnium chloro anions
is also evident in polymerizations initiated with the sec-
carbocation salt [HC(CHRR’);]T[M2Clo]™ (R = SiMes;, R’ =
SnMejs) (Figure 5 and Scheme 11). Isolable carbocations are
of course ideal initiators for carbocationic polymerizations
but most are thermally very labile. A number of tert-car-
bocation salts could be structurally characterized at low
temperatures.*” The Zr and Hf salts shown in Scheme 11
are so far the only examples of isolable and room-temper-
ature-stable sec-carbocations. They show good activity for

FIGURE 5. Solid state structure of the [HC(CHRR'),]* cation (R =
SiMes, R” = SnMej) in its [Hf,Clg]~ salt.
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SCHEME 11. Formation of Stable Carbocation Salts of Weakly Coordinating M>Cls~ Anions

2MCl; + Me,SnCl MesSi., =
. Messi%?/ SnMe;
Me;Sn* MyClg
SiMe;
M = Zr, Hf

the formation of high molecular weight IB/IP copolymers at
—40 to —78 °C, with 1—4 mol % IP incorporation.*®4°

6. Concluding Remarks

The production of isobutene—isoprene butyl rubber is a
large-scale industrial process that is however based on
highly energy intensive low-temperature technology. We
have shown how principles of coordination chemistry and
ion—ion interactions can be tailored to provide cleaner,
more environmentally friendly processes. In particular, a
variety of highly electrophilic organometallic species, cou-
pled with weakly coordinating counteranions with low pro-
ton affinities, have been shown to provide alternatives that
not only match the industrial products in terms of molecu-
lar weights but also provide access to new types of highly
unsaturated elastomer materials. Such organometallic ini-
tiators are able to give high control over reaction temper-
ature, polymer molecular weight, polydispersity, the degree
of branching, and main-chain unsaturation. Homogeneous
as well as highly active heterogeneous cationic initiator sys-
tems now exist. Naturally, the extent to which such new
chemistry will be implemented in actual manufacturing pro-
cesses depends largely on the balance between energy sav-
ings, environmental demands, and catalyst costs, and
further improvements will no doubt be needed.

The results so far provide several avenues for optimiz-
ing polymerization processes, mainly based on anion engi-
neering. Polymer chain growth depends critically on the
relative stabilities of various ion pairs, and while the gen-
eral principles are established, it is clear that the subtleties
of cation—anion interactions in low-polarity solvents are far
from well understood. The reaction dynamics of ionic sys-
tems under such conditions offer a potential that is yet to
be fully explored; in fact, ion pair dynamics have implica-
tions here as well as in other important catalysts, such as
Ziegler—Natta polymerizations, that have only just begun to
be realized.>® We believe the exploration of such ionic
interactions and the control of the weak interactions that

SnMe;,
SiMe;
Q
clL Cl Ll
%/ SaCl
e
cl \|/ Cl

Cl

modulate transition state energies will be important ave-
nues for the future development of much more productive
and energy-efficient low-waste processes.
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