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The production of butyl rubber by the copolymerization of
isobutene (IB) and isoprene (IP) is an important industrial
process. Commercially, polymerization is initiated by protons
generated by an AlCl3/H2O slurry in chloromethane at low
temperatures (ca. �100 8C).[1–3] Incorporation of IP is typically
of the order of 1–2%. However, under such conditions
isoprene acts as a powerful retardant,[4] and both polymer
molecular weight and polymer yield decrease sharply with
increasing IP concentration in the monomer feed. Copoly-
mers with increased isoprene incorporation, and hence
increased unsaturation in the main chain, are desirable since
they are more compatible and better at cross-linking with
other unsaturated polymer materials.

A number of Lewis acids have been employed as initiators
for IB/IP copolymerizations. Mixtures of alkyl aluminum
halides with alkyl halides are very efficient, although gel
formation is still evident at higher concentrations of IP, and
there is significant chain branching, even at �70 8C. Other
examples include BCl3,

[1,5] chelating boranes,[6] and a variety
of transition-metal halides, for example, TiCl4, VCl4, and
FeBr3.

[7–9] Organometallic Lewis acids paired with extremely
weakly coordinating anions, such as [AlCp2Me]/B(C6F5)3,

[10]

[SiMe3][B(C6F5)4],
[11] [Cp*TiMe3]/B(C6F5)3 (Cp*=C5Me5),

[12]

and [(CpR)2ZrX2]/[CPh3][B(C6F5)4] (X=Me, H) (CpR=

C5H4SiMe3)
[13–15] have also been found effective. However,

to our knowledge there are no reports to date on the use of
zinc compounds in IB homo- and co-polymerizations.

Zinc compounds have the advantage of being nontoxic
and relatively cheap compared to metallocene/borate initia-
tors. We now found that they also allow the synthesis of high-
molecular-weight copolymers with low gel content. Whereas
anhydrous ZnCl2 in the presence of tBuCl or MeCOCl was
inactive in both neat IB and CH3Cl, [Zn(C6F5)2]·toluene
(readily obtained from ZnMe2 and B(C6F5)3) is sufficiently
soluble in CH2Cl2, IB, and IB/MeCl mixtures and reacts with
suitable alkyl halides by ionization and initiation of IB
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polymerization [Eq. (1)]. Representative results are shown in
Table 1.

½ZnðC6F5Þ2� þ RX Ð Rþ½ZnXðC6F5Þ2�� ð1Þ

Variable-temperature NMR spectroscopy confirmed the
formation of carbocations in this system. For example,
mixtures of cumyl chloride and [Zn(C6F5)2]·toluene in
CD2Cl2 at �78 8C show the signals of the PhCMe2

+ cation as
well as those of phenyltrimethylindane, the product of
cationic cyclization (Scheme 1).[16,17]

The formation of nonnucleophilic zincate anions in this
system was demonstrated by the reaction of Ph3CCl with
[Zn(C6F5)2]·toluene. Upon mixing, the typical orange color of
CPh3

+ ions was observed, and cooling to �20 8C afforded an
oily precipitate from which crystalline [CPh3][Zn(C6F5)3] was
isolated. The anion [Zn(C6F5)3]

� is reminiscent of the “non-
coordinating” perfluoroarylborates known from metallocene
catalysis[19, 20] and is to our knowledge the first example of a
zinc-based anion with sufficiently low nucleophilicity that it
can stabilize carbocations.[21]

The compound was characterized by X-ray diffraction.[22]

Both the cation and the anion have propeller structures, and
in the crystal they are stacked on top of each other, with
almost parallel C6H5 and C6F5 aryl substituents (Figure 1).
While donor–acceptor p-stacking of aryl rings having differ-
ent electron densities might be invoked, reminiscent of the
well-known C6H6·C6F6 phases,[23] the solid-state structure of
[CPh3][Zn(C6F5)3] is simply the most economical way of
packing cations and anions with threefold symmetry axes.

In the absence of alkyl halide, [Zn(C6F5)2]·toluene in neat
IB affords only low yields of high-molecular-weight poly-
(isobutene) (ca. 1.0 g in 60 min). Addition of isoprene reduces
the yield (Table 1, entry 1). Polymer formation in these cases
is presumably due to the reaction of the zinc Lewis acid with
adventitious traces of water. Premixing [Zn(C6F5)2]·toluene
and MeCOCl in CH2Cl2 at �78 8C prior to injection was
unsuccessful; however, the addition of first 0.15 mmol
MeCOCl then 0.15 mmol [Zn(C6F5)2]·toluene to the mono-
mer resulted in rapid polymerization (ca. 10% conversion in
1 min). In the presence of IP yields were found to drop
significantly. Thus, with 1.5 mL isoprene in the feed, only 4 g
copolymer was produced after 30 min ([Zn]= [MeCOCl]=
2 mm). Higher IP concentrations reduced the yields still
further, such that with a mixture of 90 mL IB/10 mL IP only

Scheme 1. Formation of carbocations in mixtures of alkyl chorides and
[Zn(C6F5)2]·toluene in CD2Cl2 at �78 8C.

Table 1: (Co-)polymerizations of isobutene initiated by [Zn(C6F5)2]·toluene/tBuCl.
[a]

Run Zn
[mmol]

tBuCl
[mmol]

IB
[mL]

IP
[mL]

t
[min]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp.

[mol%]
Gel quota
[wt.%]

1 0.2 – 100 1.5 60 0.6 12.23 2.2 1.4 [b]
2 0.2 0.2 100 – 5 4.1 12.89 1.7 – [b]
3 0.2 0.2 100 1.5 30 5.0 7.94 1.6 1.5 [b]
4 0.2 0.2 97 3 30 4.5 9.06 2.2 2.7 1.5
5 0.3 0.3 95 5 30 3.8 8.88 2.4 4.2 [b]
6 0.3 0.3 93 7 30 4.0 7.82 2.6 6.4 3.8
7 0.3 0.3 90 10 60 3.2 5.92 2.5 9.0 4.6
8 0.3 0.3 90 10 30 2.5 4.87 2.2 10.7 [b]
9 0.3 0.3 85 15 30 1.8 2.55 2.0 14.7 [b]

[a] Reaction conditions: IB+ IP�100 mL, �78 8C. Polymerizations terminated by the injection of methanol. [b] Not determined.

Figure 1. Top: Crystal structure of [CPh3][Zn(C6F5)3] (ellipsoids at 50%
probability). Selected bond lengths [I] and angles [8]: Zn-C(11)
2.030(6), Zn-C(21) 1.981(10), Zn-C(31) 2.056(11), C(21)-Zn-C(11)
120.7(5), C(11)-Zn-C(31) 118.5(5), C(21)-Zn-C(31) 120.7(2). Bottom:
View showing the eclipsed stacking of C6H5 and C6F5 rings, parallel to
the a axis.
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ca. 0.5 g copolymer was obtained after 30 min. The polymer
molecular weights were also lower than we had hoped.

Much higher conversions and polymer molecular weights
resulted when tert-butyl chloride was used as a coinitiator with
[Zn(C6F5)2]·toluene (Table 1).[24] Most reactions were con-
ducted in neat monomer (ca. 100 mL total volume, [Zn]=
[tBuCl]= 2 mm)) at �78 8C, with the zinc component being
added last. High reactivity was observed (e.g. 4.1 g polymer
after 5 min), and polymers of high molecular weights (M̄w�
1.3 I 106) and low polydispersities (M̄w/M̄n� 1.7–2) were
obtained. Addition of isoprene resulted in a general decrease
in activity and polymer molecular weights but much less so
than with the MeCOCl system described above. Thus, with
IB/IP= 100:1.5 (mL), 5 g of copolymer was obtained after
30 min, with a high M̄w of 8 I 105 gmol�1 and M̄w/M̄n = 1.6
(Table 1, run 3). Under these conditions when [Al(C6F5)3] was
used in place of [Zn(C6F5)2], a poorly soluble, extensively
cross-linked polymer resulted.

Increasing the isoprene con-
centration still further led to a
slow drop-off in activity, although
the molecular weights remained
high, with M̄w� 5 I 105 gmol�1 at
ca. 10 mol% IP incorporation and
M̄w� 2.5 I 105 gmol�1 at ca.
14.7 mol% IP (Table 1, runs 8 and
9). While some initiator systems
give an increase in molecular
weight at high IP feed as the
result of increased branching and
cross-linking, there is remarkably
little evidence for this here
(Figure 2). Incorporation of iso-
prene was found to increase line-
arly with the feed concentration.

As evident in Figure 3 and
Table 2, the molecular weight
decreases with increasing polymer-

ization temperature, as expected. At all temperatures the M̄w

values obtained with the zinc system are substantially higher
than those of polymers made with a classical [Et2AlCl]/tBuCl
initiator[3b] under comparable conditions.

The activity of the new initiator system can be improved
by increasing the tBuCl/Zn ratio, or by using tBuBr or tBuI as
the halide source (Table 3). With tBuBr there was some
improvement in polymerization rate. For example, with
[Zn]= 3 mm, > 10% conversion was obtained after 1 min,
which made it necessary to decrease the zinc concentration to
control the reaction. This, in turn, led to increased polymer
molecular weights.

In summary, the Lewis acidic zinc complex Zn(C6F5)2 in
combination with tBuX provides the first highly efficient
initiator system for isobutene/isoprene copolymerizations
based on zinc. Up to 14.7 mol% isoprene incorporation has
been realized, without significant cross-linking or gelation.
We are currently exploring the scope of this new system.
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Figure 2. Plot of M̄w in IB/IP copolymers versus the degree of IP incor-
poration (n(IP)). Polymerization temperature=�78 8C.

Figure 3. Trends in Mw of IB/IP copolymers (1.5 vol% IP feed) as a
function of temperature for the [Zn(C6F5)2]/tBuCl (^) and [Et2AlCl]/
tBuCl (&) systems, respectively. [Zn]= [tBuCl]=2 mm ; [Al]=16 mm,
[tBuCl]=1.15L10�3 mm.

Table 2: Temperature dependence of IB polymerizations initiated by [Zn(C6F5)2]·toluene/tBuCl.

Run Zn
[mmol]

tBuCl
[mmol]

IB
[mL]

IP
[mL]

T
[8C]

t
[min]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp.

[mol%]

1 0.2 0.2 100 1.5 �78 30 5.0 7.94 1.6 1.5
2 0.1 0.1 100 1.5 �50 10 3.9 4.36 1.8 1.4
3 0.1 0.1 100 1.5 �35 10 5.6 3.10 1.7 1.5

Table 3: Polymerizations with [Zn(C6F5)2]/tBuX (X=Br, I).[a]

Run X Zn
[mmol]

[tBuX]
[mmol]

IB
[mL]

IP
[mL]

Yield
[g]

M̄w/10
5 M̄w/M̄n IP incorp. [mol%]

1 Br 0.3 0.6 95 5 3.9 4.12 2.3 5.2
2 Br 0.1 0.5 95 5 2.0 8.75 2.3 5.1
3 I 0.3 0.6 95 5 2.7 4.26 2.0 5.5

[a] Reaction conditions: �78 8C, 30 min; initiator stock solutions in CH2Cl2 at �78 8C; polymerizations
terminated by the injection of methanol.
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