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Polyisobutenes (PIBs) are important materials in the chemical
industry that find different applications depending on their
molecular weights.1 Thus, high molecular weight polymers (Mn

> 100 000 g mol-1) are mainly used as inner liners in the
manufacture of tires due to their damping properties and low
gas permeability, while low to medium molecular weight PIBs
(Mn ) 5000-100 000 g mol-1) are commonly used in sealants
and adhesives. Low molecular weight polymers containing more
than 60% terminal double bonds are of special interest as
intermediates in the preparation of additives to lubricants (Mn

) 2000-40 000 g mol-1) and fuels (Mn ) 150-5000 g mol-1).2

These polyisobutenes can be chemically modified by epoxida-
tion or reaction with maleic anhydride.2,3 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 “highly reactive” PIBs. Industrially these
materials are prepared by a carbocationic mechanism at low
temperatures, using Lewis acid initiators such as aluminum
chloride or boron trifluoride.4-6 Medium to low molecular
weight polyisobutenes with more than 80% terminal double
bonds have only been produced in good yields at temperatures
well below 0 °C.6,7 Only recently, an interesting system has
been reported, based on [Mn(NCMe)6]2+ salts of noncoordi-
nating borate anions such as [C3H3N2{B(C6F5)3}2]-, that oper-
ates at higher temperatures (+20 to +60 °C) to produce
terminally unsaturated PIBs.8 However, this system failed to
provide medium molecular weight polymers and required
unusually long polymerization times, e.g., 16 h to reach up to
88% conversion in isobutene (IB) homopolymerizations.8b

We recently reported the first zinc-based initiator system for
IB polymerizations, Zn(C6F5)2‚toluene/RCl (R) tBu, PhCMe2),
which is highly effective for the synthesis of high-MW isoprene-
rich PIB.9 The search for cheaper initiator systems that do not
rely on transition metal components, elaborate noncoordinating
anions, or expensive C6F5 derivatives has led us to explore
simpler zinc halide systems. We report here a new type of
polymerization initiator based on the reaction of alkylzinc
chloride with alkyl halides which gives medium molecular
weight PIBs containing up to 92% vinylidene end groups. To
our knowledge this is the first system to provide such polymers
at room temperature in fast reaction times (ca. 30 min).

The addition of EtZnCl, prepared by comproportionation of
ZnCl2 and ZnEt210 and used either as a solid or as a CH2Cl2
slurry, to a solution of IB in CH2Cl2 (v/v 1:2) containingtBuCl

at room temperature led to rapid polymerization (Table 1). In
contrast to our previous work with soluble initiators where
optimum results were obtained in neat IB,11,15bthis system works
best in chlorocarbons at ambient temperatures to give medium
molecular weight PIBs. By contrast, reactions under the same
conditions in toluene did not give polymers.

The method of introducing the zinc component into the
mixture is crucial for the success of the polymerization. Thus,
premixing EtZnCl andtBuCl in CH2Cl2 either at low temper-
ature or at 20°C immediately gave a white precipitate (bulk
ZnCl2) which when injected into IB/CH2Cl2/tBuCl mixtures
produced only traces of polymer. There is no polymerization
with EtZnCl in the absence oftBuCl. The effectiveness of zinc
compounds to act as polymerization initiators depends on both
their Lewis acidity and their solubility; for example, mixtures
of ZnEt2 andtBuCl in CH2Cl2 proved inactive, as was powdered
ZnCl2 due to its insolubility.

The reaction of EtZnCl andtBuCl in CD2Cl2 was monitored
by 1H NMR spectroscopy from-30 to 20°C. The presence of
carbocationic species could not be confirmed under these
conditions due to the high reactivity of thetert-butyl cation;
however, the rapid formation of ZnCl2 and isobutene oligomers
was observed. The analogous reaction of EtZnCl with trityl
chloride rapidly gave an orange solution, and a significant
amount of solid was formed (ZnCl2). High-intensity signals for
the trityl cation were unambiguously identified at-30 °C (δ
7.73, 7.94, and 8.31). The CPh3

+ signals broadened on warming
to +5 °C and disappeared at 20°C. Formation of a complex
mixture of ethylene, triphenylmethane, 1,1,1-triphenylpropane,
trityl cation, and the unreacted starting material was observed
at -10 °C; the assignment of these species was validated by
comparison with the chemical shifts of authentic samples.12

These products are consistent with the decomposition of a trityl
zincate intermediate, [CPh3][ZnCl2Et]-, via competingâ-hydride
abstraction and ethyl abstraction pathways (Scheme 1). It is
therefore possible that the mode of initiation by EtZnCl/tBuCl
involves not only [CMe3]+[ZnCl2Et]- but also the in-situ
formation of molecular ZnCl2. Although not conclusively
proven, it seems likely that the latter is sufficiently reactive to
abstract chloride from excesstBuCl to give [CMe3]+[ZnCl3]-.

The reactions in Table 1 were carried out by addition of
EtZnCl into IB/CH2Cl2/tBuCl mixtures at 20°C. EtZnCl was
used in excess to act as a scavenger and as co-initiator, and
tBuCl was employed as the limiting reagent. High concentrations
of tBuCl (entries 6 and 7) gave rise to nearly quantitative
conversions after 30 min reaction time. Molecular weight
distributions were in the rangeMh w/Mh n ) 1.9-2.5 and showed
monomodal behavior. The polymers were of medium molecular
weights,Mh n ) 10 000-29 000 g mol-1.

Molecular weights gradually increased with decreasingtBuCl
concentration up to ca. 5 mM (entry 5). With a further decrease
of the initiator concentration a steep increase in the molecular
weight was observed to give up to ca.Mh n ) 27 000 g mol-1

(entry 1). Conversion increased with [tBuCl] up to a 95%. A
further increase in [tBuCl] raised the conversion slightly but
decreased the molecular weight (entries 6 and 7).

Vierle et al. have previously analyzed the terminal to internal
double bond ratios of polyisobutene samples by1H NMR
analysis of the terminal end groups.8b Figure 1 shows a typical
1H NMR spectrum of a PIB obtained with EtZnCl/tBuCl at room
temperature. The expansion of the olefinic region (inset) shows
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two signals atδ ) 4.65 and 4.86 for the terminal vinylidene
end groups. Spectrum (a) corresponds to the polymer obtained
in Table 1, entry 1, a polymerization carried out with a large
monomer-to-initiator molar ratio (ca. 2200:1). Under these
conditions, polymers contain up to 90% terminal olefinic end
groups, the remaining 10% being internal olefins (marked with
an asterisk). Expansion (b) is taken from a homopolymer sample
(run 7) obtained at [monomer]:[initiator]) 120:1. In this case,
the proportion of terminal olefinic end groups was ca. 60%.
This makes these polymers interesting as potential intermediates,
for example, as oil or lubricants additives.

Isobutene is frequently copolymerized with isoprene (IP) to
give copolymers suitable for a subsequent bromination/dehy-
drobromination sequence to give products with reactive terminal
double bonds for improved curing properties.13 The EtZnCl/

tBuCl system was therefore tested in IB/IP copolymerizations.
Conditions were chosen so as to avoid exotherms and to ensure
complete temperature control (ca. 20% conversion). IP incor-
porations of up to ca. 4 mol % were obtained with no significant
decrease of the polymer yield (Table 2). The molecular weights
of the copolymers were remarkably similar to those for IB
homopolymers and decrease only slightly with increasing IP
content. The polydispersities were monomodal and increased
moderately with increasing IP incorporation but remained in
the range 1.7-2.2.

The 1H NMR spectra of the copolymers show that isoprene
is incorporated in 1,4-trans fashion (see Supporting Information).
By comparison with previous reports,14 the intensity of the
branching point atδ 4.93 is considerably higher: for every six
isoprene units incorporated into the polymer chain, one generates

Table 1. Isobutene Homopolymerizations at 20°Ca

entry
EtZnCl

[10-3 mol/L]
tBuCl

[10-3 mol/L] yield [g] conv [%]
initiator

efficiencyb
Mh n × 10-3

[g/mol]c PDIc
terminal CdC
content [%]d

1 2.1 1.6 0.42 6.8 0.31 26.9 1.9 92
2 3.3 2.5 0.82 13.2 0.42 24.9 1.9 90
3 3.9 2.9 0.97 15.6 0.37 28.9 1.6 87
4 4.3 3.2 1.35 21.7 0.48 28.1 1.6 85
5 6.4 4.8 1.90 30.6 0.74 16.9 2.0 85
6 19.3 14.5 5.9 95.0 0.90 14.5 2.0 60
7 38.7 29.0 5.9 98.0 0.65 10.1 2.5 60

a Conditions: solvent CH2Cl2, Vtotal ) 31 mL, [IB]0 ) 3.57 M, reaction time 30 min,T ) 20 °C. bInitiator efficiency based on limiting [tBuCl]. c Determined
by gel permeation chromatography calibrated with polystyrene standards.d Determined by1H NMR spectroscopy.

Figure 1. 1H NMR assignment for homopolyisobutene samples containing high ratios of terminal double bonds. Inset: (a) [IB]/[Zn]) 2200, (b)
[IB]/[Zn] ) 120.

Scheme 1. Reactions of EtZnCl with Alkyl Halides
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a branching point. The mechanism of formation of this branch-
ing point is thought to go through a 1,4-addition followed by
rearrangement and subsequent IB addition, as suggested by
White et al.14

In conclusion, EtZnCl in combination withtBuCl provides a
highly efficient system for the synthesis of vinylidene-terminated
medium molecular weight polyisobutenes at room temperature.
These “highly reactive” PIBs contain from 60% to 92% terminal
double bonds. The system is equally effective in IB/IP copo-
lymerizations with no significant decrease in reaction rates,
polymer yields, or molecular weights. We are currently explor-
ing the scope of this system.

Supporting Information Available: Experimental details. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

(1) Kresge, E. N.; Schatz, R. H.; Wang, H. C.Encyclopedia of Polymer
Science and Engineering; Wiley: New York, 1985; Vol. 8, pp 423-
450.

(2) See for example: Melder, J. P.; Blum, G.; Gu¨nter, W.; Posselt, D.;
Oppenländer, K. US Patent 6,909,018, BASF AG (DE), 2005.

(3) See for example: Boerzel, P.; Bronstert, K.; Hovemann, F. DE 2,-
702,604, BASF AG (DE), 1978.

(4) AlR2Cl or AlRCl2: (a) Kennedy, J. P.; Mare´chal, E.Carbocationic
Polymerization; Wiley: New York, 1982. (b) Kennedy, J. P.; Iva´n,
B. Designed Polymers by Carbocationic Macromolecular Engineer-
ing: Theory and Practice; Hanser: Munich, 1991. (c) Plesch, P. H.
Macromol. Symp.1994, 85, 1-31.

(5) BF3: Low molecular weight: Rath, H. P.; Hahn, D.; Sandrock, G.;
Deyck, F.; Straeten, B. V.; Vree, E. D. US Patent 6,753,389, BASF
AG (DE), 2004.

(6) Medium molecular weight: Rath, H. P. US Patent 5,910,550, BASF
AG (DE), 1999.

(7) (a) Nolan, J. T., Jr.; Chafetz, H. US Patent 3,024,226, Texaco Inc.,
1962. (b) Nolan, J. T., Jr.; Chafetz, H. US Patent 3,166,546, Texaco
Inc., 1965. (c) Booth, R. E.; Evans, F. E.; Eibeck, R. E.; Robinson,
M A. US Patent 4,227,027, Allied Chem. Corp., 1980. (d) Kennedy,
J. P.; Goodhall, B. L.; Lubnin, A. V. US Patent 5,340,881, Univ. of
Akron, 1994.

(8) (a) Vierle, M.; Scho¨n, D.; Bohnenpoll, M.; Ku¨hn, F. E.; Nuyken, O.
CA Patent 2,421,688, Bayer AG, 2003. (b) Vierle, M.; Zhang, Y.;
Herdtweck, E.; Bohnenpoll, M.; Nuyken, O.; Ku¨hn, F. E.Angew.
Chem., Int. Ed.2003, 42, 1307-1310. (c) Vierle, M.; Zhang, Y.;
Santos, A. M.; Ko¨hler, K.; Haessner, C.; Herdtweck, E.; Bohnenpoll,
M.; Nuyken, O.; Kühn, F. E.Chem.sEur. J.2004, 10, 6323-6332.

(9) (a) Garratt, S.; Guerrero, A.; Hughes, D. L.; Bochmann, M.Angew.
Chem., Int. Ed.2004, 43, 2166-2169. (b) Bochmann, M.; Garratt,
S. US Patent 7,041,760, Lanxess Inc., 2005.

(10) Guerrero, A.; Hughes, D. L.; Bochmann, M.Organometallics2006,
25, 1525-1527.

(11) (a) Bochmann, M.; Dawson, D. M.Angew. Chem., Int. Ed. Engl.
1996, 35, 2226-2228. (b) Carr, A. G.; Dawson, D. M.; Bochmann,
M. Macromolecules1998, 31, 2035-2040. (c) Carr, A. G.; Dawson,
D. M.; Bochmann, M.Macromol. Rapid Commun.1998, 19, 205-
207. (d) Song, X.; Thornton-Pett, M.; Bochmann, M.Organometallics
1998, 17, 1004-1006. (e) Carr, A. G.; Dawson, D. M.; Thornton-
Pett, M.; Bochmann, M.Organometallics1999, 18, 2933-2935. (f)
Schormann, M.; Garratt, S.; Hughes, D. L.; Green, J. C.; Bochmann,
M. J. Am. Chem. Soc.2002, 124, 11266-11267.

(12) (a) Trityl cation: Zhou, J.; Lancaster, S. J.; Walker, D. A.; Beck, S.;
Thornton-Pett, M.; Bochmann, M.J. Am. Chem. Soc.2001, 123,
223-237. (b) Ethylene: Nakazawa, J.; Hagiwara, J.; Mizuki, M.;
Shimazaki, Y.; Tani, F.; Naruta, Y.Angew. Chem., Int. Ed.2005,
44, 3744-3746. (c) Triphenylmethane: Eisch, J. J.; Dutta, S.
Organometallics2005, 24, 3355-3358. (d) 1,1,1-Triphenylpropane
was prepared by the reaction of trityl chloride with ethylmagnesium
chloride in diethyl ether.

(13) (a) Smith, W. C.; Westfield, N. J. US Patent 2,857,357, Esso Research
and Engineering Co., 1958. (b) Minckler, L. S.; Cottle, D. L.;
Lemiszka, T. US Patent 2,918,456, Esso Research Engineering Co.,
1959.

(14) White, J. L.; Shaffer, T. D.; Ruff, C. J.; Cross, J. P.Macromolecules
1995, 28, 3290-3300.

(15) Garratt, S.; Carr, A. G.; Langstein, G.; Bochmann, M.Macromol-
ecules2003, 36, 4276-4287.

MA070430A

Table 2. IB/IP Copolymerizations with EtZnCl/ tBuCl at 20 °Ca

run
IP

[mL]
yield
[g]

IP-incorp
[mol %]

Mh n × 10-3

[g/mol]
Mh w × 10-3

[g/mol] PDI

8 0.2 1.26 0.6 22.9 40.3 1.7
9 0.3 1.35 1.2 21.0 37.5 1.8

10 0.4 1.34 2.1 18.7 34.6 1.8
11 0.5 1.10 2.7 16.0 31.2 1.9
12 0.7 0.94 3.4 14.3 31.7 2.2
13 0.8 0.98 3.9 16.1 32.3 2.0

a Conditions: solvent CH2Cl2, Vtotal ) 31 mL, [IB]0 3.57 M; [EtZnCl]
) [tBuCl] ) 9.6 mM, T ) 20 °C, time ) 30 min.
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