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Abstract

Dimerization of styrene was investigated in ionic liquids and organic solvents with the catalysis of several palladium–Lewis acids catalyst
systems. Pd(OAc)2/Cu(OTf)2 and Pd(OAc)2/In(OTf)3 in 1-butyl-3-methylimidazolium hexafluorophosphate were found to be effective catalyst
systems towards the dimerization of styrene to 1,3-diphenyl-1-butene at room temperature.
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The selective dimerization of styrene is a great practical
ethod for the production of 1,3-diphenyl-1-butene, and the

nitiators for this reaction are generally strong Brönsted acids,
ewis acids or zeolite catalysts. However, some byproducts
uch as indan derivative or higher oligomers are formed [1].
ecently, a number of cationic, electrophilic transition metal
ompounds have been demonstrated to be efficient catalysts for
he dimerization of vinylic monomers. Among those transition

etal compounds, palladium complexes, known as powerful and
idely used catalysts for carbon–carbon bond formation, have
een particularly studied because of their high selectivities in the
imerization of vinylbenzene, and the carbocationic mechanism
as been demonstrated [2]. Very recently, asymmetric styrene
imerization using chiral palladium catalyst in the presence of
ndium(III) triflate in 1,4-dioxane was reported [3].

Room temperature ionic liquids, which are entirely con-
tituted of ions, have attracted great interests as novel and
nvironmentally friendly benign media and catalyst system.
any organic reactions have been performed in ionic liquids
ith excellent yields and chem- and/or enantio-selectivities (for

eviews see Ref. [4]). On account of the carbocationic mecha-

this ionic pathway would be facilitated in an ionic environment
provided by ionic liquids, and herein we report the dimeriza-
tion of styrene with palladium–Lewis acid as catalyst systems
in ionic liquids (Scheme 1).

We initially examined the catalytic activity and selectiv-
ity of Pd(OAc)2/Cu(OTf)2 for the dimerization of styrene,
and the results are summarized in Table 1. Treatment of
styrene (2.5 mmol) with 4 mol% of Pd(OAc)2 and 1 mol%
of Cu(OTf)2 in 1-butyl-3-methylimidazolium hexafluorophos-
phate (BMImPF6) (0.5 mL) at room temperature for 2.5 h
obtained almost 100% 1,3-diphenyl-1-butene with complete
conversion of styrene (entry 1). According entries 1, 2, 5, 6 and
7, the increase in the amount of Pd(OAc)2 as well as BMImPF6
is favorable for the improvement of the activity and selectiv-
ity. However, some reduction of catalytic activity was observed
at the second and third run (entries 3 and 4). No consumption
of styrene was observed when either Pd(OAc)2 or Cu(OTf)2 or
BMImPF6 was solely used (entries 8, 9 and 10). The other pal-
ladium catalysts were examined next, however, the use of PdCl2
instead of Pd(OAc)2 lowered the activity, whereas Pd(PPh)3Cl2
failed to catalyse the dimerization of styrene (entries 11 and 12).
ism for the dimerization of styrene, we would like to believe that
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Effect of medium on the activity and selectivity was then
examined and the results are summarized in Table 2. How-
ever, Pd(OAc)2/Cu(OTf)2 catalyst system was totally inactive
when other ionic liquids such as 1-butyl-3-methylimidazolium
tetrafluoroborate (BMImBF ) or 1-ethyl-3-methylimidazolium
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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Table 1
Dimerization of styrene catalyzed by Pd/Cu(II) Lewis acid in ionic liquida

Entry Pd cat. (mol%) Cu co-cat. (mol%) Ionic liquid (ml) t (h) Conversionb (%) Selectivityc (%)

1 Pd(OAc)2 (4) Cu(OTf)2 (1) BMImPF6 (0.5) 2.5 100 100
2 Pd(OAc)2 (3) Cu(OTf)2 (1) BMImPF6 (0.5) 3 98.1 100
3d Pd(OAc)2 (3) Cu(OTf)2 (1) BMImPF6 (0.5) 3 80.4 98.6
4e Pd(OAc)2 (3) Cu(OTf)2 (1) BMImPF6 (0.5) 3 76.0 98.5
5 Pd(OAc)2 (2) Cu(OTf)2 (1) BMImPF6 (0.5) 4.5 99.6 99.5
6 Pd(OAc)2 (1) Cu(OTf)2 (1) BMImPF6 (0.5) 3 35.6 99.9
7 Pd(OAc)2 (3) Cu(OTf)2 (1) BMImPF6 (1.0) 2.5 100 100
8 None Cu(OTf)2 (1) BMImPF6 (0.5) No reaction
9 Pd(OAc)2 (3) None BMImPF6 (0.5) No reaction

10 Pd(OAc)2 (3) Cu(OTf)2 (1) None No reaction
11 PdCl2 (2) Cu(OTf)2 (1) BMImPF6 (0.5) 3.5 14.3 100
12 Pd(PPh)3Cl2 (2) Cu(OTf)2 (1) BMImPF6 (0.5) 3.5 No reaction

a The reaction was performed at room temperature.
b Conversion of styrene determined by GC–MS.
c Selectivity of 1,3-diphenyl-1-butene determined by GC–MS, and byproduct is trimer.
d The second run.
e The third run.

Scheme 1.

tetrafluoroborate (EMImBF4) were used (entries 13 and 14). In
contrast to Pd(OAc)2/In(OTf)3, [2c] no product was detected
for Pd(OAc)2/Cu(OTf)2 catalyst system in1,4-dioxane and
DMSO (entries 15 and 16), whereas 31.2% conversion was
obtained using nitromethane as solvent (entry 17). The results
presented in Table 2 also showed that catalytic activity
of Pd(OAc)2/Cu(CF3CO2)2 was much lower than that of
Pd(OAc)2/Cu(OTf)2 in BMImPF6 (entry 18). As other triflates
were concerned, indium triflate as well as copper triflate pro-
vided higher conversion compared with zinc triflate (entries 19
and 20). From the results presented in Tables 1 and 2, it could be
concluded that the reactivity depended on the interaction among
palladium complexes, Lewis acid and medium.

IR analysis of mixtures of styrene, ionic liquid and cop-
per(II) Lewis acid reveals the disappearance of peaks of 1630 and
1600 cm−1 of styrene (Fig. 1). It demonstrated that there is some

Table 2
Effect of medium and Lewis acid co-catalyst

Entry Lewis acid Solvent (ml) t (h) Conversion
(%)

Selectivity
(%)

13 Cu(OTf)2 BMImBF4 2.5 No reaction
14 Cu(OTf)2 EMImBF4 2.5 No reaction
15 Cu(OTf)2 1,4-Dioxane 3 No reaction
16 Cu(OTf)2 DMSO 3 No reaction
17 Cu(OTf)2 CH3NO2 3 31.2 100
1
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2
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v

interaction between copper(II) Lewis acid and styrene in ionic
liquid. Although we have not carried out detailed mechanistic
studies of the dimerization of styrene with Pd(OAc)2/Cu(OTf)2
in BMImPF6 catalyst system, a pathway that involves styrene
activated with copper(II) triflate to accept nucleophilic attack
of palladium(0) complexes generated by reduction of Pd(OAc)2
with 1,3-dialkylimidazolium salt at room temperature was sup-
posed (Scheme 2) [2c,5].

In summary, dimerization of styrene with palladium–Lewis
acids as catalyst in ionic liquid was investigated. This exper-
imental results showed that both Pd(OAc)2/Cu(OTf)2 and
Pd(OAc)2/In(OTf)3 in 1-butyl-3-methylimidazolium hexaflu-
orophosphate were quite effective catalyst systems for the
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8 Cu(CF3CO2)2 BMImPF6 3.5 <1 100
9 Zn(OTf)2 BMImPF6 3 62.3 100
0 In(OTf)3 BMImPF6 3 100 100

onditions: Pd(OAc)2 3.0 mol%, Lewis acid 1.0 mol%, styrene 2.5 mmol, sol-
ent 0.5 ml, rt.
ig. 1. IR analysis of mixtures of styrene and copper(II) Lewis acid: (a)
tyrene; (b) styrene:Cu(OTf)2 = 1:1 (mole ratio); (c) styrene:BMImPF6 = 1:5
mole ratio); (d) styrene:Cu(CF3COO)2:BMImPF6 = 1:1:5 (mole ratio); (e)
tyrene:Cu(OTf)2:BMImPF6 = 1:1:5 (mole ratio).
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Scheme 2.

dimerization of styrene, whereas Lewis acid Cu(CF3CO2)2 was
demonstrated to be poor catalytic activity. Exploring the details
of reaction mechanism and the role of ionic liquids are in
progress.
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