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The search for green process based on chemical fixation of 
carbon dioxide (CO2) has attracted much attention in 
industrial chemistry from the standpoint of environmental 
protection and resource utilization.1 The carboxylation of 
epoxides affording the cyclic carbonates via the cyclo­
addition of CO2 with epoxides has emerged as one of the 
most promising methods in this area.2 Five-membered cyclic 
carbonates are valuable as monomers, polar aprotic solvents, 
and intermediates for the synthesis of pharmaceuticals and 
fine chemicals.3 A variety of catalytic systems from simple 
alkali salts to organometallic complexes have been develop­
ed for conversion of CO2 with epoxides to form the corre­
sponding cyclic carbonates.4 Recently, we have reported the 
carboxylation of styrene oxide using quaternary onium salts 
such as tetraalkylammonium and phosphonium halides 
proceeds with full-atom-economy-type5 to convert styrene 
oxide into styrene carbonate. This process has advantages 
such as solvent-free reaction conditions, easy catalysts 
recovery by filtration, and simple product separation.6 
Historically, quaternary onium salts have been frequently 
used as complexed with transition metal catalysts7 to 
promote the reactions of the coupling of CO2 with epoxides 
and still remains as attractive catalysts due to their useful 
catalytic properties such as easy availability, high chemical 
stability against redox conditions and catalytic stability after
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use.
Ionic liquids have received a lot of interest recently

because they possess some of the most important features,
such as the negligible vapor pressure, unique solvation
properties, good ion conductivity as well as catalytic activity 
and selectivity.8,9 Particularly, various ionic liquid-metal
complexes such as metal imidazolium complexes have been
used for improving reaction rate and effectiveness for the 
synthesis of cyclic carbonate by coupling CO2 with epoxide.10

Herein, we report the use of ionic liquids in conjunction 
with quaternary onium salts accelerates the solvent-free 
carboxylation of styrene oxide (Scheme 1). Effectiveness of 
several ionic liquids (Figure 1) and effects of reaction 
parameters such as CO2 pressure, temperature, and time have 
been investigated.

Influence of ionic liquids. Table 1 shows the results of the 
carboxylation of styrene oxide catalyzed by two repre­
sentative quaternary onium salts (tetrabutylammonium bro-

mide and tetrabutylphosphonium bromide) (2 mol %) in 
ionic liquids-CO2 system. The reactions depend greatly on 
the kind of alkyl chains and counter anions of imidazolium- 
based ionic liquids. The BF4- was found to be the most 
effective to promote the carboxylation. Thus, 1-Butyl-3- 
methylimidazolium tetrafluoroborate, [bmim][BF4] display­
ed the highest activity for the synthesis of styrene carbonate 
for both onium salts (99% conversion after 2 h). However, a 
longer reaction time (4 h) was necessary to obtain 96% 
conversion without [bmim][BF4] under the optimized reac­
tion condition. While the reaction is very sensitive to reac­
tion temperature as discussed later, only a low conversion of 
styrene oxide into styrene carbonate was obtained when the 
carboxylation was performed without onium catalysts 
(< 20% conversion at 100 mol % concentration of [bmim]- 
[BF4]) (entry 11, 12) even at an elevated temperature. The 
reaction was found to be also sensitive to the type of the 
anions of the onium catalysts. The bromide ion was the most 
effective for the tetraalkylammonium salts in the carboxyl­
ation of styrene oxide as discussed in the previous paper.5 
Carboxylation with Bu4NBF4 gave a poor yield (entry 13) 
and the imidazolium compound with the bromide anion, 
[bmim]Br, showed only a modest conversion (entry 14). 
These facts show the intermediate species formed by ligand 
exchange in the reaction between the onium catalysts and
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Table 1. Influence of ionic liquids on the carboxylation of styrene oxide

entry ionic liquid
(mol %) a

onium salt 
(2 mol %)

temperature 
(°C) CO2 pressure (psi) time

(h)
yield 
(%)”

1 [hmim][NTf2] (20 mol%) Bu4PBr 120 2030 2 49.6
2 [hmim][PF6] (20 mol%) Bu4PBr 120 2030 2 62.4
3 [hmim][BF4] (20 mol%) Bu4PBr 120 2030 2 70.5
4 [bnmim][OTf] (20 mol%) Bu4PBr 120 2030 2 61.7
5 [bmim][BF4] (20 mol%) Bu4PBr 120 2030 2 99.4
6 [bnmim][BF4] (20 mol%) Bu4NBr 120 2030 2 63.6
7 [bmim][BF4] (20 mol%) Bu4NBr 120 2030 2 99.2
8 [emim][BF4] (20 mol%) Bu4NBr 120 2030 2 77.6
9 [moim][BF4] (20 mol%) Bu4NBr 120 2030 2 74.9

10 — Bu4NBr 120 2030 4 95.0
11 [bmim][BF4] (20 mol%) — 120 2030 4 trace
12 [bmim][BF4] (100 mol%) — 120 2030 4 17.0
13 — Bu4NBF4 120 2030 2 trace
14 [bmim]Br (20 mol%) — 120 2030 2 69.0

a[hmim]: 1-hexyl-3-methylimidazolium, [bnmim]: 1-benzyl-3-methylimidazolium, [emim]: 1-ethyl-3-methylimidazolium, [bmim]: 1-butyl-3-methyl- 
imidazolium, [moim] : 1-methy-3-octylimidazolium, Tf : SO2CF3. ”isolated yield

imidazolium salts, i.e., BuNBF4 and [bmim]Br may be not 
much responsible for enhancing reactivity of the catalytic 
system. We believe some combinatory effect of onium salts 
and ionic liquids might involve here.

Influence of reaction temperature. It was found the 
yield of the styrene carbonate was strongly affected by the 
reaction temperature. As shown in Table 2, the yield of the 
styrene carbonate reached up to 99% at 120 oC (entry 9), 
however, the reactions at a lower reaction temperature (80 
oC) usually gave a poor conversion, irrespective of varying 
the concentration of ionic liquids (entry 1-4), reaction time 
(entry 2-4, 7) and CO2 pressure (entry 5, 6). Moderate yields 
were obtained at elevated temperature under low CO2 

pressure (560 psi) (entry 6, 8).
Influence of ionic liquids concentration and CO2 pre­

ssure. The yield of the carbonate synthesis increases with 
the concentration of the ionic liquids and CO2 pressure 
(Table 2 and 3). A typical conversion up to 99% was 
achieved with [bmim][BF4] under supercritical condition

Table 2. Influence of reaction temperature on the carboxylation of 
styrene oxide

entry ionic liquid
(mol %)

onium salttemperature CO2 

pressure 
(psi)

time yield
(h) (%)a(2 mol %) (oC)

1 [bmim][BF4] (20) Bu4PBr 80 560 2 12.5
2 [bmim][BF4] (20) Bu4PBr 80 560 4 30.8
3 [bmim][BF4] (40) Bu4PBr 80 560 4 30.0
4 [bmim][BF4] (60) Bu4PBr 80 560 4 28.7
5 [bmim][BF4] (20) Bu4PBr 80 2030 2 8.2
6 [bmim][BF4] (20) Bu4PBr 120 560 2 70.2
7 [bmim][BF4] (20) Bu4NBr 80 560 4 33.0
8 [bmim][BF4] (20) Bu4NBr 120 560 2 71.1
9 [bmim][BF4] (20) Bu4NBr 120 2030 2 99.2

aisolated yield

(2,030 psi) at 120 oC (Table 2, entry 2 and 7). A longer 
reaction time (4h) was necessary to obtain the high conver­
sion under low CO2 pressure (560 psi) and 120 oC (entry 8) 
for the reaction with tetrabutylammonium bromide. The 
activity of tetrabutylammonium bromide/[bmim][BF4] (20 
mol%) under low CO2 pressure (560 psi) for carboxylation 
of styrene is still higher than NaI/PPh3/PhOH system11 
known as one of the most active catalytic systems (Table 3, 
entry 8 vs 14). The catalytic activity of the present catalytic 
system increases smoothly with CO2 pressure (Table 3, entry 
2-4 and 8-11). Effects of ionic liquid concentration and CO2 

pressure on this reaction can be explained in terms of the 
enhanced CO2 solubility by imidazolium-based ionic liquids 
as reported elsewhere.12 The increase of the effective CO2 

concentration in the reaction might be a key factor for

Table 3. Influence of ionic liquids concentration on the carboxyl­
ation of styrene oxide at 120 oC

onium salt C entry ionic liquid (mol %) (2 mol %) O2 pressure
(psi)

time
(h)

yield
(%)a

1 [bmim][BF4] (20) Bu4PBr 560 2 71.1
2 [bmim][BF4] (20) Bu4PBr 1010 2 78.0
3 [bmim][BF4] (20) Bu4PBr 1500 2 92.6
4 [bmim][BF4] (20) Bu4PBr 2030 2 99.4
5 [bmim][BF4] (40) Bu4PBr 560 2 87.1
6 [bmim][BF4] (60) Bu4PBr 560 2 96.3
7 [bmim][BF4] (20) Bu4NBr 560 2 70.2
8 [bmim][BF4] (20) Bu4NBr 560 4 99.8
9 [bmim][BF4] (20) Bu4NBr 1010 2 82.2

10 [bmim][BF4] (20) Bu4NBr 1500 2 94.4
11 [bmim][BF4] (20) Bu4NBr 2030 2 99.2
12 [bmim][BF4] (40) Bu4NBr 560 2 86.9
13 [bmim][BF4] (60) Bu4NBr 560 2 94.7
14 NaI/PPh3/PhOH 560 4 85 ”

aisolated yield.力 Ref. 11.
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promoting the catalytic efficiency of quaternary onium salts.
In summary, the carboxylation of styrene oxide catalyzed 

by several onium salts in the presence of the ionic liquid- 
supercritical CO2 system accelerates the solvent-free carbox­
ylation to produce styrene carbonate in an efficient and 
environmentally benign fashion. 1-Butyl-3-methylimidazo- 
lium tetrafluoroborate, [bmim] [BF4] (20 mol%) displayed 
the highest activity for the synthesis of styrene carbonate for 
both onium salts under supercritical conditions. The yield of 
the styrene carbonate was strongly affected by the reaction 
temperature; the yield of the styrene carbonate reached up to 
99% at 120 oC, however, the reactions at a lower reaction 
temperature (80 oC) usually gave a poor conversion, 
irrespective of the concentration of ionic liquids, reaction 
time, and CO2 pressure. Formation of the styrene carbonate 
increases smoothly with the concentration of the ionic 
liquids. Also, the yield of the styrene carbonate significantly 
changes with variation of CO2 pressure.

Experiment지 Section

A representative experimental procedure for the carboxyl­
ation of styrene oxide is as follows. Styrene oxide (262.2 
mg, 2.18 mmol) was added to the mixture of [bmim][BF4] 
(0.44 mmol, 20 mol %) and tetra n-butylammonium 
bromide (14 mg, 0.044 mmol) in a tubular stainless steel 
reactor of 24 mL capacity at room temperature. Then, CO2 

was introduced into the reactor and then the mixture was 
heated at 120 oC for 2 h with a magnetical stirring, at which 
time the pressure reached at 2,030 psi. The reaction mixture 
was cooled and CO2 was vented. The residue was extracted 
from the ionic liquid with ethyl ether (5 mL x 5), leaving the 
catalyst recovered as a white solid, and the organic solvent 
was evaporated under reduced pressure to give the crude 
carbonate as a colorless oil. Further purification was done by 
column chromatography on silica gel (eluant:ethyl acetate/ 
n-hexane = 1/4) to give a colorless solid; mp 54-55 oC (lit. 
50-51 oC).11 The purity of styrene carbonate obtained was 
analyzed to be >99.5% by HPLC (Shimadzu LC 10A, 
Phenomenex ODS column).

Acknowledgment. This work was supported by Yeung- 
nam University and the Basic Research Program of the 
Korea Science and Engineering Foundation (R01-2003-000- 
10300-0).

References

1. (a) Trost, B. M. Science 1991, 254, 1471. (b) Trost, B. M. Angew. 

Chem. Int. Ed Engl. 1995, 34,259. (c) Trost, B. M. Angew. Chem. 
Int. Ed. Engl. 1995, 34,281. (d) Sheldon, R. A. Chem. Ind. 1992, 
903.

2.

3.

4.

5.
6.

For review, see Darensbourg, D. J.; Holtcamp, M. W. Coord. 
Chem. Rev. 1996, 153,155.
(a) Shaikh, A. A. G; Sivaram, S. Chem. Rev. 1996, 96, 951. (b) 
Nicolaou, K. C.; Couladouros, E. A.; Nantermet, P. G.; Renaud, J.;
Guy, R. K.; Wrasidlo, W. Angew. Chem., Int. Ed. Engl. 1994, 33,
1581. (c) Clements, J. H. Ind. Eng. Chem. Res. 2003, 42, 663.
(a) Behr, A. Carbon Dioxide Activation b^y Metal Complexes；
VCH: Weinheim, Germany, 1988, pp 91-93. (b) Shen, Y.-M.; Duan, 
W.-L.; Shi, M. J. Org. Chem. 2003, 68, 1559. (c) Yamaguchi, K.; 
Ebitani, K.; Yoshida, T.; Yoshida, H.; Kaneda, K. J.Am. Chem.
Soc. 1999, 121, 4526. (d) Kim, H. S.; Kim, J. J.; Lee, B. G.; Jung, 
O. S.; Jang, H. G; Kang, S. O. Angew. Chem. Int. Ed. 2000, 39, 
4096. (e) Darensbourg, D. J.; Wildeson, J. R.; Yarbrough, J. C.; 
Reibenspies, J. H. J. Am. Chem. Soc. 2000, 122, 12487. (f) Allen, 
S. D.; Moore, D. R.; Lobkovsky, E. B.; Coates, G. W. J. Am. 
Chem. Soc. 2002, 124, 14284. (g) Kim, H. S.; Kim, J. J.; Kwon, 
H. N.; Chung, M. J.; Lee, B. G.; Jang, H. G J. Catal. 2002, 205, 
226. (h) Calo, V.; Nacci, A.; Monopoli, A.; Fanizzi, A. Org. Lett. 
2002, 4, 2561. (i) Huang, J.-W.; Shi, M. J. Org. Chem. 2003, 68, 
6705. (j) Kim, H. S.; Kim, J. J.; Lee, S. D.; Lah, M. S.; Moon, D.; 
Jang, H. G. Chem. Eur. J. 2003, 9, 678.
Beckman, E. J. Ind. Eng. Chem. Res. 2003, 42, 1598.
Shim, J.-J.; Kim, D.; Ra, C. S. Bull. Korean Chem. Soc. 2006, 27,
744.

7. (a) Matzuda, H.; Niangawa, A.; Nomura, R. Chem. Lett. 1979, 
1261. (b) Nomura, R.; Ninagawa, A.; Matsuda, H. J. Org. Chem. 
1980, 45, 3735. (c) Kisch, H.; Millini, R.; Wang, I. J. Chem. Ber. 
1986, 119, 1090. (d) Duemler, W.; Kisch, H. Chem. Ber. 1990, 
123,277. (e) Li, F.; Xia, C.; Xu, L.; Chen, G. Chem. Comm. 2003, 
2042. (f) Lu, X.-B.; Liang, B.; Zhang, Y.-Z.; Wang, Y.-M.; Bai, 
C.-X.; Wang, H.; Zhang, R. J. Am. Chem. Soc. 2004, 126, 3732.

8. For recent reviews, see: (a) Sheldon, R. Chem. Commun. 2001, 
2399. (b) Wasserscheid, P.; Kein, W. Angew. Chem. Int. Ed. 2000, 
39, 3772. (c) Welton, T. Chem. Rev. 1999, 99, 2071.

9. Interestingly one-pot conversion of styrene to styrene carbonate 
using tetrabutylammonium halide with tert-butyl hydroperoxide 
in the presence of some ionic liquids was recently reported, 
however, the combined conversion described therein was not high 
and the optimization of the reaction factors including the activity 
of the reacting species for the carboxylation of styrene oxide 
seems to be still necessary: Sun, J.; Fugita, S.-i.; Bhanage, B. M.; 
Arai, M. Catalysis Comm. 2004, 5, 83.

10. (a) Kim, H. S.; Kim, J. J.; Kim, H.; Jang, H. G. J. Catal. 2002, 
220, 44. (b) Kim, Y.-J.; Cheong, M. Bull. Korean Chem. Soc. 
2002, 23, 1027. (c) Kawanami, H.; Sasaki, A.; Matsui, K.; 
Ikushima, Y. Chem. Comm. 2003, 896. (d) Li, F.; Xiao, L.; Xia, 
C.; Hu, B. Tetrahedron Lett. 2004, 45, 8307. (e) Sun, J.; Fugita, 
S.-i.; Zhao, F.; Arai, M. Green Chem. 2004, 6, 613. (f) Wang, J.- 
Q.; Yue, X.-D.; Cai, F.; He, L.-N. Catalysis Comm. 2007, 8, 167.

11. Huang, J.-W.; Shi, M. J. Org. Chem. 2003, 68, 6705.
12. (a) Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, J. F. 

Nature 1999, 399, 28. (b) Cadena, C.; Anthony, J. L.; Shah, J. K.; 
Morrow, T. I.; Brennecke, J. F.; Maginn, E. J. J. Am. Chem. Soc. 
2004, 126, 5300.


