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Abstract

This brief review presents the recent development in the synthesis of cyclic carbonate from carbon dioxide (CO2) using ionic liq-

uids as catalyst and/or reaction medium. The synthesis of cyclic carbonate includes three aspects: catalytic reaction of CO2 and epox-

ide, electrochemical reaction of CO2 and epoxide, and oxidative carboxylation of olefin. Some ionic liquids are suitable catalysts

and/or solvents to the CO2 fixation to produce cyclic carbonate. The activity of ionic liquid is greatly enhanced by the addition

of Lewis acidic compounds of metal halides or metal complexes that have no or low activity by themselves. Using ionic liquids

for the electrochemical synthesis of the cyclic carbonate can avoid harmful organic solvents, supporting electrolytes and catalysts,

which are necessary for conventional electrochemical reaction systems. Although the ionic liquid is better for the oxidative carbox-

ylation of olefin than the ordinary catalysts reported previously, this reaction system is at a preliminary stage. Using the ionic liq-

uids, the synthesis process will become greener and simpler because of easy product separation and catalyst recycling and

unnecessary use of volatile and harmful organic solvents.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon dioxide (CO2) is the most abundant waste

produced by human activities and one of the green-

house gases. In order to prevent the risky reinforcement

of the greenhouse effect, the accumulation of CO2 in the
atmosphere should be controlled by removing it from

industrial emissions. On the other hand, CO2 is recog-

nized to be a naturally abundant, cheap, recyclable

and non-toxic carbon source that can sometimes replace

toxic chemicals such as phosgene, isocyanates or carbon

monoxide [1–4]. Under these circumstances, chemical

fixation of CO2 becomes more and more important from

the ecological and economic points of view. The synthe-
sis of cyclic carbonate via cycloaddition of CO2 to epox-

ide (Scheme 1) is one of effective routes of CO2 chemical

fixation. Cyclic carbonates have found extensive use as

excellent aprotic polar solvents, electrolytes in second-

ary batteries, precursors for polycarbonates and other

polymeric materials, and intermediates in the produc-

tion of pharmaceuticals and fine chemicals like dialkyl

carbonates, glycols, carbamates, pyrimidines, purines,
etc. [5,6]. Some reactions using cyclic carbonates are

illustrated in Scheme 2 as its major applications [2]. Var-

ious catalysts such as alkali metal halides [7–10], organic

bases [11–13], metal oxides [14–17], zeolite [18,19], tita-
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nosilicates [20], smectites [21,22], and metal complexes

[23–32] have been investigated. The synthesis of cyclic

carbonates from CO2 and epoxides has been applied in

industrial scales and a number of works as above-cited

on the catalyst development and the reaction mecha-

nisms were reported in the literature. However, activity,
stability and recovery of catalysts still remain to be im-

proved. Besides the catalytic reaction of CO2 and epox-

ide, electrochemical synthesis of cyclic carbonate from

them is also possible, although there are only a few pa-

pers on this reaction [33,34].

Another way to synthesize cyclic carbonate from CO2

is oxidative carboxylation of olefin (Scheme 3), which

couples two sequential reactions of epoxidation of olefin
and CO2 cycloaddition to epoxide formed. If the reac-

tion effectively proceeds in one-pot, it is of practical

importance in that easily available, low-priced chemicals

of olefins may be used to produce valuable chemicals.

Despite usefulness of this reaction, little effort has been

given to it so far, in contrast to extensive study on the

reaction of CO2 and epoxide.

In recent years, significant progress has been made in
the application of ionic liquids as catalysts and alterna-

tive solvents in organic synthesis because they possess

unique advantages of negligible vapour pressure, a

broad range of room temperature liquid compositions,
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excellent thermal and chemical stabilities, interesting

tunable physicochemical characteristics, and selective

dissolvability to many organic and inorganic materials.

The use of ionic liquid as reaction media and/or cata-

lysts for clean catalytic transformations would indicate

profound effects on the reaction rate and product selec-
tivity. The majority of ionic liquids used in the literature

are salts of quaternary ammonium, phosphonium, imi-

dazolium and pyridinium cations with inorganic counter

anions (Scheme 4). It has been extensively reviewed that

catalytic activity and product selectivity are accelerated

when they are used for hydrogenation, oxidation, alkyl-

ation, hydroformylation, and Heck and Suzuki coupling

reactions [35–39]. Additionally, if the synthesis is carried
out with an ionic liquid as the catalyst and the product is

immiscible to it, the separation and recycling of the cat-

alyst is easy. It has been also reported that CO2 can sig-

nificantly dissolve into the ionic liquid phase, which,

therefore, makes the reactions of CO2 in it possible

and suitable [40,41]. Under these circumstances, the

use of ionic liquids would be attractive for synthesis of

cyclic carbonate from CO2 and epoxide. The present
article focusses on this reaction in the presence of ionic

liquids as catalysts and/or solvents. The oxidative car-

boxylation of olefin using ionic liquids has also been

described.

Very recently a comprehensive review on the copo-

lymerization of CO2 and epoxides has been published

by Coates and Moore [42], which is focused on poly-

merization with single-site homogeneous catalysts but
a part is also given to the production of cyclic

carbonates.
2. Synthesis of cyclic carbonate via CO2 cycloaddition to

epoxide

2.1. Synthesis of cyclic carbonate in the presence of

imidazolium salt

The first successful synthesis of cyclic carbonate using

ionic liquids was reported by Peng and Deng in [43]. It
has been shown that cycloaddition of CO2 to propylene

oxide (Scheme 5) is effectively catalyzed by 1-butyl-3-

imidazolium tetrafluoroborate ([C4-mim]BF4). When

propylene oxide was allowed to react with CO2 (2.5
MPa) at 110 �C for 6 h in the presence of 2.5 mol%

[C4-mim]BF4, propylene carbonate was obtained quan-

titatively. After the reaction, the propylene carbonate

was distilled from the reaction mixture and the ionic li-

quid catalyst was recycled up to four times with only a

minor loss in activity. The ionic liquid catalyst is recycla-

ble for the cycloaddition of CO2 to propylene oxide.
They also show that the type of either cation or anion

affects the activity of the ionic liquid. The activity de-

creases in the order of imidazolium > pyridinium and

of BF�
4 > Cl� > PF�

6 .

The mixture of ionic liquids and supercritical carbon

dioxide (scCO2) may offer new opportunities for the

development of the reaction due to the complete misci-

bility of CO2 in the ionic liquids under high pressure
conditions [41,44]. As a first application of this interest-

ing system, Kawanami and coworkers [45] investigated

the cyclic carbonate synthesis using various 1-alkyl-3-

methylimidazolium salts ([Cn-mim]X) under scCO2.

The experimental results showed that both the type of

anion and the length of alkyl chain in the cation have

decisive effects on the conversion and selectivity. The

performance of different ionic liquids of C2-mim+ with
NO�

3 , CF3SO
�
3 , BF�

4 and PF�
6 was investigated, and

BF�
4 was found to be the most effective. In addition,

the carbonate yield increased markedly with an increase

of the alkyl chain length (from C2 to C8). In the presence

of [C8-mim]BF4 98% yield and 100% selectivity for the

production of propylene carbonate from CO2 and pro-

pylene oxide were achieved at 100 �C and 14 MPa of

CO2 in a short reaction time of 5 min. On the other
hand, the yield and the selectivity obtained with [C2-

mim]BF4 were 61% and 87%, respectively, under the

same conditions except for the reaction time of 2 h. This

enhancement was attributed to higher solubility of both

the epoxide and CO2 in the ionic liquid having longer al-

kyl chain under the same pressure and temperature.

Interestingly, because of the difference in the solubility,

influence of CO2 pressure on the yield also depends on
the alkyl chain length. In the case of [C8-mim]BF4, when

the CO2 pressure was reduced from 14 MPa to a sub-

critical pressure of 6 MPa, a remarkable decrease in

the yield was observed. In contrast to this [C2-mim]BF4

gave a higher yield at 6 MPa than 14 MPa. It was also

reported that the [C8-mim]BF4–scCO2 reaction media

gave satisfactory yields for the synthesis of other

carbonates.
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The presence of Lewis acidic compounds as co-

catalysts greatly enhances the activity of ionic liquid

for the cyclic carbonate synthesis. Kim et al. [46] showed

that the catalytic activities of ionic liquid such as [C4-

mimi]Cl and [C4-mim]Br for the reactions of CO2 with

ethylene oxide and propylene oxide can surprisingly be
improved by the combination of them with zinc bromide

(ZnBr2), although zinc bromide has no activity for the

reactions. They concluded that the high activities are

attributed to the in situ formation of bis(1-butyl-3-

methylimidazolium) zinc tetrahalides from ZnBr2 with

[C4-mim]Cl and [C4-mim]Br, since the imidazolium zinc

tetrahalides separately prepared show similar activities

to the corresponding catalyst systems of [C4-mim]Cl
and ZnBr2 and of [C4-mim]Br and ZnBr2. The catalytic

activity of imidazolium zinc tetrahalide was greatly

influenced by the nature of halide groups bonded to

the zinc center. The activity was found in an order of

[ZnBr4]
2� > [ZnBr2Cl2]

2� � [ZnCl4]
2�, suggesting the

importance of the nucleophilicity of halide ligands. They

propose that a halide ion is dissociated from the zinc

tetrahalide and subsequently attacks the carbon atom
of epoxide. On the contrary, the alkyl group attached

on the imidazolium cation was found to have a negligi-

ble effect on the activity. It is also shown that the imi-

dazolium zinc tetrahalide is stable and reusable.

The conversion of styrene oxide to styrene carbonate

is more difficult due to its less reactivity of b-carbon
atom as compared with propylene oxide and ethylene

oxide [13,16,20,29,45]. So, high reaction temperature,
long reaction time, high CO2 pressure, and/or toxic or-

ganic solvent are required to obtain high yield of styrene

carbonate. Recently, we found that the catalyst system

comprised of zinc bromide (ZnBr2) and an ionic liquid

[C4-mim]Cl, can afford 93% yield with 100% selectivity

for styrene carbonate at a low reaction temperature of

80 �C for 1 h (Scheme 6) [47]. No activity was observed

with ZnBr2 alone and [C4-mim]Cl itself gave a very low
yield (6%) of styrene carbonate. However, the combina-

tion of ZnBr2 and [C4-mim]Cl can exhibit an apprecia-

bly high activity for the carbonate synthesis. Several

metal halides as a co-catalyst with [C4-mim]Cl were

screened for the coupling reaction of styrene oxide and

CO2. The type of metal cations had strong effect on

the carbonate yield, the order of activity being Zn2+>

Fe3+ > Fe2+ > Mg2+ > Li+ > Na+. Ionization potential
is in the order of Fe3+ > Zn2+ > Fe2+ > Mg2+ > Li+ >
O
+ CO2

OO

O

ZnBr2/[C4-mim]BF4

14 MPa, 80oC, 1 h

Yield = 93%

Scheme 6.
Na+, while ionic radius is in the order of Fe3+ <

Mg2+ < Li+ < Zn2+ < Fe2+ < Na+. Probably, these two

factors should determine the Lewis acidity of the metal

cations, resulting in the order of activity observed. When

ZnI2, ZnCl2 or ZnO was used instead of ZnBr2, the sty-

rene carbonate yield was lowered. The influence of ionic
liquids showed that both the type of anion and the

length of alkyl chain on the imidazolium cation had

strong effects on the conversion and selectivity. Due to

non-nucleophilic nature of BF�
4 and PF�

6 ions, when

the [C4-mim]BF4 and [C4-mim]PF6 were used instead

of [C4-mim]Cl, low epoxide conversions were obtained.

With these catalysts, selectivity for the styrene carbonate

was also low because of the formation of oligomer of
styrene oxide and/or styrene carbonate. When the ionic

liquid having a longer alkyl chain [C8-mim]Cl, was used

instead of [C4-mim]Cl, the conversion was increased.

Such enhancement of the activity by lengthening the

alkyl chain was also observed in the system of [Cn-mim]-

BF4 and scCO2, as described above. Interestingly, besides

the influence of the types of metal halides and the ionic

liquids, the [C4-mim]Cl/ZnBr2 ratio also affected the
carbonate yield, a ratio of 2 being optimum. The opti-

mum CO2 pressure was 4 MPa and elevated pressures

had no positive effect on this styrene carbonate synthesis.

After the reaction, the catalyst phase of [C4-mim]Cl and

ZnBr2 can be separatedby an extractionwith ethyl acetate

and reused for another run without significant loss in

activity.

With respect to the reaction mechanisms for the syn-
thesis of cyclic carbonate from epoxide and CO2, several

groups proposed the parallel requirement of both Lewis

base for the activation of CO2 and Lewis acid for the

activation of epoxide in the reaction, although the cata-

lysts employed were different [14,15,27,29,32,48,49]. We

proposed the reaction mechanisms as illustrated in

Scheme 7 for the styrene carbonate synthesis with the

catalyst system of [C4-mim]Cl and ZnBr2 [47]. The nota-
ble catalytic activity may originate from the cooperative

actions of both the acidic site (Zn) for epoxide activation

and basic site (Cl� in [C4-mim]Cl and/or Br� in ZnBr2)

for CO2 activation. The influence of the types of metal

halides and ionic liquids and the appearance of the opti-

mum [C4-mim]Cl/ZnBr2 ratio of 2 may be explained by

these proposed mechanisms.

Ionic liquids can be convenient solvents, which make
the separation, recovery, and recycling of catalysts easy.

Garcia et al. [50] have reported that [C4-mim]PF6 is a

suitable reaction media for the CO2 cycloaddition to

epoxide catalyzed by chromium salen complex. When

the catalyst is dissolved in [C4-mim]PF6 ionic liquid

and used for the reaction of CO2 with styrene oxide, it

can be recovered and reused by liquid–liquid extraction

of the substrate and the products after the reaction.
Interestingly, the conversion was found to increase by

the catalyst recycling, although the reason was not clear.
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Although they did not stated, a bifunctional catalyst sys-

tem might be composed from [C4-mim]PF6 and chro-

mium salen complex, since the metal complex can act

as a Lewis acid.

2.2. Synthesis of cyclic carbonate in the presence of

ammonium salt

Quaternary ammonium salts may also catalyze CO2

fixation into cyclic carbonate. Caló et al. [51] reported

that this reaction was effectively promoted by molten

tert-butylammonium bromide (TBAB) and/or tetrabuty-

lammonium iodide (TBAI) under atmospheric pressure

of CO2. Using these salts as solvent and catalyst, inac-

tive substrate (styrene oxide) and polymerization-

sensitive oxirane (glycidyl methacrylate oxirane) were
converted to the corresponding cyclic carbonates in sat-

isfactory yields. TBAI showed higher activity than

TBAB because of the difference in the nucleophilicity

of the halide ions. The reaction rate depended greatly

on the structure of the cation as well as the nucleophilic-

ity of anion. They showed significant difference in reac-

tivity among imidazolium, thiazole, pyridinium and

tetraalkyl ammonium salts. The first three salts indi-
cated inefficient catalytic performance for the cyclic car-

bonate synthesis. They suggested that the effective

activity of the tetraalkylammonium salt comes from

the bulkiness of the tetrahedral ammonium ion, which

forces the halide ion away from the cation easier, result-

ing in less electrostatic interaction between anion and

cation and consequently in more nucleophilicity of the

anion. It was also shown that the ammonium salt was
easily recyclable by vacuum distillation or extraction

with ethyl acetate, in which the salt is insoluble.

Similar to the cases of the imidazolium salts, Lewis

acid enhances the activity of ammonium salt. Kossev

et al. [52] observed that calcium chloride promoted the
synthesis of cyclic carbonates from the reaction between

CO2 and epoxides catalyzed by tetraalkylammonium or

phosphonium halides. It was shown again that 2 is the

most optimum ratio of onium salt and calcium chloride,

i.e., Lewis base/Lewis acid. Recently, we have also found

that a catalyst system consisting of ZnBr2/TBAB is ac-

tive for the CO2 cycloaddition [53], which quantitatively

produces styrene carbonate from styrene oxide at 80 �C
for 1 h.

Such synergistic effect also occurs by the combination

of metal complex and onium salt. Refs. [54–57] showed

that a coupled catalyst system of the tetradentate Schiff-

base aluminium complex (SalenAlCl) and tetraalkylam-

monium halide is highly active for the reaction of CO2

and epoxide. It was reported that various cyclic carbon-

ates are produced from corresponding epoxides even at
room temperature with good yields, although the reac-

tion time required is slightly long [55]. They proposed

the reaction mechanism in which ring-opening insertion

of epoxide into Al–Cl bond and subsequent insertion of

CO2 into Al–O bond of the resulting alkoxy complex are

involved. The ammonium halide is supposed to contrib-

ute to the activation of epoxide.
3. Electrochemical cycloaddition of CO2 to epoxides

Electrochemical synthesis of cyclic carbonates from

CO2 with epoxides, alcohols and glycols is also known

[33,34,58–60]. In these methods, harmful organic sol-

vents, supporting electrolytes and/or catalysts were nec-

essarily used. This makes the reaction system
complicated. There is only one report on the use of ionic

liquid for this reaction. Yang et al. [61] reported that the

use of pure room temperature ionic liquids as reaction

media in the electrochemical activation of CO2 for

synthesis of cyclic carbonate from epoxide under mild
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conditions (Scheme 8). This reaction system can avoid a

harmful organic solvent, supporting electrolyte and cat-

alyst. For the reactions of CO2 with propylene oxide,

epichlorohydrin and styrene oxide [C4-mim]BF4 gave
the conversions of 54–92% with 69–100% selectivities

and the best current efficiency was 87%. If [C4-mim]BF4

was replaced with [C2-mim]BF4 or [BPy]BF4 (Bpy: butyl-

pyridinium), the conversions were decreased slightly and

remarkably, respectively, while the selectivities were al-

most not changed. However, poor conversion was ob-

tained when [C4-mim]PF6 was used. These results

indicate that both cation and anion in the ionic liquid
greatly affect the addition reaction. As described in the

foregoing section, similar influence of cation and anion

was observed in the thermal reaction catalyzed by the io-

nic liquid. The conversion of epoxide and the selectivity

for cyclic carbonate also depend on the structure of the

epoxide. It was found that the highest conversion, selec-

tivity and current efficiency were achieved when using

propylene oxide as the substrate among the epoxides
investigated. For epichlorohydrin, the conversion to

cyclic carbonate was decreased remarkably but no other

byproducts were detected. For styrene oxide, though the

conversion was better than that of epichlorohydrin, the

selectivity was relatively low and benzaldehyde was

found to form. The application of ionic liquids in the

electrochemistry has just opened a new research field

and it should be employed for the synthesis of cyclic car-
bonate and other various reactions.
4. Synthesis of cyclic carbonate via oxidative

carboxylation of olefin

Oxidative carboxylation of olefin is a direct method

to synthesize cyclic carbonate from olefin, which is one
of cheap chemicals. Aresta et al. [62,63] first reported

the one-pot synthesis of styrene carbonate from styrene,

CO2 and molecular oxygen as an oxidant (Scheme 9)

with homogeneous rhodium complex catalysts, which,

however, suffer from short lifetime and low yields of

the desired carbonates. They also used various metal

oxide catalysts [63,64]. The carbonate yield depended

on the catalyst used and the highest yield was obtained
with niobium oxide. However, its value was still low be-

cause of low carbonate selectivity due to the formation

of byproducts such as benzaldehyde and benzoic acid.

Srivastava et al. [20] used titanosilicate catalysts for

the synthesis of cyclic carbonate in a single reactor from
olefins in a sequential manner. Initially, they carried out

the epoxidation of olefin with H2O2 or tert-butyl hydro-

peroxide (TBHP) and then the resulting reaction mix-

ture was further subjected to the CO2 addition

reaction after adding CO2 and a co-catalyst of organic

base. Although the reaction conditions were optimized

for both the reactions, the yield was not high. Further-

more, their catalyst needed toxic organic solvents such
as CH2Cl2 and long reaction time. So, stable and effec-

tive catalysts with high selectivity to carbonates are

being sought for direct carbonate synthesis from olefin.

Recently, we have found that the direct oxidative car-

boxylation of styrene to styrene carbonate is feasible in

the presence of ionic liquids (Scheme 10) [65,66]. We

conducted the reaction using TBHP as an oxidant

in the presence of quarternary ammonium halides or
imidazolium salts. Among the catalysts tested, molten

TBAB was proved to be a particularly effective catalyst

[65]. Various reaction parameters such as CO2 pressure,

reaction time, temperature, TBAB concentration, molar

ratio of TBHP to styrene and oxidant type were investi-

gated in detail. CO2 pressure was found to play a crucial

role in obtaining the high yield of styrene carbonate [66].

When the CO2 pressure was varied in a wide range, the
yield appeared to be maximal at 1, 8 and 15 MPa. The

reason for this was discussed on the basis of the phase

behavior. Under optimum reaction conditions, the yield

of styrene carbonate can reach to 38%. Scheme 11 illus-

trates a proposed reaction mechanism in which hypo-

bromite (OBr�) and bromide ion (Br�) catalyze the

epoxidation and the CO2 cycloaddition, respectively.

The formation of styrene oxide (an intermediate) was
observed on the one-pot synthesis of styrene carbonate
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from styrene. Although the styrene carbonate yields ob-

tained are not satisfactory in view of industrial applica-

tion, enhancement in the carbonate yield has been

achieved compared with the previous works of other

groups. This is an important advancement toward the

development of simple, green and more economic syn-
thesis process for cyclic carbonate.
5. Conclusion

The recent development in the synthesis of cyclic car-

bonate using ionic liquids as catalysts or reaction media

was described in this review. It has been shown that
some ionic liquids are suitable catalysts and/or solvents

to the CO2 fixation to produce cyclic carbonate. In some

cases the ionic liquid appears to be a stable and easily

recyclable catalyst. Furthermore, the activity of the ionic

liquid is greatly enhanced by the presence of Lewis

acidic compounds of metal halides or metal complexes.

The electrochemical synthesis of the cyclic carbonate

using ionic liquids may open a new field in organic syn-
thesis. This reaction system can avoid the use of harmful

organic solvents, supporting electrolytes and catalysts,

which are necessary for conventional electrochemical

systems. Although the ionic liquid is better for the oxi-

dative carboxylation of olefin than the ordinary cata-

lysts reported previously, this reaction system is at a

preliminary stage. Although the present article describes

the use of ionic liquids only for the cyclic carbonate syn-
thesis from CO2, they would contribute to green chem-

istry because of their unique advantageous properties.
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