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Abstract—A PEG-supported quaternary ammonium salt is proved to be an efficient and recyclable homogeneous catalyst for sol-
vent-free synthesis of cyclic carbonates from carbon dioxide and epoxides under supercritical conditions. Supporting Bu4NBr on
soluble polymer PEG6000 enhances the catalytic activity. The workup procedure is straightforward, and the catalyst can be reused
over five times with no appreciable loss of catalytic activity and selectivity.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical fixation of CO2 into useful organic com-
pounds has attracted intense attention in view of
resource utilization and pollution prevention.1 One of
the most promising methodologies in this area is the
direct synthesis of carbonates via coupling of CO2 with
epoxides since one carbon atom and two oxygen atoms
can be incorporated in one step without forming any
co-products with high atom efficiency. Moreover, cyclic
carbonates have been widely used as polar aprotic sol-
vents, intermediates for organic and polymeric synthe-
sis, and ingredients for pharmaceutical/fine chemicals
in biomedical applications.2 Many organic and inor-
ganic compounds,3,4 such as metal oxides, quaternary
ammonium salts, transition metal complexes, and ionic
liquid, have been developed to catalyze the cycloaddi-
tion of carbon dioxide with epoxides for the synthesis
of cyclic carbonates. The current processes employing
homogeneous catalysts, such as tetraethylammonium
bromide and potassium iodide dissolved in a phase con-
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taining cyclic carbonate, are undesirable in the industry.
To separate the catalyst from the product by a purifica-
tion process, such as distillation after the reaction, is a
complicated process and may result in the decomposi-
tion of the catalyst or formation of by-products. There-
fore, developing new processes5 to reserve the benefits of
a homogeneous catalyst while co-opting the primary
benefits of a heterogeneous catalyst is highly desirable
and of particular significance. Accordingly, the real
process would be that the catalyst is homogeneously
dissolved during the reaction and precipitates quantita-
tively in the separation stage. In this context, attachment
of the active catalyst to soluble polymer has received
considerable attention in recent years.5a,6

Polyethylene glycol (PEG) and its derivatives are known
to be inexpensive, thermally stable, recoverable, almost
negligible vapor pressure, toxicologically innocuous
and environmentally benign media7 for chemical reac-
tions, and biphasic catalysis in supercritical CO2. The
properties of PEG offer the possibility for immobilizing
and recycling of a homogeneous catalyst.7c,d,f

In the framework of our continuous effort on developing
new methods to recycle a homogeneous catalyst, we
used one polyethylene glycol (PEG, Mw = 6000) deriva-
tive, which was covalently bound to a quaternary
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Scheme 1. Synthesis of propylene carbonate from propylene oxide and
CO2 promoted by PEG6000(NBu3Br)2.
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ammonium salt,8 as a homogeneous catalyst for
CO2 fixation with propylene oxide (1a) without any
organic additive under supercritical conditions to afford
propylene carbonate (PC, 2a) in quantitative yield
and excellent selectivity (Scheme 1). Furthermore, the
PEG6000-supported catalyst was readily recovered by
simple filtration and reused over 5 times without
appreciable loss of activity.
2. Results and discussion

The carboxylation of propylene oxide 1a with CO2 into
propylene carbonate 2a in the presence of 0.5 mmol %
of PEG6000(NBu3Br)2 was conducted in a batch wise
operation8 under various conditions as shown in Table
1. In the presence of 858 mg of PEG6000 alone, the reac-
tion did not occur at all (Table 1, entry 2). Whereas,
ammonium salt (Bu4NBr) exhibited a moderate catalytic
Table 1. Synthesis of propylene carbonate from propylene oxide and
CO2 catalyzed by PEG6000(NBu3Br)2

a

Entry Temp
(K)

Pressure
(MPa)

Time
(h)

Propylene carbonate

Yieldb (%) Selectivity (%)

1c 393 8 6 70 99
2d 393 8 6 0 —
3e 393 8 6 82 98
4 373 8 6 31 100
5 393 8 6 98 99
6 453 8 6 88 88
7 423 8 3 94 99
8 423 8 6 99 99
9f 423 8 6 98 99
10 393 4 6 99 99
11 393 1 6 87 99
12 393 14 6 99 99
13g 393 8 6 98 99
14h 393 8 6 98 >99
15i 393 8 6 99 99
16j 393 8 6 98 99

a Reactions were carried out in a 25 ml autoclave under supercritical
carbon dioxide conditions by using 28.6 mmol of 1a and 0.5 mmol %
of PEG6000(NBu3Br)2 based on 1a used.

b Determined by GC using biphenyl as an internal standard.
c In the presence of 0.5 mmol % of Bu4NBr.
d 858 mg of PEG-6000 alone.
e In the presence of a physical mixture of 92 mg (1 mmol %) Bu4NBr
and PEG-6000 (858 mg).

f In the presence of 0.25 mmol % of PEG6000(NBu3Br)2.
g The second run of the catalyst recovered after run in entry 5 (fresh
catalyst).

h The third run of the catalyst.
i The fourth run of the catalyst.
j The fifth run of the catalyst.
activity (entry 1) under supercritical conditions (393 K,
8 MPa, 6 h). The PEG6000(NBu3Br)2 displayed higher
catalytic activity than the unsupported quaternary
ammonium (Bu4NBr) and the support (PEG6000) itself,
even more effective than the simple physical mixture of
Bu4NBr and PEG6000 under the same conditions
(Table 1, compare entry 5 with entries 1–3). Accord-
ingly, the ammonium salt can be considered as the active
species for the reaction and supporting Bu4NBr on sol-
uble polymer (PEG6000) improves the catalytic activity.
The enhancement of catalyst performance by supporting
Bu4NBr on soluble PEG is presumably attributed to the
benefits from changes in the physical properties9 of the
reaction mixture, such as lower melting points, lower
viscosity, high diffusion rates, and increased solubility
for propylene oxide and CO2 through ‘CO2-expansion
of a liquid’ effect.7a,9b Indeed, as judged by visual inspec-
tion through a window-equipped high-pressure reactor,
we found that PEG and its derivatives are expandable
with CO2 as reported in the literature.7a Obviously, sim-
ple addition of PEG6000 can accelerate the reaction
(Table 1, entry 1 vs 3), probably due to the enhancement
of the solubility of ammonium salt because of PEG’s
high affinity to cation.

Table 1 (entries 4–6 and 8) shows the temperature
dependence of the yield and selectivity of PC. The PC
yield increases sharply with the temperature increasing
from 373 to 393 K and maintains at this level at
423 K, whereas further increase in the temperature
causes a decrease in PC selectivity, due to the formation
of by-products such as acetone, 1,2-propylene diol. The
reaction rate is higher at 423 K than that at lower tem-
perature (393 K) without loss of selectivity (entries 5, 7,
and 8). From the viewpoint of energy consumption and
safety, 393 K is the optimal temperature. In addition, it
is worth noting that the PEG-supported catalyst exhibits
high activity even at low catalyst loading (Table 1, entry
9).

A significant drawback associated with using CO2 as a
reagent and a reaction medium in organic synthesis is
the potential dangers operating at high pressure. As
shown in Table 1 (entries 5, 10, and 12), a remarkable
feature of the reaction is that the carbon dioxide pres-
sure shows no effect on the PC yield in the range of
4–14 MPa. Indeed, the catalyst efficiently operated at
4 MPa (Table 1, entry 10). Even at the pressure below
1 MPa, the decline in activity is small (Table 1, entry 11).

A series of catalytic cycles were examined to test the cat-
alyst recycling. In each cycle, the catalyst, PEG6000-
(NBu3Br)2, was solidified by cooling after the reaction
and recovered by a simple filtration, and then subjected
to a second run of the reaction by charging with the
same substrates. The 5 runs (Table 1, entries 5, and
13–16) are almost consistent in yield and selectivity.
Moreover, a high purity (>99.0%) of the product was
obtained in each cycle without any additional purifica-
tion process. In addition, the recyclability of the catalyst
makes the reaction economically and potentially viable
for commercial applications. Hence, immobilization of
an ammonium salt on a soluble polymer (e.g., PEG)



Table 2. Synthesis of various carbonates catalyzed by PEG6000-
(NBu3Br)2
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Yield: 92 - 99%
R = CH3,  iPrOCH2, 
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PEG6000 NBu3BrBrBu3N

(0.5 mol%)

Entry Epoxide 1 Carbonate 2 Yieldb

(%)
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(%)
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O
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5
1e

O

Ph
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a Reaction conditions: epoxides (28.6 mmol), catalyst: PEG6000-
(NBu3Br)2 (0.5 mmol %), 393 K, 8 MPa, 6 h.

bGC yield based on epoxides used.
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Scheme 2. Proposed mechanism for PEG6000(NBu3Br)2-catalyzed cycloaddit
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provides an alternative pathway for realizing homo-
geneous catalyst recycling. As encouraged by the results
from batch-wise recycling, cyclic carbonate synthesis
will be carried out as a continuous-flow process, which
could combine reaction and separation in only one inte-
grated process for homogeneous catalysis.

In order to survey the applicability of various epoxides
to this process, we examined the cycloaddition reactions
of other terminal epoxides with CO2 catalyzed by
PEG6000(NBu3Br)2. The results are summarized in Table
2. The PEG-supported catalyst, PEG6000(NBu3Br)2, was
found to be applicable to a variety of terminal epoxides,
providing the corresponding cyclic carbonates 2 in
92–99% yields and with excellent selectivities. Propylene
oxide (1a), isopropyl glycidyl ether (1b), and glycidyl
phenyl ether (1c) are good substrates to give cyclic car-
bonates in nearly 100% yield. However, with epichloro-
hydrin (1d) and styrene oxide (1e), the carbonates were
obtained in relatively low yields.

A possible mechanism for the PEG6000(NBu3Br)2-catal-
yzed cycloaddition of CO2 with epoxide is proposed
as shown in Scheme 2. As mentioned above, the ammo-
nium salt part is suggested to be the active species for the
reaction. This proposal is analogous to that of the qua-
ternary ammonium salt-catalyzed version of the same
reaction.3a,e The proposed mechanism involves the acti-
vation of propylene oxide by the ammonium cation
(step I), the ring opening of the epoxide via nucleophilic
attack of bromine at the least-hindered carbon (step II),
and the insertion of CO2 into the N–O bond (step III).
Subsequent cyclization via an intramolecular nucleo-
philic attack (step IV) leads to the propylene carbonate
and the regeneration of the catalyst, PEG6000(NBu3Br)2.
The independence of the PC yield on the CO2 pressure
suggests that the insertion of CO2 into the N–O bond
is not the rate-determining step of the catalytic process.
The reaction of (R)-styrene oxide (R-1e) with CO2 in the
presence of 0.5 mmol % of PEG6000(NBu3Br)2 affords
(R)-1-phenyl-1,2-ethanediol carbonate (R-2e)10,12 in
99% ee with retention of stereochemistry,13 supporting
O R

Br-

BrNBu3PEGN+Bu3

Br R

+NBu3PEGNBu3Br
O-

(II)

ion of CO2 with epoxides.
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this mechanism which does not involve any change of
stereochemistry at the chiral carbon center, that is not
attacked.
3. Conclusion

In conclusion, the PEG-supported quaternary ammo-
nium salt, PEG6000(NBu3Br)2, efficiently catalyzes the
chemical fixation of carbon dioxide with epoxides under
solvent-free conditions. Supporting Bu4NBr on soluble
polymer (PEG6000) enhances the catalytic activity.
The workup procedure is simple and the catalyst can
be recovered by filtration and reused over 5 times with-
out loss of catalytic activity and selectivity. Remarkably,
a high purity (>99.0%) of the product was obtained in
each cycle without any additional purification process.
This environmentally friendly protocol presented here
offers simplicity of operation and enables recyclability
of homogeneous catalyst. The effects of the counter
anion, the chain length of PEG, and the bulk of alkyl
group on the catalytic activity for cyclic carbonate syn-
thesis and possible applicability of the PEG-supported
catalysts to other reactions are currently under investi-
gation in our laboratory.
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