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Chemical fixation of carbon dioxide to styrene carbonate
proceeds effectively under supercritical conditions with
DMF even in the absence of any additional catalysts, giving
a maximum yield of 85% in the near-critical region.

From the standpoint of the protection of environment, the
development of an environmentally benign process utilizing
carbon dioxide, which is one of the greenhouse-effect gases, has
drawn current interest in industrial chemistry and biotechnol-
ogy. Chemical fixation of carbon dioxide is one of the most
attractive methods for the development of a truly environmen-
tally benign process since there are many possibilities for
carbon dioxide to be used as a safe and cheap C1 component to
produce useful organic compounds. The conversion of carbon
dioxide into carbonates has been carried out in conventional
organic solvents using catalysts such as dialkyltin methoxide,1
organoantimony halide,2 alkali metal salts3 and Mg–Al mixed
metal oxide.4 In particular, the conversion of epoxides into five-
membered cyclic carbonates is industrially of great importance.
However, these reactions using metallic catalysts have disad-
vantages, such as poor solubility of the catalyst3 and difficulties
in catalyst recycling,2 whereas scCO2 has advantageous
features such as the disappearance of a gas–liquid phase
boundary and easily tunable properties with pressure and
temperature which make scCO2 an alternative to conventional
solvents.5 The reactions of epoxides with CO2 under super-
critical CO2 conditions have been studied in the presence of zinc
catalysts; however, they give a biphasic mode of operation
leading to poor reaction rates.6 It has recently been found that
the reaction with epoxide and CO2 proceeds in DMF alone
without any catalysts at temperatures around 135 °C and
atmospheric CO2 pressure, but the yield of styrene carbonate
still remains low.4,7 This low reactivity may be due to a much
lower mass transfer of epoxide in DMF solution, although DMF
is considered to catalyze the reaction in a manner similar to the

Mg–Al mixed catalysts.4 Thus, our conception of using a co-
solvent such as DMF both as a catalyst as well as a solvent in
scCO2 has emerged to improve the poor reaction rates, which
are due to limitations in liquid–liquid mass transfer and/or low
solubility of reactants.5 DMF itself catalyzes the reactions of
CO2 with epoxides dissolved in DMF–scCO2 which allows to
advantage a reduction in viscosity and an increase in diffusion
rate as compared with the DMF liquid phase.8 Here we
demonstrate integration of scCO2 and DMF to accelerate the
reaction of styrene oxide with CO2 and to be a very powerful
tool in the chemical fixation of CO2 (Scheme 1).†

Carboxylation of styrene oxide with CO2 has been conducted
without additional catalysts under various conditions (see Table
1). Under these conditions, carbonate was the main product with
trace amounts of a few by-products.‡ In acetone and acetoni-
trile, styrene oxide did not react with CO2 and styrene carbonate
was not obtained (runs 2 and 3). It is noteworthy that the
conversion proceeds successfully even in the absence of the
metallic catalysts used so far when DMF is used in the place of
acetone and acetonitrile (run 1). This is believed to be due to
catalysis by DMF itself because the substrates, styrene oxide
and CO2, have similarly finite solubilities in acetone and
acetonitrile as well as DMF. When scCO2 alone was used as
medium instead of DMF, a very poor reaction was obtained (run
7), and the catalytic action of scCO2 for this reaction was found
to be negligibly small. In the case of the CO2–DMF system at
lower pressures such as 2.0 MPa (run 1), the yield of styrene

Table 1 Carboxylation of epoxides with carbon dioxide in different reaction systems

Scheme 1
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carbonate remains as low as 29%, whereas scCO2–DMF (run 6)
provides a much better yield compared with the CO2–DMF
system (29 to 85%) and the DMF–MgO system (60 to 85%).
Furthermore, it was found that in the scCO2–DMF system (run
5) styrene carbonate can be successfully synthesized even at
lower temperatures around 100 °C, giving a better yield than
that in the CO2–DMF system (run 4) at 107 °C (0 to 20%). Gas–
liquid–liquid mass transfer together with liquid–liquid mass
transfer (solubility of substrate in catalyst or solvent phase) are
important parameters for controlling the reaction yield. Visual
observation through a sapphire window confirms that this
scCO2–DMF system forms a homogeneous reaction system,
resulting in complete elimination of gas–liquid mass transfer, so
that transport to and from the DMF phase is no longer a limiting
factor. This is considered to be one of the most effective factors
that cause the significant increase in yield as observed in Table
1.§ We have further attempted the conversion into another
epoxide, 1,2-epoxy-3-phenoxypropane, using the scCO2–DMF
system at 7.9 MPa and 120 °C (run 9). This scCO2–DMF system
gives a good conversion to 3-phenoxy-1,2-propylcarbonate, the
yield being comparable to that of the DMF–Mg/Al mixed oxide
system (run 10). So this system can be available for acceleration
of conversion from epoxides to carbonates.

Fig. 1 shows the pressure dependence of the yield of styrene
carbonate in CO2 in the presence of DMF at 120 °C. One can see
an interesting pressure dependence in which the yield sig-
nificantly increases, reaching a maximum yield at 7.9 MPa near
the critical pressure of CO2, and then sharply decreases with
increasing pressure. In the lower pressure range below about 7
MPa, the yields are very small; DMF remains insoluble (by
visual observation), leading to a much lower transfer of the
epoxide. However, approach to the critical pressure with
increasing pressure, which can dissolve DMF, significantly
increases the rate of reaction and a higher yield is observed. On
the other hand, the remarkable decrease in yield observed at
higher pressures beyond 7.9 MPa near the critical pressure
cannot be fully explained by the thermodynamic pressure effect,
in which an increase in pressure is predicted to cause an
enhancement in the reaction rate.9 All experiments in the higher
pressure range were confirmed by visual observation to take
place in a single phase. To explain the decrease in yield with
increasing pressure, we have attempted to introduce the mole
fraction of styrene oxide in scCO2 as shown in Fig. 1. It is
evident that the extent of the decrease in yield of styrene
carbonate is in agreement with that in mole fraction of styrene

oxide except at 7.9 MPa near the critical pressure. If the reaction
of styrene oxide with CO2 is to take place by the catalysis of
DMF, the molecules of styrene oxide and DMF must come into
contact or very nearly so. Consequently, the decrease in mole
fraction of styrene oxide in the higher pressure region prevents
contact with DMF and reduces the yield of styrene carbonate.
However, in the near-critical region the yield at 7.9 MPa is
significantly higher than that expected from the relationship in
Fig. 1, which cannot be accounted for only by the change in
mole fraction of styrene oxide. It is likely that the increased
local concentration10,11 of the styrene oxide and/or CO2 around
the DMF is influencing the reaction, which becomes more
pronounced at lower pressures in the near-critical region.12,13

Thus, in the present conversion to styrene carbonate, the local
concentration of reactants would be very large at 7.9 MPa near
the critical pressure, resulting in the significant increase of the
yield as seen in Fig. 1.

In conclusion, scCO2–DMF was shown to be a good
alternative catalytic system for conventional biphasic catalytic
systems. It was further demonstrated that the yield of carbonates
can be enhanced just by pressure manipulation of the scCO2–
DMF system.

Notes and references
† Typical experimental procedure is as follows: styrene oxide (5 mmol) was
dissolved in DMF (5 mmol) in a 50 cm3 reactor at rt, and then the mixture
was heated up to the desired temperature and CO2 (7.9 MPa) was introduced
into the reactor. In the case of the scCO2–DMF system, liquid CO2 was
subsequently charged into the reactor using a high-pressure liquid pump and
compressed to the desired pressure. Pressure control was achieved by a
back-pressure regulator. The reactions in both the CO2–DMF and scCO2–
DMF systems were started by stirring the mixture and continued for 15 h.
After the reaction, the pressure was released and the crude product was
analyzed by NMR and GC-MS spectroscopy. The yields of carbonates were
determined by GC-MS using tridecane or tetradecane as an internal
standard.
‡ The total amount of these minor products is less than 1% from the GC
analyses.
§ Another factor is thought to be solvation effect of CO2, and studies on the
solvation effect by IR and NMR are now in progress.
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Fig. 1 Pressure dependence of the yield of styrene carbonate in CO2 in the
presence of DMF at 120 °C, and mole fraction of styrene oxide in scCO2.
Reaction time is 15 h. Mole fraction of styrene oxide was calculated using
PROPATH Ver.10.2.
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