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ABSTRACT: We first achieved direct synthesis of propylene
carbonate from CO2 and 1,2-propanediol in excellent yield (>99%)
using a carboxylation/hydration cascade catalyst of CeO2 with 2-
cyanopyridine. The catalyst system can be applied to syntheses of
various cyclic carbonates, including 6-membered ring carbonates that
are difficult to synthesize in high yields (62−>99%).
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■ INTRODUCTION

The direct syntheses of chemicals and fuels from CO2 have
drawn much interest because CO2 is an abundant, nontoxic,
nonflammable, and inexpensive carbon source.1 However, the
scope of transformation methods of CO2 is limited because of
its inert nature. Therefore, the development of effective
catalytic methods for transformation of CO2 by low energy
input is an important and urgent matter.
Among various target chemicals, cyclic carbonate is a

promising one and has been widely used as a starting material
for polycarbonate resin,2 an electrolyte for lithium ion
batteries,3 and an inert solvent.4 Conventionally, cyclic
carbonates have been produced by using phosgene or its
derivatives;5 however, this process has considerable drawbacks,
such as use of highly toxic phosgene, and coproduction of a
large amount of salts by the neutralization. Various alternative
methodologies with catalysts,6 such as oxidation of olefins with
CO2, cycloaddition of CO2 to epoxides, oxidative carbonylation
of diols, transesterification of diols with dialkyl carbonate, and
the reaction of diols with urea, have been proposed. Among
these methodologies, cycloaddition of CO2 to epoxides has
been the most investigated owing to its green process, and
many effective catalysts have been reported.1 However, this
process has problems that starting materials such as epoxides
and oxetanes demand peculiar handling techniques because of
their high reactivity or toxicity,7 and oxetanes are prepared by
the perplexing method.8

On the other hand, carboxylation of diols with CO2 can be
regarded as an alternative green method because this reaction
gives only water as a byproduct, and diols can be manufactured
from biomass.9 Therefore, various homogeneous10 and
heterogeneous11 catalysts have been developed. However,

these catalysts have suffered from high CO2 pressure (generally
>10.0 MPa)6b and/or low yield (maximum yield of propylene
carbonate and ethylene carbonate is 42% and 62%,
respectively)6b because of a severe equilibrium limitation. To
overcome the equilibrium limitation, removal of H2O from the
reaction mixture was one of the most promising strategies and
was performed only by a benzonitrile hydration system using
K2CO3 as the catalyst,

10b which, however, resulted in low yield
(20%) and low selectivity (45%) because of byproducts derived
from benzonitrile. On the other hand, for dimethyl carbonate
(DMC) synthesis from CO2 and methanol, various dehydrating
agents have been reported, such as 2,2-dimethoxypropane,12

trimethyl orthoacetate,13 trimethoxymethane,14 benzonitrile,15

acetonitrile,10d,11c,16 butylene oxide,17 and DCC (dicyclohex-
ylcarbodiimide).18 Therefore, development of an effective
catalyst system for both carboxylation of diol and removal of
water is desired.
Recently, CeO2 has attracted much attention in the field of

organic synthesis because of its unique acid−base and redox
properties,19 and various reactions over CeO2 have been
reported, such as a selective dehydration of alkanediols into
unsaturated alcohols19b or transformations of nitriles and
amides.19c We have reported the effective carboxylation/
hydration cascade catalyst of CeO2 with nitrile in DMC
synthesis from CO2 + methanol,20 in which CeO2 simulta-
neously catalyzes both carboxylation of methanol and hydration
of nitrile with the produced water.
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We envisioned that this catalyst system could enable us to
obtain various cyclic carbonates in high yield (Scheme 1) if

activation of two hydroxyl groups of diol and suppression of
side reactions, such as transformation of nitriles or polymer-
ization, are possible. In this communication, we report that the
cascade catalyst of CeO2 with 2-cyanopyridine is the most
efficient catalyst system for direct synthesis of various cyclic
carbonates from CO2 and diols.

■ RESULTS AND DISCUSSION
First, propylene carbonate (PC) synthesis from 1,2-propanediol
(1,2-PrD) and CO2 was examined using various metal oxides
with 2-cyanopyridine (Table 1). 2-Cyanopyridine was selected

because of its reactivity for hydration over CeO2.
21 The

reaction was carried out with an autoclave reactor containing
0.03 mmol of CeO2 calcined at 873 K, 1,2-PrD (10 mmol), and
2-cyanopyridine (100 mmol) under 5 MPa CO2. Products in
gas and liquid phases were analyzed by FID−GC, GC/MS, and
NMR. The results of hydration of 2-cyanopyridine are shown in
Supporting Information (SI) Table S1. Yields were calculated
on the basis of 1,2-PrD. Without a catalyst, no product was
obtained. In contrast, CeO2 shows the highest activity among
the metal oxides tested, and the initial PC formation rate is

more than 2 orders of magnitude higher than those of the other
metal oxides. The produced water was stoichiometrically
transformed to 2-picolinamide by hydration of 2-cyanopyridine.
After the reaction, CeO2 was removed from the reaction
mixture, and the filtrate was analyzed by coupled plasma atomic
emission spectroscopy (ICP−AES), which indicates that no Ce
species was in the filtrate (<0.1 ppm). Moreover, Ce(NO3)3·
6H2O, a homogeneous catalyst, showed no activity. These
results suggest that CeO2 acts as a truly heterogeneous catalyst.
Therefore, CeO2 is the most effective heterogeneous catalyst
for PC synthesis from CO2 and 1,2-PrD among the metal
oxides tested. The optimization of CeO2 was examined in this
reaction by changing the calcination temperatures from 673 to
1273 K (SI Figure S1), which revealed that CeO2 calcined at
873 K is the best catalyst from the viewpoint of product yield.
Table 2 lists the effect of reaction conditions in the reaction

of 1,2-PrD and CO2 over CeO2. Without the addition of 2-

cyanopyridine, PC yield was as low as 0.3%, which is due to the
equilibrium limitation (entry 1). In contrast, addition of 30
mmol of 2-cyanopyridine drastically improved the PC yield up
to 92% (entry 2), which suggests that 2-cyanopyridine is
essential for progression of the reaction. Moreover, 100 mmol
of 2-cyanopyridine provided an excellent yield of >99% in 1 h
under the conditions of 403 K and 5 MPa CO2 (entry 3). This
is the highest yield in PC synthesis from CO2 and 1,2-PrD (SI
Table S3). To estimate the efficiency of CeO2-catalyzed
hydration at a low concentration of water, hydration of 2-
cyanopyridine was examined (the details are shown in SI
Figures S2 and S3), which resulted in a higher reaction rate for
hydration (1.1 × 103 mmol g−1 h−1) than that for carboxylation
of diols (91 mmol g−1 h−1). Therefore, carboxylation and
hydration can simultaneously and efficiently proceed over
CeO2, leading to a high yield of PC. In addition, this catalyst
system can be applied under milder reaction conditions: PC
was obtained in >99% yield at 363 K in 48 h (entry 4) and 90%
under 0.8 MPa CO2 in 24 h (entry 5). From an industrial
viewpoint, this catalyst system is quite promising.
Scheme 2 shows the results of various 5-membered ring

carbonate syntheses from CO2 and diols by the catalyst system.
The hydration of 2-cyanopyridine proceeded stoichiometrically
(SI Table S4). Linear vicinal diols, including ones with an allyl
group and a phenyl group (2a−f), reacted to afford the
corresponding 5-membered ring carbonates in high yields
(67−>99%) with high selectivity (93−>99%). Cyclic diols
(2g,h) were also transformed in high yields (>99%). Syntheses
of 2d,e,g,h are the first report, and the yields of the other
carbonates are much higher than those of reported catalysts in
the same reaction (The details are shown in SI Table S3),
indicating that the carboxylation/hydration cascade catalyst of

Scheme 1. Carboxylation/Hydration Cascade Catalyst of
CeO2 with Nitrile

Table 1. Activity Tests of Various Metal Oxides in
Formation of PC from CO2 and 1,2-PrD

catalyst
SBET

a/
m2 g−1 yield/% select./%

Vb/
mmol g−1 h−1

CeO2
c 89 9.4 >99 188

MgO 41 0.9 1.4 1.1
ZrO2 116 0.5 38 0.2
ZnO 4 0 0 0
SnO2 35 0 0 0
TiO2 48 0 0 0
γ-Al2O3 97 0 0 0
α-Al2O3 11 0 0 0
La2O3 28 0 0 0
Pr6O11 30 0 0 0
Sm2O3 41 0 0 0
Y2O3 72 0 0 0
SiO2−Al2O3 334 0 0 0
SiO2 419 0 0 0
none 0 0 0
Ce(NO3)3·6H2O 0 0 0

aSpecific surface area determined by BET method. bV: initial PC
formation rate. Conditions: catalyst (metal = 2 mmol), 1,2-PrD/2-
cyanopyridine =10 mmol/100 mmol, CO2 5 MPa, 423 K, 1 h.
cConditions: catalyst (CeO2 0.03 mmol), 1,2-PrD/2-cyanopyridine
=10 mmol/100 mmol, CO2 5 MPa, 423 K, 1 h.

Table 2. Effect of Reaction Conditions in Formation of PC
from CO2 and 1,2-PrDa

entry
2-cyanopyridine/

mmol
PCO2

/
MPa T/K t/h yield/% select./%

1 0 5 413 24 0.3 99
2 30 5 413 1 92 >99
3 100 5 403 1 >99 >99
4 100 5 363 48 >99 >99
5b 200 0.8 423 24 90 93

aConditions: CeO2 2 mmol, 1,2-PrD 10 mmol. bCeO2 5 mmol.
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CeO2 is the most effective for direct cyclic carbonate synthesis
from CO2 and diols.
To expand the potential of this catalyst system, synthesis of

6-membered ring carbonates was carried out (Scheme 3).

Various 1,3-diols with monoalkyl, dialkyl, and phenyl
substituents were converted to the corresponding 6-membered
ring carbonates in high yields (62−97%). The ester that is
produced by the reaction of diol with 2-picolinamide is
detected as a main byproduct. In general, syntheses of 6-
membered ring carbonates, particularly ones bearing sub-
stituents, are difficult in any methodology,22 although they are
useful chemicals and intermediates23 for biodegradable
polymers of drug delivery vehicles,23a a repair of open inguinal
hernia,23b and a histological membrane.23c Recently, Kleij et al.
reported that an Al complex catalyst based on amino
triphenolate ligands produces a 6-membered trimethylene
carbonate from oxetane and CO2 with high yield (95%);
however, the yield of 6-membered ring carbonate with dimethyl
substituents is rather low (26%), even after 66 h of reaction
time.22a To the best of our knowledge, the syntheses of 6-
membered ring carbonates of 3b,d,f have never been reported
by any methodologies, including cycloaddition of CO2 into
oxetanes, and the other results except trimethylene carbonate
were also better than those of the reported literature (SI Table

S5). From these results, the cascade catalyst of CeO2 with 2-
cyanopyridine is a superior system and can be applied to a wide
range of 5- and 6-membered ring carbonate syntheses.
The catalytic performance and properties of used CeO2 were

studied (SI Table S6). The recovered catalyst was reused at
least three times without loss of its high selectivity and yield. In
addition, the BET surface area and XRD pattern of CeO2 were
almost unchanged from before to after the reaction, which
indicates that CeO2 is highly stable under the reaction
conditions.
The reaction mechanism is proposed in Scheme 4.

Considering the reaction mechanism of previous reports for

carbonate, carbamate, and urea formations over CeO2,
15,24 the

reaction begins with (i) the adsorption of one OH group of diol
to Lewis acid sites of CeO2 to form cerium alkoxide adspecies;
(ii) CO2 insertion into the Ce−O bond and to give alkyl
carbonate species; (iii) nucleophile attack of the other OH
group to the carbonyl carbon in carbonate species, leading to
the production of cyclic carbonate and H2O, and CeO2 being
regenerated; and (iv) H2O is successively removed by 2-
cyanopyridine hydration over CeO2. High yields of cyclic
carbonates in the present system can be due to the high activity
of CeO2 for carboxylation of diols and for hydration of 2-
cyanopyridine.

■ CONCLUSIONS
The cascade catalyst of CeO2 with 2-cyanopyridine is effective
for the direct synthesis of propylene carbonate from 1,2-PrD
and CO2, even at a low CO2 pressure of 0.8 MPa. Versatile
cyclic carbonates, especially a 6-membered ring carbonate,
which is difficult to synthesize, can be obtained in high yields
(62−>99%) from CO2 and diols with the catalyst system. This
is the first report of achieving high yields of cyclic carbonates
from CO2 and diols, and the catalyst system could be applied to
various transformation reactions of CO2.

■ EXPERIMENTAL METHODS
All the reactions were carried out in an autoclave reactor with
an inner volume of 190 mL. A typical procedure of the reaction
of diol and CO2 with 2-cyanopyridine was as follows: 2 mmol
of the CeO2 catalyst, 10 mmol of diol, and 100 mmol of 2-
cyanopyridine were put into the autoclave together with a
spinner, and then the reactor was purged and pressurized with
CO2. Then the reactor was heated to the reaction temperature.
After the reaction time, the reactor was cooled to room
temperature, and 30 mL of ethanol and 0.2 mL of 1-hexanol

Scheme 2. Synthesis of 5-Membered Ring Carbonates from
CO2 + Diols

Conditions: CeO2 2 mmol, diol/2-cyanopyridine = 10 mmol/100
mmol, CO2 5 MPa.

Scheme 3. Synthesis of 6-Membered Ring Carbonates from
CO2 + Diols

Conditions: CeO2 2 mmol, diol/2-cyanopyridine = 10 mmol/100
mmol, CO2 5 MPa, *CeO2 1 mmol.

Scheme 4. Proposed Reaction Mechanism
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were added to the liquid phase as a solvent and an internal
standard substance for a quantitative analysis, respectively.
Products in liquid and gas phases were analyzed by using a gas
chromatograph equipped with an FID (Shimadzu GC-2014)
and GC/MS (Shimadzu QP2010 Ultra) using a CP-Sil5
(length 50 m, i.d. 0.25 mm, film thickness 0.25 μm) or TC-
WAX (length 30 m, i.d. 0.25 mm, film thickness 0.25 μm)
capillary column.

■ ASSOCIATED CONTENT
*S Supporting Information
Details of Tables 1 and 2 (Tables S1 and S2), reported yields
for the synthesis of cyclic carbonates from CO2 and
corresponding alcohols (Table S3), details of Schemes 2 and
3 (Table S4), reported yields of 6-membered ring carbonate
from CO2 and corresponding oxetane (Table S5), catalyst
recycle test (Table S6), effect of calcination temperature of the
catalyst (Figure S1), and the reaction rates of 2-cyanopyridine
hydration (Figure S2) and PC formation (Figure S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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