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Cycloaddition of carbon dioxide and epoxides
catalyzed by rare earth metal complexes bearing a
Trost ligand†

Jun Cheng, Chengrong Lu* and Bei Zhao *

A series of rare earth metal complexes (Sm (1), Eu (2), Y (3), Yb (4), and Lu (5)) based on Trost ligands

were synthesized and well characterized, and catalyzed the cycloaddition of carbon dioxide and

epoxides successfully. The combination of 1 mol% Sm-based complex 1 with 2 mol%

tetrabutylammonium bromide (TBAB) was proved to be the optimal catalyst system for the formation of

the monosubstituted cyclic carbonate at 70 1C under the atmospheric pressure. While for the more

challenging disubstituted epoxides, the adduct cyclic carbonates were successfully obtained when the

pressure of CO2 was elevated to 0.7 MPa.

Introduction

In recent years, global warming has caused more and more
serious environmental disasters, such as an abnormal climate,
melting of glaciers and rising sea levels. The latest research
shows that human activities have pushed today’s CO2 content
in the atmosphere to the highest level during the past 23
million years, which has exceeded the absorption and conversion
capacity of nature. Carbon capture, storage and utilization are the
main strategies to achieve a carbon neutral status. The utilization
of CO2, a kind of abundant, non-toxic and renewable C1 resource,
is of great significance in green and sustainable development. The
chemical conversion of CO2 has potential economic benefits,
since many high value-added products are obtained from
CO2.1–3 The cycloaddition reaction of CO2 with epoxides, a
commonly used reaction for the chemical conversion of CO2,
has aroused great interest because of its 100% atom efficiency
and the biocompatible and biodegradable products—
carbonates.4 A number of catalysts have been developed for
the cycloaddition reactions, including main-group metal
complexes (e.g., Mg,5 Al,6 Ca,7 and Li8), transition-metal
complexes (e.g. Cr,9 Co,10 Zn,11 and Fe12) and organocatalysts.13

For example, Kim and coworkers employed dimeric aluminum

compounds to catalyze the cycloaddition of mono- and disubstituted
epoxides and CO2 at atmospheric CO2 pressure, and room
temperature to 75 1C.6f Capacchione et al. used [OSSO]-type
iron(III) complexes as catalysts, tetrabutylammonium bromide
(TBAB) as a co-catalyst, and variously substituted epoxides were
selectively converted into the corresponding cyclic carbonates
at 35 1C under 0.1 MPa CO2.12e Dai et al. reported the conversion
of CO2 to cyclic carbonates under ambient conditions (room
temperature, 0.1 MPa CO2) with highly reactive one-component
organocatalysts – a series of pincer-type compounds possessing
an N-heterocyclic carbene precursor.13e However, among the
published studies, some harsh reaction conditions were required,
such as a relatively high catalyst loading (45 mol%),13a,c a
relatively higher temperature (4100 1C),5a,13g and a high pressure
(41 MPa).5a,b,6a,b,d,12c,d,13b

Rare earth metals have unique electronic structures, a
strong oxygen affinity, and high Lewis acidity. Several rare earth
metal complexes containing nitrogen or oxygen proligands were
synthesized, which showed high reactivities in the cycloaddition
reaction of CO2 and epoxide.14 Yao and coworkers developed the
first rare earth metal complex bearing a poly(phenolato) ligand
to catalyze the cycloaddition reaction of monosubstituted
epoxides under mild conditions (85 1C and 0.1 MPa CO2) in
the presence of tetrabutylammonium iodide (TBAI). Meanwhile,
under 1 MPa CO2, the same catalyst system is good for
disubstituted epoxides.14a Furthermore, the polyphenol
proligands were modified by changing one of the substituents
on the nitrogen from phenol to a smaller noncoordinating methyl
group, and the desired rare earth metal complexes were synthe-
sized to show excellent catalytic activity in the cycloaddition
reaction of carbon dioxide with epoxides under ambient
conditions, especially in the conversion of disubstituted epoxides
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(room temperature, 0.1 MPa CO2).14f Around the same time,
Otero’s group developed a novel lanthanum heteroscorpionate
catalyst, which showed exceptional catalytic activity for the synthesis
of cyclic carbonates with a low catalyst loading (0.05–0.5 mol%).14c

Different ligands lead to different chemical behaviors of the
corresponding metal complexes, so one of the strategies for
adjusting the effects of the metal-based catalysts is to change
the ligands. In view of the excellent catalytic activity of rare
earth metal complexes, a new type of rare earth metal dichloride
supported by a Trost proligand – an easier to obtain [ONONO]
proligand – was prepared and characterized, and further
investigations of the catalytic reactivities in the cycloaddition
reaction of CO2 and epoxides were conducted.

Results and discussion
Synthesis of complexes 1–5

According to previous work, a Trost proligand with a semicrown
structure was prepared using the commercially available
prolinol.15 Metathesis reaction of the Trost proligand with rare
earth metal precursors RE[N(SiMe3)2]Cl2 proceeded readily in
THF at room temperature and gave the corresponding rare
earth metal dichlorides 1–5 in high yields of 65–90%
(Scheme 1). The solid-state structures of complexes 1–5 were
characterized by X-ray diffraction analysis, and were determined
to be monomeric and isomorphic. Taking complex 1 as an
example (Fig. 1), the central metal samarium is six-coordinated
with two chlorine atoms and four oxygen atoms, which come
from the Trost ligand and a coordinated THF molecule. The
samarium atom is bonded in three ways, namely, a metal–
aryloxy s bond, a metal–alkoxy coordinate bond and a metal–
chlorine s bond. The average bond length of phenolato–Sm
bonds is 2.232(12) Å, similar to the data reported in the complex
[SmL2]{[(THF)3Li]2(m-Cl)} (H2L = (S)-2,4-di-tert-butyl-6-[[2-(hydroxy-
diphenylmethyl)pyrrolidinlyl]methyl]pheno) (2.239(5), 2.231(4) Å).16a

Considering the difference between the radius of the Sm(III) ion
and the Yb(III) ion, the bond lengths of Sm–alkoxy coordinate
bonds of 2.171(19) Å and 2.198(17) Å are comparable to the same
kind of Yb–O bond length (2.067(5) Å) of the complex [LYb(LH)].16b

The average bond length of Sm–Cl bonds in complex 1 (2.738 Å)
is longer than that of SmCl3(THF)4 (2.683 Å). On account of
the observation of a peak at 3377 cm�1, which is ascribed to the
stretching vibration of the hydroxyl O–H bond (Fig. 2), and the
acidity differences between the alcoholic hydroxyl and phenolic

hydroxyl groups, the retaining of alcoholic hydroxyl hydrogen
atoms in complex 1 was confirmed.

Catalytic reactivities

With the rare earth metal complexes 1–5 in hand, the cycload-
dition of CO2 and epoxides was investigated. Using epichloro-
hydrin 6a as the template substrate, the addition reaction with
CO2 was conducted neat under atmospheric pressure in the
presence of 1 mol% of the catalyst and 2 mol% of the co-
catalyst. The results are listed in Table 1.

All the complexes catalyzed the cyclic addition of CO2 to
epichlorohydrin at room temperature, when tetrabutylammonium
bromide (TBAB) acted as the co-catalyst. The decreasing order of
reactivity of complexes 1–5 complied with the decreasing ionic
radius (Sm(III) 4 Eu(III) 4 Y(III) 4 Yb(III) 4 Lu(III)), and complex 1
showed the highest reactivity (Table 1, entries 1–5). This isScheme 1 Synthesis of rare earth metal complexes 1–5.

Fig. 1 Solid-state structure of complex 1 showing 30% probability thermal
ellipsoids; for clarity, all other hydrogen atoms and solvent molecules are
omitted except for alcoholic hydroxyl hydrogen. Selected bond lengths [Å]
and bond angles [deg]: Sm1–O1 2.232(12), Sm1–O2 2.171(19), Sm1–
O3 2.198(17), Sm1–O4 2.466(12), Sm1–Cl1 2.737(6), and Sm1–Cl2 2.739(7);
O1–Sm1–O2 84.4(6), O1–Sm1–O3 86.0(6), O1–Sm1–O4 175.4(6), O2–
Sm1–O3 170.4(5), O1–Sm1–Cl1 93.2(4), O1–Sm1–Cl2 94.7(4), O4–Sm1–
Cl1 87.7(4), and O4–Sm1–Cl2 84.4(4).

Fig. 2 IR spectrum of complex 1.
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consistent with the previously reported pattern, that is, rare earth
metal complexes of larger ionic radii showed higher reactivities,
attributed to the larger open coordination sphere suitable for
substrate binding.8a,b,d Different co-catalysts, tetrabutylammonium
chloride (TBAC), bis(triphenylphosphine)iminium chloride
(PPNCl), and 4-dimethylaminopyridine (DMAP) were also tested,
and TBAB was proved to be the best performer (Table 1, entries
7–10). The decreasing reactivities, Br�4 I�4 Cl�, were observed,
presumably because of the balanced nucleophilicity and leaving
ability of the bromide anion. The reaction time and temperature
were screened subsequently (Table 1, entries 11–14). When the
reaction temperature was raised to 70 1C, quantitative conversion of
epichlorohydrin was achieved after 24 h (Table 1, entry 13). The
yield of carbonate 7a was slightly deceased to 95% if the reaction
time was shortened to 18 h (Table 1, entry 14). Meanwhile, TBAB
itself was found to have a catalytic effect on the reaction without
complex 1. The conversion of epichlorohydrin was 16% at room
temperature and 62% at 70 1C (Table 1, entries 6 and 15). However,
it is undeniable that the improvement was significant when the
combination catalysis of complex 1 and TBAB was tested (Table 1,
entries 1 vs. 6, and entries 13 vs. 15). Thus, the optimal conditions
were confirmed as follows: 1 mol% catalyst 1, 2 mol% co-catalyst
TBAB, 70 1C, 24 h, and 0.1 MPa CO2.

To study the scope of the cycloaddition, a series of mono-
substituted terminal epoxides were examined, and the results
are summarized in Table 2. In addition to the template substrate
epichlorohydrin 6a, simple monosubstituted epoxy compounds
such as epibromohydrin, propylene oxide and 1,2-epoxyhexane
(6b–6e) achieved quantitative conversion under the optimal
conditions. When the alkyl group of the epoxide contains a
double bond (6f), the cycloaddition reaction is also carried out
smoothly, and the yield of cyclocarbonate 7f is as high as 99%.

For epoxides with different alkyloxy substituents, the corres-
ponding cyclic carbonates 7h–7k were produced in excellent
yields, too, even including the ether subunit containing a
double or triple bond (7l and 7m). The epoxide containing
the morpholine ring yielded 89% of the cycloaddition product 7o;
meanwhile, the morpholine ring is maintained. Unfortunately,
for sterically hindered substrates, such as glycidyl 4-tert-
butylbenzoate, the yield of the corresponding cyclic ester 7p
is only 42%. When a binary monosubstituted epoxy subunit in
one molecule, such as 1,2,7,8-diepoxyoctane (6q), was tested,
the cycloaddition occurred at both sides in 65% yield.
Furthermore, when the reaction time was prolonged to 40 h,
the yield was increased to 93%. It is of note that substrate 6r, a
compound with a monosubstituted epoxy group together with a
1,2-disubstitued epoxy group, undergoes cycloaddition with
CO2 only at the monosubstituted side under the current
conditions. This indicates that the cycloaddition of the
disubstituted epoxide is more challenging. In order to test
again the necessity of complex 1, the cycloaddition of CO2 with
6g or 6r using TBAB as the catalyst was carried out, respectively.

Table 1 Screening of the catalytic conditions of the cycloaddition of CO2

with epichlorohydrin 6aa

Entry Cat. Co-cat. T/1C Conv.bc/%

1 1 TBAB 25 65
2 2 TBAB 25 42
3 3 TBAB 25 36
4 4 TBAB 25 34
5 5 TBAB 25 30
6 — TBAB 25 16
7 1 TBAI 25 60
8 1 TBAC 25 45
9 1 PPNCl 25 49
10 1 DMAP 25 60
11 1 TBAB 50 75
12 1 TBAB 60 92
13 1 TBAB 70 499
14d 1 TBAB 70 95
15 — TBAB 70 62

a Reaction conditions: 1 mol% catalyst and 2 mol% co-catalyst, for 24 h.
b Determined by 1H NMR spectroscopy. c Selectivities for the cyclic
carbonate products are all 499%. d 18 h.

Table 2 Cycloaddition of monosubstituted terminal epoxides and CO2

catalyzed by complex 1 and TBABabc

a Reaction conditions: 0.02 mmol complex 1, 0.04 mmol TBAB, 70 1C,
24 h, 0.1 MPa CO2 pressure, neat. b Isolated yield. c Selectivities for the
cyclic carbonate products are all 499%. d Without complex 1, deter-
mined by 1H NMR spectroscopy. e 40 h.
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As expected, the outcomes were very poor, at 20% for 7g and a
trace amount for 7r.

Subsequently, in order to realize the cycloaddition of
disubstituted epoxides with CO2, new catalytic conditions were
investigated. To our delight, by only elevating the CO2 pressure
to 0.7 MPa, the template substrate cyclohexene oxide 8a was
converted to the corresponding cyclic carbonate 9a in 80%
yield. The substrate scope of the disubstituted epoxides was
carried out and the results are listed in Table 3. The outcomes of
both geminal and adjacent disubstituted epoxides are satisfactory.
ortho-Disubstituted epoxides, such as 1,2-epoxy-4-vinyl cyclohexane
epoxy cyclopentane and 3,4-tetrahydrofuran epoxides, produced
the corresponding cyclic carbonates (9b–9d) in high yields
(80–89%). For gem-disubstituted epoxides, the yields of cyclic
carbonates (9e and 9f) are even better than those of the ortho-
disubstituted substrates under the same conditions. Compared
with those of the reported rare earth metal complexes, the
catalytic reactivities of the rare earth metal complexes bearing
the Trost ligand have not been significantly improved, and the
conditions for the synthesis of cyclic carbonates are similar to
those of the rare earth metal phenolates reported by Yao’s
group.14a,b

Catalyst recycling

In the cycloaddition reaction of CO2 and epoxide, the recycl-
ability of the catalyst is one of the important parameters to
evaluate the performance of the catalyst. To better understand
the stability of the catalyst during the reaction, the recyclable
reaction of epichlorohydrin 6a and CO2 catalyzed by complex 1
was investigated under atmospheric pressure using TBAB as the
co-catalyst. The product was isolated by vacuum distillation
after 24 h; subsequently, the catalyst was separated ready for

the next catalytic cycle. As shown in Fig. 3, complex 1 was
reused for three successive cycles with a negligible decline of
the conversion of 6a, from 99% to 95%, until the fourth cycle,
which showed a significant decrease in conversion to 86%.

Kinetic study

We conducted a kinetic study to further understand the catalytic
behavior of complex 1 for the cycloaddition reaction of epoxides
and CO2, using epichlorohydrin 6a as a model substrate and
1H NMR monitoring for 12 h (Fig. 4). The kinetic study showed
that the reaction has a first-order relationship between substrate
conversion and time, highlighting the catalyst stability under the
reaction conditions tested.

Mechanism

Based on previous reports on the formation mechanism of
cyclic carbonates17 and the present results, a possible mechanism
for the current system is proposed (Scheme 2). The epoxide is
activated by the samarium center of catalyst 1, and the bromide
anion in TBAB subsequently attacks the less hindered side of
the epoxide to generate the terminal alkoxide (A). Carbon
dioxide then inserts into the Sm–O bond, forming carbonate
intermediate (B). Finally, the cyclic carbonate is formed by

Table 3 Cycloaddition of disubstituted epoxides with CO2 catalyzed by
complex 1 and TBABab

a Reaction conditions: 0.06 mmol complex 1, 0.12 mmol TBAB, 70 1C,
24 h, 0.7 MPa CO2, neat. b Isolated yield.

Fig. 3 Recycling of complex 1. Reaction conditions: complex 1 (1 mol%),
TBAB (2 mol%), CO2 (0.1 MPa), 70 1C, and 24 h. Conversion of cyclic
carbonate 7a was determined by 1H NMR spectroscopy.

Fig. 4 Plot of ([6a]0/[6a]) against time. Reactions were carried out at 70 1C
neat in the presence of 0.1 MPa CO2 with 0.04 mmol TBAB and 0.02 mmol
complex 1. ([6a]0, initial concentration of epichlorohydrin 6a; [6a], the
concentration of 6a.).
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intramolecular nucleophilic attack, and complex 1 is released
for the next catalytic cycle.

Conclusions

In summary, a series of rare earth metal complexes (Sm (1), Eu
(2), Y (3), Yb (4), and Lu (5)) based on the Trost proligand were
prepared and well characterized. The investigation of the
catalytic reactivities in the cycloaddition reaction of carbon
dioxide with epoxides was carried out. Under mild conditions
(70 1C, 0.1 MPa CO2), Sm-based complex 1 showed excellent
reactivities in catalyzing the cycloaddition of CO2 and mono-
substituted terminal epoxides bearing different functional
groups in the presence of TBAB. Furthermore, disubstituted
epoxides were successfully transformed to the corresponding
cyclic carbonates at 70 1C, while elevation of pressure to 0.7
MPa CO2 is required. Recyclability tests of the catalytic system
and a kinetic study were conducted as well.

Experimental
Materials and instrumentation

All manipulations were performed under an argon atmosphere
using standard Schlenk techniques, except for ligand precursor
synthesis. Crystal data were collected on Gemini Atlas and Japan
Rigaku Saturn 724+ X-ray diffractometers. Structures were solved
and refined using the OLEX2 program. NMR (1H, 13C) spectra
were recorded using a Bruker Ascend 400 spectrometer. All the
epoxy compounds were purchased and dried with CaH2 and
distilled before use. Solvents, such as THF, DCM, and hexane,
were degassed and distilled over sodium benzophenone ketyl
before use. The Trost proligand was prepared according to
optimization of the literature methods.15

Experimental procedure

Synthesis of complexes 1–5. To a THF solution of the Trost
proligand (1 mmol), a solution of RE[N(SiMe3)2]Cl2 (1 mmol) in
THF was added slowly. The mixture was stirred overnight at
room temperature. After THF had been removed under

vacuum, the solid residue was washed with hexane to remove
HN(SiMe3)2. Crystals were obtained at room temperature from
a solution in a mixed solvent of DCM and THF.

Characteristic data of complexes 1–5

H2LSmCl2�THF (1). Colorless crystals, 0.71 g, yield 77%; IR
(KBr, cm�1) n 3381, 2960, 1477, 1448, 1382, 1066, 883, 748, 703;
anal. calcd for C47H53Cl2N2O4Sm�THF: C, 60.62; H, 5.74; N,
3.01. Found: C, 60.54; H, 5.69; N, 2.90.

H2LEuCl2�2THF (2). Colorless crystals, 0.60 g, yield 65%; IR
(KBr, cm�1) n 3381, 2972, 1479, 1450, 1380, 1043, 875, 752, 705;
anal. calcd for C47H53Cl2N2O4Eu�2THF: C, 60.96; H, 6.12; N,
2.79. Found: C, 61.32; H, 6.13; N, 2.86.

H2LYCl2�THF (3). Colorless crystals, 0.71 g, yield 82%;
1H NMR (400 MHz, DMSO-d6) d 7.96 (d, J = 7.8 Hz, 1H, ArH),
7.69 (d, J = 7.4 Hz, 4H, ArH), 7.58 (d, J = 7.8 Hz, 3H, ArH), 7.22
(m, 8H, ArH), 7.03 (m, 4H, ArH), 6.65–6.32 (m, 2H, ArH), 5.48 (s,
1H, OH), 4.07–3.68 (m, 2H, NCH2Ar), 3.41 (m, 1H, NCH), 3.20
(m, 2H, CH2, NCH2Ar), 2.82 (m, 1H, NCH), 2.65 (m, 2H, NCH2),
2.25 (m, 2H, NCH2), 2.04 (m, 3H, CH3), 1.98–1.77 (m, 2H, CH2),
1.63 (m, 2H, CH2), 1.51–1.35 (m, 4H, CH2). 13C NMR (101 MHz,
DMSO-d6) d 160.0, 154.6, 153.1, 148.8, 148.0, 147.9, 128.5,
128.1, 127.2, 126.6, 126.4, 126.2, 125.8, 125.1, 124.8, 124.2,
120.3, 81.0, 78.9, 77.9, 76.2, 70.7, 57.1, 54.6, 30.0, 29.4, 24.1,
23.8, 20.8, 20.5, 20.1. IR (KBr, cm�1) n 3356, 2970, 1485, 1450,
1380, 1049, 881, 748, 707. Anal. calcd for C47H53Cl2N2O4Y�THF:
C, 64.91; H, 6.14; N, 3.22. Found: C, 64.99; H, 6.22; N, 3.23.

H2LYbCl2�THF (4). Colorless crystals, 0.85g, yield 90%; IR
(KBr, cm�1) n 3404, 2970, 1487, 1444, 1382, 1064, 879, 748, 705;
anal. calcd for C47H53Cl2N2O4Yb�THF: C, 59.18; H, 5.60; N, 2.94.
Found: C, 58.82; H, 5.99; N, 2.55.

H2LLuCl2�2THF (5). Colorless crystals, 0.76 g, yield 80%;
1H NMR (400 MHz, DMSO-d6) d 7.96 (d, J = 7.7 Hz, 1H, ArH),
7.69 (d, J = 7.5 Hz, 4H, ArH), 7.58 (d, J = 7.8 Hz, 3H, ArH), 7.27
(d, J = 7.5 Hz, 8H, ArH), 7.14–6.92 (m, 4H, ArH), 6.70–6.32 (m,
2H, ArH), 5.47 (s, 1H, OH), 4.08–3.68 (m, 2H, NCH2Ar), 3.44 (m,
1H, NCH), 3.20 (s, 2H, NCH2Ar), 2.86 (m, 1H, NCH), 2.70 (m,
2H, NCH2), 2.33–2.08 (m, 2H, NCH2), 2.05 (m, 3H, CH3), 1.98–
1.79 (m, 2H, CH2), 1.61 (m, 2H, CH2), 1.47 (m, 4H, CH2); 13C
NMR (101 MHz, DMSO-d6) d 160.4, 154.7, 153.1, 148.9, 147.9,
128.1, 127.3, 126.4, 124.2, 120.3, 70.9, 70.7, 57.1, 29.4, 24.1,
20.2; IR (KBr, cm�1) n 3384, 2970, 1487, 1448, 1382, 1074, 877,
750, 705; anal. calcd for C47H53Cl2N2O4Lu�2THF: C, 59.59; H,
5.98; N, 2.73. Found: C, 59.38; H, 5.83; N, 3.01.

General procedure for cyclic carbonate synthesis under 0.1 MPa
CO2

In a typical experiment, complex 1 (18.6 mg, 0.02 mmol), TBAB
(12.8 mg, 0.04 mmol), and epichlorohydrin (156 mL, 2 mmol)
were added to a 5 mL flask equipped with a magnetic stirring
bar under argon. The round bottomed flask was then degassed
and filled with CO2. The mixture was heated at 70 1C for 24 h.
After the reaction, a drop of the resulting mixture was analyzed
by 1H NMR spectroscopy to determine the yield and selectivity.
Conversion was determined through comparing the integration
of the product and the yield. The analytically pure product was

Scheme 2 Proposed mechanism cycle for carbonate synthesis catalyzed
by complex 1.

NJC Paper

Pu
bl

is
he

d 
on

 1
5 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
by

 G
ot

eb
or

gs
 U

ni
ve

rs
ite

t o
n 

9/
1/

20
21

 4
:4

2:
13

 A
M

. 
View Article Online

https://doi.org/10.1039/d1nj02460d


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021 New J. Chem., 2021, 45, 13096–13103 |  13101

isolated by column chromatography (petroleum
ether : ethyl acetate = 1 : 10) and confirmed by comparison with
the literature data.4,6c,13h,14d–f

General procedure for the cycloaddition of CO2 to epoxides
under 0.7 MPa CO2

Reactions were carried out in a 100 mL stainless steel Parr
reactor with a stirring bar inside and a needle valve for injection.
Complex 1 (93 mg, 0.1 mmol) and TBAB (64 mg, 0.2 mmol) were
dissolved in the epoxides. The reactor was pressurized to
0.7 MPa with CO2, and heated at 70 1C for 24 h. The analytically
pure product was isolated by column chromatography
(petroleum ether and ethyl acetate) and confirmed by comparison
of 1H NMR spectra with the literature data.6c,14f

Catalyst recycling study

In a typical run, epichlorohydrin (185.0 mg, 2 mmol), complex 1
(18.6 mg, 0.02 mmol), and TBAB (12.8 mg, 0.04 mmol) were
placed in a Schlenk tube, to which a balloon charged with CO2

was connected. The reaction was heated at 70 1C for 24 h.
The resulting sample was analyzed using 1H NMR spectroscopy.
The product and reactant were separated from the catalytic
system by vacuum distillation under 110 1C. Fresh substrate
was added to the residue for the new run.

Characterization data of cyclic carbonates

4-Chloromethyl-1,3-dioxolan-2-one (7a)6c. Light yellow
liquid, 270.3 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d
5.00 (m, 1H, OCH), 4.60 (t, J = 8.6 Hz, 1H, OCH2), 4.41 (m,
1H, OCH2), 3.78 (m, 2H, ClCH2).

4-Bromomethyl-1,3-dioxolan-2-one (7b)13h. Light yellow
liquid, 358.3 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d
4.97 (m, 1H, OCH), 4.57 (m, 1H, OCH2), 4.32 (m, 1H, OCH2),
3.60 (m, 2H, Br CH2).

4-Methyl-1,3-dioxolan-2-one (7c)14d. Light yellow liquid,
202.1 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d 4.92–4.82
(m, 1H, CHO), 4.62–4.52 (t, J = 8.0 Hz, 1H, OCH2), 4.04 (t, J =
7.8 Hz, 1H, OCH2), 1.50 (m, 3H).

5-Ethyl-1,3-dioxolan-2-one (7d)13h. Light yellow liquid, 285.4 mg,
yield 99%; 1H NMR (400 MHz, CDCl3) d 4.71 (m, 1H, CHO), 4.54
(t, J = 8.0 Hz, 1H, OCH2), 4.08 (t, J = 7.8 Hz, 1H, OCH2), 1.77 (m, 2H,
CH2), 1.39 (m, 4H, CH2), 0.93 (t, J = 7.0 Hz, 3H, CH3).

4-Decylalkyl-1,3-dioxolan-2-one (7e)14e. Light yellow liquid,
452.0 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d 4.71 (m, 1H,
OCH), 4.52 (t, J = 8.0 Hz, 1H, OCH2), 4.06 (t, J = 7.8 Hz, 1H,
OCH2), 1.89–1.75 (m, 1H,), 1.74–1.64 (m, 1H), 1.50–1.42 (m,
1H), 1.29 (m, 15H), 0.87 (t, J = 7.0 Hz, 3H).

4-(3-Butenyl)-1,3-dioxolan-2-one (7f)4. Light yellow liquid,
281.4 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d 5.81 (m,
1H, CHQCH2), 5.16–5.02 (t, J = 13.8 Hz, 2H, CHQCH2), 4.75
(m, 1H, OCH), 4.55 (t, J = 8.2 Hz, 1H, OCH2), 4.15–4.05 (t, J =
7.8 Hz, 1H, OCH2), 2.23 (m, 2H, CH2CH2), 2.04–1.75 (m, 2H,
CH2CH2).

4-Phenyl-1,3-dioxolan-2-one (7g)14d. White solid, 288.9 mg,
yield 88%; 1H NMR (400 MHz, CDCl3) d 7.50–7.36 (m, 5H, ArH),

5.70 (t, J = 8.0 Hz, 1H, OCH), 4.83 (t, J = 8.4 Hz, 1H, OCH2), 4.37
(t, J = 8.2 Hz, 1H, OCH2).

4-(Phenoxymethyl)-1,3-dioxolan-2-one (7h)6c. White solid,
380.3 mg, yield 99%;1H NMR (400 MHz, CDCl3) d 7.31 (m,
2H, ArH), 7.02 (m, 1H, ArH), 6.91 (m, 2H, ArH), 5.03 (m, 1H,
OCH), 4.66–4.50 (m, 2H, OCH2), 4.28–4.11 (m, 2H, OCH2).

4-((Benzyloxy)methyl)-1,3-dioxolan-2-one (7i)14e. Light yellow
liquid, 426.6 mg, yield 95%; 1H NMR (400 MHz, CDCl3) d 7.35
(m, 5H, ArH), 4.87–4.79 (m, 1H, OCH), 4.62 (m, 2H, OCH2),
4.54–4.36 (m, 2H, OCH2), 3.69 (m, 2H, OCH2).

4-(Propoxymethyl)-1,3-dioxolan-2-one (7j)14e. Light yellow
liquid, 334.2 mg, yield 96%; 1H NMR (400 MHz, CDCl3) d
4.80 (m, 1H, OCH), 4.49 (t, J = 8.4 Hz, 1H, OCH2), 4.42–4.36
(t, J = 7.2 Hz, 1H, OCH2), 3.67 (m, 1H, CH2O), 3.61 (m, 1H,
CH2O), 3.51 (t, J = 6.6 Hz, 2H, OCH2), 1.56 (m, 2H, CH2–CH2),
1.36 (m, 2H, CH2–CH2), 0.92 (t, J = 7.4 Hz, 3H, CH3).

4-(Methoxymethyl)-1,3-dioxolan-2-one (7k)6c. Light yellow
liquid, 261.6 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d
4.87–4.79 (m, 1H, OCH), 4.50 (t, J = 8.4 Hz, 1H, OCH2), 4.41–
4.35 (t, J = 7.2 Hz, 1H, OCH2), 3.65 (m, 1H, OCH2O), 3.57 (m, 1H,
OCH2O), 3.43 (s, 3H, OCH3).

4-((Allyloxy)methyl)-1,3-dioxolan-2-one (7l)14d. Light yellow
liquid, 309.9 mg, yield 98%; 1H NMR (400 MHz, CDCl3) d
5.86 (m, 1H, CHQCH2), 5.32–5.18 (m, 2H, CH–CH2), 4.82 (m,
1H, OCH), 4.54 (t, J = 8.4 Hz, 1H, OCH2), 4.42–4.36 (t, J = 7.2 Hz,
1H, OCH2), 4.05 (m, 2H, OCH2), 3.65 (m, 2H, OCH2).

4-((Prop-2-yn-1-yloxy)methyl)-1,3-dioxolan-2-one (7m)14e.
Light yellow liquid, 256.0 mg, yield 82%; 1H NMR (400 MHz,
CDCl3) d 4.91–4.83 (m, 1H, OCH), 4.52 (t, J = 8.4 Hz, 1H, OCH2),
4.40 (t, J = 7.2 Hz, 1H, OCH2), 4.32–4.18 (m, 2H, CH2O), 3.85–
3.71 (m, 2H, CH2C), 2.50 (s, 1H, CCH).

4-Hydroxymethyl-1,3-dioxolan-2-one (7n)6c. Light yellow
liquid, 158.2 mg, yield 67%; 1H NMR (400 MHz, CDCl3) d
4.88–4.77 (m, 1H, OCH), 4.58–4.37 (m, 2H, OCH2), 3.99 (m,
1H, CH2OH), 3.74 (m, 1H, CH2OH).

4-(Morpholinomethyl)-1,3-dioxolan-2-one (7o)6c. Light
yellow liquid, 333.2 mg, yield 89%; 1H NMR (400 MHz, CDCl3)
d 4.84 (s, 1H, OCH), 4.52 (t, J = 8.3 Hz, 1H, OCH2), 4.27–4.19 (m,
1H, OCH2), 3.67 (d, J = 9.2 Hz, 4H, OCH2CH2N), 2.67 (d, J =
5.6 Hz, 2H, CH2), 2.55 (d, J = 9.4 Hz, 4H, OCH2CH2N).

(2-Oxo-1,3-dioxolan-4-yl)-methyl 4-(tert-butyl)benzoate (7p)6c.
Light yellow liquid, 233.7 mg, yield 42%; 1H NMR (400 MHz,
CDCl3) d 7.96 (d, J = 8.5 Hz, 2H, ArH), 7.48 (d, J = 8.5 Hz,
2H, ArH), 5.05 (s, 1H, OCH), 4.65–4.55 (m, 2H, OCH2), 4.53
(s, 1H, OCH2), 4.41 (d, J = 8.7 Hz, 1H, OCH2), 1.34 (s, 9H,
O(CH3)3).

4,4-(Butane-1,4-diyl)-bis-1,3-dioxolan-2-one (7q)6c. Light yellow
liquid, 299.2 mg, yield 65%; 1H NMR (400 MHz, CDCl3) d 4.73
(s, 2H, OCH2), 4.55 (s, 2H, OCH2), 4.08 (s, 2H, OCH2), 1.78 (d, J =
23.5 Hz, 4H, CH2CH2), 1.53 (d, J = 44.5 Hz, 4H, CH2CH2).

4-(7-Oxabicyclo[4.1.0]heptan-3-yl)-1,3-dioxolan-2-one (7r)14f.
Light yellow liquid, 276.2 mg, yield 75%; 1H NMR (400 MHz,
CDCl3) d 4.55–4.29 (m, 2H, OCH2), 4.15–4.02 (m, 1H, OCH),
3.10 (m 2H, OCH2), 2.17–0.95 (m, 7H, CH2).

1,2-Cyclohexane carbonate (cis-9a)6c. Light yellow liquid,
227.4 mg, yield 80%; 1H NMR (400 MHz, CDCl3) d 4.68
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(m, 2H, OCHCH2), 1.98–1.86 (m, 4H, OCHCH2), 1.67–1.59 (m,
2H, CH2), 1.42 (m, 2H, CH2).

5-Vinylhexahydrobenzo[d][1,3]dioxol-2-one (cis-9b)14f. Light
yellow liquid, 282.5 mg, yield 84%; 1H NMR (400 MHz, CDCl3) d
5.88–5.65 (m, 1H, CHQCH), 5.18–4.96 (m, 2H, CH), 4.934.58
(m, 2H, CHQCH2), 2.49–2.13 (m, 2H, CH2), 1.94 (m, 2H, CH2),
1.75–1.48 (m, 2H, CH2), 1.45–1.16 (m, 1H, CH).

Tetrahydro-4H-cyclopenta[d][1,3]dioxol-2-one (cis-9c)6c. Light
yellow liquid, 228.0 mg, yield 89%; 1H NMR (400 MHz, CDCl3) d
5.11 (m, 2H, OCHCH2), 2.15 (m 2H, CH2), 1.86–1.64 (m, 4H, CH2).

Tetrahydrofuro-4H-cyclopenta[d][1,3]dioxol-2-one (cis-9d)6c.
Pale yellow liquid, 217.8 mg, yield 85%; 1H NMR (400 MHz,
CDCl3) d 5.11 (s, 2H, OCH2), 4.23–4.20 (m, 2H, CH2), 3.54–3.51
(m, 2H, CH2).

4,4-Dimethyl-1,3-dioxolan-2-one (9e)6c. Light yellow liquid,
229.9 mg, yield 99%; 1H NMR (400 MHz, CDCl3) d 4.17 (s, 2H,
OCH2), 1.54 (s, 6H, CH3).

4-(Chloromethyl)-4-methyl-1,3-dioxolan-2-one (9f)14f. Light
yellow liquid, 271.0 mg, yield 90%; 1H NMR (400 MHz, CDCl3)
d 4.52 (d, J = 8.8 Hz, 1H, OCH2), 4.17 (d, J = 8.8 Hz, 1H, OCH2),
3.74 (d, J = 11.9 Hz, 1H, CH2Cl), 3.61 (d, J = 11.9 Hz, 1H, CH2Cl),
1.64 (s, 3H, CH3).
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