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N-Heterocyclic carbene functionalized MCM-41 as an efficient catalyst for
chemical fixation of carbon dioxide†
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N-Heterocyclic carbene (NHC) functionalized MCM-41 was synthesized by reacting
1,3-bis-(4-allyl-2,6-diisopropylphenyl) imidazolium chloride with MCM-41 using
3-mercaptopropyltrimethoxysilane as silane coupling agent, and its CO2 adduct (designated as
MCM-41-IPr-CO2) was further synthesized by the reaction with CO2. In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) was used to investigate the reversible CO2

capture-release ability of MCM-41-NHC. MCM-41-IPr-CO2 adduct proved to be an efficient
heterogeneous catalyst for the cycloaddition of CO2 to epoxides or aziridines with excellent
regioselectivity under mild conditions. Moreover, the catalyst could be recovered easily through a
simple filtration process and reused multiple times without obvious loss in activity, owing to CO2

as protective group for effectively stabilizing the NHC anchored on MCM-41.

Introduction

Chemical fixation of carbon dioxide into desirable, economically
competitive products has attracted much attention in the last few
decades due to economic and environmental benefits arising
from the utilization of renewable sources and the growing
concern of the greenhouse effect.1–5 One of the most promising
ways that effectively utilizes CO2 is the synthesis of cyclic
carbonates through the coupling reaction with epoxides.6,7 This
100% atom economical reaction has been a commercial process
for producing cyclic propylene and ethylene carbonates for over
fifty years.8 Numerous homogeneous and heterogeneous catalyst
systems associated with metal complexes,9–24 organic bases or
ammonium salts,25–28 metal oxides,29–31 have been developed for
this transformation.

Although nucleophilic organic bases or quaternary organic
ammonium salts show activity for catalyzing the coupling of
CO2 with epoxides, the activation of CO2 during the reaction
is not clear. On the contrary, it is generally known that
NHC as a nucleophile can activate CO2 to form imidazolium
carboxylates (designated as NHC–CO2 adduct),32,33 in which
the angle of the O–C–O bond is close to 130◦, indicating a
strong activation of CO2. However, the application of such
carboxylates has been limited to the preparation of precursors to
NHC-metal complexes,34,35 halogen-free ionic liquids36 and some
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stoichiometric transcarboxylation reactions.37,38 CO2 chemical
transformation catalyzed by NHC is rare.39–41 According to
recent research on the thermal stability of NHC–CO2, we found
that NHC could effectively activate CO2 and catalyze the cou-
pling reaction of CO2 with epoxides to give the corresponding
cyclic carbonates in excellent yields (Scheme 1).42

Scheme 1 Activation of CO2 and chemical conversion by the coupling
with epoxides catalyzed by N-heterocyclic carbene.

Homogeneous catalysts regarding NHC often pose a serious
threat to the practical utility due to difficulties in catalyst
separation from the mixture of product and solvents. Recent
developments on the mesoporous material MCM-41 provided a
new possible candidate for a solid support for immobilization of
homogeneous catalysts.43 MCM-41 has a regular pore diameter
and a specific surface area more than 700 m2g-1.44 Its large pore
size allows passage of large molecules through the pores to reach
to the surface of the channel.45–47 It is generally believed that high
surface area of heterogeneous catalysts results in high catalytic
activity.

Based on the understanding described above, herein, we
report the synthesis of novel heterogeneous catalyst containing
NHC anchored in MCM-41, as well as its application for CO2

activation and further chemical transformation.
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Scheme 2 Synthesis of MCM-41-supported N-heterocyclic carbene.

Results and discussion

As shown in Scheme 2, 1,3-bis-(2,6-diisopropylphenyl)
imidazol-2-ylidene (IPr) functionalized MCM-41 (designated
as MCM-41-IPr) was prepared by reacting 1,3-bis-(4-allyl-2,6-
diisopropylphenyl) imidazolium chloride with MCM-41 using
3-mercaptopropyltrimethoxysilane as silane coupling agent, and
its CO2 adduct was further synthesized by the reaction with CO2.
The successful incorporation of N-heterocyclic carbene moiety
was confirmed by elemental analysis (0.46 mmol g-1).

Reversible CO2 fixation by NHC was observed both in
solution and solid state. Usually, CO2 is captured by NHC at
relatively low temperatures less than 100 ◦C, and the activated
CO2 is easily released by heating. We have recently demonstrated
that a reversible system for efficient trap and release of CO2 by
1-benzyl-3-(2,6-diisopropylphenyl)imidazol -2-ylidene (IBnPr)
attached to polymer side chains, which exhibited higher CO2

fixing efficiency (57% CO2 fixing efficiency with a CO2 flow 40
mL min-1 at 40 ◦C for 60 min) than the previously reported
amine-functionalized polymers.48

CO2 capture ability of IPr was evaluated by thermogravimetric
analysis (TGA) under the same experimental conditions. Fig. 1
shows that 72.5% fixing efficiency could be found within 100
min. This result indicates that IPr could be more efficient in
CO2 capture than IBnPr. The reversible CO2 fixation-release
behavior of MCM-41-IPr was evaluated as a highly-efficient
CO2 adsorbent.

Fig. 2 displays in situ DRIFTS difference spectra that
record the reversible trap and release of CO2 by MCM-41-IPr.
Initial MCM-41-IPr-CO2 spectrum was recorded at 120 ◦C as
background (curve a). 1662 cm-1 is attributable to asymmetric
v(CO2) vibration of MCM-41-IPr-CO2. When increasing the

Fig. 1 CO2 fixing efficiency of IPr monitored by TGA.

temperature to 180 ◦C, a band at 1662 cm-1 was observed and
grew rapidly (curves b and d) which indicated that MCM-41-
IPr-CO2 decarboxylated upon heating. When the temperature
was reduced to 40 ◦C and CO2 was introduced, the intensity
of the band at 1662 cm-1 was obviously weakened, almost
recovering its initial position (curves c and e). The experimental
process was repeated twice under the same conditions. This
demonstrated that MCM-41-IPr could effectively trap CO2 at
relatively low temperatures and release the activated CO2 at
enhanced temperatures reversibly.

During our previous investigations, we found that the five-
membered cyclic carbonates could be obtained in excellent yield
from IPr-CO2 adduct (0.5 mol%) catalyzed coupling reaction of
epoxides with CO2 under mild conditions (2.0 MPa CO2, 120 ◦C,
24 h).42 Therefore, this coupling was also used as model reaction

This journal is © The Royal Society of Chemistry 2011 Green Chem., 2011, 13, 644–650 | 645
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Fig. 2 DRIFTS difference spectra recorded the reversible binding CO2

behavior of MCM-41-IPr. (a) 120 ◦C, N2: 200 mL min-1, background;
(b) (d) 180 ◦C, N2: 200 mL min-1, CO2 release of MCM-41-IPr-CO2; (c)
(e) 40 ◦C, CO2: 200 mL min-1, CO2 activation of MCM-41-IPr.

to evaluate the activity of MCM-41-IPr-CO2, as heterogeneous
NHC catalyst, in CO2 chemical fixation.

To our delight, MCM-41-IPr-CO2 proved to be an effective
catalyst for the coupling reaction of CO2 with propylene oxide
(Table 1 entries 1 and 2). Complete conversion of propylene
oxide was achieved in 48 h at 120 ◦C with a low catalyst loading of
0.5 mol% MCM-41-IPr-CO2, and no by-product was observed
in the resulting product by means of 1H NMR analysis. As
expected, the rate is less than that in the reaction carried out
with the homogeneous IPr-CO2 as catalyst, suggesting that the
MCM-41-supported catalyst suffered from diffusion resistance.
For comparison purposes, we also tested the catalytic activity of
free IPr for this reaction. A similar activity in comparison with
its CO2 adduct (IPR-CO2) was observed at the same conditions.
Indeed, when the system temperature is less than 120 ◦C, in the
presence of free CO2, MCM-41-IPr rapidly reacts with CO2 to
form the corresponding CO2 adduct (MCM-41-IPr-CO2).

Table 1 Coupling of epoxides with CO2 catalyzed by MCM-41-IPr-
CO2

a

Entry –R Time (h) Yield (%)b

1 –Me 24 72
2 –Me 48 100
3 –Et 48 95
4 –nBu 48 90
5 –Ph 48 87
6 –Mec 48 100

a Typical reaction conditions: 50 mmol epoxides, 0.5 mol% MCM-41-
IPr-CO2, 4 mL CH2Cl2, 2.0 MPa CO2. b Yield determined by 1H NMR
spectroscopy. c (R)-Propylene oxide.

Table 2 MCM-41-IPr-CO2 recycling studies in the coupling of CO2

with 1,2-butylene oxidea

Entry Catalyst cycleb Yield (%)c

1 Fresh 95
2 1 94
3 2 92
4 3 91

a Reaction conditions: 50 mmol 1,2-butylene oxide, 0.5 mol% MCM-41-
IPr-CO2, 4 mL CH2Cl2, 2.0 MPa CO2 at 120 ◦C for 48 h. b No additional
MCM-41-IPr-CO2 was added in the recycling experiments. c Yield (%)
of product determined using 1H-NMR.

We further investigated the reactions using a variety of
monosubstituted terminal epoxides as the substrates under the
same conditions, and the results are outlined in Table 1 (entries
3–5). The coupling reaction of CO2 with epoxides proceeded
smoothly to give the corresponding cyclic carbonates in good to
excellent yields with 100% selectivity. Recently, Barbarini and
coworkers reported 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
functionalized MCM-41 as catalyst for the coupling of styrene
oxide with CO2,25 and 90% yield was obtained at 140 ◦C within
70 h.

To test the regiochemistry regarding epoxide ring-opening in
this reaction, we also performed the coupling reaction of (R)-
propylene oxide with CO2 under the same conditions (entry 6),
and found that the corresponding (R)-propylene carbonate was
obtained in 100% yield with retention of stereochemistry. This
indicates that the nucleophilic attack of the carboxylate anion
exclusively occurs at the less sterically hindered carbon atom of
the terminal epoxide.

Furthermore, the more important investigation on the re-
cyclability of MCM-41-IPr-CO2 was also performed using
1,2-butylene oxide as the substrate at the optimized reaction
conditions (Table 2). In each cycle, the catalyst MCM-41-IPr-
CO2 could be easily recovered by simple filtration and rinse
with THF, respectively. After drying, the recovered catalyst was
reused for the next run. It is generally known that free NHC
shows air and moisture sensitivity. We were delighted to find
that MCM-41-IPr-CO2 was very stable, retaining high activity
and selectivity even after three recycles without any addition
of fresh catalyst. The stability of IPr-CO2 adduct anchored in
MCM-41 was also confirmed by FT-IR analysis. As shown in
Fig. 3, the recyclable catalyst showed obvious vibration at 1662
cm-1 similar to the fresh MCM-41-IPr-CO2. It should ascribe
to the bound CO2 as a protective group of NHC, which avoids
the decomposition of NHC during filtration and washing with
THF.

Encouraged by the successful results of CO2-fixation using
epoxides, we next extended the scope of this catalytic system.
Very recently, Ikariya and co-wokers reported the carboxylative
cyclization of propargylic alcohols with CO2 catalyzed by NHC–
CO2 (5 mol%) to form cyclic carbonates under mild reaction
conditions (2.5–10 MPa CO2, 40–100 ◦C, 15 h).41 Among
NHC, IPr showed lower catalytic activity due to the negative
effect of the electron-withdrawing aryl substituents on the NHC
nitrogen atoms. In contrast, MCM-41-IPr (5 mol%) exhibited
higher catalytic activity and 15% yield could be obtained with a
temperature increase to 120 ◦C (2.0 MPa CO2, 24 h).

646 | Green Chem., 2011, 13, 644–650 This journal is © The Royal Society of Chemistry 2011
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Fig. 3 FT-IR spectra of catalyst after recycle.

Further investigations on substitutes find that N-substituted
aziridines could be effectively transformed to oxazolidinones
with CO2 catalyzed by MCM-41-IPr. In contrast with the anal-
ogous epoxides/CO2 coupling, the carboxylation of aziridines
with CO2 could proceed in the more mild conditions and the
results were summarized in Table 3. It is worth mentioning that 5-
aryl-2-oxazolidinones were preferentially formed under the iden-
tical reaction conditions. Variation of temperature (80–120 ◦C)
had no influence on the regioselectivity of oxazolidinones (Table
3, entries 1–3). While the regioselectivity can be significantly
enhanced from 65 : 35 to an exclusive generation of 5-substituted
oxazolidinones (entries 1 and 4–6) as the alkyl substituent at the
nitrogen atom is augmented. 1-cHex-2-phenylaziridine afforded
lower yield (80%) under same experimental conditions which
may result from the high steric hindrance of nitrogen atom.49

As for the cycloaddition mechanism of CO2 with epoxides
or aziridines catalyzed by MCM-41-IPr-CO2, we speculated a
mechanism shown in Scheme 3. The zwitterionic moiety IPr-
CO2 on MCM-41 firstly attacks the strained three-membered

Table 3 Coupling of N-substituted aziridines with CO2 catalyzed by
MCM-41-IPr-CO2

a

Entry –R T/◦C
Conv.
(%)b

Isolated
yield (%)c

Regioselectivity
(%)d

1 –Me 80 >99 95 65 : 35
2 –Me 100 >99 94 64 : 36
3 –Me 120 >99 94 64 : 36
4 –Et 80 >99 92 92 : 8
5 –Bn 100 >99 94 100
6 –cHex 100 83 80 100

a Reaction conditions: aziridines (2 mmol), MCM-41-IPr-CO2 (20 mg),
CH2Cl2 1.5 mL. b Determined by GC using biphenyl as an internal stan-
dard. c The total yield of 4-substituted oxazolidinones and 5-substituted
oxazolidinones. d Molar ratio of 5-substituted oxazolidinones to 4-
substituted oxazolidinones, determined by 1H NMR.

heterocyclic rings to generate the new zwitterion. Then the nucle-
ophilic attacks of the formed oxy or nitrogen anions toward the
carbon atom of carbonyl group produced cyclic carbonates or
oxazolidinones by intramolecular cyclic elimination. Finally, the
produced MCM-41-IPr quickly reacted with CO2 to regenerate
MCM-41-IPr-CO2 adduct.

Conclusions

In summary, MCM-41-IPr is endowed with multi-ability for
CO2 activation and chemical conversion. In situ DRIFTS
demonstrated its reversible binding with CO2. MCM-41-IPr-
CO2 adduct was found to be an efficient heterogeneous catalyst
for the cycloaddition of CO2 to epoxides or aziridines with
excellent regioselectivity. Moreover, it could be recovered easily
through a simple filtration process and reused multiple times
without significant loss in catalytic activity owing to CO2 as a
protective group.

Experimental

All air or water sensitive reactions were carried out under
nitrogen using standard Schlenk-line techniques. Epoxides were
dried over calcium hydride and fractionally distilled under a
nitrogen atmosphere prior to use. Carbon dioxide (99.999%)
was purchased from Dalian Institute of Special Gases and used
as received. Tetrahydrofuran was distilled under N2 atmosphere
from sodium/benzophenone. Methylene chloride and acetoni-
trile were distilled from calcium hydride under N2 atmosphere.
N,N-Dimethylformamide was distilled under N2 atmosphere
from powdered BaO.

1H NMR and 13C NMR spectra were recorded on a Varian
INOVA-400 MHz type (1H, 400 MHz) spectrometer. Their peak
frequencies were referenced versus an internal standard (TMS)
shifts at 0 ppm for 1H NMR and against the solvent, chloroform-
d at 77.0 ppm for 13C NMR, respectively.

LC-MS were performed on a Thermo Finnigan LCQ Ad-
vantage spectrometer in ESI model-I (ESI-MS) with spray
voltage 4.8 KV and atmospheric pressure chemical ionization
(APCI-MS). High resolution mass spectrometry (HRMS) were
recorded on a Q-TOF mass spectrometry (Micromass, Wythen-
shawe, UK) equipped with Z-spray ionization source.

Thermo-gravimetric analyses were measured on Mettler-
Toledo TGA/SDTA851e.

Stereoconfiguration of propylene carbonate, which was syn-
thesized by the coupling reaction of (R)-propylene oxide with
CO2 catalyzed by MCM-41-IPr-CO2, was determined by chiral
capillary GC analysis (GC column, 2,6-dibutyl-3-butyryl-b-
Cyclodex, 30 m ¥ 0.25 mm id ¥ 0.25 m m film; injection T =
250 ◦C; detection T = 250 ◦C) using a Hewlett Packard 5890
Gas Chromatograph with N2 as a carry gas.

Preparation of 4-Allyl-2,6-diisopropylaniline

4-Allyl-2,6-diisopropylaniline was prepared according to the
literature.50 1H NMR (CDCl3, 400 MHz): d 6.85 (s, 2H, ArH),
5.96–5.98 (m, 1H, CH CH2), 5.03–5.10 (m, 2H, CH CH2),
3.65 (s, 2H, NH2), 3.32 (d, 2H, J = 7.2 Hz, Ph–CH2), 2.89–2.94
(m, 2H, CH(CH3)2), 1.27 (d, 12H, J = 6.8 Hz, CH(CH3)2).

This journal is © The Royal Society of Chemistry 2011 Green Chem., 2011, 13, 644–650 | 647
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Preparation of N ,N ¢-bis-(4-allyl-2,6-diisopropyl-phenyl)
ethanediimine (1)

A 50 mL round-bottom flask was charged with 4-allyl-2,6-
diisopropylaniline(1.8 g, 8.2 mmol), 40% aqueous solution of
glyoxal (0.6 g, 4.1 mmol) and 30 mL of absolute isopropyl
alcohol. A few drops of formic acid were added as catalyst. The
color of the reaction mixture turned from colorless to yellow
gradually, and a yellow precipitate appeared after a few hours.
The reaction mixture was stirred over night and the yellow solid
was collected by filtration and purified by silica gel column
chromatography (eluent : petroleum ether/EtOAc = 20 : 1) to
give the corresponding 1 as a yellow solid (1.77 g, 94% yield).
1H NMR (CDCl3, 400 MHz): d 8.08 (s, 2H, N CH), 6.99 (s,
4H, ArH), 5.96–6.04 (m, 2H, CH CH2), 5.08–5.15 (m, 4H,
CH CH2), 3.40 (d, 4H, J = 6.8 Hz, ArCH2), 2.89–2.96 (m, 4H,
CH(CH3)2), 1.18 (d, 24H, J = 6.8 Hz, CH(CH3)2).

Preparation of 1,3-bis-(4-allyl-2,6-diisopropyl-phenyl)
imidazolium chloride (2)

Under N2, a 100 mL three-neck round-bottomed flask was
charged with chloromethylethyl ether (0.96 mL, 10.4 mmol) in
20 mL THF. To this solution was added a solution of N,N¢-bis-
(4-allyl-2,6-diisopropylphenyl)ethanediimine (2.4 g, 5.2 mmol)
in 20 mL THF and 2 drops of water. The reaction mixture
was stirred at 40 ◦C for 16 h during which time the color

of the reaction mixture turned brown and a white precipitate
appeared. The precipitate was collected by filtration and purified
by silica gel column chromatography (eluent: CH2Cl2–EtOH =
10 : 1) to give the corresponding 2 as a white solid (1.04 g, 40%
yield). 1H NMR (CDCl3, 400 MHz): d 9.94 (s, 1H, NC(HCl)N),
8.12 (s, 2H, N CH), 7.14 (s, 4H, ArH), 5.92–6.03 (m, 2H,
CH CH2), 5.14–5.19 (m, 4H, CH CH2), 3.47 (d, 4H, J =
6.4 Hz, ArCH2), 2.40–2.44 (m, 4H, CH(CH3)2), 1.25 (d, 24H,
J = 6.8 Hz, CH(CH3)2). 13C NMR (CDCl3, 100 MHz): d 144.95,
138.71, 129.28, 128.04, 125.45, 117.31, 40.20, 39.95, 29.03, 24.45,
23.78. HRMS (m/z) Calcd. for C33H45ClN2: 504.3271, found:
469.3838 (M–Cl)+.

Preparation of MCM-41-IPr-HCl (3)

Under N2, a solution of 1,3-bis-(4-allyl-2,6-diisopropyl-
phenyl)imidazolium chloride (0.78 g, 1.50 mmol) and 3-
mercaptopropyltrimethoxysilane (0.9 mL, 3.0 mmol) in previ-
ously deaerated anhydrous MeCN (10 mL) was stirred at 70 ◦C
for 4 h in the presence of 2,2¢-azobisisobutyronitrile (AIBN,
120 mg, 0.75 mmol) as radical initiator. Then the solvent was
removed under reduced pressure and previously dehydrated
MCM-41 (1.5 g) and DMF (30 mL) were added to reactor.
The suspension stirred at 110 ◦C for 24 h. The solid was
filtered and soxhlet extracted with CHCl3 for 6 h. Anal. Calcd.
for loading amount of IPr-HCl groups (based on N analysis):
0.46 mmol g-1.

Scheme 3 Possible mechanism for the reaction of CO2 with epoxides or aziridines catalyzed by MCM-41-IPr-CO2.

648 | Green Chem., 2011, 13, 644–650 This journal is © The Royal Society of Chemistry 2011
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Preparation of MCM-41-IPr-CO2 (5)

Under N2, 100 mL three-neck round-bottomed flask was
charged with MCM-41-IPr-HCl (1.0 g), THF (30 mL) and
potassium bis (trimethylsilyl)amide (1.25 mL, 0.91 M in THF).
High purity CO2 gas (99.999%) was bubbled into the solution.
The suspension was stirred 4 h at room temperature, filtered
and washed with THF (3 ¥ 10 mL). Then the product was dried
under high vacuum. FT-IR v(C O): 1662 cm-1 (KBr disc).

Preparation of aziridines

All of the aziridines were synthesized according to the following
literature procedures.49,51

1-Methyl-2-phenylaziridine. 1H NMR (400 MHz, CDCl3): d
7.19–7.30 (m, 5H, Ph–H), 2.47 (s, 3H, -CH3), 2.25 (dd, 1H, J =
3.2 Hz, J = 3.2 Hz, Ph–CH), 1.89 (d, 1H, J = 3.2 Hz, N–CH2),
1.61 (d, 1H, J = 3.2 Hz, N–CH2). 13C NMR (100 MHz, CDCl3):
d 140.20, 128.27, 125.94, 47.92, 42.30, 39.35.

1-Ethyl-2-phenylaziridine. 1H NMR (400 MHz, CDCl3): d
7.18–7.31 (m, 5H, Ph–H), 2.44 (q, 2H, J = 8.0 Hz, -CH2CH3),
2.30 (dd, 1H, J = 4.0 Hz, J = 4.0 Hz, Ph–CH), 1.89 (d, 1H, J =
4.0 Hz, CH–N–CH2), 1.64 (d, 1H, J = 8.0 Hz, CH–N–CH2),
1.19 (t, 3H, J = 8.0 Hz, -CH3). 13C NMR (100 MHz, CDCl3): d
128.23, 127.96, 126.75, 126.13, 55.86, 41.12, 37.56, 14.46.

1-Benzyl-2-phenylaziridine. 1H NMR (400 MHz, CDCl3): d
7.18–7.33 (m, 10H, Ph–H), 3.68 (ABq, 2H, JAB = 16.0 Hz, Ph–
CH2), 2.50 (q, J = 4.0 Hz, Ph–CH), 1.99 (d, 1H, J = 4.0 Hz,
CH–N–CH2), 1.86 (d, 1H, J = 8.0 Hz, CH–N–CH2). 13C NMR
(100 MHz, CDCl3): d 140.09, 139.08, 128.49, 128.34, 127.82,
126.96, 126.87, 126.23, 64.73, 41.50, 37.94.

1-Cyclohexyl-2-phenylaziridine. 1H NMR (400 MHz,
CDCl3): d 7.18–7.30 (m, 5H, Ph–H), 2.35 (dd, 1H, J = 4.0 Hz,
J = 4.0 Hz, Ph–CH), 1.19–1.85 (m, 13H, cHex-H). 13C NMR
(100 MHz, CDCl3): d 140.65, 128.18, 126.65, 126.42, 69.72,
40.11, 35.90, 32.96, 32.28, 26.12, 24.87, 24.84.

DRIFTS experiment of MCM-41-IPr-CO2

The DRIFTS spectra were carried out using a Bruker Equinox
55 FT-IR spectrometer. Temperature was controlled with a
thermocouple. MCM-41-IPr-CO2 was loaded into the DRIFTS
cell and flushed with N2 (200 mL min-1) for 30 min and the
temperature of the system was raised at a rate of 20 ◦C min-1

to 120 ◦C. The background spectra were recorded and then
temperature was increased to 180 ◦C. After 1 h, the temperature
was reduced to 40 ◦C. Then CO2 was introduced with a flow
rate of 200 mL min-1 for 30 min. The process was repeated twice
under the same conditions. The spectra were recorded every
minute.

General procedure of MCM-41-IPr-CO2 catalyzed coupling
reaction

In a typical procedure, MCM-41-IPr-CO2 firstly was placed in
a pre-dried 40 mL autoclave. After the autoclave was sealed, it
was degassed and purged with high purity N2 three times. Then
substrates (epoxides or aziridines) and CH2Cl2 were added to
autoclave under N2 and the autoclave was closed and pressurized

with 2.0 MPa CO2. The reaction was carried out at a desired
temperature for some time with continuous stirring. Then, the
autoclave was cooled, and the excess CO2 was slowly vented. The
yields of target products were determined by 1H NMR analysis
and GC.

Recycling experiment of MCM-41-IPr-CO2

MCM-41-IPr-CO2 (0.5 g, 0.25 mmol IPr-CO2 moiety) was
placed in a pre-dried 40 mL autoclave. After the autoclave was
sealed, it was degassed and purged with high purity N2 three
times. Then 50 mmol of 1,2-butylene oxide and 4 mL of CH2Cl2

were added to autoclave under N2 and the autoclave was closed
and pressurized with 2.0 MPa CO2. The reaction was carried out
at 120 ◦C for 48 h with continuous stirring. Then, the autoclave
was cooled, and the excess CO2 was slowly vented. The yield
of 1,2-butylene carbonate was determined by 1H NMR analysis.
The reaction mixture was filtered and washed with THF (50 mL)
under N2. The recovered MCM-41-IPr-CO2 was dried under
vacuum and directly used for the next run.

Characterization of carbonates and oxazolidinones

Propylene carbonate. 1H NMR (400 MHz, CDCl3): d 4.82–
4.87 (m, 1H, CH), 4.55 (t, 1H, J = 8.0 Hz), 4.03 (t, 1H, J =
8.0 Hz, CH), 1.51 (d, 3H, J = 6.4 Hz, CH3). 13C NMR (100 MHz,
CDCl3): d 155.34, 73.84, 70.85, 19.34. FT-IR v(C O): 1801 cm-1

(Film).

1,2-Butene carbonate. 1H NMR (400 MHz, CDCl3): d 4.54
(t, 1H, J = 8.1 Hz, CH), 4.13 (dd, 1H, J = 8.1 Hz), 1.74–1.95 (m,
2H, CH2), 1.0 (t, 3H, J = 7.1 Hz). 13C NMR (100 MHz, CDCl3):
d 155.91, 78.82, 69.84, 27.65, 9.22. FT-IR v(C O): 1795 cm-1

(Film).

1,2-Hexene carbonate. 1H NMR (400 MHz, CDCl3): d 4.67–
4.74 (m, 1H, CH), 4.53 (t, 1H, J = 8.2 Hz, CH), 4.07 (dd, 1H, J =
8.2 Hz, CH), 1.60–2.0 (m, 6H, CH2), 0.91 (t, 3H, J = 7.1 Hz). 13C
NMR (100 MHz, CDCl3): d 155.53, 77.45, 69.72, 33.75, 26.63,
22.55, 14.02. FT-IR v(C O): 1802 cm-1 (Film).

Phenyl ethylene carbonate. 1H NMR (400 MHz, CDCl3): d
7.26–7.47 (m, 5H, ArH), 5.67 (t, 1H, J = 8.0 Hz, ArCH), 4.79
(t, 1H, J = 8.0 Hz, CH), 4.34 (t, 1H, J = 8.0 Hz). 13C NMR
(100 MHz, CDCl3): d 154.83, 135.74, 129.64, 129.12, 125.85,
71.12. FT-IR v(C O): 1755 cm-1 (KBr disc).

3-Methyl-5-phenyloxazolidin-2-one. 1H NMR (400 MHz,
CDCl3): d 7.35–7.42 (m, 5H, Ph–H), 5.48 (t, 1H, J = 8.0 Hz,
Ph–CH), 3.92 (t, J = 8.0 Hz, -CHCH2-), 3.45 (t, J = 8.0 Hz,
-CHCH2-), 2.93 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): d
158.33, 138.81, 129.01, 128.92, 125.65, 74.29, 54.58, 31.11. ESI-
MS calcd. for C10H11NO2, 177.1, found 178.1 (M+H)+, 200.1
(M+Na)+, 377.0 (2 M + Na)+. FT-IR v(C O): 1754 cm-1 (Film).

3-Methyl-4-phenyloxazolidin-2-one. 1H NMR (400 MHz,
CDCl3): d 7.30–7.69 (m, 5H, Ph–H), 4.52–4.78 (m, 2H, Ph–CH
and -CHCH2-), 4.05–4.12 (dd, 1H, J = 8.0 Hz, -CHCH2-), 2.71
(s, 3H, –CH3). 13C NMR (100 MHz, CDCl3): d 158.80, 137.79,
129.49, 129.25, 127.00, 69.89, 62.31, 29.42. ESI-MS calcd. for
C10H11NO2, 177.1, found 200.1 (M+Na)+, 377.2 (2 M + Na)+.
FT-IR v(C O): 1764 cm-1 (Film).

This journal is © The Royal Society of Chemistry 2011 Green Chem., 2011, 13, 644–650 | 649
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3-Ethyl-5-phenyloxazolidin-2-one. 1H NMR (400 MHz,
CDCl3): d 7.27–7.43 (m, 5H, Ph–H), 5.49 (t, 1H, J = 8.0 Hz,
Ph–CH), 3.93 (t, 1H, J = 8.0 Hz, CH–CH2), 3.29–3.46 (m, 3H,
CH–CH2 and -CH2CH3), 1.18 (t, 3H, J = 8.0 Hz, -CH2CH3).
13C NMR (100 MHz, CDCl3): d 157.80, 138.97, 128.90, 125.64,
74.43, 51.73, 39.04, 12.72. ESI-MS calcd. for C11H13NO2, 191.1,
found 192.1 (M+H)+, 214.1 (M+Na)+, 405.2 (2 M + Na)+. FT-
IR v(C O): 1747 cm-1 (Film).

3-Ethyl-4-phenyloxazolidin-2-one. 1H NMR (400 MHz,
CDCl3): d 7.30–7.44 (m, 5H, Ph–H), 4.81 (t, 1H, J = 8.0 Hz,
Ph–CH), 4.62 (t, 1H, J = 8.0 Hz, CH–CH2), 4.10 (t, 1H, J =
8.0 Hz, CH–CH2), 3.48–3.57 (m, 1H, -CH2CH3), 2.80–2.89 (m,
1H, -CH2CH3), 1.05 (t, 3H, J = 8.0 Hz, -CH2CH3). 13C NMR
(100 MHz, CDCl3): d 158.42, 137.89, 129.45, 129.24, 127.36,
70.01, 59.53, 37.04, 12.19. ESI-MS calcd. for C11H13NO2, 191.1,
found 192.1 (M+H)+, 214.1 (M+Na)+. FT-IR v(C O): 1757
cm-1 (Film).

3-Benzyl-5-phenyloxazolidin-2-one. 1H NMR (400 MHz,
CDCl3): d 7.27–7.35 (m, 10H, Ph–H), 5.43 (t, 1H, J = 8.0 HZ,
Ph–CH), 4.45 (ABq, 2H, JAB = 20.0 Hz, Ph–CH2), 3.74 (t, 1H,
J = 8.0 Hz, CH–N–CH2), 3.28 (t, 1H, J = 8.0 Hz, CH–N–CH2).
13C NMR (100 MHz, CDCl3): d 157.96, 138.56, 135.61, 128.85,
128.13, 128.02, 125.53, 74.51, 51.48, 48.31. ESI-MS calcd. for
C16H15NO2, 253.1, found 254.1 (M+H)+, 276.0 (M+Na)+, 292.0
(M+K)+. FT-IR v(C O): 1736 cm-1 (KBr disc).

3-Cyclohexyl-5-phenyloxazolidin-2-one. 1H NMR
(400 MHz, CDCl3): d 7.33–7.39 (m, 5H, Ph–H), 5.46 (t,
1H, J = 8.0 Hz, Ph–CH), 3.88 (t, 1H, J = 8.0 Hz, CH–N–
CH2), 3.74 (m, 1H, CH–N–CH2), 3.39 (t, 1H, J = 8.0 Hz,
CH–N–CH2), 1.0–1.9 (m, 10 H, cHex-H). 13C NMR (100 MHz,
CDCl3): d 157.27, 139.14, 128.92, 128.76, 125.53, 74.63, 52.63,
48.38, 32.36, 30.14, 25.43, 25.36, 25.34. ESI-MS calcd. for
C15H19NO2, 245.1, found 246.1 (M+H)+, 268.1 (M+Na)+, 284.0
(M+K)+, 491.2 (2 M + H)+, 513.3 (2 M + Na)+, 529.3 (2 M +
K)+. FT-IR v(C O): 1746 cm-1 (KBr disc).
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