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A novel Re(I) complex covalently anchored with a pyrrolidi-

nium moiety was successfully synthesized and used as an

efficient and recyclable catalyst in the cycloaddition of CO2

with epoxides under mild reaction conditions to give excellent

isolated yield and selectivity of cyclic carbonates in pyrrolidi-

nium ionic liquid.

The development of efficient and recyclable catalytic systems to

convert atmospheric carbon dioxide (CO2) into useful chemicals

and fuels is an important research topic in recent years1 because

the accumulation of CO2 in the atmosphere causes serious

environmental problems including the greenhouse effect and

global warming. The use of electrochemical reduction and

chemical fixation to transform this greenhouse gas into high-

energy compounds and useful organic chemicals represents a

promising strategy.1a–c These chemical processes are, however,

usually performed in organic solvents and therefore the precious

catalysts cannot be recycled easily. Room-temperature ionic liquids

offer an alternative choice of medium for the transformation of

CO2 because of their high CO2 solubility,2 high conductivity, wide

electrochemical window and non-volatility.3 Moreover, the use of

ionic liquids as reaction media allows the catalysts to be recycled

efficiently. These advantageous properties, therefore, render ionic

liquids an ideal reaction medium compared to traditional organic

solvents for the transformation of CO2.
4 In order to catalyze this

reaction in ionic liquids, the catalyst must be preferentially soluble

in these media. An effective way to achieve this purpose is to

conjugate the catalyst with an ionic liquid moiety (Scheme 1).5

The activation of CO2 using transition metal complexes as

catalysts has been extensively studied.1,6 In particular, tricarbonyl

rhenium(I) bipyridine complexes have been found to be able to

catalyze the electro- and photo-chemical reduction of CO2

efficiently.7 Surprisingly, their applications in the chemical fixation

of CO2 with epoxides remain rare.8 As such, it is highly desirable

to explore the potential of the rhenium complexes in catalyzing the

activation and transformation of CO2 into useful organic

compounds such as cyclic carbonates, compounds that are widely

used in a variety of areas including the manufacture of monomers,

polar aprotic solvents, pharmaceutical, biomedical and fine

chemical intermediates.9

In this context, we report the use of a novel tricarbonyl

rhenium(I) complex 1, which is covalently associated with a

pyrrolidinium ionic liquid moiety, as a robust and efficient catalyst

for the chemical fixation of CO2 with various epoxides under low

pressure and temperature conditions. To the best of our knowl-

edge, complex 1 is the first recyclable rhenium catalyst designed for

the green synthesis of cyclic carbonates with CO2 with pyrrolidi-

nium bromide (2) as the reaction medium.

Complex 1 was first synthesized by refluxing Re(CO)5Cl

with 1-methyl-1-(3-N,N9-bis(2-pyridyl)propylamino)pyrrolidinium

iodide10 (L) in ethanol to give Re(CO)3(L)Cl. The complex was

then treated with an excess amount of silver triflate in ethanol,

giving a quantitative yield of 1 as the triflate salt, a non-

coordinating anion. The complex was characterized by NMR,

ESI-MS, and elemental analysis.{ The crystal structure of 1 reveals

that the pyrrolidinium ionic liquid moiety is covalently conjugated

with the rhenium(I) complex (Fig. 1). The rhenium(I) ion is

associated with the two pyridines of the ligand, an aquo molecule,

and three CO groups in a facial orientation, forming an octahedral

complex.12 The bond lengths in 1 agree with those of the

structurally similar fac-ReI(CO)3 bipyridine complexes.7 The two

Re–N bonds are very similar in length (2.18 Å), and the bond

angles of the metal centre with the coordinated atoms of the

ligands fall in the range of 80–96u, indicating that the complex

adopts a slightly distorted octahedral geometry. This observation

implies that the anchored pyrrolidinium ionic liquid moiety does

not affect significantly the structure of the complex.

The ability of 1 to catalyze the chemical fixation of CO2 with

1,2-epoxy-3-phenoxypropane in the ionic liquid of pyrrolidinium

bromide11 was studied. With 0.8 mol% of 1 (relative to the

epoxide), this complex was found to be able to convert the epoxide

into 3-phenoxy-1,2-propylene carbonate in the presence of CO2

(1.0 MPa) with 66% conversion and over 99% selectivity for cyclic

carbonate within 0.5 h at 80 uC (Table 1). When increasing the

reaction time to 1 h under the same conditions, the conversion was
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Scheme 1 Structure of complex 1 and pyrrolidinium bromide 2.
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remarkably increased to 95%. When the CO2 pressure was reduced

to 0.5 MPa, the conversion dropped to 82% (entry 3).

Nevertheless, the reaction was found to be completed within 1 h

at 80 uC when the pressure of CO2 was increased to 1.5 MPa

(Table 1, entry 5). These results indicate that complex 1 is a very

efficient catalyst for the synthesis of cyclic carbonates in ionic

liquids under mild reaction conditions.

We then investigated the possibility of recycling complex 1 in the

synthetic process. The complex was used to catalyze the

cycloaddition of 1,2-epoxy-3-phenoxypropane with CO2 for

10 cycles, and the extent of conversion of the epoxide was

examined. Surprisingly, both the extents of conversion of the

epoxide in the 1st and 10th experiments were found to be very

similar (95%, Table 1: entry 6), indicating that there was no

significant loss of catalysts in the product extraction processes. The

crude product was characterized by both GC-MS and NMR to

examine the selectivity of the reaction and the purity of the product

in each experiment. As shown in the NMR spectrum (Fig. 2(B)), a

new carbon signal given by the carbonate product appears at

154.7 ppm. This signal, however, does not appear in the NMR

spectrum of the reactant. For comparison, a control experiment

was also performed in which the 2,29-dipyridylamine tricarbonyl

rhenium(I) complex was used as the catalyst. Under similar

conditions, this complex was found to be able to catalyze the

cycloaddition but the recyclability was much poorer (conversion

reduced to 88% at the 4th cycle) compared to complex 1 due to the

leaching of catalysts in the product extraction processes. These

observations, therefore, suggest that the anchored pyrrolidinium

moiety in complex 1 can effectively minimize the loss of the

catalyst compared to the pyrrolidinium-free complex.

As expected, complex 1 can also catalyze the cycloaddition of

other terminal epoxides with CO2 under mild reaction conditions

in the ionic liquid. Epoxides that are highly polar (e.g.

epichlorohydrin and glycidyl methacrylate) give excellent conver-

sion efficiencies (100%) and isolated yields (99%) within 1 h

(Table 2, entries 1 and 2). Styrene oxide was found to be less

reactive, presumably due to the steric hindrance of the phenyl

group; only 86% conversion was obtained in the first hour (Table 2:

entry 3). When this reaction was allowed to proceed for another

2 h, the conversion was increased to 95% with high selectivity for

cyclic carbonate (.99%). For the aliphatic terminal epoxide 1,2-

epoxyhexane, this molecule, which is relatively non-polar, shows

only moderate reactivity (Table 2: entry 5). For the low boiling

epoxide such as propylene oxide, only 13% of propylene carbonate

was obtained after 1 h under the same reaction conditions. This is

because at 1.5 MPa and 80 uC propylene oxide exists as a gas and

most of which probably stays in the headspace region of the

reaction vessel. The cycloaddition of cyclic epoxides such as

cyclohexene oxide was much less efficient compared to the others;

the conversion was found to be less than 30% even though the

reaction was allowed to proceed for 2 h. The mechanism of the

cycloaddition of epoxides with CO2 catalyzed by complex 1

probably follows that proposed for Re(CO)5Br,8 in which

oxidative addition of epoxide to the Re-catalyst to give a cyclic

oxorhenium intermediate was followed by insertion of CO2 into

the Re–O bond, and finally reductive elimination to produce cyclic

carbonate. As shown in Table 1 (entry 4), the ionic liquid itself can

catalyze the reaction through a Lewis-acid mechanism4c with the

assistance of Br2 as the nucleophile, though the conversion is

much lower. Whether the formation of cyclic carbonates in this

study occurs via the catalysis of Re-catalyst only or a combination

of both catalytic pathways cannot be differentiated at this stage.

In conclusion, we have successfully prepared a new tricarbonyl

rhenium(I) complex covalently associated with a pyrrolidinium

ionic liquid moiety. This complex can serve as an efficient and

Table 1 Cycloaddition of 1,2-epoxy-3-phenoxypropane with CO2

catalyzed by 1 at different pressures using 2 as the reaction mediuma

Entry Catalyst (mol%) Pressureb/MPa Time/h Conv.c/%

1 0.8 1.0 0.5 66
2 0.8 1.0 1 95
3 0.8 0.5 1 82
4 — 1.0 1 36
5 0.8 1.5 1 98
6d 0.8 1.5 1 95 (10th cycle)
a Reaction conditions: epoxide (2.5 mmol, 340 mL), ionic liquid 2
(2.5 mmol, 520 mg), temperature: 80 uC. b CO2 was charged directly
into an autoclave at room temperature and atmosphere.
c Determined by GC-MS. The selectivity for cyclic carbonates were
over 99% in all cases. d Conversion of the 10th experiment in the
recycling studies.

Fig. 2 13C NMR spectra of (A) the reactant and (B) the crude product

collected in the 10th experiment.

Fig. 1 X-Ray crystal structure of 1 (30% probability chosen for the

ellipsoids, O9A atom is at equivalent position (x 2 1, K 2 y, z 2 1/2) of

O9 atom).
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recyclable catalyst for the green synthesis of cyclic carbonates with

CO2 in pyrrolidinium ionic liquids under low temperature and

pressure conditions. Moreover, the metal complex can be recycled

efficiently in the synthetic process.
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Table 2 Catalytic cycloaddition of CO2 (1.5 MPa) with different
terminal epoxides at 80 uCa

Entry Epoxide Time/h Conversionb (%) Yieldc (%)

1 1 100 99

2 1 100 99

3 1 86 86

4 2 95 94

5 2 80 79

6 1 — 13

a Reaction conditions: epoxide (2.5 mmol, 340 mL), catalyst 1
(0.8 mol%), ionic liquid 2 (2.5 mmol, 520 mg). CO2 (1.5 MPa) was
charged directly into an autoclave at room temperature and
atmosphere. b Determined by GC-MS. c Isolated yield based on
2.5 mmol of epoxides.
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