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A quaternary ammonium bromide covalently bound to
polyethylene glycol (PEG, MW ) 6000), i.e., PEG6000-
(NBu3Br)2, was found to be an efficient and recyclable
catalyst for the cycloaddition reaction of aziridines to CO2

under mild conditions without utilization of additional
organic solvents or cocatalysts. As a result, 5-aryl-2-oxazo-
lidinone was obtained in high yield with excellent regiose-
lectivity. The catalyst worked well for a wide variety of
1-alkyl-2-arylaziridines. Besides, the catalyst could be re-
covered by centrifugation and reused without significant loss
of catalytic activity and selectivity.

Oxazolidinones are important heterocyclic compounds show-
ing a large application as intermediates1 and chiral auxiliaries2

in organic synthesis. Cyclic carbamates like 5-substituted
oxazolidinones are often employed as fragments in biologically
active materials for pharmaceutical and agricultural uses.3 There
are three main synthetic strategies starting from C1 resources:
(i) carbonylation of amino alcohols with phosgene, CO, etc.;4

(ii) reaction of propargylamines or propargylic alcohols with

CO2;5 and (iii) insertion of CO2 into the aziridines moiety.6

Methods ii and iii utilizing CO2 as a feedstock, which is an
abundant, nontoxic, and cheap C1 building block, are promising
from a green chemistry perspective.7 In this respect, numerous
homogeneous catalysts have currently been developed for the
cycloaddition reaction of aziridines to CO2, such as a dual-
component system, viz., SalenCr(III)/DMAP6f or Phenol/
DMAP,6g alkali metal halide,6c–e or the tetraalkylammonium
halide system.6d Particularly, iodine was extremely active for
this reaction under supercritical CO2 (scCO2) conditions.6b,h In
addition, the cycloaddition of aziridines to CO2 also proceeded
smoothly under electrochemical reaction conditions.6a Nonethe-
less, toxic organic solvents and cocatalysts are generally required
to achieve high yields, along with a limited substrate scope in
those above-mentioned cases. Therefore, the recyclability of the
catalysts and product separation and developing highly effective
catalysts for regioselective synthesis of 5-substituted-2-oxazoli-
nones are still important issues to be addressed.

As catalyst recycling is often a vital problem in homogeneous
catalysis efficient recycling concepts have to be developed. To
preserve the benefits of a homogeneous catalyst while co-opting
the primary benefits of a heterogeneous catalyst, one strategy
is to graft the active species onto an insoluble support, whereby
the catalyst can be readily separated from the reaction mixture
by filtration. Notably, An appealing methodology would employ
a CO2-philic support for the reaction such that the supported
catalyst dissolves during the reaction and can precipitate
quantitatively at the separation stage. The most commonly used
parameters to induce the precipitation are temperature, solvent,
polarity, and pH of the solution. In this context, PEG should
be an excellent candidate, being regarded as an environmentally
benign medium for chemical reactions.8 We envisioned that a
functionalized PEG, with a quaternary ammonium salt as a
catalytically active species being covalently grafted onto PEG,
could be utilized as an active and recyclable homogeneous
catalyst for oxazolidinone synthesis from aziridine and CO2. In
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the present work, we would like to report the use of
PEG6000(NBu3Br)2 gave rise to a high yield and regioselectivity
for 5-substituted-2-oxazolidinone synthesis under mild condi-
tions, without the need of any additives. Furthermore, the
catalyst is quite efficacious for a wide scope of substrates under
organic solvent-free conditions.

The cycloaddition reaction of aziridines with CO2 was
conducted in a batch-wise operation in the presence of 0.25
mol % of the catalyst relative to the initial amount of substrate.
1-Ethyl-2-phenylaziridine (1a) was chosen as the standard
substrate to investigate suitable reaction conditions for the
desired reaction. The results are summarized in Table 1. Without
any catalyst or in the presence of 30 mg of PEG6000 alone, the
coupling reaction of 1a/CO2 did not occur at all (entries 1 and
2). Bu4NBr itself showed low catalytic activity in the carboxy-
lation of 1a with CO2 (entry 3). A mixture of Bu4NBr with
PEG6000 has higher catalytic activity than the unsupported
ammonium salt, i.e., Bu4NBr (entry 4 vs 3). Interestingly,
PEG6000(NBu3Br)2 actually has higher catalytic activity than the
unsupported quaternary ammonium (Bu4NBr), even more ef-
fective than the simple physical mixture of Bu4NBr with PEG6000

under the identical conditions (Table 1, entry 5 vs entries 3 and
4). The enhancement of catalytic performance for the PEG-
supported ammonium salt is presumably attributed to the benefits

from changes in the physical properties8 of the reaction mixture,
such as low viscosity and increased solubility for the reactants.
Consequently, the ammonium salt can be considered as the
active species for the reaction and supporting Bu4NBr on the
CO2-expandable polymer8d,9 improves the catalytic activity.
Note that 5-aryl-2-oxazolidinone (2a) was preferentially formed
with high regioselectivities in all cases listed in Table 1. The
major isomer, i.e., 2a, corresponds to the incorporation of CO2

at the more sterically hindered side of the monosubstituted
aziridine; in other words, the more substituted carbon-nitrogen
is predominately carboxylated.

It is worth mentioning that the turnover frequency (TOF, 3394
h-1) of PEG6000(NBu3Br)2 was attained under reaction conditions
much higher than those of the most active catalysts like I2

6h

and LiBr6e for the aziridine/CO2 reaction (entry 5 vs entries 6
and 7). The only byproducts of this reaction were trace amounts
of 1,4-diethyl-2,5-diphenylpiperazine (4a) and 1,4-diethyl-2,3-
diphenylpiperazine (5a) being detected by MS and 1H NMR
(see the Supporting Information). In other words, excellent
chemoselectivity was attained in this catalytic process.

Shown in Figure 1 is the activity of PEG6000(NBu3Br)2 as a
function of CO2 pressure in the reaction of CO2 and 1a. As is
easily seen, pressure has a great influence on the reaction rate
with variation of CO2 pressure from 1 to 8 MPa. On the other
hand, the reaction rate slightly changes from 8 to 15 MPa.
However, the reaction rate dramatically decreases with further
increase in CO2 pressure. Excessive CO2 pressure may cause a
low concentration of aziridine in the vicinity of the catalyst,
thus resulting in a low reaction rate.10

Figure 2 shows the temperature dependence on the yield of
oxazolidinones. The yield of 2a increases sharply with a

(8) (a) Annunziata, R.; Benaglia, M.; Cinquini, M.; Cozzi, F.; Tocco, G.
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TABLE 1. Carboxylation of Aziridine into Oxazolidinonea

entry catalyst t (min) yield (%)b regio-sel (%)c TOF (h-1)d

1 5 trace
2e PEG6000 5 trace
3 Bu4NBr 5 6 94:6 274
4 Bu4NBr/PEG6000 5 38 91:9 1805
5 PEG6000(NBu3Br)2 5 71 93:7 3394
6f I2 5 88 96:4 2575
7g LiBr 5 94 94:6 1416
8 PEG6000(NBu3Br)2 10 89 92:8 2126
9 PEG6000(NBu3Br)2 15 93 93:7 1490
10 PEG6000(NBu3Br)2 20 98 92:8 1162
11h PEG6000(NBu3Br)2 20 97 92:8 1170
12i PEG6000(NBu3Br)2 20 96 96:4 1157

a Reaction conditions: catalyst (0.005 mmol, 0.25 mol % with respect
to 1a), 1a (294 mg, 2 mmol), CO2 8 MPa, 100 °C. b The total yield of
2a and 3a, determined by GC with biphenyl as an internal standard.
c Molar ratio of 2a to 3a. d Turnover frequency (TOF): sum of moles of
2a and 3a produced per mole of catalyst per hour. e PEG (30 mg) alone.
f Catalyst: I2, 2.1 mg, 0.008 mmol, 0.4 mol % relative to 1a. g Catalyst:
LiBr, 1.4 mg, 0.016 mmol, 0.8 mol % with regard to 1a. h The second
run of the catalyst recovered from entry 10 (fresh catalyst). i The third
run of the reused catalyst.

FIGURE 1. Plot of TOF as a function of CO2 pressure for the reaction
of CO2 and 1a. Reaction conditions: PEG6000(NBu3Br)2 (32.4 mg, 0.005
mmol), 1a (294 mg, 2 mmol), 100 °C, 20 min.

FIGURE 2. Reaction temperature dependence of yield and chemose-
lectivity with PEG6000(NBu3Br)2 as a catalyst. Reaction conditions:
PEG6000(NBu3Br)2 (32.4 mg, 0.005 mmol), 1a (294 mg, 2 mmol), 8
MPa, 20 min.
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temperature increase from 60 to 100 °C, with no significant
change in yield observed from 100 to 120 °C. A further increase
in temperature causes a slight decrease in the chemoselectivity,
due to facile formation of piperazines 4a and 5a at a higher
temperature. Accordingly, 100 °C is suitable for conducting the
reaction at a reasonable rate.

It is worth mentioning that variation of temperature and
pressure had no influence on the regioselectivity of 2a ,which
remained over 92% in all cases. Furthermore, the catalyst
PEG6000(NBu3Br)2 can be recovered by centrifugation11and
reused for the next run with excellent activity (entries 11 and
12, Table 1).

To demonstrate the utility and generality of this approach,
we examined the cycloaddition reactions of various aziridines
(1a-p) with CO2 by performing the reaction under the given
conditions. The results are listed in Table 2. It is found that the
reactions of aziridines (1a, 1b, 1d, and 1e) bearing alkyl groups
at the nitrogen atom proceeded smoothly and good yields were

achieved within about 20 min (entries 1, 2, 4, and 5, Table 2).
However, 2-phenylaziridine (1c) displayed a relatively low
selectivity probably due to the formation of self-oligomers as
detected by GC-MS (entry 3). The substrates 1g-n bearing a
branched alkyl group at the nitrogen atom showed in slower
reaction rate, presumably due to the steric interactions in terms
of reaction mechanistic consideration (Scheme 1). Nonetheless,
excellent results except for 1g were also obtained at a prolonged
reaction time (entries 7-14). With regard to regioselectivity,
the nature of the R1 group is a crucial factor in dominating the
selectivity of the reaction, as has been previously reported.6b If
R1 is an aryl group, product 2 is favored, whereas if R1 is an
alkyl group, product 3 is favored. It seems to be shown that the
regioselectivity can be significantly enhanced from 86:14 (2:3)
to an exclusive generation of 2 (entries 3 and 7-10) as the alkyl
substituent at the nitrogen atom is augmented. On the other hand,
an electron-donating group on the C1-aryl group gave a faster
reaction rate than the presence of an electron-withdrawing group
(entry 13 vs 14) to accelerating this reaction. Interestingly, the
4-substituted oxazolidinone 3o was preferentially produced in
a molar ratio of 80:20 (3o to 2o) when R1 at the carbon atom
is an alkyl group, which would be explained by the proposed
mechanism as outlined in Scheme 1 (entry 15). It is also noted
that 1,2,4,5-tetraphenylpiperazine and 1,2,3,4-tetraphenylpip-
erazine were formed, as detected by LC-MS, when both R and
R1 in the substrate 1 are phenyl groups (entry 16).

On the basis of the experiment results, a possible mechanism
for the PEG6000(NBu3Br)2-catalyzed cycloaddition of CO2 with
aziridine was proposed as shown in Scheme 1. This proposal is
analogous to that of the LiI-catalyzed version for the same
reaction.6c The mechanism involves three steps: coordination
of CO2 to aziridine (step I), then ring opening of the aziridine
through two different pathways as represented by paths a and
b mainly depending on the nature of the R1 group with alkyl
substitution at the N-position (step II), and subsequent cycliza-
tion via an intramolecular nucleophilic attack leading to
oxazolidinones and regeneration of the catalyst (step III). In
this respect, the following observation supports our hypothesis.
The rate dependence on the steric effect of the R group on the
nitrogen atom shown in Table 2 implies that the coordination
of CO2 to the aziridine(I) is a reversible step in the catalytic
cycle and the substrates with less sterically hindered R would
be favorable for the coordination with CO2, thus resulting in
higher reaction rate compared with those substrates with more
sterically hindered R. This proposed mechanism could also
account for the effect of the R1 substituent on the selective
formation of 2 or 3. As deduced from Scheme 1, if R1 is an
aryl group, the intermediate A would be more stable than B
and thus 2 would be predominantly formed; in contrast, if R1

is an alkyl group, B would be favored, which in turn results in
dominantly producing 3. Furthermore, the reaction of (S)-1-

(11) After the reaction, Et2O (2 × 4 mL) was added to the reaction mixture;
the catalyst was then precipitated and separated by centrifugation.

SCHEME 1. A Putative Mechanism

TABLE 2. Substrate Scopea

entry substrate time
conv
(%)b

isolated
yield (%)c

regioselectivity
(%)d

1 1a 20 min >99 95 92:8
2 1b 15 min >99 83 93:7
3 1c 15 min >99 59 86:14
4 1d 20 min 99 89 93:7
5 1e 25 min >99 94 91:9
6 1f 45 min >99 >99 96:4
7 1g 72 h 50 49 100
8 1h 24 h >99 96 99:1
9 1i 14h >99 93 96:4
10 1j 12 h >99 91 91:9
11 1k 11 h >99 88 94:6
12 1l 10 h 97 94 99:1
13 1m 10 h >99 94 99:1
14 1n 15 h >99 95 100
15 1o 1 h 99 88 20:80
16e 1p 24 h 100

a Reaction conditions: PEG6000(NBu3Br)2 (32.4 mg, 0.005 mmol),
substrate (2 mmol), CO2 8 MPa, 100 °C. b Determined by GC. c The total
yield of 2 and 3. d Molar ratio of 2 to 3. e 1,2,4,5-Tetraphenylpiperazine and
1,2,3,4-tetraphenylpiperazine were detected by LC-MS.
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butyl-2-phenylaziridine (S-1e)12 with CO2 in the presence of
0.25 mol % PEG6000(NBu3Br)2 (Scheme 2) affords S-2e in
91.4% yield and S-3e in 8.6% yield with retention of
stereochemistry,13,14 further supporting the above mechanism
where there is a double inversion of stereochemistry at the chiral
carbon center, which is attacked. In addition, Scheme 1 can
also be used to rationalize the dependence of the reaction on
CO2 pressure in the range of 1 to 8 MPa (Figure 1). As Scheme
1 suggests, the coordination of CO2 with aziridine would be a
reversible step in the catalytic cycle. Therefore, a higher CO2

pressure could be favorable for the CO2 coordination leading
to the desired product and suppressing the formation of 4a and
5a.

In conclusion, we developed an efficient and recyclable
catalyst for high selective synthesis of 5-substituted-2-oxazo-
lidinones from CO2 and various aziridines without any added
organic solvents or cocatalysts. It is also found that selective
formation 5-substituted-2-oxazolidinone 2 or 4-substituted
isomer 3 relies on R1 at the carbon of the substrate when R is
a fixed alkyl group. To our knowledge, the PEG-supported
ammonium catalyst system is one of the most efficient catalyst
systems to date for this carboxylation reaction under mild
conditions. One of the salient features of this protocol would
be that the catalyst can be readily recovered by centrifugation
and reused with retention of high catalytic activity and regi-
oselectivities. This process represents a pathway for the
environmentally benign chemical fixation of CO2 to afford
5-substituted-2-oxazolidinones.

Experimental Section

General Procedure for Carboxylation of Aziridine with
CO2. A 25 mL autoclave reactor was charged with catalyst
PEG6000(NBu3Br)2 (32.4 mg, 0.005 mmol) and aziridine (2 mmol).
CO2 was introduced into the autoclave and then the mixture was
stirred at 100 °C for 5 min to allow equilibration. Finally, the
pressure was adjusted to 8 MPa and the mixture was stirred
continuously. When the reaction was finished, the reactor was
cooled in ice-water and CO2 was ejected slowly. An aliquot of
sample was taken from the resultant mixture and dissolved in
CH2Cl2 for GC analysis. The residue was purified by column
chromatography on silica gel (200-300 mesh, eluting with 8:1 to
1:1 petroleum ether/ethyl acetate) to afford the desired product.
The products were further identified by NMR and MS (see the
Supporting Information), which are consistent with those reported
in the literature6f,15 and in good agreement with the assigned
structures.

3-Ethyl-5-phenyloxazolidin-2-one (2a). Colorless liquid; 1H
NMR (300 MHz, CDCl3) δ 1.17 (t, 3J ) 7.2 Hz, 3H), 3.29-3.45
(m, 3H), 3.92 (t, 3J ) 8.7 Hz, 1H), 5.48 (t, 3J ) 7.8 Hz, 1H),
7.34-7.42 (m, 5H); 13C NMR (75 MHz, CDCl3) δ 12.4, 38.8, 51.5,
74.2, 125.4, 128.6, 128.8, 138.8, 157.5; MS (ESI) calcd for
C11H13NO2 191.09, found 192.29 (M + H)+, 214.38 (M + Na)+,
405.01 (2 M + Na)+; HRMS calcd for C11H13NO2 (M + H)+

192.1019, found 192.1015.
3-Ethyl-4-phenyloxazolidin-2-one (3a). Colorless liquid; 1H

NMR (400 MHz, CDCl3) δ 1.05 (t, 3J ) 7.2 Hz, 3H), 2.79-2.88
(m, 1H), 3.48-3.57 (m, 1H), 4.10 (t, 3J ) 8.0 Hz, 1H), 4.62 (t, 3J
) 8.8 Hz, 1H), 4.81 (t, 3J ) 7.2 Hz, 1H), 7.30-7.44 (m, 5H); 13C
NMR (75 MHz, CDCl3) δ 12.1, 36.8, 59.3, 69.7, 126.9, 129.0,
129.2, 137.8, 158.1; MS (ESI) calcd for C11H13NO2 191.09, found
192.29 (M + H)+, 214.38 (M + Na)+, 405.01 (2 M + Na)+; HRMS
calcd for C11H13NO2 (M + H)+ 192.1019, found 192.1015.
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SCHEME 2. Carboxylation of (S)-1-Butyl-2-phenylaziridine
into Oxazolidinone
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