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Abstract—The chemical fixation of CO, with mono-substituted terminal epoxides or cyclohexene oxide to form cyclic carbonates
under the ZnCl,/[BMIm]Br catalyst system without using additional organic solvents was achieved in excellent selectivity (>98%)
and TOF (5410h~") and the catalyst could be used six times almost without losing its catalytic activity and selectivity. Besides,
the pure cis-cyclic carbonate of cyclohexene oxide was obtained in this catalyst system.

© 2004 Elsevier Ltd. All rights reserved.

The search for environmentally benign and economic
process has been the impetus for much of the research
involving epoxide and carbon dioxide coupling in view
of the so called ‘green chemistry’ and ‘atom economy’,
since CO, is a renewable resource and can be used
as a safe and cheap CI1 building block to synthesize
useful organic compounds without producing any co-
products.'?

One of the most attractive synthetic goals starting from
carbon dioxide is the chemical fixation of CO, onto
epoxide to afford the five-membered cyclic carbonates,
which are excellent aprotic polar solvents and are used
extensively as intermediates in the production of phar-
maceuticals and fine chemicals.? In the last decades of
the 20th century numerous catalytic systems have been
developed for this transformation. While some advances
have been obtained, all suffer from either low catalyst
stability/reactivity, the need for co-solvent, or the
requirement for high pressure and/or catalyst costing
expensive.* Therefore, to find an effective, not expensive,
environmentally benign and economic catalyst system is
urgent.

Herein we wish to report an extremely simple, not
expensive, highly efficient and environmentally benign
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route to cyclic carbonate from the reactions of epoxide
with carbon dioxide under mild reaction conditions.

Kim and co-workers reported a zinc pyridine complex
for the coupling reactions of carbon dioxide and
epoxides, but the catalytic reactivity is not too high.’
Enlightened by these reports, we firstly investigated the
zinc imidazolium complex (MIm,ZnCl,) in the cycload-
dition between carbon dioxide and propylene oxide (1a),
only trace propylene carbonate (2a) was obtained
(Table 1, entry 1). But we delightfully found that the
corresponding cyclic carbonate could be formed with
37% yield in the presence of ZnCl,, 3-methylimidazole,
and 1-bromobutane (Table 1, entry 2). This drastically
different result caused us to believe that the additional
I-bromobutane played a crucial role in this catalyst
system, since the zinc imidazolium complex has no reac-
tion activity in this reaction. So we think that the
[BMIm]Br transformed in situ from 3-methyl-imidazole
and 1-bromobutane with ZnCl, efficiently co-catalyzed
this reaction. When the synthesized [BMIm]Br (1-but-
yl-3-methylimidazolium bromine salt) was utilized as
co-catalyst with ZnCl, in the system, the cyclic carbon-
ate was formed in extremely excellent yield (95%)
and moles of propylene carbonate produced per mole
of catalyst (TOF =5410h~") under mild conditions
(1.5MPa CO,, 100°C, 1h) (Table 1, entry 6). It is impor-
tant to note that the [BMIm]Br by itself only shows very
low catalytic activity (8% yield) (Table 1, entry 3). These
result led us to believe that the combination of ZnCl,
and [BMIm]Br could highly efficient co-catalyzed this
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Table 1. Effect of reaction parameters on the coupling of carbon dioxide and propylene oxide’?

o]
/& + CO ZnCly o)ko
[BMIM]X
(1a) (X=Br, Cl, BF4, PFg) (2a)
Entry Catalyst Temperature (°C) Yield (%)® TOF
1 [MIm,ZnCl,] 100 Tr* —
2 ZnCly/MIm/n-BuBr¢ 100 37 2111
3 [BMIm]Br® 100 8 456
4 ZnCl,/[BMIm]Brf 100 60 3417
5 ZnCl,/[BMIm]Br® 100 79 4500
6 ZnCly/[BMIm|]Br 100 95 5410
7 ZnCl,/[BMIm]Cl 100 38 1564
8 ZnCl,/[BMIm]BF, 100 Tr —
9 ZnCl,/[BMIm]PF, 100 Tr —
10 ZnCly/[BMIm]Br 80 50 2848
11 ZnCl,/[BMIm]Br 60 7 392
12 ZnBr,/[BMIm]Br 100 98 5580
13 Zn(OAc),/[BMIm]Br 100 64 3636

#Reaction conditions: ZnCl, (6.8mg, 0.05mmol), [BMIm]X (0.30mmol), propylene oxide (20mL, 0.285mol), CO, reaction pressure 1.5MPa,

reaction time 1h.
® Isolated yield.
°Tr = trace.
9 MIm (0.10mmol), #-BuBr (0.12mmol).
¢[BMIm]Br (0.30 mmol).
f[BMIm]Br (0.10mmol).
€ [BMIm]Br (0.20 mmol).

reaction. To the best of our knowledge, this result is
the highest reported in the chemical fixation of carbon
dioxide onto epoxide.

The scope and limitations of catalysts and the various
reaction parameters have been carefully examined.
Under the same reaction conditions, the ratio of
[BMIm]Br to ZnCl, had a pronounced positive effect
on the TOF, which increased as the number of equiv
of [BMIm]Br increased (Table 1, entries 4-6). A series
of 1-butyl-3-methylimidazolium salts with different
counter ions were investigated for the synthesis of 2a

ZnX, + L (L= [BMIm]Br)

b l .
3 0 LoZnX, L\R
R ™)
O LZnX, LZnX,
okj O®BMIm] @ o®
>_\<) (4) R/Ak\B/r [BMIm]
R (vBr
LZnX,
i@%wm]
Br
o, 3)

Scheme 1. Proposed mechanism for the reaction.

(Table 1, entries 6-9). There are only trace reactions
in [BMIm]BF,4 and [BMIm]PF4. The [BMIm]CI shows
low reaction activity too, and only 38% yield of 2a
was obtained. These results illuminate that the counter
ions play an important role in the catalytic activity
and the Br™ is the most effective of these negative ions.

We are delighted to find that our catalyst system can
operate very efficiently at low CO, pressure and temper-
ature. The highest catalytic activity could be attained at
100°C, 1.5MPa. The reaction temperature has signifi-
cant effect on the yield of 2a. Using the same catalyst
system, the reaction of CO, with propylene oxide gave
a higher yield of 2a at 100°C than 80°C or 60°C (Table
1, entries 10 and 11). When ZnBr, and Zn(OAc), were
utilized as the zinc salt, 98% and 64% yield of 2a were
obtained, respectively (Table 1, entries 12 and 13). These
two results also show that the halogen ion is crucial for
this catalyst system. The catalyst system exhibits
remarkable constancy. When 1.1mol propylene oxide
was used, the activity does not deteriorate over a period
of 10h, attaining 20,000 turnovers. The reusability of the
catalyst was also investigated. It retained almost the
same catalytic activity (yield = 95%) even after being
reused five times.

Under the optimized reaction conditions, we examined
the reactions of other terminal epoxides (1b—f) and
cyclohexene oxide (1g) with CO,. The results are sum-
marized in Table 2. The catalyst system was found to
be applicable to a variety of terminal epoxides, forming
the corresponding cyclic carbonates (2b—f) in very high
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Table 2. Coupling of CO, and various epoxides catalyzed by ZnCl,
and [BMIm]Br*

Substrate Product Yield (%) TOF (h™Y)
1
o]
SA 1b 0" 0 2b 89 4578
Cl
o

v& Ic Ao 2¢ 95 4369

C

(0]
o Py
e 0/~ 1d Q P2 100 3165
7 W
HiC— -0
Ha

(0]
Q02 86 3015
o]
@L/&u o2 99 2919
0] \ J
(0]
Q)%Q

(0]

y 28 34 1206

Oy ‘0!

#Reaction conditions: ZnCl, (0.05mmol), [BMIm]Br (0.30mmol),
epoxides (20mL), CO, pressure 1.5MPa, temperature 100°C, time
1 h, based on the GC-MS, and NMR. The selectivity to carbonate is
>98%.

TOF and more than 98% selectivity. Besides terminal
epoxides constantly adopted, we also examined the
cyclohexene oxide (1g) in this reaction under the same
reaction conditions, providing corresponding cyclic car-
bonate (cyclohexyl-[1,3]-dioxolan-2-one 2g) in 1206h~!
TOF. Interestingly, the cyclic carbonate produced from
cyclohexene oxide was exclusively of cis-stereochemistry
according to the 'H, '>C, and NOESY of NMR spectra
of 2g.% In related other studies involving zinc catalysts,
which are quite active for polycarbonate production
during the coupling of cyclohexene oxide and carbon
dioxide, only the small quantity of cyclic cyclohexene
carbonate was formed.” Otherwise, absolute cis-cyclic
carbonate of cyclohexene oxide was obtained in our
catalyst system.

Considering the reaction mechanism, Kim and co-work-
ers showed zinc complex could efficiently activated the
epoxy ring of epoxide.® The 'H NMR spectrum of
[BMIm]Br in D,O shows no signal of 2-H of the imida-
zolium ring because it is replaced by the deuteron atom,
however, its signal appeared after reaction with 0.5equiv
of ZnCl,. This drastically different result caused us to
believe that the ZnCl, has coordinated with the 2-H of
the imidazolium ring by the hydrogen-bond forming
the zinc 1-butyl-3-methylimidazolium complex L,ZnX,
(L =[BMIm]Br).® This coordination type probably
activated zinc complex and improved the catalytic acti-
vity of this catalyst system.

Based on the above results, we propose the plausible
mechanism for this chemical fixation reaction of CO,

(Scheme 1). ZnCl, and [BMIm]Br reacted to synthesize
the zinc imidazolium complex (1), which coordinated
the epoxide by replacing one of the 1-butyl-3-methylim-
idazole first. On the same time, nucleophilic attack of
the dissociated [BMIm]Br on the less sterically hindered
carbon atom of the coordinated epoxide occurred (2) to
form the active species (3). The insertion of CO, into the
Zn-O bond of 3 would give a zinc carbonate active spe-
cies (4), which eventually provided the cyclic carbonate.

In summary, ZnCl, and [BMIm]Br is a extremely sim-
ple, highly efficient and environmentally benign catalyst
system in the chemical fixation of CO, with epoxides at
mild temperature and pressure. It is an air stable, easily
synthesized, cheap, extremely robust, and environmen-
tally benign catalyst system, which is free of co-solvent
and tolerates various substrates. It is also important to
note that this catalytic system could be used six times al-
most without losing its catalytic activity and selectivity.®
These characteristics make it an ideal catalyst system in
terms of potential industrial application in chemical car-
bon dioxide fixation.
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Representative procedure for the reaction of propylene
oxide with CO,: A 100mL stainless pressure reactor was
charged with propylene oxide (20mL, 16.6g, 0.285mol),
ZnCl, (6.8mg, 0.05mmol), [BMIm]Br (65mg, 0.3mmol).
The reaction vessel was then heated to 100°C for 1h under
a constant pressure (1.5MPa) of carbon dioxide. Once the
reaction is completed, the vessel was cooled to ambient
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temperature and the pressure released, then the contents
were transferred to a round-bottom flask. Unreacted
substrate was removed in a vacuum first, then the product
was obtained. When about 1ml of the reaction mixture was
left, the distillation was stopped and the last mixture was
used as a catalyst to begin the fresh reaction. The catalyst
could be reused five times almost without losing its catalytic
activity. According to the GC-MS and NMR, the selectiv-
ity to the cyclic carbonates are >98%.
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