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a  b  s  t  r  a  c  t

We  prepared  chitosan-grafted  quarternary  phosphonium  ionic  liquid  (1-butyl-triphenylphosphonium
bromide)  by  a simple  method  and used  it as  catalyst  for the  synthesis  of  cyclic  carbonates  through  CO2

cycloaddition  to  epoxides  in  the absence  of  co-catalyst  and  solvent.  High  yield  of  propylene  carbonate
(96.3%)  is obtained  at 120 ◦C and  2.5  MPa  in  4 h. We  studied  the roles  of  chitosan  hydroxyl  groups  and  ionic
liquid counter  anions  on  catalytic  activity.  It  is proposed  that the  facilitation  of ring opening  of epoxides  is
eywords:
arbon dioxide fixation
ycloaddition reaction
hitosan
uarternary phosphonium ionic liquid
yclic carbonate

a  combined  result  of  polarization  (by  hydrogen  bonding  due  to hydroxyl  groups),  electronic  interaction
(by  [BuPh3P]+), and  nucleophilic  attack  (by bromide  anion).  The  catalyst  can  be easily recovered  and
reused  as  demonstrated  in a test  of five  runs  without  showing  any  significant  loss  of activity.  From  the
view  point  of commercial  application,  the  catalyst  is attractive  because  it  is  low-cost,  ecology-safe,  stable
and  efficient.  Furthermore,  it is  potentially  applicable  for fixed-bed  continuous  flow  reactors.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Despite classified as a greenhouse gas, carbon dioxide is an ideal
1 feedstock that is renewable, non-toxic, and low-cost [1–4]. With
he fast consumption of fossil fuels and the foreseeable “C1 cri-
is”, the transformation of CO2 into valuable chemicals has received
uch attention. One of the most attractive and feasible strategies

or CO2 utilization is the cycloaddition of CO2 into epoxides. The
esired products are cyclic carbonates that are used as polar apro-
ic solvents, electrolytes in lithium secondary batteries, as well as
recursors for the formation of polycarbonates and numerous fine
hemicals [2,4].

A wide range of homogeneous and heterogeneous catalysts
ere developed, including alkali metal salts [5], organic bases

6–8], metal oxides [9,10], modified molecular sieves [11,12],

rganometallic complexes [13,14], and ionic liquids (ILs) [15–22].
he use of ILs for the reaction is studied extensively and intensely.
esides being low-cost and simple to synthesize, ILs are used

∗ Corresponding authors. Tel.: +86 791 83953373; fax: +86 791 83953373.
E-mail addresses: wldai81@126.com (D. Wei-Li), sllou@hnu.edu.cn

L. Sheng-Lian).

ttp://dx.doi.org/10.1016/j.apcata.2014.07.008
926-860X/© 2014 Elsevier B.V. All rights reserved.
because of their polarity, structure adjustability, and acid-basic
property. Frequently they were immobilized on suitable mate-
rials (e.g., SiO2 [23], SBA-15 [24], MCM-41 [25], and polymers
[20,26–29]) for efficient catalyst separation and product purifica-
tion. However, the immobilization of ILs onto inorganic supports
always results in catalysts that are poor in reusability. On the other
hand, the use of polymers for the grafting of ILs is found promising.
For example, the grafting of imidazolium or quaternary phospho-
nium ILs on polymer nanoparticles [27], porous polymer beads
[20,26,28] and tubular polymer [29], as well as polymerizing imid-
azolium ILs themselves [17] or with cross-linker [22,30] generated
catalysts that were reported to be good in catalytic activity and
reusability. Nevertheless, the preparation procedures of catalysts
and/or supports are complicated, high-cost, and not environment-
benign. Hence, the development of an efficient, highly selective,
stable and reusable catalyst that can be fabricated cheaply and
simply for the cycloaddition reaction is still a challenge.

Chitosan (CS) which is a deacetylated derivative of chitin is a
natural, abundant, and low-cost biopolymer. The material exhibits

interesting properties such as nontoxicity, biocompatibility, and
controllable biodegradability [31–33]. Besides, CS can be easily
modified chemically or physically, making it a versatile support
material [31–33]. However, there are few reports of CS being

dx.doi.org/10.1016/j.apcata.2014.07.008
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.07.008&domain=pdf
mailto:wldai81@126.com
mailto:sllou@hnu.edu.cn
dx.doi.org/10.1016/j.apcata.2014.07.008
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sed as catalyst support for the synthesis of cyclic carbonates
rom CO2 and epoxides [34–37]. Xiao et al. [34] reported that CS-
nCl2 together with 1-butyl-3-methyl imidazolium IL showed good
atalytic activity for the cycloaddition reaction. However, the co-
atalyst 1-butyl-3-methyl imidazolium IL is hard to separate from
roducts, and there is the need of adding fresh 1-butyl-3-methyl

midazolium IL in each reaction. Zhao et al. [35] and Tharun et al.
36,37] developed CS-supported quarternary ammonium ILs which
howed certain catalytic activity in the cycloaddition reaction but
he harsh reaction conditions and poor reusability of catalysts limit
heir application.

Recently, it was reported that task-specific ILs such as hydroxyl-
r carboxyl-functionalized imidazolium [18,20,24], guanidinium
15], quarternary ammonium [18] and quarternary phosphonium
Ls [16] showed good activity for the cycloaddition reaction
ue to hydrogen bonding between the functional groups and
poxides. The CS active sites for bonding with ILs and to
acilitate hydrogen bonding are, respectively, the amino and
ydroxyl groups in hexosaminide. Recently, we reported the syn-
hesis of hydroxyl-functionalized quarternary phosphonium IL
[HOC2H4Ph3P]Br) that is much superior to the corresponding tra-
itional IL ([C2H5Ph3P]Br) in terms of catalytic activity [16]. In this
aper, we reported for the first time the fabrication of a CS-grafted
uarternary phosphonium IL and its application in the synthesis of
yclic carbonates. Similar to the case of [HOC2H4Ph3P]Br [16], the
ydroxyl groups of CS show synergetic effect that promotes the
eaction. The catalyst exhibits good catalytic activity and selectiv-
ty, even in the absence of co-catalyst and solvent. Furthermore, the
atalyst can be easily recovered by filtration and reused for up to 5
imes without showing any significant loss of activity. It is envis-
ged that the catalyst is suitable for large-scale production of cyclic
arbonates.

. Experimental

.1. Chemicals

Chitosan was purchased from Sinopharm Chemical Reagent
o., Ltd. The degree of deacetylation was 90% and the average
olecular weight was 5 × 104. Propylene oxide, triphenylphos-

hine, 1-bromobutane, 1,4-dibromobutane were purchased from
hanghai Jingchun Industry Co., Ltd. The other epoxides were pur-
hased from Alfa Aesar China Co., Ltd. All chemicals were used
s received. The CO2 (99.9% purity) purchased from Nanchang
uoteng Gas Co. was used without any purification treatment.

.2. Catalysts preparation

The preparation procedure of CS-grafted 1-butyl-triphenyl
hosphonium bromide (denoted hereinafter as CS-[BuPh3P]Br) is

llustrated in Scheme 1. First, a solution of triphenylphosphine
10 mmol) in 10 mL  toluene was dropped slowly into 10 mL  toluene
olution containing 1,4-dibromobutane (10 mmol). The mixture
as stirred at 110 ◦C for 24 h under a nitrogen atmosphere. After

he reaction, the mixture was cooled down to room temperature
RT), and the resultant crude solid was filtered out and washed
hree times with diethyl ether, then dried under vacuum at 60 ◦C
or 12 h to give 4-bromobutyl-triphenyl phosphonium bromide
[BrBuPh3P]Br) as a white solid. Second, CS (2 g), 20 wt%  NaOH
queous solution (2 g), [BrBuPh3P]Br (6 g) and isopropanol (20 mL)
ere added into a 100 mL  two-necked flask and the mixture was
tirred at 80 ◦C for 24 h under nitrogen. When the reaction was
ompleted, the mixture was neutralized by diluted hydrochloric
cid. With the addition of ethanol into the reaction solution, there
as the precipitation of product which was filtered out, washed
Scheme 1. Synthesis procedure of CS-[BuPh3P]Br.

with ethanol for three times, and dried under vacuum at 80 ◦C for
12 h to give the CS-[BuPh3P]Br catalyst.

[BrBuPh3P]Br. 1H NMR  (400 MHz, DMSO-d6): ı = 7.90-7.73 (m,
15H), 3.63–3.32 (m, 4H), 2.49–2.47 (m,  2H), 1.99–1.64 (m,  2H). 13C
NMR  (100.6 MHz, DMSO-d6): ı = 135.4, 130.8, 119.3, 34.2, 33.2, 20.8,
19.6. IR (neat): n = 3074, 3057, 2931, 2885, 2862, 1585, 1485, 1436,
750, 690 cm−1. HR-MS (QTOF): m/z = 399.0864, calcd. for C22H25PBr
(M+H): 399.0877.

2.3. Characterization

Scanning electron microscopic (SEM) observations were carried
out over a Nova NanoSEM 450 microscope. Energy dispersive X-ray
spectroscopy (EDS) was  performed using accessory (INCA 250) of
the Nova NanoSEM 450 instrument. X-ray diffraction (XRD) pat-
terns were obtained on a Rigaku D/Max 2200PC operating at 40 kV
and 40 mA  using Ni-filtered Cu K� radiation (� = 1.542 Å). The XRD
patterns were recorded in the 2� range of 10◦ to 80◦. 1H and 13C
nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker 400 MHz  spectrometer using DMSO-d6 as solvent. High-
resolution mass spectra (MS-ESI) were recorded on a Waters Xevo
G2-S QTof whereas the FT-IR spectra were collected using a Bruker
vertex 70 FT-IR spectrophotometer. TG analysis was performed
on a SDT Q600 (TA Instruments-Waters LLC) at a heating rate of
15 ◦C/min in N2 flow.

2.4. Cycloaddition reaction

The cycloaddition reactions were conducted in a 50 mL  high-
pressure stainless-steel autoclave equipped with a magnetic
stirring bar. In a typical run, the reactor was charged with epoxide
(35.7 mmol), catalyst (1.5 mol%, calculated according to the amount
of IL), and an appropriate amount of biphenyl (as internal standard
for GC analysis). After the reactor was fed with CO2 to a desired
pressure, the autoclave with its contents was  heated to a selected
temperature and stirred for a designated period of time. Then the
reactor was  cooled to 0 ◦C in an ice-water bath, and the residual CO2
was released. The resulting mixture was analyzed using a GC-mass

spectrometer. The products were quantitatively analyzed on a gas
chromatograph (Agilent 7890A) that was equipped with a FID and
a DB-wax capillary column (30 m × 0.53 mm  × 1.0 �m).
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Table 1
Catalytic performance of various catalysts a

Entry Catalyst Catalytic results

Yield (%) Sel. (%)

1 None 0 0
2  CSb 2.9 97.0
3  Ph3P 15.0 98.1
4 CS/Ph3P/BuBrc 16.3 98.5
5  CS-[BuPh3P]Br 96.3 98.7
6  [BuPh3P]Br 85.2 98.5
7  [BrBuPh3P]Br 84.2 98.6
8  [HOBuPh3P]Br 98.0 98.4
9  CS/[BuPh3P]Brd 92.3 99.0

10 CS-[BuPh3P]Bre 83.9 98.6
11 CS-[BuPh3P]Br/H2Oe 90.1 98.5
12  KBr 0.51 87.2
13  [BuPh3P]Br/KBrf 96.6 99.7
14  Ph3P/KBrf 21.2 99.6

a Reaction conditions: PO 35.7 mmol, catalyst 1.5 mol%, CO2 pressure 2.5 MPa,
temp. 120 ◦C, time 4 h.

b CS 0.24 g.
c CS 0.24 g, Ph3P 0.54 mmol, BuBr 0.54 mmol.
Fig. 1. FT-IR spectra of (a) [BuPPh3]Br, (b) CS-[BuPh3P]Br, and (c) CS.

. Results and discussion

.1. Catalyst characterization

To confirm the successful grafting of quarternary phosphonium
L on CS, the FT-IR spectra of [BuPh3P]Br, CS-[BuPh3P]Br, and CS

ere collected (Fig. 1). The spectra of both [BuPh3P]Br (Fig. 1a) and
S-[BuPh3P]Br (Fig. 1b) exhibit bands at 1585, 1485 and 1433 cm−1,
haracteristic of the stretching vibrations of benzene skeleton.
he peaks at 890 and 1155 cm−1 that appear in the spectra of
oth CS-[BuPh3P]Br (Fig. 1b) and CS (Fig. 1c) are characteristic
f saccharine structure [36,38]. The broad band in the region of
200–3500 cm−1 observed in Fig. 1b and c is attributed to stretch-

ng vibrations of –NH and –OH with inter- as well as intra-molecular
ydrogen bonding [39,40]. It is noted that the 3200–3500 cm−1

and of CS-[BuPh3P]Br is weaker than that of CS, plausibly due to
he destruction of hydrogen bonding during the grafting process.
ompared with the spectrum of CS, there is the detection of the
541 cm−1 band that is characteristic of C–N stretching vibration

n the spectrum of CS-[BuPh3P]Br. All the results indicate that there
s successful grafting of [BuPh3P]Br on the CS.

The XRD patterns of CS and CS-[BuPh3P]Br are shown in Fig. 2.
n the case of CS, there are CS peaks at 2� = 13◦ and 20◦ that can be
scribed to the chitosan structure [41]. As for CS-[BuPh3P]Br, there

s only one broad peak centered at 2� = 22◦, indicating amorphous
tructure. With CS, crystallinity is enhanced due to intramolecular
ydrogen bonding between the NH2 and OH groups within the

Fig. 2. XRD patterns of CS and CS-[BuPh3P]Br.
d CS 0.24 g, [BuPh3P]Br 0.54 mmol.
e CS-[BuPh3P]Br 0.9 mol%, H2O 0.32 mmol.
f Equal catalyst amount (0.54 mmol).

repeating hexosaminide residues [42]. When CS is used for grafting
[BuPh3P]Br, there is the involvement of the NH2 sites at the C2 posi-
tion of pyranoid rings. The consequence is destruction of hydrogen
bonding and hence lowering of symmetry and regularity of the CS
chains.

The morphology of CS and CS-[BuPh3P]Br were studied by SEM.
As shown in Fig. 3, the smooth surface of CS is roughened with the
grafting of [BuPh3P]Br, which is ascribed to the loss of crystallinity,
in consistent with the results of XRD analysis. The EDS spectrum of
CS-[BuPPh3]Br (Fig. S1, Electronic Supplementary Material) shows
the presence of bromine and phosphine, and can be considered
as additional evidence for the successful grafting of quarternary
phosphonium ILs on CS. Based on the EDS results, the ILs loading
on CS is estimated to be 2.28 mmol/g.

The thermal stability of CS and CS-[BuPh3P]Br as investigated
by TG analysis. Weight loss attributable to the decomposition of
polysaccharide chain [36,43] is observed at ca. 250 ◦C over CS and
at ca. 210 ◦C over CS-[BuPh3P]Br (Fig. S2, Electronic Supplementary
Material). The poorer thermal stability of CS-[BuPh3P]Br is due the
breakdown of CS crystallinity upon [BuPh3P]Br grafting. It should be
noted that the reaction temperature for the cycloaddition reaction
is within the 90–140 ◦C range, far below the destruction tempera-
ture of the catalyst. Furthermore, the thermal stability results of CS
and CS-[BuPh3P]Br are in good agreement with those obtained in
XRD and SEM analysis.

3.2. Catalytic performance

The catalytic activity of CS-[BuPh3P]Br for the cycloaddition of
CO2 to epoxides is compared with those of the other catalysts.
In this study, the reaction of PO with CO2 to produce propylene
carbonate (PC) was chosen as model reaction, and the results are
summarized in Table 1. In the absence of a catalyst, there is no
reaction whatsoever (entry 1). In the presence of CS, Ph3P, and
CS/Ph3P/BuBr (entries 2–4), PC yield is poor (<16.3%). It is only
over CS-[BuPh3P]Br that excellent performance can be achieved (PC
yield = 96.3%) (entry 5). It is noted that CS-[BuPh3P]Br is also supe-
rior to the homogeneous catalysts [BuPh3P]Br and [BrBuPh3P]Br

(entry 5 vs 6 and 7) in performance. We  deduce that there is syn-
ergism between phosphonium IL and the hydroxyl groups of CS,
leading to the performance of CS-[BuPh3P]Br superior to that of
[BuPh3P]Br and [BrBuPh3P]Br. It is reminded that [BuPh3P]Br is
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120 C, there is a slight decrease of PC yield and selectivity. An
increase of reaction temperature results in increase of reactivity
but decrease in solubility of gas-phase CO2 in the reaction system.
At temperature higher than 120 ◦C, there is decrease of propylene
Fig. 3. SEM images of (

atalytically active itself while [BrBuPh3P]Br is the intermediate
dopted for the formation of CS-[BuPh3P]Br.

In order to study the synergism between phosphonium IL and
S hydroxyl groups as well as to confirm the synergistic effect
n the cycloaddition reaction, catalysts with or without hydroxyl
roups were prepared and investigated. From Table 1, one can see
hat over [BuPh3P]Br with no hydroxyl groups, PC yield is only
5.2%. While over the corresponding hydroxyl-functionalized cat-
lyst ([HOBuPh3P]Br), PC yield is 98.0%, much higher than that
ver [BuPh3P]Br (entry 8 vs 7). It is noted that CS-[BuPh3P]Br is
lightly lower than [HOBuPh3P]Br (entry 5 vs 8), but much higher
han [BuPh3P]Br (entry 5 vs 6) in catalytic activity. Furthermore,
he mixing of CS with [BuPh3P]Br can also promote the catalytic
ctivity of [BuPh3P]Br (entry 6 vs 9). The above results illustrate
hat the superior activity of CS-[BuPh3P]Br is likely to be due to
he CS hydroxyl groups that are present in abundance. In other
ords, the hydroxyl groups of CS promote the ring opening of epox-

de through efficient synergistic interaction involving the step of
ydrogen bonding [18,21,24,30,44]. We  purposely added certain
mount of water into the reaction system and observed significant
nhancement of activity over CS-[BuPh3P]Br (entry 10 vs 11). The
esult further proves that hydroxyl groups have a critical role in the
ycloaddition reaction.

It is well known that the nucleophilic attack of epoxides
y halide anions is also crucial for the opening of epoxy ring
18,21,24,30,44]. Compared to [BuPh3P]Br, [BrBuPh3P]Br that has
ne more bromine atom as substituent group shows activity sim-
lar to that of [BuPh3P]Br (entry 6 vs 7). Nevertheless, despite KBr
y itself is almost inactive (entry 12), the addition of KBr results in
ctivity enhancement of [BuPh3P]Br (entry 6 vs 13) and Ph3P (entry

 vs 14). The results clearly confirm the important role of bromide
nions in the cycloaddition reaction.

.3. Effect of reaction parameters

Fig. 4 shows the effect of CS-[BuPh3P]Br loading on PC yield and
electivity. It is observed that PC selectivity stays at ca. 99% in the
atalyst loading range of 0.3–2.1 mol%. With increase of catalyst
oading from 0.3 to 1.5 mol%, there is sharp rise of PC yield from
3.8 to 96.3%. The increase of PC yield is not significant above cata-

yst loading of 1.5 mol%, plausibly due to the poor dispersion of the
xcess catalyst that hinders the mass transfer of reagents towards

he active sites [45].

The influence of reaction temperature on the activity of CS-
BuPh3P]Br is shown in Fig. 5. It is found that PC selectivity is
nsensitive to the change of temperature from 90 to 140 ◦C, staying
Fig. 4. Effect of catalyst loading on PC yield and selectivity. (Reaction conditions:
PO 35.7 mmol, CO2 pressure 2.5 MPa, 120 ◦C, 4 h.)

roughly at ca. 99%. With the change of reaction temperature from
90 to 120 ◦C, there is a rise of PC yield from ca. 63 to 95%. Above

◦

Fig. 5. Effect of reaction temperature on PC yield and selectivity. (Reaction condi-
tions: PO 35.7 mmol, catalyst 1.5 mol%, CO2 pressure 2.5 MPa, 4 h.)
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quantitatively in 4 h. On the other hand, the conversions of other
epoxides (i.e. 1,2-hexene oxide, styrene oxide, glycidyl phenyl
ether) were lower than those of other monosubstituted terminal
epoxides, probably because of the low reactivity of the �-carbon
ig. 6. Effect of CO2 pressure on PC yield and selectivity. (Reaction conditions: PO
5.7 mmol, catalyst 1.5 mol%, 120 ◦C, 4 h.)

xide (PO) conversion due to the poor CO2 solubility [19]. Further-
ore, a higher reaction temperature accelerates side reactions such

s isomerization to acetone, as well as hydrolysis to diol, causing
ecline of selectivity to propylene carbonate (PC) as a result [30,44].
he results indicate that the temperature has a pronounce effect on
he reaction, and 120 ◦C is the most suitable for cycloaddtion.

We also studied the influence of CO2 pressure on the cycloaddi-
ion reaction. As shown in Fig. 6, an increase of CO2 pressure from
.5 to 2.5 MPa  results in a rapid rise of PC yield, but there is decline
f PC yield in the high-pressure region (2.5–3.5 MPa). It can be seen
hat a moderate CO2 pressure of 2.5 MPa  is the most suitable for the
eaction. Similar effects of CO2 pressure on catalytic activity were
bserved in other catalytic systems [15,26,30,35,36,45–47]. The
henomenon can be explained based on the concepts of reaction
quilibrium and mass transfer of reactants. For the cycloaddition
eaction, PC is in its liquid form under the adopted reaction condi-
ions, and the increased of CO2 pressure should be a positive factor
or PO conversion. It is regarded that there are two  phases in the
eaction system. In the low-pressure region (1.5–2.5 MPa), a rise of
O2 pressure leads to an increase of CO2 concentration in the liquid
hase, which is a favorable factor for the reaction. However, in the
igh-pressure region (2.5–3.5 MPa), it is envisaged that too high a
O2 pressure could decrease the concentration of PO as a result of
ilution by excessive amount of CO2, which was not favorable for
he reaction. In addition, it is known that acidic CO2 dissolves in
asic epoxide, forming CO2-epoxide complexes as a result [23,48].
oo high a CO2 pressure could retard the separation of CO2 from PO
n the duration of cycloaddition reaction, decreasing the PC yield as

 result [10,15,16,47]. Therefore, a higher CO2 pressure does not
enefit the cycloaddition reaction catalyzed by chitosan-grafted
hosphonium IL. It is noted that the PC selectivity (ca. 99%) is almost

ndependent of the rise of CO2 pressure.
The influence of reaction time on PC yield and selectivity was

nvestigated and the results are depicted in Fig. 7. It can be seen
hat the yield of PC increases rapidly to reach ca. 96% within the
rst 4 h while PC selectivity remains at ca. 99% throughout. Thus,

 reaction time of 4 h is appropriate for the cycloaddition reaction
nder the adopted conditions.

.4. Catalyst recovery

The stability and recyclability of the CS-[BuPh3P]Br catalyst was

ested in an experiment of five runs (Fig. 8). The catalyst was
ecovered by simple filtration, drying in vacuum, and then reused
or the next cycle. It was found that the catalyst CS-[BuPh3P]Br
erforms well without showing any significant loss of PC yield
Fig. 7. Effect of reaction time on PC yield and selectivity. (Reaction conditions: PO
35.7  mmol, catalyst 1.5 mol%, CO2 pressure 2.5 MPa, 120 ◦C.)

and selectivity across the five consecutive runs. To further investi-
gate the stability of CS-[BuPh3P]Br, we characterized the recovered
catalyst (after five runs) by TG and FT-IR. It was found that sim-
ilar to the fresh catalyst, the used catalyst is stable at ca. 210 ◦C
(Fig. S3, Electronic Supplementary Material). Furthermore, the FT-
IR spectra of fresh and recycled (5 times) CS-[BuPh3P]Br are alike
(Fig. S4, Electronic Supplementary Material). The results show that
the CS-[BuPh3P]Br catalyst is thermally as well as chemically sta-
ble, indicating that the catalyst has high potential for commercial
application.

3.5. Catalytic activity towards different epoxides

We  find that the CS-[BuPh3P]Br catalyst can be applied to other
epoxide substrates for the synthesis of cyclic carbonates (Table 2).
A variety of monosubstituted terminal epoxides (entries 1–5) can
be converted to the corresponding cyclic catbonates in high yield
and selectivity. It is well known that the epoxides with an electron-
withdrawing group are able to stabilize the intermediate structure
formed after ring-opening of epoxides, thus enhancing the reac-
tivity [49]. Hence, the epichlorohydrin (entry 2) shows the best
reactivity, and the corresponding carbonates are obtained almost
Fig. 8. Recycle of catalyst for cycloaddition reaction. (Reaction conditions: PO
35.7 mmol, catalyst 1.5 mol%, CO2 pressure 2.5 MPa, 120 ◦C, 4 h.)
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Table  2
Cycloaddition of CO2 to various epoxides.a

Entry Epoxide Product Time (h) Catalytic results

Yield (%) Sel. (%)

1

O

CH3
OO

O

CH3

4 96.3 98.7

2
O

Cl OO

O

Cl

4 97.3 98.6

3

O
CH3 ( )3

OO

O

CH3 ( )3

6 97.1 97.6

4

O
OO

O

6 96.9 97.4

5

O
O

Ph O
Ph

OO

O

6 95.0 96.4

6 O
O

O 24 74.3 98.9
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the epoxy ring, which was activated by the hydroxyl groups
and phosphonium cation through hydrogen bonding as well as
electronic interaction. Then the haloalkoxy intermediate further
reacts with CO2 to form a linear halocarbonate that transforms
O

a Reaction conditions: PO 35.7 mmol, CS-[BuPh3P]Br 1.5 mol%, CO2 pressure 2.5 M

tom of those epoxides (entries 3–5) [36]. The disubstituted epox-
de, cyclohexene oxide (entry 6), exhibits the lowest activity for the
roduction of the corresponding cyclic carbonate, probably due to
he high steric hindrance as a result of the rings.

.6. Possible mechanism

From the results displayed so far, one can see that both the
ydroxyl groups and bromide anions are essential for the excel-

ent performance of the CS-[BuPh3P]Br catalyst. It was  reported
hat when carboxyl- or hydroxyl-functionalized IL are used as cat-
lysts, there is polarization of C–O bond as a result of hydrogen
onding between the hydrogen atom of carboxyl (or hydroxyl)
nd the oxygen atom of epoxide, facilitating the opening of
poxide ring [15,18,21,26,30,44,47]. In the use of imidazolium
19] or guanidinium [50] IL as catalysts, it is regarded that
he opening of epoxy rings can be attributed to the coopera-
ion of nucleophilic attack by an anion and the activation by
n onium cation through electronic interaction. On the basis
f these findings, we consider that the synergism of polariza-
ion (due to hydrogen bonding) and electronic interaction (due

o phosphonium cation) as well as the nucleophilic attack by

 bromide anion account for the excellent activity of the cat-
lyst. A mechanism is proposed for the catalytic process as
hown in Scheme 2. The bromide anion of the catalyst opens
mp. 120 ◦C.
Scheme 2. Proposed mechanism for the cycloaddition reaction.
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. Conclusion

By grafting quarternary phosphonium IL onto chitosan surface,
e synthesize the CS-[BuPh3P]Br catalyst that is efficient in the syn-

hesis of cyclic carbonates from CO2 and epoxides in the absence
f co-catalyst and solvent. We  find that the vicinal hydroxyl groups
n CS play a key role in promoting the cycloaddition reaction. The
uperior performance of the catalyst can be attributed to the open-
ng of epoxy ring as an outcome of the combined effect of C–O
olarization, electronic interaction as well as nucleophilic attack.
he catalyst can be separated easily by filtration and used effec-
ively in a test of 5 cycles without significant loss of activity. In
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riendliness, and cost effectiveness, the CS-[BuPh3P]Br catalyst is
otentially an industrial catalyst for large-scale production of cyclic
arbonates.
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