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ARTICLE INFO ABSTRACT

Keywords: Chemical fixation of CO2 to epoxides is an atom-economic and environment-benign approach to generate cyclic
Carbon dioxide carbonates. Herein, we report efficient activation of the different aromatic and aliphatic epoxides at ambient
Cycloaddition reaction conditions. Our n-butyl-3-methylimidazulim trichlorozincate (BMIm.ZnCls) ionic liquid presents higher
2‘322::: onic liquids activity with 56-95% conversion for the different aromatic and aliphatic epoxides from atmospheric pressure to
SILPs 5 bar pressure at 40 °C. Small sized epoxides showed higher conversion and selectivity to cyclic carbonate as

compared to bulky ones suggesting that the large epoxide substrates restricted diffusion into the confined spaces
of BMIm.ZnCl; IL, which limited the access of reactants to the catalytic active sites. By supporting the IL on the
simple commercial SiO,, the confined SILP-ZnCl; catalyst boosted the activity with maximum conversion and
yield (99%) to cyclic carbonates under 10 bar at 100 °C. This higher performance could be attributed to the
formation of the IL-cages onto SiO that enhances the local charge density and modulates the orientation of the IL
near the surface to assist substantial charge transfer, leading to surface polarization and specific adsorption to
ions. The reaction exemplifies a rare mechanism, supplemented by ex-situ ESI-MS analysis, in which epoxide 'O’
is strongly H-bonded to the C2-H of imidazolium cation, while the ZnClz anion acts as nucleophile to facilitate

the ring opening without its dissociation in chloride anion and ZnCl,, contrasting to the previous reports.

1. Introduction

Carbon dioxide (CO,) mitigation is one of the major challenges for
the modern world due to its heavily involvement in global warming [1].
To counter the accumulation of anthropogenic CO», various approaches
have been investigated to capture and convert it into chemical feed-
stocks such as methanol, methane, carbon monoxide, fuels, lubricants,
amides, esters and cyclic carbonates [2-7]. Among them, chemical CO,
fixing to epoxides is a sustainable approach due to atom-economic and
environment- benign processes [8,9]. The process gained a great interest
due to the application of cyclic carbonates, such as intermediates in the
synthesis of polycarbonates and polyurethanes, environmentally
friendly, polar, aprotic solvents, with low odor and toxicity, and elec-
trolytes for lithium-ion batteries [10-15].

Various strategies based on homogeneous and heterogeneous sys-
tems containing alkali metal halides, quaternary ammoinium salts,
polymers, molecular organic frameworks (MOFs), frustrated Lewis pairs

* Corresponding authors.

(FLPs), transition-metal complexes and functionalized graphene as cat-
alysts has been widely studied for this transformation [8,16-28].
However, these catalytic systems have disadvantages such as, required
the use of high pressures and/or temperatures, high catalyst loadings,
low catalyst stability and cost effectiveness. Zinc-based catalysts have
been employed but the reaction only occurs in the presence of ter-
trabutylammonium bromide (TBAB) [29,30]. Ionic liquids (ILs) have
also been investigated because of their interesting properties, for
example, easily fine-tuning of basicity-nucleophilicity by playing with
the electronic-steric features of the both cation and anions, highly CO2
absorption capacity and chemical inertness[31-45]. However they
require harsh reaction conditions (>120 °C and >10 bar). Few reports
based on metal-containing ILs (metal with sophisticated ligands) are
examined for the cycloaddition of CO5 to epoxides but required harsh
reaction conditions [46-51]. Although chemical fixation of CO2 to
epoxide catalysed by silica supported imidazolium IL containing halides
(SILP-X, X = Br, CI, I) has been achieved, and needed high pressure (>10
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bar) and temperature, and demonstrate low TONs [52,53]. Thus, high
efficiency low cost catalysts need to be preferentially explored to ca-
talyse the CO, cycloaddition of epoxides with mild conditions. More-
over, real mechanistic insights involving the metal-halide based ILs are
needed.

Herein, we now address the challenge of the use of simple n-butyl-3-
methylimidazulim trichlorozincate (BMIm.ZnCls) IL as a homogeneous
and heterogeneous catalyst (SILP-ZnClg). This system can drive effi-
ciently CO2 cycloaddition to different epoxides under ambient condi-
tions (Scheme 1). Indeed, the reaction occurred in IL confined spaces
that allows the control of the diffusion of reactants, intermediates and
products to the catalytic active sites in the bulk IL [7,54]. Hence, IL
forms ionic cages when it approaches to the solid SiO, support [55,56].
The H-bonding and hydrophobicity/hydrophilicity of the IL to SiO2
enhances the local density and modulates the orientation of the IL near
the surface to facilitate substantial charge transfer, leading to recon-
struction of the interfacial ionic structure [57,58]. This results the sur-
face polarization, direction, and specific adsorption to ions that can
synergistically affect the structure and function of interfacial ILs [59].

2. Experimental

All the epoxides and ZnCl, were purchased from Sigma-Aldrich
chemicals. SiO; (silicagel 60, 0.05-0.2 mm) was purchased from Vetec
Brazil. BMIm.Cl (1-n-Butyl-3-methylimidazolium chloride) was pre-
pared from a well-known method [60]. CO2 (>99.999%) were pur-
chased from White-Martins Ltd, Brazil. NMRs spectra were collected
using a Bruker AVANCE III 500 MHz.

2.1. Catalytic COz cycloaddition to epoxides by BMIm.ZnCls

All the catalytic reactions were conducted in a Schelenk tube (30 mL)
under atmospheric pressure of CO,. Typically, the desired epoxide
(6.25 mmol) was dissolved in BMIm.ZnCl3 (0.625 mmol) at room tem-
perature. Then the tube was purged with COy and the mixture was
maintained under atmosphere of CO; using balloon. The reaction
mixture was stirred and heated at the desired temperature for 24 h in
silicon oil bath. The conversion and products selectivity were calculated
by 'H NMR.

The reactions under 5-bar pressure were tested in a homemade glass-
lined stainless steel Ficher-porter reactor (24 mL). In a general proced-
ure, the reactor was charged with BMIm.ZnCl3 (6.25 mmol) and the
epoxide (0.625 mmol), and flushed with CO5 to remove air. Then the
reactor was filled with 5-bar of CO,. The reaction was performed at
40 °Cinsilicon oil bath. After 24 h, the reactor was cooled down and the
pressure was slowly released.

2.2. Catalytic COz cycloaddition to epoxides by SILP-ZnCls

All the catalytic reactions were performed in a Parr reactor system
(model 4560 with controller model 4848) equipped with a 300 mL
stainless steel vessel. Typically, the vessel was charged with SILP-ZnCl3
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Scheme 1. Catalytic CO, cycloaddition to epoxides driven in the confine
spaces of bulk IL (BMIm.ZnCl3) and its SILP.

Journal of CO2 Utilization 69 (2023) 102400

(0.4 g) and desired epoxide (50 mmol). The system was purged with CO5
to remove air. The reactor was pressurized with 10 bar and the reaction
was accomplished at 100 °C for 24 h. The reactor was cooled down in ice
water and the pressure was slowly released. The conversion and prod-
ucts selectivity were calculated by 'H NMR. To avoid the volatilization
of propylene oxide, the reactor was cooled down immediately in ice
water for 30-40 min. Afterward, the pressure was slowly released. The
sample for 'H NMR was prepared and measured immediately.

3. Results and discussion
3.1. Catalysts preparation and characterizations

A simple 1-n-butyl-3-methylimidazolium trichlorozincate (BMIm.
ZnCl3) IL was prepared at 75 °C as reported earlier.[61] A white viscous
liquid was obtained that was characterized by 'H and '>C NMRs
(Fig. S1), and ESI-MS techniques, See Supporting information. Of note
that ESI-MS spectra exhibited a very intense mass peaks up to m/e
170.83 on negative mode and m/e 139.12 in positive mode indicating
the anion (ZnCl3) and cation (BMIm™) of the BMIm.ZnCls IL (Fig. S2).

Whereas, SILP-ZnCl; was prepared by grafting the 1-methyl-3-(3-
(trimethoxysilyl)propyl)-imidazolium trichlorozincate on commer-
cially SiO, (silicagel 60, 0.05-0.2 mm) by the sol-gel method. ESI-MS
spectrum of 1-methyl-3-(3-(trimethoxysilyl)propyl)-imidazolium zinc
trichloride IL revealed a mass peaks about m/e 170.83 on negative
mode, confirming the presence of ZnCl3 anion (Fig. S3). The prepared
SILP-ZnCls was characterized by FTIR, scanning electron microscopy
(SEM), CP-MAS solid-state NMR (*3C and 29Si), BET and TGA analyses.
FTIR showed signals at about 3150, 3109 and 2951 cm™ characteristic
to the imidazolium ring of the IL (Fig. S4).

SEM images (Fig. 1a) indicated that the SILP-ZnCl, was composed of
irregular shaped particles. The EDS mapping represented for C, N, Cl, Si,
O and Zn, suggesting that the IL was homogeneously anchored on the
surface of SiO, (Fig. 1b).

Solid '3C CP-MAS NMR spectrum of SILP-ZnCls revealed the pres-
ence of three resonance peaks at 5§ = 7.9, 22.9 and 50.0 ppm attributed
to the carbons of propylene moiety attached to the silica surface
(Fig. 1c). While the signals at 35.5, 121.9 and 135.7 ppm were assigned
to the carbon atoms of methylimidazolium. No signal of the methoxy
groups at about 65 ppm of the silane function was observed, which
confirmed that the trimethoxy-silane of 1-methyl-3-(3-(trimethoxysilyl)
propyl)-imidazolium trichlorozincate IL reacted with hydroxyl groups of
Si0,. 2°Si CP-MAS NMR spectrum of SILP-ZnCl; (Fig. 1d) displayed two
peaks at 5 = —102.3 and — 110.73 ppm that can be ascribed to the sil-
icon atoms of silanol groups at the surface (Q"-type groups). The peaks
— 59.1 and — 67.62 ppm are corresponding to the Si atoms of different
environment in the 1-methyl-3-(3-(trimethoxysilyl)propyl)-imidazo-
lium trichlorozincate, attached covalently to the silica surface (T"-type
groups). The presence of signals of T"-type groups confirmed the suc-
cessful functionalization of surface silanol groups through chemical
bonds, not by adsorption at the surface.

The surfaces elemental composition and the chemical environment
of surface atoms were probed by XPS. The composition of SILP-ZnClg
was obtained from the analysis of its survey scan (Fig. S6). From the
areas of Zn 2p, Cl 2p, Si 2p and O 1 s regions, some quantitative infor-
mation on the samples surface composition were extracted: (i) Zn and Cl
represent together 5% of the atoms in samples surface (ii) the Zn/Cl ratio
in SILP-ZnCls is 0.36, which is lower than the nominal value (0.50) for
ZnCl, and also lower than value obtained from the commercial available
ZnCly XPS data (0.51). This result indicated the presence of ZnCly
(x = 2.8) species over SILP surface.

Zn 2ps3,, (Fig. 2a) and Cl 2p (Fig. 2b) high-resolution spectra were
acquired for SILP-ZnCl3 and for ZnCl, in order to elucidate the chemical
environments and electronic state of these elements. The main results
from the XPS data fitting are summarized and available Table S1 (see
Supporting information). A single chemical component (at 1022.6 eV
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Fig. 1. (a) SEM image of SILP-ZnCls, (b) EDS elemental mapping images of SILP-ZnCl; with Si, O, C, N, Cl and Zn. The code bars for mapping images are 10 um. For
clarity of Zn mapping, see zoom Fig. S5, (¢) *C CP-MAS NMR, and (d) 2°Si CP-MAS NMR spectrum of SILP-ZnCls.

for ZnCl, and at 1022.3 eV for SILP-ZnCl3) was used to adjust the Zn 2p3,
2 peak in both spectra. The binding energies observed for this component
is typical of Zn-Cl bonds, however, it is shifted to lower energy in our
SILP-ZnClg spectrum. The — 0.3 eV chemical shift indicates that Zn has a
higher electron density in SILP-ZnCl3 than in ZnCl, due to the charge
transfer between the modified support and the zinc chloride species. The
analysis of Cl 2p region also indicates the presence of a single chemical
environment for Cl atoms in SILP-ZnCl3 and ZnCl, samples. One doublet
was used to fit the data for both samples, the binding energies and sin-
orbit splitting (Table S1, in supporting information) are typical for metal
chlorides [62-64]. The ClI 2p doublet in SILP-ZnCl3 is also shifted to
lower binding energies when compared to ZnCl,, corroborating the
charge transfer suggested by Zn 2p region deconvolution. These obser-
vations indicate the strength of the contact ion pair, the imidazolium
cation and the halogen anion, is reduced in the confined spaces provided
by the silica support [55]. This higher electron density on the Zn and Cl
atoms denotes increased nucleophilicity of the anion, which is related to
its presence on the surface of the SILP material.

The physicochemical properties of SILP-ZnCls and SiOy were
measured using Ny adsorption (Fig. S7) that showed the decreased in
surface area and pore volume of SiO; upon its functionalization with the
IL. This behaviour is due to the incorporation of IL in the structure leads
to a loss in micropore volume by filling and/or blocking the pores. These

findings also suggest the presence of a homogeneous and well-dispersed
IL on the SiO,. The pristine SiO; contained 288.3 mz/g, 0.68 m3/g and
9.5 nm surface area, pore volume and pore area, respectively. Whereas,
SILP-ZnCl; catalyst has 127.2 m?/g surface area, 0.31 m>/g pore volume
and 9.9 nm pore size. Thermogravimetric measurements (Fig. S8)
revealed weight loss proceeding in two steps. The first step occurred
over a range of 100-220 °C due to adsorbed water from the air, whereas
the second step in weight loss up to 700 °C is due to the decomposition
of residual IL at the surface of the SiO5.The SILP-ZnCl3 has 0.2 mmol IL,
calculated from TGA [65].

3.2. Catalytic study

The catalytic performance of BMIm.ZnCl; IL as homogeneous cata-
lyst (10 mol%) in the CO2 cycloaddition reaction of different aliphatic
and aromatic epoxides was investigated under atmospheric pressure
(1 atm) of CO4 at 40 °C without the use of any solvent or co-catalyst
(Table 1). The catalysis evaluation was started with styrene oxide as a
model substrate. No cyclic carbonate formation was observed when
solely ZnCly and BMIm.CI IL were used. Upon the combination of ZnCl,
and BMIm.Cl in the form of BMIm.ZnCl3, diminishes the activation en-
ergy for the synthesis of cyclic carbonates (57% sel.) and resulted a
significant conversion (36%) of styrene oxide (Table 1, entry 1). The
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Fig. 2. XPS data and chemical components used in the analysis of Zn 2 p3,» (a)

ZnCl; catalyst.

Table 1

CO;, cycloaddition of different epoxides by BMIm.ZnCl3".

//
BMImZnCl; -G

\

o]
+CO, —
RA 40°C R/‘\/
Entry Substrate P (bar) Conv. (%)" Sel. (%)
Carbonate Diol
1 0 1 36 57 43
©/@ 5 95 92 8
2 o 1 46 89 11
o \/g 56 78 22
3 0) 1 52 99 1
©i0\/A
CHs
4 O 1 73 68 32
/ \ 5 83 90 10
5 (0] 1 59 80 20
6 O 1 57 70 30
5 80 85 15
cl \/Q
7 1 13 > 99
5 15 > 99

@ Reaction conditions: BMIm.ZnCl; (0.625 mmol), Substrate (6.25 mmol),

24 h, and 40 °C.
b Calculated from 'H NMR.

formation of diol occurred due to the presence of small amount of water
contents in IL absorbed from moisture during preparation. Of note, no
formation of the 2-chloro-2-phenylethanol was detected. This indicates
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and CI 2p (b) regions. A parental ZnCl, was use to compare with our SILP-

the positive synergistic effect of BMIm.ZnCl3 catalyst by the coordina-
tion of the both cationic and anionic moieties hence promoted the re-
action by dual activation of the epoxide and CO,.

With the optimized conditions, a series of epoxides were examined in
order to evaluate the potential of the BMIm.ZnCl3 catalyst (Table 1).
46% conversion with 89% selectivity to the desired cyclic carbonate of
1,2-epoxy-3-phenylpropane was achieved (Table 1, entry 2). Whereas,
its methyl substituent derivative, glycidyl 2-methylphenyl ether was
converted 52% with about 99% selective to its cyclic carbonate (Table 1,
entry 3). Interestingly, aliphatic epoxides showed remarkable conver-
sion and selectivity to their carbonates. The propylene oxide (PO) gave
73% conversion with 63% selectivity to the cyclic carbonate (Table 1,
entry 4). While 59% conversion of the butylene oxide was attained with
80% selectivity to carbonate (Table 1, entry 5). The epichlorohydrin and
tert-butyl glycidyl ether oxide presented 57% and 13% conversion,
respectively (Table 1, entries 6, 7). This may be correlated to the highly
diffusion of small sized substrates into the confined spaces of BMIm.
ZnCls IL to have high access to the catalytic active sites, resulting the
high conversion and carbonate selectively.[66,67].

When the pressure was increased to 5 bar at 40 °C, augmentation in
epoxides conversion and selectivity to cyclic carbonates were observed
(Table 1). The conversion of styrene oxide reached to 92% with 95%
selectivity to carbonate (Table 1, entry 1). It is important to note that our
catalytic system showed higher styrene oxide conversion with selectivity
to its cyclic carbonate at ambient conditions as compared to the reported
sophisticated metal-based and halide containing imdazolium-based ILs
(Table S2) [31,47,50,51]. The increased in the epoxide conversion and
selectivity with the increased of CO, pressure may be correlated to the
phase behavior of CO2-epoxide system that has two phases; one CO»-rich
gas and other epoxide-rich liquid phase [68]. Hence, the CO, concen-
tration in liquid phases increased with pressure and caused the increase
of epoxides conversion. There was a slightly increased in the conversion
of bulky aromatic epoxide (1,2-epoxy-3-phenylpropane) with only 56%
(Table 1, entries 2) suggesting that the large epoxide substrates have
restricted diffusion into the confined spaces of BMIm.ZnCls, which
limited the access of reactants to the catalytic active sites [67,69]. A
similar behavior was also observed in the case of tert-butyl glycidyl
ether (Table 1, entry 7). The conversion of small sized aliphatic epoxide
such as propylene oxide (PO) and epichlorohydrin oxide reached to 83%
and 80% conversion with the selectivity of 90% and 85%, respectively
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(Table 1 entry 4, 6), higher than the previously reported [(CH,CH>OH)
BIm]ZnBrs IL that required sluggish reaction conditions (120 °C and
25 bar pressure) [68].

The influence of reaction temperature on styrene oxide was inves-
tigated by using BMIm.ZnCl3 under 1 atm CO5 for 24 h (Fig. 3). It was
observed that the temperature has significant effect on the styrene oxide
conversion and products selectivity. With the increase of the tempera-
ture, the styrene oxide conversion increased linearly. At room temper-
ature 19% conversion was detected with 50% cyclic carbonate and 50%
diol. The conversion was reached to 63% at 60 °C with 72% selectivity
to cyclic carbonate. The Arrhenius plot (Fig. S9) was achieved based on
the linear fitting of Ink vs. 1000/T from 40° to 80°C that lead to an
apparent activation energy Ea= 35.6 KJ molj1 which is low as compared
to previously reported pyrrolidinopyridinium iodide/ZnI, binary cata-
lyst (Ea= 41.5 KJ mol™).[70].

In order to study the heterogeneity effect, very simple silica covalent
supported imidazolium-based IL containing ZnCl3 anion (SILP-ZnCls3)
was evaluated as a heterogeneous catalyst for a series of epoxides
(Table 2). The reaction was performed in an autoclave reactor without
the use of any solvent and co-catalyst at 100 °C under 10 bar pressure.
The results indicated that SILP-ZnCl; could efficiently convert different
aromatic and aliphatic epoxides with maximum selectivity to their
corresponding cyclic carbonates. SILP-ZnCl3 catalyst converted about
98% of styrene oxide to its corresponding cyclic carbonate with 99%
selectivity (Table 2, entry 1) with turn over rates of 242.6. Our catalyst
showed higher TONs as compared to the previously reported supported
catalysts impregnated with Zn and Fe containing IL that needed high
pressure and temperature [47,49] and chloride containing SILPs
(Table S2). Whereas, 196.4 and 220 TONs were found for the phenyl-
ethoxy epoxide and methyl phenylethoxy epoxide with more than 97%
conversion (Table 2, entries 2,3).

SILP-ZnCl3 also demonstrated remarkable activity for the cycload-
dition of aliphatic epoxides. A higher conversion of 98% of butyl oxide
with 99% selectivity was found with SILP-ZnCl3 (Table 2, entry 4). Of
note that our SILP-ZnCl3 catalyst showed higher conversion and selec-
tivity for butyl oxide under milder reaction conditions as compared to
previously reported SILP-Cl and SILP-Br, which needed high amount of
IL (40%) [52]. The SILP-ZnCl; efficiently converted epichlorohydrin
(99%), propylene oxide (81%) and tert-butyl glycidyl ether (81%) with
higher selectivity (99%) to their cyclic carbonates (99%) with 245,
200.5 and 200.5 TONs (Table 2, entries 5-7), higher yield and TONs at
ambient conditions as compared to the reported supported metal/IL
based catalysts [47,49,50]. A low conversion of cyclohexene oxide (5%)
was observed (Table 2, entry 8). The superior performance of our
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Table 2
CO, cycloaddition of different epoxides by SILP.ZnCl3".
Entry Substrate Conv. (%)" Carbonate (%) TON®
1 (@) 98 >99 242.6
2 (@) 97 81 196.4
©/OMA
3 O 99 88 220
©i0\/Q
CHj
4 O 98 >99 242.6
5 0 99 >99 245
cl \/Q
6 (0] 81 > 99 200.5
7 (0] 81 > 99 200.5
>ro\/ﬁ
8 (0] 5 >99 12.4

# Reaction conditions: Cat. 400 mg, substrate (50 mmol), 24 h, 10 bar and
100 °C and without solvent.

b Calculated from 'H NMR.

¢ Turnover number (TON): numbers of moles of cyclic carbonate per mole of
immobilized IL. The quantity of IL (0.2 mmol) was obtained from TGA of SILP-
ZnCl; as reported earlier.[65]

heterogeneous SILP-ZnCls catalyst over homogeneous BMIm.ZnCls
catalyst could be attributed to its highly dispersed catalytic sites, porous
framework with high surface area, and large CO; adsorption capacity as
compared to its homogeneous counterpart. Moreover, the IL surface area
is increased relative to its volume and the substrate can readily diffuse to
the catalyst, overcoming the mass transfer limitations generated by the
high viscosity of the IL [71]. Beside this, the formation of the IL-cages

I Carbonate [Jil] Diol

100 T

80 4

60 -

40 -

20 ~

20 30 40 50

Temperature (°C)

60

Fig. 3. Reaction conditions: Styrene oxide (6.25 mmol), BMIm.ZnCl3 (0.625 mmol), CO, (1 atm), 40 °C and 24 h.
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onto SiOy enhances the local charge density and modulates the orien-
tation of the IL near the surface to assist substantial charge transfer,
leading to surface polarization and specific adsorption to ions, which
also play significant role to enhance the catalytic activity.

Temperature effect for the styrene oxide was also illustrated at
10 bar CO;, pressure (Fig. 4a). The rate of reaction and cyclic carbonate
increased rapidly with the reaction temperature, which agrees well that
raising the temperature is in favour of this reaction. The Arrhenius plot
was achieved based on the linear fitting of Ink vs. 1000/T from 40° to
100°C that lead to an apparent activation energy Ea= 57 KJ mol™
(Fig. 4b). Recyclability of SILP-ZnCl; showed sustained catalytic activity
and selectivity to cyclic carbonate up to six repeated cycles, displayed its
catalytic stability (Fig. 4c). After fourth run, the catalytic activity was
declined by a few percent with stable selectivity to carbonate. Of note,
'H NMR of the reaction medium was performed that showed no IL which
ruled out the leaching of IL. This decrease in activity may be due to the
lose of catalyst during its washing and drying for the next run. Moreover,
ESI-MS negative ion mode of the reaction mixture showed no signal
around m/z 170.83 which excluded the leaching of ZnCls. FTIR of the
used SILP-ZnCl; showed signals at about 3166, 3109 and 2946 cm™
characteristic to the imidazolium ring of the IL, demonstrated its sta-
bility (Fig. S10).

3.2.1. Mechanistic Investigation
A simple mechanistic approach is represented in Fig. 5a. It is widely
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accepted that imdazolium cation acts as a Lewis acid in which H-C2
activates the epoxide and facilitates the nucleophilic attack [31]. It is
been exclusively proposed (not confirmed experimentally or theoreti-
cally) that dissociation of metal-trichloride anion in molecular catalysts
happened to generate Cl anion (acts as nucleophile) and neutral ZnCl,
[32,47,51]. Here we proposed that no such dissociation of the ZnCl3
anion occurred. In order to confirm this hypothesis, ESI-MS analysis
(negative ion mode) of the reaction mixture was performed (Fig. 5a, b).
We proposed that H-C2 of the imidazolium cation ligated with the ox-
ygen of epoxide and the nucleophilic attach of the ZnCl3 anion occurred
at the less hindered carbon to generate the zinc-intermediate II. Ex-site
ESI-MS proved the existence of the intermediate II with m/z 288.89,
which excluded the dissociation of ZnCl3 (Fig. 5c¢). It is important to note
that no formation of the 2-chloro-2-phenylethanol was observed that
also neglects the dissociation of ZnCl3. Then the carbonation of
zinc-intermediate IT with CO; followed to form an acyclic carbonate IIT
that leads to the cyclic carbonate and regenerates the catalyst.
Furthermore, ESI-MS of the crude reaction intense signal at m/z 170.89
also confirmed the existence of ZnCl3 (Fig. 5b).

4. Conclusions
In summary, we report efficient activation of the different aromatic

and aliphatic epoxides at ambient reaction conditions. Our 1-n-butyl-3-
methylimidazulim trichlorozincate (BMIm.ZnCl3) ionic liquid presented
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Fig. 4. Reaction condition: SILP-ZnCl; (400 mg), styrene oxide (50 mmol) and pressure (10 bar). (a) Conv. Vs Temperature, (b) Arrhenius plot, and (c) recyclability

of SILP-ZnCl; for styrene oxide.
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Fig. 5. (a) A proposed mechanism for the CO, cycloaddition of styrene oxide by BMIm.ZnCl3 IL, (b) ESI-MS mass spectrum in the negative ion mode of crude reaction
mixture during CO; cycloaddition of styrene oxide at 40 °C of anion ZnCl3 (II) m/z 170.83178, and (c) reactive intermediate II m/z 288.89999. Reaction conditions
for ESI-MS; BMIm.ZnCl3 (0.625 mmol), styrene oxide (6.25 mmol), 24 h, 1 atm, and 40 °C.

higher activity with 56-95% conversion for the different aromatic and
aliphatic epoxides under 1-5 bar pressure at 40 °C. Small sized epoxides
showed higher conversion and selectivity to cyclic carbonate as
compared to bulky ones suggesting that the large epoxide substrates
restricted diffusion into the confined spaces of BMIm.ZnCl3 IL, which
limited the access of reactants to the catalytic active sites. By supporting
the IL on the SiO,, the confined SILP-ZnCls catalyst boosted the activity
with maximum conversion and yield (99%) to cyclic carbonates under
10 bar at 100 °C. This higher performance could be attributed to the
formation of the IL-cages onto SiO, that enhances the local charge
density and modulates the orientation of the IL near the surface to assist
substantial charge transfer, leading to surface polarization and specific
adsorption to ions. The SILP-ZnCl3 catalyst can be recovered and reused
at least six times, showing good chemical stability and reusability.
Furthermore, mechanistic investigations followed by ex-situ ESI-MS
analysis confirmed that the imidazolium cation of BMIm.ZnCl; IL acted
as Lewis acid and its anion, ZnCl3 anion, acts as nucleophile to facilitate
the ring opening without its dissociation into chloride anion and ZnCl,
contrasting to the previous reports.
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