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Nowadays, the clean production of bio-based products and fixation of carbon dioxide (CO,) are highly
desirable. In this work, carbonated fatty acid methyl esters have been successfully prepared in 99% yield
by cycloaddition of CO, with bio-based epoxidized methyl soyates. This was accomplished with a simple
and cheap catalyst system of polyethylene glycol 400 (PEG-400) and potassium iodide (KI) under
solvent-free conditions. Experimental parameters such as the molar ratio of polyethylene glycol to metal
halide, catalyst loading, reaction temperature, reaction time and CO, pressure were systematically
evaluated. The PEG-400 and Kl co-catalysts (4 mol%) could significantly promote the cycloaddition of
CO, with internal epoxides (epoxidized methyl soyates) to produce carbonated fatty acid methyl esters.
FT-IR and NMR analyses were used to confirm the product, and 99% yield of the five-membered cyclic

Received 12th July 2018
Accepted 17th August 2018

DOI: 10.1035/c8ra05947k carbonated methyl soyates was obtained at 120 °C with 3.0 MPa pressure of CO, for 20 h. This method

rsc.li/rsc-advances provides a cleaner approach for the production of bio-based products.
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1. Introduction

Carbon dioxide (CO,) is a major component of greenhouse
gases and is produced by the combustion of fossil fuels, the
fermentation of sugar and the respiration of all living organ-
isms.! Moreover, CO, is considered as an abundant, low-cost,
non-toxic and renewable C1 resource. Therefore, the applica-
tions of CO, have rapidly become a subject of interest in the
academic and industrial sectors.” In the past two decades, the
utilization of CO, transformation has mainly focused on the
following areas: (a) reacting with hydrogen to produce meth-
anol, hydrocarbons and their derivatives,** (b) reacting with
ammonia to form urea,’ (c) cycloaddition with epoxides to form
carbonates or polycarbonates.”®

In recent years, the cycloaddition reaction of CO, has
become one of the hot fields in catalysis (e.g. heterogeneous
catalysts)®™** for its production of value-added organic chem-
icals (e.g. cyclic carbonates) from the renewable C1 building
block. Cyclic carbonates are one of the special fine chemical
products. Because of their advantages of high boiling points,
excellent biodegradability and solubility, cyclic carbonates can
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be widely used as one of the main raw material for poly-
carbonates™ and in other plastic industries such as non-
isocyanate polyurethanes." Five-membered cyclic carbonates,
as a member of the cyclic carbonates, are often used as elec-
trolyte solvents in lithium-ion batteries," plasticizers,' envi-
ronment friendly aprotic polar organic solvents,'® fuel
additives,"” starting materials and intermediates in the manu-
facture of fine chemicals."®

The cycloaddition reaction of CO, to epoxides depends on
the type of catalyst used. Therefore, the biggest challenge is the
development of efficient catalysts to promote the cycloaddition
reaction under moderate reaction conditions. Over the past
decades, a lot of researchers have focused on the development
of efficient homogeneous catalysts* and heterogeneous cata-
lysts (e.g. metal-organic frameworks)" for these reactions. Due
to their high catalytic activity, homogeneous catalysts, such as
quaternary ammonium salts (e.g. TBAB),>*** metal complexes,>
ionic liquids,* organocatalysts** and crown ether complexes®
have received significant attention. However, it is still very
desirable to explore simple and efficient catalyst systems for
this important transformation.

Polyethylene glycols (PEGs) are well known as inexpensive,
thermally stable, toxicologically innocuous, environmentally
benign media to chemical, pharmaceutical and food indus-
tries,* and are commercially available on large scales for
economical prices. In particular, they are also used as phase
transfer catalysts (PTC) in some cases and reports indicate that
CO, can weakly interact with ether linkage of PEGs, which leads
to the improvement of CO, adsorption rates.”” Furthermore, the
hydroxyl moieties of PEGs should benefit the cyclic-carbonate

This journal is © The Royal Society of Chemistry 2018
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formation by substrate activation through hydrogen bonding.>®
Metal halides (e.g. ZnBr,) are also effective catalysts for catalytic
cycloaddition reaction of epoxides and CO,. However, there is
virtually no catalytic activity when only these metal halides are
used. Therefore, coordination of additives or phase transfer
catalysts is usually required.”**

In line with the development of green and sustainable
chemistry, it is of great importance to prepare value-added
products from bio-based epoxides.***® Carbonated methyl
soyates (CMS), which were prepared through the cycloaddition
of CO, with epoxidized soybean oil fatty acid methyl esters,
represent a useful and sustainable chemical intermediate.
Soybean oil fatty acid methyl esters (methyl soyate) are one of
the typical vegetable oil fatty acid methyl esters prepared from
soybean oil. Due to the steric hindrance of the epoxide groups in
methyl soyate, efficient catalysts for the preparation of carbon-
ated methyl soyates are limited.”****” In the present work, we
explored the catalytic performance of cheap and green PEGs
and KI for cycloaddition of CO, with epoxidized methyl soyates
(EMS) to produce carbonated methyl soyates (CMS) (Scheme 1).
Particularly, the role of PEGs in this cycloaddition reaction was
investigated. The CMS product was identified by both FT-IR and
NMR analysis.

2. Results and discussion

2.1. Catalyst screening for the carbonation of EMS

PEG-400-embedded-KBr (i.e. [K'{PEG}Br ]) has been reported
as an efficient catalyst for the cycloaddition of terminal epox-
ides (e.g. styrene oxide) with CO,, and [K'{PEG}Br~] exhibited
higher efficiency than the mixture of PEG-400 and KBr in the
study.” Considering the simple preparation, low cost and
sustainability of this catalyst, we embarked our investigation on
the cycloaddition of EMS with CO, using [K'{PEG}Br | as the
catalyst (Scheme 2). We conducted the cycloaddition of EMS
with CO, (10 atm) at 120 °C. However, the results indicated that
no carbonation of EMS occurred in the presence of [K'{PEG}
Br ]. This may be because [K'{PEG}Br] is not suitable for
substrates with larger steric hindrance (e.g. EMS). Herein, we
revisited the combination of PEG and metal halides to develop
an efficient cycloaddition catalyst system for the bio-based EMS.
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The reaction conditions for the initial screening were as
follows: 120 °C, 1.0 MPa pressure of CO,, reaction time of 18 h
under solvent-free condition (Table 1). It is noteworthy that no
cycloaddition product was observed using only KI as the metal
halide (Table 1, entry 1). Poly(ethylene glycol)s (PEGs) are of
particular interest because their properties can be tuned by
their size and their large-scale commercial availability at low
costs.*® PEG can be used as phase transfer catalysts (PTC) and
green solvent in most cases.*® In general, when the commonly
used potassium iodide (KI) in combination with PTC (1 : 1, mol
mol ') was used as the co-catalyst system for the cycloaddition
reaction of EMS, the yields of CMS significantly improved with
the increase in molecular weight of the PEGs (Table 1, entries 2-
11). When ethylene glycol or triethylene glycol (MW = 150) were
used as the PTC (Table 1, entries 2 and 3), the yields of CMSs
were less than 5% and 10%, respectively. Cycloaddition using
tetraethylene glycol (MW = 194) or PEG-200 as the PTC resulted
in CMS yields of 52% and 55%, respectively (Table 1, entries 4
and 5). Subsequently, the yields of CMSs increased (74-79%)
with larger molecular weight PEGs (PEG-400, PEG-600, PEG-800,
PEG-1000, PEG-2000 and PEG-4000) (Table 1, entries 6-11). This
is probably because the solubility of these PEGs is not limited
with the substrates at the reaction temperature of 120 °C.

For comparison, we also explored the cycloaddition reaction
of EMSs and CO, catalyzed by other metal iodides (e.g. Nal,
Cal,) (Table 1, entries 12-14). The yield of CMSs catalyzed by
sodium iodide (Nal) in cooperation with PEG-400 was 65%.
However, Nal was less attractive due to the low catalytic activity
compared with that of KI. Calcium iodide (Cal,) or zinc iodide
(znI,) showed no activity for this reaction under the same
reaction conditions (120 °C, 1.0 MPa pressure of CO,) in
combination with PEG-400. This might be due to the higher
dissociation energy needed by Cal, and ZnlI, to form Ca*", Zn**
and 1,* in this case. Finally, the combination of potassium
bromide (KBr) and PEG-400 for the cycloaddition reaction of
EMS and CO, was investigated (Table 1, entry 15). The results
showed that KBr had no activity for this cycloaddition reaction
similar to the [K'{PEG}Br~] complex (Scheme 2). Considering
PEG-400 as the most commonly used PEG, KI in cooperation
with PEG-400 was selected as the optimum catalyst system to
explore the cycloaddition reaction of EMS with CO, in the
following experiments.
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Scheme 1 Cycloaddition of CO, with EMS.
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Scheme 2 Cycloaddition catalyzed by [K*{PEG}Br~] complex.

2.2. Effect of the molar ratio of KI to PEG-400

In the catalyst screening experiments, the amount of metal
halide and PTC were both 5 mol%. We hypothesized that the
molar ratio of metal halide (e.g. KI) to PTC had an impact on the
cycloaddition reaction of EMS and CO, to prepare CMS.
Therefore, the effect of molar ratio of KI to PEG-400 (5: 1, 5 : 3,
5:5,5:8and 5: 10) on the cycloaddition reaction of EMS with
CO, was investigated (Fig. 1).

Yields of CMS increased as the molar amount of PEG-400
increased from 1 mol% to 5 mol%, producing CMS in 79%
yield. Subsequently, the molar amount of PEG-400 was
increased to 8-10 mol% in order to investigate the PTC effect,

Table 1 Catalyst screening for the carbonation of EMS®

X

o] Cataly st
/\ +CO, — > O ©
R R2 no solvent Y-
1 2
120 °C R R
EMS Ccms
Entry Metal salt PTC Yield (%)
1 KI — 0
2 KI Ethylene glycol <5
3 KI Triethylene glycol 10
4 KI Tetraethylene glycol 52
5 KI PEG-200 55
6 KI PEG-400 79
7 KI PEG-600 78
8 KI PEG-800 78
9 KI PEG-1000 74
10 KI PEG-2000 74
11 KI PEG-4000 78
12 Nal PEG-400 65
13 Cal, PEG-400 0
14 Znl, PEG-400 0
15 KBr PEG-400 0

“ Reaction conditions: reaction temperature: 120 °C; reaction time: 18 h;
CO, pressure: 1.0 MPa; stirring speed: 400 rpm; catalyst loading:
5 mol%; PTC concentration: 5 mol%; EMS: 5.0 g.
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Fig. 1 The effect of molar ratio of KI to PEG-400 on cycloaddition
reaction. (Reaction conditions: reaction temperature: 120 °C; CO,
pressure: 1.0 MPa; reaction time: 18 h; stirring speed: 400 rpm; EMS:
5049)

and it was observed that the yield of CMS remained constant.
We proposed that one molecule of KI salt reacts with one unit of
PEG-400 in situ to afford the [K'{PEG}I | complex (Scheme 3),>
which may act as the true catalyst for such a cycloaddition
reaction. On the other hand, PEG-400 can coordinate with the
K* from KI, which reduces the interaction between K" and I” to
increase the nucleophilicity of I, thus enhancing the catalytic
activity of KI. It can be seen that the highest yield was achieved
for the molar ratio of KI to PEG-400 of 1 : 1. Therefore, the
combination of KI/PEG-400 (1 : 1, mol mol ") was selected for
the following optimization experiments.

2.3. Effect of other reaction parameters on the yield of CMS

The effect of other reaction parameters (e.g. catalyst concen-
tration, reaction temperature, reaction time and CO, pressure)
on the yield of CMS were systematically investigated (Fig. 2). The
catalyst concentration is one of the most important factors
affecting the yield of CMS. Therefore, a suitable concentration
of the catalyst is required. A set of experiments on the catalyst
concentration were performed and the results are shown in
Fig. 2a. The results indicate that the yields of CMS increased
with the increase in catalyst concentration and a high yield of
CMS (85%) was obtained at 8 mol% KI/PEG-400. Increasing the
catalyst concentration further (10 mol%) led to an almost
constant yield under the used reaction conditions. Therefore,
the optimum catalyst concentration of 8 mol% was used in the
following experiments.

The reaction temperature is another important parameter
that affects the cycloaddition reaction. The oxirane groups are

0N 0N
0 O\/()H O-... .‘-Os/Q H
[o +Kk1— (K T
Lo oH R

Scheme 3 Proposed formation of [K*{PEG}I "] complex.
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Fig. 2 Effects of (a) catalyst concentration, (b) reaction temperature,
conditions: (a) 120 °C, 1.0 MPa, 18 h; (b) catalyst concentration 8 mol’%,

catalyst concentration 8 mol%, 120 °C, 30 h.)

located in the middle of the molecular chain of the EMS, which
results in a larger steric hindrance. So a relatively higher reac-
tion temperature was employed. Experiments were conducted
at different temperatures (80-140 °C) to investigate the effect of
temperature on the yield of CMS (Fig. 2b). It is evident that the
yield of CMS increased with the increase in temperature (80-120
°C). However, higher temperatures (>130 °C) led to possible
side-reactions, such as epoxy ring opening reaction. Therefore,
an operating temperature of 120 °C was selected for the
subsequent investigations.

Fig. 2c displays the influence of reaction time on the CMS
yield. It was noted that the CMS yield increased with prolon-
gation of the reaction time. In detail, the CMS yields increased
rapidly with the increase in reaction time until it reached 12 h.
With further prolonging the reaction time, the yields of
carbonated methyl soyates increased slowly and reached

(c) reaction time, (d) CO, pressure on the yield of CMS. (Reaction
1.0 MPa, 18 h; (c) catalyst concentration 8 mol%, 120 °C, 1.0 MPa; (d)

a maximum (91%) with a reaction time of 30 h. This phenom-
enon was probably due to the increased steric hindrance caused
by the formation of cyclic carbonate groups from two or three
oxirane groups located in the same molecular chain (Scheme 4).
Besides, the absorption rate of CO, increased in the following
order: carbonated vegetable oils < epoxidized vegetable oils.** In
other words, the concentration of CO, in the reaction system
declined rapidly with increasing yields of CMS. Thus, 30 h was
selected as the optimal reaction time.

In terms of gas-liquid two-phase reactions, the CO, pressure
also plays an important role on the cycloaddition reaction. As
shown in Fig. 2d, the CMS yields were significantly affected by
CO, pressure. Notably, nearly no reaction was detected under
0.1 MPa CO, pressure. The CMS yields increased when the
pressure of CO, increased from 0.1 MPa to 3.0 MPa. In general,
the yields of the cycloaddition reaction were increased with

CO;
Me ., CO,Me Me 7 CO2Me
o} 0 ¢} Fast OTO o o\[(o
@)
Epoxidized methyl linolenate 0
CO2/ siow
Me 7 CO,Me

o o) o)

Scheme 4 Stepwise reaction for the carbonation of epoxidized methyl linolenate.
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increase in CO, pressure. The reason for this phenomenon may
be that EMS contains about 6% of epoxidized methyl linolenate,
and the cycloaddition of epoxidized methyl linolenate with CO,
is challenging due to the three epoxides groups incorporated on
the same backbone (Scheme 4). In addition, the solubility of
CO, in CMS is lower than that in the starting material, i.e. EMS.
Therefore, 3.0 MPa was chosen as the optimum pressure of CO,
and the yield of CMS reached 99%.

2.4. Reaction mechanism

Both the mixture of KBr and PEG (Table 1, entry 15) and the
[K'{PEG}Br~] complex (Scheme 2) showed no catalytic activity
for this cycloaddition reaction. Therefore, we could conclude
that iodide anion (I") in the metal halides (e.g. KI) is crucial for
the cycloaddition reaction of EMS with CO,. Also, we propose
that the KI salt reacted with PEG-400 in situ to afford the
[K'{PEG} "] complex, which could act as the true catalyst for
such cycloaddition reactions (Scheme 5). Based on the proce-
dure described by Kumar et al.,” [K'{PEG}I ] was prepared as
a yellow viscous oil, which was identified by UV-spectra (Fig. S1,
ESI{). As the complex [K'{PEG}I"] was formed, the absorbance
peak of the host (PEG-400) at 235 nm gradually reduced and
a clear absorbance peak was observed at 265 nm. [K'{PEG} ]
was then used as the catalyst in the cycloaddition reaction
(Table 2). To our surprise, using PEG-400-embedded-KI (i.e.
[K{PEG}]) as the catalyst in the cycloaddition reaction
produced only 44% yield of CMS (Table 2, entry 2), which
indicates that the [K'{PEG}I"] complex shows less efficiency
than the combination of KI and PEG-400. The combination of
[K'{PEG}I"] and PEG-400 still showed less efficiency in the
cycloaddition reaction (Table 2, entries 3 and 4). To our delight,
good yields of CMSs (77-81%) were obtained when the combi-
nation of [K'{PEG}I"] (5 mol%) and KI (3-5 mol%) was used as
the catalyst (Table 2, entries 5 and 6). Undoubtedly, free KI was
crucial for this cycloaddition reaction involving epoxidized
methyl soyates (EMS) as the internal epoxides. The larger
molecule [K'{PEG}I"] might have hampered the nucleophilic
attack between an iodide anion (I") and the internal epoxides
with larger steric hindrance (EMS) (Scheme 5). In fact, some
insoluble white powder (KI) was observed after the cycloaddi-
tion reaction using KI and PEG-400 as the co-catalyst (KI/PEG-
400) (Fig. S2 in ESIf). In the UV-vis spectra of KI/PEG

0
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d. =+,0\/“°‘Rj ) IS0 ¥ A
[0..-, .~ F - = R?
L0609 on Q4 0 om
- A
(ii)[co,
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Scheme 5 Proposed mechanism through the generation of [K*{PEG} 1.
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Table 2 Control experiments for the carbonation of EMS*

Cataly st

X

405 +CO, — > 0o 0
R! R2 no solvent
120°C R R?

EMS CcMS
Entry Catalyst Yield (%)
1 KI (5 mol%)/PEG-400 (5 mol%) 80
2 [K{PEGH ] (5 mol%) 44
3 [K'{PEG}I ] (5 mol%)/PEG-400 (3 mol%) 44
4 [K'{PEG}I ] (5 mol%)/PEG-400 (5 mol%) 44
5 [K'{PEG} ] (5 mol%)/KI (3 mol%) 77
6 [K{PEG} ] (5 mol%)/KI (5 mol%) 81

¢ Reaction conditions were the same as Table 1 (120 °C, 18 h, CO,
1.0 MPa, EMS: 5.0 g).

mixtures, the absorbance peaks of the complex [K'{PEG} ] (at
235 nm) and KI (at 360 nm) were both observed (Fig. S3 in ESIf).
Therefore, the in situ generation of PEG-400-embedded-KI (i.e.
[K'{PEG}]) as the sole catalyst in the cycloaddition reaction
was ruled out.

2.5. Carbonation at the CO, pressure of 3.0 MPa

It was found in above experiments that the yield of CMS reached
99% under the following conditions: catalyst concentration of
8 mol%, reaction time of 30 h at 120 °C with CO, pressure of
3.0 MPa. Thus the CO, pressure has a significant effect on the
CMS yield, and a higher CO, pressure would increase the
reaction rate of the substrate with steric hindrance, which may
decrease the catalyst loading or reaction time. Because of this,
the influence of catalyst concentration and reaction times on
the yield of CMS under 3.0 MPa CO, pressure was explored
(Table 3). The yield of CMS changed with the decrease in the
catalyst concentration (Table 3, entries 1-3). It can be seen that
a 99% yield of CMS could be obtained when the amount of
catalyst (KI/PEG-400) was 4 mol%, under CO, pressure of
3.0 MPa and with a reaction time of 30 h. Subsequently, the
reaction time was also optimized (Table 3, entries 4 and 5). The
experimental results proved that the reaction time could be
shortened to 20 h without affecting the outcome. However,
using a significantly shorter reaction time (10 h) led to a lower
yield (85%). Therefore, 99% yield of CMS could be obtained in

Table 3 Optimization at the CO, pressure of 3.0 MPa“

Entry Catalyst concentration (mol%) Time (h) Yield (%)
1 8 30 99
2 4 30 99
3 2 30 93
4 4 20 99
5 4 10 85
6 3 20 93

“ Reaction conditions: reaction temperature: 120 °C, CO, pressure:
3.0 MPa.

This journal is © The Royal Society of Chemistry 2018
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Fig.3 FT-IR spectra after (A) and before (B) the cycloaddition reaction.

the presence of 4 mol% catalyst (KI/PEG-400) with a 3.0 MPa
CO, pressure and a reaction time of 20 h.

2.6. Characterization of carbonation product

The structural features of the product of CMS were character-
ized by FT-IR, '"H-NMR and '*C-NMR. First, we could clearly
observe that the substrate before and after the cycloaddition
reaction changed based on the FT-IR spectroscopy analysis
(Fig. 3). The FT-IR spectra clearly showed the generation of
anew bond at 1801 cm ™' (C=0 stretching), associated with the
five-membered cyclic carbonate formation, which was different
from the original carbonyl bond of the epoxidized methyl soyate
backbone at 1730 cm™ ' (C=0 stretching). The carbonyl groups
(1730 em ™) of the ester bond present in both the raw material
(EMS) and the final product (CMS) showed no change.
Subsequently, "H-NMR was utilized to further determine the
cycloaddition reaction of EMS with CO,. The "H-NMR spectra of
the starting materiallEMS and CMS clearly indicate the

@A)

o

oy

B)

L.

[}
AN
I rJ.\ | |
g
8 7 6 5 4 3 2 1 0
ppm

Fig. 4 'H-NMR spectra after (A) and before (B) the cycloaddition
reaction.
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Fig. 5 *C-NMR spectra of carbonated methyl soyates (CMS).

occurrence of the cycloaddition reaction of EMS with CO,,
which is shown in Fig. 4. The "H-NMR signals of the epoxide
moiety (2.85-3.15 ppm) disappeared, while new "H-NMR signals
associated with the carbonate moiety emerged between 4.20-
4.95 ppm.

Finally, the cycloaddition product was also identified by "*C-
NMR spectroscopy (Fig. 5). The *C-NMR spectra was obtained
for CMS under the following reaction conditions: reaction
temperature of 120 °C, catalyst concentration of 4 mol%, 3.0 MPa
pressure of CO, and reaction time of 20 h. A new peak appeared
at 154 ppm, which was associated with the carbonate moiety in
the five-membered cyclic group in the final product (CMS).

3. Conclusions

In this work, bio-based carbonated methyl soyates (CMS) were
prepared by the cycloaddition of CO, with epoxidized methyl
soyates in excellent yield using green and cheap polyethylene
glycol 400 (PEG-400) and potassium iodide (KI) as co-catalyst
system (4 mol%) at 120 °C and 3.0 MPa pressure of CO, for
20 h. PEG-400 possesses the characteristics of being environ-
ment friendly, cheap, green, able to capture CO, and biode-
gradable compared to those of the other phase transfer catalysts
(PTC). The effect of the catalyst system on cycloaddition reac-
tion of epoxidized methyl soyates and CO, was explored
systematically, which demonstrated that the use of PEG-400 and
KI could significantly promote the cycloaddition reaction of CO,
with epoxidized methyl soyates, and the yield of carbonated
methyl soyates (CMS) was up to 99%. In addition, the combi-
nation of PEG-400 and KI will provide a potential method to
catalyze the cycloaddition reaction of CO, and internal epoxides
with larger steric hindrance to produce five-membered cyclic
carbonated compounds without any solvents.
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