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Recyclable and scalable organocatalytic
transesterification of polysaccharides in a mixed
solvent of 1-ethyl-3-methylimidazolium acetate and
dimethyl sulfoxide

Quy Van Nguyen1, Shuhei Nomura1, Rina Hoshino1, Kazuaki Ninomiya2, Kenji Takada1, Ryohei Kakuchi3

and Kenji Takahashi1

In this manuscript, the scalability and recyclability of the catalytic transesterifications of polysaccharides with 1-ethyl-3-

methylimidazolium acetate (EmimOAc) as both the solvent and the organocatalyst were evaluated. For the organocatalytic

transesterifications of cellulose with EmimOAc, EmimOAc was recycled four times without an obvious decrease in its catalytic

activity, and the recovery ratio of EmimOAc was sufficiently high (at least 96 wt%). To show the applicability of EmimOAc-

catalyzed transesterifications, the EmimOAc-catalyzed cellulose modification was expanded to a gram-scale reaction with various

polysaccharide sources, such as pulps, rayon, xylan, pullulan, and dextrin, which provides the corresponding polysaccharide

esters with a practically perfect degree of substitution values.
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INTRODUCTION

During recent decades, metal-free catalysts, the so-called organocata-
lysts, have emerged in the chemical sciences.1–6 With the rapid growth
of organocatalysts in organic chemistry, these catalysts have gradually
been integrated into polymer chemistry. For example, efficient
organocatalysts have been utilized in a range of polymer syntheses,
including the ring opening polymerizations of cyclic esters,7–14

epoxides,15–17 and cyclic siloxane18; the group transfer polymerization
of vinyl monomers;19–24 step-growth polymerizations;7,25,26 and post-
polymerization modification reactions,27 among others.28,29

When considering that organocatalysts are free from organometal-
lics and thus exhibit a ‘green nature’, the integration of organocatalysts
into biorenewable resources provides new directions in biomass-
related science and polymer chemistry. For example, organocatalysts
have been utilized for the ring opening polymerization of bio-based
cyclic esters,30 vinyl polymerization of bio-renewable monomers31,32

and polymer analogous reactions of cellulose.33–37 Since polysacchar-
ides, including cellulose, are one of the most important chemical
sources, the utilization of cellulose as a starting material has been a
long-lasting challenge in biomass-related chemistries.38 Owing to its
strong inter- and intra-hydrogen bonding, cellulose is not soluble in
aqueous to organic reaction media. In this context, imidazolium-based

ionic liquids (Im-ILs) have been highlighted in biomass-related
technologies since Im-ILs are known to dissolve cellulose under mild
conditions without harming the cellulose’s chemical structure.39,40 In
addition to their excellent cellulose dissolving property, Im-ILs have
become organocatalysts based on their molecular structure.41 Recently,
we reported that Im-ILs may provide dual functions as an organoca-
talyst and a reaction solvent for cellulose modification reactions.35,36

In particular, cellulose was subjected to transesterification reactions in
1-ethyl-3-methylimidazolium acetate (EmimOAc) with stable esters,
such as isopropenyl acetate. EmimOAc behaved both as a reaction
medium and an organocatalyst for the transesterification. Thus, our
synthetic protocol has realized not only active but also instinctively
green cellulose modification reactions, which potentially lead to
materials science based on cellulose.
Despite the inherent green nature of the cellulose modification

protocol, the practical aspect of the reaction system has remained a
consideration. The cellulose modification reactions were conducted on
a milligram scale starting from a single cellulose source. In this
context, the use of a wide range of polysaccharides, including cellulose,
needs to be addressed. Additionally, because Im-ILs are expensive
compared with common organic solvents, their reusability should be
verified. Since Im-ILs are both chemically stable and involatile even
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under high vacuum conditions, high vacuum distillation of the
reaction system should easily recover the Im-ILs. However, these
issues have not been addressed in detail in our latest studies. With the
intrinsic green advantage of polysaccharides (including cellulose), an
improvement in the practical applicability of organocatalytic transes-
terification will provide a practical and operationally easy synthetic
strategy to both polymer chemists and materials scientists who wish to
use polysaccharide derivatives.
We now provide an insight into the practical applicability of our

synthetic protocol (Scheme 1). This article represents: (1) scalability of
the organocatalytic transesterification reactions for a range of poly-
saccharides, including cellulose, and (2) recyclability of EmimOAc for
cellulose modification reactions.

EXPERIMENTAL PROCEDURES

Materials
1-Ethyl-3-methylimidazolium acetate (EmimOAc; 95%), dichloromethane,
methanol, chloroform, chloroform-d (CDCl3) and dimethylsulfoxide-d6
(DMSO-d6) were obtained from Kanto Chemical Co., Inc. (Tokyo, Japan),
and used without further purification. Isopropenyl acetate (99%) and dimethyl
sulfoxide (DMSO; anhydrous499.9%) were obtained from the Sigma-Aldrich
Chemicals Japan KK (Tokyo, Japan), and used as received. As the cellulose
source, Avicel PH-101 was purchased from the Sigma-Aldrich Chemicals Japan
KK. The apparent molecular weight of Avicel was determined using size
exclusion chromatography measurements in tetrahydrofuran (THF) with
polystyrene calibrations of the carbanilated cellulose sample (reacted with
phenyl isocyanate). The carbanilation reaction was carried out according to a
previously reported method.42 The apparent number of the average degree of
polymerization of the original cellulose was calculated to be 105. The cellulose

sources, pulps A, B and C, and rayon, were kindly supplied by DAICEL
Chemical Industries, Ltd (Tokyo, Japan). Xylan, pullulan and benzoyl chloride
were purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan).
Dextrin was purchased from Nakalai Tesque, Inc (Kyoto, Japan). All other
chemicals were commercially available and used without further purification
unless otherwise stated.

Instruments
All 1H and 13C NMR spectra in solution were recorded using JEOL (Tokyo,
Japan) 400 and 600 MHz FT-NMR spectrometers in deuterated solvents, and
the chemical shifts (δ) were given in p.p.m. with either the solvent peak or TMS
as the internal standard. Size exclusion chromatography measurements of the
polysaccharides were performed in CHCl3 at 40 °C with the flow rate of
1.0 ml min− 1 using a Shimadzu (Kyoto, Japan) Prominence gel permeation
chromatography system (DGU-20A degassing unit, LC-20AD pump, SIL-20A
HT auto sampler, CTO-20A column oven, and RID-20A refractive index
detector) with two Shodex KF-806L columns (Showa Denko K.K., Tokyo,
Japan). The number average molecular weight (Mn,SEC) and polydispersity
(Mw/Mn) were determined by the RI based on polystyrene standards (poly-
styrenes with molecular weights of 0.5 K, 2.42 K, 5.97 K, 18.1 K, 37.9 K, 190 K,
427 K, 1090 K, 2110 K, 8420 K g mol− 1).

Transesterification reaction of cellulose in EmimOAc/DMSO mixed
solvents
A typical reaction based on the transesterification reaction of cellulose
was conducted as follows: a solution of cellulose (120 mg, [monomeric
unit]0= 0.74 mmol) in EmimOAc (4.00 g, 23.5 mmol) was dried for 4 h
under vacuum conditions at 80 °C. After the drying process was finished,
DMSO (4.00 ml) and isopropenyl acetate (4.00 ml, 36.8 mmol) were
added under an argon atmosphere. After the reaction mixture was stirred
for 30 min, the reaction mixture was diluted with CH2Cl2 and poured
into a large amount of methanol. The obtained polymer was purified by
reprecipitation (CH2Cl2/methanol) to yield a pale yellowish powder.
Yield: 192 mg.

Determination of degree of substitution values of cellulose acetates
The degree of substitution (DS) values of the obtained cellulose acetates were
determined using 1H NMR measurements of the cellulose derivatives that were
obtained via the reaction of cellulose acetate with an excess amount of benzoyl
chloride. The typical procedure is as follows: a 4 ml CHCl3 solution of cellulose
acetate (100 mg, 347 μmol), benzoyl chloride (440 mg, 3.1 mmol) and triethy-
lamine (318 mg, 3.1 mmol) was stirred for 24 h at room temperature. The
reaction mixture was then poured into a large quantity of methanol. The
obtained precipitate was collected and dried under vacuum conditions. Yield:
90.1 mg.
The DS values were calculated using the following equation:

DS ¼ 3´
Peak area1:5B2:3 p:p:m:=3

ðPeak area1:5B2:3 p:p:m:=3Þ þ ðPeak area7:0B8:5 p:p:m:=5Þ
To avoid the potential overlap of the aromatic protons and solvent peak, NMR
measurements were conducted in DMSO-d6. The DS determination for the
polysaccharide derivatives was conducted in a similar manner to cellulose
acetate.

RESULTS AND DISCUSSION

Recycling and reusing EmimOAc for cellulose modification
reactions in EmimOAc/DMSO mixed solvent systems.
To facilitate a greener and more practical cellulose modification
protocol, we first focused on the recyclability and reusability of
EmimOAc. Therefore, the initial purpose of this study was to test
whether the employed EmimOAc could be recycled and reused for
cellulose modification reactions in EmimOAc. Owing to the high
viscosity and cost associated with the use of EmimOAc, the cellulose
modification reaction was optimized in our latest study.35 In our
study, the optimized reaction used DMSO as both a co-solvent and as
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Scheme 1 Schematic representation of recyclable and scalable
organocatalytic transesterification reactions of cellulose in the EmimOAc/
DMSO mixed solvent system.

Figure 1 1H NMR spectra in CDCl3 of the obtained cellulose acetates
(Table 1, runs 1–5).
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an efficient accelerator for the organocatalytic ability of EmimOAc.
Specifically, the cellulose modification reaction was conducted in the
EmimOAc/DMSO mixed solvent with isopropenyl acetate as an ester
donating reagent and EmimOAc as a cellulose solvent and an
organocatalyst for the transesterification. The initial cellulose mod-
ification condition of [Cellulose]0/[EmimOAc]0/[DMSO]0/[IPA]0 was
120 mg/4.0 g/4.4 g/3.7 g with the cellulose concentration at 1.0 wt %.
The transesterification reaction was conducted for 30 min under an Ar
atmosphere at 80 °C. As previously reported, the cellulose transester-
ification reaction led to cellulose acetate featuring a high DS value of
2.95 (Figure 1). After the cellulose acetate was isolated via simple
reprecipitation into methanol, the resultant methanol layer was
evaporated and subsequently distilled under a high vacuum
(Scheme 2). This provided the employed EmimOAc with a 99.2 wt
% recovery ratio (run 1, Table 1). In the 1H NMR spectrum of the
recovered EmimOAc that is depicted in Figure 2, a slight quantity of
impurity was observed. Though a precise decomposition mechanism
of EmimOAc has been unclear, this phenomenon can be correlated
with the acidic C2 proton of the imidazolium ring. Since EmimOAc
features a strongly basic acetate anion, the instinctive nucleophilic
attack of the acetate anion on the C2 position would be inevitable and
could lead to a decomposition reaction.43 Despite the confirmed
impurity, which is likely due to decomposition during the reaction
and/or purification steps, the recovered EmimOAc was used for the
next cellulose modification reaction without any purification. In run 2
(Table 1), cellulose acetate was produced with a high DS value of 2.96
and good recyclability of EmimOAc (98.1%). This procedure was

successfully iterated at least four times without any difficulties and a
decrease in catalytic activities (runs 3~ 5, Table 1 and Figure 3). Thus,
although unknown impurities have been generated in the employed
EmimOAc through repeated reaction and purification steps, Emi-
mOAc was revealed to be recyclable and reusable in the cellulose
modification reaction at least four times.

Scaling up and expanding the polysaccharide sources for
organocatalytic transesterifications in EmimOAc/DMSO mixed
solvent systems
As previously discussed, the facile recyclability and reusability of the
employed EmimOAc were validated. Next, we focused on the practical
aspect of the cellulose modification protocol. To provide a robust and
reliable synthetic protocol, the scalability of the reaction system should
be addressed because a large-scale synthesis might face difficulties due
to a difference in the reaction scale itself. Along with the scalability of

Scheme 2 Recyclable reaction of cellulose in the EmimOAc/DMSO mixed
solvent system.

Table 1 Recycling EmimOAc in the cellulose modification reactions

in EmimOAc/DMSO mixed solvent systemsa

Run EmimOAc DS valuesb
Recovery ratio of EmimOAc

[wt %]c Mn,SEC
d Mw/Mn

d

1 Fresh 2.95 99.2 31 700 3.58

2 Recycle 1 2.96 98.1 32 200 4.33

3 Recycle 2 2.87 96.2 33 200 3.43

4 Recycle 3 2.88 96.8 31 500 3.33

5 Recycle 4 2.86 97.7 29 900 5.69

Abbreviations: EmimOAc, 1-ethyl-3-methylimidazolium acetate; DMSO, dimethyl sulfoxide;
DS, degree of substitution; IPA, isopropenyl acetate.
aThe reaction conditions for the transesterification reactions of cellulose with IPA were as
follows: EmimOAc was the solvent and organocatalyst; the reaction was conducted for 30 min;
4 ml of DMSO was used as the co-solvent; 120 mg of cellulose was used as the starting
compound; the initial [IPA]/[OH] ratio was adjusted to 16.5/1; Ar atmosphere.
b1H NMR measurements were conducted in DMSO-d6.
cThe recovery ratio was determined after vacuum drying of the resultant EmimOAc.
dSEC measurements were conducted in CHCl3 using polystyrene standards.

Figure 2 1H NMR spectra in CDCl3 of the fresh and recovered EmimOAc
after the cellulose modification reactions (Table 1, runs 1–5). The symbol *
refers to peaks due to impurities.

Figure 3 SEC traces of the obtained cellulose acetate (solvent, CHCl3; flow
rate, 1.0 ml min−1).

Recyclable and scalable organocatalytic transesterification of polysaccharides
Q Van Nguyen et al

785

Polymer Journal



the reaction system, the polysaccharide source should be considered
because polysaccharides are naturally occurring polymers and thus can
be obtained from a range of natural sources. Apart from synthetic
polymers, the source of naturally occurring polymers shows a
significant effect on their material nature despite their identical
monomeric structures. In cellulose, the cellulose source could lead
to a clear difference in its molecular weight. In this context, we verified
the tolerance of our synthetic protocol toward the abovementioned
points. First, our previously reported protocol was scaled up with the
standard cellulose, Avicel, as shown in run 6 (Table 2). The reaction
scale of the cellulose modification reaction was increased by 20 times,
which corresponds to a scale shift from 120 mg to 2.4 g without
optimization or special precautions. As expected, the organocatalytic

transesterification of cellulose was successfully achieved on a gram
scale by simply scaling up the original reaction conditions, which
demonstrates that the reported synthetic protocol is reliable and
robust. Next, a range of cellulose sources was utilized for the cellulose
modification reactions. In addition to Avicel, pulps and rayon were
examined as cellulose sources (runs 7~10, Table 2), in which pulp-
based cellulose shows a higher molecular weight than that of Avicel.
Regardless of the employed cellulose source, the synthetic protocol
realized the facile conversion of cellulose into cellulose acetates with
high DS values (~2.9) (Supplementary Figures S1 and S2). Encouraged
by the robustness of the organocatalytic transesterification, we aimed
to expand our synthetic portfolio to polysaccharides, in addition to
cellulose. For this, xylan, dextrin and pullulan were subject to
organocatalytic transesterification, which essentially affords
polysaccharide-based polymeric materials (Figure 4). Similar to the
cellulose modification reaction, the organocatalytic transesterification
reactions of xylan, dextrin and pullulan afforded the corresponding
polysaccharide esters with essentially high DS values (runs 11~ 13,
Table 2 and Supplementary Figure S3).

CONCLUSIONS

As successfully demonstrated, the Im-IL-catalyzed transesterification
showed not only a robustness on a gram-scale but also a sufficient
green nature with a high recyclability. Additionally, the Im-IL-
catalyzed transesterification was subjected to polysaccharides other
than cellulose, including xylan, dextrin and pullulan, among others.
The obtained results shed light on the synthetic utility of Im-ILs in the
polymer sciences as both a green solvent and a recyclable
organocatalyst.
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