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Direct one-step synthesis of a formally fully bio-based polymer
from cellulose and cinnamon flavor

A direct synthesis method of cellulose ester showing a perfect
plant constituent ratio by only mixing cinnamon-derived
cinnamaldehydes and cellulose in ionic liquid was newly
developed. It was possible to introduce an ester group derived
from o,B-unsaturated aldehyde onto the resulting polymers by
using ionic liquid as solvent and catalyst.
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A method of cellulose modification involving simply mixing cellu-
lose with cinnamaldehyde, i.e., “cinnamon flavor”, in an ionic liquid
has been developed. An oxidative esterification reaction proceeds
between cellulose and cinnamaldehyde to directly provide the
highly substituted and formally fully bio-based cellulose ester with

perfect atom economy.

Introduction

Current plastics production precursors should be replaced
with bio-based materials in order to alleviate the current
dependence on petroleum resources.'” Polylactic acid (PLA)
has a 100% plant constituent ratio, and represents one of the
most mass-produced bio-based plastics. However, polymeriz-
ation from lactide is necessary to obtain high-molecular-
weight PLA; this process is indirect and involves at least three
steps, lactic acid fermentation from carbohydrates, synthesis
of lactide by dehydration condensation of lactic acids, and
polymerization of lactide using a metal catalyst (typically,
harmful tin octoate); thus, achieving a direct fully bio-based
polymer synthesis remains difficult.>* Cellulose-based
materials, typified by cellulose acetate (CA), have been known
as a bio-based polymer for a long time. However, the low solu-
bility of cellulose due to the intra- and inter-molecular hydro-
gen bonds formed by its three hydroxyl groups complicates its
use in materials applications.”® In addition, the plant con-
stituent ratio of CA with a degree of substitution (DS) of 2.1 is
only about 64%.”
stituent ratio using cardanol from natural cashews has been

An improved method in terms of plant con-

reported; however, the plant constituent ratio of the product
was only 73%.”®
modified via a classical esterification reaction using alcohols

Furthermore, these cellulose esters were
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and carboxylic acids, in which it is impossible to avoid the
need for an indirect or direct activation process and the result-
ing generation of waste from the activator (e.g., acid anhydride,
condensation agents, etc.) unless the reaction is conducted
under harsh conditions using a strong acid (e.g., sulfuric
acid)”"? (Scheme 1a and b). Indirect synthesis involving mul-
tiple steps leads to the unnecessary consumption of reagents
and energy. Thus, it is necessary to develop an alternative to
classical esterification to solve the problem of waste discharge
by reducing the amount of processing required and improving
the atom economy of the process.'*'*

In recent years, mild condensation transformation reac-
tions based on oxidative esterification have been developed.
These reactions form ester structures between an alcohol and
an aldehyde through a N-heterocyclic carbene (NHC) catalyzed
type'>'® or acetal type'” oxidation process. Various oxidizers
can be used in the oxidation step, including not only external
oxidizers such as manganese dioxide and organic agents,'®™>°
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Scheme 1 Schematic illustration of cellulose ester synthesis.
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but also internal oxidizers such as C=C bonds in the aldehyde
compounds.'® For example, it is possible to use cinnamalde-
hyde, which is a scent component of cinnamon and a natural
perfume. Cinnamaldehyde is a non-edible bio-based feedstock
and that is present in high concentration in the essential oil
obtained from Ceylon cinnamon bark, and has been used
industrially as a perfume, pesticide, and rust preventive
agent.”! Recently, Zhang and co-workers have reported that
cellulose phenylpropionate derivatives, which have a phenyl-
propionate unit similar to the structure of cinnamaldehyde,
show thermoplasticity and are useful as plastics.>”> However,
compared to classical esterification, oxidative esterification
reactions are complicated and expected to result in side reac-
tions due to the use of a powerful oxidizer. Furthermore, oxi-
dative esterification has been considered unsuitable for the
modification of poorly soluble cellulose in various solvents,
including ionic liquids (ILs),'®*** which are ionic compounds
with melting points below 100 °C,** because they require an
excess of the alcohol to prevent the dimerization pathway of
the aldehyde.

In 2002, Roger and co-authors reported that cellulose dis-
solves in appropriately selected ILs*>*® and the modification
of cellulose in ILs under homogenous solvent systems has
been investigated (Scheme 1b).>’*! However, these cellulose
modifications in ILs were also conducted through classical
esterification using an activated acyl donor, producing the
corresponding wastes. It is necessary to develop new cellulose
modification methods using oxidative esterification in ILs to
produce fully bio-based polymers derived from cellulose,
which would achieve high sustainability.

Based on the above reports, the authors surmised that the
oxidative esterification of cellulose with cinnamaldehyde could
be achieved using an IL as both the solvent and an NHC-type
catalyst (Scheme 1c). This represents the first attempt to carry
out a direct fully bio-based and carbon neutral polymer syn-
thesis with perfect atom economy (formally, it does not cause
the loss of even a single hydrogen atom) simply by direct
mixing of bio-based cellulose and cinnamaldehyde in ILs
without the use of any additional condensation reagents, cata-
lysts, or indirect synthesis process.

Results and discussion

Mixed solvent systems consisting of dimethylsufoxide (DMSO)
and 1-ethyl-3-methylimidazolium acetate (EmimOAc) have
been reported to dissolve cellulose®* and accelerate some cell-
ulose modification reactions.** An amount of cinnamaldehyde
equimolar with the concentration of the hydroxyl groups of
cellulose was added to a 1:20 (molar ratio) EmimOAc/DMSO
solution in which cellulose had been dissolved and heated at
60 °C under an Ar atmosphere for 24 h (Scheme 2). The reac-
tion solution was homogenous throughout the process, indi-
cating that EmimOAc effectively solvated cellulose in this
system. After the reaction, the resulting polymer was recovered
from the reaction mixture as a fibrous solid by precipitation in
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Scheme 2 Schematic illustration of the oxidative esterification of cellu-
lose using EmimOACc as both the solvent and the catalyst.

MeOH. IR measurements of the obtained cellulose derivatives
revealed an absorption band at 1729 ecm™" corresponding to
C=O0 stretching and one at 1236 cm™" corresponding to C-O-C,
indicating the presence of an ester group and the successful
esterification of the cellulose with cinnamaldehyde (Fig. 1).

In the "H NMR spectrum of the obtained product in DMSO-dg
(Fig. 2a), the peaks at 3.0-5.8 ppm correspond to the cellulose
backbone, those at 6.7-7.4 ppm to the aromatic ring of cinna-
maldehyde, and those at 2.5-3.0 ppm to the two methylene
units of the reduced cinnamaldehyde'® structure. Therefore,
the desired cellulose phenylpropionate was determined to
have been successfully synthesized. The absence of an alde-
hyde peak at 9.0 ppm indicated that the potential oxy-Michael
addition®* between the hydroxyl group and o,f-unsaturated
aldehyde did not occur. Furthermore, no peaks in the
5.5-6.5 ppm region corresponding to a C=C group, which
could potentially have been introduced by acetalization®*>®
between the diol units of cellulose and the aldehyde group of
cinnamaldehyde, were observed. In the *C NMR spectrum,
peaks at around 103 ppm derived from anomeric carbon and
at 173 ppm derived from the carbonyl carbon were present
(Fig. S1t). The 'H, "*C NMR, and IR spectra thus confirmed
that the oxidative esterification of cellulose proceeded with
high selectively, avoiding the various potential side reactions
related to the a,f-unsaturated aldehyde. On the other hand,
peaks corresponding to the acetyl group of the anion of
EmimOAc were observed at 1.7-2.1 ppm in the '"H NMR spec-
trum. The integrals of the phenyl and acetyl group peaks indi-
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Fig.1 ATR-mode FT-IR spectra of unmodified cellulose (a) and the
cellulose esters product shown in Scheme 2(b).
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Fig.2 H NMR spectra of the cellulose ester product shown in
Scheme 2 in DMSO-dg (a) and the cellulose ester product after per-
acetylation in acetone-dg (b) measured at room temperature.

cated that the ratio of the phenylpropionate and acetate
groups on cellulose was 7.4 : 1.0 (molar ratio). The introduction
of acetate groups via an undesired side reaction during the
esterification of cellulose in EmimOAc using acyl chloride and
vinyl esters has previously been reported.*®?”*®

Subsequently, the degree of substitution (DS) of the result-
ing product was determined. In order to enhance its solubility
in acetone-ds and avoid overlap of sample and solvent peaks,
the obtained cellulose ester was completely acetylated with
acetic acid and condensation reagent. The integration ratio of
the peaks corresponding to the cellulose backbone and the
aromatic ring in the "H NMR spectra in acetone-dgs was deter-
mined (Fig. 2b), and the DS values of the desired phenyl-
propionate group (DSpain) = 1.04 and the undesired acetyl
group (DSg;qe) = 0.14 were estimated.

As a control experiment, neat DMSO without EmimOAc was
used as the solvent; the cellulose did not dissolve in the result-
ing solution (Table 1, entry 2). As expected, the band at around
1729 em™" which indicated C=0 stretching of the ester group
and thus successful esterification, was hardly observed in the
IR spectrum of the resulting product (Fig. S2). Based on a pre-
vious report of an oxidative esterification reaction using an
NHC catalyst and a strong base,'® the oxidative esterification
of cellulose was carried out in the presence of a catalytic
amount of 2-mesityl-2,5,6,7-tetrahydropyrrolo[2,1-c][1,2,4]
triazol-4-ium chloride (TMesCl) (Fig. 3) and diisopropyl-
ethylamine (DIPEA) without IL (entry 3). The IR spectrum of
the resulting product showed that the reaction barely pro-
ceeded because the cellulose was not dissolved (Fig. S21); this
result indicates the necessity for the IL to serve as both the
catalyst and solvent.

Despite the use of an equimolar amount of cinnamalde-
hyde, the DS value was only moderate (Table 1, entry 1),
leaving room for improvement. Benzoin condensation is

This journal is © The Royal Society of Chemistry 2019
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Table 1 Effect of the reaction conditions on the oxidative esterification
of cellulose with cinnamaldehyde?®

Cinnamaldehyde (CiA) O =H, o
OR or
< &&“O <O§&RC§% \)OV%
RO o 0
OH AddtveIDMSO oR OR /n
Cellulose Cellulose ester
[ROHJ/[Additive)/[DMSO] = 1/1/20 (molar ratio)

Entry  Additive [CIA]/[ROH]  Injection of CiA  DSmain
1 EmimOAc 1 One shot 1.04 (0.14)°
2 None 1 One shot n.d.
3¢ TMesCl 1 One shot n.d.
4 EmimOAc 1 50 uL h™" (6 h) 1.66 (0. 16)
5 EmimOAc 1 25 puLh™ (12h)  1.69 (0.17)°
6 EmimPPA 1 50 uL h™* (6 h) 2.04
7 EmimPPA 2 50puLh™" (12h)  2.06

“Reaction conditions: [ROH]/[CIA]/[IL]/[DMSO] = 1:1:1:20 (molar
ratio); 24 h; 60 °C; Ar atmosphere. b DSgqe value derived from the
acetate anion. “Based on the small absorption band at around
1729 ecm™' corresponding to C=O stretching in the IR spectrum
(Fig. S2). “[ROH]/[CiA]/[TMesCI]/[DIPEA]/[DMSO] = 1:1:0.05:0.1:20
(molar ratio).

Me
/g‘N Me K\N Rl
N7 Et” @ o)
o
c® e o) Ph
TMesClI EmimPPA

Fig. 3 Chemical structures of the onium salts.

known to occur between the Breslow intermediate A generated
by imidazolium and the aldehyde,*® and a second molecule of
the aldehyde in NHC-catalyzed reaction systems, leading to
dimerization of the aldehyde (Fig. 4, right). Furthermore,
when an o,f-unsaturated aldehyde is used, the lactonization
reaction leading to the dimerization of the «,f-unsaturated
aldehyde through the same intermediate A has been
reported.'® The cinnamaldehyde-derived Breslow intermediate
A likely reacted with another cinnamaldehyde before the acyli-
midazolium intermediate C could be via the intramolecular
redox process, thus decreasing the DS value. To reduce the

H [e]

R f\ F'h
R. J\ o N Me N )L
Et” @
H-X
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Fig. 4 Plausible mechanism of oxidative esterification of cellulose.
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concentration of cinnamaldehyde in the reaction solution and
thus suppress the dimerization pathway, cinnamaldehyde was
slowly added over a period of ca. 6 hours at a rate of 50 pL
(0.37 mmol) h™" using a syringe pump, and the DS.;, value
increased to 1.66 (entry 4). The DS value did not improve sig-
nificantly (DSpain = 1.69) when a slower rate of 25 pL
(0.19 mmol) h™" was used (entry 5). On the other hand, the
acetyl group contamination of the cellulose ester was expected
to be caused by the formation of the mixed acid anhydride D
and nucleophilic attack of its hydroxyl group on cellulose
(Fig. 4, left).® To avoid the undesired introduction of acetate
anions to the cellulose ester, the reaction was carried out
using Emim phenylpropionate (EmimPPA) (Fig. 3), in which
the anion corresponds to the cellulose phenylpropionate struc-
ture. By using the anion to be introduced to cellulose as the IL
anion, it was expected that only the symmetric acid anhydride
would be generated, and that undesired structures would not
be introduced. As a result, the reaction proceeded in a homo-
genous system, and only the desired phenylpropionate struc-
ture was introduced to the resulting product (entry 6), and the
DS value increased (DS = 2.04). This result shows that the for-
mally fully bio-based cellulose ester with a formal 100% plant
constituent ratio could be developed by simply direct mixing
commercially available cellulose and cinnamon flavor in an IL
containing solvent system without any additional activation
reagents. In this case, the reaction was carried out using
120 mg cellulose and 291 mg cinnamaldehyde ([ROH]/[CiA] =
1/1, molar ratio), for which the theoretical yield of fully substi-
tuted cellulose phenylpropionate (DS = 3.0) is 411 mg; 291 mg
cellulose phenylpropionate (DS = 2.04) was obtained in 71%
isolated yield. This yield was equal to the reaction mass
efficiency (RME),"® which is one of the green chemistry
metrics. In addition, size exclusion chromatography (SEC) of
the cellulose phenylpropionate was performed, and the weight
average molecular weight (M,,) was found to be 5.0 x 10" with
a molecular weight distribution (M/M,)) of 2.5 being fair for
natural carbohydrate-based polymer.** When the amount of
cinnamaldehyde was increased, almost no change in the DS
value was observed (DS = 2.06) (entry 7).

To compare the difference between this system and the con-
ventional method using an acid chloride, the remaining
hydroxyl groups of the resulting cellulose phenylpropionate
synthesized by oxidative esterification (DS = 2.04) (Table 1,
entry 6) were modified using 3-phenylpropionyl chloride to
prepare fully substituted cellulose phenylpropionate (DS > 2.9).
Almost no differences were observed between the '"H NMR, *C
NMR and IR spectra of this sample and those of a sample with
a similar DS value (DS > 2.9) prepared from cellulose using the
conventional method with the corresponding acid chloride
(Fig. S3-S5%). Thus, these data indicated that the cellulose
ester obtained by oxidative esterification in ILs was chemically
almost the same as that obtained by using the classical esteri-
fication method.

The solubility of the cellulose phenylpropionate (Table 1,
entry 6) was confirmed (Table S1t), and a film of the polymer
could be cast from the acetone solution (Fig. 5). The obtained
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Fig. 5 Photographs of the cellulose phenylpropionate film (Table 1,
entry 6) cast from an acetone solution (left side).

film was transparent, and we were able to visually recognize
sentences printed on paper through the film.

Conclusions

A method to modify cellulose to obtain a formally fully bio-
based plastic derived from plant constituents by simply dissol-
ving commercially available cellulose and cinnamaldehyde,
which is a fragrance component of cinnamon, in an ionic
liquid (IL) containing solvent system without any additional
catalysts has been developed, and shows perfect atom
economy. The maximum degree of substitution reached 2.06,
and a side reaction in which the anion of the carboxylate type
IL was introduced into the cellulose ester was formally avoided
by using the newly synthesized IL 1-ethyl-3-methylimidazolium
3-phenylpropionate. By using this IL containing solvent
system, aldehydes which have not been successfully used for
cellulose esterification can be used, and the feasibility of
synthesizing various bio-based plastics via oxidative esterifica-
tion was confirmed. Mechanistic studies of the oxidative esteri-
fication reaction in IL containing solvent systems, including
side reactions, optimization of the reaction conditions, the
scope of aldehydes, oxidants, and carbohydrates, and the
mechanical properties of the obtained polymers are currently
in progress.
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