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A new homogenous silylation method of cellulose is developed
by mixing it with monohydrosilane in an ionic liquid. In this concise
reaction with high atom economy, the ionic liquid acts as both the
solvent and catalyst, and the only formal by-product generated is
the clean fuel of molecular hydrogen.

Bio-based materials for mitigating the environmental issues
should be synthesized using methods
environmental burden. 2 In recent vyears,
lignocellulosic biomass including polysaccharides typified by

with  minimal
the use of

cellulose as a substitute for petroleum resources has been
recommended.?> The silylation of hydroxyl group on
polysaccharides is widely used to change the solubility and
intermolecular interaction of polymers to prepare thin bio-
based films* > and gas-permeable membranes,® as well as for
protection to aid in regioselective modification.” & The silylation
of hydroxyl groups in the polysaccharides has mainly been
performed using the silylating reagents with leaving groups
including monohalosilanes such as monochlorosilane (Scheme
1a).? Numerous studies have reported the combination of
reaction solvents and appropriate silylating reagents to perform
these polysaccharide modifications in a homogenous system.
However, it is necessary to use excess amounts of basic
compounds such as pyridine and liquid ammonia as well as
unique solvent systems such as dimethylacetamide
(DMAC)/LICI.20 In addition, the waste derived from the leaving
groups of the silylating reagents is generated, and an additional
base is needed in the cases where acidic waste is produced.
Thus, there is room for improvement in terms of resource
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conservation and handling during the silylation of
polysaccharides.!?

Cellulose has very low solubility in common solvents
because of the presence of hydrogen bonding networks derived
from the hydrogen bonds between the hydroxyl groups at the
2, 3 and 6 positions, which has been an obstacle in the
development of cellulose-based materials based on chemical
modification.’® lonic liquids (ILs)!? are the molten ionic
compounds that were reported at the beginning of the 21t
century, and can dissolve poorly soluble polysaccharides such
as cellulose.’® 14 Since then, the development of methods for
modifying cellulose to prepare bio-based materials in ILs has
been promoted.l® 1517 |n addition to esterification and
etherification, the silylation of cellulose has been developed
from an early stage, and a wide range of silylating reagents such
as disilazane!® 1° and monochlorosilane?® can be employed

(Scheme 1b). However, as described above, issues including the
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Scheme 1. Schematic of cellulose silylation: (a) traditional silylation using activated
silylating reagents and (b) that using disilazane and (c) monohydrosilane in an ionic
liquid acting as a catalyst and solvent (this work).
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generation of harmful wastes such as hydrogen chloride and
ammonia gases are encountered, which often require
additional neutralizing reagents such as bases and acids.

In  recent vyears, dehydrogenative silylation using
hydrosilane has attracted considerable attention as an
environmentally friendly reaction, particularly from the
viewpoint of atom economy, where molecular dihydrogen gas
is generated as the only theoretical by-product.?! However,
unlike the conventional silylating reagents containing a leaving
group, the reaction does not proceed solely with hydrosilane,
and appropriate catalysts have been developed. Mainly, the
transition metal catalysts such as Rh, Ru, Ir, Co, Mn, and Fe,
which exhibit excellent catalytic activities, have been
developed,??>?* and alkali metals?>32 and organocatalysts33-3°
have also been reported in recent years. Even the carbonate
salts have been found to act as catalysts,?® 37 40; according to
Corriu’s pioneering research in the 1970s, the dehydrogenative
silylation of alcohol proceeds in alkyl ammonium carboxylate
(molten dodecylammonium propionate).?> However, the
reactivity with monohydrosilanes, which can be used for
polysaccharide (polyol) modification without crosslinking, has
not been investigated in the Corriu’s report. Corriu also
reported the dehydrogenative silylation of alcohol with other
metal carboxylate salts; however, an extremely high
temperature (140-180 °C), sufficient to decompose the
cellulose backbone, was required to afford the desired silyl
ethers.26:27

In this study, the dehydrogenative silylation reaction
between cellulose and monohydrosilane in an IL containing a
carboxylate anion focused on the 1,3-substituted imidazolium
acetate, a well-known solvent for cellulose, is described
(Scheme 1c).

2| J. Name., 2012, 00, 1-3
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Figure 1. ATR-mode FT-IR spectra of (a) original cellulose and (b) the resulting
cellulose dimethylphenylsilyl ether (DS = 2.57) in Scheme 2.

It has been reported that a mixed solvent system of 1-ethyl-
3-methylimidazolium acetate (EmimOAc) and dimethylsulfoxide
(DMSO) dissolves cellulose*#3.  Equimolar amount of
dimethylphenylsilane (1: PhMe,SiH) to the hydroxyl groups on
cellulose was added to a solution of cellulose dissolved in a
mixture of EmimOAc/DMSO (1/20, molar ratio) and heated at
60 °C under an Ar atmosphere for 18 h (Scheme 2). This solution
was in a homogenous state from the start to the end, indicating
that EmimOACc acted as a solvent for cellulose in this system.
After the reaction, the resulting polymer was recovered as a
white fibrous solid from the reaction mixture by reprecipitation
in the MeOH. The IR data of the obtained cellulose derivatives
showed absorption bands at 3100-2900 cm™, corresponding to
the C—H bond, and at approximately 1430, 1250 and 900-600
cm™, corresponding to the silyl ether group (Figure 1).1% °
Furthermore, the absorption band at 3600-3100 cm,
corresponding to the O—H bond on cellulose, decreased in
intensity. These data supported the progress of the silylation
reaction of cellulose with the monohydrosilane.
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Figure 2. 'H NMR spectra of the (a) resulting cellulose dlmethylphenylsnyl ether (DS
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Table 1. Effects of ionic compounds on cellulose silylation.?

dlmelhylphenylsl\ane (1)

é&“‘?ﬂs é&”o%h} e g
OH /n CatalysyDMSO OR
Ar,

Cellulose 18h, 60 °C Cellulose silyl ether

Entry Catalyst Solution state DS
1 none heterogenous n.d.b
2¢ none homogenous n.d.b
3 EmimPFg heterogenous n.d.b
4 EmimCl heterogenous n.d.b
5 AmimcCl homogenous n.d.b
6 BmimCl homogenous n.d.b
7 EmimOAc homogenous 2.57
8 EmimTFA heterogenous n.d.b
9d EmimOAc heterogenous n.d.b
10 EmpimOAc homogenous 2.00
11 DDAP heterogenous n.d.b
12 KOAc heterogenous n.d.b
13 K,CO; heterogenous n.d.b
14 TBAOAC homogenous 2.24

aReaction conditions: [ROH]/[1]/[catalyst]/[DMSO] = 1:1:1:20 (molar ratio); 18
h; 60 °C; Ar atmosphere. "Based on the absorption band at approximately 1250
cm~1, corresponding to the silyl group in the IR spectrum (Figure S1). 7 wt%
LiCl containing DMA was used instead of DMSO. 9THF was used instead of
DMSO.

f\ N-Me K\N Me CN ~Me F\N -Me
oY o mbY P A~ o Et ®\<Ph -
BmimCl AmlmCI EmpimOAc
X= PFg : EmimPFg ® o 0
cl : EmimCl "Bu  OAc ol
OAc : EmimOAc Bu—N-"Bu o ®
! Eei ;
CF3sCO0 : EmimTFA By C1oHps—NHz
TBAOAC DDAP

Figure 3. Chemical structures of onium salts.

The H NMR spectrum of the obtained product in CDCls
showed peaks at 7.7-6.9 ppm for the aromatic ring of the silyl
ether, 5.0-2.7 ppm for the cellulose backbone, and 0.7-0.1 ppm
for the two methyl groups on the silyl ether (Figure 2a).
Therefore, the synthesis of the desired cellulose
dimethylphenylsilyl ether was confirmed. The degree of
substitution (DS) of the resulting product was determined by
the integral ratio between the peaks for the cellulose backbone
and methyl group in the 'H NMR spectra. As indicated by these
1H NMR data, the DS value of the desired dimethylphenylsilyl
ether group was estimated to be 2.57. This value was higher than
that of the polymers (DS = 2.37) synthesized using 1-butyl-3-

methylimidazolium  chloride (BmimCl), dimethylphenylsilyl
chloride, and triethylamine instead of EmimOAc and
dimethylphenylsilane (Figure 2b). Size exclusion

chromatography (SEC) data of the polymer obtained by the

This journal is © The Royal Society of Chemistry 20xx
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dehydrogenative silylation method showed that the number
average molecular weight (M,) was 3.5 x 10* with molecular
weight distribution (M,,/M,) of 3.9, and this result was
consistent for the natural carbohydrate-based polymer (Table
$1).44 The cellulose silyl ether was soluble in a wide range of
hydrophobic organic solvents based on the results of silylation
(Table S2).

As a control experiment, only DMSO was used as the solvent
without EmimOAc, and cellulose was not dissolved in the
solution (Table 1, Entry 1). As expected, the corresponding IR
band (approximately 1250 cm™), indicating the presence of a
silyl ether group, was not observed in the data for the resulting
product (Figure S1). In the case of the conventional N,N-
dimethylacetamide  (DMA)/LICl system, cellulose was
homogenously dissolved in DMA/LICI solution; however, the
recovered polymer did not show an absorption band at 1250
cm~tin the IR data, probably because of the absence of catalytic
activity in this system for the dehydrogenative silylation (Entry
2). When Emim hexafluorophosphate (EmimPFs) and Emim
chloride (EmimCl) were used, the cellulose did not completely
dissolve in the solution and the reaction did not proceed
(Entries 3 and 4). In contrast, the cellulose was dissolved in 1-
allyl-3-methylimidazolium chloride (AmimCl)- and BmimCl-mixed
DMSO solution; however, no IR absorption band was derived
from the silyl ether group in the recovered polymers, suggesting
that ILs play two roles: solvent and catalyst (Entries 5 and 6).

As shown in Table S3, preliminary model experiments using
monol (A) showed that EmimOAc exhibited catalytic activity for
the dehydrogenative silylation of alcohols while generating
detectable molecular hydrogen gas (Figure S2), even with a
catalytic amount (10 mol%) (Table S3, Entries 4 and 5). In this
model experiment, the DMA/LIClI and BmimCl systems did not
afford the corresponding silyl ethers (Table S3, Entries 2 and 3,
respectively). In the case of Emim trifluoroacetate (EmimTFA)
with a less basic carboxylate anion, the cellulose did not dissolve
in the solution, and the reaction did not proceed (Table 1, Entry
8). Model experiments showed that EmimTFA had almost no
catalytic activity compared to EmimOAc, suggesting that the
basicity of the carboxylate anion strongly contributed to its
catalytic activity (Table S3, Entry 6). In the case of EmimOAc, the
solvent scope was preliminarily investigated; cellulose barely
dissolved in THF*!, and in the IR spectrum of the recovered
product, the band at approximately 1250 cm™?, derived from the
silyl ether group, was almost not observed (Table 1, Entry 9).

Some studies have shown that N-heterocyclic carbene (NHC),
which is generated by the deprotonation of the C2 proton of the
imidazolium salts, can act as a catalyst for dehydrogenative
silylation.3%45 To confirm the effect of the C2 position, 1-methyl-
2-phenyl-3-ethyl imidazolium acetate (EmpimOAc) capped at
the C2 position with a phenyl group was prepared and used,
followed by the dehydrogenative silylation of cellulose under
homogenous conditions, which afforded the desired product
with a similar DS value (2.00) to that of EmimOAc (Table 1, Entry
10). This result indicated that the imidazolium-based ILs could
undergo dehydrogenative silylation without involving the NHC-

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Time-dependent change in the DS value during cellulose
phenyldimethylsilyl ether synthesis. Reaction conditions:

[OH]/[1])/[EmimOACc]/[DMSO] = 1:1:1:20 (molar ratio); Ar atmosphere at 60 °C.

related reaction mechanism.38 4648 Corriu’s dodecylammonium
propionate salt (DDAP)? was also investigated (Table 1, Entry
11), but the reaction mixture was heterogeneous, and an IR
band at approximately 1250 cm™ was barely observed. This
result clearly indicated that the IL should act not only as a
catalyst for dehydrogenative silylation, but also as a solvent for
In addition, potassium acetate (KOAc)?®® and
potassium carbonate (K,COs3)*© were examined as metal
carboxylate salts, and this system afforded similar results as
those with DDAP, probably because of the low solubility of
cellulose in these systems (Table 1, Entries 12 and 13).
Additionally, tetrabutylammonium acetate (TBAOAc), which is
known to dissolve cellulose when mixed with DMSO%3: 49,
underwent the desired silylation with a slightly lower reactivity
(DS = 2.24) than that of EmimOACc (Table 1, Entry 14). The effect
of cations on the reaction rate was preliminarily demonstrated
in model experiments, confirming that quaternary ammonium
salts, which exhibited relatively weak interactions with anions,
exhibited high catalytic activities (Table S3, Entries 4 and 7-9).
These results showed that commercially available EmimOAc was
an optimal IL for cellulose dehydrogenative silylation in the IL
system and played a dual role as a solvent and catalyst.

cellulose.

Next, the kinetics of the dehydrogenative silylation of cellulose

in EmimOAc were investigated. Figure 4 shows the time-
dependent change in the DS value of cellulose
dimethylphenylsilylether using dimethylphenylsilane (1) at
60 °C. The plot of time versus DS value reached saturation in
EmimOAc in approximately 10 h.

The scope of monohydrosilane is shown in Table 2. Unless
otherwise noted, equimolar amounts of hydrosilane were
added to the solvent system of EmimOAc/DMSO (1/20, molar
ratio) and stirred for 18 h at 60 °C under an Ar atmosphere.
Entry 2 shows the effect of the dimethylphenylsilane (1)
amount; the DS value slightly increases upon using three
equivalents of 1 ([1]/[ROH] = 3). When the reaction was carried
out using bulkier and more hydrophobic methyldiphenylsilane
(2) and triphenylsilane (3), the corresponding cellulose silyl

ethers with moderate DS values were obtained (Entries 3 and 4).

4| J. Name., 2012, 00, 1-3

Table 2. Scope of monohydrosilane for dehydrogenative silylation of cellulose in

EmimOAc/DMSO mixed solvent.?
OH oH OR OR
(o] O, 50 Monohydrosilane (o] 0 30
HO o 0 i RO oR (o]
OH /n  EmimOAc/DMSO OR /n

R=
H orR
Cellulose 60°C, Ar,18h Cellulose silyl ether
Entry Monohydrosilane Cellulose silyl ether DS
Me Me
1 2.57
O, O
I 1 1
2b Me Me 2.69
3 i , 2.15
Yo, o
Me 2 Me
4 H—Si@ R= sa@ 1.53
3
5 ?t '.':t trace®
H-Si-Et 4 R= |-siEt
6b Et Et 0.32
aReaction conditions:  [ROH]/[Monohydrosilane]/[EmimOAc]/[DMSO] =
1:1:1:20  (molar  ratio); 18 h; 60 °C; Ar  atmosphere.

b[ROH]/[Monohydrosilane]/[EmimOAc]/[DMSO] = 1:3:1:20 (molar ratio).
Based on the absorption band at approximately 1250 cm™,
corresponding to the silyl group in the IR spectrum (Figure
S2)

The slight decrease in the DS value was presumably due to the
steric hindrance of the aromatic rings in monohydrosilane. In
contrast, when triethylsilane (4) was employed as the
trialkylsilane, the progress of the reaction with cellulose was
barely observed (Entry 5). The possibility of the hydrolysis of
cellulose triethylsilyl ether under these reaction conditions was
speculated, and the corresponding sample (DS = 2.27) were
prepared by conventional silylation using triethylsilylchloride as
the silylating reagent (see supporting information). After the
stability test of the sample upon heating in the EmimOAc/DMSO
solvent mixture, almost no change due to hydrolysis was
observed in the 'H NMR data (Figure S5). It has been reported
that the Lewis acidity of the hydrosilanes affects the reactivity
of dehydrogenative silylation under basic conditions. The
aromatic ring, sp?-hybridized substituent, increased the Lewis
acidity on the silicon (Si) atom, and increased the reactivities of
the monohydroarylsilanes (1, 2, and 3) compared to the
triethylsilane having no aromatic ring (4). These tendencies
were also observed in similar base-promoted dehydrogenative
silylations.3? In the case of using three equivalents of 4
([4]/[ROH] = 3), the DS value was estimated to be 0.32 after per-
acetylation.

Based on a previously reported reaction mechanism,3% 3150 the
predicted reaction mechanism is shown in Figure S6. It was

This journal is © The Royal Society of Chemistry 20xx
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reported that in DMSO, the acetate anion is more basic than
amine®!, capable of catalyzing the dehydrogenative silylation of
alcohol®%, and in basic ionic liquids, such as EmimOAc, the
nucleophilicity of the alcohol is enhanced.>? After the formation
of a more hydridic hydrosilane intermediate (I) with the
alkoxide coordinated to the Lewis acidic o-hole on Si with the
cooperative assistance of EmimOAc**, reaction with a proton
source such as acetic acid or alcohol (ll) produced the desired
silyl ether, with the elimination of molecular hydrogen and
regeneration of EmimOACc3? 30 33, Alternatively, intermediates
(1) and (1) may occur simultaneously through a concerted
mechanism (lll), which is often proposed in EmimOAc*, to
avoid the formation of strongly basic alkoxides; however, a
more detailed mechanistic study is required to clarify the entire
catalytic system.30

Thus, cellulose silyl ethers could be obtained by mixing
cellulose and various monohydrosilanes in ionic liquid under
conditions affording high atom economy,
molecular dihydrogen as a formal by-product.

releasing only

As shown in Table 2, in the reaction using 120 mg of cellulose
and 303 mg of dimethylphenylsilane ([OH]/[1] = 1/1, molar
ratio; Entry 1), the amount of the theoretical product of
completely substituted cellulose dimethylphenylsilyl ether (DS
= 3.0) is 412 mg, and 327 mg of cellulose dimethylphenylsilyl
ether (DS = 2.57) is obtained in 79.4% isolated yield. The atom
economy of this reaction was very high (98.9%) for cellulose
silylation, and the reaction mass efficiency®*, which is a green
chemistry metric, was estimated to be 78.5%.

Highly substituted cellulose silyl ethers were soluble in volatile
solvents such as dichloromethane. Figure 5 shows the cast film
of cellulose dimethylphenylsilyl ether (DS = 2.57, Table 2, Entry
1) prepared from the dichloromethane solution. The obtained
film was transparent, and the sentences printed on the paper
through the film could be visually recognized.

Conclusions

In conclusion, a dehydrogenative silylation method for
cellulose using monohydrosilane was developed by dissolving
cellulose and monohydrosilane in an IL-containing solvent
system without any additional catalysts as activators with high
atom economy. The ILs used for this reaction system were
required to function as the solvents and catalysts, controlled by
a combination of cations and anions, with imidazolium cations
and carboxylate salts acting as ILs. The
monohydrosilane bearing an aromatic ring afforded a relatively
high degree of substitution for cellulose silyl ether. The atom
economy of this reaction system was ca. 99%, and the reaction

effective

mass efficiency was estimated to be approximately 79% for
dimethylphenylsilane. The investigations to expand the scope
of the substrates, application to biomass materials such as other
polysaccharides (amylose, chitin, etc.),
regioselectivity, catalytic activity, and reaction mechanisms

and research on

using computational chemistry are currently in progress in our
laboratory.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Photograph of cellulose dimethylphenylsilyl ether films (DS = 2.57)
obtained via Scheme 2 cast from dichloromethane solution.
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