Downloaded by Heinrich Heine University of Duesseldorf on 13/04/2013 15:06:12.

Published on 21 April 2011 on http://pubs.rsc.org | doi:10.1039/C1GC15152E

Green Chemistry

Cite this: Green Chem., 2011, 13, 1503

www.rsc.org/greenchem

View Article Online / Journal Homepage / Table of Contents for thisissue

Dynamic Article Links o

COMMUNICATION
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Direct transformation of cellulose into HMF was carried
out using a combination of metal chlorides in ionic liquid
[EMIM]CI. From high throughput screening of various
metal chlorides, a combination of CrCl, and RuCl; was
found as the most effective catalyst. HMF was directly
afforded from cellulose in nearly 60% yield. Gram scale-up
synthesis of HMF was successfully performed from cellu-
lose using CrCl, and RuCl;. Furthermore, lignocellulosic
raw material reed could be directly converted into HMF
and furfural in reasonable yields under these conditions.

Over the past 150 years, humankind has consumed carbon
sources in a mostly irreversible manner, which resulted in
diminishing reserves of fossil fuels and global warming by CO,
emission.! This issue is prompting us to replace fossil-based re-
sources with renewable and sustainable ones.2 With this in mind,
plentiful biomass has the potential as a renewable carbon source
for transportation fuels and chemicals. Actually, bioethanol
produced from corn or sugarcane is used as a transportation
fuel in some countries. There are, however, many arguments
that such a use of crop-based feedstock could bring a food
shortage problem. In an effort to overcome this dispute, cellulose
derived from naturally grown lignocellulosic biomass currently
attracts much attention as a promising carbon source due to
its abundance and limited share of cultivated land. Until now,
studies have mainly focused on the efficient depolymerization
of cellulose into monomeric glucose, because cellulose itself is
too complex and its crystalline structure (formed by internal
hydrogen bonds) is chemically and biologically too stable to
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convert.* However, the depolymerization step of cellulose into
glucose still remains an expensive and energy-intensive process.

5-Hydroxymethyl-2-furfural (HMF) is a template compound
to synthesize a broad range of chemicals and fuels.* Although
HMF can be obtained by straightforward dehydration of ketose-
type hexose forming 5-membered ring such as fructose,® ketose-
type carbohydrates are not abundant in nature and most of them
are sourced from agricultural feedstock. Recently, a remarkable
study by Zhang’s group found that aldose-type glucose could
be converted into HMF in record yield using Cr(11) or Cr(1ir)
metal catalysts in imidazolium ionic liquid and they revealed
that the Cr metal could assist an isomerization from Cl-aldose
to C2-ketose by a specific coordination to the hemiacetal portion
of aldose.® More recently, HMF synthesis from glucose was
also accomplished by common Lewis acid, SnCl, in 1-ethyl-
3-methylimidazolium tetrafluoroborate ([EMim]BF,) instead
of Cr metal catalyst,” effective bulky NHC (N-heterocyclic
carbene) metal ligands,® and an integration of enzymatic and
chemical conversion.” Furthermore, some efforts to utilize
cellulose as a starting material for direct synthesis of HMF
by means of a mixed catalyst using Brensted acid and Lewis
acid' and a microwave-assisted conversion!! were tried. Herein,
we report an effective direct transformation of cellulose into
HMF using a combination of metal catalysts screened in a
combinatorial manner (Scheme 1).
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Scheme 1 Direct transformation of cellulose into HMF using a
combination of metal catalysts in imidazolium ionic liquid.

In terms of chemical pathway, a direct transformation of
cellulose into HMF involves three reactions corresponding
to (1) hydrolysis of polymeric cellulose into mono-saccharide
such as glucose, so called saccharification, (2) isomerization
from aldose-type sugar to ketose-type one, allowing five-
membered ring formation, and (3) dehydrations of ketose-type
(or furanose-type if cyclized) sugar to generate final product,
HMF (Scheme 2). It means that various functions of catalysts
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Scheme 2 Chemical pathway of direct transformation of cellulose into
HMFE.

should be simultaneously required for direct transformation of
cellulose into HMF.

In an initial attempt for the ability to transform cellulose into
HMF directly, a wide range of single metal chlorides including
CrCl,, MnCl,, FeCl,, FeCl;, CoCl,-6H,0 (simply called CoCl,
in the following), NiCl,, CuCl,, ZnCl,, MoCl;, VCl;, RuCl;
were assayed under imidazolium-type ionic liquid, ethylmethyl-
imdazolium chloride ([EMIM]CI) that is class of solvents
capable of dissolving cellulose.'* When reactions were carried
out using single metal chloride at 90 °C for 2 h, HMF yields
obtained from all the reactions were less than 15% (blue bars
in Fig. 1)."* Although it was reported that HMF synthetic yield
from glucose, using CrCl, in [EMIM]CI under these conditions
was approximately 70%.,° only 7.4% of HMF was obtained
from cellulose. It indicates that CrCl, is the most powerful
metal chloride to catalyze the isomerization of aldose-type
glucose to ketose-type fructose (second step in Scheme 2) but
it is not effective to hydrolyze cellulose into glucose. Expecting
enhancement of catalytic activity in hydrolysis and dehydration
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Fig. 1 High throughput screening of single metal catalyst for direct
transformation of cellulose into HMF under [EMIM]CI (conditions:
each metal catalyst (10 mol%), cellulose (50 mg), [EMIM]CI (500 mg));
blue bars: 90 °C, 2 h; green bars: 120 °C, 2 h; red bars: 120 °C, 4 h
and comparison of solvents including [EMIM]CI, cholic acid/citric acid
([CA)/[CA] = 2/1), DMSO for HMF synthesis from cellulose using
CrCl, at 120 °C for 4 h (inner box).

steps, the reaction was tried at a temperature above the boiling
point of water (120 °C).

The results were positive to some extent. In most cases using
CrCl,, MnCl,, FeCl,, CoCl,, NiCl,, ZnCl,, higher yields of
HMF were synthesized at 120 °C than at 90 °C (green bars
in Fig. 1). Particularly, CrCl, gave more than two times of
HMEF yield (7.4% to 19%) when temperature was increased from
90 °C to 120 °C. As a next attempt, reactions were carried out
for longer reaction time (4 h) and HMF yield was increased
to 27.1% in the presence of CrCl,. Meanwhile, a similar or
less amount of HMF was obtained in the presence of other
metal chlorides. It was believed that the produced HMF was
consumed due to subsequent reaction into levulinic acid by
deformylation for an extended reaction time. In another attempt,
direct transformation of cellulose into HMF was tried under
choline chloride (CC)/citric acid (CA) known as renewable
material based ionic liquid** and DMSO using CrCl, at 120 °C
for 4 h. In both cases, HMF yields were, however, less than 5%
(inner box in Fig. 1).

Based on the above results, we realized that direct transforma-
tion of cellulose into HMF in the presence of single metal chlo-
ride was unable to afford a yield over 30%. Therefore, in order
to enhance the ability of depolymerizing cellulose, additional
metal chlorides were applied. Cu,” Fe,'* Ru'” metal chlorides
were employed based on the recent results about hydrolytic
efficiency of cellulose into glucose and CuCl,, FeCl,, FeCl;,
RuCl; was used in combination with CrCl, under [EMIM]CI
(molar ratio between two metal chlorides is CrCl, : MCl, =4:1).
Reactions were carried out at 120 °C for 2 h. As expected, HMF
yields were improved and all the yields of HMF were more than
37%. No additional water was required for the depolymerization
of cellulose into glucose. Especially when RuCl; was added to
CrCl,, HMF was obtained in nearly 60% yield. However, after
the reaction progressed over 4 h, HMF yield was diminished. It
was thought to be due to the same reasons previously mentioned
(Fig. 2).
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Fig. 2 Direct transformation of cellulose into HMF using two metal
chloridesin [EMIM]CI (conditions: metal chlorides (10 mol% to cel-
lulose, total equivalent of two metal chlorides), cellulose (50 mg),
[EMIM]CI (500 mg)); green bars: 120 °C, 2 h; red bars: 120 °C, 4 h.

Next, the effect of molar ratio of CrCl, and RuCl; was
investigated. A series of molar ratios from 10: 1 (CrCl, : RuCly)
to 1:4 (CrCl, : RuCl;) were screened. The reactions were carried
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out at 120 °C for 2 h. From the results, a molar ratio of CrCl,
greater than 50% was required for efficient transformation into
HMEF, and a molar ratio of 4:1 (CrCl,: RuCl;) showed the
best performance (Fig. 3). In a practical aspect, the amount
of precious metal ruthenium can be reduced to a molar ratio
of 6:1 (CrCl, : RuCl;) with which HMF was still obtained in
over 50% yield. In addition, gram scale-up tests and time course
experiments of HMF synthesis from cellulose using CrCl, and
RuCl; were performed. In a 250 mL round-bottomed flask were
placed CrCl, and RuCl; (8 mol% of CrCl, and 2 mol% of RuCl,
to cellulose) and [EMIM]CI (40 g), the mixture was elevated to
90 °C and stirred for 40 min. After cooling to room temperature,
4 g of cellulose was added into the reaction mixture and then it
was re-elevated to 120 °C and stirred in a temperature-controlled
oil bath with magnetic stirring. The reaction was a little bit
lagging at the initial stage because of heat transferring time
occurring from scale-up. Nevertheless, maximum yield of HMF
could be achieved in approximately 60% after 3 h (Fig. 4)
and yield of total reducing sugars titrated from DNS (3,5-
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Fig. 3 HMF yields according to molar ratio of two metal chlorides
(conditions: metal chlorides (10 mol% to cellulose, total equivalent of
two metal chlorides), cellulose (50 mg), [EMIM]CI (500 mg), 120 °C,
2 h).
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Fig.4 Scale-up and time course experiment of direct transformation of
cellulose into HMF using CrCl,/RuCl; in [EMIM]CI (conditions: metal
chlorides (10 mol% to cellulose, total equivalent of CrCl, and RuCl; in
molar ratio of 4: 1), cellulose (4 g), [EMIM]CI (40 g), 120 °C).

dinitrosalicylic acid) was 14%.'® As previously found in screening
experiments, prolonged reaction led to exacerbation of HMF
yields due to subsequent deformylation of produced HMF into
levulinic acid, which could be confirmed from refractive index
HPLC analysis (see Fig. S3 in ESI¥).

Finally, the reaction was applied to the conversion of lig-
nocellulosic raw material. Reed (Phragmites communis, Trin.)
naturally grown all over Korea was chosen as a model lignocel-
lulosic raw material.’ Under the conditions using CrCl,/RuCl;
(4:1) in [EMIM]CI at 120 °C for 2 h, reed was converted into
HMF and furfural in 41% and 26% of yields, respectively, based
on glucan and xylan contents.

Conclusions

In conclusion, the effective catalytic conditions using CrCl,
and RuCl; in imidazolium ionic liquid to transform cellulose
into HMF was found by high throughput screening of various
metal chlorides. Under these conditions, gram scale-up synthesis
of HMF was successfully performed and lignocellulosic raw
material, reed could be directly converted into HMF and furfural
in reasonable yields.
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