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Abstract

The synthesis of 5-ethoxymethylfurfural (EMF) from glucose using metal chlo-
rides or combined metal—surfactant catalysts as Lewis acids in a solution of ethanol/
dimethyl sulfoxide was investigated. Metal chlorides such as aluminum chloride and
chromium(III) chloride mainly produced 5-hydroxymethylfurfural and ethyl gluco-
side in reactions at 140 °C for 180 min. However, the combined metal-surfactant
catalysts aluminum tridodecyl sulfate (Al(DS);) and chromium(III) tridodecyl sul-
fate efficiently improved the yield of EMF from glucose. The maximum yield of
EMF using Al(DS); was 37.9% at 160 °C for 60 min. Moreover, the EMF yields
from other saccharides (fructose, mannose, sucrose, cellobiose, and inulin) in the
presence of Al(DS); as a catalyst ranged from 31.2 to 59.3%.

Keywords Combined metal—surfactant catalysts - Dimethyl sulfoxide -
5-Ethoxymethylfurfural - Glucose - 5-Hydroxymethylfurfural - Lewis acid

Introduction

Because of diminishing fossil fuel resources and increasing environmental concerns,
renewable biomass resources have been attracting broad attention as a feedstock
for the sustainable production of energy and raw materials [1, 2]. 5-Hydroxymeth-
ylfurfural (HMF) can be produced from biomass resources by simple reactions of
hexoses such as fructose and glucose [3]. HMF and its derivatives are expected to
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become valuable chemical intermediates for fine chemicals, bio-based plastics, and
bio-liquid fuels because of the two functional groups (hydroxyl and formyl groups)
of their furan ring [4-9]. Thus, HMF is a promising green building block for bio-
based raw materials [10].

5-Ethoxymethylfurfural (EMF), an alkylated derivative of HMF, is a promising
liquid fuel and fuel additive because its energy density (8.7 kWh/L) is higher than
that of ethanol (6.1 kWh/L) and similar to that of regular gasoline (8.8 kWh/L) and
diesel fuel (9.7 kWh/L) [11-13]. EMF has previously been synthesized from HMF
or its derivative, 5-chloromethylfurfural, via etherification with ethanol [12-15].
The synthesis of EMF from fructose and fructose-based carbohydrates such as
sucrose and inulin has also been reported, where high yields of EMF were obtained
using various acid catalysts, e.g., mineral acids [16, 17] or solid acids [18-21] as
Brgnsted acids, various metal halides [22-25] or heteropolyacids [26, 27] as Lewis
acid catalysts, or a combination of solid acid (Amberlyst-15) and solid base (dea-
luminated beta zeolites) [28]. Although high EMF yields from fructose have been
reported in earlier papers, the EMF yields from glucose were relatively low because
of the inefficient prerequisite isomerization from glucose to fructose for HMF syn-
thesis [25]. To obtain a higher EMF yield from glucose, further investigations using
various catalysts and reaction conditions are required.

The objective of this study was to investigate whether Lewis acid catalysts com-
bined with a surfactant can effectively catalyze the synthesis of EMF from glu-
cose via isomerization, dehydration, and etherification. Kobayashi et al. previously
reported that surfactant-combined Lewis acid catalysts could promote certain chem-
ical reactions such as aldol condensation in aqueous media [29, 30]. In addition, as
Lewis acids, these surfactant-combined catalysts catalyzed the transesterification of
the ester group in various alcohols without severe degradation of the Lewis acid to
a Brgnsted acid [29-32]. With regard to the production of furan derivatives from
carbohydrates, Zhao et al. [33] reported that a Brgnsted—Lewis acid surfactant-com-
bined heteropolyacid catalyzed the conversion of cellulose to HMF in relatively high
yield. Moreover, we previously used several metal-surfactant-combined catalysts
such as tin(IT) dodecyl sulfate to convert glucose to HMF in an aqueous solvent [34].

In the present study, we used metal halides or combined metal-surfactant cata-
lysts to investigate the synthesis of EMF from glucose in an ethanol/dimethyl sulfox-
ide (DMSO) solvent mixture. First, we tested various metal species that could pro-
mote the creation of furan derivatives via several reactions, including isomerization,
dehydration, and etherification. Next, we used selected combined metal-surfactant
catalysts to study the influence of temperature, reaction time, catalyst amount, and
DMSO content in the reaction solvent.

Experimental
Materials

The monosaccharides glucose (98%), fructose (99%), mannose (98%), and ethyl
glucoside (98%, EGL) were purchased from Wako Pure Chemical Industry Co.
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(Osaka, Japan). HMF (99%) and EMF (97%) were obtained from Sigma-Aldrich
Chemical Co. (St. Louis, USA) and were used as received. Sodium dodecyl sulfate
(97%, SDS), sucrose, and inulin were purchased from Tokyo Chemical Industry Co.
(Tokyo, Japan). All the other reagents, including metal halides, were purchased from
Wako Pure Chemical Industry Co. (Osaka, Japan). The reagents and solvents were
used as received.

Analytical methods

The yield of HMF and EMF was determined by high-performance liquid chromatog-
raphy (HPLC) on a Shimadzu LC-10AT (Shimadzu, Kyoto, Japan) equipped with a
GF-210 HQ column (Shodex, Tokyo, Japan) and a Shimadzu SPD-10A UV detec-
tor (280 nm; Shimadzu, Kyoto, Japan). The mobile phase, H,O/acetonitrile (70/30,
v/v) including 0.1% formic acid, was eluted at a rate of 0.6 mL/min; vanillin was
used as an internal standard. The contents of glucose, mannose, fructose, and EGL
were determined by HPLC with a JASCO Pump 2080 (JASCO, Tokyo, Japan) and a
JASCO Refractive Index Detector 2031 Plus (JASCO, Tokyo, Japan) equipped with
an NH2P-50 4E column (Shodex, Tokyo, Japan). The mobile phase, acetonitrile/
H,0 (80/20, v/v), was eluted at a rate of 0.6 mL/min; we used maltose as an internal
standard. The metal content was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES; Kyoto, Shimadzu, Japan). The elemental analysis
for C, H, and N was carried out with a CHN Corder (Yanaco, Kyoto, Japan).

Preparation of combined metal-surfactant catalysts

The combined metal-surfactant catalysts were prepared according to previously
published methods [35-37]. To a solution of SDS (9 mmol, 2.6 g) in deionized water
(75 mL), a solution of AICI;-6H,0 (3 mmol, 1.1 g) in deionized water (25 mL) was
added at room temperature. A white precipitate appeared, and the mixture was
stirred for 20 min. The white precipitate was separated by filtration and was washed
with deionized water (30 mL). Drying of the isolated solid under reduced pressure at
40 °C gave the target compound as a white powder in 67% yield.

The sulfur content of the product was measured via an oxygen-flask combustion
method. The carbon and hydrogen contents were analyzed with a CHN Corder. The
metal content was determined by ICP-AES analysis. Fe(DS);, Cr(DS);, and La(DS);
were prepared from SDS by similar operations. The yield was 67% for Al(DS);.
The analysis calculated for Al(DS);-3H,0 (=C,,Hsc0,,S;Al): C, 52.6%; H, 9.1%;
S, 11.6%; Al, 3.3%. The following were found: C, 44.7%; H, 8.9%; S, 12.0%; Al,
2.5%. The analysis calculated for Fe(DS); (=C,4,H5,04S;Fe): C, 41.0%; H, 8.0%;
S, 10.8%; Fe, 11.0%. The following were found: C, 41.0%; H, 8.0%; S, 10.5%; Fe,
6.5%. The analysis calculated for Cr(DS); (=C C,4,H5;,04S;Cr): C, 50.9%; H, 8.8%;
S, 11.3%; Cr, 6.1%. The following were found: C, 40.4%; H, 8.6%; S, 13.8%; Cr,
4.4%. The analysis calculated for La(DS); (=C,4H5,04S;La): C, 46.2%; H, 8.0%;
S, 10.3%; La, 14.9%. The following were found: C, 39.9%; H, 5.6%; S, 11.1%; La,
13.2%.
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Procedures to produce EMF from glucose and to perform quantitative analysis
of the products

Glucose (180 mg, 1 mmol) and the previously described catalyst (0.1 mmol) were
added, along with a stirring bar, to a solution of ethanol/DMSO (6 mL, 7/3, v/v) in a
10-mL stainless-steel microtube in which a smaller glass tube was placed. The reac-
tion was carried out at a predetermined temperature and duration with stirring in an
oil bath.

The products in the reaction mixture were extracted with ethyl acetate (50 mL x 3
times) after being filtered to remove the insoluble substances. The ethyl acetate was
then removed by evaporation, and vanillin (50 mg) was added as an internal stand-
ard. The syrup was diluted with deionized water (970 mL) and acetonitrile (30 mL)
so that the 1-L volumetric flask was filled. The yields of HMF and EMF were deter-
mined by an HPLC system equipped with a GF-210 HQ column. The content of
residual glucose in the reaction mixture which was not extracted with ethyl acetate
was determined by an HPLC system equipped with an NH2P-50 4E column.

Calculation of the product yields, glucose conversion, and selectivity

The yields, conversion, and selectivity were calculated on the basis of the results of
HPLC analysis using the following formula:

HMF, EMF, Fructose, or EGL yield (%)
= moles of HMF, EMF, Fructose, or EGL/moles of initial glucose x 100

ey

Glucose conversion (%)
= [1 — moles of residual glucose /moles of initial glucose ] X 100 )
EMF selectivity (%) = EMEF yield/Glucose conversion X 100 3)

Results and discussion
Synthesis of EMF from glucose in a solvent mixture of ethanol/DMSO

Because glucose is the most abundant hexose in biomass resources, the synthesis
of furan derivatives from glucose appears to be a favorable pathway for biomass
conversion (Fig. 1). First, we examined the effect of metal halides on the formation
of furan derivatives (HMF and EMF) in the mixture of ethanol/DMSO at 140 °C for
180 min (Table 1, entries 2—13). The yields of furan derivatives, the glucose conver-
sion, and the selectivity are listed in Table 1. With regard to the glucose conversion,
high conversion (almost 100%) was accomplished except for lithium chloride (LiCl)
and sodium chloride (NaCl). However, almost no EMF was detected with these
catalysts, with the exception of AlCl;-6H,0 and SnCl,-5H,0, which produced a
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Fig. 1 Proposed synthetic route to EMF from glucose

Table 1 Catalytic conversion of glucose using various metal salts as Lewis acids and metals combined
with a surfactant in an ethanol/DMSO solvent mixture

Entry Catalyst Glucose Product yield (%) EMF

conv. (%) selectivity
HMF EMF EGL Fructose (%)

1 - 9.6 - - - - -

2 LiCl 28.1 - - 54 - -

3 NaCl 385 3.1 - 24.9 - -

4 CuCl, 84.5 - - 49.7 - -

5 MgCl,-6H,0 99.6 - - 20.8 - -

6 CoCl,-6H,0 837 11.8 - 19.7 - -

7 SnCl,-2H,0 953 83 - 15.1 - -

8 ZnCl, 100 13.5 - 17.9 - -

9 AICI;-6H,0 100 314 6.8 5.6 - 6.8
10 CrCl,-6H,0 100 28.0 - 8.6 - -

11 FeCl,-6H,0 100 7.7 - 17.2 - -
12 LaCl,-7H,0 100 6.9 - 18.9 - -
13 SnCl,-5H,0 100 24.8 38 4.7 - 3.8
14 SDS 89.3 4.1 0.2 21.1 - 0.2
15 AI(DS), 95.0 55 34.2 5.1 - 36.0
16 Cr(DS), 100 5.4 22.1 5.9 - 22.1
17 Fe(DS), 100 23 - 347 - -
18 La(DS), 99.8 40 - 26.2 - -

Reaction conditions: Glucose (1 mmol) and catalyst (0.1 mmol) were added into 6 mL ethanol/DMSO
(7/3, v/v). The reaction was carried out at 140 °C for 180 min. Yield of product was analyzed by HPLC
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minor yield of EMF. Instead, EGL was one of the major products under these condi-
tions. The chemical shift and coupling constants (J-values) of EGL in the '"H NMR
spectrum indicated that both a- and p-anomers of EGL were formed in this reac-
tion (4.73 ppm and J=4.12 Hz for the a-anomer; 4.23 ppm and J=28.22 Hz for the
B-anomer [38, 39]). HMF was produced in the second-highest yields (lower than the
EGL yields) in most cases; however, fairly high yields of HMF were obtained with
the catalysts AlCl;-6H,O (31.4%), CrCl;-6H,0 (28.0%), and SnCl,-5H,0 (24.8%);
the yields of HMF with these catalysts were higher than any other product yields.

The results suggest that the many catalysts tested here did not catalyze the reac-
tions toward HMF or EMF (e.g., the isomerization of glucose to fructose and dehy-
dration of fructose to HMF) more effectively than the reactions toward EGL, with
the exception of AlICl;-6H,0, CrCl;-6H,0, and SnCl,-5H,0 [40, 41]. Furthermore,
the etherification step of HMF to EMF was not catalyzed effectively even with these
catalysts. The results suggest that the reaction of glucose toward HMF or EMF and
the reaction toward EGL compete with each other.

Second, we examined the effect of the combination of metal halides and sur-
factant on the formation of furan derivatives in the aforementioned solvent mix-
ture (Table 1, entries 14—18). When Al(DS); or Cr(DS); was used as the combined
metal(III)—surfactant catalyst, the EMF yields obtained were 34.2% for Al(DS); and
22.1% for Cr(DS),, showing substantial increases from the yields attained with the
corresponding simple metal halides. By contrast, the HMF yields severely decreased
to 5.5% for AI(DS); from 31.4% for AICl;-6H,0 and to 5.4% for Cr(DS); from
28.0% for CrCl;-6H,0. Because the sum of the yields of HMF and EMF appears
to be similar regardless of whether a simple metal halide or a combined metal—sur-
factant was used as the catalyst, the formation of EMF from HMF was promoted
under the effect of surfactants combined with a metal. These results suggest that the
long alkyl chains of Al(DS); or Cr(DS); may enhance the hydrophobic environment
that leads to the promotion of etherification: An interaction (or “contact”) between
the catalyst and the HMF may be enhanced by the incorporation of the surfactant
into these catalysts [31, 32]. Because Al(DS); was the most promising catalyst
examined here, we used this catalyst in subsequent experiments in which the param-
eters were varied to favor the formation of EMF.

Influence of reaction temperature

We examined the effect of reaction temperature on the transformation of glucose
to HMF and EMF. Figure 2 shows the yields of HMF, EMF, and EGL, together
with the glucose conversion for reaction temperatures of 120, 140, and 160 °C
for 60 min. At 120 °C, the yields of HMF and EMF were 23.7% and 2.9%,
respectively. The glucose conversion was almost 100%, and EGL was the major
product at this temperature. In the case of 140 °C, the HMF yield decreased to
12.8% and the EMF yield increased substantially to 19.0%. The yield of EGL
also obviously decreased from 28.8 to 16.5%. At the highest temperature of
160 °C, the EMF yield showed a remarkable increase and reached a maximum
of 37.9%, whereas the yields of HMF and EGL decreased slightly. The amount
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Fig. 2 Influence of reaction temperature on the glucose conversion and on the yields of HMF, EMF, and
EGL. The reaction was carried out at 120, 140, and 160 °C for 60 min in an ethanol/DMSO solution
(6 mL, 7/3, v/v) containing glucose (1 mmol) and Al(DS); (0.1 mmol)

of insoluble humic substance in the reaction mixture was less than 1.4% (data
not shown). Because the maximum yield of EMF was obtained at 160 °C and
a further increase in temperature (> 160 °C) led to an obvious increase in the
amount of polymeric humic substance (6.6% at 180 °C), we adopted 160 °C as
the reaction temperature in subsequent investigations.

Influence of reaction time

Third, we investigated the influence of the duration of the reaction involving
Al(DS);. As shown in Fig. 3, 100% of the glucose was converted at the ini-
tial stage of the reaction. The EMF yield increased and reached a maximum of
37.9% within 60 min; it then decreased gradually as the reaction proceeded. The
maximum yield obtained here is comparable with the yields reported in previous
works; however, the reaction time necessary to obtain the maximum yield in our
study is substantially shorter than those reported previously (~10 h) [21, 28].
The HMF yield reached 17.3% within 15 min and gradually decreased there-
after. The EGL yield reached 28.1% within 30 min and then decreased gradu-
ally with increasing reaction time. The gradual decrease in the EMF yield after
reaching a maximum is presumed to be a result of the degradation of EMF into
smaller molecules (e.g., levulinic acid and formic acid) or its conversion into
larger polymeric substances soluble in the solvent.
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Fig. 3 Influence of reaction time on the glucose conversion and the yields of HMF, EMF, fructose, and

EGL. The reaction was carried out at 160 °C in an ethanol/DMSO solution (6 mL, 7/3, v/v) containing
glucose (1 mmol) and Al(DS); (0.1 mmol)
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Fig. 4 Influence of DMSO content in the ethanol/DMSO solvent mixture on the glucose conversion and
the yields of HMF, EMF, fructose, and EGL. The reaction was carried out at 160 °C for 60 min in an
ethanol/DMSO solution (6 mL, 7/3, v/v) containing glucose (1 mmol) and Al(DS); (0.1 mmol)

Influence of the ratio of DMSO in the ethanol/DMSO solvent mixture
Next, we examined the influence of the ratio of DMSO in the solvent mixture on the

yield of EMF from glucose (Fig. 4). The incorporation of DMSO as a co-solvent in
an alcoholic solvent has been reported to substantially increase the yield of furan
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derivatives and to reduce by-product formation from carbohydrates [27, 42, 43].
When only ethanol was used as the solvent, the main product was EGL in 30.2%
yield; the yields of furan derivatives (HMF and EMF) were much lower (0.5%). The
EMF yield increased from 21.1 to 37.9% (maximum yield) when the DMSO con-
tent was increased from 10 to 30%. By contrast, the EGL yield gradually decreased
with increasing DMSO content in the solvent mixture. When the ratio of DMSO in
the solvent was 50%, the highest yield product changed from EMF (16.7%) to HMF
(26.2%). These results suggest that the addition of DMSO to the solvent promotes
the formation of EMF from HMF and suppresses the formation of by-products such
as EGL and humic substances [3, 27, 42, 43] as long as sufficient ethanol remains in
the solvent mixture for the etherification of HMF. Similar trends were observed in
the yields of EMF and HMF when Amberlyst-15 or Al(OTf); was used as a catalyst
for the transformation of glucose or fructose in an EEOH/DMSO mixed solvent [43].

Influence of catalyst amount

We investigated the influence of catalyst amount on the reaction (Fig. 5). At a
small catalyst amount of 0.01 mmol, the main product was EGL with a high yield
of 40.6%; the yields of HMF and EMF were 15.6% and 11.2%, respectively. When
the catalyst amount was increased to 0.1 mmol, the maximum yield of EMF was
obtained (37.9%). A further increase in the amount of catalyst (2.5 mmol) led to a
decrease in the EMF yield from 37.9 to 24.2%. An excess amount of the catalyst
may lead to the formation of the aforementioned by-products.

m HMF yield BEMF yield
mEGL yield mGlucose conversion

100 4
90
80 4
70 4
60
50
40 -
30 1
204 15.6
10 4

40.6 37.8

Yield and conversion (%)

4.9

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

3.5

0.01 mmol 0.1 mmol 0.25 mmol
Catalyst amount

Fig.5 Influence of catalyst amount on the glucose conversion and the yields of HMF, EMF, and EGL.

The reaction was carried out at 160 °C for 60 min in an ethanol/DMSO solution (6 mL, 7/3, v/v) contain-
ing glucose (1 mmol) and Al(DS); (0.1 mmol)
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Fig.6 Formation of HMF and EMF from various saccharides (A, fructose; B, glucose; C, mannose; D,
cellobiose; E, sucrose; F, inulin; and G, cellulose). The reaction was carried out at 160 °C for 60 min
in an ethanol/DMSO solution (6 mL, 7/3, v/v) containing a monosaccharide or monosaccharide residue
(1 mmol) and AI(DS); (0.1 mmol)

Synthesis of EMF from various carbohydrates

Lastly, we investigated the effect of the type of saccharide as a starting material on
the behavior of EMF formation in the presence of Al(DS); in an ethanol/DMSO
solution mixture. Various saccharides, including monosaccharides (fructose, glu-
cose, and mannose), disaccharides (cellobiose and sucrose), and polysaccharides
(inulin and cellulose), were used as substrates; the results are compiled in Fig. 6.
The EMF yield from fructose was 59.7%, whereas those from glucose and mannose
as another hexose were 31.2% and 37.8%, respectively. In the case of disaccharides,
the EMF yields obtained for cellobiose and sucrose were 13.8% and 30.8%, respec-
tively. When polysaccharides were used as a feedstock, the EMF yield for inulin was
51.0% and that for cellulose was less than 4.7%; this difference in yields may reflect
the difference in fructose or fructose-residue content. The aforementioned results
indicate that the combined metal-surfactant catalyst, Al(DS), effectively catalyzed
the formation of EMF from various saccharides other than cellulose. The cleavage
of p-glycoside and the breakage of the crystalline structure of cellulose appear to be
difficult under these conditions, consistent with previous reports [44, 45].

Conclusions

The conversion of glucose into EMF was successfully carried out in the pres-
ence of combined metal-surfactant catalysts as Lewis acids in a solvent mixture
of ethanol/DMSO. Al(DS); exhibited the best catalytic performance among the
prepared metal-surfactant catalysts. Almost complete conversion of glucose was
achieved, and the maximum yield of EMF (37.9%) was obtained at 160 °C for
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60 min. Moreover, the introduction of DMSO as a co-solvent could change the yield
of EMF. The EMF yield from other saccharides (fructose, mannose, cellobiose,
sucrose, inulin, and cellulose) was also investigated and showed good results except
for cellulose.
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