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The selective multi-step conversion of lignocellulose-derived
monosaccharides to fine-chemicals has been achieved in one-pot,
one-stage by a readily available heterogeneous bifunctional
catalyst comprising 0.2% (w/w) ruthenium onto a Brgnsted acid
solid support. The anhydro-sugar alcohols of glucose and xylose
were obtained in 86 % and in 95 % yield , respectively.

In order to reduce the dependence from petrochemical
sources, several chemical methods to convert lignocellulosic
biomass derivatives into high added value products have been
developed. These methods often entail complex reaction
sequences of two or more consecutive reduction and acid-
mediated catalytic steps.1 However, the achievement
moderate yields of desired product usually requires multiple
reactor units, strong mineral acids, harsh conditions, organic
solvents, homogeneous catalysts or troublesome purifications
procedures. This involve significant drawbacks in terms of cost,
efficiency, waste emissions, space and energy inputs.2 The
challenge is to attain 100% selectivity at high conversion in
one-pot, one-stage under the mildest possible reaction
conditions.> A potential solution is to use a combination of
well-defined supported acid and metal sites acting under the
same conditions,4 notably metal catalysts onto solid acids,
hereinafter referred as truly bifunctional cata/yst's.5

In the present work we report the selective, direct
conversion of concentrated aqueous solutions of C; and Cg
sugars to fine chemicals® using a novel resin-supported
bifunctional ruthenium catalyst (Ru@Dowex-H). Thus,
ruthenium nanoparticles of 1.3 + 0.5 nm, mostly gathered into
6.8 + 0.2 nm size aggregates (TEM, XRD) (Fig. S1),” were
immobilized onto the commercial, gel-type acidic Dowex 50WX2
resin (4.8 meq/g proton density)8 by ion-exchange with
ruthenium(lll) nitrosyl nitrate, followed by reduction with an
excess of sodium borohydride and washing with trifluoromethane
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Scheme 1 Sketch of Ru@Dowex-H synthesis and microstructure.

sulfonic acid in one-pot (Scheme 1). The procedure resulted in a
0.2% (w/w) bulk ruthenium content (ICP- OES) and an egg-shell
type metal distribution within the support beads (EDS, Fig. $2)°.

The as prepared material was tested in the heterogeneous-
phase catalytic conversion of glucose and xylose under various
temperatures and H, pressures. In a typical experiment, a
mixture of monosaccharide, catalyst and water was loaded
into a Teflon-lined reactor together with the selected
hydrogen pressure. After stirring at the desired temperature
and time, the resin was decanted and the resulting clear
solution analysed without further treatments by a combination
of chromatographic, mass spectrometry and NMR techniques.
Representative results are reported in Table 1.

Motivations for choice of glucose are multiple. Glucose is
the most abundant monosaccharide found in lignocellulosic
biomass and it is the unique component of cellulose, from
which it can be obtained by depolymerisation.10 Glucose can
be used to produce several important market compounds,11
including isosorbide, a versatile platform chemical for the
cosmetic and pharmaceutical industriy, as well as a monomer
for the manufacture of bio-based plastics, namely poly-
(ethylene-co-isosorbide) terephthalate (PEIT), poly(isosorbide
carbonate) (PIC) and poly(isosorbide oxalate).12 Isosorbide
demand for PEIT was estimated at 3,586.9 tons in 2012, while
the global isosorbide market is expected to be 324.6 million by
2020."* Conventional catalytic route to isosorbide synthesis
involves a sequence of metal hydrogenation of glucose to
sorbitol,™ followed by a twofold acid dehydration of sorbitol
via 1,4-sorbitan (Scheme 2).15 The latter steps are known to
proceed slowly in presence of water, requiring much higher
reaction temperatures in that case.™® Isosorbide is industrially
produced in 10" ton/year scale by a three stages process
comprising enzymatic depolymerisation of starch feedstock,
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Table 1 Selected results for the direct catalytic conversion of sugars by Ru@Dowex-H under batch conditions

a View Article Online
DOI: 10.1039/C6GC00128A

Entry Sugar T(°C) H, (bar) Time (h) Conv. (%) Product, yield (%) b

1 glucose 190 30 48 100.0 sorbitol 0.9 sorbitan  10.2 isosorbide 84.9 by-prod.” 4.0
2 120 30 7 100.0 99.9 0.0 0.0 0.1
3 xylose 190 30 6 100.0 xylitol 0.0 lyxose 0.0 anhydroxylitol 94.9  by-prod.° 5.1
4 120 30 7 99.7 99.3 0.0 0.0 0.4

? Ruthenium 0.2% (w/w), sugar 0.1 M in water. ® bata from HPLC analysis. © Unidentified soluble products.

OH OH
OH H *
° metal oH 9H oH H*  HO (0] H* o} N
OH 2 OH OH 2 nd on P AR
D-glucose D-sorbitol 1,4-D-sorbitan D-isosorbide

Scheme 2 Pathway for the catalytic conversion of glucose to isosorbide.

hydrogenation over Ni catalyst and H,SO, catalysed
dehydration. High purity isosorbide is obtained in ca. 60% yield
based on sorbitol,17 however a complicated downstream
processing is required because of the formation of stained by-
products.18 On the other hand, the intermediate sorbitol is
largely used in the food and pharmaceutical industries as low
calorie sweetener, laxative, humectant, precursor for vitamin C
and for the preparation of several other chemicals besides
isosorbide.’® As a consequence, sorbitol holds the biggest
market share among sugar alcohols with an expected demand
of 2,148.9 kilo tons in 2018.%°

In the case in our hands, Ru@Dowex-H showed to catalyse
the quantitative conversion of glucose at temperatures above
100 °C and H, pressures above 15 bar. Under 30 bar H, and
190 °C the conversion reaction gave directly isosorbide with
85% selectivity at full conversion after 48 h, the only other
products identified are sorbitol (1%) and 1,4-sorbitan (10%)
(Table 1, entry 1). Higher quantities of intermediate products
were obtained for shorter reaction times. The composition of
the reaction mixture over the time is graphically reported in
Fig. 1, a. Use of lower temperatures had a dramatic effect on
the progression of the conversion, since the amount of
dehydrated products 1,4-sorbitan and isosorbide was
drastically reduced. The composition of the mixture after 24 h
reaction time at 120, 170 and 190 °C, respectively, is reported
for comparison in Fig. 1, b. As a matter of fact, sorbitol could
be obtained in 99.9% selectivity at full conversion, after 7 h at
120 °C (Table 1, entry 2). Irrespective of the temperature (up
to 190 °C) and the H, pressure (up to 40 bar) neither traces of
hydrocarbons nor shorter chain glycol products were
detected.?* The above results point out to a low-temperature
conversion kinetic involving fast glucose hydrogenation,
followed by slow sorbitol dehydration and a slower sorbitan
dehydration step, in agreement with what previously reported
for comparable aqueous phase dehydration sys.tems..22

Considerably lower amounts of 1,4-sorbitan and isosorbide
products were observed using the parent sodiated catalyst

2 | Green Chem., 2016, 00, 1-3
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Fig. 1 Catalytic conversion of glucose by Ru@Dowex-H (0.2% Ru, water, 30 bar H,): a)
effect of reaction time at 190 °C, b) effect of temperature at 24 h reaction time.

Ru@Dowex-Na,23 thus confirming the role of Brgnsted sites in
sorbitol dehydration.15b A black solid and a deep yellow
solution containing traces of furanic derivatives were instead
obtained by contacting glucose or xylose (vide infra) with the
metal-free Dowex-H catalyst under analogous reaction
conditions. This can be ascribed to the formation of humins
arising from the condensation of sugars with furanics, as a
consequence of acid-catalysed glucose dehydration,24 as
reported for the liquid-phase acid treatment of
monosaccharides.”” This indicates a significant stabilisation
effect of the metal on the catalytic system.

To the best of our knowledge, Ru-Dowex-H is the first
example reported for the direct, catalytic conversion of glucose
to isosorbide in high yield. Systems have been described for
the production of isosorbide from cellulose, yet in modest
yields. Yields in the range 6 - 52% (selectivity 9 - 70%), have
been achieved in a single stage either using a combination of
Ru/C and strong soluble acids (Hcl,*® HZS.O4,27 heteropoly
acidszs), with severe drawbacks in terms of neutralization
waste formation and product separation, a Ru@mesoporous
niobium phosphate bifunctional cataly:~:t,29 or a mixture of
molten ZnCl,, Ru/C and HCl in a two-stages process.30 Best
results have been obtained in one-pot by a 15 : 1 (w/w)
Amberlyst-70 + 4% Ru/C mechanical mixture (55.8% vyield,
190°C, 50 bar H,).**

It must be pointed out that Ru@Dowex-H selectivity in
hydrogenation of glucose to sorbitol well compares with that of
the best catalytic systems reported for this reaction (Table S2).

The Ru@Dowex-H catalyst could be reused by simple
decantation showing marginal conversion loss (5%) over
three consecutive runs at 190 °C and 30 bar H,, however with
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Fig. 2 Catalytic conversion of xylose by Ru@Dowex-H (0.2% Ru, water, 30 bar H,): a)
effect of reaction time at 190 °C, b) effect of temperature at 6 h reaction time.

significant changes in the reaction mixture composition (Fig.
S3). Previously reported reuse of catalysts for isosorbide
production from cellulose was practically unsuccessful, which
was attributed either to metal fouling by insoluble by-
products,28’31’ metal particle sintering,26 metal leaching or loss
of solid acid catalyst.32 In our case, no significant changes of Ru
particle size after use in catalysis (TEM) nor significant Ru
leaching in solution (< 0.5%, ICP-OES) were detected, whereas
ca. 15% sulphur leaching was observed in each cycle (ICP-OES),
consistently with the upper temperature operational limit of the
sulfonated resin (150 °C).33 Thus, change of product distribution
upon Ru@Dowex-H catalyst reuse can be tentatively attributed
to desulfurization leading to unbalance of Lewis / Brgnsted
acidic sites (see below) and to the degradation of residual
isosorbide in the reaction mixture.

The conversion of xylose catalysed by Ru@Dowex-H was
similar to that of glucose, albeit with some significant variations.
Xylose is the main component of hemicellulose xylan, the
second most abundant component of biomass after
cellulose.® Under 120 °C, 30 bar H, and 7 h, xylose was
quantitatively hydrogenated to xylitol, with no formation of
dehydration products observed, because of the Ilow
temperature (Table 1, entry 4). Increasing of the temperature
to 190 °C resulted in the formation of 1,4-anhydro-xylitol in
94.9% vyield after 6 h, together with some unidentified soluble
compounds (5.1%) (Table 1, entry 3). The composition of the
reaction mixture as a function of reaction time and
temperature is graphically reported in Fig. 2 a and b,
respectively. As for glucose, the above findings indicate that
the one-stage catalytic conversion of xylose proceeds through
a fast hydrogenation of xylose to xyIitoI,35 followed by the
selective dehydration of the latter (Scheme 3).

Few systems have been described for the preparation of
1,4-anhydro-D-xylitol in moderate vyields, and invariably by
dehydration of xylitol, either using HZSO4,36 Amberlyst-3637,
zeolites®® or H4$iW12040zza catalysts. To the best of our
knowledge, Ru@Dowex-H is the first catalyst reported for the
synthesis of 1,4-anhydro-D-xylitol from xylose in one-stage,
one-pot. No large-scale production methods for 1,4-anhydro-
D-xylitol have been described to date, even though its use as
non-toxic cosmetic ingredient has been demonstrated.®

Xylitol is widely used as sweetener and refreshing agent in
foods and in toothpastes because of its low caloric value, glycemic

This journal is © The Royal Society of Chemistry 20xx

Green-Chemistry:

View Article Online
OH mdp!: 10.1039/CHEC00128A

L:(‘:I;lés OWOH . HO/\;ﬁ/\OH
OH = OH OH H, OH OH

HO W OH D-lyxose D-arabhitol
OH H
D-xylulose
-3H,0 o metal o)
Lewis Q/\\ — (_7/\ H
o “ L/ \ / o
H* furfural furfuryl alcohol
O “3H,0
o Y o
OH OH metal OH HO
S H* (0]
D-xylose H, HO OH
-H,0 P
OH OH 2 Hd OH
D-xylitol 1,4-anhydro-D-xylitol

Scheme 3 Preferred pathway (green) for the catalytic conversion of xylose over
Ru@Dowex-H catalyst under H,.

index and anti-cariogenicity.40 It is currently manufactured in
10" ton/year through the catalytic hydrogenation of xylose
over Raney nickel.*' Several supported-noble metal catalysts
have been proposed for this reaction that, however, show
lower selectivity compared to that of Ru@Dowex-H (Table S3).
Usual by-products include xylulose, arabitol and minor
amounts of dehydration and hydrogenolysis derivatives.*?
Formation of xylulose and arabitol can be ascribed to the Lewis
acid sites-catalysed isomerisation of xylose to xylulose at
temperatures above 100 °C, followed by epimerization to
Iyxose,43 which then undergoes hydrogenation to arabitol
(Scheme 3). Thus, the high xylitol selectivity of Ru@Dowex-H
can be safely attributed to the low Lewis acid character of the
catalyst.44 Accordingly, no arabitol nor lyxose were detected in
the reaction mixture.

In addition, no significant amounts of furfural derivatives™®
were whatsoever observed in the conversion of xylose using
Ru@Dowex-H at H, pressures above 15 bar. This indicates
that, under these conditions, the rate of xylose hydrogenation
is higher than that of its dehydration (Scheme 3). An analogous
result was previously reported using a 25 : 1 (w/w) Amberlyst-
15 + 5% Ru/C mechanical mixture under similar conditions.*®
These evidences clearly show that that xylose hydrogenation is
kinetically favoured over competitive dehydration using dual
catalysts comprising Ru(0) and solid Brgnsted acid sites, at
least under medium H, pressures. Attainment of the reverse
order is possible, although using different catalytic systems.
For example, furfuryl alcohol was the main product obtained
from xylose in one-stage using a Pt/SiO, + sulfated zirconia
mixture under hydrogen transfer conditions (H,O / 2-propanoal,
30 bar H,, 170 °C) (Scheme 3).*” Preference of Ru@Dowex-H
for hydrogenation versus xylose dehydration can be explained
in terms of both the low Lewis acidy of the catalyst, which
would favour the formation of furfural via isomerization-
dehydration route,48 and the high activation barrier of xylose
dehydration by Brgnsted acid type catalysts.‘l‘q’50 A check
experiment carried out under 5 bar H, and 190 °C resulted in the
formation of a coloured solution containing significant amounts

Green Chem., 2016, 00, 1-3 | 3
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of furfural derivatives and other by-products, thus revealing that
hydrogenation and dehydration of xylose over Ru@Dowex-H
attain comparable kinetic at low hydrogen pressures.

Conclusions

Methods for fine-chemicals production from not-critical,
renewable raw materials are of increasing relevance in the
current process industry. Lignocellulosic biomass, hence the
sugars thereof, is central to this because of its large non-edible
portion and its potential to be obtained from wastes or from
alternative farming, e.g. algae,51 thus to have limited
competition with the food industry. It has been estimated that
only 3-4% of the total carbohydrates produced are currently
used for food, so there is an abundant untapped supply of
biomass sugars.52 However, processing of lignocellulosic
derivatives usually involves multistep reaction sequences, with
corrosion and neutralization issues often associated, wherein a
multitude of compounds can be generated. The development
of alternative methods for the catalytic conversion of
lignocellulosic materials that comply with sustainability criteria
are thus highly desirable.”®

Herein we described the one-pot, one-stage conversion of
Cs and Cg sugars to expensive and/or rare anhydro sugar
alcohols in high yields, using an heterogeneous single catalytic
body comprising immobilized metal sites for hydrogenation
and acid sites for dehydration onto the same support.
Anhydroxylitol and isosorbide were selectively obtained with
no need of organic solvents, high metal loadings, strong
soluble acid additives or purification steps, from xylose and
glucose, respectively.54 The solid catalyst could be easily and
quantitatively recovered, showing no significant metal leaching
in solution. The superior selectivity of Ru@Dowex-H has to be
related to the high selectivity in both the hydrogenation and
dehydration steps. While hydrogenation selectivity by gel-type
resin supported-metal catalyst was previously attributed to the
favourable combination of the microporous structure of the
support with the narrow size distribution of immobilized metal
particles,55 selectivity in dehydration can be ascribed to the
proper balance of density and strength of Brgnsted acid sites.
It is also clear that whenever a bifunctional hydrogenation /
acid catalyst is employed, selectivity toward a defined reaction
path is ruled by the relative rate of competitive hydrogenation
and dehydration reactions, which, in turn, is controlled by the
ratio of Brgnsted to Lewis acid sites.”® In the case of
Ru@Dowex-H, the low Lewis acidity character favours an
hydrogenation — dehydration sequence and minimize the
occurrence of isomerisation side-reactions. It is also worth
mentioning the switchability of Ru@Dowex-H: the simple
change of the reaction temperature allows to drive the catalyst
selectivity to different products, i.e. sugar alcohol or
anhydrosugar alcohol, to get the desired material with high
purity in any case.

In conclusion, we have shown that a very simple catalyst
design using commercial materials allows for the conversion of
sugars to take place selectively and in a flexible way, without
intermediate processing stages. The proof of concept provided

4 | Green Chem., 2016, 00, 1-3

by this study may serve as basis for the engineering .of . novel
improved bifunctional catalysts for selective BiofH38¢6AVERIBASA

Experimental
Synthesis of the catalyst

All reactions were performed under nitrogen. 600 mg of dry
ion-exchange resin Dowex 50WX2-100 (2.88 meq SO3H) were
added to a solution of ruthenium(lll) nitrosyl nitrate (107 ul of
Ru(NO)(NO3); nitric solution 2.55 wt % Ru, 0.029 mmol Ru) in
deionised water (11.0 ml). The mixture was stirred at room
temperature for 4 h. After that time, the solution was
decanted and the solid material washed with deionised water
(4 x 50 ml). Water (13.3 ml) and solid NaBH, (33.0 mg, 0.87
mmol, NaBH, : Ru = 30 : 1) were then added. After stirring at
room temperature for 18h, the solid was decanted and
washed with water (4 x 50 ml). The resulting black material
was treated three times for 30 min. each with a solution of
CF3SO;3H in water (0.5 M, 58 ml, 28.8 mmol H') under stirring.
The solid was then decanted, washed with H,O until neutral
pH, methanol (3 x 50 ml), diethyl ether (3 x 50 ml) and dried in
a stream of N, overnight. Ru loading 0.20 wt % (ICP-OES).

Catalytic reactions

In a typical experiment, Ru@Dowex-H (104 mg, 0.20 wt% Ru),
was loaded into a metal-free autoclave under nitrogen. A
degassed solution of sugar in deionized water (0.1 M) was
added under nitrogen via a Teflon tube. Nitrogen was replaced
by hydrogen with three cycles pressurization /depressurization.
The autoclave was then charged with the desired pressure of
hydrogen, stirred and heated up to the selected temperature
using an oil bath. After the desired time, the reaction solution
was removed and analysed. The reaction products were
unequivocally identified by comparison of the GC and HPLC
retention times, mass spectra and 13C{lH} NMR resonances
with those of authentic specimens. Quantitative analysis of the
reaction products was carried out via HPLC based on
calibration curves of the pure compounds.
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