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Conversion of naturally occurring sugars, the most abundant biomass resources on
Earth, to fuels and chemicals provides a sustainable and carbon-neutral alternative to
the current fossil resource–based processes. Tungsten-based catalysts (e.g., WO3) are
efficient for selectively cleaving C-C bonds of sugars to C2,3 oxygenate intermediates
(e.g., glycolaldehyde) that can serve as platform molecules with high viability and versa-
tility in the synthesis of various chemicals. Such C-C bond cleavage follows a mecha-
nism distinct from the classical retro-aldol condensation. Kinetic, isotope 13C-labeling,
and spectroscopic studies and theoretical calculations, reveal that the reaction proceeds
via a surface tridentate complex as the critical intermediate on WO3, formed by chelat-
ing both α- and β-hydroxyls of sugars, together with the carbonyl group, with two
adjacent tungsten atoms (W-O-W) contributing to the β-C-C bond cleavage. This
mechanism provides insights into sugar chemistry and enables the rational design of
catalytic sites and reaction pathways toward the efficient utilization of sugar-based
feedstocks.
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Sugars (i.e., carbohydrates) are the naturally occurring products from CO2 and H2O
via photosynthesis, and they constitute the most abundant renewable carbon resources
on Earth. They are readily available from forest and agricultural waste. As such, sugars
have become the most promising alternatives to the diminishing fossil resources for the
sustainable production of fuels and chemicals toward the global goal of carbon neutral-
ity. To this end, various chemical and biochemical conversion routes of sugars have
been developed (1–7), such as hydrogenation and hydrogenolysis to sorbitol, ethylene
glycol, and propylene glycol (3); amination to aminopolyols (4); dehydration to furfu-
rals and derivatives (5); and conversion to carboxylic acids (6, 7). However, most of
these routes, particularly to chemicals, rely on specific sugars as the reactants, which are
generally obtained from natural biomass sources via tedious and energy-intensive sepa-
ration and purification because of the structural complexity of sugars, in terms of their
chiralities, carbon numbers, types (i.e., ketoses and aldoses), and conformational diver-
sities of cyclic structures (i.e., α-/β-furanoses and α-/β-pyranoses). This problem
presents significant hurdles to the practical applications of sugars as versatile feedstocks.
Inspired by the petrochemical industry, in which C2,3 olefins (i.e., ethylene and pro-

pylene) serve as the building blocks for the production of various chemicals, irrespective
of the sources and compositions of the crude oils (SI Appendix, Scheme S1), C2,3 oxy-
genate intermediates (e.g., glycolaldehyde and glyceraldehyde) can be considered to
play similar roles in the conversion of sugars to chemicals (8). In this scenario, the pri-
mary step is to develop a reaction process capable of converting the different sugar mol-
ecules to the C2,3 oxygenate intermediates regardless of their structural diversities, in
analogy to the steam cracking or catalytic cracking of C2+ hydrocarbons (e.g., liquid
petroleum gas and naphtha) to ethylene and propylene in the petrochemical industry
(SI Appendix, Scheme S1). Since most natural sugars consist of five and six carbon
atoms, as represented by glucose and xylose, controllable breaking of their C-C bonds
is critical for cracking them to the C2,3 oxygenate intermediates.
Such C-C bond cleavage is conventionally catalyzed by bases (e.g., NaOH) via retro-

aldol condensation, but it is not easy to control the selectivity and integrate with other
reactions due to the high reactivity of the sugar reactants and intermediates with bases
(9, 10). In recent years, a series of tungsten-based catalysts, such as W2C, H2WO4,
and WO3, have shown superior efficiencies for the conversion of sugars to the C2,3

intermediates (C2H4O2 and C3H6O3) (11–15), which, in coupling with different reac-
tions, subsequently react to form a variety of products, such as ethylene glycol (11, 12,
15–17), propylene glycol (13, 18, 19), ethanol (20–23), and lactic acid (24). Extensive
studies on this sugar reaction have led to significant progress in the understanding
of kinetics (25–28) and active sites (13, 19, 29, 30), optimization of catalytic
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performances and recyclability (17, 26, 31–34), and applicabil-
ity to different substrates (35–37). However, it is still not clear
how the C-C bonds of sugars are selectively cleaved on the
tungsten-based catalysts, such a central step in the conversion
of sugars to chemicals with high efficiency and versatility.
Several reports have proposed C-C bond cleavage via acidic

WO3-catalyzed retro-aldol condensation, based on results
showing that the reaction occurs selectively at the β-position to
the carbonyl group of sugars (15, 22, 23, 30, 38). However,
this retro-aldol mechanism cannot explain the indispensable
requirements, as we preliminarily reported, for the α-hydroxyl
group of sugars and the aggregated tungsten species as the
catalytic sites (e.g., crystalline rather than highly dispersed
WO3) (13). Moreover, other typical acid catalysts—mineral
acids (39), H-form zeolites (40, 41), and sulfonated carbons
(41, 42)—are inactive for this C-C bond β-scission reaction.
Therefore, selective cleavage of C-C bonds in sugars reflects a
unique property of the tungsten-based catalysts, on which the
reaction does not follow the classical retro-aldol condensation
mechanism.
In this work, we use WO3 as a model catalyst and explore

the reaction mechanism for selective cleavage of C-C bonds of
various C4–6 sugars, including aldoses, ketoses, and deoxysugars
for comparison. By examining the structural effects of sugars
on the activities, product distributions, and reaction intermedi-
ates using a combination of kinetic, isotope 13C-labeling, and
spectroscopic methods and theoretical calculations, we find that
the reaction on the WO3 surface proceeds via a sugar-WO3 tri-
dentate complex, involving the coordination of both α- and
β-hydroxyl groups, together with the carbonyl group, with
adjacent tungsten sites. This mechanism enables us to elucidate
the structural requirements of sugars and tungsten-based cata-
lysts for the selective C-C bond cleavage and consequently to
tune the corresponding catalytic sites and reaction pathways.

Results and Discussion

Selective Cleavage of C-C Bonds for Different Sugars on WO3.
Conversion of glucose to ethylene glycol was first examined as a
model reaction to probe the C-C bond cleavage of sugars. This
reaction requires catalytic functions for the C-C cleavage and the
consequent intermediate hydrogenation. As shown in Table 1,
with only hydrogenation catalyst of Ru/C, glucose (present in its
D-configuration, i.e., D-glucose, if not specifically mentioned)
was hydrogenated to sorbitol (70.3%) with a trivial amount of
ethylene glycol (9.3%) at 205 °C and 6 MPa of H2 in 10 min
(Table 1, entry 1). The formation of ethylene glycol was due to
the thermal decomposition of glucose at such a high tempera-
ture, followed by hydrogenation (43). Other products included
mannitol (7.4%), pentitols (3.5%), propylene glycol (6.1%),
and glycerol (1.9%). Upon addition of WO3, ethylene glycol
became the major product, and its yield increased from 9.3 to
59.4%, while sorbitol yield concurrently decreased from 70.3 to
9.2% (Table 1, entry 2). It is known that ethylene glycol can be
formed from hydrogenolysis of polyols in the presence of bases
(44, 45). However, this reaction did not occur under the condi-
tions in this work when sorbitol and xylitol were directly used as
the reactants (SI Appendix, Table S1). For comparison, other
metal oxides with different surface acidity and basicity (Nb2O5,
TiO2, ZrO2, and Al2O3) and also different reducibility (V2O5,
MnO2, and MoO3) were examined. Use of Nb2O5 hardly
showed obvious changes in the product distributions compared
to those in its absence (Table 1, entry 3). On TiO2, ZrO2, and
Al2O3, the ethylene glycol yield increased to 19.9 to 23.6% as a
result of their surface basic site-catalyzed retro-aldol condensa-
tion of glucose, but sorbitol was still the dominant product, with
yields of 54.5 to 61.6% (Table 1, entries 4–6). On reducible
V2O5, MnO2, and MoO3, very few polyols but a large amount
of humin by-products were detected (Table 1, entries 7–9). This

Table 1. Conversion of glucose to ethylene glycol and sorbitol on various metal oxides in the
presence of Ru/C catalyst*

CHO
OHH
HHO
OHH
OHH

CH2OH

Glucose

Oxide and Ru/C,

205 oC, 6 MPa H2

CH2OH
OHH
HHO
OHH
OHH

CH2OH

Sorbitol

+
HO OH

Ethylene glycol

Entry Oxide

Product yield (carbon %)

Sorbitol Ethylene glycol Others†

1 — 70.3 9.3 18.9
2 WO3 9.2 59.4 23.3
3 Nb2O5 70.6 9.5 16.1
4 TiO2 61.6 20.5 16.9
5 ZrO2 58.8 19.9 18.1
6 Al2O3 54.5 23.6 20.6
7 V2O5 3.1 14.6 13.7
8 MnO2 1.6 4.4 9.2
9 MoO3 5.3 10.0 17.8
10‡ WO3/Al2O3 8.8 62.6 21.7
11‡ WO3/TiO2 9.0 58.8 23.1
12‡ WO3/SiO2 7.9 66.8 21.6

*Reactions were performed with 0.50 mmol of glucose, 0.02 g of 3 wt % Ru/C, 1.0 g of oxide and 40 mL of H2O. Glucose conversions were 100%.
†Other products include mannitol, pentitols, tetritols, propylene glycol, and glycerol (SI Appendix, Table S1).
‡WO3 surface densities were 7.2, 7.0, and 6.8 W/nm2 on Al2O3, TiO2, and SiO2, respectively; 0.016 g of WO3 loading in reaction.
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is due to the stoichiometric reduction of V2O5, MnO2, and
MoO3 into VO2, Mn3O4, and MoO2 (SI Appendix, Fig. S1) by
glucose under the reaction condition that competed with the
glucose reaction on Ru, leading to its inefficient hydrogenation
and low carbon balance. Supported WO3 catalysts showed
improved activities as a result of the increased accessibility of the
WO3 sites (Table 1, entries 10–12). When WO3 crystallites
were supported on Al2O3, TiO2, and SiO2 with a surface density
around 7 W/nm2 (SI Appendix, Fig. S2), the ethylene glycol
yield reached 62.6, 58.8, and 66.8%, respectively, even using
only 16 mg of WO3 (Table 1, entries 10–12). These results
show that WO3 is different from the other metal oxides and can
efficiently catalyze the C-C cleavage in the conversion of glucose
to ethylene glycol. Such a distinct property of WO3 is clearly
not due to its distinct surface acidity and reducibility, as dis-
cussed below.
Besides glucose, other sugars of different type (aldose or ketose),

carbon number, and chirality were also examined on WO3 with
an Ru/C catalyst. As shown in Table 2, mannose, the C2 epimer
of glucose, was converted to ethylene glycol with a similar yield of
54.2% (Table 2, entry 2). However, conversion of ketohexoses,

i.e., fructose and sorbose, yielded 47.9 and 47.7% propylene gly-
col as the major product, and ethylene glycol yields were only
15.7 and 12.9%, respectively (Table 2, entries 3 and 4). Aldo-
pentoses, including xylose, ribose, arabinose, and lyxose, reacted
to form nearly an equimolar mixture of ethylene glycol (25.8 to
32.1%) and propylene glycol (29.0 to 35.5%) (Table 2, entries
5–8). Aldotetroses (erythrose and threose), representing the typi-
cal chiralities of sugars, afforded similar ethylene glycol yields of
47.9 and 49.3% (Table 2, entries 9 and 10). These results reveal
the characteristics of this sugar reaction on WO3: all sugars are
reactive, and the C-C bond cleavage selectively takes place at the
β-position to the carbonyl group, independent of their carbon
number, type (aldoses or ketoses), and chirality.

An essential requirement of the α-hydroxyl group for the
C-C bond cleavage in sugar molecules is a nonclassical retro-
aldol condensation mechanism. The above characteristics of the
C-C bond cleavage on WO3 resemble those of the typical
retro-aldol reaction. In general, the retro-aldol condensation
happens for β-hydroxyl aldehydes and ketones. Considering
that each noncarbonyl carbon atom in a sugar molecule bears a
hydroxyl group, we next examine the role of the individual

Table 2. Conversion of sugars to ethylene glycol and propylene glycol on WO3 and Ru/C*

Sugar
WO3,Ru/C, 

205 ºC, 6 MPa H2 

HO OH

Ethylene glycol

HO OH

Propylene glycol

+

Entry Sugar

Product yield (carbon %)

Ethylene glycol Propylene glycol Others†

1 Glucose 59.4 14.1 18.4†

2 Mannose 54.2 11.3 29.6†

3 Fructose 15.7 47.9 38.9†

4 L-sorbose 12.9 47.7 29.6†

5 Xylose 32.1 35.5 30.8‡

6 Ribose 25.8 29.0 28.2‡

7 Arabinose 28.7 30.2 27.7‡

8 Lyxose 29.5 32.2 27.1‡

9 Erythrose 47.9 11.0 32.2§

10 Threose 49.3 10.4 29.5§

*Reactions were performed with 0.50 mmol of sugar, 0.02 g of 3 wt % Ru/C, 1.0 g of WO3 and 40 mL of H2O. Sugar conversions were 100%.
†Hexitols, pentitols, tetritols, and glycerol.
‡Pentitols, tetritols, and glycerol.
§Tetritols and glycerol (SI Appendix, Table S2).
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hydroxyl groups in the reaction by comparing the activity of
different deoxysugars. As shown in Table 3, the reactions of
2-deoxy-glucose and 2-deoxy-ribose on WO3 and Ru/C yielded
neither ethylene glycol nor propylene glycol but only their cor-
responding hydrogenation products, i.e., 100% 2-deoxy-sorbitol
and 2-deoxy-ribitol, respectively (Table 3, entries 2 and 3). The
reactions of 3-dexoy-glucose and 3-deoxy-mannose also produced
only 3-deoxy-sorbitol and 3-deoxy-mannitol, respectively (Table 3,

entries 4 and 5). Therefore, both α- and β-hydroxyl groups are
required for selective cleavage of C-C bonds at the β-position to
the carbonyl group in sugars. To further understand such a struc-
tural requirement, we next used 4- and 6-deoxysugars as substrates
(Table 3, entries 6–8). The reaction of 4-deoxy-L-threose produced
ethylene glycol and ethanol at an essentially equal amount (15.9
and 13.7%) with 4-deoxy-L-threitol (52.6%). Rhamnose (6-deoxy-
L-mannose) and fucose (6-deoxy-galactose), both yielded ethylene

Table 3. Reaction of glucose and deoxysugars on Ru/C and WO3

Entry Reactant Major product (yield %)

1

(59.4)

(Glucose)

2

(100)

(2-deoxy-glucose) (2-deoxy-sorbitol)

3

(100)

(2-deoxy-ribose) (2-deoxy-ribitol)

4

(100)

(3-deoxy-glucose) (3-deoxy-sorbitol)

5

(100)

(3-deoxy-mannose) (3-deoxy-mannitol)

6

(15.9) (13.7) (52.6)

(4-deoxy-L-threose) (4-deoxy-L-threitol)

7

(34.3) (14.0)

(6-deoxy-L-mannose)

8

(39.7) (17.9)

(6-deoxy-galactose)

Reactions were performed with 0.50 mmol of sugar, 0.02 g of 3 wt % Ru/C, 1.0 g of WO3, 40 mL of H2O, 6 MPa of H2 at 205 °C for 10 min. Conversions were 100%.
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glycol and ethanol with a molar ratio of ∼2:1. This ratio is caused
by the C-C bond cleavage of 6-deoxy-hexose to form one glycolal-
dehyde molecule and one 4-dexoy-tetrose molecule, of which the
latter underwent further cleavage to form another glycolaldehyde
molecule and one acetaldehyde molecule. Clearly, 4-deoxy-
tetrose, as either the starting reactant or the intermediate, can
undergo the selective C-C bond cleavage on WO3, indicating
that the γ-hydroxyl group is not necessarily involved in the
reaction. This is also supported by the higher reaction rate of
4-deoxy-tetrose than that of the normal tetrose (i.e., erythrose)
(SI Appendix, Fig. S3). This rate difference may be due to their
different conformation in the aqueous solution: the normal
tetrose is usually present in a cyclic structure (erythrofuranose),
where its carbonyl group is in the form of hemiacetal, whereas
the 4-deoxy-tetrose is in the chain conformation, where its car-
bonyl group is exposed and thus more reactive. Taken together,
these results reveal that the γ-hydroxyl group in sugars is not
necessarily required for the β-C-C bond cleavage but that the α-
and β-hydroxyl groups are unequivocally indispensable for this
reaction.

Mechanism of C-C Bond Cleavage Involving an Ethenediol
Intermediate. To further understand the sugar reaction on
WO3, we closely compared the reaction kinetics of glucose and
erythrose on WO3 in the absence of Ru/C and H2. The evolu-
tion of the products with time in the glucose reaction is shown
in Fig. 1A. Mannose, the C2 epimer of glucose, appeared
immediately after the reaction, and its yield increased rapidly to
∼10% in 10 min and then declined gradually. Two tetroses,
erythrose and threose, were also formed from the beginning of
the reaction. Both quickly reached their maximum yield of
∼1.3% and slowly declined thereafter. Glycolaldehyde showed
a monotonic increase, behaving as an end product. From the
slopes of the evolution curves of glycolaldehyde, erythrose,
threose, and mannose at the initial reaction time, their initial
formation rates were extracted. The rate of glycolaldehyde
(27 μmol/gWO3/min) was nearly equal to the sum of the rates of
erythrose (13 μmol/gWO3/min) and threose (11 μmol/gWO3/min).
This substantiates that the C-C bond cleavage of glucose takes
place at the β-position to the carbonyl group to form equimolar
tetroses and glycolaldehyde. The initial formation rate of

Fig. 1. Reaction of glucose (A) and erythrose (B) on WO3 as a function of reaction time. (C) Reaction pathway of glucose on WO3. Reaction conditions: 0.18
mmol of glucose or erythrose, 0.40 g of WO3 for the glucose reaction, 0.04 g of WO3 for the erythrose reaction, 165 °C, 15 mL of H2O, 6 MPa of N2.
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mannose (45 μmol/gWO3/min) was larger than that of glycolal-
dehyde, indicating faster C2 epimerization of glucose than its
C-C bond cleavage. These results demonstrate the bifunctional
role of WO3 for the C2 epimerization and C-C bond cleavage
in the sugar reactions. The erythrose reaction showed similar
results (Fig. 1B). Its C2 epimer, threose, formed with an initial
rate of 500 μmol/gWO3/min, and the C-C bond cleavage prod-
uct, glycolaldehyde, formed with a rate of 410 μmol/gWO3/min.
From these results, we tentatively conclude that the reaction
pathways of glucose on WO3, as depicted in Fig. 1C, include
the primary epimerization of glucose at the C2 position to man-
nose and the C-C bond cleavage at the β-position to its carbonyl
group to glycolaldehyde and erythrose, followed by the second-
ary reactions of the mannose and erythrose intermediates to
ultimately form glycolaldehyde. The C2-epimerization step was
confirmed to be reversible by a separate reaction of mannose on
WO3, showing the formation of glucose in a 28.7% yield after
30 min at 165 °C.
To further confirm the reaction mechanism, three different

13C-labeled glucoses were used as reactants to track the isotope
distributions in the products. Fig. 2 shows the 13C-NMR

spectra of the products in the reactions of [1-13C]-glucose,
[2-13C]-glucose, and [6-13C]-glucose on WO3. For [1-13C]-
glucose, the two strong signals at 92.9 and 96.7 ppm (Fig. 2A)
are the characteristic chemical shifts of the C1 carbon of its car-
bonyl group, present in the α- and β-glucopyranose forms,
respectively (46, 47). After the reaction of [1-13C]-glucose, two
new pairs of signals appeared in the 13C-NMR spectrum (Fig.
2A). The pair at 71.5 and 72.0 ppm is assigned to the chemical
shifts of the C2 carbon atoms of α- and β-mannopyranose
([2-13C]-mannose), respectively (46, 47), indicating the epime-
rization of glucose to mannose via the C1-C2 carbon skeleton
rearrangement. The other pair at 89.8 and 64.6 ppm corresponds
to the chemical shifts of the C1 and C2 carbon atoms of glycolal-
dehyde ([1-13C]-glycolaldehyde and [2-13C]-glycolaldehyde),
respectively (48). [2-13C]-glucose had two strong signals at chem-
ical shifts of 72.3 and 74.9 ppm (Fig. 2B), corresponding to the
C2 carbon of its α- and β-glucopyranose forms. After its reaction,
the produced mannose was labeled by 13C at its C1 position
([1-13C]-mannose), as evidenced by the signals at 94.8 ppm
(α-mannopyranose) and 94.4 ppm (β-mannopyranose) (46, 47),
and both 13C1-labeled (89.8 ppm) and 13C2-labeled (64.6 ppm)

Fig. 2. 13C-NMR spectra of the product solutions of (A) [1-13C]-glucose, (B) [2-13C]-glucose, and (C) [6-13C]-glucose reacting on WO3. (D–F) Schematic illustra-
tion of the 13C labeling in reactants and products. Orange indicates the 13C-labeled carbon. Reaction conditions: 50 μmol of glucose, 0.40 g of WO3, 15 mL of
H2O, 165 °C, 30 min, 6 MPa of N2. Only signals of 13C-labeled carbons are visible, because unlabeled carbons rich in 12C (98.9% natural abundance) are not
detectable on NMR. Each carbon atom in glucose or mannose shows a pair of signals because of the coexistence of α- and β-glucopyranose or α- and
β-mannopyranose forms in an aqueous phase.
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glycoladehydes ([1-13C]-glycolaldehyde and [2-13C]-glycolalde-
hyde) existed (Fig. 2B). Noticeably, in both reactions of [1-13C]-
glucose and [2-13C]-glucose, the produced glycolaldehyde
showed the same pattern of 13C-labeling, indicating that equal
amounts of [1-13C]-glycolaldehyde and [2-13C]-glycolaldehyde
were formed on WO3 (Fig. 2 D and E). Such equal probability
can be explained by two possible reaction pathways (Scheme 1).
Taking the [1-13C]-glucose reaction for example, it is possible to
produce equimolar [1-13C]-glycolaldehyde and [2-13C]-glycolal-
dehyde if the tautomerization between [1-13C]-glycolaldehyde
and [2-13C]-glycolaldehyde is very fast that facilitates the scram-
bling of the 13C-labeling in the glycolaldehyde molecules
(Scheme 1, pathway I), or glycolaldehyde is formed via the
[1-13C]-ethenediol intermediate that equally turns into [1-13C]-
glycolaldehyde and [2-13C]-glycolaldehyde (Scheme 1, pathway II).
To verify which of the two pathways (I and II) actually

occurs in the reaction, [6-13C]-glucose was examined in the
reaction. If the reaction followed pathway I, as discussed above,
equimolar [1-13C]-glycolaldehyde and [2-13C]-glycolaldehyde
would be formed, which is indeed not consistent with the reac-
tion results, as shown in Fig. 2C. The unconverted [6-13C]-glu-
cose showed two signals at 61.4 and 61.6 ppm (Fig. 2C),
assigned to the C6 carbon of the α- and β-glucopyranose forms
(46, 47). The produced mannose was also labeled at C6, shown
by the chemical shift at 61.8 ppm (Fig. 2C) (46, 47). For gly-
colaldehyde, the signal of the C2 carbon (64.6 ppm) is much

stronger than that of the C1 carbon (89.8 ppm) (Fig. 2C), in
contrast to the observation in the reactions of [1-13C]-glucose
and [2-13C]-glucose (Fig. 2 A and B). The dominant presence
of [2-13C]-glycolaldehyde over [1-13C]-glycolaldehyde in the
[6-13C]-glucose reaction shows that the tautomerization between
the glyceraldehyde molecules is essentially slow (Fig. 2F), from
which pathway I can be excluded.

Based on the above results, we conclude the reaction pathway
of the C2 epimerization and C-C bond cleavage of glucose on
WO3 is as shown in Scheme 2, exemplified by the reaction of
[1,6-13C2]-glucose. The C2 epimerization of [1,6-13C2]-glucose
forms [2,6-13C2]-mannose via the C1-C2 carbon skeleton rear-
rangement. The C-C bond cleavage of [1,6-13C2]-glucose occurs
selectively at its β-position, primarily producing the equal molar
amounts of [1-13C]-ethenediol and [4-13C]-erythrose, of which
the former intermediate rapidly tautomerizes equiprobably into
[1-13C]-glycolaldehyde and [2-13C]-glycolaldehyde while the lat-
ter undergoes further C-C bond cleavage into 1,2-ethenediol and
[2-13C]-glycolaldehyde.

Structure of Sugar Molecules Bonding to the WO3 Surface.
The C2 epimerization of glucose into mannose has been pro-
posed in the aqueous solution of molybdic acid, involving a
sugar-bimolybdate complex (SI Appendix, Scheme S2) (49).
This reaction is characteristic of the C1-C2 shift in the carbon
skeleton and involvement of the α- and β-hydroxyl groups.

Scheme 1. Plausible pathways to form equimolar [1-13C]-glycolaldehyde and [2-13C]-glycolaldehyde from the [1-13C]-glucose reaction. Orange indicates
the 13C-labeled carbon.

Scheme 2. Reaction pathways of [1,6-13C2]-glucose on WO3. Orange and pink trace the 13C1 and 13C6 of glucose in the intermediates and final products.

PNAS 2022 Vol. 119 No. 34 e2206399119 https://doi.org/10.1073/pnas.2206399119 7 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206399119/-/DCSupplemental


Since the glucose reaction on WO3 has the same characteristics,
we propose that the sugar reaction proceeds via a sugar-
bitungstate complex on the WO3 surface (Scheme 3).
In order to characterize the glucose-WO3 surface complex,

we collected solid-state 13C-NMR (Fig. 3) and Ultraviolet-visi-
ble (UV-vis) spectra (Fig. 4) for glucose adsorbed on WO3

(glucose/WO3). Glucose in the aqueous solution possesses 12
NMR signals (Fig. 3A): α-glucopyranose C1 (92.9 ppm), C2
(72.3 ppm), C3 (73.6 ppm), C4 (70.5 ppm), C5 (72.2 ppm), and
C6 (61.4 ppm) and β-glucopyranose C1 (96.7 ppm), C2 (74.9
ppm), C3 (76.5 ppm), C4 (70.5 ppm), C5 (76.7 ppm), and C6
(61.6 ppm) (46, 47). Upon adsorption on WO3 at 25 °C, these
signals remained identical chemical shifts, but they showed line
broadening (Fig. 3B) due to the strong anisotropic effect in
solid-state NMR. After thermal activation at 120 °C for 1 h,
several new signals appeared around 105 and 83 ppm (Fig.
3C). These changes are attributed to the new species formed
upon the interaction between glucose and WO3, because they
were not observed when WO3 was replaced by SiO2 after iden-
tical thermal treatment (glucose/SiO2, SI Appendix, Fig. S4). In
order to assign these new 13C-NMR signals, we compared the
13C-NMR spectra of [1-13C]-glucose, [2-13C]-glucose, and
[3-13C]-glucose adsorbed on WO3. For [1-13C]-glucose on

WO3, a broad signal around 105 ppm appeared (Fig. 3D),
which belongs to the glucose C1 carbon, shifted from positions
at 92 ppm (α-glucopyranose) and 97 ppm (β-glucopyranose).
This shift is due to the deshielding effect on the formation of
the W-O-C bond, as reported for the sugar-bitungstate com-
plexes in aqueous solutions (50–53). The same phenomenon
was also observed for [2-13C]-glucose and [3-13C]-glucose
adsorbed on WO3, which showed a shift of the glucose C2
peak from 72 ppm (α-glucopyranose) and 75 ppm (β-glucopyr-
anose) to ∼83 ppm (Fig. 3E) and the glucose C3 peak from 74
ppm (α-glucopyranose) and 77 ppm (β-glucopyranose) to ∼86
ppm (Fig. 3F). The shifts of about 10 ppm for the signals of
both glucose C2 and C3 carbons indicate the formation of W-
O-C bonds with C2 and C3 carbons. Based on these results, we
propose that glucose binds with the WO3 surface at its C1, C2,
and C3 positions, forming the glucose-tungstate tridentate com-
plex (Scheme 3), which is consistent with the observed essential
involvement of both α- and β-hydroxyl groups, together with
the carbonyl group, in the glucose reaction (Table 3).

The UV-vis spectra further confirm the interaction between
glucose and WO3. Fig. 4A shows the UV-vis spectra of glucose
adsorbed on WO3 (glucose/WO3) before and after thermal
treatment at 120 °C under a N2 flow for 1 h. Before the treat-
ment, the spectra had an absorption peak of WO3 at 360 nm
(54). After the treatment, the absorbance above 450 nm
upshifted by about 0.15, with a concurrent change in the color
of WO3 from yellow to light green, indicative of the formation
of new discrete bands in the forbidden band gap of WO3.
This phenomenon is known for partly reduced WO3, i.e.,
W(6�δ)+O3-x (54). When using sorbitol instead of glucose, nei-
ther the shift of the UV-vis band nor the color change of WO3

was observed (Fig. 4B). Therefore, it is concluded that the car-
bonyl group of glucose is critical for the observed partial reduc-
tion of the W6+ sites at the WO3 surface. In combination with
the results from the 13C-NMR characterization (Fig. 3), show-
ing the formation of the W-O-C1 bond (C1 refers to the glu-
cose C1 carbon) between the adsorbed glucose molecule and
the WO3 surface, we surmise that a coordinatively unsaturated
surface W6+ site as a Lewis acid site binds with the O atom of
the C=O group in glucose, forming a new W-O=C bond to
polarize the C=O bond (Scheme 3). Subsequently, two adja-
cent hydroxyl groups on the WO3 surface interact with the α-
and β-hydroxyl groups of glucose to form the W-O-C2 and
W-O-C3 bonds, leading to the formation of the glucose-WO3

tridentate complex. This surface complex is reactive and under-
goes epimerization via the C1-C2 carbon skeleton rearrangement
to form mannose and the C-C bond cleavage via the retro-aldol
condensation to form equimolar tetrose and 1,2-ethenediol inter-
mediates, as depicted in Scheme 4. Clearly, this mechanism for
C-C bond cleavage is different from the classical retro-aldol con-
densation that requires the participation of only the β-hydroxyl
group, rather than both α- and β-hydroxyl groups.

Theoretical Assessment of Sugar Reaction on WO3. Periodical
density functional theory (DFT) calculations were further
employed to substantiate the aforementioned surface intermedi-
ate and reaction mechanism for C-C cleavage of sugar on the
WO3 surface. L-threose, a C4 sugar with C1-C3 moieties iden-
tical to those of glucose, was chosen here as a model reactant,
and a hydroxylated (001) surface of monoclinic WO3 was con-
structed to represent the working WO3 catalyst under the
hydrothermal condition (details shown in Materials and Methods).
For comparison, the reaction of 2-deoxy-L-threose was also simu-
lated to verify the role of the α-OH group. As shown in Fig. 5,

Scheme 3. Proposed structure of glucose adsorbed on the WO3 surface.

Fig. 3. 13C-NMR spectra of glucose after different treatments: (A) aqueous
glucose in D2O; (B) glucose adsorbed on WO3; and (C–F) unlabeled glucose,
[1-13C]-glucose, [2-13C]-glucose, and [3-13C]-glucose adsorbed on WO3 and
thermal treated at 120 °C for 1 h. All spectra were collected at 25 °C. The
arrow and dashed lines indicate the chemical shifts of the (D) C1 carbon, (E)
C2 carbon, and (F) C3 carbon of glucose.
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dehydration of L-threose on the WO3 (001) surface formed a
tridentate complex, in which the C=O group was bound to an
oxygen vacancy and the α- and β-hydroxyl O atoms were coordi-
nated with two neighboring W sites. The C-C bond cleavage of
this intermediate was almost energy neutral (�0.01 eV) with a
low activation barrier of 0.53 eV, producing a surface-bound 1,2-
ethenediol intermediate and a glycolaldehyde intermediate. In
contrast, the C-C cleavage of 2-deoxy-L-threose on the WO3

surface was endothermic (0.20 eV) and showed a higher activa-
tion barrier of 0.62 eV. These differences indicate that the pres-
ence of α-OH in L-threose makes the C-C bond cleavage both
thermodynamically and kinetically more favorable, reflecting the
stabilization of the transition state for the C-C cleavage and the
surface-bound ethenediol species conferred by the strong inter-
action of the α-OH group with the surface W site. These DFT
results are consistent with the reaction mechanism involving the
surface tridentate complex and ethenediol intermediates, as

depicted in Scheme 4, and unveil the critical role of α-OH in
determining the C-C bond cleavage activity on the WO3 surface.

Potential Impact on Sugar Utilization in Future Biomass
Refinery. As discussed above, the formation of the glucose-
WO3 surface tridentate complex (Scheme 4) requires at least
two adjacent tungsten atoms (i.e., W-O-W sites) on the cata-
lysts. This is consistent with our previous finding that the cata-
lytic sites for the C-C cleavage are based on the aggregated
WO3 structures while highly dispersed WO3 species are not
active at all (13). If this mechanism is true, any tungsten com-
pounds containing the W-O-W sites will be catalytically active
for this sugar reaction, as indeed observed in the following tests.
Table 4 compiles the reaction of glucose catalyzed by several
representative W-based compounds. Ammonium paratungstate
(NH4)10[H2W12O42] is a soluble salt in water containing
W-O-W bonds, which catalyzed the reaction of glucose to

Fig. 4. UV-vis spectra of (A) glucose and (B) sorbitol loaded on the WO3 surface before and after thermal treatment at 120 °C in a N2 flow. Spectra were
recorded at 25 °C.

Table 4. Conversion of glucose to ethylene glycol and sorbitol on various W-based catalysts*

CHO
OHH
HHO
OHH
OHH

CH2OH

Glucose

W-based catalyst and Ru/C

205 oC, 6 MPa H2

CH2OH
OHH
HHO
OHH
OHH

CH2OH

Sorbitol

+
HO OH

Ethylene glycol

Entry W-based catalyst

Product yield (carbon %)

Sorbitol Ethylene glycol Others†

1 — 70.3 9.3 18.9
2 (NH4)10[H2W12O42] 8.1 60.7 10.9
3 Cs2.5H0.5PW12O40 42.6 (16.0)‡ 30.6 (52.3)‡ 21.0 (21.7)‡

4 H0.23WO3 32.1 36.0 16.9
5 WO2 7.1 61.3 28.7
6 W 5.9 59.6 28.6
7 W2C 12.3 57.3 23.8

*Reactions were performed with 0.50 mmol of glucose, 0.02 g of 3 wt % Ru/C and 1.0 g of W-based catalyst in 40 mL of H2O, except soluble (NH4)10[H2W12O42] of 0.1 g.
Glucose covnersions were 100%.
†Other products include mannitol, pentitols, tetritols, propylene glycol, and glycerol (SI Appendix, Table S3).
‡2.0 g of Cs2.5H0.5PW12O40 loaded for values in parentheses.
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yield 60.7% ethylene glycol in the presence of Ru/C and H2

(Table 4, entry 2). The polyoxometalate Cs2.5H0.5PW12O40,
hydrogen tungsten bronze H0.23WO3, and WO2 also contain
the W-O-W structure and afforded 30.6, 36.0, and 61.3%
yields of ethylene glycol, respectively (Table 4, entries 3–5).
The lower yields of ethylene glycol for the former two samples
are due to their lower surface areas, as shown by the result that
increasing the loading, e.g., Cs2.5H0.5PW12O40, effectively
enhanced the yield to 52.3% (Table 4, entry 3, in parentheses).
Even W metal and W2C are active in the glucose reaction to

ethylene glycol with a yield of 59.6 and 57.3%, respectively,
because the W-O-W sites are generated by in situ oxidation
under the hydrothermal conditions during the glucose reaction
(13). The reported catalysts effective for this reaction in litera-
ture, including tungstic acid (H2WO4) (12), hydrogen tungsten
bronze (HxWO3) (15), metatungstate salts (28, 30), polyheter-
ogeneous acids (H3PW12O40 and H4SiW12O40) (15, 30, 34),
and metal-organic frameworks containing phosphotungstic acid
moieties (33), despite of their different compositions and struc-
tures, all possess the W-O-W sites. Taken together, these results

Scheme 4. Proposed mechanism for C2 epimerization and C-C bond cleavage of glucose on WO3.

Fig. 5. Energy profiles calculated by DFT for the reactions of L-threose (red) and 2-deoxy-L-threose (blue) on the (001) surface of m-WO3.
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clearly demonstrate that this mechanism is applicable to differ-
ent W-based catalysts and sugar reactants.

Conclusions

WO3 crystallites efficiently catalyze selective cleavage of C-C bonds
for all C4–6 sugars, irrespective of their carbon numbers, types
(aldoses and ketoses), and chiralities, to C2,3 oxygenate intermedi-
ates (glycolaldehyde and glyceraldehyde), which then convert to
ethylene glycol and propylene glycol in the presence of Ru/C and
H2. The sugar molecule adsorbs on the WO3 surface to form a tri-
dentate complex via coordination of its carbonyl group and α- and
β-hydroxyl groups with two adjacent tungsten atoms (i.e., W-O-
W sites). This surface tridentate complex is the critical intermediate
for the subsequent C-C bond cleavage that occurs primarily at the
β-position to the carbonyl group to form the C2,3 intermediates,
for example, 1,2-ethenediol in the glucose reaction. The essential
requirement for both α- and β-hydroxyl groups is clearly different
from the classical retro-aldol condensation that requires the pres-
ence of only the β-hydroxyl group. This reaction mechanism deci-
phers the critical W-O-W structures as the catalytic active sites on
all hitherto developed tungsten-based catalysts to selectively break
the C-C bonds of sugars, which will be beneficial to the rational
design of more efficient catalysts. The generic activity of this reac-
tion for all sugar molecules of different compositions and structures
enables the facile conversion of the mixed sugar feedstocks, in one
step without separation and purification, to the same C2H4O2

and C3H6O3 intermediates, which will boost the practicability of
such C2,3 intermediates as the platform molecules for producing
various chemicals from cellulose and other sugar-based biomass.

Materials and Methods

Materials. WO3 Analytical reagent grade (AR) was purchased from Beijing
Chemical Works. WO2 (99.9%) and W2C (99.5%) were from Alfa Aesar, and W
(>99.8%) came from Sinopharm Chemical. D-glucose (AR), D-fructose (AR), and
L-sorbose (AR) were from Beijing Chemical Works. D-mannose (99%), D-xylose
(99%), D-arabinose (98%), D-ribose (99%), D-lyxose (99%), D-erythrose (70%
syrup), 2-deoxy-D-glucose (98%), 2-deoxy-D-ribose (99%), D-fucose (6-deoxy-
galactose, 99%), and L-rhamnose (6-deoxy-L-mannose, 99%) were all purchased
from Alfa Aesar. D-threose (60% syrup), glycolaldehyde, and DL-glyceraldehyde
(95%) were purchased from Sigma-Aldrich. 13C-labeled materials, [1-13C]-D-glucose
(99%), [2-13C]-D-glucose (99%), [3-13C]-D-glucose (99%), and [6-13C]-D-glucose
(99%) were purchased from Sigma-Aldrich. Supported WO3 catalysts (WO3/Al2O3,
WO3/TiO2, and WO3/SiO2) were prepared by wetness impregnation of correspond-
ing supports with aqueous solutions of ammonium paratungstate (AR, Sinopharm
Chemical), followed by drying at 120 °C and calcination at 500 °C in flowing air.

4-deoxy-L-threose, 3-deoxy-D-glucose, and 3-deoxy-D-mannose were pre-
pared using the reported methods (55, 56). 4-deoxy-L-threose was prepared by
oxidation of L-rhamnose with lead tetraacetate Pd(OAc)4, followed by acid hydro-
lysis. In brief, 2 mL of water containing 2.5 g of L-rhamnose was mixed with
250 mL of water containing 15 g of Pd(OAc)4 with stirring at room temperature
for 40 min. Afterward, 6 g of anhydrous oxalic acid was added to precipitate the
lead oxalate. After filtration and evaporation, the syrup was dissolved in 100 mL
of 0.1% H2SO4 and kept at 37 °C for 6 h. Then the solution was adjusted to pH
> 5.5 by treatment with (HCO3

�) ion-exchange resin. After removal of the resin,
the aqueous solution of 4-deoxy-L-threose was obtained.

3-deoxy-D-glucose and 3-deoxy-D-mannose were prepared by condensation
of 2-deoxy-D-ribose with nitromethane, giving 1-nitro-1,3-dideoxy-hexitol, which
turns into a mixture of 3-deoxy-D-glucose and 3-deoxy-D-mannose via a Nef reac-
tion. In brief, at 0 °C, 20 mL of anhydrous methanol solution containing 1 g of
sodium methoxide was added dropwise to 10 mL of anhydrous methanol suspen-
sion containing 2 g of 2-deoxy-D-ribose and 2.4 mL of nitromethane. After reaction
at 5 °C for 25 h, the solution was diluted with 30 mL of cold water and then passed
through (H+) ion-exchange resin. Then, 23 mL of 2 mol/L NaOH solution was
added dropwise to the obtained eluate at 0 °C. Afterward, the solution was kept to

�20 °C and 20 mL of 40% H2SO4 was added dropwise into the solution under
vigorous agitation. Afterward, the solution was neutralized at 0 °C by adding an
aqueous NaOH solution. After filtration, the solution was treated with (H+) ion-
exchange resin and then evaporated to a syrup. The syrup is a mixture of 3-deoxy-
D-glucose and 3-deoxy-D-mannose. The two products were then separated
chromatographically through a column filled with microcrystalline cellulose.

Catalytic Reactions of Sugars. Catalytic reactions of sugars were carried out
in a stainless autoclave with pressurized H2 or N2 gas. Typically, a certain amount
of reactants and catalysts, and also 40 mL of deionized water, were loaded in the
autoclave and charged with 6 MPa of H2. Under vigorous agitation, the autoclave
was heated to 205 °C at a ramping rate of 10 °C/min. After a certain period, the
reaction in the autoclave was quenched by cooling water and the temperature
decreased to below 100 °C in 5 min. Solid catalysts were separated by filtration.
The solid was washed with water three times, and the water was combined with
the filtrates. In the filtrates, concentrations of sugar reactant and products were
analyzed by High Performance Liquid Chromatography (HPLC) (Shimadzu LC
20A) equipped with an HPX-87C column from Bio-Rad Laboratories, Inc. The con-
version of reactant was calculated by its concentration before and after the reac-
tion. Product yield was calculated on a carbon basis, i.e., the mole of carbon
atoms in a given product divided by the mole of carbon atoms in the reactant.

Characterization Methods. Aqueous 13C-NMR spectra were recorded on a
Bruker 500-MHz NMR spectrometer (500 MHz for 1H-NMR and 125 MHz for
13C-NMR) in D2O/H2O (1:3) solvent. 13C (1H decoupled) chemical shifts (δ) are
reported in parts per million and are referenced to the α-glucopyranose C1
(δ92.9), C2 (δ72.3), and C6 (δ61.4).

Solid-state 13C-NMR spectra were recorded on a Bruker 400-MHz solid-state
NMR spectrometer at a 13C resonance frequency of 100.6 MHz. A cross-
polarization (CP)/total suppression of spin sidebands pulse program (5.8 μs) was
applied. The CP contact time was 3 ms, with magic angle spinning at 5 kHz. The
samples were pressed and sieved to 200 mesh and packed tightly in a cylindrical
zirconia rotor with a diameter of 4 mm. For each spectrum, 300 to 3,000 scans
were acquired depending on whether glucose was 13C-labeled or not.

UV-vis spectra were collected on a PerkinElmer Lamda 650S UV-vis spectrom-
eter equipped with a homemade UV-vis cell allowing control of temperature and
N2 gas flow. Sample powders (glucose or sorbitol adsorbed on WO3) were
pressed into self-standing wafers and then fixed into the cell facing the integral
sphere through an optical-grade quartz window. Sample wafers were purged by
a N2 flow (25 mL/min) for 1 h at 25 °C, and then spectra were collected. Thereaf-
ter, the wafers were treated in a N2 flow (25 mL/min) at 120 °C for 1 h. Upon
the thermal treatment, the spectra were collected after cooling to 25 °C.

The solid samples (e.g., glucose adsorbed on WO3) for solid-state
13C-NMR and

UV-vis spectra were prepared by wetness impregnation of WO3 with the corre-
sponding aqueous solutions of substrates, followed by drying in vacuum at 60 °C.

Computational Methods. Spin-polarized periodic DFT calculations were con-
ducted using Vienna Ab initio Simulation Package (57–60) software with the pro-
jector augmented wave method (61). The generalized gradient approximation of
the Perdew-Burke-Ernzerhof exchange-correlation functional (62) was employed
to describe electron exchange and correlation, and van der Waals interactions
between adsorbed species and the catalyst surface were adopted by means of
Grimme’s D3BJ approach, i.e. DFT-D3 scheme with zero-damping function given
by Becke and Johnson (BJ-damping) (63). A plane-wave cutoff energy of 400 eV
was applied for all calculations, in which the energy and residual forces were
converged to 10�5 eV and 0.03 eV/Å, respectively.

The monoclinic WO3 bulk structure was optimized through a 5 × 5 × 5
k-point grid based on a Monkhorst-Pack scheme. An oxygen-terminated WO3
(001) surface with a p(2 × 2) superstructure was then constructed and used as
the model catalyst in this study, considering this plane is the most stable surface
for monoclinic WO3 (64, 65). The dangling bonds of the terminated oxygen
atoms were saturated by hydrogen atoms in order to simulate the hydroxylated
WO3 surfaces at the hydrothermal condition of sugar reaction. An oxygen
vacancy was also introduced onto the WO3 (001) surface (SI Appendix, Fig. S5)
because of the reduced feature of WO3 under the reaction conditions, as indi-
cated by the UV-vis characterization (Fig. 4). A vacuum region of 30 Å was set to
for the slab model to remove any long-range interactions among neighboring
slabs. Brillouin zone sampling was conducted with a gamma point for structural
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optimization, and 3 × 3 × 1 Monkhorst-Pack k-point meshes were then used to
calculate the single point energy for all optimized structures. During the optimi-
zation, the atoms in the bottom three layers were fixed and the rest were
allowed to relax freely. The transition states were located by climbing nudged
elastic band (66) and dimer (67) methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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