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The synthesis of new types of furan-based compounds other than
5-hydroxymethylfurfural from glucose is a very attractive yet
underexploited strategy. We report here a catalytic conversion of
glucose with acetylacetone (acac) to furan-centered chemicals,
2-methyl-3-acetylfuran (MAF) and 1-(5-(1,2-dihydroxyethyl)-2-
methylfuran-3-yl)ethan-1-one (DMAF), which are potential build-
ing blocks for the synthesis of fine chemicals. The experimentally
supported reaction mechanism is cascade-type, including glycolal-
dehyde (GA) formation by H;MoQO,-catalysed retro-aldol conden-
sation (C2 + C4) of glucose and immediate capture of transient C2
and C4 intermediates by acac to yield MAF and DMAF. To the best
of our knowledge, this is the first report on the straightforward
synthesis of MAF and DMAF from glucose, providing a new but
generic synthesis strategy for GA-based C2 and erythrose-based
C4 chemistry in biorefining.

Introduction

The high dependence of modern society on fossil fuel-based
resources, together with the associated adverse environmental
impacts, motivates research to identify renewable raw
materials and develop new production methods for fuels and
chemicals." Glucose has attracted global attention as a repre-
sentative monosaccharide of non-edible cellulose. Numerous
studies have been devoted to converting glucose into valuable
platform chemicals, such as levulinic acid, 5-hydroxymethyl-
furfural (5-HMF), lactic acid, sugar alcohols and ethylene
glycol (Fig. 1), through isomerization, dehydration, hydrogen-
ation and retro-aldol condensation (RAC).?

RAC of glucose through a C2 + C4 pathway generates glyco-
laldehyde (GA) and erythrose (Scheme 1, step 1). GA is a
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remarkable small molecule with both aldehyde and alcohol
functionalities and has high potential to be a renewable
alternative for petroleum-based ethylene oxide.® GA is prone to
many side reactions due to its highly reactive nature; thus, it is
often sequentially stabilized after formation, such as by hydro-
genation to ethylene glycol.” Other synthesis methods have
also been developed for the transformation of GA, mainly
including oxidation, aldol reaction, amination, etc., for the
production of glycolic acid, a-hydroxy acid esters and amines,
as summarized recently by Faveere et al.’> Nevertheless, new
transformations that create platform chemicals or building
blocks for fine chemicals are greatly needed to boost contem-
porary biorefinery concepts toward a sustainable world.

In this study, acetylacetone (acac), a typical B-dicarbonyl
compound, was employed to capture the in situ formed, reac-
tive GA. The rapid interconversion between keto and enol tau-
tomers of acac makes it a good nucleophilic reagent to attack
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Scheme 1 Proposed reaction pathway for the cascade conversion of
glucose to MAF via GA.

aldehyde groups.® As shown here, high-temperature treatment
(220 °C) of aqueous glucose solution in the presence of acac
gives a highly intriguing furan-derived product 2-methyl-3-acet-
ylfuran (MAF) (Table 1, entry 1). Addition of H,Mo0O, as a cata-
lyst improves the efficiency of the reaction and enables glucose
transformation to MAF under significantly milder conditions.
In addition, the catalytic process opens simultaneously a
unique possibility to synthesize 1-(5-(1,2-dihydroxyethyl)-2-
methylfuran-3-yl)ethan-1-one (DMAF), which is derived from
the reaction between erythrose (C4 fragment) and acac (Fig. 1).
It is noteworthy that MAF and DMAF were previously only

Table 1 Effect of different reaction media and substrates on the yield
of MAF without a catalyst

Entry Solvent Substrate MAF yield” (mol %)
1 H,0/acac Glucose 46
2 H,O/acetone Glucose —
3 H,0O/ethyl acetate Glucose —
4 acac Glucose 18
5 EtOH/acac Glucose 16
6 H,O/acac GA 83
Vid H,O/acac GA 82
8 H,O/acac Mannose 46
9 H,O/acac Xylose 12
10 H,O/acac Fructose 9
11 acac GA 66

Reaction conditions: 300 mg of substrate, total solvent volume =

13 mL, H,O/solvent = 1/1, 220 °C, 30 min, 2.5 MPa N,, 600 rpm. “ MAF

yield = mol of MAF per mol of glucose x 100%; the amount of MAF is

determlned by GC using acetophenone as an internal standard.
bgo ocC.
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accessible by multi-step chemical synthesis’ or using isolated
and expensive GA and erythrose as starting materials in a
ZrCl,-catalysed reaction with acac.® From the furan-derived
products, MAF is considered a useful intermediate for the syn-
thesis of photochromic molecules,” pharmaceuticals,'® seco-
prostacyclins and food additives,'* while DMAF is seen as an
underexploited chemical with potential for application in the
pharmaceutical and fine chemical industries.®"?

Results and discussion
Investigation on MAF formation

To open the RAC pathway for glucose conversion in the pres-
ence of acac, we chose high-temperature reaction conditions
(220 °C). It was confirmed to be an essential reaction para-
meter for the high yield of MAF (Table S1 and Fig. S1-47). The
indispensable role of acac as a nucleophile in this transform-
ation was further confirmed by a series of experiments. H,O/
acetone and H,O/ethyl acetate reaction media were unsuccess-
ful in this transformation and gave only insoluble humins,
while all reactions involving acac gave MAF. From the studied
combinations, H,O with acac offered a satisfactory yield of
46% for this cascade-type reaction (Table 1, entries 1-5).

We also studied the role of GA as the key intermediate.
Indeed, the use of pure GA as a starting material instead of
glucose increases the MAF yield significantly to 83% under the
same reaction conditions (Table 1, entry 6). The central role of
GA in the MAF formation reaction is also consistent with the
results obtained from a series of carbohydrate substrates.
Mannose, as a C-2 epimer of glucose, gave a comparable yield
of MAF to glucose, while xylose and fructose gave much lower
yields (Table 1, entries 8-10). Xylose as an aldopentose only
gave around 1/3 of MAF compared with the amount derived
from glucose, in accordance with the C2 + C3 RAC of xylose.
Fructose is prone to undergo C3 + C3 RAC (which produces gly-
ceraldehyde and dihydroxyacetone) rather than the desired C2
+ C4 pathway and thus gave only a small amount of MAF."® We
confirmed this observation by a direct reaction between acac
and glyceraldehyde at 220 °C, yielding only 4% of MAF and
other unidentifiable products. Further studies revealed that
acetic acid as a general carbohydrate decomposition product
along with typical dehydration products with furan structures
(such as furfural, 2-methylfuran and 5-HMF) is not involved in
the MAF formation reaction (Table S27). These results confirm
the pivotal role of GA in the condensation reaction with acac
and further the formation of the furan structure of MAF under
the applied conditions.

The reaction pathway involves the cleavage of glucose
through C2 + C4 RAC, followed by the aldol condensation of
GA with acac (Scheme 1, steps 1 and 2). In this reaction, the
presence of water is necessary for high yields in both steps
(Table 1, entries 1 vs. 4, 6 vs. 11). It is known that water,
besides being an efficient proton carrier, undergoes autoproto-
lysis. Therefore, the concentration of hydronium (H;0") and
hydroxide (OH™) ions increases with increasing temperature

This journal is © The Royal Society of Chemistry 2021
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and, e.g., at 200 °C, the pK,, is 11.31."* Water is a prominent
proton or hydroxide ion source at high temperatures. However,
in these MAF formation reactions, the measured pH of the
aqueous phase ranges from 2.7 to 3.0 pH units depending on
the applied reaction conditions (Table S37). This phenomenon
is likely due to the dissociation of acac in water,"” as the pH
value for the H,O/acac reaction medium at room temperature
is measured as 3.1. In addition to the above, water is beneficial
as it dissolves glucose well and generates a homogeneous reac-
tion medium for the reaction.

As we searched for ways to improve the efficiency of the
reaction, it soon became clear that the RAC, which forms GA,
is a high-temperature step in the concerted reaction. The high
yield reaction between pure GA and acac can occur even at
80 °C (Table 1, entry 7). An additional "H NMR study revealed
that GA reacts fast with acac and the GA signal disappears in
1 min at 100 °C (Fig. S5 and 67). Previous publications support
the reasoning; high GA yields are normally obtained under
supercritical water (>373 °C, >22 MPa) and in a flow reactor
where the formed GA can be rapidly separated."**'° In general,
the elevated reaction temperature is related to the high acti-
vation energy of the RAC of glucose.'” Following this idea and
increasing the reaction temperature, we achieved a yield of
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49% for MAF at 240 °C, but at 260 °C, the yield decreased
slightly (Table S11). Therefore, increasing the temperature
quickly hit the limit, and we had to look for alternative
solutions.

H,Mo00, catalysed reaction

The ideal catalyst to enhance the RAC towards GA should be
able to reduce the required activation energy while minimizing
the isomerization of glucose to fructose. In this respect, Mo(vi)
compounds (i.e., molybdic acid, molybdenum oxide, and poly-
oxometalates) are attractive, as they are known to catalyse the
epimerization of glucose to mannose through a 1,2-intra-
molecular carbon shift (1,2-CS), known as the Bilik reaction."®
Mo-containing catalysts also show reactivity in the production
of formic acid and glycolic acid from cellulose via the RAC
pathway combined with oxidation.'® Therefore, we introduced
commercially available H,Mo00O, to our studies. When we per-
formed the H,Mo00,-catalysed reaction at 220 °C, a significant
increase in MAF yield to 66% was observed (Table 2, entry 9).
To our surprise, reducing the reaction temperature as low as
100 °C gave a MAF yield of 59% (Table 2, entry 7), while in con-
trast no transformation occurs without an H,MoO, catalyst.
This is a marked enhancement when compared to an uncata-

Table 2 MAF and DMAF yields under various reaction conditions with the H,MoQO, catalyst and the proposed reaction pathway

H_1_O 1,2 - intramolecular carbon shift H_2_0
c” ~c”
| acac acac I
H—2$—OH P N fooene, . HOJ(I:—H
HO—3(l:—H PPN PR . AN o HO—3C|:—-H
o I o I HoM
H0—0n | — 2wl 7 Ny | HeCooH | et | HC—0H
A ion i1 : : i
H _Eu?_OH C reaction e : H—CI:—OH RAC reaction | | _‘S(I;_OH
CCH,OH : CH,OH CCH,0H
Glucose SN sl H Mannose
GA Erythrose

%;

e

C4 fragment erythrose derived product (DMAF)

Entry T(°C)  Time (min)  Conversion® (mol %)  Mannose yield® (mol %)  MAF yield (mol %)/C(%)°  DMAF yield” (mol %)/C(%)"
1 60 30 54 8 16/5 19/13
2 80 30 84 6 45/15 36/23
3 80 120 93 4 56/19 36/24
4 80 180 98 2 59/20 41/28
5 80 240 99 1 59/20 42/28
6 100 15 98 2 55/18 40/27
7 100 30 100 1 59/20 39/26
8 120 30 100 — 59/20 37/25
9 220 30 100 — 66/22 —
107 100 30 64 44 — —
11°¢ 80 30 — — 87 —
12/ 100 120 100 — 52/17 37/25

Reaction conditions: 300 mg (46 g L™") of glucose, 100 mg ( of H,Mo00,, H,O/acac = 1/1 (6.5 mL/6.5 mL), 2.5 MPa N,, 600 rpm. “ Measured by

HPLC using authentlc glucose and mannose as standards.

> DMAF yield = mol of DMAF per mol of glucose x 100%j; the amount of DMAF is

determined by "H NMR in MeOD using 2-methylfuran as an internal standard. ¢ Carbon yield is calculated based on carbon atoms in glucose

Carbon yield of MAF 2 x mol of MAF/6 x mol of glucose x 100%, carbon yield of DMAF = 4 x mol of DMAF/6 x mol of glucose x 100%.

91n the

absence of acac. ¢ GA as a starting material. /975 mg (150 g L") of glucose and 321 mg of H,Mo0,.
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lyzed reaction with a record yield of 46% at 220 °C (Table 1,
entry 1).

We studied the reaction parameters to optimize the
yield and gain further insight into the H,Mo0O,-catalysed trans-
formations at low temperatures. At a fixed reaction time
(30 min), the yield of MAF improved markedly from 16% to
59% as the temperature increased from 60 °C to 100 °C
(Table 2, runs 1, 2 and 7). Similarly, there was a positive corre-
lation with the MAF yield when the catalyst loading amount
ranged from 10 to 33 wt%; above this, the generation of MAF
remained consistent at 59% even when a nearly stoichiometric
amount of H,MoO, was used (Table S5t). The extension of
reaction time from 30 to 180 min at 80 °C resulted in the
same MAF yield as that at 100 °C for 30 min (Table 2, entries
2-4vs. 7).

In the catalysed, low-temperature reactions, our attention
was drawn to the formation of a new product. Detailed 'H, **C,
and 2D NMR and HRESI-MS (high-resolution electrospray-
ionization mass spectra) analyses confirmed that the isolated
product is 1-(5-(1,2-dihydroxyethyl)-2-methylfuran-3-yl)ethan-1-
one (DMAF), an aldol condensation product of acac and the C4
fragment, erythrose (Table 2; Figs. S7-10T). DMAF can be
obtained with a yield of up to 42%, thus offering an efficient
approach for underexplored erythrose-based C4 chemistry in
biorefining.

Under the applied reaction conditions, H,MoO, can epi-
merize glucose to mannose. Our control experiment in the
absence of acac showed that 64% of glucose was converted and
44% of mannose was formed (Table 2, entry 10). This result is
in line with previous glucose epimerization studies'®”? and
with the low activation barrier reported for Mo-catalysed 1,2-
CS (21.1 keal mol™).>° Mechanistically, for successful glucose/
mannose epimerization, a carbon skeleton rearrangement
should occur through the cleavage of the C2-C3 bond with the
subsequent formation of a new C1-C3 bond.*>®?! However, if
the main catalytic process is only the formation of mannose,
the uncatalysed retro-aldol reaction would still remain the rate-
limiting, high energy step in the MAF formation, requiring
high reaction temperature. H,Mo0O, is able to catalyse the reac-
tion at 80 °C with high yield. Therefore, the substantial
reduction of reaction temperature indicates a catalysed reac-
tion pathway for RAC, employing H,Mo0O,-catalysed breaking
of the C2-C3 bond. As acac is prone to react with GA under the
applied conditions (Figs. S5 and 11}), a mechanistic scheme is
proposed (Table 2). The H,MoO, catalyst lowers the high acti-
vation energy of RAC and enables the efficient formation of GA
at mild temperature for MAF synthesis. Accordingly, the same
mechanistic process applies for DMAF, where the released C4
fragment (erythrose) directly reacts with acac. DMAF seems to
be unstable at high temperature (Table 2, entry 9). Thus, the
integration of RAC by H,Mo00, and high reactivity between
acac and GA or erythrose are needed for the high yields of
MAF and DMAF at mild reaction temperature. Simultaneously
with the RAC reaction, H,M0O, also catalyses the epimeriza-
tion of glucose to mannose by 1,2-CS. Both glucose and
mannose can undergo C2 + C4 RAC. There is an open discus-
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sion in the literature as to whether there is a mechanistic
relationship between RAC and 1,2-CS.**'313¢22 However, com-
prehensive theoretical publications or direct experimental evi-
dence are lacking.

It is noteworthy that the yield of MAF remained satisfactory
(52%) when the glucose concentration was up to 150 g L™,
which is of great significance for reaction upscaling (Table 2,
entry 12; Table S67). In addition, the system is very promising
as it enables the straightforward conversion of microcrystalline
cellulose and wood (pine), as an example of lignocellulosic
biomass, to MAF (45% and 59%, respectively; the MAF yield is
calculated based on the mol of product per the mol of sugar
units in cellulose and wood) with the aid of NaCl (Tables S7
and 8, see also the explanation and detailed calculation
methods in the ESI). Based on the reaction scheme, two
carbon atoms of MAF are from GA, whereas in erythrose-
derived DMAF, four carbon atoms originate from glucose.
When looking at the amount of renewable carbon in the pro-
ducts and the carbon yield of the syntheses, attention is drawn
not only to glucose but also to acac; the 5/7 and 5/9 carbon
atoms of MAF and DMAF are derived from acac. From this
point of view, acac is an almost perfect reagent. It is here a
component of very high atom economy and can be prepared
directly from glucose via the biosynthetic pathway>® or via the
bio-based triacetic acid lactone pathway in almost quantitative
yield (Fig. S127).>* Carbon yield towards glucose, as a sum of
MAF and DMAF formation in the catalysed reaction under opti-
mized conditions, is 48% (Table 2, entry 4). Although this is a
rather good number for a RAC-derived cascade-type reaction,
there is scope for the development of a further catalysis or syn-
thesis strategy to improve the carbon efficiency.

Conclusions

In summary, we have developed a new strategy to convert
glucose directly to MAF and DMAF via RAC with subsequent
aldol condensation. The reaction benefits from several elemen-
tary steps. The non-catalytic approach requires high tempera-
ture for C2 + C4 RAC, and it was shown that GA is a key inter-
mediate in the MAF formation reaction. Acac, which is a good
nucleophile and weak acid in water, is essential to capture GA
in situ through aldol condensation. The catalytic approach for
MAF was performed with the use of H,Mo00,. Its capability for
the 1,2-CS transformation of glucose is known, but here, it
demonstrates a pivotal role in C2 + C4-type RAC and enables
GA and erythrose formation under significantly mild reaction
conditions (80 °C). As a result, a novel route to MAF and DMAF
synthesis is established. Both of them can be seen as chemi-
cals with potential for application in the pharmaceutical and
fine chemical industries. Notably, natural carbohydrates
including cellulose and raw wood materials can be converted
to MAF using the presented approaches. Further studies are
focused on catalyst design to improve the carbon efficiency
and the synthesis of other value-added chemicals with this
strategy.

This journal is © The Royal Society of Chemistry 2021
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