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Renewable and abundant carbohydrates are promising feedstocks
for producing valuable chemicals. Here we report a highly efficient
Zr-catalysed conversion of xylose and acetylacetone (acac) to a
new type of bisfuranic monomer, 1-(4-((4-acetyl-5-methylfuran-2-
yl)methyl)-2-methylfuran-3-yl)ethenone (MFE). The formation of
MFE stems from the intermediate obtained through the nucleophi-
lic addition of acac to xylose. Under optimized conditions (micro-
wave irradiation, 140 °C, 24 min, Nal as an additive), MFE is
obtained in near-quantitative yield (98%). Importantly, the reaction
selectivity can be tuned by the inclusion of an additive. When NaCl
is used, the reaction gives 3-(furan-2-ylmethylene)pentane-2,4-
dione (FMPD, 55%), a jet-fuel precursor, and MFE (30%) with a total
carbon yield of 85%. To the best of our knowledge, this is the first
report on straightforward xylose transformation to a bisfuranic
compound with excellent carbon efficiency. This Garcia Gonzalez
(GG) reaction inclusive strategy is remarkable and could lead to
many innovations in bio-based polymer synthesis.

Introduction

Using sustainable and renewable lignocellulosic biomass as a
feedstock is a promising alternative towards the synthesis of
value-added chemicals and materials."™ Hemicellulose con-
tributes 20-35% of the total weight of biomass. Xylose, as a
representative hemicellulose monomer, has been extensively
studied for the production of lactic acid, xylitol and furfural.*™®
Furfural or 5-hydroxymethylfurfural (furan platform chemi-
cals) are also employed as intermediates or starting chemicals
for the synthesis of various furan derivatives via chemo-cata-
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lytic, bio-catalytic or chemoenzymatic methods.”'® They are

potential building blocks for biofuels and biochemical indus-
tries as well as important structural motifs prevalent in
pharmacologically and biologically active compounds.’’>°
Furan derivatives are also excellent candidates for biosourced
polymers,>** such as curing agents for epoxy resins.”?
Bisfuranic monomers have shown great potential in polymer
synthesis, mimicking aromatic structures such as bisphenol A
derived from petroleum-based processes.”*° For instance, a
high performance, fully bio-based epoxy thermoset could be
synthesized from a syringaldehyde-derived epoxy monomer
cured by a bisfuranic amine.?®

The one-pot production of bisfurans directly from sugars
has not been reported to the best of our knowledge. The syn-
thetic routes to such bisfuranic compounds are often compli-
cated and circuitous. They can be prepared from 2-substituted
furan chemicals (furfural, 2-furan methyl amine, 2-methyl
furoate and 2-methylfuran) with aldehydes or ketones.'”
with furfural as a starting material, the synthesis procedure
would require multiple steps, such as oxidation, carboxylic
acid protection and alkylation. This leads to a low overall yield
of the resulting dimer structure as well as high energy demand
and poor atom efficiency.”””*® In addition, the initial furfural
production from xylose normally has inevitable side reactions.
During the dehydration, the formation of undesired, thermo-
dynamically favoured humins by self- and cross-polymerization
of furfural and other intermediates tends to lower the furfural
yield.***? In this respect, the synthesis of functionalized furan
scaffolds, especially bisfuranic compounds, directly from
xylose by a practical, cost-effective and energy-saving approach
would be a very attractive strategy.

Regarding the limited carbon efficiency in xylose transform-
ations, the Garcia Gonzalez (GG) reaction is intriguing as it
could enable the production of furanic compounds with high
carbon yield.>* In the GG reaction, the unprotected carbo-
hydrate directly reacts with the p-dicarbonyl compound.®*?®
A Lewis acid catalyst plays an important role in product
yields and distributions.’**”™** Catalysts such as ZrCl,,**
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CeCl;-6H,0,>**7 ZnCl,,*® InCl;,*° FeCl,,* Yb(OTf);,*" Sc(OTf);,*>
and Fe(OTf);** have been employed to catalyse the GG reac-
tions with varying success. However, the products are limited
to polyhydroxyalkyl or C-glycosyl furans.

Recently, we reported the synthesis of substituted furanic
compounds with good yields from glucose and acetylacetone
(acac) via a cascade type retro-aldol condensation and GG reac-
tion.*® Acac is seen as a sustainable component in the reaction
as it is available from glucose via chemical transformation or
biosynthetic routes.*®*” During the continuing research
course, we observed a new type of bisfuranic compound
obtained from xylose. Herein, we report a straightforward Zr-
catalysed approach for the near quantitative conversion of
xylose with acac to bisfuranic compound 1-(4-((4-acetyl-5-
methylfuran-2-yl)methyl)-2-methylfuran-3-yl)ethenone  (MFE,
Scheme 1). As aforementioned, the bisfuran mimetic MFE
monomer (Fig. S1-61) with ketone groups is of interest as an
underexplored potential building block for the synthesis of
fully bio-based polymers.

Results and discussion

By using different Lewis acids as catalysts and NaCl as an addi-
tive, reactions of xylose together with acac gave mixtures of 3-
(furan-2-ylmethylene)pentane-2,4-dione (FMPD) and MFE in
moderate to good yields (Table S1 and Fig. S7-11%). Of the
Lewis acids studied, ZrCl, gave the highest total carbon yield
(79%) containing 46% of FMPD and 33% of MFE. It is also
worth mentioning that AICl;-6H,0 as a catalyst gave FMPD as
the major product, without detectable amounts of MFE
(Fig. S12-147), but with a low total carbon yield of 43%.

While studying the ZrCl,-catalysed reaction further, applied
temperature (110-160 °C) and time appear to have a clear
influence on the reaction outcome (Fig. S151). The initial reac-
tion rate is a function of temperature and a high total carbon
yield (80%) is obtained after 6 min at 160 °C. Whereas the
MFE yield is markedly increased with increasing temperature,
the FMPD yield benefits from lower reaction temperatures and
extended reaction time. The optimized yield of FMPD is 65%
and is obtained at 70 °C, 14 h with a total carbon yield of 78%
(Table S21). FMPD as a jet-fuel precursor is also accessible in
high yields from isolated furfural and acac by Knoevenagel
condensation;**™' the present approach enables the direct
conversion of xylose to FMPD. We also studied the effect of
catalyst and xylose loading (Fig. S16 and Table S3}). An

o o
ZrCl,/Nal
Xylose +M !
MW
140 °C,24 min

MFE (98%)

Scheme 1 Zr-catalysed conversion of xylose and acac to bisfuranic
MFE with near quantitative yield.
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increase in the catalyst amount from 2 mol% to 5 mol%
showed an increase in the reaction rate whereas a further
increase to 10 mol% showed no significant increase. The low
substrate concentration favoured the formation of FMPD
while it showed less influence on the yield of MFE. For high
carbon efficiency, a reaction temperature of 140 °C and a reac-
tion time of 24 min with 2 mmol of xylose and 5 mol% of
ZrCl, were found to be optimal (gave the highest total carbon
yield of 85%; Table 1, entry 1) and used in the followed
reactions.

To further understand the potential of the reaction, we
turned our focus back to the catalyst system. As ZrCl, hydroly-
ses easily in water,”” the role of the resulting HCl was con-
sidered. However, HCI as a sole catalyst gives only traces of
FMPD (Fig. S171). In control experiments, zirconyl chloride
octahydrate (ZrOCl,-8H,0) as a hydrolysis model compound of
ZrCl, gave slightly lower yields of FMPD and MFE (80%) com-
pared with ZrCl, (85%). To consume the formed HCI, the non-
nucleophilic base N,N-diisopropylethylamine (DIPEA) was
added and yielded 78% of the products (Table S4t). This
suggests that the catalytic activity is largely attributed to the
Lewis acidic Zr'" cation, while the presence of HCI as a
Bronsted acid could be beneficial for the following dehydra-
tion reactions.

Next, we turned our attention to the additive and found
that NaCl is crucial for the reaction. Whereas it alone has no
influence on the reaction (Fig. S17t), NaCl markedly enhances
the Zr-catalysed reactions (Table 1, runs 1 and 2). Other salts,
such as KCI and MgCl, gave similar product distributions and
carbon yields as NaCl. Surprisingly, a major change followed a
halogen exchange. Nal and KI turned the reaction selectivity
towards bisfuranic MFE and the total carbon yield remained
high (Table 1, runs 6 and 7). The interpretation of the MFE
molecular structure (xylose + 2acac — 5H,0) indicates that two
moles of acac are needed for its formation through a series of
dehydrations. Whereas a small amount of water is essential to
dissolve xylose, its relative ratio with acac is a critical para-
meter. Xylose conversion in pure acac with Nal as the additive

Table 1 Yield of FMPD and MFE with ZrCl, and different additives

FMPD
Catalysts and yield” MEFE yield® Total carbon
Entry additives (mol%) (mol%) yield? (mol%)
1 ZrCl,_NaCl 55 30 85
2 ZrCl, 33 10 43
3 ZrCl,_KCl 52 28 80
4 ZrCl,_MgCl, 51 28 79
5 ZrCl,_NaBr 35 40 75
6 ZrCl,_Nal 14 67 81
7 ZrCl,_KI 17 60 77

Reaction conditions: 2 mmol xylose, 5 mol% ZrCl,, 5 mL of acac, 5 mL
of H,O (with 25 mmol additives if needed), microwave heating, 140 °C,
24 min, 600 rpm. “ The yields of FMPD and MFE were determined by
GC-FID using acetophenone as an internal standard. Yield (%) = mol
of product/mol of xylose x 100%. ” Total carbon yield is the sum of the
yield of FMPD and MFE.
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Table 2 The yield of FMPD and MFE under different acac : H,O ratios

Reaction FMPDyield MFEyield Total carbon
Entry  medium (v/v) (mol%) (mol%) yield (mol%)
1 acac — 75 75
2 acac:H,0=9:1 — 98 98
3 acac:H,0=7:3 5 76 81
4 acac: H,0=3:7 25 48 73
5 acac: H,0=1:9 14 19 33

Reaction conditions: 2 mmol xylose, 5 mol% ZrCl,, 25 mmol Nal, total
volume of reaction medium 10 mL, microwave heating, 140 °C,
24 min, 600 rpm.

gave an MFE yield of 75%, while the addition of 10% water
(volume ratio) resulted in a near-quantitative yield (98%)
(Table 2, runs 1 and 2). A high acac and low water ratio is thus
beneficial for the high yield of MFE. The time course for con-
verting xylose into MFE was investigated (Fig. S187). Xylose is
very rapidly consumed when in contact with acac and 90.8%
of MFE can be obtained already in 6 min of reaction. With
100% conversion of xylose, reactions after 12 min gave an MFE
yield higher than 96%.

With these interesting results, we turned our attention to
the product formation pathway. Xylose is known to go through
a dehydration process to form furfural with Lewis acid
catalysts,>® > while FMPD can be obtained from isolated fur-
fural and acac as previously reported.**>' Thus, the pro-
duction of furfural from xylose with ZrCl, as a catalyst was
studied using water and toluene as a biphasic reaction
medium.>® In the reactions conducted with acac, the conver-
sion of xylose is very rapid; up to 98% of xylose is converted in
2 min with 35% of FMPD formation. However, without acac,
only 59% of xylose is converted. The formation of humins is
also clearly observed, indicating that xylose is prone to side
reactions without acac and gives a very low yield of furfural
(4%). These results showed that the reaction between xylose
and acac is more favoured and faster than through the de-
hydration pathway towards furfural or other side reactions. In
addition, the amount of furfural formed over the reaction time
(2-30 min) is between 4-19%, whereas the yield of FMPD is up
to 35-51% (Fig. S19f). This is in agreement with the faster
xylose conversion when acac is present. Thus, the reaction
pathway towards FMPD through the furfural intermediate can
be concluded to happen to a lesser extent.

The consumption of xylose is very rapid under the applied
reaction conditions, for example, 95% of xylose is converted in
2 min at a lowered 110 °C. However, the yield of FMPD and
MEFE is only 8 and 2%, respectively (Fig. S157). This indicates
the formation of intermediates. To follow the reaction pathway
for both FMPD and MFE, nuclear magnetic resonance (NMR)
studies were conducted at 90 °C and at room temperature
using NaCl as the additive. The "H NMR spectra of the organic
phase showed characteristic signals for FMPD in only 2 min at
90 °C (Fig. 1; see Fig. 5207 for full spectra and Fig. S217 for
signal integration). The intensity of FMPD signals increased as
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Fig. 1 'H NMR spectra of the organic phase in xylose_acac_ZrCl,_NaCl
reaction at room temperature (RT) for 60 min; at 90 °C for 2 min, 8 min,
15 min and 30 min, respectively. Reaction conditions: 2 mmol xylose,
20 mol% ZrCly, 2 mL D,O (with 10 mmol NaCl), 2 mL acac were added
into a vial and reacted in an oil bath at 90 °C for a certain number of
minutes.

the reaction progressed. From these observations, an alterna-
tive route through the nucleophilic addition of acac and xylose
to intermediate A opens a high yield pathway to FMPD and
suppresses the furfural route and humin formation (Scheme 2,
route 1).

The corresponding 'H NMR spectra of the aqueous phase
were recorded at room temperature and new signals appeared
in the xylose_acac_ZrCl,_NaCl reaction (Fig. S227). Using Nal
as the additive, these signals could be clearly integrated and
the formation of intermediate B was identified (Fig. 2 and
Fig. S237). It was further confirmed by the high-resolution
electrospray-ionization mass spectra (m/z = 237.0731, Fig. S247)
and the presence of intermediate species E (m/z = 319.1152,
Fig. S247). Intermediate B originates from A by a typical GG
reaction, which has been previously reported to be synthesised
from xylose and acac at mild temperatures.**** At elevated
temperatures (90 °C), the formation of MFE can be monitored
accordingly (Fig. 1 and Fig. S251). Based on these results, a
reaction pathway is proposed as shown in Scheme 2 to illus-
trate the formation of MFE.

As identified above, Zr*" cation has a pivotal role in MFE
formation. In general, Zr*" cation possesses high coordinat-
ing ability®” and it interacts with the hydroxyl groups which
leads to the weakening of the C-O bond. Here, interaction
with the ~OH group in the a-carbon of B next to the aromatic
furan structure reduces the high activation energy barrier
from B to C (uncatalysed reaction, 277 kJ mol™", Fig. S261)
and opens up a possibility for a nucleophilic substitution
reaction.® Due to its good nucleophilicity, an iodide
anion (I") can substitute an activated hydroxyl group at the
a-carbon (Scheme 2, route 2). Being also a good leaving
group, a subsequent E1 reaction occurs and the adjacent

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The observation of GG reaction-derived intermediate B in the
aqueous phase of xylose_acac_ZrCl,_Nal reaction at RT (*H NMR spec-
trum, 400 MHz, D,0). § 7.00 (s, 1H), 4.98 (d, J = 6.1 Hz, 1H), 4.34-4.30
(m, 1H), 3.92-3.88 (dd, J = 3.8 and 11.7 Hz, 1H), 3.81-3.77 (dd, J = 6.5
and 11.8 Hz, 1H), 2.77 (s, 3H), 2.68 (s, 3H). Reaction conditions: 2 mmol
xylose, 20 mol% ZrCly, 2 mL D,O (with 10 mmol Nal), 2 mL acac were
added into a vial and stirred at RT for 60 min.

B-proton is abstracted by a water molecule to form a C=C
bond in the applied acidic reaction conditions (the pH
value was found to be 1.4, 0.6 and 0.4 in ZrCl,_H,O,

This journal is © The Royal Society of Chemistry 2022

Proposed reaction pathway for the conversion of xylose and acac to FMPD and MFE (observed intermediates: B and E).

ZrCl,_NaCl_H,0 and ZrCl, Nal_H,0O medium, respectively).
The resulting enol structure C undergoes a keto-enol tauto-
merization to form D, which is then attacked by another acac
molecule to form intermediate E. A subsequent water elimin-
ation of E finally gives MFE. The labelling study using D,O
confirmed that C is undergoing keto-enol tautomerisation,
which is observed as exchangeable protons at the position H5
of MFE (Fig. S251). The trapping of HCl by the DIPEA base
resulted in a drop in the yield of MFE from 98% to 71%,
implying that HCI is involved in assisting the cyclization and
elimination reactions (Table S5t). Since I” has better nucleo-
philicity (when water is around) and leaving group character
than Br~ and Cl7, the highest yield of MFE is observed with
Nal as the additive. The promoting effect of I" has also been
observed in the dehydration of carbohydrates to 5-HMF and
1.>°"°" The addition of Nal also benefits the solvation
of acac in water to form a more homogeneous reaction media

furfura

in which xylose and acac could easily react.

As a newly developed, highly efficient synthetic route for
xylose transformation into a bisfuranic structure, this route
could possibly open a new pathway for the synthesis of fully
bio-based polymers and other valuable chemicals. The present
approach offers an alternative for bio-based bisfurans without
the need for processed 2-substituted furans such as furfural.
The direct use of xylose reduces processing demands and
opens up the potential for further valuable products to be gen-
erated directly from monosaccharides.

Green Chem., 2022, 24, 5052-5057 | 5055
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Conclusions

We reported here a facile, environmentally benign (water is
eliminated as a by-product), cost-saving and energy-effective
approach for the synthesis of the bisfuranic compound MFE
directly from xylose in a near-quantitative yield (98%). MFE, a
bisfuran with two furanyl groups, can be used for many
different types of functionalization strategies towards furan
containing polymers. The direct conversion of xylose to a bis-
furan is remarkable and unreported. Compared with the
reported synthetic methods for similar bisfuranic structures
using furfural as an isolated starting material, the GG reaction-
based strategy for xylose valorisation results in very high
carbon efficiency due to the rapid nucleophilic addition of
acac and xylose catalysed by Zr*". Nal as an additive assists the
water elimination process for the formation of C=C bonds to
generate bisfuran rings. Notably, a fuel precursor, FMPD is
also obtained in good yields in a short reaction time, which is
the dominant product when NaCl is used as an additive. The
developed approach is highly efficient in converting xylose into
value-added new type furanic compounds, providing a new
perspective for future biorefinery and bio-based polymer
development.
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