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ABSTRACT: S-(Acyloxymethyl)furfurals (AMFs) have received considerable attention as RS H

hydrophobic, stable, and halogen-free congeners of S-(hydroxymethyl)furfural (HME) for
synthesizing biofuels and biochemicals. In this work, AMFs have been prepared directly from @I post

carbohydrates in satisfactory yields using the combination of ZnCl, as the Lewis acid catalyst and
carboxylic acid as the Brensted acid catalyst. The process was initially optimized for S- -
(acetoxymethyl)furfural (AcMF) and then extended to producing other AMFs. The effects of < ﬁz\gf’ :_,
reaction temperature, duration, loading of the substrate, and dosage of ZnCl, on AcMF yield were
explored. Fructose and glucose provided AcMF in 80% and 60% isolated yield, respectively, under I
optimized parameters (S wt % substrate, AcOH, 4 equiv ZnCl,, 100 °C, 6 h). Finally, AcMF was
converted into high-value chemicals, such as S-(hydroxymethyl)furfural, 2,5-bis(hydroxymethyl)-
furan, 2,5-diformylfuran, levulinic acid, and 2,5-furandicarboxylic acid in satisfactory yields to
demonstrate the synthetic versatility of AMFs as carbohydrate-derived renewable chemical
platforms.

1. INTRODUCTION inexpensive, thermally stable, available in bulk quantities,

. . 9
S-(Hydroxymethyl)furfural (HMF) spearheads the biorefinery nontoxic, and can b.e produced ren‘ewably from blomass:
research as a carbohydrate-derived chemical building block for AcMF can be conveniently converted into HMF by hydrolysis

the renewable synthesis of liquid fuels, chemicals, and and can participate virtually in all derivative chemistry of the
polymers."”> The dehydration of hexose sugars (e.g., glucose) latter.. ACM.F hés recently been o.x¥dlzed into 2,5-
into HMF is an elegant process where an acid catalyst reduces furandicarboxylic acid (FDCA), a promising monomer for

the oxygen content of the parent sugar by 50% without biorenewable polyesters, over Co/Mn/Br homogeneous
undergoing C—C bond scission reactions, forming an catalysts using air as oxidant."' Unlike HMF, AcMF can be
innocuous byproduct, i.e., water. HMF retains some of the used directly as a promising fuel blending agent.'” AcMF has
key functionalities of the parent sugar molecule, which can be also been used for the synthesis of molecules with promising
exploited for its downstream synthetic upgrading.’ Although therapeutic activities and as the sweet taste modulator in
HMF can be produced in satisfactory yields from various balsamic vinegar.'>"*

carbohydrates under acceptable reaction conditions, its In a two-step strategy, AcMF has been produced in good
inherent hydrophilicity and poor stability (e.g., hydrolytic, yield by the nucleophilic substitution of CMF using suitable
thermal) complicate isolation and purification from aqueous or bases.”> In a recent report, CMF was reacted with the
polar reaction media." One way to circumvent this problem is triethylammonium salt of various alkyl and aryl carboxylic acids
to isolate HMF in the form of a hydrophobic, stabler to synthesize various AMFs in good scalability and yield."®

s
congener.” 5-(Chloromethyl)furfural (CMF) and $- HMEF can be esterified with AcOH in the presence of a suitable

(bromomethyl)furfural (BMF) have shown promise as the
hydrophobic congeners of HMF.”” However, CMF and BMF
contain halogen atoms in their moiety and require concen-
trated mineral acids for their production. In this regard, 5-
(acyloxymethyl)furfural (AMF), produced by the esterification
of HMF with carboxylic acids, is particularly interesting since
the hydrophobic molecules contain no halogen atoms in their
moiety and have better hydrolytic stability than HME.® 5-
(Acetoxymethyl)furfural (AcMF) has particularly received
attention since AcOH required for its preparation is

acid catalyst, forming AcMF."” Fructose was transesterified
into 1,6-diacetylfructose by vinyl acetate using lipase catalyst,
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Scheme 1. One-Pot Preparation of 5-(Acyloxymethyl)furfurals Starting from Biomass-Derived Sugars and Polymeric
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which was then dehydrated and partially deacetylated into
AcMF using a cation-exchange resin.'® In the above cases,
AcMF was prepared from carbohydrates in a two-step strategy
necessitating the intermediary of another furanic chemical
platform. Recently, a one-pot production of AcMF from hexose
sugars in the AcOH medium has been reported. The reaction
was performed at 150 °C in a batch-type pressure reactor using
Sn*'-exchanged montmorillonite clay (Sn-Mont) as a hetero-
geneous acid catalyst. The use of Sn-Mont was necessary, as
the weak AcOH alone could not catalyze the dehydration of
sugars at an appreciable rate. Even though fructose afforded a
58% yield of AcMF, glucose afforded a much lower yield."
However, unless AcMF can be produced from abundant and
inexpensive feedstock, the commercial prospects of its
derivatives would remain questionable. S-(Formyloxymethyl)-
furfural (FMF) has also received interest as a potential
alternative to HMF.”" Simple sugars like fructose provided
good yields of FMF in the formic acid medium, but its
production from glucose or cellulose in acceptable yields
remained a challenge.”’ FMF has shown promise as a
renewable chemical intermediate for synthesizing several
value-added products.”** 5-(Propionyloxymethyl)furfural
(PrMF) and S-(butyryloxymethyl)furfural (BuMF), the
propionic acid and butyric acid ester of HMF, respectively,
are relatively less explored.”* Although PrMF and BuMF have
been prepared from HMEF, their direct preparation from
carbohydrates is practically absent in the literature. Carboxylic
acids with short alkyl chain lengths (C1—C4) can be produced
by the catalytic or enzymatic degradation of carbohydrates,
making the corresponding HMF-esters entirely biorenew-
able.*>*° Interestingly, the dehydration of sugars into HMF
using organic acid catalysts has been reported.”” However, the
isolation of AMFs starting from HMF often requires a stron§
acid catalyst, special reaction media, and dehydrating agents.”

Therefore, a one-pot, scalable, high-yielding, and general
procedure for preparing AMFs from inexpensive sugars and
carbohydrates under relatively mild reaction conditions are
desired to improve the commercial prospects of these
biorenewable chemicals.

In this regard, the wealth of literature available on HMF
preparation can be churned to obtain valuable information in
producing AMFs. Lewis acidic metal salts have shown
promisin§ catalytic activity for dehydrating sugars into
HMF.”~" The synergy between Lewis and Brensted acid
catalyst during HMF synthesis have been established.*” The
authors envisioned that adding a Lewis acidic metal salt would
assist in the AcOH-catalyzed dehydration of sugars to HMF
and promote its esterification into AcMF. Therefore, AcOH
would assume the role of catalyst, reagent, and solvent during
the transformation. This work reports a one-pot, scalable, and
high-yielding preparation of AcMF in the AcOH medium using
ZnCl, as an inexpensive and nontoxic Lewis acid catalyst. The
process was optimized on various reaction parameters for the
best selectivity and yield of AcMF and scaled up to 10 g of
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fructose. The process was then extended to the one-pot
preparation of other AMFs using biorenewable carboxylic
acids, such as formic acid, propionic acid, and butyric acid
(Scheme 1). Finally, AcMF was converted into high-value
derivatives, such as HMF, 2,5-bis(hydroxymethyl)furan
(BHMEF), 2,5-diformylfuran (DFF), and FDCA, to showcase
its versatility as a chemical platform.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments. p-Fructose (98%), zinc
chloride (anhydrous, 95%), mesitylene (>99%), aluminum
chloride (anhydrous, >99%), formic acid (98%), propionic
acid (99%), nitromethane (99%), levulinic aid (99%), and
silica gel (60—120 mesh) were purchased from Spectrochem.
Microcrystalline cellulose (99%), p-glucose (>99.5%), sucrose
(99%), and soluble starch (98%) were purchased from Sigma-
Aldrich. Sodium sulfate (anhydrous, 99%), chloroform (99%),
glacial acetic acid (99.5%), methanol (99.5%), ethyl acetate
(99%), and petroleum ether (60—80, 95%) were purchased
from Finar. Raney nickel (slurry in water) was purchased from
TCL Lithium chloride (99%) and magnesium chloride (97%)
were purchased from Spectrum. Inulin, butyric acid (99%),
calcium chloride (98%), 1,2-dichloroethane (DCE, 99%), and
zinc acetate (99%) were purchased from Molychem. Nitric
acid (69—72%) and ethanol (99.9%) were purchased from
Loba Chemie Pvt. Ltd. All the reagents and solvents were used
as received without additional purification. The Fourier
transform infrared (FTIR) spectra of the synthesized
compounds were recorded on a Bruker FTIR 4000 instrument
equipped with a zinc selenide (ZnSe) ATR. The FTIR spectra
were collected by performing 24 scans at a scanning rate of 4
scans/s in the range between 500 and 4000 cm™l. Nuclear
magnetic resonance (NMR) spectra of the synthesized
compounds were collected in a Bruker NanoBay NMR
instrument. The 'H NMR spectra were collected at the
operating frequency of 300 and 400 MHz, whereas the *C
NMR spectra were collected in the same instrument at a
calculated frequency of 75 and 100 MHz, respectively.

2.2. Synthetic Procedures. p-Fructose (1.002 g, S.57
mmol) and ZnCl, (3 g 22.01 mmol, anhydrous) were added
sequentially into glacial acetic acid (20 mL) taken in a round-
bottomed flask (100 mL) fitted with a reflux condenser and a
magnetic stir bar. The flask was placed in the preheated oil
bath (100 °C) cum magnetic stirrer and heated for 6 h under
constant stirring (400 rpm). After completing the reaction, the
mixture was cooled down to room temperature and diluted
with water. The crude reaction mixture was extracted with
chloroform and evaporated under reduced pressure. The crude
product was passed through a plug of silica gel (60—120
mesh), and solvent evaporation in a rotary evaporator under
reduced pressure gave AcMF (0.698 g, 4.155 mmol, 75%) as a
yellow oil. The AcMF isolated by following this protocol was
pure by NMR. 'H NMR (CDCl,, 300 MHz) 5 (ppm): 9.46 (s,
1H), 7.10 (d, 1H), 6.46 (d, 1H), 4.96 (s, 2H), 1.94 (s, 3H);
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3C NMR (CDCl,, 75 MHz) § (ppm) 177.7, 170.5, 155.4,
152.6, 122.5, 112.5, §7.6, 20.4; FTIR (ATR, cm-1): 3124,
2923, 2847, 1744, 1679, 1025.

Alternatively, excess AcOH was distilled off (40—50 °C)
under reduced pressure. The crude reaction mixture was
diluted with water (20 mL) and then extracted with
chloroform (3 X 10 mL). The organic layers were combined,
dried over anhydrous Na,SO,, and filtered through a plug of
silica gel (60—120 mesh) to remove the trace colored impurity.
Evaporation of the solvent under reduced pressure afforded
AcMF that was found pure by NMR. The purity of isolated
AcMF was found to be around 96% as confirmed by
quantitative '"H NMR spectroscopy using mesitylene as the
internal standard (Figure S35, SI). In all cases, the reported
isolated yields of AMFs and their derivatives are an average of
experiments performed in triplicate with a 2—3% deviation in
the values.

3. RESULTS AND DISCUSSION

The dehydration reaction of fructose (S wt % of AcOH) was
attempted in refluxing glacial AcOH alone, resulting in a 24%
yield of AcMF after 3 h of refluxing, which increased further to
37% after 6 h. In comparison, performing the reaction in the
presence of ZnCl, yielded 40% AcMEF after only 3 h of
refluxing. Fructose and ZnCl, dissolved in glacial AcOH within
a few minutes of heating, making a clear homogeneous
solution that turned yellow to brown over time (Figures S1
and S2, SI). The decrease in the reaction temperature to 100
°C significantly improved the yield to 75% in 6 h, whereas the
control reaction (without ZnCl,) under similar conditions
afforded only a 15% yield of AcMF. Compositional analysis of
the reaction mixture by thin layer chromatography showed the
formation of AcMF along with CMF and HMF in trace
amounts. Higher doses of ZnCl, (S g) led to humin formation
in large quantities and the yield of AcMF decreased drastically
(ca. 31%). When fructose loading was increased (10 wt % of
AcOH), the yield of AcMF diminished under similar reaction
conditions. After establishing the conducive roles of ZnCl, as a
Lewis acid catalyst in the transformation, its efficiency was
compared with other metal chloride salts (Table 1). The non-
Lewis acid additive like NaCl showed no impact on the yield of
AcMF. Using metal salts like LiCl, AICl;, MgCl,, and CaCl, as
additives afforded 59, 28, 48, and 52% yield of AcMF,
respectively, under the same molar loading. The noticeably
lower yield of AcMF with AICl; additive is possibly due to its
insolubility in the reaction mixture. No discernible change in

Table 1. Effect of Various Lewis Acid Additives on AcMF
Production Starting from Fructose

Entry Lewis acid additive Yield of AcMF (%)
1 LiCl 59
2 AICI, 28
3 ZnCl, 75
4 MgCl, 48
5 CaCl, )
S Zn(OAc), 10
7° NaCl 14
8" No Additive 15

“Isolated vyield. Around 7-9% HMF was coproduced. Reaction
Conditions: fructose (1.002 g), AcOH (20 mL), Lewis acid catalyst
(4 equiv of fructose), 100 °C, 6 h.
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the yield of AcMF was observed at higher stirring speed to
minimize the mass transfer limitations. When Zn(OAc), was
employed instead of ZnCl,, the salt remained largely insoluble
in the reaction mixture and AcMF was isolated in a meagre
10% yield after 6 h at 100 °C.

The fructose to AcMF transformation was then optimized
on various reaction parameters to ensure the optimal isolated
yield. The reaction temperature not only influences the
reaction kinetics and product distribution but also determines
the process’s energy input and reactor design. Therefore, the
reaction temperature was optimized first. When the reaction
temperature was decreased to 100 °C, the isolated yield of
AcMF significantly increased to 75% after 6 h reaction (Figure
1). The accelerated decomposition of AcMF at higher reaction

100

L T T T T ———

80+

70+

60

50

40

Yield of AcMF (%)

0

S

1(IJO 1 1IO
Reaction Temperature (°C)

Figure 1. Effect of reaction temperature on AcMF yield. Reaction
Conditions: fructose (1.002 g), AcOH (20 mL), ZnCl, (3 g), 6 h.

temperatures may explain the observation. In fact, when
isolated AcMF was heated at 100 °C in a mixture of ZnCl, and
glacial acetic acid, it slowly recomposed into LA and humin.
However, only 52% of AcMF was isolated at 80 °C after 6 h
due to incomplete conversion of fructose. In general, the
process optimization for producing HMF or its congeners
(e.g, AcMF) attempts to find a point where the concentration
of the product is maximum in the reaction medium.
Lowering the reaction duration to 4 h at 100 °C afforded
only a 54% yield of AcMF due to incomplete conversion. On
the other hand, extending the reaction time to 8 h also lowered
the yield of AcMF to 50% due to partial decomposition at
elevated temperatures. When the loading of fructose was
doubled (ie, 2 g of fructose in 20 mL AcOH), the yield of
AcMF decreased marginally to 69%. The optimized process
was successfully scaled up to 10 g of fructose, affording an 80%
isolated yield of AcMF. The optimized procedure was also
extended to dehydrating other carbohydrates like glucose,
sucrose, inulin, starch, and microcrystalline cellulose. Under
optimized conditions (100 °C, 6 h), sucrose and inulin gave
51% and 47% AcMF, respectively (Figure 2). The use of
glucose as a substrate afforded 48% of AcMF after 12 h, which
improved to 60% after 24 h. However, the yield did not
increase by extending the duration further. The result is
relatable to literature reports, where glucose typically affords
lower yields of HMF than fructose. Starch and microcrystalline
cellulose afforded 36% and 8% of AcMF, respectively, after 24
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Figure 2. Production of AcMF from sugars and carbohydrates.
Reaction conditions: substrate (1.002 g), ZnCl, (3 g), AcOH (20
mL), 100 °C, 6 h (for fructose, sucrose, and inulin); 100 °C, 24 h (for
glucose); reflux, 12 h (for starch and cellulose).

h reaction at 100 °C. The lower yields of AcMF can be
explained by the additional requirement of hydrolysis of the
polymeric carbohydrates into glucose before the Iatter
dehydrates into AcMF. Microcrystalline cellulose and starch
afforded 21% and 46.1% of AcMF, respectively, when the
reaction was performed for 12 h under reflux.

As discussed in the synthetic procedure, a significant
roadblock for scaling up the production of AcMF (AMFs, in
general) is the issue of a relatively large concentration of
ZnCl,. However, the abundant, inexpensive, and nontoxic
metal salt can be used in a loop for multiple cycles (after
distilling off AcOH and extracting/distilling AcMF) until it is
heavily contaminated with organic impurities (e.g, humin).
The salt can be dissolved in water and separated from
impurities by recrystallization. The optimized process of
producing AcMF was then extended to the production of
other HMF-esters, such as S-(formyloxymethyl)furfural
(FMF), PrMF, and BuMF (Table 2). All the products were

Table 2. One-Pot Preparation of AMFs from Fructose”

Entry Name of AMF Yield (%)
1v FMF 60
2 AcMF 75
3 PrMF 70
4 BuMF 60

“Reaction conditions: fructose (1.002 g), carboxylic acid (20 mL),
ZnCl, (3 g), 100 °C, 6 h. 780 °C, 6 h.

obtained in satisfactory yields (>60%), starting from fructose
under the conditions optimized for AcMF, which may be
improved substantially by tweaking the reaction parameters for
the individual molecules. HMF-levulinate, prepared by
esterifying HMF with levulinic acid (LA), is a potential fuel
oxygenate.” The synthesis of HMF-levulinate requires purified
HMEF, but the present protocol afforded a 30% isolated yield
(100 °C, 6 h) of HMF-levulinate directly from fructose.
After establishing a straightforward, scalable, and general
procedure for producing AMFs from carbohydrates, the
potential of AMFs as renewable chemical platforms was
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demonstrated. The reactivity patterns of AcMF were explored,
and some high-value derivatives were synthesized in
satisfactory yields under moderate conditions. Initially,
attempts were taken to hydrolyze AcMF into HMF selectively.
Interestingly, the hydrolysis of AcMF did not proceed
appreciably even after treating AcMF in boiling water for 2
h. In this respect, CMF hydrolyzes to HMF quantitatively in
less than a minute under such conditions.”* The storage
stability of AcMF was noticeably better than HMF and other
commonly used congeners like CMF and BMF (Figure S36,
SI). AcMF was then attempted to react with ethanol to form
HMF and ethyl acetate as the byproduct. However, the
conversion was low (<10%) even under reflux, reaffirming at
the high stability of AcMF. The reaction completed within 2 h
in refluxing ethanol when K,CO; (10 wt %) was used as a base
catalyst, affording pure HMF in an 89% isolated yield. The
synthesis of S-(mesitylmethyl)furfural (MMF) from AcMF was
attempted next. MMF is a hybrid diesel fuel where the
reactants are sourced from both biomass and petroleum.”” The
Friedel—Crafts reaction between AcMF and mesitylene was
performed in nitromethane solvent using ZnCl, as the catalyst.
Under optimized parameters (reflux, 3 h), MMF was obtained
in a 74% isolated yield. The redox chemistry of AcMF was
explored next. Stirring AcMF in 69% HNO; at 50 °C oxidized
it smoothly into DFF in a 50% yield. DFF is a reactive
chemical intermediate for further value addition pathways and
a potential monomer for various biopolymers.”® DFF yield
improved to 64% using a biphasic reaction mixture comprising
DCE and aq. HNO;. The DCE layer protected DFF from
undergoing further oxidation or other decomposition reac-
tions. When AcMF was refluxed in 69% HNO; for an extended
period (12 h), AcMF was oxidized to FDCA in a 60% isolated
yield (Scheme 2). FDCA is one of the most commercially
attractive sugar-derived monomers for synthesizing biorenew-
able polyesters.”” LA is a carbohydrate-derived chemical
platform in its own merit and has an extensive derivative
chemistry.”® The hydrolysis of AcMF in aqueous HCI (6 N)
afforded an 85% isolated yield of LA.

Scheme 2. Synthesis of Some Furanic Compounds Using
AcMF as a Chemical Platform

o o
0
HO™ (" o
o FDCA o
I i Y
e a
LA \o ° / MMF
o
HON( o
d AcMF b
o . / \ .
HJM/\OH ‘c HO/U\OH
HMF BHMF
o o
0
HONC 7 H
DFF

Reaction Conditions: (a) mesitylene, ZnCl,, CH3NO,, reflux, 3 h, 74%; (b) (i) Raney Ni,
Ho, MeOH, RT, 3 h (i) K,CO3, MeOH, 50 °C, 1.5 h, 82%; (c) 69% HNO3, 50 °C, 3 h, 50%;
(d) EtOH, K,CO3, 89%; (e) HCI (aq., 6 N), 120 °C, 4 h, 85%; (f) 69% HNOg, reflux, 12 h,
60%.
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Selective hydrogenation of the aldehyde group in AcMF
using Raney Ni catalyst followed by methanolysis of the
acetoxy group led to 2,5-bis(hydroxymethyl)furan (BHMF), a
promising diol-based monomer, in a 82% isolated yield.”
Interestingly, an attempt for the catalytic hydrogenation and
methanolysis of AcMF in a single pot did not form BHMEF.
The reaction stopped at the HMF intermediate, which may be
justified by the activation of the aldehyde group toward
hydrogenation in the presence of trace acid. Other AMFs also
showed similar reactivity patterns, which undoubtedly
improves the substrate scope of this chemistry.

4. CONCLUSION

In summary, AMFs were prepared directly from carbohydrates
using carboxylic acid as the Bronsted acid catalyst (and
reagent) in the presence of ZnCl, as a Lewis acid catalyst.
Other metal chloride salts and other salts of zinc showed much
lower catalytic activity. The sugars gave noticeably higher
yields of AcMF compared to polymeric carbohydrates. Acetic
acid was recovered by distillation, and AcMF was purified.
AcMF showed significantly better hydrolytic and thermal
stability than HMF and even CMF. AcMF was selectively
converted into MMF, BHMF, DFF, HMF, LA, and FDCA to
demonstrate its synthetic versatility as a renewable chemical
platform. Future research will focus on improving the yield of
AcMF from polymeric carbohydrates (e.g, cellulose) and
expanding its derivative chemistry following catalytic routes.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c00143.

Spectral characterization (FTIR, 'H NMR, *C NMR)
of all the synthesized compounds. Some photographic
images of the reaction mixtures highlighting important
observations are also included (PDF)

B AUTHOR INFORMATION

Corresponding Author
Saikat Dutta — Department of Chemistry, National Institute of
Technology Karnataka (NITK), Mangalore 575025
Karnataka, India; © orcid.org/0000-0003-3310-348X;
Email: sdutta@nitk.edu.in

Authors

Navya Subray Bhat — Department of Chemistry, National
Institute of Technology Karnataka (NITK), Mangalore
575025 Karnataka, India

Abhishek Kumar Yadav — Department of Chemistry, National
Institute of Technology Karnataka (NITK), Mangalore
575028 Karnataka, India

Manisha Karmakar — Department of Chemistry, Jadavpur
University, Kolkata 700032 West Bengal, India

Arunabha Thakur — Department of Chemistry, Jadavpur
University, Kolkata 700032 West Bengal, India;

orcid.org/0000-0003-4577-3683

Sib Sankar Mal — Department of Chemistry, National Institute
of Technology Karnataka (NITK), Mangalore §75025
Karnataka, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c00143

8123

Author Contributions
SThese authors contributed equally.

Funding

S.D. thanks the Science and Engineering Research Board
(SERB), India, for funding support under the Core Research
Grant (CRG) scheme (file nos. CRG/2021/001084 and
CRG/2022/009346).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank TIFR, Hyderabad, and Jadavpur University,
Kolkata, for NMR ('H and "3C) data collection. N.S.B. thanks
NITK, Surathkal, for providing fellowship support.

Bl ABBREVIATIONS

AMF, 5-(acyloxymethyl)furfural; AcMF, S-(acetoxymethyl)-
furfural; BuMF, S-(butyryloxymethyl)furfural; BHMF, 2,5-
bis(hydroxymethyl)furan; BMF, 5-(bromomethyl)furfural;
CMF, S-(chloromethyl)furfural; DCE, 1,2-dichloroethane;
DFF, 2,5-diformylfuran; FDCA, 2,5-furandicarboxylic acid;
FMF, S-(formyloxymethyl)furfural; HMF, S-(hydroxymethyl)-
furfural; LA, levulinic acid; MMF, S-(mesitylmethyl)furfural;
PrMF, S-(propionyloxymethyl)furfural

B REFERENCES

(1) Xia, H; Xu, S.; Hu, H.; An, J.; Li, C. Efficient Conversion of S-
Hydroxymethylfurfural to High-Value Chemicals by Chemo- and Bio-
Catalysis. RSC Adv. 2018, 8 (54), 30875—30886.

(2) van Putten, R.-J.; van der Waal, J. C.; de Jong, E.; Rasrendra, C.
B.; Heeres, H. J.; de Vries, J. G. Hydroxymethylfurfural, A Versatile
Platform Chemical Made from Renewable Resources. Chem. Rev.
2013, 113 (3), 1499—1597.

(3) Dutta, S. Valorization of Biomass-Derived Furfurals: Reactivity
Patterns, Synthetic Strategies, and Applications. Biomass Convers.
Biorefin. 2021. DOI: 10.1007/s13399-021-01924-w.

(4) Rosenfeld, C.; Konnerth, J.; Sailer-Kronlachner, W.; Solt, P.;
Rosenau, T.; van Herwijnen, H. W. G. Current Situation of the
Challenging Scale-Up Development of Hydroxymethylfurfural
Production. ChemSusChem 2020, 13 (14), 3544—3564.

(5) Anchan, H. N,; Dutta, S. Recent Advances in the Production and
Value Addition of Selected Hydrophobic Analogs of Biomass-Derived
S-(Hydroxymethyl)furfural. Biomass Convers. Biorefin. 2023, 13,
2571-2593.

(6) Mascal, M. S-(Chloromethyl)furfural (CMF): A Platform for
Transforming Cellulose into Commercial Products. ACS Sustainable
Chem. Eng. 2019, 7 (6), 5588—5601.

(7) Yoo, C. G.; Zhang, S.; Pan, X. Effective Conversion of Biomass
into Bromomethylfurfural, Furfural, and Depolymerized Lignin in
Lithium Bromide Molten Salt Hydrate of a Biphasic System. RSC Adb.
2017, 7 (1), 300—308.

(8) Xu, G. G; Pagare, P. P.; Ghatge, M. S; Safo, R. P.; Gazi, A;
Chen, Q; David, T.; Alabbas, A. B.; Musayev, F. N.; Venitz, J.; Zhang,
Y.,; Safo, M. K; Abdulmalik, O. Design, Synthesis, and Biological
Evaluation of Ester and Ether Derivatives of Antisickling Agent S-
HME for the Treatment of Sickle Cell Disease. Mol. Pharmaceutics
2017, 14 (10), 3499—3511.

(9) Jin, F.; Zhou, Z.; Kishita, A.; Enomoto, H.; Kishida, H.; Moriya,
T. A New Hydrothermal Process for Producing Acetic Acid from
Biomass Waste. Chem. Eng. Res. Des. 2007, 85 (2), 201-206.

(10) Shaikh, A.; Parker, K. R.; Janka, M. E.; Partin, L. R. Process for
Purifying Crude Furan 2,5-Dicarboxylic Acid Using Hydrogenation.
US8748479B2, June 10, 2014.

(11) Ban, H.; Cheng, Y.; Wang, L.; Li, X. One-Pot Method for the
Synthesis of 2,5-Furandicarboxylic Acid from Fructose: In Situ
Oxidation of S-Hydroxymethylfurfural and S-Acetoxymethylfurfural

https://doi.org/10.1021/acsomega.3c00143
ACS Omega 2023, 8, 8119-8124


https://pubs.acs.org/doi/10.1021/acsomega.3c00143?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00143/suppl_file/ao3c00143_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saikat+Dutta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3310-348X
mailto:sdutta@nitk.edu.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Navya+Subray+Bhat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhishek+Kumar+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manisha+Karmakar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arunabha+Thakur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4577-3683
https://orcid.org/0000-0003-4577-3683
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sib+Sankar+Mal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00143?ref=pdf
https://doi.org/10.1039/C8RA05308A
https://doi.org/10.1039/C8RA05308A
https://doi.org/10.1039/C8RA05308A
https://doi.org/10.1021/cr300182k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300182k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13399-021-01924-w
https://doi.org/10.1007/s13399-021-01924-w
https://doi.org/10.1007/s13399-021-01924-w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.202000581
https://doi.org/10.1002/cssc.202000581
https://doi.org/10.1002/cssc.202000581
https://doi.org/10.1007/s13399-021-01315-1
https://doi.org/10.1007/s13399-021-01315-1
https://doi.org/10.1007/s13399-021-01315-1
https://doi.org/10.1021/acssuschemeng.8b06553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b06553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6RA25025D
https://doi.org/10.1039/C6RA25025D
https://doi.org/10.1039/C6RA25025D
https://doi.org/10.1021/acs.molpharmaceut.7b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.7b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.7b00553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1205/cherd06020
https://doi.org/10.1205/cherd06020
https://doi.org/10.1021/acs.iecr.2c03815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c03815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c03815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

over Co/Mn/Br Catalysts in Acetic Acid. Ind. Eng. Chem. Res. 2023,
62 (1), 291-301.

(12) Gruter, G. J. M.; Dautzenberg, F. Method for the Synthesis of
S-Alkoxymethyl Furfural Ethers and Their Use. US 8133289 B2,
March 132012.

(13) Hillmann, H.; Mattes, J.; Brockhoff, A.; Dunkel, A.; Meyerhof,
W.; Hofmann, T. Sensomics Analysis of Taste Compounds in
Balsamic Vinegar and Discovery of 5-Acetoxymethyl-2-Furaldehyde as
a Novel Sweet Taste Modulator. J. Agric. Food Chem. 2012, 60 (40),
9974—9990.

(14) Dai, H.-L,; Shen, Q.; Zheng, J.-B,; Li, J.-Y.,; Wen, R; Li, J.
Synthesis and Biological Evaluation of Novel Indolin-2-one
Derivatives as Protein Tyrosine Phosphatase 1B Inhibitors. Lett.
Org. Chem. 2011, 8 (7), 526—530.

(15) Kang, E.-S.; Hong, Y.-W.; Chae, D. W.; Kim, B.; Kim, B.; Kim,
Y. J.; Cho, J. K; Kim, Y. G. From Lignocellulosic Biomass to Furans
via S-Acetoxymethylfurfural as an Alternative to S-Hydroxymethyl-
furfural. ChemSusChem 2015, 8 (7), 1179—1188.

(16) Bhat, N. S.; Hegde, S. L,; Dutta, S.; Sudarsanam, P. Efficient
Synthesis of S-(Hydroxymethyl)furfural Esters from Polymeric
Carbohydrates Using S-(Chloromethyl)furfural as a Reactive
Intermediate. ACS Sustainable Chem. Eng. 2022, 10 (18), 5803—5809.

(17) Krystof, M.; Pérez-Sénchez, M.; Dominguez de Marfa, P.
Lipase-Catalyzed (Trans)Esterification of S-Hydroxy-methylfurfural
and Separation from HMF Esters Using Deep-Eutectic Solvents.
ChemSusChem 2013, 6 (4), 630—634.

(18) Huynh, N. T. T.; Lee, K. W.; Cho, J. K; Kim, Y. J.; Bae, S. W,;
Shin, J. S.; Shin, S. Conversion of D-Fructose to S-Acetoxymethyl-2-
Furfural Using Immobilized Lipase and Cation Exchange Resin.
Molecules 2019, 24 (24), 4623.

(19) Shinde, S.; Deval, K.; Chikate, R.; Rode, C. Cascade Synthesis
of 5-(Acetoxymethyl)furfural from Carbohydrates over Sn-Mont
Catalyst. ChemistrySelect 2018, 3 (30), 8770—8778.

(20) Thananatthanachon, T.; Rauchfuss, T. B. Efficient Production
of the Liquid Fuel 2,5-Dimethylfuran from Fructose Using Formic
Acid as a Reagent. Angew. Chem., Int. Ed. 2010, 122 (37), 6766—6768.

(21) Dutta, S. Production of S-(Formyloxymethyl)Furfural from
Biomass-Derived Sugars Using Mixed Acid Catalysts and Upgrading
into Value-Added Chemicals. Carbohydr. Res. 2020, 497, 108140.

(22) Naim, W.; Schade, O. R; Saragi, E.; Wiist, D.; Kruse, A.;
Grunwaldt, J.-D. Toward an Intensified Process of Biomass-Derived
Monomers: The Influence of S-(Hydroxymethyl)furfural Byproducts
on the Gold-Catalyzed Synthesis of 2,5-Furandicarboxylic Acid. ACS
Sustainable Chem. Eng. 2020, 8 (31), 11512—11521.

(23) Sun, Y; Xiong, C.; Liu, Q; Zhang, J.; Tang, X.; Zeng, X.; Liu,
S; Lin, L. Catalytic Transfer Hydrogenolysis/Hydrogenation of
Biomass-Derived S-Formyloxymethylfurfural to 2, S-Dimethylfuran
Over Ni—Cu Bimetallic Catalyst with Formic Acid As a Hydrogen
Donor. Ind. Eng. Chem. Res. 2019, S8 (14), 5414—5422.

(24) A chemical structure search on SciFinder for FMF, AcMF,
PrMF, and BuMF showed 44, 509, 27, and 8 references, respectively
(accessed on January 12, 2022).

(25) Kondo, T.; Kondo, M. Efficient Production of Acetic Acid from
Glucose in a Mixed Culture of Zymomonas Mobilis and Acetobacter
Sp. J. Ferment. Bioeng. 1996, 81 (1), 42—46.

(26) Wang, Z.; Yang, S.-T. Propionic Acid Production in Glycerol/
Glucose Co-Fermentation by Propionibacterium Freudenreichii
Subsp. Shermanii. Bioresour. Technol. 2013, 137, 116—123.

(27) Sajid, M.; Bai, Y.; Liu, D.; Zhao, X. Organic Acid Catalyzed
Production of Platform Chemical 5-Hydroxymethylfurfural from
Fructose: Process Comparison and Evaluation Based on Kinetic
Modeling. Arabian J. Chem. 2020, 13 (10), 7430—7444.

(28) Kumar, K,; Dahiya, A; Patra, T.; Upadhyayula, S. Upgrading of
HMF and Biomass-Derived Acids into HMF Esters Using Bifunc-
tional Ionic Liquid Catalysts under Solvent Free Conditions.
ChemistrySelect 2018, 3 (22), 6242—6248.

(29) Deng, T.; Cui, X; Qi Y; Wang, Y; Hou, X; Zhu, Y.
Conversion of Carbohydrates into S-Hydroxymethylfurfural Cata-
lyzed by ZnCl, in Water. Chem. Commun. 2012, 48 (44), 5494—5496.

8124

(30) Tang, J.; Zhu, L.; Fu, X; Dai, J.; Guo, X;; Hu, C. Insights into
the Kinetics and Reaction Network of Aluminum Chloride-Catalyzed
Conversion of Glucose in NaCl-H,O/THF Biphasic System. ACS
Catal. 2017, 7 (1), 256—266.

(31) Leng, E; Mao, M,; Peng, Y.; Li, X; Gong, X.; Zhang, Y. The
Direct Conversion of Cellulose into S-Hydroxymethylfurfural with
CrCl; Composite Catalyst in Ionic Liquid under Mild Conditions.
ChemistrySelect 2019, 4 (1), 181—189.

(32) Wang, C; Zhang, L.; Zhou, T.; Chen, J; Xu, F. Synergy of
Lewis and Brensted Acids on Catalytic Hydrothermal Decomposition
of Carbohydrates and Corncob Acid Hydrolysis Residues to 5-
Hydroxymethylfurfural. Sci. Rep 2017, 7 (1), 40908.

(33) Qin, Y.-Z; Zong, M.-H; Lou, W.-Y,; Li, N. Biocatalytic
Upgrading of 5-Hydroxymethylfurfural (HMF) with Levulinic Acid to
HMEF Levulinate in Biomass-Derived Solvents. ACS Sustainable Chem.
Eng. 2016, 4 (7), 4050—4054.

(34) Mascal, M; Nikitin, E. B. High-Yield Conversion of Plant
Biomass into the Key Value-Added Feedstocks S-(Hydroxymethyl)-
furfural, Levulinic Acid, and Levulinic Esters via S-(Chloromethyl)-
furfural. Green Chem. 2010, 12 (3), 370—373.

(35) Shinde, S. H.; Rode, C. V. Friedel—Crafts Alkylation over Zr-
Mont Catalyst for the Production of Diesel Fuel Precursors. ACS
Omega 2018, 3 (S), 5491—5501.

(36) Al Ghatta, A,; Wilton-Ely, J. D. E. T.; Hallett, J. P. Efficient
Formation of 2,5-Diformylfuran in Ionic Liquids at High Substrate
Loadings and Low Oxygen Pressure with Separation through
Sublimation. ACS Sustainable Chem. Eng. 2020, 8 (6), 2462—2471.

(37) Sajid, M.; Zhao, X; Liu, D. Production of 2,5-Furandicarboxylic
Acid (FDCA) from S-Hydroxymethylfurfural (HMF): Recent
Progress Focusing on the Chemical-Catalytic Routes. Green Chem.
2018, 20 (24), 5427—5453.

(38) Dutta, S.; Bhat, N. S. Recent Advances in the Value Addition of
Biomass-Derived Levulinic Acid: A Review Focusing on Its Chemical
Reactivity Patterns. ChemCatChem. 2021, 13 (14), 3202—3222.

(39) Vikanova, K; Redina, E; Kapustin, G.; Chernova, M,;
Tkachenko, O.; Nissenbaum, V.; Kustov, L. Advanced Room-
Temperature Synthesis of 2,5-Bis(hydroxymethyl)furan—A Mono-
mer for Biopolymers—from S-Hydroxymethylfurfural. ACS Sustain-
able Chem. Eng. 2021, 9 (3), 1161-1171.

https://doi.org/10.1021/acsomega.3c00143
ACS Omega 2023, 8, 8119-8124


https://doi.org/10.1021/acs.iecr.2c03815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf3033705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf3033705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf3033705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2174/157017811796504909
https://doi.org/10.2174/157017811796504909
https://doi.org/10.1002/cssc.201403252
https://doi.org/10.1002/cssc.201403252
https://doi.org/10.1002/cssc.201403252
https://doi.org/10.1021/acssuschemeng.1c08571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c08571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c08571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c08571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cssc.201200931
https://doi.org/10.1002/cssc.201200931
https://doi.org/10.3390/molecules24244623
https://doi.org/10.3390/molecules24244623
https://doi.org/10.1002/slct.201802040
https://doi.org/10.1002/slct.201802040
https://doi.org/10.1002/slct.201802040
https://doi.org/10.1002/ange.201002267
https://doi.org/10.1002/ange.201002267
https://doi.org/10.1002/ange.201002267
https://doi.org/10.1016/j.carres.2020.108140
https://doi.org/10.1016/j.carres.2020.108140
https://doi.org/10.1016/j.carres.2020.108140
https://doi.org/10.1021/acssuschemeng.0c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c01319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.8b05960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0922-338X(96)83118-7
https://doi.org/10.1016/0922-338X(96)83118-7
https://doi.org/10.1016/0922-338X(96)83118-7
https://doi.org/10.1016/j.biortech.2013.03.012
https://doi.org/10.1016/j.biortech.2013.03.012
https://doi.org/10.1016/j.biortech.2013.03.012
https://doi.org/10.1016/j.arabjc.2020.08.019
https://doi.org/10.1016/j.arabjc.2020.08.019
https://doi.org/10.1016/j.arabjc.2020.08.019
https://doi.org/10.1016/j.arabjc.2020.08.019
https://doi.org/10.1002/slct.201800903
https://doi.org/10.1002/slct.201800903
https://doi.org/10.1002/slct.201800903
https://doi.org/10.1039/c2cc00122e
https://doi.org/10.1039/c2cc00122e
https://doi.org/10.1021/acscatal.6b02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/slct.201803130
https://doi.org/10.1002/slct.201803130
https://doi.org/10.1002/slct.201803130
https://doi.org/10.1038/srep40908
https://doi.org/10.1038/srep40908
https://doi.org/10.1038/srep40908
https://doi.org/10.1038/srep40908
https://doi.org/10.1021/acssuschemeng.6b00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00996?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1039/B918922J
https://doi.org/10.1021/acsomega.8b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b06691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8GC02680G
https://doi.org/10.1039/C8GC02680G
https://doi.org/10.1039/C8GC02680G
https://doi.org/10.1002/cctc.202100032
https://doi.org/10.1002/cctc.202100032
https://doi.org/10.1002/cctc.202100032
https://doi.org/10.1021/acssuschemeng.0c06560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c06560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c06560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

