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Abstract

In this work, biomass-derived furfural has been selectively oxidized to 2(SH)-furanone using aqueous hydrogen peroxide as the
green oxidant. Among various homogeneous acid catalysts screened for the transformation, trifluoroacetic acid (TFA) was found
to be the most suitable candidate that afforded up to 52% isolated yield of 2(5H)-furanone under mild conditions (RT, 1 h). In
addition, succinic acid was recovered in nearly 20% yield from the aqueous layer. The organic solvent-free, gram-scale reaction
was optimized on temperature, the molar ratio of H,O, and furfural, and the amount of TFA used.
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1 Introduction

Over the past several years, the synthesis of carbon-based
chemicals from renewable biomass has gained traction from both
economic and environmental perspectives [1, 2]. The chemical-
catalytic route that transforms the oxygen-rich and functionally
diverse biopolymers into simple organics that can supplement
petrochemicals or be used as their functional substitutes has re-
ceived serious interest from the academic and industrial commu-
nities alike [3]. Furfural, synthesized by the acid-catalyzed dehy-
dration of the pentosans present in the hemicellulose fraction of
lignocellulosic biomass, is a well-recognized renewable chemical
in the biorefinery domain with substantial commercial potential
for several of its derivatives [4, 5]. Chemocatalytic oxidation of
furfural leads to important renewable compounds such as 2-
furoic acid, maleic acid (MA), and succinic acid (SA) [6]. Both
MA and SA can also be sourced from other biomass-derived
chemicals and have huge commercial potential as a renewable
monomer for polymeric applications [7, 8]. However, the selec-
tive oxidation of furfural to 2-furanone (a mixture of two isomers
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2(5H)-furanone, 1, and 2(3H)-furanone, 2) is relatively less ex-
plored, possibly because they are highly reactive and behave as
transient intermediates for thermodynamically stable products
[9]. As a renewable chemical intermediate, 1 can be used to
synthesize a wide variety of products of commercial significance,
including butyrolactone and tetrahydrofuran [10, 11]. Various
derivatives of 1 have found applications as fuels and fuel addi-
tives, solvents, aroma chemicals, antifouling agents, and biolog-
ically important compounds [12—15]. Recently, 1 has been
employed as feedstock for the synthesis of novel, biorenewable
surfactants [16].

The preparation of 1 has been attempted by the
lactonization of 3-alkenoic acid [17], aerobic oxidation
followed by lactonization of 2-butene-1,4-diol [18], and pho-
tooxidation of 2,3-dihydrofuran [19]. However, the processes
suffer from one or more issues, such as the use of expensive
reagents, intricate setup, demanding reaction conditions, and
poor yields. Given the bulk availability, inexpensiveness, and
renewable origin, furfural could prove to be the most suitable
feedstock for producing 2-furanone. In compliance with the
principle of green chemistry, aqueous hydrogen peroxide or
molecular oxygen are frequently employed as inexpensive
and eco-friendly oxidants for the oxidation of biomass-
derived renewable chemicals, including furfural [20, 21].
Aqueous hydrogen peroxide is particularly interesting in this
regard since it is commercially available in various concentra-
tions, does not require overpressure of oxygen gas, works
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under milder reaction conditions, and affords higher selectiv-
ity towards specific products [22]. Xiang et al. reported 44.8%
yield (70 °C, 1 h) of 1 using 30% H,0, and magnesium
hydroxide [23]. The highest-yielding synthesis of 1 from fur-
fural involves the use of performic acid as an oxidant that
formed in situ by reacting 30% H,O, solution with formic
acid [24, 25]. The reaction was conducted at 60 °C in an
aqueous-organic biphasic reaction, and 1 was isolated in
62% yield along with around 20% combined yield of SA
and MA. Among the various organic solvent studied, 1,2-di-
chloroethane performed best. Apart from the use of chlorinat-
ed solvent, the process also mandated using an excess of
Na,SO, (anhydrous) to remove water. In other reports, the
combination of formic acid and hydrogen peroxide led to low-
er (ca. 42-48%) yields [26, 27]. In some cases, the stoichio-
metric amount of an inorganic base or excess of a drying agent
was used, leading to waste generation [28, 29]. Besides, the
recovery of formic acid is rather challenging due to its thermal
instability [30, 31]. The use of heterogeneous acid catalysts
has also been examined; however, the selectivity of 1
remained poor [32]. In 2019, Zvarych et al. reported the
targeted synthesis of 1 from furfural using H,O, as the oxidant
and acetic acid as the catalyst. The reaction required 24 h to
complete at a reaction temperature around 60 °C and 1 was
obtained in 71% yield [33].

We anticipated that trifluoroacetic acid (TFA) could be a
superior alternative to formic acid for the selective oxidation
of furfural due to its strong Brensted acidity (pKa=0.23),
thermal and chemical stability, availability in the anhydrous
form, and recyclability by distillation [34]. TFA is known to
react with aqueous H,0, forming trifluoroperacetic acid
(TFPAA), a more powerful oxidant than H,0O, itself [35].
The synthesis of phenol derivatives from benzaldehydes con-
taining electron-donating substituents has been reported using
a combination of TFA and aqueous H,O, [36]. Interestingly,
metal-free oxidation of biomass-derived levulinic acid into
succinic acid has also been reported using TFA as an acid
catalyst and H,O, as a clean oxidant [37].

The Baeyer-Villiger oxidation of furfural by H,O, pro-
duces 2-hydroxyfuran as an intermediate that quickly equili-
brates 1 and 2. Further oxidation of 1 forms maleic acid (MA),
whereas the oxidation of 2 leads to succinic acid (SA)
(Scheme 1). The acid-promoted degradation of furfural into
intractable products is also routinely encountered.

2 Experimental procedures
2.1 Preparation of 2(5H)-furanone (1)
Trifluoroacetic acid (5 mL, 6.26 eq.) was taken in a 50-mL

round-bottomed flask fitted with a magnetic stir rod and
placed in a water bath. Aqueous H,O, (30%, 4 mL) was added
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slowly over 15 min while stirring in a water bath at RT. Then,
furfural (1.00 g, 10.42 mmol) was added dropwise, and the
solution was stirred continuously for 1 h. The reaction’s prog-
ress was monitored by thin-layer chromatography (TLC) (sil-
ica gel, diethyl ether) and stopped as soon as the furfural spot
disappeared (visualized by the KMnOy, stain). After the reac-
tion, the colorless solution was transferred into a separatory
funnel and extracted with diethyl ether (3 x 10 mL). The
diethyl ether layers were combined and washed with saturated
NaCl solution. The diethyl ether extract was dried over anhy-
drous Na,SO, and evaporated in a rotary evaporator under
reduced pressure to get 1 as a light-yellow liquid. The liquid
was passed through a plug of silica gel (60—120 mesh) using
diethyl ether as the eluent. Evaporation of diethyl ether in a
rotary evaporator produced 1 as a colorless oil (0.455 g, 52%).

2.2 Isolation of succinic acid

After extracting 1, the aqueous TFA layer was placed in a pre-
heated (50 °C) oil-bath, and a pinch of 10% Pd/C was added to
decompose the unreacted H,O,. After the decomposing of
H,0, was complete, the solution was filtered and carefully
evaporated in a rotary evaporator under reduced pressure.
The sticky white solid was dissolved in diethyl ether, dried
over anhydrous Na,SO,, and evaporated to give succinic acid
(0.242 g, 20%) as a white crystalline solid. The 'H-NMR
spectrum and the melting point of the solid matched with the
literature data.

3 Results and discussion

Initially, the oxidation of furfural was attempted using 30%
H,0, alone without employing any acid catalyst. The progress
of the reaction was monitored by TLC (silica gel, diethyl
ether) and allowed to run until the quantitative conversion of
furfural was achieved. When the reaction was carried out in
excess of 30% H»0, (6 eq.), the conversion of furfural was
low (< 10%) even after 24 h at RT. When the reaction tem-
perature was increased to 60 °C, the furfural conversion was
complete within 12 h. However, the lactone 1 was isolated by
extracting the aqueous reaction mixture using diethyl ether in
only a 19% yield. The 'H-NMR spectral analysis of the prod-
uct showed that the 1 formed almost exclusively [38]. A mix-
ture of over-oxidized solid products, including SA, MA, and
their corresponding anhydrides, was recovered from the aque-
ous layer after distilling out the volatiles under reduced pres-
sure. An acid catalyst of some sort is customarily used in
combination with H,O, for the Baeyer-Villiger type oxidation
of aromatic aldehydes. Therefore, various homogeneous acid
catalysts were screened to explore their effectiveness in cata-
lyzing the oxidation of furfural. The reaction conditions and
yield of 1 for the acid catalysts examined are tabulated in
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Scheme 1 Selective oxidation of furfural to 2-furanone and succinic acid by 30% H,O, in TFA

Table 1. All the reactions were performed in triplicate, and the
average yield is reported. The experiments ensured complete
conversion of furfural to avoid complications in the purifica-
tion of products and obtain the highest yield of products.
The use of mineral acid catalysts such as methanesulfonic
acid (MSA, entry 1) provided a better yield of 1 compared to
the control reaction. The improvement in yield may be ex-
plained by the milder reaction conditions used for the catalytic
reaction that led to lesser decomposition of 1. When

phosphotungstic acid (H;PW,04), a Keggin heteropoly ac-
id, was used as a solid acid catalyst, 1 was obtained in 25%
yield when the reaction was conducted at 60 °C for 4 h. Higher
loading of the catalyst allowed the reaction to complete at
lower temperatures; however, no significant improvement in
the yield of 1 was observed. The reaction was also carried out
using triethylammonium hydrogen sulfate [E;NH][HSO,4] as
an inexpensive, Bronsted acidic ionic liquid catalyst. The lac-
tone 1 was isolated in a 38% yield under similar reaction

Table 1 Effect of various

homogeneous acid catalysts for Catalyst

z
g

Reaction conditions® Yield of 1 (%)°

the preparation of 1
CH;SOsH

H3;PW 5,040
HCO,H
CF;CO,H

CH;COOH
No Catalyst
CF;CO,H

0 N N R W N =

[E;NH][HSO,]

0.2 gMSA, 60 °C, 4 h 30
0.2 g PTA, 60 °C, 4 h 25
5 mL formic acid, 60 °C, 3 h 40
SmL TFA,RT, 1 h 52
1 g ionic liquid, 60 °C, 4 h 38
2.7 mL acetic acid, 60 °C, 6 h 42
60 °C, 12 h 19
0.5 mL TFA, 60 °C, 3 h 44

# The reactions were conducted using furfural (1.00 g, 10.42 mmol) and 4 mL of 30% H,0,
®Isolated yield after chromatographic purification
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conditions. In our case, the use of formic acid (85%) provided
40% yield of 1 after 4 h at 60 °C, and acetic acid provided 42%
of 1 after 6 h at 60 °C. When TFA was used as the solvent
(Table 1, entry 4), the conversion of furfural was complete
within 1 h at room temperature, and the yield of 1 was found
to be around 52%. The use of an organic solvent such as 1,2-
dichloroethane gave 54% of 1, an only marginal improvement
over the organic solvent-free reaction.

Since TFA provided the best selectivity and yield of 1, the
reaction was further optimized on temperature, the molar ratio
of H,O, and furfural, and the amount of TFA used. In a typical
procedure, the reaction was conducted by dissolving 1 g of
furfural in a mixture of 5 mL of TFA and 4 mL of 30% H,O,
and stirring the homogeneous reaction mixture in a water bath
at room temperature. The reaction was studied by TLC, and
FTIR and complete conversion of furfural were observed after
1 h. The reaction mixture was extracted with diethyl ether. The
diethyl ether layer was dried and evaporated under reduced
pressure to yield the crude product, which was purified by
column chromatography. The reaction afforded 1 in 52% iso-
lated yield. The unreacted H,O, was first decomposed with a
catalytic amount of 10% Pd/C, and the aqueous TFA was then
distilled to get 20% SA as a white crystalline solid. The aque-
ous reaction mixture (after extracting 2-furanone) was distilled
at atmospheric pressure and resubmitted for the next cycle
without any attempt to separate water from TFA. The reaction
was completed in 24 h at RT, and 2-furanone was obtained in
a 33% yield. The result can be explained by the dilution of
TFA. Novel ways are being developed to recover TFA in
sufficient purity from the industrial effluents [39, 40].
Quantitative conversion of furfural was achieved within 3 h
at 90 °C; however, 1 was isolated in 22% yield. The isolated
yield of SA from the aqueous layer increased to 35%. The
result can be explained by over-oxidation of 1 into SA at
elevated temperatures.

When the reaction was conducted at lower temperatures
(ca. 0 °C), the reaction kinetics slowed down and took >4 h
to complete; however, no significant improvement in the yield
of 1 was observed. Yet, noticeably more (ca. 30%) SA was
isolated from the aqueous layer. The results may be explained
by further oxidation of 1 during the extended course of the
reaction. The higher combined yield of 1 and SA may be due
to the less acid-promoted decomposition of furfural into in-
tractable products. The presence of less TFA leads to a lower
concentration of TFPAA in the reaction mixture, which is
considered as the active oxidizing agent. Therefore, the kinet-
ics of the reaction got slowed down with lower selectivity of 1.
The yield of SA remained nearly unaltered.

The amount of TFA plays a pivotal role in the selectivity of
1. The reaction was slow at room temperature when the cata-
lytic amount of TFA (0.5 mL/1 g furfural) was used (Table 1,
entry 8). Therefore, the reaction had to be conducted at ele-
vated temperatures to achieve a quantitative conversion of
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furfural. The reaction was completed within 3 h at 60 °C,
providing a 44% yield of 1. In excess TFA (5 mL of TFA
for 1 g of furfural), the reaction completed within 1 h at RT
and provided a maximum 52% isolated yield of 1. At higher
amounts of TFA (> 5 mL), no noticeable improvement in the
yield of 1 was observed. The results may be explained by the
fact that higher amounts of TFA lead to the higher equilibrium
concentration of TFPAA, the active oxidizing species in this
reaction, allowing the reaction to complete faster under the
mild condition with improved selectivity towards 1.

The effect of the amount of H,O, on the selectivity and
yield of 1 was then examined. While 30% H,O, worked best
for the reaction, lower concentrations of H,O, slowed down
the reaction and did not complete even after several hours of
reaction at RT.

The reactions using lower amounts of H,O, provided a no-
ticeable lower yield of 1. For 1 g of furfural, 4 mL of 30% H,0,
(3.76 eq.) was found to be the optimal amount that allowed the
reaction to complete within 1 h at RT, providing up to 52%
yield of 1. Any higher quantities of H,O, allowed the reaction
to complete faster but lowered the yield of 1 due to over-
oxidation (Fig. 1). Lower quantities of H,O, did not allow
complete conversion of furfural. This can be due to the auto
decomposition of H,O, during reaction leaving lesser than the
required amount of H,O, available for the oxidation reaction.

The mixture of furfural, TFA, and aqueous 30% H,0,
formed a homogeneous and monophasic reaction medium.
The oxidation reaction was also attempted in an aqueous-
organic biphasic reaction medium using a suitable organic
solvent. Chlorinated solvents like chloroform and 1,2-dichlo-
roethane were chosen for their insolubility in water, chemical
inertness, and convenient recovery by distillation. The idea
was to extract 1 into the organic layer as soon as it forms in
the aqueous layer and shield it from further oxidation or de-
composition. However, the use of the solvent did not provide
any significant advantage on the selectivity or yield of 1. Since
the reaction kinetics slowed down, the reaction had to be con-
ducted at elevated temperatures (ca. 50 °C). The result may be
justified by the fact that TFPAA has decent solubility in

: I I I
0
282

376 47 5.64
Fig. 1 The effect of H,O, equivalence on the yield of 2(5H)-furanone (1)
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Fig. 2 Effect of reaction temperature on the yield of 2(5H)-furanone (1)

chlorinated solvents, and therefore, the shielding of 1 from
further oxidation was not very effective. Besides, the require-
ment of the higher reaction temperature in a biphasic reaction
media accelerated the decomposition of 1.

It was found that the reaction temperature plays a crucial
role on the selectivity and yield of 1 (Fig. 2). Under opti-
mized quantities of TFA and 30% H,O, (i.e., 5 mL TFA
and 4 mL 30% H,O, per gram of furfural), the reaction was
completed within 1 h at RT. Elevated temperatures made
the reaction faster but lowered the selectivity of 1, leading
to enhanced formation of SA. The result may be explained
by the more likelihood of over-oxidation of 1 at elevated
temperatures. Interestingly, when the reaction was con-
ducted at lower temperatures (ca. 10 °C), the reaction took
>4 h to complete, but the selectivity of 1 did not improve
significantly. The result may be explained by the fact that
the over-oxidation of 1 happens even at lower tempera-
tures, and longer reaction time leads to the accumulation
of SA over time.

The oxidation reaction was also attempted in the presence
of a drying agent like anhydrous Na,SO,4. However, no no-
ticeable improvement in the yield of 1 was observed. Besides,
the use of drying agents makes the isolation of SA
challenging.

4 Conclusion

In summary, biomass-derived furfural has been selectively
oxidized into 2(5H)-furanone providing up to 52% isolated
yield by 30% H,0, as the oxidant in the TFA medium under
mild conditions. The gram-scale reaction worked without or-
ganic solvent or additives. Succinic acid was isolated from the
aqueous layer in around 20% yield after the volatiles were
distilled out. The use of a catalytic amount of TFA provided
a 44% isolated yield of 2(5H)-furanone.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13399-021-01297-0.
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