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This research investigates different oxidative pathways to obtain maleic anhydride starting from the biore-

newable furfural in continuous flow. A single step O,' oxidation towards maleic anhydride was investi-
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gated but found to lack selectivity. Nonetheless, the resulting product analysis provided valuable insight
into the possible reaction mechanism, uncovering an interesting solvent effect. Building on this, an exist-
ing slow reacting two-step pathway was translated towards a continuous one, achieving a fast and highly
productive conversion towards maleic anhydride while aligning with green chemistry principles.

1. In this work, n-butane and/or benzene were replaced with biorenewable furfural as feedstock for maleic anhydride. Previous such valorization pathways
suffer from low productivity and selectivity. We have identified the underlying mechanistic origins of the selectivity issue, which inherently dictates a two-

step catalytic approach.

2. By leveraging continuous flow chemistry a more efficient and competitive process was developed with high selectivity (98%), and facile scalability. We sig-
nificantly reduced catalyst loadings (2%) compared to the existing batch process (5 & 10%) and replaced acetonitrile with ethyl acetate in the second reaction

step; while also drastically reducing reaction time (30 min vs. 480 min).

3. Future research should prioritize exploring the use of heterogeneous, easily removed and recycled catalysts, such as polymer-immobilized TEMPO (PIPO).

However, this topic falls outside the scope of the present study.

Introduction

The global chemical industry, traditionally reliant on petro-
chemical processes, faces increasing pressure to transition to
more sustainable practices due to environmental concerns and
the finite nature of fossil resources. This shift is critical not
only for reducing greenhouse gas emissions but also for mini-
mizing the environmental footprint of chemical production.
A promising approach to achieving this goal is through the
principles of green chemistry, which emphasize the design of
chemical products and processes that reduce or eliminate the
use and generation of hazardous substances. Key principles of
green chemistry include the use of renewable feedstocks,
energy efficiency, and waste minimization. By adhering to
these principles, the industry can move towards a more sus-
tainable, bio-based economy.>

Furfural (FUR), a valuable platform chemical derived from
lignocellulosic biomass, has emerged as a key renewable feed-

Department of Green Chemistry and Technology, Faculty of Bioscience Engineering,
Ghent University, Coupure Links 653, 9000 Ghent, Belgium.

E-mail: Thomas.Heugebaert@UGent.be

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4gc06305h

This journal is © The Royal Society of Chemistry 2025

stock with the potential to replace petrochemical precursors in
various industrial processes.® Lignocellulosic biomass, which
includes agricultural residues and non-food crops, offers a
renewable and abundant source of carbon. FUR is obtained via
the acid-catalyzed dehydration of pentoses present in hemi-
cellulose and serves as an intermediate for the synthesis of
numerous chemicals.® One particularly valuable transform-
ation of FUR is its conversion to maleic anhydride (MA), a ver-
satile chemical used in the production of resins, plastics, and
agrochemicals.”® Traditionally, MA is produced from benzene
or n-butane through an energy-intensive process employing a
phosphorus vanadium oxide catalyst at high temperatures
(Fig. 1).77%°

Thus, developing a green and efficient method to convert
FUR to MA is highly desirable. In recent years, various one-
step oxidations producing MA directly from FUR have been
explored. Among these methods, the vanadium-catalyzed
aerobic oxidation of furfural has been the most widely studied.
Using the same catalysts as the traditional petroleum-based
process, medium to high yields are only obtained after expos-
ing gas-phase furfural to temperatures of 300-340 °C.''™*
Besides the low productivity and the risk of overoxidation, cata-
lyst deactivation at these temperatures also poses a major
problem. These problems could be minimized by performing
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Fig. 1 A comparison between the traditional synthesis of maleic anhy-
dride starting from benzene or n-butane and the biorenewable route
starting from furfural.

the oxidations in solution-phase at lower temperature, but
long reaction times, low selectivity and the hydrolysis of MA to
maleic acid make this approach non-optimal as well (Table S1,
ESIT).15—17

While maleic acid remains valuable-since it can be isomer-
ized into fumaric acid,'®'® a key precursor for bio-based
polyesters®>*!-maleic anhydride is generally preferred as a
building block due to its higher reactivity, particularly in
Diels-Alder-type reactions®*>* and photochemical [2 + 2]
cycloadditions.>®*® Moreover, maleic anhydride can readily
hydrolyze in water under mild conditions,>” whereas reversing
this process typically requires high temperatures and
additional catalysts and additives,***° making it the more
reactive and energetically enriched form of maleic acid.

A more convenient method to oxidize furfural has been
examined by Zhang et al.®' where a solution of formic acid/
H,0, and furfural is heated at 60 °C to achieve 95% conversion
after 4 hours of reaction time. However, due to the choice of
solvent, complete hydrolysis occurred resulting in the for-
mation of the ring-opened maleic acid as final product. It
should also be noted that in this reaction, oxygen has been
replaced by the less desired hydrogen peroxide as oxidant.

To step away from high temperatures and protic solvents
that might catalyze the hydrolysis of MA, two direct photo-
catalytic aerobic oxidations were examined (Table 1). In both
methods, the authors reason that the photocatalyst generates
multiple reactive oxygen species, which subsequently lead to
the oxidation of furfural. Although these reactions can be oper-
ated at room temperature, the reactive oxygen species give rise
to many byproducts with 5-hydroxy-2(5H)-furanone 3 (HFO)
being the most prominent one. The low selectivity and long
reaction time currently make this method unsuitable for
industrial-scale applications.

Intrigued by these results showing the simultaneous for-
mation of HFO 3 and MA 2, our aim was to determine the
cause of this unusual outcome and explore whether continu-
ous flow intensification strategies could enhance the reaction
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Table 1 Singlet oxygen oxidation of furfural to maleic anhydride via
different catalysts

o O 0, oo Os_o
WH solvent, \]\;/Eo ' UOH
: et : :
Ref. Solvent Cat. 2/3 (%)
32 MeCN/DCM (5/1) Cu0,/Nb,O5 37/22 (24 h)*
33 MeCN Mesoporous C3N, 42/33 (30 h)®

“?Yield of corresponding products is displayed. ? Selectivity of corres-
ponding products is displayed.

selectivity. Upon reviewing these two previous photocatalytic
methods, several key similarities emerge. In both approaches,
the final products consist of a mixture of MA 2 and HFO 3,
with similar ratios (1.7 vs. 1.3). Moreover, singlet oxygen (0,")
was identified as the primary reactive oxygen species driving
the reactions. Both studies also suggested that superoxide rad-
icals (O,7) play a role, although when superoxide radical
quencher benzoquinone (BQ) was introduced, the reaction
only experienced a slight decrease in conversion, rather than
ceasing entirely. This evidence suggests that singlet oxygen
may be the sole active species. However, if singlet oxygen were
the only reactive species, previous literature indicates that fur-
fural should fully convert to HFO under similar
conditions.>”?*” 1t is worth noting that in previously cited lit-
erature, the conversion of FUR to HFO was consistently carried
out in protic, nucleophilic solvents such as EtOH, MeOH, or
H,O0. These mildly nucleophilic solvents help resolve the inter-
mediate endoperoxide through nucleophilic attack on the alde-
hyde moiety, leading to the formation of HFO 3 (Fig. 2). In
contrast, when non-nucleophilic solvents like MeCN or DCM
are used, the inability to efficiently resolve the endoperoxide
intermediate may result in the production of various other pro-
ducts, such as MA 2.

Results and discussion

One-step continuous flow O, oxidation of FUR towards
various reaction products

To test the hypothesis that singlet oxygen oxidation of furfural
in a non-nucleophilic solvent like acetonitrile leads to a combi-
nation of MA and HFO, methylene blue was used as photosen-
sitizer to generate singlet oxygen. To overcome the attenuation
effect which limits the efficient penetration of light throughout
the reaction mixture, a continuous flow reactor is used. The
reaction rate was remarkably high, achieving almost full con-
version after only 6.5 minutes. Interestingly, a very similar 2/3
ratio of around 1.3 was achieved, thus confirming their
inherent co-production under singlet oxygen mediated oxi-
dation (Table 2, entries 1-3). When initially conducting the
reaction however, we observed variability in the 2/3 ratio across
duplicate experiments, along with a poor mass balance. We

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc06305h

Open Access Article. Published on 15 April 2025. Downloaded on 3/11/2026 5:41:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Paper

o 0 1 0-0 o o}
| > : Non |+ A
Y/ E— N O — > OH
i ~ g = H” “OR
o
1 .. H 3 5
(IJH
R
R =H, Me, Et
Fig. 2 Mechanistic pathway for the oxidation of furfural 1 towards HFO 3 in solvent ROH (R = H, Me, Et).
Table 2 Singlet oxygen oxidation of FUR 1 towards various products
(0] (0] O_o O o HO
H 0, (17 bar) =
1 Methylene blue (0,5 mol%), 2 3 6

625 nm (100W), rt

o

o OH O fo) —0
~
8

Entry Solvent Pump flow rate (ml min™") O, flow rate (mly min™) Residence time® (min) Conv. 1” (%) Yield® 2/3/6/7/8 (%)
1 MeCN 0.3 10 45 100 29/23/20/4/7%

2 MeCN 1.5 20 6.5 98 27/21/19/2/5¢

3 MeCN 3 40 3.5 86 25/19/18/2/4°

4 Dry MeCN 3 40 3.5 87 24/19/19/2/5¢

5 MeCN/H,0 (24/1) 3 40 3.5 96 23/44/9/1/3

6 MeCN/H,O (14/1) 3 40 3.5 93 17/54/1/1/3

7 MeCN/H,0 (9/1) 3 40 3.5 96 13/63/0/0/2

8 MeCN/H,0 (4/1) 3 40 3.5 95 2/89/0/0/0

9 MeCN/H,O (1/1) 3 40 3.5 81 0/77/0/0/0

“Residence time determined experimentally. ” Conversion determined via quantitative HPLC analysis. °Yield determined via quantitative
'H-NMR analysis with mesitylene as internal standard, unless stated otherwise. ¢ Yield determined via quantitative GC-MS analysis (2) and quan-

titative "H-NMR analysis (3, 6, 7 and 8).

later determined that maleic anhydride 2 had sublimated
during the evaporatory work-up process. To prevent this issue,
we opted to directly analyze the reaction mixture using
"H-NMR without performing solvent evaporation. This
approach revealed several additional signals that had gone
undetected in previous literature reports. The volatility and/or
fragility of these side products made it challenging to fully
characterize all of them. However, cis-B-formylacrylic acid (CBF)
6 was identified as the major side product. trans-f-Formylacrylic
acid (TBF) 7 was also formed in smaller quantities along with,
interestingly, the 5-(formyloxy)-2(5H)-furanone (FOF) 8 and
formic acid. The formation of CBF 6 was also reported in the
work of Kailasam et al.,>* and is a known tautomeric product of
HFO 3.%% As the MeCN/H,O solvent mixture shifts more towards
H,O0, it is seen that HFO emerges as the sole product (Table 2,
entries 5-9). This emphasizes the critical importance of solvent
effects on product formation, as increasing the water content
directs the oxidation to proceed via the well-known nucleophilic
solvent induced pathway delivering formic acid and HFO

This journal is © The Royal Society of Chemistry 2025

(Fig. 2). As more water is added to the reaction medium, the
nucleophilic attack pathway will become the more dominant
one resulting in more HFO 3 formation. This trend continues
until a 1:1 H,0/MeCN ratio is reached, where HFO 3 becomes
the sole product (Table 2, entry 9).

In the absence of water though, the mechanism in which
HFO and formic acid, but also MA are formed remains
unclear. To rule out the possibility that HFO and formic acid
formation in MeCN was caused by trace amounts of water
present in the solvent, the experiment was repeated using
strictly anhydrous MeCN, yielding the same result (Table 2,
entry 4). Furthermore, when the reaction was conducted with
4% water intentionally added to the mixture, the HFO yield
increased slightly but not dramatically (Table 2, entry 5). This
observation confirms that trace amounts of water cannot fully
account for the observed amounts of HFO and formic acid for-
mation, and the classical nucleophilic mechanism (Fig. 2) is
not the predominant one. A closer evaluation of the newly
found side products however reveals that 5-(formyloxy)-2(5H)-

Green Chem., 2025, 27, 5063-5072 | 5065


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc06305h

Open Access Article. Published on 15 April 2025. Downloaded on 3/11/2026 5:41:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

furanone 8 could be the result of a Baeyer-Villiger rearrange-
ment, which has been proposed in several H,O,-mediated
pathways towards maleic acid.’’*%*® Interestingly, Yin and co-
workers'” observed the very closely related compound 5-acet-
oxyl-2(5H)-furanone when performing a HsPV,Mo0,,0,4, cata-
lyzed oxidation of furfural using acetic acid as solvent.

To evaluate whether 8, or any of the other products might
act as intermediates for MA formation, the reaction was
carried out in batch and monitored over time. There is no indi-
cation that any of the products act as intermediates, as their
yields increase throughout the reaction without any sub-
sequent consumption (Fig. S14, ESIf). Similar results were
observed in the continuous flow experiments, where nearly full

View Article Online
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conversion was achieved within 6.5 minutes, and extending
the reaction time to 45 minutes did not significantly alter the
product ratios (Table 2, entries 1 and 2). Unfortunately, this
indicates that, with this approach, the yield of maleic anhy-
dride peaks at around 30%.

Mechanism

A plausible mechanism to explain the formation of all reaction
products begins with the generation of endoperoxide inter-
mediate 9 via O," oxidation (Fig. 3). In nucleophilic solvents,
this endoperoxide would be resolved by a nucleophilic attack
by the solvent resulting in HFO 3 formation (Fig. 2). When the
reaction is performed in an anhydrous, non-nucleophilic
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Fig. 3 Plausible pathway for the O, oxidation of furfural towards various reaction products.
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solvent like acetonitrile, it is proposed that a Baeyer-Villiger
type of rearrangement will result in 5-hydroxy intermediate 10.
This intermediate can either tautomerize to its more stable
keto-form 8 via a 1,4-rearrangement, which is detected in the
reaction mixture, or alternatively will react with O, to form a
secondary endoperoxide intermediate 11. The subsequent
endoperoxide will open, resulting in hydroperoxide intermedi-
ate 12, which rearranges into maleic anhydride 2 and perfor-
mic acid. The performic acid formed in this step will then
oxidize another molecule of furfural towards 2-furoic acid 13,
releasing formic acid as byproduct, as observed in the "H-NMR
spectrum. The resulting furoic acid will then react with 0,,
followed by decarboxylation, to produce HFO 3 without requir-
ing a nucleophilic solvent to resolve the endoperoxide 14. HFO
can then tautomerize into CBF 6, which, in turn, can undergo
cis-trans isomerization to form TBF 7. In this way, for every
molecule of maleic anhydride 2 formed, one molecule of per-
formic acid would also be generated. This performic acid oxi-
dizes furfural to produce one equivalent of 2-furoic acid 13,
which subsequently yields one equivalent of HFO 3. HFO
could then isomerize to form TBF 6 and CBF 7. Based on this
reasoning, the expected ratio of 2 to (3 + 6 + 7) in acetonitrile
should be 1:1. However, in our experiments, the observed
ratio is around 1:1.6 (Table 2, entries 1-4). While the hydro-
lysis of FOF 8 could explain the excess HFO, this is unlikely
due to the very low water content. Instead, the surplus HFO
and its isomers is attributed to a minor, as-yet-undiscovered
pathway. Numerous studies suggest that 2-furoic acid 13 acts
as a direct intermediate in furfural oxidation
processes.>**1%*1 However, we did not detect this product in
the "H-NMR analysis of our reaction mixture. This absence
could be explained if the subsequent reaction of 2-furoic acid
with O,' to form HFO 3 occurs at a rate significantly faster—
potentially an order of magnitude—than the overall reaction
rate, making this intermediate undetectable during the reac-
tion follow-up (Fig. S14, ESIt). Supporting this hypothesis, the
reaction was conducted using 2-furoic acid 13 as the starting
material, an exceptionally high reaction rate was observed,
with nearly complete conversion to HFO 3 occurring within

Table 3 Singlet oxygen oxidation of 2-furoic acid 13 towards HFO 3
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just 20 seconds (Table 3). In the reaction mixture of this experi-
ment, no formic acid was detected, consistent with the de-
carboxylation observed by Wang et al., who reported a 1:1
ratio of HFO to CO, during a CuO,/Nb,Os-catalyzed furfural
oxidation.”® These experiments suggest that a parallel, direct
oxidation of furfural to the intermediate 2-furoic acid 13 could
account for the observed excess in HFO formation.

In conclusion, a one-step conversion of FUR to MA is sub-
jected to various limitations. In literature it was seen that the
need for high reaction temperatures in the gas phase vanadium-
catalyzed oxidations gives rise to overoxidation resulting in
lower yields, while solution-state reactions with the latter catalyst
are plagued by long reaction times and only medium selectivity.
The singlet oxygen oxidation of FUR to MA, on the other hand,
proceeds at room temperature but exhibits low selectivity due to
the inherent co-production of HFO.

Two-step continuous flow oxidation of FUR towards MA

A more recent study by Feringa and co-workers>” has suggested
that a two-step pathway - first converting FUR to HFO, fol-
lowed by the transformation of HFO to MA - may be more con-
venient. The photocatalytic conversion of FUR to HFO has
been demonstrated in various studies and results in quantitat-
ive yield with short reaction times.””*®*”**> The bottleneck,
however, is the TEMPO-mediated aerobic oxidation of HFO 3
to MA 2, which takes 8 hours to complete resulting in a low
productivity, in spite of the high catalyst loadings (Fig. 4).

By transitioning from a batch process to a continuous flow
system, the key challenges of extended reaction times and high
catalyst loadings can be effectively addressed, creating a truly

Fe(NO3)s + 9H,0 (5 mol%),

(@) TEMPO (10 mol%) Oy 0
UOH - \]\/\fo
— —
air, MeCN, rt, 8h

3 2 (98%)

Fig. 4 TEMPO-mediated aerobic oxidation from HFO to MA (Feringa
etal, 2022).%’

COo,
0, (17 bar)
Methylene blue (0,5 mol%), 3
MeCN, 625 nm (100W), rt

Entry” Residence time” Conv. 1° (%) Yield 3 € (%)
1 6.5 min 100 100

2 1.5 min 100 100

3 1 min 100 100

4 20s 96 96

“ All reactions were performed with a starting concentration of 0.2 M. ? Residence time determined experimentally.  Conversion and yield deter-
mined via quantitative "H-NMR analysis with mesitylene as internal standard.

This journal is © The Royal Society of Chemistry 2025
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efficient and productive pathway for converting FUR to MA. We
will therefore focus on creating a straightforward, productive,
and selective two-step synthesis in continuous flow, utilizing
the TEMPO-mediated oxidation to convert the platform mole-
cule FUR to MA previously described by Feringa and co-
workers (Fig. 5).”

Continuous flow O," of FUR to HFO

The continuous flow oxidation of furfural to HFO 3 by singlet
oxygen has been well-documented in literature.>®*” With
methylene blue as the photosensitizer in MeOH, a residence
time of 20 minutes was sufficient to achieve complete conver-
sion with high selectivity (Table 4). From a sustainability
standpoint, it is highly recommended to minimize purification
steps between reaction steps while also paying attention to
solvent recovery. In this instance, the only byproduct formed is
methyl formate, which has a boiling point of 32 °C - signifi-
cantly different from methanol, making it easier to separate
during solvent recovery. This simplifies the purification
process, lowering operational complexity and minimizing the
environmental impact.

Batch optimization of TEMPO-mediated oxidation of HFO to MA

The final step in the pathway consists of a TEMPO-catalyzed
aerobic oxidation from HFO to MA. In 2011, Yu et al®
described a general method for the oxidation of alcohols to
aldehydes/ketones, employing oxygen and catalytic amounts of
TEMPO, Fe(NO3); and table salt. In 2022, Feringa and co-
workers”” displayed how this method could convert HFO to
MA quantitatively after 8 hours of stirring (Fig. 4). Before trans-
lating this reaction to continuous flow, the first optimization

View Article Online
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reactions were carried out in batch starting with the reaction
conditions that were already established for this method.
Although it is preferable to choose a solvent that can be uti-
lized in both reaction steps, adhering to the principle of reac-
tion telescoping,** it was quickly realized that this would be
impossible. A review of the literature reveals that all high-yield-
ing singlet oxygen oxidations of FUR occur in protic solvents
like MeOH, EtOH, H,O or a combination of prior
solvents.?”*™37 In contrast, for the aerobic oxidation of HFO 3
to MA 2, even trace amounts of MeOH completely inhibited
conversion, likely due to this method’s tendency to oxidize
MeOH itself (Table 5, entries 1 and 2). When performing the
reaction in water on the other hand, "H-NMR analysis revealed
that the desired conversion takes place, but maleic anhydride
is immediately hydrolyzed to maleic acid (Table 5, entry 3).
Furthermore, MeCN as a solvent performed poorly unless
NaCl was added (Table 5, entries 4 and 5). EtOAc showed the
best performance, and the presence of NaCl had no effect
(Table 5, entries 6 and 7). Other non-alcohol solvents like THF,
DMSO and cyrene were also tested, but resulted in low yields
(Table 5, entries 8-10).

After identifying the optimal solvent, we focused on deter-
mining the ideal catalyst loading, particularly the optimal
TEMPO/Fe(NO;); ratio. Interestingly, previous research®” indi-
cated that a 1:1 ratio of TEMPO to Fe(NO;); was not always
optimal, with a 5 mol%/2.5 mol% ratio yielding better results
than a 5 mol%/5 mol% ratio in acetonitrile. To address this
issue, a full catalyst ratio screening was conducted in EtOAc.
Starting with a 5 mol%/5 mol% ratio, we observed that increas-
ing the loading to either 5 mol%/10 mol% or 10 mol%/
5 mol% did not lead to a significant increase in yield.

o) o] O_o o)
O,, 0O,,
1 Methylene blue 3 TEMPO, 2
Fe(NO3)3*9 Hzo
Fig. 5 This work: a two-step continuous flow process to synthesize MA 2.
Table 4 Reaction optimization of the singlet oxygen oxidation of FUR 1 towards HFO 3
O (0] O o (0]
| , - Donl”
WH - __>—OH N
1 Methylene blue (0.5 mol%), O, (17 bar), 3 5

MeOH, 625 nm (100W), rt

Entry Pump flow rate (ml min™") 0, flow rate (mly min™") Residence time (min) Conv. 1 (%) Yield 3¢ (%)
1 1.5 20 10 87 79

2 1 13.33 15 95 94

3 0.75 10 20 100 100

% Conversion and yield determined via quantitative HPLC analysis.
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Table 5 Solvent screening for the aerobic oxidation of HFO 3 to MA 2
in batch
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Table 6 Temperature screening for the aerobic oxidation of HFO 3 to
MA 2 in batch

O, (atm)
o TEMPO (10 mol%),
\]»\0% Fe(NOs); *9 H,0 (5 mol%),  Ox,_0
oH - Uo
< =
Solvent, rt
3 2
NacCl Reaction Yield 2 “

Entry Solvent (mol%) time (h) (%)

1 MeOH — 2 0
4,5 0

2 EtOAc/MeOH (99/1) — 2 4
45 8

3 H,0 — 2 0
4,5 0

4 MeCN — 2 14
45 23

5 MeCN 25 2 45
4,5 62

6 EtOAc — 2 60
45 80

7 EtOAc 25 2 63
4,5 78

8 THF — 2 10
45 21

9 DMSO — 2 0
4,5 0

10 Cyrene — 2 0
45 0

“Based on 'H-NMR analysis, no by-products were detected, and the
yield of MA was found to be equal to the conversion of furfural when
verified using an internal standard. Thus, the yield was estimated
using the following formula: yield = MA/(FUR + MA) via "H-NMR
analysis.

Therefore, we concluded that in EtOAc, a catalyst ratio of 1:1
is optimal and a 7.5 mol%/7.5 mol% loading was used in the
following experiments (Fig. S15, ESIt).

In the next step of the optimization process, temperature
variation was evaluated. It was hypothesized that, if the reac-
tion is O, limited, lowering the temperature might positively
affect the oxidation reaction due to an increased oxygen solubi-
lity. However, the reaction was significantly attenuated at 0 °C.
In TEMPO-mediated oxidations of primary alcohols to ali-
phatic aldehydes, careful temperature control is recommended
due to the potential risk of overoxidation to carboxylic acids at
higher temperatures.*> However, the butanolide system 3 dis-
plays little risk of overoxidation in its ring-closed form. As
such, we found that increasing the temperature significantly
accelerated the reaction rate, resulting in a 90% yield in just
30 minutes with little to no side product formation (Table 6).
This significant decrease in reaction time paves the way for
implementing a continuous flow process.

Continuous flow optimization of TEMPO-mediated oxidation
of HFO to MA

Working with oxygen at higher temperatures presents several
challenges. Since oxygen solubility decreases with increasing

This journal is © The Royal Society of Chemistry 2025

O, (atm)
TEMPO (7,5 mol%)

Ox-0 Fe(NO3);*9 H,0 (7,5 mol%)  Ox_0
OH - \]\;):o
< e
3

EtOAc, Temp.

Entry Temperature (°C) Reaction time (h) Yield 2 ¢ (%)
1 0 2 14
4,5 15
2 25 2 73
4,5 97
3 50 0,5 90
1 100

“Based on 'H-NMR analysis, no by-products were detected, and the
yield of MA was found to be equal to the conversion of furfural when
verified using an internal standard. Thus, the yield was estimated
using the following formula: yield = MA/(FUR + MA) via 'H-NMR
analysis.

temperature, maintaining a constant supply of oxygen in a
batch setup can be difficult due to the limited headspace and
the limited interphase surface area. In contrast, a continuous
flow setup offers a more elegant solution. By using a reaction
mixture-oxygen Taylor flow, it ensures a consistent supply of
oxygen which is readily taken up by the mixture due to the
high interphase surface area while also allowing for safe oper-
ation at higher pressures and temperatures. In a continuous
flow system, temperatures can be substantially increased com-
pared to batch processes because the back pressure exerted on
the reaction mixture raises the solvent’s boiling point, allowing
it to remain in a liquid state even above its atmospheric
boiling temperature. It was observed that at 70 °C, a 98% con-
version could be achieved in just 15 minutes, while at 50 °C it
takes 30 minutes to achieve 98% conversion. Increasing the
temperature to 100 °C further accelerated the reaction rate, but
this temperature could not be utilized due to reproducibility
issues (Table 7, entries 1-3). The final step was to increase the
product concentration to enhance productivity. It was observed
that higher concentrations led to improved yields within the
same reaction time (Table 7, entry 4). At a concentration of 0.2
M, it was observed that the catalyst loading could be lowered
to 2 mol% while still maintaining near-quantitative yield after
15 minutes (Table 7, entries 5-7). However, further reducing
the catalyst loading resulted in incomplete conversion
(Table 7, entry 7).

Continuous flow oxidation of FUR to MA without intermediate
purification

A final step to minimize waste production is to directly link
the two reaction steps without performing intermediate purifi-
cation. Since the first oxidation step from FUR to HFO does
not produce any side products, the only potential impurity in
the second oxidation is methylene blue, which should remain

Green Chem., 2025, 27, 5063-5072 | 5069
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Table 7 Continuous flow optimization of the aerobic oxidation of HFO 3 to MA 2

O

o}
Lo
N

0, (17 bar), EtOAc,
3 TEMPO, 2
Fe(NO3)5*9 H,0

Conc. Cat. loading Reaction mixture Oxygen Conversion
Entry (™M) (mol%) flow (ml min™") flow (mly min™?) Temp. (°C) RT (min) 3% (yield 2) (%)
1 0.05 TEMPO (7.5) 1.4 16 50 5 58 (58)
Fe(NO5); (7.5) 0.7 8 10 68 (68)
0.23 2.66 30 98 (96)
2 0.05 TEMPO (7.5) 1.4 16 70 5 69 (69)
Fe(NO;); (7.5) 0.7 8 10 86 (84)
0.47 5.33 15 98 (98)
3 0.05 TEMPO (7.5) 0.7 8 100 10 92 (92)
Fe(NO3); (7.5)
4 0.1 TEMPO (7.5) 1.4 16 70 5 99 (98)
Fe(NO5); (7.5) 0.7 8 10 100 (100)
5 0.2 TEMPO (3.75) 2.8 32 70 2.5 72 (72)
Fe(NO;); (3.75) 1.4 16 5 98 (97)
6 0.2 TEMPO (2) 1.4 16 70 5 57 (57)
Fe(NOs); (2) 0.47 5.33 15 97 (97)
0.23 2.66 30 100 (99)
7 0.2 TEMPO (1.5) 0.23 2.66 70 30 93 (92)
Fe(NO3); (1.5)
“Yield and conversion are determined via "H-NMR analysis with mesitylene as internal standard.
EtOAc
o O

O, (17 bar), MeOH
1 Methylene blue (0.5 mol%), 32

20 min 100% yield

0}
o
\
0, (17 bar), EtOAc

TEMPO (2 mol%), 2°

Fe(NO3)3*9 Hy0 (2 mol%), 99% HFO 3 conversion
70°C, 30 min 98% yield

Fig. 6 Continuous flow oxidation of FUR 1 to MA 2 without intermediate purification. ? Yield is determined via quantitative HPLC analysis after first
reaction step. ? Yield and conversion are determined via *H-NMR analysis with mesitylene as internal standard which was added after the first reac-

tion step.

inactive if shielded from light. However, it is crucial to comple-
tely evaporate MeOH before dissolving the reaction mixture in
EtOAc for the second reaction step, as even small amounts of
MeOH were found to completely halt the reaction (Table 5,
entry 2). It was observed that the reaction with the unpurified
intermediate still resulted in a high yield of 98% maleic anhy-
dride (Fig. 6).

Conclusions

This study provides valuable insights into the O," oxidation of
furfural, underscoring the critical role of solvent choice in
product selectivity and offering a detailed overview of the
product range. It concludes that a one-step singlet oxygen oxi-
dation of furfural to maleic anhydride is inefficient due to low

5070 | Green Chem., 2025, 27, 5063-5072

selectivity, but in the process, valuable insights in the poten-
tial reaction mechanism of O, furfural oxidation were found.
Instead, an existing two-step pathway has been optimized to
create a highly selective, productive, and scalable route
towards maleic anhydride in a green manner. It should be
noted that the solvents used in the pathway, are both classified
as ‘recommended’ according to the CHEM21 selection guide
of classical- and less classical-solvents.*® In the process, both
reaction steps utilize catalysts, with oxygen being the only
reagent used in stoichiometric amounts. Unlike previous
methods, this approach avoids excessive heating, as the first
step is conducted at room temperature and the second step at
just 70 °C. This method minimizes waste by eliminating the
need for intermediate purification between the reaction steps.
A final enhancement achieved by utilizing continuous flow is
the improved safety when operating under higher pressures.

This journal is © The Royal Society of Chemistry 2025
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