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ABSTRACT: Furanic compounds have long been known as products that can be formed from carbohydrates in high yields. The 
need for forming organic precursors and fuels from renewable reactants has hence revitalized the interest in the conversion of furanic 
precursors to prospective industrial monomers, including acids, diacids, anhydrides and lactones. These precursors can be formed 
from furfural in oxidative pathways that are catalyzed by Lewis or Brønsted acids. Only recently, strategies to achieve high selectivity 
to desired products under mild conditions have emerged. These conditions remain discovered by serendipity and screening, as the 
pathways in the oxidative upgrading of furanics remain poorly understood and controversially discussed. To enable a rational basis 
for improving the conversions of furanic compounds, we conduct an extensive mechanistic and kinetic study of the oxidation path-
ways using hydrogen peroxide in Brønsted acidic medium. Specifically, we employ various types of time-resolved in situ nuclear 
magnetic resonance (NMR) spectroscopy to gain insights into pathways, reaction mechanisms, energetics, and kinetics. Spin polari-
zation-enhanced (hyperpolarized) NMR using furfural substrate is used to elucidate the controversial initial steps channeling furfural 
into the oxidative pathway. With this approach, a reliable kinetic model is derived that accounts for the time course of twelve main 
chemicals in the reaction cascade towards at least four principal competing products. The approach sheds unprecedented light on the 
pathways and their control. Divergent steps that decide the product composition are identified through diligent experimentation, and 
distinct responses to reaction conditions at these branch points are shown to control selectivity for the competing products.  

INTRODUCTION 
Future society will depend on the sustainable produc-

tion of organic chemicals as precursors and fuels. To date, 
the vast majority (95%) of organic chemicals used in the 
chemical industry remains sourced from fossil fuels.1–4 
The energy and transportation sector is projected to in-
crease to a daily consumption of crude oil of 116 million 
barrels (18.4 billion liters) per day by 2030.5 Already to-
day, the global annual fossil emissions surpass 36.8 bil-
lion metric tons of carbon dioxide, and the numbers are 
increasing.6 Renewable biomass is a potential future re-
source for both fuels and polyfunctional building blocks. 
Specifically, carbohydrates can be cheap substrates in 
pure form and are hence promising renewable substrates 
for materials and energy demands of the future.7 Amongst 
the conversion routes of carbohydrates to other chemi-
cals, the conversion to substituted furans is arguably most 
widely explored. Such furans include furfural derived 
from pentoses that are abundant in hemicellulose, and hy-
droxymethyl furfural derived from hexoses such as 

glucose, the principal monomer constituent of cellulose. 
These furanic compounds are promising precursors and 
platform chemicals that are currently investigated by ac-
ademic and industrial groups for their use in various ap-
plications, including the conversion to polymer building 
blocks by oxidation or reduction reactions.8–12 For in-
stance, increasingly benign processes have been identi-
fied for the oxidative conversion of furfural to lactones 
and diacids.9,13–19 Multifunctional organic acids including 
the C4 acids maleic acid, fumaric acid and succinic acid 
may thus be derived from routes to polymer building 
blocks that do not depend on petrochemicals.20 

Surprisingly, both the routes for the conversion of car-
bohydrates to furanics and the routes for the upgrading of 
furanics to polymer building blocks have remained con-
troversial, although these conversions have been studied 
since the 19th century.21,22 The insufficient understanding 
of these routes impedes the rational development of a car-
bohydrate-based bioeconomy and optimized reaction 
conditions remain detected via serendipity. For instance,  
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Scheme 1: Previously proposed pathways for the acidic oxidation 
of furfural: a) oxidation to furoic acid followed by decarboxylation, 
b) epoxidation followed by ring-opening, c) Baeyer-Villiger oxida-
tion followed by hydrolysis. Adapted from reference 19, available 
under an ACS AuthorChoice License. Copyright 2020 Y. Lou, S. 
Marinkovic, B. Estrine, W. Qiang, and G. Enderlin. 

the conversion of furfural with hydrogen peroxide in for-
mic acid was described only rather recently as a particu-
larly efficient process for the conversion of furfural to ma-
leic acid under operationally simple and mild condi-
tions.13 Controversially discussed transformation path-
ways of furfural in the presence of hydrogen peroxide and 
acid are compiled in Scheme 1. The plausible pathways 
can be classified into (i) conversion into furoic acid fol-
lowed by subsequent decarboxylation (Scheme 1a),23 (ii) 
epoxidation of furfural followed by ring-opening 
(Scheme 1b),23 and (iii) Baeyer-Villiger oxidation of fur-
fural followed by hydrolysis (Scheme 1c).14 Each of these 
pathways culminates in the formation of maleic acid,19 
while other conditions can favor succinic acid or 2(5H)-
furanone as the primary products (Scheme 1).10,14,24 

The principal challenge for rational reaction improve-
ment is that short-lived intermediates in chemical reac-
tions often remain difficult to detect and identify.25,26 This 
limitation can be especially severe for reaction cascades 
that proceed via extended pathways entailing several in-
termediates that are converted spontaneously in subse-
quent steps. In order to distinguish and identify organic 
chemicals in ongoing reactions under such conditions, in 
situ Nuclear Magnetic Resonance (NMR) spectroscopy 
has emerged as a powerful tool for insight into reaction 
mechanisms, energetics, and kinetics.27–32 While in situ 
NMR spectroscopy can provide insights into structural 
conversions and reactivities along complex reaction cas-
cades,33–36 it has its limitations in detecting and character-
izing transient species due to its low sensitivity. These 
challenges have been recently addressed by dissolution 
Dynamic Nuclear Polarization NMR (dDNP NMR) spec-
troscopy, a technique that provides a transformative ap-
proach to investigating short-lived substances.37–40 Ini-
tially devised for biomedical imaging, the potential of 

dDNP NMR has only sporadically been used to gain in-
sight into pathways with relevance to sustainable chemis-
try.36,38,41,42 dDNP NMR benefits from the temporary re-
distribution of nuclear spin states by transferring spin or-
der (viz. spin polarization) from electron spins of a doped 
stable radical species to the nuclear spins of a target sub-
strate by microwave irradiation. In this manner, the sen-
sitivity of NMR measurements can be temporarily en-
hanced by a factor of 10,000 or more on a seconds to low 
minutes timescale.40,43–45 Previous to this study, this ap-
proach had not been established for enhancing the sensi-
tivity in furfural probe molecules to examine their con-
version. 

Here, we explore the kinetics and mechanism of the 
acid-catalyzed oxidation of furfural with hydrogen perox-
ide. Complementary timescales for dDNP NMR and con-
ventional NMR were used to clarify the initial controver-
sial steps channeling furfural into the pathways and diver-
gent steps that decide the product composition, respec-
tively. Extensive use of pure intermediates as reaction 
probes was used to clarify the pathways. A reliable kinetic 
model was derived that accounts for the time course of 
twelve main chemicals, which were experimentally ob-
served in the reaction cascade and included previously 
elusive intermediates. Clarifications of the hitherto con-
troversial mechanisms include direct insight into the for-
mation of transient furan-peroxy adducts before, and fu-
ran-esters after, an initial Baeyer-Villiger oxidation. Sub-
sequent branching steps show distinct responses to reac-
tion conditions and control selectivity for the competing 
products, including unanticipated regimes such as those 
favoring the formation of the C3 diacid malonic acid. 
Hence, the results can support improved product control 
in the upgrading of furanic compounds based on detailed 
knowledge of branching pathways, their products, and re-
action control near the branch points. 

MATERIALS AND METHODS 
Chemicals. Furfural (99%) and 5-hydroxy-2(5H)-

furanone were purchased from ThermoScientific (Wal-
tham, MA, USA). The diacids succinic acid (99%), malic 
acid (95-100%), and malonic acid (99%) were all pur-
chased from Sigma Aldrich (St. Louis, MA, USA), and 
maleic acid (99%) were purchased from Ferak Berlin 
GmbH (Berlin, Germany). 2(5H)-furanone (98%), furan 
(98%), and deuterated water (D2O) were likewise pur-
chased from Sigma Aldrich. Hydrogen peroxide (>30%) 
and sodium bisulfite were purchased from Fischer Scien-
tific, and formic acid (99-100%) was purchased from 
VWR. Acetic acid-d4 (99.5%) was purchased from Cam-
bridge Isotope Lab (Cambridge, UK).  

General Reaction Procedures. For a typical in situ 
13C NMR experiment, the starting material of interest 
(125-165 µmol) was added to an Eppendorf tube contain-
ing 400 µL of a solution of formic acid (10% in deminer-
alized water, (v/v)). From the mixture, 410 µL was added 
to a 5 mm NMR tube fitted with a D2O lock tube and a 
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vented lid to avoid overpressure from the CO2 produced. 
Immediately before the start of the NMR experiment, 100 
µL of >30% H2O2 was added to the NMR tube and the 
solution was whirlmixed.  

For a typical ex situ 13C NMR experiment, the starting 
material of interest (4 mmol) was added to a 25 mL round-
bottomed flask fitted with a magnetic stirrer containing 8 
mL of a formic acid solution (10% in water (v/v)). To this 
mixture, 2 mL >30% H2O2 was added, and the flask was 
sealed with a septum fitted with a cannula (to avoid over-
pressure from the CO2 produced) and heated in an oil-
bath at the desired temperature (typically 40 °C). At given 
time points, 500 µL of the reaction mixture was with-
drawn and transferred to a 5 mm NMR tube fitted with a 
D2O lock tube. 

NMR Spectroscopy. In situ NMR spectra were ac-
quired on an 800 MHz Bruker (Fällanden, Switzerland) 
Avance III instrument equipped with an 18.7 T magnet 
and a 5 mm TCI cryoprobe. The time-resolved reaction 
tracking was conducted by implementing a time series of 
1D 13C NMR spectra (zgig30) as a pseudo-2D experi-
ment. An inter-scan relaxation delay d1 of 1.5 s was used, 
and 200–512 transients of the FID were accumulated, 
subject to the sensitivity required. The FID was sampled 
during an acquisition time of 0.68 s. 1H-13C HSQC, 1H-
13C HMBC, and 1H-1H TOCSY were employed for struc-
ture determination and chemical shift assignments. Ex 
situ 1D 13C NMR Spectra were acquired on a 400 MHz 
Bruker Avance III HD NMR instrument equipped with an 
Ascend magnet and a BBO Prodigy probe. All spectra 
were acquired and processed using Bruker Topspin 3.5 
pl6 and analyzed using Bruker Topspin 3.5 pl6 or 4.3.0. 
Integrals of signals for the detected species were extracted 
from pseudo-2D experiments using the Dynamics module 
of the same software. Minor fluctuations in the overall 
carbon balance in all experiments were observed (5-15% 
deviation) due to non-complete inter-scan relaxation dur-
ing data accumulation. Hence, the overall carbon signal 
during the reaction was normalized prior to fitting, to 
honor mass conservation and reduce errors imparted by 
the relaxation behavior of the observed chemicals. No 
discoloration or polymerization was observed in the sam-
ples. 

dDNP NMR Spectroscopy. A substrate sample stock 
solution was prepared from a mixture of furfural at natu-
ral isotope abundance (150 µL, 174 mg, 1.82 mmol) and 
PEG 400 (150 µL, 169.5 mg), which was doped with trityl 
radical AH111501 (GE Healthcare, Mw = 1595 g/mol, 
16.8 mg for 35 mM). 115 mg of the furfu-
ral/PEG400/radical solution was hyperpolarized in a 
Spin-Aligner 6.7 T polarizer (Polarize ApS). After build-
up of hyperpolarization for 1 hour, the sample was dis-
solved in 5 ml MilliQ water. The concentration of furfural 
after dissolution was 121 mM. The dissolved hyperpolar-
ized furfural was collected in a 50 mL receiver container 
at the polarizer and 1 mL was drawn into a 1 mL syringe. 

This hyperpolarized substrate solution was rapidly trans-
ferred to the NMR magnet, where the hyperpolarized so-
lution was manually injected into the NMR tube via an 
inlet line (with 700 µL of void volume). For reaction 
tracking on the seconds time scale, 300 µL hyperpolar-
ized solution was injected into a mixture of 240 µL formic 
acid (50% in water (v/v)) and 60 µL hydrogen peroxide 
(>30% in water (v/v)) residing in the NMR instrument at 
37 °C, resulting in a final temperature near 40 °C upon 
injection of furfural dissolved in hot buffer. NMR spectra 
were recorded as a time series of 13C spectra implemented 
as a pseudo-2D experiment on a Bruker 500 MHz 
AVANCE NEO spectrometer equipped with a 5 mm DCH 
cryoprobe. After injection of the hyperpolarized furfural, 
the time series of 13C NMR spectra was recorded using a 
nominal pulse angle of 10° and 1.5 s time resolution.  

Kinetic Model Fitting. The reaction scheme devel-
oped for kinetic modeling encompassed twelve molecular 
species, including only detectable products and interme-
diates. Due to the large surplus of hydrogen peroxide and 
formic acid, all reaction steps were considered pseudo-
first order. Consequently, the rate (ri) of each reaction was 
assumed to solely depend on the respective rate constant 
(k) and reactant concentration (C), as shown in Equation 
1. Signals from the 13C NMR experiment were converted 
to molar concentrations.  

(1) 𝑟! = 𝑘!𝐶" 
The general molar (n) balance in the solution volume 

(V) can be described with Equation 2, while the differen-
tial equations of each individual compound (j) can be 
found in the Supplementary Information.  
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The set of ordinary differential equations representing 
molar balances were solved using the Runge-Kutta 2-3 
algorithm in Matlab 2018 to predict concentration pro-
files over time. 

The reaction rate constants were estimated by regres-
sion analysis, where profiles of time-dependent concen-
trations derived from 13C NMR integrals were fitted, 
hence minimizing the objective function (Equation 3 be-
low) using Nelder Mead method. 
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Experimental Procedure for the Synthesis of 
2(3H)-Furanone. To a 250 mL round-bottom flask fitted 
with a magnetic stirrer furfural (5.0 mL, 60.36 mmol, 1.0 
equiv.) and formic acid (10% in H2O (v/v), 120 mL, 
318.19 mmol, 5.3 equiv.) were added, and the mixture 
was mixed until homogenized. Hydrogen peroxide (>30% 
in H2O, 30 mL, 293.70 mmol, 4.9 equiv.) was added to 
the mixture, and the resulting solution was stirred at 40 
°C in an oil bath. After 45 minutes, the solution was 
cooled to room temperature, extracted three times with 
dichloromethane (3´40 mL), the combined organic layers 
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dried with anhydrous MgSO4, filtered, and volatiles re-
moved in vacuo. This work-up resulted in 5.4 g of a mix-
ture of furfural and 2(3H)-furanone (~3:1 furfural/2(3H)-
furanone). Next, acetone (10 mL) was added to the mix-
ture, and the solution was poured into a 100 mL separa-
tory funnel. A saturated sodium bisulfite solution (20 mL) 
and dichloromethane (20 mL) were added to the separa-
tory funnel. Upon shaking, addition of water (20 mL) and 
further shaking, the phases separated well and were col-
lected. Saturated sodium bisulfite solution (20 mL) was 
added to the organic layer. Upon shaking, addition of wa-
ter (20 mL) and further shaking, the separate layers were 
collected. The organic layer was extracted with water (20 
mL) to remove any remaining sodium bisulfite, prior to 
drying with anhydrous MgSO4, filtration, and removal of 
the volatiles in vacuo, to yield 2(3H)-furanone (3). Puri-
fied 2(3H)-furanone (3) was found to spontaneously 
isomerize to 2(5H)-furanone (4) at room temperature on 
a time scale of days. Due to its spontaneous isomerization 
to 2(5H)-furanone (4), 2(3H)-furanone (3) was used as a 
substrate directly after purification and was stored at -18 
°C for improved shelf-life. 

RESULTS AND DISCUSSION 
Suitable reaction conditions and assignments of 

molecular species using ex situ NMR. A wide range of 
homogeneous and heterogeneous acids were previously 
used to catalyze the conversion of furfural in the presence 
of oxidant. Due to their operational simplicity, we fol-
lowed approaches using reaction media encompassing 
aqueous hydrogen peroxide as the oxidant and homoge-
neous Brønsted acids as catalysts. Specifically, the com-
bined use of formic acid and hydrogen peroxide was ra-
ther recently described as an operationally simple prom-
ising medium for the quantitative and selective oxidation 
of furfural to maleic acid.13 We hence set out to determine 
the principally accessible pathways in the formic acid-
catalyzed oxidation of furfural as an initial step towards 
controlling activity and selectivity in the pathway. To this 
end, we chose to employ in situ 13C NMR spectroscopy 
in addition to multidimensional and hyperpolarized NMR 
for a time-resolved tracking of the reaction pathways.  

Initially, we identified mild reaction conditions that 
afforded full furfural conversion within 3 hours. We con-
ducted a time series of conversions using approximately 
5 equivalents of formic acid and hydrogen peroxide rela-
tive to furfural (0.5 M) at 40 °C in an oil bath under stir-
ring. One-dimensional 13C NMR spectra were acquired at 
discrete time points (Figure 1), where the deshielded ole-
finic and oxidized carbons are shown as structural report-
ers of twelve main chemicals. These signals were as-
signed to the chemical structures shown in Figure 1 by 
rapidly subjecting the samples to high-field heteronuclear 
assignment spectra including 1H-13C HSQC and 1H-13C 
HMBC spectra. Careful experimentation and analysis al-
lowed the distinction of hydrates and hydroperoxy ad-
ducts of the aldehyde groups present in the substrate and 

in some of the emerging intermediate species. Furfural 
was found to rapidly form a hydroperoxy adduct (63% 
relative to furfural, Figure S1), while no significant 
amounts of a hydrate form were found. The formation of 
hydroperoxy adducts over hydrates can be explained by 
the α-effect: increased nucleophilicity and reactivity of 
hydrogen peroxide oxygen relative to water results from 
the adjacent lone-pair-bearing atom in hydrogen perox-
ide.46 The spectral assignments that were derived from the 
ex situ samples with the described approach are compiled 
in Figure 2 for the twelve molecular species 1–12. These 
compounds encompass 2(3H)-furanone (3), succinic acid 
(7), malic acid (9), and malonic acid (11) in addition to 
the hydroperoxide adducts of their semialdehydes (6, 8, 
and 10, respectively), which have not been previously ob-
served as pathway intermediates. NMR identifications of 
the peroxy adducts relative to hydrate forms in com-
pounds 8 and 10 followed the loss of symmetry at the al-
dehyde groups. Addition of hydroperoxide to the alde-
hyde group results in the formation of a stereogenic center 
at this group. Hydroperoxy adducts could hence be iden-
tified by the presence of signal doubling from diastereo-
meric forms of chemical 8 containing an additional stere-
ogenic center, and by non-equivalence of diastereotopic 
methylene protons in 6 (Figure S2), while these protons 
would be enantiotopic and hence chemically equivalent 
in the hydrate. All assignments were consistent with com-
putational predictions of 1H and 13C chemical shifts and 
with published experimental chemical shifts values, for 
the instances where published data were available. Over-
all, ex situ NMR on furfural oxidation in a formic acid/hy-
drogen peroxide medium at mild temperatures afforded  

 
Figure 1. 13C-NMR spectra (D2O lock tube, 25 °C) of furfural ox-
idation under stirring. Olefinic and oxidized carbons are shown as 
structural reporter groups of the displayed structures. The formic 
acid region is omitted for clarity. Reaction conditions: Furfural 
(333 µL, 4.02 mmol, 1 equiv.), hydrogen peroxide (>30%, 2.0 mL, 
19.58 mmol, 4.9 equiv.), and formic acid (10% in H2O, 8 mL, 21.21 
mmol, 5.3 equiv.) at 40 °C under stirring.  
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Figure 2. Full chemical shift assignments of 13C and non-labile 1H 
for compounds observed in the acidic oxidation of furfural. All as-
signments are consistent with computational predictions and with 
published values, where available.  

the detection and identification of previously elusive in-
termediates and indicated that a diverse set of products, 
including four dicarboxylic acid products, can be formed 
in competing pathways. Hence, the reaction pathways 
that were accessible in the conversion of furfural in for-
mic acid/hydrogen peroxide medium were more complex 
than initially anticipated. 

In situ NMR to clarify the temporal succession of 
the detected species. To gain insight into the sequential 
steps of furfural oxidation pathways, we undertook to es-
tablish an in situ reaction system. The in situ reaction sys-
tems contained minor modifications to the ex situ reaction 
system, as the absence of stirring in the NMR sample tube 
led to slower transformations, as expected.47 We hence 
found that an increase in formic acid and hydrogen  

 

Figure 3. Time series of in situ 13C-NMR spectra (201 MHz, D2O 
lock tube, 40 °C) in an ongoing reaction of a mixture of furfural 
(10.4 µL, 124.8 µmol, 1 equiv.), hydrogen peroxide (>30%, 100 
µL, 979.0 µmol, 7.8 equiv.), and formic acid (10% in H2O, 400 µL, 
1.06 mmol, 8.5 equiv.) showing the conversion of furfural to sev-
eral intermediates and products. A reference experiment in the ab-
sence of furfural showed that CO2 derived from the oxidation of 
formic acid to carbonic acid. 

peroxide concentrations (to 8 equiv. relative to furfural) 
was beneficial to ensure full conversion of furfural within 
few hours of reaction time and to provide sufficient con-
version of furfural along its viable conversion pathways. 
The conversion of furfural was tracked by acquiring a se-
ries of 1D 13C NMR spectra with a time resolution of 10 
minutes (Figure 3). Reactions were followed on an 800 
MHz NMR instrument equipped with a TCI cryoprobe to 
provide sufficient sensitivity for accurate quantification 
of chemicals along the transformation pathway and for 
the detection of transient species that accumulate to ap-
proximately 2 mM or more along the reaction pathway. 
Spectra were acquired with inverse gated decoupling to 
allow a reliable conversion of signal areas to molar con-
centrations.  

The in situ observation of furfural oxidation in formic 
acid/hydrogen peroxide medium further corroborated the 
structural identifications of Figure 2: identical time-
courses for the different carbon atoms in a specific mo-
lecular species validated their assignment to the same 
molecule. In this manner, time-dependent reaction pro-
gress data for compounds 1–12 were obtained using in 
situ 13C NMR spectroscopy in a sensitive experimental 
setup, and progress data could be converted to molar con-
centrations. 

Despite the complexity in the molecular pathways of 
furfural conversion observed using both ex situ and in situ 
NMR data, the observed species aligned best with the 
pathway of Scheme 1c, as compound 4 is unique to this 
pathway among the simplified pathways shown in 
Scheme 1. We however noted that despite the optimiza-
tion of the reaction scheme and the use of high-field NMR 
instrumentation with cryogenically cooled detection elec-
tronics, plausible intermediates of the pathway shown 
Scheme 1c were not directly detectable. This pathway 
channels furfural into the oxidative pathway through an 
initial Baeyer-Villiger oxidation. The formyl ester of fur-
fural (2a), 2-furanol (3a), and cis-β-formylacrylic acid 
(5a) were not detected using conventional in situ 13C 
NMR. Their absence suggested that these species were 
inherently short-lived under these reaction conditions. 
This is unsurprising for 2-furanol (3a) and cis-β-
formylacrylic acid (5a), as previous reports have indi-
cated their increased stability in isomeric forms 2(3H)-
furanone (3) and 5-hydroxy-2(5H)-furanone (5), respec-
tively.19,48 By contrast, the absence of the formyl ester of 
furfural (2a) can be rationalized, as acidic aqueous condi-
tions were conducive to fast hydrolysis and to obstructing 
the accumulation of the formyl ester of furfural to suffi-
cient concentrations for detection.  

These considerations would overall suggest that the 
liberation of formic acid from the formyl ester of furfural 
(2a) and the concurrent formation of 2-furanol, which 
rapidly tautomerizes to 2(3H)-furanone (3), result in the 
concurrent formation of formic acid and 3. In order to 
support these considerations, an in situ experiment was 
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conducted in acetic acid-d4 to observe the formation of 
formic acid during the reaction and compare it to the for-
mation of 2(3H)-furanone (3). The formation of formic 
acid as one of the initial products of furfural oxidation 
was indeed feasible in this manner. In addition, the result-
ant time-course data were indeed consistent with an initial 
concurrent formation of formic acid and (3) (Figure 4). 
This outcome indirectly substantiated the initial for-
mation and hydrolysis of the formyl ester of furfural. 

 
Figure 4. Reaction process curves of 2(3H)-furanone (red) and for-
mic acid (blue), displaying their concurrent and similar formation. 
Reaction conductions: Furfural (10.4 µL, 124.8 µmol, 1 equiv.), 
hydrogen peroxide (>30%, 100 µL, 979.0 µmol, 7.8 equiv.), and 
acetic acid-d4 (10% in H2O, 400 µL, 1.06 mmol, 8.5 equiv.), 40 °C. 

dDNP NMR supports initial Baeyer-Villiger oxida-
tion. Considering persistent controversial opinions about 
the earliest stages of furfural influx into oxidative path-
ways, we then chose to probe the initial steps of the path-
way using hyperpolarized NMR spectroscopy. To this 
end, a hyperpolarization protocol was established that al-
lowed the enhancement of furfural 13C nuclear spin polar-
ization by more than a factor of 10,000 using an approach 
known as dissolution dynamic nuclear polarization 
(dDNP). In this manner, furfural could be produced as a 
spin polarization-enhanced tracer in a dedicated polarizer 
(6.7 T magnet) by microwave-driven transfer of polariza-
tion from an electron dopant to furfural in a frozen glass.45 
Upon washing furfural out of the polarizer with hot sol-
vent, the hyperpolarized furfural was forcefully injected 
into a reaction medium residing in an NMR spectrometer 
equipped with cryogenically cooled detection electronics. 
This approach allowed the conversion of furfural to be 
monitored on a seconds to low minutes time scale to vis-
ualize the initial steps in its conversion by dDNP NMR. 

The dDNP NMR experiment was conducted with var-
ious reaction media to clarify the species that were ob-
served in the experiment (Figure 5). The hyperpolarized 
furfural was injected into water and into water containing 
formic acid, both of which resulted in identical spectra 

containing signals from furfural without indication of its 
conversion. The experiment was repeated with hydrogen 
peroxide in water as a reaction medium, resulting in the 
formation of the hydroperoxy adduct 2. Only the com-
bined presence of formic acid and hydrogen peroxide in 
aqueous reaction medium afforded the formation of an 
unknown species that emerged after the formation of the 
hydroperoxy adduct 2. This signal appeared at a 13C 
chemical shift of 159.6 ppm (Figure 5) and the nature of 
the dDNP NMR experiment using furfural as the hy-
perpolarized substrate dictates that the carbon signal de-
rives from hyperpolarized furfural. Comparison to the as-
signed chemical shift values in species 1–12 showed that 
this molecular species does not represent any of the mol-
ecules 1–12. This signal most plausibly originates from 
the formate-carbon of the formyl ester of furanol (2a), 
whose chemical shift was predicted with a stereochemi-
cally and conformationally aware deep learning calcula-
tor49 to 158.5 ppm. In addition to the hydroperoxy adduct 
of furfural and the formyl ester of furanol, the dDNP 
NMR experiment further detected the subsequent for-
mation of 2(3H)-furanone (3).  

Overall, the in situ NMR experiment employing acetic 
acid-d4 and the dDNP NMR experiment using vastly spin 
polarization-enhanced furfural substrate provide indirect 
and direct evidence of the conversion of furfural through 
a Baeyer-Villiger oxidation to the rapidly hydrolyzed 
formyl ester of furanol, resulting in the formation of 
2(3H)-furanone (3) upon tautomerization of furanol. 

 

 

Figure 5. dDNP NMR experiments of hyperpolarized furfural in 
formic acid and hydrogen peroxide (a), in the absence of hydrogen 
peroxide (b), in the absence of formic acid (c), and in water (d), 
showcasing the appearance of an unknown signal at 159.6 ppm, 
potentially originating from the formyl ester of furfural. Reaction 
conditions: 300 µL hyperpolarized furfural solution injected into a 
solution of 240 µL 50% formic acid or water, and 60 µL 30% H2O2 
at approximately 40 °C. 

Use of various substrates to clarify the provenance 
of compounds. Key intermediates in the ex situ and in 
situ reaction tracking of furfural oxidation in a formic 
acid/hydrogen peroxide medium included the furanones 
2(3H)-furanone (3), 2(5H)-furanone (4) and 5-hydroxy-
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2(5H)-furanone (5). These furanones have previously 
been suggested as promising precursors that can be ob-
tained from furfural with close to stochiometric amounts 
of oxidants.9,50 While 2(3H)-furanone (3) and 5-hydroxy-
2(5H)-furanone (5) were intermediates that were con-
verted with surplus hydrogen peroxide in our reactions, 
2(5H)-furanone (4) was considerably more stable in our 
ex situ and in situ reactions, to a degree that it could be 
characterized as a side product to the diacids even in the 
presence of 8 equiv. hydrogen peroxide.  

Considering their different stability in the complex re-
action medium, we undertook to explore the reactivity of 
furanones 2(3H)-furanone (3), 2(5H)-furanone (4) and 5-
hydroxy-2(5H)-furanone (5) as authentic substrates to 
clarify some routes in the oxidative conversion of furfural 
in a divide-and-conquer approach. Subjecting 2(5H)-
furanone (4) to formic acid/hydrogen peroxide medium at 
40 °C did not yield further conversion, and further con-
version was not even observed when increasing the tem-
perature to 60 °C and the concentration of formic acid in 
the solution to 77% (by employing 99% formic acid).  

Opposite to the stable 2(5H)-furanone (4), 2(3H)-
furanone (3) was not easily commercially available. We 
hence established a purification protocol for 2(3H)-
furanone (3) from the conversion of furfural in formic 
acid/hydrogen peroxide medium at 40 °C, as 2(3H)-
furanone (3) is a strongly accumulating intermediate un-
der the given reaction conditions. The reaction mixture 
was allowed to react for 45 minutes, and only 2(3H)-
furanone (3) and furfural (1) were present in considerable 
amounts after reaction workup, in addition to traces of 
2(5H)-furanone (4) (Figure S3). Isolating 2(3H)-furanone 
(3) from furfural (1) posed challenges due to similar boil-
ing points and Rf-values. Isolation was hence achieved 
through liquid-liquid extraction using saturated sodium 
bisulfite.51 An in situ experiment was conducted with the 
isolated 2(3H)-furanone (3) at conditions resembling 
those of the furfural oxidation (Figure 6). The transfor-
mation showed the unsurprising formation of succinic  

 

Figure 6. Time series of in situ 13C-NMR spectra (201 MHz, D2O 
lock tube, 25 °C) of a mixture of 2(3H)-furanone (10.0 µL, 140.3 
µmol, 1 equiv.), hydrogen peroxide (>30% in H2O, 100 µL, 979.0 
µmol, 7.0 equiv.), and formic acid (10% in H2O, 400 µL, 1.06 
mmol, 7.6 equiv.). 

acid (7) and the hydroperoxy adduct of its semialdehyde 
(6), but also the formation of both malic acid (9), malonic 
acid (11), and the hydroperoxide adduct of their semial-
dehydes, 8 and 10, respectively, as well as the formation 
of 2(5H)-furanone (4). By contrast, little to no formation 
of either 5-hydroxy-2(5H)-furanone (5) or maleic acid 
(12) was observed. These observations suggested that the 
formation of 5-hydroxy-2(5H)-furanone (5), and subse-
quently of maleic acid (12), occurred in competition with 
the formation of furanones 3 or 4.  

Finally, the use of 5-hydroxy-2(5H)-furanone (5) as 
the substrate yielded its conversion to maleic acid with 
high selectivity, while 2(3H)-furanone (3), 2(5H)-
furanone (4) and diacids beyond maleic acid were not ob-
served (Figure S4). It was surprising that the reaction 
starting from (5) did not yield malic acid (9). Intuitively, 
malic acid (9) could be a direct product of maleic acid 
hydration (12) in acidic environments. However, the ex-
periment surprisingly validated that malic acid (9) origi-
nated from a different pathway. Finally, the diacids suc-
cinic acid, malic acid, malonic acid, and maleic acid (7, 
9, 11 and 12) were subjected to the standard reaction con-
ditions in formic acid/hydrogen peroxide medium, which 
led to no conversion. This observation showed that these 
diacids were stable under the standard reaction conditions 
and constituted end products of different routes of furfural 
oxidation. 

For completeness, we finally subjected furoic acid to 
our standard reaction conditions in formic acid/hydrogen 
peroxide medium. Furoic acid did not show any signs of  

 

Figure 7. (a) Time series of in situ 13C-NMR spectra (201 MHz, 
D2O lock tube, 25 °C) in an ongoing reaction of a mixture of furan 
(12 µL, 165.0 µmol, 1 equiv.), hydrogen peroxide (>30% in H2O, 
100 µL, 979.0 µmol, 5.9 equiv.), and formic acid (10% in H2O, 400 
µL, 1.06 mmol, 6.4 equiv.). The reaction was conducted at room 
temperature due to the low boiling point of furan. (b) Plausible re-
action pathway. 
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rapid decarboxylation to furan and CO2, thus excluding a 
significant contribution of a pathway resembling Scheme 
1a with initial furfural oxidation to furoic acid. Instead, 
furan was used as the starting material to track its conver-
sion, as several sources have claimed that furan converts 
into maleic acid almost quantitatively (Figure 7).13,52 

Early stages of the reaction with furan were notably 
different from the furfural oxidation, yielding both an 
epoxidation product and 2,5-dihydroxy-2,5-dihydrofu-
ran, which were not observed in the conversion of furfu-
ral. However, the pathway converges with parts of the fur-
fural conversion pathway, as both 5-hydroxy-2(5H)-
furanone (5) and maleic acid (12) were observed. These 
observations further validated that maleic acid originated 
from 5-hydroxy-2(5H)-furanone (5). Interestingly, the re-
action products formed from furan resembled the prod-
ucts formed from 5-hydroxy-2(5H)-furanone (5) as the 
starting material. As for the reaction commencing from 
(5), the conversion of furan yielded maleic acid as the pre-
dominant product, but did not yield malic acid (9), as no 
hydration of maleic acid to malic acid occurred at signif-
icant amounts. Overall, the NMR analysis of reactions 
starting from commercial or purified chemicals that occur 
as intermediates in the furfural conversion yielded the 
conversions depicted in Scheme 2. 

 

 

Scheme 2. Reactions with the furanones 3 (a), 4 (b), and 5 (c), 
showcasing their conversion to different products indicating bifur-
cation in the acidic oxidation of furfural. Reaction conditions: 140 
µmol furanone, 100 µL >30% H2O2, and 400 µL 10% formic acid 
solution, 40 °C.  

Plausible mechanism for the acidic oxidation of 
furfural. The detection of early intermediates with hy-
perpolarized NMR and the discovery of the bifurcating 
reaction mechanism from various staring materials were 
incorporated into a plausible mechanistic model for the 
acidic oxidation of furfural based on direct real-time ob-
servations (Scheme 3). This proposed mechanism 

resembles initial expectations only in some regards. For 
instance, the formation of succinic acid (7) from 2(3H)-
furanone (3) in a weakly acidic environment and the for-
mation of maleic acid from 5-hydroxy-2(5H)-furanone 
(5) were expected from previous studies. By contrast, the 
observation of hydroperoxide adducts of the semialde-
hydes of the diacids (6, 8, and 10) as intermediates, albeit 
intuitively expected, was not previously reported. Addi-
tionally, it was unexpectedly found that malic acid (9) de-
rived from 2(3H)-furanone (3), rather than from the an-
ticipated addition of water to either the double bond in 
hydroperoxy maleic semialdehyde (5b) or maleic acid 
(12). Instead, we propose that performic acid (which is 
formed from the equilibrium between formic acid and hy-
drogen peroxide) epoxidates the double bond in 2(3H)-
furanone (3) followed by rapid hydrolysis to form malic 
semialdehyde and subsequent hydroperoxide addition to 
form 8, hence resembling the formation of the other diac-
ids. Less focus has been given to the formation of malonic 
acid (11) in the literature,20 making its significant appear-
ance among the products within the reaction mixture sur-
prising. The loss of an extra carbon in the formation of 
this C3 compound is plausibly achieved by a Baeyer-Vil-
liger oxidation resembling the initial conversion of furfu-
ral. We hence propose that 10 originates from a Baeyer-
Villiger oxidation of the hydroperoxy adduct of malic 
semialdehyde (8). Plausible arrow-mechanisms for the 
formation of maleic acid (12), succinic acid (7), malic 
acid (9), and malonic acid (11) are compiled in Scheme 
S1.  

 

 

Scheme 3. Plausible mechanism for the formic acid-mediated oxi-
dation of furfural (1) based on real-time observations. 

Kinetic fitting supports the proposed reaction 
mechanism. To probe the plausibility of the proposed re-
action pathways, kinetic fitting of time-dependent con-
centration profiles to the proposed branching pathways 
was performed. Concentration profiles were obtained 



 9 

from the in situ 13C NMR data. The kinetic fitting was 
based on the simplified reaction mechanism shown in 
Figure 8e, which only includes concentration data of the 
twelve quantified species. These determinations were 
based on the experiments shown in Figure 2, Figure 6, 
and Figure S4. The experimental data and fitted data plots 
are compiled in Figure 8. The resulting fitted data on the 
twelve observed chemicals (1–12) were in excellent 
agreement with the experimental data. Given the com-
plexity of the various conversion pathways, this con-
sistency arguably supports the proposed mechanism. 
Some minor issues remain with the treatment of the early 
intermediates 2 and 3, as these were transformed into the 
largest number of products (Scheme 3). Notwithstanding, 
the excellent fits obtained when employing 2(3H)-
furanone and 5-hydroxy-2(5H)-furanone as the starting 
materials (Figures 8b+c and 8d, respectively) confirm the 
plausibility of the later stages of the reaction that deter-
mine the composition of products. The fitting further ra-
tionalizes the distribution of the diacids downstream of 
branch points by kinetic control of competing reactions. 
Generally, all fitted rate constants were within a reasona-
ble range without outliers (Figure 8e). Hence, there was 
consistency between experimental data, fitting method 
and kinetic model, which considered twelve experimen-
tally observed species (1–12) whose conversion pathways 

were probed using pure intermediates and polarization 
enhanced furfural. Thus, this model incorporates an ex-
tensive set of reactions including new intermediates and 
should facilitate more accurate predictions of reaction 
outcomes relative to previous models. 

Intensification and rational improvement of furfu-
ral oxidation by acid/H2O2. We hence finally attempted 
to rationalize reaction control based on the mechanistic 
model of Scheme 3. To this end, we intensified the reac-
tion conditions and chose reaction conditions that were 
implicated with high selectivity towards the formation of 
maleic acid. These conditions included the use of more 
harsh conditions with respect to acid, oxidant, and tem-
perature. Specifically, the use of 100% formic acid, 30% 
hydrogen peroxide, and 60 °C was reported to provide 
high selectivity towards maleic acid.13 We therefore used 
these conditions to validate previous reports in our setup. 
The conditions indeed led to vigorous reactions that pre-
vented the observation of the short-lived intermediates 
crucial for elucidating the precise reaction mechanism us-
ing in situ NMR. Within 30 minutes of reaction time, ma-
leic acid (12) emerged as the primary product (79%), 
alongside 2(5H)-furanone (4) and 5-hydroxy-2(5H)-
furanone (5) as byproducts (6% and 15%, respectively).  
 

 

Figure 8. Experimental (●) and fitted (―) data plots of furfural (●), hydroperoxy furfural (●), 2(3H)-furanone (●), 2(5H)-furanone (●), 5-
hydroxy-2(5H)-furanone (●), hydroperoxy adduct of succinic semialdehyde (●), succinic acid (●), hydroperoxy adduct of malic semialde-
hyde (●), malic acid (●), hydroperoxy adduct of malonic semialdehyde (●), malonic acid (●), and maleic acid (●) based on (a) the furfural 
oxidation experiment in Figure 3, (b,c) the 2(3H)-furanone oxidation experiment in Figure 6, (d) the 5-hydroxy-2(5H)-furanone oxidation in 
Figure S4. The full set of integrals for experiments (a-d) is shown alongside fits in Figure S5. (e) Simplified reaction mechanism of the 
oxidation of furfural with calculated and fitted rate constants, including time-dependent concentration measurements of the compounds 
observed using in situ NMR experiments.
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Figure 9. (a) 1D 13C NMR spectra for end point experiments showing product distributions at different concentrations of formic acid in the 
acidic oxidation of furfural, employing concentrations of 10% formic acid (giving the total concentration of acid in solution the to be 8% 
v/v), 30% formic acid (23%), 50% formic acid (39%), 70% formic acid (54%), and 100% formic acid (77%). Conditions: furfural (33 µL, 
402 µmol), formic acid (800 µL, either 10%, 30%, 50%, 70%, or 100%), and hydrogen peroxide (>30%, 200 µL, 212 µmol), 40 °C, 24 h. 
(b) Product distribution after 24 hours for different concentrations of formic acid.

The presence of 2(5H)-furanone (4) indicated 
that the mechanism of Scheme 1 towards maleic acid was 
still valid. However, the conversion of the Baeyer-Villiger 
oxidation products to 5-hydroxy-2(5H)-furanone (5) 
seem vastly increased under harsh conditions (100% for-
mic acid, 30% hydrogen peroxide, 60 °C) relative to 
lower Brønsted acid and oxidant concentration as well as 
temperature. Thus, tautomerization of the transiently 
formed furanol to 2(3H)-furanone (3) and 2(5H)-
furanone (4) evidently is less pH-dependent than the oxi-
dation to 5-hydroxy-2(5H)-furanone (5). This observa-
tion was consistent with previous reports indicating that 
less acidic environments elicited a lower selectivity to-
wards maleic acid, but increased selectivity towards 
2(3H)-furanone (3) and subsequently succinic acid.10,14,24 
Overall, the influx of labile products formed by an initial 
Baeyer-Villiger oxidation into different furanones is gov-
erned by the Brønsted acidity of the reaction medium and 
accounts for the selectivity towards maleic acid under 
highly acidic conditions. These reactivity trends can be 
ascribed to more avid reactions of protonated furan rings 
with nucleophilic oxidant, and to the unsurprising faster 
hydrolysis of cyclic species in the presence of Brønsted 
acidity. 

To further confirm the observed selectivity to-
wards diacids, we decided to conduct an end-point study 
(24-hour reactions) at different concentrations of formic 
acid (Figure 9). Unsurprisingly, relative yields of maleic 
acid appeared to increase with increased concentration of 
formic acid. The relative yield of succinic acid was found 
to decrease with increased acid concentration, consistent 
with expectations. More surprising was the formation of 
malonic acid (11) as the main product for formic acid con-
centrations of 25-50% (v/v), reaching more than 55% 

selectivity in 40% (v/v) formic acid. Hence, an interme-
diate regime of acidity was identified that favors the for-
mation of the C3 diacid 11. Overall, formic acid concen-
trations proved to be suitable for favoring accumulation 
of succinic acid/2(5H)-furanone, malonic acid or maleic 
acid at low, intermediate, and high concentrations, respec-
tively. 

CONCLUSION 
Here, we provide a diligent mechanistic study of the 

homogeneous oxidation of furfural in acidic media using 
advanced NMR-spectroscopic techniques. The use of 
non-invasive high-resolution spectroscopy in the study of 
kinetics and mechanisms affords the detection, identifica-
tion and quantification of transient species by rapid anal-
ysis on a single sample. By employing both in situ and ex 
situ NMR spectroscopy, we were able to observe and 
characterize several short-lived intermediates and prod-
ucts by real-time observations, enhancing our understand-
ing of the reaction mechanism (as proposed in Scheme 3). 
The added sensitivity provided by dDNP NMR clarified 
initial elusive steps. 

We initially identified conditions that allow for the 
complexity of the acid catalyzed furfural oxidation to be 
tracked. In this manner, the detection and characterization 
of novel species, especially hydroperoxide adducts of 
semialdehyde intermediates, was achieved. The nucleo-
philicity of hydrogen peroxide and/or performic acid spe-
cies emerged as a key component in the oxidative conver-
sion of furfural. Using in situ 13C NMR spectroscopy, we 
observed the formation of diacids, including succinic acid 
(7), malic acid (9), and malonic acid (11), from the hy-
droperoxide adducts of their semialdehydes (6, 8 and 10). 
Furthermore, we were able to gain indirect and direct 
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indication of the formation of the formyl ester of furfural 
(2a) from a peroxy adduct of furfural. These insights were 
based on the concurrent formation of the furanone 3 and 
formic acid upon hydrolysis of the formyl ester of furfural 
2a, and by the detection of a novel molecular species in 
dDNP NMR that was formed later than the hydroperoxy 
adduct of furfural and prior to the furanone 3. 

The kinetic fitting of the reaction process as tracked 
by in situ 13C NMR spectroscopy was in excellent agree-
ment with the proposed reaction mechanism, considering 
the complexity of the mechanism. Model and rate con-
stants were derived from conventional NMR spectros-
copy under standard conditions, while dDNP NMR ob-
servations were used to validate the initial reaction steps. 
Importantly, our data suggested that the reaction mecha-
nism bifurcates into two separate routes depending on the 
reaction conditions. The formation of 5-hydroxy-2(5H)-
furanone (5) and subsequently maleic acid (12) outcom-
petes the formation of either of the furanones (2(3H)-
furanone (3) and 2(5H)-furanone (4)) at low pH values, 
resulting in a pH-dependent mechanistic outcome. High 
acid concentrations favor the formation of 5-hydroxy-
2(5H)-furanone (5) and maleic acid (12). Lower acid con-
centrations favored the formation of malonic acid (11), 
while even lower acidity led to a broader distribution of 
products, including succinic acid (7) and 2(5H)-furanone 
(4). Overall, the methods and findings of this study en-
courage the use of experimental studies for rationalizing 
mechanisms and control of selectivity in complex reac-
tion pathways. We believe that resultant molecular-level 
insight can be useful in supporting rational catalyst and 
process design, when transitioning to macroscopic indus-
trial scales.53–55  
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Furfural, which is easily formed from sugars, is a promising precursor for bio-sourced chemicals. The upgrading of furfural to 
these chemicals proceeds through controversially debated pathways. The combination of nuclear magnetic resonance spectros-
copy, spin hyperpolarization and kinetic modelling clarifies these pathways and their usage. 

 


