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ABSTRACT: Furfural and 5-hydroxymethyl furfural (HMF) are abundantly
available biomass-derived renewable chemical feedstocks, and their oxidation
to furoic acid and furan-2,5-dicarboxylic acid (FDCA), respectively, is a
research area with huge prospective applications in food, cosmetics, optics, and
renewable polymer industries. Water-based oxidation of furfural/HMF is a
lucrative approach for simultaneous generation of H2 and furoic acid/FDCA.
However, this process is currently limited to (photo)electrochemical methods
that can be challenging to control, improve, and scale up. Herein, we report
well-defined ruthenium pincer catalysts for direct homogeneous oxidation of
furfural/HMF to furoic acid/FDCA, using alkaline water as the formal oxidant
while producing pure H2 as the reaction byproduct. Mechanistic studies
indicate that the ruthenium complex not only catalyzes the aqueous oxidation
but also actively suppresses background decomposition by facilitating initial
Tishchenko coupling of substrates, which is crucial for reaction selectivity. With further improvement, this process can be used in
scaled-up facilities for a simultaneous renewable building block and fuel production.

■ INTRODUCTION

Owing to the negative consequences of fossil fuel use, intensive
research is ongoing, focusing on transitioning toward a
renewable framework for fuel and materials production.1−5

Furfural and 5-hydroxymethyl furfural (HMF) are chemical
feedstocks produced by hydrolysis of biomass waste.6−8

Because of their renewable nature, the synthesis of commodity
chemicals from furfural and HMF has garnered increasing
attention.9−12 Among many products obtainable from furfural
and HMF, their oxidation products, furoic acid and furan
dicarboxylic acid (FDCA), respectively, hold particular interest
(Figure 1A). Furoic acid has many applications including
plastic plasticizer, food preservative, pharmaceutical inter-
mediate, and FDCA precursor, and has potential applications
in optics technology because of its unique crystal properties,
with large-scale synthesis plants operated by multiple
companies.13−16 Similarly, FDCA is a promising renewable
alternative to terephthalic acid for polymers synthesis.17

FDCA-based renewable biopolymers often show improved
mechanical, thermal, and gas transport properties compared to
their terephthalic acid based counterparts found in the market
(Figure 1B),18,19 with the United States Department of Energy
identifying FDCA as 1 of the 12 priority chemicals for the
establishment of a green chemical industry in the future.20,21

Several companies started pilot plants for FDCA synthesis
from HMF over the past decade because of its growing market
in the polymer industry; however, the markedly different

approaches undertaken reflect the lack of an economically
optimized process for the desired synthesis.22

The most explored selective oxidative routes to access furoic
acid and FDCA from furfural and HMF use heterogeneous
catalysts, such as supported PbPt/C, Au, Ag2O/CuO, and
AuPd/Mg(OH)2, with excess oxidants (mainly high-pressure
oxygen or air).23−26 The process produces water as the side
product for HMF to FDCA conversion, which although
environmentally benign, does not hold any economic value.
Alternative oxidation methods such as electrochemical27−29

and bio30 -enzymatic31−34 oxidation of furfural and HMF to
furoic acid and FDCA have also been explored. Recent reports
have elegantly coupled H2 production from water with biomass
oxidation to (photo)electrochemically produce H2 and furoic
acid/FDCA from water and furfural/HMF mixture (Figure
1C).35−40 These photoelectrochemical systems, however,
require advanced specialized materials and can be challenging
to rationally improve. Besides, their large-scale implementation
can be difficult because of the need for sophisticated
infrastructures and low working concentrations.41
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In contrast to the explored heterogeneous, biological,
enzymatic, and (photo)electrochemical processes, catalytic
homogeneous systems for furfural and HMF oxidation are
extremely limited. The use of well-defined homogeneous
complexes for furfural/HMF oxidation is challenging because
of the facile substrate decomposition pathways at high
temperatures in alkaline/aerobic conditions leading to the
formation of polymeric products (Figure 1D).42,43 Goldberg
and co-workers have reported complexes that are active in
catalyzing the aqueous reforming of other aldehydes to acids,
but display minimal activities when furfural/HMF is used as a
substrate.44,45 Interestingly, Nakajima and co-workers have
recently reported an N-heterocyclic carbene organocatalyst for
furfural to furoic acid conversion in the presence of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) base, which use O2 as
the oxidant, but can only partially oxidize HMF to 5-
hydroxymethylfurancarboxylic acid intermediate.46

Herein, we report the catalytic homogeneous oxidation of
furfural and HMF to furoic acid and FDCA, respectively, using
alkaline water as the formal oxidant. The reaction is catalyzed
by well-defined ruthenium complexes with acridine-based PNP
pincer ligands47,48 and generates pure H2 gas as the reaction
byproduct. Mechanistic studies indicate that the Ru complexes
not only catalyze the substrate oxidation to acid but also
induce rapid substrate disproportionation in the initial hour,
which is crucial in preventing substrate decomposition. Further
reaction involves the dehydrogenative oxidation of the
generated alcohol by water (Figure 1E). The scalability of

the process is demonstrated by carrying out a gram-scale
reaction. Notably, the system can theoretically produce up to a
substantial 3.48 wt % H2 when HMF is used as a substrate and
LiOH as the base if a neat system is developed, generating
both renewable fuel and material precursors in one simple
homogeneous process.

■ RESULTS AND DISCUSSION

Furfural Oxidation to Furoic Acid. Catalyst Screening.
Our investigation started by exploring the aqueous furfural
oxidation to furoic acid in the presence of the Ru-PNN
bipyridyl complex 1 (Figure 2A), which is reported by us to
catalyze aqueous dehydrogenative oxidation of alcohols to
carboxylic acid salts by alkaline water (Table S1, Supporting
Information).49 However, attempts toward aqueous oxidation
of furfural at 135 °C by complex 1 (1 mol %) in 1,4-dioxane/
alkaline water resulted in complete decomposition of furfural
with no generation of H2 or furoic acid. A control reaction
revealed that furfural is prone to degradation at elevated
temperature under the reaction conditions, even without any
catalyst. We subsequently screened several ruthenium-based
pincer complexes developed in our group for the desired
dehydrogenative oxidation reaction. However, all efforts
involving complexes 1−4 resulted in substrate decomposition
with no significant gas generation (Figure 2A). In the case of
the Ru-PNNBPyPh complex (5), the furfural decomposition
rate slowed down, obtaining the acid and alcohol as the
reaction products, however, with only a small amount of H2

Figure 1. Different aspects of furfural and HMF oxidation to furoic acid and FDCA. (A) Chemical equations with previous approaches. (B)
Bioplastics (PEF and PPF) derived from FDCA. (C) HMF oxidation by water to FDCA with H2 evolution with previous and new approach. (D)
Challenges faced in this study and its circumvention. (E) Relevant ongoing catalytic aqueous oxidation reactions during the process.
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generated (8%) (Table S1, entry 7). Remarkably, the acridine
PNP complex 6 catalyzed the reaction with high H2 (80%)
yield and furoic acid (87%) yield (Table S1, entry 8). GC
analysis of the generated gas mixture showed only H2 gas with
no CO contamination, suitable for its use in a proton-exchange
membrane (PEM) fuel cell without further purification.
Optimization of the catalyst amount showed that 1 mol %
catalyst loading is ideal for both high H2 and furoic acid yields,
with lower catalyst loadings being detrimental, especially for
H2 yields (Figure 2A). A stoichiometric base was necessary for
the reaction, and under the catalytic base, decreased yields

were observed. Furoic acid and H2 were obtained in >95%
yield by increasing the reaction time from 36 to 48 h.

Effect of the Base, Catalyst Substitution, and Temper-
ature. Next, the effect of different bases was explored (Figure
2B; Table S2). Strong bases such as NaOH, KOH, and LiOH
were effective for high furoic acid and H2 yield, with relatively
weaker bases such as K3PO4 and Na2CO3 being similarly
effective (>90% furoic acid yield). Decreasing the base strength
further as with NaHCO3 resulted in decreased furoic acid yield
(52%), with the rest of the product being the alcohol. Among
amine-based organic bases, DBU was moderately effective for
acid generation (78%), whereas with dimethyl aminopyridine

Figure 2. Catalytic oxidation of furfural and HMF with water as the formal oxidant. (A−D) Furfural to furoic acid: (A) Catalyst and condition
screening. (B) Effect of base. (C) Catalyst ligand substitution effect. (D) Temperature effect on furfural to furoic acid conversion. (E−G) HMF to
FDCA: (E) Reaction equation. (F) Different possible parallel pathways. (G) Condition optimization to obtain FDCA and H2. Reactions in (A)−
(D) were conducted using 1 mmol of furfural, 1 mol % catalyst, and 1.2 equiv of the base in 1,4-dioxane (2 mL)/water (1 mL) unless otherwise
specified. Reactions in (B) and (D) are with 6 (1 mol %) as the catalyst, and reactions in (C) used NaOH (1.2 equiv) as the base with 48 h
reaction time. Reactions in (G) used 0.5 mmol of HMF in 1,4-dioxane (2 mL)/water (1 mL), with other reaction conditions as specified. Yields
calculated by 1H NMR (mesitylene standard) and gas buret (H2). Yields correspond to furoic acid or FDCA salts before acidification with isolated
yields in parentheses.
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(DMAP), almost no acid formed, with 85% furfural being
unreacted. We also explored the effect of different ligand
substituents of the catalyst structure on product yield (Figure
2C). Complexes Ru-Acr(iPr) (6) and Ru-Acr(Cy) (7)
displayed similar catalytic activities under the conditions for
furfural oxidation to furoic acid. In contrast, the Ru-Acr(Ph)
complex 8, with electron-withdrawing Ph substitutions onto
phosphorus donor atoms, was slightly less active in catalyzing
the reaction. Optimization studies regarding reaction temper-
ature revealed that 135 °C is required for reaction completion
in 48 h and decreasing the temperature to 125 or 115 °C
resulted in lower yields (Figure 2D).
HMF Oxidation to FDCA. The direct oxidation of HMF to

FDCA via this homogeneous dehydrogenative aqueous
oxidation method was subsequently explored (Figure 2E). As
mentioned earlier, direct FDCA synthesis from HMF by water
is a process with a great prospect in the industrial production
of biobased renewable polymers and fuels, for which current
methods are limited. HMF oxidation to FDCA can occur via
two different routes one via the generation of 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA) from the
initial oxidation of the aldehyde group to acid or via initial

oxidation of the alcohol group in HMF forming diformylfuran
(DFF), whose subsequent oxidation generates FDCA (Figure
2F). With use of our method, heating HMF at 135 °C in the
presence of complex 6 (4 mol %), NaOH (2.2 equiv) in 1,4-
dioxane/water (2:1 mL/mL), FDCA formation in 15% yield
was observed after 18 h (Figure 2G, entry 1). The primary
reaction product was the HMFCA intermediate (75%),
signifying that oxidation of the aldehyde group is easier than
that of the alcohol group under the conditions (Figure S12).
These two products, along with the disproportionation product
bis(hydroxymethyl)furan (BHMF, 10%), accounted for all the
HMF conversion (99%), indicating the absence of any
polymeric side pathways. A higher yield of FDCA (70%) was
obtained by using a more alkaline solution (4 equiv of base)
and a longer reaction time (60 h) (entry 2). Similar to furfural
oxidation, complex 8 was less active for HMF to FDCA
oxidation, too (entry 3). FDCA yield increased to 95% when
the reaction temperature was increased to 150 °C, using 6 as
the catalyst (entry 4). Under optimized conditions, FDCA in
high yield (95%) was obtained (H2 yield: 93%) with 2 mol %
of complex 6 and 2.2 equiv of NaOH, at 160 °C after 68 h of
reaction (entry 5). LiOH was similarly active as NaOH as a

Figure 3. Mechanistic and control experiments. (a) Reactivity of complex 6 with benzaldehyde in the presence or absence of NaOH. (b) Complex
9 catalyzed furfural oxidation to furoic acid. (c) Reactivity of complex 9 with furfural and water. (d) Reactivity of 9 with furoic acid to generate the
furoate complex 9b. Additional reactivity of 9b in the presence of base NaOH and water. No reaction took place without the base. (e) Catalytic
activity of complex 9b in catalyzing furfural to furoic acid in the presence of NaOH.
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base in facilitating FDCA formation under the reaction
conditions (entry 6). Thus, it is shown that complex 6 can
catalyze the direct and selective HMF oxidation to FDCA in
the presence of alkaline water with high yields while also
generating quantitative pure H2 gas. In the absence of catalyst,
decomposition of HMF into unidentifiable products was
observed (entry 7).
Mechanistic Investigation. We subsequently explored

the reactivity complex 6 with aldehyde, base, and water to
understand the reaction mechanism (Figure 3). Initial
experiments were carried out with benzaldehyde as the furfural
surrogate, which is more stable at higher reaction temperatures
and easier to follow. Complex 6 does not react with
benzaldehyde (5 equiv) under neutral conditions in a THF/
water solvent mixture (0.5:0.1 mL/mL), even when heated at a
high temperature of 130 °C for 0.5 h (Figure 3a). On the other
hand, when NaOH (5 equiv) was added, and the solution was
subsequently heated at 130 °C for 10 min inside a J. Young
NMR tube, generation of two new complexes were observed in
the 31P{1H} NMR spectrum (Figure S31) with their
characteristics 31P chemical shifts at 74.1 and 87.5 ppm,
respectively, at a 0.8:1.0 ratio (parent complex 31P signal
chemical shift is at 69.1 ppm). In the 1H NMR spectrum,
surprisingly, the 9H acridine aromatic protons from both
complexes were missing, which appear around 8−9 ppm as a
singlet, with new sets of peaks around 3.5−4 ppm, which were
assigned to CH2 protons at the 9 position of the acridine ring
(Figure S33). On the basis of further NMR analysis and our
previously reported observations with the Ru-Acr system, these
two complexes were identified as the dearomatized 9H acridine
complex (9) and Ru-Acr9H phenyl-carboxylate complex (9a)
(Figure 3a).47 Thus, under the reaction conditions, hydride
transfer from the substrate initially takes place to the 9CH
position of the catalyst’s acridine backbone, leading to the
formation of dearomatized complexes,50,51 which further
catalyze the reaction.
Accordingly, complex 9 catalyzed the dehydrogenative

oxidation of furfural under basic conditions with similar
activity as the aromatized complex 6 (furoic acid yield 98%,
Figure 3b). Subsequent mechanistic experiments focused on
the reactivity of complex 9 with different substrates. In the
absence of base, complex 9 reacts with water and furfural at
130 °C to generate the furoate complex 9b after 10 min
(Figure 3c, Figure S35). 9b can also be accessed alternatively
by mixing 9 with furoic acid in THF at room temperature
(Figure 3d, Figure S36).52 9b was found to be stable under
neutral conditions in THF in the presence of water (10 equiv),
even when subjected to high temperature (130 °C) (Figure
S37). On the other hand, when NaOH (3 equiv) was added to
the solution, the formation of a new complex was observed at
RT in the 31P NMR, along with the generation of sodium
furoate (observed in 1H NMR) (Figure 3d). The new complex
slowly decomposed at RT, which was facilitated at elevated
temperature (Figure S38) and is tentatively assigned the
structure of high-energy hydroxide intermediate 9c. The
furoate complex 9b was observed to catalyze the aqueous
oxidation of furfural in the presence of an external base;
however, its catalytic activity subsided when no base was
present in the system (Figure 3e). Thus, complex 9b seemingly
acts as a deactivating species under the reaction conditions,
and the addition of a stoichiometric base is required to remove
the chelating furoate ligand to generate the product while at

the same time opening relevant coordination sites for catalytic
turnover.
On the basis of these observations, a mechanism cycle as

shown in Figure 4 is proposed. Initial hydride transfer from the

substrate to the catalyst ligand backbone generates the
dearomatized complex 9 (step i). Complex 9, in the presence
of water, generates the hydroxide complex 9c with H2
evolution (step ii).50 In the presence of furfural, the hydroxo
complex generates the hemiacetal complex 9d via attack of the
hydroxide ligand onto furfural (step iii), akin to the mechanism
proposed at heterogeneous metal water interfaces.53−55

Further β-hydride elimination generates the furoic acid
complex (step iv), H2 liberation leading to the furoate complex
9b (step v). In the absence of an external base, the catalytic
cycle halts at this stage; however, when a base is present, the
furoate ligand detaches as product furoate salt while
regenerating the hydroxide complex (step vi). It should be
noted here that an alternate mechanism involving the initial
free acetal formation, followed by acetal dehydrogenation and
beta hydride elimination cannot be entirely ruled out, based on
our mechanistic observations (SI, section 7.5).
Simultaneous to the aldehyde dehydrogenative coupling

with water, leading to generation of the furoate salt and H2,
disproportionation of furfural also takes place to generate
furoate and furfuryl alcohol as the reaction products. These
two processes result in the quick consumption of the initial
aldehyde during the reaction. Total consumption of the
aldehyde was observed after the initial 15 min of reaction along
with 60% of furoic acid and 20% H2 yield (40% of furfuryl

Figure 4. Mechanistic cycle. A plausible scheme for furfural to furoic
acid formation using water catalyzed by 6 involving the generation of
dearomatized complexes. Elemental steps: (i) initial dearomatization
of the catalyst, (ii) initial dehydrogenation of water by 9 generating
hydroxide complex, (iii) hydroxide attack on the aldehyde, (iv) beta
hydride elimination, (v) H2 evolution, and (vi) product elimination
and substitution.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c10908
J. Am. Chem. Soc. 2022, 144, 1288−1295

1292

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10908?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10908?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


alcohol side product; Figure 5A). The subsequent reaction
completion involves the conversion of the generated furfuryl
alcohol to furoic acid. The observed H2 evolution time profile
suggests that the aldehyde dehydrogenative coupling reaction
with water is quick, with alcohol dehydrogenation being
comparatively slower (Figure S16). Similar to furfural, HMF
oxidation is also surmised to proceed involving a combination
of direct dehydrogenative oxidation to FDCA and dispropor-
tionation−oxidation pathway involving BHMF. Accordingly,
when BHMF was tried as a substrate instead of 5-HMF, FDCA
in high yields (81%) was isolated (similar reaction conditions
as in Figure 2G, entry 4) (see Supporting Information). The
reaction pathways ongoing during the reactions of furfural and
HMF oxidation are detailed in Figure S45.
Active Decomposition Inhibition by [Ru]. The

ruthenium complex takes an active part in the substrate
disproportionation process. As mentioned, under standard
reactions with complex 6, furfural is entirely consumed in 15
min via combined dehydrogenative aqueous oxidation (to acid
and H2) and disproportionation (to acid and alcohol) to
produce furoate and furfuryl alcohol (Figure 5A), selectively.
Interestingly, when the reaction was conducted without
catalyst, only 55% furfural conversion was observed after 15
min, with only 20% accounting for acid and alcohol products
by Cannizzaro disproportionation, the rest being unidentified
decomposition products (Figure 5A). These results suggest a
parallel disproportionation pathway for furfural, in addition to
the Cannizzaro mechanism, in the presence of Ru catalyst.
Accordingly, when furfural was heated at 135 °C in 1,4-dioxane
in the presence of complex 9 (1 mol %) for 3 h, formation of
furfuryl furoate in 65% yield was observed, signifying that
complex 9 can catalyze the Tishchenko coupling of furfural
(Figure 5B).51,56 The resulting ester, under the reaction
conditions of Table S1 is hydrolyzed to furoate salt and furfuryl
alcohol (Figure 5C). This alternative disproportionation
pathway via Tishchenko coupling followed by base-mediated
hydrolysis leads to quick consumption of all furfural/HMF

before the onset of decomposition and is crucial for the
observed high oxidation selectivity with catalyst 6 or 9. A
tentative mechanism of the Tishchenko reaction catalyzed by
complex 9 is shown in Supporting Information (Figure S40).

Catalyst Recycling and Scale-Up. Focusing on the
practicality of the system for large-scale implementation, we
also explored the possibility of catalyst recycling after the
reaction. The catalyst was recovered from the postreaction
solution by evaporation of the solvents and extracting the
catalyst with benzene (detailed procedure in Supporting
Information). Following this protocol, the catalyst was recycled
for three cycles and its catalytic activities for furfural oxidation
were retained after the third cycle. (97%, 91%, and 83%
sodium furoate yield, respectively, in the first, second, and third
cycle), demonstrating the viability of catalyst recycling. We also
conducted a gram-scale experiment with 15 mmol of furfural
(1.44 g) to check the scalability of the process. After 68 h of
reaction at 150 °C, 1.3 g of furoic acid (77% yield) was isolated
from the reaction, along with 316 mL of H2 collected (87%
yield), demonstrating the scalability of the process.

■ CONCLUSIONS
We report here molecular catalysts for the direct catalytic
oxidation of furfural and HMF to furoic acid and FDCA,
respectively, using alkaline water as the formal oxidant. The
oxidation is associated with the generation of pure H2 gas with
no detectable CO contamination (detection limit: 15 ppm),
suitable for direct utilization in a proton-exchange membrane
fuel cell. When the ruthenium acridine PNP complex 6 was
used as the catalyst, furoic acid/FDCA was obtained with high
yield (>95%) by aqueous oxidation of furfural/HMF.
Mechanistic studies revealed an initial hydride transfer from
the substrate to the catalyst ligand backbone under the
conditions, generating the dearomatized complex 9, which
subsequently catalyzed the oxidation. Complex 9 also catalyzes
the Tishchenko coupling of substrates, which is essential for
background decomposition suppression. Overall, the Ru-

Figure 5. Active decomposition suppression by Ru complexes. (a) Product distribution from furfural oxidation after 15 min with and without the
presence of catalyst. Furfural (0.5 mmol), water (1 mL), 6 (1 mol %), NaOH (1.2 equiv), and 1,4-dioxane (2 mL). (b) Catalytic formation of
furfuryl furoate by Tishchenko coupling of furfural catalyzed by 9. Furfural (0.5 mmol), 9 (1 mol %), and 1,4-dioxane (2 mL). (c) Alternative [Ru]
and base-mediated pathway for furfural disproportionation under the reaction conditions as compared to Cannizzaro disproportionation.
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acridine PNP-based system is unique, with its atypical
reactivity, in catalyzing the selective furfural/HMF oxidative
reactions with complete inhibition of substrate decomposition,
resulting in high furoic acid/FDCA and H2 yields. We believe
that this report will initiate further investigations toward the
homogeneous catalytic oxidation of furfural/HMF, largely
overlooked until now, especially with water as the formal
oxidant, given the dire importance of transitioning toward
renewable material and fuel synthesis in the context of modern
sustainability. With sufficient improvements in the conditions,
such a homogeneous process could be ideal for large-scale
FDCA (and furoic acid) and H2 synthesis from the HMF (and
furfural)−water mixture in an industrial setup, compared to the
equivalent (photo)electrochemical processes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c10908.

Materials and methods, synthesis and characterization
data, experimental procedures, NMR spectra, mecha-
nistic experiments, and general discussion (PDF)

■ AUTHOR INFORMATION
Corresponding Author
David Milstein − Department of Molecular Chemistry and
Materials Science, The Weizmann Institute of Science,
Rehovot 76100, Israel; orcid.org/0000-0002-2320-0262;
Email: david.milstein@weizmann.ac.il

Authors
Sayan Kar − Department of Molecular Chemistry and
Materials Science, The Weizmann Institute of Science,
Rehovot 76100, Israel; orcid.org/0000-0002-6986-5796

Quan-Quan Zhou − Department of Molecular Chemistry and
Materials Science, The Weizmann Institute of Science,
Rehovot 76100, Israel; orcid.org/0000-0002-0807-1191

Yehoshoa Ben-David − Department of Molecular Chemistry
and Materials Science, The Weizmann Institute of Science,
Rehovot 76100, Israel

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c10908

Author Contributions
#S.K. and Q.-Q.Z. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the European Research
Council (ERC AdG 692775). D.M. holds the Israel Matz
Professorial Chair of Organic Chemistry. S.K. acknowledges
the Sustainability and Energy Research Initiative (SAERI) of
the Weizmann Institute of Science for a research fellowship.
We thank Dr. Jie Luo for kindly providing complex 7 and Dr.
Alla Falkovich for assistance with HRMS analysis.

■ REFERENCES
(1) Owusu, P. A.; Asumadu-Sarkodie, S. A review of renewable
energy sources, sustainability issues and climate change mitigation.
Cogent Eng. 2016, 3, 1167990.

(2) Schmidt, J.; Gruber, K.; Klingler, M.; Klöckl, C.; Ramirez
Camargo, L.; Regner, P.; Turkovska, O.; Wehrle, S.; Wetterlund, E. A
new perspective on global renewable energy systems: why trade in
energy carriers matters. Energy Environ. Sci. 2019, 12, 2022−2029.
(3) Pearson, R. J.; Turner, J. W. G. 5.16 - Renewable Fuels: An
Automotive Perspective. In Comprehensive Renewable Energy; Sayigh,
A., Ed.; Elsevier: Oxford, 2012; pp 305−342.
(4) Vakulchuk, R.; Overland, I.; Scholten, D. Renewable energy and
geopolitics: A review. Renew. Sust. Energy Rev. 2020, 122, 109547.
(5) Sun, H.-S.; Chiu, Y.-C.; Chen, W.-C. Renewable polymeric
materials for electronic applications. Polym. J. 2017, 49, 61−73.
(6) Saha, B.; Abu-Omar, M. M. Advances in 5-hydroxymethylfurfural
production from biomass in biphasic solvents. Green Chem. 2014, 16,
24−38.
(7) Menegazzo, F.; Ghedini, E.; Signoretto, M. 5-Hydroxymethyl-
furfural (HMF) Production from Real Biomasses. Molecules 2018, 23,
2201.
(8) Cai, C. M.; Zhang, T.; Kumar, R.; Wyman, C. E. Integrated
furfural production as a renewable fuel and chemical platform from
lignocellulosic biomass. J. Chem. Technol. Biotechnol. 2014, 89, 2−10.
(9) Huber, G. W.; Iborra, S.; Corma, A. Synthesis of Transportation
Fuels from Biomass: Chemistry, Catalysts, and Engineering. Chem.
Rev. 2006, 106, 4044−4098.
(10) Geilen, F. M. A.; Engendahl, B.; Harwardt, A.; Marquardt, W.;
Klankermayer, J.; Leitner, W. Selective and Flexible Transformation of
Biomass-Derived Platform Chemicals by a Multifunctional Catalytic
System. Angew. Chem., Int. Ed. 2010, 49, 5510−5514.
(11) Bielski, R.; Grynkiewicz, G. Furan platform chemicals beyond
fuels and plastics. Green Chem. 2021, 23, 7458−7487.
(12) Padilla, R.; Koranchalil, S.; Nielsen, M. Homogeneous
Catalyzed Valorization of Furanics: A Sustainable Bridge to Fuels
and Chemicals. Catalysts 2021, 11, 1371.
(13) Drault, F.; Snoussi, Y.; Paul, S.; Itabaiana, I., Jr.; Wojcieszak, R.
Recent Advances in Carboxylation of Furoic Acid into 2,5-
Furandicarboxylic Acid: Pathways towards Bio-Based Polymers.
ChemSusChem 2020, 13, 5164−5172.
(14) Banerjee, A.; Dick, G. R.; Yoshino, T.; Kanan, M. W. Carbon
dioxide utilization via carbonate-promoted C−H carboxylation.
Nature 2016, 531, 215−219.
(15) 2-Furoic Acid Market. https://www.persistencemarketresearch.
com/market-research/2-furoic-acid-market.asp (accessed 2021-12-
13).
(16) Global 2-Furoic Acid Market Development Strategy Pre and Post
COVID-19, by Corporate Strategy Analysis, Landscape, Type,
Appl i cat ion , and Leading 20 Countr i e s . h t tps ://www.
360researchreports.com/TOC/18145404#Tables (accessed 2021-12-
13).
(17) Zhang, D.; Dumont, M.-J. Advances in polymer precursors and
bio-based polymers synthesized from 5-hydroxymethylfurfural. J.
Polym. Sci. A Polym. Chem. 2017, 55, 1478−1492.
(18) Poulopoulou, N.; Kasmi, N.; Siampani, M.; Terzopoulou, Z. N.;
Bikiaris, D. N.; Achilias, D. S.; Papageorgiou, D. G.; Papageorgiou, G.
Z. Exploring Next-Generation Engineering Bioplastics: Poly(alkylene
furanoate)/Poly(alkylene terephthalate) (PAF/PAT) Blends. Poly-
mers 2019, 11, 556.
(19) Zhao, X.; Cornish, K.; Vodovotz, Y. Narrowing the Gap for
Bioplastic Use in Food Packaging: An Update. Environ. Sci. Technol.
2020, 54, 4712−4732.
(20) Werpy, T.; Petersen, G. Top Value Added Chemicals f rom
Biomass: Volume IResults of Screening for Potential Candidates f rom
Sugars and Synthesis Gas. U.S. Department of Energy. https://www.
energy.gov/sites/default/files/2014/03/f14/35523.pdf, 2004 (ac-
cessed 2021-12-13).
(21) Bozell, J. J.; Petersen, G. R. Technology development for the
production of biobased products from biorefinery carbohydratesthe
US Department of Energy’s “Top 10” revisited. Green Chem. 2010, 12,
539−554.
(22) Sajid, M.; Zhao, X.; Liu, D. Production of 2,5-furandicarboxylic
acid (FDCA) from 5-hydroxymethylfurfural (HMF): recent progress

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c10908
J. Am. Chem. Soc. 2022, 144, 1288−1295

1294

https://pubs.acs.org/doi/10.1021/jacs.1c10908?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10908/suppl_file/ja1c10908_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Milstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2320-0262
mailto:david.milstein@weizmann.ac.il
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayan+Kar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6986-5796
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quan-Quan+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0807-1191
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yehoshoa+Ben-David"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c10908?ref=pdf
https://doi.org/10.1080/23311916.2016.1167990
https://doi.org/10.1080/23311916.2016.1167990
https://doi.org/10.1039/C9EE00223E
https://doi.org/10.1039/C9EE00223E
https://doi.org/10.1039/C9EE00223E
https://doi.org/10.1016/j.rser.2019.109547
https://doi.org/10.1016/j.rser.2019.109547
https://doi.org/10.1038/pj.2016.95
https://doi.org/10.1038/pj.2016.95
https://doi.org/10.1039/C3GC41324A
https://doi.org/10.1039/C3GC41324A
https://doi.org/10.3390/molecules23092201
https://doi.org/10.3390/molecules23092201
https://doi.org/10.1002/jctb.4168
https://doi.org/10.1002/jctb.4168
https://doi.org/10.1002/jctb.4168
https://doi.org/10.1021/cr068360d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068360d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201002060
https://doi.org/10.1002/anie.201002060
https://doi.org/10.1002/anie.201002060
https://doi.org/10.1039/D1GC02402G
https://doi.org/10.1039/D1GC02402G
https://doi.org/10.3390/catal11111371
https://doi.org/10.3390/catal11111371
https://doi.org/10.3390/catal11111371
https://doi.org/10.1002/cssc.202001393
https://doi.org/10.1002/cssc.202001393
https://doi.org/10.1038/nature17185
https://doi.org/10.1038/nature17185
https://www.persistencemarketresearch.com/market-research/2-furoic-acid-market.asp
https://www.persistencemarketresearch.com/market-research/2-furoic-acid-market.asp
https://www.360researchreports.com/TOC/18145404#Tables
https://www.360researchreports.com/TOC/18145404#Tables
https://doi.org/10.1002/pola.28527
https://doi.org/10.1002/pola.28527
https://doi.org/10.3390/polym11030556
https://doi.org/10.3390/polym11030556
https://doi.org/10.1021/acs.est.9b03755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b03755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.energy.gov/sites/default/files/2014/03/f14/35523.pdf
www.energy.gov/sites/default/files/2014/03/f14/35523.pdf
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/b922014c
https://doi.org/10.1039/C8GC02680G
https://doi.org/10.1039/C8GC02680G
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


focusing on the chemical-catalytic routes. Green Chem. 2018, 20,
5427−5453.
(23) Gupta, K.; Rai, R. K.; Singh, S. K. Metal Catalysts for the
Efficient Transformation of Biomass-derived HMF and Furfural to
Value Added Chemicals. ChemCatChem. 2018, 10, 2326−2349.
(24) Agirrezabal-Telleria, I.; Gandarias, I.; Arias, P. L. Heteroge-
neous acid-catalysts for the production of furan-derived compounds
(furfural and hydroxymethylfurfural) from renewable carbohydrates:
A review. Catal. Today 2014, 234, 42−58.
(25) Deshan, A. D. K.; Atanda, L.; Moghaddam, L.; Rackemann, D.
W.; Beltramini, J.; Doherty, W. O. S. Heterogeneous Catalytic
Conversion of Sugars Into 2,5-Furandicarboxylic Acid. Front. Chem.
2020, 8, 659.
(26) Neatu̧, F.; Marin, R. S.; Florea, M.; Petrea, N.; Pavel, O. D.;
Par̂vulescu, V. I. Selective oxidation of 5-hydroxymethyl furfural over
non-precious metal heterogeneous catalysts. Appl. Catal. B. Environ.
2016, 180, 751−757.
(27) Simoska, O.; Rhodes, Z.; Weliwatte, S.; Cabrera-Pardo, J. R.;
Gaffney, E. M.; Lim, K.; Minteer, S. D. Advances in Electrochemical
Modification Strategies of 5-Hydroxymethylfurfural. ChemSusChem
2021, 14, 1674−1686.
(28) Yang, Y.; Mu, T. Electrochemical oxidation of biomass derived
5-hydroxymethylfurfural (HMF): pathway, mechanism, catalysts and
coupling reactions. Green Chem. 2021, 23, 4228−4254.
(29) Li, K.; Sun, Y. Electrocatalytic Upgrading of Biomass-Derived
Intermediate Compounds to Value-Added Products. Chem. - Eur. J.
2018, 24, 18258−18270.
(30) Cang, R.; Shen, L.-Q.; Yang, G.; Zhang, Z.-D.; Huang, H.;
Zhang, Z.-G. Highly Selective Oxidation of 5-Hydroxymethylfurfural
to 5-Hydroxymethyl-2-Furancarboxylic Acid by a Robust Whole-Cell
Biocatalyst. Catalysts 2019, 9, 526.
(31) Serrano, A.; Calviño, E.; Carro, J.; Sánchez-Ruiz, M. I.; Cañada,
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