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ABSTRACT: Electrocatalytic biomass valorization has attracted
increasing interest over the years. Amongst many possible products
from biomass upgrading, pyridine-containing chemicals are rarely
reported. Herein, we describe an electrochemical synthesis of 3-
pyridniol from biomass-derived furfurylamine in 0.1 M H2SO4,
taking advantage of the Br−/Br+ redox cycle and the strong acidic
condition in driving the final dehydration step. Such an
electrosynthesis approach was able to achieve a 97% yield of 3-
pyridinol from the nearly complete conversion of furfurylamine. A
number of control experiments aided by computational inves-
tigation were carried out to elucidate the key mechanistic steps of the “one-pot” conversion of furfurylamine to 3-pyridinol.

■ INTRODUCTION

The catalytic transformation of biomass into value-added
products will play an important role in developing sustainable
chemical industries. As a promising substitute of traditional
fossil fuels, biomass has numerous advantages, such as earth
abundance, eco-friendliness, potentially lower costs, and zero
net-carbon emission.1 The conventional approach of biomass
conversion is thermocatalysis, which typically requires
demanding conditions, such as high pressure, elevated
temperature, and external oxidants/reductants.2 As a poten-
tially greener alternative approach, electrocatalytic biomass
valorization has attracted increasing attention more recently
because electricity can be produced from renewable energy
sources (e.g., solar and wind) and electrochemical reactions are
usually conducted under ambient conditions without the
utilization of stoichiometric oxidants/reductants.3 In addition,
another advantage of electrocatalytic conversion is that the
reaction selectivity and rate can be readily controlled via a
variety of electrochemical parameters (e.g., applied potential,
current, and electrocatalyst). Therefore, there is emerging
interest in developing innovative electrocatalytic approaches
for the upgrading of biomass-derived feedstock chemicals, like
furanics, to highly valuable products, such as heterocycles.
In 2021, we reported an electrocatalytic Achmatowicz

reaction for the synthesis of hydropyranone from furfuryl
alcohol using an immobilized nickel-containing electrocata-
lyst.4 This strategy does not require any expensive oxidants or
tedious separation steps. If furfurylamine is used as the starting
compound, the analogous aza-Achmatowicz reaction is able to

produce piperidone. Notably, the acid-catalyzed aromatization
of piperidinone can result in the formation of pyridine-
containing molecules.
It is well known that substituted pyridines are important

building blocks in fine chemicals, pharmaceuticals, polymers,
and functional materials.5−9 Traditional approaches of pyridine
synthesis entail the involvement of multiple components, such
as condensation of 1,3-dicarbonyls with a vinylogous amide,
Diels−Alder cycloaddition between α,β-unsaturated ketoximes
and alkynes, and the Hantzsch reaction.10−13 A common
nature of these conventional methods is the requirement of
noble metal-based catalysts and relatively harsh conditions.
Moreover, many reactions involve tedious steps and
burdensome workups, which may lead to lower yields and
higher cost of the final products. In contrast, as shown in
Figure 1a, the oxidative ring expansion of substituted α-furyl
amine followed by treatment with Lewis acid in either Et3N or
MeOH will yield substituted pyridines, albeit stoichiometric
meta-chloroperoxybenzoic acid (m-CPBA) or N-bromosucci-
nimide (NBS) are consumed.14,15 A more economically
attractive and electricity-driven synthesis was reported by
Clauson-Kaas et al., who demonstrated that the electro-
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chemical oxidation of 2-(acetamidomethyl)-furan in methanol
would lead to 3-pyridiol after consecutive base and acid
treatments (Figure 1b).16 It was proposed that this reaction
proceeds via a cis-dicarbonyl amine intermediate, which was
unstable and would go through an acid-promoted aromatiza-
tion step to form 3-pyridinol. Even though this strategy avoids
the utilization of stoichiometric oxidants, the requirement of

two additional hydrolysis steps renders it economically less
attractive for large-scale production.
Inspired by a recent work reporting Br+ as a possible active

species for the Achmatowicz reaction,17 and also recognizing
that reactive brominating species can be generated from the
electrochemical oxidation of Br−,18,19 we hypothesize that 3-
pyridinol can be electrosynthesized from furfurylamine by a
judicious choice of a bromine redox couple. Pursuing this idea,
here, we report a new electricity-driven aza-Achmatowicz
reaction, which, when carried out in an acidic electrolyte (e.g.,
0.1 M H2SO4), is able to realize the “one-pot” synthesis of 3-
pyridinol from furfurylamine under ambient conditions using
the Br−/Br+ redox cycle. Mechanistic investigations aided by
computational studies rationalize that Br+ is the true active
species, similar to the reported Br+-driven Achmatowicz
reaction. Overall, this work demonstrates the effectiveness
and robustness of the Br−/Br+ redox cycle in the electro-
chemical synthesis of pyridines from biomass-derived and
readily achievable furfurylamines, paving the way for the
production of highly valuable pyridine-containing chemicals
from renewable biomass-derived feedstocks.

■ EXPERIMENTAL SECTION

All the chemicals used in this study were purchased from
commercial vendors and used without further purification.
Furfurylamine, 3-pyridinol, pent-4-enoic acid, lithium per-
chlorate (LiClO4), and tetrabutylammonium bromide (n-
Bu4NBr) were purchased from Ambeed. Sodium bromide
(NaBr), N-bromosuccinimide (NBS), and bromine were
purchased from LabChem. Sulfuric acid, acetonitrile, and
acetic acid (AcOH) were purchased from Sigma-Aldrich.
Cyclic voltammetry (CV) and chronoamperometry experi-

ments were performed at room temperature using a VMP-3
potentiostat (Biologic Science Instrument). The CV experi-

Figure 1. Reported chemical synthesis of substituted pyridines from
oxidative ring expansion of substituted α-furyl amine followed by
Lewis acid treatment (a) and electricity-assisted synthesis of 3-
pyridiol from 2-(acetamidomethyl)-furan in methanol (b). (c) Our
proposed “one-pot” electrosynthesis of 3-pyridinol from furfurylamine
in 0.1 M H2SO4 mediated by the Br

−/Br+ redox cycle.

Figure 2. (a) Cyclic voltammograms (CVs) of individual 5 mM furfurylamine (FA) and 5 mM NaBr in 0.1 M H2SO4. (b) CVs of 5 mM NaBr
along with the increasing addition of furfurylamine in 0.1 M H2SO4. (c) CV comparison of 5 mM NaBr in the absence (red) and presence (black)
of 20 mM furfurylamine in 0.1 M H2SO4. (d) Current evolution over time during chronoamperometry electrolysis of 20 mM furfurylamine at 1.2 V
vs Ag/AgCl in 0.1 M H2SO4 in the absence (black) and presence (red) of 5 mM NaBr.
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ments were carried out in a three-electrode configuration with
a glassy carbon (GC) as the working electrode, Ag/AgCl (or
Ag/Ag+) as the reference electrode, and a Pt wire as the
counter electrode. Electrolysis experiments were performed in
a two-compartment electrochemical cell with a proton
exchange membrane (Nafion 211, Fuel Cell Store). At the
anode chamber, 10 mL of 0.1 M H2SO4 containing 20 mM
furfurylamine was used as the starting material for electrolysis.
For electrolysis, a carbon rod was used as the working
electrode, Ag/AgCl as the reference electrode, and a Pt wire as
the counter electrode. For the quantification of furfurylamine
and 3-pyridinol during electrolysis, 50 μL of the anolyte was
collected and diluted with 950 μL of deionized water. The
mixture was analyzed via high-performance liquid chromatog-
raphy (HPLC) equipped with a C18 column using 80% 5 mM
ammonium acetate and 20% methanol as the eluent with a
flow rate of 0.8 mL/min. When the electrolysis was performed
in the organic electrolyte (e.g., 0.1 M LiClO4 in CH3CN), an
organic anion exchange membrane (Fumasep FAB-PK-130)
was used, and n-Bu4NBr was used as the bromine source
instead of NaBr. 1H NMR spectra were recorded on a Bruker
400 MHz spectrometer.
For the Br+ trapping experiment, CVs were collected in a

one-compartment cell with a GC, an Ag/AgCl electrode, and a
Pt wire as the working, reference, and counter electrodes,
respectively, and 0.1 M H2SO4 as the electrolyte. The bromine
source and substrate were 5 mM NaBr and 5 mM pent-4-enoic
acid, respectively. The electrolysis was conducted in a two-
compartment electrochemical cell separated by a proton
exchange membrane (Nafion 211, Fuel Cell Store). After
electrolysis, the anolyte was evaporated and analyzed via 1H
NMR.
All calculations were carried out using the Gaussian 09

package.20 The geometries of compounds were optimized
using density functional theory (DFT) at the level of B3LYP
hybrid functional with the 6-311+G(2d,2p) basis set and the
default convergence criteria. Vibrational frequencies were
computed to confirm no imaginary frequencies.21 D3
correction22 was employed to account for dispersion
correction, and the SMD solvation model23 was applied to
account for the solvation free energy, where water was
employed as a solvent.

■ RESULTS AND DISCUSSION

Synthesis of 3-Pyridinol from Furfurylamine in an
Acidic Electrolyte Containing NaBr. Since acid-catalyzed
aromatization is critical for the transformation from the aza-

Achmatowicz reaction product piperidinone to the desirable 3-
pyridinol, we hypothesized that it might be feasible to realize
“one-pot” electrochemical synthesis of 3-pyridinol from
furfurylamine if an acidic electrolyte could be employed.
Therefore, 0.1 M H2SO4 was selected as the electrolyte. In
addition, NaBr was used as an inexpensive bromine source. As
shown in Figure 2a, the cyclic voltammogram of furfurylamine
suggests that it will not be oxidized on a GC working electrode
before 1.5 V vs Ag/AgCl in 0.1 M H2SO4. However, an anodic
feature at ∼1.3 V vs Ag/AgCl could be observed from the
cyclic voltammogram of 5 mM NaBr under the same
condition, which could be ascribed to the oxidation of Br−

to Br2.
19 It is known that the in situ generated Br2 in the

aqueous environment will react with H2O to yield HOBr and
Br−. HOBr is a weak acid that can dissociate to produce H+

and OBr−. The OBr− ion can be oxidized to form Br+ in a
strong oxidation environment or under highly acidic
conditions.24 As a result, when an oxidation potential is
applied, the active species become Br+ instead of HOBr. As
expected, the cathodic feature at 0.6 V vs Ag/AgCl resulted
from the reduction of Br2 back to Br

−.
Figure 2b presents the evolution of cyclic voltammograms of

5 mM NaBr upon the continuous addition of furfurylamine
(5−30 mM). When 1 equiv of furfurylamine was added, an
apparent anodic current rise was observed with a slightly
positive peak shift to ∼1.35 V vs Ag/AgCl. In the meantime,
the original reduction feature at ca. 0.6 V vs Ag/AgCl
completely disappeared, suggesting that the in situ generated
bromine species was consumed in the reaction with furfuryl-
amine. Further increasing the addition of furfurylamine to 20
mM led to enhanced anodic current accompanied with a
slightly positive shift of the anodic peak. Once 30 mM
furfurylamine was added, a decrease in the anodic current was
observed. Therefore, 5 mM NaBr and 20 mM furfurylamine
were employed in all the following electrochemical experi-
ments unless noted otherwise. Figure 2c compares the cyclic
voltammograms of 5 mM NaBr before and after the addition of
20 mM furfurylamine in 0.1 M H2SO4, showing nearly 7 times
enhancement in the maximum anodic current and the
disappearance of the reduction feature at 0.6 V vs Ag/AgCl
once furfurylamine was added.
Next, controlled potential electrolysis was carried out using a

carbon rod as the working electrode. The cyclic voltammo-
grams of relevant species are shown in Figure S1. The
electrolysis potential was set at 1.2 V vs Ag/AgCl, right before
the onset of furfurylamine oxidation on the carbon electrode.
Indeed, as shown in Figure 2d, no appreciable oxidation
current was observed from furfurylamine oxidation at an

Figure 3. (a) Yields of 3-pyridinol from electrolysis performed at different applied potentials from 1.1 to 1.5 V vs Ag/AgCl using 20 mM
furfurylamine and 5 mM NaBr in 0.1 M H2SO4 for each electrolysis. (b) Yields of 3-pyridinol from electrolysis in 0.1 M H2SO4 at 1.2 V vs Ag/AgCl
using the same amount of NaBr (5 mM) with replenished 20 mM furfurylamine for each cycle.
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applied potential of 1.2 V vs Ag/AgCl. In sharp contrast, once
5 mM NaBr was added to the electrolyte, over 10 mA
oxidation current was detected, which gradually decayed to the
capacitance current level after 4 h electrolysis at 1.2 V vs Ag/
AgCl. HPLC analysis (Figures S2 and S3) of the post-
electrolysis electrolyte confirmed that furfurylamine was
completely consumed, and the primary product was 3-
pyridinol with a yield of 97%. In contrast, no 3-pyridinol was
detected in the absence of NaBr, and furfurylamine remained
as the main species (Figure S4), indicating that 1.2 V vs Ag/
AgCl was not able to drive its direct oxidation, consistent with
the cyclic voltammetry results of Figures 2a and S1.
When varying the applied potential for electrolysis from 1.1

to 1.5 V vs Ag/AgCl (Figure S5), it was found that
furfurylamine could always be consumed with over 90%
conversion and 3-pyridinol was consistently produced as the
primary product (Figures 3a and S6). The highest yield of 3-
pyridinol of 97% was achieved when the applied potential was
1.2 V vs Ag/AgCl. It should be noted that in the absence of
NaBr, furfural was produced as the primary oxidation product
during the electrolysis at 1.5 V vs Ag/AgCl (Figure S7). In
contrast, when 5 mM NaBr was utilized, 3-pyridinol was
detected as the main product at the same applied potential
(Figure S7). Figure S8 shows how the Faradaic efficiency of 3-
pyridinol production varies with different levels of applied
electrolysis potentials. The results indicate that the highest
efficiency of 97% is attained when the constant potential is set
at 1.2 V vs Ag/AgCl.
Under the optimal applied potential of 1.2 V vs Ag/AgCl, we

next explored the stability of NaBr for four consecutive
electrolysis cycles. For these electrolysis experiments, 5 mM
NaBr was used as the bromine source, and the initial
furfurylamine concentration was 20 mM. After each electrolysis
cycle (Figure S9), the produced amount of 3-pyridinol was
measured via HPLC (Figure S10), and fresh furfurylamine was

added to retain its original concentration as 20 mM prior to
the next electrolysis cycle. Figure 3b illustrates that 3-pyridinol
was consistently produced in high yields (>90%) for all the
four consecutive electrolysis cycles, highlighting the excellent
stability and efficacy of our system in the electrochemical
synthesis of 3-pyridinol.

Control Experiments To Elucidate the Necessity of
Water and an Acidic Condition. The above results
prompted us to investigate the key factors that are contributing
to the successful synthesis of 3-prydinol from furfurylamine.
Herein, we conducted a series of control experiments to
elucidate the necessity of two factors, water and an acidic
condition. The first control experiment was conducted in the
absence of both water and H+, using n-Bu4NBr as the bromine
source and 0.1 M LiClO4 in CH3CN as the electrolyte. As
shown in Figure 4a, the oxidation of n-Bu4NBr (5 mM) shows
two anodic features, which could be assigned to the oxidation
of Br− to Br3

− and Br2 consecutively.
18 Upon the addition of

20 mM furfurylamine, an anodic current took off at ∼1.0 V vs
Ag/AgCl. However, controlled potential electrolysis experi-
ments performed at an applied potential of either 1.0 or 1.5 V
vs Ag/Ag+ (Figure S11a) did not produce detectable 3-
pyridinol (Figure S12).
Our second control experiment was set to carry out

electrochemical oxidation in the presence of an acid but no
H2O (or a limited amount of H2O). AcOH was employed as
the acid. Cyclic voltammograms in Figure 4b demonstrate that
AcOH was not oxidized in CH3CN within the potential
window of 0−1.8 V vs Ag/Ag+. In the presence of AcOH, n-
Bu4NBr still exhibited two anodic features (Figure 4c), which
could be attributed to the formation of Br3

− and Br2. Since
H2O was nearly absent in the electrolyte, the in situ formed Br2
would not be able to react with H2O to yield Br+. Two
controlled potential electrolysis experiments conducted at 1.0
and 1.4 V vs Ag/Ag+ (Figure S11b), which were corresponding

Figure 4. (a) Cyclic voltammograms (CVs) of 5 mM n-Bu4NBr oxidation in the absence (black) and presence (red) of 20 mM furfurylamine (FA)
in 0.1 M LiClO4 CH3CN. (b) CVs of 100 mM AcOH oxidation in 0.1 M LiClO4 CH3CN. (c) CVs of 5 mM n-Bu4NBr oxidation in 0.1 M LiClO4
MeCN with 100 mM AcOH in the absence (black) and presence (red) of 20 mM furfurylamine. (d) CVs of 5 mM NaBr oxidation in 0.1 M KPi in
the absence (black) and presence (red) of 20 mM furfurylamine (FA).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c02245
J. Phys. Chem. C 2023, 127, 10107−10113

10110

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02245/suppl_file/jp3c02245_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02245?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02245?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02245?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02245?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to the formation of Br3
− and Br2, respectively, produced no

desirable 3-pyridinol (Figure S13). The results of the above
control experiments suggest that neither Br3

− nor Br2 was able
to drive the conversion of furfurylamine to 3-pyridinol in an
organic electrolyte, regardless of the presence of an acid source.
Finally, we tested the electrochemical oxidation of furfuryl-

amine in a neutral aqueous electrolyte 0.1 M phosphate buffer
(KPi) using 5 mM NaBr as the bromine source. As shown in
Figure 4d, the oxidation of NaBr showed an oxidation peak at
1.2 V vs Ag/AgCl and a reduction peak at 0.3 V vs Ag/AgCl.
However, upon the addition of 20 mM furfurylamine, a
suppressed anodic current was observed, probably due to the
competing adsorption of furfurylamine on the working
electrode. Controlled potential electrolysis at an applied
potential of 1.2 V vs Ag/AgCl (Figure S11c) again did not
result in the detectable formation of 3-hdyroxylpyridine
(Figure S14). Collectively, the aforementioned control results
prompted us to hypothesize that both water and a strong acidic
condition were required for the production of 3-pyridinol and
the real active bromine species was Br+ from the reaction
between in situ formed Br2 and water.

To verify whether Br+ was indeed generated from Br−

oxidation in 0.1 M H2SO4 under our condition, a control
experiment employing pent-4-enoic acid as the substrate was
carried out. It has been well documented that pent-4-enoic
acid will selectively react with Br+ to form a lactone, 5-
(bromomethyl)dihydrofuran-2(3H)-one (Figure 5a).17 As
presented in Figure 5b, the reduction feature of Br2 back to
Br− completely disappeared once 5 mM pent-4-enoic acid was
added to the solution of 5 mM NaBr in 0.1 M H2SO4.
Controlled potential electrolysis carried out at 1.2 V vs Ag/
AgCl (Figure S15) unambiguously confirmed the production
of 5-(bromomethyl)dihydrofuran-2(3H)-one (Figure S16).25

Therefore, it was proved that Br+ could be generated from the
electrochemical oxidation of Br− in 0.1 M H2SO4.

Computational Investigation of the Reaction Mech-
anism. DFT calculations were further performed to shed light
on the possible transformation from furfurylamine to 3-
pyridinol initiated by Br+. As shown in Figure 6a, Br+ initially
attacks a C�C bond on the furan ring to form 2 with highly
favorable energetics (Figure 6b). Subsequent hydroxylation at
the 5′-position of the cationic intermediate 2 will form a
neutral species 3 in another downhill step. The next step is

Figure 5. (a) Schematic formation of 5-(bromomethyl)dihydrofuran-2(3H)-one from the reaction between Br+ and pent-4-anoic acid. (b) Cyclic
voltammograms of 5 mM NaBr oxidation in the absence (black) and presence (red) of 5 mM pent-4-anoic acid in 0.1 M H2SO4.

Figure 6. (a) Proposed reaction pathway and (b) the DFT-computed free energies of corresponding species along the pathway for the
electrochemical synthesis of 3-pyridinol from furfurylamine initiated by Br+. C, gray; H, white; O, red; Br, green.
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debromination, which is only slightly uphill by about 0.1 eV to
yield a new cationic intermediate 4. A second hydroxylation
step at its 2′-position results in the formation of 5, which is
also energetically favorable. Next, dehydration of 5 furnishes
the cis-dicarbonyl amine (6), which immediately goes through
a condensation step for ring closure to yield piperidinone 7,
the aza-Achmatowicz product. The steps from 5 to 7 are also
downhill. The isomerization of 7 to form 8 is slightly uphill by
0.2 eV but followed by a very downhill dehydration step to
form the final product, 3-pyridinol (9). Overall, the DFT-
computed energy profile of the key intermediates in Figure 6
indicates that once Br+ is generated electrochemically, the
subsequent steps of transforming of furfurylamine to 3-
pyridinol in an aqueous acidic environment will be
thermodynamically very favorable, thereby corroborating our
experimental findings.

■ CONCLUSIONS

A new system for producing pyridines through electrocatalysis
using Br−/Br+ as a mediator has been developed. This method
is superior to traditional approaches due to its one-step
synthesis process. By optimizing the conditions of the
electrolysis process, furfurylamine was converted at a rate of
nearly 100%, and a 97% yield of pyridines was achieved. The
effectiveness of Br−/Br+ was further confirmed through four
consecutive electrolysis runs. Controlled experiments and DFT
calculations have demonstrated that the electrosynthesis of
pyridines requires the presence of protons and Br+.
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