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functionalization of pyridines
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and Durga Prasad Hari *

Pyridines are important nitrogen-containing heteroaromatics with wide applications in pharmaceuticals,

agrochemicals, ligands, and materials science. However, their selective C–H functionalization remains

challenging due to low nucleophilicity, regioselectivity issues, and catalyst deactivation via nitrogen

coordination. Traditional methods such as electrophilic substitution, directed metalation, transition-metal

catalysis, and N-oxide transformations have enabled significant advances in this field, but often require

harsh conditions or pre-functionalized substrates. In contrast, electrochemical synthesis has emerged as

a sustainable and versatile alternative, employing electricity as a clean redox agent to enable direct C–H,

C–C, and C–heteroatom bond formation under mild, tunable conditions. This review provides a focused

overview of how electro-organic synthesis has addressed key challenges in pyridine functionalization

associated with traditional methods, tracing its historical development and highlighting recent advances,

with particular emphasis on anodic oxidation, cathodic reduction, paired electrolysis, and mediator or

metal-catalyzed strategies, thereby offering readers an in-depth understanding of the advancements in

this field and its significance in organic synthesis. Key mechanistic insights and representative

applications are highlighted to demonstrate the growing potential of electrochemical strategies for

scalable, late-stage pyridine diversification. We hope that this review will highlight the salient features of

electrochemical strategies for pyridine functionalization in synthetic applications and stimulate the

development of new, more advanced methodologies.
1. Introduction

Pyridines are among the essential nitrogen-containing hetero-
aromatic scaffolds widely found in pharmaceuticals,1
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agrochemicals,2 ligands,3 and functional materials4 due to their
electron-decient aromatic ring, basic nitrogen atom, and
excellent metal-coordination properties. Their prevalence in
biologically active compounds1 and catalytic systems3 has
driven considerable interest in methods that allow direct and
selective functionalization of the pyridine ring. Classical strat-
egies, including electrophilic substitution,5 directed metalation
with strong bases,6,7 transition-metal catalyzed cross-coupling8,9
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or C–H activation,10–12 photoredox catalysis,13 and trans-
formations via pyridine N-oxides,14 have enabled valuable
transformations but oen rely on harsh conditions, stoichio-
metric reagents, or pre-functionalized substrates, limiting their
scalability and sustainability.

In recent years, electrochemical functionalization has
emerged as a powerful and environmentally benign alternative
to stoichiometric oxidants and reductants, employing electric
current as a clean redox reagent to generate reactive species
directly at the electrode surface under mild and tunable
conditions.15 This strategy enables selective C–H functionali-
zation of readily oxidizable electron-rich arenes, allowing C–C
and C–heteroatom bond formation.16,17 However, the efficient
C–H or C–X bond modication of electron-decient pyridines
remains signicantly more challenging. Owing to the opera-
tional simplicity of electro-organic synthesis, broad functional-
group tolerance, and precise control over redox events through
constant-current or constant-potential electrolysis, electro-
chemical methods have emerged as a powerful platform for the
late-stage diversication of pyridine-containing molecules in
both academic and industrial settings (Scheme 1A).

Although several reviews have discussed the electrochemical
functionalization of N-heterocycles in general, only a limited
number of pyridine examples are included. While these reviews
provide valuable insights into broader electrosynthetic strate-
gies, they primarily focus on other (hetero)arenes (e.g., phenols,
indoles, pyrazoles, and imidazoles) and on specic pyridine
transformations, such as C2 functionalization via activated
pyridinium species and the functionalization of cyano-
substituted pyridines.18 However, numerous recent reports
have expanded the scope to enable regioselective functionali-
zation at C2, C4, and C3/C5 positions, highlighting the evolving
reactivity patterns of pyridine substrates that are not compre-
hensively captured in existing reviews. Due to their electron-
decient nature and the presence of a coordinating nitrogen
Nakul Abhay Bapat
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atom, pyridines present unique challenges, including site-
selective functionalization (C2 vs. C4 vs. C3/C5), susceptibility
to overreduction, and catalyst deactivation through strong N-
coordination (Scheme 1B). In electrochemical systems, these
factors are closely linked to reduction potentials and pyridine
activation modes, which critically inuence reaction pathways
and method selection. Therefore, a dedicated pyridine-focused
perspective enables a more systematic understanding of these
features and provides practical guidance for electrochemical
functionalization of pyridines.

Building on this perspective, this review surveys recent
advances in electrochemical methods for pyridine functionali-
zation, organized according to the underlying electrochemical
logic. Specically, the discussed strategies are classied into
three broad categories: net-anodic oxidation, net-cathodic
reduction, and paired electrolysis, each exploiting the unique
redox properties of pyridine and its derivatives. We discuss both
direct electrolysis, where the substrate itself undergoes electron
transfer at the electrode surface, and mediator-assisted
processes, in which redox-active species facilitate selective
transformations. The merging of photocatalysis and transition-
metal catalysis with electrochemical approaches is also di-
scussed, wherein the synergy of transition metals with electro-
chemical conditions is shown to enable challenging C–H, C–C,
and C–heteroatom bond formations. Key reaction parameters,
including the choice of electrolyte, electrode material, solvent,
and the application of either constant current or constant
voltage, are analyzed, as these factors drastically inuence
reaction efficiency, selectivity, and functional group tolerance.
Furthermore, selected examples of functionalized pyridine
derivatives are presented, illustrating the versatility and
synthetic utility of electrochemical approaches for the late-stage
diversication of this important heterocyclic scaffold. Finally,
the mechanistic aspects of representative transformations are
explored to provide insight into electron-transfer pathways, the
Durga Prasad Hari
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Scheme 1 (A) Distribution of publications year-wise. (B) Challenges associated with pyridine functionalization. (C) Organization of the review.
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formation of radical or cationic intermediates, and
regioselectivity.

This review is organized to rst highlight the early examples
of electrochemical pyridine functionalization, followed by
sections based on the key electrochemical processes: (i) net
oxidation, (ii) net reduction, and (iii) paired electrolysis
(Scheme 1C). Within each process-oriented section, trans-
formations are further categorized by the type of bond formed,
including C–C, C–N, C–O, C–B, C–Si, C–S, and annulation
reactions. At the end of each major electrochemical process, the
choice of reaction parameters, such as electrode materials,
electrolyte and electrochemical control mode, etc., is summar-
ised to inform rational reaction design for pyridine activation
and regioselectivity control. Finally, the current challenges and
future directions in the eld are discussed. We hope this review
will shed light on the key features of electrochemical pyridine
functionalization for synthetic applications and inspire the
development of more advanced methodologies.
2. Early advancements

The rst example of electrochemical pyridine functionalization
was reported by Inoue and his coworkers in 1973 (Scheme 2a).19

They demonstrated the electrochemical uorination of pyri-
dines, which predominantly resulted in peruorinated deriva-
tives. Subsequently, in 1975, Haszeldine and his co-workers
extended this approach to alkyl-substituted pyridines, achieving
uorination that primarily produced mixtures of peruoro-(N-
uoropiperidine) derivatives under constant voltage electrolysis
(Scheme 2b).20 A signicant milestone was achieved by Ballinger
and Teare, who reported the rst electrochemical mono-
uorination of pyridine, affording 2-uoropyridine in 22%
9372 | Chem. Sci., 2026, 17, 9370–9397
yield.21 Performing the electrolysis at a constant voltage of 2.5 V
using platinum electrodes was key for the successful mono-
uorination of pyridine with Me4NF$2HF serving as both the
uorine source and the supporting electrolyte. The reaction
efficiency was highly sensitive to the applied potential and
electrolyte concentration, as higher voltages led to pyridine
decomposition (Scheme 2c). These studies collectively laid the
groundwork for electrochemical uorination of pyridines,
highlighting the critical inuence of reaction parameters on
selectivity and product distribution.

Building upon these early uorination efforts, researchers
soon began exploring alkylation strategies to expand the func-
tional diversity of pyridine frameworks. In this context, in 1976,
Holman and co-workers reported the electrochemical methyla-
tion and triuoromethylation of pyridine by electrolyzing
aqueous pyridine solutions containing acetic acid or tri-
uoroacetic acid, thereby introducing a sustainable pathway for
alkyl-functionalized pyridines (Scheme 2d).22

The electrochemical coupling of pyridines has evolved
remarkably over the past decades, progressing from early
homocoupling studies to highly selective cross-coupling meth-
odologies. The rst electrochemical homocoupling of pyridines
was reported in 1993 by Yanilkin and co-workers using a Ni-
catalyst and 2,20-bipyridine as the ligand (Scheme 2e).23 In this
pioneering study, electrochemically generated Ni(0) undergoes
oxidative addition with 2-bromopyridine to produce Ni(II)–Py
species. This intermediate is then reduced at the cathode to
a Ni(I)–pyridyl species, which undergoes another cycle of
oxidative addition followed by reductive elimination, ultimately
furnishing the dimerized product. Building upon this founda-
tion, in 1995, Amatore and co-workers reported the rst
electrochemical cross-coupling of pyridines, utilizing
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Early examples of electrochemical functionalization of pyridines.
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dihalopyridines and 2,6-di-tert-butylphenol as the arylating
reagent to achieve C–C bond formation under electrochemical
conditions (Scheme 2f).24 This study opened a new avenue for
expanding the reactivity landscape of pyridines beyond homo-
coupling. The eld advanced further in 2000, when the
electrochemical cross-coupling of pyridines with aryl halides
was achieved, tolerating a wide variety of pyridine, aryl, and
heteroaryl halides to deliver the corresponding arylated pyri-
dines in good to excellent yields (Scheme 2g).25 Continuing this
progress, Navarro and co-workers further modied the homo-
coupling protocol by employing NiBr2(bpy) as a catalyst and
zinc as a sacricial anode in DMF or acetonitrile, successfully
synthesizing 2,20-bipyridine and dimethyl-2,20-bipyridines from
2-bromopyridine and 2-bromomethylpyridines, respectively
(Scheme 2h).26 Further optimization of nickel catalysts and
ligand systems enabled the controlled arylation of poly-
halogenated pyridines with improved turnover numbers and
selectivity.27 Later, the same group signicantly enhanced
homocoupling efficiency by introducing an iron anode, which
increased yields to 98% by preventing nickel catalyst passiv-
ation through iron-ion-mediated trapping of free bipyridine
generated during sacricial anode oxidation.28 Collectively,
these advances delineate a clear trajectory from the founda-
tional Ni-catalyzed homocoupling to modern, efficient, and
selective cross-coupling methodologies, underscoring the
growing maturity and synthetic potential of electrochemical
strategies in pyridine chemistry.

Expanding the scope of electrochemical pyridine function-
alization beyond halide coupling, Gosmini and co-workers
achieved a landmark advancement by reporting the rst
electrochemical C–H arylation of pyridines, utilizing in situ-
© 2026 The Author(s). Published by the Royal Society of Chemistry
generated organozinc reagents as arylating partners in the
presence of a copper catalyst (Scheme 2i).29 The organozinc
intermediate coupled with pyridinium salts, which is generated
in situ from pyridines and methyl chloroformate. The resulting
1,4-dihydropyridine intermediates were then oxidized to
furnish 4-phenylpyridines in moderate to high yields. This
study not only demonstrated the feasibility of direct C–H ary-
lation under electrochemical control but also highlighted the
synthetic versatility of organozinc intermediates in pyridine
derivatization.

Nédélec and co-workers developed a C–P bond-forming
strategy by employing chlorodiphenylphosphines as phos-
phorylating agents in the presence of a nickel catalyst, which
opened an avenue for C–heteroatom bond formation in pyri-
dine functionalization (Scheme 2j).30

3. Functionalization via net oxidation

Electrochemical net-oxidative strategies have emerged as
powerful and sustainable approaches for the formation of C–C
and C–heteroatom bonds. These methodologies operate
through sequential single-electron transfer (SET) oxidation
processes, enabling substrate activation without the need for
stoichiometric chemical oxidants. By precisely controlling
anodic potentials, electrochemical oxidation facilitates radical–
polar crossover pathways and grants access to valuable molec-
ular architectures that are oen difficult to obtain using
conventional oxidative methods. Among various net oxidative
approaches, electrochemical C–H bond functionalization has
gained prominence, as it enables regioselective activation and
site-selective modication of heteroaromatic systems such as
Chem. Sci., 2026, 17, 9370–9397 | 9373
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pyridines, thereby providing an efficient route to complex,
functionally diverse compounds.

3.1 C–H alkylation

Within oxidative C–H functionalization, C–H alkylation of
pyridines represents a signicant advancement. In this strategy,
alkyl radicals generated either directly at the anode or through
mediator-assisted oxidation add to pyridinium intermediates to
furnish dihydropyridine derivatives. A subsequent anodic
oxidation step restores aromaticity, thereby providing the cor-
responding alkylated pyridines. In 2020, an electro-
photocatalytic Minisci-type functionalization of pyridines was
demonstrated by Xu and co-workers using a decarboxylative
alkylation strategy (Scheme 3).31 Two distinct optimized condi-
tions were developed for C–H alkylation and C–H carbamoyla-
tion, with CeCl3$7H2O and 4CzIPN being employed as
photocatalysts, respectively. The alkylation of 2,6-disubstituted
pyridine was well tolerated to furnish the product 1; however,
C4-substituted pyridines were found to yield a mixture of mono
and bis-alkylated products (2 and 3). Notably, pyridine-
containing drug molecules such as diufenican were also
compatible, delivering the desired alkylated product 4 in 31%
yield. Conversely, the carbamoylation reaction exhibited
remarkable selectivity at the C2-position of pyridines and
pyridine-containing drug-like molecules, affording mono-
substituted products (5–7). Mechanistically, the alkylation
reaction was initiated via anodic oxidation of CeIII to CeIV,
Scheme 3 (A) C–H alkylation. (B) C–H carbamoylation.

9374 | Chem. Sci., 2026, 17, 9370–9397
which coordinated with carboxylic acid to form intermediate I.
The alkyl radical III was then proposed to be generated via
a photoinduced ligand-to-metal charge transfer (LMCT) in the
Ce(IV) complex I, followed by decarboxylation. Aer the addition
of radical III to the activated pyridinium salt, the resulting
radical intermediate IV was suggested to lose a proton to
generate intermediate V and subsequently undergo oxidation
mediated by Ce(IV) to furnish the alkylated product. However,
for carbamoylation, the radical I was generated via a single-
electron transfer (SET) oxidation of oxamate by the excited-
state 4CzIPN. The radical II generated aer the Minisci-type
addition to pyridinium salt was rst reduced by the photo-
catalyst to give intermediate III, while regenerating the photo-
catalyst. Subsequent oxidation of IV at the anode to yield the
carbamoylated product. Finally, the cathodic reaction was taken
care of by the reduction of protons to produce hydrogen gas.
3.2 C–H arylation

Heterobiaryls represent valuable structural motifs found in
numerous biologically relevant molecules and advanced func-
tional materials.32 Consequently, the development of efficient
and sustainable strategies for their synthesis has attracted
considerable attention. In line with recent advances in electro-
chemical methodologies, the direct oxidative C–H arylation of
pyridines has been successfully demonstrated in the synthesis
of heterobiaryls.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ackermann and co-workers reported an electrochemical
manganese-catalysed strategy for the oxidative C–H arylation of
pyridines bearing weakly coordinating amide directing groups,
employing Grignard reagents as aryl sources (Scheme 4).33 This
approach circumvented the need for stoichiometric oxidants
and zinc salts, which are typically required in iron-catalyzed
systems to prevent Grignard homocoupling. The electrolysis
was performed under a constant current of 3 mA with MnCl2 as
the catalyst, neocuproine as the ligand, and TMEDA as an
additive in THF solvent. The versatility of this electrocatalytic
protocol was demonstrated through its broad substrate scope,
accommodating various substituted pyridines and a range of
arylating agents, including heteroaryl counterparts (products 9–
11). Moreover, the strategy was successfully extended to the
methylation of pyridine (product 12), underscoring its synthetic
utility and generality. Mechanistic investigations, supported by
cyclic voltammetry, scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM–EDS), and DFT
calculations, revealed that C–H activation proceeds through
a high-spin ligand-to-ligand hydrogen transfer (LLHT) pathway
facilitated by single-electron transfer at the anode. The reaction
was initiated through the formation of the active Mn(II) inter-
mediate I in the presence of ligands and the arylating reagent
(ArMgBr). This catalytically active Mn(II) species subsequently
underwent C–H bond activation of pyridine to form the cyclo-
metalated intermediate II via the LLHT process, followed by
transmetalation to generate intermediate III. Subsequent
anodic oxidation produces intermediate IV, which then
undergoes reductive elimination to furnish the arylated pyri-
dine. The resulting Mn(I) species was reoxidized at the anode to
regenerate the Mn(II) catalyst, demonstrating that manganese
electrocatalysis could effectively activate the C–H bond of pyri-
dines with weakly coordinating amides while suppressing
overoxidation and homocoupling.
Scheme 5 C–H borylation.
3.3 C–H borylation

Xu and co-workers recently developed a method for direct C–H
borylation of pyridines by merging electrochemistry and
Scheme 4 Electrochemical Mn-catalyzed C–H bond arylation using ary

© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalysis, using a borane–trimethylamine (13) complex as
the borylating agent (Scheme 5).34 The main objective of this
transformation was to enable efficient generation of boryl
radicals under mild conditions, without the need for stoichio-
metric chemical oxidants. This was achieved using the photo-
catalyst anthraquinone-2-sulfonate (AQS) via hydrogen-atom
transfer. This strategy proved effective for C4-substituted pyri-
dines, 2,6-disubstituted pyridines, and 2,3,4-trisubstituted
pyridines, all of which underwent smooth conversion to the
l Grignard reagents.

Chem. Sci., 2026, 17, 9370–9397 | 9375
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products (14–16). Upon photoexcitation, the excited anthra-
quinone sulfonate (AQS) abstracted a hydrogen atom from the
borane–trimethylamine complex (13), generating a boryl radical
I along with a semiquinone-type radical species (AQS-Hc). The
boryl radical I subsequently underwent Minisci-type addition to
the pyridinium salt II to produce a radical cation intermediate
III, which underwent deprotonation and further oxidation to
yield the borylated product 17. The AQS-Hc species underwent
anodic oxidation followed by deprotonation, regenerating the
ground-state AQS and thereby completing the catalytic cycle.

3.4 C–H amination

An electrochemical direct amination of pyridines has also been
developed under mild and sustainable conditions. In 2018, Mei
and co-workers reported a copper-catalyzed electrochemical
C–H amination of pyridines equipped with a directing group
(Scheme 6).35 The use of nBu4NI as a redox mediator was key to
the success of this protocol. Constant-current electrolysis was
carried out in an undivided cell employing Cu(OTf)2 as the
catalyst and KOPiv as the base. The substrates bearing picoli-
namide (NHCO-2-Py) moiety served as an effective bidentate
directing group, facilitating coordination of both the amide and
ortho-pyridyl N atoms to the copper center and enabling site-
selective C–H amination under electrochemical conditions. A
wide range of pyridine derivatives was compatible with this
method, tolerating both electron-donating (19 and 20) and
electron-withdrawing (21) substituents, with selective amina-
tion at the C2 position. Mechanistic studies, including kinetic
isotope effect measurements, cyclic voltammetry, and radical
inhibition experiments, suggested that a high-valent Cu(III)
species is involved as a key intermediate. The reaction was
believed to be initiated by the coordination of the Cu(II) catalyst
with the amine nucleophile 18 and substrate 22, leading to the
formation of a copper(II) complex I. This complex was
Scheme 6 C–H amination.

9376 | Chem. Sci., 2026, 17, 9370–9397
subsequently oxidized by an iodine radical to afford the Cu(III)
intermediate II which was proposed to undergo a ligand-to-
metal charge transfer (LMCT) process to give radical cation
III. The intramolecular amine transfer to radical cation III,
followed by a second LMCT event, yielded intermediate IV. The
aminated product 19 was then released, and a Cu(I) species was
formed. Finally, iodine radical-mediated anodic oxidation of
Cu(I) was proposed to regenerate the active Cu(II) catalyst,
thereby completing the catalytic cycle.

Very recently, Malapit and co-workers reported a directing-
group-free electrochemical C2-amination of pyridines using
selectuor II (23) as the aminating reagent (Scheme 7).36 Under
optimized electrochemical conditions, the desired aminated
products (24–26) were obtained in good to excellent yields. The
transformation proceeded through a two-step sequence: (i)
electrochemical amination to generate DABCOnium salts, fol-
lowed by (ii) neutralization with KCN to afford the corre-
sponding aminated or piperazine derivatives. Mechanistically,
the reaction begins with anodic oxidation of reduced selectuor
II (23), forming the radical dication I, which subsequently adds
to the pyridine substrate via a charge-transfer complex II,
generating the intermediate III. Further anodic oxidation and
proton elimination yield the DABCOnium salt IV. Finally,
nucleophilic substitution (SN2) of this intermediate with KCN
furnishes the piperazine derivative 27. The high C2-selectivity is
attributed to the strong electrophilicity and steric demand of
the nitrogen-centered radical dication I, favoring regioselective
addition at the C2-position of the pyridine ring.

3.5 C–H sulfonylation

Another noteworthy transformation is the electrochemical sul-
fonylation of pyridines, which enables direct introduction of
sulfonyl groups onto the pyridine core and broadens the
repertoire of sulfur-containing derivatives.37 In 2024, Yi and co-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 C–H amination using reduced selectfluor II.
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workers reported a meta-selective electrochemical sulfonylation
of pyridines proceeding via a dearomatized oxazino–pyridine
species (Scheme 8).38 Electrolysis of the oxazino–pyridine and
sulnate salt was carried out in an undivided cell with
a graphite felt (GF) anode and Pt cathode under constant-
current conditions using nBu4NBF4 as the supporting electro-
lyte. Subsequent acidic treatment furnished the desired meta-
Scheme 8 C–H sulfonylation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
sulfonylated pyridines. This method proved broadly applicable
to a wide range of sulfonyl groups, including (hetero)aryl sul-
nates and alkyl sulnates (products 28–30). The protocol was
also successfully extended to late-stage functionalization of
drug-like molecules containing pyridine motifs, such as vis-
modegib (product 31). Mechanistic investigations indicated
that preferential anodic oxidation of the sulnate over the
oxazino–pyridine 32 was crucial for generating the sulfonyl
radical. The sulfonyl radical I was selectively added at the b-
nitrogen site of the oxazino–pyridine 32, yielding a key inter-
mediate II that undergoes further anodic oxidation to generate
intermediate III. Subsequent deprotonation and acid-mediated
rearomatization afforded the meta-sulfonylated product.
3.6 C–H silylation

Direct C–H silylation represents a powerful strategy in modern
organic synthesis, as the resulting silylated products serve as
versatile intermediates for further synthetic elaboration.39 In
2023, Wang and co-workers reported an elegant example of site-
selective silylation of pyridines under mild electro-
photochemical conditions, employing 9,10-phenanthrenequin-
one (PQ) as both a photocatalyst and a hydrogen-atom-transfer
(HAT) agent (Scheme 9).40 The protocol exhibits broad substrate
tolerance, accommodating variously monosubstituted pyri-
dines (34 and 35). Silylated products (36 and 37) were efficiently
obtained from 2,6- and 2,4-disubstituted pyridines. Mechanis-
tically, the electrophotocatalytic C–H silylation begins with
photoexcitation of PQ to PQ*, followed by HAT from tBuMe2SiH
to generate the silyl radical I (tBuMe2Sic) and PQHc. The silyl
radical I is added to the pyridinium salt II, forming a key
intermediate III, which subsequently transfers a hydrogen
(HAT) atom to PQHc, followed by deprotonation to yield the
silylated pyridine 38. Finally, PQ is regenerated by anodic
oxidation of PQH2.
Chem. Sci., 2026, 17, 9370–9397 | 9377
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Scheme 9 Ortho-C–H silylation.
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An elegant strategy for the meta-C–H silylation of pyridines
was recently disclosed by Xu and co-workers (Scheme 10).41

The transformation proceeded without a photocatalyst or
Scheme 10 Meta-C–H silylation.

9378 | Chem. Sci., 2026, 17, 9370–9397
external oxidants, relying instead on N-hydroxyphthalimide
(NHPI) as a hydrogen-atom-transfer (HAT) catalyst. Constant
current electrolysis in acetonitrile at room temperature effi-
ciently generated silyl radicals in situ, which selectively
engaged with the pyridine ring. Notably, the presence of an
electron-withdrawing substituent on the pyridine ring was
found to enhance meta-selectivity, dictating the role of elec-
tronic effects in controlling regioselective C–H bond func-
tionalization. While 2,6-dicyanopyridine furnished both
mono- and disilylated products (39 and 40), 2,4,6-trisubsti-
tuted pyridine exclusively delivered the monosilylated product
41, reecting the impact of steric effects on second silylation.
In addition, the use of bulkier silanes, such as tri-
isopropylsilane was compatible with the reaction, affording
the corresponding meta-silylated product 42 in 55% yield. A
plausible reaction pathway involves single-electron oxidation
of NHPI, followed by proton elimination to generate the N-oxyl
radical I, which abstracts a hydrogen atom from silane,
generating silyl radical II. The silyl radical II then preferen-
tially adds to the meta position of intermediate III, affording
intermediate IV. Finally, N-oxyl radical I abstract a hydrogen
atom from intermediate IV, regenerating NHPI and delivering
the meta-silylated product 39. The observed meta-selectivity is
attributed to a combination of electronic and stabilization
effects. Specically, the strong electron-withdrawing inductive
effect of cyano or ester substituents enhances the electrophilic
character of the meta position relative to the ortho and para
positions.

3.7 C–H halogenation

Halopyridines are highly important intermediates in organic
synthesis and medicinal chemistry due to their versatile reac-
tivity and broad applications. They also serve as key building
blocks in the synthesis of pharmaceuticals, functional mate-
rials, and agrochemicals, enabling precise modication of the
pyridine scaffold to tune biological activity or material proper-
ties.10,42 Therefore, the electrochemical halogenation of pyri-
dines opened another avenue for their efficient synthesis. In
2016, Gryaznova and co-workers reported a selective electro-
chemical uorination of pyridines and ethylpyridines mediated
by transition metal catalysts (Scheme 11).43 The regioselectivity
Scheme 11 Transition-metal catalyzed C–H fluorination.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the transformation was found to depend strongly on the
metal catalyst employed: nickel catalysts favored uorination at
the C3-position, whereas silver and cobalt salts preferentially
promoted C2-uorination. The methodology was demonstrated
on two representative substrates, affording the corresponding
uorinated products (44–47) in good yields. The observed
catalyst-dependent regioselectivity likely arises from distinct
oxidative uorination pathways, the mechanistic details of
which remain to be fully elucidated.

In 2021, Chen and co-workers reported an electrochemical
meta-C–H bromination of pyridines via an Umpolung strategy
(Scheme 12).44 Selective meta-functionalization was achieved by
introducing an electron-donating group at the ortho position to
enhance nucleophilicity at the meta site, and electrophilic
bromine was generated in situ from tetrabutylammonium
bromide (48). A broad substrate scope was displayed by the
optimized bromination protocol, with both electron-donating
(Me) and halogen (F) substituents being tolerated to deliver
the products (49 and 50). When the cyclohexylamino (NHCy)
group was used, the corresponding brominated pyridine 51 was
obtained in 60% yield. Remarkably, preinstallation of methoxy
groups at the 2- and 6-positions of the pyridine led to a highly
efficient electrolysis, delivering product 52 in an isolated yield
of 95%. CV studies indicated that bromine radical is generated
via oxidation of bromide, while the 2-aminopyridine alone was
found to be electrochemically inactive. Based on these ndings
and prior reports, a plausible mechanism was proposed in
which the bromide ion was anodically oxidized to Br-radical I,
which then forms molecular bromine and undergoes electro-
philic addition on the amino-pyridine to yield intermediate II.
Subsequent deprotonation furnished the meta-brominated
product 54.
Scheme 12 C–H bromination.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.8 Annulation of pyridine derivatives

Indolizines are found in biologically active natural products and
pharmaceuticals.45 They exhibit a broad spectrum of activities,
including anti-inammatory, antimicrobial, anti-tubercular,
and anticancer properties45b,46 and have recently attracted
attention for applications in dye-sensitized solar cells (DSSCs)
and organic light-emitting devices (OLEDs).47 In 2022, Sharma
and co-workers developed a greener strategy for indolizine
synthesis via an electrochemical cascade C–H functionalization
and annulation (Scheme 13).48 Treatment of pyridines with 2-
methylquinazolinone derivatives and chalcone derivatives in an
undivided electrochemical cell under constant current (10 mA)
efficiently furnished the corresponding annulated indolizine
55. Notably, the replacement of chalcones with isoxazole-
containing styryl-alkene also afforded indolizine 56 in good
yield. Based on experimental evidence and prior literature, the
mechanism was believed to be initiated by anodic oxidation of
iodide to generate an iodine radical, which reacted with quin-
azolinone 57 to form an intermediate I via HAT, followed by
recombination of the heterobenzyl radical with the iodine
radical. Pyridine then reacted with I to form intermediate II,
which underwent deprotonation followed by an intermolecular
cycloaddition with chalcone yield intermediate III. Finally,
anodic oxidation of intermediate III restored aromaticity,
thereby forming the heterocyclic indolizine product 58.

Very recently, electrochemical annulation of pyridines was
reported by Terent'ev and co-workers for the synthesis of imi-
dazo[1,5-a]pyridines using NH4SCN as a cyanating agent
(Scheme 14).49 A wide range of pyridine-2-carboxaldehydes and
benzylamines, including chloro-substituted and heteroaryl
benzylamines, was compatible and afforded the desired prod-
ucts (59–63) in good to moderate yields. Control experiments
suggested that cyanide species were generated prior to core
formation, with no involvement of free thiocyanogen. Mecha-
nistically, anodic oxidation of thiocyanate in the presence of
water produces the cyanide anion, which attacks the imine
intermediate I formed from pyridine-2-carboxaldehyde 64 and
benzylamine 65, generating intermediate II. Subsequent
oxidation of intermediate II with DMSO or Shono-type anodic-
oxidation pathway, furnishes intermediate III, which isomer-
izes to IV. Finally, intramolecular cyclization of intermediate IV,
followed by oxidation and deprotonation, yields the nal
product, 1-cyano-imidazo[1,5-a]pyridine 59.
3.9 Dearomative functionalization

The ‘escape from atland’ concept has been applied to pyri-
dines to transform their planar aromatic cores into three-
dimensional (3D) dehydropiperidine scaffolds with increased
molecular complexity.50 Replacing a pyridine core in pharma-
ceuticals with an sp3-enriched piperidine counterpart can
improve solubility and bioavailability.51 Motivated by this
strategy, Ye and co-workers have very recently developed a regio-
and diastereoselective dearomative multifunctionalization of
pyridines using TMS-halide, TMSCN and alcohol under
constant current electrolysis (Scheme 15).52 The method
exhibits a broad substrate scope across various pyridine
Chem. Sci., 2026, 17, 9370–9397 | 9379
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Scheme 13 Synthesis of indolizines via C–H functionalization of pyridine.

Scheme 14 Oxidative annulation of pyridine.

Scheme 15 Dearomative stereoselective multifunctionalization.
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derivatives and alcohol nucleophiles; chloro- and bromo-silanes
can be employed to facilitate dearomatization with moderate to
excellent diastereoselectivity (products 66–68). The mechanism
of this transformation begins with the activation of the pyridine
9380 | Chem. Sci., 2026, 17, 9370–9397
8 by cyanogen bromide, which is generated electrochemically in
situ from TMSBr and TMSCN. The activated pyridinium inter-
mediate I is then trapped by methanol to form the dearomative
intermediate II. Subsequently, an anodically generated bromine
radical adds to the nucleophilic enamine double bond in
a regio- and diastereoselective manner, affording the radical
intermediate III. Further anodic oxidation of radical III leads to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 C–H deuteration.
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the formation of the iminium ion IV, which is subsequently
trapped by a nucleophile to afford the nal product. The high
diastereoselectivity is supported by DFT calculations, which
indicate that the addition of the bromine radical to the enamine
from the sterically less hindered face is energetically favored.

Collectively, net-oxidative electrochemical strategies for C–H
bond functionalization of pyridines offer an attractive and
sustainable alternative to conventional methods. In most re-
ported systems, acidic additives are deliberately chosen to
generate more electron-decient pyridinium species, which
enhance regioselective radical addition by increasing the elec-
trophilicity of specic positions on the pyridine ring. Polar
aprotic solvents (such as MeCN) are typically selected to stabi-
lize charged intermediates and to buffer proton release during
the rearomatization step. From a practical standpoint, robust
electrode materials such as reticulated vitreous carbon (RVC),
platinum, carbon, and graphite felt (GF) are preferred due to
their stability under oxidative conditions and corrosion resis-
tance; at the cathode, these electrodes also enable efficient
proton reduction, thereby maintaining charge balance
throughout the electrochemical process.
4. Functionalization via net reduction

In contrast to the extensively studied net oxidative pathways, net
reductive electrochemical methods provide an equally versatile
and sustainable platform for pyridine functionalization. These
approaches proceed via distinct mechanistic pathways that
involve radical or anionic intermediates generated by cathodic
reduction. Therefore, C–X (X = H, Cl, Br, CN) bonds function-
alization of pyridines can also be achieved efficiently via
cathodic reduction, generating reactive intermediates that
facilitate efficient C–C and C–heteroatom bond formation with
high regioselectivity and broad functional group tolerance.
4.1 C–H deuteration

Due to the pronounced kinetic isotope effect, deuterated
compounds are of great signicance in synthetic chemistry,
materials science, and pharmaceutical research.53 Although C–
H/C–D exchange provides a straightforward route for deuterium
introduction,54 traditional methods, such as transition-metal-
catalysed exchange55 or deuterodehalogenation56 typically
require noble metals, strong acids/bases, or organometallic
reagents, and oen suffer from limited regioselectivity, low
incorporation efficiency, and a restricted substrate scope. In
this context, Xiang and co-workers recently reported an
electrocatalytic g-selective deuteration of pyridines using D2O
as the deuterium source (Scheme 16).57 A broad range of
substituted pyridines bearing aryl and heteroaryl groups affor-
ded the desired deuterated products (69–71) in excellent yields.
The practicality of this strategy was further demonstrated
through the late-stage deuteration of a pyridine-containing
estradiol derivative 71. Mechanistically, the cathodic reduc-
tion of 2-phenyl pyridine 72 produced the pyridyl radical anion
I, which underwent nucleophilic attack to D2O at the preferred
C4-position to form intermediate II. Subsequent oxidation by
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecular iodine or molecular oxygen afforded the deuterated
pyridine 69. Molecular iodine is generated in situ from iodide at
the anode.
4.2 C–H carboxylation

Direct carboxylation of organic molecules using CO2 has
emerged as a powerful strategy for the incorporation of
carboxylic acid functionalities.58 In the context of pyridines,
such transformations provide straightforward access to pico-
linic acid and nicotinic acid derivatives, which serve as valuable
building blocks in pharmaceuticals and drug discovery.59 The
rst study in this area was reported by Zare and coworkers, who
demonstrated that a nickel complex could efficiently catalyze
the electrochemical reduction of CO2, generating a carboxylate
radical anion as a key reactive intermediate.60 This species not
only facilitated the indirect electroreduction of pyridines but
also coupled directly with pyridyl radical anions, leading to the
formation of the corresponding carboxylated pyridine deriva-
tives. However, this reaction is limited to mechanistic studies;
its synthetic potential is not explored.

In 2022, Qiu and co-workers made a signicant break-
through by reporting the rst site-selective C4-carboxylation of
pyridines utilizing CO2 as an inexpensive and sustainable
carbon source (Scheme 17).61 This protocol is a metal-free, base-
free and allows selective C–H carboxylation of electron-decient
pyridines, affording the products (73–75) with excellent chemo-
and regioselectivity. Notably, 2,6-diuoropyridine was con-
verted to 2,6-diuoronicotinic acid (73) in 76% yield rather than
to 2,6-diuoroisonicotinic acid, which was likely inuenced by
the electron-withdrawing effects of the uorine atoms. Simi-
larly, 2,6-diphenylpyridine was transformed into 2,6-di-
phenylisonicotinic acid (74) under the same conditions. The
reaction was initiated by the cathodic reduction of 2-phenyl
Chem. Sci., 2026, 17, 9370–9397 | 9381

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00233a


Scheme 17 Electro reductive C–H carboxylation.
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pyridine 72, leading to the formation of a pyridyl radical anion I,
which was subsequently added to CO2 to generate intermediate
II. The high regioselectivity observed was attributed to the
intrinsic electronic properties of the substrate. Intermediate II
was then oxidized by iodine to produce III, accompanied by the
loss of a proton. Finally, protonation afforded the carboxylic
acid product 76. Meanwhile, Et4NI was oxidized at the anode,
obviating the need for a sacricial anode.

Concurrently, Lin, Yu and co-workers developed an electro-
chemical approach that offers complementary site selectivity, in
which regioselectivity is governed entirely by the cell congu-
ration: C5-carboxylation is favored in divided cells, whereas C4-
carboxylation predominates in undivided cells (Scheme 18).62

This strategy was successfully applied to a broad range of pyri-
dines (77–80), bipyridine (81), and furan-substituted pyridine
(82), demonstrating its wide applicability. For C5-carboxylation,
the reaction is proposed to initiate via single-electron reduction
of 2-phenyl pyridine 72, generating radical anion I. DFT calcu-
lations indicated that the highest electron density of I is located
at C5, which undergoes nucleophilic addition to CO2 to form
intermediate II. Subsequently, cathodic reduction produces
dianion III, which is then oxidatively rearomatized by O2 and
methylated in the presence of methyl iodide to furnish the
corresponding methyl ester derivative 83. However, the addition
of CO2 to intermediate I is reversible and not energetically
favorable (endergonic). This reversibility allows the product
ratio to depend on the next irreversible step according to the
Curtin–Hammett principle. Additionally, DFT calculations
showed that if CO2 were to add at the C4 position instead, the
resulting intermediate would have a weaker C–H bond at that
site (by approximately 3.8 kcal mol−1), thereby facilitating
a hydrogen-atom transfer (HAT) process. So, if a hydrogen-atom
9382 | Chem. Sci., 2026, 17, 9370–9397
acceptor were present, the reaction could be pushed toward C4-
carboxylation instead of C5. Under undivided-cell conditions,
iodine generated anodically from tetrabutylammonium iodide
(nBu4NI) functioned as an efficient hydrogen-atom acceptor,
engaging in either a direct H-atom transfer (HAT) mechanism
or a proton-coupled electron-transfer (PCET) process with
intermediate IV to produce intermediate V. Subsequent treat-
ment withmethyl iodide furnished the isonicotinic acid ester 84
as the nal product. Despite its high C4-selectivity, the method
showed reduced current efficiency and slower reaction rates due
to continuous charge consumption in regenerating I2 instead of
driving the desired transformation.

4.3 C–H silylation

Silylated pyridines are valuable synthetic intermediates, and
they can also be efficiently accessed through cathodic reduction
of pyridines. Recently, Zhang, Hao and co-workers reported an
electrochemical C4-silylation of pyridines via a reductive dear-
omatization strategy in the presence of chlorosilanes (Scheme
19).63 This methodology was demonstrated to be broadly
applicable, affording good yields for a wide range of pyridines
bearing aryl, heteroaryl and estrone substituents (85–87).
However, for a bulky silyl group, C5-silylated pyridine 88 was
obtained as the major product. The reaction commenced with
the formation of a pyridyl radical anion I via single electron-
reduction, wherein the nitrogen atom, bearing the highest
electron density on the pyridine ring, attacked the chlorosilane,
followed by cathodic reduction produced the N-silylated inter-
mediate II, when smaller chlorosilanes were employed. This
intermediate II subsequently reacted with another chlorosilane
at the C4 position to afford intermediate III, which, upon
hydrolysis and rearomatization by oxidation, yielded the C4-
silylated product with excellent regioselectivity. In contrast,
when bulky chlorosilanes such as chlorotriisopropylsilane
(TIPSCl) were used, steric hindrance disfavored the formation
of intermediate VI. Instead, silylation occurred at the C5 posi-
tion via intermediate IV, in which the most electron-rich carbon
of the pyridine ring participated. The resulting intermediate V
aer hydrolysis and aerobic oxidation furnished the C5-silylated
product.

4.4 C–H alkylation

Although the alkylation of pyridines has been extensively
explored through oxidative electrochemical Minisci-type reac-
tions employing different alkyl radical precursors, these
approaches oen suffer from C2/C4 regioselectivity issues and
overalkylation. Very recently, Zhang, Hao and co-workers fur-
nished a silane-assisted electro reductive C4-alkylation of pyri-
dines (Scheme 20).64 The reaction was compatible with a range
of pyridines and alkyl halides, affording the corresponding
alkylated pyridines (89–91) in good yields. The reaction was
proposed to begin with the formation of a pyridinium inter-
mediate I through the reaction of 2-phenyl pyridine 72 with
chlorotrimethylsilane, which was subsequently reduced at the
cathode to afford radical intermediate II, while magnesium was
oxidized to Mg2+ at the anode. In parallel, cathodic reduction of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Site-selective carboxylation of pyridines.
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cyclohexyl bromide 92 generates a cyclohexyl radical III.
Radical–radical recombination produced intermediate IV.
Subsequent hydrolysis of intermediate IV, followed by aerobic
oxidation, furnished the desired C4-alkylated product 93.
4.5 Decyanative alkylation

Following the electroreductive C–H bond functionalization
strategy, electrochemical decyanative functionalization has
emerged as another efficient approach for the selective bond
functionalization of pyridines. Under electrochemical condi-
tions, cyano-pyridines undergo single-electron reduction to
form pyridyl radical anions, which can participate in a variety of
bond-forming processes. Subsequent cyanide elimination
restores aromaticity.

A pioneering advance was achieved with a nickel-catalyzed
electroreductive alkylation of pyridines, employing 4-cyanopyr-
idine and electron-decient alkenes as coupling partners
(Scheme 21).65 A diverse range of enones was explored, affording
the corresponding alkylated pyridines (95–97) in moderate to
excellent yields. When cinnamamide bearing a chiral auxiliary
was employed, the alkylated product 97 was obtained in good
yield with a 1 : 1 diastereomeric ratio. Mechanistically, the
transformation can proceed through two distinct pathways: in
path a, the alkene 98 undergoes cathodic reduction to generate
a radical-anion species I, which tautomerizes to the radical-
enolate intermediate II. This intermediate then couples with
a nickel-bound pyridine complex III at the C4 position, forming
© 2026 The Author(s). Published by the Royal Society of Chemistry
intermediate IV. Subsequent reduction of IV produces the
carbanion intermediate V, which undergoes cyanide elimina-
tion to afford the desired alkylated product 99. In path b, the
enolate intermediate II engages in radical coupling with a pyri-
dine radical anion VI, generated in situ from 4-cyanopyridine via
cathodic reduction, to form adduct V, which then follows
a similar cyanide elimination and protonation to deliver the
nal product.

Rovis and co-workers developed an elegant electrochemical
decyanative alkylation of pyridines employing iminium salts as
alkylating agents (Scheme 22a).66 This strategy provided a direct
and efficient route to pyridine-containing a-tertiary amines via
a proton-coupled electron transfer (PCET) pathway, a trans-
formation of high signicance owing to the prevalence of such
scaffolds in pharmaceuticals and agrochemicals. The method
exhibited broad functional-group tolerance, accommodating
pyridines substituted with halides and alkynes (100 and 101),
and was equally effective with cyclic iminium salts, affording
the corresponding cyclic amines (102 and 103). Mechanistically,
the reaction proceeds through single-electron cathodic reduc-
tion of the iminium salt 104 to generate an a-amino radical I,
while cyanopyridine 94 undergoes simultaneous proton-
coupled electron transfer (PCET) to yield a pyridyl radical II.
The radical–radical coupling between I and II affords interme-
diate III, which subsequently undergoes deprotonation fol-
lowed by cyanide elimination to deliver the sterically hindered
pyridyl amine 105.
Chem. Sci., 2026, 17, 9370–9397 | 9383
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Scheme 19 Regioselective C–H silylation.

Scheme 20 C–H bond alkylation.

Scheme 21 Decyanative alkylation using alkene.
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Following this, Guan and co-workers developed an electro-
chemical protocol for the synthesis of benzylic secondary
amines via the coupling of imines with 4-cyanopyridine
(Scheme 22b).67 Under the standard reaction conditions, 4-
cyanopyridine 94 afforded the corresponding aminated product
107, albeit in modest yield (36%). The reaction was initiated via
reduction of both the 4-cyanopyridine 94 and the imine 106 via
SET to generate the pyridyl radical intermediate and a-amino
radical, respectively. Finally, radical–radical cross-coupling fol-
lowed by cyanide elimination delivered the desired product 107.

Next, electroreductive alkylation of 4-cyanopyridines using
aldehydes and ketones as alkylating agents was reported by
Yang and co-workers (Scheme 23).68 The reaction exhibited
a broad substrate scope, efficiently converting a variety of
aliphatic and aromatic aldehydes into the corresponding
secondary alcohols (108–110), while ketones also participated to
afford tertiary alcohol 111 in good yield. The reaction mecha-
nism involved a ketyl radical intermediate I formed by cathodic
reduction of carbonyl compound 112; concurrently, 4-cyano-
pyridine 94 was reduced to a persistent radical anion II. These
radicals underwent radical–radical cross-coupling to form an
intermediate III, which then eliminated cyanide to afford
alcohol 110. The formation of both transient radical I and
persistent radical II was proposed to occur preferentially at the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Decyanative alkylation using imines.

Scheme 23 Decyanative alkylation using aldehyde/ketones.
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cathode. At the anode, DABCO undergoes sacricial oxidation,
thereby providing the necessary electron balance to drive the
cathodic reduction steps.

In a recent advance, Huang and co-workers developed
a decyanative alkylation of cyanopyridines using unactivated
alkyl bromides (Scheme 24).69 This operationally simple and
scalable protocol featured a broad substrate scope including
electron-withdrawing, electron-donating groups substituted
pyridines, as well as primary, secondary, tertiary and cyclic alkyl
bromides (products 113–117), without the need for a sacricial
anode. The transformation proceeded through single-electron
reduction of Cs-coordinated cyanopyridines to pyridyl radical
anion intermediate I, which subsequently, coupled with alkyl
radical intermediate II generated from the corresponding alkyl
bromides 118 by reduction at the cathode to give intermediate
III. Finally, intermediate III underwent decyanation to furnish
product 119.

Very recently, a complementary decyanative alkylation of 4-
cyanopyridines was disclosed by Zeng and co-workers using
continuous-ow electrochemical methods (Scheme 25).70 Under
ow constant current electrolysis, the combination of alkenes,
aryl bromides, and cyanopyridines enabled efficient access to
© 2026 The Author(s). Published by the Royal Society of Chemistry
alkylated pyridine frameworks. Aryl bromides bearing electron-
withdrawing substituents, such as an ester group, was well
tolerated and delivered the corresponding product 120 in 73%
yield. Notably, aryl bromides derived from L-menthol also
participated effectively, providing the desired product 121 in
Scheme 24 Decyanative alkylation using alkyl bromides.
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Scheme 25 Multicomponent decyanative alkylation using alkene.

Scheme 26 Decyanative carboxylation using CO2.
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62% yield, highlighting the functional-group compatibility of
the protocol. A plausible mechanistic pathway was proposed for
the observed regioselectivity (Scheme 25). The process was
initiated by cathodic reduction of the aryl bromide, followed by
debromination to generate an aryl radical I, which subsequently
added to the alkene to form a carbon-centred radical interme-
diate II. In parallel, cyanopyridine underwent cathodic reduc-
tion to produce a relatively persistent pyridyl radical anion III.
Final radical–radical coupling between these two intermediates,
followed by decyanation, furnished the alkylated pyridine
product.
4.6 Decyanative carboxylation

Very recently, Li and co-workers employed a decyanative
strategy for the carboxylation of cyanopyridines (Scheme 26).71 A
broad range of 4-cyanopyridines bearing various aryl substitu-
ents efficiently afforded the corresponding isonicotinic acid
derivatives (122–125). The proposed mechanism for this trans-
formation began with the cathodic reduction of 4-cyanopyridine
94, producing a pyridyl radical anion intermediate I that
underwent carboxylation with CO2 to generate a cyano-1,4-
dihydropyridine-4-carboxylate radical anion II. Further
cathodic reduction of II formed the corresponding dianion III,
which subsequently undergoes decyanation and protonation to
afford the desired isonicotinic acid derivative 126.
4.7 Dehalogenative alkylation

Electrochemical dehalogenative functionalization has become
a powerful method, allowing the otherwise inert C–halogen
9386 | Chem. Sci., 2026, 17, 9370–9397
bond in pyridines to be effectively activated under electro-
chemical conditions, thereby facilitating a wide variety of C–C
and C–heteroatom bond-forming reactions.72 In this context,
Bio and co-workers reported an electrochemical dehalogenative
alkylation of pyridines employing redox-active esters as alky-
lating reagents, highlighting the potential of electrochemical
activation in promoting sustainable and selective pyridine
functionalization (Scheme 27).73 Under constant-current elec-
trolysis at 20 mA, this method afforded 3-alkylated pyridines in
moderate yields (127 and 128). The reaction proceeds via the
following mechanism: cathodic reduction of the redox-active
ester results in decarboxylative fragmentation, generating
radical II. Simultaneously, Ni(0) underwent oxidative addition
with pyridine halides to form intermediate IV. The alkyl radical
II was then captured by the nickel complex IV, affording inter-
mediate V. Finally, reductive elimination from intermediate V
delivered the C3-alkylated pyridine. The resulting Ni(I) species
was subsequently reduced at the cathode, completing the
catalytic cycle.
4.8 Dehalogenative deuteration

In 2020, Zhang and co-workers reported an elegant electro-
chemical dehalogenative deuteration of arenes/pyridines using
D2O as the deuterium source (Scheme 28).56a Control experi-
ments with CD3CN/H2O established water as the exclusive
hydrogen source. The proposed mechanism involves a cathodic
reduction of halopyridine to generate pyridyl radicals, which
subsequently couple with deuterium radicals produced via D2O
splitting, supported by EPR studies. The suppression of product
formation by hydrogen-radical scavenging with tBuOH further
corroborated this mechanism, although direct deuterium
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 Dehalogenative alkylation using redox-active ester.

Scheme 28 Dehalogenative deuteration.

Scheme 29 Dehalogenative phosphorylation.
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abstraction from D2O could not be completely excluded. The
reaction exhibited broad scope with aryl halides, and a few
examples of pyridine substrates were reported in this study
(129–132).
4.9 Dehalogenative phosphorylation

In 2020, Wickens and co-workers reported a strategy for phos-
phorylation of chloropyridine, where a photocatalyst was rst
activated electrochemically before photoexcitation, overcoming
the energy limitations of visible-light photoredox catalysis
(Scheme 29).74 This approach enabled radical generation from
2-chloropyridine (133), which are difficult to reduce owing to
their high reduction potentials. The reaction is believed to
initiate via cathodic reduction of the photocatalyst NpMI,
generating a mild reducing radical anion intermediate I, which
© 2026 The Author(s). Published by the Royal Society of Chemistry
is then excited by light to form a highly reducing intermediate
II. This excited photocatalyst intermediate II then reduced the
pyridine chloride 133, producing pyridyl radical intermediate
III. Radical III then added to the phosphorous atom of triethyl
phosphite 134 to yield intermediate IV. Finally, the radical
intermediate IV undergoes b-scission to give phosphorylated
pyridine 135.

4.10 Dearomative carboxylation

Meanwell and co-workers developed a mild, highly chemo-
selective electrochemical Birch carboxylation of pyridines using
CO2 as a sustainable C1 source, providing a greener and safer
alternative to classical Birch reductions (Scheme 30).75 Elec-
trolysis conducted in DMF using a magnesium sacricial anode
and a platinum cathode enabled selective reduction and C4-
carboxylation of pyridines without affecting other aromatic
rings, such as bis(triuoromethyl)-, methylthio-substituted
phenyl, and benzofuran moieties, affording the desired prod-
ucts in good yields (products 136–138). A plausible mechanism
involves cathodic reduction of the pyridine substrate 139 via
a Birch-type electrochemical process to form a radical anion
intermediate I. Delocalization of the resulting benzylic radical
into the aryl substituent stabilizes the dearomatized species.
Trapping of the nitrogen-centered anion by CO2 affords inter-
mediate II, which, upon further cathodic reduction, generates
a dianionic species III. Capture of a second equivalent of CO2

produces a dicarboxylated intermediate IV, followed by decar-
boxylation on work-up, furnishes the corresponding 1,4-di-
hydropyridine product 140.

From a practical standpoint, net-reductive methods enable
diverse C–X (X=H, Cl, Br, CN) functionalization of pyridines by
Chem. Sci., 2026, 17, 9370–9397 | 9387
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Scheme 30 Birch-type dearomative carboxylation.
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generating pyridyl radical anions via controlled single-electron
transfer at the cathode. Polar aprotic solvents such as DMF
and MeCN are typically selected because they stabilize charged
intermediates, efficiently dissolve salts and CO2, and provide
a wide electrochemical window under reductive conditions.
Halide-containing supporting electrolytes are oen preferred,
as they can participate in the overall redox balance and, in some
systems, in situ-generated molecular iodine facilitates rear-
omatization. Carbon-based electrodes paired with oxidizable
electron donors such as amines, or sacricial metal (e.g.,
magnesium), are commonly employed as anodes, while metal-
based electrodes are typically used at the cathode. Further-
more, the choice of electrochemical cell: a divided versus an
undivided cell can be used to control regioselective
functionalization.
Scheme 31 C–H bond deuteration via paired electrolysis.
5. Functionalization via paired
electrolysis

Paired electrolysis is an electrochemical strategy in which both
anodic and cathodic reactions are utilized productively within
a single operation. By enabling simultaneous redox events, it
maximizes energy efficiency and allows the formation of
multiple bonds or products in one step. This approach expands
the synthetic scope by integrating complementary oxidation
and reduction processes, providing a sustainable and versatile
platform for complex molecular transformations.
9388 | Chem. Sci., 2026, 17, 9370–9397
5.1 C–H deuteration

A direct, efficient, and regioselective C4–H deuteration strategy
for pyridines was reported by Qiu and co-workers (Scheme 31).76

Under optimized conditions, a wide range of pyridines and bi-
pyridines were successfully deuterated with excellent yields and
high deuterium incorporation (69 and 141). Moreover, the late-
stage functionalization of pharmaceutically relevant molecules,
including carveol (product 142), further underscored the
synthetic utility and practical relevance of this approach.
Mechanistic studies supported by cyclic voltammetry suggested
the following pathway for deuteration: initially, nBu4NI disso-
ciates to furnish nBu3N (I) and nBuI (II). The nBu3N (I) undergoes
anodic oxidation to generate a radical cation III, thereby deliv-
ering electrons to the electrochemical cycle. Concurrently, nBuI
and pyridine derivative 72 react to give the pyridinium salt IV,
which undergoes single-electron reduction at the cathode to
form a radical species V. The radical V is further reduced to an
anionic intermediate VI. Subsequent reaction of VI with D2O
provides a deuterated intermediate VII, which undergoes
anodic oxidation to furnish the desired deuterated pyridine 69.
5.2 C–H alkylation

Paired electrolysis also enabled C–H alkylation of pyridines
under mild conditions. Chen and co-workers reported the rst
electrochemical deaminative alkylation of pyridines, employing
Katritzky salts as alkyl radical precursors (Scheme 32).77 The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 32 Redox-neutral C–H alkylation using Katritzky salts.
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methodology exhibited a limited scope with respect to pyridine
substrates; however, it is applicable to structurally complex
pyridine derivatives, affording the corresponding C2- or C4-
alkylated products (143–145), albeit in modest yields. A plau-
sible mechanism involved the single-electron reduction of the
Katritzky salt 146 at the cathode, leading to the formation of the
persistent radical species I, which was subsequently exergoni-
cally fragmented to produce the alkyl radical II. The radical then
slowly underwent an energy-demanding addition to the pyr-
idinium salt IV, forming intermediate V. Simultaneously,
a relatively rapid and exergonic radical–radical combination
between I and II generated intermediate III. The reduction of
intermediate V was achieved by the excited state photocatalyst
[RuII(bpy)3]*, resulting in the formation of intermediate VI and
[RuIII(bpy)3]. The oxidized [RuIII(bpy)3] species could oxidize
intermediate III, thereby generating the alkyl radical II and
completing the photocatalytic cycle. Finally, intermediate VI
was oxidized at the anode to furnish the desired product 147.

Cheng and co-workers further utilized a paired electrolysis
strategy for developing a protocol for meta-C–H alkylation of 4-
cyanopyridines with alkyl halides (Scheme 33).78 Using this
strategy, the electrochemical alkylation of pyridines with
diverse alkyl bromides, including primary, secondary, and
tertiary alkyl bromides, was well tolerated, affording the corre-
sponding products 148–151 in moderate to good yields. The
transformation proceeds through the cathodic reduction of 4-
cyanopyridine 94, generating the radical anion I, which
undergoes meta-selective SN2 alkylation with primary alkyl
bromides to afford intermediate II. Subsequent anodic
© 2026 The Author(s). Published by the Royal Society of Chemistry
oxidation of intermediate II furnishes the desired product. In
contrast, secondary and tertiary bromides undergo single-
electron reduction to yield the alkyl radical III, which couples
with the radical anion IV, a resonance form of I, to produce the
anion V. Finally, anodic oxidation of V delivers the alkylated
pyridine. The observed meta-selectivity arises from the highest
charge and spin density localised at themeta-position of radical
anion I, favouring SN2 substitution with primary alkyl
bromides. For secondary and tertiary bromides, the meta-
substituted intermediate V is energetically more stable, sug-
gesting that post-transition-state bifurcation may contribute to
the origin of selectivity.
5.3 C–H amination

Malapit and co-workers developed a site-selective electro-
chemical protocol for the direct amination of aromatic C–H
bonds, including pyridines (Scheme 34).79 Under optimized
electrochemical conditions, selective functionalization of the
meta-C–H bond was observed. Interestingly, substituted pyri-
dine, bipyridine and terpyridine exclusively afforded the corre-
sponding DABCOnium salts 153–155 in moderate to good yields
(43–68%). Mechanism of the reaction starts with the single-
electron reduction of selectuor II reagent 152 at the cathode
to produce an N-radical dication intermediate I, which engages
in a charge-transfer interaction with pyridine and leads to C–N
bond formation. This process generated the radical interme-
diate III, which was then anodically oxidized to give interme-
diate IV. Finally, deprotonation of IV by a base afforded the
pyridine-DABCOnium product 156. Furthermore, it is proposed
Chem. Sci., 2026, 17, 9370–9397 | 9389
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Scheme 33 Meta-C–H bond alkylation via paired electrolysis.

Scheme 34 C–H amination via paired-electrolysis.
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that triethylamine may function as a sacricial reductant
through anodic oxidation, thereby promoting the efficient
reduction of selectuor II.
Scheme 35 Meta-bromination via paired electrolysis.
5.4 C–H halogenation

Lei and co-workers reported an electrochemical C–H haloge-
nation of 2-aminopyridine 53 by employing a paired electrolysis
approach (Scheme 35).80 Using CBr4 (157) as the brominating
agent, constant-current electrolysis (12 mA) was performed with
a carbon rod as the anode, a nickel plate as the cathode, and
nBu4NBF4 as the electrolyte, converting 2-aminopyridine 53 into
9390 | Chem. Sci., 2026, 17, 9370–9397
the corresponding brominated product 54. Mechanistic studies
suggest that under electrolysis, CBr4 is reduced at the cathode to
generate both bromide ions and tribromomethyl radicals. The
bromide ions are subsequently oxidized at the anode to form
Br2, which efficiently brominates 2-aminopyridine via electro-
philic bromination.
5.5 Dehalogenative alkylation

Ye and co-workers reported an electrochemical aminomethyl-
ation of halopyridines catalyzed by nickel (Scheme 36).81 C2 and
C4-alkylated pyridines 161 and 162 were obtained from the
corresponding bromopyridines 158 and 159. Mechanistically,
Ni(II) was rst reduced at the cathode via a sequential two-
electron transfer to generate Ni(0), which subsequently under-
went a rapid Ni(0)/Ni(II) comproportionation to yield Ni(I)
species. The oxidative addition of Ni(I) to the bromo-pyridine
158 produced the intermediate I, which was further reduced
at the cathode to form intermediate II. Simultaneously, the a-
amino carbon radical III was generated via anodic oxidation
followed by deprotonation of tertiary-amine 160, which was
captured by intermediate II to furnish intermediate IV. Finally,
reductive elimination from intermediate IV affords the coupling
product 153, thereby regenerating the Ni(I) complex.

Given the signicance of uorinated moieties in drug
discovery, and their ability to improve pharmacokinetic proles
as well as key physicochemical properties when incorporated
into therapeutic or diagnostic molecules, Zhang, Wang and co-
workers established a nickel-catalyzed electrochemical uoro-
alkylation of iodo-pyridines using sodium di-
uoromethanesulnate 165 as the uoroalkylating reagent
(Scheme 37).82 Under mild electrochemical conditions, 3-iodo-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 36 Dehalogenative alkylation via paired electrolysis.

Scheme 37 Dehalogenative fluoroalkylation via paired electrolysis.
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pyridine (163) and 2-methoxy-3-iodo-pyridine (164) are con-
verted to uoroalkylated pyridines 166 and 167 in moderate
yields. Based on cyclic voltammetry and electron spin resonance
(ESR) spectroscopy, two possible pathways were proposed for
this electrochemical uoroalkylative coupling. Firstly, 3-iodo-
pyridine 163 undergoes oxidative addition with Ni(I) to form
the intermediate I, which was subsequently reduced at the
cathode to generate the Ni(II) species II. Alternatively, Ni(I) was
rst cathodically reduced to Ni(0), which then underwent
© 2026 The Author(s). Published by the Royal Society of Chemistry
oxidative addition with 163 to generate intermediate II. Simul-
taneously, sodium uoroalkyl sulnate 165 was anodically
oxidized to produce the uoroalkyl radical III, which was
captured by the Ni(II) species II to form intermediate IV. Finally,
reductive elimination from intermediate IV affords the uoro-
alkylated product 166 and regenerates Ni(I).
5.6 Decyanative arylation

In 2021, Yang and co-workers reported decyanative arylation of
pyridines using quinoxalin-2(1H)-ones as a coupling partner
(Scheme 38).83 This method demonstrated excellent substrate
scope, enabling the synthesis of the desired products bearing
various functional groups, including cyano, bromo, and N-
benzyl (168–171). The reactionmechanism involves protonation
of 4-cyanopyridine (94) with HFIP, followed by cathodic reduc-
tion to generate the radical intermediate II. This radical species
then adds to substrate 172, forming the nitrogen-centred
radical intermediate III, which undergoes anodic oxidation,
followed by decyanation to yield the cationic intermediate IV.
Finally, intermediate IV undergoes isomerization and deproto-
nation, affording the desired product.

Another strategy for the electrochemical arylation of pyridine
was developed by Wen and co-workers by employing quinoline
as the arylating agent (Scheme 39).84 Under constant-current
electrolysis in an undivided cell, a variety of heterocycles,
including quinoline and phenanthridine, were reacted with 4-
cyanopyridines to afford 4-arylated pyridines (173–175) in good
to excellent yields. Mechanistically, the 4-cyanopyridinium salt I
Scheme 38 Decyanative arylation using quinoxalin-2(1H)-ones.
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Scheme 39 Decyanative arylation using quinoline.

Scheme 40 C–O bond formation from bromopyridines.
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was cathodically reduced to generate the radical intermediate II,
while quinoline 176 was reduced to form the radical III. Radi-
cals II and III subsequently underwent a radical–radical
coupling to produce intermediate IV, which, upon elimination
of HCN, generated intermediate V. Finally, the desired arylated
pyridine product 177 was obtained via two-electron anodic
oxidation and proton elimination from intermediate V.
Scheme 41 Phosphorylation via paired electrolysis.
5.7 Dehalogenative etherication

Recent advances in electrochemical etherication have enabled
site-selective alkoxylation of arenes, providing a practical and
sustainable alternative to conventional ether-forming methods.
In this context, Baran and co-workers developed a nickel-
catalyzed electrochemical etherication of pyridines and ar-
enes with alcohols as an efficient replacement for classical SNAr
strategies (Scheme 40).85 The reaction proceeds under mild
conditions, using DBU as the base and nBu4NBr as the electro-
lyte, affording desired alkoxy-pyridines 178 and 179 in good
yields. The mechanism of this C–O cross-coupling is particu-
larly intriguing. The process begins with the cathodic reduction
of Ni(II) to generate an active Ni(I) species, which undergoes
oxidative addition with 2-bromopyridine (158) to form the Ni(III)
complex I. Subsequent reduction of intermediate I generates
the Ni(II) species II, which then undergoes ligand exchange with
the alcohol to afford intermediate III. Because C–O reductive
elimination from the Ni(II)-alkoxy complex III is thermody-
namically and kinetically unfavourable at room temperature,
9392 | Chem. Sci., 2026, 17, 9370–9397
and therefore anodic oxidation is employed to generate the
Ni(III)-alkoxy species IV. From this higher-valent intermediate
IV, facile reductive elimination efficiently affords the C–O
coupled product 178.

5.8 Dehalogenative phosphorylation

Parallel to the development of C–X bond alkylation and aryla-
tion, electrochemical strategies have also been applied to the
phosphorylation of pyridines under mild and sustainable
conditions. In 2018, Léonel and co-workers reported the rst
electrochemically assisted Ni-catalyzed phosphorylation of aryl
halides (Scheme 41).86 When 3-bromopyridine (180) was reacted
with dimethyl phosphonate (181) under constant-current elec-
trolysis (0.2 A) using an iron/nickel rod as the anode and nickel
foam as the cathode, the corresponding 3-phosphonylated
pyridine 182 was obtained in 20% yield. The reaction was
proposed to begin with the cathodic reduction of the Ni(II) pre-
catalyst to Ni(0), followed by oxidative addition with the halide.
The resulting Ni(II)-aryl complex undergoes single electron
reduction to form Ni(I)-aryl complex, followed by ligand
exchange with dimethyl phosphonate form a phosphoryl–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 42 Synthesis of benzo[4,5]imidazo[1,2-a]pyridines via paired electrolysis.
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nickel(I) intermediate. Subsequent anodic oxidation, followed
by reductive elimination, furnished the desired product 182,
regenerating the Ni(0) catalyst.
5.9 Annulation reactions

In 2021, Li and co-workers developed an electrochemical
intermolecular C–H amination strategy for the coupling of
pyridines and anilines, providing an efficient route to benzo
[4,5]imidazo[1,2-a]pyridines (Scheme 42).87 The protocol
features a broad substrate scope and excellent tolerance of
diverse functional groups, enabling streamlined access to
a variety of fused heterocyclic frameworks. A variety of
substituted pyridines and anilines underwent smooth annula-
tion, affording the desired products in excellent yields (183 and
184). The proposed mechanism begins with anodic oxidation
and proton elimination of aniline 185 to generate an nitrogen-
centered radical I, and a simultaneous cathodic reduction of the
4-cyano pyridine 94, generating the radical species II. Two
radical species, I and II, then recombine to form the interme-
diate IV, which, on subsequent detosylation via cathodic
reduction generates the intermediate V. Finally, anodic oxida-
tion of intermediate V, followed by cyclization, affords the
annulated product 186. However, this transformation is limited
by its requirement for an electron-withdrawing substituent (e.g.,
CN or CO2Me) at the C4-position of the pyridine ring, as well as
the need for an electron-withdrawing group (e.g., Ts or COMe)
on the nitrogen atom of the aniline to ensure successful reac-
tion outcomes.

In paired electrolysis strategies, the choice of electrode is
particularly critical, as oxidative and reductive events occur
concurrently within the same electrochemical system. Carbon-
based materials such as carbon, graphite, and reticulated
vitreous carbon (RVC) are typically selected as anodes due to
their stability under oxidative conditions, whereas nickel, plat-
inum, or metal foams are commonly employed as cathodes
owing to their high conductivity and efficient electron-transfer
characteristics under reductive conditions. Polar aprotic
solvents such as MeCN, HFIP, DMSO, and DMF are frequently
chosen because they stabilize radical and ionic intermediates,
ensure effective dissolution of electrolytes and substrates, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
provide a broad electrochemical window compatible with
simultaneous anodic and cathodic processes.
6. Conclusion and outlook

In this review, we have charted the development of electro-
chemical strategies for pyridine functionalization with a focus
on challenges and design principles associated with pyridines,
from the earliest pioneering studies to the most recent
advances, offering researchers an in-depth perspective on the
diverse approaches employed. Beyond these foundational
methods, the integration of electrochemistry with photo-
catalysis and transition-metal catalysis has further enhanced
efficiency, selectivity, and sustainability, paving the way for
innovative strategies in pyridine derivatization. The synthetic
power of these methods is exemplied by their successful
application in the late-stage functionalization of complex,
pyridine-containing molecules, underscoring their growing
relevance to pharmaceutical, agrochemical, and materials
research. Such developments not only expand the synthetic
utility of electrochemical pyridine functionalization but also
promise to unlock entirely new reactivity paradigms. Never-
theless, the studies highlighted in this review reveal that the
eld of electrochemical pyridine functionalization remains
comparatively underdeveloped, with several important areas
still requiring systematic exploration.

(1) A signicant number of studies summarized in this
review utilize pre-functionalized pyridines (e.g., cyano- or halo-
substituted derivatives) as starting materials. To further
broaden the synthetic versatility and practical applicability of
these electrochemical strategies, the direct C–H functionaliza-
tion of pyridines remains a highly desirable and impactful goal.

(2) Several valuable functional groups, such as tri-
uoromethyl, thiotriuoromethyl, nitro and azide have not yet
been introduced into pyridine frameworks via electrochemical
methodologies. Therefore, developing efficient and general
electrochemical protocols for incorporating these functional-
ities is an important direction for future research.

(3) Despite signicant progress in alkylation and arylation
cross-coupling reactions of pyridines, alkenylation,
Chem. Sci., 2026, 17, 9370–9397 | 9393
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alkynylation, and allenylation processes remain unexplored.
The development of such transformations would enable greater
molecular complexity and structural diversity, thereby expand-
ing the synthetic utility of electrochemical pyridine
functionalization.

(4) To date, there are no reported examples of asymmetric
electrochemical functionalization of pyridines employing chiral
ligands or catalysts, highlighting a signicant opportunity for
advancement toward enantioselective electrochemical
methodologies.

Taken together, these observations highlight the pressing
need for continued innovation in catalyst design, reaction
development, and mechanistic investigation to fully realize the
potential of electrochemical strategies in pyridine functionali-
zation. Overall, we anticipate that bringing together these key
historical and recent advances will inspire researchers in both
organic synthesis and medicinal chemistry to adopt electro-
chemical approaches for accessing functionalized pyridines.
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