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Abstract

Electrochemical organic synthesis has attracted attention as an environmentally friendly method for constructing heterocyclic compounds via
carbon-heteroatom bond formation. Herein, we describe the representative examples of electrochemical reactions to produce heterocycles
and discuss them according to whether they involve direct or indirect electrolysis.
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1. Introduction

Heterocyclic compounds are significant frameworks in the
field of pharmaceuticals'® and material sciences.*’
Although many methods for the construction of heterocyclic
rings have been reported, these methods often require stoi-
chiometric amounts of chemical oxidants/reductants and
harsh conditions. Therefore, the development of environmen-
tally friendly methods for synthesizing heterocyclic com-
pounds has been studied intensively.

Meanwhile, electrochemical organic synthesis has received
considerable attention as a green method.®

Electrochemical synthesis can be classified as direct or indir-
ect electrolysis. Taking anodic oxidation as an example, these
two methods are depicted (Fig. 1). In direct electrolysis, the
substrate is oxidized or reduced directly on an electrode.
Thus, generated highly reactive intermediates give the prod-
uct. In indirect electrolysis, the substrate is oxidized or reduced
indirectly by redox active species generated by oxidation or re-
duction on an electrode. Electrochemical mediators such as
halogen,”® organic compounds,”'” and transition metals'">'?
are usually used for the indirect electrolysis. The oxidation or
reduction of mediators forms active intermediates, which oxi-
dize or reduce the substrates chemoselectively to afford the
products.

Both direct and indirect electrolysis are useful and environ-
mentally friendly methods for constructing heterocycles through
carbon-heteroatom bond formation.'*™® In this highlight re-
view, we focus on representative reports on the electrochemical
synthesis of heterocyclic compounds via carbon-heteroatom
bond formation, which can be categorized as direct or indirect
electrolysis.
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Fig. 1. a) Direct and b) indirect electrolysis (anodic oxidation).
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2. Synthesis of heterocyclic compounds via
direct electrolysis

2.1 C-N bond formation via direct electrolysis

Aminyl and amidyl radicals, generated by the anodic oxidation
of amines and amides, are often used as key intermediates in the
synthesis of N-heterocyclic compounds. Yudin and Siu'” re-
ported the electrochemical aziridination of olefins and
N-aminophthalimide (Scheme 1). Under constant-potential
electrolysis at +1.8 V (vs AgCl), the N-aminophthalimide was
oxidized selectively and behaved like a nitrene to produce azir-
idines. Remarkably, both electron-rich and electron-deficient
olefins could be used in the reaction.

In 2008, Moeller synthesized pyrrolidine derivatives by the
oxidative coupling of electron-rich olefins, such as enol esters,
thioenol esters, and dithioketene acetals (Scheme 2).'® The
speculated mechanism is illustrated in Scheme 2. First, the an-
odic oxidation of olefin with sulfonamide would generate an
olefin radical cation or sulfonamidyl radical. Subsequent inter-
molecular cyclization of these reactive species forms a carbon-
centered radical, which is then oxidized to form a cation.
Finally, the cation is trapped by methoxide to afford the pyr-
rolidine derivative.

In 2018, Lei and et al."” reported an electrochemical oxidative
intramolecular C(sp®)~H amination of amides to give various
functionalized nitrogen-containing five-membered heterocycles
(Scheme 3). The use of BusNOACc was essential for this reaction
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Scheme 1. Electrochemical aziridination of olefins and
N-aminophthalimide.
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Scheme 2. Electrochemical synthesis of pyrrolidine derivatives.
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Scheme 3. Electrochemical oxidative intramolecular C(sp®)-H amination
of amides.

system since it acted not only as an electrolyte but also as a base.
They proposed that the process starts with the formation of an
intermolecular hydrogen-bonding complex between sulfona-
mide and acetate. Anodic oxidation leads to the generation of
amidyl radical (Path 1). Subsequently, intramolecular 1,5-
hydrogen atom transfer (1,5-HAT) of the § C-H bond by the
amidyl radical species gives a carbon-centered radical. Further
oxidation of the radical forms a cationic intermediate. Next, nu-
cleophilic attack of amide and deprotonation afford the product.
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Scheme 4. Electrochemical synthesis of 5-aryl-phenanthridin-6-ones.
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Scheme 5. Electrochemical synthesis of tetrahydrofurans and
tetrahydropyrans.

On the cathode, the reduction of 1,1,1,3,3,3-hexafluoropropan-
2-ol (HFIP) would occur to form an alkoxide and H, gas. The
generated alkoxide would deprotonate the substrate to form
N-anion, which would be easily oxidized to generate the amidyl
radical (Path 2). In the same year, Muiiz and et al.*° also reported
an anodic benzylic C(sp*)-H amination of amides.

Waldvogel et al.*! synthesized 5-aryl-phenanthridin-6-ones by
direct anodic oxidation (Scheme 4). The desired products could
easily be accessed by the generation of amidyl radicals that were
formed by the electrooxidation of 2-biphenyl N-aryl amides.

2.2 C-0 bond formation via direct electrolysis

Direct oxidation is also an efficient method for constructing
oxygen-containing heterocycles. In 2000, Moeller et al.>* re-
ported the electrochemical formation of tetrahydrofuran and
tetrahydropyran rings (Scheme 5). Enol ethers would be oxi-
dized on the anode to give radical cations, which would be
trapped by the intramolecular hydroxy group. Further oxida-
tion would give a cationic intermediate, and the addition of a
solvent-derived methoxide would yield tetrahydrofurans or
tetrahydropyrans.

A variety of electrooxidative reactions using phenol deriva-
tives have been reported to construct heterocycles.”* % In
2017, Lei and et al.?® developed an electrooxidative [3 +2]
annulation reaction between phenol derivatives and
N-acetylindoles (Scheme 6). Benzofuro[3,2-blindolines or
benzofuro[2,3-blindolines could be selectively obtained by
introducing substituents at the C-3 or C-2 positions of
N-acetylindoles. This reaction would proceed via a direct cross-
coupling reaction between a phenol-based radical and a radical
cation of N-acetylindole.

In general, carboxyl radicals generated by oxidizing carbox-
ylates are known to be intermediates for Kolbe electrolysis.>”
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Scheme 6. Electrooxidative [3 + 2] annulation reaction between phenol
derivatives and N-acetylindoles.
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Scheme 7. Direct dehydrogenative lactonization via C(sp?/sp°)-O bond
formation.
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Scheme 8. Electrochemical synthesis of sultone derivatives.

Recently, carboxyl radicals have been applied to intramolecu-
lar cyclization reactions. In 2018, Zhang et al.”® achieved dir-
ect dehydrogenative lactonization via C(sp*/sp’)-O bond
formation (Scheme 7). Electro-generated carboxyl radicals
are the key intermediates. When C(sp*)-H/O-H coupling is
carried out, 6-endo-trig radical cyclization and subsequent re-
actions give diaryl-fused lactones or coumarine derivatives.
For C(sp®)-O bond formation, 1,5-HAT occurs to form a ben-
zyl radical by the carboxyl radical. Subsequent oxidation and
a nucleophilic attack of carboxylate afford five-membered lac-
tones. In the same year, Luo,*” Xu,*” and Lei®' also reported
an electrochemical synthesis of diaryl-fused lactones.

Sulfo radicals, the sulfur analogs of carboxyl radicals, could
be applied to cyclization reactions. In 2023, our group re-
ported the electrochemical synthesis of sultone derivatives
via electrooxidative C-O bond formation (Scheme 8).3
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Scheme 9. Electrochemical synthesis of benzo[blthiophene dioxide
with sulfonyl hydrazides and internal alkynes.
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Scheme 10. Electrochemical synthesis of dibenzothiophene dioxide
from biaryl sulfonyl hydrazides.

Hydrolysis of sulfonyl chlorides and electrolysis in the pres-
ence of K,COj offered a variety of sultone derivatives.

2.3 C-S bond formation via direct electrolysis
Sulfur-centered radical species, such as a thiyl radical and a
sulfonyl radical, are easily generated by direct electrooxida-
tion of their precursors. They have been used to functionalize
sulfur-containing groups and to carry out radical cascade cyc-
lizations.>*** In 2022, Zhang et al.*>’ reported an electro-
chemical synthesis of benzo[b]thiophene dioxides via the
formation of C-S and C-C bonds with sulfonyl hydrazides
and internal alkynes (Scheme 9). Electrooxidation of sulfonyl
hydrazides generates sulfonyl radicals via dehydrogenation
and a denitrogenation. Sulfonyl radical reacts with internal al-
kynes to form alkenyl radicals. Subsequent intramolecular
cyclization affords benzo[b]thiophene dioxides.

In 2023, we developed an electrochemical synthesis of di-
benzothiophene dioxide via the generation of a sulfonyl rad-
ical from biaryl sulfonyl hydrazides (Scheme 10).

2.4 Heteroatom-heteroatom bond formation via
direct electrolysis

Direct anodic oxidation is an efficient method not only for car-
bon-heteroatom bond formation but also for heteroatom—
heteroatom bond formation. Waldvogel et al.>” reported an
electrochemical synthesis of pyrazolidin-3,5-diones via N-N
bond formation (Scheme 11). Anodic oxidation of substituted
2,2-dimethylmalonic dianilides in HFIP afforded a variety of
desired products. This reaction would proceed via the gener-
ation of an amidyl radical.

A few methods have been reported for the synthesis of het-
erocyclic compounds via bond formation with a heteroatom
by electroreduction. In 2019, Waldvogel et al.>® reported the
synthesis of 2,1-benzisoxazoles via N-O bond formation

$20Z 1snBny 6| uo Jasn AusiaAiun eweke)0O Aq y6€ 12/ 2/9% L eedn/g/eg/a|0niema|wayo/woo dno olwapese//:sdiy Woll papeojumoc]



Okumura et al.

. R
gt >
— | O
= M \
5 il N CH,
@NH 5 BusNPF¢ (0.01 M) N/ “cH,
e HFIP S
o C}?HS undivided cell, (+)C-Pt() Ru J ©
3 rt, 0.5 mA cm2, 2—4 F mol™’!
Representative scope
‘Bu H,CO cl
Te,., Q. O
N CH, N CH, N CH,
N CH, N CHs N CH,
SR Ty O
‘Bu H;CO cl
80% 59% 89%

Scheme 11. Electrochemical synthesis of pyrazolidin-3,5-diones via N-N
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Scheme 12. Electroreductive synthesis of pyrazolidin-3,5-diones via N-O
bond formation.

(Scheme 12). Four-electron reduction of nitroarenes gave hy-
droxylamines via the generation of nitrosoarenes, and subse-
quent intramolecular reactions afforded the desired products
in moderate yields. By applying this strategy, which is an elec-
troreduction of nitroarenes, their group has reported several
syntheses of heterocyclic compounds.®”*°

3. Synthesis of heterocyclic compounds via
indirect electrolysis

3.1 Synthesis of heterocyclic compounds using
halogen mediators

3.1.1 C-N bond formation using halogen mediators.
Indirect electrolysis using halogen mediators, such as bro-
mides and iodides, is also an efficient method for constructing
heterocycles. Electrochemical oxidation of halides offers a re-
active cationic species, which are used in a variety of chemical
reactions.®

In 2015, Little et al.*' reported the efficient electrocatalytic
aziridination of alkenes with BuyNI (Scheme 13). Compared
with Yudin’s work, the use of iodide enables an easy proced-
ure that uses an undivided cell in constant-current electrolysis.
This aziridination is proposed via a radical mechanism that in-
cludes an iodine radical and an amidyl radical.

In 2018, Zeng et al.** reported the electrochemical synthesis
of lactams using NaBr as a mediator (Scheme 14). A key re-
agent of this reaction system was not only NaBr but also
methanol. The proposed mechanism is shown in Scheme 14.
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Scheme 13. Electrocatalytic aziridination with iodide as the mediator.

5
/ @ NaBr (1.0 equiv) / @

NH CH,CNICH,OH (14:1) N
Representative scope

o oPG undivided cell, (+)Pt-Pt(—) d S

v § ) Q;Q O SO0 "
N N N

(o] OAc (o] o o]

rt, 8.9 mA cm™2, 5.0 F mol™!
/7
\ Y N
QOPiv OPiv

OPiv
83% 93% 72% 53%

Plausible mechanism
|
|

CH30™ + 1/2 H.

= CH,0™ O O ’ 2

2Br O O 3 -\\
NH

N
o OPw o OPw

Mo CH40H —
Qﬁ‘“ \J v § )
N-Br N

o OPiv d o
l\‘ Br' “ e, —H* cathode

O QD
N‘ N‘
0 OPw 0  OPiv
anode

Scheme 14. Electrochemical synthesis of lactams using NaBr as a
mediator.

On the cathode, reduction of methanol occurs to generate
methoxide, which deprotonates the amide. On the anode,
bromide is oxidized to form bromine. The deprotonated sub-
strate reacts with bromine to afford an intermediate bearing a
N-Br bond. Next, homolytic cleavage of the N-Br bond gives
N-acetoxyl amidyl radical. Subsequent radical cyclization and
rearomatization yields the lactam.

In 2019, Stahl and Wang® reported the electrochemical
synthesis of pyrrolidine derivatives using Bu4NI as a mediator
with photoirradiation (Scheme 15). The presence of both
BuyNI and photoirradiation was essential for this reaction,
and a pyrrolidine was not obtained in the absence of BuyNI.
The plausible mechanism is illustrated in Scheme 15. On the
anode, iodide is oxidized to form L. I, reacts with the sub-
strate in the presence of an electro-generated base to give the
reactive intermediate bearing a N-I bond. Photolysis contrib-
utes to homolysis of the N-I bond to form an amidyl radical,
which undergoes 1,5-HAT to afford a carbon-centered rad-
ical. Subsequent trapping of the radical with I, gives alkyl
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Scheme 16. Electrochemical synthesis of oxazoline derivatives using
BuysNI as an electrochemical mediator.

iodide. Next, an electro-generated base promotes nucleophilic
substitution to yield a pyrrolidine. With the same photoelec-
trochemical protocol, they achieved the synthesis of oxazoline
derivatives from imidate substrates via cleavage of the electro-
generated N-I bond (Scheme 16).

3.1.2 C-0 bond formation using halogen mediators.
Indirect electrolysis using halides can be applied to the con-
struction of O-heterocycles. In 1979, Torii et al.** reported
that olefin epoxidation by NaBr promoted electrochemical
oxidation (Scheme 17). In a MeCN/THF/H,O mixed solvent,
bromide would be oxidized to form [Br*].** Next, [Br*] would
react with several olefins to yield epoxides in high selectivity.
In 2017, Xu et al.*® reported the electrochemical lactoniza-
tion with BuyNI as a mediator (Scheme 18). On the anode,
electrooxidation of iodide would occur to give an iodine.
The iodine would react with in situ-generated carboxylate to
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Scheme 17. Olefin epoxidation by NaBr-promoted electrochemical
oxidation.
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Scheme 18. Electrochemical lactonization with BusNI as the mediator.

form a key intermediate bearing an O-I bond. Next, homo-
lytic cleavage of the O-1 bond would afford the carboxyl rad-
ical, and subsequent reactions would yield lactams. Kolbe
decarboxylation did not occur in this reaction system.

3.1.3 C-S bond formation using halogen mediators.
Indirect electrolysis using halogen mediators is one of the most
powerful methods for forming a C-S bond. In 2020, our group
reported the electrochemical synthesis of thienoacene derivatives
by a dehydrogenative C-H/S-H coupling reaction with BusNBr
as a mediator (Scheme 19).*” The desired product was not ob-
tained without the use of Bu4NBr. Therefore, Bu4NBr was essen-
tial in this reaction. A plausible mechanism is illustrated in
Scheme 19. First, Br~ would be oxidized to afford [Br*], which
would react with a thiol to give a disulfide A. A would be oxidized
by [Br*] to form cationic intermediate B bearing a S-Br bond.
Subsequent intermolecular cyclization would give the intermedi-
ate C and arylthiobromide D. Deprotonation of C would yield
the desired product. D would be oxidized to give disulfide A.

With a similar strategy, we developed an electrochemical
synthesis of dibenzothiophene derivatives from bis(biaryl) di-
sulfide (Scheme 20).*® Without BusNBr, this desired reaction
did not proceed at all. Under the electrochemical conditions
with BuyNBr, several dibenzothiophene derivatives, in par-
ticular electron-rich ones, were obtained efficiently.

3.2 Synthesis of heterocyclic compounds using
organic mediators

3.2.1 C-N bond formation using organic mediators.
Recently, there have been rapid developments in the synthesis
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Scheme 19. Electrochemical synthesis of thienoacene derivatives by a
dehydrogenative C-H/S-H coupling reaction with BusNBr as a mediator.
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Scheme 20. Electrochemical synthesis of dibenzothiophene derivatives
from bis(biaryl) disulfides.

of heterocyclic compounds using organic mediators by elec-
trochemical techniques. In 2019, Xu et al.* reported a diaster-
eoselective electrocatalytic 1,2-diamination reaction of di- and
tri-substituted alkenes by forming sulfamides using tris(2,4-
dibromophenyl)amine as an organic mediator (Scheme 21).
Although the desired reaction proceeded without the organic
mediator, the reactions proceeded more efficiently with the
mediator since side reactions were prevented. A catalytic cur-
rent was observed in the cyclic voltammogram with an alkene
and the mediator. This suggests that single electron transfer
(SET) occurred between alkenes and the mediator. The pro-
posed mechanism is illustrated in Scheme 21. Triarylamine is
oxidized to form a stable triarylamine radical cation. SET oc-
curs between the radical cation and an alkene, forming an al-
kene radical cation intermediate with regeneration of the

-
M
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Scheme 21. Diastereoselective electrocatalytic 1,2-diamination reaction
of di- and tri-substituted alkenes.
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Scheme 22. Aziridination by coupling amines and alkenes via an
electro-generated dication.

triarylamine. This intermediate is trapped by a sulfamide to af-
ford a carbon radical. Subsequently, oxidation of the radical
on the anode or SET between it and the triaryl amine radical
cation occurs to give a carbocation. Next, the carbocation
undergoes intramolecular cyclization to yield cyclic sulfamide.

In 2021, Wickens et al.’® reported aziridination by coupling
amines and alkenes via an electro-generated dication with a
thianthrene as the dication source (Scheme 22). First, anodic
oxidation of thianthrene affords thianthrene radical cation,
which reacts with an alkene to form a mono- or bis-adducted
dication. These electro-generated dications are pooled until
full conversion and then undergo an efficient reaction with
amines to give a variety of aziridines.

3.2.2 C-0 bond formation using organic mediators.

Indirect electrolysis using organic mediators is also helpful
for the synthesis of O-heterocyclic compounds. In 2018, Xu
and Cai’! reported the electrochemical annulation of alkenes
with diols using triarylamine as a mediator (Scheme 23).
SET occurs between alkenes and triarylamine radical cation,
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Scheme 24. Electrochemical synthesis of benzothiazoles and
thiazolopyridines with TEMPO.

which is formed by the oxidation of triarylamine to form al-
kene radical cations. Diols trap these radicals to afford func-
tionalized 1,4-dioxanes and 1,4-dioxepanes with diverse
substitution patterns.

3.2.3 C-S bond formation using organic mediators.

Indirect electrolysis using organic mediators can be applied to
the construction of S-heterocycles. In 2017, Xu et al.>* reported
the electrochemical synthesis of benzothiazoles and thiazolopyr-
idines from thioamides with 2,2,6,6-tetramethylpiperidine-
N-oxyl radical (TEMPO) as an organic mediator (Scheme 24).
TEMPO is oxidized on the anode to give TEMPO™*, which reacts
with thioamide to form TEMPO-adduct intermediate bearing a
S-O bond. Subsequently, the weak S—O bond (bond dissociation
energy [BDE] = 12.5 kcal mol™") of the intermediate undergoes
homolytic cleavage to give thioamidyl radical and regenerate
TEMPO. Intramolecular cyclization of thioamidyl radical and
rearomatization afford the desired product. In 2018, Xu
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Scheme 25. Electrosynthesis of phosphacycles using DABCO.

et al.’>? applied the method for synthesizing benzothiazoles and

thiazolopyridines in continuous flow.

3.2.4 C-P bond formation using organic mediators.
Indirect electrolysis using organic mediators is one of the
most powerful ways to form a C-P bond. In 2021, our group
reported the electrosynthesis of phosphacycles via dehydrogen-
ative C-P bond formation using 1,4- diazabicyclo[Z 2,2]octane
(DABCO) as a mediator (Scheme 25).>* The use of DABCO as
a HAT mediator was essential. The plausible mechanism is il-
lustrated in Scheme 25. The oxidation of DABCO affords
DABCO radical cation. HAT between DABCO radical cation
and phosphine oxide occurs to form phosphinyl radical and
DABCOH". Intramolecular cyclization of P-centered radical
gives radical intermediate, which is oxidized and deprotonated
to yield the desired product.

3.3 Synthesis of heterocyclic compounds using
transition metal mediators

3.3.1 C-N bond formation using transition metal medi-
ators. Indirect electrolysis using transition metal mediators is
one of the most efficient methods for synthesizing heterocyclic
compounds, especially when two or more bonds form. In
2017, Xu et al. reported an electrochemical synthesis of poly-
cyclic N-heteroaromatics with ferrocene as a mediator. The
oxidation of ferrocene(Il) on the anode affords ferrocene(III)
(Scheme 26).>° SET between ferrocene(Ill) and the amide
anion gives the amidyl radical. Three subsequent radical cycli-
zations yield the desired compound. Only ferrocene is oxi-
dized on the anode, preventing overoxidation of the target
materials.
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Scheme 27. Electrochemical synthesis of lactam derivatives by cobalt
catalysis.

In electrosynthesis with transition metal mediators, anodic
oxidation is often used to reoxidize transition metals. In
2018, Ackermann et al.’® reported the electrochemical synthe-
sis of lactam derivatives via C-H/N-H activation by water-
tolerant cobalt catalysis (Scheme 27). This reaction did not
proceed at all without the use of Co(OAc),*4H,0O. The sub-
strate of substituted pyridine N-oxide was very important for
the formation of the N,O-bidentate coordination mode for
C-H/N-H activation. A plausible catalytic cycle is shown in
Scheme 27. Cobalt(Ill) carboxylate is generated by an anodic
oxidation of cobalt(I) carboxylate. Next, carboxylate-assisted
C-H activation affords cobalt(Il) cycle A, and migratory inser-
tion of a terminal alkyne gives cobalt(Ill) cycle B. Either
B-hydride elimination or reductive elimination yields lactam de-
rivatives and cobalt(I) carboxylate. Finally, cobalt(I) carboxyl-
ate is oxidized to regenerate cobalt(Il) carboxylate.
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Scheme 28. Cobalt-catalyzed electrochemical annulation for the
synthesis of sultams.
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In 2020, Lei et al.>” reported a cobalt-catalyzed electro-
chemical annulation to synthesize sultams (Scheme 28).
Sultams were not obtained without the cobalt catalyst and
electricity. Co(I) and Co(Ill) are generated under cobalt-
catalyzed electrochemical conditions.

In 2018, Xu et al.’® reported ruthenium-catalyzed electro-
chemical synthesis of indoles from aniline derivatives and in-
ternal alkynes (Scheme 29). In the presence of NaOAc,
[RuCl,(p-cymene)], is converted to ruthenium diacetate com-
plex, which reacts with the N-2-pyrimidyl group of the sub-
strate to form an N-coordinate complex. Reversible C-H
activation of the complex occurs to give a six-membered ruth-
enacycle. Acetate ligand is displaced by an internal alkyne.
Next, irreversible migratory insertion into the Ru-C bond
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Scheme 31. Electrochemical synthesis of lactone derivatives using
[RuCl,(p-cymene)] as a mediator.

and reductive elimination afford indoles and Ru(0). Ru(0) is
oxidized on the anode to regenerate Ru(Il) complex.

In 2021, Ackermann et al.’” reported the electrosynthesis of
isoquinoline derivatives using [Ru(OAc),(p-cymene)] as a tran-
sition metal mediator (Scheme 30). Ruthenium-catalyzed elec-
trooxidative three-component annulation of acetophenone
derivatives, internal alkynes, and NH4OAc afforded several iso-
quinoline derivatives. Experimental results and computational
studies supported rapid C-H activation and a ruthenium(II/IIT)
manifold.

3.3.2 C-0 bond formation using transition metal medi-
ators. Transition metal-catalyzed electrosynthesis can be used
to construct O-heterocyclic compounds via C-O bond forma-
tion. In 2018, Ackermann et al.®® reported an electrochemical
synthesis of lactone derivatives using [RuCl,(p-cymene)] as a
mediator (Scheme 31). This report was the first electrocatalytic
organometallic C-H activation with weak O-coordination by
benzoic acids. This reaction would proceed via a ruthenium
(O/I) catalytic cycle.

In 2019, Mei et al.®" developed the iridium-catalyzed electro-
chemical synthesis of a-pyrones from vinyl carboxylic acids and
internal alkynes via C-H/O-H functionalization (Scheme 32).
Without electricity or Ir catalyst, the desired product was not ob-
tained. Therefore, electricity and the Ir catalyst were essential in
this reaction. Various kinds of a-pyrones were obtained under
the reaction conditions.
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Scheme 32. Electrochemical synthesis of a-pyrones from vinyl
carboxylic acids and internal alkynes via C-H/O-H functionalization.

4. Conclusion

In this highlight review, we summarize representative electro-
chemical reactions to construct heterocyclic rings via carbon—
heteroatom bond formation. Direct anodic oxidation not only
generates olefin radical cation species but also gives heteroatom-
centered radical species, which could be applied to cyclization
reactions. Synthesis of heterocyclic compounds using halogen
mediator can lead to the formation of a heteroatom (N, O, S)-
halogen bond by electro-generated halogen species. Halogen
mediators are also useful and gaining attention in the field of
photoelectrocatalytic reactions. Organic mediators, such as tri-
arylamine and thianthrene, enable novel electrochemical cyc-
lization reactions. Transition metal-free mediated systems also
have the advantage of being able to perform late-stage function-
alization without the risk of contamination. Reaction systems
using transition metals as mediators are effective for very chal-
lenging reactions such as intermolecular cyclization with alkynes
by making good use of their characteristics. The electrochemical
synthesis of heterocyclic compounds should become increasing-
ly important as we strive to achieve a sustainable society.
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