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Transition metal-catalyzed organic electrochemistry is a rapidly growing research area owing in part to the

ability of metal catalysts to alter the selectivity of a given transformation. This conversion mainly focuses

on transition metal-catalyzed anodic oxidation and cathodic reduction and great progress has been

achieved in both areas. Typically, only one of the half-cell reactions is involved in the organic reaction

while a sacrificial reaction occurs at the counter electrode, which is inherently wasteful since one

electrode is not being used productively. Recently, transition metal-catalyzed paired electrolysis that

makes use of both anodic oxidation and cathodic reduction has attracted much attention. This

perspective highlights the recent progress of each type of electrochemical reaction and relatively focuses

on the transition metal-catalyzed paired electrolysis, showcasing that electrochemical reactions involving

transition metal catalysis have advantages over conventional reactions in terms of controlling the reaction

activity and selectivity and figuring out that transition metal-catalyzed paired electrolysis is an important

direction of organic electrochemistry in the future and offers numerous opportunities for new and

improved organic reaction methods.

1. Introduction

Synthetic methodologists are perpetually motivated to develop

useful reactions that are also maximally sustainable. The past

decade has witnessed a rapid increase in the use of electro-

chemical methods to accomplish new transformations of small

organic molecules. Seminal electrochemical synthetic advances

since the advent of the battery (in the year 1800)1 include the

Kolbe electrolysis (1847),2 the Tafel rearrangement (1907),3 the

Shono oxidation (1984),4 the Simons uorination (1949),5a and

the Baizer adiponitrile synthesis (1964).5b The culmination of

the development of electrochemical techniques, methods, and

equipment has allowed the current electrochemical organic

synthesis renaissance.

The intersection of electrocatalysis and transition metal

catalysis has resulted in a rapidly growing subdiscipline that

seeks to unite the sustainable nature of electrochemistry and the

chemoselective, regioselective, and stereoselective hallmarks of

organotransition metal-catalyzed synthetic methods. The merger

of these disciplines has proven successful in that the use of

stoichiometric redox additives can be avoided and other limita-

tions of more conventional methods have been overcome.6

Typically, though, only one of the two half-cell electrochemical

reactions is used productively while a sacricial reaction occurs

at the counter electrode, which is wasteful. Paired electrolysis has

garneredmuch attention since it couldmake use of both cathode

and anode and thereby maximize the energy efficiency so long as

the innate redox properties of the cathodic and anodic reactions

are properly matched. Fortunately, the redox properties of an

organotransition metal complex could be tuned via the modi-

cation of the organic ligand. Ultimately, paired electrolysis could

permit simultaneous anodic oxidation and cathodic reduction of

different catalytic intermediates en route to a target, and hence

paired electrolysis could provide improved faradaic efficiency

without diminishing atom economy.

Paired electrolysis has been successfully used for the

industrial synthesis of nylon-6,6,7 gluconic acid, sorbitol,8

methyl ethyl ketone9 and others.10 There are several impressive

reviews encompassing the advances of paired electrolysis,11 but

these reviews do not focus on transition metal-catalyzed paired

electrolysis since the development of such methods is in its

infancy. Although there have been many reviews on transition

metal-catalyzed organic electrochemistry,6,12,13 there is no review

focusing on highlighting the anodic oxidation, cathodic

reduction, and paired electrolysis which have advantages over

thermochemical reactions. Herein, this perspective highlights

the latest progress including our own progress in these areas,

showcasing that paired electrolysis has great advantages in

improving the atom and energy economy of electrosynthesis.

Thus transition metal-catalyzed paired electrolysis is an

important direction of organic electrochemistry in the future
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and offers numerous opportunities for new and improved

organic reaction methods. This perspective introduces the

transition metal-catalyzed paired electrolysis relatively in more

detail for there have been many reviews on transition metal-

catalyzed electrochemistry6,12,13 and both anodic oxidation and

cathodic reduction are familiar to us. It is organized into three

parts based on the productive (non-sacricial) electrode: (1)

anodic oxidation; (2) cathodic reduction; and (3) paired elec-

trolysis. And we choose the most representative chemical

transformations to introduce each type.

A visual glossary of electrolysis modes in transition metal-

catalyzed organic reactions is provided below to illustrate the

key differences between anodic oxidation, cathodic reduction,

and variants of paired electrolysis (parallel, sequential, and

convergent). With the exclusive use of either anodic oxidation or

cathodic reduction to obtain target products, sacricial reac-

tions at the counter electrode are inevitable (Fig. 1a and b).

Paired electrolysis has the potential to overcome this problem

and use anodic oxidation and cathodic reduction synergisti-

cally. There are three types of paired electrolysis: (a) parallel

paired electrolysis (Fig. 1c); (b) sequential paired electrolysis

(Fig. 1d); and (c) convergent paired electrolysis (Fig. 1e). For

clarity, only reactions involving undivided cells (UCs) will be

discussed in this perspective.

2. Transition metal-catalyzed
reactions mediated by anodic oxidation

Anodic oxidation has special advantages in regulating the metal

valence and producing free radicals. Recently, transition metal

catalyzed anodic oxidation is mainly studied in the elds of C–H

functionalization or radical reactions and has been developed

and studied by the groups of Kakiuchi,6a Mei,6b Lin,6c

Ackermann,6d Lei,6e Xu,14 and others,15 as a means for regener-

ating a transition metal catalyst or for generating a high-valent

metal intermediate, in both cases replacing toxic (and oen

expensive) stoichiometric chemical oxidants. Herein, we high-

light several representative studies of C–H functionalization

and radical reactions which have shown that electrochemical

reactions involving transition metal catalysis have advantages

over conventional reactions in terms of controlling the reaction

activity and selectivity.16 These transformations engage transi-

tion metal catalysts to regulate the chemo-, regio- and stereo-

selectivity of reactions wherein such selectivity was tradition-

ally dictated by the substrate.

2.1 Transition metal-catalyzed C–H bond functionalization

mediated by anodic oxidation

Transition metal-catalyzed direct C–H bond functionalization

has witnessed an explosive development in recent decades and

a variety of useful methods are now available to directly convert

C–H bonds into various functional groups.17 Transition metal-

catalyzed vinylic C–H annulations of acrylic acids with alkynes

have long been established,18 but the regioselectivity of metal-

catalyzed intramolecular [4 + 2] cyclization of unsymmetrical

alkenes and alkynes is typically limited. In 2019, Mei and co-

workers demonstrated the rst example of Ir-catalyzed electro-

chemical vinylic C–H annulation of acrylic acids with alkynes

(Fig. 2).19 This electrochemical variant was directly compared to

established Co- or Ru-catalyzed annulations of acrylic acids with

unsymmetrical internal alkynes and proved to be superior in

terms of regioselectivity and functional group tolerance (for

selected examples, see Fig. 2b). The Ir-catalyzed electrochemical

annulation affords regioselectivites of 10 : 1 to 30 : 1 and yields

up to 95%. In contrast, the Co- or Ru-catalyzed annulation with

chemical oxidants only affords regioselectivites of 1 : 1 to 1 : 4.7

and 1 : 1 to 4 : 1, respectively.18a,d Mechanistic experiments re-

ported by Mei and co-workers revealed that anodic oxidation

was crucial for reoxidation. X-ray crystallography revealed that

the Ir(I) intermediate in the catalytic cycle has a saturated

coordination sphere, which resists oxidation to the corre-

sponding Ir(III) by a chemical oxidant. In contrast, the Ir(I)

complex is easily oxidized to Ir(III) at the anode to give the

product with a yield of 84%.

2.2 Transition metal-catalyzed radical reactions mediated by

anodic oxidation

Radical reactions are useful for the difunctionalization of

alkenes, with the atom transfer radical addition (ATRA)

method being particularly noteworthy. Known radical cyana-

tion examples are primarily limited to the intramolecular

cyclization or reactions of activated alkenes.20 Reactive nickel

hydride intermediates limit the scope and are likely respon-

sible for the sensitivity of reaction yield and selectivity toward

electronic properties of alkenes.21 In addition, enantiose-

lective variants remain elusive.22 Early studies of electro-

chemical transition metal-catalyzed hydrofunctionalization of

alkenes are also primarily limited to intramolecular cycliza-

tion or reactions of activated alkenes with few examples of

Fig. 1 (a) Anodic oxidation, (b) cathodic reduction, (c) parallel paired

electrolysis, (d) sequential paired electrolysis, and (e) convergent

paired electrolysis.
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intermolecular reactions of unactivated alkenes.23 Lin and co-

workers developed the rst novel dual electrocatalysis for

enantioselective hydrocyanation of conjugated alkenes which

is powered by a Co and Cu dual electrocatalytic process in

which two canonical radical reactions (cobalt-catalyzed

hydrogen-atom transfer and copper-promoted radical cyana-

tion) are combined (Fig. 3).24 This approach demonstrates the

feasibility of the electrochemical hydrofunctionalization of

alkenes that has a broad scope, high functional group toler-

ance, high enantioselectivity, and electrochemical control of

chemoselectivity. Compared with chemical oxidants which

have their own unique oxidation potential, electrochemistry

can regulate the hydrocyanation chemoselectivity as a func-

tion of the electrode potential input. Over-oxidation was

successfully suppressed by lowering the external potential

from 2.3 V to 1.8 V (Eanode z 0.08 V) (Fig. 3b). A direct

comparison to traditional thermochemical (non-

electrochemical) reactions shows that none of the chemical

oxidants surveyed promoted the reaction with efficiencies or

enantioselectivities comparable to the electrochemical

variant, thus clearly indicating that electrochemistry can

circumvent problems with stoichiometric chemical oxidation

(Fig. 3c).

3. Transition metal-catalyzed
reactions mediated by cathodic
reduction

Compared to electrochemical reactions mediated by anodic

oxidation, there are relatively few reports of reactions promoted

by cathodic reduction.25 Thermochemical reduction, including

reductive coupling reactions, provides a wide variety of C–C

bond formation reactions, but traditionally relies on the pres-

ence of stoichiometric active metal reducing agents (Mn, Zn,

and others). Thus, cathode reduction in transition metal

catalysis could avoid the need for a metal reducing agent,

thereby improving the atom economy of the reaction.

3.1 Reductive relay cross-coupling of alkyl halides to aryl

halides mediated by cathodic reduction

Nickel-catalyzed electrochemical reductive coupling reactions

have been extensively developed as a powerful means to couple

two electrophiles. This strategy has been employed to both

homo-coupling and cross-coupling reactions. The groups of Mei

and Rueping reported relay cross-couplings of aryl bromides (or

Fig. 2 C–H bond functionalization promoted by anodic oxidation. (a)

Ir-Catalyzed electrochemical vinylic C–H annulation. (b) Selected

examples compared to the Ru/Co system. (c) Proposed iridium redox

catalysis under electrochemical conditions.

Fig. 3 Radical reactions promoted by anodic oxidation. (a) Enantio-

selective hydrocyanation of conjugated alkenes. (b) Electrochemical

tuning of reaction chemoselectivity. (c) Comparison with chemical

methods. (d) Proposed catalytic cycles for alkene hydrocyanation.

12868 | Chem. Sci., 2021, 12, 12866–12873 © 2021 The Author(s). Published by the Royal Society of Chemistry
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chlorides) and aryl-substituted alkyl bromides simultaneously,

notably avoiding the need to add a metal reducing agent

(Fig. 4).26 Cyclic voltammetric analyses show that when the

nickel catalyst and the ligand are both present, there are two

quasireversible reductive peaks at �1.82 V and �1.29 V (vs. Ag/

AgNO3) which Mei and co-workers attribute to the reductive

potential of Ni(I)/Ni(0) and Ni(II)/Ni(I).26a The desired product

could not be obtained by controlled potential electrolysis at

�1.5 V vs. Ag/AgNO3 (0.7 F mol�1) but a lower potential of

�1.9 V (0.7 Fmol�1) could provide the product in 10% yield. The

yield could be increased to 50% if ve times the amount of

electricity was used. Similar results were obtained by Rueping

and co-workers. These results provide suggestive evidence for

the mechanism of the catalytic cycle. In addition, Rueping and

co-workers employed a photovoltaic panel as the source of

electricity (Fig. 4d).26b

3.2 Reductive enantioselective coupling reactions mediated

by cathodic reduction

Ni-Catalyzed reductive coupling reactions avoid the use of

organometal nucleophiles and have been extensively studied

using Mn, Zn, or Mg powders as reducing agents. Metal-

catalyzed electrochemical reductive coupling reactions, espe-

cially asymmetric ones, are rare.27 Reisman and co-workers

developed the rst such reaction using cathodic reduction

and nickel catalysis (Fig. 5a).28a Recently, Mei and co-workers

disclosed the rst nickel-catalyzed electrochemical reductive

homocoupling reaction of aryl bromides (Fig. 5b).28b A direct

comparison to non-electrochemical variants showed that the

use of a stoichiometric amount of Mn powder resulted in lower

yields in the absence of electrical current, underscoring the

unique utility of electrochemistry (Fig. 5d). Both Reisman and

Mei groups showed through control experiments that both the

nickel catalyst and electrical current are essential for the reac-

tion. There are two cathodic reductive steps in the plausible

catalytic cycle of these nickel-catalyzed electrochemical reduc-

tive coupling reactions (Fig. 5c).

4. Transition metal-catalyzed
reactions mediated by paired
electrolysis

In paired electrolysis reactions, both the anode and cathode are

involved in the transformation of a reactant or intermediate

(neither electrode is used sacricially). Paired electrolysis has

recently attracted signicant attention although most reports

involve non-catalytic reactions.11 In 2019, Ye and co-workers

developed metal-free convergent paired electrolysis for the

direct arylation of a-amino C(sp3)–H bonds.29 Jensen and co-

workers reported convergent paired microuidic electro-

chemical decarboxylative arylation, a-amino C–H arylation, and

deboronative arylation.30 Findlater and co-workers developed an

alcohol arylation reaction using paired electrolysis.31 Dong and

co-workers developed an efficient synthesis of vicinal dibro-

mides and dichlorides via paired electrolysis.32 There are many

other interesting studies in this area33 that have been reviewed

previously.11 Since organotransition metal catalysis can tune

chemoselectivity, regioselectivity, and stereoselectivity through

ligand modication, synergy between transition metal catalysis

and paired electrolysis has drawn more and more attention of

late. In 2019, Chen and co-workers reported a manganese-

catalyzed electrochemical oxychlorination of styrenes via

paired electrolysis.34 Jiao and co-workers developed a nickel-

catalyzed oxygenation of suldes with water using paired

Fig. 4 Electrochemical reductive relay cross-coupling. (a) Mei group's

nickel-catalyzed relay cross-couplings. (b) Controlled potential elec-

trolysis. (c) Rueping group's nickel-catalyzed chain walking cross-

couplings. (d) The use of solar energy for the reductive cross-coupling.

Fig. 5 Electrochemical reductive enantioselective coupling reactions.

(a) Enantioselective cross-coupling of alkenyl and benzyl halides. (b)

Enantioselective synthesis of biaryl atropisomers. (c) Proposed

mechanism. (d) Direct comparison with homocoupling.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12866–12873 | 12869
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electrolysis.35 Shimakoshi and co-workers reported an inter-

esting one-pot synthesis of tertiary amides from organic tri-

chlorides using a B12 derivative as the catalyst by paired

electrolysis.36 Compared to the reported metal-free ones, tran-

sition metal catalyzed paired electrolysis is relatively rare.37

Some representative instances on sequential and convergent

paired electrolysis will be discussed in detail.

4.1 Transition metal-catalyzed reactions mediated by

sequential paired electrolysis

In transition metal-catalyzed reactions involving sequential

paired electrolysis, a metal intermediate is oxidized and

reduced (or vice versa) sequentially. Thermochemical nickel-

catalyzed C–N coupling reactions are well established, but

oen employ air-sensitive nickel(0) catalysts, high tempera-

tures, and harsh alkoxide bases.38 To skirt these issues, Baran

and co-workers developed an electrochemical amination of aryl

halides using nickel catalysis and sequential anodic oxidation

and cathodic reduction to generate active catalyst species

(Fig. 6a).39a Compared with thermochemical methods, the

electrochemical reaction conditions are mild and no external

base is needed. Although arene aminations combining nickel

and photoredox catalysis afforded higher yield, such reactions

did not work for some substrates. Through mechanistic studies,

Baran and co-workers found that both the cathode and anode

play critical roles in the catalytic cycle of NiI/NiIII (Fig. 6c).39b

Specically, the NiI intermediate that undergoes an oxidative

addition to give the active NiIII intermediate is itself generated

from the reduction of a NiII precatalyst on the cathode. The NiIII

intermediate is then reduced on the cathode to give the stable

NiII complex, which undergoes ligand exchange with the amine.

The resultant NiII complex is oxidized on the anode to generate

the highly active NiIII intermediate, which undergoes a facile

reductive elimination process to give the arylamine product.

This strategy expands the substrate scope of C–N coupling

reactions to allow access to natural products and sugars that are

difficult to access using non-electrochemical approaches such

as the Buchwald–Hartwig reaction. Then the NiII complex was

oxidized to generate the highly active NiIII intermediate which

underwent a rapid reductive elimination process to give the

arylamine product and the NiI intermediate on the anode.

Recently, Mei and co-workers developed a nickel-catalyzed N-

arylation of NH-sulfoximines using aryl halides via paired

electrolysis under very mild conditions (Fig. 6b).40 In compar-

ison, non-electrochemical copper-catalyzed reactions involving

aryl chlorides are slow, although aryl bromides perform simi-

larly. These reports show that the electrochemical reaction has

great advantages compared to the traditional reactions.

4.2 Transition metal-catalyzed reactions mediated by

convergent paired electrolysis

In convergent paired electrolysis, intermediates produced by

anodic and cathodic processes react with each other to yield the

product. Although alcohol derivatives have been widely used as

cross-coupling partners,41 the direct use of unprotected

aliphatic alcohols as C(sp3) synthons is rare.42 Recently, Li and

co-workers reported a novel direct arylation of readily available

free alcohols through a one-step paired electrolysis which

Fig. 6 Sequential paired electrolysis with Ni as the catalyst. (a) Baran

group's amination via paired electrolysis with Ni as the catalyst. (b) Mei

group's N-arylation via paired electrolysis with Ni as the catalyst. (c)

Proposed mechanism. (d) Selective comparison.

Fig. 7 Convergent paired electrolysis with Ni as the catalyst. (a)

Dehydroxylative cross-coupling of alcohols with aryl halides. (b)

Proposed mechanism.

12870 | Chem. Sci., 2021, 12, 12866–12873 © 2021 The Author(s). Published by the Royal Society of Chemistry
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elegantly pairs an anodic Appel reaction and a cathodic nickel-

catalyzed cross-electrophile coupling (Fig. 7).43 The use of stoi-

chiometric hazardous CBr4 or Br2 in the thermochemical Appel

reaction and the use of stoichiometric Zn or Mn in traditional

reductive cross-couplings are avoided using this procedure

(LiBr serves as the source of bromine atoms). Cyclic voltam-

metry has shown that the bromide ion has lower oxidative

potential than both PPh3 and alcohols in NMP (oxidative

potential: 1.1, 1.7, and >2.0 V, respectively, for LiBr, PPh3, and

alcohol vs. Ag/AgCl). The bromide ion is oxidized to afford Br2
on the anode, which can react with PPh3 to generate PPh3Br2.

Then the PPh3Br2 is coupled to an alcohol to afford alkoxy tri-

phenylphosphonium bromide, which can then undergo reduc-

tive cross-coupling (Fig. 7b). Again, the ability to use free

alcohols as catalytic cross-coupling substrates is a unique

feature of this paired electrolysis.

Ni-catalyzed electrochemical reductive coupling of aryl

halides is well-established.44 For example, the synthesis of dia-

rylmethanes via an in situ-generated benzylic cation and

nucleophile has been developed by Yoshida and Waldvogel

groups.45 More recently, Zhang and Hu reported the direct

arylation of benzylic C–H bonds via convergent paired

electrolysis using a nickel catalyst (Fig. 8a).46 In this process,

toluene derivatives are oxidized to give benzyl radicals, which

are then trapped by the nickel catalyst at the anode, thus

avoiding sacricial electrodes such as Zn and Mn. Linear sweep

voltammetry (LSV) was used to gain more insight into the

mechanism. They found that the benzylic substrate and the

nickel catalyst have different redox properties on different

electrodes. Fluorine-doped tin oxide (FTO) was shown to be

a uniquely suitable anode for reactions in which 4-methyl-

anisole and the nickel catalyst are oxidized at the anode (even

though a carbon ber anode could more easily oxidize the Ni

catalyst than an FTO anode). In the putative mechanism, the

toluene derivative is rst oxidized to give the benzyl radical,

which is then trapped by a Ni(II) species to give a Ni(III) inter-

mediate, which undergoes reductive elimination to give the

product (Fig. 8b). Very recently, Liu and co-workers developed

an elegant method for Ni-catalyzed C(sp2)–C(sp3) cross-coupling

reactions of benzyl triuoroborate and organic halides via

convergent paired electrolysis (Fig. 8c).47

5. Conclusion and outlook

Organotransition metal-catalyzed electrochemical reactions

have been rapidly advancing. Chemo-, regio-, and stereo-

selectivity, redox potentials and coordination mode can all be

tuned by the modication of organic ligands. The development

of more efficient, more sustainable, and more broadly appli-

cable transition metal-catalyzed electrochemical synthetic

methods has virtually only just begun. The key foundational

accomplishments described in this review and associated

implication for future studies include (1) the transition metal

catalyzed electrochemical functionalization of the C(sp3)–H

bond and asymmetric variants should continue to be the focus;

(2) a low catalyst turnover should be addressed by exploring

catalyst-modied electrodes; (3) more easily recovered electro-

lytes are being developed and should be applied to these reac-

tions; (4) paired electrolysis should be favored to avoid needless

and wasteful sacricial side reactions. The merger of organo-

transition metal catalysis and paired electrolysis has the

potential to address each of these issues.
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