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Abstract

Electrochemistry represents one of the most intimate ways of interacting with molecules. This 

review discusses advances in synthetic organic electrochemistry since 2000. Enabling methods and 

synthetic applications are analyzed alongside innate advantages as well as future challenges of 

electroorganic chemistry.

Graphical abstract

1. INTRODUCTION

Electrochemistry represents one of the most intimate and visceral ways of interacting with 

molecules: electrostatic attractions between electrons and nuclei constitute the most 

fundamental forces in chemistry—electrochemistry entails the addition or removal of 

electrons from such interactions through the direct application of an electrical potential. 

Thus, it is raw redox-chemistry and, as such, is one of the oldest forms of reaction setups 

explored in a laboratory. The storied history of electroorganic chemistry (illustrated in 

Figure 1A)1 can be traced back to 1800 when the invention of the Volta Pile, the first electric 

battery, allowed the continual movement of electrons through a circuit.2

However, it was not until the 1830s when Faraday’s pioneering efforts sparked the interest in 

utilizing this current to drive nonspontaneous organic reactions.1,3 Faraday’s systematic 
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studies galvanized the foundational principles and lexicon of electrochemistry. To be sure, 

terms including electrolysis, anode, and cathode were introduced during this formative 

period. Faraday keenly observed that the electrochemical potential induced the movement of 

ions through a solution, thereby spawning the modern-day usage of ionic salts as electrolytes 
to increase the conductivity of organic systems. His electrolysis of acetic acid represents the 

first preparative organic electrochemical experiment, inspiring the invention of the venerable 

Kolbe electrolysis in 1847 where electrochemical oxidation (anodic oxidation) of ubiquitous 

carboxylic acids provides a convenient means to access alkyl radicals.4 Schoebein’s5 

dehalogenation of trichloromethanesulfonic acid appears to be the first electrochemical 

reduction (cathodic reduction) of an organic compound, while the Tafel rearrangement, a 

well-known cathodic reduction, was developed in 1907 to enable preparations of 

hydrocarbons.6

These early forays gave rise to prototypes of today’s electrochemical setup: a power source 

is connected to a reaction mixture through an electrode where electron transfer with the 

substrate molecule occurs to generate a reactive intermediate for downstream 

functionalizations (illustrated with an anodic oxidation in Figure 1B). This electrode is 

known as the working electrode. To complete the circuit, another electrode (known as the 

counter electrode) is needed to conjoin the reaction with the other end of the power source. 

Depending on where reaction with the substrate takes place, either an anode or cathode can 

be the working electrode (with paired electrolysis being an exception, vide infra). Thus, in 

an anodic oxidation, oxidation at the working electrode is balanced by reduction at the 

cathode as electrons donated by the substrate at the anode move around the circuit to reduce 

solvent molecules, protons, or other species cathodically. Each electrochemical reaction can 

therefore be construed as a combination of two half-reactions. In the simplest setup, working 

and counter electrodes reside in the same chamber (an undivided cell); however, scenarios 

can arise where high energy intermediates generated at the working anode are prematurely 

reduced at the cathode and vice versa. This can be overcome with divided cells where anodic 

and cathodic chambers are segregated by a partially permeable membrane or a salt bridge 

(Figure 1C, illustrated with the generation of an acyliminium cation pool, vide infra). 

Maigrot and Stabates’s work in 1889 represents an early example of membrane electrolysis.7 

For cathodic reductions, a sacrificial anode consisting of readily oxidizable materials (e.g., 

Mg, Zn, or Fe) can be used to forestall the undesired oxidation of reactive intermediates in 

undivided cells. In this case, the oxidative dissolution of the anode occurs preferentially.

Electrosynthesis in the 19th century exclusively relied on galvanostatic conditions where the 

reaction mixture is subjected to a constant stream of current and the potential increases over 

time. To this end, Hickling’s invention of the potentiostat in 1942 opened a new dimension 

in electrosynthesis: reactions could be conducted under constant potential, and the current 

decreases over time (shown in Figure 1A is an electrochemical power source from Janke & 

Kunkel (now IKA) manufactured in the same era).8,9 This was further aided by the advent of 

voltammetry techniques such as Heyrovsky’s polarography (1922),10,11 a forerunner to 

modern cyclic voltammetry (the first cyclic voltammetry experiment was described by 

Randles in 1948),12 where voltage and current are correlated. Developments and perfection 

of such analytical prowess allowed the electrochemical potentials of individual 

functionalities to be accurately determined—selective manipulation of functional groups is 
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thus made possible by “dialing in” these measured properties under constant potential 

(potentiostatic) electrolysis. In potentiostatic setups, a standard electrode (commonly Ag/Ag
+ or saturated calomel electrode) is used to accurately gauge the potential at the working 

electrode. Notwithstanding the many benefits of divided cells and constant potential 

electrolysis, the use of undivided galvanostatic setups remains strategic, owing to the 

operational simplicity.

Inventions of enabling equipment (vide supra), coupled with foundational advances in the 

1800s, heralded awe-inspiring applications of electroorganic chemistry in the mid-1900s. 

The Simons fluorination process13 and the Monsanto adiponitrile process,14 both conducted 

on industrial scales, showcased the innate scalability of electrosynthesis. Corey’s elegant 

synthesis of pentacyclosqualene and onoceradiene testified to the potential of electroorganic 

chemistry to furnish simplifying disconnections.15

Electrodes are critical to organic electrosynthesis—under direct electrolysis, substrate 

molecules undergo electron transfers with the electrode surface. Such heterogeneous 

processes can impose a high kinetic barrier. Besides, reactions in the space near the 

electrode surface (known as the double layer)16 lead to accumulation of high energy species 

(e.g., radical cations and anions). Some of these reactive intermediates can diffuse back into 

the bulk solution for downstream functionalizations while others decompose to trigger 

electrode deactivation (known as passivation), impeding further reactions. To circumvent 

these problems, a mediator (or redox catalyst) can be used that undergoes heterogeneous 

electron transfer with the electrode surface to form a stabilized intermediate. This reactive 

species can then oxidize or reduce a substrate molecule homogeneously in an indirect 

electrolytic process. While indirect electrolysis using inorganic mediators found applications 

in as early as 1900 when chromium salts were harnessed to facilitate the anodic synthesis of 

quinones,17 powerful organic redox mediators such as triaryl amines18 and nitroxyl 

radicals19 were popularized during the 1970s and 1980s; the principles of indirect 

electrolysis were formalized by Steckhan in the 1980s.20,21 Transition metal complexes and 

ionic halides represent two other types of common mediators—the latter can undergo anodic 

oxidation to generate molecular halogen, hypohalite, or halogen cation species.

Other notable achievements in this era include synthetic applications of electrogenerated 

base22 and acid,23 where electromotive force is enlisted to effect proton transfers in an 

environmentally friendly fashion. Miller’s invention of the chiral electrode in 1975 pointed 

to a new direction in asymmetric catalysis that is perhaps worth revisiting.24 In the same 

year, the development of the Shono oxidation allowed the α-functionalization of alkyl 

amides (Figure 1B, illustrated with an undivided cell);25,26 this versatile reaction represents 

one of the most widely studied and utilized electroorganic transformations to this day.

The last quarter of the 20th century witnessed path-pointing achievements which shaped a 

considerable portion of synthetic electrochemistry discussed in this review. Yoshida 

introduced the concept of electroauxiliaries where sulfur- and silicon-containing functional 

groups are incorporated into substrate molecules to lower their electrochemical potentials 

(vide infra), allowing controls over regio- and chemoselectivities.27 Steckhan’s contribution 

to indirect electrolysis, as discussed briefly earlier, brought forth numerous mediated 
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processes in recent history. Little’s efforts established cathodic reduction as a robust means 

to accomplish empowering ring-forming reactions that would otherwise require sensitive 

single-electron metal reductants.28–30 Studies by Schäfer culminated in a series of cascade 

reactions initiated by Kolbe electrolysis, substantially expanding the scope of the classical 

reaction.31,32 Moeller’s rigorous analysis of anodic olefin coupling furnished fundamental 

insights on the polarity of radical cations; it also led to many spectacular synthetic 

applications in the 21st century (vide infra).33 BASF’s utilization of paired electrolysis 

where synthetically useful processes take place simultaneously at both the anode and the 

cathode highlight the possibility of bolstering the energy efficiency of electro-organic 

chemistry in an industrial setting.34,35 Nucleophilic trapping of anodically generated 

cationic species constitutes a significant portion of organic electrochemical reactions. 

However, nucleophiles present in the electrolytic setup can undergo competitive oxidation, 

limiting the possible types of reactions. Yoshida’s concept of cation pool circumvented such 

longstanding problems: anodic oxidation is carried out under cryogenic conditions in the 

absence of trapping nucleophiles, allowing the accumulation of reactive cations which can 

engage various nucleophilic species in downstream functionalizations.36,37 As cation pools 

may be prone to cathodic reduction, they are usually generated in a divided cell as shown in 

Figure 1C.

These monumental achievements have been summarized in various review articles. Anodic 

oxidations have been comprehensively surveyed by Moeller in 200033,38 while Schäfer and 

Wright recounted advances in both anodic and cathodic processes in 198139 and 2006,16 

respectively. Developments in mediated electrolysis have been analyzed by Little40 while 

Yoshida’s 2008 report dissected the emerging trends,42 enabling techniques and reaction 

engineering aspects of organic electrochemistry.41 The environmental impact of 

electrochemistry as pertaining to sustainability and greenness has been addressed by 

Frontana-Uribe/Little43 and Schäfer44 recently. Thus, the aim of this review is to examine 

reactions that have been published after 2000, and the focus will be placed exclusively on 

the synthetic applications of each transformation.45 Topics including electrogenerated acid,
46 electrogenerated base,47 electrochemical enzymatic reactions,48 and electrocatalytic 

hydrogenation will not be detailed.49

This overview of the field is organized by reaction type: oxidations (anodic), reductions 

(cathodic), and paired electrolysis (both occurring in the same vessel). To aid the reader, 

each section is subdivided by categories of functional group transformations and color-coded 

by the electrochemical technique (Figure 1D). Thus, seafoam green, cream yellow, gray, and 

powder blue backgrounds are utilized for direct electrolysis, mediated processes, cation 

pool, and electrogenerated reagents, respectively. A set of “cell notations” has also been 

devised to graphically represent the electrochemical parameters of each reaction, including 

cell type (divided vs undivided), electrolytic conditions (constant current vs constant 

potential), and electrode compositions (Figure 1E). Electrochemical potential values quoted 

in this review represent reported values against designated standards. To ease discussions, 

comparisons of potentials are made on the basis of their absolute values. For example, if a 

compound has a more negative reduction potential, it is described to have a higher reduction 

potential (absolute value), making it more difficult to reduce. Electrochemical potentials of 

common organic functional groups have been summarized elsewhere and will not be 
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reiterated.50,51 It is hoped that this color coded and annotated format will aid the reader to 

rapidly identify classes of reactions and setups without needing to refer to the text.

2. ANODIC OXIDATION

2.1. Oxidation of carboxylates: The Kolbe reaction and related processes

Perhaps the best known electrochemical transformation, the Kolbe reaction, commences 

with the anodic oxidation of alkyl carboxylates whereupon the resulting radical undergoes 

facile decarboxylation. The ensuing alkyl radical then dimerizes to forge a C–C bond. 

Development and applications of Kolbe electrolysis before 2000 have been reviewed;31,33,52 

more recently, this classical process has been utilized to synthesize benzathine,53 construct 

bis-phosphine oxide ligands,54 and dimerize silylacetic acids55–57 and fatty acids.58 The 

mixed-Kolbe reaction, wherein a heterodimerization between two different alkyl carboxylic 

acids occurs, is less common—an excess of one acid component is often necessary to favor 

the cross-coupling product.59 Renaud and co-workers applied a mixed-Kolbe electrolysis to 

synthesize nephromopsinic, phaseolinic, and dihydropertusaric acids (Figure 2A).60 In the 

third case, the ketal containing carboxylic acid was used in eight equivalents.

Should the electrochemical decarboxylation process afford a radical that is stabilized by an 

α-substituent (e.g., an α-amino group in an amino acid), further electrochemical oxidation 

can occur—the resulting cation (e.g., an acyliminium cation) may be trapped with an 

external nucleophile in a non-Kolbe reaction, as is the case in Figure 2B.61 In this example, 

Matsumura and co-workers reported that the electrochemical oxidation of an N-acylated 

serine derivative exhibited “memory of chirality”—the methoxylated product was afforded 

in 80% enantiomeric excess (e.e.) (Figure 2B). The bulky o-phenyl benzoyl protecting group 

was believed to be the main factor for the stereoselectivitiy, as lower e.e. values were 

observed with a simple benzoyl group.62,63

In the Kolbe electrolysis, a base is added to a solution of carboxylic acids, forming 

carboxylate salts which could serve as substrates and electrolytes. Tajima, Fuchigami, and 

co-workers developed protocols to conduct Kolbe,64 mixed-Kolbe,65 and non-Kolbe66,67 

reactions with solid-supported bases (piperidine or pyridine) (Figure 2C). Upon completion 

of the electrolysis, the base could be removed through filtration, rendering the process 

operationally simple. Chiba has reported an efficient protocol for the Kolbe reaction using 

cycloalkane-based thermomorphic systems;68 Compton and co-workers devised an aqueous 

protocol for the Kolbe reaction of water-immiscible aliphatic acids through ultrasonication 

and emulsion formation—it was observed that the yields of products obtained from this 

biphasic system are independent of the electrode material used, on the contrary to 

homogeneous systems.69

A variant of the Kolbe reaction is the conjunctive cyclization cascade pioneered by Schafer.
31, 70 In this process, a carboxylic acid is tethered to an olefin which can engage the 

electrogenerated alkyl radical in a cyclization; the resulting radical can combine, 

intermolecularly, with an alkyl radical derived from the anodic decarboxylation of an 

exogenous carboxylic acid. Earlier examples of this process have been detailed in review 

articles.33 More recently, Márko and co-workers reported a method to prepare five- and six-
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membered rings based on this cascade (Figure 2D).71 The use of an electron-deficient olefin 

is critical to ensure high yields, owing to the nucleophilic character of alkyl radicals. Taking 

advantage of an intermolecular version of this conjunctive coupling, Wirth and co-workers 

reported a method for the “dimerizative” fluoroalkylation of Michael acceptors (Figure 2E) 

in flow reactors.72 The analogous batch reaction was reported by Uneyama in 1988.73

Recently, Maŕko disclosed a method to convert malonic acids into ketals and subsequently 

ketones via two tandem anodic decarboxylation reactions (Figure 2F).74

Electrolysis of a glutamic acid derivative in the presence of a bromide mediator produced the 

corresponding nitrile after decarboxylation (Figure 2G).75 Putatively, a bromo-imine or 

equivalent thereof is involved.76 This process was harnessed by Fu and co-workers to 

synthesize adiponitrile from glutamic acid—a classical Kolbe dimerization was used in a 

later step.

2.2. Oxidation of sulfinic acid salts

Sulfinates, the sulfur congeners of carboxylates, can also be readily oxidized into the 

corresponding sulfonyl radicals under electrochemical conditions. Aryl sulfonyl radicals 

may be trapped by olefins prior to SO2 extrusion. This reactivity allowed Wang and co-

workers to develop a synthesis for E-vinyl sulfones from cinnamic acids.77 The reaction is 

believed to proceed through the addition of an aryl sulfonyl radical onto the double bond, 

followed by electrochemical decarboxylation (Figure 3A, left). A similar example in 2015 

showcased that the same type of product could be accessed via the reaction of 

electrogenerated sulfonyl radicals and styrenes—NaI was used as the mediator, allowing the 

formation of a β-iodosulfone intermediate (Figure 3A, right).78 Halide mediated oxidations 

of aryl sulfinates have also found applications in the preparations of oxindole (Figure 3B, 

top),79 indenones (Figure 3B, bottom),80 and sulfonamides81 (Figure 3C) through sulfonyl 

radical initiated reactions.

Baran, Blackmond, and co-workers reported that the direct electrolysis of zinc bis-

trifluoromethylsulfinate (TFMS) led to the formation of trifluoromethyl radicals which could 

chemoselectively engage a broad selection of heteroarenes including drug molecules such as 

metronidazole and pentoxyfyline (Figure 3D).82 Although this transformation can 

alternatively be achieved with a chemical oxidant (TBHP), the electrochemical protocol 

demonstrated enhanced yields for many substrates while conferring additional scalability. 

Tommasino and co-workers have used potassium trifluoromethylsulfinate to effect 

electrochemical trifluoromethylation of dimethoxybenzenes, durene, and several olefins.83

2.3. Oxidation of amines and amides: formation of N-centered radicals and nitrenes

2.3.1. Formation of N-centered radicals—Anodic oxidation offers a convenient 

avenue to access N-centered radicals directly from amines and amides. Taking advantage of 

constant potential electrolysis, Baran and co-workers reported a synthesis of dixiamycin 

through the direct dimerization of xiamycin (Figure 4A).84 Controlling the potential at 

+1.150 V (vs Ag/AgCl) allowed the chemoselective oxidation of the carbazole nitrogen 

while leaving other reactive functionalities (e.g., a free alcohol and a carboxylic acid) intact. 
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Forays to achieve this N–N coupling chemically were unsuccessful; meanwhile, the 

hydrazine-based strategy to construct this natural product would likely require a lengthy 

sequence to prepare the carbazole core. Anodic N,N-dimerization of amidyl radicals derived 

from aryl amides is also possible—Moeller, Waldvogel, and co-workers developed a 

galvanostatic protocol to synthesize pyrazolidin-3,5-diones, which are important motifs in 

heterocyclic chemistry (Figure 4B).85,86 This reaction can be carried out in a simple 

undivided cell.

Moeller reported that electrophilic amidyl radicals, generated through anodic oxidation of 

O-bezylhydroxamates or N-phenyl amides, can undergo facile cyclization onto electro-rich 

olefins (e.g., enol ethers or dithioketene acetals) (Figure 4C).87 Five- and six-membered 

rings could be effectively forged through 5- and 6-exo attacks, respectively. The benzyloxy 

group on the amide lowers the oxidation potential of the amide nitrogen while stabilizing the 

ensuing radical species. The cyclized carbon-centered radical could undergo further 

electrochemical oxidation wherein the carbocation may be trapped by methanol. The radical 

nature of the cyclizations was supported by cyclic voltammetry studies and DFT 

calculations.

Building on this precedent, Xu and co-workers developed an electrochemical method for the 

oxidative amination of tri- and tetra-substituted olefins (Figure 4D).88 Amides, carbamates, 

and ureas substituted with electron-rich aryl groups can be used as the radical precursor 

under galvanostatic conditions. In the absence of an alcoholic solvent, the cyclized radical 

intermediate can be oxidized further to provide an olefin. A broad substrate scope was 

presented, including complex natural product derivatives. The same group also reported the 

use of direct anodic oxidation to generate amidinyl radicals (Figure 4E).89 These reactive 

species were found to cyclize onto electron-deficient (hetero)arenes, thereby allowing the 

construction of polycyclic benzimidazoles and pyridoimidazoles.

During their investigations on N, N-dimerization (vide supra), Waldvogel and co-workers 

observed that amidyl radicals of aryl-amides exhibited considerable radical character within 

the aromatic ring. By leveraging this reactivity, they developed an efficient method for the 

construction of benzoxazoles from anilides (Figure 4F).90 The use of HFIP is critical as it 

putatively prolongs the lifetime of the radical intermediate.

N-Aryl-amidyl radicals could also be accessed via indirect electrolysis using redox 

mediators. Xu has conducted extensive studies using ferrocene mediators to generate amidyl 

radicals electrochemically. These radicals can undergo intramolecular addition onto 

hetero(arenes) (Figure 5A)91 or olefins (Figure 5B).92 The former case allows access to 

polycyclic (aza)-indoles (Figure 5A) while the addition onto olefins enabled hydroamination 

reactions in the presence of a hydrogen atom donor (e.g., cyclohexadiene (1,4-CHD), Figure 

5B). The choice of solvent was crucial: the addition of THF to MeOH was found to lower 

the oxidation potential of N-aryl-amides while raising that of ferrocene. Therefore, electron 

transfer between the oxidized form of the mediator and the substrate molecule is possible. 

No cyclization products were detected in the absence of THF. Natural product derivatives 

and drug analogs have been synthesized through these processes, attesting to their utilities. 

An analogous reaction using TEMPO as the mediator has also been detailed by Xu and co-
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workers, in which the coupling between the intermediary C-centered radical and TEMPO 

gave rise to aminooxygenation products (Figure 5C).93 Thus, TEMPO serves the dual-

purpose as the mediator and the oxygen source.

2.3.2. Formation of nitrenes and nitreniums—N-Aminophthalimide can serve as a 

nitrene precursor wherein the terminal nitrogen can be oxidized by a chemical oxidant to 

furnish a nitrene. Nevertheless, this oxidation commonly requires stoichiometric quantities 

of harsh reagents (e.g., Pb(OAc)4). Yudin and co-workers discovered that the N-

phthalimido-nitrene can be accessed through direct electrolysis at +1.8 V (vs Ag/AgCl) in an 

environmentally friendly fashion (Figure 6A).94,95 Under the potentiostatic conditions, both 

electron-rich and electron-deficient olefins are aziridinated effectively. Although some 

electron-rich substrates exhibit similar oxidation potentials compared to N-

aminophthalimide, the latter’s lower overpotential (additional potential beyond the 

thermodynamic requirement needed to drive a reaction at a certain rate) allowed its selective 

oxidation. Moreover, this electrochemical protocol could be used to effect imination of 

sulfoxides (Figure 6A, right).96 Little, Zeng, and co-workers developed a mediatory system 

to carry out the aziridination reaction under simple constant current conditions with 

inexpensive electrode materials; tetrabutylammonium iodide was found to be the optimal 

mediator (Figure 6A, bottom).97

Anodic oxidation of iodoarenes leads to the formation of hypervalent iodine species which 

can serve as redox mediators for further functional group oxidations.98 The oxidation of 

iodobenzene in the presence of trifluoroethanol furnishes phenyliodine bis(trifluoroethoxide) 

(PIFE); Nishiyama and co-workers have extensively utilized this electrogenerated reagent to 

effect the oxidation of amides or hydroxamic acid derivatives into the corresponding 

nitreniums (Figure 6B).99 The nitreniums thus generated can undergo cyclization with 

electron-rich arenes to afford quinoline scaffolds,100 carbazoles,101 or spirocycles99 

depending on the substitution patterns of the arene. This method has found applications in 

the synthesis of tetrahydropyrroloiminoquinone alkaloids (Figure 6C) as well as glycozoline 

(Figure 6D). When an arene is substituted with a (pseudo)halide at the ortho-position, 

concomitant substituent migration was observed alongside oxidative cyclization (Figure 6E).
102 Additional applications of electrogenerated PIFE include oxidative cyclization of 

tryptamine and dihydrocinnamic acid derivatives (Figure 6F).99,103 Francke and co-workers 

developed a multifunctional electrochemical mediator for nitrenium generation by merging 

an iodoarene scaffold with an ionic side chain.104 Pre-electrolysis of this aryl iodide in HFIP 

led to the formation of a hypervalent iodine species which could trigger the oxidative 

arylation of anilides. Because of the ionic motif, no external electrolyte is necessary. The 

presence of the keto group at the benzylic position of the mediator prevents oxidative 

degradation—the mediator precursor can be recycled at the end of the reaction (Figure 6G). 

From a pragmatic perspective, it is worth noting that the above examples (Figure 6B–G) 

involve an electrochemical reagent generation step followed by addition of the substrate 

(with no electricity).
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2.4. Oxidation of amines and amides: Shono-type oxidation

2.4.1. Variation of nitrogen substituents—Similar to aryl amides, the anodic 

oxidation of alkyl amides or carbamates gives rise to N-centered radical cations. However, 

these reactive intermediates readily undergo fragmentation to afford N-acyl or N-carbamoyl 

iminium ions in what is known as the Shono oxidation.105,106 This classic reaction is 

customarily carried out in an alcoholic solvent with the reactive iminium trapped as an 

isolable N,O-acetal. This species can revert to an acyliminium upon treatment with acids to 

allow further functionalizations. Efforts have been expended to render this sequence 

asymmetric with chiral auxiliaries (Figure 7A). For example, Shono methoxylation of chiral 

carbamates,107–110 phosphoramides,111,112 and sulfinamides113 has been surveyed (Figure 

7A(1)–(3)). Generally, while poor diastereoselectivity was observed in the methoxylation 

step, the introduction of auxiliaries imparts stereocontrol in the downstream 

functionalizations, allowing nucleophiles such as allyl silane to be added at the α-position 

stereoselectively. Good d.r. values of the initial electrochemical oxidation were noted when 

the alkoxy nucleophile was tethered with chiral cyclic amides; nevertheless, the electrolysis 

of an analogous acyclic amides led to virtually no selectivity (Figure 7A(4)).114 Shono 

oxidation has also been combined with the Evans oxazolidinone chemistry to afford 

enantiomerically enriched Mannich adducts.115

When an unsymmetrical secondary amide or carbamate is used in the Shono oxidation, 

oxidations occur preferentially at the less substituted position as illustrated in Figure 7B. 

However, efforts by Onomura revealed that the regiochemical outcome may be reversed 

using cyanoamines wherein the methoxylation at the more substituted position is favored.116 

Computational studies suggested that the cyano group substantially stabilized the more 

substituted iminium ion, thereby favoring methoxylation at the more substituted position. 

Conversely, for carbamates, the iminium intermediates are of similar stability; steric effects 

thus predominate.

The Shono oxidation of bicyclic carbamates takes place mainly at the ring junction (the 

more substituted position), albeit with little stereocontrol. As shown in Figure 7C, the 

oxidation of a proline-derived chiral carbamate led to racemic products.117 The use of a 1-

alkoxy-2,2,2-trifluoroethyl group in place of the carbamate was found to enhance the regio- 

and stereoselectivity of the process as the methoxylation product was predominantly 

afforded as a single regio- and stereoisomer (Figure 7C).

Despite the low redox potentials of amines, anodic oxidation of alkyl amines is utilized to a 

lesser extent compared to amides, presumably owing to the instability of the aminyl radical 

cations and imines. Gallardo and co-workers have exploited the anodic oxidation of alkyl 

amines to synthesize substituted imidazolinium, tetrahydropyrimidinium,118 and hindered 

alkyl diamines.119 When a nucleophile is embedded within the amine substrates, the reactive 

intermediates can be trapped in various modalities of cyclizations (Figure 7D).120,121 

Additionally, the Shono-type oxidation is more useful with anilines or benzyl amines which 

form more stabilized radical cation intermediates.122 Electrochemical oxidation of dialkyl 

anilines was achieved with a stabilized nitroxyl mediator (4-OBz-TEMPO) (Figure 7E).123 

The regioselectivity of this process resembles that of the analogous amide/carbamate 
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oxidation—the reaction takes place at the less substituted position; the N-methyl group is 

preferentially oxidized, furnishing a formamide. Additionally, the Shono-type oxidation has 

also been successfully performed on imidates and imines (Figure 7F).124 In the oxidation of 

cyclic imidates, the addition of ammonium sulfate was found to improve the reaction yield; 

although its precise role is unclear, ammonium sulfate presumably maintains a neutral pH in 

the electrochemical cell, suppressing the oxidation of cathodically generated methoxide. α-

Methoxylation/acetoxylation of imines can be achieved with the aid of tetraethylammonium 

bromide as a mediator (Figure 7F, right).

Aside from oxidizing the C–H bonds on the α-carbon of amides and carbamates, Onomura 

showed that the Shono oxidation may be extended to cleave allyl and benzyl groups affixed 

at that position (Figure 7G).125 Preliminary mechanistic studies on the deallylation reaction 

revealed that the process involves allyl cationic species rather than the analogous radicals. 

This method was successfully applied to the synthesis of optically active N-acylated α-alkyl-

α-amino acid esters (Figure 7G, bottom).

2.4.2. Variation of trapping nucleophiles—Alcohols are ideal nucleophiles in Shono 

oxidations, due to their relatively high oxidation potential compared to amides/carbamates. 

Trapping the intermediary iminium with carbon-centered nucleophiles such as cyanides or 

enol ethers can conceivably be complicated by the competing anodic oxidations of these 

nucleophiles. Instead, a two-step process is used wherein an N,O-acetal is isolated and 

subjected to further manipulations. For example, the N,O-acetals obtained in Shono 

oxidations may be treated with triphenylphosphonium salts to afford 1-(N-

acylamino)alkyltriphenylphosphonium wherein triphenylphosphine formally displaces the 

alkoxy group.126 These α-amidoalkylating agents can in turn be converted into 

amidosulfones which are commonly used surrogates for acyl iminiums.127 N-[1-

(Benzotriazol-1-yl)alkyl]amides may be obtained in a similar fashion.128

Tajima and co-workers devised a one-step anodic α-cyanation reaction based on the 

principle of “site isolation” (Figure 8A).129 Bu4N·BF4 and the cyanide salt of a solid-

supported quaternary ammonium cation (PS-NMe3·CN in Figure 8A) were introduced 

concurrently into the reaction—the former served as the supporting electrolyte while the 

latter reduced the effective concentration of cyanide in the solution phase, keeping CN– in 

vicinity to the polymer support. Cyanide oxidation is thus suppressed (see Figure 8A inset 

cyclic voltammogram).

Leveraging similar principles, Atobe reported an example of direct Shono allylation (Figure 

8B).130 In this case, an ionic liquid131 (EMM·BF4) was chosen as the reaction medium 

wherein the nucleophile (allyl–TMS) has minimal solubility. While sufficient interaction 

between the nucleophile and the anodically generated iminium can be attained through 

acoustic emulsification (sonication), oxidation of the nucleophile is thwarted by its poor 

solubility and conductivity. Besides, even though the allylated product had similar oxidation 

potential compared to the starting carbamate, its lower solubility in EMM·BF4 prevented its 

oxidation.
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Tajima also reported an alternative approach for the one-pot allylation of lactams (Figure 

8C).132 This strategy utilizes a Shono oxidation with HFIP as the trapping electrophile in the 

presence of a solid-supported base. The base allows for the in situ generation of electrolytes; 

it may be removed through a filtration, and the hexafluoroisopropoxy group in the Shono 

product can be readily displaced by carbon nucleophiles (e.g., allyl-TMS). The use of solid-

supported bases in MeOH has allowed the same group to develop a series of electrochemical 

methoxylation reactions wherein methoxide anions are generated in situ.133–135

Atobe and co-workers demonstrated that a one-step α-allylation of amides may be achieved 

with the aid of parallel laminar flow in microflow reactors (Figure 8D).136,137 When the 

carbamate and the nucleophile are introduced in different streams, mass transfer between 

these separate streams can only occur via diffusion between the liquid–liquid contact area. 

Due to the small size of the flow channel, this area will remain stable and laminar. As the 

nucleophiles are spatially removed from the anode, undesired oxidation is minimized.

Onomura showcased that a one-step anodic cyanation of amides/carbamates is also possible 

using TMS–CN as the nucleophile (Figure 8E); the addition of methanesulfonic acid 

(MeSO3H) was found to be crucial for this reaction.138 Using cyanoamines as substrates, 

more substituted amino nitriles were obtained (vide supra).

Huang and co-workers demonstrated that anilines could be introduced into the α-position of 

lactams (such as NMP) through direct anodic oxidation when the latter was used in excess 

(Figure 8F).139 Maintaining a high current density at the anode was found to be critical: even 

though the oxidation potential of aniline coupling partners is lower than that of lactams, the 

more concentrated lactam could undergo preferential oxidation at high current densities. The 

use of a thin Pt wire as an anode and a Pt foil as the cathode was thus favorable for this 

purpose. This setup is often referred to as a “quasi-divided cell” wherein the surface areas of 

the working and counter electrodes differ significantly, creating different current densities. It 

is also possible that the acid electrolyte, ammonium perchlorate, has partially protonated the 

anilines, thereby disfavoring their oxidations.

Luo and co-workers developed an anodic coupling between tetrahydroisoquinoline 

derivatives and alkyl ketones through the combination of Shono-type oxidation and enamine 

catalysis.140 The reaction proceeded with moderate to good enantioselectivity (Figure 8G). 

In another variant of anodic amine α-oxidation, Wang and co-workers developed an 

electrochemical protocol for the imidation of aliphatic amines with tosyl azide.141 Tertiary, 

secondary, and primary amines could be converted into N-tosyl amidines in this process 

(Figure 8H). Although the imidation of primary amines was not shown in Figure 8H, the 

reactions followed a similar course compared to those of secondary amines. An oxidative 

dimerization occurs to furnish N-alkyl imines/enamines. Putatively, the anodically generated 

imine/iminium tautomerizes into the corresponding enamine which can engage tosyl azides 

in a cycloaddition whereupon fragmentation of the cycloadduct affords the amidine 

products.

2.4.3. The use of electroauxiliaries—The chemo- and regioselectivities of the Shono 

oxidation can be controlled with electroauxiliaries. As discussed in the Introduction, 
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electroauxiliaries are structural moieties introduced to lower the electrochemical potential of 

substrates. For example, the introduction of TMS or tributylstannane motifs at the α-position 

of a carbamate lowers the redox potential substantially (Figure 9A).41,142 Through the use of 

silyl containing amino acids, Moeller and co-workers achieved the chemoselective 

introduction of acyliminiums into complex peptides under anodic oxidation.142,143 The silyl 

side-chain may be oxidized into an N,O-acetal (Figure 9B, bottom); alternatively, cyclic 

peptidomimetics can be synthesized through intramolecular ring closures (Figure 9B, top).
144

Suga, Yoshida, and co-workers synthesized a 2,5-disilylated pyrrolidine derivative along 

with a 2,2-disilylated analog through directed metalation.145,146 These compounds could 

each be subjected to sequential Shono oxidations—the differential placement of silyl 

auxiliaries led to complementary regiochemical outcomes (Figure 9C). While the former 

afforded 2,5-disubstituted pyrrolidines, the latter delivered pyrrolidine products bearing two 

substituents on the same α-carbon. 2,2-Diallyl pyrrolidine thus obtained may be elaborated 

further to access spirocycles.

Efforts by Chiba established thiophenyl (Figure 9D)147 and 2,4,6-trimethoxybenzene (TMP) 

(Figure 9E)148 as viable electroauxiliaries in the Shono oxidation. The thiophenyl auxiliary 

allowed the direct anodic α-allylation of amides without oxidizing the allyl-TMS 

nucleophile; the TMP auxiliary facilitated the anodic modification of a tripeptide using a 

cation pool approach (vide infra). The use of LiClO4 in MeNO2 was deemed advantageous 

in both cases; indeed, this solvent system was believed to stabilize the intermediary 

acyliminium cation—this cation may be accumulated in MeNO2/LiClO4 at 0 °C in an 

undivided cell.147–149

2.4.4. Electrochemical generation of the acyl iminium cation pool—The scope of 

the Shono oxidation has been substantially expanded with the advent of the “cation pool” 

method wherein the anodic oxidation is carried out under cryogenic temperature, allowing 

for the accumulation of iminium species in a cation pool.41 These highly reactive 

intermediates can subsequently be intercepted by various nucleophiles in different 

transformations. As no nucleophilic species is present during the initial electrolysis, 

competing nucleophile oxidation is not a concern. The synthetic applications of the cation 

pool strategy has been reviewed by Yoshida and co-workers;41 Figure 10A provides a brief 

summary of iminium reaction manifolds enabled by this approach.

First and foremost, the acyliminium cation pool can readily engage carbon-centered 

nucleophiles such as allyl silane, enol ethers, or organometallic reagents to furnish C–C 

bonds (Figure 10B)—this may be accomplished in a flow system through the “cation flow” 

method.150,151 Yoshida and co-workers have reported the synergistic applications cation 

pool and microflow systems for electrochemical combinatorial organic syntheses.152,142 The 

addition of cyanide onto the electrogenerated iminium cation pool allowed expedient 

asymmetric syntheses of vacaine alkaloids (Figure 10C).153 Chiba and co-workers prepared 

a series of aza-nucleosides by treating acyliminium cation pools with different nucleobases 

(Figure 10D).154,155 Reactive functionalities such as acetyl and the acryloyl groups were 

tolerated.156 Iminium cation pools have also found uses in other nucleophilic processes such 
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as the Friedel–Crafts reaction (Figure 10E),157 the aza-Prins reaction (Figure 10F),158 and 

the inverse electron demand Diels–Alder reaction (Figure 10G).159 In the case of Friedel–

Crafts alkylation, Yoshida and co-workers demonstrated that the use of micromixing 

effectively suppressed bis-aminoalkylation.

Reactions of the acyl/carbamoyl iminium cation pools with enamines led to the formation of 

another iminium ion which can be subjected to another iteration of nucleophilic trapping—

Yoshida and co-workers have developed a tandem three-component reaction based on this 

reactivity (Figure 10H).160,161 In a similar vein, the Yoshida group demonstrated the 

feasibility of using the electrogenerated carbamoyl iminium cation pools in living 

polymerization162 (Figure 10I) as well as carbohydroxylation163 reactions (Figure 10J).

Yoshida has also reported radical addition into electrogenerated iminium ions with benzyl 

silanes164,165 or alkyl halides166,167 serving as radical progenitors alongside catalytic 

amounts of organotin species (tributyl-benzyl-stannane for alkyl halides or hexabutyl-di-tin 

for benzyl silanes) (Figure 10K). It was believed that a single electron transfer (SET) 

between acyl iminium cation and the organotin initiates a chain process. In the absence of 

catalytic benzyl-stannane, benzyl silanes could also participate in the SET process. When 

arylthiomethylsilanes and aryloxymethylsilanes are used as the nucleophiles, this type of 

SET-based reaction may also be initiated with electricity.165

Additionally, Yoshida showcased that, upon the completion of the anodic oxidation, the 

iminium cation pool can be reduced to α-amidyl radicals in a cathodic process.168 The 

nucleophilic radicals thus generated were found to readily add onto Michael acceptors in 

Giese reactions (Figure 10L).

2.4.5. Applications of Shono-type oxidations—The Shono oxidation has found 

numerous applications in the synthesis of natural products or other compounds of 

biomedical interest. For example, Ley and co-workers utilized sequential Shono oxidation 

and Pictet–Spengler reactions to access nazlinine and its structural analogs in a rapid fashion 

(Figure 11A).169 This process was conducted with a flow electrochemical cell which helped 

reduce the amount of requisite electrolyte.

When water is used as the trapping nucleophile in the Shono oxidation, the resulting 

hemiaminal can be readily subjected to Swern or Ley oxidations, furnishing the 

corresponding lactams. Santos and co-workers exploited this sequence in their syntheses of 

quinolactacin B170 and lennoxamine171 (Figure 11B). Notably, the anodic oxidation was 

carried out at a late stage in each case, underscoring the functional group compatibility of 

the electrochemical reaction.

Anodic oxidation of stabilized amines has also found applications. Hurvois and co-workers 

prepared a series of tetrahydroisoquinoline alkaloids through the electrochemical cyanation 

of tetrahydroisoquinoline derivatives (e.g., crispine A, Figure 11C).172,173 The reaction was 

shown to proceed with good stereoselectivity in the presence of a chiral auxiliary. The same 

group capitalized on similar transformations to synthesize pumiliotoxin C.174 Kam 
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showcased that kopsine, kopsidine, kopsinitrarine, and bisindole derivatives can be obtained 

through the anodic Shono-type oxidation of aspidofractinine-type alkaloids (Figure 11D).175

The Shono oxidation could also be used in metabolic studies of drug molecules. For 

example, applications of the Shono oxidation to ifosfamide and cyclophosphamide allowed 

Royer and co-workers to obtain the methoxylated analogs of these oxazaphosphorinane 

anticancer drugs in high yields (Figure 11E).176 Under galvanostatic conditions, the 

oxidation took place in a chemoselective fashion at the α-position of the tertiary nitrogen. 

The Shono oxidation has also been applied to synthesize 3-oxadiazolyl/triazolyl 

morpholines which are novel scaffolds for drug discovery.177

Owing to the economic viability of the electrochemical process, the N,O-acetal obtained 

from the Shono methoxylation of piperidine and pyrrolidine derivatives are versatile 

building blocks in synthesis. These intermediates not only allow the introduction of α-

substitutions; conversion to the corresponding enamine facilitates functionalizations of the 

β- and γ-carbons. Shono oxidation of piperidine derivatives enabled the preparations of aza-

sugar derivatives,178 bicyclic structures,179 and γ-amino acids180 (Figure 11F). A poison 

frog alkaloid, 195C, was synthesized in a similar fashion through the Shono oxidation of a 

chiral piperidine derivative.181 Additionally, the Shono oxidation of a proline derivative was 

utilized to synthesize a Pro-Pro dipeptide mimetic on gram scales (Figure 11G).182 

Combinations of Shono allylation and ring-closing metathesis allowed Moeller183 and 

Steckhan184 to synthesize a series of bicyclic lactams.

Recent efforts by Moeller, Aube and co-workers demonstrated that bicyclic lactams derived 

from sequential Diels–Alder and Schmidt reactions are also viable substrates for Shono 

oxidation (Figure 11H). By combining a practical oxidation protocol with various 

downstream functionalization reactions, they were able to access various complex scaffolds.
185 The Shono oxidation of azetidine derivatives was exploited by Wanner and co-workers to 

synthesize a series of GABA-uptake inhibitors.186

Buriez and co-workers explored the electrochemical oxidation of aminocyclopropanes under 

aerobic conditions.187 The radical cation intermediate was found to undergo fragmentation 

readily, whereupon reaction of the resulting radical species with oxygen gave rise to 

endoperoxides with antimalarial properties (Figure 11I). The potentiostatic electrolysis was 

conducted in a divided cell; the cathodic reduction of the labile endoperoxide motif was thus 

averted.

2.5. Oxidation of alcohols

Semmelhack’s seminal report in 1983 spawned continual interest in the indirect anodic 

oxidation of alcohols employing TEMPO or other nitroxyl radicals as mediators.19 To date, 

various other nitroxyl mediators have been developed (Figure 12A) for electrochemical 

alcohol oxidations, offering complementarity to existing chemical methods. Under 

electrochemical conditions, nitroxyl radicals can be oxidized into the corresponding 

oxoammonium species which are the reactive oxidants. Nitroxyl mediators bearing ionic 

tags have been synthesized (e.g., C, Figure 12A), substantially increasing their solubility in 

aqueous electrolyte solutions.188 Bicyclic mediators such as D were found to be superior in 
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the anodic oxidation of hindered secondary alcohols compared to TEMPO (Figure 12B)—

their enhanced reactivity was ascribed to their smaller sizes.189

Stahl and co-workers later reported that the catalytic activity of nitroxyl mediators is more 

strongly influenced by the nitroxyl/oxoammonium redox potential than steric effects.190 

Their study led to the identification of B as an effective and inexpensive mediator (Figure 

12A); the high reactivity of B is even more pronounced at high pHs. Minteer, Sigman, and 

co-workers have conducted extensive studies on the structure–functional relationships of 

nitroxyl radicals, culminating in a computational model to accurately predict their 

electrochemical potentials and catalytic activities (Figure 12C).191

TEMPO and many other nitroxyl mediators are sparingly soluble in polar electrolytic media, 

limiting their synthetic utilities. This problem can be circumvented through a double 

mediatory system (Figure 12D), involving halides and nitroxyls.192 A biphasic solvent 

mixture is usually employed for such a system wherein the halide undergoes oxidation in the 

aqueous phase. The ensuing dihalogen or hypohalite can then effect the oxidation of nitroxyl 

at the aqueous/organic interface. For instance, the reaction showcased in Figure 12B (vide 
supra) utilized such a biphasic double mediator system. A method to resolve secondary 

benzyl alcohols was reported using a double mediatory system with NaBr and the axially 

chiral mediator, F (Figure 12E, left).193 While nitroxyl mediators are customarily dissolved 

in an organic solvent such as dichloromethane, they could be dispersed onto a polymer 

support or an emulsion.194–199 TEMPO mediated electro-oxidation of primary and 

secondary alcohols can also be achieved in a microfluidic electrolytic cell.197 Another 

means to address this solubility issue entails anchoring nitroxyl mediators onto the surface 

of an electrode.200–202 For example, by attaching a chiral spirocyclic N-oxyl mediator (E, 

Figure 12A) onto a graphite anode, Kashiwagi and co-workers developed an electrocatalytic 

method to desymmetrize meso-diols (Figure 12E, right).203 High enantioselectivity and 

catalyst turnover were achieved concurrently under constant potential conditions. In another 

notable example, Stahl and co-workers developed a pyrene-tethered TEMPO derivative 

which undergoes in situ noncovalent immobilization onto a carbon anode.204 This electrode 

system was found to demonstrate high catalytic activities in the oxidation of alcohols, 

exhibiting turnover numbers and frequencies of close to 2000 and 4000 h–1. Sigman, 

Minteer, and co-workers reported a method to covalently immobilize TEMPO onto linear 

poly-(ethylenimine) which is then cross-linked onto the surface of a glassy carbon electrode.
205 This modified electrode exhibited substantially enhanced catalytic current density 

compared to the analogous homogeneous systems employing TEMPO as the redox catalyst. 

Brown and co-workers have developed an efficient protocol for TEMPO-mediated 

electrochemical oxidation of primary and secondary alcohols in a microfluidic electrolyte 

cell.

The TEMPO mediated electro-oxidation has been applied by Schäfer and co-workers to 

convert methyl-glycosides and disaccharides into the corresponding uronic acid derivatives 

in a chemoselective fashion—the primary alcohols were oxidized selectively under 

potentiostatic conditions, leaving secondary alcohols and other functional groups intact 

(Figure 12F).206 Uronic acid esters of azido-disaccharides can be obtained in an analogous 
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fashion; however, the use of a divided cell is necessary to prevent the cathodic reduction of 

the azide motif.

The alcohol oxidation methods described above invoke the interconversion between nitroxyl 

and oxoammonium which occurs at a relatively high potential compared to that between the 

hydroxylamine and nitroxyl. Stahl and co-workers reported a cooperative electrocatalytic 

system using Cu(II) and TEMPO which exploit the low-potential conversion between 

TEMPO and its hydroxylamine congener (TEMPOH) (Figure 12G).207 This system allows 

alcohol oxidations to occur at higher rates and at a significantly lower potential.

Nitrate salts have been employed as electrochemical mediators to oxidize secondary benzyl 

alcohols wherein the anodically generated nitrate radical serves as the reactive oxidant 

(Figure 12H).208,209 Halides and hypohalite anions could also serve as mediators in the 

anodic oxidation of alcohols (Figure 12I–K). For example, electrochemical methods for the 

oxidative cleavage of diols have been reported wherein sodium periodate is anodically 

generated in a biphasic system (Figure 12I);210 unmediated diol cleavage has also been 

described.211 Onomura and co-workers demonstrated that 1,2-diols can be efficiently 

oxidized into α-hydroxyketones under electrochemical conditions using Et4N·Br as the 

mediator (Figure 12J).212 Me2SnCl2 is the essential additive for the reaction as it converts 

the vicinal diol to the corresponding stannylene acetal whereupon the reversible cleavage of 

a Sn–O bond allows halide mediated alcohol oxidation. Only a catalytic amount of the 

organotin reagent is required under the galvanostatic protocol, whereas the analogous 

chemical protocol requires the preformation of the stannylene acetal in a separate step. For 

1,2-diols containing a primary and a secondary alcohol groups, anodic oxidation of the 

secondary alcohol was found to occur preferentially. The reaction system also discriminates 

1,2-diols from 1,3-diols or isolated hydroxyl groups effectively. The organotin reagent used 

in this reaction may be replaced by a copper salt wherein the addition of a chiral ligand 

allowed an asymmetric electrochemical oxidation of 1,2-diols, aminoalcohols, and 

aminoaldehydes into α-hydroxyketone or α-aminoesters in moderate enantioselectivity; 

racemic substrates may be resolved in this fashion.213

A NaCl mediated oxidation of cholic acid into dehydrocholic acid (Figure 12K) was 

reported.214 The nature of the anode was found to play an important role—with a PbO2 

anode,215 anodic oxidations occurred sequentially at the C7, C12, and C3 alcohols; the use 

of Pt electrode led to the selective oxidation of C7, without reactions at C12 or C3.

Other mediators for alcohol oxidation include the Shvo’s catalyst216 and N-aryl carbazole 

(Figure 12L).217 Oxidation of cholesterol, through direct electrolysis at a carbon anode, led 

to the formation of cholesta-4,6,-diene-3-one under constant potential conditions in a four-

electron, four-proton process (Figure 12M).218 The electrolysis conditions were optimized 

on a laboratory synthetic scale with a flow cell.219

2.6. Electrochemical formation of oxocarbenium and thionium ions

Anodic oxidation of alkyl ethers can give rise to oxocarbenium ions in an analogous fashion 

to the Shono oxidation. For example, Markó and co-workers developed a synthesis of simple 

spiroketals through the electrochemical cyclization of a pendant alcohol onto the α-carbon 
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of a cyclic ether.220 Nevertheless, as ethers generally have high redox potentials, competing 

oxidation of solvent molecules can take place. The use of non-nucleophilic solvents such as 

trifluoroethanol is beneficial;221 direct electrolysis of ethers was sparsely used.

Instead, to access oxocarbenium ions through anodic oxidation, the introduction of auxiliary 

groups such as trialkylsilyl222 and SAr223 groups at the α-carbon is oftentimes necessary. 

Aided by these electroauxiliaries, Yoshida achieved the electrochemical generation of 

oxocarbenium ion pools at cryogenic temperatures (Figure 13A, left).222,223 These reactive 

cations, stable below −50 °C, can then be trapped with various carbon and heteroatom-

centered nucleophiles. Oxocarbenium ion pools may also be accessed through the anodic 

oxidative scission of C–C bonds (Figure 13A, right).224 For example, the electrolysis of 1,2-

dimethoxy-1,2-diphenylethane leads to the formation of an alkoxybenzyl cation pool. This 

approach is amenable to generate dication pools as is depicted in Figure 13A. Alternatively, 

oxocarbenium cation pools may be obtained from thioacetals using electrogenerated ArS+ 

cation equivalents, and this will be discussed in section 2.12.3 along with olefin 

functionalization reactions using these electrochemically generated electrophiles.

An important application of the oxocarbenium ion pool is glycosylation (Figure 13B). 

Electrochemical glycosylation can be accomplished by judiciously matching the relative 

potentials of glycosyl donors and acceptors;225–227 alternatively, the cation pool strategy can 

be used (vide infra). Toward this end, the choice of electrolyte is critical. The use of 

Bu4N·BF4 led to the glycosyl fluoride.223 Meanwhile, the presence of triflate anions allowed 

the selective formation of α-glycosyl triflates which could be characterized by low-

temperature NMR.228 The OTf group can be readily displaced by an alcohol to forge a 

glycosyl linkage with β-selectivity. The use of ClO4
– counterion was also effective, although 

the intermediate was less well-defined. The treatment of electrogenerated glycosyl triflates 

allowed the formation of storable sulfonium cations which was found to be viable 

intermediates for β-selective glycosylation reactions.229,230 The β-selectivity in 

electrochemical glycosylation was also noted by Tanaka in their synthesis of 2′,3′-
dideoxynucleosides through electro-oxidative glycosylation via the cation pool method.231 

As the glycosyl linkage is forged under nonoxidative conditions, readily oxidizable 

thioglycosides can be used as glycosyl acceptors (Figure 13B, bottom right), thereby 

allowing iterative glycosylations.

The Yoshida group has streamlined the electrochemical glycosylation into an automated 

process to synthesize oligosaccharides (Figure 13C).232–234 Finding an optimal monomeric 

building block is critical—as the oxidation potentials of thioacetals were found to correlate 

inversely with the efficiency of the glycosylation reaction, the monomer in Figure 13C was 

deemed ideal due to its high electrochemical potential. Iterative cation pool formation and 

glycosylation then enabled the synthesis of complex oligosaccharides, including a potential 

N,N,N-trimethyl-D-glucosaminylchitotriomycin precursor. It is noteworthy that glycosyl 

linkages between the optimized monomer were all forged with exclusive β-selectivity.

Electrochemical glycosylation can also be carried out in the presence of a triarylaminium 

radical cation mediator which allows oxidation to occur at a lower potential than the 

measured values for the thioglycoside. The trapping nucleophile can thus be present during 
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the electrolysis (Figure 13D).235 In the case depicted in Figure 13D, a higher yield and α-

selectivity were obtained using the mediated protocol.

Another approach toward iterative electrochemical glycosylation reactions involves the use 

of different electroauxiliaries.236 In the case depicted in Figure 14A, monosaccharide 

building blocks bearing SePh and STol auxiliaries were subjected to electrolysis in the same 

pot.236 At 1.7 V (vs Ag wire), only the selenoacetal was oxidized, leading to the selective 

formation of a β-glycosyl linkage. A second glycosylation was triggered when a potential 

of .0 V was applied, through the oxidation of the STol group. In accordance with the relative 

oxidizability between sulfur- and selenium-based auxiliaries, stannane auxiliaries are more 

prone to oxidation than silane-based congeners.237 When both TMS and tributylstannane 

groups were affixed at the same α-ethereal carbon, the latter was selectively cleaved under 

anodic oxidation (Figure 14B).

While substituted alkoxycarbenium cations can be accumulated below −50 °C, generation of 

unsubstituted oxocarbenium ions is more challenging owing to their lower stabilities. 

Yoshida developed a method to stabilize these fleeting intermediates intramolecularly with 

an alkoxy group.238 The stabilized cation pool can then be used for nucleophilic 

functionalizations with allyl silanes, silyl enol ethers, or silyl ketene acetals (Figure 14C).

Anodic oxidation of dithioacetals or ketals offers a convenient means to access reactive 

thionium cations. Chiba and co-workers demonstrated that the thionium species derived 

through the anodic oxidation of benzylic dithioacetals could engage olefins in formal [4 + 2] 

as well as [3 + 2] cycloadditions (Figure 14D).239 The intermediary thionium cations can 

also be trapped with activated olefins such as allyl silanes. The use of LiClO4/MeNO2 

electrolyte system was found to be critical. Nishiyama exploited the bromide mediated 

anodic oxidation of dithianes to access the spirocyclic ketal motif of antitumor antibiotic 

ossamycin in a high yield (Figure 14E).240 Electrochemical oxidation of dithiane motifs has 

also been applied by Kutateladze and co-workers to achieve the deprotection of carboxylic 

acids from their 2-(hydroxymethyl)-1,3-dithiane (Dim) esters.241

Aside from oxocarbenium and thionium cations, sulfur- or silicon-based electroauxiliaries 

also offer a convenient means to access other stabilized carbocations such as allylic cations. 

For example, electro-oxidation of 3-(arylthiomethyl)-Δ3-cephem was utilized to synthesize a 

3-methoxy-cephem analog when attempted displacement of the analogous allyl chloride did 

not yield the product in satisfactory yields (Figure 14F).242 Barba and co-workers reported 

an efficient method to convert xanthates into thiocarbonates through anodic oxidation.243

Fry has demonstrated that electrochemical oxidation using a silane auxiliary can lead to an 

unstabilized α-carbonyl cation which readily rearranges to the lower energy benzyl cation 

(Figure 14G).244 In this example, the phenyl group at the β-position was believed to play an 

important role—it stabilizes the initial radical cation intermediate, lowing the oxidation 

potential of the substrate.

Oxidation potentials of electroauxiliaries may be lowered further through the incorporation 

of heteroaromatic moieties—for example, compounds bearing the 2-(2-pyridyl)-ethyl groups 

exhibited lower redox potential compared to the phenyl congeners as the pyridine nitrogen 
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provides stabilization to the radical cation intermediate arising from anodic oxidation 

(Figure 14H).245

2.7. Oxidation of aldehydes

Relatively few examples of anodic aldehyde oxidation have been reported within the period 

covered by this review. Boydston devised an electrochemical method to convert aldehydes 

into esters through N-heterocyclic carbene (NHC) catalysis (Figure 15A).246 Under this 

system, a Breslow intermediate formed between the aldehyde and NHC is oxidized under a 

low potential (+0.1 V vs Ag/AgNO3) whereupon interception of the oxidized product by an 

alcohol leads to the ester product. The reaction may be conducted using various types of 

batteries as the power source. This ester synthesis was adapted by Brown and co-workers in 

microflow cells under constant current conditions.247 The low potential required for this 

process was found to be compatible with other nucleophilic species, allowing the groups of 

Boydston and Brown to develop methods of synthesizing amides and thioesters directly from 

aldehydes.248,249 The electrochemical conversion of aldehydes into nitriles has also been 

reported wherein ammonium iodide served as the source of nitrogen as well as the mediator 

(Figure 15B).250

2.8. α-Oxidation of carbonyls

Oxidation at the α-position of carbonyls may be accomplished through the oxidation of the 

corresponding enol ethers—this will be detailed in section 2.12.1. Alternatively, halide 

mediated anodic processes could be used to oxidize the more enolizable systems such as 

aryl-alkyl ketones and malonate derivatives.

Ionic halides such as ammonium iodide can undergo facile anodic oxidation whereupon the 

incipient molecular iodine can engage enolizable carbonyls, forming α-halo compounds 

(e.g., an α-iodoketone, Figure 16A, right) possibly through the intermediacy of an α-radical. 

These intermediates are susceptible to nucleophilic substitution, thereby allowing the 

introduction of different functionalities. For example, the inclusion of secondary amines in 

the electrolytic system allowed the direct α-amination (Figure 16A).251 The iodide mediated 

α-oxidation of aryl ketones has also found applications to cleave the β-O-4 lignin model 

compounds.252 Aryl ketones could also be elaborated into α-hydroxy ketals using a NaI/

NaOH system under electrolysis (Figure 16B).253–255 In a similar vein, Zeng, Little, and co-

workers developed an electrosynthesis of 3-amino-2-thiocyanato-α,β-unsaturated carbonyl 

derivatives through a bromide mediated α-oxidation of 1,3-dicarbonyls where the amino and 

thiocyanato moieties either originate from a single reagent or a combination of ammonium 

acetate and potassium isocyanate (Figure 16C).256 Similarly, Yuan and co-workers reported 

an iodide mediated electrosynthesis of β-keto sulfones.257 In the absence of a strong 

nucleophile, electrogenerated α-chloro 1,3-dicarbonyls may be isolated as noted by 

Kakiuchi (Figure 16D).258 Halide mediated anodic α-oxidation has also been combined with 

Aldol and Michael reactions to furnish spirobenzofuran derivatives (Figure 16E).259

Additionally, electrochemically generated α-halo-carbonyl compounds may be intercepted 

with an enol or equivalents thereof to construct 1,4-dicarbonyls. For example, under bromide 

or iodide mediated electrolysis, phenylacetonitriles could be effectively homocoupled to 
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afford trans-α,β-dicyanostilbenes (Figure 16F).260 Wang and co-workers also reported that 

using KI as a mediator, two equivalents of malonates can be appended at the α-position of 

an aryl alkyl ketone under basic conditions through two consecutive electrochemical α-

iodinations (Figure 16G).261 Radical trapping experiment suggested the intermediacy of an 

iodine radical. Intramolecular variants of such processes can be used to construct rings;
262,263 for example, halide mediated α-coupling between malonates and aryl ketones have 

been utilized to prepare cyclopropane derivatives (Figure 16H).264–272

In the iodide meditated oxidation of methyl aryl ketones, Wang and co-workers noted that 

the intermediary α-radical may be intercepted with triplet oxygen—the fragmentation of the 

ensuing peroxo species furnishes a 2-oxo-aryl-acetaldehyde (Figure 16I).273 This 

intermediate was found to react with alcohol or amine nucleophiles whereupon further 

electrochemical oxidation led to α-keto esters and amides respectively (Figure 16I).274 A 

similar aerobic reaction was reported by the same group wherein methyl aryl ketones were 

transformed into the corresponding vinylogous amides through iodide mediated anodic 

oxidation.275 An electrochemical method to synthesize isatins has also been developed 

based on iodide mediated α-oxidation under aerobic conditions.276

The ferrocene-based mediator system, commonly used to generate amidyl radicals, is also 

amenable to oxidize the α-position of malonates as shown in Figure 16J. The resulting 

radical cyclizes onto a (hetero)arene to furnish 3-fluorooxindole derivatives.277 Under the 

electrochemical conditions, the oxidant and base (EGB) are generated in a continuous 

fashion, allowing the synthesis of base- and heat-sensitive products while showing 

compatibility with various functional groups; it can be used to modify complex substrates 

such as mestranol.

2.9. Anodic benzylic functionalization

Electron-rich and electron-neutral arenes exhibit relatively low redox potentials; they can 

therefore undergo anodic oxidation to form the corresponding radical cations. When an 

arene is substituted with an alkyl side chain, the aryl radical cation oftentimes undergoes 

further oxidation to a benzyl cation after losing a proton. This offers a convenient gateway to 

benzylic functionalization. An application of this electrochemical process is the oxidative 

cleavage of para-methoxybenzyl (PMB) ethers.278 Brown and co-workers recently detailed 

an electrochemical protocol for the removal PMB protecting group in flow reactors (Figure 

17A). The reaction mass efficiency and atom economy scores of this deprotection process 

compare favorably with common chemical methods involving strong oxidants such as CAN; 

other common alcohol protecting groups were tolerated.278 Wang and co-workers 

demonstrated that the benzyl cation arising from direct anodic oxidations could be 

intercepted with water whereupon further oxidation of the resulting benzyl alcohol furnishes 

the ketone (Figure 17B).279 This process is most effective for methylene units substituted 

with two arenes; lower yields were noted otherwise.

Benzylic electrochemical oxidation could also be achieved with the aid of different 

mediators. For example, Zeng, Little, and co-workers developed an electrochemical method 

to access dihydroisoquinolinones, isochromanones, and xanthenones (Figure 17C), through 

benzylic C–H oxidations with a dual mediator system comprising TEMPO and sodium 
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bromide.280 While DDQ is a competent oxidant in benzylic oxidation reactions, the use of 

this reagent in stoichiometric quantities undermines the atom economy while rendering the 

reaction purification challenging. Through anodic oxidations, catalytic amounts of DDQ can 

be used to mediate benzylic oxidation as the resulting DDHQ is reoxidized (Figure 17D).281 

Recently, Stahl and co-workers reported that N-hydroxy-phthalimide (NHPI) could mediate 

benzylic oxidation reactions under aerobic and electrochemical conditions (Figure 17E). 

Although the electrolytic conditions could be substituted by a cobalt catalyst, the 

electrochemical protocol is advantageous for heterocyclic substrates where the heteroatoms 

may coordinate to cobalt, triggering catalyst poisoning. Examples of such substrates are 

depicted in Figure 17E.282

Little and co-workers have developed a series of triarylimidazoles as redox mediators in 

electrochemical oxidation reactions (Figure 17F). These compounds were found to undergo 

quasi-reversible anodic oxidation. The presence of three arene rings allows the oxidation 

potential of the mediators to be modulated through the introduction of electron-donating or 

electron-withdrawing substituents.283,284 Electrochemical oxidation of these conjugated 

compounds gives rise to stabilized radical cations which could facilitate the benzylic 

oxidation reactions under mild conditions (Figure 17G).283 Mediator A was later used to 

induce the ring-opening and Friedel–Crafts arylation of chalcone epoxides wherein the 

anodically generated imidazole radical cation undergoes electron transfer with the epoxide 

to accelerate the arylation (Figure 17H).285 The use of a mediator circumvented the 

overoxidation of product even though it has a lower oxidation potential than the starting 

material; formation of the mediator radical cation likely triggered a chain mechanism as only 

catalytic amount of electricity is necessary. This reaction can also be conducted using a 

polymeric ionic liquid and carbon black composite as the supporting electrolyte.286 The use 

of this electrolyte allows the in situ modification of electrode surface, improving the reaction 

kinetics. Further optimization of the arylimidazole mediators led to the identification of 2-

aryl-1-methylphenanthro[9,10-d]imidazoles which demonstrated higher radical cation 

stability and a broader range of accessible electrochemical potentials (Figure 17F).287

Although their stabilities strongly depend on the substituents on the arene rings, diaryl 

carbenium cations obtained through benzylic electrochemical oxidation may, in some cases, 

be accumulated under cryogenic temperatures in a cation pool (Figure 17I). These cations 

may be trapped with carbon-centered nucleophiles such as heteroarenes, organozinc 

reagents, or silyl ketene acetals (Figure 17I).288,289 Alternatively, they may be subjected to 

cathodic reduction where the ensuing radical was found to undergo homodimerization. 

Generation of the diarylcarbenium cation pool could be facilitated with silane 

electroaxuiliaries—this strategy also allowed the synthesis of dendritic molecules through 

iterative cation pool formation and nucleophile trapping (Figure 17J).290–293 Yoshida 

reported that diaryl carbenium cations may be trapped with DMSO; the resulting sulfonium 

can be treated with a base to furnish the ketone, much akin to a Swern oxidation (Figure 

17K).294 An in situ protocol was also reported wherein the oxidation of an arene is carried 

out in the presence of DMSO. Anodic oxidations of toluene derivatives and aryl-substituted 

olefins into benzaldehydes and 1,2-diketones could be accomplished in this manner. 

Moreover, the oxidation of unsaturated compounds bearing a nucleophilic substituent gives 

rise to cyclized carbonyl compounds (vide infra, olefin oxidation).
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Unlike diaryl carbeniums, other benzyl cations are generally unstable even at −78 °C—

direct generation of cation pools are therefore not feasible. Instead, Yoshida showed that 

these fleeting cations may be generated in the presence of a sulfilimine, leading to the 

formation of a stabilized benzylaminosulfonium cation pool (Figure 17L).295 The 

aminosulfonium group can be readily displaced by a carbon-based nucleophile to effect net 

benzylic substitution. The reported scope of nucleophiles includes electron-rich aromatics, 

allyl silanes, silyl ketene acetals, etc. Alternatively, treatment of the stabilized benzyl cation 

pool with iodide was found to cleave the N–S bond, resulting in the formation of benzylic 

amination products.296 Due to the high oxidation potential of tosyl sulfilimine 

(decomposition potential: 2.01 V vs SCE), a wide variety of arenes can be oxidized in its 

presence. This two-step benzylic amination method is advantageous in that the presence of 

the stabilized aminosulfonium cation circumvents overoxidation of the amination product.

2.10. Oxidation of the arene nucleus

2.10.1. Oxidation of electron-rich and -neutral arenes—As alluded to in the 

preceding section, electron-rich arenes have relatively low oxidation potentials and may be 

readily oxidized into the corresponding radical cations under electrochemical conditions—

the reaction of these species with nucleophiles can enable the direct functionalization of 

arene C–H bonds. However, a caveat exists for this approach—nucleophiles may be 

susceptible toward competing oxidations; this problem is especially pronounced when 

oxidations of less electron-rich arenes are sought. For example, Tajima and co-workers 

reported a simple electrochemical protocol for arene acetoxylation using a solid-supported 

base in AcOH; the electrolyte is generated in situ through an acid–base reaction, and it can 

be removed through filtration (Figure 18A).297 Under galvanostatic conditions, 1,4-

dimethoxybenzene can be satisfactorily acetoxylated. Nevertheless, attempts to functionalize 

benzene were unsuccessful as the high requisite potential triggered acetate oxidation. 

Instead, switching to trifluoroacetic acid as the solvent broadened the permissible potential 

window—benzene and even unactivated C–H bonds in norbornane could be functionalized. 

Alternatively, selective arene oxidation can be achieved under constant potential electrolysis, 

through the judicious control of oxidation potential. Royer and co-workers demonstrated that 

PMP-anilines can be selectively deprotected in the presence of other oxidizable 

functionalities such as dithiane and phenols through potentiostatic electrolysis (Figure 18B).
298 An analogous electrochemical protocol to cleave PMP-ethers has also been reported by 

the same group.299

As shown in Figure 18C, constant potential electrolysis also allowed Harran and co-workers 

to selectively oxidize an indole motif in a complex synthetic intermediate, in the presence of 

an electron-rich phenol and free alcohols.300 Nucleophilic attack of the phenol onto the 

indolyl radical cation elicited a macrocyclization, furnishing DZ-2384, a diazonamide 

analog of therapeutic potential against various types of cancers. Notably, the reaction has 

been reliably performed above 60 g scale on a similar substrate, attesting the utility of 

anodic arene oxidation.

Lei and co-workers recently described an electrochemical method for arene arylthiolation 

wherein an electron-rich arene such as indole is electrolyzed alongside a thiophenol 
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derivative in an undivided cell (Figure 18D).301 Although the thiophenol can also be 

oxidized to the corresponding disulfide under the reaction conditions, it was believed that 

the aryl radical cation could engage the disulfide or the intermediary sulfur-centered radical 

to afford the thiolation product. An intramolecular thiolation process has been devised by 

Lei to synthesize benzothiazoles from aryl-isothiocyanate electrochemically (Figure 18E)—

this reaction presumably occurs through the intermediacy of a sulfur-centered radical;302,303

Sometimes, concomitant oxidation of solvent and substrates is strategic as an 

electrogenerated aryl radical cation may be intercepted by a radical species arising from 

solvent oxidation. For example, Nishiyama and co-workers reported that the radical cation 

arising from the electrochemical oxidation of a 1,4-dimethoxybenzene derivative could react 

with anodically generated methoxy radicals to afford a bis-ketalization product (Figure 18F).
304 The formation of methoxy radical was confirmed through trapping experiments and ESR 

while the bis-ketal product could be expediently elaborated to furnish parasitenone. The 

choice of anode is important for what has been termed an “EECrCp” reaction:305 the broad 

potential window of boron-doped diamond (BDD) or platinum electrode allowed the 

generation of methoxy radicals, leading to the formation of bis-ketal. Conversely, the use of 

graphite electrode led to exclusively benzylic oxidation as is the case with chemical 

oxidants. It was reasoned that with graphite anode, the concentration of methoxy radicals 

was lower; consequently, the aryl radical cation could undergo elimination to afford the 

corresponding aldehyde. A similar electrochemical arene methoxylation using the BDD 

anode was utilized by the same group to synthesize cyclohexadienones carrying an α-D-

glucopyranosyl moiety.306 An analogous electrochemical methoxylation of N-protected-4-

methoxy anilines has also been reported wherein quinone imine acetals are formed as 

products.307

Electro-oxidation of electron-rich arenes could also be accomplished with redox mediators 

when arenes donate an electron to the oxidized form of the mediator. For example, Zeng, 

Little, and co-workers disclosed a triarylamine mediated method for enamide α-arylation 

where the anodically generated aminium radical cation triggered the oxidation of electron-

rich arenes (Figure 18G) in an ex-cell protocol.308 The resulting aryl radical cation could 

undergo electron transfer with the enamine, generating a highly electrophilic acyliminium 

ion and enabling a Friedel–Crafts reaction. This cationic chain mechanism, through the 

single-electron oxidation of aromatics, is supported by CV analysis and control experiments.

Zeng and Little have also described an electrochemical process for the 2-amination of 

benzoxazole using tetraalkylammonium iodides or bromides as redox mediators (Figure 

18H). The proposed mechanism involved a benzoxazoline intermediate where 

electrogenerated X+ species facilitates rearomatization.309 The reaction is carried out under 

galvanostatic conditions in a simple undivided cell, allowing simple product isolation.

Electrochemical oxidation of furans has been widely utilized in organic synthesis. Such a 

process was employed by Frontana-Uribe and co-workers in the electro-oxidation of 

hispanolone.310 Anodic oxidation of furan has also found applications in the synthesis of 

dideoxynucleoside analogs311 and furosemide.312 Additionally, Breinbauer and co-workers 
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demonstrated the electro-oxidation of furans on solid support.313,314 Anodic oxidation of 5-

substituted uracils in aqueous solution was found to yield N(1)–C(5′)-linked dimers.315

2.10.2. Arene functionalization through the cation pool strategy—Although aryl 

radical cations are commonly perceived as unstable species, Yoshida and co-workers 

demonstrated that radical cation pools of fused aromatic systems (e.g., naphthalene or 

anthracene) can be generated through electrolysis at −78 °C whereupon addition of an 

electron-rich (hetero)arene nucleophile enabled the formation of biaryl systems at −90 °C in 

the absence of metal catalysts (Figure 19A).316 As the C–C bond formation takes place 

under nonoxidative conditions, this process circumvents nonselective oxidation of starting 

materials and overoxidation of coupling products. Atobe and co-workers reported a similar 

aryl–aryl coupling reaction using microflow reactor wherein the undesired oxidation of the 

aromatic nucleophile was effectively prevented with laminar parallel flows.317

Less stable aryl radical cations may be accumulated in stabilized cation pools through in situ 
trapping with a judiciously chosen nucleophile. This is illustrated in a series of 

electrochemical arene amination methods pioneered by Yoshida and co-workers (Figure 

19B–F).318 Constant current electrolysis of arenes in the presence of pyridines led to the 

formation of Zincke-type pyridinium cation which can then be treated with an dialkyl amine 

(e.g., piperidine) under heat to afford unprotected aniline products through net C–H 

amination (Figure 19B). The use of pyridine is strategic for several reasons. First, the π-

deficient nature of pyridine disfavors its competing oxidation under anodic conditions; 

second, the strong nucleophilicity of the azine nitrogen allows facile reactions with fleeting 

aryl radical cations; third, formation of Zincke intermediate precludes overoxidation as the 

positively charged pyridinium motif withdraws electron density from the arene ring. While 

Yoshida’s original condition works most effectively for electron-rich arenes such as anisole 

derivatives, Waldvogel expanded the scope to include electron-neutral substrates with the 

use of a BDD anode—even diamination has been demonstrated on some substrates.319,320 In 

Waldvogel’s study, it was also noted that amination of the arene nucleus trumps benzylic 

functionalization for substrates substituted with alkyl appendages. An intramolecular variant 

of this method allowed access to 2-aminobenzoxazoles and benzothiazoles (Figure 19C).321 

The electrochemical formation of Zincke intermediates also allowed Yoshida, Waldvogel, 

and co-workers to devise an expeditious syntheses of 1,4-benzoxazin-3-ones (Figure 19D).
322

The Yoshida group later reported that methanesulfonyl imidazoles could also trap aryl 

radical cations under constant current electrolysis—in the absence of alkyl appendages, 

reactions occur at the arene nucleus; otherwise, the free imidazole nitrogen was found to add 

onto the benzylic position (Figure 19E).323 Heating the stabilized imidazolium cations in the 

presence of piperidine can cleave the sulfonyl protecting group, leading to an array of N-aryl 

imidazole products, including bioactive molecules. For example, an antifungal agent was 

prepared concisely. As with the Zincke salt, the positively charged imidazolium intermediate 

forestalls further electrochemical oxidation, allowing products to be obtained in good yields.

The scope of the C–H amination technology was expanded further when Yoshida and co-

workers introduced various heterocyclic scaffolds as compatible nucleophiles in arene 
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electrolysis (Figure 19F).324 These nonaromatic heterocycles, derived through the reaction 

of primary alkyl amines bearing a functional group with nitriles or equivalents thereof, can 

be readily cleaved upon formation of the stabilized ion pool, giving rise to a range of N-alkyl 

anilines containing functional group handles (e.g., a hydroxyl group or an amino group) on 

the alkyl chain for further elaborations. This chemoselective process allowed modification of 

drug molecules such as aniracetam and fenofibrate.

2.10.3. Oxidation of phenols—Electrochemical oxidation of phenols has been a subject 

of continual research interest—such processes have found applications in the synthesis of 

natural products.325,326 Anodic oxidation of phenols can lead to complex and variegated 

scaffolds which are valuable in the realm of organic synthesis. For example, Waldvogel and 

co-workers reported that the anodic oxidation of 2,4-dimethylphenol in an undivided cell 

afforded a dehydro-tetramer product in moderate yields.327–330 This robust process has been 

scaled beyond 20 g to furnish ample amounts of products which could be diverged in 

different ways to access various complex constructs (Figure 20).327

2.10.3.1. C–C biaryl coupling: Ortho-ortho biaryl coupling of phenols is an important 

process in organic synthesis that commonly employs stoichiometric amounts of strong 

chemical oxidants—an electrochemical method would thus represent an environmentally 

friendly and atom economical alternative.331 Nonetheless, unprotected phenols have a 

tendency to undergo dehydro-oligomerization through a series of C,C and C,O bond-

forming reactions (vide supra)—the electrolysis of 2,4-dimethylphenol with a Pt anode in 

MeOH led to minimal formation of the biaryl coupling product (Figure 21A, top of right 

column). Toward this end, Waldvogel devised a template-directed strategy wherein phenols 

are converted into the corresponding tetraphenoxyborate complexes.332 Anodic oxidation of 

these complexes favored ortho-ortho coupling exclusively, even on kilogram scales.

Alternatively, Waldvogel and co-workers discovered that in the anodic oxidation of 2,4-

dimethylphenol, the ortho-coupling product could be preferentially afforded with a BDD 

anode.333,334 Because of its high overpotential for oxygen evolution in protic media, the 

BDD anode enabled the formation of oxyl radicals which could putatively serve as 

mediators for the reaction. Fluorinated solvents such as HFIP have beneficial effects as well, 

presumably because they could stabilize the oxygen spin centers. These findings allowed the 

development of an ortho-selective phenol homocoupling reaction (Figure 21A).333 Anodic 

coupling of guaiacol derivatives has also been reported based on these principles.335

This method could be extended to achieve cross-couplings of two phenols or a phenol and a 

naphthol.331,336 Similarly, solvents with high hydrogen-bonding capacities such as HFIP are 

used. While cross-coupling products were still afforded using formic acid instead of HFIP, 

yields of the biaryl products were found to be lower—this reduced efficiency was attributed 

to the significantly lower anodic stability of formic acid. The phenol with lower oxidation 

potential (A) undergoes preferential anodic oxidation; homocoupling of the resulting radical 

species can be suppressed when the coupling partner (B) is employed in higher molar 

quantities. Yields of electro-oxidative phenol cross-coupling reactions were found to be 

comparable with chemical methods.337 In addition, a phenol could be effectively coupled 

with TIPS-protected phenol in this manner.338 The implementation of O-silyl-protected 
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phenols allowed enhanced yields and selectivity as the protecting group sterically suppresses 

the oxidation of coupling products.

The Waldvogel group also developed methods to achieve the cross-coupling between a 

phenol (A) and an electron-rich arene (B) (Figure 21A).339,340 Even when B has a lower 

oxidation potential compared to A, high selectivity of cross-coupling (AB) was observed 

relative to homodimerization (AA or BB). Addition of water or MeOH to HFIP was critical 

to this phenomenon.340 It was believed that methanol can act as a base in HFIP to form a 

hydrogen bonding network with the phenol substrate, lowering the oxidation potential of 

phenols while disrupting the shell of solvation to facilitate preferential oxidation at the 

electrode.341 The solvation shell serves to suppress the oxidation of the arene. In the case 

illustrated in Figure 21A (bottom right), even though trimethoxybenzene has a lower 

oxidation potential than 2-methoxy-4-methylphenol, this solvent effect allowed the 

“decoupling” of nucleophilicity and redox potential, thereby favoring cross-coupling. While 

the formation and influence of these solvates are substrate dependent, they could shift the 

oxidation potential of individual substrates to create matching pairs for cross-couplings.

Analogous coupling of two protected anilines has also been reported (Figure 21B);342 in a 

similar vein, a three-component reaction to synthesize meta-terphenyl-2,2″-diols was 

invented (Figure 21A).343 Practically, all these phenol coupling reactions could be 

conducted in simple undivided cells under galvanostatic conditions. The fluorinated solvents 

may be recycled at the end of the reaction.

Waldvogel and co-workers have also demonstrated that the homocoupling of phenols could 

be rendered more economical using a graphite anode and TFA as the essential additive.344

2.10.3.2. Aryl ether formation: Nishiyama and co-workers have investigated the anodic 

oxidation of ortho-halo-phenols extensively.325 Although the oxidation of monohalogenated 

phenols led exclusively to C–C coupling,345 anodic oxidation of 2,5-dibromo- or 2,5-

dichloro-phenol derivatives followed by cathodic cleavage of a C–X bond led to the 

formation of diaryl ethers as shown in Figure 22A.346 This reaction proceeds through the C–

O dimerization of a phenoxy radical where one of the halogen atoms serves as an auxiliary 

to guide the regiochemical course. This method was the key step in Nishiyama’s synthesis of 

O-methylthalibrine.346,347 It is note-worthy that additional electrochemical transformations 

are enlisted in the overall sequence, including an electrochemical halogenation. The same 

group accomplished the syntheses of verbenachalcone348 and isodityrosine349 using this 

strategy (Figure 22A, right column).

Nishiyama also studied the anodic oxidation of isoeugenol where the intermediary phenoxy 

radical species was found to dimerize to deliver licarin in a formal [3 + 2] cycloaddition 

(Figure 22B).304 The use of BDD anode provided the product in the highest yield, 

presumably as it enabled the generation of methoxy radical as evidenced in the formation of 

a vicinal dimethoxylation byproduct.

2.10.3.3. Formation of phenonium cations: Phenols could also undergo two-electron 

anodic oxidation to yield the corresponding phenonium cations. This highly electrophilic 
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species could engage nucleophiles intramolecularly, forming spirodienone products.350,351 

Cyclization of the oxime oxygen onto an electrogenerated phenonium species constitutes the 

key step in Nishiyama’s synthesis of aeroplysinin (Figure 23A).352,353 The same group also 

used a similar strategy in their synthesis of heliannuol E where cyclization of an alcohol 

onto a phenonium intermediate furnished a spirodienone which was poised to undergo ring 

expansion upon treatment with a Lewis acid (Figure 23B).354,355

Alternatively, phenonium cations can readily engage electron-rich olefins in various 

modalities of cycloadditions. For example, Nishiyama and co-workers showed that the 

naphthol cation could undergo [3 + 2] as well as [5 + 2] cycloadditions in this manner 

(Figure 23C).356

Chiba and co-workers developed an electrochemical [3 + 2] reaction between phenols and 

olefins through the intermediacy of a phenonium ion (Figure 23D).357,358 This reaction can 

be conducted in a temperature controlled multiphase solvent system wherein the phenol 

resides in the polar MeNO2 layer while the cycloadduct congregates in a less polar 

thermomorphic middle layer comprising MeNO2 and cyclohexane. Formation of this layer 

enhanced interactions between the phenonium intermediate and the nonpolar olefin while 

impeding overoxidation of the cycloadduct. This reaction exhibited selectivity for electron-

rich tri- and tetra- substituted olefins over monosubstituted ones in competition experiments; 

primary amines were also tolerated.

The anodic oxidation of catechols readily gives rise to 1,2-benzoquinones. As catechol 

derivatives typically possess low oxidation potentials, various nucleophilic species can be 

included in the electrolytic setup without getting oxidized, allowing their interactions with 

the intermediary 1,2-benzoquinones in situ. Some examples of such transformations are 

summarized in Figure 24A. For example, reactions with thiols359–363 or sulfinates364 deliver 

sulfides or sulfones, respectively. Electrochemical reactions of catechol with 2-thiouracil365 

and aminopyrimidine366 derivatives afford tricyclic heteroaromatic scaffolds after two 

iterations of sequential electrochemical oxidation and nucleophilic trapping processes 

(denoted an ECEC sequence where “E” stands for an electron transfer while “C” implies an 

ensuing chemical transformation). 3-aryl-oxindole can be obtained by electrolyzing catechol 

derivatives in the presence of an oxindole;367 anodic oxidation of catechol in the presence of 

benzylamine allows synthesis of 2-aryl-benzoxazoles.368 Electro-oxidation of a mixture of 

catechols and N,O-ketene acetals led to the formation of indoles;369,370 nevertheless, 

replacing the N,O-ketene acetal with ketene aminals371,372 or vinylogous amides373 led to a 

different outcome (Figure 24A, bottom right). Additionally, electrolysis of catechol 

derivatives in the presence of 1,3-dicarbonyl compounds was shown to afford benzofuran 

derivatives as products.374,375

Similarly, electrophilic quinone imine species can be generated through the anodic oxidation 

of 2- or 4-aminophenol derivatives at relatively low potentials. Various transformations of 

these intermediates with nucleophiles such as sulfinates have been detailed (Figure 24B, top 

left).376 For example, Nematollahi and co-workers reported that electrochemical oxidation 

of N-(2-hydroxyphenyl)acetamide in the presence of a nitrite anion led to the formation of 

ortho-nitration products (Figure 24B, bottom left);377 the same group also achieved a di-
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thiolation of 4-aminophenol derivatives (Figure 24B, bottom right);378 Electrogenerated 

quinone-imines may also be captured by an electrogenerated imine in a Diels–Alder reaction 

as shown by Blattes et. al (vide infra).379 Likewise, 1,4-benzodioxin derivatives can be 

prepared from pyrogallols in such type of electrochemically induced Diels–Alder reaction.
380

Jørgensen and co-workers have combined the anodic oxidation of 4-aminophenol derivatives 

with chiral enamine catalysis, allowing the preparation of meta-substituted anilines through 

formal α-arylation of aldehydes (Figure 24C). Excellent enantioselectivities were obtained 

for this process.381 Electro-oxidation of 2- or 4-aminoaniline produces quinone di-imines 

which were found to exhibit similar reactivities as Michael acceptors, compared to 1,2-

benzoquinones or its monoimino congener.382–389

2.10.4. Oxidation of Meisenheimer complexes—Direct anodic oxidation of electron-

deficient arenes is challenging due to their high oxidation potentials. However, since these 

substrates (e.g., nitroarenes) are prone to form σ-complexes with strong nucleophiles, 

electrochemical oxidation of these Meisenheimer intermediates can induce rearomatization, 

thereby enabling the indirect anodic functionalization of electron-poor arenes (Figure 25A).
390–392 Two SNAr reaction modes are possible here—first, oxidation of a σH–Meisenheimer 

complex could trigger the elimination of a proton (denoted by Gallardo et al. as an SN
H (or 

NASH) process as the nucleophile formally replaces a hydrogen);392 alternatively, when the 

arene is substituted with a leaving group (e.g., a halide), nucleophilic attack may occur ipso 
to this group, leading to the formation of a σX–complex where extrusion of X gives rise to 

the substitution product (denoted by Gallardo et al. as an SN
X (or NASX) reaction where the 

nucleophile formally displaces a leaving group). It is noteworthy that for nitroarenes with 

two or more nitro groups, the nitro could serve as the leaving group in SN
X processes. While 

SN
H reactions proceed through a two-electron anodic oxidation step, mechanistic studies 

reveal that a one-electron oxidation is operative in the SN
X reaction wherein homolysis of 

the C–X bond occurs to eliminate radical species. This differs from classical SNAr reactions. 

From a practical point of view, these electrochemical SNAr reactions are usually carried out 

under potentiostatic conditions, based on first oxidation peak of in situ generated 

Meisenheimer complexes.

Gallardo showed that cyanide (Figure 25B),393,394 alkyl metal reagents (Figure 25D) (e.g., 

alkyl lithium or Grignard),395,396 organophosphorous nucleophiles (Figure 25E),397 and 

amines (Figure 25F)398,394 could serve as nucleophiles in both SN
X and SN

H processes, 

while enolates399 and tetraalkylborate salts396 have been used as nucleophiles in SN
H 

reactions (Figure 25C). Conversely, σH-complexes between nitroarenes and alkoxides,394 

thiolates,394 or fluoride394 tend to undergo one-electron electrochemical oxidation, 

extruding the heteroatom nucleophile to regenerate the parent arene. These nucleophiles can 

instead engage in the so-called SN
X reactions with nitroarenes containing a second leaving 

group (Figure 25G–I).394 The reactions may be conducted in ionic liquids.400 A recent 

report indicated that acridine derivatives can also participate in these transformations.401

2.10.5. SEAr reactions with electrogenerated electrophiles—In a different 

approach to electrochemical arene functionalizations, a halide or pseudohalide is oxidized 
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anodically in the presence of an arene.402 The resulting electrophilic (pseudo)halogen 

cations or di(pseudo)halogen can engage the arene in SEAr reactions (Figure 26A). As most 

(pseudo)halides have relatively low oxidation potentials, their selective oxidation in the 

presence of an electron-neutral arene is possible. Electrochemical arene chlorination,403–406 

bromination,407,408 iodination (vide infra), and thiocyanation409–411 have been reported 

within the time frame of this review. Applications of electrochemical arene bromination 

using aqueous NaBr have been surveyed on complex late-stage intermediates and drug 

molecules.412

A cation pool strategy may also be used where electrogenerated halogen cations are 

accumulated at low temperatures. For example, Yoshida devised a practical method for arene 

iodination wherein an “I+” ion pool was generated through stabilization by acetonitrile 

(Figure 26B).413,414 Subsequent addition of arene led to iodination products in good yields 

while circumventing competing arene anodic oxidation; overiodination may be suppressed 

with the use of microflow reactors.414 The para-selectivity of this reaction can be improved 

using DME as a cosolvent in the second step.

Halogen radical species can also be accessed anodically—this enabled electrochemical 

Wohl-Ziegler type benzylic halogenations (Figure 26C). Mono-415 and di-416 benzylic 

bromination of toluene derivatives can be achieved depending on the reaction conditions. 

The formation of HOBr was invoked in each case; bromination at the nucleus of more 

electron-rich arenes is the major competing reaction.

2.11. Fluorination

While anodic oxidation of chlorides, bromides, and iodides can be utilized to generate the 

electrophilic species, an analogous process with fluoride is conceivably difficult due to 

fluoride’s extremely high oxidation potential. Instead, the high potential of fluoride allowed 

various other motifs to be oxidized in its presence—electrogenerated cation or radical 

cations can then engage fluoride anions in nucleophilic fluorination processes. The most 

well-known example of such a transformation is perhaps the Simons process (Figure 1) 

which produces perfluorinated hydrocarbons on large scales. Electrochemical fluorination 

has been reviewed;417–419 some recent advances are summarized herein.

Taking advantage of arylsulfide-based electroauxiliaries, Fuchigami has developed a series 

of methods to achieve the selective anodic fluorination of organic molecules. For example, 

Fuchigami and co-workers showed that electrolysis of 4-arylthio-1,3-dioxolan-2-ones in 

Et3N·nHF can lead to the formation of fluorodesulfurization product A (Figure 27A) through 

the intermediacy of an oxocarbenium cation (vide supra).420,421 A major competing pathway 

is a Pummerer type fluorination (B) wherein the sulfur-centered radical cation arising from 

anodic oxidation is converted into a thionium cation instead. Fuchigami noted that the 

choice of solvent and fluoride source profoundly impacts the selectivity between these two 

pathways. The use of DME/Et3N·4HF exclusively produced B, while A was favored with 

CH2Cl2/Et3N·5HF. It was reasoned that DME stabilizes cationic intermediates and enhances 

the nucleophilicity of fluoride, thereby allowing the formation of a thionium cation; 

conversely, CH2Cl2 solvated cationic species poorly, and desulfurization occurred 

preferentially. This solvent effect was also observed in the anodic fluorination of 3-
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phenylthiophthalide wherein selective fluorodesulfurization took place selectively using 

CH2Cl2 or [emin][OTf] as the solvent.422,423 The Pummerer-type electrochemical 

fluorination may be rendered stereoselective through the use of a chiral auxiliary (Figure 

27B).424

HF complexes used in the reactions may be replaced with a simple alkali metal fluoride 

(e.g., KF) in the presence poly(ethylene glycol) (PEG) which coordinates with the cations to 

increase the nucleophilicity and solubility of the fluoride source (Figure 27C).425 

Fluorodesulfurization was demonstrated with this system under constant current electrolysis. 

Thiocarbonyl groups can also be converted into geminal difluorides.

Pummerer-type electrochemical fluorination at the α-position of electron-withdrawing 

groups have been probed extensively (Figure 27D). An efficient protocol has been developed 

in Et3N·3HF ionic liquid; this process was found to be promoted by ultrasonication—as the 

viscosity of ionic liquid fluoride salts is higher than that of ordinary molecular solvents, 

sonication presumably facilitates the mass transport of substrate (Figure 27D, top).426 

Difluorination is possible with this system, allowing the preparation of α,α-difluoro-esters. 

Minimal electrode passivation was observed using this protocol. An alternative system was 

also described which takes advantage of cation exchange between alkali-metals and solid-

supported acids, allowing simple alkali metal fluorides to be used as the source of F atom 

(Figure 27D, bottom).427 The exchange reaction promotes the dissociation of alkali-metal 

fluoride salt in MeCN; in the presence of lutidine, lutidine·HF is generated in situ.

Direct electrochemical fluorination is often plagued by severe electrode passivation due to 

substrate decomposition under the reaction conditions—mediated processes can alleviate 

such problems. Fuchigami showed that, under electrolytic conditions and in the presence of 

a fluoride source, iodoarenes can be oxidized into hypervalent difluoro-iodoarene species. 

By attaching an iodoarene to an ionic tag, Fuchigami and co-workers developed a task 

specific ionic liquid which could be readily converted into ArIF2 in the presence of Et3N·HF 

under galvanostatic conditions;428 these hypervalent iodine species can then mediate 

Pummerer-type fluorinations. Yields of this mediated protocol compare favorably with direct 

electrolysis (Figure 27E). The mediator was also shown to remain intact after the reaction—

it can thus be reused in subsequent runs.

As with other types of reactions involving the electrogeneration of thionium or 

oxocarbenium from the thioacetals (vide supra), fluorodesulfurization can be achieved 

through indirect electrolysis with the use of redox mediators. In the example depicted in 

Figure 27F, a double mediatory system was devised employing Et4N·Cl and a polystyrene-

supported iodoarene to facilitate fluorination and difluorination of various sulfur-containing 

structural motifs.429 Triaryl amines could also be used to mediate fluorodesulfurization 

process—for example, a fluorinated β-lactam was obtained through constant current 

electrolysis with 10 mol % of (2,4-Br2–C6H3)3N as the mediator (Figure 27G).430

Trifluoroborate salts have also found utility in electrochemical fluorination (Figure 28A). 

When the pinacol ester of phenylthiomethyl boronic acid was subjected to electrolysis in the 

presence of Et3N·HF, the C–B bond was ruptured and replaced by a fluoride.431,432 A BF3 
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salt is believed to be the reactive species as the BF3 motif putatively serves as an 

electroauxiliary by exerting a β-effect. Indeed, conversion of a thiophene-based boronic acid 

to the corresponding BF3 salt lowered its oxidation potential substantially, allowing 

fluorodeborylation to occur (Figure 28A, right).432 However, since the oxidation potential of 

the monofluorination product is close to that of the trifluoroborate salt, further fluorination 

ensues. The use of BF3 salt as an electroauxiliary was also demonstrated in allylation 

reactions (Figure 28A, bottom left).

Carbamates can also be fluorinated at the α-position under electrochemical conditions 

through a Shono-type process (Figure 28B).433 However, when the substrate contains an 

electron-rich aromatic ring, arene fluorination dominates. Likewise, electron-rich arenes 

such as phenol (Figure 28C)434 or acetyl-indole (Figure 28D)435 could be fluorinated under 

electrolytic conditions with HF complexes. However, achieving monofluorination is 

challenging. For example, difluorocyclohexadienones were obtained from phenols while 

acetylindoles were converted to 2,3-difluoroindolines. In the latter case, the fluoride group at 

C2 or C3 can be eliminated selectively depending on the substituent on C3. Benzylic 

positions of arenes can be fluorinated as well using similar systems.436

Aliphatic C–H bonds in adamantane can also be fluorinated under anodic conditions (Figure 

28E).437,438 By adjusting the applied potential, mono-, di-, tri-, and tetra-fluorination 

products can be furnished selectively. Some other functional groups that can be fluorinated 

under electrolytic conditions include ethers,439 lactones,439 carbonates,439 conjugated 

dienes,440 pyrrole,441 benzofuran,442 benzothiophene,443 and thiazolidine.444 These 

processes have been reviewed by Fuchigami and co-workers.417,418

2.12. Olefin oxidation

2.12.1. Oxidation of enol ethers and ketene acetals or equivalents thereof—
Anodic oxidation of enol ethers gives rise to radical cations with considerable radical 

character. This reactive species can undergo facile cyclization with an electron-rich olefin. 

An example is provided in Figure 29A which shows that this intramolecular reaction 

proceeds through a chair like transition state via kinetic control.445 The resulting disjointed 

radical cation could be oxidized and trapped with the solvent molecule (MeOH), affording 

an acetal product. Intriguingly, premature reaction between MeOH and the uncyclized enol 

ether radical cation was found to be minimal. This may be ascribed to the fact that the 

electrochemical oxidation occurs in a double-layer adjacent to the anode instead of in the 

bulk solution phase—movement of solvent molecules is thus restricted. Commonly denoted 

as anodic olefin couplings, these processes enable umpolung disconnections that are broadly 

applicable in the synthesis of complex molecules; they have been rigorously examined by 

Moeller and Wright with earlier findings summarized in review articles.33,446,447 This 

section focuses on recent developments within the designated time frame of this article.

While dithioketene acetals were found to be viable anodic coupling partners with allyl 

silanes (Figure 29B, top), the process was less effective for silanes with lower reactivities 

(e.g., R = Me).448,449 Conversely, the use of N,O-ketene acetals under the same reaction 

conditions led to efficient cyclizations (Figure 29B, middle).450,451 This difference could be 

attributed to the polarity of radical cation intermediates: whereas the N,O-ketene acetal 
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radical cation exhibits considerable radical character on the α-carbon, this position is more 

cationic for the dithioketene acetal congener (Figure 29B, bottom). As a result, N,O-ketene 

acetal radical cations preferentially undergo radical cyclization with olefins while 

dithioketene acetal radical cations are more prone to trapping by alcoholic solvents at the α-

position.

Enol ether radical cations generated through anodic oxidation may be disposed to 

fragmentation pathways. For example, in the reaction presented in Figure 29C, the use of a 

simple methyl enol ether led to no desired product formation. Moeller and co-workers 

demonstrated that the intermediary radical cation can be stabilized through intramolecular 

trapping with a second alcohol nucleophile.452 The cyclization product was obtained in good 

yields as a result (Figure 29C).

Ketene acetal and its equivalents (e.g., thioketene acetals and N,O-ketene acetals) can be 

effectively coupled with enol ethers under anodic conditions (Figure 29D).449,453,454 In 

competition experiments, enol ethers were found to engage radical cations of dithioketene 

acetals more efficiently than allyl silanes.455 The bottom example in Figure 29D represents a 

cross-coupling reaction between enol ethers en route to ineleganolide.454,456 Functional 

group arrangements in the natural product necessitated the introduction of an oxygen atom at 

the α-position of the cyclic enol ether. While the introduction of OMe at that position was 

found to shut down the reaction, less electron-donating carbonate groups were tolerated, 

albeit furnishing the product in a modest yield. It is posited that an α-donating group alters 

the polarization of the radical cation.

Enol ether radical cations can also be trapped by electron-rich aromatic nucleophiles. For 

example, an anodic coupling reaction between a TMS-enol ether and a dimethoxybenzene 

derivative was utilized by Wright in the preparation of the hamigeran skeleton (Figure 29E).
457 The coupling reactions between enol ethers and furans have attracted considerable 

attention (Figure 29F). Wright has developed expedient methods of building polycyclic 

scaffolds with such a transformation.458–463 For example seven-memebered rings can be 

constructed through such electrochemical annulations (Figure 29F, bottom). Intriguingly, the 

presence of an alkyl group at the ring junction was found to be critical: in the absence of this 

β-group, no cyclization product was observed. Cyclic voltammetry analysis revealed that 

presence of a gem-dialkyl group in the tether lowers the oxidation potential of the substrate. 

The cyclization precursors may be conveniently prepared through conjugate addition with 

enones.

Syntheses of complex natural products have been devised based on the coupling between 

enol ethers and furans (Figure 29G–I). For example, Moeller and co-workers developed a 

concise synthesis of alliacol A, wherein the bicyclic core was constructed using an anodic 

coupling (Figure 29G).464 While the silyl enol ether and the furan in this case are both 

electron-rich moieties, the former exhibited a lower oxidation potential and was thus 

preferentially oxidized under electrochemical conditions. A similar cyclization was utilized 

in Trauner’s synthesis of guanacastepene E—the anodic enol ether-furan coupling enabled 

the construction of the challenging seven-membered ring (Figure 29H).465,466 Anodic 

coupling with furan does not alter the heteroarene’s oxidation state—as a result, it could be 
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readily aromatized as in the case with alliacol. This opens the possibility of sequential 

couplings. In their efforts toward arteannuin, Moeller and co-workers employed two anodic 

olefin-furan couplings to construct the tricyclic core of the complex natural product (Figure 

29I).448 The first of these reactions makes use of a chiral N,O-acetal, allowing access to 

enantiomerically enriched materials while the second coupling forges a challenging tertiary 

center.

Radical cations arising from the anodic oxidation of enol ethers or ketene acetal equivalents 

can also be intercepted with a heteroatom-based nucleophile to forge C–heteroatom bonds. 

For example, substituted tetrahydrofuran and tetrahydropyran rings can be constructed 

through the intramolecular addition of alcohol nucleophiles onto anodically generated enol 

ether radical cations (Figure 30A).467 This type of reaction has been performed using a 

photovoltaic cell as the power source in an environmentally friendly fashion.468,469

As discussed in the preceding section, the polarity of the radical cations strongly influences 

their reactivity toward heteronucleophiles. Radical cations of dithioketene acetals, which 

possess considerable cationic character on the α-carbon, were found to undergo facile 

cyclization with alcohols (Figure 30B).449 This efficient mode of cyclization found use in 

Moeller’s syntheses of nemorensic acid470 and crobarbatic acid.471

The example in Figure 30C illustrates that enol ether radical cations can be generated 

through an intramolecular electron transfer via a Curtin–Hammet pathway.472 In this case, 

the dithiane motif was more readily oxidized under anodic conditions, affording a sulfur-

centered radical cation which can accept an electron from the proximal enol ether motif. 

Meanwhile, the distal enol ether is left unscathed, despite exhibiting a similar 

electrochemical potential.

Anodic addition of oxygen nucleophiles onto electron-rich olefins also allowed Moeller to 

devise a synthesis of C-glycosides (Figure 30D).473 Again, the polarity of intermediary 

radical cations is critical to the success of such reactions. In the example presented in Figure 

30D, the use of a methyl enol ether led to no cyclization product as a competing 

fragmentation ensued. However, by utilizing a less polarized vinyl sulfide instead, the 

undesired pathway can be effectively suppressed, delivering the pyranose-type product in 

good yields. Furanose derivatives, conversely, may be obtained from both enol ether and 

vinyl sulfide starting materials.

Amides474 and carboxylic acids475 can each function as nucleophiles toward anodically 

generated enol ether or ketene acetal radical cations. γ-Substituted valerolactones were 

afforded as shown in Figure 30E and F. In the case of amides, addition of water exerted a 

beneficial effect on the reaction presumably because water facilitated the hydrolysis of the 

cyclic imidate cation intermediate to the lactone product. In the absence of water, this 

intermediate was prone to elimination and further oxidation. When carboxylic acids are used 

as trapping nucleophiles, no decarboxylation product was observed. Additionally, 

sulfonamides are competent nucleophiles in anodic olefin coupling reactions, resulting in the 

formation of pyrrolidine rings (Figure 30G).476,477 This C–N cyclization is favored by less 

polarized radical cation intermediates as is the case with analogous C–O cyclizations; it is 
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also promoted by the presence of stronger bases (e.g., LiOMe). Mechanistic studies 

suggested that the coupling of a sulfonamide to an electron-rich olefin exhibited a radical-

like mechanism with the initial oxidation occurring at the deprotonated sulfonamide; 

however, intramolecular electron transfer between the resulting N-centered radical and the 

electron-rich olefin can occur, yielding an olefinic radical cation.478,479 The presence of a 

strong base favors the formation of sulfonamide anion. Later, it was discovered that radical 

cations derived from dithioketene acetals can be trapped with an unprotected amine under 

electrolytic conditions (Figure 30G, bottom). Even though the potential of the cyclization 

product (a secondary amine) is conceivably lower than that of the starting material, the high 

rate of the cyclization kinetically lowers the potential of the starting material.480

While studies on anodic olefin coupling focus on enol ethers and ketene acetal equivalents, 

electron-rich styrenes can also participate in this type of process. In the example presented in 

Figure 30H, an alcohol was shown to add onto a styrenyl radical cation in a reversible 

fashion.481 Thus, the success of this reaction is dependent on the ease with which the 

resulting benzylic radical is oxidized—the substrate with a para-methoxy phenyl group 

therefore gave higher yields compared to that containing a meta-methoxy phenyl.

2.12.2. Electrocatalytic cycloadditions of olefins—When the anodic oxidation of an 

enol ether is carried out in the presence of another olefin, the intermediary radical cation can 

react with the olefin, giving rise to a “cyclobutane radical cation” (Figure 31A, right 

column). This process is reversible as the cyclobutane radical cation is prone to 

fragmentation. However, Chiba and co-workers observed that if either the enol ether or 

olefin component contains an electron-rich arene ring—the aryl group could serve as a 

“redox-tag”, intramolecularly donating an electron to the cyclobutane radical cation.482–484 

As a result, [2 + 2] cycloadducts can be obtained. Since the reaction follows a chain 

mechanism, only a catalytic amount of electricity is necessary to initiate the reaction.

Chiba extended this method to the Diels–Alder reactions between electron-rich styrenes and 

dienes wherein the anodic oxidation of the former triggers off the chain process.485 The 

arene group serves as the “redox-tag”; the use of electron-neutral or electron-deficient 

styrenes led to no cycloadduct (Figure 31B).

As described above, the cyclobutane radical cation readily undergoes retro-[2 + 2] reactions 

in the absence of an arene electron donor. Toward this end, two pathways are possible—

fragmentation could either lead to the regeneration of the starting olefin and enol ether 

radical cation; alternatively, a cross-metathesis product could be yielded. By leveraging this 

process, Chiba and co-workers developed an electrochemical method for the cross-

metathesis of enol ethers and olefins (Figure 31C).486,487

Anodic oxidation has also been used to initiate an electronically mismatched Diels–Alder 

reaction en route to kingianin A. In this case, the dimerization of “pre-kingianin” monomer 

under potentiostatic electrolysis led to the desired cycloadduct in a modest yield (Figure 

31D).488
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Additionally, electrochemical [2 + 2] cycloaddition of cyclooctene and [2 + 2+2] reaction of 

cyclopentene have been achieved by Geiger and co-workers using rhenium-based or triaryl 

amine-based mediators.489,490

2.12.3. Oxidation of other electron-rich olefins—Enamines derived from the 

condensation between aldehydes and secondary amines were found to exhibit low oxidation 

potentials; they could therefore be oxidized to radical cations relatively easily under anodic 

conditions. Jang and co-workers demonstrated that such radical cations could be trapped 

with TEMPO to furnish α-oxyl-aldehydes following spontaneous hydrolysis of the iminium 

intermediate (Figure 32A, top).491 This allowed the development of an asymmetric protocol 

with substoichiometric amounts of chiral secondary amines, furnishing products in moderate 

e.e. values. Analogously, Jang also reported a method for α-alkylation of xanthene and 

cycloheptatriene through anodic enamine oxidation (Figure 32A, bottom).492

Watanabe described a synthesis of furofuran-lignans through the electrochemical oxidative 

dimerization of a cinnamic acid derivative (Figure 32B).493 Anodic oxidation of the olefin 

generates a radical cation, triggering the cyclization of the side-chain carboxylate group onto 

the benzylic position. This process furnishes an α-radical which could undergo spontaneous 

dimerization. The presence of a chiral proline auxiliary allowed the product to be obtained in 

good e.e. values.

Preparative anodic oxidation of stilbene and styrene derivatives has also been pursued. Kam 

and co-workers carried out extensive studies on the oxidative dimerization of stilbenes under 

constant potential conditions.494,495 The reaction outcomes were strongly influenced by the 

choice of solvent (Figure 32C). [3 + 2] and [4 + 2] adducts were obtained in MeCN with the 

former favored after an aqueous workup. Meanwhile, the introduction of MeOH or acetic 

acid led to the formation of different products. Effects of aromatic substitution on product 

distribution were probed in detail.

Fry and co-workers showed that electron-deficient stilbenes could undergo oxidative 

cleavage to provide aryl aldehydes under constant potential conditions (Figure 32D).496 The 

use of an electron-deficient triarylamine mediator is critical for this electrochemical 

equivalent of ozonolysis—the mediator has an unusually high oxidation potential of +1.32 V 

(vs Ag/AgCl). The reaction involves the formation of the corresponding 1,2-diols. Both 

symmetrical and nonsymmetrical stilbenes are viable substrates, affording aldehydes in good 

yields.

Radical cations derived from the anodic oxidation of electron-rich olefins can also be 

trapped with DMSO to generate stabilized cation pools. For example, by carrying out the 

electrolysis of stilbenes in the presence DMSO, Yoshida and co-workers generated a 

dication pool shown in Figure 32E (top left).497 Subsequent treatment with sodium 

hydroxide facilitated the cleavage of the S–O bond, affording a dihydroxylation product. 

Alternatively, when a styrene is tethered with a nucleophile, the latter can cyclize onto 

anodically generated radical cations. In the presence of DMSO, the cyclized radical cation 

could be trapped; subsequent treatment with NaOH or trimethylamine gives rise to a ketone 

or an alcohol respectively (Figure 32E, top right and bottom left).294,498
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The Sharpless olefin oxidation, employing ruthenium(III) and periodate, represents one of 

the most commonly used methods for oxidative olefin cleavage. However, this venerable 

reaction is sometimes plagued by the need for large amounts of periodate salts. Schäfer and 

co-workers devised electrochemical means to regenerate sodium periodate during the 

reaction (Figure 32F).499 Electrochemical regeneration of periodate and olefin cleavage may 

take place in the same vessel, using an in-cell protocol. On the other hand, an ex-cell system 

has also been developed wherein the olefin cleavage is conducted in a biphasic solvent 

system. The aqueous phase can be channeled back and forth to a separate electrochemical 

reactor where the periodate regeneration takes place under electrolytic conditions. This 

excell protocol has successfully reduced the amount of requisite sodium periodate by 95%. 

The use of a lead oxide/titanium composite electrode was found to be optimal for this 

process. Additionally, Shäfer has also reported an electrochemical method to generate ozone 

using a lead oxide anode—ozonolysis of olefins could be accomplished in good yields, 

albeit in modest current efficiencies.500

Anodic oxidation of cyclooctatetraene has been probed by Fry and co-workers—it was 

found to undergo multiple C–C bond-forming and -cleavage events under electrolysis.501,502

2.12.4. Olefin oxidation with anodically generated electrophiles—While direct 

anodic oxidation provides a simple and practical means to functionalize electron-rich olefins 

such as styrenes and enol ethers, oxidizing other olefins is more challenging, owing to their 

higher oxidation potentials. However, anodic processes can still be used to functionalize 

these structural moieties by virtue of electrogenerated electrophiles. For example, halogen or 

chalcogen anions can be oxidized anodically where the resulting electrophilic species can 

engage olefins.

Yoshida and co-workers demonstrated that the electrolysis of halogen or chalcogen anions in 

the presence of DMSO led to the formation of stabilized halogen or chalcogen cation pools 

through coordination with the sulfoxide oxygen (Figure 33A).503,504 The stability of these 

cation pools increases in the order of Br+ < I+ < ArS+ < ArSe+ in accordance with the 

relative electronegativity of X. These stabilized cations were found to react readily with a 

wide variety of olefins, forming β-X-substituted alkoxysulfonium ions which are versatile 

synthetic intermediates that can be readily diverged to different functionalities. For example, 

treatment of the alkoxysulfonium with trimethylamine was shown to induce Swern-like 

oxidation, furnishing α-haloketones (Figure 33A, top); reaction with aqueous sodium 

hydroxide yielded vincinal halo/chalcohydrins (Figure 33A, middle); sodium methoxide was 

found to induce epoxide formation (Figure 33A, bottom). These processes are amenable for 

isotopic labeling when DMS18O is used. Application to 1,6-dienes led to the formation of 

cyclized products (Figure 33A).

Similarly, the anodic oxidation of aryl disulfides at low temperatures allowed the 

accumulation of highly electrophilic ArS+ equivalent which could form episulfonium 

intermediates upon reaction with olefins or alkynes (Figure 33B, left).505–510 The thiirane 

could be opened directly with hard nucleophiles such as fluorides or alkoxides. 

Nevertheless, due to the presence of disulfides in solution, treatment of the episulfonium 

with soft nucleophiles led to the formation of vicinal disulfides instead. Catalytic protocols 
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have also been developed wherein substoichiometric amounts of the ArS+ equivalent 

initiates a cation chain mechanism.507,508 This “ArS+ cation pool” also found utility in the 

functionalization of arenes, allyl silanes, enol ethers, and ketene acetals (Figure 33B, 

middle);511 moreover, it could be used to induce oxocarbenium formation through reaction 

with thioacetals (Figure 33B, right).512–514 This process has found application in 

glycosylation chemistry where efficient protocols with flow reactors have been detailed.
515,516 Furthermore, the “ArS+ cation pool” was utilized (in catalytic amounts) to initiate 

olefin cyclization reactions, forming both heterocyclic and carbocyclic rings (Figure 33C).
517,518

As with disulfides, the anodic oxidation of diselenides generates +SeAr cations which can be 

used to induce chalco-etherification type processes (Figure 33D).519 An analogous reaction 

employing an electrogenerated “I+ ion” has also been reported (Figure 33D, bottom).519 

Zeng, Little, and co-workers took advantage of the electrochemical halocyclization reaction 

to develop a synthesis of indolines from the corresponding 2-aminostyrenes. The 

intermediary organoiodide can be displaced by methanol to afford the final product while 

regenerating iodide anion for anodic oxidation (Figure 33E).520 The electrochemical 

formation of cyclic iodonium intermediates was also exploited by Little, Zeng, and co-

workers to achieve the regioselective azidoiodination of olefins.521

An electrochemical variant of the Jacobsen epoxidation was also reported wherein a halide 

mediated anodic oxidation generated a reactive chiral manganese-oxo species which could 

convert a variety of olefins into epoxides in moderate e.e.s (Figure 33F).522

Electrolysis of terminal alkynes in the presence of sodium iodide was found to yield iodo-

alkynes through the intermediacy of “I+” ions (Figure 33G).523

Electrogenerated radical species can also be harnessed for olefin functionalizations. Very 

recently, Lin and co-workers detailed an electrochemical method for the diazidation of 

olefins (Figure 33H).524 An inexpensive manganese catalyst was used to facilitate the 

reaction. Under potentiostatic conditions, the ability to dial the potential at the minimum 

level required for the desired redox transformation conferred the reaction high degrees of 

chemoselectivity, allowing the functionalization of complex synthetic intermediates.

2.13. Dehydrogenation and heteroarene synthesis

Oxidative aromatization involving the net elimination of H2 is an important process in 

heteroarene synthesis which is commonly accomplished with stoichiometric amounts of 

chemical oxidants, such as CAN, DDQ, or KMnO4. Electrochemical dehydrogenation 

wherein H2 is removed anodically offers an alternative. Electrochemical syntheses of 2-

substituted benzoxazoles have been developed through both direct477 and mediator 

facilitated525–527 processes from the Schiff bases of 2-aminophenols (Figure 34A). A system 

using NaI as the mediator has been developed by Zeng, Little, and co-workers, utilizing 

inexpensive electrode materials and mild carbonate bases (Figure 34A, right column).525 

Alternatively, DDHQ can serve as the mediator for this transformation where 

electrogenerated DDQ is the reactive oxidant (Figure 34A, left column).527
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DDQ has also found use as a mediator in the dehydrogenation of N-benzylaniline to the 

corresponding imine—the use of electrochemical conditions allowed the DDQ to be 

employed in catalytic quantities (Figure 34B).528

Largeron and Fleury devised an electrochemical “borrowing hydrogen” protocol to 

synthesize secondary amines from two sterically differentiated primary amines, through 

formal N-alkylation (Figure 34C). This one-pot procedure commences with the anodic 

dehydrogenation of a primary amine where an aminophenol is used as the mediator.529–531 

Electrochemical oxidation of the mediator furnishes an iminoquinone which can oxidize the 

amine through condensation and imine isomerization (Figure 34C, right column). The 

resulting N-aryl-imine can engage another primary amine, giving rise to an N-alkyl-imine. 

This imine can then be reduced to the corresponding secondary amine under cathodic 

conditions in the same pot. Alternatively, conditions have also been developed which allow 

the intermediary iminoquinone to engage electrogenerated alkyl imines in a Diels–Alder 

reactions.532,533

Electrochemical dehydrogenations have been employed to synthesize 1,3,4-oxadiazoles 

(Figure 34D)534 and isoxazoles (Figure 34E).535 A recent report by Huang and co-workers 

detailed an electrochemical synthesis of benzothiazoles or benzimidazoles through the 

coupling between α-keto acids and an α-functionalized aniline (Figure 34F).536 Putatively, 

electrochemical decarboxylation and dehydrogenation take place sequentially in this 

reaction. Hünig’s base is believed to serve as a hydrogen donor for the radical intermediate 

formed in the decarboxylation step.

2.14. Oxidation of aliphatic C–H bonds

Aliphatic C–H bonds in both allylic and unactivated methylene systems have very high 

oxidation potentials. As a result, there are few examples on the direct anodic oxidation of 

these C–H bonds. In 2005, Sobkowiak reported that the allylic position of cholesterol can be 

acetoxylated under direct electrolysis with a platinum anode in modest yields (Figure 35A).
537

The challenge of oxidizing aliphatic C–H bonds can instead be surmounted through indirect 

electrolysis employing an appropriate mediator. For example, Baran and co-workers 

reported a scalable means for allylic oxidation using tetrachloro-N-hydroxyphthalimide 

(TCNHPI) as the mediator (Figure 35B).538 Under basic conditions, it was believed that the 

anion of the mediator molecule can be oxidized anodically, giving rise to a reactive N-oxyl 

radical which can homolyze allylic C–H bonds. The electron-withdrawing chloride groups 

confers the nitroxyl species additional reactivity—the use of nonchlorinated NHPI led to 

inferior results. This process utilizes inexpensive electrode materials while tolerating 

functional groups such as ketones and alcohols. Complex steroids, monoterpenoids, and 

trieterpenoids can be oxidized on up to 100 g scales.

Attempted adaptation of the TCNHPI mediatory system to oxidize unactivated methylene 

and methine C–H bonds were unsuccessful, presumably because the nitroxyl radical species 

is not strong enough to cleave these bonds. Instead, Baran and co-workers developed a 

quinuclidine-based mediator system that allowed the functionalization of “deep-seated” 
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methylene and methine units (Figure 35C).539 Selectivity for methylene oxidation is 

dependent on both steric and electronic factors; homolysis of the electron-rich C–H bond 

distal to electronegative functionalities is usually preferred. The scalability of this method is 

demonstrated through the oxidation of sclareolide on a 50-g scale, affording 2-oxo-product 

selectively. The anodically generated quinuclidine radical cation is believed to be the 

reactive species in this reaction.

2.15. Oxidation of miscellaneous functional groups

Aside from the examples presented in the preceding sections, anodic oxidations of various 

other functional groups have been reported recently. Chiba and co-workers reported a 

method to synthesize macrocyclic disulfides through anodic oxidation of acetamidomethyl 

cysteines in soluble solid-bound peptides (Figure 36A).540,541 The homogeneous reaction 

takes place under potentiostatic conditions in organic solvent mixtures; the solid-supported 

product could be precipitated out through dilution with counter solvents. Complex molecules 

such as somatostatin could be chemoselectively accessed.

Anodic oxidation of phosphorus functionalities can also enable useful reactions. For 

example, in an effort to develop a homoallylic glycosylation reaction of steroids, Morzycki 

and co-workers examined various electroauxiliaries to facilitate the generation of a 

homoallyl cation (Figure 36B).542,543 In one study, while commonly used auxiliary groups 

such as SPh and SePh gave low yields, the diphenylphosphonate group was found to be most 

effective; the oxidation of the diphenylphosphonate group allowed fragmentation of the C–O 

bond, giving rise to a nonclassical cation to allow stereoselective glycosylation.543

Ohmori’s work in the 1990s demonstrated that triphenylphosphine could undergo anodic 

oxidation to furnish a radical cation species that could facilitate various reaction manifolds.
544 In a more recent application of this chemistry, Frontana-Uribe used the electrogenerated 

phosphine radical cation to activate carboxylic acids for amide bond formation (Figure 36C).
192 The reaction took place under galvanostatic conditions in the presence of the amine 

coupling partner; the yield of the amide compares favorably with analogous chemical 

processes employing triphenylphosphine and NBS. Nikitin and co-workers discovered that 

electrochemically generated organophosphorus radical cations can serve as a hydrogen atom 

acceptor, initiating hydrofunctionalization reactions of olefins in the presence of a hydrogen 

atom donor (Figure 36D).545 Thiols, dialkylthiophosphites as well as dialkylphosphites can 

all serve as donors in this case. A major competing pathway involves the direct reaction of 

the phosphorppcentered radical cation with alkenes, leading to the formation of 

vinylphosphonium salts.

Anodic oxidations of miscellaneous nitrogenous functionalities have also been examined. 

For example, the oxidation of arylamines to azoarenes has been reported under potentiostatic 

conditions with a lead(IV) oxide or nickel oxyhydroxide anode (Figure 36E, top left);546,547 

Oxidation of benzyl azides was shown to afford aryl nitriles after extrusion of nitrogen 

(Figure 36E, bottom left).548 Becker has studied anodic oxidation of compounds containing 

C=N bonds, including oxime (and ethers thereof), hydrazones, and azines (Figure 36E, 

right).549
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Yoshida and co-workers exploited the ability of pyridine to stabilize cationic intermediates 

to generate an organosilicon cation pool through the electrochemical oxidation of Si–Si 

bonds (Figure 36F).550 The reaction of this cation pool with a Grignard reagent was found to 

deliver a substituted silane.

Huang and co-workers explored the electrochemical transformation of aryl boronic acids 

(Figure 36G). Selective methods to convert boronic acids into phenols and anilines have 

been devised using copper electrodes under potentiostatic conditions.551 Electrolysis of aryl 

boronic acids in aqueous ammonia (0.13 M) at 0.6 V led to the exclusive formation of the 

corresponding phenols; conversely, when a potential of 0.2 V was applied in the presence of 

aqueous ammonia of higher concentrations (2.61 M), amination product predominated. It is 

postulated that electrochemical conditions allowed the generation of active catalysts for this 

reaction.

Little and co-workers utilized triarylamine mediated electrochemical conditions to oxidize 

the strained bicyclic housane framework (Figure 36H).552,553 The resulting radical cation 

was found to undergo Wagner-Meerwein rearrangement, allowing a concise synthesis of a 

sesquiterpene, daucene. The process was carried out under constant potential electrolysis at 

+0.88 V vs Ag/AgNO3 where the mediator was oxidized into the corresponding aminium 

radical cation. The redox potential of the substrate is approximately +1.4 V under these 

conditions. Although the electron transfer from housane to the aminium radical cation is not 

thermodynamically favorable, the irreversible Wagner-Meerwein rearrangement shifts the 

equilibrium, allowing the reaction to proceed.

2.16. Anodic oxidation in palladium catalysis

Palladium catalyzed reactions have played a pivotal role in all facets of synthetic chemistry 

over the past few decades. Many such processes require stoichiometric oxidants to 

regenerate Pd(II) catalysts from Pd(0). Electrochemical oxidation provides an atom 

economical alternative. The use of anodic oxidation to regenerate transition metal catalysts 

has been detailed in previous reviews.21,554,555 The ensuing discussion thus focuses on 

recent developments in this area. As the active metal catalysts generated in anodic processes 

are prone to reduction, divided cells are normally used.

The Wacker oxidation offers a classical example where an external oxidant (a copper salt) is 

used to reoxidize Pd(0) to Pd(II). Due to a lack of homogeneity, large amounts of copper and 

palladium salts may be necessary; moreover, the use of copper chloride oftentimes triggers 

the formation of chlorination side-products. Although protocols which are catalytic in 

copper have been developed using oxygen as the terminal oxidant, such processes can raise 

safety concerns on large scales. An electrochemical Wacker reaction using a benzoquinone 

mediator to turn over palladium was reported by Tsuji and co-workers.556 More recently, 

Mitsudo, Tanaka, and co-workers reported anodic conditions to effect the transformation of 

Pd(0) to Pd(II) using TEMPO as the mediator (Figure 37A).557 Simple Pd(OAc)2 serves as 

the palladium source; it is believed that a highly reactive cationic Pd(II) species is generated 

at the outset of the reaction when Pd(OAc)2 undergoes Kolbe decarboxylation (Figure 37A, 

right). A different protocol using a PEG/MeCN thermomorphic biphasic system was also 

developed which homogenizes upon heating to 60 °C; upon the completion of the reaction, 
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the palladium catalyst can be recycled in the PEG phase.558 Tanaka showed that this Wacker 

oxidation method can be extended to enable oxidative cyclization559 and aryl boronic acid 

homocoupling.560,561 Around the same time, Jutand and co-workers reported a similar 

electrochemical approach to boronic acid dimerization with benzoquinone as the mediator.
562

Another recent application of the Pd(OAc)2/TEMPO system is the cross coupling between 

terminal alkynes and aryl boronic acids (Figure 37A, middle).563 In this case, a silver anode 

is used which allows the formation of silver acetylides; coupling was also observed using a 

copper anode albeit in lower yields, while the use of Pt anode led to little product formation 

(≤5%). 4-BzO-TEMPO was found to be the optimal mediator.

Amatore, Jutand, and co-workers reported an electrochemical Heck-type reaction of N-

acetylaniline with benzoquinone or hydroquinone as the redox mediator (Figure 37B).564 

Unlike a traditional Heck reaction, this process does not commence with a C–X insertion. 

Instead, an electrophilic palladation (formal C–H palladation) takes place, followed by 

addition to olefin and β-hydride elimination. Thus, a Pd(II) catalyst is converted to Pd(0) at 

the end of this C–H functionalization reaction, and a benzoquinone oxidant is required to 

reinitiate the catalytic cycle (Figure 37B, right). To this end, electrochemistry furnished 

products in high yields with 10 mol % of benzoquinone or hydroquinone. The same group 

extended this system to effect palladium catalyzed electrochemical oxidation of primary and 

secondary alcohols to aldehydes and ketones (Figure 37B, middle).565 The analogous 

chemical reaction was developed by Larock in 1998 and involved the use of molecular 

oxygen; the anodic protocol was operative under anaerobic conditions.566

Anodic oxidation has also been utilized to aid palladium catalyzed C–H activation, 

exemplified by the ortho-C–H bromination and chlorination reactions of arylpyridines 

developed by Kakiuchi and co-workers (Figure 37C).567 Coordination of the Pd(II) catalyst 

onto the pyridine nitrogen led to the formation of a palladacycle (Figure 37C, dashed box). It 

was believed that halide mediated anodic oxidation of this intermediate facilitated reductive 

elimination, thereby affording an ortho-halogenation product. This reaction manifold was 

adapted by Budnikova and co-workers to achieve the ortho-phosphorylation568 and 

acetoxylation569 of arylpyridines (Figure 37C).570 In the acetoxylation process, C–H 

fluoroalkylation products were afforded with a perfluorinated alkyl carboxylic acid after 

longer electrolysis time.571 In the absence of halides as potential mediators, direct anodic 

oxidations of Pd(II) or Ni(II) are putatively operative (Figure 37C, bottom right). These 

electrochemical C–H functionalization reactions invoke a high valent palladium or nickel 

species (e.g., Pd(III), Pd(IV), Ni(III), etc.). Thus, electrolysis was carried out in divided cells 

to prevent premature cathodic reduction of metal catalysts.

In a similar vein as their C–H chlorination and bromination reactions, Kakiuchi developed a 

protocol for electrochemical C–H iodination of arylpyridines with I2 (Figure 37C, bottom).
572 By increasing substrate concentration while reducing the amount of I2 and electricity, 

ortho-dimerization of arylpyridine could be realized.573 For substrates bearing meta-

substituents in the arene ring, selective reaction at the less hindered ortho position took place

—this differed from analogous chemical processes employing oxone as the terminal oxidant.
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574,575 Additionally, the iodination reaction can be combined in the same pot with a Suzuki 

coupling when the electric current is turned off, thereby allowing the net ortho-arylation of 

arylpyridines.

Mitsudo, Suga, and co-workers reported another example where palladium-catalyzed 

couplings under electrochemical and chemical conditions are combined in the same pot 

(Figure 37D).576 In this case, dimerization of terminal alkynes was achieved with the aid of 

anodic oxidation; when electricity was switched off, instead of getting oxidized at the anode, 

Pd(0) present in the reaction could undergo oxidative addition with the aryl bromide, 

resulting in a Suzuki coupling.

In a very recent example, Mei and co-workers demonstrated the application of anodic 

oxidation to facilitate Pd(II) catalyzed sp3 C–H functionalization (acetoxylation) for the first 

time (Figure 37E).577 This transformation utilizes an oxime-ether-based directing group to 

furnish a palladacycle through C–H activation with Pd(OAc)2. Direct anodic oxidation of 

this Pd(II) complex can lead to a Pd(IV) intermediate that is prone to reductive elimination, 

affording C–H acetoxylation products while regenerating Pd(II) catalyst. By exchanging the 

acetate group on the palladium catalyst, other oxygenated functionalities such as OTFA, 

OCOC3H7, OTs, or OMe can be introduced. The reaction has also been demonstrated on 

gram scales. An analogous process for the acetoxylation of sp2 C–H bonds was reported 

shortly thereafter (Figure 37E, right).578

3. CATHODIC REDUCTION

3.1. Reduction of aldehydes and ketones

Electrochemical reduction of aldehydes and ketones affords the corresponding ketyl radicals, 

much akin to dissolving metal reductions. Homodimerization of cathodically generated ketyl 

radicals through pinacol couplings has been known for more than half a century.579 

Capitalizing on the conductivity of ionic liquids, this classic reaction could be carried out at 

room temperature in ionic liquids to avoid the use of extraneous electrolytes (Figure 38A).
580–582 For example, Manchanayakage and co-workers reported an efficient reductive 

dimerization of ketones and aldehydes using 1-butyl-3-methylimidazolium tetrafluoroborate 

[BMIM][BF4] as the solvent.580 To avoid the oxidation of intermediary ketyl radicals, a tin 

electrode was used as the sacrificial anode.

The reduction potential (absolute value) of carbonyls could be effectively lowered under 

acidic conditions when the carbonyl oxygen is protonated. For example, in dilute sulfuric 

acid, Schäfer and co-workers demonstrated the selective reduction of a ketone moiety in the 

presence of a pyridinium (Figure 38A, right).583 The intermediary hydroxyalkyl radical 

could cyclize onto the pyridinium to forge a tricyclic product in high yields and good 

diastereoselectivity. Cyclic voltammetry studies indicated that ketones are more reducible 

under the reaction conditions than pyridiniums.

Similarly, Kise and co-workers established that electrochemical reduction of carbonyls could 

be facilitated through activation with trimethylsilyl chloride (TMSCl) (Figure 38B) where 

interaction between TMSCl and the carbonyl oxygen significantly lowers the reduction 
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potential (absolute value) of carbonyl compounds.584 Cathodic reduction of aromatic 

ketones in the presence of TMSCl furnishes TMS-protected ketyl radicals which could be 

reduced further to the analogous anions. These anionic species were shown to exhibit high 

reactivity toward an assortment of electrophilic species, enabling reductive cyclization onto 

esters,585 aliphatic ketones or aldehydes.586,587 In the latter case, a trans-product was 

preferentially obtained, in contrast to conventional intramolecular pinacol reactions 

employing low valent titanium or samarium reductants. Intermolecular variants of this 

technology have been devised wherein electrogenerated ketyl anion could couple with 

aliphatic aldehydes/ketones,587 N-acylimidazole,584,587 achiral588/chiral Michael 

acceptors589 and uracil derivatives.590,591 It was also demonstrated that TMSCl could be 

used to facilitate the electrochemical reduction of imines, allowing reductive formation of 

nitrogenous heterocycles592–595 as well as enabling reductive coupling with N-

acylimidazole.596 Moreover, 3-methoxycarbonylindoles597,598 could be coupled with 

carbonyl compounds in a similar manner. Imides could also be reduced cathodically in the 

presence of TMSCl to the corresponding anion which was found to engage carbonyl 

compounds or Michael acceptors.599–602 As an application of the TMSCl promoted 

electroreductive coupling, Kise and co-workers utilized an intramolecular coupling between 

an aldehyde and a phthalimide to synthesize lennoxamine in a concise fashion (Figure 38B, 

bottom).603

Ketyl radicals could alternatively be generated with the aid of a redox mediator. For 

example, Little and co-workers reported intramolecular pinacol coupling using 

electrochemically generated low-valent lanthanide (Figure 38C, top left).604 This process 

entails the in situ cathodic reduction of Sm(III) or Yb(III) salts to Sm(II) and Yb(II). Redox 

potentials of lanthanide salts vary with the choice of anions—toward this end, the use of 

iodide electrolyte for samarium and the use of bromide electrolyte for ytterbium were found 

to be optimal. This protocol can be adapted for the reductive coupling between carbonyls 

and Michael acceptors (Figure 38C, bottom left). While unmediated version of such 

reactions known as the electroreductive cyclization (ERC, vide infra) have been rigorously 

examined by Little prior to 2000, several more recent reports have also emerged.583,605–607 

The scope and limitations of ytterbium mediated reductions have been extensively studied 

by Pletcher and co-workers.608 Recently, reductive coupling of imines using a soluble 

samarium anode was reported (Figure 38C, right).609,610 This electrode not only serves as 

the sacrificial anode to forestall the premature oxidation of radical anion intermediates; it 

also provides samarium salts that serve as mediators in the reaction.

Aside from homocoupling or cyclization, electrogenerated ketyl radicals could receive 

another electron and proton to afford the corresponding alcohol. When the protonation takes 

place in a chiral environment, induction of enantioselectivity is possible. For instance, Yadav 

et al. reported that direct cathodic reduction of ketones in the presence of dimethylquininium 

tetrafluoroborate (DMQ·2BF4) led to moderate enantioselectivity (Figure 38D).611,612 It is 

proposed that the adsorption of DMQ cations onto the mercury cathode is critical for chiral 

induction.

Electrochemical reduction of 1,2-dicarbonyl compounds has also found applications. Barba 

and co-workers reported the syntheses of 1,3-dioxoles via reduction of o-quinones (Figure 
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38E).613 A mechanism comprising electron transfer from the hydroquinone dianion to 

dichloromethane was proposed instead of simple nucleophilic displacement. Several related 

studies have also been reported by the same group.614–618

3.2. Reduction of esters and amides

Alkyl esters exhibit high reduction potentials (absolute value); their cathodic reductions are 

hardly practical until Shono showcased in 1992 that these functional groups can be 

efficiently reduced with Mg electrodes.619 Some applications of this process are discussed in 

the paired electrolysis section (section 4.3). Electrochemical reduction of benzoate esters, 

nonetheless, requires lower reduction potentials (absolute value); these processes have been 

studied by Markó and co-workers in detail (Figure 39A). Cathodic reduction of toluate esters 

at elevated temperatures was found to trigger radical deoxygenation (known as the Markó-

Lam deoxygenation), analogous to the Barton-McCombie reaction.620,621 Secondary and 

tertiary toluates gave deoxygenated products in good yields whereas lower efficiencies were 

observed for primary toluates (Figure 39A(1)). In the same report, it was also demonstrated 

that the intermediate alkyl radical could be trapped by a pendant alkyne in an intramolecular 

fashion (Figure 39A(1) middle). A few years later, the same group reported a similar radical 

deoxygenation reaction using diphenylphosphinates as a radical precursor (vide infra).622 

An improved procedure for the deoxygenation of primary alcohols was also reported using a 

transesterification strategy where an in situ generated toluate ester undergoes cathodic 

deoxygenation (Figure 39A(1), bottom).623 When reductions of aryl esters were performed 

at lower temperatures and in the presence of a protic source, hydrolysis products (alcohols) 

were afforded in lieu of deoxygenation (Figure 39A).624 This observation was exploited to 

allow the selective hydrolysis of different aryl esters by adjusting the reaction potentials 

under potentiostatic conditions (Figure 39A(2)). The most electron-deficient di-CF3-phenyl 

ester was selectively hydrolyzed at −1.6 V while all three ester groups were ruptured at −2.5 

V.

Ozaki and co-workers have reported an electrochemical method to reduce S-(2-

methoxycarbonyl)phenyl thioesters. This process was shown to generate an acyl radical 

which could cyclize onto pendant olefins to forge cyclic ketones.625

Reduction of aryl carboxylates can also be accomplished with the aid of a hydrogen bond 

donor. In the case illustrated in Figure 39B, hydrogen bonding interactions between the 

carboxylate and a biphenyl thiourea presumably lowered its reduction potential (absolute 

value).626 Cathodic reduction then triggered acyl radical formation, followed by 

dimerization.

As with esters, amides typically exhibit high reduction potentials (absolute value); their 

electrochemical reduction could only be accomplished in strongly acidic media (e.g., 

concentrated sulfuric acid).627 Building on a system developed for oxime reduction (vide 
infra), Waldvogel and co-workers reported a method for the direct cathodic reduction of 

aromatic amides to amines (Figure 39C).628 Under moderately acidic conditions (2% 

H2SO4), various primary, secondary, and tertiary amides were efficiently reduced to the 

corresponding amine products. A lead cathode was used in combination with quaternary 

ammonium salt additives—these additives suppress the corrosion of the lead cathode as the 
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ammonium cations form a compact layer to prevent interactions between protons and the 

electrode surface (vide infra).629 In addition to amide reduction, electrochemical reductions 

of phthalimide630 and sulfoxide628 have also been reported.

3.3. Reduction of C=C double bonds

In general, the electrochemical reduction of unactivated C=C double bonds is difficult due to 

their high reduction potentials (absolute value). Nevertheless, when double bonds are 

substituted with electron-withdrawing groups, cathodic reductions can become more 

practical.631 In the presence of a hydrogen donor, formal hydrogenation of electron-deficient 

olefins can thus be accomplished.632 For example, an electrochemical method of reducing 

Michael acceptors has been reported by Tajima and co-workers using a polymer-supported 

acid (Figure 40A).633,634 Although the acid is constrained to the solid support, its interaction 

with water confers sufficient conductivity to the reaction media—additional supporting 

electrolyte is unnecessary. Alternatively, such a reduction can be achieved with hydrogen 

adsorbed on the cathode surface.635

Indirect cathodic reduction of C=C double bonds has also been reported (Figure 40B).636,637 

Navarro and co-workers investigated mediated cathodic reductions of cyclohexanone—it 

was observed that the use of Ni2+ mediators and a Ni anode led to the formation of 

cyclohexanone whereas employing a Fe2+ mediator in combination with a Fe sacrificial 

anode afforded cyclohexanol exclusively. Electrochemical reduction of other activated 

olefins such as Michael acceptors and dienes with nickel- or iron-based mediators have been 

detailed in a subsequent study by the same group.637 Figure 40B shows that partially 

hydrogenated products from cyclohexadiene, citral, and piperine were obtained in good 

yields and selectivities using Ni2+ mediators. Nonconjugated olefins are generally unreactive 

under such homogeneous electro-mediated reduction (HEMR) systems with the exception of 

allylic alcohols.

The cathodic reduction of activated olefins involves the formation of radical anions. These 

intermediates could dimerize (or formally engage another Michael acceptor) to furnish 1,6-

dicarbonyls in the same vein as the adiponitrile process (known as the 

electrohydrodimerization or EHD).638 Electrochemical dimerizations of trimethyl aconitate 

(Figure 40C),639 methyl cinnamate,640 flavone,641 α,β-unsaturated ketones,642–645 and 

nitroolefins646 have been accomplished in this fashion. In the case of an intramolecular 

enone dimerization (Figure 40C, right), electrochemical conditions gave higher yields of 

electrohydrocyclization (EHC) products compared to the analogous chemical reactions 

employing SmI2 as the reductant.644 In the reductive dimerization of enones, pinacol 

couping can compete with the EHD pathway. Handy and co-workers reported a case wherein 

the use of samarium iodide as a reductant favored the EHD reaction while electrochemical 

conditions led to exclusively pinacol products.647 Kise and co-workers reported a 

stereoselective dimerization of cinnamic acid esters (Figure 40D).648 Although the initial 

efforts with menthol- and borneol-derived chiral auxiliaries led to little stereoselectivity, a 

bulky chiral auxiliary readily synthesized from (1R)-(+)-camphor was found to be effective; 

the dimerized product was obtained in a good yield with 92% e.e. upon cleavage of the 

auxiliary.
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Bauld, Krische, and co-workers reported a radical anionic cycloaddition of enones under 

electrochemical conditions (Figure 40E).649–652 Both [2 + 2] and [4 + 2] products were 

obtained through constant potential electrolysis. A stepwise anion radical chain mechanism 

was invoked, involving single-electron reduction of the enones followed by cyclization—a 

distonic anion radical intermediate was invoked. Similar dimerizations of vinylsulfone have 

also been reported.653,654

Electrochemical reductions of Michael acceptors can also enable intramolecular reductive 

coupling with aldehydes or ketones through electroreductive cyclization (ERC) reactions. 

Little and co-workers described an indirect ERC using a Ni(II) salen complex as the 

mediator (Figure 40F, top left).655 A Ni(I) species is putatively generated at the cathode; the 

electron transfer from this Ni(I) complex to the C=C double bond is believed to occur via an 

inner sphere mechanism based on the experimental observation that substitution at the 

iminyl carbon of the salen ligand shut down the cyclization (Figure 40F, right). Under this 

mechanism, a covalent bond is putatively formed between the Michael acceptor and the 

reduced form of the mediator; homolysis of this bond affords a β-radical anion that can 

undergo protonation whereupon the resulting β-radical participates in cyclization. 

Alternative mechanistic possibilities have been discussed as well. Intramolecular 

electroreductive dimerization of Michael acceptors can also be realized using this system 

(Figure 40F, bottom left).

Nishiguchi and co-workers reported the reductive carboxyalkylation of activated olefins such 

as styrenes or Michael acceptors using magnesium as the reductant.656,657 Alternatively, the 

same group demonstrated that the electron-deficient olefins can be reduced cathodically to 

the radical anions whereupon reactions with two equivalents of acyl chlorides/acid 

anhydrides or N-acylimidazoles (Figure 40G, left) afford vicinal bis-acylation products after 

subsequent reductions.658,659 An analogous geminal double carboalkoxylation of imine 

derivatives has been achieved in a similar fashion.659 In the reduction of styrenes, the 

styrenyl radical anion could also react with phenyl diesters where the nucleophilic terminal 

carbon could add into a carbonyl. The resulting homoenolate was found to undergo 

cyclization to eventually afford cyclopropyl spirolactones after the loss of a phenol (Figure 

40G, right).660

Olefins containing a leaving group at the allylic position can also be subjected to cathodic 

reduction. For example, Duñach and co-workers reported an electrochemical method to 

achieve the reductive deprotection of allyl carbamates with a nickel-based mediator.661 The 

electrogenerated low valent nickel species enabled smooth removal of the allyl group 

(Figure 41A). Deprotection of allyl carbonates using this system has also been described.662 

Hudlicky and co-workers found that cinnamyl group exhibited lower reduction potentials 

(absolute value) compared to simple allyl groups. Cinnamyl ethers could, therefore, be 

reduced without a nickel mediator.663 Nevertheless, the high reduction potential (absolute 

value) necessitated the use of a mercury cathode. As described in Figure 41B, the cinnamyl 

group was selectively cleaved under electrochemical conditions, while an allyl group in the 

same molecule remained untouched. Conversely, chemical conditions employing sodium 

metal ruptured both protecting groups. The electrochemical reduction of cinnamyl esters and 

carbamates has also been investigated.664,665
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The electrochemical reduction of an allyl acetate has been performed on a pilot plant scale 

en route to Ceftibuten (Figure 41C). The use of a tin cathode was found to be optimal for 

this reaction; various reducible functionalities such as carboxylates, a β-lactam, and a 

sulfoxide were left unscathed.666

The direct electrochemical reduction of aromatic systems is conceivably difficult owing to 

arenes’ electron-rich nature. Nevertheless, early efforts demonstrated that electrochemical 

conditions could be utilized to generate solvated electrons which could, in turn, enable the 

Birch reduction of aromatic systems.667–669 To date, conditions have been devised which 

allow the reduction of arenes in aqueous solutions through similar mechanisms.670–672 

Ishifune and co-workers developed an electrochemical Birch-type reduction in tBuOH 

(Figure 41D, left).673 The use of Mg electrodes was critical. It was postulated that 

anodically generated Mg(II) mediates electron transfer. Electron-deficient pyridines could 

also be reduced cathodically. For example, dimethyl dipicolinate could undergo 2-electron or 

4-electron reductions under direct electrolysis, depending on the choice of solvent, the 

amount of electricity, and the temperature of the reaction (Figure 41D, right).674 

Electroreductive dimerization of coumarin and its analogs has been studied by Peters and 

co-workers.675

3.4. Reduction of alkyl halides

While the reduction of alkyl halides could be achieved with low valent metals, 

electrochemical methods offer a scalable and inexpensive alternative. For example, 

Waldvogel and co-workers detailed a highly practical method to reductively cleave the C–Br 

bonds in dibromocyclopropane motifs of complex substrates (Figure 42A).676 A leaded 

bronze cathode was used, owing to its higher resistance toward corrosion than pure lead. 

This method found applications in the reduction of a proline-derived dibromocyclopropane, 

an important intermediate in the synthesis of HCV NS5A inhibitors. Notably, attempts to 

reduce this substrate through chemical means led to racemization and ring opening. The 

debromination product was afforded on large scales (>45g) electrochemically; selective 

monodehalogenation is also possible. The cost-efficiency and functional group compatibility 

of this method make it amenable for applications in process settings.677 The reaction 

conditions were also applied in the debromination of a cyclosporin A analog where the 

product was afforded in a 98% yield.

The transformation of vicinal (pseudo)-dihalides to olefins could also be accomplished 

electrochemically (Figure 42B). For example, the cathodic reduction of alkyl vincinal 

dibromides using a cobalt salen complex as the mediator in ionic liquid was shown to afford 

the corresponding olefins (Figure 42B).678 Little and co-workers described a protocol to 

expediently reduce glycosyl bromides to glycals, using undivided cells and galvanostatic 

conditions (Figure 42C).679 Various glycals were obtained in good yields using a zinc 

sacrificial anode and an RVC cathode. This scalable method exhibited compatibility with 

acid sensitive functionalities (e.g., acetal) which might not have survived chemical reductive 

conditions using Zn/AcOH. While the reaction was believed to proceed through the direct 

electrochemical reduction of the C–Br bond followed by the elimination of the neighboring 

acetate, the involvement of zinc deposits at the cathode cannot be ruled out.

Yan et al. Page 47

Chem Rev. Author manuscript; available in PMC 2018 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Budnikova and co-workers reported that perfluoroakyl halides could be reduced to 

fluoroalkyl radicals using nickel mediators under electrochemical conditions (Figure 42D).
680 These radicals could engage electron-deficient olefins to afford monomeric or dimeric 

products.

Electrochemical reductions of benzyl halides have also found synthetic utilities. Utley and 

co-workers showcased that o-quinodimethane can be conveniently accessed in an aqueous 

electrolyte solution through the electrochemical reduction of α,α′-dibromo-o-xylene 

precursor (Figure 42E).681 This reactive intermediate could be used in Diels–Alder reactions 

with maleimide,681 maleate,682 and naphthoquinone.683 In some cases (e.g., when 

maleimide is used as the dienophile), the dienophile can also serve as the mediator which 

undergoes cathodic reduction to afford a stabilized radical anion that can in turn trigger the 

reduction of the benzylic bromide. The polymerization of p-quinodimethane has also been 

reported.684 Various mediatory systems have been described for the cathodic reduction of 

benzyl halides. For example, carborane685 and titanocene686 have been used to effect such 

transformations. A practical means to conduct the cathodic reduction of benzyl halides using 

microflow reactors has also been reported.687

Owing to the synthetic utility of allylation reactions, electrochemical reduction of allyl 

halides has received considerable interest (Figure 42F). Hilt reported a Barbier carbonyl 

allylation using an indium(III) salt as the mediator.688 An aluminum sacrificial anode was 

used; intriguingly, it was proposed that the aluminum metal on the electrochemically 

activated anodic surface promoted the reduction of In(III) to indium metal whereupon an 

anodic oxidation furnishes a highly reactive In(I) aluminum halide species. In other words, 

this reductive reaction mainly occurs at the anode. This In(I) can reduce allyl halides, 

thereby enabling a Barbier reaction. Aldehydes and ketones can both be allylated under the 

reaction conditions; additionally, esters were shown to undergo bis-allylation. Several years 

later, an aqueous-phase tin-mediated process was developed which utilizes graphite 

electrodes.689 Electrogenerated zinc690–692 and samarium(II)609,693 could also facilitate 

such transformations. Additionally, Durandetti and co-workers reported an iron-catalyzed 

electrochemical allylation of carbonyl compounds by allylic acetates.694 Navarro and co-

workers developed electrochemical conditions for the prenylation of benzaldehyde wherein 

prenyl halides and benzaldehyde were adsorbed on a graphite powder cathode and reduced 

in a cavity cell.695 Intriguingly, high α-regioselectivity was observed with a graphite cathode 

and 3% tetrabutylammonium tetrafluoroborate, whereas the use of 2% silver-doped graphite 

led to exclusively γ-prenylation. Regioselectivity of electrochemical allylation processes can 

also be controlled with flow techniques.696,697

The indium-mediated electrochemical Barbier reaction (vide supra) can be extended to 

achieve imine allylation.698 Analogously, Huang and co-workers developed an efficient 

electrosynthesis of homoallylic amines from imines and allyl halides (Figure 42G).699 The 

reaction takes place readily in aqueous solutions, using zinc electrodes under galvanostatic 

conditions. Benzyl and alkyl halides could also be reduced using this protocol, allowing the 

benzylation/alkylation of imines. The cathodic zinc deposit formed during the reaction was 

found to have a significant effect on the reaction efficiency.
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Allylic borylation represents another application of cathodic processes involving allyl 

halides (Figure 42H).700 Duñach and co-workers reported the preparation of allyl boronic 

esters from allyl halides through direct electrolysis in the presence of HBpin. When 

unsymmetrical allyl halides are used, the terminal allyl boronic ester was afforded. 

Borylation of aryl halide has also been reported and will be discussed in the section on aryl 

halide reduction.701–703 Additionally, electrochemical reduction of allyl halides has also 

found applications in conjugate additions with α,β-unsaturated esters.704,705

α-Halocarbonyls constitute another class of activated alkyl halides that have been 

extensively studied in cathodic processes. For example, an iron-mediated electrochemical 

Reformatsky reaction was described by Durandetti in 2003 using an iron sacrificial anode 

(Figure 42I).706 A wide variety of aldehydes and ketones are viable electrophiles in this 

reaction. A cathodically generated Fe(I) species presumably acts as the reductant for α-

chloroesters—the cathode potential (−1.1 V vs SCE) corresponds to the reduction of 

bipyridyl complex of Fe(II). Electrochemical Reformatsky reactions can also be performed 

in water using a zinc anode;707 analogous processes with graphite cathodes have been 

reported as well.708,709 Electrochemical reductions of α-halocarbonyls were also utilized to 

effect the dimerization of phenacyl bromide derivatives710 and to synthesize coumarin.711

Similar to α-halocarbonyls, α,α,α-trichlorocarbonyl compounds could be reduced 

electrochemically, affording a stabilized dichlorocarbanion that could readily react with 

carbonyls. Quintanilla recently applied this methodology to the electrosynthesis of 

halogenated δ-lactones (Figure 42J, top).712 Thus, one of the C–Cl bond was cathodically 

cleaved to generate a gem-dichloro carbanion species whereupon an ensuing aldol 

condensation gave the products. Similar processes were exploited in the preparation of 4-

amino-2-aryl-2-oxazolines,713 quinolinones,714 and coumarins.715 In another variant, the 

electrochemical reduction of trichloroacetates was applied to synthesize α-chloroepoxides 

(Figure 42J, bottom).716 In this case, the gem-dichlorocarbanions generated by direct 

cathodic reduction of C–Cl bond can undergo a Darzens reaction to give α-chloroepoxides. 

Chelation of Zn(II) ion in the transition state presumably allowed for high stereoselectivity. 

Médebielle and co-workers reported an electrochemical method to homolyze the C–Cl bond 

in chlorodifluoromethyl ketones, enabling the synthesis of heteroarene compounds 

containing difluoroacyl moieties.717

Vitamin B12 derivatives have been harnessed as redox mediators in the cathodic reduction of 

trichloromethyl groups. For example, Shimakoshi and Hisaeda reported the conversion of 

trichlorotoluene to esters and amides using a B12 model complex (Figure 42K).718 From a 

series of experiments, it was proposed that the reaction was initiated by a single electron 

transfer from the anodically generated Co(I) species to the substrate. Trapping of the 

resulting radical with oxygen allows further reactions, giving rise to esters and amides as 

final products.719

Trichloromethyl and gem-dichloro functionalities can formally serve as carbene equivalents 

under cathodic conditions. An electrochemical cyclopropanation protocol for electron-

deficient olefins was reported by Paugam and co-workers, using copper and iron mediators 

(Figure 42L).720,721 Pre-electrolysis of CuBr with Fe sacrificial anode produces reactive 
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Cu(0) and Fe(0) deposits on the cathode which were believed to be critical for the reaction. 

A follow-up study applied this method to synthesize 1-acyl-2,2-diphenylcycloproanes;722 

detailed mechanistic study revealed that the reaction likely proceeds via a stepwise 

mechanism rather than a concerted pathway commonly observed with metal carbenoid 

species.723 Putatively, a C–Cl bond is initially reduced to generate a carbanion, which 

undergoes conjugate addition to activated double bond whereupon nucleophilic 

displacement of a remaining chloride affords the product. It was also found that Fe(II) ion 

plays an important role in the process, whereas copper may not be as essential. Epoxide 

synthesis is also possible by using aldehydes or ketones instead of active olefins.724 

Cyclopropanation using a B12 model as the mediator was also reported.725 Feasson and co-

workers have detailed a synthesis of cyclopropylphosphonates through electrochemical 

reduction of α,α-dichlorobenzylphosphonate in the presence of Michael acceptors using a 

magnesium sacrificial anode; a phosphonic analog of minalcipran was prepared in a similar 

fashion.726 Electrogenerated α-chlorocarbanion was also shown to readily react with 

triakylboranes to give alkylated products in a one-step reaction.727 Additional, a similar 

method of cyclopropane formation through nickel-catalyzed electroreductive coupling of 

unactivated gem-dibromo compounds and electron-deficient olefins has also been reported.
728

3.5. Reduction of aryl and alkenyl halides

Similar to alkyl halides, aryl and alkenyl halides could also be reduced electrochemically—

the resulting radical anion readily undergoes fragmentation to afford aryl radicals. In the 

absence of other electrophiles, the direct electrochemical reduction of aryl halides and vinyl 

halides thus results in the formation of biaryls.729,730 Proto-dehalogenation products are 

afforded in the presence of a hydrogen atom donor.731,732 Analogous to the allyl halide 

borylation reaction discussed in the preceding section, borylation of aryl halides can be 

accomplished through cathodic reduction of aryl halides in the presence of a boron 

electrophile. Pinacol borane634,702 and trialkyl borates701,703 have both been employed for 

such transformations. The use of the former allows the preparation of potassium 

trifluoroborates in one pot (Figure 43A).733 Unprotected phenol and heteroarenes were 

tolerated under electrochemical conditions, indicating that the reaction is insensitive to the 

electronic nature of aryl halides.

Huang and co-workers developed a method for electrochemical hydrodefluoroination of 

fluoroaromatic compounds based on the cathodic cleavage of C–F bonds.833

Mitsudo and Suga observed the preferential electrochemical methylation of aryl fluorides 

during their study on halogen-deuterium exchange (Figure 43B, top).734 MeCN putatively 

provides the methyl group under electrolytic conditions while the deuterated product was 

formed in a smaller proportion. Intriguingly, when an aryl chloride was used, the reductive 

dehalogenation pathway predominated. On the other hand, electrochemical halogen 

deuterium exchange could be achieved efficiently using 9-fluoroenone as a redox mediator 

(Figure 43B, bottom).

Fluorene derivatives have also been utilized as mediators in the electrochemical reductive 

cyclization of aryl halides (Figure 43C).735 Aryl chlorides generally gave higher yields than 
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aryl bromides and iodides. Mechanistic studies support the role of 9,9-diethylfluorene as a 

mediator. MeCN serves as the hydrogen atom donor to terminate this radical cyclization. 

Similar reductive cyclizations using organohalides as radical precursors have been achieved 

with phenanthrene736,737 or Ni(II)738–745 mediators instead.

Perylene bisimides have attracted considerable attention in materials science, culminating in 

applications to organic dyes, electronics, and fluorescent materials. This class of compounds 

is also known to form stable radical anions after single-electron reduction. This property was 

utilized by Zhu and co-workers (Figure 43D) to effect the electrochemical dehalogenative-

arylation of pyrroles with a perylene-based mediator.746 It is postulated that the radical anion 

arising from the cathodic reduction of the perylene bisimide could reduce aryl halides to aryl 

radicals. Similar to aryl halides, aryl diazonium can also be reduced cathodically—this was 

utilized by Murphy and co-workers to prepare indolines and indoles through radical 

cyclizations.747 Barba, Batanero, and co-workers have reported the electrochemical 

conversion of diazonium salts into diaryl sulfides.748

Alternatively, cathodic reduction allows the generation of low valent transition metal species 

(e.g., Co(I), Ni(I), or Pd(0)) which could insert into aryl halides through oxidative addition, 

thereby indirectly accomplishing the reduction of C–X bonds. This mode of reactivity is 

detailed in the following sections.

3.6. Cathodic generation of low valent nickel and cobalt species: reduction of aryl and 
vinyl halides

The cathodic reduction of Ni(II) complexes offers a convenient means to access Ni(0) 

species that demonstrate a high propensity toward oxidative addition with aryl halides. This 

mode of reactivity has been reviewed by Nédélec, Périchon, and Troupel in 1997749 as well 

as by Duñach in 2003;750 some recent advances will be recounted herein. Condon and co-

workers reported a nickel-catalyzed electroreductive conjugate addition wherein an 

electrogenerated Ni(0) species undergoes oxidative insertion into aryl halides to generate an 

aryl-nickel intermediate (Figure 44A).751 The reaction between this aryl-nickel complex and 

an activated olefin can then afford 1,4-addition products in a reductive Heck-type process. 

Both aryl bromides and aryl chlorides were found to be suitable substrates, although a higher 

temperature was required for the latter (100 °C) compared to the former (70 °C). In addition, 

sequential reactions between p-dibromobenzene and two different Michael acceptors were 

demonstrated. An iron sacrificial anode was used, providing iron ions that putatively 

cooperated with the coupling process to improve the yields. This type of electrochemical 

conjugate addition may be carried out in ionic liquids;752 the use of heteroaryl halides753 as 

substrates has also been reported. Additionally, formal 1,4-addition of aryl halides to 

acrolein can be achieved electrochemically via a nickel catalyzed reductive coupling 

between aryl halides and acrolein diethyl acetal.754 Hydrolysis of the resulting enol ether 

affords β-arylated aldehydes. Nickel-catalyzed electroreductive conjugate addition of aryl 

bromides has also been applied to synthesize medium-ring aromatic lactones.755

Unsurprisingly, aryl-nickel species generated in this fashion could be harnessed in many 

chemical transformations besides conjugate additions. For example, alkyl aryl ketones can 

be afforded when the aryl-nickel intermediate is generated in the presence of Fe(CO)5 and 
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an alkyl halide (Figure 44B).756 Alternatively, the aryl-nickel complex could undergo 

transmetalation with chromium salts to enable the Nozaki–Hiyama–Kishi (NHK) reaction 

(Figure 44C).757 A practical protocol for this reaction was reported where the transition 

metal catalysts were generated in situ through the pre-electrolysis of a stainless steel anode.

As with aryl halides, alkenyl halides could undergo similar electrochemical transformations 

to afford alkenyl nickel complexes—these reactive intermediates may be used in cross-

electrophile couplings of various modalities (Figure 44D).758 Mechanistically, the oxidative 

insertion of an electrogenerated Ni(0) catalyst into C–X bonds gives rise to a Ni(II) complex 

which could undergo cathodic reduction to yield an aryl-Ni(I) intermediate. This 

intermediate can participate in a second iteration of oxidative addition whereupon a 

reductive elimination affords the coupling product (see Figure 44E for a simplified 

mechanistic picture).554 By judiciously choosing halides with different reactivies and 

through the slow addition of one component, cross-coupling products can be favored over 

homodimerization. As depicted in Figure 44D, alkenyl halides could be coupled with 

activated alkyl halides and heteroaryl halides. In the absence of an additional coupling 

partner, dimerization of alkenyl halides could occur. Electrochemical homocoupling of 

(hetero)aryl halides (such as 2-halopyridines) through this mechanism has been reported.
759,760

Cross-couplings between aryl halides and heteroaryl halides through similar mechanisms 

have also been reported.761–764 Various nitrogen-rich heterocycles, which are challenging 

targets for conventional Suzuki coupling reaction, were shown to undergo electroreductive 

couplings in good yields (Figure 44F).762 The success of the electrochemical conditions was 

explained by the presence of Fe ions (from the pre-electrolysis using an iron sacrificial 

anode). Coordination of the nitrogen atom to Fe ion ensures efficient regeneration of nickel 

catalyst. Very recently, Hansen and co-workers reported an electrochemical method for the 

cross-electrophile coupling between aryl halides and unactivated alkyl halides.765 As 

another application of nickel catalyzed electroreductive transformations of aryl halides, 

silylation of aryl bromides was reported.766

Complexes of cobalt and pyridine exhibit similar reactivity with nickel in that they readily 

undergo cathodic reduction to generate low valent Co species which are capable of oxidative 

insertion into aryl C–X bonds. The resulting organocobalt complex can undergo 

transmetalation with zinc salts, offering an efficient means to prepare organozinc reagents 

(Figure 44G).767 A practical protocol using catalytic amounts of cobalt was reported. This 

electrochemical method obviated the need for organolithium or organomagnesium reagents; 

this is particularly beneficial for aryl halides bearing reactive functional groups such as 

esters and ketones which showed compatibility with the electrochemical protocol. Arylzinc 

reagents thus obtained can engage electrophiles such as acyl-pyridiniums768 or acyl 

chlorides.769 Alternatively, they could be used in Negishi couplings.767 Similar to their 

nickel counterparts, cobalt(II) pyridine complexes could facilitate the cross-electrophile 

coupling of aryl halides with allyl acetates/carbonates,770 alkenyl (pseudo)halides,771–773 

and (hetero)aryl halides774,775 under cathodic conditions (Figure 44H). A similar 

mechanism comprising two oxidative addition events is most likely operative.
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3.7. Cathodic reduction in palladium catalysis

As is the case with anodic oxidations (Section 2.16), cathodic reductions have also been 

exploited to facilitate palladium catalyzed reactions. Pd(0) can undergo oxidative addition 

with organohalides; under cathodic conditions, the resulting Pd(II) complex can be readily 

reduced to Pd(0), allowing a second iteration of oxidative addition and thereby enabling the 

coupling between two organohalides. The electroreductive homocoupling of aryl halides has 

been reported by Torii in the 1980s,776 and its mechanism was elucidated by Jutand to 

comprise two oxidative additions as briefly described above.777 Recently, Rothenberg and 

co-workers reported an electroreductive homocoupling of aryl halides which proceeds at 

room temperature in an ionic liquid (Figure 45A).778 Using a palladium anode in an 

undivided cell, palladium nanoparticles, putatively the reactive catalytic species in this 

reaction, can be generated under galvanostatic conditions.

Tanaka and co-workers have developed pyridinium-based mediatory systems to effect the 

reduction of Pd(II) to Pd(0) in the cathodic homocoupling of aryl halides (Figure 45B).
779,780 In the initial report, an N-octyl-viologen dicationic salt ([OctV2+]) was chosen as the 

mediator; it could be readily converted to the neutral form [OctV0] under electrolysis. Two 

equivalents of [OctV0] could then reduce Pd(II) to Pd(0), priming it for oxidative addition 

while generating two equivalents of [OctV+]. Although a different redox cycle ([OctV2+]/

[OctV+]) might be possible, mechanistic studies revealed that the [OctV0]/[OctV+] cycle is 

primarily responsible for the reduction of palladium. Premature reoxidation of the palladium 

catalyst can be prevented with a sacrificial zinc anode. Electron-neutral and electron-

deficient aryl bromides were dimerized in high yields; nevertheless, the protocol is less 

efficient for electron-rich substrates. Later, N-alkyl-4-alkoxycarbonylpyridinium781 and 

diquat derivatives782 were shown to be competent mediators for this electroreductive 

homocoupling reaction.

Recently, Huang and co-workers reported an electrochemical cross-coupling between alkyl 

halides (benzyl bromides and alkyl iodides) and allyl halides under palladium catalysis using 

a sacrificial zinc anode (Figure 45C).783 The reaction is conducted in an aqueous solvent 

under air. Although the mechanism is not entirely clear, it is proposed that anodically 

generated Zn2+ undergoes cathodic reduction, generating Zn metal which can reduce the 

alkyl halide to an organozinc species. Despite the proposed intermediacy of the organozinc 

nucleophile, the reaction was found to be compatible with aqueous solvent systems. 

Functional groups such as carboxylic acids, alcohols, and esters were also tolerated.

Moeller and co-workers have developed a series of site-selective palladium mediated 

reactions on electrochemically addressable, semiconducting chips.784 In these processes, 

Pd(OAc)2 is reduced on preselected electrodes of the chip, generating Pd(0) species which 

initiates cross-couplings such as the Heck reaction. The region surrounding the chosen 

electrode is submerged with a solution containing allyl methyl carbonate—any Pd(0) 

diffusing away from the electrode would be converted to inactive Pd(II). Thus, the Pd(0) 

species is spatially confined. Although the chip-based reactions per se are not in the scope of 

this review, while studying these processes, Moeller and co-workers discovered that 

preparative solution-phase Heck reactions could be substantially accelerated through the 

passage of electric current (Figure 45D).785 The electrochemically assisted Heck reaction 
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can be conveniently carried out at room temperature under simple galvanostatic conditions 

in undivided cells. The use of strong ligands is not necessary. Control experiments indicated 

that the analogous chemical processes occur at much slower rates and oftentimes in lower 

yields. It is believed that the circulation of electric current constantly regenerates 

catalytically active Pd(0) species. Polymerization of Pd(0) to form “palladium black”, a 

common problem in palladium catalysis, is thus ameliorated.

3.8. Cathodic carboxylation reactions

Electrochemical “CO2 fixation” reactions have attracted considerable interest as cathodic 

reduction enables practical means to introduce CO2 onto olefins, alkynes, and carbonyls; 

electrochemical protocols have also been devised to transform organohalides into the 

corresponding carboxylates. Recent advances on this front has been reviewed by De Vos and 

co-workers.786 Electrochemical carboxylation usually involves the reduction of substrates 

and/or carbon dioxide, leading to the formation of carboxylate anions. Such reactions are 

commonly carried out using sacrificial anodes wherein the oxidative dissolution of anode 

materials provides the counterion while preventing the undesired oxidation of substrates or 

products.

3.8.1. Cathodic carboxylation of olefins, alkynes, and carbonyls—Senboku and 

co-workers reported a method to synthesize succinic acid derivatives through the 

dicarboxylation of styrenes (Figure 46A).787 Generally, dicarboxylated products were 

obtained in good to excellent yields using a Pt cathode and a Mg sacrificial anode. Cyclic 

voltammetry studies indicate that CO2 and styrenes have similar reduction potentials: thus, 

two reaction pathways are possible. For styrenes substituted with electron neutral or 

donating groups, the reduction of CO2 (−2.53 V vs Ag/Ag+) occurs preferentially 

whereupon the resulting CO2 radical anion can add onto the olefin.788 Conversely, for 

styrenes with lower reduction potentials (absolute value) than CO2, olefin reduction 

predominates and the resulting carbanion can be trapped by CO2. Both processes can be 

operative at the same time. The effects of electrodes, electrolytes, temperature, and other 

factors have been examined in follow-up studies.789,790

Similar to styrenes, the cathodic reduction of 1,3-butadiene derivatives also affords 

dicarboxylation products.791–793 For example, 1,3-butadiene could be cleanly converted to 

3-hexenedioic acid, an adipic acid precursor (Figure 46B).791 Although the precise 

mechanism is unclear, it is probable that cathodic reductions of both CO2 and the diene are 

occurring. Electrochemical carboxylation of butadiene can also be accomplished with the aid 

of a nickel-based mediator which can facilitate the one electron reduction of CO2.794

In addition to styrenes and dienes, the electrochemical carboxylation of Michael acceptors 

has also been examined. These electron-deficient olefins typically exhibit reduction 

potentials (absolute value) lower than that of CO2. Cathodic carboxylation of these 

substrates, therefore, proceeds primarily through the reduction of the activated olefin 

followed by trapping with CO2. The reductive carboxylation of ethyl cinnamate provides a 

representative example (Figure 46C).795–797 Efforts have been expended to render similar 

processes stereoselective.798 Moderate diastereoselectivity was observed using a chiral 
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oxazolidinone auxiliary containing a bulky diphenylmethyl group. The carboxylation of 

bicyclo[N.1.0]alkylidene derivatives has also been reported.799

Alkynes undergo different modes of cathodic carboxylations depending on the reaction 

conditions. For example, Duñach reported the carboxylation of terminal alkynes to afford 

propionic acid derivatives (Figure 46D, top).800 The use of a silver cathode was critical for 

this transformation. It was suggested that the reaction proceeded via the deprotonation of 

terminal alkyne by an electrogenerated base (EGB) whereupon the ensuing acetylide was 

trapped with CO2—internal alkynes were not carboxylated under the reaction conditions. 

The strong interaction between the silver cathode and electrogenerated acetylides was 

invoked to account for the selectivity. An earlier report posited that hydrocarboxylation 

products were furnished with Markovnikov selectivity when terminal alkynes were subjected 

under electrolytic conditions in the presence of a Ni(II) mediator, a magnesium sacrificial 

anode, and a carbon cathode.801 Cathodically generated Ni(0) species can presumably 

interact with alkynes and CO2 to form a metallocycle. Dicarboxylation of terminal alkynes 

can be achieved under different reaction conditions as described by Jiang and co-workers. 

Maleic anhydride derivatives are obtained as products (Figure 46D, bottom).802 However, 

when catalytic amounts of CuI were introduced into the system (with higher CO2 pressure), 

a tricarboxylation product was furnished instead.803 Cyclic voltammetry studies suggested 

that the reductions of alkynes and CO2 occur at similar potentials. Therefore, CO2 radical 

anions are likely to be present under the reaction conditions. It is thus postulated that the 

copper salt can coordinate to the double bond of the dicarboxylate intermediate, facilitating 

the attack of CO2 radical anions to the double bond. CuI can also coordinate to CO2 to 

render its reduction potential (absolute value) lower.

Carboxylate groups can also be appended onto aromatic rings under electrochemical 

conditions.804 Yuan and co-workers reported a method to achieve dearomative carboxylation 

of polycyclic aromatic compounds such as naphthalene and anthracene (Figure 46E).805 

Arene and CO2 likely undergo reductions simultaneously. The ensuing CO2 radical anion 

can react with arenes; likewise, arene radical anions can engage CO2. In the case of 

naphthalene, only a trans-dicarboxylic acid product was afforded. Reductive carboxylation 

of flavones is another example of electrochemical arene carboxylation (Figure 46E, bottom)

—flavanone-2-carboxylic acids were afforded regioselectively.806,807

Reductive carboxylation of ketones is perhaps the most efficient way to synthesize α-

hydroxycarboxylic acids. These structural moieties can be accessed from the corresponding 

cyanohydrins whose preparations require hazardous cyanide nucleophiles. A recent report 

by Yuan and co-workers detailed a protocol for the reductive carboxylation of ketones 

(Figure 46F, top).808 Although the scope of substrates is limited to aromatic ketones, α-

hydroxycarboxylic acids were generally obtained in good yields together with small 

amounts of pinacol byproducts. Since the reduction potentials of ketones are close to that of 

CO2, it is proposed that the reduction of both CO2 and ketones could occur under 

galvanostatic conditions. Protocols using silver electrodes809 or ionic liquids810 have also 

been reported. Stereoselective electrochemical carboxylation of ketones could be achieved 

using a catalytic amount of cinchona alkaloids, and phenol—moderate enantioselectivities 

were observed (Figure 46F, right).811
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In addition to reductive C–C bond formation at the carbonyl C=O, reductive carboxylation at 

the α-position of carbonyl functionalities was also reported (Figure 46F, bottom).812 Cyclic 

and acyclic aliphatic ketones were converted to the corresponding β-ketoacids in moderate 

to good yields. It is believed that CO2 is reduced to its radical anion under the reaction 

conditions; this radical anion species can facilitate enolate formation.

3.8.2. Cathodic carboxylation of halogenated compounds—As discussed in 

section 3.4, the direct electrochemical reduction of a carbon–halogen bond gives rise to a 

radical anion which readily undergoes C–X bond fragmentation. Reactions between the 

resulting radical or anion with carbon dioxide enable access to carboxylation products. In 

this context, Genarro and co-workers reported a reductive carboxylation of benzyl chlorides 

using a silver cathode (Figure 47A, left).813 It was found that, compared to other cathode 

materials, silver effectively lowered the reduction potentials (absolute value) of benzyl 

chlorides by approximately 0.6 V while the reduction potential of CO2 remains relatively 

unchanged. This enabled selective reduction of benzyl halides in the presence of CO2, 

minimizing side reactions caused by the reduction of CO2 while bolstering current 

efficiency. Several other studies on electrochemical carboxylations of benzyl halides using 

silver cathode have been published.814–816 An analogous cathodic carboxylation of alkyl 

halides has also been reported.815 Racemic817,818 and enantioselective819 syntheses of 

aryl-2-propionic acid derivatives, which are important drug motifs, could be accomplished 

via the reductive carboxylation reactions. Moreover, supercritical CO2
820 and 

microemulsions821 could be utilized for such processes. Aside from halides, it has been 

reported that benzyl alcohols822 and benzyl carbonates823 could also serve as substrates in 

electrochemical carboxylation reactions.

Like benzyl chlorides, benzylic flourides could undergo cathodic carboxylation with CO2. 

For example, galvanostatic electrolysis of α,α-difluorotoluene derivatives in the presence of 

CO2 gives α-fluorinated arylacetic acid derivatives, including fluorinated analogs of 

nonsteroidal anti-inflammatory drugs (Figure 47A, right).824 These compounds were 

previously synthesized using hazardous fluorinating agents such as diethylaminosulfur 

trifluoride (DAST), perchloryl fluoride (FClO3), and acetyl hypofluorite (AcOF).

Cathodic carboxylation of α-halocarbonyl compounds allows access to 1,3-dicarbonyl 

products. This process may be rendered stereoselective with chiral auxiliaries, as shown by 

Feroci and Inesi (Figure 47B).825,826 Stereoselective dehalogenative carboxylation protocols 

employing β-cyclodextrin supramolecular assemblies827 and chiral cobalt salen-mediators 

have also been reported.828

Furthermore, the reductive carboxylation of alkenyl and aryl (pseudo)halides may be 

achieved electrochemically. Senboku studied the cathodic carboxylation of vinyl triflates and 

bromides (Figure 47C, left).829 When triflates derived from 1,3-dicarbonyl compounds or 

phenyl-substituted vinyl triflates were used, the OTf groups were formally replaced by 

carboxylates with mostly retention of the E,Z-geometry. When vinyl triflates derived from 

acyclic aliphatic ketones were subjected to the reaction conditions, β-ketoacids were 

obtained instead of the expected α,β-unsaturated carboxylic acids.830 Carboxylation of E- 

and Z-styrenyl bromides, on the other hand, both afforded the Z-product predominantly.829 
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Putatively, it was proposed that vinyl triflates undergo a direct two-electron reduction more 

readily than the bromides, leading to the formatting of vinyl anions; meanwhile, vinyl 

bromides are presumably reduced to vinyl radicals first—these radical species are more 

prone to stereo-chemical inversion. Stereoretentive electrochemical carboxylation of β-

bromostyrene may be achieved using NiBr2·bpy as the mediator.831 The nickel-catalyzed 

electrochemical carboxylation could also be applied to convert enol triflates into cyclic α-

alkoxyl-α,β-unsaturated carboxylic acids.

The electrochemical carboxylation of pentafluoroarenes has also been investigated (Figure 

47C, right).832 These reactions proceed with para selectivity. Although the exact reason for 

this selectivity is not clear, it was proposed that the para-position experiences the strongest 

inductive effect from the fluoride substituents, leading to the formation of the most 

stabilized carbanion.

Senboku et al. choreographed a series of cyclization–carboxylation cascades using an aryl 

halide as the radical precursor and methyl-4-tert-butylbenzoate as the mediator (Figure 

47D).834,835 Cathodic reduction of the aryl ester putatively provides a radical anion which 

could facilitate the cleavage of C–X bonds in aryl halides; the ensuing radical species can 

undergo cyclization whereupon the resulting intermediate can participate in carboxylation 

processes. In a recent example depicted in Figure 47D, the cyclization of an aryl radical onto 

an alkyne was followed by the fixation of two molecules of carbon dioxide.836 Five- and six-

membered heterocycles could be constructed efficiently; subsequent dicarboxylation 

afforded the corresponding dicarboxylic acids in moderate to good yields.

3.9. Reduction of miscellaneous functional groups

Aside from the examples discussed above, cathodic reductions of other functional groups 

have been reported within the chosen time frame of this review. For example, advances have 

been made in the electrochemical reduction of N–N bonds. The reduction of hydrazides into 

the corresponding amides requires metal catalyzed hydrogenolysis or dissolving metal 

conditions. In 1978, Horner and co-workers reported the first example of using 

electrochemistry to convert alkyl and acyl hydrazides into the analogous amides.837 Due to 

the high reduction potential (absolute value) required, a mercury pool cathode was used to 

avoid competing hydrogen evolution at the cathode surface. In an effort to render this 

protocol more environmentally friendly, Breinbauer developed a new process that employs a 

tin cathode instead (Figure 48A, left).838

Lund explored the electrochemical reduction of pyridazinium salts in 1967, affording 

pyrroles as products.839 More recently, Pradère and Dubreuil studied the cathodic reduction 

of pyridazines (Figure 48A, right). Pyrdazines bearing two pyridyl substituents840 and those 

substituted with two ester groups841–843 at the 2- and 5-positions were subjected to 

potentiostatic electrolysis using a mercury pool cathode. Pyrroles were afforded in moderate 

yields.

The reduction of nitroarenes to anilines can also be accomplished electrochemically (Figure 

48B); there has been recent interest to conduct the reaction in ionic liquids.844,845 The 

stepwise cathodic reduction of nitro groups was studied by Haber as early as 1898.846 In an 
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example by Syroeshkin and co-workers, a nitro-arene was reduced in the presence of a 

pyridinium moiety, allowing the synthesis of pyrido[1,2-a]benzimidazoles.847 Mechanistic 

studies suggest that the reaction involves the formation of a hydroxylamine intermediate 

followed by heterocyclization and rearomatization. Kim and co-workers reported a method 

to reduce nitrobenzenes to azobenzenes with magnesium electrodes.848 Peters and co-

workers have reported an electrochemical variant of the Leimgruber-Batcho reaction to 

synthesize indoles from o-nitrostyrenes through cathodic reduction of the nitro group.849

In 1967, Fry and co-workers studied the electrochemical reduction of camphor and 

norcamphor oximes with a mercury pool cathode.850 The reductions proceeded in high 

stereoselectivity; intriguingly, the products showed opposite stereochemistry compared to 

those formed with dissolving metal reductions (but the stereoselectivity was similar to that 

of LAH reduction). It was postulated that the substrate could covalently interact with the 

electrode surface through the formation of organomercury species. Recently, Waldvogel and 

co-workers probed the cathodic reduction of menthone oxime (Figure 48C).851,852 With a 

mercury pool cathode, (−)-menthylamine was afforded selectively. However, the 

stereoselectivity may be shifted to favor (+)-neomenthylamine through the use of a lead 

cathode in conjunction with a quaternary ammonium salt additive (triethylmethylammonium 

methylsulfate, MTES, was found to be the optimal choice) at low temperatures. This 

ammonium salt is crucial as it prevents the corrosion of the toxic cathode material through 

the formation of a compact salt layer to block the access of protons to the cathode surface. 

The drain of electric current by H2 evolution is thus prevented. This method was generalized 

to enable the reduction of menthone oximides with an additional substituent at C8.852

Arenesulfonyl groups such as toluenesulfonyl are useful protecting groups for primary and 

secondary amines. While electrochemical conditions for their removal have been known 

since the 1960s, classical examples of cathodic tosyl amide reduction enlist the mercury 

pool electrode.853,854 Senboku and co-workers developed a mild method for the tosyl 

deprotection of N,N-disubstituted sulfonamides using naphthalene as the mediator (Figure 

47D).855 A naphthalenide is presumably generated in situ. This mediatory system obviated 

the need for a mercury cathode while tolerating sensitive functionalities such as aziridine. 

Silvestri reported the detosylation of tetratosylcyclen using carbon cathodes under direct 

electrolysis.856 Grognec, Quintard, and co-workers described electrochemical conditions for 

the deprotection of N-phenylsulfonyl N-substituted amines.857 However, when this protocol 

was extended to cyclopropylamine derivatives, ring fragmentation products were observed. 

In a follow-up study, they discovered that by introducing a benzoyl group on the 

sulfonamide nitrogen—the reduction potential of the sulfonamide may be lowered (absolute 

value) considerably, allowing deprotection to occur without β-fragmentation (Figure 48D, 

bottom).858 Notably, an α-stannane group was also found to survive the reaction conditions; 

minimal epimerizations were observed when this method was applied to chiral amines. 

Cathodic conditions were also utilized by Médebielle and co-workers to remove a sulfone 

group in a nucleoside derivative through the cleavage of the C(sp3)–S bond.859

Electrochemical methods have found applications in the reduction of pentavalent phosphorus 

to trivalent species. Cathodic reduction of phosphine oxide has been explored in the 1960s.
860 However, as the P=O bond is strong compared to the P–C bonds, phosphine could not be 
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obtained in practical yields; instead, some P–C bond cleavage products were observed. 

Tanaka devised a workaround by activating the phosphine oxide with TMSCl—interaction 

of TMSCl with the oxygen atom presumably weakens the P–O bond, allowing efficient 

reduction of triphenyl phosphine oxide to the corresponding phosphine in good yields.861 

The same group also investigated the reduction of triphenylphosphine dichloride and 

methoxytriphenylphosphonium triflate (Figure 48E, left).862,863

Markó and co-workers studied the cathodic reduction of diphenylphosphinate esters (Figure 

48E, right).622 It was discovered that the intermediary radical anion could undergo 

fragmentation to homolytically cleave the C–O bond. Deoxygenated products can thus be 

afforded. Primary, secondary, and tertiary alcohols could all be converted into the 

corresponding diphenylphosphinates where galvanostatic electrolysis with graphite 

electrodes allowed deoxygenations to occur. Compared to deoxygenation reactions 

employing toluates (section 3.2),621,864 the use of phosphinates allowed a lower temperature 

and higher current density. Notably, functional groups such as ketones were left unscathed.

Huang and co-workers developed a method to cleave C–O bonds in aryl and benzyl ethers 

electrochemically (Figure 48F).865 In the 1980s, Kariv-Miller has used a mercury cathode to 

effect the reductive cleavage of aryl ether linkages through a Birch-type process;866 together 

with several other subsequent studies,867–870 these early examples required oxygen-free 

conditions.865 To this end, Huang et al. discovered that NaBH4 could promote the C–O 

cleavage in an undivided cell under galvanostatic electrolysis where minimal precautions are 

necessary. Subjecting diaryl ethers to the reaction conditions yielded a phenol and an arene 

while reaction of aryl alkyl ethers afforded a phenol and alkane. For benzyl ethers, the 

benzylic C–O bond was selectively cleaved. Although the exact mechanism is unclear, it was 

postulated that the NaBH4 could serve two purposes: first, it could help prevent the anodic 

oxidation of phenol products in the undivided cell; second, it could function as a hydrogen 

atom donor to quench some of the radical species formed in the reaction. In the reduction of 

diphenyl ether, deuterium labeling experiments suggested that NaBH4 contributed about 

20% of the hydrogen atoms transferred to the intermediary phenyl radical. This technology 

was applied to break the β-O-4, α-O-4, and 4-O-5 lignin model compounds.

Huang and co-workers also developed a cathodic protocol for the deoxygenation of 

epoxides, furnishing the corresponding olefins (Figure 48G, left).871 The use of zinc 

electrodes is critical—this reaction is putatively mediated by Zn(0) generated in situ through 

the sequential oxidation and reduction of the electrode material. Such zinc deposits were 

found to adopt a hierarchically organized nanostructure. Lower yields were obtained using 

commercial zinc powder. Electrochemical reduction of epoxides can also be achieved with a 

titanocene mediator—in this case, cathodically generated titanium(III) intermediate can 

trigger a Nugent–RajanBabu reaction (Figure 48G, right).872

3.10. Cathodic generation of oxidants

Molecular oxygen exhibits a low reduction potential (absolute value)—thus, cathodic 

reduction of O2 offers a synthetically useful means to generate reactive peroxide or 

superoxide species (Figure 49A).873,874 For example, Chan and co-workers demonstrated 

that the cathodic reduction of O2 in a mixture of water and an ionic liquid gives rise to 
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hydrogen peroxide via a superoxide intermediate.875 The H2O2 thus generated can then 

effect Wharton-type epoxidation of enones in situ. Through the inclusion of a Mn2+ catalyst 

in the reaction system, this method was adapted by the same group as a more general means 

for olefin epoxidation (Figure 48A).876 Water-soluble alkenes were epoxidized in good 

yields and current efficiencies; epoxidation of more lipophilic olefins may be achieved 

through the addition of tBuOH to the solvent mixture. Murray and co-workers were the first 

to describe such an electrocatalytic approach for epoxidation with electrogenerated H2O2 

and a manganese meso-tetraphenylporphyrin catalyst in 1990.877

One electron cathodic reduction of O2 to superoxide has also been exploited in a preparative 

setting. Casadei and co-workers reported a method for alcohol oxidation using 

electrogenerated superoxide in combination with CO2 (Figure 49B).878 Primary or 

secondary benzylic as well as primary allylic alcohols were oxidized into the corresponding 

aldehydes or ketones in an excell process wherein a solution containing electrogenerated 

superoxide was added to the substrate. Barba used cathodically generated superoxide to 

achieve the hydroxylation of aromatic systems.879 The scope of this process is limited to 

electroreducible arenes with a relatively low (absolute value) reduction potential such as 

naphthoquinone. Under electrolytic conditions, these arenes are reduced to the 

corresponding radical anions while superoxide is being generated. Radical recombination 

then allows the formation of hydroxylated products (Figure 49B, right column). Yoshida and 

co-workers transformed 4-cyanocinnolines into 4(1H)-cinnolones through this method880 

while Fry and co-workers have utilized cathodically generated superoxide ion to induce the 

desilylation of α-dimethylsilyl esters.881

Takeya and co-workers investigated the electrochemical allylic hydroxylation of cholesteryl 

acetate under aerobic conditions (Figure 49C).882 Iron picolinate complexes which have 

been extensively examined in Barton-Gif883 reactions were found to be the optimal 

catalysts. The allylic hydroxylation product was obtained in moderate yields for cholesteryl 

acetate and 3-O-acetyl-oleanolate. A complex mechanism was proposed involving both 

cathodic and anodic processes.

In the 1980s, Minisci reported that Ti(III) could react with hydroxylamine to generate free 

NH2 radicals.884 Recent efforts by Lisitsyn and co-workers revealed that the NH2 radical 

could be generated cathodically from hydroxylamine with a Ti(IV) mediator (Figure 49D).
885–890 Based on this mode of aminyl radical formation, Lisitsyn achieved amination of 

olefins, electron-rich arenes, and the α-position of carbonyls. These reactions generally take 

place under constant current electrolysis in divided cells using a mixture of aqueous H2SO4, 

acetonitrile, and AcOH as the solvent.

4. PAIRED ELECTROLYSIS

As alluded to in the Introduction, each electrochemical process can be construed as a 

combination of two half-reactions, oxidation and reduction. Typically, only one of these 

reactions involves substrates of interest while the other entails the redox transformation of 

solvent, electrolyte, or other sacrificial species. Paired electrolysis refers to choreographed 

electrochemical processes where two desirable half reactions are performed simultaneously. 
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The expenditure of electrical power to oxidize/reduce the sacrificial species is averted, 

thereby maximizing the energy efficiency. This is especially critical in industrial settings.

4.1. Parallel paired electrolysis

Parallel paired electrolysis involves two simultaneous and noninterfering half reactions.891 

The most important process in this category is probably the Chlor-alkali process wherein 

chlorine and sodium hydroxide are formed at the anode and cathode, respectively.892 

Millions of tons of NaOH and chlorine have been produced in this fashion.

However, the utility of parallel electrolysis remains under-appreciated in organic synthesis 

and fine chemical production. This may be ascribed to the misconception that half reactions 

of “matching potentials” need to be selected. Under galvanostatic conditions, the working 

potentials of both anode and cathode automatically adjust to the potentials of substrates in 

solution. Thus, any oxidations and reductions may be paired in a parallel fashion. Kubiak, 

Moeller, and co-workers recently reported an example where the anodic synthesis of 

benzimidazole derivatives is combined with the cathodic production of carbon monoxide in 

a divided cell (Figure 50A, top).893 The anodic process utilized a cerium mediator to 

facilitate the oxidative condensation between syringaldehyde derived from lignin sawdust 

and 2-amino aniline. In the cathodic chamber, a rhenium mediator was employed to reduce 

CO2 to CO. These two seemingly unrelated reactions could be conducted simultaneously, 

allowing the conservation of electrical energy. Zha, Wang, and co-workers detailed a paired 

system where halide mediated alcohol oxidation and tin mediated ketone allylation in a 

divided cell concurrently (Figure 50A bottom).894,895 The same group also reported a 

protocol to carry out this homoallylic alchol synthesis using an undivided cell, thereby 

achieving a convergent paired electrolysis (vide infra, section 4.3).896 Fuchigami and Atobe 

has developed a parallel paired electrolysis system using a microflow reactor—reduction of 

benzyl halides was combined with the oxidation of secondary benzyl alcohols.897

A common starting material can undergo reduction and oxidation, leading to two products in 

a divergent fashion (termed divergent paired electrolysis by Frontana-Uribe and co-workers).
891 For example, De Vos and co-workers devised a system to simultaneously synthesize 

diacids and diol derivatives from the electrolysis of dienes in the presence of CO2, TFA, and 

trimethylamine (Figure 50B, top) in an undivided cell.898 The diene can undergo two 

consecutive anodic oxidations to yield acyl-protected diols. At the cathode, the same diene 

can undergo reductive carboxylation with CO2, furnishing diacid products. In an earlier 

example by Atobe, anodic olefin dibromination with electrogenerated Br+ was combined 

with vanadium catalyzed cathodic epoxidation through the reduction of O2 (Figure 50B, 

bottom).899 Another example of divergent paired electrolysis is the synthesis of L-cysteine 

and L-cysteic acid from L-cystine.900

When the same product is produced in both anodic and cathodic reactions, this paired 

electrolytic process is denoted a linear paired electrolysis.891 The synthesis of D-arabinose 

from sodium gluconate provides an example—in the catholyte, this oxidative 

decarboxylation was mediated by iron salts and HO• free radicals while the anodic process is 

a direct decarboxylation.901
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4.2. Sequential anodic oxidation and cathodic reduction

A substrate molecule can undergo anodic and cathodic transformations sequentially in an 

undivided cell. For example, Waldvogel recently reported an electrochemical method to 

transform aryl aldoximes to aryl nitriles in a single pot (Figure 51A), accomplishing a 

formal loss of water.902 Oxidation of the aldoxime occurs at the anode to afford a nitrile 

oxide which could then undergo cathodic reduction with the lead electrode, furnishing the 

aryl nitrile product. This reaction utilizes simple galvanostatic conditions with inexpensive 

electrode materials.

Nishiyama’s synthesis of biaryl ethers through oxidative C–O dimerization of ortho-dihalo-

phenols followed by cathodic reduction was discussed earlier.903 Recently, an improved 

protocol was reported through linear paired electrolysis, allowing the transformation of 

phenols to biaryl ethers in a single step (Figure 51B). The use of a microreactor was deemed 

advantageous, as the short distance between the electrodes in the microreactor enables fast 

molecular diffusion from anode to cathode.

4.3. Convergent paired electrolysis

Convergent paired electrolysis arises when anodically and cathodically generated 

intermediates react with each other to afford the product. Yuan and co-workers detailed a 

method to synthesize amides from methyl ketones and formamides in this manner (Figure 

52A).904 The methyl ketone reacted with anodically generated iodine to afford a α,α,α-

triiodomethylketone while the accompanying cathodic process reduces the formamide to the 

corresponding amine. An ensuing iodoform reaction between these two intermediates then 

furnished the amide product in a convergent fashion.

Anodic oxidation of formamide has also been exploited in convergent electrolytic systems. 

For example, Hilt and co-workers reported an electrochemical carbonyl allylation in DMF 

(Figure 52B).905 The cathodic Barbier reaction was combined with the Shono oxidation of 

DMF at the anode. The allyl alcohol produced in the cathodic process was swiftly converted 

into the corresponding N,O-acetal, thwarting undesired alcohol oxidation. The reaction can 

thus be conducted in a quasi-divided cell using a platinum-wire anode and a glassy-carbon 

cathode; the use of a sacrificial anode is not necessary. Shono oxidation of DMF was 

enlisted in a recent example of benzyl halide carboxylation as well, allowing the in situ 
protection of cathodically generated carboxylates (Figure 52C, top).906 As with the previous 

example, this paired electrolytic system makes use of a quasi-divided cell where the anode 

surface area is much smaller than the cathode. As a result, during the electrolysis, the anode 

would exhibit higher current densities, allowing the oxidation of solvent molecules (DMF) 

instead of the substrate. The product is protected from oxidation. Cathodic carboxylation has 

also been coupled with bromide oxidation at the anode—N-bromo-amino acids were 

afforded as a result (Figure 52C, bottom).907

The reduction of alkyl esters, a process commonly requiring high reduction potentials 

(absolute value), can be accomplished with the aid of a magnesium cathode (Figure 52D). 

Capitalizing on the beneficial effects of Mg electrodes and Mg2+ ions, Ishifune, Kashimura, 

and co-workers devised electrochemical ester reductions in THF.908,909 The reduction of 
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alkyl esters at the cathode was accompanied by the oxidation of THF to the oxocarbenium 

ion. As a result, alcohol produced in the cathodic reaction can be readily protected.

In another example of convergent paired electrolysis, oxidation of phenol to quinone was 

coupled with the reductive formation of quinodimethane, allowing convergent coupling of 

these intermediates in a Diels–Alder reaction (Figure 52E).910 Anodic oxidation of alcohols 

and tin-mediated cathodic reduction of nitrate have also been combined in an undivided cell, 

providing oximes directly from alcohols (Figure 52F).911

Convergent paired electrolysis could also be harnessed to synthesize cyanoacetic acid from 

acetonitrile and carbon dioxide (Figure 52G, simplified mechanism shown).912 In this case, 

MeCN is oxidized to the carbon-centered radical in the anodic chamber of a divided cell 

while CO2 is reduced to the corresponding radical anion in the catholyte. This radical anion 

was found to diffuse across the partially permeable membrane to react with the acetonitrile 

radical.

Many examples of anodic oxidations described in this review were aided by electrogenerated 

bases (EGBs) at the cathode. Strictly speaking, these reactions may all be classified under 

paired electrolysis. Two additional examples are presented herein to illustrate this (Figure 

52H–I). In Figure 51H, an anodically generated thionium was coupled with a nitromethane 

anion to afford a nitroalkylation product.913 The nucleophile arises through the 

deprotonation of MeNO2 at the cathode. The example presented in Figure 51H entails the 

conversion of carbon monoxide to diphenyl carbonate using a palladium–NHC complex as 

the mediator.914 While this can be largely perceived as an oxidation event, a cathode process 

allowed the deprotonation of phenols, thereby facilitating nucleophilic attack.

5. CONCLUSION

This extensive review, covering synthetic organic electrochemical methodologies published 

since 2000, will hopefully serve as a useful starting point for practitioners looking to enter 

this area. Electrochemistry has many innate advantages, including the ease of scalability, the 

use of inexpensive and/or recyclable electrodes, and reaction tunability.45 It is a direct 

method for interacting with organic molecules that in many cases permits one to “dial in” 

selectivity by choosing the right potential. That said, it is an unassailable truth that for most 

synthetic organic chemists, electrochemistry represents a technique employed as a “last 

resort” rather than a go-to method of choice. Looking forward, we see the following 

challenges preventing the mass adoption of electrochemistry in modern synthesis 

laboratories: (1) a lack of standardized equipment, (2) a steep learning curve for the 

underlying physical chemistry principles, and (3) an only limited number of truly broad or 

compelling transformations that necessitate its adoption. For the first challenge, while 

compiling this review, we note that each group has its own favorite instrumentation. Thus, 

reproducibility can be an issue as the underlying engineering aspect is not standardized 

across the community. Indeed, there is no standard practice concerning the use of certain 

power sources, electrolytes, or electrodes. The anecdotal nature of this area is undeniably a 

barrier to the widespread application of electrochemistry in synthesis. Second, many 

publications in this area are not geared toward practicing synthetic organic chemists—the 
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need to understand mathematical formulas and physical principles can present yet another 

hurdle. Finally, we have noted that many (but not all) of the reactions described thus far can 

be accomplished using simple chemical oxidants. In these cases, while the use of 

electrochemical methods is still advantageous in terms of sustainability and atom economy, 

the ability to procure the desired products in the most time-efficient manner is nonetheless 

the overriding concern in most preparative applications. Thus, the community should focus 

more on examples that are enabled by electrochemistry or provide decisive and powerful 

advantages over their purely chemical counterparts. In addition to the inherent advantages 

listed above, one can imagine electrochemically facilitated access to high energy species 

(organic and organometallic), useful new mediators, and improved variants of organic 

chemistry’s most used reactions through continuous redox control. If the community 

embraces these challenges, we anticipate synthetic organic electrochemistry could head into 

a golden era of vibrant utility.
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Figure 1. 
(A) Two hundred years of electroorganic chemistry: an “organocentric” view of selected 

milestones; basic principles of the undivided cell (B) and divided cell (C) explained through 

amide oxidations; color code (D) and cell notations (E) used in the review. Image credits: the 

image of “Volta Pile”, Copyright Wellcome Images, adapted under CC BY 4.0; the image of 

“Heyrovsky’s Polarograph”, Copyright Lukáš Mižoch, adapted under CC BY-SA 3.0; the 

image of Janke & Kunkel “Electrolytical Work Table”, Copyright IKA, adapted with 

permission.
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Figure 2. 
Oxidation of carboxylates: the Kolbe reaction and related processes.
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Figure 3. 
Oxidation of sulfinic acid salts.
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Figure 4. 
Generation of N-centered radicals through direct electrolysis.
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Figure 5. 
Generation of N-centered radicals through indirect electrolysis.
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Figure 6. 
Electrochemical generation of nitrene and nitrenium species.
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Figure 7. 
Shono oxidation: variation of nitrogen substituents.
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Figure 8. 
Shono oxidation: variation of trapping nucleophiles. Figure 8A inset: cyclic voltammogram 

adapted with permission from J. Am. Chem. Soc. 2008, 130, 10496–10497. Copyright 

(2008) American Chemical Society.
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Figure 9. 
Use of electroauxiliary in the Shono oxidation.
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Figure 10. 
Electrochemical generation of acyl iminium cation pools.
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Figure 11. 
Synthetic applications of Shono-type anodic oxidations.
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Figure 12. 
Electrochemical oxidation of alcohols. Reprinted from J. Am. Chem. Soc. 2015, 137, 

16179–16186. Copyright (2015) American Chemical Society.
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Figure 13. 
Generation of oxocarbenium cation pool and applications in glycosylation.
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Figure 14. 
Generation of oxocarbenium, thionium, and other carbocations with electroauxiliaries.
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Figure 15. 
Electrochemical oxidation of aldehydes.
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Figure 16. 
Indirect electrochemical α-functionalization of carbonyls.
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Figure 17. 
Electrochemical benzylic oxidation.
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Figure 18. 
Arene functionalization through electrochemical oxidation.
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Figure 19. 
Arene oxidation with the cation pool strategy.
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Figure 20. 
Diversity-oriented synthesis of polycyclic scaffolds through the modification of an anodic 

product derived from 2,4-dimethylphenol.
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Figure 21. 
Biaryl synthesis through electrochemical phenol oxidation.
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Figure 22. 
Aryl ether formation through anodic phenol dimerization.

Yan et al. Page 131

Chem Rev. Author manuscript; available in PMC 2018 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 23. 
Electrochemical generation of phenonium cations.
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Figure 24. 
Electrochemical oxidation of catechol and aminophenols.
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Figure 25. 
Electrochemically promoted nucleophilic aromatic substitution (GC/NMR yields listed in 

this figure).
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Figure 26. 
Arene functionalization with electrogenerated electrophiles and radicals.
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Figure 27. 
Electrochemical fluorodesulfurization and Pummerer-type fluorination.
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Figure 28. 
Electrochemical fluorination of miscellaneous functional groups.
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Figure 29. 
Anodic olefin coupling reactions of enol ethers and ketene acetal equivalents.
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Figure 30. 
Anodic olefin coupling with heteronucleophiles.
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Figure 31. 
Electrocatalytic cycloadditions.
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Figure 32. 
Anodic oxidation of other electron-rich olefins.
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Figure 33. 
Olefin functionalization with electrogenerated electrophiles. Inset photo in Figure 33B 

reprinted from Angew. Chem. Int. Ed. 2011, 50, 5153–5156. Copyright (2011) John Wiley 

& Sons.
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Figure 34. 
Electrochemical dehydrogenation and heteroarene synthesis.
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Figure 35. 
Electrochemical oxidation of allylic and unactivated C–H bonds.
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Figure 36. 
Oxidation of miscellaneous functional groups.
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Figure 37. 
Anodic oxidation in palladium catalysis.
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Figure 38. 
Reduction of aldehydes and ketones.
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Figure 39. 
Reduction of esters and amides.
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Figure 40. 
Reduction of activated olefins.
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Figure 41. 
Reduction of allylic systems and aromatics.
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Figure 42. 
Reduction of alkyl halides.
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Figure 43. 
Direct and indirect reduction of aryl halides.
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Figure 44. 
Indirect reduction of aryl halides with transition-metal mediators.
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Figure 45. 
Cathodic reduction in palladium catalysis.
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Figure 46. 
Electrochemical carboxylation of alkenes, alkynes, and carbonyls.
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Figure 47. 
Electrochemical carboxylation of organohalides.
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Figure 48. 
Reduction of miscellaneous functional groups.
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Figure 49. 
Cathodic generation of oxidants.
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Figure 50. 
Parallel paired electrolysis.
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Figure 51. 
Sequential anodic oxidation and cathodic reduction.
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Figure 52. 
Convergent paired electrolysis.
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