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Abstract: Herein, we provide eco-friendly and safely operated electrocatalytic methods for the
selective oxidation directly or with water, air, light, metal catalyst or other mediators serving as
the only oxygen supply. Heavy metals, stoichiometric chemical oxidants, or harsh conditions
were drawbacks of earlier oxidative cleavage techniques. It has recently come to light that a
crucial stage in the deconstruction of plastic waste and the utilization of biomass is the selective
activation of inert C(sp3)� C/H(sp3) bonds, which continues to be a significant obstacle in the
chemical upcycling of resistant polyolefin waste. An appealing alternative to chemical oxidations
using oxygen and catalysts is direct or indirect electrochemical conversion. An essential transition
in the chemical and pharmaceutical industries is the electrochemical oxidation of C� H/C� C
bonds. In this review, we discuss cutting-edge approaches to chemically recycle commercial
plastics and feasible C� C/C� H bonds oxygenation routes for industrial scale-up.

Keywords: Electrochemical oxygenation, C� H oxygenation, C� C bond cleavage, Plastic
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1. Introduction

Functional groups made of carbon-oxygen (C� O) bonds are a
common feature of complex compounds. The conversion of
relatively inert carbon-hydrogen (C� H) bonds, which are
common in basic precursor compounds, to C� O bonds by a
procedure known as C� H oxygenation is a particularly
attractive method for the synthesis of such molecules. The
synthetic world has recently paid a lot of attention to organic
electro-oxidation as a potent and sustainable method.[1–9] With
the potential to eliminate the need for expensive and harmful
oxidants or reductants,[1,10–13] electrosynthesis has become a
more and more practical method for molecular synthesis,
lowering the environmental impact of unwanted, toxic
byproducts.[14–15] Electric current is more environmentally
friendly and greener than conventional chemical oxidants.[16–21]

In the existing structure of the chemical industry, the
production of feedstock depends critically on the effective and
selective oxidation of the C� H bond in organic
compounds.[22–24] Aldehydes and ketones, two crucial inter-
mediates needed to meet the need for products with significant
value like fragrances, agrochemicals, and pharmaceuticals, can
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be produced by a conventional oxidation.[25–27] Low polarity
and strong bond energy of C� H bond, however, make it
difficult to activate it using mild and controlled methods. It is
common practice to use harsh operating conditions, such as
high oxygen pressures,[28] high temperatures,[29] stoichiometric
additives,[30] powerful oxidants(H2O2, t-BuOOH, O2, etc.)[31]

and acidic solvents.[32] Electrochemical oxidation, in contrast,
is a reliable and sustainable substitute.[1,12,33–34] Under favorable
circumstances, organic substrates that are electrically driven
can lose electrons at the surface of anode (positive electrode),
resulting in the formation of products.[35–36] Catalysts are
essential for electrochemical oxidation because they have a
significant impact on the reaction rate, selectivity, and Faraday
efficiency.[37–40] Inert C� C bonds can be activated under mild
conditions via electrochemical oxidation, which is a promising
method.[35,41–45]

An important step in the deconstruction of plastic waste
and the valorization of biomass, the selective activation of
carbon (sp3)-carbon(sp3) bonds is a difficult problem in organic
chemistry.[46–51] However, the inertness of the C� C associa-
tions prevents selective and energy-efficient bond activation of
these compounds.[51–53] Indeed, a number of thermodynamic
and kinetic restrictions,[54–58] such as high bond dissociation
energies (BDEs) of about 90 kcalmol� 1 for C� H bonds and
unfavorable orbital directionality towards cleavage, which
necessitates the rotation of two carbon sp3 orbitals, make it
difficult to activate C� C bonds.[59] Studies show that as the
C� C bond dissociation energy decreases, the selectivity of the
C� C bond cleavage rises. To this goal, electrochemical
oxidation offers a viable method for mildly activating inactive
C� C bonds.[35,41–45]

Such electrochemical methods can be divided into direct
and indirect electrochemical C� H/C� C bond oxygenation.
The substrate diffuses to the electrode surfaces in a direct
electro-oxidation configuration, where it receives an electron
transfer. Although the inert C� C bonds must be activated by
strongly anodic potentials, which can also induce adverse side

effects such solvent oxidation, direct electro-oxidation is
inefficient at converting energy.[6,60] The efficient cleavage and
functionalization of C� C bonds would be advantageous in a
variety of processes, including the conversion of biomass, the
production of pharmaceuticals, and polymer degradation.[61–69]

For example, visible light driven C� C bond cleavage is used in
recycling of plastics and other organic transformations.[70]

Due to its widespread use in the production of pharma-
ceuticals and fine chemicals, direct oxidation of benzylic
C(sp3)� H bonds to produce carbonyl compounds is one of the
most useful conversions.[71–76] Even so, a lot of progress has
been made toward achieving site-selective, regulated C� H
oxygenation reactions in challenging environments.[77–88]

Using water as the only oxygen source is an environ-
mentally friendly electro-catalytic method. The anodic C� H
oxidation onset potential can be lowered by adding water.
Using air as an only oxygen source is also eco-friendly and
green electrochemical C� H/C� C bond oxygenation protocol
because air is the purest and safest oxidant. However, difficult
oxidative processes can be carried out selectively using electro-
photocatalysis. Mediated electrochemical C� H/C� C bond
oxygenation lowers the anodic potential and it provides high
selectivity. However, recycling challenges have to be faced and
mediators are required in this strategy. Transition metal
catalysis has become one of the most significant channels for
selectivity control in contemporary synthetic chemistry. In
modern synthetic chemistry, transition metal catalyzed C� H/
C� C bond oxygenation has emerged as one of the key
mechanisms for selectivity regulation.

We suggest the review article by Gerhard Hilt[89] that
highlights the fundamental concepts and various applications
in organic electrochemistry, as well as the article by Charlotte
Willans and coworkers[90] that aims to make electrosynthesis
more accessible to beginners, in order to help the reader
understand the technique of electrosynthesis.

Recent investigations have concentrated on looking for a
green oxygen source in electrochemical C� H/ C� C bond
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oxygenation. This study has revealed direct,[91] water-
aided,[92–93] air-intended,[94] transition metal-
catalyzed,[54,57–58,95–98] photo-induced,[99–104] and other mediated
electrochemical C� H/C� C bond oxygenation.

2. Direct Electrochemical C� H/C� C Bond
Oxygenation

For the oxidation of benzylic C(sp3)� H bonds, an effective
electrochemical technique has been suggested. Using O2 as the
oxygen source and 0.4 M lutidinium perchlorate as the
electrolyte, a range of methylarenes, methylheteroarenes, and
benzylic (hetero)methylenes could be converted into the
required aryl aldehydes and aryl ketones in moderate to good
yields (up to 96% yield). When the reaction conditions were
first optimized in an undivided cell using p-chlorotoluene 1,

the required aldehyde 2 at room temperature was produced
(Scheme 1). It is metal and base free gram scale strategy. Glassy
carbon plate was used as anode and platinum plate was used as
cathode, the current applied during this electrochemical
process was 5 mA.

In order to produce the corresponding aldehydes in good
yields 2a–2g, both electron-withdrawing and electron-donat-
ing substituted methylarenes underwent efficient oxidation.
Furthermore, the reaction was unhindered for substrates with
various aryl ring substitution patterns 2h–2k. In modest yields
2g and 2 l–2q, bismethylbenzenes were selectively oxidized to
the corresponding monoaldehydes. Bisaldehyde 2r was pro-
duced in a 68% yield when 1-methoxy-2,4-dimethylbenzene
1r was utilized in the process. It was reasoned that both the
methyl groups on the ortho- and para-positions can be oxidized
because the methoxy group can effectively stabilize the benzyl
radical through resonance at the ortho-and para- positions.

Scheme 1. Electrochemical production of aldehydes 2 by direct C� H bond oxygenation.
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Monoaldehyde 2s was obtained in a 40% yield during the
oxidation of symmetrical 1,2-dip-tolylethane 1s, but no
ketone or bisaldehyde was produced. By oxidizing substrate
1k on a 5 mmol scale to produce the desired product 2k was
produced in 80% yield. 2k is an important synthon for the
production of porphyrins or porphyrin nano-rings.[105–106]

A potential single electron transfer mechanism (scheme 2)
for the electro-oxidation reaction has been put forth on the
basis of cyclic voltammetry studies, 18O labeling experiments,
and radical trapping experiments. Luttidine F undergoes
cathodic reduction at the cathode electrolyte to produce H2

and lutidine G. In contrast, the anodic oxidation of substrate 1
results in the formation of the radical cation A via single
electron transfer (SET), and the subsequent loss of a benzylic
proton results in the generation of the benzyl radical B with
the help of lutidine E. This radical could be captured by
molecular oxygen to form peroxy radical C, which then takes a
hydrogen atom from benzylic acid to create hydroperoxide
intermediate D. After dehydration, this intermediate gives rise
to aldehyde product 2. In order to get the final product, the
hydroperoxide intermediate D can potentially change into
benzyl alcohol E and then go through anodic oxidation.[91]

The composition of the electrodes can significantly affect
how an electrolysis reaction plays out. The ability of various
electrodes to produce various products from the same substrate
is very intriguing. The selective molecular oxygen reactions of
styrene derivatives with electrode materials have been reported.

Tetrahydrofuran is formed using carbon electrodes while
carbonyl compounds can be produced by cleaving olefins using
platinum electrodes. For both reactions, a range of styrenes are
available. Metal- and oxidant-free, simple and mild chemical
transformations are made possible by electrolysis. The distinct
ways that platinum and carbon electrodes affect styrene are
revealed by electrochemical tests. The fact that the oxidation
potentials of the substrates are lower (greater HOMO energy)
on carbon electrodes than on platinum electrodes is likely the
determining factor in the different reactions. Tetrahydrofuran
synthesis may be aided by the adsorption of the substrates on
carbon electrodes.Selective transformation of styrenes 3 with
molecular oxygen(O2) into carbonyls 4 and tetrahydrofurans
(THF) 5 was demonstrated using electrode material (platinum
and carbon).

At room temperature, Pt-electrodes were placed in an
undivided cell containing 10 mL of O2-saturated solution
containing 0.5 mmol of substrate. The extent of the olefin
cleavage using the optimal conditions was illustrated
(Scheme 3). In this reaction, a number of styrenes were
produced in yields ranging from 50 to 96%. The correspond-
ing ketones 4b–4e were produced in good yields from α-
methylstyrene derivatives 3b–3e. Both β-cis/trans-meth-
ylstyrene and styrene 3 f were tolerated. The conversion of a
bulky substituent 3 i is possible. Halogen substituents (3 j–3n
and electron-withdrawing groups provided the required prod-
ucts in moderate to high yields. Surprisingly, 52% of

Scheme 2. Proposed mechanism for electrochemical production of aldehyde 2 by direct C� H bond oxygenation.
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Bexarotene (Targretin), an anti-cancer drug for cutaneous T-
cell lymphoma, was successfully changed 4o.

Carbon electrodes have been investigated for an unexpected
THF synthesis (Scheme 4). In natural substances like lignans,
the structural moiety of 2,5-diaryltetrahydrofuran is frequently
present.[107] Selective THF production over C=C cleavage was
done using a range of substrates in yields ranging from 36–
98%, while excellent stereoselectivity was not attained.
Importantly, column chromatography allowed for the separa-
tion of the products’ stereoisomers, with the exception of 5h
and 5 j. Excellent yields 5a–5 e of α-substituted styrenes were
converted into the desired THF products. Even though there
was only limited oxidative cleavage of the olefins, 3 f and 3 i
were transformed in low to moderate yields 5 f and 5g because
the starting materials could not be consumed fully. The

transformation of halogenated styrene with good chemo-
selectivity 5h–5k was achieved. The fact that 3g, 3h, and 3n
did not respond is remarkable. Sometimes an excessive amount
of charge was required, maybe as a result of the superoxide
radical anion‘s competitive oxidation (EoxO2

*� /O2 = � 0.56 V
vs. Ag wire) or the reduction of the radical cation at the
cathode.[108]

Scheme 5a depicts two possible carbonyl product forma-
tion routes from the olefin cleavage. Due to its long lifetime in
aprotic solvents and the fact that it can be produced via the
reduction of O2.O2

*� would serve as a trap for the radical
cation intermediate A. The dioxetane B and epoxide C
intermediates are produced on the major and secondary
pathways, respectively. Formaldehyde was identified by GC-
MS, indicating that the dioxetane was rapidly degraded into
the intended carbonyl compounds. The THF synthesis
requires A to be trapped by 3b at the β-position after 3b has
been anodically oxidised on the carbon electrode. O2

*� then
forms a connection with A’, forming 5b (Scheme 5b).[109]

Scheme 3. Electrochemical production of carbonyl 4.

Scheme 4. Electrochemical production of carbonyl 4 and tetrahydrofuran 5.
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Trifluoromethoxylated aromatics (ArOCF3) are significant
structural motifs in the field of drug discovery because the
addition of the trifluoromethoxy group (CF3O) enhances their
desired physicochemical qualities. Despite recent major
advancements in the CF3O group insertion into aromatic
compounds, current techniques necessitate for the employment
of pricey trifluoromethoxylation reagents or harsh reaction
conditions. The direct C� H trifluoromethoxylation of
(hetero)aromatics by the combination of the widely accessible
trifluoromethylating reagent and oxygen under electrochemical
reaction conditions has been addressed in a conceptually novel
and straightforward practical methodology. Trifluorometh-
oxylated aromatics are being used in more and more
pharmaceutical products.[110–111] For instance, the FDA only
recently approved Sonidegib (anticancer)[112] and Pretomanid

(antituberculosis)[113–114] in 2015 and 2019, respectively, while
MI-09 is a superb SARS-CoV-2 Mpro inhibitor with antiviral
effectiveness in a transgenic mouse model.[115]

This innovative trifluoromethoxylation could offer Ar-
OCF3 a practical, step- and atom-efficient, convenient, and
practical technique. There were reportedly many difficulties
with this O2-involved radical trifluoromethoxylation. First, O2

might prevent the trifluoromethylating reagents from produc-
ing CF3 radicals. Second, the electrophilic and highly active
CF3 radical would combine with aromatics to produce the
competitive trifluoromethylated product. Third, the unstable
and highly active CF3OO* radical may not readily yield the
trifluoromethoxy radical.[116]

The reaction was conducted in an undivided cell possessing
graphite anode and platinum cathode with O2 atmosphere and
constant current electrolysis. MeCN/H2O was used as the
solvents, and Bu4NClO4 as the electrolyte.[117] After determin-
ing the ideal reaction conditions, the electrochemical C� H
trifluoromethoxylation process‘s substrate range was investi-
gated. First, integrating the OCF3 group into heteroaromatics
was concentrated. Pyridines with chloro, bromo, and ester
substituents, were well tolerated and gave rise to the
compounds (8a–8c) in moderate to high yields. Smooth
reactions occurred between electro-donating and electro-with-
drawing substituents in pyrimidine derivatives (8d and 8e).
Thiophene and imidazole could be combined to produce the
equivalent trifluoromethoxylated compounds (8f and 8g).

Mono-substituted aromatics with phosphonate, sulfonate,
nitro, phosphine oxide, cyano, and sulfonyl groups all
converted satisfactorily and in good yields into the required
products (8h–8m). Furthermore, the synthesis of highly
functionalized trifluoromethoxylated aromatics (8o–8w) was
made possible by the compatibility of sulfonyl, chloro, bromo,
ester, cyano, trifluoromethyl, aldehyde, and ketone substitu-
ents. In modest yields phthalimide 8s and anthraquinone 8t
underwent regioselective trifluoromethoxylation. Tri- or tetra-
substituted aromatics that were sterically inhibited took part in
the reaction with good selectivity as well (8u–8x). The
regioisomers were often isolated as a mixture for those
substrates containing several reaction sites. The competitive
hexafluoroisopropoxylation reaction, however, prevented the
relatively electro-rich aromatics from being useful in this
synthesis.[118] The trifluoromethoxylation of the complex and
bio-relevant compounds was focused at to further highlight the
usefulness of this electrochemical procedure. The
trifluoromethoxylated compounds 8aa, 8ab were readily
produced from the nitrogen-containing ligands in average
yields. Additionally, this reaction was easily carried out with
natural product derivatives made from l-menthol and l-threitol
(8ac, 8ad). This approach was also effectively used to produce
the trifluoromethoxylated compounds (8ae–8ag) in syntheti-
cally useful yields from commercially accessible pharmaceut-

Scheme 5. Suggested mechanism for electrochemical production of carbonyl
4b and tetrahydrofuran 5b.
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icals such as the neural system drug Etoricoxib, the neural
system drug Trancopal, and anti-cancer drug Letrozole
(Scheme 6). To produce product 8 in a 70% isolated yield,

the electrochemical trifluoromethoxylation reaction could be
stepped up to 3.0 mmol.[119]

On the basis of relevant data from earlier research,[120–123] a
possible reaction mechanism was suggested in scheme 7. To

Scheme 6. Electrochemical production of trifluoromethoxylated compounds 8a–8 z and 8aa–8ag.
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create A, HFIP 9 must first bind to the nitrogen atom in 7.
The radical anion B is then produced by the cathodic
reduction of A. Sulfinate ion and the CF3 radical are released
when the radical anion B collapses.[124] After CF3 radical and
O2 combine, CF3OO radical is produced,[125] which can then
be reduced at the cathode to produce the crucial CF3O radical
intermediate.[126] The dearomatized intermediate C is produced
when (hetero)aromatics are combined with the CF3O radical.
After re-aromatization and anodic oxidation of C, the required
trifluoromethoxylated compounds 8 are produced. In the
meanwhile, anodic oxidation is used to change the sacrificial
electron donor Et3N into the appropriate iminium cation.

3. Indirect Electrochemical C� H/C� C Bond
Oxygenation

This type is further categorized into following subtypes:

3.1. Electrochemical C� H/C� C Bond Oxygenation Using
Water

For the production of feedstock in the chemical industry, the
selective oxidation of the C� H bond is essential. The use of
oxygen or peroxide as the oxidation reagent under high
temperatures in current techniques poses significant problems
to the sustainability of production and industrial safety. Here,
M. Ding et.al., show how to use water as the only oxygen
source and an eco-friendly electrocatalytic method to selec-
tively oxidize benzyl groups to ketones under ambient
conditions (Scheme 8). Water addition lowers the anodic
C� H oxidation onset potential and yields 1-tetralone 9 with

excellent ketone to alcohol ratio and satisfying conversion. The
water affinity is further adjusted and the oxidation is facilitated
by layered MnO2 catalysts (rich in oxygen vacancies), which
results in a much higher faradaic efficiency. Reaction was
performed in an undivided cell possessing reticulated vitreous
carbon (RVC) as anode and platinum plate as cathode. 6-
methoxy-3,4-dihydronaphthalen-1(2H)-one product 11 is
obtained in 85% yield. The water molecules can then attack
the cation intermediate created at the anode to form a C� O
bond, leading to the production of ketone products with high
conversion and high ketone to alcohol ratio. More impor-
tantly, this water-assisted method avoids the use of mediators
or chemical oxidants such gaseous oxygen or hydrogen
peroxide, which prevents the creation of the potentially
explosive alkyl hydroperoxide intermediate. It also functions at
normal temperature and ambient pressure. As a result, it offers
an environmentally friendly, abundant, and secure source of
oxygen, which greatly lowers the cost and possible risks for use
in industrial production. To understand the electro-kinetics
and reaction mechanism, systematic experiments are made.
Further research is being done on functional methods to
modify the water affinity of the electrode materials in order to
improve the catalytic performance of electrodes. A variety of
compounds with benzyl groups were used as substrates to
demonstrate the adaptability of this electro-oxidation arrange-
ment (Scheme 8). Due to the relative stability of the aromatic
ring and the electron-rich nature of the C=C bonds, the
corresponding ketones (11a–11 i) were produced under the
same conditions. Alcohols were also absent from the reaction
mixture. Additionally, the activity and selectivity for the
electro-oxidation of compounds containing pyridyl and furan
rings were assessed; the activities were generally weak, possibly

Scheme 7. Proposed mechanism for electrochemical production of trifluoromethoxylated compound 8.
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due to the unfavorable effects of the heteroatoms inside the
rings.[93]

A novel and sustainable method for electrochemically
assisted decyanative C(sp3)� H oxygenation of tertiary amines
was developed. This strategy includes incorporating cyano
groups into the substrates, which serve a dual purpose of
removing groups. The major goal of this technology was to
overcome the issues associated with formamide electrosyn-
thesis. Research demonstrated that the oxygen atom essential
for carbonyl production comes from H2O rather than
molecular O2. This novel decyanative C(sp3)� H oxygenation
approach is notable for its harmonic compatibility with
common techniques such as external oxidant-mediated, tran-
sition metal-catalyzed, and photo catalyzed formylation proc-
esses. The electrochemical decyanative formylation reaction
was developed using 2-(dibenzylamino) acetonitrile 12a and
H2O as model reaction partners. A decyanative N-formylation
product 13 was formed by electrolyzing nBu4NBF4 and
MeCN at 8 mA constant current in an undivided cell with a
graphite rod anode and a platinum plate cathode for 4 hours at
room temperature. The product yielded 86% of N,N-
dibenzylformamide13a (Scheme 9).

The evaluation of the applicability and limitations of this
electrochemically driven decyanativeC(sp3)� H oxygenation
process with respect to several N-cyanomethylamines was
concentrated after the optimal conditions had been deter-
mined, as shown in scheme 10. In the beginning, (12b–12g),
the electronic effects of ssubstituents on the benzene ring
moiety of 2-(dibenzylamino)acetonitriles were assessed. It was
discovered that the various substituents, such as Me, MeO, F,
Cl, Br, and CF3, could participate in this selective electro-
chemical decyanative C(sp3)� H oxygenation very well to
produce the corresponding formamides 13b and 13g,
respectively, in moderate to excellent yields (80–92%). A
methyl group was present at either the 2- or 3-position of the
benzene ring moiety in the substrates, these substrates 12h
and 12 i smoothly produced the corresponding formamides
13h and 13 i in yields of 76% and 87%, respectively. In this
electrochemical system, asymmetric 2-
(dibenzylamino)acetonitrile derivatives were also studied fur-
ther, and a series of substrates from 12 j to 12n effectively
carried out the decyanativeformylation process to generate a
variety of functionalized formamides 13 j-13n in good yields.
Fortunately, the required products 13b, 13c, and 13h were

Scheme 8. Electrochemical production of 1-tetralone 11.

Scheme 9. Electrochemical production of N,N-dibenzylformamide13a.
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Scheme 10. Electrochemical production of decyanative N-formylation products 13b-13ah.
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produced in pretty excellent yields (73–83%), but with slightly
lower efficiencies than those using MeCN as the solvent, by
switching from MeCN to a mixed solvent of H2O/MeCN (1:
1). In general, the electron-donating or electron-withdrawing
groups substituted on the benzene ring moiety have no
discernible effect on the selectivity and reactivity of these 2-
(dibenzylamino)acetonitrile derivatives.

The required compounds 13p and 13t were then
produced, respectively, in high yields (75-88%), from a variety
of 2-(alkyl(benzyl)amino)acetonitriles 12p and 12 t, including
methyl, isopropyl, n-butyl, tert-butyl, and allyl. Unfortunately,
the substrate 2-(benzyl(phenyl)amino)acetonitrile 12u was
inert, and more than 90% of the substrate 12u was recovered.
In addition, corresponding formamide 13v could not be seen
since 2-(benzylamino)acetonitrile 12v was quickly broken
down. This electrocatalysisdecyanative method was also com-
patible with other 2-(dialkylamino) acetonitriles. Different 2-
(dialkylamino)acetonitriles with n-butyl, allyl, isopropyl, or
cyclohexyl groups smoothly interacted with water to produce
the corresponding formamides 13w–13z in high yields (72–
80%).

With regard to several cyclic N-cyanomethylamines, It was
focused on the viability of this electrochemical
decyanativeC(sp3)� H oxygenation procedure. The simple
conversion of the five-membered N-cyanometh-
yltetrahydropyrrole 12aa to the N-formyl tetrahydropyrrole
13aa produced a 76% yield. Similarly, an array of six-
membered cyclic N-cyanomethylamines, such as N-

cyanomethylmorpholine 12ab, N-cyanometh-
ylthiomorpholine 12ac, 2-(3,4-dihydroiso-quinolin-2(1H)-
yl)acetonitrile 12ad, and 2-(1-methyl-3,4-dihydroiso-quino-
lin-2(1H)-yl)acetonitrile 12ae, were also suitable for this
transformation, giving the corresponding cyclic formamides
(13ab–13ae) in moderate to excellent yields (76%-85%).
Notably, the incorporation of N-formyl into some significant
bioactive molecules, such as vortioxetine, paroxetine, and
nortropine, was successfully accomplished using this electro-
chemical approach.

Scheme 11 demonstrates the mechanism that includes the
anodic single electron oxidation of tertiary amine 12 to
produce nitrogen-centered radical cation A, which swiftly loses
one proton (H+) to produce carbon-centered radical B.
Following that, the radical intermediate B oxidized at the
anode surface to create the crucial iminium ion intermediate
C. The addition of H2O to the iminium ion result in the
formation of intermediate D. Finally, the cyano group was
removed to provide the iminium ion intermediate E, and the
desired product 13 is achieved while the created cyano anion is
present.[127]

3.2. Electrochemical C� H/C� C Bond Oxygenation Using
Metal-Free Electrocatalysts

Ethylbenzene 14 oxidation is a crucial chemical process that
yields valuable chemicals like styrene 3, acetophenone 15, and
N-(1-phenethyl) acetamide 16. Polyoxometalates (POMs) are

Scheme 11. Proposed mechanism for electrochemical production of N-formylation product 13.
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anionic metal-oxide clusters made from abundant earth
elements like Mo, V, W, Ta, and Nb. POMs are interesting
electrocatalysts due to their tunable redox characteristics and
rapid electron transport behavior. Recent research suggests that
porous cationic covalent triazine frameworks (CTFs) are ideal
for POM-based electrodes. The POM@CTF proved to be
highly active for selective benzyl alcohol oxidation and H2

production. Li et al performed Ethylbenzene (EB) oxidation
by employing PMo10V2@CTF, a noble metal-free electro-
catalysts. Using water as the oxygen source, 65% of ethyl-
benzene 14 transformed to three value-added products with a
total Faraday efficiency of 90.4% while operating at room
temperature and humidity.

A feasible mechanism was developed (Scheme 12). The
� 1e� /� 1H+ reaction on the anode oxidizes the benzylic C� H
bond of 14, yielding a benzylic radical after one electron
oxidation, resulting in a carbocation intermediate. Next,
styrene was created by removing β-H atoms. Nucleophiles trap
carbocation. Acetonitrile attack produces nitrile cations,
resulting in 16 that follows hydrolysis, while H2O attack
produces ACE with phenyl ethanol as an intermediate. In
addition to aiding in the electron transfer oxidation of EB, the
uniformly distributed PMo10V2 that serves as the major
catalytic active sites also helps stabilize the carbocation
intermediate. It opened up a sustainable route for the oxidative
improvement of alkylaromatic chemicals.[128]

3.3. Electrochemical C� H/C� C Bond Oxygenation Using
Air

Heavy metal pollution, excessive chemical oxidants, transition
metal catalysts, and severe reaction conditions are common
problems with traditional approaches. The oxidative cleavage
of the aromatic C=C bond in indoles has been studied in
depth by scientists who were motivated to do so by previous
reports[45,56,62–64,66–69,129–135] and efforts on selective cleavage of
C=C bond. Since air is the purest and safest oxidant, they
began by investigating terminal oxidant situations using air.
The C(2)=C(3)/C(2)� N bonds in indoles can be broken apart
using an aerobic oxidative cleavage driven by electrochemistry.
This method is used to synthesize many ortho-amino aryl
ketones, which are used often in the synthesis of pharmaceut-
icals and other natural compounds. It was simple to scale up,
did not require any metals, and used air as the oxidant.

The corresponding products 18 were isolated in good
yields by successive cleavage of the C(2)=C(3) and C(2)� N
bonds of N-Boc-indoles 17 under mild conditions. Graphite
felts(GF) were used as both anode and cathode, Et4NBF4 as
electrolyte, acetonitrile-water as co-solvent, constant current,
room temperature, in an undivided cell. Et4NBF4 was
discovered to be more efficient in a screening of supporting
electrolytes.[94]

As a result of the aforementioned optimization conditions,
applications of N-Boc-indoles and its derivatives are displayed

Scheme 12. Electrochemical production of styrene 3, acetophenone 15, and N-(1-phenethyl) acetamide16 and proposed mechanism for the electrocatalytic
oxidation of ethylbenzene 14 by PMo10V2@CTF.
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in scheme 13. It was discovered that the target products could
be produced in moderate to good yields (18a–18e) with a
phenyl group on C3, regardless of whether the substituent on
the indole core was electron-withdrawing or electron-donating.
Additionally, C3-arylated indole was efficient substrate 18f.
The yield decreased for substrates with more steric hindrance

18f. In addition, indoles containing an alkyl group on the C3
atom easily gave rise to the desired compounds 18g–18h. In
addition, the indoles 18 j–18m with cycloalkyl and tetrahy-
dropyran substituents were compatible with this system.
Notably, considerable yields of the required compounds may
also be obtained through the oxidation of tryptamine and

Scheme 13. Electrochemical production of ortho-amino aryl ketones 18a–18r.
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azazindole derivatives (18n and 18o). It is interesting to note
that benzofuran may also be compatible with this electro-
chemical system (18p), which showed promise for use in other
heterocycles.

However, with heterocycles like benzothiophene and
pyrroles, no desirable product was observed. Tert-butyl(2-
formylphenyl)carbamate (18q), which was produced in 21%
yield by the C2-aryl-N-Boc indole, suggesting that a decarbon-
ylation should take place. Different N-protective groups
produced various results. While N-Tos indole was a poor
substrate, N-Benzoyl indole produced a 35% yield of the
desired product (18r). The raw materials were almost always
entirely used up, and the low yields could be the result of
excessive substrate oxidation.

This method can easily be scaled up to the gram level, as
shown in scheme 14a. It suggests that the chemical and
pharmaceutical industries might use this technology. The
products also serve as valuable building blocks that are easily
transformed into a variety of bioactive heterocycles (sche-
me 14b–14d).[94,136]

At first, indoles 17 were oxidized on the anode to a radical
cation A that could resonate with B. Cathodic oxidation of
oxygen led to the formation of the superoxide radical anion,
which was then trapped by the B to yield the four-membered

peroxide C. The ring-opening ketone D could be obtained via
fragmentation of C. Then, there would be two routes through.
In scenario I, radical E is produced when hydrogen is
transferred from D to the superoxide radical anion in the
solvent cage. When E is deformed, CO and the radical F are
produced; F then abstracts a hydrogen atom back into HOO–,
producing the end product and regenerating O2

– in the
process. The second possible route begins with D and ends
with molecular oxygen via the same procedures described
earlier (scheme 15).

It has been revealed that an inert C(sp3)� C(sp3) bond in
alkylarenes can be broken by electrochemistry. A wide variety
of aryl alkanes can be transformed into ketones and/or
aldehydes, which are useful building blocks for synthetic
processes, by simply bubbling air into an undivided cell. More
importantly, this technique might offer a workable concept for
polymer degradation and biomass conversion. To test this
theory, Z. Liu and coworkers first investigated the conditions
of the reaction using the template substrate 4-isopropylphenyl
benzoate 19 and air as the terminal oxidant (Scheme 16).
When graphite felt was used as the anode and Platinum plate
was used as the cathode in an undivided cell with air bubbling,
CF3NaSO3as the electrolyte acetonitrile (CH3CN) as the
solvent, and stirring at room temperature and constant voltage,

Scheme 14. Gram scale electrochemical production of ortho-amino aryl ketone18a and electrochemical production of bioactive heterocycles18aa–18ac.
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the desired product 20a was produced in90% yield. In this
case 0.6 equivalent of HCl was used as an additive. Addition-
ally, it was discovered that this reaction may be scaled up to
grams level.[137]

These early results motivated an investigation into the
practicability of this electrochemical oxidation system. Under
the predetermined reaction conditions, a variety of functional-
ized alkylbenzenes 19 were used as substrates (Scheme 16).
Notably, moderate to high yields of the target products can be
obtained from unsubstituted alkylbenzenes and electron-rich
substrates (19a–19k). The target product 20b was discovered
along with ethanal during the course of the GC–MS detection
of 20b, which was used to confirm the oxidative product of
the releasing alkyl group. It is interesting to note that in
substrates with two branches at the same benzyl position
(19d–19f), only the longer chain will be cut off selectively.
This selectivity may be a result of the corresponding leaving
alkyl radicals’ stability, which are produced when a C� C bond
is broken.It was thrilling to learn that numerous compounds
found in natural products and medications, such as methyl
dehydroabietate, hexestrol, and derivatives of ibuprofen,
suffered selective cleavage of the C� C bond (19 l, 20 l, 19m,
and 19n). Several substrates containing primary or secondary
C� H bonds in the benzyl position have been calculated under
standard circumstances (19n–19v) in order to examine the

range of this transition. Both benzyl C� H and C� C oxidation
happened in the case of secondary methylene-containing
substrates (19n–19s). Furthermore, the stability of the
departing C-centered radicals was crucial for the principal
products. The more stable secondary, tertiary and benzyl
radicals would lead to C� C oxidation (19n, 19p, 19r, and
19s), whereas the active primary radical would mostly
contribute to C� H oxidation (19o and 19q). From this
finding, it was concluded that C� C oxidative products would
develop more frequently if the leaving alkyl radicals were more
stable tertiary C-centered radicals. Moreover, the crucial
intermediary that causes the C� C cleavage is not the four-
membered ring peroxide but rather the alkoxyl radical.
Additionally, the associated aldehydes, which were primary by-
products of toluenes (19t–19v) in this system, were identified.

Furthermore, it was assessed the electro-oxidative condi-
tions with a derivative of estrone named 3-methoxy-estrone
(19w), taking into account the practical applicability and
universality of this approach. Recovering 30% of the original
substance, this steroid was cheerfully transformed into 20w in
35% yield (Scheme 17a). In addition, the yield of ketones
produced by the oxidation of CH2 that is benzylic was noticed.
In addition, it was discovered that this reaction may be
increased up to the level of grams (Scheme 17b).

Scheme 15. Suggested mechanism for electrochemical production of ortho-amino aryl ketone 18.
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Scheme 16. Electrochemical production of ketone derivatives 20a–20u.
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A potential mechanism in scheme 18 based on the findings
of earlier research investigations is suggested.Alkylarene 19 was
first oxidized on the anode to a radical cation, which then
released a proton to create a benzyl radical A. A was able to
obtain peroxide radical B by capturing molecular oxygen. After
that, the homolysis of B and hydrogen-atom transfer would
produce an alkoxy radical C and a hydroxyl radical. The
corresponding ketone and an alkyl radical were produced by
the -scission of C, which also produced the other oxidation
result by forming a bond with O2.

A supplementary cathode oxygen reduction process allowed
for the development of a method for electrochemically oxygen-
ating indoles to produce isatins. This green protocol‘s
characteristics include exogenous oxidant free preparation,
molecular oxygen as the only oxidant, and the absence of an
electron transfer mediator. Its gram scale’s set up consists of
flow-cell. The two oxygen atoms in the isatins were likely both
derived from molecular oxygen, according to mechanistic
analyses that supported a radical process. To improve the
electrolysis conditions, the authors began researching the
electrolytic aerobic oxidation of 1-methyl-1H-indole 22a.

Reticulated vitreous carbon (RVC) served as the anode and an
iron plate served as the cathode in the electrochemical setup,
which was a single undivided cell. 1-adamantane carboxylic
acid (AdCOOH (5 equiv)), sodium ethoxide(NaOEt
(0.5 equiv), and KPF6 (1 equiv) were used as the supporting
electrolytes in DMF at ambient temperature, an air environ-
ment, and a continuous current of 2 mA for 18 hours to
produce N-Methyl Isatin 23a in 86% yield.

The substrate scope for the electrolytic aerobic oxidation of
indoles was then investigated (Scheme 19), using the optimum
conditions as a guide. It went well to produce N-methylisatin
23a from N-methyllindoles bearing CH3 and COOH at
position C2 (Scheme 19, 22aa and 22ab).

The approach, however, was unable to successfully oxidize
the indoles (22ac or 22ad, respectively), which were
substituted with either C2-CO2Me or C2-Ph. Only 7% of
23a was separated due to the presence of a methyl substituent
at position C3. In low yields, the carbaldehyde and the C3-
substituted indole carboxylic acid were converted into 23a.
Additionally, C3-CO2Me 22ah failed to deliver the expected
outcome. Next, it was also looked into how substituents
affected the nitrogen atom in indoles. N-alkyl or N-phenyl
indoles typically interacted effectively to produce desired
products 23b–23e in high yields. In contrast, under the
prescribed conditions, indoles replaced with electron-with-
drawing groups like Ac and Boc failed to provide the expected
results. The similar procedure was used to create VU0119498,
a medication with a reputation for acting as a neuroprotective
agent, with a 57% yield. In addition to the N1-, C2-, and C3-
substituted indoles, a number of other substituents, including
OR (R=Me or Bn), Ph, CHO, CN, CO2Me, F, Cl, Br, and
CF3, were all tolerably tolerated at positions C4–C7 of the N-
methylindoles, yielding a variety of N-methylisatins in accept-
able to good amounts. The one exception is that only 13% of
5-nitro-N-methylisatin 23t could be extracted.[138]

A mechanism for the electrochemical aerobic oxidation of
indoles has been proposed (Scheme 20) based on the extensive

Scheme 17. Electrochemical production of estrone 20w and gram scale electrochemical production of ketone derivative 20a and alcohol derivative 21a.

Scheme 18. Suggested mechanism for electrochemical production of ketone
derivative20.
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experimental mechanistic studies described above. First, a
single electron oxidation of 1-methylindole 22 with a
calculated oxidation potential of 1.27 V versus SCE generated
the radical cation intermediate A. At the same time, superoxide
ions O2

*� are produced by oxygen‘s one-electron reduction.
Intermediate B is produced by additional anode single-electron
oxidation with a predicted oxidation potential of 1.01 V vs
SCE, which is then followed by radical coupling between A
and O2

*� to produce intermediate C. The 1-methylindolin-3-

one cation D and a hydroxyl radical are produced as a result of
the homolytic cleavage of the oxygen oxygen bond of C via
transition state with a free energy barrier of 11.3 kcal/mol. To
create the radical cation E, D would be attacked by HO2

*,
which is produced from O2

*� and a proton. This step‘s
estimated total activation free energy is 18.3 kcal/mol. Then, F
will be produced by the deprotonation of AdCOO� , which is
generated from the deprotonation of AdCOOH by superoxide
ions O2

*� or NaOEt. According to the predicted outcomes,

Scheme 19. Electrochemical production of N-alkyl Isatin 23.
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this deprotonation by AdCOO� is thermodynamically efficient
(G° =38.5 kcal/mol).

3.4. Photo-Induced Electrochemical C� H/C� C Bond
Oxygenation

Functional groups containing oxygen are always found in
complicated small molecules. Although it would be exceed-
ingly important, the establishing of numerous C� O bonds by
the simultaneous, selective oxygenation of adjacent C� H
bonds has generally been the domain of biosynthesis. Syntheti-
cally generating several, contemporaneous C� H bond oxygen-
ation processes is difficult,[77–82] especially given the possibility
of over-oxidation. It has been observed that dehydrogenation
and oxygenation can selectively oxygenate two or three
adjacent C� H bonds, allowing the conversion of simple
alkylarenes or trifuoroacetamides to their corresponding di- or
triacetoxylates. The technique uses a powerful oxidative
catalyst repeatedly to carry out these conversions, but only
when the circumstances are sufficiently selective to prevent
damaging over-oxidation.

Electrophotocatalysis (EPC),[83,139–154] which uses both
electrochemical[1,3,11–12,45] and photochemical energy to induce
reactions, has recently been used to selectively carry out a range
of difficult oxidative processes. It is noteworthy that careful
acid selection enables the selective synthesis of either di- or
trioxygenated compounds. A trisaminocyclopropenium
ion(TAC+)[143] has been demonstrated to be a robust oxidative
electrophotocatalyst that may facilitate a variety of C� H bond

functionalizations and other transformations.[83,142–146] In these
processes, the deep red TAC radical dication (TAC*2+) is
created by oxidizing the TAC cation (TAC+) in an electro-
chemical cell at a relatively low anodic potential (1.26 V versus
standard calomel electrode (SCE)). Although this species is not
strong enough to oxidize the substrate on its own, it becomes a
potent oxidant when photoexcited (TAC*2+*, 3.33 V against
SCE).[143] By using single electron transfer (SET) to oxidize
even weakly reactive substrates, irradiation of an electro-
chemical cell containing TAC+ can produce the appropriate
radical cations, which are highly reactive intermediates and can
result in a variety of beneficial reaction consequences. It has
been proposed that TAC EPC could provide a novel method
to accomplish such difficult conversions using affordable acetic
acid (AcOH) as the oxygen source(Scheme 21).[155]

In particular, it was argued that a substrate 24 containing a
redox-active substituent, such as an arene or amine derivative,
might be transformed into the monoxygenated intermediate
25 at suitable EPC circumstances in the presence of AcOH.
Acidic EPC conditions may allow for the gradual, reversible
removal of 24 to produce olefin 25. This olefin would be
susceptible to a second round of EPC oxidation in order to
create the dioxygenated adduct 27 because of its conjugation
to the redox-active substituent. It was also thought that
repeating similar elimination/oxidation procedures with a
different nearby C� H bond may produce elusive trioxygena-
tion products like 29. This idea for the controlled oxygenation
of two or three continuous C� H bonds of alkylarenes

Scheme 20. Proposed mechanism for electrochemical production of N-alkylIsatin 23.
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andtrifluoroacetamides has been implemented in this
case(Scheme 21).[87]

Alkylated arenes 30 were electrophotocatalytically dioxy-
genated using catalytic TAC+ClO4

– (8mol%) in the presence
of acetic anhydride, acetic acid, and trifluoroacetic acid (TFA)
for branched substrates or trifluoromethanesulfonic acid
(HOTf) for unbranched substrates in methylene chloride, with
tetraethylammonium tetrafluoroborate as an electrolyte. An
undivided electrolytic cell with a carbon cloth anode and a
platinum plate cathode was used for the reaction, which was
carried out at a constant current of 5 mA while being
illuminated by two compact fluorescent lamps (CFLs). A wide
variety of branched and unbranched alkylarenes with a variety
of functionalities were affected by these circumstances by
vicinal C� H dioxygenationFor example, product with un-
branched alkylarenes 31a–31h is obtained containing moder-
ate to good yield while branched alkylareneproduct 31 i–31o
contains good yield (Scheme 22). It was possible to access
products with electron-donating or electron-withdrawing
substituents in a low yield.

A wide variety of branched and unbranched alkylarenes
with a variety of functionalities were affected by these
circumstances by vicinal C� H dioxygenation (Scheme 22). For
some substrates, a hydrolytic work-up to produce a 1,2-diol
product, such 31a, achieved a greater yield. In 68% yield and
with a 2.3 : 1 d.r.,[156] the dihydroxylation of n-pentylbenzene
produced 1,2-diol 31b, a known precursor to a beta-secretase
2 (BACE2) inhibitor. While this was going on, a trifluoroace-
tamide substituent was successfully incorporated into the
creation of 31c. Products 31d and 31e, which have benzylic
vicinal C� H bonds on both sides, were also reachable.
Additionally, a number of heteroaromatic compounds 31 f and
31g might be provided. Although other ester 31h could be
accessed, acetic acid is the most practical oxygen donor.

With the introduction of a weaker acid (TFA), benzylic-
branched substrates, in addition to unbranched substrates,

readily participated in the transformation. Halogenated deriv-
ative of cumene31i was produced with a 92% yield. Alcohol
functionality or the presence of oxidatively sensitive benzylic
trifluoroacetamide proved compatible, producing adducts 31 j.
31k was produced only by a substrate that was β-branched. It
was also noted that these reactions could produce a few
heteroaromatic substrates (31 l–31n and 31o).

We are not aware of any reports of a continuous C� H
trioxygenation occurring inside a single reaction flask. In
keeping with this, it is claimed that this postulated mechanism
might be expanded to offer the first illustration of this elusive
change. It is therefore hypothesized that branching substrates,
which are more capable of ionization than unbranched
substrates, might be vulnerable to additional oxidation after
the initial dioxygenation reaction as an E1-type elimination is
thought to be a crucial step in this chemistry. In actual fact, it
was discovered that utilizing the more potent HOTf acid with
this particular class of substrate 32 allowed to achieve a third
C� H oxygenation, which resulted in a brand-new trioxygena-
tion of three adjacent C� H bonds. By applying the same
reaction conditions as mentioned in scheme 22 and replacing
the reaction time 10–36 hours with 12–15 hours triacetates
having good yield are formed from halogenated cumenes.
However for raising the yield of the reaction, working was
done with supporting electrolytes such as Na2CO3 (aq.)/
CH3OH (Scheme 23).

This transformation demonstrated to be possible on a
variety of substrates. For instance, the synthesis of triacetate
33a from the oxidation of 1,1-diphenylethane resulted from
the twofold oxygenation of the methyl group. A cyclic
substrate was additionally changed into adduct 33b in 44%
yield. Additionally, the responses of heteroaromatic substances
such as benzofuran 33c, thiophene 33d, and acridine 33e
were studied.

A number of more intricate and biologically significant
structures were derivatized in order to further highlight the

Scheme 21. Mechanistic rationale of electrophotocatalytic oxygenation of multiple C� H bonds. Ac, acetyl; Me, methyl.
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usefulness of this new peroxygenation chemistry (Scheme 24).
The flavor and aroma ingredient celestolide was easily
dioxygenated under our usual conditions, producing analogue
34a in 82% yield on a small scale or at 69% yield on a larger
scale (2.5 g, 10 mmol). This process was also used to create
analogues of the sigma (α)-receptor agonist 34b[157] and a
fluorobiphenyl structure linked to the nonsteroidal anti-
inflammatory medication flurbiprofen 34c. In addition,
compounds 34d and 34e, which are di- and trioxygenated
analogues of a retinoic acid receptor agonist,[158] respectively,
were produced in yields that were useful for synthetic purposes
in 58% and 41%, respectively. It is interesting to note that
the antidepressant medication substrate 34 f, a modified form
of sertraline, produced diacetate ketone 34g in 47% yield after
undergoing 12-electron oxidation. The formation of the tetra-,
penta-, and hexa-acetate products 34h–34 j resulted from
eight-, ten-, and twelve-electron oxidations, respectively.

3.5. Electrochemical C� H/C� C Bond Oxygenation Using
Mediators

Mediated electro-oxidation uses a homogeneous, redox-active
species that first undergoes reversible oxidation at the
electrode, then selectively oxidizes the target substrate in
solution, and finally is regenerated at the electrode to repeat
the cycle (Scheme 25). Easy electron transport of mediators
considerably reduces the oxidation potential. Additionally,
mediators can be made to only react with a certain substrate,
reducing many negative effects.[159] Modified TEMPO/[160]

NHPI,[16,82] DDQ,[161] nitrate,[162] imidazoles,[163] and
halogens[160] are common mediators that provide an effective
mediated C� H oxidation pathway.[11]

In electrocatalysis, a wide range of redox potentials and
reactivity of organic molecules, transition metal complexes,
and inorganic salts have been investigated as redox
mediators.[6,11,60] For instance, 2,2,6,6- tetrameth-
ylpiperidineN-oxyl (TEMPO) mediates hydride transfer for
the oxidation of alcohols;[164] transition metal salts mediate

Scheme 22. Electrophotocatalytic vicinal C� H deoxygenation.
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oxygen transfer or electron transfer to oxidize olefins and
aromatics;[11] and Ni- and Co-salen complexes mediate electron
transfer for the reductive cyclization of unsaturated aldehydes,
ketones, and esters.[11] N-hydroxyphthalimide (NHPI), one of

the redox mediators, is widely recognized for mediating
hydrogen atom transfer (HAT). At a carbon electrode, NHPI
is easily converted into the phthalimide-N-oxyl (PINO)
radical, which is skilled at reacting with benzylic C� H HAT to
transform back into its reduced form, NHPI, and finish one
catalytic cycle (Scheme 25).

Scheme 26 demonstrates a mild electrochemical α-oxygen-
ation of a variety of linear and cyclic benzamides in an
undivided cell with O2 as the oxygen supply. The experiments
on radical scavengers and 18O labeling showed the presence of
a radical route. This is gram scale approach, which is devoid of
metal and bases. In the oxidation of the C(sp3)� H bond, N-
hydroxyphthalimide (NHPI) has been widely used as a potent
electrochemical mediator.[6,165–169]

To improve the reaction conditions, the benchmark
substrate N-benzylacetamide 35a was used. The best results
were found in an undivided cell with acetone as the solvent,
NHPI as the redox mediator, 2,4,6- collidine perchlorate
(0.01 M) as the electrolyte, Platinum plate (Pt) as the cathode,
and a graphite plate (C) as the anode under 1 atm of O2 at
room temperature (Scheme 26). This method produces the
desired benzimide 36a in an 89% yield.The range of feasible
substrates for N-benzylamides using the optimized reaction
conditions, and the outcomes are shown in Scheme 26. The
corresponding benzimides (36b–36 j) were effectively pro-
duced by the oxidation of a variety of secondary N-
benzylacetamides with electron-withdrawing or electron donat-
ing substituents at the para-positions. The oxidation of cyclic

Scheme 23. Electrophotocatalytic vicinal C� H trioxygenation.

Scheme 24. Practical examples of electrophotocatalyzed multiple C� H oxygenation.
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benzylamides was then explored. Following the procedure,
several substituted N-acyltetrahydroisoquinolines produced the

matching tetrahydroisoquinolin-1-one products in moderate to
good yields (36k–36r). Encouraged by these findings, more
research on N-heterobenzylacetamides was done. Secondary
amides generated from pyridine, pyrazine, and thiophene
carried out the electrooxidation extremely successfully and
produced the appropriate heterobenzimide products in moder-
ate to high yields (36s–36w).[170]

The experimental findings led to the suggestion of a
potential reaction mechanism (Scheme 27). 2,4,6-collidine A
and hydrogen gas are produced at the cathode by cathodic
reduction of the electrolyte 2,4,6-collidinium B. In contrast,
NHPI E generates N� O negative ions C by losing a proton
with the help of 2,4,6-collidine A. Intermediate C is then
anodically oxidized to produce PINO radical D, which is then
followed by the abstraction of a benzylic proton from
substate35to generate benzylic radical F. A benzylic hydrogen
atom can be abstracted from this radical by molecular O2 to
form peroxy radical G, which then traps the radical in order to
create the intermediate hydroperoxide H. Dehydration of H
results in the production of benzimide 36.

Scheme 25. Schematic representation of mediated oxidation to activate C� C
bonds. N-Hydroxyphthalimide (NHPI) is a mediator active for hydrogen
atom transfer (HAT) reactions. Reproduced from Ref. [159] Copyright
(2022), with permission from European Chemical Societies Publishing.

Scheme 26. Electrochemical production of benzimide 36.
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One of the crucial reactions in the synthesis of organic
compounds is the oxidative cleavage of olefinic double bonds
to carboxylic acids, aldehydes, or ketones. The majority of the
time, ozonolysis is used for this purpose, but expensive safety
precautions in technological scale conversions necessitate
alternatives. Different electrochemical techniques are being
researched for this purpose. No cleavage takes place during the
direct oxidation of cyclohexene at a platinum or graphite
anode, but substituted and rearranged products are produced
instead.

This strategy does not result in double bond cleavage but
rather in allylic substitution and rearrangement products. Any
aliphatic alkene having an oxidation potential greater than
2.0 V will not be transformed at the boron doped diamond
electrode. Ozone produced anodically from water at the lead
dioxide electrode produces carboxylic acids with high material
yield but low current yield. This technique is effective for
producing up to 100 g O3 h� 1 from two moles of alkene h� 1.
Additionally, lesser stationary ozone and ozonide concentra-
tions result in lower safety precaution expenditures.

In a one-pot process, 77% of the diol 39 was produced by
the condensed electrolysis of cyclohexene 37 with tetrabuty-
lammonium bromide (TBABr) as supporting electrolyte in
acetic acid (18 mL) and subsequent treatment of the crude

bromoacetate 38 with 2 M NaOH.[171] This electrolysis was
done in an undivided cell setup with graphite electrodes at
ambient temperature (scheme 28).[172]

The use of the pricey, challenging to renew TBABr is less
advantageous in this conversion. As a result, KBr was used in
its place. The electrolysis had to be carried out in 84%
aqueous acetic acid with 1.68 equivalents of KBr since KBr is
poorly soluble in acetic acid. 56% conversion of cyclohexene
was seen after the consumption of 3F; however, the primary
product was the undesired 1,2-dibromide 41, whose produc-
tion is apparently aided by the presence of water,[172] as the
yield of the required bromoacetate 38 decreased to 13%.
Therefore, electrolysis in a solvent devoid of water seemed
necessary. Cyclohexene was electrolyzed in formic acid at
35 °C with 35 mA and 1.05 equivalents of potassium
bromidebecause KBr(supporting electrolyte) is easily soluble in
it. An undivided cell with graphite electrodes was used. This
produced just 14% of 39, but 81% of the desired 1-bromo-2-
formyloxycyclohexane 40 (Scheme 29).

The cycle below depicts the transformation of cyclohexene
into cyclohexane-1,2-diol 39 (Scheme 30). After the bromo-
formate 40 is produced electrochemically, formic acid can be
removed from the electrolyte by distillation, and after water is
added, the solution can be refluxed to produce the diol 42.

Scheme 27. Electrochemical production of benzimide 36.

Scheme 28. Anodic bromo-acetoxylation of cyclohexene37 and hydrolysis of the adduct 38 to 1,2-cyclohexanediol 39.
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The separation of salt and diol 39 is made possible by
rotaevaporation‘s removal of water and the addition of ethyl
acetate.

Compared to chemical oxidations using hydrogen peroxide
or oxygen and catalysts, this electrochemical conversion seems
like a good alternative.[172] Cyclohexane-1,2-diol 39 can be
broken down into 15% acetal 42 and 51% diacetal 43 with a
current usage of 2 F in methanol/
tetraethylammoniumtosylate(TEATos)at 20 mAcm� 2.[173–174]

An enhanced yield of 62% 42 and 17% 43 was obtained by
increasing the charge to 2.9 F until 39 is completely
consumed. 18% of 42 and 70% of 43 were isolated in an
electrolysis in which TEATos, the more expensive supporting
electrolyte, was substituted for methyltriethylammoniummeth-
ylsulfate 44 (Scheme 31).

Indirect electrolysis using periodate as a mediatoris another
technique for the anodic cleavage of 1,2-diols.[172,175–176] To use
this approach, the diol 39 was electrolyzed in a divided cell
with 0.25 equivalents of NaIO4 in an aqueous, phosphate
buffered electrolyte (pH 6), at a lead dioxide anode. Hexane-
dial 47 was separated in 82% yield at 35 mAcm� 2 following
the consumption of 3F (Scheme 32).

By oxidizing water to ozone at the lead dioxide electrode,
electrochemical ozonolysis produces carboxylic acids as cleav-
age products with a high material yield but a low current yield.
5 mmol of 1-decene 48 was electrolyzed in a divided cell with
a lead dioxide anode and a platinum cathode at 20 °C and
150 mA using dichloromethane (30 ml) and phosphate buffer
(50 ml). Nonanal (44%) 49 and nonanoic acid (48%) 50
were produced using this technique (Scheme 33).[172]

The development of selective plastic depolymerization
techniques has been impeded by the thermodynamic and
kinetic restrictions for C� C bond cleavage. In the chemical
recycling of resistant polyolefin waste, activating inert
carbon(sp3)-carbon(sp3) bonds continues to be an important
challenge. Redox mediators are employed in this work to
activate the inactive C� C bonds. To start hydrogen atom
transfer (HAT) reactions with benzylic C� H bonds, the redox
mediator N-hydroxyphthalimide (NHPI) is oxidized to the
radical phthalimide-N-oxyl (PINO). The resultant carbon
radical is quickly absorbed by molecular oxygen to create a
peroxide, which then breaks down into oxygenated C� C bond
scission fragments. Compared to directly oxidizing the
substrate, this indirect method lowers the oxidation potential
by >1.2 V. Studies using model compounds show that as the
C� C bond dissociation energy decreases, the selectivity of the
C� C bond cleavage rises. Oligomeric styrene (OS510; Mn =

Scheme 29. Anodic bromo-formyloxylation of cyclohexene 37.

Scheme 30. Electrochemical cycle for the conversion of cyclohexene 37 into
diol 39.

Scheme 31. Anodic cleavage of cyclohexane-1,2-diol 39.
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510 Da) and polystyrene (PS; Mn �10000 Da) are trans-
formed into oxygenated monomers, dimers, and oligomers
through NHPI-mediated oxidation.[159]

According to these findings, a bifurcated reaction pathway
was proposed in which bibenzyl 51a converts a benzylic C� H
to the electrochemically produced PINO, resulting benzylic
carbon radical A is captured by oxygen gas (O2) to provide a
peroxide radical B and then peroxide radical decomposes in
two parallel pathways, one resulting in C� C bond cleavage
and the other C� H bond oxygenation(Scheme 34).[177] The
factors affecting the ideal conditions for bulk electrolysisin-
clude the quantity of NHPI, media basicity, substituents on
the NHPI phenyl ring, solvent, electrolyte types, oxidation
current,oxygen partial pressure, and temperature etc. 20 mol%

NHPI solution, 1 atm of oxygen, 0.1 M HOAc, 0.1 M
pyridine, 0.1 M LiBF4/acetonitrile electrolyte, ambient temper-
ature, and 2 mA oxidation current are the ideal NHPI-
mediated oxidation conditions to achieve 61% conversion and
45.2% faradaic efficiency(FE%). Then, using these reaction
conditions, model compound and samples of polystyrene were
oxidized.[159]

It is generally recognized that plastic waste has a wide range
of negative environmental effects, such as elevated energy
consumption and exhaustion of greenhouse gases.[178–180]

Particularly, fossil-based plastics like polystyrene, polyethylene,
polyethylene terephthalate, and polypropylene are utilized on a
regular basis, which causes an increase in the amount of waste
being disposed of in landfills.[181–187] As a result, developing a
strategy to address these issues that is both efficient and
affordable has been difficult. Therefore, compared to land-
filling and incineration, recycling technology not only mini-
mizes toxic elements and waste pollution on the
environment,[188–190] but it can also produce novel products
with good mechanical and physical features. Due to their
processing-related blending with other plastics and additives,
these materials are not simple to recycle. The mechanical
properties of recycled plastics typically change due to a number
of factors, including oxidation during reprocessing, mechanical
stress, and degradation from heat.[191]

Scheme 32. Cleavage of cyclohexane-1,2-diol 39 by indirect anodic oxidation
with NaIO4 as mediator.

Scheme 33. Anodic generation of ozone and ozonolysis of 1-decene 48.

Scheme 34. Bifurcated pathway of C� C bond cleavage and C� H oxygenation follows PINO induced HAT and O2 adduction.
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An exciting proof of concept that the mediated electro-
chemical bond activation technique may be practical to
deconstruct polymeric substrates is the potential of NHPI/
PINO to activate polystyrene substrates 51b. However, there
are still numerous obstacles to overcome before real PS waste
can be effectively depolymerized. For instance, the rate of
HAT from polystyrene (PS) to PINO is constrained by the
sluggish diffusion and high viscosity of the PS in
solution.[192–194] Polystyreneconversion may be enhanced by
mass transfer techniques include raising the operational
temperature, utilizing mixed solvents, and vigorous stirring.
Additionally, a downstream separation strategy must be
devised in order to filter the vast array of oxygenate products.
To overcome the heterogeneity of the reaction products, for
instance, efficient separation methods like chromatography or
modified microbes could be applied.[195] A number of
additives, including pigments, metals, photo-stabilizers, metal
oxides, dyes, thermal stabilizers, and other polymers (such as
acrylonitrile butadiene styrene (ABS); a terpolymer), are also
present in PS plastic. These additives may have a significant
impact on the electrochemical oxidation reactivity. Further-
more, to recognize and quantify the entire spectrum of the
oxidation products, systematic characterization techniques
must be developed.[196–198] NHPI to mediate the oxidative
depolymerization of PS (10000 Da) as a proof-of-concept was
used, and 12% yield of monomers and dimers in the process
was obtained (Scheme 35).There are a variety of appealing
applications for this form of industrial recycling. The product
of polypropylene oxidation in acetic acid, for example, would
be mostly acetic acid – the solvent and the product are the
same. Polystyrene oxidation might also be carried out in
benzoic acid as a solvent.[199]

If pure, distilled acetic acid is desired, benzoic acid can be
used as the solvent for polypropylene oxidation. Because the
reaction could be run at temperatures over the boiling point of
acetic acid, the acetic acid would shoot out of the reactor as it
was being produced. Polymer mixes could also be employed.

Polystyrene and polypropylene mixes in acetic acid, for
example, would produce acetic acid and benzoic acid. Acetic
acid and benzoic acid can be easily separated.

A simple electrochemical approach enabled the oxidation
of unactivated C� H bonds, which previously required the
employment of extremely reactive, scarce, and costly com-
pounds. This effective technology used quinuclidine A as a
mediator and a basic electrochemical setup with inexpensive
carbon and nickel electrodes. This selective technique proved
compatible with a wide range of functional groups. Scalability
of the method proved by successfully oxidizing sclareolide 55
on a 50 g scale, demonstrating its potential to simplify the
synthesis of complex compounds. Quinuclidine (A) mediated
the selective electrochemical oxidation of C-2 methylenes at
1.8 V (compared to Ag/AgCl reference electrode).While
Me4N*BF4 was chosen as an electrolyte due to its safety and
lower cost. Reticulated vitreous carbon (RVC) electrode was
employed for the anode, whereas nickel, copper, and stainless
steel were feasible cathode materials. The reaction occurs in a
simple undivided cell at room temperature with constant
current (25 mA/mmol). Sclareolide electrochemical oxidation
yields 51% product. After finding the best conditions, this
electrochemical C� H oxidation method was explored for a
range of compound (Scheme 36). It is possible to carefully
change methylene groups in linear, cyclic, bicyclic, hetero-
arene-containing, and natural product-derived substrates into
ketones. The selectivities and yields were about the same as
those of TFDO oxidation[200] or Barton-Gif-type (iron-based)
methods.

Electrochemical oxidation was made possible by the
quinuclidine mediator at a comparatively low potential.
Numerous functionalities are therefore tolerated under re-
sponse conditions. Despite having two epimerizable centers,
56a was produced with perfect stereochemical integrity. 56b
showed selective distal methylene oxidation, and both the
pyridine motif and the benzylic methylene group were
preserved. In contrast, TFDO oxidation only resulted in the

Scheme 35. Depolarization of polystyrene 51b.
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synthesis of N-oxide and did not result in methylene
oxidation. Effective oxidation was also possible with activated
methylenes, such as benzylic 56c C� H bonds. The corre-
sponding alcohols could be produced by using this approach
to oxidize tertiary C� H bonds (56d and 56e).[35]

This method works well at targeting specific parts of
molecules without affecting the rest and it is especially useful
for making chemicals in the pharmaceutical industry. Sclar-
eolide is a good starting material for making different types of
meroterpenoid compounds.[201] So, researcher used this electro-

chemical C–H oxidation approach to produce 2-oxo-sclareo-
lide, which is a unique version of terpenoid compounds.Alkene
amino-oxygenation is common in chemistry, biology, and
materials. This technique produces 1,2-aminoalcohols for
medicines, natural goods, and chiral reagents.[202] The intra-
molecular variant produces nitrogen-containing heterocycles
with biological functions.[203–206]

In terms of mechanism, electrochemical C� H oxidation is
connected with anodic oxidation of a quinuclidine radical
cation. As a high-energy entity, this radical cation has the
ability to perform homolytic cleavage of an un-activated C� H
bond. The resultant carbon-centered radical B may then
combine with molecular oxygen to produce the oxidation
product 56. It is believed that HFIP functions as an electron
acceptor in the cathodic process, resulting in the formation of
H2 (Scheme 37).

Researchers devised an effective electrochemical approach
for producing 3-methoxyindolines and 3-ethoxyindolines from
styrene 3. Electrolysis was performed in an undivided cell
equipped with a graphite plate anode and a graphite cathode,
0.5 equivalent of n-Bu4NI served as the redox catalyst,
CH3OH as the solvent, and 0.1 M lithium perchlorate as a
supporting electrolyte. Reaction happened at room temper-
ature. The required products were synthesized in upto 80%
yield via a C� N cascade followed by C� O bond formation
(Scheme 38).

After determining the optimal reaction conditions, the
range and generality of the reaction was investigated. As can be
observed in scheme 38, the reaction of N-(2-
vinylphenyl)sulfonamide derivatives containing various
sulfonyl groups, such as benzenesulfonyl 3ab, p-meth-
oxybenzenesulfonyl 3ac, and p-chlorobenzenesulfonyl 3ad,
went smoothly and produced the cyclization products in good

Scheme 36. Electrochemical production of ketone 56 by quinuclidine
mediated electrochemical C� H oxidation.

Scheme 37. Suggested mechanism for electrochemical production of ketone 56 by quinuclidine mediated electrochemical C� H oxidation.
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yields. When an electron-donating group is added to the
benzenesulfonyl subunit, yields are typically higher. For
instance, when p-methoxybenzenesulfonamide 3ac was elec-
trolyzed at a constant current under the described conditions,
the adduct 57c was isolated in 75% of the reactions.
However, when an electron-withdrawing chlorine was present
in the starting material, 3ad, the yield of the adduct 57d was
lower (68%). To assess the applicability of the cyclization
reaction, various 2-vinylphenyl group-containing sulfonamide
derivatives were also examined. The corresponding adducts
57e and 57f were produced in moderate to fair yields from
vinyl sulfonamide derivatives containing methyl groups (3ae,
R1=CH3) or chlorine groups (3af, R1=Cl). Once more, it
was discovered that adding an electron-donating substituent to
the aromatic ring made the cyclization reaction more effective.
Examples include the p-methoxy group-containing substrate
3ah, which produced the adduct 57h in a yield of 51%, and
the chloro-substituted starting material 3ai, which produced
the adduct 57 i in a yield of 42%. It is noteworthy that the
ethoxy-substituted adduct, 3-ethoxy-1-tosylindoline 57 j,
formed when the electrolysis was carried out in ethanol rather
than methanol, albeit in a yield of only 28%.

Gram-scale reaction provides additional proof that the
protocol is workable. This method has several advantages.
First, the anode acts as a co-oxidant but can be separated from
the organic layer containing the substrate for easy removal.
Second, there is no need for an additional chemical co-oxidant.
Third, it does not require extra supporting electrolytes, making
the workup and isolation simpler and reducing waste.

The process begins with the anodic oxidation of iodide,
which produces molecular iodine, which then reacts with the
starting material 3 (Scheme 39). This reaction results in the
formation of an iodonium intermediate A. Simultaneously, the
sulfonamide nitrogen conducts an intramolecular nucleophilic
assault on the cyclic iodonium ion, yielding the desired
product 3-iodo-1-arylsulfonylindoline, designated as B. Meth-
anol is reduced in the cathodic compartment, yielding hydro-
gen gas and methoxide anions. As nucleophiles, the methoxide
anions react with compound B, resulting in the production of
the target product 57 and the regeneration of iodide ions. The
regenerated iodide ions then re-enter the redox catalyst cycle,
allowing the process to continue.[202]

3.6. Electrochemical C� H/C� C Bond Oxygenation Using
Metal Catalysts

Through direct[17,20,91,93,207–208] or mediated electro-oxidation
(mostly focusing on organic mediators) methods,[19,37,162–163,209]

electrochemical organic synthesis has demonstrated its promise
for benzylic C� H oxidation, being effective and environ-
mentally benign. The restricted functional group tolerance,
inadequate selectivity, sensitive group incompatibility, and the
fact that most techniques only utilize oxidative half-cell
reactions were still obstacles to wider adoption of this strategy.
Transition metal catalysis has become one of the most
significant channels for selectivity control in contemporary
synthetic chemistry due to the good manipulation of reaction
selectivity and the high tolerance of functional groups.[210–215]

In this instance, Sanford,[216] Mei,[217–218] Ackermann,[219–222]

Scheme 38. Electrochemical production of 3-alkyloxyindoline 57.
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Chang,[223] Quan and Xie,[224] established transition metal-
catalyzed electrochemical C� H oxygenation processes. The
enantioselective electrochemical C� H oxygenation[225] is still
elusive despite the fact that electrochemical C� H oxygenation
has been extensively studied. The significant difficulties could
be the cause of electrochemical asymmetric C� H oxygenation
such as the metal-oxygen (M� O) bond exhibits strong polar-
ity, alcohols and chiral ligands undergo oxidative breakdown
under electrooxidative circumstances, and the electrolyte and
active intermediates interact adversely.

As sacrificial oxidants, vast quantities of silver salts were
utilized, leading to significant costs and harmful
consequences.[226] The first electrochemical enantioselective
C� H oxygenation catalyzed by CoII in order to resolve this
flaw was described.[227–235] The use of electricity in place of
stoichiometric silver salts, which only produces H2 as a
byproduct, good yields and excellent enantioselectivities (up to
98% yield and >99% ee), the isolation and complete
characterization of cobalt(III) alcohol complex, which was
discovered to be a crucial intermediate in this C� H
alkoxylation process, are some main benefits of this strategy.

Enantioselective C� H methoxylation of phosphinamide
58a and employing Salox 59 (chiral ligand) as the model
reaction was chosen to investigate the ideal reaction parame-
ters. The expected electrochemical C� H oxygenation was
discovered to be achieved when utilizing RVC as the anode
and Pt as the cathode in an undivided cell arrangement after
the preliminary screening of reaction conditions (Scheme 40).
When 59 was employed as the ligand, it was found that the
required alkoxylated product 60a was produced in 71% yield
and with 99% ee.[236–238] Better yield and enantioselectivity
were not achieved while testing different Salox ligands. When

the amount of NaOPiv.H2O was increased to 3.0 equivalents,
the yield scaled to 75% but no desirable product was seen in
the absence of NaOPiv.H2O, demonstrating the crucial
function that NaOPiv.H2O plays in this process. The intended
product 60a could be produced in 81% yield with 99% ee
under continuous current electrolysis at 5.0 mA in the
presence of 10 mol% Co(OAc)2.4H2O, 15 mol% 59, 3.0
equiv. of NaOPiv.H2O in MeOH at 50 °C for 9 h under air
after thorough screening of various circumstances. The efficacy
of electrochemically catalyzed asymmetric C� H functionaliza-
tion by 3d metals is demonstrated in this scheme. It is believed
that it might present novel asymmetric synthesis options.The
range of phosphinamides and alcohols was tested, respectively,
after determining the ideal reaction conditions (Scheme 40).
In general, a wide variety of phosphinamides with various
functional groups were all compatible, resulting in good yields
and outstanding enantioselectivities for the methoxylation
products (60a–60e, 46–88% yield, 99%->99% ee). Nota-
bly, multi-substituted phosphamide 58e were also well
tolerated and provided the required product with outstanding
ee and high yield (60e, 76%-yield, 99%ee). The successful
conversion of diverse alcohols further proved the applicability
of electrochemical enantioselective C� H oxygenation. It was
possible to obtain the necessary alkoxylated chiral phosphina-
mides with outstanding enantioselectivities (93->99% ee) by
the smooth reaction of a number of aliphatic alcohols. It was
also successful to oxygenate C� H with citronellol, demonstrat-
ing the possibility of late-stage alteration of natural products.
Unexpectedly, under electrochemical circumstances, 2-bro-
moethan-1-ol displayed a special reactivity that produced the
C� H bromination product 60 l in a modest yield with
excellent enantiocontrol (44%,99% ee).[239]

Scheme 39. Proposed mechanism for electrochemical production of 3-methoxyindoline 57.
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For the electrochemical enantioselective method, a reason-
able catalytic cycle was suggested (scheme 41), based on our
mechanistic research and precedents.[220,226,236–238] The chiral
octahedral CoIII complex A was initially produced by the
anodic oxidation of CoII in the presence of Salox ligand and
NaOPiv. Cobaltacycle intermediate B coordinated with
alcohol was produced by a subsequent ligand exchange with
phosphinamide 58, followed by an enantio-determining,
carboxylate-assisted C� H activation. This was categorically
proven by single-crystal X-ray diffraction. At the anode
promoted NaOPiv, CoIII intermediate B was further oxidized

to CoIV intermediate C. CoIV intermediate C was reduced to
give CoII species D. Finally, protodemetallation allowed for the
release of the desired product60 while anodic oxidation
allowed for the regeneration of the catalytically active
cobalt(III) species.

It is revealed how functionalized alkyl arenes can be
oxygenated utilizing water in a site-specific, paired nickel
electrocatalyzed reaction. The oxidation of a variety of
compounds with varied degrees of complexity and drug
derivatives can be accomplished using the nickel catalyst in
conjunction with water in a reliable, environmentally friendly,

Scheme 40. Electrochemical production of alkoxylated product 60.
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and cost-effective manner, suggesting its potential usage in
organic synthesis and the pharmaceutical sector. Notably, the
transition went successfully for a variety of functionalized
aromatic ketones, including examples with sensitive functional
groups. Iodinated aromatics, for instance, were well tolerated
in this reaction. Furthermore, in this paired nickel-catalyzed
system, aldehydes and alcohols, which are susceptible to over-
oxidation, were also compatible. This method has several
noteworthy qualities, such as excellent tolerance to a wide
range of sensitive functional groups (free carboxylic acids,
alcohols, amides, esters, amino acids, halogens, and aldehydes),
high chemo- and site- selectivity, late-stage oxygenation of
natural compounds and drug derivatives and the use of a
bipolar ultramicroelectrode (BUME) in conjunction with
nano-electrospray ionization mass spectrometry allowed for the
collection of a transient reactive aryl radical cation intermedi-
ate. It is noteworthy that this quick and precise paired nickel-
catalyzed electro-oxidation method can also be used to create
natural compounds. The crucial function of the in situ Ni(II)-
dioxygen species for the subsequent oxidation of C(sp3)� H
bonds was highlighted by the results of the reaction and
mechanistic studies. A practical method for industrial scale-up
production is to use green, pure water as the source of oxygen.
In the laboratory, more investigation into the selective earth-
abundant metal-catalyzed C� H oxidation is being conducted
by S. Tang and coworkers.

After careful optimization, the reaction was carried out in
CH3CN with the addition of 60 equiv. of water, a catalytic
amount (10 mol%) of Ni(OTf)2, a constant current (10 mA),
KPF6 (1 equiv.) as the supporting electrolyte, carbon felt as the

anode, and platinum plate as the cathode. Product 62 was
obtained in good isolated yield (Scheme 42).The scope and
compatibility of the reaction were examined using optimized
reaction conditions. A number of typical functionalized alkyl
arenes were shown to function well in the process, resulting in
good to outstanding yields for the corresponding aryl ketone
acids (62a–62 f). Following constant current electrolysis, the
sensitive groups on the substrates (precursors of 62g–62m)
were unaltered, and moderate to good yields of the required
products were produced. With a 78% yield, the substrate with
the lengthy alkyl chain and the terminal OTIPS group
produced the deprotected hydroxyl product 62n. The late-
stage functionalization of complicated molecules could be
accomplished using the benzyl electro-oxidation method. With
moderate to good yields and diastereoselectivities 62o–62z
and 62aa–62ac, alkylarenes generated from pharmaceuticals
like epiandrosterone, DL-isoborneol, fenbufen, stearic acid,
esterone four, picaridin, fenchol, retinoic acid receptor agonist
derivatives, and DL-menthol, α-amino acid derivatives includ-
ing glutimicacid, Boc-L-proline, N-acetyl-L-isoleucine, N-Boc-
L-valine, Boc-D-asparagine, and Boc-glycine were all suscep-
tible to the electro-oxidation transformation. Only 62p, 62q,
62v, 62w, 62x, and 62z were produced as a single
diastereoisomer.

Similarly, these reaction conditions might be used to
directly produce the therapeutic compounds fenofibrate 62ad,
fenbufen 62ae, and oxcarbazepine 62af. These findings
demonstrated the method‘s synthetic promise for the simple
addition of carbonyl groups to large chemicals and medicinal
molecules. The intended corresponding alkyl aryl ketones were
all produced in moderate to good yields by functionalizing
arenes with electron-withdrawing (62ag–62al) or electron-
donating (62am–62at) substituents, and the sensitive func-
tional groups were unaffected under the usual conditions.
Similar to this, the aryl-substituted substrates on the benzene
ring performed admirably under our reaction conditions and
provided the required products in good yields (62au-62ax).
Notably, the reaction only took place at the benzylic position
of the more electron-rich methoxy-substituted aryl group
when substrate 62ay with two benzylic positions was used.
When both ring and alkyl chain reaction sites were present, it
was additionally observed that the oxidation reaction took
place preferentially on the ring 62za. When a ternary ring is
connected to a benzylic position, the ternary ring did not go
through a ring-opening process after electrolysis and delivered
the product 62az directly in a modest yield. Simple 1-
indanone 62zb and benzohexacycles62zc–62ze produced the
necessary compounds with no difficulties. It is interesting to
note that great yields of the target molecules were produced
from substrates with diaryl substitutions 62zf–62zu. Only
one product was produced and no aldehyde was found for the
substrate that had an aryl group attached to it, which may

Scheme 41. Suggested mechanism for electrochemical production of alkoxy-
lated product 60.
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Scheme 42. Nickel-electrocatalyzed benzylic C� H oxygenation of functionalized alkyl arenes.
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have been because the two reaction sites had different densities
of electron clouds 62zj. The reaction also continued when
heteroatomic ring substrates were utilized; for instance, a 52%
yield of the target product 62zr was produced. In contrast, for
the substrate 9,10-dihydroanthracene, the product anthraqui-
none 62zu was produced in one step under conventional
reaction conditions without the presence of any mono-oxidized
ketone products.[92]

A mechanism for paired electrochemical oxidation was
suggested based on the outcomes of our experiments and
observations in the literature.[240] Through single electron
transfer (SET), the anodic oxidation of substrate 61 yields
radical cation C, and the subsequent loss of a benzylic proton
yields benzyl radical D. At the same time, molecular
oxygen(O2) is activated by the Ni(I) intermediate produced by
the one-electron reduction of the Ni(II) species at the cathode
to produce the Ni(II)-superoxo species A. The catalytically
active Ni(II)-peroxo species B is subsequently produced by
additional one-electron reduction of this Ni-superoxo species
A. This species B may exhibit oxygenase-like reactivity by
transferring an oxygen atom to the external substrate D. The
catalytic cycle is completed by anodic oxidation of the reduced
Ni(0) species, which produces the end product 62 and
regenerates the Ni(II) salt. At this point, it is not possible to
completely rule out additional minor reaction paths, such as D
being reoxidized to benzyl cation and subsequently being
attacked by H2O (Scheme 43).

An electrochemical technique was established for the
selective oxidation of alkanes with C(sp3)� H bonds utilizing
water as the oxygen source. In most cases, the “high over
potential” required for these electrochemical oxidations also
oxidizes other functional groups in the substrate. To accom-

plish these oxidations at much lower over potentials and with
good selectivity, however, the FeIII complexes Cl (A)/H2O (B)
are used. By using [(bTAML)FeIII(OH2)]– as the catalyst and
water as the oxygen atom source, we demonstrate the selective
electrochemical alkane hydroxylation and epoxidation in this
scheme. The natural product cedryl acetate served as the
substrate, and the selective hydroxylation of an inactive 3°
C� H bond was displayed. The electrochemical oxidations
were conducted in a simple undivided cell using low-cost
nickel and carbon electrodes. As far as we are aware, this is the
first instance of using an iron complex to catalyze the
electrochemically selective oxidation of strong C� H bonds
(using BDE�97 kcalmol� 1) and C=C bonds using water as
the O-atom donor (Scheme 44).

A reaction mixture of Cl/H2O (0.75 mM) and substrate
(15 mM) in acetonitrile aqueous phosphate buffer (4: 1 v/v,
5 mM, pH=8) at a constant potential of 0.80 V (vs. Ag/
AgNO3) at room temperature for 10 hours resulted in high
conversion and yield of oxygenated compounds 64 or 65.

The electrocatalytic cycle begins immediately after applying
a constant voltage (0.80 V) to the anode (RVC), where
complex H2O undergoes an overall 2H+/2e� (PCET) transfer
reaction to create oxoiron(V) species, [(bTAML)FeV(O)]� C.
The high-valentoxoiron (V) species C hydroxylatesthe C� H
bond in substrates to generate the corresponding alcohol via
the standard “rebound mechanism” in the hydroxylation
reaction as shown in scheme 45.[241]

The functional group tolerance in the selective benzylic
C� H oxidation of functionalized alkyl arenes is thought to be
improved by transition-metal catalysis. To the best of our
knowledge, the selective electrochemical benzylic C� H oxida-
tion of functionalized alkyl arenes containing sensitive func-
tional groups has thus far shown to be difficult.[38,242]

Under ambient conditions, electrochemical cobalt-cata-
lyzed C� H oxygenation on arenes and alkenes with out-
standing degrees of positional and diastereo-selectivity was
successful by avoiding the use of stoichiometric silver(I)
oxidants.[219,243–254] Ackermann and collaborators accomplished
cobalt-mediated C� H oxygenation. The reliable electrochem-
ical C� H functionalization had a wide substrate scope, and
mechanistic investigations indicated a straightforward C� H
cleavage. The electrochemical oxygenation occurred at 23 °C
with 3.6 F/mol, delivering the product 68. Out of a
representative group, Co(OAc)2 was the most effective cobalt
precursor, with NaOPiv as the preferred base. Reaction took
place in a divided cell containing RVC anode and platinum
cathode.

Then the viability of the improved cobalt catalyst for the
C� H oxygenation of benzamides 66 was investigated
(Scheme 46). As a result, a wide variety of critical functional
groups, such as ketone substituents and fluoro, chloro, and
bromo, were well tolerated. It is also notable that certain

Scheme 43. Selective nickel-electrocatalyzed benzylic C� H oxygenation of
diverse functionalized alkyl arenes and its suggested mechanism.
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substrates did not undergo benzylic oxidation, demonstrating
the distinct chemoselectivity of the cobalt catalysis

phase.[255–256] The electrochemical C� H functionalization‘s
positional selectivity in intramolecular competition studies was
controlled by steric interactions, yielding the benzamides 68 j
as the only product. The effective conversion of diverse
alcohols 67, including functionalized derivatives, further
demonstrated the flexibility of the electrochemical C� H
functionalization. It is particularly interesting in this case that
a chemo-selective process was used to achieve a smooth
transformation of the readily oxidized benzylic alcohols. The
accomplishment of C� H oxygenation with naturally occurring
citronellol also suggests the possibility of late-sate diversifica-
tions. Phenols have so far produced less than ideal results, but
the cobalt catalyst was tolerant of functional groups like nitrile
and ester. The gram-scale synthesis of product 68 was also
carried out with comparable catalytic efficacy to test the
stability of this approach.

An electrochemical cycle that would begin with the
electrochemical SET of the aromatic benzamide 66 by anodic
oxidation and end with the development of a straightforward

Scheme 44. Electrochemical production of hydroxylation 64 and epoxidation product 65.

Scheme 45. Electrochemical approach of forming an oxoiron (V) complex
from A/B followed by oxidation of alkanes 63 and alkenes 3 using water as the
O-atom source.
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electrochemical catalyst has been proposed, focusing on
fundamental studies (Scheme 47). Then, proximity-induced
chelation promotes C� O synthesis and great positional
selectivity. The desired product 68 is finally released as a result,
and the catalytically active cobalt(III) species are renewed
through anodic oxidation.[219]

Strong chemical oxidants are required for palladium-
catalyzed C� H activation/C� O bond formation processes,
which transform organopalladium (II) intermediates into the

PdIII or PdIV oxidation state to facilitate difficult C� O
reductive elimination. However, previously described oxidants
have substantial drawbacks such as poor atom economy, high
cost, and the generation of undesirable byproducts. To address
these difficulties, researchers reported an electrochemical
approach based on anodic oxidation of PdII that allows for
selective C� O reductive elimination with multiple oxyanion-
coupling partners. These reactions may lead to new disconnec-
tion approach that can be used in retrosynthetic studies. A
reaction was carried out in an H-type split cell with platinum
electrodes and a Nafion 117 membrane at 70 °C. There was
0.3 mmol of 69, Pd(OAc)2 (10 mol%), NaOAc (4 equiv), and
2 mL acetic acid in the anode compartment. There is NaOAc
(2 equiv) and 1 mL acetic acid in the cathode compartment.
This configuration separates two reactions, one at the anode
and one at the cathode, each with its own set of conditions,
generating monoacetoxylated product 70 (Scheme 48). After
establishing optimal reaction conditions, researchers tested a
series of oxime substrates with varying substitution patterns
and functional groups to determine the scope of the Pd(II)-
catalyzed C� H acetoxylationreaction. For example, a variety of
oxime substrates with varied functional groups and substitu-
tion patterns to determine the range of the Pd(II)-catalyzed
C� H acetoxylation reaction was tested. This acetoxylation
process (70a and 70b) was shown to work with a variety of
oxime-directing groups. The reaction system (70 i–70k)
tolerated a range of functional groups, including OTBS, ester,
chloro, amino, cyano, and acetoxy substituents. However, the
oxime substrates 70 l having the acetoxy group on the
inhibited side had a low yield. Aside from that, substrates with
α-hydrogen atom reacted more slowly and produced lower
yields (70m). Fortunately, the C� H acetoxylation of oxazoline

Scheme 46. Electrochemical synthesis of alkyl aryl ether 68.

Scheme 47. Suggested mechanism for electrochemical synthesis of alkyl aryl
ether 68.
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under standard circumstances was also successful, though the
yield was slightly lower (70n). Additionally, electrolysis of
1.04 g (4.0 mmol) of substrate yielded 70 f in 84% yield,
demonstrating the protocol‘s potential for synthetic synthesis.
The NaNO3/O2 oxidation system created by Sanford and
colleagues had the best outcomes among the chemical
oxidants.[257] While chemical oxidation produced higher yields
with substrates containing the α-H 70m, anodic oxidation

obviously has an edge over it when it comes to producing
monoacetoxylation products. In the reaction system, several
oxygen anions were used. The generation of the acetoxylation
product under the reaction conditions is mostly responsible for
the reduced yields in these samples (70ad–70af). However,
the success of these modifications illustrates clearly the
potential applicability of this electrochemical oxidation strategy
for permitting C(sp3)� H functionalization with various reac-

Scheme 48. Electrochemical production of monoacetoxylated product 70.
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tion partners. Anodic oxidation also produced higher yields
than chemical oxidation (NaNO3/O2) in all substrates.

The palladium catalyst first coordinates with a nitrogen
atom in substrate 69, bringing it near to the � C� H bond.
Following that, C� H activation occurs to produce palladacycle
B, which is the rate-limiting step in the catalytic cycle. At the
anode, the resultant complex B is immediately oxidized to
create a Pd(III) or Pd(IV) species Finally, reductive elimination
from the high-valent palladium center yields
palladium(II)product complex D, which may be ligand
exchanged with a fresh substrate molecule to release the
product and complete the catalytic cycle. Complex D can also
produce another C� H activation/C� O bond formation
cascade, resulting in a di or triacetoxylation product
(Scheme 49).[218]

Das et al. reported the first electrochemical production of
high-valent iron species from a TAML-ligated FeIII-OH2

complex, as well as the application of this process to
preparative electrochemical oxidation of organic molecules.
Acetophenone 15 is produced in 79% yield by electrochemical
oxidation of ethyl benzene 14 at 1250 mV under constant
potential electrolysis conditions using A. When modified
ethylbenzene derivatives were evaluated, the electron-rich and
neutral derivatives performed well (15a–15b), whereas the
extremely electron-deficient nitro-substituted derivative 15c
displayed decreased reactivity. There is no evidence of a
tertiary C� H oxidation product as the reaction with isobutyl
benzene occurs with great selectivity 15e, exclusively occurring
at the benzylic position. Comparably, in the reaction with the
methyl ester of ibuprofen 15 f, no oxidation of the tertiary
benzylic C� H position was seen, most likely due to both steric
and electronic (i. e., electron-withdrawing ester) effects.

Although the less reactive 2- ethylpyridine substrate 15 j
exhibits low conversion and yield, the reaction also exhibits
some tolerance to a pyridine substituent 15g. These complexes
may decrease reactivity by coupling pyridine to Fe.[258] A small
number of secondary alcohols were subjected to electro-
chemical oxidation, which was studied (Fig. 5B). Compared to
benzylic C� H oxidation, this reaction is simpler, and high
reactivity was observed with only a 5 mol% catalyst. Even
though cyclohexanol is a straightforward substrate, the high
yield obtained here (15h, 85%) is interesting because a recent
electrochemical oxidation of cyclohexanol using a different
molecular Fe-based catalyst resulted in mineralization of this
substrate (i. e., the formation of CO2).[259] Under the
electrolysis conditions, a more intriguing alcohol showed good
to exceptional yield (15 i). Electron-rich substrates 15k–15m,
are inefficient because they cannot undergo direct electron
transfer.

This electrocatalytic method lacks the reactivity of
(TAML)Fe and other catalysts using chemical
oxidants.[260,261,262,263] The main constraint is the oxidative self-
decomposition of the (TAML)Fe catalyst during bulk electrol-
ysis, which restricts its lifespan. The results summarized in
scheme 50 provide a baseline for electrochemical oxidation of
organic compounds, despite limitations. Although proton-
coupled oxidation of metal-aqua complexes successfully gen-
erates transition-metal oxo species for water oxidation, it has
not been shown to be effective for preparing electrochemical
oxidation of organic compounds. This technique requires
further research to complement the use of organic hydrogen-
atom transfer (HAT) mediators such N-
hydroxyphthalimide[165,16,60,82] and nitrogen-centered
radicals[148,35] in electrochemical oxidation of organic com-
pounds.

Electrolysis was carried out at applied potentials of 800
and 1250 mV using a solution of A in 1: 1 CH3CN: H2O
with K2HPO4 (0.1 M). After 15 minutes of electrolysis at
800 mV, the spectrum data revealed that the FeIII species A
was transformed into the dimeric oxo-bridged iron (IV)
complex C. The same spectrum modifications were obtained
by electrolysis at a potential of 1250 mV, but with a more
rapid formation of C. In a 1e� /1H+ process, electrochemical
oxidation of A yield the [FeIV-OH] molecule B, and
dimerization of B yields C(Scheme 51a). It has been estab-
lished that the (TAML)FeV(O) species D rapidly reacts with A
to form C. Complex D is not detectable directly under
electrochemical circumstances, but it is expected to rapidly
react with A in solution after being generated at the electrode
to yield C(Scheme 51b).[38]

It was found that Fe30W72, an inorganic iron tungsten
oxide capsule with a keplerate structure, is an efficient electro
catalyst for the cathodic activation of molecular oxygen in
water, resulting in the oxidation of light alkanes and alkenes.

Scheme 49. Proposed mechanism for electrochemical production of mono-
acetoxylated product 70.
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Scheme 50. Electrochemical production of ketone derivatives 15.

Scheme 51. Proposed mechanism for electrochemical production of ketone derivatives15.
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Heterolytic bond breakage of [(FeIIIOOH)10FeIII
20WVI

72] pro-
duces a Fe (V)-oxo species as shown in scheme 52.A platinum
mesh cathode, a platinum wire anode, and a potential of 1.8 V
were used in a reaction involving 1.9 μmol of FeIII

30WVI
72,

2.5 mL of D2O, air at 1 bar, 20 °C, and 24 hours. These are
standard conditions.[264]

Alkane and alkene oxidation in water involved the efficient
electrocatalytic activation of molecular oxygen using a fully
inorganic iron-tungsten oxide capsule (Fe30W72). This study
investigated extensive reactivity, revealing processes like arene
hydroxylation, alkyl C� H bond activation, dealkylation,
desaturation, stereochemistry retention in cis-alkene epoxida-
tion, and unique regioselectivity in ketones, alcohols, and
carboxylic acids oxidation. These findings showed that the
active intermediate in cathodic aerobic oxidation reactions is a
compound I-type oxidant, and they placed Fe30W72 as an
inorganic functional analog of iron-based monooxygenases.[264]

The oxidation of thioanisole 83 was also investigated to
contrast S-dealkylation and S-oxidation (Scheme 53). Here, it
is obvious that S-oxidation is the favored reaction because S-
dealkylation products are formed in very little amounts. For a
number of new functionalized molecules, α-C� H bond
activation and oxygenation were investigated. The predom-
inant product (>98%) for cyclopentanone 88 in the case of
cyclic ketones is cyclopent-2-en1-one 89. In contrast, despite
the fact that the bond dissociation energy of C� H bond to the
ketone is substantially lower, no appreciable oxygenation at the
carbon atom next to the ketone occurred for cyclohexanone 90
or cycloheptanone 93. Particularly persuasive is the extremely
high selectivity observed for the synthesis of 1,4-cyclohexane-
dione 91 from cyclohexanone 90.

Certain cyclic alcohols can give related ketones on
oxidation, considering that the bond disassociation energy of
α-C� H bond in a linear primary alcohol is about 5 kcal/mol
weaker than the corresponding β-C� H bond,[265] and the

Scheme 52. Reductive Electrochemical Activation of Molecular Oxygen Catalyzed by an Iron-Tungstate Oxide Capsule.
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observation that the reactivity of cyclohexanol 106 with a t-
butylperoxy radical favors the reaction at the α-C–H bond
versus β-C� H bond by 3 orders of magnitude.[266] Unexpect-

edly, cyclic alcohols were only selectively oxidized at the α-
C� H bond with a selectivity of between 50% and 60%.
Additionally, the β-C� H bond underwent substantial oxida-

Scheme 53. a) Cathodic Aerobic Oxidation of Thioanisole 83; b) Cathodic Aerobic Oxidation of Cyclic Ketones (88, 90, and 93); c) Cathodic Aerobic
Oxidation of Linear Alcohols (95 and 99); d) Cathodic Aerobic Oxidation of cyclic Alcohols (103, 106 and 108).
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tion (40–50%) to produce the α,ω-dialdehyde 105 extremely
selectively.Only 4-hydroxybutanal, which in D2O showed as a
combination of the acyclic product and the intramolecular
hemiacetal lactol, was produced by the oxidation of 1,4-
butanediol. Therefore, it is feasible that in these “FeIII

30WVI
72”

catalyzed processes, the production of hydrates and hemiacetals
stabilizes aldehydes for further oxidation. In contrast to what
happened with the cyclic alcohols, 1,4-butanediol only under-
went a reaction at the α-C� H bond. As a result, examined the
reactivity of linear primary alcohols as well.

Mechanistic studies in scheme 54 reveal high-valent Fe(V) -
=O and the formally isoelectronic Fe(IV)=O porphyrin
cation radical intermediates as active species in alkane and
arene hydroxylation and alkene epoxidation reactions, often
using “shunt” pathways. FeIII

30WVI
72has a high catalytic activity

under cathodic aerobic circumstances, which motivates re-
searchers to investigate potential active species that might be
responsible for reactivity. Scheme 54 displays a similar working
hypothesis for a monoiron catalytic cycle based on a standard
iron-porphyrin catalytic cycle.

The selective oxidation of light hydrocarbons and their
degradation using only dioxygen (O2) are significant steps
towards the development of efficient chemical processes. An
iron tungsten oxide inorganic molecular catalyst with a
capsular structure stabilized inside by sulfate/bisulfate anions
provides a protic environment with three iron atoms located at
each of the capsule‘s pores, resulting in a unique and potent
active site for the oxidation reactions. Researchers demon-
strated the low-pressure (12 bar) hydroxylation of alkanes,
especially ethane to acetic acid, and the ozone like cleavage of
alkene C=C bonds at mild electrochemical conditions, 1.8 V
in water at ambient temperature, using O2 from air.These
finding allowed cathodic aerobic oxidation of light hydro-
carbons in water utilizing air at low pressure and temperature.
An iron tungsten oxide catalyst (Fe30W72) molecular capsule
catalyzes the reaction, resulting in a powerful oxidizing species.
The oxidation of ethane to acetic acid has remarkable
selectivity, addressing its underutilization. For catalytic trans-

formations, electrocatalytic processes at 1.8 V offer sustainable
options that could be powered by solar energy.[267] The crystal
structure of FeIII

30WVI
72 with Fe� Fe distances of around 6

suggests a mono-iron active species. Although the product of
ethane 110 are commensurate with an iron-oxo active species
as in scheme 55a, the signature formation of an epoxide in the
oxygenation of ethane 111 and propene was not observed in
the electrocatalytic reaction. In order to support the initial
formation of an epoxide product 112, a similar reaction was
carried out with dithionite as a reducing agent using
scheme 55b. This electrochemical process is useful to convert a
simple gas called ethane (usually wasted by burning it) into a
useful chemical called acetic acid powered by solar energy,
which is great for the environment and can be a good
alternative to current methods.[267]

4. Conclusion and Future Perspectives

One advantage of electrosynthesis is that it is environmentally
friendly. The use of organic electrosynthesis should be
encouraged by a number of reasons from the standpoint of
practical application. For example, in the absence of external
oxidants or reductants, electrochemical processes often exhibit
considerable functional group tolerance. In contrast to conven-
tional processes, which generally continue at elevated temper-
atures or pressure, electrochemical reactions are typically
carried out in milder settings, providing an energy-saving
alternative. Electrochemical processes often have short reaction
times because of their high reaction efficiency. By adjusting
the current, the reaction time can be decreased even more. By
altering the voltage or current, it is possible to vary the
electrochemical technique‘s capacity for oxidation or reduc-
tion, opening up operations that are not conceivable with
chemical oxidants or reductants. In contrast to traditional
reactions, which often need quenching, electrochemical proc-
esses can be easily stopped at any time by switching the power
switch. The bulk of electrochemical reactions can be easily

Scheme 54. Possible catalytic cycle or hypothesis for cathodic activation of O2 and oxygenation. The electron distribution for the active species is unknown. The
presentation of Fe(V)=O versus Fe(IV)� O*+ is a formalism. Other reactive intermediates can also be considered.
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scaled up and have a ton of potential for commercial
applications, which is a final point worth mentioning.[268]

A possible method for mild-conditions activation of inert
C� H/C� C bonds is electrochemical oxidation. Such electro-
chemical methods can be divided into direct and indirect
types. Due to unintentional over-oxidation of the product,
direct selective oxidation is particularly challenging.A variety of
challenging oxidative processes have also been carried out
selectively using water, air, visible light, transition metal
catalysts, or mediators. Electrophotocatalysis (EPC), which
induces reactions using both electrochemical and photochem-
ical energy. Due to the excellent modulation of reaction
selectivity and the high functional group tolerance, transition
metal catalysis has emerged as one of the most important
mechanisms for selectivity control in modern synthetic
chemistry. In chemical syntheses, oxidative C� H activation
has become an increasingly potent technique. The overall
sustainability of the C� H activation method is compromised
despite significant advancements toward atom and step
economies since these transformations heavily rely on precious
metal catalysts and stoichiometric concentrations of hazardous
metal oxidants. Utilizing electro-oxidation instead of reactive
chemical oxidants, on the other hand, allows efficient use of
renewable energies from sustainable sources for the creation of
chemical bonds and eliminates the formation of unwanted
waste through oxidant economy.[269]

In this study, we have also established electrochemical
techniques for initiating inert C� C bonds at ambient pressure

and temperature. We demonstrated the existence of a mediator
that starts HAT reactions with C� H bond. The C� C bonds
were broken by the mediated oxidation method. The
facilitated oxidation strategies show how electrocatalysis can be
used to activate chemical bonds that are inert in low-stress
situations. This discovery paves the way for the use of specific
redox mediators and renewable power to accelerate difficult
chemical transformations because of the diversity of redox
mediators. Choosing a solvent for electrosynthesis can occa-
sionally be difficult because poorly conductive solvents like
tetrahydrofuran, toluene, etc. must typically be employed to
aid the transfer of electrons in solution. Because the majority
of metal cations are easily reduced to zero-valent metals at the
cathode and expensive ion exchange membranes are needed to
separate the anode and cathode when electrochemical reactions
are conducted in divided cells, the use of metal catalysts in
electrochemical reactions under readily accessible undivided
cells is relatively limited. Modern method for chemically
recycling commercial plastics and workable C� C/H bond
oxygenation pathways for industrial scale-up are covered in
this review.

In order to increase the conversion and product selectivity,
future research will concentrate on functionalizing the redox
mediator to increase its stability. Furthermore, techniques used
to immobilize redox mediators onto a support or to create
heterogeneous mediators will lessen the redox mediators’
tendency to self-degrade and will make the procedures of
product separation and purification easier, especially for large-

Scheme 55. Electrochemical production of aldehyde 81 and epoxide 112.
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scale applications. Additionally, a flow electrochemical cell
with high volumes and electrode surface areas can be devised
in order to practically scale up the oxidation method.[270]

Electrochemical generation of high-valent iron species and
their utilization in selective oxidation reactions open doors to
more sustainable and versatile synthetic processes. Addressing
the challenges of catalyst stability and functional group
compatibility underlines the exciting future prospects for this
research, with potential implications in the development of
greener and more efficient chemical transformations.[38]

The electrocatalytic reactions observed at 1.8 V, with the
potential for using solar energy as a driving force for catalytic
transformations, hold tremendous promise for sustainability.
Utilizing renewable energy sources for catalytic reactions is a
forward-looking approach that aligns with the global shift
towards clean and green technologies. Future research could
focus on optimizing and scaling up these electrocatalytic
processes to make them viable alternatives to current energy-
intensive technologies.[267] The electrochemistry-driven aerobic
cleavage of indoles represents a sustainable, scalable, and
metal-free approach with significant potential for synthetic
chemistry.[94] Future research endeavors will help refine and
expand the utility of this method, making it a valuable tool for
chemists seeking efficient and environmentally friendly syn-
thetic routes.

The electrochemical process for C� H bond oxidation is a
game-changing innovation in synthetic chemistry. Its simplic-
ity, affordability, compatibility with diverse functional groups,
and scalability make it a powerful tool for organic synthesis
and industrial applications.[35] The future holds exciting
possibilities for the refinement and expansion of this method,
promising to drive advancements in the field of chemical
synthesis and material science.
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