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In recent years, with the development of organic synthetic chemistry, a variety of organic synthetic
methods have been discovered and applied in practical production. Photochemistry and electro-
chemistry have been widely used in organic synthesis recently due to their advantages such as mild
conditions and green and environmental protection and have now been developed into two of the most
massive synthetic strategies in the field of organic synthesis. In order to further enhance the potential
of photochemistry and electrochemistry and to overcome the limitations of each, organic synthetic
chemists have worked to combine the two synthetic strategies together to develop photo-
electrochemistry as a new synthetic method. Photoelectrochemistry achieves the complementary
advantages and disadvantages of photochemistry and electrochemistry, avoids the problem of using
stoichiometric oxidants or reductants in photochemistry and easy dimerization in electrochemistry,
Received 31st January 2023, generates highly reactive reaction intermediates under mild conditions, and achieves reactions that are
Accepted 20th February 2023 difficult to accomplish by single photochemistry or electrochemistry. This review summarizes the
DOI: 10.1039/d3cc00437f research progress in the field of photoelectrochemistry from the perspective of photoelectro-chemical
catalysts in recent years, analyzes the catalytic mechanism of various catalysts in detail, and gives a brief
rsc.li/chemcomm outlook on the research direction and development prospects in this field.
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electrocatalysis to obtain the expected products. Net redox
reactions in photocatalysis often require the addition of large
quantities of stoichiometric or superstoichiometric oxidants or
reductants, which may complicate the chemical reactions and
produce unwanted byproducts, and the range of accessible
substrates for photocatalysis is generally limited by the redox
potential of the excited state, which relates to the limited
energy of single visible photons. Although electrochemistry
does not require the use of stoichiometric oxidants or reduc-
tants and can use electric current to achieve redox reactions
and electron transfer at the electrode to obtain reactive inter-
mediates, the redox potential of many reactive intermediates is
often more accessible than that of the precursors, and second-
ary oxidation or radical dimerization continues to occur at the
electrode surface before they can be transferred to solution,
making the reaction difficult due to increased side reactions
and electrode passivation. In order to overcome these drawbacks,
researchers have thought of combining the two strategies in a
single reaction system and developed a photoelectrochemical
strategy based on photochemistry and electrochemistry. The
photoelectrochemical strategy allows the cyclic regeneration of
catalysts to be accomplished by selecting the appropriate potential
without the need to search for redox reagents with suitable redox
potentials, requiring the use of smaller stoichiometric oxidants/
reductants compared to photocatalysis, or milder oxidants/
reductants and being able to separate them by space from the
half reaction of interest, and photoelectrochemistry also achieves
the activation of some substrates that are challenging in photo-
catalysis by controlling the potential. It has been favored by
researchers in recent years and has developed rapidly, and the
number of literature reports has exploded. There is also a
proliferation of reviews in this emerging field. In the review by
Barham and Kénig,>® photoelectrochemistry was systematically
classified into three main forms: (1) electrochemically mediated
photo-redox catalysis (e-PRC), (2) decoupled photoelectrochemis-
try (dPEC), and (3) interfacial photoelectrochemistry (iPEC), and
some special terms in photoelectrochemistry are elaborated.
Recently, Lambert’s group® has also summarized the research
results of recent years according to the redox type of photoelectro-
catalytic reactions. These reviews help chemists to get a more
detailed understanding of the latest research results in this field,
as well as explain some of the terminology used in this field.
To a certain extent, they are excellent inspiration for researchers
working in this field.

In this review, we first give a brief statement of the terms
used in photoelectrochemistry, and a simple description and
classification of the mechanism of photoelectrochemical
catalyst action, which is basically included in the catalytic
process of the examples that follow, and then briefly introduces
the development of photochemistry and electrochemistry and
their accepted mechanisms so that the readers can have a brief
background knowledge before understanding the photoelectro-
chemistry. Finally, we introduce the beginning and development
of photoelectrochemistry, mainly from photoelectrochemical
catalysts and their catalytic mechanisms to introduce some
recent research achievements in this field, and in addition,
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we also give a brief summary and outlook on the development
and future work in this field.

2. Brief statement

In the IUPAC definition, photoelectrochemistry refers to “term
applied to a hybrid field of chemistry employing techniques
which combine photochemical and electrochemical methods
for the study of the oxidation-reduction chemistry of the
ground or excited states of molecules or ions. In general,
it is the chemistry resulting from the interaction of light
with electrochemical systems.” Therefore, we believe that the
research results contained in this review can be collectively
referred to as photoelectrochemistry, and the catalysts used in
these reactions are collectively referred to as photoelectro-
chemical catalysts.

In photoelectrochemistry, the cyclic turnover of the photo-
electrochemical catalyst is an important part of the completion
of the reaction. In combined photochemical and electro-
chemical catalysis, the electrochemical process generally has
two modes of action. One is that the catalyst is first activated
into an intermediate with stronger oxidizing or reducing prop-
erties at the electrode via an electrocatalytic process, and then
subsequently irradiated by light to generate an excited state
catalyst, which has stronger redox properties. Then the excited
state catalyst undergoes an electron transfer process with the
substrate, and the catalyst returns to the ground state and then
participates in the next catalytic cycle. In the other the terminal
redox agent is replaced by an electrochemical process, which
allows the catalyst to cycle and regenerate. In this review, we
classify photoelectrochemical catalysts into three types accord-
ing to these two mechanisms of action: (1) organic electro-
chemically recycled photocatalysts, (2) organic electrochemically
activated photocatalysts, and (3) inorganic electrochemically
recycled photocatalysts.

3. Photoredox catalytic reactions

In the 1970s, Kellogg® found a photoreduction reaction in
which the use of N-methyl-1,4-dihydropyridine compounds as
the terminal reducing agent, and the catalytic amount of
Ru(bipy);Cl, as the photocatalyst to absorb visible light, can
accelerate the decomposition of sulfide ions to obtain the
corresponding alkane and sulfur ether (Scheme 1). Photo-
catalytic redox reactions began to enter the vision of chemists,
but this strategy has been ignored for a long time and has
developed very slowly.

Reductive desulfuration, Kellogg (1978)

EtO,C CO,Et
j\/'\gf BF; . H [Ru(bpy)sICl )OL
Ph

Me Me’ l}l Me MeCN, hv Ph Me
Me
sulfonium dihydropyridine

Scheme 1 The first reaction of photocatalysis.
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c) Dehalogenation reduction of alkyl halides, Stephenson (2009)
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Scheme 2 Classic examples of photocatalysis.

By 2008, Yoon’s group developed an effective intramolecular
[2+2] cycloaddition reaction of olefin by using the photocatalyst
Ru(bipy);Cl, (Scheme 2a).” In the same year, MacMillan’s group
also used the Ru(bipy);Cl, photocatalyst to achieve asymmetric
alkylation of aldehydes at the o-site (Scheme 2b),°® for the first
time to achieve the combination of photocatalysis and organic
small molecule catalysis. The next year, Stephenson’s group
developed a photoredox-catalyzed dehalogenation reduction
reaction of alkyl halides (Scheme 2c).” Notably, this reaction
could be performed without the use of toxic tin reagents and
was environmentally friendly. These reports have aroused great
interest and attention of organic synthetic chemists. Since
then, the number of reports on photocatalysis has increased
significantly and the research in this field has been fully
developed. Compared with traditional redox reaction, photo-
catalytic redox reaction uses much cheaper, cleaner, and envir-
onmentally friendly light energy, and also uses a catalytic
amount of photoredox catalysts instead of the stoichiometric
chemical oxidants or reductants, saving resources. Moreover,
these reactions can be carried out under milder reaction
conditions in most cases, using a simple device, and with easy
operation.

As the research on photocatalytic reactions has intensified,
significant attention has been paid to the study of the reaction
mechanism of photocatalysis. Since most of the organic com-
pounds cannot absorb visible light very well by themselves, they
need to absorb light energy with the help of photocatalysts,
so that the light energy can be converted into chemical
energy. In photoredox catalytic reactions, the photocatalyst acts
as an oxidizing or reducing agent in the chemical reaction.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Highlight

PC

oxidation
quenching

PC*

energy

transfer
Sub reduction

Sub*
PC °o— quenching

Sub

Scheme 3 Typical quenching types of photocatalysis.

After absorbing visible light, the photocatalyst transitions
from the ground state to the excited state, which has stronger
oxidation and reduction properties, and in most cases, it
interacts with substrates or reagents through the single elec-
tron transfer (SET) pathway to return to the ground state and
obtain a highly active intermediate, which is generally a radical
species. In the single electron transfer process, the excited
photocatalyst can be returned to the ground state by oxidation
quenching and reduction quenching (Scheme 3). In addition to
the single electron transfer pathway, the excited state photo-
catalyst can also exchange energy with the substrate through
the energy transfer (EnT) pathway to directly excite the substrate
into the active intermediate (Scheme 3).

Photocatalytic reaction, as a synthetic strategy developed
rapidly in the last decade or so, can be used to synthesize
various C-C, C-N, C-O, and C-P bonds with high efficiency and
selectivity due to its unique mechanism. However, the scope of
photoredox catalysis is limited by the redox potential of its
substrate and the excitation potential of the photocatalyst.
In addition, to achieve a net oxidation or reduction reaction
an additional terminal oxidant or reductant is required as a
sacrificial reagent to enable the catalytic cycle to be turned
around. These sacrificial reagents may react with catalysts,
substrates, reagents or active intermediates to produce unwanted
byproducts, reducing the efficiency of the main reaction or
making it impossible to proceed, complicating the reaction
system, and rendering the addition of sacrificial reagents
uneconomical. For example, in 2010, Stephenson and co-workers
developed a photocatalytic protocol of photoredox-mediated
direct inter-molecular C-H functionalization of heterocyclic
arenes with diethyl bromomalonate.® When they used Et;N as
a sacrificial reducing agent, the yield of the target product was
only 25% after 24 hours, even though a large amount of
substrate was employed. If using 4-methoxy-N,N-diphenyl-
aniline, the yield of the target product increased to 82%. This
is due to the fact that amino radical cation of the former can
donate a hydrogen atom to the target substrate radical species,
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which was produced by dehalogenation of diethyl bromo-
malonate, leading to a substantial amount of reduced diethyl
malonate.

4. Electrocatalytic reactions

Electrocatalysis has a very long history as photocatalysis and
has been used as an efficient and highly selective synthetic
strategy in modern organic synthesis. Since the invention of
the cell by Volta® in 1800, synthetic organic electrochemistry
has been slowly developing. It was not until the 1830s that
Faraday’s'® pioneering scheme for the electrolysis of acetic acid
to produce alkanes attracted the chemists’ interest in this non-
spontaneous organic reaction driven by electric currents
(Scheme 4a). In 1845, Schoenbein'" discovered the reaction of
reduction and dehalogenation of trichloromethyl sulfonic acid
at the cathode, which realized the electrocatalytic chemical
reaction of cathodic reduction for the first time (Scheme 4b).
Inspired by Faraday, in 1874, Kolbe'® achieved the oxidative
decarboxylation of carboxylic acids at the anode to generate
alkyl radicals for dimerization into alkanes (Scheme 4c). This
strategy provides a convenient means to obtain alkyl radicals.
Since then, organic synthetic chemists began to realize the
powerful potential of this new strategy and the trend of future
development of organic synthesis and created the field of
electrochemical organic synthesis.

A simple electrochemical catalytic reaction device requires a
power supply connected to an anode electrode and a cathode
electrode, which are inserted into an electrolyte solution to
form a closed-loop pathway. Mechanistically, electrocatalytic
reactions occur by applying an electrical potential to cause
molecules to gain or lose electrons at an electrode or in an
electrolyte, resulting in a corresponding reduction or oxidation
reaction. Electrocatalytic reactions can be divided into direct
electrolysis and indirect electrolysis depending on whether the
substrate gains or loses electrons at the electrode. In a direct
electrolysis method, the substrate oxidizes by losing electrons
at the anode or reduces by gaining electrons at the cathode to
obtain a highly reactive intermediate before proceeding to the
subsequent functionalization, which is a heterogeneous reac-
tion. In contrast, indirect electrolysis requires the addition of a
redox mediator to indirectly transfer electrons between the
substrate and the electrode, so the redox mediator is also called

a) Electrolytic sodium acetate, Faraday (1834)

i electrolysis

H,C—CH
ONa ° °

H;C

b) Reductive dehalogenation of trichloromeanesulfonic acid, Schoenbein (1845)

cathode
_reduction _

Cl Cl
C|>C(I C|>Hr

c) Decarboxylation of carboxylic acid by anodic oxidation, Kolbe (1874)

R-COOH R=R

Scheme 4 The beginning reactions of electrochemistry.
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an electron transfer medium. The redox mediator oxidizes by
losing electrons at the anode or reduces by gaining electrons at
the cathode to produce an active redox mediator, which makes
the substrate undergo the corresponding electron reduction or
oxidation by electron transfer in contact with the substrate, and
then get functionalized by the subsequent reaction.

Compared with traditional organic synthetic strategies for
redox reactions, electrochemistry decreases the use of chemical
reagents by using electrical energy, has milder conditions,
consumes less energy overall, decreases environmental pollu-
tion, and is more in line with the tenets of green chemistry.
Moreover, the course of the reaction can be precisely controlled
by controlling the electrode potential to improve the selectivity
of the main reaction, and the functional groups are well
tolerated. However, electrochemical methods also have certain
limitations, such as direct electrolysis is a heterogeneous
reaction, the radical active species generated at the electrode
may not be able to migrate to the solution before the secondary
oxidation or radical dimerization and other side reactions
occur to affect the yield, and the electrode surface is contami-
nated by intermediates from starting material decomposition,
leading to passivation. The radical-active species generated by
indirect electrolysis are prone to over-oxidation because they
have a lower oxidation potential than the precursors. In addi-
tion, some commonly used solvents (e.g., tetrahydrofuran,
toluene) have poor electrical conductivity, and the choice of
solvent is a factor to be considered in electrochemical syn-
thesis; alternatively, a supporting electrolyte may be added to
the solvent to improve the conductivity of the solvent, but some
supporting electrolytes are expensive, toxic and may lead to the
risk of explosion, such as LiClO, and NaClO,. In a complex
chemical reaction, a high potential may be required to produce
an active intermediate, and at such extreme potentials the
reaction will not be well controlled, and the reaction selectivity
will be greatly decreased.

5. Early work on
photoelectrochemical reactions

Although photochemistry and electrochemistry have a long and
rich history of development, and after more than ten years of
development, the two strategies have been well complemented
and improved to achieve many reactions that traditional redox
reactions cannot accomplish, but because of the inherent
limitations of their unique models, for many reactions still
cannot achieve the ideal solution for researchers. The emer-
gence of photoelectrochemistry, which perfectly complements
the advantages and disadvantages of these two strategies, is a
very young and challenging field, and early reports on
photoelectro-chemistry did not clearly recognize it as an emer-
ging synthetic method with great development potential.

It is generally accepted in the field of photochemistry that
the first reaction related to photoelectrochemistry was reported
by Moutet and Reverdy in 1979 (Scheme 5a)."* 1,1-Diphenyl-
ethene (DPE) 1 was irradiated using a mercury lamp and

This journal is © The Royal Society of Chemistry 2023
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a) Moutet and Reverdy's work (1979)
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b) Moutet and Reverdy's work (1982)
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3 4

CHO

c) Sheffold's work (1983)
Vitamin B, (10 mol%)

LiClO4, DMF
1Jk L : * R AEWG — 4 R! EWG
R ¢} R divided cell, Hg-pool cathode
Ecathods = -0.95 V (vs SCE) e}
5 6 500 W light, r.t. 7

EWG = CHO, COR?®, COOR*, CN

Scheme 5 Relevant example of early work on photoelectrochemistry.

phenothiazine (PTZ) acted as a photoelectrochemical catalyst
and cyclization occurred at a potential of 0.79 V to form the
product 2. In this reaction, the photoelectrochemical catalyst
phenothiazine belongs to the class of organic electrochemically
activated photocatalysts. Three years later, Moutet and Reverdy
published another report of photoelectro-chemistry, in which
the N,N,N’,N'-tetraphenyl-p-phenylenediamine (TPPD)
used as a photoelectrochemical catalyst and under UV irradia-
tion. Benzyl alcohol 3 is oxidized to benzaldehyde 4 by two
successive electron transfer processes (Scheme 5b)."* The TPPD
catalyst in this protocol belongs to the same class of organic
electrochemically activated photocatalysts as the above PTZ
catalyst. In 1983, Scheffold also published a report on the
photoelectrochemical one-step synthesis of 4-oxo aldehydes,
ketones, esters and nitriles. Anhydride 5 reacts with electron-
deficient olefin 6 catalyzed by vitamin B, and Co(ui) species by
visible light irradiation at 500 W using a divided cell and a
mercury cell cathode to produce the addition compounds 7
(Scheme 5c).'® The vitamin By, in this protocol is mainly used
to reduce the Co(ur) species to Co(r) at the beginning of the
reaction, and the catalyst that undertakes the catalytic cycle of
the reaction is Co(ur), which mechanistically belongs to the type
of inorganic electrochemically recycled photocatalysts. The
specific reaction processes and mechanisms of the three works
mentioned here are summarized in the reviews by Lambert
et al.® and are available for readers to review on their own, and
thus it will not be repeated here.

From a certain perspective, the three previously mentioned
works were the beginning of photoelectrochemistry, but
because the great potential of this combined photochemical
and electrochemical catalytic reaction strategy was not realized
initially, the strategy did not receive much attention from
organic synthetic chemists during the first two decades of its
development. In the last five years, the photoelectrochemical
strategy has been gradually came to the attention of organic
chemists. Since 2019, there has been a large increase in the

was
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number of reactions related to photoelectrochemistry, various
types of photoelectrochemical methods have appeared, and a
variety of efficient photoelectro-chemical catalysts have been
used, and the research in this field has become more and more
in-depth. Among them, various efficient photocatalysts can be
roughly classified into three categories according to their
mechanism of action: organic electrochemically recycled photo-
catalysts, organic electrochemically activated photo-catalysts,
and inorganic electrochemically recycled photocatalysts. The
following introduces some research achievements in the field
of photoelectrochemistry in recent years from the perspective of
these three types of photoelectrochemical catalysts.

6. The prosperous development of
modern photoelectrochemical
reactions

6.1 Organic electrochemically recycled photocatalysts

Mes-Acr® photoelectrochemical catalyst. In 2019, Xu’s group
achieved the C-H alkylation reaction of heterocyclic arenes 8
and organic trifluoroborates 9 by using N-methyl-9-mesityl-
acridinium (Mes-Acr) as a photoelectrochemical catalyst in an
undivided cell with irradiation of blue LEDs (Scheme 6(I))."°
The substrate applicability of this protocol is comparable to
that of the photocatalytic protocol for various primary,

I. Xu's work (2019)

H
+ R-BFgK

Mes-Acr*ClO4 (5 mol%)
RVC(+) Pt(-), 2 mA
blue LED (450 nm)
Et,NBF,, TFA, r.t.

&

8 ° MeCN/H,0 (2:1) 10
Il. Representative products
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Me N Me___Me
X S, Me X
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_  Mes-Acr BF; +R S v et
e 17 19 N R
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_ 21
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Scheme 6 Photoelectrochemistry of heteroarene alkylation.
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secondary and tertiary alcohols and various heterocyclic aro-
matic substrates, and it is well tolerated for various functional
groups (such as carbonyl, hydroxyl, ester, ether bonds, etc.), and
the part of products is displayed in Scheme 6(II) (11-14). In
2017, Molander and coworkers'” reported a photocatalytic net
oxidation reaction of C-H alkylation of heterocyclic arenes and
organic trifluoroborates, using Mes-Acr as a photocatalyst,
adding 2.0 equivalents of K,S,0g as a co-oxidant, which
undergo a single electron transfer (SET) process with the Mes-
Acr radical to obtain a regenerated catalyst Mes-Acr', complet-
ing the catalyst oxidation reduction cycle turnover. Considering
that the Molander’s strategy requires the use of super stoichio-
metric K,S,05 as an oxidant, economics and safety will become
important issues for us during large-scale experiments. In order
to find alternative methods to replace the oxidant K,S,0g for
the cyclic regeneration of the Mes-Acr catalyst, Xu and co-
workers came up with the idea of using electrochemical
potential instead of a terminal oxidant to realize the recycling
of the catalyst. Mes-Acr’ 15 generates excited state Mes-Acr"
(Mes-Acr**) 16 under the irradiation of light, Mes-Acr'* reacts
with 18 to obtain alkyl radical 19 and Mes-Acr radical (Mes-
Acr®) 17. By controlling potential, Mes-Acr® 17 is oxidized to
regenerated Mes-Acr’ 15 at the anode. Subsequently, alkyl
radical 19 reacts with heterocyclic arenes 20 to obtain radical
cationic intermediate 21, and then removes a molecule of
hydrogen ion to generate radical 22, and finally obtains alkyla-
tion product 23 (Scheme 6(III)). Notably, in the photocatalytic
approach reported by Molander, Ir[dFCF;ppyl,(bpy)PFs and
4-CzIPN catalysts, which have good yields for secondary and
tertiary alcohols, do not perform well in photoelectrochemistry,
probably due to the fact that the reduction potential of their
corresponding excited states is lower than that of Mes-Acr".
In this protocol they increased the current from 2.0 mA to
4.0 mA or 6.0 mA and found a significant decrease in the yield
of the product, which indicates the importance of synchroniz-
ing the two steps of electrocatalysis and photocatalysis.

In 2020, Ackerman and co-workers reported a photoelectro-
catalyzed C-H trifluoromethylation reaction of (het)arenes 24
to produce 25, which was the first trifluoromethylation reaction
to utilize photoelectron co-catalysis (Scheme 7(I)).'® This reac-
tion utilized Mes-Acr" or [Ru(bpy);](PFe), as the photoelectro-
chemical catalyst, and the trifluoromethyl source reagent used
was the Langlois reagent (CF3SO,Na). The reaction has high
chemoselectivity and functional group tolerance (including
esters and amides), and the trifluoro-methylation products
are also well obtained for arenes containing groups with high
site resistance. The reaction proceeds very well to trifluoro-
methylation with good yields for a wide range of heteroarenes,
such as furans, thiophenes, benzothiophenes, indoles, quino-
lines and pyrimidines. The part of the products is displayed in
Scheme 7(I) (26-29). The mechanism of the Mes-Acr” catalyst is
the same as that reported above, where Mes-Acr” 15 generates
the excited state of Mes-Acr’ (Mes-Acr'*) 16 under light irradia-
tion, and Mes-Acr'* 16 undergoes a single electron transfer
(SET) process with the Langlois reagent 30 to obtain trifluoro-
methyl radical 31 and Mes-Acr®* 17, which was oxidized to
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I. Ackermann's work (2020)
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Scheme 7 Photoelectrochemistry of C—H trifluoromethylation of arenes.

regenerate Mes-Acr' in the anode, completing the catalyst cycle.
Subsequently, the trifluoromethyl radical 31 was captured by
aromatics 32 to generate radical intermediate 33, which was
oxidized by Mes-Acr’ to obtain the cationic intermediate 34.
Finally 34 deprotonated to obtain trifluoro-methylated product
35 (Scheme 7(III)). The reaction can also be applied in fluidic
systems and can be used for gram scale synthesis (Scheme 7(IV)).

DDQ photoelectrochemical catalyst. In 2019, Lambert’s
group discovered a photoelectrochemically catalyzed aromatic
nucleophilic substitution reaction (SxAr) of inactive aryl fluor-
ides 36 and nucleophilic reagents. This reaction utilizes 2,3-
dichloro-5,6-dicyanoquinone (DDQ) as a photoelectro-chemical
catalyst to generate the product 37 or 38 of nucleophilic sub-
stitution of fluorobenzene by nucleophilic reagents (Scheme 8(1))."
In contrast to the classical SyAr reaction, the substrate does not
need to carty an electron-withdrawing group and the reaction can
occur at room temperature without the use of strong bases or high
temperatures. This method provides a new strategy for aromatic
nucleophilic substitution reactions, extending the applicability
of the SyAr reaction to some non-traditional substrates, such as
fluorobenzene, 4-chlorofluorobenzene, and 1,4-difluorobenzene.

This journal is © The Royal Society of Chemistry 2023
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Scheme 8 Photoelectrochemistry of SyAr reaction using DDQ.

For the exploration of nucleophilic reagents, heterocyclic aromatics,
alcohols, aminocarbonates, and water can all react as nucleophilic
reagents with good yields. The part of products is displayed in
Scheme §(II) (39-42).

Previously, Nicewicz and co-workers®® reported the SyAr
reaction of an inactive alkoxy arenes catalyzed by the photo-
catalyst N-methyl-9-mesitylacridinium (Mes-Acr). Mechanisti-
cally, the key to the reaction is the generation of an aryl ether
radical cation 44 by the alkoxy arene 43 catalyzed by Mes-Acr'*,
which is easy for nucleophilic attack to obtain the radical
intermediate 46, followed by the transfer of electrons from
the reduced photocatalyst 17 to the radical intermediate 46,
and finally the alkoxy substituent is removed to complete the
aromatization to get product 47 (Scheme 8(IIIa)). Because the
electron-donating alkoxy substituent is necessary to achieve
the initial oxidation event, the substrate scope is only applic-
able to alkoxy-type inactive aromatics. To achieve the SyAr

This journal is © The Royal Society of Chemistry 2023
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reaction for less electron-rich arenes (e.g., fluorobenzene), a
more oxidizing photocatalyst needs to be found to complete the
initial oxidation of the inactive arenes, while the reduced
catalyst can also transfer electrons to the radical intermediate
to generate the initial photocatalyst to complete the catalytic
cycle. DDQ is an ideal oxidant with a strong oxidizing power
(Erea = 3.18 V vs. SCE), the excited state DDQ generated under
light can undergo a single electron transfer (SET) process with
p-chlorofluorobenzene 48 to obtain a radical cation 49, which is
subsequently attacked by a nucleophilic reagent 50 to afford a
radical intermediate 51. However, the reduced DDQ radical
anion cannot transfer electrons to the radical intermediate 51,
reducing it to a radical anion 52, at which point a cathode is
required to give electrons to the radical intermediate 51, and
reduced it to the radical anion 52, and finally the fluoride ion is
removed to re-aromatize the product 53. The previously
reduced DDQ radical anion is oxidized at the anode to regen-
erate DDQ, completing the catalytic cycle (Scheme 8(IIIb)).
Notably, the alkoxybenzene used in the Nicewicz’s work did
not observe the expected product in this scheme, and the
authors suggest that while single-electron oxidation events
readily occur, the anti-electron transfer is also very rapid, over-
taking the nucleophilic reagent to attack the radical cation
intermediate 68, leading to the re-generation of the radical
cation 68 into an inactive aromatic.

In 2021, Lambert’s group further discovered the photo-
electro-chemically catalyzed direct C-H heterofunctionalization
reaction of aromatic hydrocarbons.>" Using DDQ as a photo-
electrochemical catalyst, under a mild electrical potential with
blue LEDs irradiation, aromatics 24 can directly react with
nucleophilic reagents, such as alcohols, water, carboxylic acids,
aminocarbonates, and amides, to produce functionalized pro-
ducts 54 or 55 (Scheme 9(I)). The part of products is displayed
in Scheme 9(II) (56-59).

Direct C-H functionalization of aromatics is an effective
strategy for the synthesis of substituted aromatics. Both transi-
tion metal-catalyzed and direct electrolytic oxidation methods
have long been known, but these methods usually have low
yields, poor selectivity, and a limited range of substrates. For
the rapidly developing photoredox methods, the C-H bond
functionalization of aromatics is often applicable to electron-
rich arenes because they have low redox potentials, while for
electron-deficient arenes the redox potentials are higher and
not easily oxidized to aryl radical cations, so it is a great
challenge for electron-deficient and electron-neutral aromatics.
Based on the previous studies'®** and the work of Fukuzumi®*
and Konig,*® the researchers concluded that DDQ would be
a suitable catalyst for this photoelectrochemical reaction.
Mechanistically, DDQ is irradiated with blue LEDs to obtain
the excited state DDQ (DDQ*), and then undergoes a single
electron transfer (SET) process with benzene 60 to form the
benzene radical cation 61, followed by the attack of the phenyl
radical cation 61 with nucleophilic reagents to give the radical
intermediate 62, which then undergoes single electron oxida-
tion to form 63, and deprotonation to afford the final product
64. The DDQ radical anion (DDQ® "), after getting one molecule
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Scheme 9 Photoelectrochemistry of arene heterofunctionalization using
DDQ.

of electrons and two molecules of protons to form DDQH,,
which is immediately followed by the regeneration of the
DDQ catalyst at the anode oxidation (Scheme 9(III)). Hydrogen
protons are reduced at the cathode to form H,. To further
scale up the process, they applied a continuous flow system to
the reaction, with electrochemical modules and multiple
photochemical reaction channels in series, which not only
effectively increased the reaction yield, but also successfully
achieved a 15 mmol scale conversion of benzene to phenol
(Scheme 9(IV)).

Other organic electrochemically recycled photocatalysts. In
2020, Lin’s group reported a photoelectrochemical reaction of
riboflavin tetraacetate (RFT) and 1,3-diisopropylthiourea (TU)
to co-catalyze the formation of aldehydes or ketones 66 from
inactive alcohols 65 (Scheme 10(I)).>* And a part of the products
is displayed in Scheme 10(II) (67-70). Previously, photochemi-
cal methods using riboflavin derivatives as photocatalysts for
the oxidation of alcohols have been limited to active benzyl
alcohols,”®*” but there is no report on aliphatic alcohols.
Moreover, these photocatalytic methods require the addition
of terminal oxidants, which may lead to oxidative decomposition
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1. Lin's work (2020)
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using RFT

of riboflavin or thiourea and generate byproducts that react
with substrates or other reaction intermediates, complicating
the reaction outcome. Considering the electro-chemical activity
of riboflavin derivatives, Lin’s group used the potential
(E = 2.5 V vs. SCE) to regenerate the RFT catalyst by oxidative
dehydrogenation of RFT-H, at the anode (Scheme 10(III)).
During this reaction, the RFT catalyst receives blue LED irra-
diation to leap to the excited state, and the excited RFT* and TU
undergo electron transfer (ET) and proton transfer (PT) to
obtain the radical intermediate 73 and (RFT*)-H species 71.
The radical intermediate 73 can undergo two pathways of
reaction: (1) a hydrogen atom transfer (HAT) process with the
alcohol 76 to despoil the a-H atom of the alcohol 76 to generate
alkyl radical 77; and (2) dimerization of two molecules of the
radical intermediate 73 to produce 74, followed by hydrolysis to
obtain the byproduct carbamides 75 and H,S. The alkyl radical
77 obtained in the first pathway and the reduced 71 undergo
the HAT process again to obtain the corresponding ketone
products 78 and 72, and then 72 undergoes oxidation at the
anode to obtain the initial RFT catalyst. Notably, the use of
electrochemical potentials instead of terminal oxidants can
effectively inhibit the dimerization of the radical intermediate
73 and the subsequent byproduct generation. This strategy
further extends the range of substrates for the alcohol oxida-
tion method using riboflavin as a catalyst, allowing a good

This journal is © The Royal Society of Chemistry 2023
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conversion of various aliphatic alcohols to the corresponding
aldehyde or ketone products as well.

In 2020, Lei’s group reported a generalized Mn-catalyzed
direct C(sp®)-H bond azidation reaction to obtain 80 under
photoelectron-chemical catalytic conditions (Scheme 11(1)).>®
The reaction is applicable to various benzyl-site C(sp®)-H
bonds, conventional alkyl and remote C(sp®)-H bonds, and
has high regioselectivity, with greater reactivity for tertiary
C(sp®)-H than for primary/secondary C(sp®)-H, such as product
82. The part of the products is displayed in Scheme 11(II) (81-
84). In this reaction, which requires the use of a manganese
catalyst and an organic HAT photocatalyst (e.g., DDQ,
9-fluorenone, 4,4’-dimethoxybenzo-phenone) to complete the
catalysis, the authors suggest that HAT photocatalyst 88
generates excited state 89 under light irradiation, which sub-
sequently reacts with alkanes 90 to obtain alkyl radical 91 and
radical intermediate 90, which is oxidized to 88 at the anode.
In another catalytic cycle, the Mn(u) 85 and N3~ coordination to
get 86, which is anodically oxidized to intermediate 87, and 87
subsequently reacted with alkyl radical 91 generated by HAT
photocatalysts to give the azidation product 92 (Scheme 11(III)).

In 2021, Ravelli and co-workers reported photoelectrochemi-
cally catalyzed dehydrogenation cross-coupling reactions of
benzothiophene 93 and alkane 79 with C(sp®)-H bonds to
obtain 94 by using tetrabutylammonium decatungstate (TBADT)
as the photo-electrochemical catalyst (Scheme 12(1)).>° While
previous work®® by this author has used K,S,0g as a terminal
oxidant to achieve the photocatalytic Minisci-type reaction of
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Scheme 11 Photoelectrochemistry of oxidative azidation.
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heteroarenes, this strategy utilizes electrochemical oxidation
instead of the K,S,0g oxidant, which is more favorable in terms
of safety, economy and environment. This reaction has a good
range of substrate applicability for various substituents of
benzothiazole and chain alkanes, cyclic alkanes. A part of the
products is displayed in Scheme 12(II) (95-98). The mechanism
of the reaction is shown in Scheme 12(III). TBADT is excited by
light to obtain the excited state of TBADT (TBADT*), which is
responsible for the activation of aliphatic C(sp*)-H bonds, and
alkanes 99 are oxidized by the single electron transfer (SET) of
TBADT* to obtain alkyl radicals 100, and 100 then undergoes
addition with benzothiazole 101 to obtain nitrogen radical
intermediates 102. It is confirmed that intermediates 102
undergo a proton-mediated spin-center shift (SCS) to give the
tertiary carbon alkyl radical 103, and finally the product 104
was obtained under the oxidation of TBADT and deprotonation.
The reduced TBADT was regenerated by anodic oxidation.

6.2 Organic electrochemically activated photocatalysts

TAC* photoelectrochemical catalyst. In 2019, Lambert’s
group and Nuckolls’s group collaborated to report a C-H/N-H
coupling reaction of aromatics 24 and azoles 105 to produce
106 by using trisaminocyclopropenium (TAC) ion as a photo-
electrochemical catalyst (Scheme 13(1)).>* Because of the strong
oxidation of the TAC*>"*, the reaction is applicable to a much
wider range of aromatics, not only for electron-rich aromatics,
but also for neutral electron and electron-rich aromatics can
observe the expected products, such as benzene, halogenated
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benzene, and dihalogenated benzene. The reaction is also well
tolerated for some functional groups such as carboxyl groups,
ester groups, aldehyde groups, carbonyl groups, and the reac-
tion is also applicable to some triazoles, although under the
conditions of the more oxidizing TAC****, The part of products
is displayed in Scheme 13(II) (107-110). In light of some
previous work by Yoshida,*” Weiss,** and Johnson** related to
the TAC ion, during the Lambert and Nuckolls’s collaboration,
it was found that the TAC radical dication (TAC*>") can be
generated by electrochemically reversible oxidation and the
required potential is not high (Eox = 1.26 V vs. SCE). In addition,
TAC radical dications can stably exist in air, forming stable
deep red crystals (Amax = 550, 500, and 450 nm) that can be
detected by single-crystal X-ray. The excited state reduction
potential of the photoexcited TAC radical dication is up to
3.33 V (vs. SCE), which exceeds that of 9-mesityl-10-methyl-

acridinium (Ef n= 2.06 V), 3-cyano-1-methylquinolinium

(E;‘ n= 2.72 V), and even 2,6-dichloro-3,5-dicyanoquinone
(DDQ; Ej), = 3.18 V). Thus, they concluded that the TAC ion

could serve as a powerful new photoelectron-chemical catalyst
that could well oxidize a variety of challenging substrates,
which were unlikely to succeed in the works of Nicewicz,>®
Lei,*® Gritzel and Hu.*”

The most critical part of the whole reaction process is that
the TAC ion (TAC') 111 produces an open-shell TAC radical
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dication (TAC*>") 112 at the anode, which produces an excited
TAC radical dication (TAC****) 113 with strong oxidation pro-
perties under the irradiation of CFL. Then the substrate ben-
zene 114 and TAC*™* undergo a single electron transfer (SET)
process to obtain benzene radical cation 115, which reduces
TAC*>** to TAC" to continue to participate in the next catalytic
cycle at the anode. The coupling of benzene radical cation 115
and azoles 116 occurs to obtain radical intermediate 117, which
are subsequently oxidized and diprotonated in the presence of
TAC radical dications to form product 118 (Scheme 13(III)).

In 2020, Lambert’s group reported a photoelectroncatalyzed
Minisci-type reaction for the highly selective C-H functionali-
zation of ethers 119 at the o-position (Scheme 14(1)).*® Minisci-
type reactions for the addition of radicals to heterocyclic arenes
are an important tool for building molecular complexity, and
the strategy is highly effective for building biologically active
molecules, but many examples of the strategy require the use of
stoichiometric peroxides and have poor regioselectivity. From
their previous study,*® it is known that the photoexcited state of
the TAC radical dication has amine radical cationic properties
on one of the nitrogen substituents, and thus they envisioned
the excited state TAC radical dication intermediate 113 to be an
effective acceptor for hydrogen atom transfer that would accept
well the hydrogen atom given by the ether 126 to form radical
127 while producing protonated 125. Next the radical 127 reacts
with the substituted isoquinoline 128 to form the radical
intermediate 129, which may undergo a second oxidation by
TAC****, and another proton is removed to give the product
130. Simultaneous 125 deprotonation regenerates the TAC"

1. Lambert's work (2020)
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Scheme 14 Photoelectrochemical Minisci ether functionalization.
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catalyst 111 (Scheme 14(III)). It is worth mentioning that the
reaction has a special regioselectivity. For either the pri/ter or
sec/ter C-H bond, the products obtained are regional isomers
with small site resistance due to the large site resistance of the
tertiary C-H bond (Scheme 14(II), 124); whereas for the pri/sec
C-H bond, the products obtained are second C-H bond func-
tionalized products (Scheme 14(II), 121). The reaction is also
applicable to other radical acceptors such as alkenes, alkynes,
and azoles. A part of the products is displayed in Scheme 14(1II)
(121-124).

In 2021, Lambert’s group reported another example of a
photoelectrochemical reaction for Ritter-type C-H bond di-
amination with TAC ion photoelectrochemical catalyst. Under
the irradiation of CFL and 2.4 V potential using carbon positive
and platinum negative electrodes, the diamination product 132
can be obtained by the reaction of substrate 131 at room
temperature catalyzed by TAC'ClO,~ (Scheme 15(1)).>*° From
the classical Hofmann-Loffler-Freytag (HLF) reaction to the
modern development of transition metal photoredox reactions,
C-N bond construction methods have been continuously devel-
oped, and although all these strategies have their powerful
efficiency and substrate applicability, the vast majority of them
can only construct a single C-N bond due to the alteration of
the surrounding C-H bond activity caused by the installation of
hetero-functionalization. Considering that nitrogen hetero-
cycles are common and essential in bio-molecules and drug-
like molecules, researchers have attempted to achieve vicinal
C-H diaminization reactions. From previous work, it is known
that the photoexcited TAC radical dication is a very strong
oxidant for the oxidative functionalization of electron-deficient
aromatic hydrocarbons, and they speculate that this oxidant
can also be well accomplished for the C-H monoamination at
the benzyl position to obtain amide 142, and then the C-H
bond at the neighboring position can undergo the secondary
amination reaction again. For the mechanism, they suggest
that the reaction starts with a process consistent with an
electrocatalytic Ritter-type reaction, where the substrate 137
undergoes a single electron transfer (SET) process with TAC*>"*
113 to form a radical cationic intermediate 138, followed by
deprotonation and secondary oxidation to give the benzyl
carboncation 140, and then reacts with the solvent acetonitrile
to obtain 141, which then form the Ritter-type product 142. The
secondary amination process may be caused by the E1 elimina-
tion of amide 142 under the catalysis of acid to generate the
corresponding styrene derivative 143, which was subsequently
oxidized again by TAC**** to form the radical cationic inter-
mediate 144, and then underwent a series of solvent capture
and oxidation events to give the final product dihydroimidazo-
lium compounds 146 (Scheme 15(I1I)). The mechanistic process
of the styrene intermediates was demonstrated by the trace
amounts of styrene products obtained in the experiments, but
the key to diamination is the slow generation of styrene,
otherwise too much styrene will dimerize, but no dimerization
products were detected under these conditions. This strategy
of adjacent C-H bond diamination is not only applicable
to styrene substrates with branched chains at the benzylic

This journal is © The Royal Society of Chemistry 2023
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Scheme 15 Photoelectrochemical reaction of vicinal C—H diamination.

position, but also to unbranched substrates, which can be
achieved simply by changing the solvent. Interestingly, the
product generated by changing the electrolyte from Et,NBF,
to LiClO,4 changed from dihydroimidazole to 2-oxazoline. A part
of the products is displayed in Scheme 15(II) (133-136).
Subsequently, Lambert’s group reported another work on
photoelectrochemical catalytic Ritter-type C-H monoamina-
tion to produce benzylacetamide 148 by substrate 147
(Scheme 16(1)).*° The conditions of this reaction are almost
the same as the previous work, also using TAC ions as photo-
electrochemical catalyst, except that the reaction is only applic-
able to substrates without branched chains in the benzyl
position and using trifluoroacetic acid (TFA) as co-solvent, if
the substrate has branched chains to obtain the above-
mentioned imidazoles of diamination products. For the above
diamination reaction in the benzyl position without branched
substrate also the diamination product can be obtained
because of the use of trifluoromethanesulfonic acid (TfOH)
as the co-solvent. This strategy also justifies the mechanism
of styrene formation by E1 elimination in the diamination
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Scheme 16 Photoelectrochemical reaction of C—H amination.

process, because the E1 elimination reaction of a branched
substrate with TFA at the benzyl position can easily occur, so
that the diamination product is obtained, but for a substrate
without a branched chain, the E1 elimination reaction is more
difficult and requires a stronger acid, such as TfOH. Therefore,
only monoamination products can be obtained when TFA is used as
a co-solvent in this reaction. The mechanism of the process is the
same as that described above for the pre-diamination part and is
not repeated here (Scheme 15(III), First amination). The part of
products is displayed in Scheme 16(II) (149-152).

The most widely used strategy for the double oxidation of
olefins, which is an important part of organic synthesis, is to
use transition metal catalysis, especially osmium, but it involves
high cost and high toxicity. In 2012, Yoshida’s group*" discovered
an electrochemical catalytic method to form a bis(alkoxy-
sulfonium) intermediate by electrochemical oxidation of olefins
in DMSO, which is then hydrolyzed to produce 1,2-diol. The
problem of cost and toxicity is well solved by this method.
However, because the “cation pool” strategy’” requires a high
oxidation potential, the range of substrates is very limited, and
only five substrates are shown in this paper, which leads to the
inability of this method to be widely applied. In 2021, Lambert’s
group used the TAC ion photoelectrochemical catalyst to achieve a
highly chemoselective and diastereoselective acetoxyhydroxylation
of olefins 156 to obtain 157 (Scheme 17(I)).** The substrate
applicability of this strategy was greatly extended, with good yields
for intracyclic olefins, chain olefins, heterocyclic olefins, and
1,3-conjugated diolefins. Carboxylic acids are also not limited to
acetic acid, but benzoic acid, cyclopropanecarboxylic acid,
thiophene-carboxylic acid, furoic acid, etc. can be obtained as
dioxy-genation products. The method can also be used to achieve
multigram synthesis of monoester products using a continuous
flow system. The part of products is displayed in Scheme 17(II)
(158-161). Mechanistically, under an undivided cell with an
applied potential of 2.0 V and the irradiation of visible light, the
TAC ion is converted to TAC*>"*, which subsequently oxidizes the
olefinic substrate 162 to the radical cation 163. It is then captured
by the nucleophilic reagent acetic acid to form radical 164, which
was further oxidized to the oxocarbenium intermediate 165,
and was finally hydrolyzed to give the dioxygen product 166
(Scheme 17(I11)).
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Scheme 17 Photoelectrochemical acetoxyhydroxylation of aryl olefin.

Other organic electrochemically activated photocatalysts.
In 2021, Barham and co-workers reported a hole-mediated
photoredox catalysis for the C-N bond coupling reaction of
aromatics 24 and azoles 105 (Scheme 18(I)).** The method
utilizes electrically activated tris(p-substituted) biarylaminium
(TPAs) as a tunable, precomplexed photoelectrochemical
catalyst that becomes an ultra-potent photooxidant under
excitation by light and whose oxidation capacity can exceed
the solvent window limit of cyclic voltammetry. This scheme
overcomes the problem of short lifetime of photoexcited anion/
cationic doublet states by means of precomplexation. The
formation of a ground state precomplex is required for any of
these reactions to proceed in competition with excited state
deactivations. Such precomplexes of the radical anion states
were first indirectly confirmed by structure reactivity relation-
ships and calculations in study in Scheme 23.%' Recently, it was
directly unequivocally confirmed by spectroscopy in Lee,
Cho and You’s* and Vauthey’s*® study.

The reaction efficiency can be optimized for different
electron-deficient levels of aromatics by adjusting the aryl
group of the TPA in this reaction, and the expected products
of very electron-deficient substrates can be observed by using
more electron-deficient TPA variants as well. It is noteworthy
that the extremely electron-deficient 1,2,4-trifluorobenzene and
trifluorotoluene substrates produce not the product of C-H/N-
H coupling but the product of SyAr (Scheme 18(II), 167). This is
the first time that a chemistry reaction of C(sp*)-CF3 to C(sp®)-
N(Het-Ar) substitution has been achieved, and it highlights the
potential for using high energy excited states by the precom-
plex. The part of the products is displayed in Scheme 18(II)

This journal is © The Royal Society of Chemistry 2023
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Scheme 18 Photoelectrochemical C-H/N—-H coupling reaction using
TPA.

(167-170). The report also used a large number of experiments
to address the connection between the structure and reactivity
of TPA. In contrast to the previous mechanism, the catalyst is
oxidized to form TPA radical cations 172 at anode, which are
subsequently precomplexed with the substrate 174 to obtain a
reactive T-n precomplex (PRCX) 173, and then PRCX is reduc-
tively quenched via a single electron transfer (SET) process
under the excitation of light to generate aryl radical cations 175
and regenerated TPA catalysts. The aryl radical cation 175 is
trapped by the N-heteroarenes 176 to form the product 177 after
losing protons and electrons (Scheme 18(II1)).

In 2020, Lambert’s group also reported a photoelectrochemi-
cally catalyzed functionalization reaction of aryl halide reduction
in collaboration with Lin (Scheme 19(I)).*’ Based on previous
work on TAC ions, we can know that the TAC ion (TAC') was
electrochemically oxidized and photoexcited to obtain an open-
shell excited state TAC radical dication (TAC*>**), which is super
oxidizing and can oxidize many substances that are not easily
oxidized. They wanted to use electrochemical cathodic reduction
and photo-catalysis to obtain an open-shell strongly reductive
species for the reduction functionalization of aryl halides with a
high reduction potential.

The reaction uses dicyanoanthracene (DCA) as a photo-
electro-catalyst, which gets an electron at the cathode to reduce
to DCA radical anion (DCA* "), which is a deep-orange solution.
This solution is irradiated with blue LEDs at 15 W to form a
strongly reduced excited DCA radical anion (DCA® *) (Eeq =
—3.3 Vs. SCE), which is comparable to many metal monomers

This journal is © The Royal Society of Chemistry 2023
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Scheme 19 Photoelectrochemical reductive coupling reaction of aryl
halide using DCA.

(e.g, lithium). The DCA® * then undergoes a single electron
transfer (SET) process with the aryl halide 178 to obtain the aryl
halide radical anion 184, which then undergoes mesolytic
cleavage to form the aryl radical 185 and finally completes
the functionalization to obtain the product 179 (Scheme 19(III)).
To prevent the formation of zinc bridges between the cathode and
anode to decrease the yield, the reaction is carried out in a divided
cell. Due to the strong reducing properties of DCA®*™*, this
catalytic system can be used for the reductive functionalization
of some challenging electron-rich aromatics. For example, the
reductive borylation of 4-chloroanisole (E..q = —2.90 V vs. SCE), a
substrate that cannot be reductively functionalized in a high yield
using photoredox catalysis. However, the reactivity was not satis-
factory for some chlorinated aromatics, while the brominated
aromatics reacted quite well. The intramolecular competition
reaction also showed that the C-Br bond breakage was faster
than the C-Cl bond breakage, probably due to the fact that the
back electron transfer rate from the radical anion intermediate
165 to DCA was much faster than the C-Cl bond breakage. It is
worth noting that the system, although it has a strongly reductive
properties, is well tolerated for many functional groups, such as
ketones, esters, carbamates, amides and other sensitive functional
groups. The reaction can also be reductively functionalized using
various radical trapping agents as radical acceptors, such as
bis(pinacolato)diboron (B,pin,), hexamethylditin, 1,4-difluoro-
benzene, and N-methyl-pyrrole, extending the photoelectrochem-
ical protocol further to the synthesis of C-C, C-Sn, and C-B bonds.
The part of the products is displayed in Scheme 19(1I) (180-183).
Coincidentally, Wickens was also inspired by the work
of Lambert’s group on the photoelectrochemical catalytic
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generation of the superoxide TAC*>**. A photoelectric reaction
using N-arylmaleimide (NpMI) as a photoelectrochemical
catalyst for the reductive functionalization of aryl halides 186
was reported almost simultaneously (Scheme 20(1)).*®* The
authors concluded that the open-shell NpMI radical anion
(NpMI* ™ *), obtained after electrochemical and photochemical
excitation of the NpMI catalyst, is highly reductive (Eyeq = —3.3V
vs. SCE) and its ability is also comparable to that of metallic
monolithic sodium lithium. The mechanistic process is similar
to the work described above and will not be described here. The
difference is that the reaction can be well applied to aryl halides
where the previous work does not apply, and the radical
trapping agent is replaced with N-methylpyrrole and triethyl
phosphite, thus achieving efficient construction of C-P, C-C
bonds. A part of the products is displayed in Scheme 20(II)
(187-190). Wu and co-workers developed a strategy for the
functionalization of aryl halide reduction using perylene dii-
mide (PDI) as a photocatalyst in 2021 (Scheme 21(1)).*° This
strategy uses the photoelectrode as the cathode, which uses in
interfacial photoelectrochemistry, so we think this protocol is
out of our review’s scope, and herein we do not make too much
introduction, and interested readers can get a closer look at this
work through Lambert’s review®* or Wu’s study.’® The part of
the products is displayed in Scheme 21(II) (191-194).

In 2022, Wu’s group reported a photoelectrochemically
catalyzed transition-metal-free C,~F arylation reaction. The
unique properties of fluorinated organic molecules give them
great potential for applications in biomedicine, materials
science, catalysts, pesticide and other fields. In the past
decades, the introduction of fluorinated organic molecule
fractions has mostly relied on transition metal-catalyzed
approaches, such as Ni- and Pd-catalyzed cross-coupling of
polyfluorinated aromatic hydrocarbons and highly reactive
aromatic metals, but the strong metal-F bonds generated in
these approaches usually hinder catalyst turnover and thus
always require specialized ligands or high temperatures, and
toxicity and heavy metal residues are inevitable in these meth-
ods. Wu and co-workers utilizes PDI as a photoelectrochemical
catalyst to achieve the arylation of polyfluorinated arenes under
a current of 1 mA and blue light irradiation (Scheme 22(I)).>°
This scheme overcomes the problems of transition metal
catalysis mentioned above by combining photoelectrochemical
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catalytic reduction catalyzed by PDI and radical oxidation of
nitrogen-oxygen in a photoelectrochemical catalytic cell, and is
also well suited for fluorinated arenes that are inactive in
photocatalysis. This protocol has a wide range of substrate
applicability and is well tolerated for many functional groups
such as ester groups, aldehyde groups, and cyano groups, and it
has a high regioselectivity, yields are comparable to those of
transition metal catalysts. The late functionalization and gram-
scale synthesis of the drug compounds were also achieved

This journal is © The Royal Society of Chemistry 2023
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smoothly, which shows the value of this protocol in drug
synthesis. A part of the products is displayed in Scheme 22(II)
(197-200).

Mechanistically, PDI is first reduced to PDI*~ on the cath-
ode, and then under light irradiation, excited state PDI (PDI* ™ *)
is formed, which is a catalyst with strong reducing properties.
PDI* * and the polyfluorinated arene 201 undergo a single
electron transfer (SET) process to obtain the radical anion 202,
and regenerate the PDI catalyst, which participates in the next
catalytic cycle. At the same time, TEMPO is oxidized to TEMPO"
at the anode, which captures the F~ in the radical anion 202 to
generate the radical 203. 203 is then captured by the aromatics
204 to generate the stable poly-fluorobiphenyl radical 205,
which is subsequently oxidized again by TEMPO" to generate
the more stable cationic intermediate 206, and finally under-
goes deprotonation to obtain the aromatization product 207
(Scheme 22(I1I)). It is noteworthy that TEMPO can be oxidized
to TEMPO" at the anode, which can stabilize the highly reactive
radical anion 202 and generate the radical 203. TEMPO"' can
also oxidize the radical 205 to the cationic intermediate 206.

In 2021, after Lambert,"”” Wickens*® reported, Barham and
Konig also reported a photoelectrochemical catalytic reduction
of phosphinated alcohols 209 to olefins 210 or saturated
alkanes 211 using a n-BuO-NpMI photoelectrochemical cataly-
tic reductant (Scheme 23(1)).”* The authors, influenced by the
work of Lambert and Wickens, also tried using DCA and NpMI
as photoelectrochemical catalytic reductants, but neither
worked well and many phosphinated alcohol substrates failed
to react. Thus, the researchers modified the NpMI catalyst to
obtain the n-BuO-NpMI catalyst, which can selectively break the
C(sp®)-0 bond well to obtain the target product. This strategy
has a good range of substrate suitability and functional group
tolerance, with good yields for esters, ethers, amides, aryl
halides and halide analogues. Notably, aryl halides are well
tolerated in this scheme compared to Scheme 20,*® due to the
fact that the n-BuO-NpMI catalyst allows its radical anions to
form a pre-assembly with the phosphate substrate, thus pro-
moting the C(sp*)-O bond cleavage that determines reactivity.
The part of the products is displayed in Scheme 23(II) (212-
215). As with the previous photoelectrochemical catalytic reduc-
tants, under the irradiation of light, n-BuO-NpMI gets an
electron to form the excited state of the n-BuO-NpMI radical
anion (n-BuO-NpMI* *) at the cathode, which reduced the
phosphinated alcohol 209 to the radical anion 216. Then the
C-0 bond is cleaved to obtain the alkyl radical 217, and then a
molecule of electrons was obtained to form the carbon anion
218. Subsequently, another molecule of proton is obtained to
generate the saturated product 211, or the elimination of the
leaving group at the a-position to generate the olefin product
210 (Scheme 23(III)).

In 2021, Wickens and co-workers discovered another new
photoelectrochemical catalytic reductant for the reductive func-
tionalization of strong C(sp?)-N bonds and C(sp*)-O bond
cleavage. The reaction utilizes the newly developed 4-DPAIPN
as a photoelectrochemical catalyst for the reductive functiona-
lization of trialkyl phenylamine salts or aryl phosphites under

This journal is © The Royal Society of Chemistry 2023
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Scheme 23 Photoelectrochemical reduction of phosphinated alcohol.

the irradiation of 405 nm light in a divided cell with —1.6 V (vs.
SCE) potential (Scheme 24(1)).”* In the initial test, the authors
used several common photoelectrochemical catalyst reduc-
tants, which are used in the above strategy, but none of these
catalysts could achieve the desired catalytic effect. Through
continuous modification of the catalysts, it was finally found
that the 4-DPAIPN catalyst could achieve a very good catalytic
effect. The method can be used not only to reduce C(sp®)-N and
C(sp*)-0 bonds to C(sp®)-H bonds, but also to obtain various
heteroaromatic, phosphorylated and boronized products con-
taining C-C, C-P and C-B bonds after the addition of radical
trapping reagents. The catalytic approach can also tolerate a
range of functional groups such as ethers, esters, amides, free

I. Wickens' work (2021)
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Scheme 24 Photoelectrochemical reductive functionalization.
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alcohols, and heterocycles. The part of the products is dis-
played in Scheme 24(II) (220-222).

6.3 Inorganic electrochemically recycled photocatalysts

In 2020, Xu’s group reported a Minisci-type photoelectro-
chemical reaction by using CeCl;-7H,0 as the catalyst, in which
carboxylic acids are decarboxylated under photoelectro-
chemical conditions to produce alkyl radicals or carbamoyl
radicals to achieve C-H bond coupling to obtain C-H alkylation
products 223 or carbamoylation products 224 with hetero-
arenes (Scheme 25(1)).>® This reaction is suitable for a wide
range of substrates, and good yields can be obtained for various
primary, secondary and tertiary aliphatic acids, and good
tolerance for functional groups such as ester groups, ether
bonds, hydroxyl groups and N-Boc. The part of the products
is displayed in Scheme 25(II) (225-228). It is worth noting that
C-H alkylation using trivalent cerium as the catalyst requires
external strong acid, such as HCI, but the catalytic effect of
trivalent cerium in C-H carbamoylation is not satisfactory and
requires the use of 4-CzIPN as catalyst instead, and no addi-
tional acid is required, probably because the acidity of ammo-
nium oxalate is sufficient as the carbamoylation reagent and
proton source.

In the reactions of these two different catalysts, the mechan-
isms are also slightly different. In the mechanism catalyzed by
cerium, Ce(m) 229 is first oxidized to Ce(wv) 230 at the anode,
which subsequently coordinated with carboxylic acid to form
a complex 231, producing a carboxyl radical 232 under light
irradiation, then decarboxylation gives an alkyl radical 233, and
the alkyl radical 233 is coupled to a protonated lepidine 234 to
produce a radical cation 235. Then it undergoes deprotonation
to form a radical intermediate 236, and oxidation by Ce(v) to
form an alkylation product 237 (Scheme 25(IIla)). In the
mechanism of 4-CzIPN catalysis, 4-CzIPN 238 is irradiated by
light to obtain the excited state of 4-CzIPN (4-CzIPN*) 239,
followed by a single electron transfer (SET) process with the
oxalate ion 241 to obtain the carboxyl radical 242 and 4-CzIPN
radical anion (4-CzIPN*®") 240, then 242 undergoes decarbox-
ylation to obtain the carbamoyl radical 243. The coupling of the
carbamoyl radical 243 and the protonated lepidine yields the
radical cation 244 in this step because the reduction potential
of 4-CzIPN (Epjzrea = —1.22 V vs. SCE) is lower than that of
the protonated product 244 (Epjreq = —0.72 V vs. SCE), thus
4-CzIPN cannot successfully oxidize the intermediate 245, but
can only accept an electron to obtain dihydroquinoline inter-
mediate 247 by highly reduced 4-CzIPN radical anion through
route B, and finally 247 was oxidized at the anode to obtain the
carbamoylated product 246 (Scheme 25(11Ib)). In addition, the
production of dihydroquinoline was also detected in the experi-
ment to justify the above mechanism. The strategy can be easily
scaled up and successfully achieved the synthesis of alkylation
and carbamoylation products on the decagram scale.

In 2022, Lei’s group developed a photoelectrochemical effi-
cient and highly selective ring-opening functionalization reac-
tion of cyclic alcohols. Using Ce(m) as a photoelectrochemical
catalyst, the ring-opening functionalization reaction of the
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Scheme 25 Photoelectrochemical alkylation of heteroarene.

cyclic alcohol 248 or 249 underwent a constant current of
2 mA and blue LEDs irradiation to obtain the remote functio-
nalized product ketone 250 or 251 (Scheme 26(I)).>* The
reaction is not only suitable for ring-opening alkylation,
thioetherification and oxime etherification of cycloalcohols,
but also ring-opening chlorination, alkenylation and arylation
by slightly modifying the reaction conditions, showing an
unprecedented range of substrates for the synthesis of com-
pounds with remote C-CN, C-C, C-S, C-Cl, C-oxime bonds, etc.

This journal is © The Royal Society of Chemistry 2023
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Scheme 26 Photoelectrochemical
cyclic alcohol.

ring-opening functionalization of

The part of the products is displayed in Scheme 26(II) (252-
255). Mechanistically, the researchers used a Ce™Cl, precursor
dissolved in acetonitrile with the help of Et,NCI to obtain
[Ce™Cl]P~ 256, which was subsequently oxidized to Ce(iv)
species at the anode. As evidenced by UV-vis and X-ray absorp-
tion spectroscopy, ligand exchange with the alcohol 258 in
the presence of base generates Ce(v)-alcohol salt intermediate
257. Subsequently, under the irradiation of light, intermediate
257 undergoes homogeneous photolysis by ligand metal charge
transfer (LMCT) to form the corresponding alkoxy radical
259 and regenerated [Ce™Cl¢]*". Due to the instability of the
oxygen-centered radical, 259 occurs P-cleavage to get a
carbonyl-containing remote alkyl radical 260, and the aryl
sulfonyl compound acts as a radical acceptor to receive the
radical 260, finally giving the functionalized product 261, with
the sulfonyl group being reduced to benzenesulfonate at the
cathode (Scheme 26(1I1I)). The experiments showed that the ring
tension of the cycloalkyl alcohols had a small effect on the
reaction rate, and the substituents on the aryl ring alcohols had
no obvious effect on the reaction yield.

In 2022, Fu’s group reported a photoelectrochemical reac-
tion of carboxylic acid 262 decarboxylative azidation catalyzed
by the combination of manganese and cerium metal, using

This journal is © The Royal Society of Chemistry 2023
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Scheme 27 Photoelectrochemical decarboxylative azidation of car-
boxylic acid.

TMS-N; 263 as the nitrogen source (Scheme 27(I)).”> The
reaction showed good tolerance for functional groups such as
ketones, cyano, aminocarbonates, and heteroarenes. The part
of the products is displayed in Scheme 27(II) (265-268).
Mechanistically, Mn(u) catalyst and N;~ coordinate to produce
intermediate 87 by anodic oxidation. In another metal-catalytic
cycle, Ce(m) was oxidized to Ce(v) at the anode, and coordi-
nated with carboxylate 269 to obtain Ce(iv)-carboxylate complex
intermediate 270. And the intermediate 270 was decarboxylated
under blue LED irradiation to form the alkyl radical 271 and
regenerated Ce(m) catalyst. The alkyl radical 271 is captured by
the Mn(m)-Nj; intermediate to produce the final azide product
264 (Scheme 27(III)). This protocol is a good decarboxylative
azidation method for some electron-rich molecules that are
prone to oxidative decomposition under conventional chemical
conditions, researchers have used several arylacetic acids for
reactions of decarboxylative azidation under conventional oxi-
dative conditions, without obtaining desirable yields that could
be used in a synthetic sense, and this reaction also allows the
application of separate photochemical and electrochemical
parts for large-scale synthesis using a flow device.

In 2022, Chen, Liu, and Li collaborated to report an electro-
photocatalysis promote alkyl radical cycling in situ for the
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Scheme 28 Photoelectrochemical alkylation of heteroarene using Ru
catalyst.

alkylation of heteroarenes (Scheme 28(1)).>® Using a reticulated
vitreous carbon electrode at a potential of —1.4 V (vs. Fc/Fc")
and blue LEDs irradiation, heteroarene and Katritzky salts were
alkylated under the photoelectrochemical conditions in the
presence of catalytic Ru(bpy);Cl,-6H,0 to obtain heteroarene
alkylation products 10. The reaction exhibits a surprisingly
wide range of substrate suitability, including a wide variety of
cycloalkanes, heterocyclic alkanes, straight chain alkanes and
heteroarenes, and can also be used for ligand modification and
late functionalization of bioactive scaffolds, which will have
great potential for applications in the fields of pharmaceuticals,
natural products and materials science. The part of the pro-
ducts is displayed in Scheme 28(II) (266-269). The key to the
success of this reaction is the use of the photocatalyst to
promote the cycle of alkyl radical in situ. The reduction of
Katritzky salts 270 at the cathode forms the persistent radical
intermediate 271, followed by the release of energy to undergo
N-C bond breaking to give the alkyl radical 272. The alkyl
radical 272 via energy release drives the cross-coupling reaction
of the alkyl radical 272 and the radical intermediate 271 to form
the intermediate 273, which is a relatively fast process. Subse-
quently, the intermediate 273 was oxidized to form alkyl radical
272 and Katritzky salt 270 by Ru(m), completing the radical
cycle. The alkyl radical 272 can also undergo a high-energy
radical addition reaction with the quinoline to form the nitro-
gen radical cation 274, and then 274 undergoes a SET process
with excited Ru(u) to produce 2-alkylquinoline 275 and Ru(m),
which is used in the in situ radical cycle. 2-Alkylquinoline 275 is
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re-aromatized by oxidation at the anode to give the product 276
(Scheme 28(I1II)).

7. Conclusions and prospects

Photocatalysis and electrocatalysis are two important strategies
in organic synthesis, but because of their respective limitations,
chemists have developed a method to combine the two together,
namely the photoelectrochemical strategy, which effectively over-
comes the disadvantages of the net redox reaction in photocata-
lysis requiring the addition of terminal oxidants and the easy
peroxidation and dimerization in electrocatalysis are eliminated,
and the advantages of the two are perfectly combined to become a
more effective organic synthetic strategy. Moreover, the preassem-
bly technique involved in Scheme 18 can overcome the short
lifetime of photoexcited anion/cation doublet states and achieve
the photochemistry of higher-order doublet (Dn) excited states,
breaking through the extremely high redox potential. Thus, pre-
assembly is very important in the design and modification of
photoelectrochemical catalysts to help us achieve hi-power redox
reactions. Because of these advantages, photoelectrochemical
strategy is expected to: (1) widen the “redox window” of SET
chemistry; (2) provide milder conditions allowing significant
functional group tolerance and chemoselectivity; and (3) improve
energy conservation and atom economy.

Although the photoelectrochemical strategy has many
advantages, there are some areas that need to be improved.
First, the experimental setups and reaction operations used in
photoelectrochemistry have a high degree of complexity, which
is a great challenge for some researchers who are new to the
field or some non-experts. Second, the photoelectrochemical
strategy does not completely eliminate redox additives, stoi-
chiometric redox additives are present in reactions, and due to
the use of electrochemical potentials there is an inevitable
faradaic efficiency problem in the reactions, so the field needs
to seek solutions to address the issue of limited faradaic
efficiency. Finally, most of the photoelectrochemical catalysts
currently used are selected from those used in photochemistry
or electrochemistry, and in this review, many researchers in the
work presented use the almost same photocatalysts with simi-
lar catalytic mechanisms, and therefore there is a paucity of
photoelectrochemical catalysts available for the development.
We can strengthen the research on catalysts to discover more
efficient catalysts for various types of photoelectrochemical
reactions and to expand the scope of photoelectrochemical
reactions so that the redox functionalization of more challen-
ging substrates can be accomplished.

Photoelectrochemistry, as a rapidly developing and emer-
ging research field in recent years, is developing rapidly, and
many classical reactions can be improved by photoelectrochem-
istry to upgrade the mild reaction conditions and the applicable
scope of substrates, thus expanding the application scope of
the reaction. Although there are still many shortcomings and
areas that can be improved, the authors believe that in the
future, with the further development of photoelectrochemical
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strategy, it will become another important synthetic strategy
after photocatalysis and electrocatalysis.
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