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The integration of transition metals as catalysts has opened new avenues for organic synthesis, including
the activation and formation of diverse bonds. The combination of metal catalysis with photochemistry or
electrochemistry has demonstrated enhanced reaction selectivity and reduced reliance on chemical oxi-
dants. By harnessing the potential of organic photo-electrocatalysis, which combines photocatalysis with
electrocatalysis, a wide range of efficient, selective and sustainable synthetic transformations have been

achieved. This review provides a comprehensive overview of metal catalysis in photo-electrochemical
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1. Introduction

Transition metals are widely distributed in the Earth’s crust.
They are not only essential trace elements for all life forms®
but also serve as catalysts in organic reactions, providing new
modes of chemical activation.® For instance, the 2010 Nobel
Prize was awarded to Heck, Negishi, and Suzuki for their con-
tributions to palladium-catalyzed cross-coupling reactions.*
With further research, significant progress has been made in
transition metal-catalyzed C-H alkylation of alkenes,” C-N
bond formation,® and C(sp’)-H activation.” Simultaneously,
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systems, discussing reaction mechanisms and offering prospects for this triadic catalytic mode.

with photocatalysis gaining popularity, visible-light-induced
transition metal catalysis has garnered increasing attention.®
In this context, transition metals may play a dual role:’ (a)
absorbing light energy (photons) as photocatalysts; (b) catalyz-
ing the bond cleavage and formation through either tra-
ditional or novel mechanisms. Therefore, by harnessing the
unique reactivity of transition metal complexes in their electro-
nically excited states, fundamental organometallic reactions
such as oxidative addition, reductive elimination, p-hydrogen
elimination, and bond cleavage can be achieved under
irradiation.’® One common strategy is ligand-to-metal charge
transfer (LMCT), and research has been particularly intensive
in recent years due to the use of cost-effective and readily avail-
able metals like iron, copper and nickel.'*

In contrast, rare earth metals, despite being important
elements, have been less explored in the field of synthesis.
This may be attributed to the fact that most rare earth metals
predominantly exist in stable oxidation states, making them
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less prone to the typical two-electron redox reactions observed
in other transition metals.'®> Nonetheless, in recent years, rare
earth (RE) metal-based catalysts have also made advancements
in multifunctional C-H functionalization reactions.™ Cerium
(Ce) is the most abundant element among rare earth metals.
Industrially, cerium is primarily used in fluorescent materials
and industrial exhaust gas treatment. In synthetic chemistry, it
is often employed as a Lewis acid and oxidant."* In 2018, Zuo
et al. explored the optical properties of cerium complexes and
generated highly active alkoxyl radical species through LMCT
processes, thereby initiating subsequent reactions." Building
on this initial inspiration, researchers have extended cerium
photocatalysis to areas such as C-H activation, alcohol
hydroxyl group activation, and decarboxylation.**?*¢

The electrostatic interactions delineated by the mutual
attraction between electrons and atomic nuclei represent a
pivotal force integral to the framework of electrochemistry.
This intricate force not only governs but also modulates the
nuanced interactions between electrons and atomic nuclei,
thereby endowing redox reactions with their distinctive poten-
tial."” Organic electrochemical synthesis emerges as a sophisti-
cated and environmentally conscious approach to organic syn-
thesis. It offers refined and controlled reaction conditions,
harnessing pristine electrical energy in lieu of conventional
oxidants, thereby epitomizing the contemporary pursuit of sus-
tainable and green chemistry.'® Integrating transition metal
catalysis with electrochemistry addresses longstanding chal-
lenges in chemical synthesis. This approach not only enhances
selectivity but also circumvents the use of stoichiometric
chemical oxidants, aligning with the principles of atom
economy that are increasingly sought after."’

With the flourishing development of photocatalysis and
electrocatalysis, the emerging strategy of organic photo-electro-
catalysis (EPC), which combines photocatalysis with electroca-
talysis, has gained momentum.?® In this novel reaction para-
digm, photo-electrocatalysis maintains the distinctive charac-
teristics of both disciplines while achieving complementary
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synergy. Utilizing light energy can reduce the reaction poten-
tial, and by modulating the current, cathodic reduction and
anodic oxidation can be orchestrated. This can effectively
enhance reaction efficiency and reduce energy consumption.**

To enhance the catalytic activity of metals and broaden
their range of reactions, in addition to using metal complexes
as photocatalysts or incorporating them into electrochemical
applications as previously mentioned, there is also a strategy
to promote reactions through synergistic catalysis involving
metal-photosensitizer/ligand combinations.”” In this paper, we
will focus on another currently popular strategy that combines
metal catalysis with both photo- and electrochemical methods.
This triadic catalytic mode significantly unleashes the poten-
tial of metal catalysis, and since 2020, this type of reaction has
begun to gain prominence. To provide researchers with a
clearer understanding of the performance of metals in photo-
electrochemical systems, this review comprehensively summar-
izes the relevant studies. Based on the different metals used,
the reactions are categorized into five groups: (1) iron catalysis,
(2) copper catalysis, (3) cerium catalysis and (4) other metal
catalysis. Additionally, the review discusses some reaction
mechanisms, substrate scopes, and offers prospects for this
triadic catalytic mode.

2. lron-catalyzed photo-
electrochemical reactions

Since the early 1920s, iron-catalyzed reactions have gained
increasing attractiveness. Iron catalysts, being first-row tran-
sition metals, typically exhibit single-electron transfer (SET)
processes in cross-coupling reactions.>® Luminescent Ru(u)
and Ir(m) polypyridyl complexes exhibit long-lived excited
states with redox activity.* In recent years, efforts have been
devoted to enhancing the excited-state lifetimes of iron com-
plexes to achieve more efficient photo-reactivity.'**> However,
increasing the excited-state lifetime is not the sole approach to
realizing useful photo-reactivity of iron complexes. Under
visible light irradiation, the direct coordination of organic sub-
strates to iron, facilitating intramolecular charge transfer,
known as the LMCT (ligand-to-metal charge transfer) process,
has emerged as a current research hotspot.'* Researchers have
developed iron photocatalyzed reactions such as C-H acti-
vation, decarboxylation, and alcohol activation.>® To further
expand this reaction type, the LMCT system has also been
extended to electrochemistry. Next, the focus will be on intro-
ducing the application of iron catalysis in photo-electro-
chemical reactions.

Organosilanes represent a unique moiety in medicinal
chemistry and materials science, serving as versatile inter-
mediates in molecular synthesis.”” In 2023, the research group
led by Ackermann achieved the iron-catalyzed activation of
inert Si-H and Ge-H bonds under photoredox catalysis, as
depicted in Scheme 1.?® This process harnesses chlorine rad-
icals generated by visible light-induced ferric chloride to
hydrogenate inert silicon-based compounds, with the resulting
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Scheme 1 Photo-electrochemical Si-H and Ge-H activation by iron
catalysis.

silicon radicals attacking Michael acceptors to undergo sub-
sequent cascade reactions, forming the desired compounds.
Simultaneously, the anode facilitates the oxidation cycling of
low-valent iron. This method exploits the photoinduced
ligand-to-metal charge transfer (LMCT) and hydrogen atom
transfer (HAT) processes of iron(m) complexes to achieve
polarity-matched Si-H and Ge-H activation, selectively
affording a wide range of silicon compounds with outstanding
chemical selectivity.

To expand the scope of C(sp®)-N bond-forming reactions
using HAT photocatalysis, Noél and colleagues employed deca-
tungstate to facilitate hydrogen atom transfer (HAT) from the
a-hydrogens of oxygen or nitrogen, generating carbon-centered
radicals. Subsequent oxidation of these radicals leads to carbo-
cations, which can readily be captured by N-heteroaryl
reagents, thereby forming the targeted carbon-nitrogen
bond.>* Based on this foundation, in 2023, Noél further
reported the accelerated electro-photocatalytic C(sp®)-H het-
eroarylation achieved using iron(im) chloride as a catalyst in an
efficient continuous-flow reactor setup (Scheme 2).>° The poss-
ible mechanism of the reaction is as follows: firstly, the chlor-
ine ligand binds to the iron center to form a tetrachloroiron
complex, which then absorbs violet light and transitions to an
excited state. Subsequently, the Fe-Cl bond undergoes homoly-
tic cleavage, producing chlorine radicals and reduced Fe(u)
species. Afterwards, the reduced catalyst oxidizes at the anode
to form Fe(m) center, thus completing the catalytic cycle. Iron
plays a crucial role in this transformation, effectively suppres-
sing undesired chlorination side reactions. Chlorine radicals
undergo cleavage on adjacent heteroatoms (such as O, N, or S)
of C-H bonds, generating nucleophilic carbon-centered
a-oxyalkyl radicals. This radical intermediate is electrochemi-
cally oxidized to form a stable electrophilic carbon cation
intermediate, which is subsequently trapped by a nucleophilic
reagent to form the desired C-N bond. However, this method
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Scheme 2 Accelerated photo-electrocatalytic C(sp®)—H heteroaryla-
tion enabled by an efficient continuous-flow reactor.

cannot be extended to unactivated aliphatic C(sp*)-H bonds,
indicating that only stable radicals can be oxidized.

In recent years, the study of C(sp®)-H borylation of inert
alkanes under mild conditions has received widespread atten-
tion. In 2020, Aggarwal and colleagues reported the first
example of visible light-induced C(sp®)-H borylation of inert
alkanes without the need for metals or directing groups.’" In
2023, the Xia group reported an iron-catalyzed C(sp®)-H bory-
lation reaction, which exhibited a broad substrate scope and
excellent terminal selectivity, with the HAT species being a
chlorine radical formed via LMCT of excited-state iron(m)
chloride.>®® In 2024, Lu and colleagues achieved a series of
inert alkane borylations using photo-electrochemical synergis-
tic catalysis, avoiding the use of stoichiometric oxidants;***
Meanwhile, the Ackermann group also reported similar reac-
tions, differing in cathode selection, solvent, and electrolyte,
with the rest being consistent (Scheme 3).%

Nickel-catalyzed organic reactions have attracted attention
due to their unique chemical properties, expanding many
meaningful synthetic transformations such as cross-coupling,
carbon-carbon bond cleavage, and directed C-H functionali-
zation.>®> Meanwhile, the combination of photooxidation-
reduction with nickel catalysis has made tremendous progress,
providing pathways for the direct synthesis of target pharma-
ceutical organic molecules.*® It is worth noting that recently,
the Lu research group, alone with Ackermann and Wang et al.,

This journal is © the Partner Organisations 2024
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Scheme 3 Photo-electrochemically driven iron-catalyzed C(sp®)-H
borylation of alkanes.

have successfully introduced nickel into the field of photo-
electrochemistry with iron, achieving bimetallic iron-nickel
catalytic cycles.*

In 2023, the research group led by Lu reported a novel
photo-electrochemical dual catalytic strategy for the synthesis
of alkene derivatives from inert alkanes and alkenyl trifluoro-
methanesulfonates, as illustrated in Scheme 4.*°¢ Under
visible light irradiation, the excited state [Fe''Cl,] intermediate
undergoes ligand-to-metal charge transfer, generating elec-
tron-affinitive chlorine radicals. These chlorine radicals
abstract hydrogen atoms from alkyl groups, generating alkyl
radicals, while [Fe"Cl;] is oxidized to [Fe™Cl;] at the anode.
Simultaneously, Ni"" is reduced to Ni' species at the cathode.
The Ni' species undergo oxidative addition with the alkene
electron acceptor to form alkene-Ni"" intermediates, which are
subsequently electrochemically reduced to alkene-Ni" inter-
mediates. Subsequently, these intermediates couple with alkyl
radicals to form high-valent Ni"-alkene and alkyl intermedi-
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Scheme 4 C(sp®)-C(sp?) bond construction using both light and
electricity.
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ates. Finally, the target products are generated via reductive
elimination reactions, while the Ni' catalyst undergoes regener-
ation. This reaction employs abundant crustal iron and nickel
as anode and cathode catalysts, respectively. Commercially
available alkene electron acceptors afford structurally diverse
alkenes, including challenging all-carbon tetrasubstituted
alkenes.

In recent times, Lu and colleagues have employed bi-
metallic iron-nickel catalysis for the selective C(sp®)-H aryla-
tion/alkylation of alkanes, building upon their previous work.
By adjusting the applied current and light source, they have
successfully modulated the selectivity between two-component
C(sp®)-H arylation and three-component C(sp*)-H alkylation
reactions. Importantly, an extremely low anodic potential
(~0.23 V vs. Ag/AgCl) has been applied in this scheme, allow-
ing compatibility with a variety of functional groups (over 70
examples) and successful application to late-stage diversifica-
tion of natural products and pharmaceutical derivatives
(Scheme 5).%*”

During the same period, the research group led by Wang
successfully developed an iron, nickel co-catalyzed three-com-
ponent carboacylation/silanoylation reaction of alkenes with
acyl chlorides, hydrosilanes, and unactivated C(sp®)-H donors
by combining photochemistry and electrochemistry. This
electro-photocatalytic platform enables the facile construction
of ketones from inexpensive commercial starting materials
and exhibits excellent enantioselectivity (Scheme 6).*>* The
possible mechanism of electro-photochemical alkene
carbonylation proceeds as follows: chlorine radicals are
released through the LMCT process. This highly active radical
species can abstract a hydrogen atom from a C-H compound
to form a carbon-centered radical intermediate D, while
[Fe''Cl;]” (C) undergoes anodic oxidation with chloride ions,
regenerating [Fe""Cl,]” (A). Simultaneously, Ni' catalyst under-
goes concerted oxidative addition with acyl chloride to form
nickel™ species F, which is then reduced at the cathode to
generate Ni"' species G. Subsequently, intermediate D adds to
the alkene to form secondary alkyl radical E, which can be
intercepted by Ni" species G to form alkyl-Ni"™" intermediate

{ Lu(2004)
: GF F';ﬁ GF
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Scheme 5 Photo-electrochemically driven selective C(sp®)-H aryla-
tion/alkylation of alkanes.
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Scheme 6 Photo-electrochemical nickel-catalyzed carboacylation/
silanoylation of alkenes with unactivated C/Si—H bonds.

H. Intermediate H undergoes reductive elimination to yield
the corresponding carbonyl compound and regenerate Ni'
catalyst.

Recently, Mei et al. reported a novel method that combines
photo-induced LMCT catalysis with electrochemistry, using a
bimetallic iron-nickel catalyst, to achieve the ring-opening ary-
lation of cyclic alcohols.*® The reaction proceeds as follows:
The Ni(u) catalyst is reduced to Ni(1) species at the cathode.
Through oxidative addition with an aryl bromide, with the
assistance of either the cathode or another Ni(1) species, an
ArNi(u)Br intermediate is formed. In the presence of anodic-
generated Fe(ur), the photo-induced LMCT of Fe-Cl or Fe-OR
species occurs in the solution, facilitating the formation of
cycloalkanoxyl radicals. Subsequently, B-scission of the alkoxy
radical leads to the formation of ring-opened radicals, which
can be captured by the ArNi(u)Br intermediate. The Ni(im)
species then undergoes rapid reductive elimination, generating
the cross-coupling product and regenerating the Ni(1) species
(Scheme 7).

3. Copper-catalyzed photo-
electrochemical reactions

Copper-mediated cross-coupling reactions have long been
recognized as efficient pathways for constructing C-C and C-
heteroatom bonds.>” On one hand, copper salts have gained
popularity in visible-light-mediated reactions due to their low
cost, high abundance, low toxicity, and intrinsic properties.*®
On the other hand, significant progress has been made in the
study of chirally induced prochiral benzylic radicals using
chiral bisoxazoline (Box)/copper catalytic systems. Building on
this foundation, researchers have combined this chiral induc-
tion strategy with photochemistry, and the following is an
introduction to these efforts.*’
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Scheme 7 Photo-electrochemical ring opening arylation of cyclic
alcohols.

In 2022, the Xu research group reported a photo-electro-
catalytic protocol for direct and enantioselective decarboxyla-
tive cyanation. This method utilizes cerium salt to catalyze the
decarboxylation reaction, while a chiral copper complex
enables stereoselective C-CN bond formation, thereby convert-
ing carboxylic acids into enantioenriched nitriles.
Additionally, the cerium/copper catalyst can undergo cycling at
the anode. This method demonstrates broad reaction applica-
bility and outstanding enantioselectivity, making it suitable
for asymmetric modification transformations of various drug
molecules (Scheme 8).%°

In 2023, Fu and colleagues discovered a similar photo-
electrochemical, metal-catalyzed direct asymmetric decarboxy-
lative cyanation protocol. This environmentally friendly
method smoothly converts various arylacetic acids into the
corresponding alkyl nitriles with good yields and enantio-

Xu (2022) F’;[j
RVC Pt

Cu(acac) (8 mol%)

Ce(OTf); (3 mol%)
COOH WCN
TMSCN (3.0 equiv.), L1 (10 mol%)

25 TBACI, MeCN/TFE/DCE(3:1:1)
33°C, 10 h,i=2mA 2
395 nm, undivided cell

CN CN

27, 73% yield, 93% e.e.

28, 95% yield, d.r. =1:1, 84%/84% e.e.
from (+)-loxoprofen

29,81% yield, 80% e.e.
from pranoprofen

Scheme 8 Photo-electrochemical asymmetric catalysis enables direct
and enantioselective decarboxylative cyanation.
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selectivity, without the need for chemical oxidants or pre-
functionalization of the acid substrates, and is readily scala-
ble.*'* The same year, Zhang and Yang jointly reported a
copper-catalyzed selective decarboxylative cyanation protocol,
achieved through the integration of photocatalysis and electro-
chemistry. CeCl; and Cu/BOX were employed as co-catalysts to
facilitate the decarboxylation and cyanation reactions, with
both catalysts regenerated via anodic oxidation*'? (Scheme 9).

Functionalizing ubiquitous C(sp®)-H bonds with enantio-
selectivity is an ideal strategy for constructing three-dimen-
sional chiral structures. However, organic molecules often
contain multiple C(sp®)-H bonds with similar energy and
steric environments, making simultaneous control over site-,
chemoselectivity, and stereoselectivity highly challenging.** In
2022, Xu and colleagues reported the first example of photo-
electrocatalytic enantioselective benzylic cyanation, demon-
strating exceptional site selectivity and functional group toler-
ance. This reaction efficiently converts raw chemical materials
and facilitates late-stage functionalization of complex bioactive
molecules and natural products.*** Soon after, Liu et al. com-
bined electro-photochemical oxidation with copper-catalyzed
enantioselective radical cyanation, developing a study on
photo-electrochemical asymmetric C-H cyanation. The reac-
tion exhibited good yields and enantioselectivity, with a broad
substrate scope covering both electron-poor and electron-rich
aromatic alkanes (Scheme 10).*%”

In 2023, Xu et al. reported a novel photo-electrochemical
asymmetric catalysis method for achieving the enantioselective
heteroarylcyanation of alkenes.** This approach utilizes
unfunctionalized heteroarenes via C-H functionalization to
transform alkenes into enantiomerically enriched compounds.
By integrating photoredox catalysis and asymmetric electroca-
talysis, this method facilitates the formation of two C-C bonds
while circumventing the need for external chemical oxidants,

e Cu(OTh),Hz0 (2.5 mol%) Me

CeCly (5.0 mol%) ., :

‘CN i

TMSCN (2.0 equiv.), L (5 mol%) H
MeO' B
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30 MeCN/DMF/TFE 31
it, 12 h, Ugg=2.3V
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Me Cu(hfacac);*H,0 (5 mol%) Me
CeClg-7H,0 (10 mol%)

TMSCN (2.0 equiv.), L (6 mol%)
"BuyNPFg, pyridine, H,0, MeCN
1t, 6 h,Upes= 2.3 V

divided cell

Scheme 9 Cu-catalyzed enantioselective decarboxylative cyanation via
the synergistic merger of photo- and electro-chemistry.
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Scheme 10 Photo-electrochemical asymmetric catalysis for selective
benzylic C(sp®)—H bond cyanation.
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Scheme 11 Photo-electrochemical asymmetric catalysis promotes
enantioselective heteroarylcyanation  of  alkenes via C-H
functionalization.

thus providing a new strategy for synthesizing chiral organic
molecules (Scheme 11).

4. Cerium-catalyzed photo-
electrochemical reactions

Exploring the potential of cerium, an abundant terrestrial
element, as a photocatalyst has garnered significant attention.

Org. Chem. Front, 2024, 11, 4024-4040 | 4029


https://doi.org/10.1039/d4qo00797b

Published on 10 June 2024. Downloaded on 5/16/2026 10:12:51 PM.

Review

Cerium, abundant in its natural resources, exhibits distinctive
luminescent properties in compounds featuring both the +3
and +4 oxidation states, rendering it a promising candidate for
photocatalytic applications. Utilizing cerium in photocatalysis
has yielded a spectrum of reactions, encompassing decarboxyl-
ation, C-H activation, and alcohol activation, while also
demonstrating promising efficacy in photovoltaic systems.'>
These advancements underscore the broadening scope and
versatility of cerium-based photocatalytic reactions.

In 2022, the Xu research group reported an electro-photo-
chemical method that combines organic electrochemistry with
photocatalysis to achieve efficient direct decarboxylative C-H
alkylation and carbamoylation of heteroaromatic compounds
without the use of any chemical oxidants, enabling the
effective coupling of various heteroaromatic bases with a
variety of carboxylic acids and oxamic acids. Importantly, this
method is scalable to decagram amounts and applicable to the
late-stage functionalization of drug molecules (Scheme 12).*°

In 2022, Fu and colleagues reported an electro-photochemi-
cal dual metal-catalyzed method for the decarboxylative aryla-
tion of simple aliphatic carboxylic acids with aryl halides
(Scheme 13). Cerium catalysts are responsible for decarboxyl-
ation under visible light irradiation, while nickel catalysts
facilitate radical coupling. This new electro-photochemical
method is mild, robust, and, most importantly, capable of

(from chloantraniliprole)

(from quinine)

(from loratadine)

Xu (2022
v (2022) vai_{;lj Pt
COOH  CeCly-7H,0 (5 mol%)
N HCI (1.0 equiv.) N
J TBACI (0.5 equiv.) N
N HFIPITFE (2:3)
44 45 32°C,17h,i=2mA 46 :
392 nm LED :
undivided cell :
N HNT
/N’ cl o i
| Cy NH .
N OM—Br '
N~ :
o CV\@ :
N 7~ e
47,62% 48, 49% 49, 28% :

Scheme 12 Photocatalytic decarboxylative coupling of aliphatic acids
via cerium-nickel bimetallic catalysis.

i Fu(022) F‘;ﬂ
: c Ni

NiCl,(glyme) (10 mol%) o)

: QEt  dtbbpy (15 mol%), CeCls (10 mol%)
: /\)cj)\ /@/\, TBABF, (0.05 M), DMSO

: +

i MeO OH g Phthalimide (1.0 equiv.)
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10°C, 12 h, i=3mA
400 nm LED, undivided cell

50 51

Scheme 13 Electro-photocatalytic decarboxylative C—-H functionali-
zation of heteroarenes.
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directly accommodating simple primary aliphatic acids,
including acetic acid, as substrates. These acids, ubiquitous
and possessing diverse structural motifs, remain challenging
substrates for decarboxylative arylation.*®

Recently, Zeng et al. reported a ligand-to-metal charge
transfer (LMCT) strategy using cerium-catalyzed electro-photo-
redox reactions, enabling the incorporation of a broad range of
primary, secondary, and tertiary carboxylic acids into radical
cyclization cascades under external oxidant-free conditions.*”
This approach addresses the challenges associated with the
synthesis of alkylated benzimidazo-fused isoquinolinones. The
high functional group compatibility was demonstrated by the
tolerance of ester, ketone, amide, sulfonyl, and hydroxyl
groups (Scheme 14).

Recently, the Fu research group achieved direct decarboxyla-
tive alkenylation of widely available aliphatic carboxylic acids
with vinyl halides through Ce/Ni bimetallic photo-electrocata-
lysis, enabling the synthesis of alkenes with various substi-
tution patterns.*® The reaction, which requires no external oxi-
dants, involves oxidation cycling at the anode and cathode by
cerium and nickel catalysts, respectively. This novel alkene syn-
thesis method has been successfully applied to the direct
modification of naturally occurring complex acids (Scheme 15).

In 2022, Chen et al. developed a novel method for the gene-
ration of CI" by utilizing cerium salt as a photo-electrocatalyst
in the oxydichlorination reaction of arylacetylene. This was
achieved through electro-oxidation and photo-induced ligand-
to-metal charge transfer. The authors conducted detailed
mechanistic studies, including cyclic voltammetry, X-ray
photo-electron spectroscopy, electron paramagnetic resonance,
and control experiments, to elucidate the rational mechanism
(Scheme 16).*°

In 2022, Lei et al. presented a pioneering electrochemical
cerium catalysis approach enabling ring-opening and ring-
functionalization reactions of cyclic alcohols, encompassing
cyanation, alkylation, and thioetherification reactions.’® This
methodology achieves selective cleavage of cyclopentanol of
various ring sizes without the need for external oxidants under
cerium catalysis, demonstrating tolerance towards multiple
functional groups (Scheme 17).

v Zeng (2024

902 c Fﬂj Ni
: N COOH  "BugNCI (1.0 equiv.)
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E N + —_— @

5 #Eo

NaHCO3 (1.0 equiv.) N Cy
CH4CN, 50 °C, 8 h 4
53 54 390 nm 55
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N Ny NS
@N CHs @N QN
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56, 65% 57,57% 58, 41%

Scheme 14 Cerium-catalyzed benzimidazo-fused

isoquinolinones.
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Scheme 15 Cerium-nickel bimetallic photo-electrocatalytic decarbox-
ylative alkenylation of aliphatic carboxylic acids.
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Scheme 16 Photo-electrochemical cerium-catalyzed oxydichlorina-
tion reaction of alkynes.
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Scheme 17 Electro-photochemical
functionalization of cycloalkanols.
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In 2022, Zeng et al. reported a novel electro-photocatalytic
strategy for accessing alkyl radicals from strong C(sp’)-H
bonds under external oxidant-free conditions, enabling the
Minisci alkylation reaction.”® The interaction between cerium
and alcohol, under light irradiation, generates alkoxyl radicals
via the LMCT pathway as hydrogen atom transfer (HAT)
reagents, while the anode serves as an oxidant to facilitate
cerium cycling and also assists in the final aromatization step
of the reaction. This strategy allows for the selective conversion
of abundant alkane feedstocks into value-added alkylated
N-heteroarenes (Scheme 18).

In 2022, Zeng et al. reported a Ce-catalyzed photo-electro-
catalytic radical addition/cyclization cascade reaction, which
activates inert alkanes to synthesize alkylated benzimidazolone
and other nitrogen-containing polycyclic compounds.®®> The
reaction mechanism unfolds as follows: Ce(v) coordinates
with methanol to form a MeO-Ce(wv)Cl,_; complex, which,
upon light exposure, undergoes a LMCT process, leading to
molecular cleavage and the generation of a methoxy radical.
Subsequently, a hydrogen atom abstraction (HAT) from cyclo-
hexane produces a cyclohexyl radical (I), which then undergoes
a radical addition/cyclization cascade reaction with 90 to form
intermediate III. Finally, I is oxidized by Ce(wv) through a
single electron transfer (SET) process, followed by deprotona-
tion, leading to the formation of the final product 92
(Scheme 19).

5. Other metal-catalyzed photo-
electrochemical reactions

Manganese (Mn), as a non-toxic transition metal, has attracted
attention in various fields such as hydrogenation, cross-coup-
ling, and C-H activation,'®> due to its high abundance.
Furthermore, significant progress has been made in manga-
nese-catalyzed azidation reactions using TMSN; or NaN; as
azide sources.”*

In 2020, Lei et al. reported a manganese-catalyzed method
for C(sp*)-H amination using a nucleophilic NaNj; as the diazo

ST

CeCly7H,0 (20 mol%)
TFA (4 equiv.), MeOH (200 uL)
CH3CN/Chlorobenzene = 4:2

Zeng (2022)

-0

"BuygNCI (1.0 equiv.) Cy
50°C, 12h,i=2mA
390 nm LED, undivided cell

Frodiess

86, 66% 87, 40%

88, 63%
89, 62% (C2:C3 = 3:1)

Scheme 18 Electro-photocatalytic C-H functionalization of

N-heteroarenes with unactivated alkanes.
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Scheme 19 Electro-photoredox/cerium-catalyzed activation of unacti-
vated alkanes for the synthesis of alkylated benzimidazo-fused
isoquinolinones.

source and 9-fluorenone as the photosensitizer.>” The reaction
was carried out under photo-electrocatalytic conditions. One
remarkable feature of this method is that it does not require
an excess of substrates and effectively avoids the use of chemi-
cal oxidants. The reaction exhibits broad generality and can be
applied to the late-stage modification of pharmaceutical mole-
cules (Scheme 20).
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Scheme 20 Manganese-catalyzed oxidative azidation of C(sp®)-H
bonds under photo-electrocatalytic conditions.
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In 2022, Fu et al. reported a novel photo-electrochemical co-
catalytic method for the decarboxylative azidation of aliphatic
carboxylic acids.’® This reaction, similar to the previous
method, does not require the use of chemical oxidants or
azido-group transfer reagents. It utilizes a manganese catalyst
in complexation with azide anions to achieve azidation of
various aliphatic carboxylic acids. Importantly, this method
can also be applied for the late-stage modification of pharma-
ceutical molecules (Scheme 21).

Tungsten (W) is renowned as one of the hardest metals,
with a crustal abundance of 0.001%. Its primary application
lies in the production of hard alloys.”” Additionally, tungsten
compounds have made notable progress in areas such as oxi-
dative dehydrogenation coupling and borane hydride reac-
tions.>® However, in the field of synthesis, the decatungstate
anion (W;003,*") has garnered extensive research attention as
a result of its unique photocatalytic properties, particularly as
a reagent for hydrogen atom transfer (HAT) reactions.>®

Fu (2022) i—h—h :
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=4 DMF/MeCN/TFE :
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Scheme 21 Electro-photochemical decarboxylative azidation of ali-
phatic carboxylic acids.
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Scheme 22 Electro-photocatalytic C—H hydroxyalkylation of hetero-
aromatics with aldehydes.
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Scheme 23 Photo-electrochemical asymmetric dehydrogenative [2 + 2] cycloaddition between C-C single and double bonds via the activation of

two C(sp*)—H bonds (this is a double-column scheme).

In 2022, Liu et al. introduced a groundbreaking application
of decatungstate in a photo-electrochemical system, leading to
the development of a novel method for the electro-photo-
catalytic C-H hydroxyalkylation of N-heteroaromatics with
aldehydes. The decatungstate anion exhibited remarkable ver-
satility in this transformation, serving as a multifaceted cata-
lyst with roles encompassing photocatalysis, electrocatalysis,
and hydrogen atom transfer. By directly harnessing the energy
from the aldehyde’s C-H bond, the generation of acyl radicals
was facilitated, effectively initiating the Minisci-type C-H
functionalization reaction. The exceptional atom economy and
gentle photo-electrocatalytic properties of this approach posi-
tion it as an alternative and particularly challenging method
for the hydroxyalkylation of N-heteroaromatics, enabling the
efficient synthesis of secondary alcohols using readily available
starting materials (Scheme 22).°°

In 2023, Meggers and colleagues reported a novel synthesis
method that combines photo-electrochemistry with asym-
metric catalysis to achieve enantioselective dehydrogenative [2
+ 2] photocycloaddition between alkyl ketones and alkenes
under rhodium (Rh) catalysis.®® This method eliminates the
need for chemical oxidants and successfully synthesizes struc-
turally complex chiral cyclobutanes, including all-carbon qua-
ternary stereocentres, through the reaction of C-C single
bonds with C=C double bonds. By simultaneously activating
two C(sp’)-H bonds and two C(sp”) carbons, it enables the
construction of up to four consecutive stereocentres with excel-
lent enantioselectivity and broad substrate compatibility. The
key to the success of this reaction lies in the utilization of
ferrocene as a redox mediator, promoting the formation of a

This journal is © the Partner Organisations 2024

homogeneous electrocatalytic system. Furthermore, this meth-
odology demonstrates its practical value by enabling the syn-
thesis of chiral natural product melicoptine C through photo-
electrocatalysis (Scheme 23).

6. Conclusions

In this review article, we have focused on the recent develop-
ments of photo-/electro-chemically promoted organic synthetic
reactions, with a particular emphasis on metal-catalyzed trans-
formations. The metals involved mainly include iron, copper,
cerium, manganese, nickel, etc. Nowadays, the role of metals
in organic synthesis has been increasingly explored, ranging
from thermal reactions to synergistic catalysis with traditional
photosensitizers and integration with electrochemistry.
Moreover, metals have been introduced into the currently
popular photo-electrochemical systems, showcasing their
immense potential. The combination of light and electricity
not only ensures mild reaction conditions but also avoids the
use of stoichiometric oxidants and reductants, thereby maxi-
mizing the activity of metal catalysts. These reactions have
demonstrated remarkable performance in C-H activation, de-
carboxylation, alcohol activation, and cross-coupling. However,
it should be noted that the current repertoire of metal catalysts
in photo-electrochemical systems is still limited, and certain
reaction types are still constrained. Future research should
focus on expanding the variety of metal catalysts to overcome
the limitations of traditional chemistry and enable transform-
ations that were previously challenging to achieve. This will
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further broaden the applications of photo-electrocatalysis, pro-
viding numerous opportunities and possibilities for future
advancements.
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