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Metallaphotoredox catalysis for sp3 C–H
functionalizations through hydrogen atom
transfer (HAT)

Jingchang Zhang *a and Magnus Rueping*b

In recent years, the integration of photocatalytic hydrogen atom transfer (HAT) with transition metal

catalysis has emerged as a formidable strategy for the construction of C(sp3)–carbon and C(sp3)-hetero

bonds. The fusion of these two methodologies has been utilized widely in organic synthesis, leading to

new transformations in chemical synthesis. In this review, we aim to summarize the recent advances

made in sp3 C–H functionalizations through photocatalytic HAT followed by transition metal catalysis.

Our focus will be on the diverse strategies and their synthetic applications, in addition to detailed

mechanisms involved in these reactions. An in-depth understanding of these mechanisms is crucial for

the rational design of new catalysts and reaction conditions to further enhance the efficiency of these

transformations. We hope that this review will serve as a valuable resource for researchers in the area of

metallaphotoredox catalysis, and will inspire the further development of this application in green

chemistry, drug synthesis, material science, and other related fields.

1. Introduction

The formation of new C–carbon or C-hetero bonds from C–H
bonds is a highly attractive synthetic strategy owing to the
prevalence of C–H bonds in organic molecules. Consequently,
transition metal-mediated C–H functionalizations have been
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the focus of organic chemists for several decades,1–8 resulting
in the development of a wide range of mature methodologies.
These methods have been successfully employed in the con-
struction of natural products and pharmaceuticals.9–11 Despite
the remarkable advances made in conventional transition
metal-catalysed C–H functionalizations, the functionalization
of sp3 C–H bonds is still challenging. As a result, harsh
conditions and directing groups are often required, leading to
side-product generations and limited substrate scopes.12–14

Overcoming these limitations and developing strategies for
the conversion of sp3 C–H bonds to other functional groups
under mild conditions, with broad substrate scopes and a
controllable selectivity, remains a significant challenge.

Recent developments in photochemistry have led to the
emergence of photocatalysts (PC), such as acridiniums and
iridium polypyridyl complexes (Scheme 1), which can generate
open shell reactive species via single electron transfer (SET).
These reactive species can be used to functionalize organic and
organometallic substrates in solution, a task that would other-
wise be difficult or impossible with other types of catalysts.
Such strategies offer new possibilities for sp3 C–H functionali-
zations with broader substrate scopes, mild reaction conditions,
and a greater selectivity.15,16

Photocatalytic hydrogen atom transfer (HAT) is a noteworthy
strategy for the activation of sp3 C–H bonds, because it allows
for the generation of a sp3-hybridized carbon-centered radical
with a controllable selectivity as a C–H bond with the lowest
bond dissociation energy (BDE) is activated (Scheme 2). There
are several routes for the activation of a sp3 C–H bond to result
in an alkyl radical: the excited photocatalysts can facilitate
SET to generate a hetero or halogen radical followed by HAT
(indirect HAT); the excited transition metal photocatalysts can
directly release a hetero or halogen radical via ligand-to-metal
charge transfer (LMCT)-homolysis followed by HAT (LMCT HAT);
and the excited photocatalysts can directly mediate HAT (direct
HAT) (Scheme 3).17–20 Importantly, these HAT processes can occur
under very mild reaction conditions, such as at room temperature,
which is particularly noteworthy.

Over the past decade, metallaphotoredox catalysis has gained
significant popularity in synthetic methodology.21–27 This
approach combines photocatalysis and transition metal catalysis
to achieve the modular formation of C–carbon and C-hetero
bonds. Specifically, the combination of photocatalytic HAT and
transition metal catalysis has enabled the cross-coupling of
sp3 C–H bonds and other substrates through the generation of
sp3-hybridized carbon centered radicals (Scheme 4a). This strat-
egy opens up new possibilities for molecular constructions that
were previously not feasible using either a photocatalyst or a
transition metal catalyst alone. The success of this strategy relies
on joint SET (electron transfer) between the HAT catalyst,
photocatalyst and transition metal catalyst, which ensures the
smooth progression of the reaction. The excited photocatalystScheme 1 Representative metallic and organic photocatalysts.

Scheme 2 Bond dissociation energies (kcal mol�1) of X–H bonds in
representative compounds.

Scheme 3 Representative HAT catalysts and main HAT routes.
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can act as an oxidant initially, and later delivers an electron to
the transition metal catalyst after it is reduced (green line of
Scheme 4b). Alternatively, if the excited state of the photocatalyst
initially acts as a reductant, it takes an electron from the
transition metal catalyst after it is oxidized (orange line of
Scheme 4b). In cases where the photocatalyst is directly used
as the HAT catalyst, it delivers an electron to the transition metal
catalyst and releases a hydrogen proton to the reaction system
after HAT. The sum of these two events, which do not occur
simultaneously, is equivalent to the direct release of a hydrogen
atom (Scheme 4c).

These different concepts of the combined use of photo-
catalytic HAT and transition metal catalysis clearly demonstrate
the many possibilities of the application in synthesis and
provide new opportunities for the development of sp3 C–H
functionalizations. Therefore, it is not surprising that this area
has emerged as an attractive and topical research field with
growing applications in the synthesis of natural products and
drugs. While some previous reviews have covered aspects of
this field,28–31 a comprehensive, detailed and systematic review
is currently lacking.

This review aims to address this gap by providing a com-
prehensive overview of all direct sp3 C–H functionalizations
mediated by the combination of photocatalytic HAT and transi-
tion metal catalysis. To achieve this, we classify the HAT catalysts
and transition metal catalysis approaches used and highlight the
cooperative principles of these catalysts. Moreover, we compare

and contrast different transition metal catalysis approaches to
provide readers with a deeper understanding of the similarities
and differences between them. Our goal is to provide readers
with an up-to-date and comprehensive understanding of the
significance and potential of this research field. We hope this
review will not only serve as a valuable resource for researchers
and students working in this area but also facilitate the further
development of this exciting and rapidly evolving field.

2. Hetero atom, halogen and carbon
centered radicals as HAT catalysts
2.1 Hetero atom centered radicals as HAT catalysts

2.1.1 Nickel catalysis. Substantial efforts in the area of
nickel catalysis have focused on coupling sp3-hybridized frag-
ments. Compared to palladium, nickel undergoes more rapid
oxidative addition into alkyl halide bonds and suffers less from
deleterious b-hydride elimination.32,33 Photocatalysts, such as
polypyridyl complexes of iridium or ruthenium, can be excited
by low-energy visible light, with subsequent metal to ligand
charge transfer (MLCT) followed by intersystem crossing (ISC),
to provide a long-lived triplet excited state. This state has both a
metal-centered vacancy that can oxidize a suitable electron
donor and a p*-centered unpaired electron that can reduce an
adequate acceptor via SET.15

In 2016, MacMillan and co-workers demonstrated the aryla-
tion of the a C–H bond of amides and ethers, as well as benzylic
C–H bonds, by using an iridium polypyridyl complex, nickel,
and 3-acetoxyquinuclidine (Scheme 5).34 In this coupling,
an amine radical cation (5) generated from the excited photo-
catalyst enabled SET oxidation of 3-acetoxyquinuclidine, will
undergo a polarity-matched HAT to the a C–H bond of amides
and ethers to generate an alkyl radical. At the same time, the
oxidative addition of a Ni(0) species (8) into an aryl halide
electrophile affords a Ni(II) intermediate (9). The Ni(0) species
(8) is generated via the independent two SET reductions of the
initially employed Ni(II) catalyst by the reduced Ir-photocatalyst.
Finally, alkyl radical capture by the Ni(II) intermediate (9)
furnishes an Ni(III) intermediate (10). Subsequent reductive
elimination affords the arylation product and Ni(I) species
(11), which can be reduced by the Ir(II) complex (3) to regenerate
both the Ni(0) species and Ir(III) photocatalyst. However, a DFT
investigation suggests a reverse role of the Ni(I) species (11) that
is similarly generated via the SET reduction of the initially
employed Ni(II). Ni(I) (11) will firstly capture an alkyl radical to
provide an alkyl Ni(II) bromide intermediate that upon a SET
reduction by the reduced photocatalyst forms the Ni(I)–alkyl
species, which subsequently undergoes oxidative addition with
aryl bromides.35 Excess 3-acetoxyquinuclidine is used as the
HAT catalyst and base concurrently. A steric hindrance has a
remarkable effect on this coupling. Aryl bromides and electron-
deficient aryl chlorides are both good coupling partners with
aryl bromides having a higher reactivity than aryl chlorides.
If chlorine and bromine atoms are present, the chlorine atom
will last after the coupling.

Scheme 4 sp3 C–H functionalizations under the combination of photo-
catalytic HAT and transition metal catalysis as well as related catalytic
cycles.
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This quinuclidine mediated HAT strategy was further applied
into the a-alkylation of amides, ethers and thioethers using alkyl
bromides as coupling partners (Scheme 6a).36 Besides, this
strategy has been used in the direct arylation, vinylation and
alkylation of aldehydes as well as the regioselective a-arylation of
alcohols in the presence of otherwise more hydridic C–H bonds
(Scheme 6b and c).37,38

The use of HAT chemistry in the regioselective functionali-
zation of remote C(sp3)–H bonds in amines, amides, oximes,
and alcohols has been an active area of research.39 Rovis and
colleagues have reported the alkylative cross-coupling between
trifluoroacetamides and alkyl bromides using Ni(cod)2 or
Ni(glyme)Cl2 as pre-catalysts, where a N-centered radical is
generated via proton-coupled electron transfer (PCET), followed
by 1,5-HAT to produce a carbon-centered radical.40 Trifluoroa-
cetamide serves as both the HAT catalyst and coupling sub-
strate (Scheme 7a). The authors propose that the Ni(I) complex
(11) plays a crucial role in the catalytic cycle, where the dihalogen
Ni(III) intermediate (27) undergoes a SET reduction followed by
the radical addition to give Ni(III) species (29) and reductive
elimination to provide the product and Ni(I) catalyst.

In a similar work, Roizen and colleagues have reported the
g-arylation of sulfamate esters using 4-CzIPN as the photocatalyst
in the combination with nickel through a 1,6-HAT process
(Scheme 7b).41 Meanwhile, Duan and colleagues have realized
the a-alkylation of amides and ethers using sulfonamide as a
precursor for the formation of the corresponding N-centered
radical via PCET, which can then perform HAT in an intermole-
cular fashion expanding the potential applicability (Scheme 7c).42

2.1.2 Copper catalysis. The combination of copper cataly-
sis and photocatalysis has opened up new pathways for the
formation of C–carbon and C-hetero bonds due to the favorable
interaction of copper catalysts with radicals.43–45 Zhu and
colleagues disclosed the remote C(sp3)–H functionalization of
N-alkoxypyridinium salts to obtain d-functionalized alcohols
under Ir/Cu metallaphotoredox catalysis (Scheme 8a).46,47 Various
functionalizations, including azidation, cyanation, thiocyanation,
arylation, and vinylation, have been achieved under similar
conditions. In this transformation, an alkoxy radical, generated
through the SET reduction of N-alkoxypyridinium by Ir(ppy)3,
undergoes 1,5-HAT to yield a d carbon-centered radical, which
is captured by ligand-exchanged Cu(II) salts (Cu(II)X or RCu(II),
31 or 32) to form Cu(III) intermediates (33 or 34). Subsequent
reductive elimination leads to the formation of d-functionalized
alcohols. N-Alkoxypyridinium salts in this coupling serve as the
substrate, HAT reagent, and oxidant simultaneously. Yu and
colleagues later reported an asymmetric remote C(sp3)–H bond
cyanation of hydroxamides under similar conditions, with the
inclusion of catalytic amounts of copper and a chiral ligand
(Scheme 8b).48

Scheme 5 Quinuclidine as HAT catalyst for sp3 C–H arylation.

Scheme 6 Applications of Ir/Ni/quinuclidine strategy.
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Nagib and colleagues reported the defluorination and remote
dehydrogenation of N-fluoro-sulfonamides with the combination
of Ir and copper catalysts, leading to the formation of d,e-
unsaturated sulfonamides (Scheme 8c).49 In this transformation,
the SET reduction of N-fluoro-sulfonamide by the reduced photo-
catalyst generates a N-centered radical (42), followed by 1,5-HAT
to generate a carbon-centered radical (43). This radical is then
captured by Cu(II) to form a Cu(III) intermediate (44), which
undergoes b-hydrogen elimination to afford d,e-unsaturated
amines. This method is of relevance for the synthesis of both
internal and terminal d-vinyl amines and aza-heterocycles.

2.1.3 Cobalt catalysis. Acridiniums exhibit strong oxida-
tion properties in the singlet excited state (above 2.0 V for the
singlet state), while their corresponding acridinyl radicals,
formed through a SET reduction, act as moderate reductants
(approximately �0.5 V vs. SCE).16 Anions such as NO3

�

(Eox(NO3
�/NO3

�) = +1.97 V vs. SCE) and Cl� (Eox(Cl�/Cl�) =
+2.03 V vs. SCE) can be oxidized by acridiniums to generate
their respective radicals, enabling HAT to alkanes.50,51

Cobaloximes, which contain a Co(II) center, are capable of
trapping alkyl radicals to form Co(III)–alkyl complexes. Upon
photolysis, these complexes can undergo b-hydrogen elimina-
tion to produce Co(III)–H and olefins as the elimination
products.52–57

Through the combination of acridinium and cobaloxime
catalysis, Nicewicz and colleagues developed a homobenzylic
oxygenation reaction (Scheme 9).50 The cobaloxime catalyst
facilitates the hydrogen evolution and turnover of the photocata-
lyst by oxidizing the acridinyl radical. Styrene derivatives, formed
from the starting alkanes, serve as intermediates in this reaction
and are further converted into propiophenone products. LiNO3 is
used as a HAT reagent for substrates that are unfavorable for a
SET oxidation, triggering initial benzylic C–H HAT. However,
electron-rich substrates that can undergo a direct SET oxidation
by acridiniums can also be efficiently converted in the absence of
LiNO3, showcasing broader functional group tolerances.

2.1.4 Chromium catalysis. The chromium-mediated allyla-
tion of aldehydes is a valuable method to selectively allylate

Scheme 7 Amides in HAT processes.
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aldehydes over more reactive ketones or esters.58–63 By utilizing
thiophosphoric imide as a HAT catalyst in the combina-
tion with catalytic chromium dichloride, Kanai and colleagues
developed a carbonyl allylation protocol based on HAT
(Scheme 10a).64 A sulfur-centered radical is generated through
the SET oxidation of thiophosphoric imide by photoexcited
acridinium. This radical engages in HAT to an allylic C–H bond,
generating an in situ allylic radical. The allylic radical is then
captured by chromium(II) to form an allylchromium(III) species
(47), which via a six-membered chair transition state with
aldehydes, leads to the formation of chromium alkoxides (48) in
an anti-selective manner. The protonation of chromium alkoxides
yields homoallylic alcohols and an oxidized chromium(III)
complex. The acridinyl radical subsequently undergoes SET

Scheme 8 Ir/Cu catalysed sp3 C–H functionalizations through 1,5-HAT.

Scheme 9 Acridinium/Co mediated homobenzylic oxygenation.

Scheme 10 Sulfur HAT catalyst for carbonyl alkylation.
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with the chromium(III) complex, thereby restoring both acridi-
nium and chromium(II) catalysts. The introduction of a chiral
ligand enables the synthesis of enantiomerically and diaster-
eomerically enriched homoallylic alcohols. The same group has
further disclosed the alkylation of ketones to afford tertiary
alcohols under very similar conditions, wherein a titanium(III)
catalyst is used instead of the chromium(II) catalyst and SET
between a Ti(IV) species and acridinyl radical will regenerate
both initial catalysts (Ered(CpTiCl3) = �0.35 V vs. SCE)
(Scheme 10b).65

2.2 Halogen atom radicals in HAT processes

The bromine anion exhibits a moderate redox potential (Ered
1/2

(Br�/Br�) = +0.8 V vs. SCE in DME),66 and plays a crucial role in
the HAT-based coupling reactions of aryl and alkyl bromides
under metallaphotoredox catalysis. There are two potential
pathways for the generation of a bromine radical: the direct
SET oxidation of a bromine anion by an excited photocatalyst
and the homolysis of a Ni(II)–Br bond in a triplet state (see
Section 3). Once formed, the bromine radical selectively
engages in HAT with polar sp3 C–H bonds.

2.2.1 Nickel catalysis. In 2016, Molander and colleagues
reported the cross coupling between ethers and aryl bromides
(Scheme 11a).67 While various mechanistic pathways have been
proposed, the observed kinetic isotope effect (KIE) and limited
reactivity of stronger C–H bonds strongly suggest the involve-
ment of bromine radicals in the HAT process. For instance,
Doyle and co-workers described the methylation of aryl bromides
mediated by metallaphotoredox catalysis using benzaldehyde
dimethyl acetal as the methyl source (Scheme 11b).68 The oxida-
tive addition of the Ni(0) species (8) into aryl bromides leads to the
formation of Ni(II) intermediates (55). A bromine radical, gener-
ated through the direct SET oxidation of a bromine anion by the
excited Ir(III) photocatalyst, selectively performs HAT to the tertiary
C–H bond of benzaldehyde dimethyl acetal. The subsequent
b-scission leads to the methyl radical and methyl benzoate. The
methyl radical is trapped by Ni(II) intermediates (55), forming
Ni(III) intermediates (56) that readily undergo reductive elimina-
tion, resulting in the formation of C(sp2)–C(sp3) bonds and the
Ni(I) complex (11). Reduced Ir(II) photocatalyst then reduces the
Ni(I) species, regenerating both the Ir(III) and Ni(0) catalyst. The
generation of methyl benzoate, radical clock experiments, methyl
radical trapping experiments, and the essential role of bromine
anions all support the involvement of bromine radical-mediated
HAT and the methyl radical generation in this reaction. Sulfonyl
aziridines also serve as suitable coupling partners under similar
conditions, leading to the synthesis of valuable b-methylated
(alkylated) sulfonamides upon ring opening (Scheme 11c).69

Martin and colleagues have introduced a protocol for the a
C(sp3)–H arylation and alkylation of benzamides (Scheme 11d).70

This method utilizes a wide range of aryl- and heteroaryl-
substituted bromides, as well as various alkyl bromides, to
afford a-arylated and alkylated benzamides in moderate to
good yields. Enantioselective C–H functionalizations have also
been achieved through the incorporation of a chiral ligand.
Related mechanistic studies conducted by Montgomery and

co-workers support the involvement of bromine radical-
mediated HAT as the plausible mechanism (Scheme 11d).71

In a recent development, Rueping and co-workers reported
an allylic C(sp3)–H arylation protocol with tunable stereoselec-
tivities under Ir/Ni dual catalysis (Scheme 11e).72 This innova-
tive approach enables the direct catalytic generation of allylic
radicals from readily available alkenes and allows for the coupling
with a broad range of aryl halides. Computational studies have
revealed that the excitation of a Ni(II)–allyl complex from a singlet

Scheme 11 Bromine radical in HAT processes.
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state to a triplet state triggers a spontaneous change in the allyl
group coordination. By employing different ligands, isomerization
can be selectively directed, thereby achieving a controllable E/Z
selectivity. The ability to modulate an allylation stereoselectivity
through ligand switches presents a promising strategy for acces-
sing both E and Z isomers in target synthesis.

2.2.2 Cobalt catalysis. Li and colleagues have reported an
intriguing cobaloxime-mediated cross dehydrogenative coupling
(CDC) strategy that enables the coupling of alkanes and hetero-
arenes (Scheme 12).73 In this transformation, a trifluoroacetic acid
protonated heteroarene (61) serves as a photooxidant, facilitating
the generation of a chlorine radical for HAT to generate an alkyl
radical which adds to another protonated heteroarene (61), lead-
ing to the formation of a radical cation intermediate (62). Subse-
quently, the Co(II) catalyst facilitates the hydrogen atom removal
from this intermediate, resulting in the desired alkylated hetero-
arene (63) and a Co(III)–H species. Co(III)–H is then protonated to
generate Co(III) under the H2 evolution. Importantly, the regenera-
tion of both the Co(II) catalyst and protonated heteroarene (61)
occurs through SET between the heteroarene radical intermediate
(64) and Co(III). The presence of alkyl and chlorine radicals is
supported by radical capture experiments, providing valuable
insights into the reaction mechanism. Further investigations have
convincingly ruled out the possibility of the chlorine radical
generation from the cobaloxime catalyst. Moreover, the strong
interaction between excited heteroarenes and chlorine anions is
observed only in the presence of an acid, emphasizing the
indispensable role of trifluoroacetic acid in protonating hetero-
arenes for the chlorine anion oxidation.

2.3 Carbon centered radicals for HAT

2.3.1 Nickel catalysis. Alkyl radicals are known to exhibit a
reactivity towards weaker carbon-hydrogen or hetero-hydrogen

bonds through HAT processes. However, alkyl radicals can not
be directly generated from C(sp3)–H bonds through SET oxida-
tion or reduction pathways, and they are not recyclable after
HAT. To generate alkyl radicals, alkylsilicates can undergo a
SET oxidation by an excited photocatalyst due to their moderate
redox potentials (average E0 = +0.75 V vs. SCE for 11 alkyl-
silicates). Taking the advantage of this property, Molander and
colleagues developed a selective thioetherification strategy
for constructing peptides and other biomolecules by cross-
coupling thiols and aryl bromides (Scheme 13a).74,75 This
methodology employs an excess (1.2–1.5 equiv.) of ammonium
bis(catechol)isobutylsilicate as a HAT reagent. Notably, various
functional groups such as unprotected carboxyl, amino, hydroxy,
amide, and sulfonamide are tolerated under these coupling
conditions.

Scheme 12 Cobaloxime mediated cross dehydrogenative coupling.

Scheme 13 Carbon-centered radicals in HAT processes.
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In a related study, Chu and co-workers reported a three-
component decarboxylative vinylation/remote C(sp3)–H bond
arylation process for the synthesis of 1,3-disubstituted cyclo-
alkanes (Scheme 13b).76 The reaction involves the SET oxida-
tion of oxalate, followed by decarboxylation, to generate a
tertiary alkyl radical (71). This radical then adds to an alkyne
to form a vinyl radical (72), which subsequently undergoes
intramolecular 1,5-HAT to generate a secondary alkyl radical
(73). The latter is captured by a Ni(0) species to form an alkyl
Ni(I) intermediate (74). The oxidative addition by aryl bromides
to the alkyl Ni(I) intermediate yields aryl alkyl Ni(III) complexes
(75), which undergo reductive elimination to afford 1,3-di-
substituted cycloalkanes. The authors propose an alternative
mechanistic pathway involving the oxidative addition of Ni(0)
into the aryl bromides to form Ni(II) intermediates (76), fol-
lowed by the trapping of the alkyl radical (73) to generate aryl
alkyl Ni(III) complexes (75). This versatile protocol offers the
potential to construct bioactive molecules from simple sub-
strates and exhibits a broad substrate scope encompassing
various oxalates, alkynes, and (hetero)aryl halides.

3. Halogen photoelimination
processes

Photoinduced ligand to metal charge transfer (LMCT) processes
have emerged as efficient strategies for alkane HAT, leading to the
generation of alkyl radicals. In particular, photoexcitation–LMCT–
homolysis (PE–LMCT–HM) has proven effective in the direct
release of halogen and alkoxy radicals from metal salts, such
as Cu(II), Fe(III), and Ce(IV). This process overcomes the chal-
lenges associated with photoredox-induced SET pathways (see
Scheme 3).77–79 Inspired by the pioneering work of Nocera and
colleagues on the photoinduced liberation of halogen radicals
from high-valent Ni(III) halide complexes,80,81 Doyle and co-
workers developed a halogen photoelimination strategy for the
cross-coupling of ethers and aryl chlorides (Scheme 14a).82 The
key step in this coupling involves the generation of a high-
valent Ni(III) intermediate, specifically the dichloride Ni(III)
complex. The oxidative addition of Ni(0) to aryl chlorides
readily yields aryl chloride Ni(II) intermediates (78), which are
subsequently converted to dichloride Ni(III) complexes (79)
through a SET oxidation enabled by an excited photocatalyst.
Under visible light irradiation, the dichloride Ni(III) complex
undergoes photoexcitation–LMCT–homolysis, resulting in the
release of a chlorine radical. This chlorine radical effectively
performs HAT on alkanes. The rapid rebound of the HAT-
generated alkyl radical to the Ni center gives rise to alkyl aryl
Ni(III) complexes (82), which undergo reductive elimination to
afford a-arylated ethers. The SET reduction of Ni(I) by Ir(II)
facilitates the regeneration of the Ni(0) species and Ir(III)
photocatalyst. Control experiments employing stoichiometric
(dtbbpy)NiII(Ar)(Cl) (Ar = 4-methylphenyl) and single-electron
oxidant tris(4-bromophenyl)ammoniumyl hexachloroantimo-
nate ([TBPA]SbCl6) under visible light irradiation demonstrate
that the absence of the oxidant or light results in no product

formation, indicating the generation of Ni(III) chloride complexes.
Deuterium labeling experiments conducted with aryl halides and
THF-d8 provide the evidence against the Ni(III)–Ar bond homolysis
of 79, thereby suggesting the presence of chlorine radicals.
Additional mechanism studies carried out in this research further
support the feasibility of chlorine photoelimination.83 Given the
good HAT efficiency of a halogen radical, this strategy has broad
applications and can be applied to different functionalizations,
including the arylation (Scheme 14b, Eq (1), (3), (4) and (7)),
esterification (Scheme 14b, Eq (2), chloroformates as coupling
partner), alkylation (Scheme 14b, Eq (5)) and vinylation
(Scheme 14b, Eq (6)), of various sp3 C–H bonds.84–90

A noteworthy development by Wu and co-workers involved
the hydroalkylation of alkynes utilizing ethers and amides as
alkyl sources under photoredox/Ni catalysis (Scheme 15a).91

The proposed mechanism suggests that the employed Ni(II)
catalyst undergoes a SET oxidation by the excited photocatalyst,
generating a Ni(III) species. Subsequently, the Ni(III) species
releases a chlorine radical via PE–LMCT–HM, enabling HAT
to alkanes (in line with the findings of Nocera and Doyle).
This methodology exhibits a broad substrate scope, delivering
hydroalkylation products with an excellent E selectivity.

Scheme 14 Halogen photoelimination strategy and applications.
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However, terminal alkynes are unsuitable substrates due to
their propensity for the competitive [2+2+2] cycloaddition.

In a separate study, Hong and co-workers reported the
C(sp3)–H acylation using N-acylsuccinimides (Scheme 15b).92

Supported by DFT calculations and control experiments, the
authors proposed a pivotal Ni(III) trichloride intermediate (92)
that undergoes HAT to generate an alkyl Ni(III) intermediate
(93). Sequential SET reductions lead to the formation of an alkyl
Ni(I) species (94), facilitating the oxidative addition to N-acyl-
succinimides. Notably, the utilization of acyl chlorides as
coupling partners has been proved to be less effective, resulting
in significantly lower yields compared to N-acylsuccinimides.

Rueping and co-workers have made significant contribu-
tions in the field of the direct regioselective coupling of allylic
C(sp3)–H bonds with aryl and vinyl bromides by employing a
combination of nickel and photoredox catalysis (Scheme 16a).93

This new methodology enables the synthesis of allylarenes and
1,4-dienes from unactivated alkenes under mild reaction con-
ditions. The authors proposed an energy transfer (EnT) path-
way, where the homolysis of the Ni(II)–Br bond in an aryl Ni(II)
bromide intermediate leads to the release of a bromine radical,
facilitating HAT to allylic C–H bonds.

Furthermore, Rueping and co-workers extended their research
on the cross-coupling of sp3 C–H bonds and alkyl bromides by
developing the EnT-enabled Ni(II)–Br homolytic process supported

by experimental, computational, and spectroscopic studies
(Scheme 16b).94 They suggested a Dexter triplet–triplet energy

Scheme 15 Ni(III) trichloride mediated chlorine radical photoelimination.

Scheme 16 Ni(II)–Br homolysis pathway through energy transfer.
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transfer (EnT) from the excited photocatalyst to the alkyl Ni(II)
bromide intermediate (97). This results in the formation of the
Ni(II) triplet state, which subsequently undergoes the homolysis
of the Ni(II)–Br bond, liberating a bromine radical. Subsequent
HAT and reductive elimination yield the desired product and
Ni(0) species. Mechanistic investigations revealed that the Ni(III)–
Br homolysis pathway is unfavorable due to the high-energy
barrier associated with the following C(sp3)–H activation (DG‡ =
45.9 kcal mol�1). This study provides valuable insights into
photoredox/Ni catalysis pathways. As such, for sp3 C–H functio-
nalizations involving aryl and alkyl bromides under photoredox/
Ni catalysis, both the direct oxidation pathway of the bromine
anion (see 2.2) and the Ni(II)–Br homolytic pathway are viable
routes.

Zhang and co-workers have made significant strides in the
field by developing an innovative triple catalysis strategy
mediated by an ionic liquid. This strategy enables the direct
formation of dihalogen Ni(III) complexes through the oxidative
addition of a pseudo Ni(I) complex (Scheme 17).95 Leveraging
this approach, they have achieved high-yielding direct couplings
between acyl chlorides and highly polar or strong C(sp3)–H

bonds, as well as the one-pot methylation of acyl chlorides using
only 1.2 equivalents of tetramethylsilane as the methyl source,
involving successive C(sp3)–H and C(sp3)–Si cleavage steps.
In this strategy, the visible light irradiation of an Ir(III) complex
generates an excited species, which is subsequently oxidized by
an ionic liquid cation, leading to the formation of an ionic liquid
radical (100) and an Ir(IV) complex. The ionic liquid radical then
combines with Ni(II) (101) to generate a Ni(III) complex (102),
followed by intramolecular single-electron transfer (ISET),
resulting in the formation of a pseudo Ni(I) complex (103). This
pseudo-Ni(I) complex exhibits an ionic-type bond, wherein the
electropositive ionic liquid moiety binds to the electronegative
Ni-complex moiety. The oxidative addition of the pseudo Ni(I)
complex by acyl chlorides yields acyl dichloride Ni(III) com-
plexes (104), with the concomitant release of the ionic liquid
cation. The subsequent visible light irradiation of an acyl
dichloride Ni(III) complex leads to the liberation of a chlorine
radical through photoexcitation-ligand to metal charge transfer-
homolysis (PE–LMCT–HM), that can undergo HAT to the alkane
resulting in the formation of an acyl alkyl Ni(III) species (106). The
reductive elimination of the acyl alkyl Ni(III) species affords the

Scheme 17 Ir/Ni/ionic liquid catalysed alkylation and one pot methylation of acyl chlorides.
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desired product and Ni(I) complex. The Ni(II) complex is then
efficiently regenerated through the SET oxidation of the Ni(I)
complex by the Ir(IV) complex. Notably, unlike other photoredox/
Ni mechanisms where a Ni(0) or Ni(I) complex serves as the active
species, in this research, the pseudo Ni(I) complex, generated
from the initially employed Ni(II) catalyst with the assistance of an
ionic liquid, plays a pivotal role.

4. Decatungstate as photocatalyst and
HAT reagent

The photochemical behavior of decatungstate [W10O32]4� (DT)
upon the absorption of a UV photon has been extensively
investigated, revealing an oxygen-to-metal charge-transfer
(LMCT) character. Nano and microsecond laser flash photolysis
(LFP) experiments have confirmed the rapid decay of the excited
state, leading to the formation of a dark state wO. This wO species
possesses an electron-deficient oxygen center, exhibiting an
oxyradical-like character. It is considered the chemically active
species with a predicted E(wO/[W10O32]5�) value of approximately
+2.44 V vs. SCE.96 Thus, wO can engage in the SET oxidation of
R–X substrates, particularly those that are easily oxidizable or lack
a weak R–H bond, resulting in the formation of radical cations
(R–X�+). Additionally, wO can undergo HAT reactions with
alkanes, generating alkyl radicals (Scheme 18). Consequently,
decatungstate has found applications as an efficient HAT photo-
catalyst for the oxygenation, dehydrogenation, conjugate addition,
and fluorination of strong C(sp3)–H bonds.97

4.1 Nickel catalysis

In 2018, MacMillan and co-workers successfully employed
decatungstate in the combination with nickel catalysis for the
direct arylation of highly polar and strong sp3 C–H bonds
(Scheme 19a).98 In this transformation, excited decatungstate
(108*) abstracts a hydrogen atom from an inert alkane, such as
cyclohexane, yielding a singly reduced decatungstate complex
(109) and a carbon-centered radical. The disproportionation
(DP) of two singly reduced decatungstate complexes leads to the
regeneration of decatungstate (108) and the formation of a
doubly reduced decatungstate species (110). Simultaneously,
the alkyl radical reacts with the Ni(0) species, forming a Ni(I)–
alkyl species (111). The oxidative addition of the Ni(I)–alkyl
species (111) with aryl bromides generates aryl alkyl Ni(III)

species (112), which subsequently undergo reductive elimina-
tion to produce cross-coupling products and the Ni(I) species
(11). It has been suggested that final SET between the Ni(I)
species and the doubly reduced decatungstate species (110)
regenerates the active Ni(0) species {Ep(NiII/Ni0) = �1.47 V vs.
Ag/Ag+ in MeCN, (Ered

1/2 ([W10O32]5�/[W10O32]6�) = �1.52 V vs.
Ag/Ag+ in MeCN)}.99 Building upon this strategy, Kong andScheme 18 Pathways of excited decatungstate to activate substrates.

Scheme 19 Decatungstate/Ni metallaphotoredox catalysis and applications.
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co-workers applied it to the three-component difunctionalization
of alkenes, demonstrating its utility in the selective late-stage
functionalization of complex natural products and the concise
synthesis of pharmaceutically relevant molecules (Scheme 19b).100

In addition, Noël and co-workers reported the C(sp3)–H acyla-
tion and arylation in a continuous flow, offering significantly
reduced reaction times compared to traditional batch reactions
(Scheme 19c).101 Furthermore, Rasappan and co-workers reported
the alkylation of aldehydes using alkyl pyridinium salts as coupling
partners in the presence of decatungstate and nickel catalysis,
wherein decatungstate-mediated HAT generates acyl radicals
(Scheme 19d).102

4.2 Copper catalysis

Copper catalysts have demonstrated a remarkable efficacy in
trifluoromethylation reactions.103,104 MacMillan and co-workers
successfully employed decatungstate in the combination with
a copper catalyst to achieve the trifluoromethylation of sp3 C–H
bonds using Togni reagent as the trifluoromethyl source
(Scheme 20).105 The reduction of the trifluoromethylation reagent
by the singly reduced decatungstate complex (109) in the presence
of Cu(I) leads to the formation of a Cu(II)–CF3 intermediate (119).
The subsequent capture of an alkyl radical by the Cu(II)–CF3

intermediate generates a key alkyl–Cu(III)–CF3 complex (120),
which undergoes reductive elimination to deliver the desired
C(sp3)–CF3 product, while regenerating the Cu(I) catalyst. This
trifluoromethylation strategy exhibits a broad applicability and is
compatible with various C(sp3)–H bonds. Importantly, free amino,
amide, sulfamide, and carboxyl functionalities are all well-
tolerated in this coupling.

4.3 Palladium catalysis

The coupling of aldehydes and aryl halides under palladium
catalysis represents an efficient route to access ketones.106

Zheng and co-workers reported the arylation of aldehyde C–H
bonds using aryl bromides as coupling partners in the presence
of decatungstate and a palladium catalyst (Scheme 21).107

In this process, decatungstate facilitates hydrogen atom
abstractions to form acyl radicals, while palladium activates
aryl bromides, generating aryl Pd(II) bromide intermediates.

4.4 Cobalt catalysis

In a pioneering work Sorensen and co-workers demonstrated
an important approach by combining decatungstate and a
cobaloxime pyridine chloride complex for the dehydrogenation
of alkanes to alkenes and the dehydrogenation of alcohols
to ketones.108 Building upon this work, Wu and co-workers
reported the site-selective alkenylation of alkanes and aldehydes
(Scheme 22).109 Photoexcited decatungstate (108*) abstracts a
hydrogen atom from an alkane or aldehyde substrate, resulting
in the formation of a carbon-centered radical and a singly reduced
decatungstate complex (109). The subsequent addition of the
carbon-centered radical to alkenes generates alkyl extended radi-
cals (127), which can reversibly react with Co(II) to form Co(III)–
alkyl intermediates (128). Upon photo-irradiation, Co(III)–alkyl
intermediates lead to alkene products and Co(III)–H through

Scheme 20 Decatungstate/Cu catalysed trifluoromethylation of sp3 C–H bonds.

Scheme 21 Decatungstate/Pd catalysed synthesis of ketones.
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formal b-H elimination. The protonation of Co(III)–H facili-
tates the H2 evolution, releasing a Co(III) complex. Final SET
between the singly reduced decatungstate complex (109) and
Co(III) complex ensures the regeneration of both catalysts
(E1/2[W10O32]4�/[W10O32]5� = �0.96 V vs. Ag/Ag+ in MeCN,
E1/2(CoIII/CoII) = �0.68 V vs. Ag/Ag+ in MeCN). This methodology
provides an efficient access to the alkenylated products of alkanes
and aldehydes, displaying an exclusive E selectivity, and
enables the late-stage alkenylation of natural products and their
derivatives.

4.5 Chromium catalysis

Yahata and co-workers reported the synthesis of a-alkylated
alcohols from aldehydes by merging decatungstate and
chromium(III) trichloride (Scheme 23).110 The SET reduction
of chromium(III) trichloride by [W10O32]5�H+ {E([W10O32]4�/
[W10O32]5�) = �0.97 V vs. SCE, E(Cr3+/Cr2+) = �0.65 V vs. SCE}
generates chromium(II), which captures an alkyl radical to form
an organochromium carbanion (132). The organochromium
carbanion selectively reacts with aldehydes, yielding chromium
alkoxides (133), followed by protonation to afford a-alkylated
alcohols. Inert alkanes, amides and ethers are all good sub-
strates in this transformation.

5. Diaryl ketones (aryl aldehydes) as
photocatalysts and HAT reagents

Diaryl ketones exhibit a prototypical reactivity in HAT pro-
cesses, upon the generation of a long-lived triplet state (137)
through the electron excitation from a non-bonding orbital at
the CQO bond to a corresponding p* orbital (n,p*) followed by
intersystem crossing (ISC). Subsequent HAT with a sp3 C–H
bond will generate an alkyl radical and ketyl radical (138)
(Scheme 24).16

5.1 Nickel catalysis

In 2018, Martin and co-workers successfully achieved the
arylation, vinylation, and alkylation of ethers, amides, and
benzylic alkanes using a combination of a diaryl ketone and
nickel catalyst (Scheme 25a).111 Remarkably, this reaction
tolerates phenols, primary alcohols, amides, alkynes, alkenes,
anilines, aldehydes, aryl boronates, and organostannanes as
coupling partners. The coupling between an inert alkane, such
as cyclohexane, and aryl bromides was also successful using
this strategy. The authors discovered that diaryl ketones with a
‘‘push–pull’’ structure, characterized by an electron-donating
substituent on one benzene backbone and an electron-
withdrawing substituent on the other, provided higher yields
compared to pure push or pull structure diaryl ketones. This
improvement can be attributed to a higher molar absorption
coefficient in the visible light region and the enhanced stability
of the corresponding ketyl radical (141) with CF3-substituted
analogs. Mechanistically, the redox potential of the ketyl radical
(141) (Ered

1/2 = �2.05 V vs. Ag/AgNO3 in MeCN) allows for
the generation of Ni(0) from Ni(II) (Ered(NiI/Ni0) E �1.13 V vs.
Ag/AgNO3 in DMF).

In an independent study, Rueping and co-workers reported
the arylation of benzylic C–H bonds using a diaryl ketone
as a photosensitizer in combination with a nickel catalyst
(Scheme 25b).112 Iodoarenes, bromoarenes, and chloroarenes

Scheme 22 Decatungstate/Co catalysed site-selective alkenylation.

Scheme 23 Decatungstate/Cr catalysed synthesis of a-alkylated alcohols.

Scheme 24 The property of diaryl ketones under photo induction.
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are all suitable coupling partners. The observation of the
bibenzyl and benzopinacol formation in the absence of a nickel
catalyst and ligand supports the role of the diaryl ketone as a
HAT catalyst in this reaction. The lower yields observed for
iodoarenes compared to bromoarenes, along with the improved
yields of iodoarenes after the addition of tetrabutyl ammonium
bromide (TBAB), led the authors to propose an additional role
for the diaryl ketone compound as an energy transfer agent.
This energy transfer enables the homolysis of an aryl Ni(II)
bromide species, generating a bromide radical. The bromide
radical can then abstract a hydrogen atom from a hydrogen
donor, thereby accelerating the transformation. The same
research group subsequently reported the acylation of benzylic
C–H bonds under similar conditions using acyl chlorides and
anhydrides as coupling partners (Scheme 25b).113 Hashmi and

co-workers employed a similar strategy, combining benzalde-
hyde and nickel, to achieve the a-alkylation and arylation of
ethers and amides, with benzaldehyde acting as a HAT catalyst
(Scheme 25c).114,115

Furthermore, Murakami and co-workers reported the chal-
lenging carboxylation of C(sp3)–H bonds using xanthone as a
photocatalyst and CO2 as a carboxylate source in combination
with a nickel catalyst (Scheme 25d).116 This reaction was con-
ducted under an atmospheric pressure of CO2 at ambient
temperature, enabling the direct conversion of readily available
sp3 C–H containing molecules, including benzylic alkanes,
cyclohexane, and pentane, into their corresponding carboxylic
acids with one carbon extension. These findings highlight the
potential of the diaryl ketone/Ni strategy for the efficient
carboxylation of sp3 C–H bonds.

5.2 Copper catalysis

A notable development by Liu and co-workers involved the
enantioselective trifluoromethylation of benzylic C–H bonds
using 2-chloroanthracene-9,10-dione (2-ClAQ) and tetracene-
5,12-dione as photocatalysts, in the conjunction with a copper
catalyst and chiral ligand (Scheme 26).117 The proposed mecha-
nistic pathway begins with the oxidation of the L*Cu(I) catalyst
by Togni-II reagent, generating a L*Cu(III)–CF3 species (154).
This species then undergoes a SET oxidation to the ketyl radical
(153) formed via HAT, thus regenerating the photocatalyst.
Simultaneously, the released L*Cu(II)–CF3 species selectively
captures a benzylic radical, yielding the desired product in an
enantioselective manner. This process likely involves the reduc-
tive elimination of an alkyl Cu(III)–CF3 species. Control experi-
ments support the presence of CF3 radicals in the catalytic
cycle, which are generated through the reversible homolytic
cleavage of the L*Cu(III)–CF3 species (154).

5.3 Cobalt catalysis

Huang and co-workers have demonstrated an efficient method
for the alkane dehydrogenation using a combination of readily

Scheme 25 Diaryl ketone (aryl aldehyde)/Ni metallaphotoredox catalysis
and applications.

Scheme 26 Diaryl ketone/Cu catalysed benzylic C–H trifluoro-
methylation.
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available and cost-effective cobalt salt Co(OAc)2�4H2O, low-cost
dmgH2, and 2-ClAQ (Scheme 27).118 Under photoexcitation,
2-ClAQ generates alkyl radicals, which are then captured by
Co(II) to form Co(III)–alkyl intermediates (128). The subse-
quent b-hydrogen elimination of 128 leads to the formation
of olefin products and Co(III)–H. The ketyl radical (155) under-
goes SET with Co(III)–H, generating Co(II)–H and a protonated
ketone. The protonated ketone is sufficiently acidic to proto-
nate Co(II)–H, thereby regenerating Co(II) and 2-ClAQ while
evolving H2. Notably, this transformation exhibits tolerances
towards unprotected hydroxyl, amide, bromide, iodide, and
borate functionalities. A broad range of alkane substrates,
including (hetero)aryl-, thioether-, amide-, and carbonyl-
substituents, can be dehydrogenated successfully. Multiple
dehydrogenation events can also occur, as exemplified by
the generation of naphthalene from decahydronaphthalene
through penta-dehydrogenations. Furthermore, this strategy
is applicable to the dehydrogenation of carbonyl compounds
possessing benzylic or allylic b C–H bonds or b-heteroatom
substituents.

5.4 Palladium catalysis

The allylic alkylation reaction, which involves the combination
of p-allylpalladium electrophiles and carbon nucleophiles,
is widely recognized as a highly effective method for the C–C
bond formation.119,120 Wang and co-workers have reported a
three-component reaction utilizing C(sp3)–H substrates, electron-
deficient terminal alkenes, and allyl carbonates. This transforma-
tion makes the use of 5,7,12,14-pentacenetetrone (PT) and a
palladium phosphine catalyst (Scheme 28).121 Importantly, this
three-component coupling protocol exhibits a broad substrate
compatibility, accommodating various terminal alkenes, aliphatic
C–H bonds, and allyl carbonates. The application of this metho-
dology has been demonstrated in the formal synthesis of
mesembrine, showcasing its practical synthetic utility.

5.5 Manganese catalysis

In recent years, the integration of electrochemistry and photo-
chemistry has emerged as a promising approach, expanding
the repertoire of catalytic strategies for exploring challenging
chemical transformations.122–124 Given that the azide transfer
from a Mn–N3 complex to an alkyl radical can enable the
formation of a C(sp3)–N3 bond,125 Lei and co-workers have
developed an innovative electrophotocatalytic manganese-
catalyzed oxidative azidation of C(sp3)–H bonds, accompanied
by the clean release of H2 as a side product (Scheme 29).126

In this transformation, the anode facilitates the direct oxida-
tion of sodium azide to generate the corresponding azide
radical, while an azide anion and a ligand-coordinated Mn(II)
complex (162) undergo an anodic oxidation, leading to the
formation of a Mn(III)/L–N3 intermediate (163). Alternatively,
the Mn(III)/L–N3 intermediate can also be accessed directly by
the addition of the azido radical to the ligand-coordinated
Mn(II) complex (161). The azide transfer from the Mn(III)/L–N3

to alkyl radicals, generated through photoexcited diaryl ketone
mediated HAT, results in the formation of alkyl azide products

Scheme 27 Diaryl ketone/Co catalysed dehydrogenation of alkanes.

Scheme 28 Diaryl ketone/Pd catalysed three-component allylic alkylation.

Scheme 29 Mn catalysed azidation of C(sp3)–H bonds under electro-
photocatalysis.
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and the release of the ligand-coordinated Mn(II) complex (161).
The ketyl radical (164) can be regenerated by the anodic
oxidation, restoring the initial photocatalyst. Notably, azide
radicals may also perform HAT to alkanes. Additionally, the
possibility of the Mn(III)/L–N3 participating in the oxidation of
the ketyl radical (164) to regenerate the photocatalyst can not be
disregarded. This innovative protocol enables the introduction
of an azide group to secondary and tertiary alkanes, demon-
strating its potential for the late-stage azidation of valuable
drug-like molecules.

6. Transition metals as Lewis acid
catalysts in HAT reactions

The use of chiral transition metal Lewis acid catalysts for asym-
metric reactions has a long-standing and well-established
history. Meggers and co-workers have reported an efficient
asymmetric alkylation of a,b-unsaturated N-acylpyrazoles using
a chiral rhodium Lewis acid catalyst, D-RhS (Scheme 30).127 The
addition of carbon-centered radicals to rhodium-coordinated
N-acylpyrazoles (169) exhibit a remarkable enantioselectivity.
The generated a-carbonyl radicals (170) subsequently undergo
hydrogen atom abstractions from dihydropyridine radicals
(172), resulting in the formation of Rh-coordinated adducts
(171). The ligand exchange with other N-acylpyrazole substrates
leads to the release of highly enantioenriched products.

In this context, Lu and co-workers have demonstrated the
controllable intramolecular C(sp3)–H amination and oxygena-
tion of carbamates using NiCl2 and Zn(OTf)2 as Lewis acid
catalysts, respectively (Scheme 31).128 The chemoselectivity
observed in this reaction can be rationalized by considering
the different coordination preferences of carbamates with the
metal ions. The Zn2+ cation exhibits a preference for coordinating

with the slightly ‘‘softer’’ nitrogen atom, whereas the Ni2+ cation
prefers the coordination with the slightly ‘‘harder’’ oxygen atom.

In another study, Gong and co-workers demonstrated the
synergic cooperation of 5,7,12,14-pentacenetetrone (PT) and a
chiral copper bisoxazoline complex for the coupling of sp3 C–H
bonds and N-sulfonylimines, leading to the formation of
quaternary carbon stereocenters with a high enantioselectivity
(Scheme 32a).129 A diverse range of substrates including
alkanes, cycloalkanes, toluene derivatives, and drug-like mole-
cules were successfully converted into chiral N-sulfonylamine
products. Mechanistically, photoexcited PT initiates HAT to the
alkane substrate, generating an alkyl radical and a semi-
quinone-type radical species (185). Subsequent SET between
copper-coordinated N-sulfonylimine and 185 affords a tertiary
radical complex (186) while regenerating PT. The cross-
coupling between the alkyl radical and 186 yields a neutral
complex (187) with the stereochemistry governed by the chiral
bisoxazoline copper catalyst. Final protonation followed by the
ligand exchange with another N-sulfonylimine results in the
formation of the enantioenriched product. In a related work,
the same group reported a three-component asymmetric sulfo-
nation reaction involving C(sp3)–H precursors, a SO2 surrogate,
and a,b-unsaturated carbonyl compounds, utilizing a chiral nickel
bisoxazoline complex as the Lewis acid catalyst (Scheme 32b).130

Nagib and co-workers reported a noteworthy enantio-
selective sp3 C–H amination of imidates using metallaphotor-
edox catalysis, leading to the synthesis of oxazolines
(Scheme 33).131 Oxime imidates can be obtained from aliphatic
alcohols, and the generated oxazolines can be readily hydro-
lyzed to generate amino alcohols. Interestingly, due to the
unfavorable redox potentials (Ered [0/�] = �1.6 V vs. SCE for
oxime imidates, Ered [PC/PC�] = �1.4 V vs. SCE for the photo-
catalyst) and the significant difference in triplet energies
(62 kcal mol�1 for the photocatalyst vs. 47 kcal mol�1 for oxime

Scheme 30 Rhodium photoredox catalysed asymmetric alkylation to dou-
ble bonds.

Scheme 31 Nickel and zinc photoredox catalysed amination and oxyge-
nation of carbamates.
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imidates), it is postulated that an energy transfer pathway is
more plausible than an electron transfer process. In this
context, chiral Cu(I) complex-coordinated imidates (190)
undergo triplet energy transfer from the excited photocatalyst,
leading to the formation of nitrogen-centered radicals (191).
Subsequent 1,5-HAT affords carbon-centered radicals (192),
which then undergo an intramolecular amination to yield
enantioenriched oxazolines.

Alkenes possessing an allylic leaving group have convention-
ally been employed as allylation agents.132 Tambar and co-
workers introduced a novel approach for the remote allylation
of C(sp3)–H bonds (Scheme 34a).133 In this transformation, a
proton-coupled electron transfer (PCET) process, followed by
1,5-HAT, generates a d carbon-centered radical from trifluor-
oacetamide. This radical subsequently adds to an allylic chlor-
ide substrate, leading to the formation of an alkyl allylation
product. The inclusion of the Ni-catalyst in the reaction serves
as a Lewis acid catalyst, effectively suppressing the undesired
dimerization and photoisomerization of allylic chlorides.

Another notable development in the field of the C(sp3)–H
allylation of unactivated alkanes was achieved by Fañanás-
Mastral and co-workers (Scheme 34b).134 Their elegant protocol

involves the utilization of TBADT as a HAT catalyst and CuCl
as a transition metal catalyst. Notably, the HAT generated
alkyl radical does not interact with the Cu(I) catalyst to form
an alkyl–Cu(II) intermediate. Instead, it undergoes an addition
to an allylic p-olefin–Cu(I) complex (195) through a SH20

pathway, affording the desired allylation product while concur-
rently generating a Cu(II) complex. The final step involves SET
between the Cu(II) complex and singly reduced decatungstate
(E1/2(CuCl2/CuCl) = +0.56 V vs. SCE; E1/2[W10O32]4�/[W10O32]5� =
�0.97 V vs. SCE), regenerating the Cu(I) catalyst and TBADT.
This innovative protocol enables the efficient synthesis of a
range of sp3 C–H allylation structures, including those derived
from natural products, with good yields.

Scheme 32 Copper and nickel photoredox catalysed asymmetric addi-
tion to double bonds.

Scheme 33 Copper photoredox catalysed asymmetric intramolecular
amination via energy transfer.

Scheme 34 Nickel and copper photoredox catalysed allylation of sp3

C–H bonds.
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7. Summary and outlook

In recent years, significant progress has been made in the field
of sp3 C–H functionalizations through the combination of
transition metal catalysis and various photocatalytic HAT pro-
cesses. These methodologies have enabled the synthesis of
complex drug molecules and natural products that were pre-
viously inaccessible using single photocatalysis or transition
metal catalysis alone. Despite these achievements, the mechanisms
of metallaphotoredox catalysis still need further clarifications.
Often redox pathways are proposed but neither spectroscopic
investigations nor DFT studies have been performed to support
described reaction mechanisms. A better understanding of metal-
laphotoredox catalysis mechanisms will certainly be important for
the advancement of the field and it will open up new applications
relevant to green chemistry, drug synthesis, material science, and
other related scientific fields. The concept of electrophotocatalysis,
combining photocatalysis and electrocatalysis, has emerged as a
powerful tool for organic synthesis.135–137 This approach takes the
advantage of the strengths of both methods, allowing accesses to
novel reaction pathways that are otherwise inaccessible. Electro-
catalytic redox reactions can replace chemical co-oxidants, enabling
the recycling of reduced photocatalysts, while the electrocatalytic
generation of photocatalysts from non-absorbing precursors
facilitates high-energy redox reactions. By using electricity
as the traceless redox agent, electrophotocatalysis may offer
improved practicality, economy, safety, and sustainability.
Although still an emerging and underexplored area, advances
in electrocatalysis, photocatalysis, and the discovery of new
electrochemically activated photocatalysts will undoubtedly
provide new opportunities in the future. Biocatalysis, which
harnesses the catalytic power of enzymes, offers a green and
mild approach to organic synthesis. However, combining bio-
catalysis with electrocatalysis poses challenges such as the low
regioselectivity, high overpotential, and electrode fouling.
To overcome these limitations, the field of photobiocatalysis
has emerged.138–140 Photobiocatalysis utilizes the photoredox
properties of oxidoreductases with metal clusters or organic
moieties containing prosthetic groups, particularly metalloen-
zymes. Various photocatalysts have been developed to facilitate
the electron transfer to the enzyme’s prosthetic group or
enable the indirect photocatalytic or electrocatalytic cofactor
regeneration.141 The discovery of new catalysts in photobioca-
talysis holds promises for enabling the challenging transforma-
tions of C–H bonds into more reactive functional groups and
developing chemo-enzymatic photoredox cascade reactions. In
conclusion, the field of metallaphotoredox catalysis for the C–H
activation and functionalization is a rapidly growing and highly
promising area of research, with the significant potential for
transformative developments in catalysis. The future will hold
exciting possibilities for further advancements and break-
throughs in this field.
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