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Recent advances in allylic and vinylic C–H bond
functionalization of simple alkenes via visible-light
photocatalysis
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The selective functionalization of allylic and vinylic C–H bonds in simple alkenes represents a powerful

yet challenging strategy for the direct construction of value-added molecular architectures from readily

available feedstocks. Traditional approaches to allylic and vinylic C–H bond activation often rely on harsh

reaction conditions, stoichiometric oxidants, or transition-metal catalysts, limiting functional-group toler-

ance and sustainability. In recent years, visible-light photocatalysis has emerged as a mild and versatile

platform for allylic and vinylic C–H bond functionalization via single-electron transfer, energy transfer,

and hydrogen-atom-transfer pathways. This approach allows the controlled generation of several radical

intermediates under ambient conditions, facilitating a broad range of transformations. In this review,

recent advances in allylic and vinylic C–H bond functionalization are introduced together with represen-

tative examples. By organizing recent reports according to their underlying mechanistic pathways, this

review aims to provide informative references and insights for further research on alkene functionalization

via visible-light photocatalysis.

1. Introduction

Alkenes are among the most important and versatile chemical
building blocks in organic and industrial chemistry. This syn-
thetic adaptability makes them key intermediates in multistep
organic syntheses, particularly in the construction of complex
molecules.1 Furthermore, alkenes serve as fundamental mono-
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mers in polymer chemistry, underpinning the large-scale pro-
duction of plastics, elastomers, and advanced materials.2

Their widespread availability, low cost, and accessibility from
petrochemical feedstocks further reinforce their central role in
industrial chemistry, including the synthesis of fuels, deter-
gents, pharmaceuticals, and agrochemicals. Together, these
attributes firmly establish alkenes as indispensable molecular
scaffolds for modern chemical synthesis and materials
science.

The Mizoroki–Heck reaction is a powerful cross-coupling
method for forming substituted alkenes via direct C–C bond
formation between aryl or vinyl halides and alkenes under
mild conditions.3 First reported in the early 1970s,4 this trans-
formation enabled predictable alkene formation via vinylic
C(sp2)–H bond functionalization. It exhibits high regio- and
stereoselectivity, broad substrate scope, and excellent func-
tional-group tolerance, making it a cornerstone of modern syn-
thetic chemistry.5 Alongside this cross-coupling strategy, allylic
C(sp3)–H functionalization has emerged as a highly attractive
and atom-economical approach to alkene derivatization.6 This
strategy enables the direct conversion of simple alkenes into
synthetically useful molecules through the selective activation
of allylic C(sp3)–H bonds, thereby minimizing step count and
waste generation. Substantial progress in transition-metal cata-
lysis—particularly palladium-,7 iridium-,8 rhodium-,8 and
copper-based systems9—has enabled allylic oxidation, amin-
ation, and substitution reactions with high levels of site- and
chemoselectivity.

Despite the power of transition-metal catalysis for allylic
and vinylic C(sp2)–H bond functionalization, their broader syn-
thetic utility remains limited. For example, the Mizoroki–Heck
reaction inherently requires pre-functionalized halides, which
generate stoichiometric salt waste, and are notorious for their
inability to incorporate unactivated sp3-hybridized alkyl elec-
trophiles due to competitive β-hydride elimination.5b Although
direct allylic C(sp3)–H functionalization and oxidative Heck

variants successfully bypass the need for halogenated starting
materials, both pathways typically rely on stoichiometric quan-
tities of harsh terminal oxidants to regenerate the active metal
catalyst. Consequently, the resulting oxidative environment
severely restricts the substrate scope by degrading sensitive or
electron-rich nucleophiles.10 Furthermore, both allylic and
vinylic functionalization struggle to achieve high regio- and
stereoselectivity when applied to electronically unbiased or
sterically encumbered internal alkenes, and several attempts to
install temporary directing groups ultimately erode the funda-
mental step- and atom-economy.11 Recently, visible-light
photocatalysis has offered a sustainable, selective, and
mechanistically distinct platform for modern organic synthesis
by enabling redox-controlled access to radical reactivity, owing
to its ability to promote reactions under mild conditions.12 By
employing low-energy visible light, reactions can be conducted
at ambient temperature, resulting in enhanced functional-
group tolerance and reduced substrate decomposition. More
importantly, the clear mechanistic distinction compared with
transition-metal catalysis offers an opportunity to resolve any
remaining issues related to substrate scope and selectivity.

When exposed to visible light, the photocatalyst produces
reactive radical intermediates that can perform the allylic and
vinylic C–H bond functionalization of simple alkenes via
radical mechanisms (Scheme 1A). For example, the radicals
generated by photocatalysis can activate allylic C(sp3)–H bonds
via hydrogen atom transfer (HAT) to form allylic radicals for
subsequent reactions with various electrophiles, heteroatoms,
or unsaturated partners (Scheme 1B). In addition, the direct
oxidation of simple alkenes via single-electron transfer (SET)
with an excited-state photocatalyst provides another route to
access the corresponding allylic radical intermediate for allylic
C(sp3)–H functionalization (Scheme 1B). Alternatively, photo-
generated radical intermediates can initiate radical addition/
elimination pathways to provide various functionalized
alkenes (Scheme 1B). Such differences in the mechanistic pro-

Juyoung Yang

Juyoung Yang was born in
Busan, Republic of Korea, in
2003. She obtained her B.S.
degree in Chemistry from
Gyeongsang National University
in 2026. In the same year, she
joined the research group of Prof.
Jungwon Kim at Gyeongsang
National University as an M.S.
student. Her research interests
focus on multicomponent cata-
lytic organic synthesis.

Jungwon Kim

Jungwon Kim was born in
Suwon, Republic of Korea. He
received his B.S. degree (2014)
and Ph.D. (2020) from Seoul
National University under the
supervision of Prof. Soon Hyeok
Hong. Following graduation, he
pursued his research career as a
postdoctoral researcher at the
Max-Planck-Institut für
Kohlenforschung (2020–2023)
and the University of Münster
(2024). Since September 2024,
he has been an assistant pro-

fessor at Gyeongsang National University. His research interests
mainly focus on the development of sustainable catalytic strategies
for organic synthesis.

Review Organic & Biomolecular Chemistry

Org. Biomol. Chem. This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 2
:0

4:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00343e


files of allylic and vinylic C–H bond functionalization are pri-
marily derived from their distinct bond dissociation energies
(BDEs). In general, allylic C(sp3)–H bonds possess relatively
lower BDEs (∼89 kcal mol−1),13 whereas vinylic C(sp2)–H
bonds are significantly stronger (∼111 kcal mol−1),13 rendering
their activation considerably more challenging via HAT
process. This fundamental disparity plays a crucial role in gov-
erning reaction pathways and selectivity in C–H bond
functionalization processes. These mechanistic approaches,
established by visible-light photocatalysis, provide a sustain-
able and versatile platform for allylic and vinylic C–H bond
functionalization, thereby expanding the synthetic toolbox for
late-stage modification and complex-molecule synthesis.

This review focuses on representative discoveries from the
past decade concerning the direct allylic and vinylic C–H bond
functionalization of simple alkenes via visible-light
photocatalysis.14,15 Although the utilization of activated
alkenes, such as silyl enol ethers,16 enamines,17 and electron-
deficient alkenes,18 have been published, this review focuses
on unactivated alkenes such as aliphatic alkenes and styrene
derivatives.

2. Allylic C(sp3)–H functionalization
via direct oxidation of alkenes

Some alkenes are electron-rich substrates that can be easily
oxidized, enabling excited-state photocatalysts to perform SET
by removing one electron from the π-system, producing radical
cation intermediates (Scheme 1B).19 This oxidation markedly
increases the acidity of the allylic proton, allowing facile depro-
tonation.20 The generated allylic radical intermediates can
then undergo further functionalization to produce substituted
allylic compounds.

Wu et al. reported the allylic/benzylic alkylation of unacti-
vated allylic/benzylic compounds 1 with methylene malononi-
triles 2 using Fukuzumi’s catalyst (3) as a potent photooxidant
(Scheme 2).21 Owing to the strong oxidizing ability of this orga-
nophotocatalyst (Ered* = +2.18 V vs. SCE in MeCN),22 allylic

and benzylic radical intermediates are generated via single-
electron oxidation followed by deprotonation. Tri-/tetra-substi-
tuted alkenes are suitable for photoredox processes because
their relatively electron-rich nature enables their efficient oxi-
dation by photocatalysts. Both acyclic and cyclic olefins were
well tolerated under the reaction conditions. Regioselectivity
was governed by both electronic and steric effects, with alkyl-
ation occurring preferentially at the least-hindered resonance
site of the allylic radical, enabling controlled C–C bond for-
mation. The proposed mechanism begins with SET-induced
generation of the radical cation I from the alkene 1 via reduc-
tive quenching of the excited photocatalyst (PC+*).
Deprotonation of this radical cation I affords the allylic radical
II, which undergoes nucleophilic addition to methylene
malononitrile 2 at the less-hindered allylic position to produce
the alkyl radical III. This electron-deficient radical intermedi-
ate III can accept single electron from the reduced form of the
photocatalyst (PC•), and the subsequent protonation delivers
the desired product 4. Despite its significance, the method-
ology relies on electron-deficient olefins, thereby restricting
the range of coupling partners. In addition, regioselectivity
issues may arise in unsymmetrical substrates, resulting in the
mixtures of constitutional isomers.

Glorius et al. developed a diastereoselective allylation of
aldehydes using dual photoredox and chromium catalysis
(Scheme 3).23 They envisioned that the dual catalytic process
would be initiated by photoexcitation of the Ir(III) complex [Ir
(dF(CF3)ppy)2(dtbbpy)][PF6] (7). Upon photoexcitation, the
Ir(III) catalyst forms a highly oxidizing excited state (E1/2(*Ir(III)/
Ir(II)) = 1.21 V vs. SCE in MeCN)24 that oxidizes the alkene 5,
generating an aryl radical cation I. Deprotonation yields allylic

Scheme 1 Visible-light photoredox catalysis for allylic and vinylic C–H
bond functionalization: Mechanistic consideration.

Scheme 2 Allylic C(sp3)–H alkylation of alkenes with Michael
acceptors.21
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radical II, which is intercepted by low-valent Cr(II) to form Cr
(III)-allyl species III. This reacts with an aldehyde 6 via a six-
membered transition state, producing Cr(III)-alkoxide IV,
which, after hydrolysis, affords the anti-selective homoallylic
alcohol 8. The catalytic cycles were closed by single-electron
transfer between the reduced Ir(II) photocatalyst and the high-
valent Cr(III) complex. This method enabled the selective allyla-
tion of both aliphatic and aromatic aldehydes, even when
ketones and esters were present. The mild reaction conditions
were compatible with a wide array of functional groups, as
demonstrated by substrate scope studies and additive-based
screening. However, this study was limited by its dependence
on a relatively narrow substrate scope of alkenes, with optimal
reactivity largely restricted to electronically activated systems,
which may hinder broader applicability.

Kanai et al. reported an asymmetric allylation of aldehydes
9 using a hybrid catalytic system (Scheme 4).25 In this process,
nucleophilic chiral allylchromium(III) species III are generated
in situ from hydrocarbon feedstock alkenes via allylic C(sp3)–H
bond activation. The mechanistic features closely parallel
those described by Glorius (Scheme 3). In this case, the use of
an acridinium-based photocatalyst 12 (PC+) and an indane-
BOX ligand 11 enables asymmetric C–C bond formation at the
allylic position. The strong oxidizing power of acridinium
photocatalysts allows broad compatibility with alkenes.
Interestingly, Mg(ClO4)2 was crucial for achieving high reactiv-

ity and enantioselectivity, and the role of this additive was
suggested to be the stabilization of the radical cation inter-
mediate I by ClO4

− via electrostatic interactions, as supported
by transient-absorption spectrum measurements.

Yoon et al. developed a photoredox-based method for allylic
sulfonamidation that proceed through a Cu(II)-mediated
radical–polar crossover pathway (Scheme 5).26 This approach
enabled the preparation of a wide range of structurally diverse
allylic amines. Upon light irradiation, triphenylpyrylium (16) is
excited to a strongly oxidizing species that can undergo reduc-
tive quenching by alkene 14 through a SET process, generating
radical cation I. The subsequent deprotonation of I occurs
more rapidly than nucleophilic attack by the sulfonamide 15,
resulting in the formation of allylic radical II. The difference in
these competing reaction rates accounts for the observed regio-
selectivity. In the final step, a Cu(II)-promoted radical–polar
crossover occurs, enabling oxidative substitution to deliver the
allylic C(sp3)–H sulfonamidation product 17.

Shu et al. developed a visible-light/cobalt dual catalytic
strategy for the direct allylic C(sp3)–H amination of alkenes
with free amines, enabling efficient access to branched amines
(Scheme 6).27 The transformation proceeds with high regio-
and chemoselectivity, selectively targeting the more sterically
hindered position. This method offers a streamlined route to a
wide range of primary, secondary, and tertiary aliphatic
amines bearing diverse substitution patterns that are other-
wise challenging to obtain. Initially, terminal alkene 18 under-
goes visible-light-driven isomerization in the presence of a Co

Scheme 3 Diastereoselective allylation of aldehydes with alkenes via
dual photoredox and chromium catalysis. Reproduced with permission
from ref. 23. Copyright 2018, American Chemical Society.

Scheme 4 Asymmetric allylation of aldehydes with alkenes via dual
organophotoredox and chiral chromium catalysis.25
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catalyst to afford the corresponding internal alkene I. Upon
irradiation, the photocatalyst 21 (PC+) is promoted to its
excited state (PC+*), which is reductively quenched by I via
SET, generating the reduced photocatalyst (PC•) and radical
cation intermediate II. This electrophilic intermediate II is
subsequently trapped by nitrogen nucleophile 19, forming a
C–N bond and the carbon-centered radical III. Concurrently,
the PC• species transfers an electron to the [Co(III)] catalyst,
regenerating the ground-state photocatalyst 21 and producing
[Co(II)], which then captures radical III and undergoes
β-hydride elimination to furnish the desired product 22 in
addition to a [Co(III)]–H intermediate. Protonation of the [Co
(III)]–H species releases hydrogen gas (H2) and restores the [Co
(III)] catalyst, completing the catalytic cycle. Although an
alternative pathway involving aminium radical cation for-
mation cannot be entirely excluded, the slightly lower quench-
ing efficiency of secondary amines compared to alkenes,
together with the higher alkene-to-amine ratio (2.5 : 1) sup-
ports the reductive quenching cycle by alkene 18.

3. Allylic C(sp3)–H functionalization
via hydrogen atom transfer (HAT)

Hydrogen atom transfer (HAT) is a key process in numerous
chemical and biological reactions.28 In particular, light-
mediated HAT has been recognized as a potent instrument for
the catalytic functionalization of aliphatic C(sp3)–H bonds.29

Taking advantage of the relatively weak bond-dissociation
energy (BDE) of the allylic C(sp3)–H bond (∼89 kcal mol−1),13

HAT processes with several radical species have been utilized
for allylic C(sp3)–H bond functionalization (Scheme 1B).30

MacMillan et al. disclosed a dual photoredox and organoca-
talytic approach for achieving mild and efficient direct allylic
C(sp3)–H arylation (Scheme 7).31 This C–C bond-forming trans-
formation exhibits broad substrate compatibility, tolerating a
wide variety of alkenes and electron-deficient arenes.
Moreover, it has been successfully applied to the direct aryla-
tion of benzylic C–H bonds. The photoredox cycle begins with
the light-induced excitation of the Ir photocatalyst 25 (Ir(III)),
generating its excited state (*Ir(III)). This species engages in
SET with 4-cyanopyridine, producing the corresponding
radical anion III along with the oxidized form of the photo-
catalyst (Ir(IV)), which initiates the organocatalytic cycle by oxi-
dizing the thiol catalyst 26 to form the thiyl radical II.
Simultaneously, the ground-state photocatalyst 25 is regener-
ated. The resulting thiyl radical II then abstracts an allylic
hydrogen atom from cyclohexene via the HAT process,
affording the allylic radical I. Subsequent radical–radical coup-
ling between intermediates, followed by cyanide elimination,
leads to C–C bond formation and delivers the arylated product
27, thereby completing both interconnected catalytic cycles.

Hong et al. reported a visible-light-driven photoredox strat-
egy for the direct thiolation of allylic C(sp3)–H bonds
(Scheme 8).32 In this approach, thiyl radical I produced in situ
from disulfides 28 serve a dual role as HAT agents and coup-

Scheme 5 Allylic C(sp3)–H sulfonamidation of alkenes with sulfona-
mides via dual photoredox and copper catalysis. Reproduced with per-
mission from ref. 26. Copyright 2023, American Chemical Society.

Scheme 6 Allylic C(sp3)–H amination of alkenes with amines via dual
photoredox and cobalt catalysis. Reproduced with permission from ref.
27. Copyright 2024, The American Association for the Advancement of
Science.
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ling partners, enabling selective abstraction of an allylic hydro-
gen atom and subsequent C(sp3)–S bond formation. This
method provides an efficient route for producing allylic sul-
fides via controlled radical generation and interception under
mild conditions. A plausible reaction mechanism begins with

homolytic S–S bond cleavage, either via direct irradiation or
energy transfer (EnT) from the photoexcited Ir(III)* species.
The resulting thiyl radical I abstracts an allylic hydrogen atom
from alkene 29 to generate the allylic radical II. Thiophenol III
produced during HAT is rapidly deprotonated by hydroxide,
suppressing back-hydrogen atom transfer during the unde-
sired hydrothiolation pathway and rendering the desired HAT
step effectively irreversible. The allylic radical II is sub-
sequently oxidized by the photoexcited Ir(III)* species to an
allylic cation V, which is trapped by thiolate IV to furnish the
product 31. Concurrently, the reduced Ir(II) photocatalyst is
reoxidized to its ground-state Ir(III) form by diaryl disulfide 28,
regenerating both the thiyl radical I and thiolate IV. Although
diverse, the substrate scope is biased toward electronically acti-
vated or pre-functionalized substrates, and the reaction
efficiency can decrease with sterically hindered or unactivated
partners.

Wu et al. developed an allylic C(sp3)–H thiolation method
achieved through cross-coupling between allylic and thiyl rad-
icals (Scheme 9).33 In this approach, the visible-light excitation
of quantum dots (QDs)34 as photocatalysts enables direct
allylic C(sp3)–H thiolation under exceptionally mild reaction
conditions. Notably, this method eliminates the need for the
pre-functionalization of either coupling partner, as well as any
external oxidants or radical initiators, while generating H2 as
the only byproduct. Owing to their quantum confinement
effects, diverse surface interactions, and strong, broad absorp-
tion across the visible spectrum, QDs provide a versatile plat-
form for photocatalytic transformations. In particular, the
CdSe QDs (34) activate allylic C(sp3)–H and S–H bonds upon
visible-light exposure, producing allylic and thiyl radicals I and
II, respectively. The hydrogen atom abstracted from the allylic
position can subsequently be reduced, forming H2. Building

Scheme 7 Allylic C(sp3)–H arylation with cyanoarenes. Reproduced
with permission from ref. 31. Copyright 2015, Springer Nature.

Scheme 8 Allylic C(sp3)–H thiolation with disulfides. Reproduced with
permission from ref. 32. Copyright 2020, American Chemical Society.

Scheme 9 Allylic C(sp3)–H thiolation with thiols.33
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on earlier reports of thiol activation on QD surfaces to generate
thiyl radicals, the authors propose that these surface-bound
thiyl radicals could trap allylic radical I, enabling radical–
radical coupling to form allylic C–S bonds. This strategy
enables the simultaneous activation of allylic C(sp3)–H and
thiol S–H bonds without requiring additional functional
groups, external oxidants, or radical initiators. However, the
reaction efficiency tends to decrease with sterically hindered or
unactivated substrates.

Huang et al. reported an allylic C(sp3)–H alkylation
approach using imines that was initially designed via a
radical–radical coupling mechanism, in which the allylic
radical combines with a persistent radical anion formed
through the SET reduction of the imine (Scheme 10).35

However, the reduction potentials of imines (e.g., E1/2 = −1.91
vs. SCE in MeCN for N-benzylideneaniline) are significantly
more negative than the redox potential of the reduced form of
photocatalyst 7 (E1/2[Ir(III)/Ir(II)] = −1.51 V), rendering the direct
formation of a radical anion via SET to the imine thermo-
dynamically unfavorable. Because several imines afford the
desired products in good yields, the mechanism is proposed
as the formation of a nitrogen-centered radical intermediate
III by adding allylic radical I to imine 36. This intermediate III
is subsequently reduced by the Ir(II) species to deliver the final
product 38.

This dual photoredox/organocatalytic strategy can be
further combined with other catalytic systems to expand the
scope of coupling partners. Kanai et al. reported a catalytic
strategy for the allylation of aldehydes using a broad range of
alkenes based on a ternary hybrid catalytic system integrating
photoredox, HAT, and chromium catalysis (Scheme 11).36 This
cooperative approach enables the direct utilization of readily
available lower alkenes that cannot be easily oxidized via pre-
viously reported methods (Scheme 4), demonstrating wide sub-

strate compatibility. Notably, this platform can be extended to
enantioselective transformations via the incorporation of
chiral ligands on a chromium catalyst. Upon photoexcitation,
Nicewicz’s acridinium photocatalyst 41 (Ered* = +2.09 V vs. SCE
in MeCN)22 oxidizes a HAT catalyst 42 via SET to generate a
sulfur-centered radical IV, which selectively abstracts an allylic
hydrogen atom from alkene 40 to form an allylic radical I. The
resulting intermediate I is captured by a Cr(II) catalyst to form
the allylchromium(III) intermediate II, which undergoes
addition to aldehydes 39 through a chair-like transition state,
delivering anti-homoallylic alcohols 43 after protonolysis.
Subsequent single-electron reduction by the reduced acridi-
nium catalyst (PC•) regenerates the active Cr(II) species, thus
completing the catalytic cycle.

Glorius et al. expanded the area of ternary catalysis by incor-
porating nickel catalysts to achieve cross-coupling reactions
between alkenes and aryl bromides (Scheme 12).37 Nickel cataly-
sis has successfully expanded the scope of arylation beyond
electron-deficient cyanoarenes required for persistent radical
precursors. A wide range of unactivated alkenes 44 can be func-
tionalized with complex aryl bromides 45 in high yield and
regioselectivity. The developed protocol can be applied to 1,5-
hexadiene for the synthesis of several functionalized 1,4-dienes,
which are important scaffolds for natural products. The HAT
step was suggested to be the rate-limiting step, based on the
observation of the primary KIE (4.0), and the DFT calculations
suggested that a catalytic cycle including Ni(I)–Ni(III)–Ni(II)–NiScheme 10 Allylic C(sp3)–H alkylation with imines.35

Scheme 11 Allylic C(sp3)–H alkylation with aldehydes. Reproduced
with permission from ref. 36. Copyright 2020, American Chemical
Society.
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(III) for sequential oxidative addition, SET, radical capture, and
reductive elimination is the most accessible pathway in the
reaction.

Other organocatalysts, such as N-heterocyclic carbenes
(NHC), can be used to further expand the scope of reactivity.
Wang et al. developed a mild and operationally straight-
forward multicatalytic strategy to access β,γ-unsaturated
ketones through allylic acylation of alkenes (Scheme 13).38

This approach integrates NHC organocatalysis with HAT and
photoredox catalysis, thereby enabling efficient cross-coup-
ling between abundant carboxylic acids and simple olefins.
The protocol delivers a broad range of β,γ-unsaturated
ketones with high structural diversity while avoiding unde-
sired olefin migration. In this system, the carboxylic acid is
first activated in situ by N,N-carbonyldiimidazole (CDI) to
generate an acylating species 47, which reacts with an NHC
catalyst 49 to form an acyl azolium intermediate I. Under
visible-light irradiation, SET from the reduced photocatalyst
(Ir(II)) converts this intermediate to the azolium radical anion
II. In parallel, the oxidation of an in situ-generated thiolate
(RS–) produces a thiyl radical (RS•), which selectively abstracts
an allylic hydrogen atom from the alkene 48, furnishing the
nucleophilic allylic radical III. Radical–radical coupling
between this allylic species III and the azolium radical anion
II then delivers the desired β,γ-unsaturated ketone 50.
Although a reasonably wide substrate scope was demon-
strated, diminished reactivity was observed with sterically
hindered or electronically neutral alkenes. Issues related to

competing side reactions, such as radical recombination and
undesired overfunctionalization, can compromise selectivity
in more complex systems.

Melchiorre et al. described a radical-mediated organocataly-
tic approach that enabled the direct benzylation of allylic
C(sp3)–H bonds (Scheme 14).39 The reaction was initially

Scheme 12 Allylic C(sp3)–H arylation with aryl bromides. Reproduced
with permission from ref. 37. Copyright 2022, Springer Nature.

Scheme 13 Allylic C(sp3)–H acylation.38

Scheme 14 Allylic C(sp3)–H benzylation. Reproduced with permission
from ref. 39. Copyright 2022, American Chemical Society.
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designed for the radical–radical coupling of benzylic and
allylic radicals that are generated via electron donor–acceptor
(EDA) activation and SET. The diminished reactivity when the
benzylic radical is replaced to a simple alkyl radical IV aligns
with the proposed radical–radical coupling mechanism, which
necessitates that the radical intermediate possesses sufficient
kinetic persistence to effectively couple with the allylic radical
III, consistent with the persistent radical effect. Guided by this
consideration, the authors tried to extend the scope of the
strategy by engaging the non-stabilized alkyl radical IV, which
was generated through the catalytic EDA activation of suitable
precursors, with the styrene derivative 53. This approach
resulted in the formation of benzylic radical V, whose
enhanced persistence promoted efficient coupling with radical
III, thereby enabling productive C–C bond formation.
However, non-stabilized alkyl radicals fail to furnish the direct
cross-coupling products, despite complete consumption of the
corresponding radical precursors, thereby limiting this system.

Oxygen-centered radicals have also been utilized in the HAT
process.40 Because these radicals take advantage of the high
BDE of the O–H bond (∼105 kcal mol−1),13 they have been
widely applied for the cleavage of unactivated C(sp3)–H bonds.
Nevertheless, several examples have been reported to achieve
allylic C(sp3)–H bond cleavages with oxygen-centered radicals
as well.41 For example, an enantioselective allylic C(sp3)–H acy-
loxylation of internal alkenes was developed by Yu and co-
workers (Scheme 15).42 To overcome the conventional limit-

ations of the Kharasch–Sosnovsky reaction, light energy was
introduced to induce photoexcitation of the Cu(I) intermediate
II, which can generate tert-butoxy radicals via oxidative
quenching with tert-butyl peroxybenzoate 57. This light
irradiation enabled the allylic C(sp3)–H bond cleavage via HAT
and allylic radical generation under mild reaction conditions,
which are suitable for asymmetric induction. The chiral Box
ligand 58 provided the desired C–O bond formation product
59 with high enantio- and regioselectivity. The one-pot strategy
for the in situ generation of peroxides, carboxylic acids, and
DTBP significantly expanded the scope of the substrate,
improving the utility of the developed reaction. The DFT calcu-
lation explained the origin of regioselectivity and enantio-
selectivity as the combinatorial effect of steric repulsion and
C–H/π interaction in the most stable transition-state structure.

Halogen-centered radicals play key roles in the HAT process
for both activated and unactivated C(sp3)–H bonds.43 In par-
ticular, Br radical can selectively cleave activated C(sp3)–H
bonds, achieving direct C(sp3)–H bond functionalization
under mild reaction conditions.44 In 2018, Rueping et al.
developed a novel protocol for direct allylic arylation/vinylation
with aryl/vinyl bromides via metallaphotoredox catalysis
(Scheme 16).45 After the oxidative addition of aryl/vinyl bro-
mides (60, 61) to the LnNi

0 catalyst, EnT by Fukuzumi’s catalyst
3 can generate Br• that can cleave allylic C(sp3)–H bond of
alkene 62 via a HAT process. Subsequent radical trapping by
the Ni(II) intermediate II and reductive elimination results in
C–C bond formation at the allylic position. Several functional
groups were tolerated under the reaction conditions, and the
transformation occurred at a less sterically hindered position.

Scheme 15 Allylic C(sp3)–H acyloxylation. Reproduced with permission
from ref. 42. Copyright 2024, American Chemical Society.

Scheme 16 Allylic C(sp3)–H arylation/vinylation. Reproduced with per-
mission from ref. 45. Copyright 2018, John Wiley & Sons.
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The utilization of a Br• in allylic C(sp3)–H bond functionali-
zation was also demonstrated in direct allylic aerobic oxidation
via organophotocatalysis using tetra-n-butylammonium
bromide as a cocatalyst.36

Cai et al. reported a practical and efficient strategy for the
direct oxidation of allylic C(sp3)–H bonds mediated by visible-
light photoredox catalysis (Scheme 17).46 This transformation
proceeds under mild, metal-free conditions at room tempera-
ture, utilizing molecular oxygen as the sole oxidant and deli-
vering functionalized enones. Upon visible-light irradiation,
Rose Bengal (66) is initially excited to its singlet state and then
undergoes intersystem crossing to generate the corresponding
triplet excited species. This triplet state transfers energy to
ground-state molecular oxygen (3O2), producing highly reactive
singlet oxygen (1O2, I), which subsequently reacts with the
bromide ion to form a bromine radical. This bromine radical
abstracts a hydrogen atom from the olefinic substrate 65,
thereby generating the key allylic radical III. Subsequently, III
undergoes trapping by a superoxide radical anion II, followed
by protonation and dehydration, ultimately furnishing the
enone product 68.

4. Allylic C(sp3)–H functionalization
via radical addition/elimination

Radical addition–elimination reactions constitute a powerful
and mechanistically distinct strategy for C–C and C–hetero-
atom bond formation, enabling selective functionalization of

the allylic positions of the substrate under mild conditions. A
defining feature of these transformations is the sequential
radical addition to a π-system, followed by elimination to
regenerate unsaturation or expel a leaving group, thereby
driving the reaction forward thermodynamically (Scheme 1B).

In 2020, Ritter and co-workers developed a novel method
for direct allylic C(sp3)–H amination of unactivated alkenes
with iminothianthrenes (Scheme 18).47 To synthesize alkyl ally-
lamines from unactivated alkenes, a photoredox strategy was
introduced to activate iminothianthrenes 70 via EnT. This acti-
vated intermediate II undergoes N–S bond cleavage to afford
the nitrogen-centered radical III and thianthrene radical
cation (TT•+) under acidic conditions. The generation of cat-
ionic intermediate III was proposed because no HAT reactivity
was observed, likely due to the enhanced electrophilic charac-
ter either through protonation or strong hydrogen-bonding
interaction with hexafluoroisopropanol (HFIP). A regioselective
addition of III to alkene 69 results in the formation of radical
intermediate IV, which is trapped by the persistent TT•+

species to provide the di-functionalized intermediate V.
Elimination of a proton and thianthrene (TT) occurs in the
presence of the base to generate allylamine 71. This protocol
avoids the formation of aziridines by using an iminothian-
threne species, which generates protonated amine radical
species that are not involved in the intramolecular substitution
after the radical addition. The reaction can be applied to both
acyclic and cyclic alkenes, and several mechanistic studies,

Scheme 17 Allylic C(sp3)–H oxygenation.46 Scheme 18 Allylic C(sp3)–H amination with iminothianthrenes.47
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including Stern–Volmer quenching and radical trapping
experiments, have suggested that the radical pathway operates
in the reaction. However, the scope is limited for sterically hin-
dered substrates, primarily due to slower radical addition and
increased barriers for catalyst–substrate interaction.

Instead of the installation of a leaving group for the elimin-
ation, β-hydrogen elimination by a metal catalyst is the other
option to provide the alkene product. Cobaloxime catalysis is a
well-established strategy for several photochemical hydrogen
elimination processes.48 In 2022, Deng and co-workers devel-
oped a cooperative catalytic strategy integrating Brønsted base,
cobalt, and photoredox catalysis facilitated by hydrogen-evol-
ution-driven allylic C(sp3)–H alkylation under mild, oxidant-
free conditions (Scheme 19).49 Upon visible-light excitation,
the Ru(III) photocatalyst 74 engages in SET with the cobaloxime
cocatalyst 75, resulting in a high-valent Ru(IV) intermediate
while simultaneously generating the catalytically active LnCo(II)
species. The strongly oxidizing Ru(IV) complex subsequently
oxidizes the malonate anion I to produce a malonate-derived
radical II. This carbon-centered radical II then undergoes
addition to the alkene 73 to form a tertiary alkyl radical inter-
mediate III. Product formation proceeds through cobalt-
assisted β-hydrogen elimination from this intermediate III,
delivering the desired coupled product 76 along with a LnCo
(III)–H species. Deuterium-labeling experiments indicate that
the resulting LnCo(III)–H intermediate can reversibly add to the
alkene, accounting for the observed H/D exchange at the
β-positions of the substrate or undergo protonation to release
molecular hydrogen (H2), thus completing the dehydrogena-
tive catalytic cycle. Several alkenes can be utilized as sources

for C–C bond formation with the activated methylene species,
providing synthetically useful chemical synthons.

Amine organocatalysis induces the C–C bond formation
between the α-position of carbonyl compounds and the allylic
position,50 and enantioselective transformation can be
achieved by incorporating chiral amine organocatalysis.51 In
2022, Luo and co-workers disclosed an enamine-enabled
approach for controlling stereoselective planar cobalt metallor-
adical catalysis under visible-light photoredox conditions
(Scheme 20).52 In this cooperative system, chiral amine 81
operates in concert with cobaloxime catalyst 80 to promote
radical addition, followed by the dehydrogenation of alkenes,
ultimately delivering dehydrogenative allylic alkylation pro-
ducts with excellent enantioselectivity. The mechanism is pro-
posed to proceed through a SET involving a Co(III)–Ir(IV)–
enamine I assembly, which generates an α-imino radical inter-
mediate II alongside a [Co(II)] metalloradical species. These
two radical partners then act cooperatively in the addition to
the alkene 78, forming intermediate III, which subsequently
undergoes light-driven dehydrogenation to furnish the ally-
lated product 82 while producing a Co(III) hydride species ([Co
(III)]–H). Hydrolytic release of the product restores the amine
catalyst 81, whereas reductive H2 evolution regenerates the [Co
(III)] species, thereby closing both catalytic cycles. Notably, the
efficiency of the radical addition step is attributed to the tran-
sient formation of a radical–radical association, which is
further reinforced by ion pairing between the protonated mor-

Scheme 19 Allylic C(sp3)–H alkylation with malonate esters via dual
Co/photocatalysis. Reproduced with permission from ref. 49. Copyright
2022, American Chemical Society. Scheme 20 Enantioselective allylic C(sp3)–H alkylation.52
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pholine unit and the oxime anion. The developed protocol
worked well for both simple and complex substrates; however,
allylbenzenes and aliphatic alkenes were not reactive under
the present reaction conditions.

This dual Co/photoredox strategy is also useful for C–
heteroatom bond formation at allylic positions. Lei et al. pre-
sented an oxidant-free dehydrogenative sulfonylation of
α-methyl styrene derivatives for the synthesis of allylic sul-
fones, utilizing Eosin Y (85) as a photosensitizer in conjunc-
tion with a cobaloxime catalyst 75 (Scheme 21).53 Under
visible-light irradiation, Eosin Y is promoted to its excited state
(EY*, E1/2 = +0.83 V vs. SCE), which undergoes reductive
quenching by the sulfinate I generated in situ via deprotona-
tion of the corresponding aryl sulfinic acid 83. This process
affords the Eosin Y radical anion (EY•−) in addition to a sulfo-
nyl radical II. The subsequent addition of II to the
α-methylstyrene derivatives 84 produces a carbon-centered
radical IV, which is then oxidized by the Co(III) complex V,
yielding the Co(II) species VI and a carbocation intermediate
VII that furnishes the allylic sulfone 86 after deprotonation.
Moreover, SET from EY•− to the Co(II) species VI generates a Co
(I) intermediate VIII and regenerates the ground-state EY,
thereby completing the photoredox cycle. The resulting VIII
can be protonated to evolve H2; alternatively, a homolytic
pathway involving the coupling of two Co(III)–H species to
release H2 cannot be excluded. Similar strategies have been
applied for the use of sulfonyl hydrazine as a substrate54 or C–

P55 bond formation at the allylic position in intermolecular
coupling processes.

In 2022, Lei et al. also achieved the direct allylic amination
of unactivated alkenes with simple secondary amines for the
synthesis of tertiary aliphatic allylamines (Scheme 22).56 The
photoexcited iridium photocatalyst 7 (*Ir(III)) oxidizes the
amine substrate 87 to generate the aminium radical cation I,
which can engage in radical addition to electron-rich alkenes
88. The generated carbon-centered radical II provides the
desired allylamine 91 via HAT mediated by the [Co(II)] species.
Extensive mechanistic studies, including DFT calculations,
support the HAT process instead of β-hydrogen elimination,
and the observed regioselectivity towards the terminal alkene
formation was explained by the existence of hydrogen bonding
between the protonated aminium moiety in the intermediate
II and [Co(II)] species. A remarkably wide range of secondary
cyclic and acyclic aliphatic amines could be allylated with
simple alkenes with high regioselectivity, demonstrating the
generality of the synthesis of functionalized tertiary allyla-
mines. Similar reaction conditions can be utilized for intra-
molecular processes to obtain five-membered nitrogen
cycles.57

Scheme 21 Allylic C(sp3)–H sulfonylation.53

Scheme 22 Direct allylic C(sp3)–H amination with secondary alkyl
amines. Reproduced with permission from ref. 56. Copyright 2018,
Springer Nature.
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Instead of the cobaloxime species, copper catalysis has also
been reported for β-hydrogen elimination in photoredox cataly-
sis. In 2021, Hu et al. developed a direct allylic amidation of
unactivated alkenes with Troc-protected carbamate 92 under
dual Cu/photoredox catalysis conditions (Scheme 23).58 A
reasonable amount of alkene (3 equiv.) was sufficient to obtain
synthetically useful yields of the allylamine products.
Unfortunately, 1,1-disubstituted alkenes exhibit poor reactivity.
The proposed mechanism starts with a SET between the
photoexcited Ir(III)* catalyst and carbamate 92 to induce frag-
mentation towards the Troc-aminyl radical I, which can add to
the alkene. The alkyl radical intermediate II is then trapped by
the Cu(II)-OPiv species. β-hydrogen elimination with the Cu(III)
intermediate III generates the allylamine 95 as a product,
together with the regeneration of Cu(II)-OPiv via single-electron
oxidation of Cu(I)–OPiv species. The origin of the regio-
selectivity was explained by the coordination of the Troc
moiety to Cu(III) in the intermediate III, so that the pivalate
ligand could access only H1, leading to the formation of the
allylamine 95. This protocol is limited efficiency with sterically
hindered and electronically neutral substrates due to sluggish
radical addition and less favorable SET steps.

Bandini et al. described a novel route for the synthesis of
allylic carboxylates from styrenes using visible-light photo-
redox catalysis (Scheme 24).59 Instead of generating an oxygen-
centered radical, direct oxidation of electron-rich alkene 96
was performed to induce the addition of a carboxylic acid 97
with anti-Markovnikov selectivity to generate the carbon-cen-
tered radical intermediate II. The in situ-generated [Co(II)]
complex can then trap the radical intermediate II, and sub-

sequent β-hydrogen elimination affords the desired product 98
and [Co(III)–H] species, which can be eventually reconverted to
[Co(II)] via protonation. Both inter- and intramolecular coup-
ling can be achieved under the developed reaction conditions,
achieving direct allylic C(sp3)–H oxygenation that usually
requires transition-metal catalysis.60

5. Vinylic C(sp2)–H functionalization
via addition/elimination

Although the Heck reaction is a powerful method for con-
structing aryl-substituted alkenes, the branched-selective coup-
ling of alkenes with pyridines remains challenging. Chu et al.
developed a photoredox-catalyzed, sulfinate-assisted strategy
for the branch-selective pyridylation of alkenes, which pro-
ceeded via a radical addition–coupling–elimination sequence
using sodium sulfinates as recyclable radical sources and tra-
celess leaving groups (Scheme 25).61 A plausible mechanism
involves an initial SET between the photoexcited *Ir(ppy)3 (25,
E1/2 [*Ir(III)/Ir(IV)] = −1.73 V vs. SCE) and cyanopyridine 100,
which is feasible under appropriate conditions, yielding a
pyridyl radical anion I along with an oxidizing Ir(IV) species.
The resulting Ir(IV) intermediate (E1/2 [Ir(IV)/Ir(III)] = +0.77 V vs.
SCE) subsequently oxidizes methane sulfinate II (E1/2 = +0.50 V
vs. SCE), generating a sulfonyl radical III while regenerating
the ground-state Ir(III) catalyst. This electrophilic radical III
readily adds to the alkene 99 to form a nucleophilic benzylic
radical intermediate IV, which then undergoes radical–radical

Scheme 23 Allylic C(sp3)–H amination with Troc-protected carbamate
ester.58

Scheme 24 Allylic C(sp3)–H acyloxylation with carboxylic acids.59
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coupling with the persistent pyridyl radical anion I to afford
the β-sulfonyl pyridine intermediate V. Owing to the increased
acidity of the benzylic proton and the good leaving group
ability of the sulfone moiety, this intermediate V undergoes
base-assisted E1 elimination to furnish the branched alkenyl
pyridine product 103 with the concurrent regeneration of sulfi-
nate II, thereby sustaining the catalytic cycle.

Alkyl chlorides are challenging substrates in Pd-catalyzed
Mizoroki–Heck reactions owing to the difficulty of C–Cl
bond activation and competing β-hydride elimination.
However, photoinduced Pd catalytic systems can overcome
these limitations, enabling the efficient coupling of even ter-
tiary alkyl chlorides under mild conditions with broad func-
tional group tolerance, and enable the late-stage modifi-
cation of complex bioactive molecules and the rapid con-
struction of structurally intricate products. Hong et al.
described a photoinduced Pd-catalyzed process in which the
excitation of Pd(0) species I enables the reduction of alkyl
chloride 105 to form an alkyl radical III, which then
selectively adds to the β-position of styrene 104 to generate
a Pd(I)/benzylic radical intermediate V (Scheme 26).62

Continuous irradiation suppresses β-hydride elimination
and facilitates Cl atom-mediated single-electron oxidation,
producing a benzyl chloride VI while regenerating the Pd(0)
catalyst I. Subsequent base-promoted elimination affords
the Mizoroki–Heck coupling product 106; however the poss-
ible involvement of photoexcited Pd species or higher-order
Pd intermediates in direct single-electron oxidation path-
ways cannot be entirely ruled out.

If the regioselectivity is switched in the elimination step of
the carbon-centered radical intermediate generated from the
radical addition, the vinylic C(sp2)–H functionalization of
simple alkenes can be achieved. In particular, the direct vinylic
C(sp2)–H perfluoroalkylation of alkenes has been actively
developed,63 and certain studies have directed toward the util-
ization of organophotocatalysts.64 For example, Bolm et al.
demonstrated a visible-light-promoted atom transfer radical
addition elimination process between terminal alkenes and
perfluoroalkyl halides (Scheme 27).65 Using Eosin Y (85) as a
photoredox catalyst, perfluoroalkenes were obtained in good
yields. Upon visible-light irradiation, excited Eosin Y under-

Scheme 25 Vinylic C(sp2)–H pyridylation with cyanopyridines.61

Scheme 26 Vinylic C(sp2)–H alkylation with alkyl halides.62

Scheme 27 Vinylic C(sp2)–H perfluoroalkylation.65
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goes oxidative quenching with the perfluoroalkyl halide 108,
producing a perfluoroalkyl radical (Rf ) and halide anion. The
resulting Rf radical adds to the alkene 107 to generate a
carbon-centered radical intermediate I. This can proceed via
two distinct pathways. In one route, the oxidation of I yields a
carbocation II, which either directly or through an organoha-
lide intermediate III furnishes the olefinic product 109 follow-
ing base-mediated deprotonation. In the alternative pathway,
intermediate III is formed through a radical chain propagation
mechanism, ultimately leading to the same product outcome.

Zhu et al. developed a synthetic strategy towards the multi-
substituted allylic and homoallylic azides (Scheme 28).66

Depending on the structure of the starting allylic azides, the
product can be either allylic azides via vinylic C(sp2)–H alkyl-
ation or homoallylic azides via allylic C(sp3)–H alkylation.
After the generation of the carbon-centered radical intermedi-
ate II via the addition of the fluoroalkyl radical I to the allylic
azide 110, further SET oxidation by the oxidized photocatalyst
Ir(IV) generates the carbocation intermediate III), leading to a
radical-polar crossover. If the substituents on the allylic azide
(R1 or R2) do not have any detachable protons, path a provides
vinylic C(sp2)–H alkylation products 112. By contrast, the exist-
ence of detachable protons on either substituent of allyl azide
leads to the formation of homoallyl azide product 113 via
allylic C(sp3)–H alkylation, according to path b. The use of bro-
modifluoroacetate (111) as an alkyl radical precursor proved to
be efficient for radical addition to internal alkenes, affording
tetrasubstituted alkenes 110 with high efficiency.

Sulfonyl fluorides are valuable compounds with broad
applications, particularly in chemical biology and drug discov-

ery owing to their unique biological properties. Consequently,
efficient methods for their synthesis are in high demand. Liao
et al. reported a novel photoredox strategy for the radical fluor-
osulfonylation of alkenes, in which FSO2 radicals are generated
under visible-light conditions (Scheme 29).67 Photoexcitation
of the Ir catalyst 7 enables a SET to chlorosulfonyl fluoride
(115), producing the fluorosulfonyl radical I. This radical sub-
sequently adds across the C–C double bond of the olefin 114,
yielding intermediate II. The resulting radical can further react
with 115 to generate intermediate III, thereby propagating a
chain mechanism, which is consistent with the detection of
the chlorinated product in the radical clock experiment.
Intermediate II then undergoes the elimination of HCl to
afford the conjugated product 116. Alternatively, a parallel
redox pathway may also operate to some extent, involving the
oxidation of II to III by the Ir(IV) species, followed by
deprotonation.

In 2018, Wu et al. developed a photocatalytic decarboxyla-
tive Heck-type coupling of aliphatic carboxylic acids and term-
inal alkenes (Scheme 30).68 The combination of Fukuzumi’s
catalyst (3) and a cobaloxime catalyst 119 enabled the decar-
boxylative coupling of various aliphatic carboxylic acids 117
and alkenes 118. In addition to styrene species, vinyl boronates
and silanes could also be utilized in the reaction. Further
incorporation of acrylates promoted three-component reac-
tions to produce highly functionalized alkene motifs. The
mechanism of the reaction starts with SET from the carboxylic
acid 117 to the highly oxidizing excited-state photocatalyst
(PC+*) to produce the alkyl radical I with the release of CO2.
The subsequent reaction of I with an alkene 118 generates a
more stable benzylic radical intermediate II, which can be
trapped by [Co(II)] to generate a [Co(III)] intermediate III.
Subsequent β-hydrogen elimination through the homolytic

Scheme 28 Vinylic/allylic C–H alkylation with bromodifluoroacetate.66
Scheme 29 Vinylic C(sp2)–H fluorosulfonylation. Reproduced with
permission from ref. 67. Copyright 2020, John Wiley and Sons.
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cleavage of the Co–C bond and β-hydrogen abstraction by [Co
(II)] under blue-light irradiation produces the desired product
120. An alternative mechanistic pathway, in which I is inter-
cepted by a Co(II) species, followed by carbocobaltation to
afford intermediate III, is not supported by DFT calculations
because of the high energy barrier of the reaction pathway
(46 kcal mol−1).

The synthesis of α,β-unsaturated carbonyl compounds is an
important strategy to obtain key building blocks.69 Owing to
their utility, several synthetic routes starting from readily avail-
able alkenes via photocatalytic regioselective acylation have
been developed. For example, Zhu et al. synthesized substi-
tuted chalcones from α-keto acids and styrenes via sequential
photocatalytic acylfluorination and HF elimination
(Scheme 31).70 The mechanism involves irradiation with an
excitation of Ir catalyst 7 to its long-lived *Ir(III) state, which
subsequently oxidizes the α-keto acid 121 through SET to gene-
rate Ir(II) and a carboxyl radical that rapidly undergoes de-
carboxylation to form an acyl radical I. The resulting I adds to
styrene 122 to afford a benzylic radical II, which then under-
goes fluorine atom transfer from Selectfluor (123) to construct
the C–F bond, generating a Selectfluor radical cation IV. This
species reoxidizes Ir(II) to Ir(III), thereby closing the catalytic
cycle, while the acylfluorinated intermediate III undergoes
base-promoted HF elimination to furnish the α,β-unsaturated
ketone.

Later, aroylchlorination of alkenes via a 1,3-chlorine atom
transfer was reported to deliver β-chloro ketones as latent
enone intermediates by Ngai and co-workers (Scheme 32).71

These masked enones IV can be smoothly converted into the

corresponding α,β-unsaturated ketones 128 upon workup,
while simultaneously reducing competitive side reactions com-
monly associated with free enone products. Mechanistic

Scheme 30 Vinylic C(sp2)–H alkylation with carboxylic acids.
Reproduced with permission from ref. 68. Copyright 2018, American
Chemical Society.

Scheme 31 Vinylic C(sp2)–H acylation with α-keto acids.70

Scheme 32 Vinylic C(sp2)–H acylation with acid chlorides.71
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studies suggest that the reaction proceeds via a proton-coupled
electron-transfer (PCET) mechanism, in which electrons and
protons are transferred in a coordinated manner rather than
in two completely independent steps. This process enables the
generation of an α-chloro–α-hydroxy benzyl radical I, which
subsequently undergoes radical addition and a 1,3-chlorine
atom migration to drive product formation. In the presence of
2,6-di-tert-butyl-4-methylpyridinium salt (B–H+), aroyl chloride
125 (Ep ≈ +1.02 V vs. SCE) engages in a PCET with *Ir(III),
resulting in the release of free base 127 (B) and formation of
the α-chloro–α-hydroxy benzyl radical I. This nucleophilic
radical subsequently undergoes addition to the alkene 126
substrate to generate the radical intermediate II, which then
experiences a 1,3-chlorine atom migration to furnish the
α-hydroxy radical III. Oxidation of III by Ir(IV) species, followed
by deprotonation, regenerates the ground-state Ir(III) catalyst
and yields the β-chloroketone IV. The final workup of this
intermediate yields the corresponding enone 128. The use of
readily available acid chlorides 125 as an acyl source enables a
wide range of acylation processes with densely functionalized
styrene motifs to achieve late-stage functionalization.

Studer et al. developed a triple-relay catalysis integrating
three distinct catalytic modes within a single process to syn-
thesize α-branched enones (Scheme 33).72 To switch the regio-
selectivity during acylation, a sulfinate radical was used for the
radical addition step. Initially, the SET oxidation of aryl sulfi-

nate I by an excited-state photocatalyst (*Ru(II)) generates an
aryl sulfonyl radical II, and the subsequent addition of II to
the alkene 129 affords the corresponding carbon-centered
radical intermediate III. In a parallel pathway, the reaction of
aroyl fluoride 130 with NHC catalyst 132 forms the acyl
azolium species V, which undergoes SET reduction by the
reduced photocatalyst (Ru(I)) to produce a ketyl-type radical VI
while regenerating the ground-state photocatalyst (Ru(II)).
Finally, the sequence of radical–radical cross-coupling between
intermediates III and VI, NHC fragmentation, and elimination
of sulfinate delivers the desired α-branched enone 133. NHC
organocatalysis efficiently converts acid fluoride into a redox-
active acyl source, and the sulfinate cocatalyst acts as a facile
leaving group to generate double bonds. The combined cata-
lytic system works for various acid fluorides and styrenes, but
the reaction with unactivated aliphatic alkenes was not
successful.

Later in 2023, Ritter et al. reported the synthesis of
α-branched enones from unactivated alkenes through regio-
selective chloroacylation with acyl chlorides (Scheme 34).73

This strategy exploits the in situ generation of chlorine radicals
from acyl chlorides under cooperative nickel/photoredox cata-
lysis. Subsequent HCl elimination under basic conditions
(DBU) furnishes α-branched enones 136 that are inaccessible
through conventional acylation methods, which instead
deliver the linear constitutional isomers. Several α-branched

Scheme 33 Vinylic C(sp2)–H acylation with acid fluorides via triple-
relay catalysis.72

Scheme 34 Vinylic C(sp2)–H acylation with acid chlorides via nickel/
photoredox catalysis.73

Organic & Biomolecular Chemistry Review

This journal is © The Royal Society of Chemistry 2026 Org. Biomol. Chem.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 2
:0

4:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00343e


enones can be synthesized from either acid chlorides or car-
boxylic acids via in situ chlorination. In addition, the devel-
oped reaction conditions were also compatible with acid chlor-
oformate, producing corresponding α-branched
α,β-unsaturated esters in high selectivity. Based on the prelimi-
nary studies, a plausible mechanism was proposed as the
generation of Cl• by SET oxidation of LNiCl2 (E°(Ni(III)/Ni(II)) =
0.72 V vs. SCE in MeCN) by the photoexcited Ir(III)* catalyst (E°
(Ir(III)*/Ir(II)) = 1.21 V vs. SCE in MeCN). The direct oxidation of
chloride is unlikely because of its significantly higher redox
potential and the lack of reactivity observed in stoichiometric
control experiments. The resulting Cl• adds regioselectively to
the terminal alkene to form the carbon-centered radical I,
while the in situ-generated LNi(I)–Cl engages in coupling with
the radical I. Subsequent oxidative addition with acid chloride
134 and reductive elimination furnishes the chloroacylated
product V. By exploiting the high electrophilicity of Cl•, reac-
tions with aliphatic unactivated alkenes can be achieved.

6. Conclusions

This review highlights recent advancements in the allylic and
vinylic C–H functionalization of simple alkenes utilizing
radical mechanisms via visible-light photocatalysis. With the
diversification of catalytic systems for radical generation,
various types of radical intermediates can react with alkenes.
Direct single-electron oxidation induces the generation of
allylic radical intermediates via facile deprotonation, and the
utilization of the HAT process expands the substrate scope and
reactivity towards alkenes that are difficult to be oxidized by
the photocatalyst. The radical addition/elimination strategy
provides another method for allylic C(sp3)–H functionalization
with precise control of regioselectivity, which further leads to
formal vinylic C(sp2)–H functionalization.

Despite the tremendous advances, significant challenges
remain. First, the use of an excess amount of the alkene sub-
strate limits the scope of volatiles or relatively small molecules.
This limitation is due mainly to the side reactivity of the
carbon-centered radical intermediates derived from alkenes,
such as dimerization or polymerization. The incorporation of
metal catalysts for the immediate trapping of radical inter-
mediates partly reduces the amount of alkene, but most trans-
formations still require a large excess of alkenes to suppress
side reactivity. The use of internal or multisubstituted alkenes
remains limited because of their innate steric hindrance and
should be considered for future reaction development. In
addition, more precise control of the reactive radical species is
required to prevent other radical side reactions. More examples
for the replacement of metal-based photocatalysts, such as Ru
and Ir, with organic photocatalysts, such as cyanoarenes, will
be required to achieve more sustainable synthetic
strategies.22,74 While allylic C(sp3)–H functionalization has
seen significant progress, the repertoire of visible-light-
mediated vinylic C(sp2)–H functionalizations remains under-
developed. Broadening this field via the exploration of novel

mechanistic strategies represents a crucial direction for
future development. Finally, an in-depth study and develop-
ment of reactions with high regioselectivity, stereoselectivity,
and enantioselectivity are important for expanding the utility
of visible-light photocatalysis for the direct functionalization
of unactivated alkenes. In particular, achieving high levels of
enantiocontrol in allylic C(sp3)–H functionalization remains
an essential goal that will undoubtedly expand the utility of
visible-light photocatalysis in asymmetric late-stage modifi-
cation and complex-molecule synthesis.75 Overall, we antici-
pate that ongoing advances will broaden the use of such
innovative strategies across diverse areas of organic
synthesis.
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