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Hydrogen atom transfer (HAT) reactions have gained prominence in organic synthesis for providing

a straightforward approach towards C–H bond activation for the formation of C-centered radical

intermediates. However, halogen radical-assisted hydrogen atom transfer (HAT) reactions have become an

interesting tool for C–H bond activation, facilitating the formation of C–C and C–X bonds. In particular,

the bromine radical (Brc) has garnered attention because of its remarkable capability as a hydrogen

acceptor, which abstracts an H-atom from a C–H bond and generates a C-centered radical intermediate.

Typically, transition metal- and organo-photocatalysts are commonly used to generate a bromine radical

(Brc) from a bromine anion (Br−). This newly generated bromine radical (Brc) is useful in several organic

transformations via C–H bond activation. In this review, we provide recent updates on bromine radical

(Brc) assisted hydrogen atom transfer (HAT) reactions with their scope, mechanism, and limitations.
Sustainability spotlight

In the past few decades, the chemistry of bromine radicals has been well studied, and especially transition-metal-based and heat-assisted radical-based strategies have
been well developed. Furthermore, recent advancements in the eld of radical chemistry have enabled chemists to explore direct functionalization via HAT. Unfor-
tunately, these previous strategies require expensive metals and ligands, high temperatures, and toxic radical initiators, thus making them unsustainable. The
development of simple andmildmethodologies for bromine radical-enhanced hydrogen atom transfer reactions for the formation of C-centered radical intermediates
under visible light is highly desirable. Visible light as an energy source for the reaction reduces the need for harmful UV light and aligns with green sustainable
principles for the formation of C–C and C–X bond formation via bromine-assistedHAT.Moreover, the developed photocatalytic systems enhance the reaction efficiency
and selectivity, making it more sustainable. Photocatalysts like transition metal complexes or organic dyes can activate bromine under visible light irradiation,
facilitating the HAT process, which further facilitates C–C and C–X bond formation. Our review emphasizes the importance of the following UN sustainable devel-
opment goals: affordable and clean energy (SDG 7), industry, innovation, and infrastructure (SDG 9), chemical and waste (SDG 12).
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Scheme 1 General approach toward the generation of a bromine
radical and the hydrogen atom transfer process.
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1. Introduction
In synthetic organic chemistry, photocatalysis has undergone
signicant growth, providing a wide range of useful trans-
formations for accessing valuable organic compounds.1 Typical
photoredox catalysts such as metal photocatalysts (Ru- and Ir-
complexes) and organic dyes (eosin Y, rose bengal acridinium-
based, etc.) have served as popular photocatalysts by harness-
ing the oxidative/reductive capabilities of both organo-
photocatalysts and transition metal (TM) photocatalysts in
their activated state. These catalysts efficiently facilitate a broad
range of reactions through single electron transfer (SET) or
energy transfer (EnT) mechanisms due to their long-excited
state lifetimes and useful photoredox potential.2 Moreover,
using substrates or additives capable of forming electron-donor
acceptor (EDA) complexes in the ground state have also
emerged as an efficient method for C–C and C–X bond forma-
tion.3 In this regard, a new platform has recently emerged that
combines photoredox catalysis with halide ion catalysis. They
are coordinatively saturated and stable avoiding any ligand
exchange with reaction partners.4 The proposed mechanism is
based on a single electron transfer (SET) from the photo-excited
catalyst to the halide ion (X−) to generate a halide radical (Xc)
that promotes HAT from a substrate C–H bond. A hydrogen
atom transfer (HAT) reaction involves the transfer of a hydrogen
atom from a hydrogen donor (C–H) to a hydrogen acceptor (Xc)
and has attracted considerable attention due to its capability for
functionalizing complex molecules via C–H bond activation.5

HAT reactions are particularly relevant in the context of radical
chemistry, where a radical species (Xc) abstracts a hydrogen
atom from another molecule, resulting in the formation of
a new radical and a different compound. The driving force
behind HAT reactions is typically the difference in the stability
of the radical intermediates formed before and aer the trans-
fer. This process is important in various chemical reactions,
including those involved in organic, inorganic, and biological
systems (Scheme 1).
Anuj Sharma
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Consequently, the utilization of a radical reagent capable of
forming bonds that are more stable than those to be cleaved can
enable direct functionalization via HAT. Various radical species
(Xc), such as O-, N-, S-, B-, and halogen-centered radicals, have
been identied as suitable HAT reagents.6 Among them,
halogen radicals have garnered signicant interest due to their
ease of accessibility and high reactivity.

Halogen radicals, especially the chlorine radical (Clc) and
bromine radical (Brc), serve as potent hydrogen acceptors and
play a crucial role as agents for facilitating hydrogen atom
transfer (HAT).7 The bromine radical (Brc) is a highly reactive
species with an unpaired electron, which makes it capable of
abstracting a hydrogen atom from a nearby molecule, leaving
behind hydrogen bromide (HBr). The X–H (X= C, Si) bond
dissociation energies (BDEs) of the hydrocarbons listed in
Scheme 2 are generally in the vicinity of the bond formation
energy of H–Br (87 kcal mol−1).8 Therefore, the bromine radical
(Brc) demonstrates a facile ability to cleave the X–H (X= C, Si)
bonds. Conversely, iodine radicals (Ic) exhibit minimal to no
capability for engaging in C–H bond activation.8b There have
been signicant efforts devoted to C–H bond activation via
hydrogen atom transfer (HAT), which can be seen in a few
excellent review articles.9 Some of the notable ones are by Rav-
elli and co-workers in 2020, who discussed direct, indirect, and
remote photocatalytic HAT reactions for the formation of C-
centered radical intermediate.9a However, photocatalytic
hydrogen atom transfer (HAT), where halogen radicals are
involved in the activation of the C–H bonds, was not discussed
by them. Next, in 2022, Capaldo and co-workers published an
article on photocatalytic halogen-radical assisted HAT reac-
tions; however, HAT reactions via the bromine radical were
merely covered.10 Later, in 2023, Itabashi, Asahara, and Ohkubo
presented an excellent review on chloride radical (Clc)-mediated
C–H oxygenation strategies via HAT for the formation of the
C–O bond.11

As per our knowledge, there has been no review article
exclusively focused on visible light-mediated hydrogen atom
transfer (HAT) reactions using the bromine radical (Brc). Within
this framework, the present article is written, addressing strat-
egies involving bromine radical (Brc) mediated hydrogen atom
transfer (HAT) under visible light irradiation for the generation
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Bond dissociation energies (kcal mol−1) of C–H bonds and those of H–X bonds.
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of C–C and C–O bonds. The contents of the review are catego-
rized into various types of hydrogen atom transfer reactions
from the bromine radical (Brc), such as (1) hydrogen atom
transfer from aldehydes, (2) hydrogen atom transfer from
benzylic carbons, (3) hydrogen atom transfer from a-hetero
carbons, (4) hydrogen atom transfer from (Me3Si)3SiH, (5)
hydrogen atom transfer from allylic carbons and (6)
miscellaneous.
Scheme 3 General approach for acyl radical intermediate formation
via bromine radical mediated HAT.
2. Hydrogen atom transfer from
aldehydes

Hydrogen atom transfer (HAT) from aldehydes involves the
transfer of a hydrogen atom from an aldehyde molecule to
another molecule or radical intermediate. The hydrogen atom
attached to the carbonyl carbon in aldehydes is relatively acidic
due to the electron-withdrawing nature of the carbonyl group.
Initially, the HAT reaction is initiated by the generation of
a bromine radical (Brc), oen through the excited photocatalyst
(*PC) via reductive quenching. This resulting bromine radical
(Brc) abstracts a hydrogen atom bound to the carbon atom
adjacent to the carbonyl group. The abstraction occurs due to
the high reactivity of the bromine radical species (Brc), which
seeks to stabilize itself by pairing its unpaired electron with an
electron from the hydrogen atom, thus forming a new covalent
bond. Moreover, the abstraction of the hydrogen atom leads to
© 2024 The Author(s). Published by the Royal Society of Chemistry
the formation of an acyl radical intermediate, which contains
an unpaired electron, making it highly reactive and prone to
further chemical reactions. The generation of an acyl radical via
bromine radical-mediated HAT is shown in Scheme 3.

In 2020, Huang and co-workers reported photoredox
Minisci-type alkylation of pyridines 1 with aliphatic and
aromatic aldehydes 2 as an umpolung alkylating reagent
(Scheme 4).12 Under optimized conditions, the authors were
able to demonstrate the Minisci-type alkylation of some bioac-
tive molecules such as quinoxyfen and fasudil in 40% and 50%
yields, respectively. Various mechanistic studies such as H/D
exchange, kinetic isotopic effect (KIE) experiments, and Stern–
Volmer quenching studies were performed to understand the
reaction mechanism. Mechanistically, the photoexcited catalyst
*Ir(III) undergoes a single electron transfer (SET) process with
RSC Sustainability, 2024, 2, 2169–2189 | 2171
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Scheme 4 Ir-catalyzed photoredox Minisci-type alkylation of
pyridines.

Scheme 5 Dual 4CzIPN/LiBr mediated Minisci hydroxyl alkylation of
quinolines with aryl aldehydes.
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a bromide ion (Br−) to generate a bromine radical (Brc) and Ir(II).
This bromine radical (Brc) would abstract a hydrogen atom from
aldehyde 2 via deprotonated electron transfer (DPET) to access
the acyl radical 4A. The resulting intermediate 4A adds to the N-
heterocycle 1, accompanied by deprotonation, and subse-
quently spin-center shi (SCS) occurs to generate the hydrox-
yalkyl radical intermediate 4D. Next, the SET process from the
reductive Ir(II) to the intermediate 4D furnishes the interme-
diate 4E. Furthermore, the reduction of 4E with aldehyde 2
affords the nal product 3. With a change in reaction condi-
tions, the authors further demonstrated the benzylation of
nitrogen-containing heteroarenes 1 using benzaldehydes 2 by
employing 4CzIPN as the photocatalyst, with CF3SO3H and
(PhO)2PO2H as acids, and LiBr as the additive in chlorobenzene
(PhCl) under visible light irradiation, affording the desired
products 3 in 21–83% yield.

Wang, Huang, and co-workers in 2020 illustrated dual
photoredox/bromide catalyzed Minisci hydroxyalkylation of
quinolines 4 using aldehydes 2 under visible light irradiation
(Scheme 5).13 Inexpensive LiBr was chosen as an efficient
moderator for this protocol with 4CzIPN as an organo-
photocatalyst under visible light irradiation.

A range of substituted aldehydes 2 reacted well under the
optimized conditions, affording the desired products in
moderate to excellent yields. Notably, aliphatic aldehydes 2
remained inactive under the reaction protocol. Deuterium
studies indicated the formation of acyl radical via C–H scission
2172 | RSC Sustainability, 2024, 2, 2169–2189
of aldehyde 2, which was further proven by the TEMPO trapping
experiment. The Stern–Volmer experiment reveals that 4CzIPN
could efficiently oxidize the bromide anion, thus forming
a bromine radical intermediate. Finally, the light-on-off exper-
iment found that the visible light irradiation is crucial for the
reaction protocol. Based on these ndings, the authors
proposed that the generated bromine radical intermediate
undergoes HAT with the aldehyde 2 to form an acyl radical
intermediate, which reacts with the quinoline 4, followed by
a similar mechanistic pathway to that described in Scheme 4 to
give the nal product 5. Under the same reaction conditions,
a broad range of quinolines 1 were also successfully converted
to yield the desired hydroxyalkylated product 7. This protocol is
limited to quinolines as it fails to undergo a Minisci-type reac-
tion with benzothiazole, benzo-oxazole, and quinoxalinone.

Oxindoles are quintessential moieties in pharmaceuticals,
organic materials, and natural products.14 Great attention has
been given to their synthesis. Deng and co-workers in 2022
established visible light-induced radical alkylation of N-aryla-
crylamides 8 with aliphatic aldehydes 2 (Scheme 6).15 The
authors employed 4CzIPN as a photocatalyst with NaBr as an
additive and TBHP as an oxidant under visible light irradiation.
Both electron-donating and electron-withdrawing groups at
various positions of the aryl ring of N-arylacrylamides 8 were
well tolerated. Moreover, the aliphatic aldehydes 2 containing
cyclic and acyclic groups showed good reactivities under the
reaction conditions. A key feature of this strategy was illustrated
in the late-stage functionalization of naproxen, ibuprofen
ciprobrate, and probenecid drug molecules. Radical trapping
experiments with TEMPO, BHT, or 1,10-diphenylethylene
completely suppressed the reaction, which supported the
involvement of a radical mechanistic pathway. Based on these
ndings and several other controlled experiments, the authors
proposed a plausible mechanism, as illustrated in Scheme 6.
The photoexcited catalyst 4CzIPN* oxidizes the bromide anion
to generate a bromine radical via a SET process, which partici-
pates in HAT with the aldehyde 2 to form acyl radical inter-
mediate 6A, followed by carbon monoxide (CO) removal to form
an alkyl radical intermediate. Next, the alkyl radical adds to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 4CzIPN-catalyzed radical acylation of N-arylacrylamides
with aliphatic or aromatic aldehydes.

Scheme 7 Bromine-radical catalyzed hydroacylation of vinyl arenes.
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N-arylacrylamides 8, accompanied by cyclization to give access
to radical intermediate 6C. Lastly, the SET/deprotonation of 6C
yields the required alkylated product 9. Furthermore, under
similar photocatalytic conditions, the authors demonstrated
the acylation of N-arylacrylamides 8 using aromatic aldehydes 2
to afford the required acylated products 10. Notably, replacing
aliphatic aldehydes with aromatic aldehydes under the same
optimized conditions provides the acyl-substituted oxindoles 10
in 30–74% yields. Probably secondary and tertiary aliphatic
aldehydes undergo decarbonylation due to the formation of
stable alkyl radicals.

A highly effective approach towards the hydroacylation of
vinyl arenes 11 was accomplished by Wu and co-workers using
N-bromosuccinimide (NBS) as a catalyst under visible light
irradiation (Scheme 7a).16a The striking feature of this protocol
is that it does not require any external photocatalyst to generate
the bromine radical. The ideal reaction conditions comprised
NBS in uorobenzene at 80 °C under blue light irradiation.
Notably, the application of a non-aromatic solvent in the reac-
tionmixture failed to give the targeted product. A broad range of
styrene derivatives 11 reacted well with alkyl and aryl aldehydes
2, affording the hydroacylated product 12 in 32–75% yield. A
TEMPO trapping experiment inhibited the product formation,
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating a radical mechanistic pathway. Light on/off studies
indicated that visible light irradiation is crucial for the homol-
ysis process. As shown in Scheme 7, in the presence of visible
light irradiation, NBS undergoes N–Br bond homolysis to give
a bromine radical in equilibrium with molecular bromine.
Subsequently, the aldehyde group 2 undergoes HAT with the
bromine radical to give HBr and acyl radical intermediate 7A,
which adds to the terminal alkene position to give a benzyl
radical intermediate 7B. Lastly, the desired product 12 is ob-
tained via HAT with HBr. Product formation was further sup-
ported by DFT calculations. This strategy could also be
applicable to the deuteration of aldehydes 2 with D2O 13,
affording the deuterated product 14 in 72–97% yield. The
compatibility of this protocol was further seen in the radical
cascade reaction involving acrylates 15 and styrene 11, giving
the desired product 16 in 41–79% yield.

Most recently, Tan, Li, and co-workers developed a metal-
free photocatalytic system for aerobic oxygenation of the
benzylic C(sp3)–H bonds of amines, ethers, alkylarenes, and
hetero-aromatics 17 (Scheme 7b).16b In this method, the authors
employed readily available NBS as a bromine radical source and
O2 as an oxidant. The method has been successfully applied to
the synthesis of bioactive and drug-valued targets, including
corydaldine, ketoprofen, and isoavone, providing good
opportunities for applications in drug discovery and
development.
RSC Sustainability, 2024, 2, 2169–2189 | 2173
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Scheme 8 Bromine radical-mediated dehydrogenative coupling
reaction for the synthesis of aryl ketones.

Scheme 9 Bromine radical-mediated acylation of phenol with alde-
hydes and alcohols.
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Impressively, a newmethodology for the synthesis of ketones
20 was developed by Kawasaki, Ishida, and Murakami, in 2020,
by using a dual Ir-photoredox/nickel catalytic system
(Scheme 8).17 In this strategy, NiBr2(dtbbpy) plays a dual role in
the generation of a bromine radical and in the cross-coupling of
benzylic and acyl radical intermediates. A variety of alkylarenes
19 were well tolerated with alkyl aldehydes 2 under the opti-
mized conditions to yield the corresponding ketones 20 in 22–
80% yields. A TEMPO trapping experiment supported the
formation of benzylic and acyl radical intermediates. Mecha-
nistically, an anion exchange interaction between Ir-photoredox
and NiBr2(dtbbpy) catalytic systems gives [Ir(III)][Br]-complex
8A, which in the presence of visible light irradiation gives
access to a bromine radical and Ir(II)-complex 8B via a SET event
between photoexcited [Ir(III)]* and bromide anions.

Subsequently, the bromine radical participates in a HAT
reaction with the aldehyde 2 and benzylic 19 C–H bond to give
acyl radical intermediate 8F and benzylic radical intermediate 8E
along with HBr. The resulting acyl radical intermediate 8F
interacts with Ni(I)Br-species 8C to give access to Ni(II)–Br species
8G. Next, Ni(II)–Br species 8G interacts with benzylic radical
intermediate 8E to give Ni(III)–Br complex 8H. Lastly, reductive
elimination generates the nal product 20 with the regeneration
of 8C. Moreover, the interaction between 8C and HBr regenerates
the corresponding Ni-catalyst along with H2. Notably, benzalde-
hydes did not yield successful outcomes in this protocol,
primarily due to the challenge in abstracting the aldehydic
hydrogen. This difficulty arises from the electron-withdrawing
nature of the phenyl group attached to the aldehyde.
2174 | RSC Sustainability, 2024, 2, 2169–2189
With a slight change in the optimized conditions, the same
group later reported a visible light-mediated acylation of
phenols 21 with aldehydes 2 for the synthesis of esters 22 in
a dual Ir-photoredox/nickel bromide catalytic system (Scheme
9a).18a A broad range of aromatic phenols 21 and alkyl and aryl
aldehydes 2 reacted well to afford the corresponding esters 22 in
46–99% yield. The robustness of this protocol made it
compatible with naturally occurring phenols such as b-arbutin
and a-tocopherol. In continuation of their work, the same group
later reported the acylation of phenols 21 using alkyl alcohols 23
to afford the required acylated products 22 in 47–91% yields
under similar reaction conditions (Scheme 9b).18b
3. Hydrogen atom transfer from
benzylic carbons

Hydrogen atom transfer (HAT) from a benzylic carbon refers to
the abstraction of a hydrogen atom bonded to a carbon atom
adjacent to a benzene ring. When a bromine radical species
interacts with a substrate containing a benzylic carbon, it can
abstract a hydrogen atom from this position, leading to the
formation of a benzylic radical intermediate. Notably, benzylic
hydrogen atoms are more readily abstracted in comparison to
other hydrogen atoms in a molecule due to the stability of the
resulting benzylic radical, which is resonance-stabilized by the
delocalization of the unpaired electron into the aromatic ring
(Scheme 10).

In this regard, an aerobic cross-dehydrogenative coupling
(CDC) reaction was achieved by Huang, Deng, and co-workers in
2021 by a reaction between quinolines 1 derivatives and toluene
24 under visible light irradiation (Scheme 11).19 Initial investi-
gations were carried out on p-xylene and 4-methylquinoline as
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00214h


Scheme 10 General approach for benzyl radical intermediate
formation via bromine radical-mediated HAT.

Scheme 11 Dual Ir-photoredox/NH4Br catalyzed cross-dehydro-
genative coupling of N-heteroarenes with toluenes.

Scheme 12 Bromine radical enhanced photoreduction of ketones and
hydrocarbons for synthesizing tertiary alcohols.
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model substrates for this Minisci-type CDC reaction. Optimized
conditions revealed that light irradiation, a photocatalyst, and
a bromide source are crucial for the transformation of this
reaction. Out of the various bromide additives screened, NH4Br
as a bromide source displayed the highest efficiency in reaction
yield. A library of substituted quinoline derivatives 1 with
electron-donating and withdrawing functionalities reacted well
with toluene under the optimized conditions to afford the
desired products 25 in 26–82% yield. Notably, toluene deriva-
tives 24 bearing electron-donating groups gave a higher product
yield in comparison to those with electron-donating ones.
Besides, ethylbenzene and 2-methylnaphthalene also worked
well to afford the desired product in 33–45% yield. A radical
trapping experiment with TEMPO and 1,1-diphenylethylene
supported the involvement of a radical mechanistic pathway. A
quantum yield experiment (F = 0.52) eliminated the possibility
of the radical chain pathway. As shown in Scheme 11, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
photoexcited catalyst undergoes SET with the bromide anion to
form a bromine radical, which undergoes HAT with the toluene
24 to form a benzyl radical intermediate 11A. This intermediate
adds to the quinoline 1 to form an N-centered radical inter-
mediate 11B. Subsequently, the oxidized catalyst Ir(II) is reduced
by oxygen (O2) to form a superoxide radical ðHO�

2Þ along with the
completion of the catalytic cycle. This superoxide radical ðHO�

2Þ
oxidizes the radical intermediate 11B to generate a cation
intermediate 11C, which nally upon deprotonation yields the
desired product 25. The compatibility of this strategy was
further demonstrated in the late-stage functionalization of
biologically active molecules.

The following year, Liu, Feng and co-workers reported
bromine radical-mediated enantioselective photoreduction of
ketones 26 and hydrocarbons 19 for the synthesis of tertiary
alcohols 27 (Scheme 12).20 Both electron-rich and electron-
withdrawing groups on pyridine-based ketones 26 were con-
verted into tertiary alcohols in good yields. However, ortho-
substituted diarylketones gave a lower yield than the meta- and
para-substituted ones, probably due to steric hindrance. More-
over, allylic and saturated cyclic hydrocarbons gave the required
products 27 in good yields and enantioselectivity. Mechanisti-
cally, it is proposed that the photoexcited *Ir(III) undergoes SET
with the bromide ion, generating the bromine radical along
with Ir(II). This bromine radical participates in HAT with the
benzylic C(sp3)–H partner 19, producing an alkyl radical inter-
mediate 12A. Next, the pyridine-based ketones 26 coordinate
with the chiral Er(III)-complex to generate the complex 12B.
Therefore, the complex 12B undergoes spatial-selective radical
addition with the alkyl radical 12A, generating the chiral radical
intermediate 12C. Lastly, the resulting radical intermediate 12C
RSC Sustainability, 2024, 2, 2169–2189 | 2175
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undergoes SET/protonation to access the desired tertiary alco-
hols 27 with bromide ions, which again initiate the catalytic
cycle.

Recently, Deng and co-workers established visible light-
induced benzylic C(sp3)–H functionalization of petroleum-
derived alkylarenes 24 with triuoromethyl ketones 28 to give
triuoromethyl alcohols 29 (Scheme 13).21 Substituted toluenes
24 with electron-donating and electron-withdrawing groups at
various positions were well tolerated, accessing the desired
products 29 in 42–82% yields. Furthermore, themeta- and ortho-
substituted toluenes 24 gave the required products 29 in rela-
tively low yields. In addition, methyl heteroarenes such as 2-
thienyl, 2-furyl, and 2-methylnaphthalene reacted smoothly and
gave the corresponding products in moderate yields. The
robustness of this protocol is further demonstrated by the late-
stage functionalization of complex bioactive molecules such as
isoxepac, ciprobrate, ibuprofen, urbiprofen, ketoprofen, and
naproxen. Radical trapping experiments using TEMPO, BHT
and hydroquinone suggest the involvement of a radical
pathway. Mechanistically, the photoexcited *Ir(III) complex
oxidizes the bromine anion to generate the bromine radical,
which abstracts a hydrogen atom in alkylarenes 24 to give
benzyl radical 13A. Next, triuoromethyl ketones 28 undergo
a proton-coupled electron transfer (PCET) process with the
reducing Ir(II)-complex to give the ketyl intermediate 13B.
Finally, radical–radical coupling between the benzyl radical 13A
and ketyl intermediate 13B affords the nal desired product 29.

In 2022, Huang, Deng and co-workers revealed a dual
photoredox/nickel-catalyzed coupling of methyl arenes 24 with
acid chlorides 30 via a bromine radical enhanced HAT pathway
(Scheme 14).22 The authors utilized an Ir-complex photocatalyst
Scheme 13 Ir-catalyzed benzylic C(sp3)–H functionalization of alky-
larenes with trifluoromethyl ketones.

2176 | RSC Sustainability, 2024, 2, 2169–2189
with NiBr2 as a co-catalyst and bromine radical source in
acetone. In this protocol, acid chloride 30 with electron-rich
groups delivered better yields than the ones having electron-
decient groups.

Unfortunately, 4-nitro benzoyl chloride did not work in this
reaction. In the case of methylarenes, para-substituted deriva-
tives displayed better reactivity compared to meta- and ortho-
substituted derivatives due to steric hindrance. The compati-
bility of this method was demonstrated in the late-stage func-
tionalities of complex drug molecules such as ioxoprofen,
ketoprofen, and urbiprofen, etc. Radical trapping experiments
suggested the involvement of a radical pathway and their trap-
ped adduct conrmed the formation of an acyl radical. The
authors proposed that reductive quenching of the photoexcited
*Ir(III) catalyst with bromine anions generates Ir(II) and bromine
radicals. Simultaneously, Ni(I) species were generated by the
interaction between Ir(II) and Ni(II) species, which react with
acid chlorides 30 to give acyl radical intermediate 14C via
intermediate 14D. In turn, the methyl arene 24 undergoes HAT
with the generated bromine radical to give radical intermediate
14A, which upon oxidative addition with Ni(I) species generates
Ni(II) intermediate 14B. Lastly, the trapping of acyl radical 14C
and Ni(II) intermediate 14B, followed by reductive elimination,
yields the nal product 31. With a change in reaction condi-
tions, the authors demonstrated the utility of this method in the
acylation of methyl arenes 24 using alkyl acid chlorides 30 in
good yields.
Scheme 14 Dual Ir/nickel-catalyzed coupling of methyl arenes with
acid chlorides.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Dual Ir/Ni-catalyzed arylation of the benzylic C–H bonds
of toluene derivatives with aryl bromides.

Scheme 16 Dual Ir/nickel-catalyzed synthesis for stereo- and enan-
tio-selective benzylic C(sp3)–H alkenylation.
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In 2022, Deng and co-workers reported dual Ir/Ni-catalyzed
arylation of benzylic C–H bonds of toluene derivatives 24 with
aryl bromides 32 (Scheme 15).23 Here, cross-coupling reactions
were successfully conducted with a wide range of aryl- and
heteroaryl bromides 32 containing electron-decient, neutral,
or electron-donating functional groups. It was further observed
that substrates with electron-rich groups resulted in reduced
yields of the corresponding coupling products 33. Mechanisti-
cally, the Ni(II) aryl bromide intermediate 15A was generated
through the oxidative addition of the Ni(0) complex to aryl
bromide 32. Next, the photoexcited *Ir(III) undergoes SET with
15A to give an aryl Ni(II)-species 15B and bromine radical (Brc).
This bromine radical abstracts the hydrogen atom from toluene
derivative 24, to produce benzyl radical 15C. Following this, the
Ni(II) aryl species 15B reacts with the benzylic radical 15C,
yielding the Ni(III) aryl alkyl species 15D. Moreover, upon
reductive elimination, the desired 1,1-diaryl alkane 33 is formed
with the generation of the Ni(I) species, which transforms into
the Ni(0) species via SET with the Ir(II) complex, thus concluding
both catalytic cycles. The synthetic versatility of this method
was further demonstrated in the late-stage arylation or benzy-
lation of numerous drug-like and complex molecules.

Alkenylation reactions are versatile tools in organic
synthesis, enabling the formation of carbon–carbon double
bonds with high efficiency and selectivity. They nd wide
application in the preparation of pharmaceuticals, agrochemi-
cals, and materials science.24 In this context, Lu and coworkers
demonstrated stereo- and enantio-selective benzylic C(sp3)–H
alkenylation, using a dual Ir/nickel catalytic system for the
synthesis of chiral allylic compounds 35 (Scheme 16).25 Easily
accessible alkylbenzenes 24 and alkenyl bromides 34, including
© 2024 The Author(s). Published by the Royal Society of Chemistry
complex molecules, participated in this cross-coupling reaction
to afford the desired allylic compounds 35 with up to 93% ee
and a >20/1 E/Z ratio under mild reaction conditions with good
functional group tolerance. Alkenyl bromides 34 with electron-
rich or electron-decient aryl substituents were well tolerated. It
is crucial to underscore the signicance of stilbene as an
additive since it acts as a triplet energy transfer inhibitor. This
function effectively blocks the direct energy transfer event from
the excited state photocatalyst to the product and eliminates the
isomerization of the double bond. Furthermore, this method-
ology has been effectively utilized in bromides derived from
natural products, affording the desired products 35 in moderate
yields. The mechanism for product formation occurs in the
manner as discussed in previous Scheme 15.

An unprecedented approach towards the selective alkylation
of unactivated C(sp3)–H bonds 19 was achieved by Wu and co-
workers in 2020, using a stop-ow micro-tubing reactor
(SFMT) under visible light irradiation (Scheme 17).26 The
authors observed that the utilization of CH2Br2 as a solvent, as
well as a bromine radical source, was best suited for this
alkylation reaction of the tertiary unactivated C(sp3)–H 19 bond
by using ametal-free acridinium catalyst (Mer-AcrClO4). A series
of tertiary alkanes 19 bearing electron-donating and electron-
withdrawing alkyl and aryl groups reacted well, affording the
corresponding products 37 in 41–95% yields. This reaction also
achieved higher reactivity when conducted under ow micro-
tubing reactors, compared to batch reactors. The screening of
different photocatalysts revealed that Mer-AcrClO4 is highly
reactive in catalyzing the reaction and a bromine radical could
be effectively generated from CH2Br2 under photocatalytic
conditions. Mechanistically, the photoexcited catalyst oxidizes
CH2Br2, which eventually gives a bromine radical. Furthermore,
the tertiary alkyl group 19 undergoes HAT with the bromine
radical to give a radical intermediate 17A. This intermediate
interacts with the Michael acceptor 36 to give radical interme-
diate 17B, accompanied by SET/protonation to yield the nal
product 37. Moreover, this technology was also applied in the
amination of C(sp3)–H bonds 19 using dialkyl azodicarboxylates
38 as an aminating reagent, affording the corresponding
products 39 in 49–78% yield. Notably, this method worked well
RSC Sustainability, 2024, 2, 2169–2189 | 2177
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Scheme 17 Bromine radical-assisted alkylation and amination of
C(sp3)–H bonds.

Scheme 19 Ir-photoredox catalyzed Minisci-type alkylation of quin-
olines with ethers.
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with secondary and tertiary unactivated alkyl groups, whereas it
failed with primary alkyl groups due to the lower stability of the
alkyl radical.
4. Hydrogen atom transfer from a-
heterocarbons

Hydrogen atom transfer (HAT) involving an a-heteroatom refers
to the abstraction of a hydrogen atom bonded to a carbon atom
adjacent to a heteroatom (such as nitrogen, oxygen, sulfur, etc.).
This type of reaction commonly occurs in organic chemistry and
plays a signicant role in various chemical transformations. In
a molecule containing an a-heteroatom, the heteroatom can
inuence the reactivity of the adjacent carbon–hydrogen bonds.
The electronegativity or the presence of lone pairs on the
heteroatom can affect the bond strength and polarity of the
adjacent C–H bond, making it more susceptible to abstraction
by the bromine radical (Brc) (Scheme 18).

In 2019, Huang and co-workers reported visible light Ir-
photoredox catalyzed Minisci-type alkylation of quinolines 1
with ethers 40 serving as the alkylating agents (Scheme 19).27
Scheme 18 General approach for a-heteroatom radical intermediate
formation via bromine radical-mediated HAT.

2178 | RSC Sustainability, 2024, 2, 2169–2189
The reaction demonstrates a wide range of functional group
compatibility for both C2 and C4 coupling/alkylation of quino-
lines 1. Notably, the C-4 substituted and unsubstituted quino-
lines and benzoquinolines provided the desired C-2 alkylated
products 41 in 30–91% yields.

A radical trapping experiment with TEMPO supports the
involvement of a radical pathway. Mechanistically, the gener-
ated bromine radical (Brc) abstracts a hydrogen atom from THF
40, resulting in the generation of an alkyl radical 19A, which
adds to the charged compound 1, leading to the formation of
the radical cation 19B. Subsequently, the radical cation 19B
undergoes deprotonation, followed by a spin-centre shi (SCS)
process to ultimately give rise to an alkyl radical intermediate
19D via C–O bond cleavage. Conclusively, the SET/protonation
of 19D ultimately yields the desired alkylated quinoline
product 41, while simultaneously regenerating the Ir(III) species.

In this work, an extension of C-2 blocked quinoline 42 gave
the C-4 alkylated quinolines 43 in 40–95% yield by replacing
TfOHwith the Lewis acid BF3$Et2O. The substrate scope revealed
that 2-methylquinolines 42with different functional groups were
smoothly reacted to give the C-4 alkylated product 43.

On the other hand, Deng and co-workers developed a visible-
light Ir-photoredox catalyzed C(sp3)–H monouoroalkenylation
of ethers 40 for the synthesis of multi-substituted mono-
uoroalkenes 45 via selective HAT and radical–radical cross-
coupling (Scheme 20a).28a This reaction shows high regiose-
lectivity for the a-carbon atoms of THF 40, thus allowing the
synthesis of monouoroalkenes 45 in yields of up to 92%. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 20 Ir-photoredox catalyzed C(sp3)–H mono-
fluoroalkenylation of ethers.

Scheme 21 Dual Ir-photoredox/LiBr catalyzed 1,1-dichlor-
omethylation of alkenes using chloroform.
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substrate scope demonstrated a good functional group toler-
ance and could be carried out even on a gram scale.

Radical trapping experiments suggested that the reaction
proceeds via a radical pathway. The TEMPO-THF adduct was
further conrmed by GCMS and the 1,1-diphenylethylen-THF
adduct was also isolated. As shown in Scheme 20, the key alkyl
radical intermediate 20A is formed via HAT between 40 and the
bromine radical. At the same time, the uoroalkenyl radical 20C
was generated via SET reduction of 44 by the Ir(II)-complex and
cleavage of the C–F bond. Finally, targeted product 45 is gener-
ated by the radical–radical cross-coupling of 20A and 20C.

The authors also illustrated the monouoroalkenylation of
cyclic and acyclic ethers, aliphatic aldehydes, and amides 19 as
© 2024 The Author(s). Published by the Royal Society of Chemistry
substrates, to afford the desired products 46 in 44–97% yields. It
is worth noting that in Scheme 19, ring-opening of THF occurs,
while in Scheme 20a, no ring-opening occurs in the reaction
medium. This is due to the use of triic acid (TfOH) in the
reactionmixture, while in the absence of TfOH, no C–O cleavage
occurs.

Huo and co-workers in 2024 reported photoredox-catalyzed,
bromine-radical-mediated C(sp3)–H diuoroallylation of
amides 48 (Scheme 20b).28b The authors used Ir[dF(CF3)ppy]2(-
dtbbpy)PF6 as a photocatalyst, NaBr as a HAT reagent, and
Na3PO4 as a base in EtOAc under blue LEDs. This method
incorporates both acyclic and cyclic-amino C(sp3)–H bonds 48
with a broad range of readily available triuoromethyl alkenes
47, providing diuoroallylated amine derivatives 49 in good to
excellent yields.

Polychloromethylated hydrocarbons are omnipresent in
various bioactive compounds and their synthesis has gained
some attention in the scientic community.29 In this regard, the
synthesis of 1,1-dichloroalkane products 51 was achieved by Ji,
Huang, and co-workers in 2022, using a dual Ir-photoredox/LiBr
reaction system under visible light irradiation (Scheme 21).30

Initial studies were carried out on N-phenylmethacrylamide 8
and chloroform 50 at room temperature. Out of the various
bases screened, the application of Et3N was proven to be highly
efficient, affording the desired product 51 in 31–96% yield with
H2O as a proton source and LiBr as an additive. N-phenyl-
methacrylamide 8 bearing various functional groups at the
para-position of the benzene ring reacted well with chloroform
50, affording the targeted products 51 in 62–96% yield. On the
other hand, a-naphthyl and b-naphthyl substituted
RSC Sustainability, 2024, 2, 2169–2189 | 2179
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methylacrylamides 8 resulted in the targeted product in
moderate yields (47–54% yield). Besides, N-phenyl-
methacrylamide 8 with internal and terminal alkenes smoothly
reacted under the ideal conditions to yield the desired products
in 39–86% yield. The compatibility of this reaction was further
demonstrated in the late-stage functionalization of naproxen
and ibuprofen derivatives, resulting in the desired dichlor-
omethylated products 51 in 77% and 91% yields, respectively.
The generation of the cCHCl2 radical intermediate is conrmed
by a radical trapping experiment with 1,1-diphenylethylene.
Deuterated studies with D2O supported the incorporation of
a proton source from H2O into the a-position of the carbonyl
group of the dichloromethylated product. As shown in Scheme
21, the photoexcited catalyst *Ir(III) oxidizes the bromide anion
to a bromine radical intermediate, which participates in HAT
with Et3N to give radical intermediate 21A. This intermediate
abstracts a chlorine atom from CHCl3 to give the key cCHCl2
radical intermediate 21C, which adds to the terminal alkene 8 to
give radical intermediate 21D. Finally, the desired product 51 is
obtained via SET/protonation.

Giedyk and co-workers, in 2020, reported facile Ir-
photoredox catalyzed Minisci-type alkylation of N-hetero-
arenes 1 with non-activated alkyl bromides 52 as radical
precursors (Scheme 22).31 This photochemical system has
proven to be robust and versatile, accommodating a wide range
of primary and secondary alkyl bromides 52 with a variety of N-
heterocycles 1. Expectedly, secondary alkyl bromides 52
produced higher yields than primary ones, due to the higher
Scheme 22 Ir-photoredox catalyzed Minisci-type alkylation of N-
heteroarenes with non-activated alkyl bromides.

2180 | RSC Sustainability, 2024, 2, 2169–2189
thermodynamic stability of the radical intermediate. Under the
optimized conditions, the photocatalyst *Ir(III) oxidizes the
bromide ion to generate a bromine radical and Ir(II). This Ir(II)
complex subsequentially absorbs a second photon, leading to
the generation of a highly reducing state of the Ir complex *Ir(II).
Next, the *Ir(II) complex undergoes a SET event with alkyl
bromide 52, followed by fragmentation forming an alkyl radical
22A and bromide anion, which participates in the catalytic
cycle. The resulting alkyl radical 22A adds to the N-heteroarenes
1, followed by HAT with the bromine radical, which leads to the
formation of the cation intermediate 22C. Finally, the desired
product 53 is obtained via work-up. Moreover, the authors
demonstrated the C–H alkylation of heteroarene 1 by using cetyl
trimethyl ammonium bromide (CTAB) as a cationic surfactant
with NaBr in the reactionmedium to give the desired product 53
in 39–92% yield. It is worth noting that the reaction worked well
with primary alkyls containing free hydroxy, chloride, amide,
and –CF3 groups. Unfortunately, alkyl bromides bearing acetal
groups remained inactive in this protocol.

A visible light-mediated dual Ni/organophotoredox catalyzed
C(sp3)–H cross-coupling reaction with aryl bromide 52 was
disclosed by König and co-workers in 2020, using NaBr as
a bromide source (Scheme 23).32 A variety of linear and
branched alkyl bromides 52 reacted well with the cyclic ether to
afford the C(sp3)–H cross-coupling products 55 in moderate to
good yields. Interestingly, benzyl chloride was also found to be
an excellent coupling partner for this transformation. More-
over, the reaction could also be conducted on a gram scale.
Based on previous reports, the authors postulated that the
oxidative addition of Ni(0) into an aryl bromide 52 produces
Ni(II) aryl bromide intermediate 23A. Next, the photoexcited
catalyst 4CzIPN* oxidizes 23A to produce Ni(III) intermediate
23B. The photolysis of 23B results in the generation of
Scheme 23 Dual Ni/organophotoredox catalyzed C(sp3)–H cross-
coupling reaction with aryl bromide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a bromine radical and Ni(II) species 23C. The resulting bromine
radical rapidly abstracts a hydrogen atom from a-carbon to
oxygen, resulting in a C-centered radical intermediate, which
adds to the Ni(II)-complex to produce Ni(III) species 23D.
Subsequently, reductive elimination yields the desired C(sp3)–H
cross-coupling product 55. Lastly, the SET reduction of the
resulting Ni(I) intermediate by the highly reducing 4-CzIPNc−

species regenerates the Ni(0)-complex, thus completing the
catalytic cycle.

In 2022, Song and co-workers reported visible light-mediated
direct C–H diuoroalkylation of quinoxalinones 56 with bro-
modiuoroacylarenes 57 via C(sp3)–Br bond homolytic cleavage
(Scheme 24a).33a In this method, quinoxalin-2(1H)-ones 56
bearing electron-rich or electron-decient functionalities
readily afforded the desired diuoroalkylated products 58 in
30–87% yields. Several control experiments were performed to
determine the reaction mechanism. Under visible light
Scheme 24 Visible light mediated direct C–H difluoroalkylation of
quinoxalinones with bromodifluoroacylarenes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
irradiation, the C(sp3)–Br bond undergoes homolysis to
generate a diuoroalkyl radical intermediate 24A, which was
further supposed by radical trapping experiments, and their
adducts were conrmed by using HRMS analysis. Mechanisti-
cally, visible light-promoted C(sp3)–Br bond homolysis from
ArCOCF2Br 57 generated the diuoroalkyl radical intermediate
24A and bromine radical. The bromine radical abstracts the
hydrogen atom from quinoxalinone 56 to produce radical
intermediate 24B with the release of HBr. The generated radical
intermediate 24B undergoes radical coupling with diuoroalkyl
radical 24A to furnish the desired products 58. The authors
further expanded their work to the C(sp2)–H functionalization
of aldehyde-derived hydrazones 59 with bromodi-
uoroacylarenes 57 for the direct preparation of functionalized
a-iminodiuoroalkylated products 60. The substrate scope
revealed that a variety of (hetero)aryl aldehyde-derived hydra-
zones 59 bearing either electron-rich or electron-decient
groups were efficiently transformed into the required products
60 with good to excellent yields. In this protocol, unsaturated
aldehyde-derived hydrazones 59 such as alkynals, alkenals, and
ester aldehydes were also compatible to obtain a series of
complex diuoroalkylated products 60.

On the other hand, using diuoromethyl bromide 62 and
H2O, Jin and co-workers in 2023 reported the b-alkoxyox-
alylation of N-aryl cyclic amines 61 for the synthesis of b-
ketoester/ketoamide substituted enamines 63 in 27–87%
yields (Scheme 24b).33b It was proposed that diuoromethyl
bromide undergoes homolysis to give a bromine radical, which
participates in HAT and gives the key diuoroalkylated inter-
mediate. This intermediate further reacts in the presence of
H2O to give the desired product 63. In 2021, Huang and co-
workers disclosed a visible light-mediated photoredox Minisci
alkylation reaction of 4-hydroxyquinazolines 65 with ethyl
acetate 64 (Scheme 25).34 In this protocol,4-hydroxyquinazolines
65 bearing various electron-donating and electron-withdrawing
functionalities reacted well with ethyl acetate 64 to afford the
desired products 66.

Other alkylating reagents 64 such as isobutyl acetate, iso-
propyl acetate, n-pentyl acetate, n-butyl acetate, and n-heptyl
acetate were also well tolerated, affording the required product
66 in low to moderate yields (18–55%). The reaction was
completely suppressed in the presence of TEMPO, BHT, and
DPE, which supported the involvement of a radical mechanistic
pathway. Mechanistically, the photoexcited catalyst *Ir(III) is
reduced by the bromide ion, leading to the generation of
a bromine radical (Brc). The bromine radical then initiates the
abstraction of a hydrogen atom from ethyl acetate 64, resulting
in the formation of an alkyl radical 25A. This alkyl radical 25A
undergoes a radical addition reaction with 4-hydroxyquinazo-
line 65, accompanied by deprotonation, leading to the forma-
tion of radical intermediate 25C. Following this, a spin-center
shi (SCS) process takes place, with the elimination of acetic
acid (AcOH), resulting in the production of the radical inter-
mediate 25D. Finally, upon SET/protonation, the required
alkylated product 66 is obtained. Simultaneously, this step
regenerates the Ir(III) species, completing the catalytic cycle. The
applicability of this method was further demonstrated in the
RSC Sustainability, 2024, 2, 2169–2189 | 2181
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Scheme 25 Ir-catalyzed Minisci alkylation reaction of 4-hydrox-
yquinazolines with ethyl acetate.

Scheme 26 Dual Ir/Ni-photoredox-catalyzed alkylation and (deutero)
methylation of aryl halides.
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alkylation of quinoline and pyridine 1 derivatives under the
optimized conditions, giving the required product 68 in 35–86%
yield.

Doyle and co-workers in 2022, reported a dual Ir/Ni-
photoredox catalyzed alkylation and (deutero)methylation of
aryl halides 69 by using benzaldehyde di(alkyl) acetals 70
(Scheme 26).35 This protocol was found to be compatible with the
late-stage functionalization of fenobrate, which possesses an
aryl chloride. The authors proposed that the photoexcited *Ir(III)
oxidizes the bromide ion to a bromine radical, which undergoes
HAT with the tertiary C–H bond of the acetal 70, followed by b-
scission to afford an alkyl radical 26A and alkyl benzoate.
Thereaer, the Ni(0)-complex undergoes oxidative addition with
an aryl chloride and produces a Ni(II) aryl chloride intermediate
26B. The alkyl radical 26A is captured by 26B, generating
Ni(III)–(Ar)(Me) species 26C, accompanied by reductive elimina-
tion to yield the desired product 71 and Ni(I)-complex. The
reduced photocatalyst Ir(II) can then reduce Ni(I) to regenerate
both Ir(III) and Ni(0)-catalysts. The authors further demonstrated
the C(sp2)–C(sp3) cross-coupling reaction between acetals 70 as
2182 | RSC Sustainability, 2024, 2, 2169–2189
the source of aliphatic coupling partners with aryl bromides 32 to
give the desired products 72 in 21–98% yield.

5. Hydrogen atom transfer from
(Me3Si)3SiH

Hydrogen atom transfer (HAT) from (Me3Si)3SiH (trimethylsilyl
hydride) induced by a bromine radical is a well-known reaction
in radical chemistry. Trimethylsilyl hydride is commonly used as
a hydrogen atom donor in radical reactions due to its relatively
weak Si–H bond and its ability to efficiently transfer a hydrogen
atom to radical species. When a bromine radical encounters
trimethylsilyl hydride, it can abstract a hydrogen atom from the
Si–H bond, leading to the formation of a trimethylsilyl radical
(Me3Si)3Sic) and hydrogen bromide (HBr). This process can be
represented by the following equation (Scheme 27):

The resulting trimethylsilyl radical can further participate in
various radical reactions, such as radical chain reactions or
radical-mediated functionalization reactions. This type of
hydrogen atom transfer is widely utilized in organic synthesis
for the generation of radicals and the construction of complex
molecules.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 General approach for trimethylsilyl radical intermediate
formation via bromine radical-mediated HAT.
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In 2018, ElMarrouni, Balsells and co-workers introduced
a mild procedure for the direct visible light-initiated Giese
addition of unactivated alkyl bromides 52 to electron-poor
olens (Michael acceptor) 73 or 74 (Scheme 28).36 In this
process, visible light prompts the generation of an alkyl radical
as a crucial intermediate from unactivated alkyl halides. This
C(sp3)–C(sp3) bond formation proved to be highly efficient,
accommodating a range of alkyl bromides successfully applied
in the reaction of cyclic or acyclic a,b-unsaturated esters and
amides. Mechanistic investigations suggested that the photo-
excited *Ir(III) complex oxidizes the bromide ion to form
a bromine radical, which abstracts a hydrogen atom from
(Me3Si)3SiH to generate stabilized silyl radical intermediate
28A. This intermediate 28A rapidly undergoes halogen atom
abstraction with the alkyl bromide 52, giving rise to the alkyl
radical 28B and a bromosilane by-product. The alkyl radical 28B
adds to the double bond of the Michael acceptor 73, generating
another carbon radical intermediate 28C. A single-electron
transfer (SET) between radical intermediate 28C and the
Scheme 28 Visible light-mediated Giese addition of unactivated alkyl
bromides to electron-poor olefins.

© 2024 The Author(s). Published by the Royal Society of Chemistry
reductant species Ir(II) provides an anion intermediate 28D,
which upon protonation furnishes the desired product 75.
Alternatively, hydrogen atom abstraction from (Me3Si)3SiH
yields the corresponding product 75, thereby regenerating
stabilized silyl radical species 28A. Notably, this methodology
could be leveraged to access a key intermediate of vorinostat, an
HDAC inhibitor employed in combating cancer and HIV.

In 2019, Wang and co-workers introduced an Ir-photoredox
catalyzed Minisci C–H alkylation of heteroarenes 1 with unac-
tivated primary, secondary, and tertiary alkyl bromides 52 by
employing visible light irradiation (Scheme 29).37 This method
demonstrated the efficient incorporation of a diverse array of
cyclic and acyclic, unactivated primary, secondary, and tertiary
alkyl groups 52 into N-heteroarenes 1 under optimized reaction
conditions. Impressively, the protocol exhibited scalability,
successfully performing on a gram scale. Additionally, its
robustness was demonstrated in the late-stage functionaliza-
tion of complex N-containing natural products and drugs.

Lately, Zhao, Shi, and co-workers revealed bromine radical-
mediated hydrosilylation of alkene 36 using (TMS)3SiH and
(n-Bu)4NBr as HAT reagents (Scheme 30).38 A wide range of
electron-decient alkenes and electron-rich alkenes 36 were
reacted under this protocol to give the desired hydrosilylated
products 78 inmoderate to excellent yields. The compatibility of
this method was further demonstrated in the late-stage func-
tionalization of bioactive molecules in good yields.

MacMillan and co-workers, in 2016, developed a dual Ir/Ni-
catalyzed approach towards the formation of a C(sp3)–C(sp2)
Scheme 29 Ir-photoredox catalyzed Minisci C–H alkylation of het-
eroarenes with unactivated alkyl halides.

Scheme 30 Bromine radical-mediated hydrosilylation of alkenes
using (TMS)3SiH.
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Scheme 31 Dual Ir/Ni-catalyzed approach towards the formation of
a C(sp3)–C(sp2) bond via cross-electrophile coupling between alkyl
and aryl bromides.

Scheme 32 Dual Ir/Ni-catalyzed cross-electrophile coupling
between alkyl halides and a diverse range of aryl halides.

Scheme 33 Bromide anion catalyzed alkylation of a pyridinium salt.
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bond via cross-electrophile coupling between alkyl 52 and aryl
bromides 32 in good to excellent yields (Scheme 31).39 The
study of substrate scope showed that aryl bromide 32 featuring
electron-rich and electron-decient substituents was compat-
ible with the given reaction conditions. Interestingly, an
unprotected 2-bromo aniline substrate can be employed
directly and give the corresponding product in 65% yield.
Additionally, N-containing heterocycles such as pyrazine,
pyrimidine, pyridazinequinolone, isoquinoline, and pyrazole-
substituted pyrazine were well tolerated under the reaction
conditions. Furthermore, cyclic and acyclic alkyl bromide 52
worked well. Mechanistically, the photoexcited *Ir(III)-complex
oxidizes the bromide anion to generate a bromine radical via
the SET process, which upon HAT from tris(trimethylsilyl)
silane (TTMS) forms a stabilized silyl radical intermediate 31A.
Subsequently, silyl radical intermediate 31A rapidly abstracts
a halogen atom from the alkyl bromide 52 to form alkyl radical
31B and the silyl bromide by-product. Moreover, a Ni(0)-
complex undergoes oxidative addition with the aryl bromide
32 to form Ni(II) species 31C, which then interacts with an alkyl
radical 31B to yield the Ni(III)-complex 31D. The reductive
elimination of 31D delivers the desired C(sp3)–C(sp2) cross-
coupling product 79 and a Ni(I) intermediate, which
continues the catalytic cycle.

In the extension of their previous work, MacMillan and co-
workers in 2021 reported dual photoredox Ir/Ni-catalyzed
cross-electrophile coupling between an alkyl halide 80 and
a diverse range of aryl bromides 32 to produce articial
analogues of tryptophan, phenylalanine, and histidine deriv-
atives (Scheme 32).40 Various aryl bromides 32, featuring
electron-donating and electron-withdrawing groups, were
successfully utilized, leading to the desired products 81 in
moderate to excellent yields.
2184 | RSC Sustainability, 2024, 2, 2169–2189
Additionally, substitution at the ortho-, meta-, and para-
positions was well-accommodated, although ortho-substituted
aryl halides 32 necessitated a higher loading of the nickel
catalyst (5 mol%). Hong and co-workers achieved the synthesis
of C4-alkylated pyridines 83 through an EDA-complex between
pyridinium salts 82 and bromide ions under visible-light irra-
diation (Scheme 33).41

A wide range of primary, secondary, and tertiary alkyl
bromides 52 efficiently participated under the optimized condi-
tions, yielding the desired products 83 in 40–91% yield. Initial
experiments with a pyridinium salt and bromocyclohexane indi-
cated that the in situ generated bromide anion effectively initiated
a radical chain reaction under visible light irradiation, elimi-
nating the need for an external bromide source. However,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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employing tetrabutylammonium bromide (TBAB) as a bromide
anion source resulted in reduced yields of the targeted product.
UV-visible absorption studies conrmed the formation of an EDA
complex between the bromine anion and pyridinium salt 82.
Stern–Volmer experiments revealed the formation of a bromine
radical via reductive quenching of pyridinium salt 82 with the
bromine anion. Moreover, the high quantum yield (F = 19.0)
supported the involvement of a radical chain pathway. Mecha-
nistically, an EDA-complex 33A is formed between the pyridinium
salt (acceptor) 82 and bromide anion (donor). Visible light irra-
diation triggered a SET event, producing a bromine radical that
initiated the chain reaction by abstracting an H-atom from
(TMS)3SiH. The resulting silyl radical captures the bromine atom
from alkyl bromides 52 to generate the corresponding alkyl
radical (Rc). This alkyl radical regioselectively adds to the C4-
position of the pyridinium salt 82, followed by deprotonation and
homolytic N–N bond cleavage to yield the desired C4-alkylated
pyridine product 83 and the regeneration of the silyl radical via N-
centered radical intermediate 33D, which propagates the chain.
Scheme 35 Dual acridinium/Ni-catalyzed cross-coupling reaction
between allylic compounds and aryl bromides.
6. Hydrogen atom transfer from
allylic carbons

The allylic position is particularly reactive due to the stability of
the resulting allylic radical, which is resonance-stabilized.
Allylic hydrogen atom transfer can occur through radical reac-
tions, where a bromine radical abstracts a hydrogen atom from
the allylic carbon as shown in Scheme 34.

An acridinium and Ni-catalyzed cross-coupling reaction
between allylic compounds 84 and arylbromides 32 was re-
ported by Rueping and coworkers in 2018 (Scheme 35).42 Under
optimized reaction conditions, the oxidative addition of aryl
bromide 32 to the Ni(0) complex gives a Ni(II) complex 35A. Next,
triplet–triplet energy transfer (EnT) occurred from the photo-
excited catalyst *Mes-Acr-Me+ and Ni(II) complex 35A to give
intermediate 35B. Aer that, the excited form of Ni(II) complex
35B undergoes homolytic bond cleavage of the Br–Ni bond and
generates a bromine radical and a Ni(I) complex 35C. The weak
allylic C–H bond of alkene 84 undergoes H-atom transfer to the
bromine atom and gives HBr and allylic radical 35D. Lastly,
reductive elimination occurs to give the nal product 85. This
reaction is also compatible with vinyl bromides 34 to yield the
desired products 86 in 51–64% yield.
Scheme 34 General approach for allylic radical intermediate forma-
tion via bromine radical-mediated HAT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Thereaer, a novel and efficient approach towards aerobic
allylic C–H bond oxidation was achieved by Cai and co-workers
in 2022 using nBu4NBr as a bromide source, with rose bengal as
a photocatalyst under visible light irradiation (Scheme 36).43

This strategy was applicable to a wide range of tertiary cyclo-
hexenol derivatives 87 as well as those containing 5, 7, and 8
membered cyclic ring and acyclic derivatives, affording the
desired enone products 88 in 33–91% yield. The robustness of
this photocatalytic aerobic reaction was also found compatible
with a wide range of pharmaceutically active steroids and tri-
terpene derivatives, resulting in the required products 88.
Detailed mechanistic studies were performed to gain insights
into the reaction mechanism. Radical quenching with TEMPO
and DABCO (singlet oxygen quencher) conrmed the involve-
ment of singlet oxygen in the reaction protocol. Stern–Volmer
experiments supported the higher quenching efficiency of
molecular oxygen with rose bengal compared to other reactants.
When performed in the absence of nBu4NBr, the reaction
resulted in the formation of a keto-acid product under similar
conditions, indicating that singlet oxygen is formed in the
reaction protocol and nBu4NBr is important for product
formation. Based on these studies, the authors proposed that
the photoexcited catalyst *RB undergoes an EnT process with O2

to form singlet oxygen (1O2), which itself participates in SET
with a bromide anion to form a bromine radical and superoxide
radical intermediate. Thereaer, substrate 87 undergoes HAT
with the bromine radical to form C-centered radical interme-
diate 36A. This intermediate reacts with the superoxide radical
to form an anion intermediate 36B. Finally, the protonation and
elimination of H2O give access to the nal enone product 88.
This strategy offers a straightforward method for the allylic C–H
oxidation of structurally challenging and complex molecules.
RSC Sustainability, 2024, 2, 2169–2189 | 2185
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Scheme 36 Rose bengal mediated allylic oxidation for the synthesis of
enones. Scheme 37 Visible light-mediated bromine radical catalyzed synthesis

of oxazolines, pyrrolidines, and dihydrooxazines.
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7. Miscellaneous

Li and co-workers, in 2021, demonstrated bromide-catalyzed
C–H functionalization of amide carbonyl carbon for the
synthesis of oxazolines, pyrrolidines, and dihydrooxazines
(Scheme 37).44 For the synthesis of oxazolines, N-phene-
thylbenzamide derivative 89 was employed as a standard
substrate with LiBr as a bromide catalyst with F-TEDA-BF4
(selectuor) as an oxidant and Y(OTf)3 as an additive under
visible light irradiation. An array of electron-donating and
withdrawing functionalities on the N-phenethylbenzamide
derivative 89 reacted smoothly to afford the desired product 90
in 19–70% yield. Notably, substrates bearing bulky arene groups
such as 2,4,6-trimethyl or o-nitro or 3,5-CF3 groups afforded the
targeted products in diminished yields. Mechanistic studies
reveal that visible light, selectuor, and air were indispensable
for the reaction. The generation of an N-centered radical inter-
mediate was ruled out from selectuor (N–F bond homolysis)
since no product bearing uorine groups were observed. From
these observations, the authors proposed the formation of
intermediate 37C through the interaction between LiBr and
selectuor, which in the presence of light generates N-centered
cation radial intermediate 37D via fragmentation. Next, the N-
phenethylbenzamide derivative 89 undergoes intermolecular
HAT with the bromine radical to form C-centered radical
intermediate 37A. Next, bromination, accompanied by the
subsequent cyclization and deprotonation, yields the desired
oxazoline product 90 with the regeneration of the bromide
catalyst. High loading of the catalyst and additive was the only
limitation of this method. The authors further demonstrated
2186 | RSC Sustainability, 2024, 2, 2169–2189
the synthesis of dihydroxazines 91 and pyrroline 92 using this
reaction protocol.
8. Conclusions

This article provides an overview of C–H activation reactions
initiated by Brc radicals generated through photocatalytic
interactions with a catalyst under visible light irradiation. These
Brc radicals serve as appealing hydrogen atom transfer (HAT)
reagents and electron acceptors due to their robust oxidative
properties and the formation of strong covalent bonds with
hydrogen atoms. Moreover, the efficient generation of Brc
radicals via light irradiation offers advantages in terms of
reaction control. Compared to conventional synthetic methods,
it can offer a more efficient and resource-conserving approach
to constructing complex organic compounds. Despite the
signicant advancements made in this area, there are still many
opportunities and challenges remaining, such as: (1) in this
review article, the majority of the bromine radical mediated
strategies are accelerated by expensive Ir-photoredox catalysis,
sometimes in combination with nickel/ligand systems. This
leaves room to explore other inexpensive metal and non-metal
catalysts for their successful execution and ease the pathway
to generate bromine radicals, which take part in the HAT
reaction; (2) exploring electron-donor–acceptor (EDA) complex
strategies and strategies involving visible light-mediated
homolysis without the need for a photocatalyst for the genera-
tion of bromine radicals is highly desirable; (3) mainly, C–C,
and C–O bond formation has been reported under these strat-
egies; however, methods for the construction of C–N, C–S, C–P,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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C–X (X = halides) are still unexplored by bromine radical (Brc)
mediated HAT strategies. We hope that this review will stimu-
late interest in C–H activation reactions involving bromine
radicals (Brc) via HAT and deepen the understanding of their
reactivity, thereby aiding in their application across various
academic and industrial levels.
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