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Transition metal-free C(sp®)—H activation of toluene derivatives is known as a green and sustainable
methodology for constructing carbon—carbon and carbon-heteroatom bonds. Benzylic C(sp®)—H

activation/functionalization bond formation can be carried out in the presence of organic/inorganic
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Accepted 29th March 2025 peroxides, bases, acids, and other radical initiators. These radical transformations also occur under

photochemical and electrochemical conditions. In this review, we highlight the C—H activation/

DOI-10.1039/d5ra00361j annulation or C—H activation/functionalization reactions of benzylic carbon atoms in the presence of

Open Access Article. Published on 07 May 2025. Downloaded on 3/20/2026 6:10:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1. Introduction

Direct formation of carbon-carbon or carbon-heteroatom
bonds without the use of transition metals has been a topic of
interest for synthetic chemists for years. The use of transition
metal catalysts in oxidative reactions is limited owing to their
high cost, sensitivity to oxygen and humidity, and also potential
toxicity. Researchers have investigated metal-free radical reac-
tions, where radical species are typically produced using an
oxidant under mild reaction conditions. These reactions show
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non-metal catalysts or promoters or without any catalyst.

high reaction activity and excellent tolerance towards various
functional groups.>® In direct oxidative transformations,
terminal oxidants play an important role in promoting the
reaction.” Over the years, various organic and inorganic
oxidants have been employed in oxidative processes.

As the benzylic groups are synthetically relevant fragments,
the direct activation and functionalization of these C(sp*)-H
bonds will expand a variety of value-added products for many
applications.®** Although the high bond-dissociation energy
(BDE) and low polarity of unactivated C(sp*)-H bonds make the
activation of these bonds challenging in synthetic chemistry,
various efforts have been successfully made for the C(sp*)-H
activation of benzylic moieties towards the synthesis of various
pharmacologically active compounds.™™* For example, in the
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last decade, there has been a great growth in the transition
metal-free oxidative transformations involving toluene deriva-
tives.'"” Some bioactive molecules with benzylic motifs are
illustrated in Scheme 1.

In this review, we describe the literature on the activation/
functionalization of the benzylic C(sp;)-H bonds towards the
formation of carbon-carbon bonds and carbon-heteroatom
bonds and cyclization reactions. The content is classified based
on the types of non-metallic catalysts and promoters. The
features of the reactions and the challenging mechanisms are
also discussed.

2. Benzylic C(sp®)—H activation/
functionalization

Organic peroxides exhibit versatile reactivity, enabling reactions
to occur at high temperatures, and they act as effective primary
oxidants at room temperature under UV or visible light
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Scheme 1 Some bioactive molecules with a benzylic motif.

irradiation. Both heat and photo-irradiation can easily break
the O-O bonds in peroxides owing to the steric repulsion
between two oxygen atoms. The resulting active species have
a short lifetime and readily oxidize other organic compounds in
the reaction medium.*®** Organic peroxides have been used for
years as promoters in C(sp*)-H activation reactions of toluene
derivatives.

2.1. C(sp®)-H functionalization using peroxides

2.1.1. C(sp®)-H functionalization using TBHP. In 2014,
Wang and co-workers employed nBu,NI/TBHP as an efficient
oxidative system for direct amination of allylic and benzylic
C(sp*)-H bonds 2 with anilines 1 towards the synthesis of N-
substituted anilines 3 (Scheme 2).*° It is important to note that
no appropriate product was observed in the presence of organic
and inorganic oxidants. Using solvents also caused no
improvement in this reaction, and the best result was achieved
under solvent-free conditions. Considering the mechanism in
Scheme 3, nBu,NI was oxidized by TBHP to generate the iodine
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Scheme 2 Direct amination of allylic and benzylic C(sp®)—-H with
anilines (Wang and co-workers).2°
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Scheme 3 Possible mechanism for the direct amination of allylic and
benzylic C(sp®—H with anilines.

species ammonium hypoiodite A or iodite B. These active
intermediates then reacted with toluene 2 to generate the benzyl
radical C, which by further oxidation furnished the benzyl
cation D. Then, D under the nucleophilic attack of amine 1
provided product 3. The reason for the high regioselectivity of
the reaction could be attributed to the stability of the free
radical of benzyl and the steric effect. The amination of allylic
and benzylic C(sp®)-H bonds 2 can be carried out using aryl
tetrazoles 4 under an nBuNI/TBHP catalytic system
(Scheme 4).>* The reaction in the presence of BHT (2,6-di-tert-
butyl-4-methylphenol) as a radical scavenger confirmed the
involvement of a radical route, and a deuterium experiment
using [D8]-toluene suggested that C(sp®)-H cleavage is the rate-
determining step. The gram-scale synthesis of product (1.70 g,
72%) demonstrated the synthetic utility of this amination
reaction.

The Cheng group employed TBAI as the catalyst for the
reaction of ketones 7 with benzylic alcohols 6 to produce o-
acyloxycarbonyl scaffolds 8 in the presence of TBHP as

o S
Rl Nz,

62- 90%

RZ

/N nBugNI (20 mol%)
+H _TBHP (3.0eq) _
air, 80 °C 12h

Scheme 4 nBu4NI/TBHP-catalyzed amination of benzylic C(sp®)-H
with aryl tetrazoles (Wang and co-workers).?
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Scheme 5 Coupling of ketones with benzylic alcohols (Cheng and
co-workers).?
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Scheme 6 Possible mechanism for the coupling of ketones with
benzylic alcohols.

a commercially available oxidant in PhCN as a solvent
(Scheme 5).> The reaction proceeded in moderate yields in
EtOAc and MeCN. The radical trapping experiment by using
TEMPO proposed the involvement of a radical pathway in this
synthetic method. Initially, the oxidation of TBAI by TBHP led to
[Bu,N][IOn]~, which abstracted a hydrogen atom from ketone
to generate the a-carbonyl radical A. At the same time, benzylic
alcohol was oxidized to benzoyl radical B by TBHP. Afterward, A
reacted with the tert-butyl perester C to provide the desired
product 8. In another pathway, the oxidation of a-carbonyl
radical A by [BuyN]'[IOn]~ forms cation D, which reacted with
carboxylic anion C to deliver product 8 (Scheme 6). It was
noteworthy that both radical pathways could be possible.

o OH
R R2 R R?
l2 (1eq.)
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rt,12h
R R R SOLAr R SOAr
1 12
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+ ArSO,Na
R H Rl
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56 64%

Scheme 7 Metal-free sulfonylative and peroxidative bifunctionaliza-
tion of phenols (Wu and co-workers).?®
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The Wu group reported a mild procedure involving I,/TBHP-
mediated benzylic C(sp®)-H sulfonylation of phenol derivatives
9 (Scheme 7).*® Using 2 equiv. of TBHP and 1 equiv. of I,, the
desired products were obtained in moderate to high yields with
high regioselectivities. In addition, they could achieve a sulfo-
nylative and peroxidative bifunctionalization of phenol deriva-
tives 9 by increasing the amount of TBHP from 2 equiv. to 4
equiv, yielding bifunctionalized ketone products in 56-64% of
yield. Screening of other oxidants such as DTBP, DCP, TBPB and
H,0, was not effective in this C(sp®)-S bond formation, and KI,
TBAI, 1,05 and NIS as iodine additives led to lower product
yields. A radical pathway was suggested due to the suppression
of the product in the presence of TEMPO as a radical scavenger.
Two radical intermediates, the carbon radical 11 and the oxygen
radical 13, were suggested for the construction of products 12
and 14, respectively. These intermediates can resonate with
each other.

In 2017, the Liu group reported a strategy for the direct
oxidative esterification of the C(sp®)-H bond in benzylic
hydrocarbons 15 with carboxylic acids 16 using a heterocyclic
ionic liquid as a catalyst (Scheme 8).>* 1-Butylpyridinium iodide
catalyst was easily recycled and reused for four cycles without
any obvious loss of catalytic activity. According to the tentative
mechanism in Scheme 9, A or B species were generated from the
oxidation of [BPy|l by TBHP. Then, the hemolytic cleavage of
a benzylic C-H bond in the presence of A or B produced the
benzyl radical C, which subsequently combined with benzoic
acid to form the radical anion F. In path I, product 17 was

R1
RZ|_H
R1
¢ [Bpyll (20 mol%) )k R2
N X . Ar)kO/H TBHP (1.4 eq.) A0 | A o
[} o, -,
Z 80°C,8h P
17
15 16 38-94%
R',R2=H, Me

Scheme 8 Direct oxidative esterification of benzylic hydrocarbons
with carboxylic acids (Liu and co-workers).2*
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Scheme 9 Tentative mechanism for the oxidative esterification of
benzylic hydrocarbons with carboxylic acids.
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Scheme 10 Coupling of arenes with diaryl phosphinic acids (Xiong
and co-workers).?

obtained by losing an electron from F with the help of "OH.
However, A or B species oxidized the benzyl radical towards the
benzyl cation D and ~“OH. Next, the deprotonation of benzoic
acid by “OH gave the benzoate anion E. In path II, the attraction
between D with E led to product 3. In 2018, Xiong and co-
workers extended the phosphorylation of the C(sp®)-H bonds
of methyl-substituted arenes 19 with diaryl phosphinic acids 18
via BuyNI-catalyzed dehydrogenative coupling for the synthesis
of organophosphorus compounds 20 in moderate to excellent
yields (42-98%) (Scheme 10).>® Toluene bearing electron-
donating groups or halogens showed a higher reactivity than
that of the toluene with electron-withdrawing groups. The
screening of catalysts and oxidants showed that Bu,NI and
TBHP have the best effectivity. Bu,NBr, 18-crown-6-ether and I,
did not have any catalytic activity. For oxidants, TBPB and
K,S,0;3 led to low yields (26-36%), and DTBP, H,0,, m-CPBA
and H;K;0,4S, were not workable.

In 2019, Gui and co-workers succeeded in synthesizing O-
alkylated hydroximides 23-24 under metal and solvent-free
conditions with ultrasound acceleration (40 kHz/40 W)
(Scheme 11).>* The coupling reaction occurred between N-
hydroxyphthalimide 21 (NHPI) and toluene 2, or ether/thioether
compounds 22. The ultrasound technique can enhance the
efficiency and rate of the reaction and minimize the side reac-
tions. The screening of other oxidants such as H,0, or Na,S,04
was not effective for this coupling reaction. The reaction pro-
ceeded through a radical mechanism, which was initiated with
the generation of tert-butoxyl and tert-butylperoxy radicals from
the decomposition of TBHP under iodide ion catalysis. These
radicals then trapped a hydrogen atom from NHPI to form the
phthalimide N-oxyl (PINO) radical A. The PINO radicals
abstracted a benzylic or etheric hydrogen atom from 2 or 22 to
produce the carbon radical B. The formation of these new stable

[¢]
H X, R
T , TBAI (0.2 eq.) N_O_Q j
~~’ TBHP (in decane 5.0 eq.) -
o) 22 ))), r.t., 30 min o)
M| X=0.8 73-90%
N—O
o
21 AN H
\ T TBAI(O2eq)
/ = TBHP (in decane 5.0 eq.)
R" )), r.t., 30 min

69 91% R

Scheme 11 Synthesis of N-alkoxyphthalimides through ultrasound
acceleration (Gui and co-workers).2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Possible mechanism for the synthesis of N-alkoxyph-
thalimides through ultrasound acceleration.

carbon radicals was promoted by ultrasonic radiation, which
was then reacted with PINO radical A to yield product 23 or 24
(Scheme 12).

The I,/TBHP catalytic system can be utilized for the cross-
coupling reaction of isoquinolines 25 with toluene derivatives
2 (Scheme 13).*” In this method, various iodoisoquinolinones 26
were obtained via sequential C(sp®)-iodination/N-benzylation/
amidation reactions. TBHP as an initiator reacted with I, to
produce tBuOI and HOI. The attack of these radicals on the C4
site of isoquinoline 25 provides radical intermediate A. The
rearomatization of A yielded 4-iodoisoquinoline 27 through
direct hydrogen abstraction or oxidation to the carbon cation
and deprotonation. Meantime, the benzylic C(sp®)-H bond
iodination of 25 occurred via the attack of tBuOI to generate
benzyl iodide, followed by the reaction with 27 to give quater-
nary ammonium salt B. The nucleophilic addition of TBHP,
followed by the removal of a tBuOH molecule, yielded N-benzyl-
4-iodoisoquinolin-1(2H)-ones 26 (Scheme 14). It should be
noted that the use of quinoline as a coupling partner afforded
N-benzyl-3-iodoquinolin-2(1H)-ones.

Graphene oxide in combination with TBHP can catalyze
C(sp®)-H activation/amidation of toluene derivatives 2
(Scheme 15).>®* The method featured metal-free, base-free and
ligand-free synthesis of amides, the use of green solvent H,0,
room-temperature reaction and recyclability of graphene oxide.
First, TBHP promoted the oxidation of toluene to benzaldehyde.
The acidic groups on the surface of graphene oxide can activate

SN H I, (45 mol%)
Nt TBHP ( 40eq)
R = &2 T120°C.6h °C,6h

40 78%

Scheme 13 Reaction of isoquinolines and toluene derivatives via
iodination/N-benzylation/amidation sequence (Yang and co-
workers).?”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 14 Plausible mechanism for the reaction of isoquinolines and

toluene derivatives via the iodination/N-benzylation/amidation
sequence.
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Scheme 15 Graphene oxide/TBHP-catalyzed reaction toluene with
aniline (Dandia and co-workers).28

the carbonyl of benzaldehyde A and facilitate the attack of the
amine nucleophile to form the imine intermediate B. After-
wards, TBHP oxidized the imine to the oxaziridine intermediate
C, which under thermal rearrangement, followed by the
migration of a hydrogen placed trans to the nitrogen lone pair,
furnished amide 28. The evaluation of other carboxylic catalysts
was not as effective as graphene oxide. When o-phenylenedi-
amine was used as the substrate in the reaction with a toluene
derivative, 2-aryl-1H-benzimidazole was obtained via the intra-
molecular nucleophilic cyclization of the imine intermediate.
2.1.2. C(sp®)-H functionalization using DTBP. In 2016, the
Gao lab introduced a new method for the synthesis of benzo[b]
phosphole compounds 30 using a TBAI/DTBP simple system for
the radical addition/cyclization of diaryl(aryl ethynyl)phosphine
oxides 29 with toluene derivatives 2 (Scheme 16).> TBAI served
as a catalyst in this reaction. After screening of other catalysts
such as KI, Bu,NBr and Bu,NClI, the authors found that KI also
improved the efficiency. To confirm the reaction mechanism,
the authors conducted kinetic isotope effect (KIE) experiments.
Deuterated toluene was used, and a KH/KD value of 1.72 was

RSC Adv, 2025, 15, 14691-14716 | 14695
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Scheme 16 TBAIl-catalyzed radical addition/cyclization of diary-
l(phenylethynyl)phosphine oxides with toluene derivatives (Gao and
co-workers).?®

observed, indicating that the C-H bond cleavage on the methyl
of toluene was not involved in the rate-limiting step. In addi-
tion, the use of 4.0 equivalents of BHT as a radical trapper
stopped the transformation, indicating that the reaction
occurred through the SET pathway. Thus, the authors propose
a radical mechanism outlined in Scheme 17. At first, the tert-
butoxyl and tert-butylperoxy radicals were produced with the
help of the iodide anion. The benzyl radical A was generated
through the abstraction of hydrogen by these radicals from
toluene. Next, the regioselective attachment of the carbon
radical to the a-position of the P=0 bond in 29 produced the
alkenyl radical B. The author envisaged that radical B under-
went two possible pathways to yield the expected product 30
based on the production of two regioisomeric products.
Cross-dehydrogenative coupling reaction of quinones and
1,4-naphthoquinones 31 with benzylic C-H bonds 2 can be
efficiently promoted by DTBP (Scheme 18).*° The corresponding
products were obtained in moderate to high yields. Toluene
with an electron-donating group such as Me and OMe can
enhance the reaction efficiency, affording higher yields (75-
88%), while electron-poor toluene bearing Br or Cl groups
yielded 62-67%. The reaction also led to low yields in the
presence of other organic peroxides, such as TBHP, TBPB and
BPO. Although PhI(OAc), resulted in a 46% chemical yield.
Radical trapping experiments using TEMPO and BHT suggested
a radical route, in which the generated benzylic radical A by
DTBP attacked the electron-deficient olefinic bond of quinone

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Scheme 17 Possible mechanism for the radical addition/cyclization of
diphenyl(phenylethynyl)phosphine oxide with toluene.
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Scheme 18 DTBP-mediated cross-coupling of quinones with
benzylic C(sp*)—H bonds (Wang and co-workers).3°
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Scheme 19 DTBP-promoted radical cyclization of 2-arylbenzoimi-
dazoles with toluene (Wei and co-workers).**

Ar

31 to generate an oxygen radical B, followed by losing
a hydrogen atom by peroxide.

DTBP-promoted radical cyclization of 2-arylbenzoimidazoles
33 with toluene 2 and unactivated alkanes was reported by Liu
and Wei et al. in 2022 (Scheme 19).** A wide range of benzimi-
dazo[2,1-alisoquinolin-6(5H)-one scaffolds were constructed in
high yields from both toluene derivatives and unactivated
alkanes. The reaction was conducted in water as the solvent,
and sodium dodecyl sulfate (SDS) was used as a phase transfer
agent. The use of TEMPO, BHT and 1,1-diphenylethene (DPE) as
radical scavengers demonstrated that a radical pathway is
involved, in which the unactivated C(sp*)-H bond was broken
under the action of tert-butoxy radical, producing a carbon
radical, which attacked the alkene moiety in substrate 33 to
form alkyl radical B, and then aryl radical C. The oxidation of B
to C and subsequent oxidation of C delivered product 34.

2.1.3. C(sp®)-H functionalization using TBPB. In 2018,
a transition metal-free direct C(sp®)-H cyanation reaction
between a wide range of substrates such as alkanes, ethers and
tertiary amines with cyanobenziodoxolones was described by
Zhang and co-workers (Scheme 20).** In this reaction, cyano-
benziodoxolone served as both a cyanating agent and oxidant.
The cyanation reactions can proceed via two plausible

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00361j

Open Access Article. Published on 07 May 2025. Downloaded on 3/20/2026 6:10:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review
x
, K “N—H __ TBPB (20 mol%) ril C CN
R/ EtOAc, 110 °C, 16 h, Ar
CN 38
/ 36 20-90%
N X=C,0
o -
R3
o e TBPB (20 mol%) RiN/kCN
35 SN SH T EtOAc, 110°C, 12h, Ar L
|
R! 39
37 40-98%

45% 60% 54% 20%

|
@(NJ/CN N/Ph

78% 88%

Scheme 20 TBPB-promoted C(sp®)—H cyanation between alkanes,
ethers and tertiary amines with cyanobenziodoxolones (Zhang and co-
workers).*

mechanisms depending on the structure of the substrates: (i)
a free radical pathway for alkanes and ethers and (ii) an
oxidative pathway for tertiary amines. Path I (for alkanes and
ethers) represented a free radical route for the cyanation of
alkanes and ethers, which began with the generation of the
radical tBuO’ from TBPB as an initiator. Then, tBuO" extracted
a hydrogen atom from the R-H bond of the substrate to
generate carbon radical A, followed by the interaction with 35 to
yield nitrile 38 and an iodine-centered radical B. Another
hydrogen abstraction from the substrate was performed by the
reactive radical B to yield 2-iodobenzoic acid 40 and A. Mean-
time, the cyanation of A yielded product 38 or 39. In the case of
tertiary amines (path II), after the generation of tBuO’, a single
electron transfer (SET) from the nitrogen atom of amine to
tBuO’ gave N-centered cation radical C and a tert-butoxy anion
(tBuO™). Then, C was deprotonated to the a-C(sp?) radical D,
followed by SET oxidation by 35 to obtain iminium cation E
along with the release of B and a cyanide anion. Nucleophilic
attack of cyanide anion to E delivered the nitrile product 40.
However, C was regenerated via the SET oxidation of substrate
38 with B (Scheme 21).

2.1.4. C(sp’)-H functionalization using K,S,0s. In 2015,
K,S,0s, an inorganic oxidant, was used as an initiator in the
coupling reaction between toluene derivatives and selectfluor
(Scheme 22).33 Mono- and di-fluorination of the benzylic C(sp®)-
H bond was carried out in this method. The radical mechanism
involved the formation of a SO, anion radical from K,S,Og,
followed by the attack on the benzylic hydrogen of 2. The
generated benzylic radical A captured a fluorine atom from 41 to
form the monofluorinated compound 42. However, difluori-
nated arene 43 was obtained via the abstraction of another
fluorine atom by fluorinated benzylic radical B (Scheme 23). In
2017, a similar reaction condition was used for the C(sp®)-
C(sp®) homocoupling of toluene (Scheme 24).>* The screening of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorination (Yi and co-workers).3®
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Scheme 23 Proposed mechanism for K,S,0Og-promoted selective
benzylic mono- and di-fluorination.

42

various organic and inorganic peroxides showed that only
inorganic peroxides such as Na,S,0g, (NH,),S,0s and K,S,04
were workable, and the best result was obtained using 2 equiv.
of K,S,04 in a mixture of CH;CN and H,O as the reaction
solvent at 80 °C. A cross-coupling reaction between toluene and
1-methylnaphthalene was also carried out leading to 25% yield.
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Scheme 24 K,S,0g-promoted homocoupling of toluene (Singh and
co-workers).3*

The radical trapping experiment using TEMPO suggested
a radical route, which started with the thermal decomposition
of K,S,05 to SO,", followed by the trapping of methylarene 2 by
this anion radical to generate a benzyl radical A. The dimer-
ization of A delivered the dibenzyl product 44.

2.2. C(sp®)-H functionalization using bases

C-H activation/intramolecular annulation reaction towards the
synthesis of helical chromenes was reported by He and Kwong
et al. in 2022 (Scheme 25).*° This metal-free ring-closure strategy
showed moderate to good product yields and good functional
group compatibility, particularly for the challenging Br and Cl
groups. The reaction was proposed to proceed through either
a radical mechanism or an anion mechanism. Mechanistic and
DFT studies demonstrated that quinone is a key intermediate,
which was generated from an anionic intermediate A. In the
comparison between the radical and anionic pathways, the
possible intermediates in the ionic pathway exhibit lower acti-
vation energy and more stability than the radical pathway.
Therefore, a stepwise mechanism starting from anionic inter-
mediate A was proposed, which started with the removal of the
triflate group, leading to a stable quinone intermediate B. Next,
oxa-6m-electrocyclization through transition state C provided
product 46.

DBU (2.5eq.)
DMF,4A MS
100 °C, 3h, N,
Ph X
= |
© O © _CF,
0Ly OFs — 5%
o
o
A B

Scheme 25 Redox-neutral benzylic C-O cyclization generating
helical chromenes (He and co-workers).*
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Scheme 26 Redox-neutral benzylic C-O cyclization generating
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In 2024, a new metal-free base-catalyzed C-H functionaliza-
tion reaction of toluene derivatives 9 was introduced by Li and
colleagues (Scheme 26).>* Two bases, namely KO¢tBu and KOH,
were employed to catalyze the cross-dehydrogenative coupling
reaction between benzylic C(sp*)-H bonds and alcohols using
molecular oxygen as a green oxidant. Given that KOtBu is
a stronger base, the C-H activation reactions in the presence of
this base can be carried out under milder conditions (less equiv.
of the base compared to KOH, lower temperature and shorter
reaction time). In addition, a wide range of aliphatic, benzylic
and cyclic alcohols participated smoothly in the alkoxylation of
the primary and even secondary benzylic C-H bonds of toluene.
In the same year, another KOtBu-promoted C(sp®)-C(sp®) cross-
coupling between methyl N-heteroarenes 50 and benzylic alco-
hols 6 was reported (Scheme 27).*” Based on DFT calculations,
a SET/HAT mechanism was suggested, in which anion A was
produced in the presence of KO¢Bu. After that, the SET reduc-
tion in the aryl halide additive afforded an aryl radical and
deprotonated methyl N-heteroarene A to produce radical B.
However, the HAT process between alcoholate C from benzylic
alcohol 6 and the aryl radical gave the alcohol anion radical D

KO'Bu (4.0 eq.) in DMF
4-lodotoluene (2.0 eq.)
Ar,90°C,24h

Scheme 27 KOtBu-promoted C(sp®)—C(sp®) cross-coupling between
methyl N-heteroarenes and benzylic alcohols (Taillefer and co-
workers).*”
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Scheme 28 Possible mechanism for the KOtBu-promoted C(sp®)—
C(sp®) cross-coupling between methyl N-heteroarenes and benzylic
alcohols.

and ArH. The radical-radical coupling of B and D provided
intermediate F, followed by a proton transfer and subsequent
elimination of KOH to yield olefin 51 (Scheme 28). KOtBu can
also catalyze the silylation of benzylic C(sp®)-H bonds 2 using
stable tert-butyl-substituted silyldiazene ({Bu-N=N-SiR;) 52 as
the silicon source (Scheme 29).%®* The protocol featured high and
selective catalytic activity of KO¢tBu in combination with ¢Bu-
N=N-SiR; towards the formation of {BuK that further moved
through an anionic chain process for the silylation of benzylic
C-H bonds, leading to various mono- or gem-bis benzyl(di)
silanes 53-54. The replacement of KO¢Bu with nBuLi, KOH,
NaOtBu or Me;SiOK led to a lower yield of products (7-82%).
In 2024, potassium hexamethyldisilazide (KHMDS) was
employed for constructing 1,2-diaryl-2,3-dihydroindoles 56
from ortho-fluorinated methyl-arenes 2 and N-aryl imines 55

SiR
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H e R' 53
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R? Ny SR
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THE, t Ph 54
30-97%
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Scheme 29 KOtBu-catalyzed silylation of benzylic C(sp®)-H bonds
(Chauvier and co-workers).®
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Scheme 30 KHMDS-promoted reaction of ortho-fluorinated methyl-
arenes and N-aryl imines (Hintermann and Weindl).*®

under solvent-free conditions (Scheme 30).* The method pro-
ceeded through the benzylic C(sp®)-H activation via the depro-
tonation by the base, intermolecular 1,2-addition of the benzylic
carbanion to the imine, and subsequent defluorinative SyAr-
annulation. The synthesis of a wide variety of indolines was
performed without the need for any metal catalyst, and only 1.1
equiv. of KHMDS was found to be sufficient, as its strong basic
ability allowed the reaction to occur under mild conditions.
Other weaker alkali metals such as Li and Na were not effective.

2.3. C(sp®)-H functionalization using acids

In 2018, Rashidi Ranjbar and co-workers developed a metal-free
protocol for the synthesis of 2,3-dihydroquinazolin-4(1H)-one
scaffolds (Scheme 31).* A three-component reaction, including
aryl/alkylamines 1, isatoic anhydride 57, and arylalcohols 6 was
designed in the presence of HBr and DMSO. Interestingly,
bromodimethylsulfonium bromide (BDMS) intermediate D was
generated in situ from HBr and DMSO under reaction condi-
tions. This reactive intermediate was then subjected to the
nucleophilic attack of alcohol to form the alkoxysulfonium ion
E. However, isatoic anhydride underwent ring-opening by the
nucleophilic addition of amine to access anthranilamide A.
Another nucleophilic attack of E occurred by anthranilamide A
to obtain N-benzyl intermediate F by losing HBr and DMSO
molecules. Then, the interaction of BDMS with F and subse-
quent HBr elimination afforded the imine intermediate H. The
generated HBr in this step can react with DMSO to regenerate
BDMS. Finally, intramolecular cyclization in H produced 2,3-
dihydroquinazolin-4(1H)-ones 58 (Scheme 32). This method has
the advantages of using alcohols instead of aldehydes or
ketones in the reaction with anthranilamide, short reaction
times and mild conditions.

In the same year, Antonchick and his team developed
a methodology for the C(sp®)-H arylation of benzyl alcohols 6 in
the presence of a Lewis acid catalyst (Scheme 33).** For this
purpose, NOBF, (5 mol%) was served as a Lewis acid in

o}

H " o)
R
N
| N OH o .- HBr (1 eq.) CEL
S/ + /& * 2 DMSO N N
R N= 70 ' H |
H 80 °C, 30 min 58 P
1 R
6 57 91-96%

R= 4-MePh, 4-CIPh, nPr, nBu, Et

Scheme 31 Oxidative C(sp®)-N coupling using HBr and DMSO
towards 2,3-dihydroquinazolin-4(1H)-ones (Rashidi Ranjbar and co-
workers).4°
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Scheme 33 Lewis acid-promoted arylation of benzyl alcohols
(Antonchick and co-workers).*

a mixture of benzyl alcohols 6 and arenes 59, in DCE/HFIP (1: 1)
at 80 °C. Various polysubstituted arenes reacted well with a wide
range of electron-rich and electron-poor primary, secondary and
tertiary benzyl alcohols. A range of diarylmethane derivatives
were constructed in moderate to excellent yields (43-98%). They
also used this catalytic system for the intramolecular rear-
rangement of benzyl phenyl ethers towards benzyl phenols.

2.4. C(sp®)-H functionalization using other radical initiators

In 2015, Togo and co-workers reported the reaction of toluene
derivatives 2 with nucleophiles under metal-free conditions
(Scheme 34).*> For this purpose, various nucleophiles, such as
benzoic acid 16, sodium p-toluenesulfinate 10, p-toluenethiol,
aqueous dimethylamine 1, and succinimide were treated with
both electron-rich and electron-poor toluene in the presence of
1,3-dibromo-5,5-dimethylhydantoin (DBH) or N-bromosccini-
mide (NBS) and a catalytic amount of 2,2’-azobis(isobutyroni-
trile) (AIBN) as a radical initiator. Sodium p-toluenesulfinate
gave higher yields (80-96%) than those of other nucleophiles.
The reaction proceeded through a one-pot two-step process,
where in the first step, the generated benzyl radical, with the
assistance of AIBN and DBH, coupled with radical bromine to
obtain benzyl bromide. In the next step, the nucleophile
attacked the C-Br bond to produce the desired product.

In 2021, AIBN was utilized as an initiator for the thiocyana-
tion of toluene derivatives (Scheme 35).** Several thiocyanating
reagents were evaluated in the reaction with toluene, in which
64 showed better efficiency among others. It seems that the SO,
group plays an important role in the reactivity of 64 relative to
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Scheme 34 Metal-free formation of C-O, C-S, and C—N bonds at the
benzylic position of toluene (Togo and co-workers).*?
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Scheme 35 C(sp®)—H thiocyanation of toluene in the presence of
AIBN (Chen and co-workers).**

66 and 65. Moreover, the undesired electrophilic substitution
takes place on the phenyl ring of 69. In general, electron-rich
toluene derivatives gave higher chemical yields than those of
electron-deficient ones. The radical trapping and mechanistic
experiments revealed the presence of hydrogen and thiocyanato
radicals B but no benzyl radical. The decomposition of AIBN to
tert-butyl radical under heating and subsequent N-SCN cleavage
gave SCN radical A. For showing the plausible mechanism, the
authors used allylbenzene as a substrate, which underwent the
addition of radical A to form intermediate B. The release of
a hydrogen radical from B afforded the final product 65. The
generated hydrogen radical can react with 64 to form a SCN
radical A for the next catalytic cycle (Scheme 36).

In 2018, benzylic C-H amination of methylarenes 2 with N-
fluorobenzenesulfonimide (NFSI) 70 in the presence of
a hypervalent iodine agent like PhI(OCOPh), was reported by Li
et al. (Scheme 37).** A series of 4-methylanilides, even multi-
substituted 4-methylanilides, participated in this regiose-
lective C(sp®)-H activation. A plausible mechanism was sug-
gested by the authors, which started with the oxidation of 4-
methylanilide 2 by the iodine(m) reagent to produce radical A.
Then, through an SET, cation B was obtained from A, which
could be due to isomerization with dienimine C. Meantime,
NFSI was converted into the nitrogen radical, which then reac-
ted with C to yield intermediate D. Finally, product 71 was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 37 Oxidative benzylic C—H amination of 4-methylanilides
with N-fluorobenzenesulfonimide (Li and co-workers).**

obtained from the interaction of 2 with D. The desulfonylation
of the final sulfonamide was also carried out by conc. H,SO, to
provide benzylic amine (Scheme 38). In another reaction,
PhI(OAc), was used as a safe radical initiator instead of TBHP in
the coupling of N-hydroxyphthalimide (NHPI) 21 and unac-
tivated C(sp®)-H bonds 2 (Scheme 39).* In this work, toluene
derivatives bearing CH;, NO, and Cl functional groups were
incorporated in the C-O bond formation with NHPI, yielding
the corresponding products 72 in 75-94% yield. Overall, the
reaction proceeded via the attack of two radicals, PINO" A and
R’ B, which were generated in the presence of PhI(OAc), under

NHCOR NCOR NCOR “Neor
Ph éOCOR)z
% PhI‘ OCOR
Ph-OCOR
2 RCOOH
(PhSO,)N-F PhI-OCOR PhsON
70
®
NHCOR NCHOR
E N(SO,Ph), N(SO,Ph),

Scheme 38 Possible mechanism for the oxidative benzylic C-H
amination of 4-methylanilides with N-fluorobenzenesulfonimide.
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Scheme 40 Aerobic oxidative C-O coupling of C(sp®)—H with
carboxylic acids (Li and co-workers).4¢

heating. In addition to toluene, various alkanes, ethers, thio-
ethers and nitriles were well tolerated in this mild coupling
reaction.

Acetoxylation of benzylic C(sp®)-H bonds was performed in
the presence of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) as a main catalyst and ter¢t-butyl nitrite (TBN) as a co-
catalyst (Scheme 40).*® Aliphatic and aromatic carboxylic acids
16 can be incorporated in the reaction with diarylmethanes 2.
The reaction could be influenced by the electronic effects of the
functional groups on the aryl rings of substrate 2. The process
involved a radical pathway according to the radical trapping
experiment. First, TBN was converted into NO, under aerobic
conditions. HAT between DDQ and 2 generated alkyl radical A
and DDQH. Further, through a SET process, diphenylmethy-
lium B and DDQH ™ were generated. Then, cation B reacted with

o
2 o 2

TBN .
cl cN HAT o
cl CN :
NO o cl CN A
DDQ o
0, DDQH SET
cl CN
NO, oo o
cl CN
CI CN ‘
Cl CN B
DDQHZ o
AcOH
opaH©

savk

Scheme 41 Possible mechanism for aerobic oxidative C-O coupling
of C(sp®—H with carboxylic acids.
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Scheme 42 C(sp®)-H/C(sp®)-H dehydrogenative coupling of satu-
rated heterocycles and toluene with N-benzyl imines (Zhang and co-
workers).*

carboxylic acid 16 to deliver acetoxylated product 73. However,
DDQH™ was protonated to DDQH,, which could be re-oxidized
to DDQ by NO, (Scheme 41).

NaN(SiMej3), or LiN(SiMej3), with an aryl iodide can catalyze
the C-C coupling between heterocyclic C(sp*)-H bonds and
alkyl/benzyl C(sp®)-H bonds (Scheme 42). However,
KN(SiMe;), resulted in a mixture of products. NaN(SiMe;), was
chosen as a better catalyst for the reaction of ketamine with
toluene or saturate heterocycles with a C-H bond active. Unlike
other C(sp®)-H activation reactions mediated by photoredox
catalysts or peroxides, this reaction is based on the organic
super electron donor (SED), 2-azaallyl anions. The reaction
proceeded through the SET of 2-azaallyl anions and aryl iodides
as electron acceptors, affording the aryl radical. Through a HAT
process from toluene or saturated heterocycles to this aryl
radical, a benzylic radical or alkyl radical was obtained,
respectively. Coupling of the active radicals resulted in the
formation of the target product 77 (Scheme 43).

. HN\
Ph_ R Ayl 75 X
X=C, N, 0

HAT

Aryl—H

Radical-radical

coupling
X
Ph
)\ ?
NS
Ph N Ar

Scheme 43 Plausible mechanism of C(sp®)—-H/C(sp®)-H dehydro-
genative coupling of saturated heterocycles and toluene with N-
benzyl imines.
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2.5. C(sp*)-H functionalization using visible light
irradiation

In 2019, a facile method was introduced for the carboxylation of
the benzylic C(sp®)-H bonds by applying synergistic effects
between photoredox and organocatalysis (Scheme 44).** A
diverse range of carboxylic acids were constructed using 4
atmospheric gaseous CO, under visible light conditions. The
evidence of KIE study revealed that the C-H bond cleavage is
involved in the rate-limiting step. Two catalytic cycles were
involved in this transformation. In the photocatalytic cycle,
4CzPEBN* was generated under visible light irradiation. In the
meanwhile, RSH'" (R = iPr;Si) was formed from R-SH, which, in
turn, was formed through a hydrogen atom transfer (HAT)
process from alkylarene 2 and radical R-S" in the organo-
catalytic cycle. The generated benzyl radical was then reacted
with 4CzPEBN'~ through another SET process to produce
a benzyl anion intermediate. The addition of CO, to the benzylic
C-H bond can form the corresponding carboxylic acid 78 after
protonation. It should be noted that the process was carried out
without the need for any sacrificial electron donor, electron
acceptor or additives (Scheme 45). In 2024, the acylation of
benzylic C(sp®)-H bonds 2 was established in the presence of
4CzIPN (Scheme 46).*> Zhou et al. explored synergistic effects
between the organophotocatalyst 4CzIPN and thiol for
promoting the coupling reaction of toluene 2 and aromatic
aldehydes 79. In this method, a series of a-aryl ketones were
synthesized through the formation of alcoholic species as a key
intermediate, followed by acceptorless alcohol dehydrogena-
tion. The reaction mechanism in details started with photoex-
citation of 4CzIPN to the excited state 4CzIPN*, followed by the
interaction with thiol via SET to generate an electrophilic thiyl
radical A after the deprotonation. A HAT process occurred
between the C(sp®)-H bond of alkylarene and the thiyl radical A
to render a benzylic radical B. Meanwhile, aldehyde was sub-
jected to a proton-coupled electron transfer (PCET) with the
reduced photocatalyst 4CzIPN'~ to form the neutral ketyl

H CO,H
4CzIPN (6 mol%)
R? o Pr,SiSH (20 mol%) R2
* 2 DMF, Blue LEDs
R' 2 0°C,24h R' 78
38-89%
COH CO,H CO,H COH
©)\R2
C :o
R 39% 7%
A
R'= 2-Me, 72% R?= Et, 55% CO,H
R'= 3-Me, 61% R2= nPr, 53%
R'= 2-OMe, 76% R2= iBu, 60% OO
R'= 4-OMe, 52% R2=Bn, 67% MeO
R'=4-F, 51% COzH 38% CO,H
R'= 4-Cl, 49%
R'= 2-OAc, 56%
R'=2-Ph,64%  N._
N
— 78% 36%

Scheme 44 Photocarboxylation of benzylic C—H bonds using CO,
(Kénig and co-workers).*®
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Scheme 46 Photocatalytic cross-coupling of the benzylic C-H bond
of toluene with aromatic aldehydes (Guo and co-workers).*°

radical C. Next, benzylic radical B coupled with the ketyl radical
C to provide the alcohol intermediate D, which through pho-
tocatalytic acceptorless dehydrogenation furnished ketone 80
(Scheme 47).

In 2019, Shen et al. explored a photoredox organocatalysis
system for C(sp®)-H activation/annulation of tetrahydronaph-
thalene substrates 81, leading to benzo[a]carbazoles 83

A Ng
e

PC4 RS + HO A

Ar

- 2
ORPC
R\ O

Ar \®
A2 Ayﬁ
PC4

Scheme 47 Photocatalytic mechanism for the cross-coupling of the
benzylic C—H bond of toluene with aromatic aldehydes.
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Scheme 48 C(sp®)—H activation/annulation of tetrahydronaph-
thalenes (Shen and co-workers).°

(Scheme 48).>° The authors employed 1,2,3,4-tetrahydronaph-
thalene and arylhydrazine hydrochlorides as starting materials
in the presence of 10-phenyl-9-(2,4,6-trimethylphenyl)
acridinium tetrafluoroborate as a photocatalyst under visible
light conditions. Initially, the photocatalyst was converted into
the exited-state catalyst under blue LEDs. Then, the excited-
state species under a SET process with the benzylic C(sp®)-H
bond afforded a radical cation A and a radical anion photo-
catalyst, which could be oxidized by O, in the ground-state
photocatalyst. However, the radical cation A was converted to
the radical B by losing a proton, followed by reaction with O, or
the O, radical anion to yield the hydroperoxidate C. Further
dehydration of C afforded the ketone D, which underwent (3 +2)
cycloaddition with phenylhydrazine hydrochloride 82 to furnish
6,11-dihydro-5H-benzo[a]carbazole E. The oxidative aromatiza-
tion of E resulted in the formation of benzo[a]carbazole 83 in
the presence of O, (Scheme 49). Moreover, the large-scale
synthesis of the product (0.6 g, 55%) showed the utility of this

@
H
o+ ot
@O SET @ ©i>
81 A B
02 or O,

PC* .
PH,CH
H
Photoredox
Catalysis
hv
NHNH, HCI #

Oxidative N (3+2)
Aromatization Cycloaddmon

83 £ b

Scheme 49 Proposed mechanism for C(sp®)—H activation/annulation
of tetrahydronaphthalenes.
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Scheme 50 P-BCN-catalyzed alcohol oxidation/toluene C(sp®)—H
activation with o-thio/hydroxy/aminoanilines (Jiang and co-
workers).>t

protocol. Another photocatalyst was used in the Jiang work for
preparing benzoazoles 85 from toluene 2 (Scheme 50).** For this
purpose, o-thio/hydroxy/aminoanilines 84 were used as
coupling partners in the reaction with toluene 2 in the presence
of porous borocarbonitride (P-BCN). Higher catalytic activity
was observed using P-BCN compared to bulk BCN, which might
be because of the crystallinity-enhancement-induced improve-
ment in charge separation and transmission. This procedure
features high substrate tolerance using a recyclable heteroge-
neous photocatalyst, water and O, as the green solvent and
oxidant, respectively, which offers a sustainable and eco-
friendly synthetic route. The overall mechanism involved the
formation of electrons and holes A on the surface of P-BCN
under blue-light irradiation. The O, oxidized to O,"" by the
electrons on the conduction band B. In the case of holes,
toluene was oxidized to benzaldehyde to form benzyl radical C,
which was then oxidized and dehydrogenated by O, to form
benzaldehyde D. The condensation of benzaldehyde with o-
aminobenzenethiol 2 was promoted by the exposed B Lewis acid
sites in P-BCN to generate 2,3-dihydrobenzothiazole E, followed

0,

Visible light

-0

Scheme 51 Proposed mechanism for P-BCN-catalyzed alcohol
oxidation/toluene  C(sp®)-H activation ~with  o-thio/hydroxy/
aminoanilines.
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Scheme 52 C(sp®)—H activation/amination of arylalkyl substrates (Li
and co-workers).>?

by oxidation to yield 2-phenylbenzothiazole 85 with the help of
0O,"" or photo-induced holes (Scheme 51).

Another visible light catalysis system was used for benzylic
C(sp®)-H amination of various arylalkyl substrates 86
(Scheme 52).°> The KIE study showed that C-H activation is the
rate-determining step. UV-vis studies demonstrated that the
reaction did not occur without the irradiation. According to the
mechanistic experiments, a rational mechanism was suggested
for this procedure. Two different products can be synthesized
via the C(sp®)-H activation of a diverse range of hydrocarbon
substrates. When the reaction was carried out in the presence of
300 mol% of NIS as an initiator under visible light irradiation,
benzylamines 87 were obtained after 16 hours, while increasing
the amount of NIS to 500 mol% for 36 hours reaction time led to
the formation of pyrrolidine products 88. It seems that this
reaction involved a HAT relay strategy to access pyrrolidine
structures through two consecutive C-H bond aminations of
alkanes with variable bond dissociation energies. According to
the mechanism in Scheme 53, first, a halogen bond complex A
initiated visible light absorption. The reaction mechanism
involved photoexcitation and charge transfer towards
a nitrogen-centered radical D and iodine, which could be in
equilibrium with the N-I intermediate E. The abstraction of

o
H | ] H
N—|.H..®N:/ - 5 N—I Nf
A SO,R 1 “SO,R
o
A o
Cc
First halogen bond
1 o) o) '
I\ H H H
[\
ros l ) e Ty e
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4 )
D (¢}
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H
PS cH
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Me | Abstraction o

ol /p
fy H,NSO,R

. wH

([ Ph%\ HoNSOR > )\ ° -succinimide "
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NTs

F

Scheme 53 Possible mechanism for the C(sp®)-H activation/amina-
tion of arylalkyl substrates.
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Scheme 54 Benzylic C(sp®)—H activation/hydroperoxidation using O,
(Xing and co-workers).>®

a hydrogen atom from the benzylic C-H bond by D gave radical
F. The combination of the first iodide radical with F, followed by
the second iodide bonding with NIS resulted in complex G.
Finally, 1-iodoethylbenzene underwent the nucleophilic
substitution of amine 10 to provide product 87. A similar
process was proposed for the subsequent Hofmann-LOffler-
Freytag (HLF) reaction to produce pyrrolidine.

Benzylic C(sp®)-H activation/hydroperoxidation reaction can
be carried out in the presence of O, catalyzed by a photoredox
catalyst (Scheme 54).°* In this context, Xing and co-workers
utilized only 2 mol% of eosin Y photocatalyst to begin the
reaction. After the excitation of the organocatalyst by light,
alkylarene transferred a hydrogen atom to it to generate a benzyl
radical A. This reactive carbon radical then underwent the
addition of O, to obtain another active peroxy radical B. A retro-
HAT between eosin Y-H and B resulted in the desired product
89 and the ground-state eosin Y. The catalyst can restart another
catalytic cycle (Scheme 55). Many alkylarenes with different
functional groups (OMe, I, Br, Cl, NO,, COMe, and -C=CH)
were tolerated well, while heteroaromatics such as 2-ethyl
thiophene, 2-alkyl pyridine and 3-alkyl indole were not feasible.
Simple reaction conditions and avoiding any additives are the
advantages of this work. Another research group used photo-
catalysis system for the hydroxylation of benzylic C-H bonds

R? .
0—0
R3
B

R!
COOH
Br. O
2 HO
- Br
Eosin Y-H
! COOH

Eosin Y

RZ

EosinY

’

Scheme 55 Photocatalytic cycle for C(sp®)-H activation/hydro-
peroxidation using O,.
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Scheme 56 Photocatalytic hydroxylation of benzylic C(sp*)—H bonds
using O, (Das and co-workers).>*

using O, (Scheme 56).>* In this work, tertiary alcohols can be
constructed in good chemical yields. The mechanism involved
the irradiation of visible light to activate the catalyst to the
exited state, and to transform O, to O, . Then, the CI,PINO
radical was also generated through a HAT process with O, ",
along with the formation of HOO™ from O, . The oxidation of
HOO™ by photocatalysts and another HAT process provided
H,0,. Next, the substrate was activated by the CI4PINO radical
through another HAT process to render the cumyl radical C. In
this step, cumene autooxidation via a free radical route
occurred to form a cumyl radical, which further reacted with O,
to produce the peroxo-intermediate D. Afterward, the dime-
thylbenzylalkoxyl radical E was generated via the reaction of two
molecules of D with O,. In addition, D gave the peroxide as
a byproduct under the HAT process. Finally, E abstracted
a hydrogen atom from the substrate to afford product 90 and
restarted the chain reaction with C or underwent B-scission to
furnish the acetophenone byproduct F (Scheme 57). Moreover,

0, :> detected by EPR

H
ca ©
A
c o
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PEa RGN
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cl o) [+
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HOOH
20
DMPO

2 CH3 —— detected by EPR
DMPO

via B-scission

9 HOL

detected by EPR

F

G
by-product by-product

Scheme 57 Catalytic cycle for the photocatalytic hydroxylation of
benzylic C(sp*)—H bonds using O-.
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Scheme 58 Cross-dehydrogenative arylation of unactivated benzylic
C—-H bonds (Larrosa and co-workers).>®

the applicability of the method was shown with the recovery of
the catalyst, the performance of the reaction under solar energy
and the gram-scale synthesis of the product.

The Larrosa team described cross-dehydrogenative coupling
between the benzylic C(sp’)-H bond of alkylarenes 2 and
C(sp®)-H bond of aryl/heteroaryl compounds 59 (Scheme 58).5
The method was proposed to be based on the formation of
reactive benzyl fluoride intermediate A from the interaction of
benzylic fluorination of alkylarene 2 using 9-fluorenone as
a photocatalyst and selectfluor under visible light irradiation.
This electrophilic intermediate then underwent SgAr-type
reaction with the nucleophilic aryl/heteroaryl coupling part-
ners. It is noteworthy that the reaction of alkylarene with
selectfluor can produce a benzylic electrophile containing
a suitable leaving group that is recognized as a key intermediate
for the reaction progress. This intermediate can easily react with
nucleophiles without the need for an a-activating group and/or
a para electron-donating group. The substitution occurred at
the most electron-rich and less hindered position on the arene
ring. As a result, a series of synthetically useful 1,1-diaryl-
methane structures were constructed in good yields with
complete regioselectivity. Finally, the researchers succeeded in
the late-stage functionalization of some biologically aromatic
molecules using only a fluorinating agent such as selectfluor or
HF as a stoichiometric oxidant.

In 2022, Wang and co-workers utilized Na,-eosin Y for the
photocatalytic difluoroalkylation of benzylic C(sp®)-H bond 92

(e}

F
E
R
Na,-eosin Y (10 mol%)
_____HWRP__
Green LED (1.5 W)

i, 6 h X
94

o

X= O,N 38- 96&

TMS
®oTmMS

Scheme 59 Benzylic C(sp®)—H difluoroalkylation with difluoroenox-
ysilanes via photoredox catalysis (Wang and co-workers).¢
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by using difluoroenoxysilanes 93 (Scheme 59).>° In general, the
reaction proceeded through the formation of benzyl radical A
through a HAT process using singlet O,. Then, the conversion of
A into carbocation B occurred in the presence of "OOH. After
that, the nucleophilic addition of difluoroenoxysilane 93 to the
carbocation led to the final product 94. Xanthenes, acridines
and thioxanthene reacted well with difluoroalkylating reagents,
yielding 38-96% of products. The method featured the use of an
organic photocatalyst, a green oxidant of air and mild condi-
tions. The evaluation results indicated that transition metal
catalysts Ru(bpy)s;Cl, and [Ir(dtbbpy)(ppy).]PFs suppressed the
reaction, while organocatalysts Mes-Acr'ClO, ", Rose Bengal, 9-
fluorenone and 9,10-dicyanoanthracene gave moderate chem-
ical yields. Further synthetic transformations of the products
including the conversion of the ketone moiety into the alcohol,
and the removal of the benzoyl group to access the CF,H group
were also performed in this work.

In 2023, Maiti and co-workers established C(sp*)-H thioar-
ylation of toluene derivatives using thioxanthone as a photo-
catalyst (Scheme 60).”” Thioxanthone played a dual role in the
hydrogen atom transfer and energy transfer. First, under
390 nm light, thioxanthone (PS) was excited to triplet PS*, which
abstracted a hydrogen atom from the C(sp®)-H bond of 96. Two
thioaryl and succinyl radicals were generated via energy transfer
from thioxanthone. In the next step, a thioaryl radical was
coupled with a benzylic radical to provide the coupling product
98 (Scheme 61). However, a succinyl radical regenerated thio-
xanthone to restart the catalytic cycle. The post-
functionalization of the thioarylated product with a bromo
group was investigated for the Suzuki-Miyaura and Sonogashira
cross-coupling reactions. Besides, these sulfide products could
be oxidized to sulfoxides or converted to the corresponding
disulfides.

In 2022, the Das research team developed a new and simple
strategy for the upcycling of polystyrene-based wastes into lower
weight aromatics, namely benzoic acids, aromatic ketones,
benzene and toluene (Scheme 62).°® The reaction was per-
formed in the absence of any transition metals under mild
conditions. The protocol was demonstrated on 13 varieties of
real-life plastics on the gram scale, and showed good synthetic
utility in the synthesis of bioactive compounds. In general,
under LED irradiation, three HAT cycles including NBS,

H Thioxanthone (30 mol%)
K3PO4 (2.0 eq.)
390 nm (40 w), rt, 24 h

@AQ

32 74%

* Q
R
L Thioxanthone (30 mol%) Ng .
R—H R

K3PO, (2.0 eq.)
96 390 nm (40 w), rt, 24 h
R-H = Alkane, Cycloalkane, THF, Et,0

98
43-74%

Scheme 60 Photo-induced HAT-assisted C(sp®)—H thioarylation
(Maiti and co-workers).>”
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Scheme 61 Plausible mechanism for photo-induced HAT-assisted
C(sp®)—H thioarylation.
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Scheme 62 Upcycling of polystyrene-based wastes into low weight
aromatics (Das and co-workers).>®

CF;SO,Na and O, can afford the radicals that abstract
a hydrogen radical from polystyrene, generating the benzylic
radical, which under the attack of O, and subsequent B-scission
produced smaller fragments. In 2024, a photo-induced reaction
involving toluene derivatives 2, 101, sulfonamides 10 and
olefins 102 was reported by Li's research team (Scheme 63).”° A
series of tetrahydroisoquinolines 104 were isolated through
a one-pot two-step process. First, the amination of benzylic
C(sp®)-H bonds by sulfonamides in the presence of NBS as an
oxidant and a compact fluorescent lamp (CFL) was performed.

H  NHTs R
NBS (110 mol%) R2
R1 -
. RN DCM, 1 h, CFL light, N,
then HFIP, 36 h N7 O R!
|
101 102 Ts
103
32-94%
H H
H  NHSOAr
R? NIS (300 mol%)
HoN—SOAr DCM, CFL, 16 h R’
+ s PR
2 10 not isolated
R1
N/SogAr Rz/\

102

NBS (200 mol%), DCM
1h, CFL, N,
then HFIP, 24 h

104 R?
11-72%

Scheme 63 Reaction of toluene derivatives with sulfonamides and
olefins (Li and co-workers).>®
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Scheme 64 Photoredox catalytic allylation of benzylic C(sp®)-H
bonds (Melchiorre and co-workers).°

Then, the olefin coupling was carried out through (2 + 4)
cycloaddition via a radical bond formation and a polar bond
formation. This feature of this synthetic method allows the
incorporation of various bifunctional reagents in the synthesis
of N-heterocycles. The method was also investigated using
benzylsulfonamide and olefin under the same conditions.

In 2022, Melchiorre and co-workers used a photoredox
catalyst to perform the coupling of C(sp*)-H bonds of toluene
derivatives with C(sp®)-H bonds of nonfunctionalized allylic
substrates (Scheme 64).°° In this process, benzylic and allylic
radicals were generated under visible light irradiation with the
assistance of photoredox catalysts. A dithiophosphoric acid was
used as a catalyst playing two roles, the first as a catalytic donor
to create photoactive electron donor-acceptor (EDA) complexes
and the second as a hydrogen atom abstractor. To show the
precise mechanism, the authors designed a three-component
route for the coupling reaction driven by visible light. They
compensated less reactivity of non-stabilized alkyl radicals by
intercepting nonstabilized alkyl radicals C, generated upon
catalytic EDA activation of a radical precursor, with styrene 106
to form stable benzylic radical E. However, radical D was
generated through a HAT process between a thiyl radical B and
an allylic precursor. Finally, the benzylic radical VI coupled with
radical D to yield the final product 107 (Scheme 65).

A : SET )‘\ R AT
@R R8 105 \_8\0 R
Ar

c E
base
/ EDA activation

Q—sn > 107
NESNe Ry
106 D

Scheme 65 Rational mechanism for photoredox catalytic allylation of
benzylic C(sp*)—H bonds.
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Scheme 66 Benzylic C(sp®)—H etherification and esterification reac-
tions via photoredox catalysis (Das and co-workers).®*

In 2022, the Das group established etherification and ester-
ification reactions of benzylic C(sp®)-H bonds by using a pho-
toredox catalyst under mild conditions (Scheme 66).* In this
regard, a diverse range of aliphatic alcohols and aliphatic/
aromatic carboxylic acids as well as amino acids acted as
nucleophiles in the reaction with toluene derivatives, leading to
regioselective synthesis of benzylic ether and ester products.
Additionally, late-stage functionalization etherification and
esterification of 20 pharmaceutically relevant molecules was
carried out in this work. It was found that the reaction started
with the formation of an excited state of the photocatalyst and
oxidized 2 through the SET process to form a radical cation 2.
The reaction of this cation radical with the base generated
a benzyl radical. However, CBr, via the SET process afforded
a tribromomethyl radical. Two possible pathways could be

H
H
Me
MeO
2
SET o
N (€]
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Jogt
MeO

Scheme 67 Plausible mechanism for benzylic C(sp*)—H etherification
and esterification reactions via photoredox catalysis.
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Scheme 68 Benzylic C(sp®)—H amination reactions via photoredox
catalysis (Das and co-workers).%2

attributed in this step. Pathway I carried out by further oxida-
tion of 2°+ to carbocation 2+. In path II, the tribromomethyl
radical as a HAT reagent abstracted a hydrogen atom from 2°+ to
obtain carbocation 2%, followed by reaction with nucleophiles to
furnish the final product (Scheme 67). After a year, the same
group reported benzylic C(sp®)-H bond amination using this
photoredox catalyst (Scheme 68).°* In this regard, a diverse
range of heterocyclic amines (pyrazole, indazole, triazole, etc.)
were utilized as nucleophiles, leading to benzylic amine
frameworks 110-111. 9-Mesityl-10-methylacridinium perchlo-
rate (Mes-Acr'-Me ClO,”) as a photocatalyst promoted the
formation of both the benzylic radicals and the tribromomethyl
radical CBr; from alkylarene and CBr,, respectively, through the
SET process. After that, the radical CBr; abstracted a hydrogen
atom from benzylic radical to generate CHBr; and benzylic
carbocation. The benzylic carbocation then reacted with the
aminating agent to construct the target product.

Visible light-induced alkoxylation of benzylic C-H bond of
alkyl biphenyls 2 with alcohols 47 was reported by Dai and Liu
in 2023 (Scheme 69).°* In this work, 9,10-dibromoanthracene
acted as a photocatalyst and N-fluorobenzenesulfonimide
served as an oxidant. Alkyl biphenyls with electron-donating
groups (such as methoxy and tert-butyl) displayed a higher
reactivity than that of electron-attracting groups. However, the
position and number of substituents on the phenyl ring had
little influence on the substrate reactivity, while changing the

H OR?

400 nm LED (14 W)

) 9,10-dibromoanthracene ( 10 mol%) A
* H=OR "NFSI (2.5 eq.), NH,0AC (10 mol%) //
R 5 47 chlorobenzene, rt, Ny, 16 h R! 112
R2= alkyl, Benzyl, Allyl, Acyl 41-87%
Br Br ©
» b
=

A B

R! A R

Scheme 69 Visible light-driven organocatalytic alkoxylation of
benzylic C—H bonds (Dai and co-workers).%®
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position of the phenyl group from the para of alkylbenzene to
the ortho or meta resulted in a decrease in reactivity. A radical
reaction pathway was proposed for this reaction, involving
a HAT process for the formation of radical A from alkyl biphenyl
2, followed by a SET process to form benzyl cation intermediate
B. The final benzyl ether product 112 was furnished via the
attack of alcohol on the carbocation B.

Developing a transition metal- and photocatalyst-free visible
light-induced synthetic method for the functionalization of the
benzylic C(sp*)-H bond with fluorenones was reported by the
Chen team (Scheme 70).** Electron-donating groups in toluene
derivatives exhibited better reactivity than electron-deficient
ones. However, the electronic effect was opposite in the case
of fluorenones as coupling partners. The procedure involved the
ketyl radicals C and benzyl radicals B generated through the
conversion of fluorenone 113 to diradical A, followed by the
HAT process at the benzylic C-H site of 2. Afterward, the cross-
coupling of reactive radical B and stable radical C gave rise to
the desired fluorenol. The gram-scale synthesis of product
(1.18 g, 78% yield) and further dehydration, deoxygenation,
azidation, and Friedel-Crafts alkylation of the fluorenol prod-
ucts were also performed in this work.

A transition metal- and photocatalyst-free strategy was sug-
gested for the heteroarylation of the benzylic C(sp*)-H bonds
(Scheme 71).% In this regard, a diverse range of alkylarenes were
treated with 4-cyanopyridines in the presence of triisopropylsi-
lanethiol (iPr;SiSH) as an organocatalyst. Therefore, iPr;SiSH
not only helped in generating an electron donor-acceptor
complex (EDA) but also acted as a hydrogen atom transfer
catalyst, towards alkyl/benzylic radicals from the C(sp®)-H
bonds. Several mechanistic investigations such as radical
scavenging experiments, and light on/off experiments revealed
the involvement of a radical route and the necessity of a light
source for the reaction to proceed. Based on these results,
a plausible mechanism was proposed, which involved the initial
deprotonation of HAT source A (iPr;SiSH) by Cs,CO; to obtain
electron-rich thiolate anion B. The reaction of B with 4-cyano-
pyridine 115 gave rise to a photoactive EDA complex C upon
light excitation. After that, a light-induced SET process occurred
in C to afford a pyridine radical anion D and a thiol radical E.
The latter abstracted a hydrogen atom (H") from the C(sp*)-H
bond of 2, to render a benzylic radical F, which coupled with

Ar. R?
R! OH

SO

114
39-91%

CsF (1.0 eq.)
CH3CN, air, 25 °C, 24 h
12 W Blue LEDs

/kH

i \

R1

Ar R?
B

OH

7

R

/BN

TR

Cc

Scheme 70 Benzylic C-H functionalization with fluorenones under
visible light irradiation (Chen and co-workers).%*
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Scheme 71 Visible light-induced redox-neutral heteroarylation of
C(sp®-H bonds (Rueping and co-workers).%®
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Scheme 72 Reasonable mechanism for visible light-induced redox-
neutral heteroarylation of C(sp®)—H bonds.

radical D to yield intermediate G. Ultimately, G lost a CN anion
to deliver product 116 (Scheme 72). Furthermore, the synthetic
utility of this method was showed by the gram-scale synthesis of
product (1 g, 72%), and also the introduction of the pyridine
into a drug molecule via late-stage modification (an antihista-
minic analogue, 46%).
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Scheme 73 Photo-promoted C(sp®)-C(sp®) cross-coupling reaction
between oxazolone and benzylc C-H bonds (Zheng and co-
workers).%®

The synthesis of amino acid derivatives 118 can be obtained
through the C(sp®)-C(sp®) cross-coupling reaction between
oxazolone 117 and a wide variety of benzylic C-H bonds 2
(Scheme 73).°° Primary, secondary, tertiary, diarylmethanes,
and functionalized structures such as benzyl fluoride, benzyl
chloride, benzyl cyanide, benzyl(trifluoromethyl)sulfane, and
benzyltrimethylsilane as well as complex structures can
successfully participate in this coupling reaction, offering direct
metal-free route access to sterically hindered o,B-tetrasub-
stituted o-tertiary amino acids. Avoiding transition metal cata-
lysts, photocatalysts, or redox agents, and performing the
reaction at room temperature make this method sustainable
and environmentally friendly. Various mechanistic studies
including KIE, radical trapping, and cyclic voltammetry exper-
iments revealed the plausible mechanism, starting with the
irradiation of light to obtain the excited state A* from oxazolone
enolate A. The SET reaction in bench-stable N-alkoxyph-
thalimide B generated the highly electrophilic trifluoroethoxy
radical C and oxazolone radical D. The trifluoroethoxy radical C,
the key intermediate, acted as a HAT reagent, abstracting
a hydrogen atom from alkane 2 to produce alkyl radical E. In the
next step, E coupled with D to furnish product 118 (Scheme 74).
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Scheme 75 Electrochemical C—H amination of toluene derivatives
(Yoshida and co-workers).%”

2.6. C(sp®)-H functionalization using electrochemical
method

In 2017, electrochemical benzylic C(sp®)-H amination was
performed by Yoshida and colleagues (Scheme 75).” The
method presented two-step one-pot electrochemical oxidation
of toluene derivatives 2 by N-tosyldiphenylsulfilimine reagent
119 into benzylaminosulfonium ions 120. The high oxidation
potential and nucleophilicity of N-tosylsulfilimine made it an
active reagent in the coupling reaction with a wide range of
xylenes, toluene and toluene derivatives bearing electron-
donating, electron-withdrawing and halogen groups. In the
next step, a series of N-tosylbenzylamines 121 were obtained
through nucleophilic attack of BuyNI to benzylaminosulfonium
ions under non-electrolytic conditions. In addition to N-tosyl-
sulfilimine, sulfilimine with a benzoyl (Bz) group also showed
good nucleophilicity, but sulfilimine with the 4-nitro-
benzenesulfonyl (Nos) group did not work owing to its low
nucleophilicity. Another electrochemical C(sp®)-H amination of
toluene derivatives 2 with sulfonamides 10 was reported by Xu
and his colleagues in 2020 (Scheme 76).® The process involved
anodic cleavage of benzylic C(sp*)-H to obtain a carbocation
intermediate, which was then trapped by an amine nucleophile.
HFIP as the co-solvent can modulate the oxidation ability of
both toluene 2 and the aminated product 122 to avoid over-
oxidation of the latter. Other nucleophilic reactants such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 76 Electrochemical C—H amination of toluene with amine
and oxygen nucleophiles (Xu and co-workers).5®

pyrazole, acetate, ethylene glycol, and HFIP were also compat-
ible, leading to the formation of corresponding products in
good yields.

Using the electrochemical method, highly site-selective
benzylic electrooxidation of methylarenes can be performed in
the absence of any transition metal catalysts or chemical
oxidants (Scheme 77).*® Et,NPF; as the electrolyte and MeOH as
both the reactant and solvent resulted in the conversion of
a diverse range of methyl benzoheterocycles 123 to the corre-
sponding aromatic acetals 124. These aromatic acetals can be
easily converted to aromatic aldehydes via hydrolysis in one-pot
or in a separate step. The mechanistic investigations and DFT

1
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Scheme 77 Site-selective electrooxidation of methylarenes with
MeOH (Cheng and co-workers).%°
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Scheme 78 C(sp®)—H amination of toluene with amine in the pres-
ence of water microdroplets (Gnanamani and co-workers).”®

H
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Mlcrodroplets
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2

calculations suggested that the reaction may proceed via
a single electron transfer oxidation reaction of the benzene
nucleus to a radical cation, followed by methoxylation of the
benzylic C(sp®)-H bonds. This method was also applicable to
the synthesis of the antihypertensive drug telmisartan.

Water microdroplets can show a unique reactivity over bulk
water or other solvents (Scheme 78).” Water microdroplets can
be decomposed into H;O' cations and OH™ anions, which
resulted in OH radicals in the presence of high voltage. In water
microdroplets, stable C,H," cations D were generated from
toluene and H;O" cations in the presence of a positive voltage
(+4 kv). Both C,H;" cations and CsH;CH, radicals B were
generated via hydroxyl radicals at the water-gas interface of
microdroplets. A wide range of dissolved primary, secondary,
and tertiary amines in microdroplets can easily react with C,H,"
and C¢H;CH,, species to generate the protonated amine F via
C(sp®)-N bond formation. The removal of a proton from F by
a hydroxyl anion led to benzylamine 126 (Scheme 79). The scope
of the substrates could be expanded to other electrophiles and
nucleophiles.

Electrochemical isothiocyanation of toluene derivatives 2
with TMSNCS 127 was reported by Guo and co-workers in 2022
(Scheme 80).”* The procedure has the advantages of high regio-
and chemoselectivity, and the performance of the reaction in
the absence of external oxidants under mild conditions. The
high chemoselectivity is due to the in situ isomerization of

o
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\ﬁir-water interface
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+Ve high voltage

OH +¢®

@ Mo
CiaHaoNHy
H
2
HNT T H H €}
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Scheme 79 Rational mechanism for the C(sp®)-H amination of
toluene with amine in the presence of water microdroplets.
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Scheme 80 Electrochemical C(sp®)—H isothiocyanation of toluene
with TMSNCS (Guo and co-workers).”*
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Scheme 81 Electrochemical carbamoylation and cyanation of
benzylic C(sp®)—H bonds (Vincent and co-workers).”2

benzylic thiocyanates to isothiocyanates. The applicability of
this method was demonstrated by the isothiocyanation of
various pharmaceuticals and complex molecules under these
conditions and also the synthesis of bioactive thioureas via one-
pot two-step C(sp’)-H isothiocyanation of tetrahydronaph-
thalene or 4-fluoroethylbenzene. Another report on the elec-
trochemical C-H activation functionalization of toluene
derivatives was described by Vincent and his team (Scheme
81).”> In this method, they performed carbamoylation and
cyanation of benzylic C(sp®)-H bonds with an isocyanide
reagent. According to the reaction mechanism in Scheme 82,
direct anodic oxidation of the phenyl ring of 2 generated radical
cation C. Depending on the substitution pattern of the arene,
intermediate C was proceeded through two different pathways.
The substituent at the para site made intermediate C lose
a proton towards the benzyl radical, which was oxidized to the
benzylic carbocation A, followed by the interaction with t-BuNC
to yield nitrilium B. This intermediate can either be converted
into the cyano derivative 131 via losing a tert-butyl cation or
generate imidate F by capturing the alkoxide of HFIP and
hydrolyze to amide 130. In the presence of an isopropyl group,
ipso attack of 129 to intermediate C led to intermediate D,
which underwent aromatization to give a relatively stable iso-
propyl secondary carbocation E. This intermediate can also
react with HFIP to generate intermediate F, which then fur-
nished benzamide 130 after hydrolysis. However, for less
nucleophilic isocyanide like cyclohexyl isocyanide, the benzylic
cation could competitively be trapped by HFIP to yield 133.

In 2023, Wang and co-workers introduced a switchable
methodology for the arylation of C(sp®)-H bonds (Scheme 83).7
Two different products of diaryl alcohols 135 and diaryl alkanes
136 were synthesized by changing the reaction solvent. Both
products were obtained in the large-scale experiment: 1.14 g,
85% yield for the aryloxygenation product and 1.01 g, 70% yield
for the arylation product. In the case of arylation product, in the
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Scheme 83  Electrochemical oxygenative arylation of C(sp®)—H bonds
(Wang and co-workers).”

presence of visible light irradiation, the N—-Cl bond of NCS was
cleaved to obtain a chlorine radical and succinimide radical A.
Benzyl radical B was obtained from the abstraction of
a hydrogen from alkylbenzene 2 by the succinimide radical A or
by a hydrogen transfer process by the chlorine radical. Then, the
benzyl radical B coupled with the anion radical C to form
product 135 along with the elimination of a cyanide anion. In
the presence of an oxygen source, benzyl radical B abstracted an
oxygen atom to form superoxide radical D, followed by
hydrogen atom transfer and the homolysis to render an alkoxy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 84 Two plausible pathways for electrochemical arylation of
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radical E. The B-scission of E afforded aldehyde and an alkyl
radical. The nucleophilic anion radical C attacked ketone or
aldehyde to obtain intermediate F, which was reduced to
product 135 or 136 by the cyanide elimination similar to the
arylation process (Scheme 84).

Electrochemical formyloxylation of benzylic C(sp®)-H bonds
with DMF can be efficiently performed without the need for
transition metals or oxidants (Scheme 85).”* A broad spectrum
of alkyl phenyls bearing OMe, Ph and OPh groups as well as
alkyl diphenyls bearing halogens such as F, Cl, Br, and I, and
electron-withdrawing groups such as CN, CF;, CHO, COMe,
CO,H, and CO,Et were compatible in this reaction. Generally,
acetamides showed higher product yields than those of form-
amides, confirming the higher reactivity of the acyl moiety in
the acetamides. As illustrated in Scheme 86, toluene 2 was
converted into the benzylic radical B under electrochemical
conditions. The further oxidation of B led to the carbocation C,

H R2 o
Q (+) C plate / C plate (-) Jk
R? TFA (1.6 eq. (e} 5
R! . \N)kR:" ( q.) R R
‘ nBuyNBF, (1.0 eq.)
H,O (3.3 eq)) 138
2 137 open air, 1.5-10 h 5
R?= H, Me, Et, nBu R%=H; 32-82%
Ve R3= Me, 12-21%
R3= H, Me

Scheme 85 Electrochemical formyloxylation of benzylic C(sp*)-H
bonds with DMF (Guan and co-workers).”*
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myloxylation of benzylic C(sp®)—H bonds with DMF.

which under nucleophilic attack of anion A gave an iminium
intermediate D. The hydrolysis of D in aqueous media afforded
the desired product 135 along with the generation of amine and
H, molecules. Another study on the electrochemical oxygena-
tion of the benzylic C-H bonds 2 with aliphatic alcohols 47 was
reported by Wang and co-workers (Scheme 87).”” By applying
various aliphatic alcohols, benzylic and allylic compounds as
feedstock, etherification occurred with high efficiency, leading
to the formation of desired product 139 in acceptable yields.
In 2023, the benzylic C(sp*)-H amination was performed as
a three-component reaction between toluene derivatives 2,
benzimidazole 140 and acetonitrile (Scheme 88).” In this
protocol, benzimidazoles acted as reactive N-radicals that were
able to participate in the electrochemical benzylic C-H amina-
tion as selective HAT mediators. With these N-radicals, novel
site-selectivity and reactivity were observed, which was appli-
cable for the amination of not only benzylic C(sp®)-H but also
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Scheme 87 Electrochemical etherification of benzylic C—H bonds
with alcohols (Wang and co-workers).”®
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imidazole and acetonitrile (Zhang and co-workers).”®

allylic C(sp*)-H and B-C(sp’)-H of alcohols. The N-radical
intermediate was confirmed by EPR, UV-vis spectroscopy, and
HRMS analysis. The KIE experiment (2.85/1) suggested that the
formation of the benzylic radical occurs in the rate-determining
step. According to the control experiment, a plausible mecha-
nism was proposed that started with the oxidation of benz-
imidazole 140 to N-radical A through a proton-coupled electron
transfer (PCET) process with the assistance of alkoxide anion E
generated in the cathode. Subsequently, radical A trapped
a hydrogen atom from toluene 2 to form the benzylic radical B,
which then underwent SET to yield carbocation C. Upon
a classic Ritter process by incorporation with acetonitrile, car-
bocation C was converted into nitrilium D. Then, the nucleo-
philic attack of benzimidazole to nitrilium D provided
intermediate 1. The final aminated product 141 was obtained
after a hydrolysis step under acidic conditions (Scheme 89).

In 2024, Qian et al. developed an electrochemical approach
for the three-component reaction between benzylic C(sp®)-H
bonds 2, benzoic acids 16 and CH;CN (Scheme 90).”” The
reaction route was confirmed by several mechanistic studies,
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Scheme 89 Plausible mechanism for benzylic C(sp®)~H amination in
the presence of benzimidazole and acetonitrile.
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including the kinetic isotope effect, radical scavenger experi-
ment, and cyclic voltammograms. The results of KIE (Ky/Kp =
2.2/1) indicated that the benzylic C(sp®)-H activation is a rate-
determining step and radical scavenger experiments sug-
gested the involvement of a radical pathway in this reaction.
The method was based on the in situ-generated oxygen-centered
radicals A from benzoic acids in the anode side, which under
a HAT process caused the conversion of toluene derivatives into
the benzyl radical. Again, in the anode, the benzyl radical C
could be converted into the benzyl cation D, which underwent
the nucleophilic attack of CH;CN, affording the cation E. This
cation was subjected to the oxygen attack of benzoate to furnish
product 142. It should be noted that in the cathodic surface,
benzoic acid could be reduced into benzoate A (Scheme 91).

3. Conclusions

In this review, we described the direct activation/
functionalization reactions of benzylic C(sp®)-H bonds. The
transformations were accomplished in the absence of transition
metal catalysts.

In most cases, oxidants were used, which generated free
radicals, driving the reactions through a free radical mecha-
nism. Two radical scavengers, namely TEMPO and BHT, were
frequently used in most of these reactions to study the radical
pathway. The dramatic decrease in the product yield indicates
the key role of the oxidant in progression of the radical reaction.
Organophotocatalysts or non-metal catalysts were used in these
reactions, or the reactions were carried out without any catalyst,
offering environmentally friendly, cost-effective, and atom-
economic C-H benzylic functionalization reactions. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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these metal-free transformations still have some limitations
such as the use of stoichiometric amounts of chemical oxidants
and bases, which leads to negative environmental impacts.
Another obstacle is the poor selectivity in these types of C-H
activation reactions, which must be controlled by the careful
selection of the non-metal catalysts, ligands, additives or steric
effects. In addition, more efforts should be made to identify the
exact reaction mechanism and the role of non-metal catalysts
and additives.

Furthermore, the synthesis of drugs and drug intermediates
under metal-free conditions will be a challenge for researchers.
The development of new powerful methods by adopting low-
cost, eco-friendly, and non-metal catalysis systems is impor-
tant for the extensive application of direct C(sp*)-H function-
alization strategies. Therefore, progress in transition metal-free
C(sp®)-H activation/functionalization reactions could open
a promising avenue for the synthesis of biologically important
molecules. As mentioned in this context, several research
groups have recently tried to use simple and sustainable
methods such as photochemistry and electrochemistry for
benzylic C(sp®)-H activation. These methods appear to be
alternative routes to hazardous transition metal catalysts and
chemical oxidants in the near future. We believe that this review
will inspire organic chemists to engage more in this area of
chemistry.
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