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The oxygenation of C(sp®)—H bonds is a key chemical reaction in the production of fine chemicals and
pharmaceuticals. Hydrogen atom transfer has recently gained significant attention for its ability to func-
tionalise C—H bonds. The C—H bond can be activated by transferring the H radical to a hydrogen accep-
tor such as the chlorine radical (Cl*). Thus, the Cl* generated by light irradiation can be used to initiate
C—-H oxygenation reactions, in which molecular oxygen is used as the oxidant. In this review article, we
have summarised the recent advances in the field of Cl*-mediated C—H oxygenation reactions. Reac-
tions with catalysts such as metal chlorides, organophotoredox catalysts (acridinium ions), and chlorine
Received 3rd March 2023, dioxide radicals under light irradiation have been discussed. We conclude the review by providing
Accepted 4th May 2023 suggestions for future research studies in the field. We expect that this review article will provide valu-
DOI: 10.1039/d3cc01057k able information for the development of Cl*-mediated C—-H oxygenation reactions, contribute to the
understanding of the reactivity of Cl*, and inspire other useful synthetic chemical applications for C-H
rsc.li/chemcomm oxygenation reactions.

1. Introduction

The oxygenation of C(sp®)-H bonds is a key chemical reaction

in the production of fine chemicals and pharmaceuticals."™ As
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Table 1 Bond dissociation energies (kcal mol™) of C—H bonds in alkanes
and those of H-X bonds®

C-H bond H-X bond
H-CH, 105 H-Cl 103
H-CH,CH, 101 H 100 H-Br 88
H-CH(CHj,), 98 H H-1 71
H-C(CH,); 9% %0

H-CCl, 9

sustainable;® however, O, cannot activate C-H bonds under
mild conditions.

Hydrogen atom transfer (HAT) is one of the most effective
tools to cleave the C-H bond and activate it.” HAT has recently
garnered significant attention owing to its ability to functiona-
lise complex molecules via C-H bond activation. As a funda-
mental radical reaction, HAT involves the transfer of a
hydrogen atom from a hydrogen donor (C-H) to a hydrogen
acceptor (X*), which is also known as the radical reagent. The
progress of HAT reactions can be estimated by comparing the
BDEs of the bonds that would be cleaved (C-H) and those that
would be formed (H-X), as shown in Scheme 1. Therefore, a
radical reagent that forms more stable bonds than those that
would be cleaved can enable direct functionalisation through
HAT. Several radical species (X*), including O-, N-, S-, B-, and
halogen-centred radicals, are known to be suitable HAT
reagents.® '’ Halogen radicals have attracted much attention
owing to their easy accessibility and high reactivity.

In particular, a chlorine radical (Cl*) is a powerful hydrogen
acceptor and valuable HAT agent. HAT from hydrocarbons to
Cl* affords HCI with a H-CI bond stable to homolytic cleavage.
The C-H BDEs of the hydrocarbons listed in Table 1 are
generally lower than the bond formation energy of H-Cl
(103 keal mol™"). Thus, CI* can easily cleave the C-H bonds
of alkanes. However, Br* and I* have little or no ability to
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HAT
C—H + X e Ce + H—X
BDE
E(C-H) < E(H-X) favored
Scheme 1 Hydrogen atom transfer (HAT).
«Cl  H—CI
\/ O,
---C—H ---C' ---C00*
! HAT / /
Alcohol Carboxylic acid
Aldehyde Ketone

Oxygenated products
Scheme 2 C-H oxygenation via HAT by the action of CI°.

induce HAT from alkanes owing to the low bond formation
energies of H-Br and H-I (88 and 71 kecal mol *, respectively).'?
The formation of two CI*® radicals from Cl, upon UV irradiation
or heating is a well-established synthetic organic radical reac-
tion for the chlorination of hydrocarbons.'*'* However, Cl, gas
is not suitable for the synthesis of fine chemicals because of its
poor site selectivity and potential hazards. In this context,
different methods for the generation of CI* have been devel-
oped for the photocatalytic oxidation of CI™ and photo-cleavage
of the M-Cl bond in the past decade, which has increased the
synthetic utility of Cl°*. Carbon radicals produced by the action
of CI* readily react with molecular oxygen under O, atmosphere
to produce oxygenated products (Scheme 2). CI* is a strong
oxidant that enables the transfer of one electron from an
electron-rich substrate. Substrates containing benzyl groups can
undergo single-electron transfer (SET) to form a radical cation,
which subsequently deprotonates to form a stable benzyl radical
(Scheme 3). The likelihood of SET can be estimated by comparing
the redox potentials of the substrate and chlorine radical
(E[CI*/CI"] = +2.03 V vs. SCE (saturated calomel electrode))."®
The addition of oxygen to these benzyl radicals yields oxygenated
products, as shown in Scheme 2. Therefore, the oxygenation of
benzyl radicals may involve the SET mechanism.

Ho Ha
C C

Ar” R
SET

E[CI'/CI"] = +2.03 V (vs. SCE)

H A7 "R

Oxygenated products
Scheme 3 C-H oxygenation via SET with Cl°.
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Molecular oxygen (O,) is an ideal reagent for economical and
environmentally benign oxygenation reactions because of its
abundant availability and nontoxicity.'®2° 0, does not react
with hydrocarbons because the reaction of triplet oxygen
(0, *Z,7) with a singlet organic substrate is a spin-forbidden
process. Nevertheless, O, can be converted to reactive oxygen
species (ROS), such as singlet oxygen (*O,) by energy transfer or
superoxide anion (0,°”) by electron-transfer reduction, to
facilitate a spin-allowed process for the oxygenation of hydro-
carbons. However, the direct activation of O, to produce ROS
without a transition metal catalyst is challenging®* because it
requires a photosensitiser under light irradiation. In addition,
ROS do not react with hydrocarbons such as alkanes and
aromatic substrates.

In this review article, we summarise the recent progress in
the field of Cl*-mediated C-H oxygenation reactions under light
irradiation. However, reactions initiated by the addition of CI*
to alkenes are not discussed. As previous review articles have
provided an overview of C-C bond-formation reactions, this
article focuses only on C-H oxygenation reactions. We discuss
C-H oxygenation reactions initiated by metal chlorides (iron,
copper, and cerium), organophotoredox catalysts (acridinium
ion), and chlorine dioxide radicals. Finally, we suggest future
directions for research in the field.

2. Chlorine-radical-mediated C-H
oxygenation reactions
2.1 Metal chlorides

Transition metal chlorides can be excited by UV- or visible-light
irradiation, resulting in ligand-to-metal charge transfer (LMCT)
electronic transitions. These transitions involve the transfer of
an electron from an occupied orbital of a chlorine ligand to a
vacant orbital of the metal,**?” which must be on a lower
energy level; high-valent metals such as Fe(u), Cu(u), and Ce(v)
are suitable for these transitions. The transfer of an electron
from a M-Cl bonding molecular orbital to a vacant metal
orbital and from a Cl lone pair to a M-Cl antibonding mole-
cular orbital ultimately lead to homolytic cleavage and subse-
quent formation of a one-electron-reduced metal (M" ") and
Cl* (Scheme 4). Kochi first applied this process to organic
synthesis in 1962. CuCl, undergoes photolysis to produce CI°,
which oxidises isopropanol and chlorinates the benzyl and allyl
positions.>®

HAT from aliphatic C-H bonds to CI* produces HCI and
carbon radical species. Under O, atmosphere, carbon radicals
react with molecular oxygen to afford oxygenated products

Homolytic
n hv n * cleavage et
—Cl — MUDCI —_— M + cr
LMCT
) One-electron Chlorine
Excited state reduced metal  radical

Scheme 4 ClI* generation via photoinduced ligand-to-metal charge
transfer (LMCT).
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Mn+C[n M(” 1)+C| ;
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I Hal
NN W _co0r
C—H ! CO0
/ HAT / Oxygenation /

Scheme 5 Mechanism of transition—metal-chloride-catalysed oxygena-
tion via HAT.

because the reaction is thermodynamically favourable. Finally,
the catalyst is regenerated via the oxidation of molecular oxygen
by HCI (Scheme 5). In recent years, several metal-catalysed
reactions other than oxygenation that are initiated by HAT
from C-H bonds to chlorine radicals have been reported.>***

2.1.1 Iron(m) chloride. Imoto et al first reported the
photocatalysis of FeCl; in the oxidation of ethylene glycol
derivatives**™*® and benzylic chlorination of toluene; the effect
of water on this reaction was subsequently reported.*” Shul’pin
et al. reported that cyclohexane was oxidised by 1 mol% FeCl;
(and an ammonium salt to dissolve it) upon light irradiation in
air and CH,Cl, to yield the corresponding alcohol and ketone
in the same ratio (Scheme 6, entry 1).** A small amount of the
chlorinated product was also obtained. Notably, the use of
isopropanol as the reaction solvent improved the product
selectivity of alcohols and ketones in the direct oxidation of
alkanes (Scheme 6, entry 2).* When hexane was used as the
substrate in acetonitrile (MeCN), a mixture of alcohols and
ketones with oxygen atoms at the 1-, 2-, and 3-positions was
obtained. Toluene and ethylbenzene were oxidised in the same
manner to afford the corresponding alcohols and ketones.
Takaki et al. reported the relative reactivities of different C-H
bonds in the oxygenation reaction in the presence of FeCl;. C2
and C3 were 4.6 and 6.6 times more reactive than C1 in hexane,
respectively (Table 2).°° A five-membered ring was more reac-
tive than larger cycloalkanes. Moreover, the relative reactivities
of toluene and diphenylmethane in the oxygenation reaction
were 2.3 and 3.2 times higher than that of cyclohexane,
respectively. These results agree with the general reactivity of
radical species.

O OO

Product ratio

Entry  catalyst conditions conv. (-OH: =0 : -Cl)
1 FeCly +6H,0  pcwm, air, 15°C, 11 h, 20% 5:5:1
(1 mol%),
BAN(C,Hs)sCl 125 W street lamp
(1 mol%)
2 FeCly-6H0 PrOH, 15°C,3h, 3% 11:2:0

(50 mol%)
1000 W Hg lamp,

Scheme 6 Oxygenation of cyclohexane with iron chloride.
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Table 2 Relative reactivities of substrates in iron-catalysed C—H oxyge-
nation reactions

Relative reactivity

Hy H
1.0 6.6 4.6 1.0 2.3 3.2

22 1.0 0.6 0.4

The kinetic isotope effect estimated using C¢H;, and Cg¢D1,
was 1.6 £+ 0.3, which indicates the occurrence of C-H bond
cleavage.

A reaction mechanism for the oxidation reaction was
reported in a subsequent study: Cl* and FeCl, are formed from
FeCl; under light irradiation, and hydrogen is abstracted from
the alkane by CI*.>" The C-H bond at the benzyl position can be
more easily cleaved than those at the other alkane positions,
thus contributing to efficient oxygenation at this position.
A primary C-H bond at the benzyl position is typically oxidised
to the corresponding alcohol or aldehyde and even carboxylic
acid, whereas secondary and tertiary C-H bonds are oxidised to
the corresponding alcohols or ketones. Further oxidation to
carboxylic acid in the latter case occurs via C-C bond cleavage
only under certain conditions. Barbier et al. reported an early
example of benzylic C-H oxygenation, where a secondary C-H
bond afforded a ketone. Tetralin afforded 1-tetralone in high
yield in the presence of 10 equivalents of FeCl; and 30 equiva-
lents of water under UV irradiation (Scheme 7).>*> Indan and
diphenylmethane also tolerated the oxidation reaction well, but
the oxidation of toluene and ethylbenzenes afforded <10%
product yields. Therefore, the scope of this reaction was narrow.
Jiang et al. developed the secondary benzylic C-H oxygenation to
ketones. The oxidation of substrates such as ethylbenzene, fluor-
ene, and xanthene at the benzyl position in the presence of FeCl;-
6H,0 and LiBr under blue-light irradiation afforded moderate to
high yields of the desired products (Scheme 8).>* The addition of
an equal amount of LiBr to the that of the iron catalyst improved
the reaction to afford the desired oxygenated products in higher
yields than when only FeCl; was used. However, the authors
explained that the reaction mechanism did not involve HAT by
the CI* generated by the photoexcitation of FeCls; instead, the

o
FeCl; (10 equiv)
@O H,0 (30 equiv)
acetone
UV lamp, 0 °C
100%

Scheme 7 Benzylic C-H oxygenation in the presence of the FeCls
catalyst.

This journal is © The Royal Society of Chemistry 2023
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|\ AN -"~/%  LiBr (5.0 mol%)
" — >
¥ \X,f*'\;:f’ MeCN, air
3W blue LED, rt
19 examples, 35-99%
Scheme 8 Iron-catalysed oxygenation of benzyl C—H to a ketone.

, FeCls (10 mol%),
: TBACI (10 mol%)

N CliCH;OH (20 mol%) - COOH
RT R
= MeCN, O,, _

LED (390 nm), rt
39 examples, 33-98%

Scheme 9 Iron-catalysed oxygenation of benzyl C—H to carboxylic acid.

reaction occurred via SET from the substrate to the photoexcited
iron. This was confirmed by the same oxygenation reactions
proceeding well in the presence of Fe(NO;), and FeSO,.>* How-
ever, since Cl* can be generated in oxidation reactions using FeCl;
as the photocatalyst, it cannot be ruled out that both HAT and SET
mechanisms are involved in this reaction simultaneously.

Oxygenation reactions of primary, secondary, and tertiary
C-H bonds directly afford carboxylic acids in the presence of
catalytic amounts of FeCls, tetrabutylammonium chloride, and
2,2,2-trichloroethanol (Scheme 9). Many toluene derivatives
possessing electron-withdrawing or electron-donating groups
and heterocyclic aromatics such as thiophene and pyridine
have been oxidised at the benzyl position; even substrates with
secondary and tertiary benzyl C-H bonds afforded carboxylic
acids via C-C bond cleavage.>®

The oxidation of 1,3-diphenylpropane by FeCl, under O,
atmosphere afforded benzoic acid in a high yield (87%) with
CO, as a by-product via C-C bond cleavage (Scheme 10).°° In
addition, polystyrene and its derivatives [styrene-allyl alcohol
copolymer, poly(styrene-co-acrylonitrile), ABS (acrylonitrile-
butadiene-styrene), and styrene-maleic anhydride copolymer]
afforded benzoic acid in moderate yields via oxidative degrada-
tion of the substrate with 100% conversion. Stache et al. further
developed methods to degrade the high-molecular-weight poly-
styrene (MW > 90 000) to a molecular weight of less than 1000
and obtained up to 23 mol% benzoyl products using 10 wt%
FeCl; as the catalyst and acetone as the solvent under white-
light irradiation. Commercially available polystyrenes were
efficiently degraded by this method and have been used in a
photoflow process.””

2.1.2 Copper(u) chloride. After Kochi et al. reported CuCl,
photolysis, Takaki et al. reported differences in the reactivities

FeCl, (2 mol%) COCH
> 2% + CO,
MeCN, O,,

LED (400 nm), rt 87%

Scheme 10 Oxygenation of 1,3-diphenylpropane by FeCl, for polymer
degradation.

Ph” > ph
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Table 3 Relative reactivities of substrates in iron-catalysed C—H oxyge-
nation reactions

Relative reactivity

1.3 10 0.6 0.3

of different C-H bonds towards oxygenation in the presence of
a CuCl, catalyst (Table 3).>° Unlike that observed for iron, the
difference between the reactivities of primary and secondary
C-H bonds in the oxidation of hexane was not large; the
reactivities of C2 and C3 were 1.4 and 1.8 times higher than
that of C1, respectively.

Furthermore, the reactivity of the C-H bond at the benzyl
position was lower than that of the C-H bond at the alkane
position. In addition, the reactivity decreased as the ring size of
the cycloalkanes increased, similar to that observed for iron.
If the reaction proceeds via C-H bond cleavage by the CI*
generated by the light irradiation of copper, the relative reac-
tivities should not be different from those in the case of iron.
Therefore, other mechanisms are also probably involved in
addition to the Cl*-mediated mechanism.

2.1.3 Cerium(m) chloride. The CeCl;-catalysed direct con-
version of the C-H bond at the benzyl position to a carboxylic
acid was achieved under O, atmosphere and irradiation at
400 nm (Scheme 11).°® This reaction was tolerated well by many
substituted benzenes with electron-donating or electron-
withdrawing groups and heterocycles. Xylene, mesitylene, and
durene produced the desired products in good yields even with
multiple steps. Secondary and tertiary substrates such as ethyl-
benzene and cumene afforded benzoic acids via C-C bond
cleavage. Conversely, ethylbenzene and diphenylmethane deri-
vatives afforded the corresponding ketones without further
oxidation to carboxylic acid in water under blue-LED irradiation
with catalytic amounts of CeCl; and PEG4000 in air.”® The use
of a cerium catalyst with PEG4000 under air atmosphere led
to controlled reactivity. Cerium(iv) chloride complexes such as
[NEt,],[CeCls] successfully catalysed the oxygenation of benzylic
C-H bonds in arenes (such as toluene derivatives), liquid alkane

CeCl3 (5 mol%)

N 3 CCI3CH,OH (20 mol%) X~ COOH
R-1 R+
L MeCN, O, L
400 nm, 60 °C

54 examples, 21-92%

Scheme 11 Cerium-catalysed benzyl C—H oxygenation.
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[NEty],[CeClg]
P (5 mol%) OH (0] ¢}
R R > + +

MeCN, air, rt R)\ ’ )k , )k

blue or

purple/black light, 15 examples R, R’ = H, alkyl, aryl

Scheme 12 Cerium-catalysed aliphatic C—H oxygenation.

substrates, and gaseous alkanes (such as methane and ethane) to
the corresponding oxygenated products (Scheme 12).%°

2.2 Organophotoredox catalysts

Over the past half century, organic dyes have been used for
strong-electron-transfer oxidation or reduction, where the dyes
are irradiated with UV or visible light to generate an excited
state. Organophotoredox catalysts have received considerable
attention as a ‘green tool’ for conducting various organic
transformations such as oxidation, C-C coupling, and C-hetero
atom bond formation.®"*> The metal-free functionalisation of
alkanes is challenging because the activation of chemically
stable alkanes requires a powerful C(sp®)-H abstraction
reagent. Cl* can cleave C-H bonds to yield alkyl radicals under
mild conditions (vide supra). C1° can be photochemically and
electrochemically generated from Cl™ as an inexpensive and
safe HAT-active source via one-electron oxidation.®>** The one-
electron oxidation potential of Cl- is +1.15 V vs. SCE in
MeCN.**"®” An appropriate photocatalyst will have a more
positive one-electron reduction potential than that of Cl™ in
the photoexcited state to facilitate the negative free energy
change of electron transfer (AG.; <0). Consequently, the alkyl
radical generated by the electron transfer oxidation of Cl™
reacts with molecular oxygen to produce alkyl peroxyl radicals.
2.2.1 Acridinium photocatalyst. Acridinium salts are good
organophotoredox catalysts with a strong oxidising ability in
the photoexcited state. For example, the one-electron reduction
potential of 10-methylacridinium perchlorate at the singlet
excited state is 2.72 V vs. SCE in MeCN. This value is enough
to oxidise tetrabutylammonium chloride (TBA'CI™) (Eo, =
+1.15 V vs. SCE) by photoinduced electron transfer. Metal-free
photocatalytic oxygenation reactions of alkyl aromatic com-
pounds such as toluene, p-xylene, and 4,4’-dimethylbiphenyl
with molecular oxygen in the presence of an organic photo-
catalyst, 9-mesityl-10-methylacridinium perchlorate (Acr'-Mes),**%
via photoinduced electron-transfer have been previously
reported.”®”® These substrates have a lower one-electron oxida-
tion potential than the photocatalyst Acr'-Mes (Ereq = 2.06 V vs.
SCE). The radical cation (RH*") formed by the photoinduced
electron transfer oxidation of the substrate (RH) deprotonates
to form an alkyl radical (R®). R® is oxygenated by O, to form an
alkyl peroxyl radical (ROO®), leading to the formation of oxyge-
nated products such as aldehydes and benzyl alcohols.
Visible-light irradiation of the absorption band of Acr'-Mes
in an O,-saturated MeCN solution containing toluene using a
xenon lamp afforded benzaldehyde in 2% yield (Scheme 13).””
The one-electron oxidation potential of toluene (2.20 V vs. SCE)
is more positive than that of Acr'-Mes. Hence, the electron

This journal is © The Royal Society of Chemistry 2023
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a) without HCI

CHO
CHs  py Acr*-Mes ©/
> 2%
0, b) with HCI
CHO COOH
©/ ' ©/

60% 20%
Scheme 13 Acr*-Mes catalysed photo-oxygenation of toluene with or
without HCL

transfer oxidation of toluene did not occur in this case. However,
in the presence of HCI under the same irradiation conditions,
toluene underwent oxidation to concomitantly produce benzalde-
hyde (60%), benzoic acid (20%), and H,0, (60%) after 7 h of
light irradiation (Scheme 13). The photocatalytic mechanism of
the oxygenation of toluene catalysed by Acr'-Mes and HCI is
shown in Scheme 14. The photoexcitation of Acr'-Mes affords
the long-lived electron-transfer state Acr*-Mes*’ via intra-
molecular electron transfer from the strongly reducing mesity-
lene moiety to the strongly oxidising acridinium moiety (E;eq =
2.06 V and E, = -0.57 V vs. SCE, respectively). The Acr® and
Mes*" moieties reduce and oxidise O, and Cl~ to produce O,*~
and CI°*, respectively. The hydrogen of the methyl group of
toluene is abstracted by Cl* to afford the benzyl radical, which
is followed by rapid O, addition to afford the peroxyl radical.
This peroxyl radical produces benzaldehyde and benzyl alcohol
via disproportionation. Benzyl alcohol is readily oxygenated
by Acr*-Mes*" to yield benzaldehyde, while O,*~ dispropor-
tionates in the presence of protons to yield H,O, and O,.
Further oxygenation of benzaldehyde by Acr'-Mes and HCl

HCI

+H* _H*
Me Acr*-Mes
Me Me cr
G
Me  (Acr-Mes™)
hv
Me

Me (Acr*~Mes)

%
cr
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yields benzoic acid via the abstraction of hydrogen from the
formyl group of benzaldehyde by CI°.

The visible-light-mediated oxidative lactonisation of 2-methyl-
1,1'-biaryls produces benzocoumarins (Scheme 15).”® Multiple
C-H functionalisation processes occur in this reaction in the
presence of oxygen. Other 1,1'-biaryl derivatives such as
2-aldehydes, alcohols, and carboxylic acids also produce good
results in this reaction.

Unlike the one-electron oxidation potentials of aromatic
substrates, those of C1-C6 alkanes are too positive (Eox
>3.0 V vs. SCE) because of the large ionisation potential.
As CI* can cleave strong C-H bonds, it has been used to activate
the C-H bond of alkanes such as cyclohexane to afford C-C or
C-Cl bonds in a photochemical reaction.”®*® The combination
of the acridinium photoredox catalyst and HCIl produces an
HAT-active Cl* for the C—H oxygenation of cyclohexane.®' The
photooxygenation of cyclohexane by O, occurs efficiently in an
O,-saturated MeCN solution containing Acr’'-Mes and HCI
under visible-light irradiation to yield cyclohexanone, cyclo-
hexanol, and H,0,.

The photocatalytic mechanism of Acr'-Mes-catalysed cyclo-
hexane oxygenation is shown in Scheme 16. The reaction is
initiated by intramolecular photoinduced electron transfer
from the mesitylene moiety to the singlet excited state of the
acridinium ion moiety of Acr'-Mes to form an electron transfer
state (Acr*-Mes*").®®%® The Mes*" moiety oxidises Cl~ to CI*,
whereas the Acr® moiety reduces O, to O,* . The produced CI*
reacts with cyclohexane to form a cyclohexyl radical via C-H
bond dissociation.®” The cyclohexyl radical undergoes O, addition
to afford the peroxyl radical, which disproportionates to the
final oxygenated products, cyclohexanol and cyclohexanone.

: CH,’ o,
ka
©/CH3
CHO
12 ©/ Y

Acr*-Mes | hv

Acr'-Mes

: _CH,OH

12 0,

12 Hy0,

B CHO
H* 112 ©/

HO,"

e

112 H,0, + 1/20,

Scheme 14 Reaction mechanism of the photooxygenation of toluene catalysed by Acr—Mes and HCL.

This journal is © The Royal Society of Chemistry 2023

Chem. Commun., 2023, 59, 7506-7517 | 7511


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cc01057k

Open Access Article. Published on 05 May 2023. Downloaded on 6/13/2026 5:29:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

oSO

X = CHg, CH,OH,
CHO, COOH

Acr*-Mes CIO4~
(4.0 mol%)
HCI (2 0 equiv)

e

48-85%
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Scheme 15 Reaction mechanism for the photooxygenation of toluene
catalysed by Acr—Mes and HCL.

H*

0, 0, HO,'
12 H,0, + 1120
)~<A<:r"—Mes'+ 22 2
Acr'-Mes™*
hv

HCI

Acr*-Mes H
O .
O O 2O
H H
Scheme 16 Photocatalytic mechanism of Acr"—Mes-catalysed cyclo-
hexane oxygenation.

] -1/2 0,

Although the cleavage of the C-H bonds of cyclohexane is
difficult because of the high BDE (97 kcal mol '), the CI*®
generated by the light irradiation of Cl, in the gas phase can
readily cleave them. In addition, O,*~ disproportionates in the
presence of protons to yield H,0, and O,.

2.3 Chlorine-dioxide-mediated C-H oxygenation reactions

2.3.1 Oxygenation of CH,. Activation of the C-H bond in
CH, with a BDE of 105 kcal mol " requires a powerful HAT
reagent. Even though CI°® can cleave the C-H bond of CH,, the
methyl radical (CH;*) generated by HAT is a highly reactive
radical that induces radical chain reactions to produce chlori-
nated products such as CH;Cl and CH,Cl,. In addition, oxyge-
nation products are not observed even under aerobic conditions
because of the efficient radical chain reaction triggered by CI°.
The lifetime of CH3* as an intermediate is also too short to access
molecular oxygen for oxygenation.

The chlorine dioxide radical (ClO,*), which is composed of
chlorine and oxygen, is prepared by the oxidation of sodium
chlorite (NaClO,) with HCI (Eq. 1). It is a photochemically
reactive yellow gas that absorbs UV-visible light (Apax =
358 nm), as shown in Fig. 1.%

The photoexcitation of ClO,* affords one molecule each of
Cl* and singlet oxygen ('0,).** Singlet oxygen has a higher
reactivity than ground state triplet oxygen. Cl°* then reacts with
CH, to form CH;* and HCI via C-H bond dissociation. The
addition of singlet oxygen to CH;* occurs rapidly, affording the
methyl peroxyl radical (CH;00°). Thus, ClO,® is an effective
initiator of CH, oxygenation without chlorination.

The photochemical oxygenation of CH, occurs in a two-
phase system comprising perfluorohexane (PFH) and water
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Fig. 1 UV-Vis absorption spectral change of ClO,*
reaction of NaClO, with HCL

generation in the

under ambient conditions (298 K, 1 atm). PFH is an effective
solvent for the oxygenation of CH, as only the substrates and
intermediates such as CH,, O,, and ClO,* dissolve in PFH but
not the products methanol and formic acid, thus facilitating
product isolation. The yields of methanol and formic acid were
14% and 85%, respectively. The CH, conversion was 99% and
the selectivity for CH;OH and HCOOH formation was >99%
based on the initial concentration of CH,. The formation of
further oxygenated products, such as CO and CO,, was not
observed under the reported reaction conditions.®* The reac-
tion mechanism for the oxygenation of CH, with ClO,* is
shown in Scheme 17. ClO,* photochemically converts CI* and
singlet O, via bond rearrangement from Cl-O-Cl to Cl-0-0.%°
The bimolecular reaction of CH;00°, generated by the addition
of singlet oxygen to CH;°®, affords the methoxy radical (CH;0°).
CH3;0° reacts with CH, to yield CH;OH and regenerate CH,".
The rearrangement from CH3;O® to CH,(OH)* also competes
with the reaction with CH,. The second radical chain reaction
(B) with O, and CH, via CH,(OH)OO*® produces methyl hydro-
peroxide (CH;OOH) and regenerates CH,(OH)®. Finally,
CH;00H decomposes to HCOOH. The chain reactions are
terminated by the disproportionation of CH;00° to yield
CH;OH and HCHO. However, HCHO is not observed as a
product because it is immediately oxidised to HCOOH by
autoxidation or Pinnick oxidation.®®

2.3.2 Oxygenation of CHCIl;. CHCI; is a common organic
solvent used in many chemical processes owing to its stability
and ability to dissolve a wide variety of organic compounds.
However, it easily decomposes under UV irradiation or heat in the
presence of oxygen, yielding phosgene (COCl,, Scheme 18).%7%
The C-H BDE of CHCl, is 95.7 kcal mol *,*° which is lower than
that of CH,4 (104 kcal mol ™ %). Therefore, C-H hydrogen abstrac-
tion by Cl* and subsequent oxygenation proceed under appro-
priate reaction conditions. Tsuda et al. previously reported
the synthesis of carbonates,”®®> chloroformates,” Vilsmeier

This journal is © The Royal Society of Chemistry 2023
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Scheme 18 Generation of phosgene (COCL,) by the oxidative degrada-
tion of CHClz under UV-light irradiation.
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Scheme 19 Synthetic organic reactions using COCl, generated by the
oxidative decomposition of CHCls.

reagents,’® urea and isocyanate (Scheme 19) by the in situ
generation of COCI, via the oxygenation of CHCI; initiated by
CI* under UV-light irradiation.®® More recently, they have also
reported CHCl; oxygenation under visible-light irradiation
using trace amounts of Cl, as an initiator.”®” In addition,
our research group has developed a CHCI; oxygenation reaction
via the photoactivation of ClO,* (Scheme 20).°® Carbamoyl
chlorides were synthesised from a wide substrate range by
the phosgenation of amines under visible-light irradiation
(4 > 400 nm) as ClO,* exhibits a strong absorption band in
the visible-light region (Fig. 1). Various aromatic and aliphatic
amines were successfully phosgenated in high yields using this
method (Scheme 21). This method was applicable even to
substrates containing an olefinic or benzyl moiety, as well as
substrates with complex structures such as pharmaceutical
derivatives. For a long time, the use of COCI, in the synthesis

This journal is © The Royal Society of Chemistry 2023
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Scheme 20 COCI, generation via the formation of ClO,* under visible-
light irradiation and its synthetic applications.
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Scheme 21 In situ preparation of COCl, through CHCls oxygenation
using visible-light-activated ClO,* and further reaction with amines to
afford carbamoyl chlorides.

of fine chemicals has been avoided owing to the difficulty
in handling a gas molecule and its high toxicity. Therefore,
triphosgene® ™% has generally been used as a phosgene
equivalent in small-scale synthesis despite its hazards, which
have been noted in recent years.'®® However, this photooxy-
genation method, which can gradually generate COCI, from
CHCI; in situ and directly achieve the phosgenation of nucleo-
philes, is a promising alternative to the conventional method.
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2.3.3 Chlorocarboxylation of toluene. Although the one-step
oxidation of C(sp®)-H and functionalisation of the C(sp*)-H of
an alkyl-substituted aromatic compound would be synthetically
useful, to the best of our knowledge, no examples have been
reported thus far. Recently, our research group reported the
photoinduced chlorocarboxylation of toluene initiated by ClO,*
at room temperature without the use of a metal catalyst
(Scheme 22).'°* Based on the results of various control experi-
ments, we proposed a reaction mechanism initiated by the
reaction of ClI* with the aromatic ring of toluene to form an aryl
radical. Subsequently, another CI* abstracts hydrogen from the
aryl radical to form chlorotoluene. Hydrogen is then abstracted
from the C(sp®)-H bond of chlorotoluene by another CI°,
resulting in the formation of a benzyl radical, which is con-
verted to chlorobenzoic acid upon subsequent oxygenation.
The excess amount of Cl* generated in situ would be involved
in chlorination and two HAT processes.

2.3.4 Oxygenation of polymer surfaces. The surface func-
tion of polymer materials has been actively studied in many
fields such as medical supplies, packing materials, and the
automotive industry, as the polymer surfaces come into contact
with different materials.'°>"'°® Therefore, the surface modifica-
tion of polymers is essential to impart various functions such
as hydrophilicity, biomolecular affinity, metal affinity, antifoul-
ing properties, and adhesiveness to the moulded polymer.
An advantage of surface modification is that the chemical
and physical surface properties of polymers can be selectively
modified without affecting their bulk properties. Traditional
physicochemical processes such as plasma and corona dis-
charge treatments are widely used surface modification tech-
niques owing to their simple operation and high treatment
efficiency, but these methods have a trade-off with material
surface degradation. Therefore, the development of milder
techniques is necessary. In this context, our research group
has applied the abovementioned chlorine dioxide photooxida-
tion to polymer materials for surface modification. ClO,* is
an efficient reagent for the oxygenation of the surfaces of
polypropylene (PP) and polyethylene (PE) (Fig. 2)."%°

CHs ClO," aq (1.0 M), X~ COOH
©/ hv (365 nm), |//
Acetone-dg, 10 min Cl
op=1:1
plausible ClOo,*
mechanism
hv 1 *
O o  HCl
CHy ¢ CH, \/ QCHa
©/ Chlorination H HAT ¢
Cl

cr HCI .
CH, COOH
N e Y
HAT Cl Cl

Scheme 22 Chlorocarboxylation of toluene using ClO,* under LED
(365 nm) irradiation.
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Fig. 2 Polymer surface oxygenation by photoactivated ClO,*.

Fig. 3 Photographs of (a) the oxidized polypropylene (PP) films before
and after the thermocompression bonding of Al/PP/Al without any adhe-
sive and (b) Cu and Ni electroless plated PP films.

This is the first convenient chemical method for the surface
C-H oxygenation of olefinic plastics such as PP and PE without
the use of heavy metal oxides. Oxygen functional groups such as
carboxyl groups were introduced onto the polymer surface via
this surface oxidative modification, and cationic dyes were
immobilised. In addition, the polar oxygen functional groups
introduced on the polymer surface can facilitate metal adhe-
sion; for instance, the oxidised PP film exhibits good adhesion
of an aluminium plate without any adhesives (Fig. 3(a))."*°
In addition, this modification method has been used to suc-
cessfully develop electroless metal plating without exfoliation
(Fig. 3(b)). The functional groups on the oxygenated polymer
surface allow for further modification with various organic
compounds, which could have significant implications in syn-
thetic polymer chemistry. For instance, our research group
successfully immobilised cyclodextrins on PP nonwoven fabrics
via the ester coupling reaction of carboxyl groups that are
introduced by photooxidation.’'* This highly functional PP
nonwoven fabric can sustainably load and release drugs. This
surface modification has also been applied to polycarbonate
(an engineering plastic),""* ABS resin,'™ and polyhydroxyalk-
anoic acid (a biomass plastic)."**

2.4 Others

Recently, C-H oxygenation reactions using the abundant and
inexpensive HCl as the CI* source without metal or organo-
catalysts have also been developed. Wang et al. reported the
benzyl oxidation of alkylarenes using HCI as the catalyst and
molecular oxygen as the oxidant (Scheme 23)."'® They attri-
buted this reaction to the generation of singlet oxygen from the
photoexcitation of the substrate and the consequent formation
of CI* from Cl™. However, direct excitation of the substrates is
unlikely under visible-light irradiation (395-400 nm) as the

This journal is © The Royal Society of Chemistry 2023
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Scheme 23 HCl-catalysed aerobic oxidation of alkylarenes.

substrates do not absorb visible light. In addition, energy
transfer from the excited substrate to oxygen has not been
sufficiently investigated using techniques such as cyclic vol-
tammetry. Further follow-up studies are expected.

3. Conclusion and outlook

The direct oxygenation of C(sp®)-H bonds is an important
chemical conversion process in industrial and fine chemical
synthesis. It can be a step-, time-, and energy-saving method in
the construction of complex organic compounds compared
with the classical synthetic approach. Oxygenation using mole-
cular oxygen is an optimal method for economic and environ-
mental reasons because O, is abundant and non-toxic.
However, O, cannot react directly with hydrocarbons and
should be converted to singlet oxygen to facilitate C-H bond
cleavage. In this article, we reviewed C-H oxygenation reactions
initiated by the CI* generated by light irradiation and molecular
oxygen. Cl* is an attractive HAT reagent and electron acceptor
(SET source) as it has strong oxidative properties, and the Cl
atoms form strong bonds with hydrogen atoms. In addition,
the generation of Cl°® by light irradiation is effective in terms of
the energy required and ease of controlling the reaction. These
features meet the increasing demand for sustainable and
environment-friendly chemical processes and Cl*-mediated
oxygenation reactions are expected to be further developed in
the future.

Further development is expected to complement the current
electrochemical techniques.

Future studies can focus on the following topics:

(1) Selective oxygenation reactions of alkyls can be developed
by controlling steric hindrance using reactive ligands, which
exhibit selectivity even when the C-H bonds have similar bond
strengths (radical stability)."*® On the other hand, the following
points should be noted in Cl*-mediated oxygenation using
metal chlorides as the Cl source: reactions where metal chlorides
are used as the Cl* source can proceed via SET from the substrate
to the metal. This should be confirmed by conducting the reaction
in the presence of metal species other than chlorides (e.g., sulfates
and nitrates) and CI* trapping experiments. Both HAT and SET
are possible mechanisms for the benzylic C-H oxygenation. Even
though elucidating the reaction mechanism is challenging owing
to competing reactions, the presence or absence of SET can be
validated by determining the redox potentials, and the presence of
radical cations can be detected by electron spin resonance (ESR).
In addition, density-functional-theory-based mechanistic studies
have been demonstrated to be useful in most of the original
papers in this review.

This journal is © The Royal Society of Chemistry 2023
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(2) The use of acridinium and other organic photocatalysts
can potentially improve the reaction efficiency and selectivity.
However, these photocatalysts need to have the appropriate
oxidation ability and chemical stability.

(3) Reactions of chlorine dioxide, such as methane oxidation
and plastic surface modification, should be developed as
industrial processes. Scale-up and safety assessment are topics
to be studied in the future.

We hope that this review will encourage interest in C-H
oxygenation reactions with Cl radicals and contribute to the
understanding of the reactivity of Cl radicals, thereby facili-
tating their use in further useful and wide-range synthetic
chemical applications.
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