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Benzylic C–H bond functionalization through
photo-mediated mesyloxy radical formation†
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Jola Pospech *

Herein, we report a photo-mediated methodology for benzylic C–H bond oxygenation. Our approach

employs in situ generated (methylsulfonyloxy)pyridinium mesylate salts to produce mesyloxy radicals apt

for benzylic C–H bond cleavage through hydrogen atom transfer (HAT). Subsequent oxidation of the

benzylic radical yields a carbocation, functionalized by the mesylate counterion through oxidative radical-

polar crossover (ORPC). The reactive benzylic mesylates are converted into stable benzylic alcohols via a

straightforward protocol. Reaction optimization utilized modern design of experiment (DoE) techniques

for facile setups and rapid reactions. Our proposed mechanistic paradigm is supported by comprehensive

investigations, including fluorescence quenching studies, cyclic voltammetry measurements, and deter-

mination of kinetic isotope effects (KIEs). Density functional theory (DFT) calculations elucidate the diver-

gent performance of (methylsulfonyloxy)pyridinium salts and (trifluoromethylsulfonyloxy)pyridinium salts.

The functionalization of unactivated C–H bonds represents a
versatile strategy for the diversification of drug intermediates
in synthetic organic chemistry.1,2 Besides transition metal cata-
lysis, electrosynthesis or biocatalysis, the utilization of radical
species for C–H bond functionalization has been rapidly
gaining attention.3–8 In the past, radicals were frequently gen-
erated under harsh reaction conditions, restricting compatibil-
ity with functional groups. However, the advent of photoredox
catalysis has facilitated the generation of radicals under mild
conditions.9,10 In this context, redox-active pyridinium salts
have served as unique radical precursors, generating reactive
species after single-electron reduction by an appropriate
photoredox catalyst.11–15 Electronic effects have a significant
impact on the generation and reactivity of radical species.16

For instance, the electronic properties of both the exocyclic
and heteroarene substituents in redox-active pyridinium salts
play a crucial role in dictating the formation of N-centered
versus X-centered radicals through dissociative electron trans-
fer (DET) (Fig. 1).17 Strongly electron withdrawing
N-substituents X (e.g. TfO− and F−) favour heterolytic bond
cleavage generating N-centered pyridinium radicals py•+ and

less electron-withdrawing N-substituents (e.g. F3CO
− and RO−)

favour homolytic bond-cleavage generating an X-centered
radical X•. It has been demonstrated that the resulting
radicals can undergo a variety of chemical transformations,
which were applied in both C(sp2)–H and C(sp3)–H bond
functionalisations.18

The photo-mediated amination of aromatic C(sp2)–H bonds
by means of the heterolytic bond breaking of redox-active pyri-
dinium salts was described by Studer,19 Ritter20 and Carreira21

(Scheme 1, top left). In contrast, the more common homolysis
of N-functionalized pyridinium salt N–X bonds enables the for-
mation of a plethora of radical species depending on the
N-substituent.17 Oxygen-, nitrogen-, and carbon-centered rad-

Fig. 1 Homolytic and heterolytic bond cleavage of redox-active pyridi-
nium salts.
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icals have been effectively generated and utilized in direct tri-
fluoromethoxylation,22 amination,23,24 and alkylation25–28 reac-
tions of C(sp2)–H bonds. Notably, trifluoroacetic anhydride
and trifluoromethanesulfonic anhydride, in combination with
pyridine N-oxides and pyridine, respectively, have been utilized
for trifluoromethylation of arenes and functionalization of C–
C multiple bonds (Scheme 1, top right).29–32 To the best of our
knowledge, the formation of O-centered triflyloxy radicals is
unprecedented. The electron-withdrawing fluorine substitu-
ents destabilize the corresponding O-centered radical, result-
ing in a trifluoromethyl radical F3C

• upon expulsion of CO2

and SO2, respectively.
33 In addition to C(sp2)–H bond derivati-

zation, O-centered radicals have been found to trigger radical
hydrogen atom abstraction from C(sp3)–H bonds, provided
that a thermodynamic driving force is apparent (BDEC–H <
BDEO–H). This method presents a mild and adaptable tech-
nique for cleaving C(sp3)–H bonds for the generation of
carbon-centered radicals that are apt for subsequent
reactions.34,35 For instance, oxidative radical-polar crossover
(ORPC) is a process in which a radical undergoes oxidation to
form a carbocation. This approach has been identified as a
promising strategy for the functionalization of C(sp3)–H bonds
with a wide range of nucleophiles, exhibiting both abundance
and structural diversity. ORPC-based methodologies have been
developed for the photo-mediated hydroxylation,36,37

alkoxylation,38–43 esterification,44 amination,45 and
fluorination46,47 of benzylic C–H bonds of electron-rich sub-
strates. Furthermore, the Musacchio group was able to
describe benzylic azolation in 2023 (Scheme 1, bottom left).48

The key intermediate in the form of an ethoxy radical was gen-
erated via the photochemical reduction of the corresponding
pyridinium salt. Along this line, in 2019, Ritter and co-workers
published a methodology for the oxygenation of benzylic C–H
bonds utilizing electrochemically synthesized methanesulfonic

peroxyanhydride as a mesyloxy radical precursor (Scheme 1,
bottom right).49 To date, only two reactions involving mesyloxy
radicals have been showcased.49,50

Drawing from our interest in heteroarene-N-oxide-mediated
oxygenation procedures, we set out to investigate the DET of
(methylsulfonyloxy)pyridinium salts upon photo-mediated
single-electron reduction. We questioned whether (methyl-
sulfonyloxy)pyridinium salts, which lack literature precedence,
would (i) undergo heterolytic bond cleavage similar to their
trifluoromethylsulfonyloxy-pyridinium salt analogs21 or (ii)
undergo homolytic bond cleavage, generating a methyl-
sulfonyloxy radical that, in contrast to trifluoromethyl-
sulfonyloxy radicals, should be stable as demonstrated by
Ritter and co-workers.49

1-(Methylsulfonyloxy)pyridinium methanesulfonate (2) can
be synthesized on a decagram scale from pyridine-N-oxide 4ab
and methanesulfonic anhydride.51 To evaluate the feasibility
of a direct benzylic C–H mesyloxylation using (methyl-
sulfonyloxy)pyridinium salts, we investigated the conversion of
1-bromo-4-ethylbenzene (1a) into 1-(4-bromophenyl)ethyl
methanesulfonate (3a) using the pre-formed 1-(methyl-
sulfonyloxy)pyridinium methanesulfonate (2) (Scheme 2, top).
Pyridinium methanesulfonate 2 exhibits a ground-state
reduction potential of Ered1=2 = −0.42 V in MeCN vs. SCE and
thus should be readily reduced by [Ru(bpy)3][PF6]2
(E*

ox ¼ �0:81V vs: SCE in MeCN, λabsmax = 450 nm) as a photo-
redox catalyst upon irradiation with blue light (3 × 7 W LED,
λemmax = 458 nm).52 To our delight, the desired mesyloxylated
product 3a was formed readily in 59% yield according to
1H-NMR spectroscopy. More importantly, the utilization of
equimolar amounts of pyridine N-oxide (4a) and methanesul-
fonic anhydride allowed for an in situ formation of the pivotal
redox-active pyridinium mesylate agent with marginal deterio-
ration in yield (Scheme 2, bottom). In addition, we found that

Scheme 1 Selected examples of pyridinium salts as group transfer reagents.
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reducing the wattage from 21 to 14 W had no detrimental
effect on the yield of the desired product 3a. Notably, benzylic
mesylates 3 exhibit thermal instability and undergo elimin-
ation to form styrene byproducts at elevated temperatures,
including during GC analysis.

The reliable in situ formation of the pyridinium salt signifi-
cantly accelerated the subsequent screening of various hetero-
arene N-oxides 4a–4g (Table 1). Pyrazine and pyrimidine

N-oxides (4b and 4c) led to diminished product yields (Table 1,
entries 2 and 3). Similarly, substitution with electron-with-
drawing and electron-donating substituents 4d, 4e and 4f also
resulted in lower product yields compared to pyridine N-oxide
(Table 1, entries 4–6). The best result was obtained using
4-phenylpyridine N-oxide (4g) (Table 1, entry 7). Increasing the
amounts of N-oxide 4g and methanesulfonic anhydride to 3.0
equiv. led to full conversion of the starting material 1a along
with an increased yield of 70%. Reaction monitoring 1H-NMR
analysis of the crude reaction mixture showed that a
maximum conversion to the desired product 4g is already
reached after a reaction time of 90 min (Table 1, entry 9). After
16 hours, the product yield of mesylate 3a is in fact diminished
due to the formation of side products (Table 1, entry 8).53

Consequently, irradiation at 458 nm (14 W) for 1.5 h enabled
the formation of the desired product in an NMR yield of 83%
(Table 1, entry 9).

The optimization of molar ratios of the reactants was evalu-
ated by conducting a Design of Experiment (DoE) assay.54 For
the DoE, a face-centered design with three variables, focusing
on the stoichiometry of the reactants 4-bromoethylbenzene
(1a), 4-phenylpyridine N-oxide (4g), and methanesulfonic
anhydride, was applied (for more details, see the ESI†). The
response surface was calculated using a quadratic model. The
graphical analysis of the screening set using the substrate 1a
as the limiting reagent is depicted in Fig. 2. The assay supports
the results from the one parameter optimization. The optimal

Scheme 2 Benzylic C–H bond mesyloxylation with pre-formed and
in situ generated (methylsulfonyloxy)pyridinium salts.

Table 1 Screening of heteroarene N-oxides 4a–4ga

Entry
HetAr
N-oxide

Equiv. of
4b

Wattage
[W]

Conv. of
1ac [%]

Conv. to
3ac,d [%]

1 4a 2.0 21 61 55
2 4b 2.0 21 <5 <5
3 4c 2.0 21 13 10
4 4d 2.0 21 18 11
5 4e 2.0 21 26 9
6 4f 2.0 21 25 20
7 4g 2.0 21 88 65
8 4g 3.0 21 >95d 87c, 70d

9e 4g 3.0 14 >95d 83d,e

a Reactions were performed on a 0.5 mmol scale. bHeteroarene
N-oxides 4 and Ms2O were used in a 1 : 1 ratio. cConversions were
determined by calibrated GC using mesitylene as the internal stan-
dard. 4-Bromostyrene was used as the analyte. d 1H NMR yield of 3a.
e Irradiated for 90 min.

Fig. 2 Simulated 3D surface plot of the DoE-assisted optimization of
the reagent ratios. 1-Bromo-4-ethylbenzene (1a, 0.5 mmol) was used as
the limiting reagent. Yields were determined by calibrated GC.
4-Bromostyrene was used as the analyte.
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conditions for this experiment comprised the use of the sub-
strate 1a as the limiting reagent, in conjunction with both
reagents N-oxide 4g and methanesulfonic anhydride, in equi-
molar amounts and threefold excess. In total, the energy con-
sumption of the reaction set-up accounted for 24 Wh.55

With the optimized reaction conditions in hand, our next
objective was to investigate the applicability of the established
protocol. As demonstrated by Fritz-Langhals as well as Ritter
and colleagues, the isolation of the corresponding benzylic
mesylate or its in situ conversion under standardized reaction
conditions poses a challenge.49,56 Driven by our interest in the
synthesis of drug metabolites, we consequently concentrated

on the synthesis of benzylic alcohols by nucleophilic substi-
tution of the benzylic mesylates 3 (Scheme 3).

A considerable variety of mesylates 3a–3y were successfully
transformed into the targeted benzyl alcohols 5a–5y under
both basic and acidic conditions. To ensure the reproducibility
of the reaction procedure, all scope entries were run in two
separate experiments and the isolated yields are shown as
average yields within a standard deviation of ≤5%. We first
tested a variety of ethyl arenes (Scheme 3, top). Several ethyl
arenes bearing (pseudo)halide substituents as well as unsub-
stituted ethylbenzene were converted into the corresponding
1-phenethyl alcohols 5a–5g in isolated yields of 52–71%. The

Scheme 3 Reaction scope of the benzylic C–H bond oxygenation. Reactions were run on a 0.5 mmol scale, using 1 (1.0 equiv.), 4-phenylpyridine
N-oxide (4g) (3.0 equiv.), Ms2O (3.0 equiv.) and [Ru(bpy)3][PF6]2 (1.25 mol%) in CH2Cl2 [0.17 M]. Irradiation with two LED panels (458 nm, 2 × 7 W).
Yields refer to isolated material over two steps and are listed as the average of two experiments within a standard deviation of 5%. a Irradiated for
2.5 h. b Irradiated for 0.5 h. cHydrolysis for 0.5 h.
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10-fold scale-up of the photo-mediated benzylic oxygenation
was successfully realized using 1-iodo-4-ethylbenzene (1c). The
corresponding benzylic alcohol 5c was obtained in 64% iso-
lated yield over two steps after a prolonged irradiation time of
3 h. Polycyclic benzyl alcohols 5i, the flurbiprofen derivative 5j,
and 5l were obtained in good yields of up to 75%. 1-Ethyl-4-
methylbenzene (5h) bearing two competing benzylic positions
for C–H bond scission was converted into the secondary
benzylic alcohol 5h in 26% yield after 0.5 h.57 Notably,
although benzylic mesylates are sensitive to elimination at
temperatures above 60 °C, methane sulfonate hydrolysis and
nucleophilic substitution with sodium hydroxide predomi-
nates over E2 elimination. Notably, when treating the benzylic
mesylate with primary amines, sulfonate hydrolysis to the
corresponding benzylic alcohol was observed exclusively. The
mesylates of esters 1g and 1n, containing base-sensitive func-
tional groups, were converted under acidic conditions using
HCl (1.0 M) in THF : H2O. Next, we examined substrates
bearing diverse sidechains (Scheme 3, bottom). 1-(4-
Bromophenyl)butan-1-ol (5m) was isolated in 74% yield after a
prolonged reaction time of 2.5 h. Substrates bearing various
functional groups on the alkyl chain such as esters, halides,
and mesylates were readily converted into the corresponding
alcohol derivatives 5n, 5o, 5p and 5q in good yields. Alkenyl

and alkyne substitution resulted in a decreased yield of 19%.
9H-Fluoren-9-ol (5t) was isolated in 62% yield. Steric bulk at
the α-position to the benzylic C–H bond as evident in products
5u, 5v, 5y and 5z did not impair the product yields.
Significantly, methyl (S)-ibuprofen underwent selective oxi-
dation on the isobutyl sidechain to produce alcohol 5y, effec-
tively leaving the more acidic propanoate C–H bond intact.
The (S),(R)- and (S),(S)-diastereomers of 5y were formed in
equimolar quantities.

In contrast, sterically encumbered phthalimide-protected
phenylalanine 1x allowed isolation of the benzylic mesylate 3x
as a mixture of diastereomers in a ratio of 86 : 14 (Scheme 4,
top). The major product obtained, exhibited high crystallinity
suitable for X-ray spectroscopic analysis and the major diaster-
eomer was unequivocally identified as the (2S,3S) stereoi-
somer. Notably, nucleophilic substitution was most effective
under the conditions described by Ritter and co-workers, uti-
lizing HFIP and water, which resulted in the conversion into
the (2S,3R)-3-hydroxyphenylalanine derivative 5x as a single
isomer upon inversion of the stereogenic centre, based on
spectroscopic and crystallographic analysis (Scheme 4,
top).49,58 The synthetic utility is demonstrated by the practical
synthesis of diphenhydramine (10), a first generation H1-anti-
histamine, from diphenylmethane (1w) without intermediate

Scheme 4 Benzylic C–H bond functionalization of phenylalanine derivative 6 and synthetic derivatization.
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purification in 40% overall yield. In addition, benzylic mesy-
lates can be utilised as electrophiles in nucleophilic substi-
tution reactions, employing ethanol or 4-fluorophenol (12)
(Scheme 4, bottom).59

Next, we focused on investigating the underlying mechanis-
tic aspects of the benzylic C–H bond mesyloxylation strategy.
The corroborated mechanism is depicted in Fig. 3. Stern–
Volmer quenching experiments confirmed that 1-(methyl-
sulfonyloxy)pyridinium methanesulfonate (2) was identified as
the most effective quencher of the excited catalyst (KSV = 54.8
M−1). With a ground state reduction potential of Ered1=2 = −0.42 V
for 2 and Ered1=2 = −0.46 V for 2g in MeCN vs. SCE, a single elec-
tron reduction by the excited state photoredox catalyst [Ru
(bpy)3][PF6]2 (E*

ox ¼ �0:81 V vs. SCE in MeCN, λabsmax = 450 nm)52

is feasible. The single-electron reduction populates the
π*-orbital of the heteroarene. A concomitant out-of-plane
bending of the exocyclic σ-bond leads to the population of the
σ*-orbital due to canonical intersection.17 As a result, the
bond weakens, ultimately causing N–O bond scission.
Homolytic bond cleavage of the exocyclic N–O bond leads to
the generation of 4-phenylpyridine (6) and the methyl-
sulfonyloxy radical MsO•. Alkylsulfonyloxy radicals (BDE =
107 kcal mol−1 for BuSO3H) are apt to cleave benzylic C–H
bonds (BDE = 88 kcal mol−1 for 4-bromoethylbenzene)
through HAT forming a benzylic C-centered radical 1•.60,61 The
resulting methanesulfonic acid is captured by 4-phenylpyri-
dine (6) forming a weakly acidic acid–base adduct. The oxi-
dation of the stabilized benzylic radical (1+, Eox1=2 = +0.73 V for
PhCH2

• and +0.37 V for PhC•HCH3 vs. SCE in MeCN)62 by the
oxidized form of the photoredox catalyst (Eox1=2[Ru

III/RuII] =
+1.29 V vs. SCE)52 closes the catalytic cycle. Subsequently, the
resulting benzylic carbocation reacts with a methanesulfonate
anion to form 1-phenylalkyl methanesulfonates 3 as the final
product, in line with an ORPC mechanism.

The kinetic isotope effect (KIE) of the benzylic C–H bond
cleavage was determined by an intramolecular competition
experiment (Scheme 5, top). 4-(Ethyl-1-d )-2-fluoro-1,1′-biphe-
nyl (d-1j) with 90% deuterium content was prepared by photo-
mediated deuterodecarboxylation of flurbiprofen and sub-
jected to the standard reaction conditions.63 The analysis of
the crude NMR spectra towards the synthesis of alcohol d-5j
revealed a significant kinetic isotope effect of 3.85. When
4-phenylbutanoic acid (14) was used as the substrate, 5-phenyl-
dihydrofuran-2(3H)-one (15) was isolated as a single product in
39% yield (Scheme 5, bottom). The cyclization suggests the
presence of a benzylic carbocation intermediate.

To better understand the divergent behaviour between
(methylsulfonyloxy)pyridinium salts and their trifluoromethyl-
sulfonyloxy counterparts, we conducted density functional
theory (DFT) calculations. Geometry optimization and fre-
quency calculations were performed using the B3LYP/6-31G(d)
level of theory using Gaussian 16 software.64 To provide
further insights into the electronic structures, natural bond
orbital (NBO) analyses were conducted utilizing NBO 6.0
software.65 The optimized structures reveal the out-of-plane
bending of the exocyclic N–O bond, which is crucial for the
population of the (N–O) σ*-orbital for bond cleavage.66–68 The
NBO analysis of the pyridinium moieties pyOMs• and pyOTf•

post-single electron reduction can be represented as a two-
centre-three-electron (2c–3e) bond scenario (Fig. 4A illustrates
this for pyOMs•). To model bond cleavage during the DET
process, both homolytic and heterolytic bond scissions were
simulated. The solvation effects were accounted for using the
solvation model based on density (SMD) as implemented in
Gaussian 16.70 The solvent used for the SMD calculations was
dichloromethane (ε = 8.93), chosen to mimic the experimental
conditions. The bond dissociation energy of pyOTf• is found to
be barrierless and exergonic, with a release of approximately
3.0 kcal mol−1 in both cases (Fig. 4, left). Experimental vali-
dation of the reactivity of the corresponding pyridyl radical

Fig. 3 Proposed catalytic cycle.
Scheme 5 Determination of the KIE (top); intramolecular benzylic C–H
bond oxygenation (bottom).
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during heterolytic bond cleavage was provided by Togni,
Carreira and Ritter.18–21 Conversely, the O-centered triflyloxy
radical is deemed unstable and thus prone to dissociation.33

In contrast, the heterolytic N–O bond cleavage of pyOMs• was
computationally determined to be endergonic by +16.0 kcal
mol−1. In contrast, the homolytic cleavage, resulting in the for-
mation of a stable O-centered mesyloxy radical, is exergonic by
−4.1 kcal mol−1 (Fig. 4B, right). Hence, the applied model
reflects the observed reaction outcome described in this
account. Both experimental and theoretical analyses under-
score the significance of electronic effects on radical
generation.16

In summary, we have established a straightforward and
scalable procedure for the radical mesyloxylation of benzylic
C–H bonds. The mesyloxy radical originates from the homoly-
tic cleavage of an in situ generated pyridinium salt. This in situ
formation of pyridinium salts from heteroarene N-oxides and
methanesulfonic anhydride enabled efficient screening of
redox-active functional group transfer reagents. The selective
mesyloxylation of benzylic C–H bonds enables the targeted
synthesis of benzyl mesylates, which can then be either
directly derivatized or converted into the corresponding alco-
hols using a simple and unified approach. The developed
methodology is distinguished by its operational simplicity,
rapid reaction at low wattage, and minimal energy consump-
tion for the functionalization of a wide range of substrates.
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Data availability

All experimental data supporting the findings of this study are
available within the article and its ESI.† Crystallographic data
for the structures reported in this work have been deposited
with the Cambridge Crystallographic Data Centre under depo-
sition numbers CCDC (2345289 and 2348388†). Structural
parameters (Cartesian coordinates) for all DFT-optimized
structures are provided as a separate dataset alongside the
ESI.† Additional raw data, spectral files, and analysis scripts
are available from the corresponding author upon reasonable
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Fig. 4 (A) Depiction of the relevant orbitals associated with the 2c–3e bond scenario in pyOMs•. Orbitals were visualized using Iboview, Version
v20211019-RevA (G. Knizia, Available at: https://www.iboview.org).69 (B) Relative reaction coordinate profile for the homolytic and heterolytic N–O
bond cleavage of pyOTf• and pyOMs•, respectively.
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