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Metal- and additive-free C–H oxygenation of
alkylarenes by visible-light photoredox catalysis†
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Dariusz G. Piekarski ‡ and Olga García Mancheño *

A metal- and additive-free methodology for the highly selective, photocatalyzed C–H oxygenation of

alkylarenes under air to the corresponding carbonyls is presented. The process is catalyzed by an imide-

acridinium that forms an extremely strong photooxidant upon visible light irradiation, which is able to acti-

vate inert alkylarenes such as toluene. Hence, this is an easy to perform, sustainable and environmentally

friendly oxidation that provides valuable carbonyls from abundant, readily available compounds.

Introduction

The direct and selective oxygenation of alkylarenes has signifi-
cant importance in the synthesis of aldehydes and ketones,1

which are applied as key intermediates in the production of fine
chemicals such as agricultural products, dyes and pharma-
ceutical compounds.2 In the last few years, a variety of method-
ologies have been developed mostly based on transition metal
catalysts such as Co, Fe, Pd, Cu or Mn,3 providing the corres-
ponding oxygenation products in good yields. However, the
necessity of additives and the requirement of harsh conditions,
in particular, elevated temperatures and high oxygen pressure,
lead to a lack of sustainability, as well as selectivity.4

Visible light photoredox catalysis has recently emerged as a
sustainable and powerful alternative,5,6 especially with the
development of organic dyes as photocatalysts7 with highly oxi-
dative excited states (Scheme 1). Already in 2000, Fukuzumi
et al. reported the light induced photooxidation of xylenes
(Ep/2 = ∼+2.20 V vs. SCE)8 in the presence of 10-methyl-9-phe-
nylacridinium (Ph-Acr+) perchlorate, giving the corresponding
methyl-substituted benzaldehydes in good to excellent yields
with high selectivity towards the monooxygenation product.9,10

Unfortunately, the more challenging substrate toluene (Ep/2 =
∼+2.36 V vs. SCE)8 only gave 3% of conversion under the
applied conditions.11 Further efforts with 10-methyl-9-mesity-
lacridinium (Mes-Acr+) were again only effective with xylenes
or electron-richer substrates,12 while proving efficient in the

benzylic oxygenation to ketones of activated systems such as
diarylmethanes.13 In 2010, König and co-workers reported the
flavin (RFT) catalyzed C–H oxidation of alkylarenes to the
corresponding aldehydes and ketones.14 The carbonyl com-
pounds were obtained in excellent selectivity, however, the

Scheme 1 C–H oxygenation of alkylarenes by photoredox catalysis.

†Electronic supplementary information (ESI) available: General procedures and
representative analytical data, complete optimization studies, mechanistic
experiments and DFT calculations. See DOI: 10.1039/d1gc00463h
‡Current affiliation: Institute of Physical Chemistry, Polish Academy of Sciences
Kasprzaka 44/52, 01-224, Warsaw.

Organic Chemistry Institute, Westfälische Wilhelms University Münster, Correnstraße

36, 48149 Münster, Germany. E-mail: olga.garcia@uni-muenster.de

3392 | Green Chem., 2021, 23, 3392–3399 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

15
/2

02
1 

4:
06

:4
2 

PM
. 

View Article Online
View Journal  | View Issue

www.rsc.li/greenchem
http://orcid.org/0000-0003-1220-1902
http://orcid.org/0000-0002-7578-5418
http://crossmark.crossref.org/dialog/?doi=10.1039/d1gc00463h&domain=pdf&date_stamp=2021-05-05
https://doi.org/10.1039/d1gc00463h
https://pubs.rsc.org/en/journals/journal/GC
https://pubs.rsc.org/en/journals/journal/GC?issueid=GC023009


scope was limited to few electron-rich arenes and the catalyst
loading had to be increased to 20 mol% in some cases. In
2013, Pandey et al. applied 1,4-dicyanonaphthalene (DCN) as a
photocatalyst in the C–H oxygenation of alkylarenes, affording
the corresponding ketones in moderate to good yields in short
reaction times.15 However, selectivity issues were encountered,
leading to mixtures of the alcohol intermediate and the
desired ketone. Additionally, the scope of this process was
again limited to electron-rich aromatics. Two years later, Wolf
et al. reported benzylic C–H oxidation in the presence of a
flavin–scandium complex.16 With the additional Lewis acid as
an additive, the excited state potential of flavin could be
boosted from E*

1=2 (1RFT*/2RFT−) = +1.67 V to +2.45 V vs. SCE.
With an excess of concentrated hydrochloric acid, they were
able to oxidize toluene and its derivatives in moderate to good
yields.

In order to overcome some of the current limitations of
reactivity and selectivity in visible light photocatalytic oxi-
dation reactions, we have recently developed a new family of
9-imide-acridinium catalysts capable of forming remarkable
strong oxidants in their excited state.17 Continuing our investi-
gations in this field, we herein present a direct C–H oxygen-
ation methodology implying the powerful photooxidant Cy-
Imide-Acr+ ðE*

1=2 ¼ þ2:40 V vs: SCEÞ17 and additive-free, mild
conditions to obtain highly selective processes (Scheme 1,
bottom).

Results and discussion

We started our investigations with the optimization of the reac-
tion conditions for the visible light photocatalyzed C–H oxy-
genation of toluene as one of the most challenging com-
pounds in the presence of various acridinium photocatalysts,
which form strong oxidants upon visible light irradiation
(Table 1). Hereby, commercially available Fukuzumi catalyst
PC I ðE*

1=2 ¼ þ2:18 V vs: SCEÞ7 led to the formation of the
desired aldehyde in 15% yield (entry 1), while both acridinium
salts PC II ðE*

1=2 � þ2:10 V vs: SCEÞ18a and PC IV
ðE*

1=2 ¼ þ1:65 V vs: SCEÞ,18b which were previously developed
by the Nicewicz group, only gave traces of benzaldehyde in our
preliminary studies (entries 2 and 4). While these results can
be explained by insufficient excited state potentials of the
above-mentioned catalysts to thermodynamically achieve the
oxidation of the aromatic system of toluene, a HAT process
caused by the decomposition of DCE into chloride anions,
which can be subsequently oxidized to Cl-radicals, cannot be
excluded. To our delight, imide-acridinium salt PC III was able
to conduct the oxidation (entry 3). In this case, benzaldehyde
2a was formed in 36%, while benzoic acid (3a) was generated
in traces. An extensive solvent screening was then performed
(entries 5–7, see also the ESI†). The use of MeCN as a solvent
led to a notable improvement of the yield to 51% and a 2a:3a
selectivity of 10:1. The concentration effect was also analyzed
(entries 8–10). On the one hand, higher concentrations and an
increase in the volume of air in the reaction vial led to a loss

of selectivity due to the competitive formation of benzoic acid
(entries 7 and 8). On the other hand, the dilution to 0.05 M
resulted in the selective formation of benzaldehyde, however,
no significant improvement of the yield of 2a was monitored
(entry 10; 34% of 2a). In the next step, the importance of
oxygen for the reaction outcome was analyzed. No conversion
of the starting material was detected when the reaction
mixture was degassed and run under an argon atmosphere
(entry 11), while the exclusive formation of benzoic acid was
observed when the reaction was performed open to air (entry
12; 83% of 3a). Finally, the impact of the amount of water was
explored (see the ESI† for details). Thus, various mixtures of
dry MeCN and H2O as solvents were tested, resulting in the
completely selective formation of benzaldehyde in a good yield
of 69% when using a 99 : 1 MeCN : H2O mixture (entry 13).

With the optimized conditions in hand, the scope of our
methodology was tested by exploring various methyl-substi-
tuted benzenes and heteroaromatic derivatives (Table 2). The
reaction with the different regioisomers of xylene led to the
corresponding benzaldehydes 2b–d in good yields and excel-
lent selectivity (monooxygenation and without any overoxida-
tion to the benzoic acids 3). A similar monooxidation process
was observed with mesitylene, resulting in the formation of
the desired aldehyde 2e in 35% yield.19 Additionally, the use of
the bulkier alkylarene durene gave the corresponding aldehyde

Table 1 Optimization of the oxygenation reaction of toluene (1a)a

Entry PC Dry solvent ([M]) Yield 2ab (%) Yield 3ab (%)

1 PC I DCE (0.1) 15 0
2 PC II DCE (0.1) 7 0
3 PC III DCE (0.1) 36 Traces
4 PC IV DCE (0.1) 1 0
5 PC III CHCl3 (0.1) 33 Traces
6 PC III TFE (0.1) 2 0
7 PC III MeCN (0.1) 51 5
8 PC III MeCN (0.13) 33 6
9 PC III MeCN (0.2) 31 3
10 PC III MeCN (0.05) 34 0
11c PC III MeCN (0.1) 0 0
12d PC III MeCN (0.1) 0 83
13 PC III dry MeCN/H2O (99 : 1; 0.1) 69 0

a All reactions were performed on a 0.1 mmol scale using 10 mol% of
photocatalyst PC in closed vials under an air atmosphere. The vials
were irradiated from the bottom plane with blue LEDs (457 nm) for
18h. b Yields were determined by GC-FID with n-hexadecane as the
internal standard. c Reaction was degassed and performed under an Ar
atmosphere. d Reaction performed open to air.
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in a moderate 19% yield, most likely caused by steric reasons,
as well as the increasing potential difference between 1,2,4,5-
tetramethylbenzene (Ep/2 = +1.75 V vs. SCE)20 and excited state
photocatalyst PC III. Further substituents at the para-position

such as a tert-butyl group and oxidation labile functional
groups such as boron, silicon and thioether moieties gave the
desired aldehyde products 2g–j in moderate to good yields
(29–65%). Hence, in the case of the pinacol boronate 1h, the
hydroxylation product to the corresponding phenol was not
observed under the employed oxidative photoredox con-
ditions.21 Additionally, the oxygenation reaction of the sub-
strate 1g could be scaled up 100 fold, giving the desired
product 2g in a good yield of 50% with again excellent chemo-
selectivity. Interestingly, substrate 1k could only be trans-
formed into the desired aldehyde 2k, when PC IV was applied
as catalyst with 1.0 equivalent of 2,6-lutidine as additive under
an oxygen atmosphere, while the use of imide-acridinium salt
PC III under the exactly same reaction conditions did not result
in any conversion of 1k. We assume that this observation is
caused by the similarity between the redox potential of excited
catalyst PC IV ðE*

1=2 ¼ þ1:65 V vs: SCEÞ18b and the potential that
is required to oxidize the aromatic system of 1k (Ep/2 = +1.52 V
vs. SCE),22 while the large gap between the excited-state poten-
tial PC III and the substrate leads to an inefficient electron
transfer process. Furthermore, our investigations demonstrated
that the presence of an additional base is essential for the suc-
cessful oxygenation of 1k, which is necessary for the deprotona-
tion step once the aromatic system is oxidized. In the case of
neutral and electron-poor substrates, this step takes place spon-
taneously after the single electron oxidation occurs. Switching
the substrate class to heteroarenes such as 2-methyl-thiophene
(1l) and 8-methylquinoline (1m) showed that these compounds
were well-suitable for the standard method with PC III as the
photocatalyst and gave the related aldehydes in 47–50% yield.
Next, we turned our focus on arenes containing electron with-
drawing groups. Thus, halides were well tolerated, giving che-
moselectively the corresponding aldehydes 2n–p in good yields
(35–57%), except for 4-iodotoluene (1q) that led to the for-
mation of aldehyde 2q in only 13% yield. This result can be
reasoned by a more favorable oxidation on the iodine atom as a
competitive side-reaction or by the high potential difference
between PC III* and 1q. Further electron withdrawing function-
alities at the para position, such as acetyl moieties (2r and 2s)
and an imide group (2t), gave the desired products in moderate
to good yields (30–72%). Moreover, esters (1u–1w), a thioester
(1x) and amide functionalities (1y and 1z) were extremely well
tolerated under the optimized reaction conditions, leading to
the explicit formation of the corresponding aldehydes in good
to excellent yields (52–89%). Finally, to prove the applicability
of our methodology, we decided to perform the C–H oxygen-
ation of more complex structures. Thus, the oxygenation of
methyl protected ibuprofen 1aa led to the formation of alde-
hyde 2aa (57%) after the C–C bond cleavage at the benzylic
position. Furthermore, our process was extremely compatible
with derivatives of L-menthol, glutaric acid, lactate, adamantol,
L-valine and androsterone, giving the desired aldehydes 2ab to
2ag in good isolated yields (35–72%) and excellent
chemoselectivity.

Next, we wondered if our catalytic system would also be
effective for the selective oxidation of benzylic alcohols to the

Table 2 Scope of aldehyde synthesis from toluene derivativesa

a All reactions were performed on a 0.1 mmol scale. Yields were
obtained after flash column chromatography. b Yields were determined
by GC-FID with n-hexadecane as the internal standard. c Reactions
were carried out in dry DCE (0.1 M) to enhance the yield or favor the
solubility of the substrates. d The reaction was performed with PC IV as
the catalyst and 1.0 equiv. of 2,6-lutidine under an O2 atmosphere.
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corresponding aldehydes. A small screening of the reaction
conditions with benzyl alcohol (4a) as the substrate demon-
strated the exclusive formation of benzaldehyde (2a) in a good
yield of 83%. Additionally, the catalyst loading could be
decreased to 5 mol%, indicating that the oxidation of benzylic
alcohols is less challenging than those of the toluene deriva-
tives. The compatibility of our system with various functional-
ities was tested in the next step, resulting in the formation of
the desired aldehydes again in excellent selectivity in all cases
(Table 3). Hereby, neutral as well as electron donating groups
such as tert-butyl and methoxy groups at the para position
gave the desired products 2g and 2k in good yields (63–76%).
Moreover, different halides gave the corresponding aldehydes
2n to 2q in good to excellent yields (58% to >99%), while the
heterocyclic substrate 4l could be transformed into the desired
product successfully (2l, 70%).

With these results in hand, we focused our attention on the
synthesis of ketones (Table 4). Initially, we started our investi-
gations with ethylbenzene 5a (Eox = +2.14 V vs. SCE).16 After
screening of various reaction conditions (see the ESI†), we
could identify the optimal reaction conditions to be the use of
8 mol% of PC III in p.a. MeCN (0.1 M) as a solvent in a closed
vial under an air atmosphere. Accordingly, the desired ketone
6a was obtained in an excellent yield of 96%. Next, the impact
of the length of the alkyl chain connected to the aromatic
system was analyzed. In all cases, the desired ketones 6b–f
were obtained in moderate to good yields (36% to 58%), while
a decrease of the yield with an increase in the chain length
was observed. The functional group tolerance was then investi-
gated by variations in the substitution pattern in the aromatic
system. As in the case of toluene derivatives, the oxygenation
of various methoxy substituted ethyl benzenes (5g–5i) and
different silyl protected substrates (5j and 5k) was only success-
ful in the presence of catalyst PC IV and 1.0 equivalent of 2,6-
lutidine, leading to the formation of the desired products in
moderate to good yields (39–60%). Contrarily, electron with-
drawing groups such as a ketones, esters and halides (5l–5q)
gave the corresponding ketones in good to excellent yields
(57–94%) in the presence of imide-acridinium salt PC III.

Furthermore, acetophenones bearing substituents at the alkyl
chain were also well tolerated, allowing the introduction of
ester and aryl groups (6r–s, 42–55%). Once again, the method-
ology was applied on more complex structures such as ibupro-
fen 5t and papaverine 5u derivatives, resulting in the for-
mation of the desired ketones (30–40%) in excellent selectivity.

Motivated by these results, we decided to explore the
mechanism of the photocatalyzed C–H oxygenation reaction.
We started our investigations by fluorescence quenching
experiments of imide-acridinium photocatalyst PC III in the
presence of various amounts of toluene 1a (see the ESI† for
details). As already indicated by the electrochemical data,
efficient quenching of the excited state photocatalyst
ðE*

1=2 ¼ þ2:40 V vs: SCEÞ17 by toluene (Ep/2 = +2.36 V vs. SCE)8

was observed (KSV ∼ 66.1 M−1), illustrating that the oxygen-
ation reaction is initiated by the direct interaction of both
species PC III* and 1a.

Furthermore, DFT-based calculations on the initial steps to
form the postulated reactive key benzylic radical intermediate
1• from methylbenzenes were carried out using the
Gaussian16 program23 (Scheme 2, see the ESI† for details).
The structures were optimized in the gas phase at the DFT-
b3lyp-GD3BJ/def2tzvp level of theory accounting for Grimme’s
dispersion with Becke–Johnson damping correction (GD3BJ).24

Table 3 Scope of aldehyde synthesis from benzylic alcoholsa

a All reactions were performed on a 0.1 mmol scale. Yields were
obtained after flash column chromatography. b Yields were determined
by GC-FID with n-hexadecane as the internal standard.

Table 4 Scope of ketone synthesisa

a All reactions were performed on a 0.1 mmol scale. Yields were
obtained after flash column chromatography. b Yields were determined
by GC-FID with n-hexadecane as the internal standard. c The reaction
was performed with PC IV as the catalyst and 1.0 equiv. of 2,6-lutidine
under an O2 atmosphere.
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Initially, we examined the generation of the radical cation 1•+.
Thus, the calculated electron density difference (Δρ(r))
between the neutral substrate 1 and its oxidized radical cation
1•+ in Franck–Condon type transition provides the accumu-
lation and depletion of the electron density, which are shown
in red and blue, respectively (Scheme 2a). For this purpose,
three representative methylbenzene substrates 1a,8 1g25 and
1q26 with distinct oxidation potentials were chosen. A decrease
of electron density in closer proximity to the benzylic H-atom
was found in all cases, while for 1q a more remarkable
reduction of electron density was observed at the easily oxid-
able iodine atom. Moreover, it is clearly seen that the single
electron transfer (SET) occurs mainly from the aromatic ring
(C1 and C4 positions) but also, especially for toluene (1a),
from the C7 of the methyl group. Hence, once the first SET to
form the radical cation intermediate takes place, H abstraction
via benzylic C–H bond cleavage is facilitated.27 The second
step was next studied, for which a rigid potential energy (PE)
curve scan along the C–H bond was performed considering
that the H-abstraction occurs without relaxation of the system
after the ionization (Scheme 2b). The C–H bond cleavage
involves a significantly less dissociation energy (ΔE ∼ 3 eV) for
the radical cation 1a•+ than for the neutral toluene molecule
(6.68 vs. 3.75 eV for 1a and 1a•+, respectively). Moreover, the
required energy to dissociate the C–H bond varies as a func-
tion of the substituent, i.e., it increases in the order: 1a•+ (3.75
eV) < 1q (4.12 eV) ≅ 1g (4.15 eV).

Subsequently, we decided to study the kinetic isotope
effects (KIE) in this reaction to evaluate if the benzylic proton
cleavage is rate determining. Therefore, the standard reaction
was performed in the presence of a mixture of toluene-h8 (1a)
and toluene-d8. (1a-d8) (Scheme 3a). The analysis of the reac-
tion mixture by GC-MS after three hours gave the exclusive for-
mation of benzaldehyde-h6 (2a) and benzaldehyde-d6 (2a-d6)

with a KIE of 2.7. This primary isotope effect suggests the
proton abstraction step from toluene 1a•+ to the benzylic
radical 1a• as the rate-determining step. Additionally, the stan-
dard reaction was performed in the presence of 18O labeled
water in order to find out the oxygen source (Scheme 3b). The
analysis of the crude mixture by GC-MS showed a 1 : 1.2 ratio
of benzaldehyde-16O (2a) to benzaldehyde-18O (2a-18O) after
three hours of reaction time. In order to evaluate the possible
oxygen-isotope exchange on the formed benzaldehyde under
the photocatalytic conditions, a control experiment was con-
ducted by replacing toluene with benzaldehyde-16O
(Scheme 3c). The analysis of the reaction mixture disclosed a
1 : 3.5 ratio of 2a to 2a-18O, indicating a very fast exchange of
oxygen, once benzaldehyde is formed. Finally, the model reac-
tion was performed in the presence of an 18O2 atmosphere,
giving the desired products 2a and 2a-18O in a ratio of 1 : 1.6
(Scheme 3d). Taking these experiments into account, we con-
cluded that for the oxygenation process, the main source of
oxygen comes from the air and not from water, and the
isotope exchange observed occurs by reversible addition of
water to the carbonyl group. Moreover, in order to detect the
generated radical species in the reaction mixture, the standard
reaction was performed in the presence of 1.2 equivalents of
2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as a radical trap.
Hereby, the TEMPO-benzylic radical adduct 7 could be
detected by HRMS, while the homocoupling product 8 could
be identified by GC-MS measurements. In order to identify
further oxygen-centered radical intermediates, various EPR
measurements were conducted, however, none of the desired
intermediates could be detected. Nevertheless, a reaction
monitored by 1H-NMR proved the presence of hydroperoxide
intermediate 11 as well as benzylic alcohol 4a in the reaction

Scheme 2 Mechanistic investigations on the first SET oxidation step
and the subsequent deprotonation: (a) electron density difference Δρ(r)
between 1a and its radical cation 1a•+ (at isovalues of ±0.008 e− au−3).
(b) Rigid scan along the benzylic C–H bond for the deprotonation step
from 1•+ calculated at the DFT-b3lyp-GD3BJ/def2tzvp level of theory.

Scheme 3 Mechanistic investigations on the oxygenation reaction. (a)
Competitive KIE study. (b) Standard reaction in the presence of labeled
water. (c) Control experiment. (d) Standard reaction in the presence of
labeled oxygen.
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mixture (see the ESI† for details). Finally, the reaction
quantum yield was determined by standard ferrioxalate actino-
metry to figure out if a radical chain process is involved.28

Hereby, a fluorescence quantum yield of ϕ = 0.78 was
obtained, suggesting that a radical chain process is not the
predominant pathway (ϕ ≤ 1).

Based on the previous reports9 and taking all the previous
observations into account, the following plausible reaction
mechanism can be proposed (Fig. 1): Imide-acridinium photo-
catalyst PC III reaches its excited state upon irradiation by
visible light, leading to the formation of an extremely strong
photooxidant PC III*. This species is able to undergo a single
electron oxidation step with toluene (1a), giving rise to radical
cationic intermediate 1a•+ and reduced photocatalyst PC III•,
which reaches its ground state by back electron transfer (BET)
either to oxygen from the air or to peroxo-intermediate 9,
which gives rise to 10. Next, benzylic radical 1a• is generated
after proton abstraction of 1a•+, which is subsequently trapped
by oxygen, leading to peroxo-species 9, which leads to benzyl
hydroperoxide 11 either after H-radical abstraction or after
BET and protonation of 10. Consequently, intermediate 11 can
lead to the formation of benzaldehyde 2a by elimination of
water and benzylic alcohol 4a by reductive cleavage of the O–O
bond. In the final step, the alcohol 4a is oxidized to the corres-
ponding aldehyde 2a by excited state photocatalyst PC III*.

Conclusions

In conclusion, we were able to develop a metal- and additive-free
process for the visible light photocatalyzed C–H oxygenation of
toluene and its derivatives. The desired aldehydes were obtained

in good yields with excellent chemoselectivity, while the car-
boxylic acid formation could be fully suppressed. Furthermore,
selective generation of carboxylic acids could be observed when
the reactions were performed in open air. Additionally, this
methodology could be further expanded to benzyl alcohols and
alkylarenes, which gave the corresponding aldehydes and
ketones in excellent yields. Due to the extremely mild reaction
conditions, various functional groups were well-tolerated in both
aldehyde and ketone generation processes. Additionally, our
methodology was compatible with various complex structures,
such as natural compounds or drug derivatives. Mechanistic
investigations suggested that the oxygenation reaction is induced
by the direct interaction between the excited state photocatalyst
and the substrate molecules, while a radical chain process could
be excluded as the predominant pathway by quantum yield
measurements. The analysis of the kinetic isotope effect illus-
trated that the abstraction of a proton from the oxidized alkyl-
benzene substrate, which leads to the formation of the benzylic
key radical intermediate, is involved in the rate-determining
step. Furthermore, experiments with labeled water and oxygen
demonstrated that the main oxygen source is the molecular
oxygen from the air and not the co-solvent water.
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Fig. 1 Proposed reaction mechanism for photocatalytic C–H oxidation.
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