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ABSTRACT: We developed a visible-light driven oxo-acyloxylation of
aryl alkenes with carboxylic acids and molecular oxygen. A metal-free
photoredox system, consisting of an acridinium photocatalyst, an
organic base, and molecular sieve (MS) 4 Å, promotes chemoselective
aerobic photooxidation of aryl alkenes. This approach may provide a
green, practical, and metal-free protocol for a wide range of α-acyloxy ketones.

Selective aerobic oxidation is the most promising alternative
approach to traditional oxidation processes.1 However,

numerous catalytic systems require expensive additives and/or
harsh conditions to overcome the high energy barrier for the
aerobic oxidation, thus diminishing the overall sustainability of
these processes. Recently, visible-light photocatalysis has
offered a technically attractive and energy-saving platform for
the aerobic oxidation.2a−l With the aid of a photocatalyst
excited by visible light, molecular oxygen can be activated to
either a singlet oxygen or superoxide radical anion by an
energy-transfer2m,n or electron-transfer process. Further reac-
tions dominated by the reactive oxygen species (ROS)
produced the meaningful transformations. For the visible-
light-driven aerobic oxidations, the multiple parallel pathways of
ROS give rise to the complexity of oxygenated products, which
are obstacles to a more environmentally benign method.
Therefore, new strategies to improve the chemoselectivity of
visible-light-driven aerobic oxidation are highly desirable.
We have found that, for the compounds containing labile

protons, the introduction of proper bases significantly
contributes to the electron transfer from substrates to the
excited organocatalysts, thereby suppressing the side reaction of
singlet oxygen.3 In continuation of our interest in the
development of the chemoselective photocatalytic aerobic
oxidation, we are intrigued by the unique property of 9-
mesityl-10-methylacridinium perchlorate (Mes-Acr+) as a
photocatalyst. The mesityl group located at the 9-position of
the acridinium ion dramatically increases the quantum yields
for the formation of the electron-transfer state, which can
inhibit the generation of singlet oxygen in the photocatalytic
aerobic oxidation. Previous studies about Mes-Acr+ demon-
strated that the electron-transfer process dominates Mes-Acr+

involved in photocatalytic aerobic oxidation.4 Therefore, Mes-
Acr+ is a promising candidate for chemoselective photocatalytic
aerobic oxidation of alkenes.
α-Acyloxyketones are basic structural elements in a variety of

natural products and are prevalently used building blocks in

synthetic organic chemistry (Scheme 1).5 Besides, much effort
has been devoted and valuable protocols have proven to be

efficient for the preparation of α-acyloxyketones and their
derivatives;6 direct oxo-acyloxylation of alkenes with carboxylic
acids is a potentially appealing method which provides a green
approach toward the synthesis. It has been reported that α-
acyloxyketones can be prepared by I2-catalyzed oxo-acylox-
ylation of alkenes in the presence of stoichiometric amounts of
tert-butyl hydroperoxide and Et3N.

7 We envisioned that
electron transfer from alkenes to the singlet electron-transfer
state of Mes-Acr+ can occur efficiently and generate the radical
cation of alkenes under photocatalytic aerobic conditions.8

Subsequent reaction of an alkene radical cation with carboxylic
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Scheme 1. Strategy for Biologically Active α-Acyloxyketones
via Visible-Light Photocatalysis
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acid and molecular oxygen should produce the desired α-
acyloxyketones (Scheme 1).
Thus, we chose 5-aryl-pent-4-enoic acid 1a as the model

substrate to explore the intramolecular aerobic oxo-acylox-
ylation. The results are listed in Table 1. An acetonitrile

solution containing 1a and Mes-Acr+ (5 mol %) was irradiated
by 3 W blue LEDs (λ = 450 nm) in an open vessel under
ambient conditions for 48 h, and the desired oxolactone 2a was
obtained in 38% yield accompanied by the formation of 4-
methoxybenzaldehyde and 4-methoxybenzoic acid, which may
mainly be attributed to the decomposition of 1,2-dioxetane
from the reaction between the 1a radical cation and superoxide
radical anion. Considering that a base might suppress the
competing reaction by enhancing the nucleophilicity of the
carboxylic acid moiety,9 we tested a series of bases to initiate
the reaction (entries 2−6). It was found that the yield of 2a was
improved in the presence of K2CO3, K2HPO4, NaOH, 2,6-
lutidine, and DABCO (1,4-diazabicyclo[2.2.2]octane). After
DABCO was chosen as the ideal base, several solvents, such as
DMF, THF, acetone, and DCE were applied to this reaction to
replace CH3CN (entries 7−10). However, CH3CN is still the
best candidate solvent. Interestingly, the use of pure oxygen
instead of air decreased the yield of the product (entry 11).
Replacement of air by hydrogen peroxide failed to give the
oxolactone (entry 12). Finally, it was found that the addition of
molecular sieves (MS 4 Å) delivered 2a in 73% yield (entry
13). A dark reaction and a reaction without the photocatalyst
showed that both visible-light irradiation and Mes-Acr+ are
necessary for the desired reaction to proceed.
With optimized conditions in hand, we investigated the

scope of the intramolecular olefin acids (Scheme 2). Thorpe−
Ingold assistance is not required in the backbone of the
molecule; 2a−2d obtained nearly identical levels of reaction

efficiency. For substrates bearing a methoxyl group at the
aromatic ring, the order of the reactivity is para > meta > ortho
in terms of yields (2a, 2e, and 2f). Electron-rich and halide
substrates gave the corresponding oxolactones in good yields
(2g−2k and 2m). In contrast, the trifluoromethyl, a stronger
electron-withdrawing group, retarded the reaction, and 2l was
obtained in low yield. We further probed the heteroaromatic
carboxylic acid, and the corresponding oxolactones were
acquired in good yields (2n and 2o).
Next, we focused on the intermolecular oxo-acyloxylation of

alkenes with carboxylic acids (Scheme 3). Initially, several
different alkenes were examined. The less electron-rich β-
methylstyrene (3a) resulted in similar yields, compared with
electron-rich p-methoxy-β-methylstyrene (3b). Sterically hin-
dered substrates gave the corresponding products, while slightly
diminished yields were observed (5ca, 5da, and 5ea). We then
turned to investigate the scope of carboxylic acids that could be
employed. Aromatic carboxylic acids, which are substituted with
electron-donating or electron-withdrawing groups, gave the
desired products in moderate yield (5aa, 5ab, and 5ac).
Heteroaromatic carboxylic acids and aliphatic carboxylic acids
were poor substrates, and the corresponding products were in
low yield (5ad, 5ae, and 5af).
It was found that arylaldehydes were formed as a byproduct

in the lesser efficient oxo-acyloxylations. Fukuzumi et al. have
reported that 1,2-dioxetane can be produced by the radical-
coupling reaction between an alkene radical cation and a

Table 1. Optimization of Reaction Conditions

entry solvent additives yieldb(%)

1 CH3CN − 38
2 CH3CN K2CO3 42
3 CH3CN K2HPO4 45
4 CH3CN NaOH 50
5 CH3CN 2,6-lutidine 62
6 CH3CN DABCO 67
7 DMF DABCO 0
8 THF DABCO 45
9 acetone DABCO 57
10 DCE DABCO 61
11c CH3CN DABCO 62
12d CH3CN DABCO trace
13e CH3CN DABCO, MS 4 Å 73
14e,f CH3CN DABCO, MS 4 Å 0
15g CH3CN DABCO, MS 4 Å 0

aReaction conditions: 1a (0.1 mmol), Mes-Acr+ (5.0 × 10−3 mmol),
additives (0.1 mmol without specially noted), solvent 3 mL, in air at
room temperature, irradiated by 3 W blue LED for 48 h. bIsolated
yield. cPure O2 was used instead of air. d0.5 mmol of H2O2 was used
instead of air. e40 mg of MS 4 Å were added. fReaction was carried out
in the dark. gReaction was carried out in the absence of Mes-Acr+.

Scheme 2. . Oxylactonization of Olefin Acids,

aReaction conditions: a mixture of 1 (0.1 mmol), DABCO (0.1 mmol,
1.0 equiv), Acr+-Mes (5.0 mol %) and MS 4 Å (40 mg) in dry CH3CN
(3.0 mL) was irradiated with a 3 W blue LED for 48 h at rt. bIsolated
yield.
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superoxide radical anion.10 The decomposition of 1,2-dioxetane
will produce arylaldehyde and diminish the yield of the oxo-
acyloxylated product. Therefore, if the generated superoxide
radical anion during the photoreaction can be consumed, the
yield of oxo-acyloxylation should be improved. We found that,
under ambient air conditions, the addition of TQ (thymoqui-
none), a potent superoxide anion scavenger,11 enhanced the
yield of the oxo-acyloxylation remarkably. As shown in Scheme
4, for the substrates which were less efficient under standard

conditions, the desired oxo-acyloxylated products were
obtained in satisfactory yield except that the conversion was
retarded.
The fluorescence of Mes-Acr+ in air was quenched by 5-aryl-

pent-4-enoic acid 1a with a rate constant of 9.09 × 102 L·mol−1,
which is very close to the quenching rate constant of Mes-Acr+

with 1a under anaerobic conditions (1.05 × 103 L·mol−1) (see
Figure S2 in the Supporting Information (SI)). Recent
mechanistic studies by Nicewicz et al. indicated that single
electron transfer (SET) from alkenes (Eox in the range +1.0 to
+2.0 V) to the excited singlet state of Mes-Acr+ (E*red = 2.08 V

vs SCE) is thermodynamically feasible.8 Therefore, the
quenching should be attributed to the single electron transfer
processes which generate an alkene radical cation. In addition,
the adduct of 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO)
with the acyloxylated benzyl radical was detected when 2 equiv
of TEMPO were introduced into the photocatalytic system (see
SI for more details), indicating the nucleophilic attack of the
alkene radical cation by the carboxyl moiety is plausible.
Our mechanistic hypothesis outlined in Scheme 5 proposes

that, following addition of the alkene radical cation by the

carboxyl anion with the aid of the base, the resulting radical B is
captured by O2 and populates peroxide radical C. Intermediate
C further transforms into corresponding peroxide D through
hydrogen atom abstraction or electron transfer following
proton transfer.12 Finally, the elimination of H2O of D
furnishes the desired product.13 On the other hand, the
reduced photocatalyst can be regenerated by molecular oxygen
or peroxide radical C via SET. DFT calculations and
photosensitizer experiments indicate that generation of 2m
from intermediate 1,2-dioxetane should not be mainly involved
in the reaction (see SI for more details). For the substrates with
less easily oxidized styrenes, a different pathway based on the
formation of carboxyl radical seems also plausible.14

In conclusion, we have developed a straightforward method
for the synthesis of α-acyloxy ketones through oxo-
acyloxylation of alkenes with carboxylic acids and molecular
oxygen under visible-light irradiation. This protocol enables the
conversion of a variety of readily available aryl alkenes in
moderate to high yields. It is also recommended for its green
and mild reaction conditions, such as the employment of metal-
free catalyst Mes-Acr+, ecologically benign oxidant molecular
oxygen, and sustainable energy visible light. The further
development of synthetically valuable visible-light-driven
aerobic oxidations is a continuing effort in our laboratory.
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Scheme 3. α-Oxo-acyloxylation of Olefins with Carboxylic
Acids,

aReaction conditions: a mixture of 3 (0.2 mmol), 4 (2 mmol),
DABCO (0.6 mmol, 3.0 equiv), Acr+-Mes (5.0 mol %) and MS 4 Å
(40 mg) in dry CH3CN (3.0 mL) was irradiated with a 3 W blue LED
for 48 h at rt. bIsolated yield.

Scheme 4. Improved α-Oxo-acyloxylation with the Aid of
Thymoquinone

aReaction conditions are similar to those mentioned in Schemes 2 and
3 except that 0.2 equiv of TQ was added. bThe conversion of
corresponding olefin acids or olefins. cIsolated yield based on the
conversion.

Scheme 5. Proposed Mechanism
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