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Light-promoted oxidation of aldehydes to
carboxylic acids under aerobic and
photocatalyst-free conditions†‡
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The development of green and sustainable methods for the conversion of aldehydes to carboxylic acids is

of high academic and industrial interest. We demonstrate herein a practical and efficient light-promoted

oxidation of aldehydes, utilising atmospheric oxygen as the sole oxidant. The transformation is promoted

by either sunlight or LED 370 nm irradiation, without the use of a catalyst. A solvent mixture of acetone

and water proved to be the most effective solvent medium. A wide range of aliphatic or aromatic alde-

hydes were successfully employed, providing the corresponding carboxylic acids in high to excellent

yields. A mechanism was proposed based on direct infusion-high resolution mass spectrometry

(DI-HRMS) studies, suggesting a solvent-assisted oxidative transformation. The method is green, sustain-

able and operationally simple under very mild conditions.

Introduction

The oxidation of aldehydes to the corresponding carboxylic
acids is a fundamental, textbook and popular oxidative organic
transformation.1 It has attracted high industrial interest, since
several industrially important aldehydes are obtained via the
hydroformylation reaction of alkenes,2 and then serve as start-
ing materials for high-added value chemicals. Most of the
general synthetic processes for the oxidation of aldehydes rely
upon stoichiometric amounts of highly hazardous oxidants.1,3

A mild oxidant, widely employed in oxidation protocols, is
oxygen, since it is an ambient, abundant and harmless gas,
which can be considered the “greenest” approach towards oxi-
dation reactions.3c,4 The “green” character of molecular oxygen
as the oxidant, either deriving from ambient air or being sup-
plied as a gas to the reaction mixture, was very early realized.4a

Thus, in the past decade, aerobic oxidations have been recog-
nized as highly attractive oxidative processes for various appli-
cations in organic chemistry, due to their low cost and environ-

mental friendliness,3c,4 especially for the conversion of alde-
hydes to carboxylic acids.3c,4 Furthermore, the aerobic oxi-
dation of aldehydes into the corresponding carboxylic acid is
an industrial process and up to millions of tons per year of ali-
phatic carboxylic acids, among them, 2-ethylhexanoic acid, are
produced by this method.3b These acids have various indus-
trial uses, such as paint driers, vinyl stabilizers and cosmetic
products.

Although it is known that aldehydes are prone to oxidation,
synthetic methods for their oxidation to carboxylic acids under
green and mild conditions are still scarce. Except from stoi-
chiometric methods employing a variety of oxidants, there is a
number of catalytic approaches that demonstrate the aerobic
oxidation of aldehydes (Scheme 1A and B).5–13 In 2016 and
2017, two methods using atmospheric oxygen as the sole
oxidant were demonstrated, employing either a copper or an
iron(III) catalyst, respectively,5,6 while an interesting contri-
bution, employing Mn was reported in 1990.7 In 2018, a
method based on nickel catalysis was reported, however a
limited number of examples was demonstrated,8 while a
metal-free-catalysed oxidation of aldehydes has been also
reported using an N-heterocyclic carbene (NHC) (Scheme 1A).9

In 2019, N-hydroxyphthalimide was used as the catalyst
(5 mol%) for the aerobic oxidation of aldehydes either in
acetonitrile or water,10a and the mechanism of this reaction
was thoroughly investigated (Scheme 1A).10b Photochemistry
has also provided some elegant catalytic procedures
(Scheme 1B).11–13 In 2010, Safari and coworkers employed
visible light with a porphyrin catalyst for the oxidation of alde-
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hydes,11 in 2013, Cho et al. reported the oxidation of aldehydes
using oxygen bubbling and oxygen balloon in the presence of
Ru or Ir photocatalyst under blue LED irradiation,12 while
Favre-Reguillon and coworkers presented a continuous
flow photochemical oxidation with camphorquinone
(Scheme 1B).13 However, it has been demonstrated that the
conversion of aldehydes to carboxylic acids can be also per-
formed without a catalyst (Scheme 1C).14,15,17–21 In 2000,
Lehtinen and coworkers described the aerobic (experimental
and computational study) oxidation of 9 aliphatic aldehydes in
chlorinated solvents.14 In 2008, Vigalok and Shapiro reported
the oxidation of aldehydes “on water” and in “water”, however
in a limited number of substrates.15 In that work, benzoic acid
was obtained in 83% yield from benzaldehyde after a reaction
time of 12 h, while the aerobic oxidation results served as the
platform for the authors to introduce other aerobic oxidations
“on water”.16 Caddick et al. studied the aerobic autooxidation
of aldehydes under neat reaction conditions, as a part of a
study directed to the metal-free hydroacylation of CvC and
NvN bonds.17 The reaction time was only 2 h, but low conver-
sions were observed (0–60%).17 Favre-Reguillon and Bellefon
et al. studied the autooxidation of a limited number of alde-
hydes in comparison to a Mn(II)-catalysed reaction18 and pro-
posed a continuous flow process for the aerobic oxidation of
aldehydes, however with a limited substrate scope, while

oxygen under pressure was required.19 In 2018, the aerobic oxi-
dation of aldehydes in water was reported, but the study was
limited only in aromatic aldehydes, while a reaction time of
24 h was usually employed.20 The authors also demonstrated
that they could reduce the reaction time down to 8 h (from
24 h, yield for benzoic acid 99%), when 0.5 mol% of a Fe cata-
lyst was added.20 Also, in 2018, an aerobic oxidation of alde-
hydes in the eco-friendly solvent dipropylene glycol dimethyl
ether (DPDME) was reported, but an elevated temperature of
80 °C and a reaction time of 10 h were necessary for the com-
pletion of the reaction.21

The direct use of atmospheric oxygen as the oxidant is the
ideal methodology for the development of green and sustain-
able oxidative organic transformations, since molecular oxygen
offers high atom economy and production of water as the only
by-product. From another point of view, visible-light photoca-
talysis is an emerging energy-saving platform providing attrac-
tive green chemical transformation under mild reaction
conditions.22,23 In this work, we merge aerobic oxidation with
light irradiation and we demonstrate an efficient sunlight or
UVA-light promoted oxidation of aldehydes to carboxylic acids
under aerobic conditions, without the use of any photocatalyst
(Scheme 1D). A mixture of acetone and water was proven to be
the most effective solvent system. This environmentally benign
oxidation protocol is characterised by operational simplicity
and it has been successfully applied in a variety of aliphatic
and aromatic aldehydes. The mechanism for this oxidative
transformation was studied by Direct Infusion-High
Resolution Mass Spectrometry (DI-HRMS), revealing a solvent-
assisted phenomenon.

Results and discussion

Among the methods reported for the aerobic oxidation of alde-
hydes, only three employ light for the activation of the
catalyst.11–13 However, no catalyst-free method combined with
light irradiation has been investigated so far for the practical
synthesis of carboxylic acids from aldehydes, although the
photochemical oxidation of heptanal has been known since
1954.24 The aim of our study was the development of a mild,
green oxidative transformation of aldehydes, taking advantage
of the use of atmospheric oxygen and sunlight or UVA-light as
the source of energy. Dodecanal (1a) was employed as a model
substrate and the reaction conditions for its oxidation were
first investigated by evaluating the light source, the solvent,
and the time. The results of this optimization study are sum-
marized in Table 1.25 Ethyl acetate was employed as the
solvent, in order to study different irradiation sources (Table 1,
entries 1–6). Dodecanal was converted into acid 2a in a 22%
yield under daylight after 5 hours (Table 1, entry 2), while the
background reaction in dark produced acid only in 7% yield
(Table 1, entry 1). However, the effect of irradiation was pro-
found and the acid was produced in traces and 82% (77%
yield of isolated product) yield, after 5 hours of irradiation
with Kessil LED 456 nm and 370 nm, respectively (Table 1,

Scheme 1 Aerobic oxidation of aldehydes to acids: previous methods
and this work.
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entries 3 and 4 vs. entries 1 and 2). No product was observed
in the presence of 4-AcNH-TEMPO, verifying the radical char-
acter of the reaction (Table 1, entry 5). When the reaction was
left under an argon atmosphere, the reaction practically did
not take place (traces, Table 1, entry 6), highlighting the
importance of atmospheric oxygen as the oxidant. Switching
solvent from ethyl acetate to acetone, under irradiation at
370 nm, led to a faster reaction, since following the reaction by
1H-NMR revealed the formation of acid 2a in 94% yield after
only 3 hours (Table 1, entry 7). When the reaction was per-
formed on water, dodecanoic acid was obtained in 82% con-
version after 3 hours (Table 1, entry 8). Furthermore, the pres-
ence of water (10% v/v) afforded slightly better yield, leading to
product 2a in 96% conversion (94% yield of isolated product)
after 3 hours (Table 1, entries 9 vs. 7, 8 and 10). Keeping con-
stant the presence of water (10%), we evaluated tetrahydro-
furan, the green solvents 2-methyl-tetrahydrofuran and
γ-valerolactone, as well as EtOAc as the potential solvent,
however, none of them led to better results than acetone in
3 hours (Table 1, entries 11–14). Thus, an obvious acceleration
of the reaction takes place in the presence of acetone, water or
their mixture versus the other solvents tested (Table 1, entries
7–10 vs. 4, 11–14). Having defined a mixture of acetone–water
as the optimum medium, we next evaluated LEDs of different
wavelengths: 390 nm, 427 nm, 440 nm, 456 nm, 467 nm and
525 nm. Only in the case of 390 nm, a similar yield was
obtained (Table 1, entries 15–20), suggesting that 370 nm was
the optimum wavelength. Interestingly, when the reaction was
left for 3 h under sunlight, the product was obtained in 87%

(82% yield of isolated product, Table 1, entry 21). Collectively,
acetone–water (10%) was proven to be the optimum reaction
medium, while either sunlight or UVA-light at 370 nm were
found to be the optimum light sources.

Then, we moved our interest in the oxidation of aromatic
aldehydes, such as benzaldehyde (1l). The results of this
optimization study are summarized in Table 2, where the con-

Table 1 Optimization of the photochemical aerobic oxidation of dodecanal (1a)

Entry Solvent Light Time (h) Yielda (%)

1 EtOAc Dark 5 7
2 EtOAc Daylight 5 22
3 EtOAc 456 nm 5 Traces
4 EtOAc 370 nm 5 82 (77)
5 EtOAc 370 nm 4-AcNH-TEMPO 5 0
6 EtOAc 370 nm under Argon 5 Traces
7 Acetone 370 nm 3 94
8 H2O 370 nm 3 82
9 Acetone + 10% v/v H2O 370 nm 3 96 (94)
10 Acetone + 3% v/v H2O 370 nm 3 94
11 THFb + 10% v/v H2O 370 nm 3 49
12 2-Me-THFb + 10% v/v H2O 370 nm 3 Traces
13 γ-Valerolactone + 10% v/v H2O 370 nm 3 31
14 EtOAc + 10% v/v H2O 370 nm 3 64
15 Acetone + 10% v/v H2O 390 nm 3 80
16 Acetone + 10% v/v H2O 427 nm 3 Traces
17 Acetone + 10% v/v H2O 440 nm 3 14
18 Acetone + 10% v/v H2O 456 nm 3 Traces
19 Acetone + 10% v/v H2O 467 nm 3 0
20 Acetone + 10% v/v H2O 525 nm 3 0
21 Acetone + 10% v/v H2O Sunlight 3 87 (82)

a Conversion determined by NMR. Yield of isolated product after base–acid wash in parenthesis. b Caution: ethereal solvents, such as THF and
2-Me-THF, can undergo autoxidation under normal storage conditions to form unstable and potentially dangerous peroxide by-products.

Table 2 Optimization of the photochemical aerobic oxidation of benz-
aldehyde (1l)

Entry Solvent Light Time (h) Yielda (%)

1 EtOAc 370 nm 9 83
2 Acetone 370 nm 9 85
3 H2O 370 nm 9 (38)
4 Acetone + 10% v/v H2O 370 nm 7 87 (87)
5 Acetone + 10% v/v H2O 390 nm 9 86
6 Acetone + 10% v/v H2O 427 nm 9 25
7 Acetone + 10% v/v H2O 456 nm 9 28
8 Acetone + 10% v/v H2O 525 nm 9 14
9 Acetone + 10% v/v H2O Sunlight 8 82 (1 : 1)b

10 Acetone + 10% v/v H2O Dark 9 <5%

a Conversion determined by NMR or HPLC, while the reaction was
monitored by HPLC. Yield of isolated product after base–acid wash in
parenthesis. b A mixture of acid : peracid in a ratio of 1 : 1 was
obtained.
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version of the light-promoted aerobic oxidation was deter-
mined by HPLC.25 When the reaction was performed at
370 nm and ethyl acetate was employed as the solvent, a
longer reaction time was necessary (Table 2, entry 1). When
acetone was employed as the solvent, this time, 85% yield was
obtained after 9 hours (Table 2, entry 2). Switching solvent to
water, under irradiation at 370 nm, led to a lower yield of iso-
lated product (Table 2, entry 3). However, when the mixed
solvent mixture of acetone : water (10% v/v) was employed, an
excellent conversion was observed, leading to a 87% yield of
isolated 2l, after base–acid extractions in a slightly decreased
reaction time (7 h) at 370 nm (Table 2, entry 4). Extending the
reaction time to 9 h did not lead to higher yields.25 We also
tested the influence of the ratio of acetone : water to the reac-
tion outcome, but none of them led to better results.25

Keeping constant the mixture of acetone–water as the
optimum medium, we next evaluated LEDs of different wave-
lengths: 390 nm, 427 nm, 456 nm or 525 nm (Table 2, entries
5–8). In all cases, keeping the reaction time at 9 hours, except
for the case of 390 nm, lower yields were observed (Table 2,
entries 5–8), suggesting that 370 nm was the optimum wave-
length. Interestingly, when the reaction was left for 8 h under
sunlight, the product was obtained in 82% yield (Table 2, entry
9). However, we observed the formation of a mixture of acid :
peracid (1 : 1). In order to fully convert the peracid to acid, we
employed a simple post-reaction work-up that led to the iso-
lation of pure acid 2l.25 We also observed a difference between
performing the reaction in summer (approx. temp. 35 °C) vs.
winter (approx. temp. 5 °C). In sharp contrast, when the reac-
tion was performed at 370 nm, mainly acid 2l was observed.
Monitoring the reaction by 13C-NMR, a very low amount of
peracid was detected.25

Light acceleration is evident (as in the case of dodecanal),
since when the reaction was performed under identical con-
ditions under dark, traces of acid were detected (<5% yield)
(Table 2, entry 10). From the UV-Vis spectra of dodecanal or
benzaldehyde at concentrations similar to those used for the
synthetic experiments25 one can identify the absorbance of the
reactants at UVA wavelengths (350–400 nm).

The substrate scope of the methodology is presented in
Scheme 2. Saturated aliphatic aldehydes 1a and 1b, as well as
those containing either an alicyclic (1c) or an aryl moiety on
the aliphatic chain (1d), were converted into carboxylic acids
in high yields ranging from 85% to 94%, when the reactions
were irradiated with LED 370 nm. Similar yields were observed
using sunlight as the source of irradiation. The oxidation
proved to be selective, since aldehydes bearing a terminal
triple bond (1e) or a terminal double bond (like 1f ) afforded
the desired carboxylic acids 2e and 2f, with no oxidation occur-
ring on the triple or double bond. Lower yields were obtained
for 2e and 2f, when the reaction was performed under sun-
light. However, in the case of oleyl aldehyde (1g), both under
370 nm-mediated reaction and under sunlight, the desired
oleic acid (2g) was obtained in yield around 30%. Also, an
amount of the corresponding epoxide of the oleic acid was iso-
lated, proving that more reactive towards oxidation internal

double bonds are susceptible to oxidation. Moreover, 10-hydro-
xydecanal (1h) was converted into acid 2h in high yields (81%
and 74%). Thus, aldehydes are oxidised selectively in the pres-
ence of primary aliphatic alcohols. In all these cases, no
peracid formation was detected. When α,α-disubstituted alde-
hydes are employed under photochemical conditions or
radical chemistry conditions, in general, the produced acyl
radical can be fragmented to the corresponding secondary ali-
phatic radical with CO extrusion, which usually leads to lower
yields.7,26 Herein, when the aldehyde group was at a secondary
carbon atom, products 2i–k were produced in slightly lower
yields (53–75%) under either LED 370 nm or sunlight. It is
interesting to note that 2-ethyl-hexanoic acid (2j), which is
industrially synthesised employing an aerobic oxidation pro-

Scheme 2 Substrate scope for aliphatic and aromatic aldehydes.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 6224–6231 | 6227

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 5

/5
/2

02
6 

10
:2

4:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc02074b


cess,3b can be produced in good yield (66%) at 370 nm. When
the same reaction was performed under sunlight, the desired
product was obtained in 53% yield. In both cases (370 nm or
sunlight), the corresponding percarboxylic acid, [as well as
3-hydroxyheptane (from 3-heptyl radical and oxygen)], were
produced. Again, using a simple work-up procedure, the
peracid could be transformed into the desired acid.25 Thus, we
can generalise, that in the cases of 2i–k, the slightly lower
yields can be due to the above-mentioned fragmentation,26

while a mixture of acid : peracid was observed and it can be
transformed to the desired acid, upon the appropriate treat-
ment. Aromatic aldehydes were found to require longer reac-
tion times, usually 5–8 hours. Benzaldehyde was converted to
benzoic acid (2l) under LED 370 nm and sunlight in 87% and
74% yield, respectively. The presence of an electron donor or
an electron acceptor group at the para position led to the pro-
duction of acids in high yields. Compounds 2m–r were
obtained in 62–95% yields, under LED 370 nm or sunlight.
However, para-nitrobenzaldehyde (1s) proved to be proble-
matic, under these conditions. Fortunately, extending the reac-
tion time up to 96 h at 370 nm, the desired acid 2s could be
obtained in 87% yield. Unfortunately, para-hydroxybenzalde-
hyde resulted in 2t in low yields (44% and 26%, respectively).
2-Naphthaldehyde required a long reaction time (26 h) to
afford the acid in 77% yield under LED 370 nm. Under sun-
light, acid 2u was obtained in 38% yield after 8 hours. Finally,
heterocyclic aldehydes 1v and 1w were tested and afforded the
desired acids in good to high yields, proving that no nitrogen
or sulfur oxidation is occurring. Unfortunately, the easily oxi-
dized furylaldehyde could not be employed. As in the cases of
α,α-disubstituted aldehydes, some aromatic aldehydes in the
sunlight-promoted reactions led to a mixture of peracid : acid,
which could be transformed to the desired acid by work-up.
Monitoring the 370 nm- or the sunlight-mediated processes of
different aldehydes (primary aliphatic, α,α-disubstituted ali-
phatic or aromatic) by NMR,25 in some cases a mixture of acid :
peracid was observed, while in other cases the amount of
peracid was minimal.25 Thus, the amount of peracid generated
is substrate dependent. It seems that in the cases of
α,α-disubstituted aliphatic aldehydes, a mixture of acid :
peracid is observed in both reaction conditions (370 nm or
sunlight), while for primary aliphatic aldehydes, the amount
of generated peracid is low in both cases. In aromatic alde-
hydes, the amount of peracid depends on the aldehyde struc-
ture and the conditions. It is of importance to notice that
column chromatography is generally not necessary for the
purification of the synthesized carboxylic acids. Simple extrac-
tions combined with base/acid wash may lead to the desired
products in high purity.

A proposed reaction mechanism for this aerobic and light-
promoted transformation is shown in Scheme 3. Based on pre-
vious reports on the catalyst-free aerobic oxidation of alde-
hydes to carboxylic acids,15–21 as well as our previous work on
oxidative processes,27 the starting aldehyde is transformed to
the corresponding acyl radical I in the presence of air. This
process is spontaneous in the presence of air,16,17,27 while lit-

erature suggests an acceleration of the process in the presence
of water.15–17,20,27 We have a long interest in photochemistry
and we have been involved in the use of aldehydes as potential
photoinitiators.23f,26b,28 Under irradiation and after aldehyde
excitation, aldehydes can lead to radicals I and II, which are
known to take part in various processes, usually involving
Hydrogen Atom Transfer (HAT) events, either with different
reagents or with oxygen.23f,26b,28 Thus, irradiating aldehydes
with either UVA or solar irradiation, promotes the initial gene-
ration of radicals I and II, which now exist in higher concen-
tration in the reaction mixture, compared to non-irradiated
conditions. In order to strengthen and support these hypoth-
eses by experimental data, the course of the oxidation of benz-
aldehyde was monitored by DI-HRMS.27,29 Selected HRMS
spectra are shown in Scheme 3 (see ESI‡ for full HRMS data).25

Furthermore, we studied the trapping of acyl radical I with
Tempo, using LC-HRMS25 and we quantified the significant
differences in concentration of the adduct under light vs. dark
reaction conditions.25 Once radical I is formed, it reacts with
oxygen from air and forms peroxy radical III (Scheme 3).
Hydrogen atom transfer (HAT) either from another molecule
of aldehyde, generating I, or from the solvent leads to peracid
IV, which was verified by HRMS and observed under sunlight
conditions (Scheme 3). Then, IV reacts with another molecule
of aldehyde, leading to Criegee intermediate V,17–19,30 which
may collapse and afford two molecules of acid (Scheme 3). The
presence of Criegee intermediate V was verified by HRMS
(Scheme 3). Herein, we also observed that the use of a solvent
mixture of acetone : water further accelerates this process (vs.
other organic solvents or non-irradiated conditions). These
claims are supported by the results of Table 1, entries 7–10 vs.
11–15 and entries 3 and 4 vs. entries 1 and 2, respectively.
Furthermore, monitoring the full scan spectrum of the reac-
tion mixture, we observed after 1 hour the generation of a peak
at m/z 219.0625, whose intensity became much stronger after 3
or 4 hours of reaction (Fig. 1).25 This unexpected observation
prompted us to explore an additional parallel mechanistic
pathway. Using Smart Formula application of Data Analysis
from Bruker Daltonics (version4.1), this measured exact mass
was found to correspond to C10H12NaO4 (excellent mass error
and isotopic fit) (Fig. 1). Thus, it seems that when acetone is
employed as the solvent, then a second possible pathway is in
place. Peracid IV can react with acetone, instead of a molecule
of the starting aldehyde, forming the mixed Criegee intermedi-
ate VI (Scheme 3). The generation and the presence of VI were
verified by HRMS (Scheme 3 and Fig. 1).25 Intermediate VI can
collapse affording a molecule of the product acid, but at the
same time a molecule of dimethyl dioxirane VII is also gener-
ated (Scheme 3). The presence of dioxirane was also verified by
HRMS (Scheme 3).25 However, dioxiranes are known to
promote the oxidation of aldehydes to carboxylic acids.31 To
confirm these results, the oxidation of benzaldehyde was
studied by DI-HRMS in a mixture of deuterated acetone-
d6 : water (10% v/v). Ions corresponding to mixed Criegee inter-
mediate with deuterated acetone-d6 and deuterated-d6 dioxir-
ane were again observed, in addition to peracid and Criegee
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intermediate with aldehyde (ESI, Fig. S4‡). This unprecedented
finding, which was identified after careful monitoring and
examination of the HRMS spectra, reveals the generation of an
acetone-mixed Criegee intermediate and dioxirane oxidant
under aerobic and visible light irradiation. These findings,
that are proposed for the first time, can explain the accelera-
tion of the reaction in the presence of acetone. In addition, in
recent literature, it is suggested that the formation of the
Criegee intermediate V is a slow process and alternative path-
ways are proposed for the generation of acid under non-irra-
diating conditions, however, we could not detect such inter-
mediates in our study.10b,32,33 Thus, fast trapping of IV by
acetone to VI could explain the faster formation of acid.
Collectively, the study of the reaction mechanism by DI-HRMS
suggests a solvent-accelerating process, which involves a diox-
irane oxidant in situ generated under these reaction con-
ditions, highlighting the importance of DI-HRMS as a tool to
study organic chemistry reactions. In addition, such in-depth
mechanistic studies and valuable insights on the generation of
particular intermediates may provide inspiration and direc-

Scheme 3 Proposed mechanism for the oxidation of aldehydes to carboxylic acids in acetone/water and selected HRMS spectra of the oxidation of
benzaldehyde, verifying the generation of peracid IV, Criegee intermediate V, mixed Criegee intermediate with acetone VI, dimethyl dioxirane VII
and intermediates IX, X and XI.

Fig. 1 Monitoring the oxidation of benzaldehyde by DI-HRMS. Full scan
HRMS spectra taken at 1 h, 3 h and 4 h, verifying the generation of
mixed Criegee intermediate with acetone (m/z 219.0628).
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tions for future investigations. Furthermore, radical intermedi-
ate II can also react with oxygen, leading to radical VIII, which
similarly can react with either the aldehyde, leading to IX (a
HAT event is also taking place with an aldehyde, affording acyl
radical I) or acetone, leading to XI (a HAT event is also taking
place with an aldehyde, affording acyl radical I). In both cases,
IX and XI are collapsing finally to the desired product and X or
VII. Intermediates IX, X and XI were also detected by HRMS.

Conclusions

In conclusion, atmospheric oxygen, a clean and sustainable
oxidant, was proven to be an efficient oxidative agent merged
with solar or UVA-light irradiation. Both the irradiation sources
LED 370 nm and sunlight, were found efficient to promote the
oxidative transformation of aldehydes to carboxylic acids in
short reaction time (3 to 8 hours), affording the products in
high to excellent yields. Someone may use sunlight (depending
on the availability of sun) or a cheap LED lamp for this very
mild and operational simple transformation. Thus, a con-
venient, green and sustainable method for the oxidation of
aldehydes to carboxylic acids has been developed.

Experimental section
General

Kessil lamps PR160L were used as the irradiation source
(https://kessil.com/science/PR160L.php). For all experiments,
the intensity of Kessil lamps was controlled in the maximum
level with power consumption: 370 nm (max 43 W), 390 nm
(max 52 W), 427 nm & 440 nm (max 45 W), 456 nm (max 50
W), 467 nm (max 40 W), 525 nm (max 44 W).

General procedure for the photochemical aerobic catalyst-free
oxidation of aldehydes to carboxylic acids

In a test tube containing acetone (3 mL) and H2O (0.3 mL,
HPLC grade), aldehyde (1.00 mmol) was added and the reac-
tion mixture was left stirring under irradiation (370 nm or sun-
light) for 3–96 h. The reaction mixture was evaporated to give a
crude mixture, which was diluted in EtOAc (10 mL). Then, the
crude reaction mixture was treated with an aqueous solution
of NaOH 1 N (10 mL) and the aqueous layer was extracted with
EtOAc (2 × 10 mL). The aqueous basic phase was then acidified
with an aqueous solution of HCl 1 N (until pH = 1) and
extracted with EtOAc (3 × 10 mL). The combined organic layers
were washed with H2O (20 mL) and dried over Na2SO4. The
solvent was removed in vacuo to afford the desired carboxylic
acid without the need for further purification. Carboxylic acids
2m, 2p and 2r were isolated by trituration with petroleum
ether (4–6 mL) (cooled with external ice bath). Compounds 2q
and 2g were purified by flash chromatography on silica gel
eluting with petroleum ether (bp 40–60 °C)/ethyl acetate 7/3.

General procedure for the conversion of peracid-containing
mixture to the corresponding carboxylic acid

For the reactions where a mixture of peracid : acid was
detected, after irradiation, the reaction mixture was diluted
with acetone : H2O (3 mL : 9 mL) and stirred at 40 °C (water
bath) for 3 h. The solvent was evaporated to give a crude
mixture, which was diluted in EtOAc (10 mL). Then, the crude
reaction mixture was treated with an aqueous solution of
NaOH 1 N (10 mL) and the aqueous layer was extracted with
EtOAc (2 × 10 mL). The aqueous basic phase was then acidified
with an aqueous solution of HCl 1 N (until pH = 1) and
extracted with EtOAc (3 × 10 mL). The combined organic layers
were washed with H2O (20 mL) and dried over Na2SO4. The
solvent was removed in vacuo to afford the desired carboxylic
acid without the need for further purification.
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