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UV light promoted selective oxidation of primary and secondary alcohols has been demonstrated under

‘metal-free’ and ‘additive-free’ conditions. Under the optimized conditions, a variety of aromatic,

heteroaromatic, and alicyclic alcohols have been examined for their transformations to the

corresponding carbonyl compounds. The mechanistic studies emphasize the important role of substrate

(alcohol) and solvent (DMSO) in the generation of superoxide radical which is a vital intermediate for the

transformation. This study also highlights the role of air as the oxidant in the oxidation process. Further,

the practical application of the strategy has also been demonstrated for the oxidation of the alcoholic

moiety in cholesterol.
Introduction

Aldehydes and ketones are ubiquitous building blocks for the
synthesis of various natural/unnatural materials, biologically
active molecules, pharmaceuticals, agrochemicals, and ne
chemicals.1a–d The requirement of these derivatives as starting
precursors for the preparation of important materials provide
sufficient impetus to develop new approaches for the facile
synthesis of these derivatives providing a demand and supply
balance. Among various approaches, transition metal catalyzed
controlled oxidation of alcohols is one of the best approaches
for the preparation of aldehydes/ketones (Fig. 1).2a–i Though the
use of transition metals enables the reaction to proceed rapidly
the requirement for precious metals as catalytic centres, addi-
tion of toxic additives, expensive ligands, external oxidants
(such as osmium oxide, permanganate, MnO2, hypochlorite,
and O2 balloons) in stoichiometric amounts and high temper-
ature conditions make these transformations a costly and eco-
unfriendly affair.3a–g To overcome the shortcomings associated
with transition metal based catalytic systems, ‘metal-free’
approaches for the oxidation of alcohols using photosensitizers
have also been explored. These systems are relatively econom-
ical and non-toxic4a–d but the reaction conditions require the
presence of large excesses of promoters, prolonged reaction
time and high thermal conditions for achieving the nal
product in high yield.5a–i Recently, organic photosensitizers
have been explored for carrying out oxidative organic trans-
formations (Fig. 1).6a–g In these photocatalytic systems under
entre for Advanced Studies-II, Guru Nanak

dia. E-mail: vanmanan@yahoo.co.in

tion (ESI) available. See DOI:

3

irradiation, reactive oxygen species (ROS) are generated which
catalyze the reaction. Very recently, the application of 9-uo-
renone has been demonstrated as a photocatalyst for the
aerobic oxidation of alcohols under visible light.6b Aerobic
oxidations are deemed benign from the ‘green’ chemistry point
of view as they employ inexpensive and abundant air as a ‘green
oxidant’, thus, avoiding the requirement of hazardous and toxic
oxidants and byproducts. Though the reported strategy is good
but the use of organic materials as photosensitizers leave
enough scope for further improvement for making the reaction
more ‘green’.

Long back, Hergenrother et al.7 reported aerobic oxidation of
alcohols to aldehydes by passing a stream of air at 190 �C for 4–
48 h using DMSO as a solvent. The study highlighted the
important role of DMSO in the oxidation process. The strategy
did not work well for the preparation of secondary alcohols and
Fig. 1 (a) Previous methods for the oxidation of alcohols to aldehydes.
(b) Photosensitizer free method for synthesizing aldehydes using
ambient oxygen (air) as the oxidant in the presence of UV light.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 UV-Vis Spectra of reduced form of methyl viologen (MVc+)
generated by the reaction of benzyl alcohol (0.01 mM) and methyl
viologen dichloride (MV2+) (0.2 mM) in DMSO under UV light irradia-
tion. Inset: showing the change in color of reaction mixture after 14 h.

Scheme 1 Reduction of methyl viologen (MV2+) to its reduced species
(MVc+) by benzyl alcohol.

Table 1 Optimization for the UV light-induced oxidation of benzyl
alcohol to benzaldehydea

Entry Light source Solventb Atmosphere Time Yield (%)

1 UV light DMSO Ambient oxygen 66 h 66%
2 UV light H2O Ambient oxygen 66 h <10%
3 UV light ACN Ambient oxygen 66 h Negligible
4 UV light DMF Ambient oxygen 66 h Negligible
5 UV light Toluene Ambient oxygen 66 h Negligible
6 UV light DMSO Nitrogen 66 h No reaction
7 Visible light DMSO Ambient oxygen 66 h No reaction
8 No UV light DMSO Ambient oxygen 66 h No reaction

a Reaction conditions: benzyl alcohol (1 mmol), solvent (4 mL), air,
30 �C. b DMSO ¼ dimethyl sulfoxide; H2O ¼ water; ACN ¼
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the hard reaction conditions such as use of stream of air, pro-
longed heating at 190 �C (4–48 h) restricted the real time
application of the approach. Both the above studies motivated
us to examine the possibility of photopromoted, ROS catalyzed
oxidation of alcohols under metal/additive/photosensitizer free
conditions. To examine the validity of the idea, we chose benzyl
alcohol as the model reactant and examined its photopromoted
air oxidation in DMSO. Gratifyingly, the reaction worked well
and aer 66 h, the nal product was obtained in 66% yield.
Interestingly, photopromoted air oxidation also worked well in
case of secondary alcohols. The mechanistic studies clearly
indicate the important role of substrate (alcohol) in generation
of superoxide radical anion. To the best of our knowledge, there
is no report in literature regarding oxidative transformation of
alcohols to carbonyl compounds without using any metal based
catalytic system or photosensitizer. The work being presented in
this manuscript highlights the importance of UV light as irra-
diation source, air as oxidant, DMSO as solvent and potential of
substrate (primary/secondary alcohols) to act as electron donor
for air oxidation of a variety of primary and secondary alcohols.
acetonitrile; and DMF ¼ N,N-dimethylformamide.

Scheme 2 Conversion of benzyl alcohol to benzaldehyde under
different conditions.
Results and discussion

To examine the photopromoted oxidation of alcohols, we chose
oxidation of benzyl alcohol as the model reaction. First of all, we
determined the potential of benzyl alcohol to oxidize air by
carrying out cyclic voltammetric studies. Reduction potential of
benzyl alcohol in DMSO was found to be �0.78 V (Fig. S1, ESI†)
vs. SCE which is sufficient for the reduction of molecular oxygen
to its superoxide radical form (O2/cO2

�).6a,8a,b Next, we examined
the capacity of benzyl alcohol to serve as electron donor in
DMSO using methyl viologen dichloride as electron acceptor.9a,b
This journal is © The Royal Society of Chemistry 2019
We irradiated benzyl alcohol under UV lamp in presence of
methyl viologen (MV2+) using DMSO as solvent under inert
conditions. Aer 14 h, the color of the reaction mixture was
changed from colorless to dark blue. The absorption spectrum
of the blue colored reaction mixture showed the presence of
absorption bands at 395 and 603 nm (Fig. 2) corresponding to
the reduced viologen species (MVc+) (Scheme 1).10a,b Thus, the
absorption studies of benzyl alcohol in presence of methyl
viologen conrmed the potential of benzyl alcohol to act as
electron donor.

Encouraged by these results, we examined the oxidation of
benzyl alcohol 1a under aerial conditions using UV light as
source of irradiation in DMSO as solvent. To our pleasure, the
target product 2a was attained in good yield (66%) (Table 1,
entry 1). Notably, ambient air was used as the oxidant and
oxygen source under mild conditions in this UV light promoted
reaction. We also monitored the reaction for another 10 h (i.e.
76 h) but no signicant change in the reaction was observed
(TLC). On switching the solvent to DMF, ACN, H2O and
toluene, yield of the product was drastically affected (Table 1,
entries 2–5). Additionally, the reaction did not proceed under
nitrogen atmosphere which clearly suggest the importance of
aerial conditions (Table 1, entry 6 and Scheme 2). Furthermore,
RSC Adv., 2019, 9, 36198–36203 | 36199
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Scheme 3 General substrate scope for the oxidations of primary and
secondary alcohols under UV light (254 nm) irradiation.
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no transformation was observed under visible light irradiation
and under dark conditions (Table 1, entries 7 and 8 and
Scheme 2).
Table 2 Methyl viologen experiments using various benzyl alcohols

Entry Alcohol S

1 Benzyl alcohol (R ¼ H) D
2 4-Methylbenzyl alcohol (R ¼ CH3) D
3 4-Methoxybenzyl alcohol (R ¼ OCH3) D
4 4-Bromobenzyl alcohol (R ¼ Br) D
5 4-Chlorobenzyl alcohol (R ¼ Cl) D
6 4-Nitrobenzyl alcohol (R ¼ NO2) D
7 None D

36200 | RSC Adv., 2019, 9, 36198–36203
With optimized reaction conditions in hand, the substrate
scope for aerobic oxidation of alcohols in DMSO was surveyed.
Substituted benzyl alcohols bearing electron-donating groups
(Scheme 3, entries 2b–2d) showed better activity in comparison
with those containing electron-withdrawing groups (Scheme 3,
entries 2e and 2f). The reaction efficiency was not affected by the
presence of bulky group at para-position (Scheme 3, entry 2i).
Several alcohols including aromatic, alicyclic and hetero-
aromatic rings were smoothly oxidized and furnished the nal
compounds in good to moderate yields (Scheme 3, entries 2h,
2o and 2q). However, the alcohols having strong electron-
withdrawing group (4-nitrobenzyl alcohol), heteroaromatic
(furfuryl alcohol) and aliphatic (5-hexen-1-ol) alcohol failed to
give the desired product (Scheme 3, entries 2g, 2m and 2n).

To get deep insight into the mechanism, we checked the
electron transport abilities of 4-methylbenzyl alcohol, 4-
methoxybenzyl alcohol, 4-bromobenzyl alcohol, 4-chlor-
obenzyl alcohol and 4-nitrobenzyl alcohol (see Table 2). We
carried out the reaction of respective alcohol in presence of
methyl viologen (MV2+) in DMSO under UV light irradiation
under inert conditions. The color of the reaction mixture in
case of these alcohols except for the 4-nitrobenzyl alcohol
changed from colorless to dark blue in 0.5–16 h, thus, indi-
cating the formation of (MVc+) (Table 2, entries 1–6). The
reactions were also monitored by absorption studies which
conrmed the reduction of methyl viologen (MV2+) to MVc+

(Fig. S2–S5, ESI†). These studies suggest the low potential of 4-
nitrobenzyl alcohol to transport electrons which may be
attributed to the presence of stronger electron withdrawing
(nitro) group. To rule out the role of DMSO as electron donor,
we also carried out the blank experiment in which methyl
viologen (MV2+) was added to DMSO and the solution was kept
under UV light irradiation under inert conditions. Even aer
16 h, there was no color change in the reaction mixture (Table
2, entry 7), which supports our assumption that DMSO is not
an electron donor in this case. On the basis of these studies,
we propose that, inability of the electron decient alcohols to
transfer electrons is the reason behind their unsuccessful
oxidation to carbonyl compounds.

Aer successful investigation of oxidation of different
primary alcohols, we examined the UV light promoted oxidation
olvent
Time taken to
reduce MV2+ to MVc+ Color change

MSO 14 h Yes
MSO 0.5 h Yes
MSO 12 h Yes
MSO 16 h Yes
MSO 16 h Yes
MSO 24 h No
MSO 16 h No

This journal is © The Royal Society of Chemistry 2019
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of unactivated secondary alcohols. To our delight, different
secondary alcohols showed excellent reactivity under the opti-
mized reaction conditions. In fact, the desired oxidized prod-
ucts were conveniently isolated for both the internal and
terminal secondary alcohols, in moderate yields (Scheme 3,
entries 2j–2l). Notably, unactivated cyclic alcohol was also
oxidized to the corresponding ketone in moderate yield
(Scheme 3, entry 2p).

Furthermore, we also examined the UV light promoted
oxidation of more complex steroid i.e. (cholesterol). In case of
cholesterol, to our delight, the formation of the desired ketone
was observed in 64% yield (72 h) (Scheme 4). To the best of our
knowledge, currently there is no ‘metal-free’ approach known
for the oxidation of cholesterol using air as the oxidant.

Aer the evaluation of substrate scope, we carried out several
control experiments to understand the mechanism of the
reaction (see Table 3). First of all, we carried out the model
reaction in the presence of TEMPO, however, the reaction did
not progress indicating the radical mechanism (entries 1 and 2,
Table 3). We were also successful in isolating the para-adduct
between 4-methylbenzylalcohol and TEMPO whose structure
was conrmed from ESI-MS studies (Fig. S22, ESI†). Similarly,
addition of BHT afforded the desired product in negligible yield
(entries 3 and 4, Table 3). The model reaction showed a slight
decrease in the yield in the presence of tertiary butanol, ruling
out the presence of hydroxide radical as reactive species (entry
5, Table 3). Further addition of CuCl2 in the reaction exhibited
Scheme 4 Oxidation of alcoholic moiety in cholesterol.

Table 3 Oxidation of benzyl alcohol in the presence of different quenc

Entry Quenchera Equivalent

1 TEMPO 0.5
2 TEMPO 1.0
3 BHT 0.5
4 BHT 1.0
5 tert-Butanol 1.0
6 CuCl2 1.0
7 Benzoquinone 1.0

a TEMPO ¼ (2,2,6,6-tetramethylpiperidin-1-yl)oxyl; BHT ¼ butylated hydro

This journal is © The Royal Society of Chemistry 2019
lower yield that clearly suggested the involvement of a single
electron in the reaction process (entry 6, Table 3). However,
using benzoquinone as quencher, presence of superoxide
radical anion in the reaction system was revealed (entry 7, Table
3). We propose that under UV light irradiation, substrate itself
reduces the air to generate the superoxide radical anion which
is responsible for the formation of target product. Further the
presence of H2O2 in the reaction mixture was detected by add-
ing KI/CH3COOH to the reaction mixture. The color of the
reaction mixture was changed from colorless to brown (Fig. S6,
ESI†).11a,b To elaborate the mechanism, we examined the model
reaction in which H2O2 is introduced externally, however, no
signicant change in reaction in terms of rate/yield of nal
product was observed. This study ruled out the participation of
H2O2 in the oxidative transformation.
hers

Yield Notes

11 Radical scav.
<5% Radical scav.
12 Radical scav.
<5% Radical scav.
54% Hydroxide radical scav.
<5% Electron scav.
<5% Superoxide radical anion scav.

xytoluene.

Scheme 5 Proposed reaction mechanism for the oxidations of
alcohols.

RSC Adv., 2019, 9, 36198–36203 | 36201
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Taking into account all the experimental evidences, we
propose that under UV light irradiation, benzyl alcohol in the
presence of DMSO is transformed to the corresponding radical
cation (A) (vide supra) with simultaneous reduction of O2 (from
air) to generate oxidant superoxide radical anion. The radical
cation (A) then reacted with the superoxide anion to generate
peroxide radical which abstract hydrogen atom from interme-
diate B to furnish the desired product (Scheme 5). We believe
that DMSO2 (ref. 6b) is generated as byproduct in the reaction
sequence which is generated aer the oxidation of DMSO by the
in situ-generated H2O2. The byproduct DMSO2 is removed
during the aqueous workup of the reaction mixture (Fig. S23,
ESI†).

Conclusions

In conclusion, the present study demonstrates the important
role of alcohols themselves as electron donors for their selective
oxidative transformations to the corresponding carbonyl
compounds in absence of any metal/oxidant and external
photosensitizer. The photopromoted oxidation exhibited wide
substrate scope and especially high reactivity toward aromatic,
alicyclic, and heteroaromatic alcohols. The practical application
of the approach has been demonstrated by carrying out selective
oxidation of steroid (cholesterol), which is a key component for
many pharmaceuticals.
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