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The sulfoxide moiety is recognized as one of the most important groups in organic and medicinal chem-
istry. Many efforts worldwide focus on developing novel and sustainable protocols, accessing sulfoxide-
containing molecules. Photochemistry plays a unique role in sulfoxide synthesis, since this new emerging
field, employing light as the energy source, is essential in developing novel and eco-friendly protocols.
Herein, we report a novel, sustainable, light-driven protocol, where the impact of wavelength irradiation
on sulfide aerobic photooxidation was examined. In this work, two different low-catalyst loading
(0.05-0.5 mol%) protocols, utilizing anthraquinone as the photocatalyst (under CFL lamps or 427 nm
irradiation) were developed and a catalyst-free protocol (under 370 nm irradiation) was also assessed. In
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addition, a broad scope of substrates was tested and extensive mechanistic studies were performed, in
order to distinguish the mechanistic pathways that are followed in the different cases of aryl or alkyl
sulfide oxidation under different wavelength irradiation. We also implemented our protocols towards the

rsc.li/greenchem oxidation of several intermediates en route to Sulforaphane.
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Introduction

Sulfoxide-containing compounds display a prominent role in
the field of organic synthesis," pharmaceuticals,” agrochem-
icals® and polymers.* Several sulfoxides are known to display a
salient pharmacological profile and have been introduced as
marketed drugs, including omeprazole, sulindac, sulfinpyra-
zone and sulforaphane (Scheme 1). Over the past years, scien-
tists have developed numerous protocols for the synthesis of
sulfoxides, where a wide variety of oxidants, such as oxone,’
m-chloroperbenzoic acid,® sodium periodate,” chromic acid,®
chlorine® etc., were employed for the selective oxidation of aryl
and/or alkyl sulfides. In all the above-mentioned protocols, the
major drawback is the use of more than one equivalent of
oxidant, which generates over-stoichiometric amounts of
waste. Moreover, in all methodologies presented in literature,
another issue is selectivity, highlighted by the formation of the
corresponding sulfone, due to over-oxidation of sulfides. Even
though the presence of the corresponding sulfone in some
cases appears in a very small percentage, in the case of an

Laboratory of Organic Chemistry, Department of Chemistry, National and
Kapodistrian University of Athens, Panepistimiopolis 15771, Athens, Greece.

E-mail: ckokotos@chem.uoa.gr

1 Electronic supplementary information (ESI) available: Experimental data, 'H
and *C NMR data, UV-Vis, optimization and mechanistic studies. See DOI:
https://doi.org/10.1039/d2gc00799a

i Denotes equal contribution.

4108 | Green Chem., 2022, 24, 4108-4118

active pharmaceutical ingredient this is prohibitive. In
addition, in most reported methodologies, heating in high
temperatures narrows their potential for application in indus-
try. A more green, sustainable, and popular approach is the
use of hydrogen peroxide as the oxidant,'® since its main by-
product is water. However, the activation of hydrogen peroxide
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Scheme 1 Selected examples of pharmaceuticals’ active ingredients or
natural products containing the sulfoxide moiety.
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requires either heat'' or metal catalysts."> From an environ-
mental point of view, metal-free organocatalysts, such as
flavins'® or activated ketones'* have been reported.

Apart from the environmentally friendly and sustainable
hydrogen peroxide, another mild oxidant, widely employed in
oxidation protocols is oxygen." It is an ambient, abundant,
harmless gas, which can be considered the “greenest”
approach towards oxidation reactions. The “green” character of
molecular oxygen as the oxidant, either deriving from ambient
air or being supplied as a gas to the reaction mixture, was very
early realized." In recent years, different groups have reported
metal-catalyzed'® or organocatalyzed'’ processes that utilize
oxygen as the oxidant in various processes. In a very recent
example, in 2020, Petsi and Zografos designed a series of novel
proline-based organocatalysts and examined their application
in the oxidation of sulfides to sulfoxides, utilizing HFIP as the
solvent.'®

Photochemistry is an exciting and powerful area of
research, which deals with electronically excited molecules
and chemical reactions induced by light.'®?® Despite the fact,
that it was more than clear that the reactivity of excited mole-
cules differs from those in ground state and light-mediated
chemistry has the potential to trigger reactions that are una-
vailable to ground-state pathways, synthetic photochemistry
remained for many years a specialized area of research with
limited practical applications. In 2008, seminal publications
from MacMillan,*** Stephenson,> and Yoon®* changed this
notion and the synthetic community quickly recognized the
new opportunities created by photoredox catalysis and
photochemistry.

The inherent advantages of photochemical protocols and
aerobic (oxygen)-mediated oxidations were recognized quite
early and the merger of these two areas was envisaged in the
oxidation of sulfides to sulfoxides from the 1960s.>*>*
Throughout the years, many synthetic efforts were made for
the photochemical aerobic oxidation of sulfides, however most
of them focused on the use of specialized apparatus for
irradiation or the use of heterogeneous and in some cases
homogeneous catalysts (metal-based or organocatalysts).>*
With the advent of Photoorganocatalysis, the use of small
organic molecules for photochemical reactions,* the renewal
of research interest in this photochemical aerobic protocols
occurred. In 2019, Liu and co-workers, following their interest
in developing a new protocol using a mild oxidant, proposed
the use of molecular oxygen and the non-photochemical reac-
tion was held in the presence of an ether, which promoted the
reaction.”® In that case, the use of oxygen in the presence of a
flammable organic solvent limited their industrial application.
To overcome these disadvantages, in 2021, they exploited
molecular oxygen as the sole oxidant in a visible-light-induced
sulfide oxidation using CF3;SO,Na (25 mol%) as the photo-
catalyst (Scheme 2A).>” However, a high catalyst loading for
such a process had to be employed. Since 2017, a number of
protocols have been reported for the photochemical aerobic
oxidation of sulfides, such as the selective oxidation of sulfides
induced by visible light in the presence of uranyl salts

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper
A. Sulfide oxidation employing CF;SO,Na / 2-butoxyethyl
ether system
O, balloon
CF3;SO;Na (25 mol%) o]
RO R2 _g\
2-butoxyethyl ether (2 equiv.) R"R?
385-390 nm, LED, r.t. reference 27
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Scheme 2 Photochemical aerobic oxidation of sulfides.

(Scheme 2B)*® or porphyrin derivatives as the photocatalyst
(Scheme 2C).>° In addition, a variety of visible-light induced
oxidations, employing either naturally-occurring®®”*
mercially available molecules®®® as the organic photocatalyst
were also reported recently in literature (Scheme 2D). However,
expensive uranyl salts, expensive and hazardous solvents or/
and the synthesis of the photoorganocatalysts, not only
increases the manufactory cost, but poses difficulties in the
final purification of the product. Furthermore, in all these
cases where organic photocatalysts employed
(Scheme 2D), the two generic mechanisms of aerobic oxi-
dations (singlet oxygen or single electron transfer) were pro-
posed to be operating, without proving if one of them is domi-
nant and if the mechanism of action changes, depending on
the nature of the employed substrate.

Apart from the use of several catalysts for either oxygen or
substrate activation, many efforts have targeted the develop-
ment of catalyst-free protocols. Since 1990s, a series of publi-
cations were focused on studying the behaviour of sulfides
under visible light irradiation,***" however, the major draw-
back was the formation of undesired by-products, since the C-
S fragmentation pathway prevailed the oxidation one. Lately,
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Sun and coworkers,*” while testing the use of a benzothiadia-
zole-based conjugated microporous polymer as the photo-
catalyst to trigger sulfide oxidation, discovered that under blue
LED irradiation (100 Watt), the oxidation proceeded in the
absence of a catalyst. This novel catalyst-free approach of
sulfide oxidation suffers from limited substrate scope (only
aryl aryl or alkyl aryl sulfides were successfully employed) and
prolonged reaction times, which in some cases is crucial for
the formation of several by-products. Also, in their proposed
mechanism, although they employ DFT calculations, they pro-
posed a thiadioxirane intermediate as the active intermedi-
ate,> however, this intermediate has been discarded by
researchers as a possible intermediate in the recent past.>

Following our continuous interest in developing novel light-
driven methodologies,* herein, we report a mild, green and
chemoselective direct photochemical aerobic oxidation of sul-
fides to the corresponding sulfoxides (Scheme 2E). From an
environmental and economical point of view, this novel, green
and sustainable protocol for the oxidation of sulfides using a
mild oxidant, such as molecular oxygen, in the presence of a
low-cost commercially available photocatalyst serves the basic
principles of green chemistry, which is highly desirable on the
chemical and pharmaceutical industry. We, furthermore, point
out the crucial role of the wavelength irradiation source,
towards the selectivity and the mechanism of the oxidation
process. In this sense, we have developed a fast and green cata-
lyst-free protocol for the photochemical aerobic oxidation of
sulfides under 370 nm irradiation, while two low-catalyst
loading (0.05 or 0.5 mol%) protocols (under CFL lamps or
427 nm irradiation) were also developed. Finally, in our
attempt to shed light on the reaction mechanism, we exam-
ined the role and application of several known quenchers into
the investigation of the reaction mechanism, and we propose a
chart flow, researchers could follow in the future.

Results and discussion

We initially investigated the visible light-mediated aerobic oxi-
dation of thioanisole (1a), as the model reaction to optimize
the reaction parameters (Table 1). In the beginning, we
studied the influence of the wavelength irradiation source in
the outcome of the photochemical aerobic oxidation (Table 1).
The self-excitation of sulfides is well established,*' however,
usually harsh reaction conditions are employed (Xe or Hg
lamps for the irradiation). For this purpose, the reaction was
conducted in the absence of a photocatalyst, under various
wavelengths of LEDs or CFL household lamps (Table 1). More
specifically, under the irradiation of compact fluorescence
lamps (CFL), the reaction appears to be sluggish (Table 1,
entry 1). In this case, the use of an appropriate photocatalyst
to facilitate the reaction is required.** On the contrary, the use
of LEDs, as the irradiation source, facilitates the reaction,
leading not only to the desired product, but also to the corres-
ponding sulfone, due to over-oxidation (Table 1, entries 2-8).
Also, it is obvious that upon decrease of the wavelength
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Table 1 Examination of the impact of the irradiation source on the
photochemical aerobic oxidation of sulfide 1a°

MeCN, 18 h (@] 00
~ NV
Ph/S Me _— _ 2 N + /\ /\
irradiation source, r.t. Ph™ " Me Ph™ " "Me
1a 2a 3a
Entry Lamps (nm) 1a’ (%) 2a” (%) 3a” (%)
1 CFL 89 11 0
2 370 0 61 39
3 390 0 56 44
4 427 0 81 19
5 440 60 40 0
6 456 98 2 0
7 467 99 1 0
8 525 100 0 0

“The reaction was performed with 1a (0.20 mmol) in MeCN (1 mL)
under open air irradiation for 18 h. ” Conversion was determined by
'H-NMR.

irradiation of the LED, the ratio of the products alters and the
sulfone by-product increases significantly (Table 1, entries 2
and 3 vs. 4-8). Next, we turned our attention into optimizing
the reaction conditions, employing a suitable photocatalyst
when needed, to shorten the reaction time and suppress the
formation of the overoxidized byproduct.>® A thorough investi-
gation on the reaction outcome based on different irradiation
wavelength and reaction conditions can be found in the
ESIL.1** From these studies, we concluded that the irradiation
wavelength and reaction conditions are crucial for product dis-
tribution (sulfide : sulfoxide : sulfone), and as will be described
below, CFL lamp irradiation, as well as 370 nm or 427 nm,
were chosen as optimum for the development of catalyst and
catalyst-free protocols.**

Initially, we investigated the sulfide oxidation under house-
hold lamp irradiation, employing a wide range of photocata-
lysts and we concluded that anthraquinone (4a) was the one
that outperformed the others.** Then, we turned our attention
to the nature of the reaction medium (Table 2). Protic solvents,
i.e. methanol, ethanol afforded the best results (Table 2,
entries 2-5), while in aprotic solvents, the reaction proved to
be sluggish (Table 2, entries 7 and 8).>* Addition of 10 equiv.
of H,0O was essential in accelerating the reaction rate and sup-
pressing the formation of the sulfone by-product (Table 2,
entry 4 vs. entry 3).>* Interestingly, when the reaction was con-
ducted using water as the solvent, no formation of the desired
product was observed, due to the insolubility of anthraquinone
in water (Table 2, entry 6). Under LED irradiation (427 nm),
sulfide oxidation led to a selective formation of the corres-
ponding sulfoxide vs. the sulfone, after 5 h of irradiation in
the presence of 0.05 mmol% of 4a (Table 2, entry 10 vs. entry
9). When the reaction was performed in methanol, the desired
product was obtained in quantitative conversion, suppressing
the undesired sulfone by-product (Table 2, entry 11). In aprotic
solvents, the reaction was incomplete (Table 2, entries 12-15).
The optimum reaction conditions were also tested under sun-

This journal is © The Royal Society of Chemistry 2022
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Table 2 Optimization of the reaction conditions for the photochemical
aerobic oxidation of 1a, using a photocatalyst®
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Table 3 Optimization of the reaction conditions for the photochemical
oxidation of alkyl sulfides®

o
xmol% O 4a o] 0.0
Ph S Me S —— s -4
Solvent, time Ph™""Me Ph”""Me
irradiation source, r.t.
1a 2a 3a
Lamp Solvent, time 4a 1a® 2a/3a”
Entry (nm) (h) (mol%) (%) (%)
1 CFL MeCN, 18 0.1 71 29/0
2 CFL MeOH, 18 0.1 61 39/0
3¢ CFL MeOH, 18 0.5 0 95/5
4 CFL MeOH, 18 0.5 0 100/0
5 CFL EtOH, 18 0.1 69 31/0
6 CFL H,0, 18 0.1 100 0/0
7 CFL CH,Cl,, 18 0.1 9% 4/0
8 CFL DMF, 18 0.1 67 26/0
o 427 MeCN, 18 0.05 0 81/19
106 427 MeCN, 5 0.05 36 64/0
1194 427 MeOH, 5 0.05 0 100/0
1294 427 EtOAc, 5 0.05 11 89/0
1394 427 CH,Cl,, 5 0.05 20 80/0
1499 427 Benzene, 5 0.05 72 28/0
1594 427 DMF, 5 0.05 50 50/0

“The reaction was performed with 1a (0.20 mmol) in solvent (1 mL)
and H,O (40 pL), under open air irradiation for 18 h. ” Conversion was
determined by 'H-NMR. °The reaction was performed without the
addition of H,0. 0.5 mL of solvent instead of 1 mL.

light irradiation, leading to a quantitative yield of 2a.>* In both
cases (CFL lamps and 427 nm), low-catalyst loadings were
employed, outperforming most of the known procedures high-
lighted in Scheme 1, while in the 427 nm protocol, the reac-
tion required short reaction time.

We also targeted in identifying a catalyst-free protocol for
the photochemical aerobic oxidation of 1a (Table 3). To our
delight, when the reaction was performed under UVA-LED
irradiation (370 nm), quantitative formation of the desired
product was obtained after 3 h, under catalyst-free conditions
(Table 3, entry 3). Prolonged reaction time and the presence of
a photocatalyst led to the formation of sulfone 3a (Table 3,
entry 1). Decreasing the reaction time and omitting the pres-
ence of the photocatalyst, led to a better yield of 2a (Table 3,
entry 2). Adding of 10 equiv. of H,O led to an accelerated reac-
tion, while suppressing the formation of the overoxidation by-
product (Table 3, entry 3). Due to hydrogen bond formation,
water inhibits the conversion of sulfoxide to sulfones.** Again,
solvent optimization did not reveal any medium leading to
better yields (Table 3, entries 4-8). It is important to note that
this fast and mild reaction protocol (3 h and 45 W 370 nm)
provides a better alternative to literature (11 h and 100 W Blue
LED).*> A major drawback of the literature process* is that it
cannot be applied for dialkyl sulfides. Our desire to develop a
photochemical protocol with broad scope of substrates led us
to investigate the optimized reactions conditions on the less
reactive dialkyl sulfides. Dodecyl methyl sulfide (1q) was

This journal is © The Royal Society of Chemistry 2022

o 0
_S. I + W
Ph” " "Me o Sme PR S Me
1a 2a 3a
or Solvent, Reaction time or
S i X2
P Me 370 nm, r.t. \H/H\Me + \H/ﬁ\Me
1a 2q 3q
Entry Sulfide Solvent, time (h) 17 (%) 2/3% (%)
1° 1a MeCN, 18 0 29/71
2 1a MeCN, 2 11 89/0
3¢ 1a MeCN, 3 0 99/1
4 1a MeOH, 2 20 80/0
5 la EtOH, 2 11 89/0
6 1a iProH, 2 17 83/0
7 la Benzene, 2 93 17/0
8 1a DMF, 2 72 28/0
9 1q MecCN, 18 0 100/0
10° 1q MeCN, 3 0 100/0

“The reaction was performed with 1a or 1r (0.20 mmol) in solvent
(1 mL), open air under 370 nm irradiation. ” Conversion was deter-
mined by "H-NMR. °The reaction was performed with 0.5 mol%
anthraquinone (4a). ¢ 40 pL of H,O were added.

chosen as a model substrate to apply the optimum reaction
conditions (Table 3). We were pleased to observe that our
optimum conditions were successfully implemented. The
major difference was observed in the reaction time and in
order to obtain the desired product 2q, the reaction time was
prolonged from 3 h to 18 h (Table 3, entry 9). For the cases of
sensitive substrates, the presence of 0.5 mol% of anthraqui-
none (4a) was used and the desired product was formed quan-
titatively after 3 h of irradiation at 370 nm (Table 3, entry 10).
With the optimized conditions in hand, we turned our
attention in examining the substrate scope (Scheme 3). We
decided to follow three different approaches towards the
identification of broad and easily-replicated photochemical
protocols, using air as the sole oxidant. The first protocol is
the catalyst-free approach, using irradiation at 370 nm (45 W,
protocol c). In the same time, we opted for an anthraquinone-
mediated photochemical reaction, using a low catalyst loading
(0.05 mol%) under 427 nm irradiation (45 W, protocol b).
Finally, if one cannot have access to LED irradiation source, a
CFL-mediated approach was developed, using anthraquinone
at 0.5 mol% (protocol a). A variety of sulfides were tested,
affording the corresponding sulfoxides in good to excellent
yields (Scheme 3). Initially, the easier type of sulfoxides,
according to literature, was probed, using alkyl aryl sulfides
(Scheme 3A). Same as thioanisole (1a), other phenyl-substi-
tuted sulfides bearing an alkyl group afforded the corres-
ponding sulfoxides in high to quantitative yields, when the
reaction took place under household lamp irradiation for 18 h
(Scheme 3, protocol a, 2a-e). Furthermore, phenyl-substituted
sulfides with an alkyl group decorated with different func-
tional groups, i.e. double or triple bonds, hydroxy or carboxyl

Green Chem., 2022, 24, 4108-4118 | 4111
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c) 370 nm (45 W)

Q MeCN, H,0 (10 equiv.), air
S rt,3-20 h
2a-y

' a)99%, 18 h
12a b)100%, 5h
1 ¢)99%, 3 h

e

a) 88%, 18 h

a) 95%, 18 h
2b b)94%,5h
c)99%, 3 h

a) 97%, 18 h
2c b)97%,5h
) 95%, 4 h

a)90%, 18 h

AT

: a) 78%, 18 h
; 21

b) 81%, 5 h
c) 74%, 3 h

a)97%, 18 h
2m b)94%, 5h
c)98%, 3 h

C alkyl alkyl sulfides

\ﬁg/\/s\ \M/S\/\/ d
6

2d b)94%,5h

S =Z CS) (ls? OH g (0}
Y OO Oy O 7
o o

a) 80%, 18 h

2g b)93%,5h 2h b)78%,5h 2i b)67%,6h 2j b)62%,5h 2k b)80%,8h
c)97%,3h c) 100%, 20 h c)70%, 4 h ) 70%, 5 h* c)80%, 7 h
B aryl aryl sulfides

Esl) N (o)
~ \ i
—S
S \

a) 92%, 48 h
2n b)55%,20 h
c) 56%, 20 h
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a) Anthraquinone (0.5 mol%)
MeOH, H,0 (10 equiv.), air
CFL (2 x 85 W), r.t.,, 18-48 h 0

S
O/ \O b) Anthraquinone (0.05 mol%) O/ \O

MeOH, 427 nm (45 W), air
rt., 5-20 h

a) 87%, 18 h a) 70%, 18 h
2e b)83%, 12h

c) 85%, 12 h

a) 72%, 20 h
2f b)83%,20 h

) 99%, 4 h c) 85%, 20 h

a)63%, 18 h a)82%, 18 h

a) 90%, 18 h a) 78%, 18 h
20 b)65%, 18 h 2p b)76%,5h
¢) 70%, 10 h ¢) 75%, 5 h

oo

2q b) 85%, 5 h 2r

a) 70%, 18 h a) 74%, 18 h
b) 71%, 5 h

¢)70%, 18 h

a) 77%, 18 h a)
2s b)84%,5h 2t b)

) 100%, 18 h c)77%,20 h

¢)90%, 20 h

90%, 18 h
91%, 5h

a) 60%, 18 h
2u b)78%,5h
c) 80%, 18 h

a) 75%, 18 h
2v b)71%,9h
¢) 90%, 6 h

a) 84%, 18 h
2w b)83%,5h
c) 84%, 3 h

a) 85%, 18 h
2x b)80%, 12 h
c) 85%, 3 h

Scheme 3 Substrate scope.

moiety, afforded in all cases the desired products in good to
excellent yields (Scheme 3, protocol a, 2f-k). Similarly, benzyl
phenyl sulfides afforded the corresponding sulfoxides in excel-
lent yields (Scheme 3, protocol a, 21). Naphthyl or heteroaryl
methyl sulfides were also employed successfully, although pro-
longed reaction time was required in some cases (Scheme 3,
protocol a, 2m and 2n). In the case of aryl aryl sulfides, both
diphenyl sulfide (10) and fused-aryl sulfide 1p were tested,
leading to high yields of the desired product (Scheme 3, proto-
col a, 20 and 2p). Finally, a broad scope of dialkyl sulfides
were employed under the optimum conditions leading to the
dialkyl sulfoxides in good to excellent yields (Scheme 3, proto-
col a, 2q-y). The obtained lower yields in the cases of dialkyl

412 | Green Chem., 2022, 24, 4108-4118

9 Q * denotes the use of
S OH methanol  instead  of
acetonitrile as the solvent

NHBoc

a) 90%, 18 h
2y b)91%,5h
€)90%,5h"

sulfoxides 2s, 2t and 2u are attributed to the difficulties posed
during the purification process and not to the formation of
undesired byproducts (Scheme 3, protocol a).

When the same substrates were employed under LED
irradiation (427 nm), the catalyst loading of 4a can be reduced
to 0.05 mol% and the reaction time varied from 5-20 h, while
similar results were obtained (Scheme 3, protocol b). In the
cases of alkyl aryl sulfides, the reaction time was usually 5-6 h,
leading to excellent yields in all cases (Scheme 3, protocol b,
2a-n). Only in the cases of phenyl secondary alkyl sulfide 1e,
allyl phenyl 1f and heteroaryl methyl 1n, an extended reaction
time was required (up to 20 h), in order to achieve similar high
yields. In the same vein, aryl aryl sulfides led to high yields,

This journal is © The Royal Society of Chemistry 2022
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under these conditions, as well (Scheme 3, protocol b, 20 and
2p). Finally, dialkyl sulfide 1q-y led to excellent yields in short
reaction time (Scheme 3, protocol b, 2q-y).

The substrate scope was also examined under catalyst-free
conditions upon irradiation at 370 nm (Scheme 3, protocol c).
Sulfides bearing an aryl group afforded the corresponding sulf-
oxides in good to excellent yields in short reaction times
(Scheme 3, protocol ¢, 2a-e). Furthermore, functional groups,
i.e. double or triple bonds, hydroxy and carboxyl moiety, were
well tolerated, as well as aryl aryl sulfides (Scheme 3, protocol
c, 2f-p). Interestingly, the less reactive dialkyl sulfides under
the catalyst-free conditions were converted into sulfoxides in
good to excellent yields (Scheme 3, protocol ¢, 2q-y). In this
case, prolonged reaction times were required, due to the reac-
tivity of the substrates. Furthermore, in all cases, NMR moni-
toring of the crude reaction mixture did not reveal any bypro-
duct, derived either from overoxidation or from the C-S frag-
mentation pathway. In the last case of the catalyst-free protocol
(Scheme 3, protocol c), for the cases of 3-phenyl-thio-propionic
acid (1j) and Boc-protected methionine 1y, the solvent
medium was switched to methanol, instead of acetonitrile,
due to the insolubility of the substrates in acetonitrile.

In addition, to demonstrate the synthetic utility of our pro-
tocol in a real-life application, we attempted to use our opti-
mized reaction conditions into the oxidation of sulfide inter-
mediates that appear in the synthetic preparation of sulfora-
phane 8 (Scheme 4). Sulforaphane [4-(methylsulfinyl)butyl-
isothiocyanate] 8 was isolated in 1992 by Talalay and
coworkers.*® Sulforaphane is the product of the enzymatic
hydrolysis of glucoraphanin by the enzyme myrosinase, which
is most represented in broccoli. Recently, it has been found to
exhibit excellent anti-cancer properties.®” In literature, sulfora-
phane is synthesized from 5 and in two steps, isothiocyanate 6
is obtained (Scheme 4, top).>® Then, a m-CPBA-mediated oxi-
dation leads to sulforaphane 8.% Alternatively, sulfoxidation of
5 leads to 7, which can be converted into sulforaphane 8
(Scheme 4).>° Our photochemical aerobic oxidation protocol

o]
N ref. 38
‘\_\ 7777777777 . SCN/\/\S/
[¢] S—
5 6
a) Anthraquinone (0.5 mol%)
a) 93% MeOH, H,0 (10 equiv.), air a) 75%
CFL (2x85W), r.t, 18 h
o, b) Anthraquinone (0.05 mol%)
b) 91% MeOH, 427 nm (45 W), air b)97%
rt,5h
c) 370 nm (45 W) c) + 0.5 mol% 4a
) 79% MeCN, H,0 (10 equivs), air 87%
rt,4h
e}
f. 39 P
N/\/\ - re _____ R SCN s
7 8
0 7 o

Scheme 4 Photochemical aerobic synthesis of sulforaphane 8.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

was successfully implemented in the oxidation of sulfides 5 or
6 to afford the corresponding sulfoxides 7 or 8, respectively, in
good to excellent yields (Scheme 4). In the case of 5, photoche-
mical aerobic oxidation under all three different protocols led
to excellent yields of sulfoxide 7. Similar good yields were
obtained in the case of the oxidation of 6 to sulforaphane 8
(Scheme 4). One of the major issues in the preparation of sul-
foraphane is its decomposition under open air conditions. We
came across this problem, when the photooxidation took place
under household lamp irradiation, when we attained sulfora-
phane in a moderate yield. To avoid this issue in our catalyst-
free conditions, we added 0.5 mol% of anthraquinone (4a) to
decrease the reaction time, increasing the yield up to 87%.

Mechanistic studies

One of the most challenging tasks in photooxidation protocols
is the complete understanding of the reaction mechanism. In
general, two different mechanistic pathways for the photoche-
mical aerobic sulfide oxidation are reported in literature.>* The
first mechanism is promoted by singlet oxygen (*O,, I), which
is generated in the presence of a photosensitizer (Scheme 5A).
The generated singlet oxygen mediates the oxygenation of the
sulfide to afford persulfoxide intermediate II (Scheme 5A). The
latter reacts with a second molecule of sulfide to afford two
molecules of the desired sulfoxide. In the second mechanistic
pathway, a single electron transfer (SET) event occurs between
the excited photocatalyst and the sulfide, affording a sulfide
radical cation (like IV in Scheme 7A). Reaction with either the
superoxide radical anion or triplet state oxygen O, leads to
the desired sulfoxide.**

In many literature reports, both mechanisms are proposed
to be involved.** The use of different irradiation sources in our
protocols, along with the use of alkyl aryl, aryl aryl or dialkyl
sulfides may suggest that different reaction mechanism may

A IsC
aQl aar
(AQ] 0 2q
EnT %0, 2 8
@«79 Dodecyl” "Me
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DodecylSMe
0, 1 (1a)
DodecylSl\N [oN
B |sc (1a) Q
Dodecyl/g‘Me
[DodecyISMe]
DodecyISMe
(1a)

& 3[DodecyISMe]
DodecylSMe /(/

Scheme 5 Proposed mechanistic pathways for photochemical aerobic
oxidation of dodecyl methyl sulfide (1q).
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be in place in each case. In general, anthraquinone (4a) is
known in literature that can generate singlet oxygen via energy
transfer.’” Furthermore, upon excitation, anthraquinone (4a)
possesses the appropriate potential (EreCl =1.77 V vs. SCE)*' to
oxidize sulfides (E®* = 1.34 V vs. SCE, E®* = 1.43 V vs. SCE and
E°* = 1.63 V vs. SCE for thioanisole, diphenyl sulfide and
dibutyl sulfide, respectively).*> However, fluorescence quench-
ing experiments of excited anthraquinone did not show any
quenching either by thioanisole (1a) (alkyl aryl sulfide) or
dodecyl methyl sulfide (1q) (dialkyl sulfide).>* Not following
the same trend, diphenyl sulfide (10) (aryl aryl sulfide) does
quench excited anthraquinone.®® In addition, it is also
reported that sulfides, without the use of an external photo-
catalyst, upon irradiation, may either generate singlet oxygen
or mediate an electron transfer event.>"

To clarify the accurate mechanistic pathway in a photooxi-
dation protocol, we examined the behavior of three representa-
tive examples of sulfides. Thioanisole (1a), dodecyl methyl
sulfide (1q) and diphenyl sulfide (10) were chosen as represen-
tative examples of an alkyl aryl sulfide, a dialkyl sulfide and a
diaryl sulfide, respectively. First of all, in the absence of
oxygen (reaction performed under argon), no oxidation took
place.®® Then, a variety of known additives, able to quench
either mechanistic pathways, have been reported in litera-
ture.”* Initially, to commence our investigations in establish-
ing the exact mechanistic pathway of our protocols, we con-
ducted a series of fluorescence quenching studies.>* For this
purpose, we examined the impact of singlet oxygen quenchers,
such as sodium azide, DABCO or Co(acac); on the fluorescence
of anthraquinone (4a).>* Similar experiments were performed,
using SET quenchers, such as 1,4-dimethoxybenzene (DMB) or
benzoquinone.** Our studies revealed that among all, benzo-
quinone and Co(acac); appears to decrease greatly the anthra-
quinone fluorescence and thus, their use is not indicated for
distinguishing the sulfide photooxygenation mechanism,
when anthraquinone (4a) is employed as the photocatalyst.>*
In the same vein, it was found that benzoquinone also
quenches the fluorescence of thioanisole (1a).** Thus, the
remarkable suppression of the oxidation processes, both in
the case of the anthraquinone-mediated oxidation protocols or
the catalyst-free conditions by benzoquinone can be attributed
to the fluorescence quenching of the catalyst or 1a and by no
means can be assigned to electron transfer events.>® Thus, it is
clearly supported that benzoquinone is not a suitable additive
for the investigation of the anthraquinone-mediated or the
catalyst-free thioanisole photooxygenation.** Similarly, Co
(acac); is not a suitable additive for the investigation of the
anthraquinone-mediated photooxidations.”® On the other
hand, DABCO, sodium azide and 1,4-dimethoxybenzene do
not interact with anthraquinone.**

We begin with the case of dodecyl methyl sulfide (1q), sup-
porting that dialkyl sulfide quenching studies indicate that in
both type of conditions (photocatalyst-free and anthraqui-
none-mediated), the reaction follows the singlet oxygen
mechanistic pathway (Scheme 5). Photochemical aerobic oxi-
dation of 1q, in the presence of DABCO, sodium azide or Co
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(acac)s;, was totally suppressed (0-5%), while the presence of
DMB decreased slightly the yield of the sulfoxide (88%).**
These results indicate that under the photocatalyst-free con-
ditions, the singlet oxygen mechanism is in place
(Scheme 5B). Upon irradiation, triplet excited *[1q]* generates
singlet oxygen I, via an energy transfer event (Scheme 5B).
Singlet oxygen reacts with a ground state 1q, leading to II,
which leads to 2q. In the case of the anthraquinone-mediated
photooxygenations, upon 427 nm irradiation, the photochemi-
cal aerobic oxidation of 1q, in the presence of DABCO or
sodium azide, was also suppressed, while the presence of
DMB, no change in the yield of the sulfoxide was observed
(88%).>* These results indicate that under 427 nm irradiation
in the presence of anthraquinone, the singlet oxygen mecha-
nism is in place (Scheme 5A). Upon irradiation, triplet excited
[AQ]* generates singlet oxygen I, via an energy transfer event
(Scheme 5A). Singlet oxygen reacts with a ground state 1q,
leading to II, which leads to 2q. Upon household lamps
irradiation, similar results with DABCO, sodium azide or DMB
were obtained.>® Similarly as before, in this case, the energy
transfer mechanism (Scheme 5A) is the major pathway.

We then moved to the cases of alkyl aryl sulfide, using
thioanisole as the benchmark study. When the reaction is per-
formed under the photocatalyst-free conditions (370 nm), the
impact of the substrate into the mechanism of the reaction is
more easily distinguished. Photochemical aerobic oxidation of
1a, in the presence of DABCO, sodium azide or Co(acac)s, led
to diminished yields (12-28%), while the presence of DMB
decreased slightly the yield of the sulfoxide (84%).** These
results indicate that under the photocatalyst-free conditions,
the singlet oxygen route is dominant (Scheme 6B). In con-
clusion, thioanisole (1a), upon excitation, leads to triplet *[1a]
*, which generates singlet oxygen I, through an energy transfer
event. Singlet oxygen reacts with a ground state 1a, leading to
III, which leads to 2a. This appears to be the major mechanis-
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Scheme 6 Proposed mechanistic pathways for the photochemical
aerobic oxidation of thioanisole (1a).
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tic pathway of the photocatalyst-free aerobic oxidation of aryl
alkyl sulfides at 370 nm (Scheme 6B). This is in accordance
with the results of Bonesi and coworkers for the reaction of
thioanisoles at 310 nm.*" In the case of the anthraquinone-
mediated photooxygenations, except from benzoquinone, Co
(acac); cannot be employed as a reliable quencher, since it
decreases the fluorescence of anthraquinone (4a).>* When the
anthraquinone-mediated processes were performed in the
presence of DABCO or sodium azide (singlet oxygen quench-
ers), decreased yields (23-31%) were obtained, thus singlet
oxygen is involved. Similarly, when the anthraquinone-
mediated processes were performed in the presence of DMB
(SET quencher), high yields (75-89%) were also obtained, indi-
cating that the singlet oxygen pathway is again the dominant
mechanism of action (Scheme 6A).

The investigation of the mechanistic pathway when diphe-
nyl sulfide is employed, proved to be rather intricate, since
fluorescence quenching studies reveals an interaction between
diphenyl sulfide and excited anthraquinone.** Considering the
triplet energy of anthraquinone (E 260 k] mol™*)** with the Ex
of diphenyl sulfide (280 kJ mol™"),** an energy transfer event is
unlikely to occur. However, the energy transfer mechanism
from anthraquinone to oxygen is viable.”® On the other hand,
based on the potentials of excited anthraquinone and diphenyl
sulfide, (1.77 V vs. SCE and 1.43 V vs. SCE, respectively),*” an
electron transfer event is more likely to occur. Photocatalyst-
free aerobic oxidation of 1o, in the presence of DABCO,
sodium azide or Co(acac);, suppressed the reaction (0-8%),
while the presence of DMB also suppressed the generation of
sulfoxide (6%).>* These results could indicate that under the
photocatalyst-free conditions, both mechanistic pathways
(singlet oxygen and electron transfer) are involved. However,
careful consideration of a variety of parameters is required.
The mechanism of the reaction at 370 nm involves excitation
of diphenyl sulfide. An electron transfer event takes place, gen-
erating sulfide radical cation IV (Scheme 7B), which reacts
with ground state oxygen to afford the corresponding sulfox-
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Scheme 7 Proposed mechanistic pathways for the photochemical
aerobic oxidation of diphenyl sulfide (10).
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ide, through intermediate V (Scheme 7B). The alternative well-
accepted mechanism that leads to the desired sulfoxide
involves the reaction of sulfide radical cation IV with super-
oxide radical ion,>* however, for the specific case of diphenyl
sulfide, Bonesi and coworkers have proven through kinetic
studies that superoxide radical anion does not react directly
with IV, but plays a secondary role in the process, more likely
mediating the conversion of V to 20.*' Also, the energy transfer
mechanism from excited 10 to oxygen, in order to generate
singlet oxygen is also not operative, as Bonesi and coworkers
has also proven for the case of 10.>" However, our quenching
experiments with DABCO or sodium azide delivered minimum
yields of the reaction.>* Herein, it is necessary to highlight the
need to be fully be aware of the oxidation potentials of the
compounds involved in the process. Taking into consideration
the potential of diphenyl sulfide (E®* = 1.43 V vs. SCE),** as
well as the potentials of DABCO (E®* = 0.57 V vs. SCE)** and
sodium azide (E°* = 1.29 V vs. NHE,*® ~approx. 1.05 V vs. SCE),
then it can easily be deducted that the reduced yields observed
in the presence of DABCO or sodium azide are due to redox
reactions between sulfide radical cation IV with either DABCO
or NaN; and not due to quenching of singlet oxygen. The
singlet oxygen pathway is also not viable, since it is known
that product 20 constitutes a quencher of persulfoxide inter-
mediates (like intermediates II or III of Schemes 5 and 6).>* In
the photocatalyst-mediated protocols, the reaction in the pres-
ence of DABCO or sodium azide or DMB, was suppressed
(0-19%).>* As before though, upon anthraquinone irradiation,
an electron transfer event occurs, generating sulfide radical
cation IV, which reacts with oxygen to afford the corresponding
sulfoxide, through intermediate V (Scheme 7A). All other
potential mechanisms are not viable, due to the same reasons.

Based on the literature, Cismesia and Yoon employed the
quantum yield as a mechanistic tool.”” Using potassium fer-
rioxalate as the actinometer, we calculated the quantum yield
of the thioanisole photooxidation under the anthraquinone-
mediated conditions.* The achieved quantum yields (& = 2.0
and 2.1 for 427 nm and CFL irradiation) are impressive, since
the maximum value based on the proposed mechanism is 2.0,
regardless the pathway followed.

Conclusions

Photochemical aerobic oxidations merge two interesting
fields, photochemistry, and air-mediated processes. Although
for many years, both areas received limited attention, with the
uprise of modern synthetic photochemistry and increasing
number of literature reports on oxygen-mediated oxidations,
the last five years, the photochemical aerobic oxidation of sul-
fides to sulfoxides has attracted exponential attention. Herein,
we provide a general, fast, mild, green and easy-to-operate pro-
cedure to perform these reactions. Initially, we explored the
role of wavelength irradiation towards sulfides aerobic photo-
oxygenation to the corresponding sulfoxides. Compared to all
the previous methods presented in the literature, two low-cata-
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lyst loading (0.05-0.5 mol%) anthraquinone-mediated proto-
cols (CFL lamps or 427 nm) and one photocatalyst-free aerobic
protocol (370 nm) are reported, combining short reaction time
and overcome the unwanted overoxidation reaction. These con-
ditions outperform most known literature procedures as far as
reaction time and catalyst loading are concerned.
Furthermore, expensive photocatalysts or complicated non-
natural occurring catalysts, which are commonly employed in
sulfide oxidation, are replaced by a cheap and commercially
available photocatalyst, like anthraquinone. A broad scope of
substrates was successfully tested, under the optimum con-
ditions. We also applied our photooxidation protocols towards
the synthesis of Sulforaphane, a promising anti-cancer agent.
The mechanism of the reaction was extensively studied and for
this purpose a series of quenching studies were performed,
and we herein provide a flowchart for future researchers.
Firstly, after UV-Vis studies, the potential of developing a
photocatalyst-free protocol should be defined. When the
appropriate photocatalyst is identified, via literature reports,
the potential mechanistic scenarios should be identified.
Utilizing fluorescence quenching studies (photocatalyst with
substrates, photocatalyst with quenchers and sulfides with
quenchers), the appropriate probes (quenchers) can be identi-
fied, in order to correctly recognize which probes can be used
and which cannot, since they provide false positive or negative
results. In this case, for the photocatalyst-free process, via the
appropriate quenchers, we identified that dodecyl methyl
sulfide (dialkyl sulfides) are oxidized via singlet oxygen, while
when anthraquinone is employed, the singlet oxygen pathway
is the dominant. In the case of thioanisole (alkyl aryl sulfides),
in the photocatalyst-free protocol and under anthraquinone-
mediated protocols, the singlet oxygen mechanism is the
major pathway. Finally, in the case of diphenyl sulfide (aryl
aryl sulfides), in the photocatalyst-free protocol and under the
use of anthraquinone, the sulfide radical cation mechanism is
operative.
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