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Sulfoxide-containing molecules are an important class of compounds in the pharmaceutical industry and
many efforts have been made to develop new and green protocols, targeting the chemoselective trans-
formation of sulfides into sulfoxides. Photochemistry is a rapidly expanding research field employing light
as the energy source. Photochemical aerobic processes possess additional advantages to photochemistry
and may find applications in the chemical industries. Herein, a 370 nm catalyst-free aerobic protocol was
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developed, using 2-Me-THF as the green solvent. At the same time, two low-catalyst-loading anthra-
quinone-based processes (under a CFL lamp or 427 nm irradiation) in 2-Me-THF were developed.
Furthermore, a broad range of substrates was tested. We also implemented our protocols towards the
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Introduction

Historically, sulfoxides comprise an important class of mole-
cules in the pharmaceutical industry, beginning with the rise
of antibacterial ingredients at the beginning of the 20™
century. A number of sulfoxide-containing molecules are
known to display an excellent pharmacological profile and
are marketed as drugs, including omeprazole, lansoprazole,
modafinil, sulforaphane, sulindac and fipronil (Scheme 1).
Omeprazole and lansoprazole are proton-pump inhibitors
(PPIs) and are widely used in pharmaceuticals treating gastric
acid hypersecretion.> Modafinil, another sulfoxide-containing
drug, is used for the treatment of narcolepsy symptoms.®
Sulforaphane is a naturally occurring product, found in broc-
coli and Brussels sprouts, that has been proven to possess
anti-cancer properties.* Sulindac acts as a prodrug, which is
metabolised in the human body to the corresponding sulfide,
and it is well known as an anti-inflammatory and analgesic
agent,” while fipronil is an insecticide, used to protect crops
against specific soil and foliar pests.®

Over the past years, many researchers worldwide, both in
industry and in academia, have put great effort into developing
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synthesis of the pharmaceutical active ingredients (APIs) sulforaphane and modafinil.

a variety of industrially applicable oxidation methodologies,
converting sulfides into the corresponding sulfoxides. In most
of the protocols reported in the literature, hydrogen peroxide
is the oxidant which holds the lion’s share.” The use of per-
oxides in general is highly beneficial due to their availability,
low cost, and benign by-products. The major drawback of the
use of peroxides appears to be their activation, which in most
cases requires either heat or metal catalysts. Another widely
used class of oxidants in the pharmaceutical industry is
organic peracids,® such as m-chloroperbenzoic acid (m-CPBA).
The latter has been exploited in numerous sulfoxide synth-
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Scheme 1 Selected examples of pharmaceuticals’ active ingredients or
natural products containing the sulfoxide moiety.
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eses,’ but is lacking chemoselectivity. In all the reported sulf-
oxide syntheses, over-stoichiometric amounts of oxidants are
needed to increase the reaction yield. As a consequence, in
many cases, sulfide overoxidation may occur, leading to
sulfone by-products, which in the case of an active pharma-
ceutical ingredient (API) is restrictive.

In 2004, Avrutov and coworkers described the synthesis of
Lansoprazole using tert-butyl hydroperoxide (TBHP) activated
by a vanadium catalyst (Scheme 2A).'° In their patent appli-
cation, the employed oxidation system was used to suppress
the formation of the sulfone by-product.’® The use of peracids
towards sulfide oxidation was extensively studied in the syn-
thesis of Cephalosporins as well (Scheme 2B)."" The major
drawback in their use, apart from the usual safety issues, is
the need to purge the resulting organic acid, which in many
cases is a difficult task in a manufacturing plant. To avoid this
difficulty, inorganic oxidants were employed. In 2001, omepra-
zole was proposed to be produced using sodium percarbonate
and a molybdenum catalyst (Scheme 2C)."*

Another mild oxidant that lately has been widely employed
in oxidation protocols is oxygen.'* It is an abundant and
ambient gas, considered the “greenest” option for oxidation
reactions. Oxygen activation can occur via metal catalysis'* or
organocatalysis."”> In 2020, Zografos and coworker proposed
the use of proline-based organocatalysts for the aerobic oxi-
dation of sulfides to sulfoxides, using HFIP as the solvent.'®
However, expensive metal-based catalysts'* or expensive and
hazardous solvents (e.g. HFIP)'® increase significantly the

A. Sulfide oxidation catalyzed by vanadium salts (reference 10)
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Scheme 2 Sulfide oxidation in API synthesis.
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manufacturing cost, while the final purification of the product
can be troublesome.

In 2008, MacMillan,"” Stephenson'® and Yoon"®
exciting and powerful area of research called photochemistry.
This partially forgotten and rather misunderstood research
field very quickly created new opportunities, unlocking many
reactions not easily accessed using the conventional ground
state pathways. The merger of photochemical protocols with
aerobic (oxygen)-mediated oxidations was recognized quite
early and the oxidation of sulfides to sulfoxides was first
studied in the 1960s.>>** Throughout the years, the photoche-
mical aerobic oxidation of sulfides received some attention,
but the use of specialized apparatus for irradiation or the use
of heterogeneous and in some cases homogeneous catalysts
(metal-based or organocatalysts) limited its applicability.*®
However, since 2017, the emerging field of photochemistry
merged with organocatalysis has drawn the interest of many
researchers into studying photochemical aerobic sulfide
oxidation.**

In our group over the past years, we have been focused on
developing novel light-driven methodologies.*® Recently, we
reported a mild, green and chemoselective direct photochemi-
cal aerobic oxidation of sulfides to the corresponding sulfox-
ides.”® Our experience in developing operationally simple and
safe protocols easily applied in industrial scale productions®’
led us to upgrade our methodology to a sustainable and indus-
try-friendly protocol. Herein, we report environmental, novel,
green and sustainable protocols for the oxidation of sulfides
using a mild oxidant, such as molecular oxygen, in the pres-
ence of a low-cost commercially available photocatalyst. The
reaction medium comprises the use of a biomass-based
solvent, serving the basic principles of green chemistry, which
is highly desirable in the chemical and pharmaceutical indus-
tries (Scheme 2D).

relaunched an
20,21

Results and discussion

In early 2022, we reported a general, mild and green protocol
to convert sulfides into sulfoxides.”® Firstly, we explored the
role of wavelength irradiation and proposed two low-catalyst-
loading (0.05-0.5 mol%) anthraquinone-mediated methods
(CFL lamps or 427 nm) and one photocatalyst-free protocol
(370 nm) for the photochemical aerobic oxidation of sulfides
into sulfoxides, having the advantage of short reaction times
and no overoxidation reactions. Having in our minds the
importance of this transformation in the pharmaceutical
industry, we envisaged an expansion of those protocols to gain
a more industrial and sustainable character. Initially, we
turned our attention to the nature of the reaction medium,
since the industrial character of any process is directly linked
to the amount of waste produced (Table 1). We examined the
anthraquinone-mediated reaction output of thioanisole (1a)
oxidation under CFL irradiation in a variety of green solvents
(Table 1).*® Protic solvents, i.e. isopropanol or glycerol, proved
to be sluggish (Table 1, entries 1 and 2), while in water the
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Table 1 Optimization of the reaction conditions for the photochemical
aerobic oxidation of 1a, using a photocatalyst®

0]
4
ph/S‘M xmol% O g . o\\s//o
e _S. _S.
Solvent, time Ph™ " "Me Ph™ " Me
irradiation source, r.t.
1a 2a 3a
Lamp Solvent, 4 1a’® 2a/3a’
Entry (nm) time (h) (mol%) (%) (%)
1 CFL Glycerol, 18 0.5 75 25/0
2 CFL i-PrOH, 18 0.5 88 12/0
3 CFL H,0, 18 0.5 100 0/0
4 CFL EtOAc, 18 0.5 95 5/0
5 CFL GVL, 18 0.5 75 25/0
6 CFL Cyrene, 18 0.5 100 0/0
7 CFL MTBE, 18 0.5 86 14/0
8 CFL 2-Me-THF, 18 0.5 0 70/30
9°¢ CFL 2-Me-THF, 18 0.5 0 99/1
10 427 Glycerol, 3 0.05 94 6/0
114 427 i-PrOH, 3 0.05 79 21/0
124 427 H,0, 3 0.05 91 9/0
134 427 EtOAc, 3 0.05 11 89/0
144 427 GVL, 3 0.05 61 39/0
157 427 Cyrene, 3 0.05 100 0/0
169 427 2-Me-THF, 3 0.05 1 99/0

“The reaction was performed with 1a (0.20 mmol) in solvent (1 mL),
under open air irradiation for 18 h. ® Conversion was determined by
"H-NMR. ‘The reaction was performed with the addition of H,O
(40 pL). %0.5 mL of solvent was used instead of 1 mL.

reaction did not occur due to anthranquinone’s insolubility
(Table 1, entry 3). In solvents bearing a carbonyl group, ie.
ethyl acetate or y-valerolactone (GVL), the reaction was slug-
gish, while trying to use a novel biobased solvent called
Cyrene, the reaction did not take place (Table 1, entries 4-6).
Turning to ethereal solvents, i.e. t-butyl methyl ether, afforded
poor results (Table 1, entry 7), while 2-methyltetrahydrofuran
(2-Me-THF) was the solvent that outperformed all the others
(Table 1, entry 8). 2-Me-THF is a commercially available
solvent, derived from furfural or levulinic acid, both products
being easily derived from renewable lignocellulosic biomass.>®
2-Me-THF has a strong chemical resemblance to tetrahydro-
furan, but it features different physical properties. Its low mis-
cibility with water and its good stability to acids and bases,
compared with THF, are some of the advantages offered.>
Thus, its use in the pharmaceutical industry is highly appreci-
ated. The addition of H,O (10 equiv.) was essential for the
acceleration of the reaction rate and the suppression of the for-
mation of the sulfone by-product (Table 1, entry 9 vs. entry
8).>! Due to hydrogen bond formation, water inhibits the con-
version of sulfoxide to sulfones.’” In our previous study under
LED irradiation (427 nm), photochemical aerobic sulfide oxi-
dation led to the selective formation of the corresponding sulf-
oxide vs. sulfone after 5 h of irradiation in the presence of
0.05 mmol% of 4.® When the reaction was performed in
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2-Me-THF, the desired product was afforded in quantitative
conversion, suppressing the undesired sulfone by-product,
while the reaction time was reduced to 3 h (Table 1, entry 16).
Apart from ethyl acetate, which afforded high sulfoxide conver-
sion (Table 1, entry 13), all the other green solvents mentioned
above afforded lower yields (Table 1, entries 10-15). Indeed,
2-Me-THF was the solvent of choice, reducing the reaction
time at the same time, in comparison with our previous
results.>®

Next, we turned our attention to the catalyst-free protocol
for the photochemical aerobic oxidation of 1a (Table 2). To our
delight, when the reaction was performed under UVA-LED
irradiation (370 nm) in 2-Me-THF, quantitative formation of
the desired product was obtained after 2 h, under catalyst-free
conditions (Table 2, entry 8). Again, this is a slightly decreased
reaction time compared with our previous studies (2 h vs.
3 h).?® Quantitative formation of the desired sulfoxide was also
obtained when GVL or water was used as the solvent (Table 2,
entries 3 and 5); however, lower yields were obtained upon iso-
lation (60% and 68%, respectively). Furthermore, GVL and
water might pose difficulties when the catalyst-free protocol is
used in the pharmaceutical industry. The use of GVL will add
an extra purification step to the procedure, which raises the
manufacturing cost, while the use of water as the reaction
medium will narrow down the substrate scope, excluding inter-
mediates bearing easily hydrolysed functional groups. Again,
solvent optimization did not reveal any medium leading to
better yields, compared with 2-Me-THF (Table 2, entries 1, 2, 4,
6,7 vs. 8).

Having found the optimum reaction conditions, we studied
the substrate scope (Scheme 3). We probed all three approaches,
using air as the sole oxidant. The first process is the catalyst-
free approach, using irradiation at 370 nm in 2-Me-THF (45 W,
protocol A). Also, the anthraquinone-mediated photochemical
reaction, using a low catalyst loading (0.05 mol%) under
427 nm irradiation, was examined (45 W, protocol B). Finally, a
CFL-mediated approach in 2-Me-THF was envisaged, using

Table 2 Optimization of the reaction conditions for the photocatalyst-
free photochemical aerobic oxidation of 1a?

(e}
ph S Me Solvent, 2 h : + P
Ph"""Me  Ph7T"Me
1a 370 nm, r.t. 2a 3a
Entry Solvent 1a? (%) 2a/3a’ (%)
1 Glycerol 72 28/0
2 Isopropanol 17 83/0
3 H,0 (1] 100/0
4 EtOAc 80 20/0
5 GVL 0 100/0
6 Cyrene 100 0/0
7 MTBE 87 13/0
8 2-Me-THF 0 100/0

“The reaction was performed with 1a (0.20 mmol) in solvent (1 mL), in
open air under 370 nm irradiation for 2 h. ? Conversion was deter-
mined by "H-NMR.

This journal is © The Royal Society of Chemistry 2022
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a) 370 nm (45 W) air, r.t, 210 h
2-MeTHF 9

@0 &0

b) Anthraquinone (0.05 mol%)
427 nm (45 W), air, r.t., 3-18 h

1a-0 c) Anthraquinone (0.5 mol%)
2a-0 H,0 (10 equiv.), air
CFL (2x85W),r.t, 18-48 h
11 9 1)
o o o
a) 90%, 2 h a)99%, 2 h a)97%,2h

2a b)92%,3h
c) 98%, 18 h

2b b)92%,3h
c) 98%, 18 h
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Scheme 3 Substrate scope: aryl or heteroaryl substituted sulfides.

anthraquinone at 0.5 mol% (protocol C). Initially, we exam-
ined a variety of alkyl aryl sulfides, employing catalyst-free con-
ditions upon irradiation at 370 nm. The oxidation step pro-
ceeded smoothly, affording the corresponding sulfoxides in
good to excellent yields (Scheme 3). Along with thioanisole
(1a), other phenyl-substituted sulfides having an alkyl moiety
afforded the desired sulfoxides in high to quantitative yields
(Scheme 3, protocol A, 2a-e). Aryl or substituted aryl sulfides
with an alkyl group having various functional groups, ie.
double or triple bonds, hydroxy or ester moieties, afforded in
all cases the desired products in good to excellent yields
(Scheme 3, protocol A, 2f-j). Phenyl benzyl, naphthyl methyl,
heteroaryl methyl, diaryl or fused aryl sulfides also afforded
the corresponding sulfoxides in good to excellent yields

This journal is © The Royal Society of Chemistry 2022
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(Scheme 3, protocol A, 2k-o0). Additionally, NMR monitoring of
the crude reaction mixture did not reveal any by-product
(either from overoxidation or from the C-S fragmentation).
When the same substrates were subjected to LED
irradiation (427 nm), the presence of a catalyst was required.
The catalyst loading of 4 was 0.05 mol% and the reaction time
varied from 3 to 18 h (Scheme 3, protocol B). When alkyl aryl
sulfides were employed, the reaction time was usually 3 h,
while good to excellent yields were obtained in all cases
(Scheme 3, protocol B, 2a-o0). Deviation in the reaction time
was observed in the cases of phenyl secondary alkyl sulfide 1e,
alkyl phenyl sulfide bearing an ester moiety (1j), heteroaryl
methyl (1m) and diphenyl sulfide (1n). A prolonged reaction
time was required (up to 18 h) for the reaction to take place. In
the cases of sulfides 1f and 1h, no oxidation by-products on
the double or the triple bond were detected. However, if a
higher catalyst loading of 4 was employed, then a mixture of
other oxidized products was obtained in both cases. Similarly,
under the optimised reaction conditions, in the case of 1m, no
other oxidation product was isolated. Next, we examined the
substrate scope under CFL irradiation, increasing the catalyst
loading (0.5 mol%) (Scheme 3, protocol C). Alkyl aryl sulfides
afforded the corresponding sulfoxides in good to excellent
yields in 18 h (Scheme 3, protocol C, 2a-e). Furthermore, func-

a) 370 nm (45 W) air, r.t., 2-18 h

s 2-MeTHF % "
~ _ S b) Anthraquinone (0.05 mol%)
Q 7D 427 nm (45 W), air, r.t, 3-5h
1p-x c) Anthraquinone (0.5 mol%)
2p-x H,O0 (10 equiv.), air
CFL(2x85W),rt,18h
(0] o
s s s
\‘“‘79/\/ ~ \M: ~N O//

a) 99%, 18 h
2p b)97%, 3 h
c) 98%, 18 h

o 2D

a) 80%, 18 h
2t b)83%,3h
c) 85%, 18 h

a) 73%, 18 h
29 b)73%,3h 2r
c) 74%, 18 h

a)87%, 18 h
b) 62%, 3 h
c) 87%, 18 h

a)78%, 3 h
2u b)77%,4h
c) 73%, 18 h

a)92%, 20 h
2¢ D)80%, 3h
c) 88%, 18 h

Qg Crgv@

a)81%, 2 h
2v b)81%,3h
c)81%, 18 h

/

o s,

fﬁo
N
(0]

a)80%, 2 h
2x b)90%, 3 h
¢) 90%, 18 h

a)80%, 3 h
2w b) 88%, 5 h
c)92%, 18 h

Scheme 4 Substrate scope: dialkyl sulfides.
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tional groups, like double or triple bonds, hydroxy and ester
moieties or aryl aryl sulfides were well tolerated (Scheme 3,
protocol C, 2f-o).

To expand the industrial feasibility of our process, we also
performed the photooxidation of thioanisole 1a, replacing the
CFL lamps with sunlight (April 27, 2022, 10:00-14:00, Athens
Greece, 37.97° N, 23.72° E, temperature range 23-25 °C),
leading to a similarly excellent yield (97%) after 4 h. We also
checked the scalability of our protocol, performing a gram-
scale reaction (June 25, 2022, 09:00-17:00, Athens Greece,
37.97° N, 23.72° E, temperature range 28-35 °C), leading to an
excellent yield (82%) after 8 h.>" Since the environmental con-
ditions vary from time to time, we also performed aerobic
photooxidation, applying our photocatalyst-free protocol and
increasing the reaction scale (10 g). The reaction time was pro-
longed and 2 x LED 370 nm lamps were employed; however
the formation of the corresponding sulfoxide was excellent
(81% yield) after 13 h.**

Next, we examined our protocols in a broad range of dialkyl
sulfides (Scheme 4). In this case (for the 370 nm protocol),
prolonged reaction times were required (18 h) due to the reac-
tivity of the substrates. Dialkyl sulfoxides were easily accessed
in good to excellent yields when the photocatalyst-free aerobic
oxidation protocol in 2-Me-THF was employed (Scheme 4, pro-
tocol A, 2p—x). The anthraquinone-mediated protocols were
also applied to sulfide photooxidation, affording in all cases
the corresponding sulfoxides in excellent yields. Upon CFL
irradiation and using 0.5 mol% anthraquinone, the photooxi-

Sulforaphane Synthesis
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N ref. 34
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1x
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dation reaction time was 18 h. Altering the irradiation source,
using LED irradiation (427 nm), the amount of anthraquinone
was 0.05 mol% and the oxidation reaction was completed after
3-5 h.

Synthetic application

Our desire to demonstrate the synthetic utility of our protocol
in real-life applications led us to use our optimized reaction
conditions in the oxidation of sulfide intermediates that
appear in pharmaceutical active ingredients, i.e. sulforaphane
and modafinil (Scheme 5). In 1992, Talalay and coworkers
isolated sulforaphane [4-(methylsulfinyl)butylisothiocyanate]

* Sulforaphane is the product of the enzymatic hydrolysis of
glucophanin, which is found in the Brassicaceae family and in
broccoli, in particular, and was recently found to exhibit anti-
cancer properties.’ Recently, sulforaphane was also recognized
as a potential inhibitor of the in wvitro replication of
SARS-CoV-2.** Sulforaphane interacts synergistically with
remdesivir, inhibiting coronavirus infection in vitro. We com-
menced our synthesis from intermediate 1x, which can be
easily synthesized from 1,4-dibromobutane in two steps.*®
Deprotection of the phthalimide group and subsequent treat-
ment of the corresponding amine with carbon disulfide
afforded isothio-cyanate 5, which is the most common inter-
mediate for sulforaphane synthesis (Scheme 5, top).*
Applying our photochemical aerobic oxidation protocols in the
oxidation of sulfide 5 afforded sulforaphane in good to excel-
lent yields (Scheme 5, top). Contrary to all the reported

2-Me-THF
T
NN SCN ﬁ
5 Protocol a) + 0.5 mol% 6
4,87%, 4 h.

Protocol b) 96%, 5 h.
Protocol ¢) 78%, 18 h.

Protocol a) + 0.5 mol% 4, 4 h, Purification by Liquid-Liquid
extraction, 80%.

Modafinil Synthesis

O o 2-Me-THF
OH ref. 3b O
e s\)LNHZ \)LNH
Protocol a)
‘ 50 %, 2 h

7

8

Protocol a), 2 h, Purification by Liquid-Liquid extraction, 50%.

a) 370 nm (45 W) air, r.t

c) Anthraquinone (0.5 mol%)
H,0 (10 equiv.), air
CFL (2x85W), r.t.

b) Anthraquinone (0.05 mol%)
427 nm (45 W), air, r t.

Scheme 5 Synthetic application: late-stage photochemical aerobic oxidation for the synthesis of sulforaphane and modafinil.
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methods described in the literature, where the oxidation was
performed either using hydrogen peroxide or m-CPBA, the
sulfone derivative was not detected. Applying our photo-
catalyst-mediated protocols, the reaction proceeded smoothly,
affording sulforaphane in good to excellent yields. Under LED
irradiation using (427 nm), sulforaphane was obtained in 96%
in 5 h. One of the major issues in the preparation of sulfora-
phane is its decomposition under open air. We faced this
problem when the photooxidation took place under household
lamp irradiation, when we attained sulforaphane in a moder-
ate yield (78%). To circumvent this problem in our catalyst-free
conditions, we employed 0.5 mol% of anthraquinone (4) to
minimize the reaction time, increasing the yield to 87%. To
avoid purification by column chromatography, a liquid-liquid
extraction-purification afforded sulforaphane in 80% yield
(reaction performed at 370 nm).>" Thus, we believe this consti-
tutes an even more industry-friendly approach for the syn-
thesis of sulforaphane.

Our initial intention in developing an industrially appli-
cable photochemical protocol led us to search for more chal-
lenging substrate targets. For this reason, we questioned
whether our photochemical protocols could be applied
towards the synthesis of modafinil (Scheme 5, bottom).
Modafinil 9 acts as a CNS stimulant, which promotes vigilance
and wakefulness without any side effects.*? It is generally used
for the treatment of narcolepsy and ADHD. As presented in the
literature, sulfide 8 appears to be the most common intermedi-
ate for the synthesis of modafinil.*” Sulfide 8 contains an
active benzylic position, which poses some difficulties in
applying a chemoselective photochemical oxidation protocol.
Indeed, when we examined the application of our photochemi-
cal protocols in the oxidation of sulfide 8, we observed that in
both anthraquinone-mediated protocols the decomposition of
sulfide 8 took place. Probably, the photocatalyst-mediated
process initiates a C-S fragmentation in the highly reactive
benzylic position. Careful monitoring of the reaction showed
that the parasitic decomposition pathway is much faster than
the oxidation one, since we did not observe any product for-
mation. On the contrary, under catalyst-free conditions, the
photochemical aerobic oxidation of sulfide 8 proceeded
smoothly, affording the desired product in 50% yield. Similar
to before, a liquid-liquid extraction—purification was also
possible.

Mechanistic studies

The most intriguing part of photooxidation is understanding
the reaction mechanism. In the literature, two different
mechanistic pathways for photochemical aerobic sulfide oxi-
dation are reported.” In the first mechanism singlet oxygen,
'0,, is generated using a photosensitizer (Scheme 6). Singlet
oxygen performs the oxygenation of the sulfide, leading to per-
sulfoxide intermediate I (Scheme 6). This intermediate reacts
with another sulfide, affording two molecules of the desired
sulfoxide. In the second mechanistic pathway, a single electron
transfer (SET) occurs between the excited photocatalyst and
the sulfide, affording sulfide radical cation II (Scheme 6).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

ISC

AQr “ar

\ EnT 30,
# AQ

Anthraquinone-catalyzed Mechanism

€]

0
RSAlkyl Q RSAlkyl 0
0, —= N 2 .So
R™® Alkyl R Alkyl
B “Z,% :
AQ [AQr
\ SET Ar'SAr?
faar- . o
o, 2 2 Ar'sar Q
ArlsAR —— S N
rhr AEAZ T 2ar S

¢ Isc
Photocatalyst-free Mechanism
s "
RSAkylT  [RSAIkyll
\ EnT 30,
% RSAlkyl o
02
RSAlkyl Q RSAlkyl 0
2 > PN PN
5 M R” & Alkyl R™7 Alkyl
2
%0, |
* 30, O\o Ar'SAr2 o
1 ] I
ArSArT ArlsAr? _TC . _S.
o e AEA? TN 2 At S
W‘\ m o, %,
Ar'SAR

Scheme 6 Proposed mechanistic pathways for the photochemical
aerobic oxidation of sulfides.

Reaction with either the superoxide radical anion or triplet
state oxygen >0, leads to the sulfoxide. In our work, the use of
different irradiation sources in our protocols, along with the
use of alkyl aryl, aryl aryl or dialkyl sulfides, may suggest that a
different reaction mechanism may be in place in each case. In
general, anthraquinone (4a) is known from the literature to be
able to generate singlet oxygen via energy transfer.’® In our
previous studies, we performed a detailed study of the reaction
mechanism.?® Utilizing fluorescence quenching studies and
the appropriate quenchers shed light on the reaction mecha-
nism.>® In the photocatalyst-free process (370 nm), via the
appropriate quenchers, we identified that dodecyl methyl
sulfide (dialkyl sulfides) are oxidized via singlet oxygen
(Scheme 6C), while when anthraquinone is employed (427 nm
or CFL), the singlet oxygen pathway is dominant (Scheme 6A).
In the case of thioanisole (alkyl aryl sulfides), in the photo-
catalyst-free protocol (370 nm), the singlet oxygen mechanism
is in place (Scheme 6C). Under the use of anthraquinone
(427 nm or CFL), the singlet oxygen pathway generated by
anthraquinone is followed (Scheme 6A). Finally, in the case of
diphenyl sulfide (aryl aryl sulfides), in the photocatalyst-free
protocol (370 nm), the sulfide radical cation pathway is in
place (Scheme 6D). With the use of anthraquinone (427 nm or
CFL), the sulfide radical cation is produced (Scheme 6B).
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Conclusions

The basic principles of green chemistry have been known
since 1990, but real application in the pharmaceutical industry
is rather limited. During the last decade, the photochemical
aerobic oxidation of sulfides to sulfoxides has attracted expo-
nential amounts of attention. Herein, we married our pre-
viously developed photochemical oxidation protocols with the
basic principles of green chemistry, providing a general, fast,
mild, green and easy-to-operate industry-friendly procedure to
perform these reactions. We exploited 2-Me-THF, a commer-
cially available green solvent, derived from furfural or levulinic
acid, both products being easily derived from renewable ligno-
cellulosic biomass, in our low-catalyst-loading (0.05-0.5 mol%)
anthraquinone-mediated protocols (CFL lamps or 427 nm)
and in our photocatalyst-free aerobic protocol (370 nm).
Among the different protocols developed, the photocatalyst-
free aerobic protocol (370 nm) appears to be the most efficient,
since it is fast, it can be scaled up and it can be easily applied
to more challenging substrates bearing easily oxidized C-H
bonds; see the case of modafinil. However, the 427 nm proto-
col can be employed in cases where organic compounds bear
chromophores below 400 nm, since in this case, they do not
interfere with the oxidation process. Finally, the cheapest
alternative is the CFL-mediated procedure. A broad range of
substrates was successfully tested under the optimum con-
ditions. In some cases, the reaction proved to be faster than
those performed in common organic solvents. We also applied
our photooxidation protocols towards the synthesis of two
APIs: sulforaphane, a promising anti-cancer agent and a poten-
tial SARS-CoV-2 inhibitor, and modafinil, a drug used to treat
narcolepsy symptoms. We sincerely hope these processes can
find application in real life.
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