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Thiol oxidation to disulfides is an area of great importance in organic synthesis, both for synthetic and

biological purposes. Herein, we report a mild, inexpensive and green photochemical approach for the
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Introduction

Sulfur compounds, although usually associated with a foul
smell, are considered non-toxic and can be found in a variety
of natural products (Fig. 1). For example, sulforaphane is a key
ingredient of the Brassicaceae family, that can be found in
broccoli and cabbages that possesses anticancer activity, due
to its isothiocyanate moiety." Among compounds containing
sulfur, disulfides play a dominant role in biological systems,
since they are fundamental factors in protein folding and oli-
gomerization, as they stabilize the 3D structure and affect their
biological function.> Among the most common natural struc-
tures bearing a disulfide “bridge” is cystine, which is formed
from the oxidation of cysteine, and insulin (Fig. 1). Disulfides
are also important intermediates for many synthetic pathways
and present various applications in agro-chemicals and
pharmaceuticals.>* The latest global turmoil, regarding the
pandemic caused by COVID-19, forced the scientific commu-
nity to work intensively, in order to decode as fast as possible
the structure and the function of the novel coronavirus. In
this direction, researchers found that the spike protein of
SARS-Cov-2019, which is the receptor-binding domain (RBD)
to the ACE2 receptor of the host cell, consists of cysteine resi-
dues that form pairs with disulfide bonds.” In fact, some of
the latest studies confirm the importance of thiol-disulfide
balance in the binding affinity of the spike protein to the ACE2
receptor.® Furthermore, among the potential inhibitors of
SARS-Cov-2019 protein are molecules that possess as a key unit

Laboratory of Organic Chemistry, Department of Chemistry,

National and Kapodistrian University of Athens, Panepistimiopolis, Athens 15771,
Greece. E-mail: ckokotos@chem.uoa.gr

f Electronic supplementary information (ESI) available: Experimental data, 'H
and ®C NMR, UV-Vis, fluorescence quenching studies and other mechanistic
studies. See DOI: 10.1039/d0gc03818k

546 | Green Chem., 2021, 23, 546-55]

synthesis of both symmetrical and non-symmetrical disulfides, using metal-free and environmentally
friendly conditions. Utilizing phenylglyoxylic acid as the photoinitiator, common household bulbs as the
light source and a simple inorganic salt as the additive, a versatile oxidation of thiols leading to products in

a non-symmetrical disulfide.* These findings render disul-
fides, as moieties of great importance and synthetic interest.

Due to their importance, a plethora of synthetic methods to
access disulfides has been reported, with most of them utiliz-
ing thiols as the starting materials. In many cases, the aerial
oxidation of thiols can be catalyzed by metals or other fre-
quently-used oxidation reagents, such as iodine, hydrogen per-
oxide, copper nanoparticles, bromine, N-bromo-derivatives,
nitrogen-containing oxidants, diethyl azodicarboxylate, sul-
furyl chloride, peroxymonosulfate, peroxydisufate, miscella-
neous reagents and chromates (Scheme 1A).”
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Fig. 1 Sulfur compounds of biological importance.
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Scheme 1 Approaches for the synthesis of disulfides from thiols.

An alternative approach for the oxidative coupling of thiols
is the use of visible-light to achieve organic transformations.
The increasing need for milder reactions conditions, cheaper
and eco-friendlier oxidants led many researchers to discover
new synthetic pathways based on photoredox catalysis, the use
of visible light along with a photocatalyst to promote organic
transformations.®® Basic feature in most photoredox reactions
is the use of metal complexes as the photocatalyst. Photoredox
catalysis also provided elegant approaches for the oxidation of
thiols to disulfides (Scheme 1B).'® In all these cases, the
authors postulate the importance of oxygen as the environ-
mentally friendly and low-cost oxidant. A far cheaper approach
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and an alternative to photoredox catalysis is the introduction
of photoorganocatalysis, the use of small organic molecules as
photocatalysts.""** Exploring this promising field, Noel and
co-workers introduced a continuous flow process, enabling a
metal-free aerobic oxidation of thiols to disulfides, utilizing
Eosin Y, an organic dye, as the photocatalyst and visible-light
irradiation (Scheme 1C)."

Very recently, our group introduced in literature a photo-
chemical protocol that is easy to operate employing cheap
household bulbs as the source of irradiation.'* In an effort to
expand this photochemical protocol, we envisaged the use of
phenylglyoxylic acid as the photoinitiator for the oxidation of
various thiols to disulfides (Scheme 1, bottom). This protocol
is a green metal-free alternative to transition-metal photoredox
catalysis.

Results and discussion

We initially investigated the oxidation of benzyl mercaptan
(1a) (Scheme 2). A variety of commercially available photoini-
tiators (3a-1) can promote the reaction. Phenylglyoxylic acid
(3a) outperformed all others and proved the suitable photo-
initiator, providing the product in quantitative yield
(Scheme 2). The progress of the reaction was also monitored
by GS-MS and the oxidation of thiol was completed after 7 h. If
the reaction was performed in the dark, or no catalyst was
added, no reaction is taking place, constituting indispensable
the use of both light and catalyst. Traces of product were also
formed, when the reaction was performed under dark at 50 °C.

Then, our interest was shifted towards the study of the reac-
tion conditions (Table 1)."> After optimization,"® acetonitrile
was found to be an excellent solvent (Table 1, entries 1-7). It
has to be highlighted the important role of ammonium thio-

catalyst (1 mol%)
NH4SCN (1.7 equiv.)

>
MeCN, open air
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Scheme 2 Initiator screening for the photochemical synthesis of

disulfide 2a.
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Table 1 Optimization of the reaction conditions for the oxidation of

thiols to disulfides
e 0

catalyst (1 mol%)
additive, solvent
open air, hv (CFL lamps)

©/\S/S

7h
1a 2a
Entry Solvent Additive (1.7 equiv.) Yield® (%)
1 CH,Cl, NH,SCN 19
2 THF NH,SCN 41
3 Pet. ether NH,SCN 15
4 AcOEt NH,SCN 54
5 MeOH NH,SCN 93
6 MeCN NH,SCN 100
7 MeCN — 44
8 MeCN KCl 15
9 MeCN NH,CI 22
10 MeCN PhSCN 30
11 MeCN KSCN 95
12 MeCN Na,HPO, 5
13b MeCN NH,SCN 24

“Yield determined by GC-MS. ” Under an Ar atmosphere.

cyanate, since its absence led to diminished yields (Table 1,
entry 7). Other additives were also tested (Table 1, entries
8-12). It seems that the presence of a salt containing either a
“SCN or ~CN is necessary, along with a K', Na" or NH," coun-
terion. Under argon atmosphere, the reaction yield decreased
(Table 1, entry 13). Thus, a green and sustainable protocol for
the synthesis of disulfides from thiols, is introduced, where
phenylglyoxylic acid is used as the initiator and cheap house-
hold bulbs can be employed as the light source.

Having established the optimum reaction conditions, we
turned our attention in the exploration of the substrate scope
of the reaction. First, a series of thiols were tested for the syn-
thesis of symmetrical disulfides (Scheme 3). We realized that
both aryl and alkyl thiols underwent disulfide formation in
good to excellent yields. Various substitution patterns on the
aromatic moiety were well tolerated (para-, ortho- and meta-
substitution on electron withdrawing or donating groups),
leading to products in mediocre to satisfactory yields (2a-o).
The similar behaviour of different substrates under the opti-
mized reaction conditions demonstrates the general applica-
bility of this protocol, while this method allows us to encom-
pass many different functional groups, such as -NO,, -COOH,
protected -NH,, -OH, RCOO™, RO~ or -Cl. Apart from the
success in para-, meta- and ortho-substituted substrates, it has
also been possible to obtain successful results with aliphatic
thiols or even with stereochemically hindered substrates. It
has to be highlighted that in some cases, simple aqueous
wash was enough to deliver the product with enough purity,
not requiring further purification.™

Encouraged from these results, we anticipated that our
method would be suitable for the synthesis of non-symmetri-
cal disulfides (Scheme 4). In an effort to control the chemo-
selectivity of the reaction, a mixture of 2 equiv. of a thiol
bearing polar groups and 1 equiv. of a simple thiol was treated
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Scheme 3 Substrate scope of the photochemical synthesis of sym-
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Scheme 4 Substrate scope of the photochemical synthesis of non-
symmetrical disulfides.

under the optimised reaction conditions. In this manner, the
battle between the symmetrical and non-symmetrical products
was reflected on the yields. We noticed that thiols that oxidised

This journal is © The Royal Society of Chemistry 2021
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very well previously, do not present the same chemical behav-
iour as the half-part of a non-symmetrical disulfide. However,
the fact that non-symmetrical disulfide formation is rarely
described in literature and the metal-free conditions used,
herein, constitute this green synthetic pathway very effective.
Even low yields in some cases, can be admissible, in order to
avoid the use of metals.

We then decided to decipher the reaction mechanism.
Fluorescence quenching experiments with PhCOCO,H were
initially performed.’> Interestingly, the fluorescence of
PhCOCO,H did not decrease, when an increasing amount of
thiol or NH,SCN alone, were added. However, when a
1:1 mixture of thiol: NH,SCN was added, the fluorescence
was decreased.’”® This confirms the important role of
ammonium thiocyanate and postulates that either NH,SCN
forms a salt with PhCOCO,H and its fluorescence is decreased
by thiol or that the thiol forms a salt with NH,SCN, which
decreases the fluorescence of PhCOCO,H or its salt. Then,
UV-Vis were performed.” The association of an electron rich
molecule with an electron poor compound can lead to the for-
mation of a new aggregate, called electron donor-acceptor
(EDA) complex. In some cases, upon addition of the two com-
ponents of the EDA complex, an increase in the UV absorbance
of the mixture is observed. In our case, upon mixing the
various reaction components, no remarkable increase in the
UV absorbance was observed, rejecting the possibility of an
EDA complex formation.

The reaction was also probed by the use of NMR spec-
troscopy. Phenylglyoxylic acid photodecomposed slowly to
benzaldehyde, when irradiated alone in MeCN, obviously via a
benzoyl radical."® This photodecomposition was faster and
more in quantity, when NH,SCN was present, which shows
that the salt of PhCOCO,H with NH,SCN, photodecomposes
faster to benzaldehyde than PhCOCOOH alone. Salt formation
between thiol and NH,SCN was also evident. Finally, in the
reaction mixture, the photodecomposition to benzaldehyde
was also observed.'> We also performed a number of mechan-
istic experiments with a number of probes (Table 2).
Obviously, this is a radical process (Table 2, entries 1 and 2).
Interestingly, the use of CuCl, (Table 2, entry 3) verified the
fluorescence quenching experiments that a SET mechanism is
contributing in a minor extend (if any) for the reaction
outcome. Finally, oxygen species are taking part in the reaction
(Table 2, entries 4-7).

In 2015, Cismesia and Yoon introduced the quantum yield
measurement as a mechanistic tool.'® A closed photocatalytic
system, which lacks chain propagation, exhibits a maximum
theoretical quantum yield of @ = 1. Open chain processes in
principle can provide multiple equivalents of product from
each photon absorbed, therefore the quantum yield of a chain
reaction is @ > 1. We calculated the quantum yield of the reac-
tion (@ = 38), indicating a chain propagation mechanism."?

Based on the above experiments, a plausible reaction
mechanism can be proposed (Scheme 5). Upon irradiation,
phenylglyoxylic acid in MeCN is slowly photodecomposed to
benzaldehyde via benzoyl radical I (Scheme 5, top left). If
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Table 2 Mechanistic studies on the photochemical oxidation of benzyl

mercaptan
©/\SH \/@

catalyst (1 mol%)
NH4SCN, MeCN
L
open air, hv (CFL lamps)
7h

©/\S/S

1a 2a
Yield®
Entry Quencher (equiv.)  Notes (%)
1 BHT (1.0) Radical scavenger 0
2 TEMPO (1.0) Radical scavenger 0
3 CuCl, (1.0) Electron scavenger 87
4 DABCO (1.0) Singlet oxygen scavenger 30
5 NaN; (1.0) Singlet oxygen scavenger 10
6 Benzoquinone Superoxide radical anion 37
(1.0) scavenger
7 Ar atmosphere — 24
“Yield determined by GC-MS.
o * o o *
hv o] h
Ph)J\[(OH — Ph)J\[(OH _NH(SCN_ By il PhJ\coowa
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Scheme 5 Proposed reaction mechanism for the photochemical
aerobic oxidation of thiols to disulfides using phenylglyoxylic acid as the
photoinitiator.

NH,SCN is present, salt formation with PhCOCO,H leads to a
faster photodecomposition to benzaldehyde via benzoyl
radical I (Scheme 5, top right). Then, one can envisage a
number of potential pathways that can be followed (Scheme 5,
bottom). There is a possibility that excited PhCOCO,H or its
salt can lead to singlet oxygen generation via energy transfer,
which is known in literature to interact with thiols and initiate
disulfide formation (Scheme 5, bottom far right).'® However,
PhCOCO,H is a poor singlet oxygen generator, according to
our previous studies,'*’ and thus this pathway must not be very
productive in this method. On the other hand, benzoyl radical
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I, generated either by excited PhCOCOOH or the salt of
PhCOCOOH with NH,SCN, can initiate a hydrogen atom trans-
fer (HAT) with the thiol, leading to thiyl radical II (Scheme 5,
bottom right). Then, via reaction with another thiol and
oxygen, disulfide is formed, along with HO,. (III). III can pro-
pagate the reaction via HAT with the thiol. This is probably the
major pathway followed in our method, that can account for
the reactivity without the additive as well. Similarly, thiyl
radical II can react with the salt of thiol and NH,SCN, in the
presence of oxygen, and via a less likely SET (single electron
transfer) affords the product and superoxide anion IV
(Scheme 5, bottom left). Superoxide anion can propagate the
reaction via HAT with the thiol. This is probably a minor
pathway in our method, since the use of an electron scavenger
reduced the yield of the methodology only marginally. Finally,
salt formation between thiol and NH,SCN leads to RS™ (V)
(Scheme 5, bottom far left). This reacts with II leading to VL."?
This is already postulated in literature that reacts with oxygen
via a SET event, leading to product and superoxide radical IV,
which as previously, can propagate the reaction.

Conclusions

In conclusion, a simple, cheap and environmentally friendly
photochemical protocol was developed and successfully
applied to the oxidation of aryl and alkyl thiols to symmetrical
and non-symmetrical disulfides. Bypassing the need for tran-
sition metal complexes or organic dyes, and thermal (photo)
initiators, this method relies on a small organic molecule and
cheap household bulbs. Phenylglyoxylic acid can be employed
in a very low catalyst loading (1 mol%), leading to products in
good to excellent yields. The mechanism of the reaction was
also studied.

Experimental
General procedure for the synthesis of disulfides

In a glass vial containing phenylglyoxylic acid (0.8 mg,
0.005 mmol) and ammonium thiocyanate (65 mg, 0.85 mmol)
in acetonitrile (2 mL), thiol (0.50 mmol) was added. The reac-
tion mixture was irradiated on open air with 2 x 85 W house-
hold bulbs with vigorous stirring for 7 h. The desired product
was isolated either after dilution with CH,Cl, (5 mL), wash
with 10% aq. NaHCO; (2 x 5 mL) and the organic layer was
dried over Na,SO, and the solvent was removed in vacuo or
after purification by column chromatography.
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