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Base dependent oxidative rearrangement of dithiolanes and dithianes to access disulfide-linked-
dithioesters under visible-light photoredox catalytic conditions has been disclosed. The protocol
demonstrated the ability to synthesize either rearranged product or sulfoxide by simply switching the
base with inherent ability to make hydrogen bonding with sulfur atom. Unlike, the usual deprotection
of thioacetals to corresponding aldehydes under the oxidative conditions, we observed the unique
regioselective oxidative reactivity of thioacetals to form disulfide-linked-dithioester or sulfoxides.
The generality of the protocol has been demonstrated by exploring a wide range of substrates. As an
application the in-situ generated thyil radical has been trapped with disulfides to prepare hetro-
disulfides of potential utility. The protocol proved to be practical on gram scale quantity and relied
on clean energy source for the transformation. Based on the series of control experiments, cyclic

volametry and Stern-Volmer studies the plausible mechanism has been proposed.

Introduction

The rearrangement reactions in organic chemistry offer an
unconventional route to access a wide variety of molecular
scaffolds in one pot. It is well known in the literature that many
of the sulfur compounds are known to undergo rearrangements
under Lewis as well as Bronsted acid conditions.! The cyclic
thioacetals are very useful intermediates in organic synthesis
and have been well explored for the umpolung reactivity in a
variety of transformations.? Interestingly, ability of cyclic
thioacetals for the rearrangement reactions have been rarely
explored in the literature to generate the thioesters. The
molecules containing thioester moiety are one of the few
important intermediates in biosynthetic pathways such as fatty
acid, esters, polyketide, non-ribosomal peptide synthesis.?
Also, thioester moiety plays a vital role in the native chemical
ligation by S-N shift, lipidation of G-coupled protein for the
signal regulation and also it acts as probe for the enzymatic
assembly lines.* These useful compounds have been utilized in
the solid phase synthesis of phosphorodithioate-modified DNA
that has a wide utility for the gene silencing technology.’
Traditionally, the thioesters are synthesized from the reaction
of carboxylic acids, acid chloride or acid anhydride and thiols.®
Thioesters have also been achieved using metal catalyst by
thiocarbonylation.” However, along these protocols many other
reported methods are not clean and require the use of metal
catalysts, toxic reagents and activating-promoting reagents.®
Similarly, disulfide-linkage plays an important role in
maintaining the structure, function and stability of proteins and
peptides because of its reversible-nature in the biological
condition.’

Undoubtedly, due to the reactivity and several use of thioesters
and disulfides, these scaffolds have been widely utilized for
labelling of the biomolecules (proteins, nucleic acids,
carbohydrates, lipids).!® Also these scaffolds are extensively
used in the drug delivery applications as well as synthesis of

biomaterials.!! Despite the enormous utility of both disulfides
and thioesters, there are not many straightforward syntheses to
prepare the molecule containing both disulfide and thioester
moieties. Few available methods require multi-steps to
synthesize the same.’

Scheme 1. Reactivity of Thioacetals in organic synthesis
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The photoredox catalysis is an emerging research area in
organic synthesis that provides a milder and sustainable
approach to carry out the useful organic transformations using
visible light.'> Many molecules are known to show interesting
reactivities under photocatalysis. The cleavage of C-S bond has
been well studied under the photoredox condition in the
presence of oxidizing reagent.!* However, surprisingly, the
selective cleavage of single C-S bond of cyclic thioacetal under
the oxidizing reaction condition has not been reported till date

0,, THF

—_— =

=1 o
S.. R
R)k% Oy
DMAP o

Rh6G, O,
Green LEDs



to the best of our knowledge. This may be presumably due to
the difficulty in controlling the selective cleavage of one of the
two C-S bonds of thioacetal under oxidizing conditions.'*
Generally, cleavage of first C-S bond would simultaneously
lead to the breaking of the second C-S bond to furnish the
corresponding deprotected compounds (aldehydes) or the
oxidation of sulfur to generate the sulfoxide.!*!> Alternatively,
researchers have explored different transformations by
exploring the potential utility of in-situ generated lithiated-
thioacetals that is known to proceed through the cleavage of
single C-S bond of thioacetals.!®!” However, these protocols
require low temperature and strong base such as n-butyl
lithium. Schmink and coworkers demonstrated synthesis of
dithioether via the selective cleavage of C-S bond of
thioacetals in the absence of oxidizing reagent however at an
clevated temperature using metal catalyst Pd(OAc)..'8
However this protocol was limited to thioacetals containing
benzylic B-hydrogen to sulfur atom of thioacetals. The efforts
to cleave the single C-S bond of thioacetal selectively have led
to interesting and different products (Scheme 1). However, it
is highly challenging and demanding to execute selective
cleavage of single C-S bond of thioacetal under oxidizing
condition to access the thioesters under metal free milder
condition. Our research group has been working on photoredox
catalysis and while we were exploring the deprotection of
thioacetals under visible light photoredox catalysis to a
corresponding aldehyde'*® we presumed that possibly the
deprotection is going through a couple of reactive
intermediates based on the literature report of Pefiéfiory et al.'*"
We hypothesized that the choice of suitable bases under
appropriate photoredox conditions may lead to the formation
of thioesters.!” Herein, we present the one pot selective
synthesis of disulfide-linked-dithioester or sulfoxides by
simply switching the bases using photoreodox catalysis under
oxygen atmosphere at room temperature starting from 1,3-
dithiolanes/1,3-dithianes. The transformation involves the
rearrangement of cyclic thioacetals in presence of
photocatalyst, mild base under oxygen atmosphere through
single C-S bond cleavage using the visible light irradiation.

Results and Discussion

In order to validate the hypothesis, we commenced with a
model reaction of 1a in presence of Eosin Y and K2CO;3 under
green LEDs (15 W) at room temperature and open-air
condition to afford the unanticipated product disulfide-linked-
dithioester 2a along with deprotection product 1a' (Table 1,
entry 1).! While the reaction in presence of Rhodamine 6G
(Rh6G) under the reaction conditions furnished the similar
results as observed in case of Eosin Y (Table 1, entry 2).
Interestingly, the reaction of 1a in presence of Rh6G, K2CO:s
in presence of oxygen atmosphere under green LEDs (15 W)
at room temperature afforded the corresponding disulfide-
linked-dithioester 2a in relatively higher yields (60%, Table 1,
entry 3). In order to optimize the reaction further we screened
different photocatalysts ranging from Eosin Y, Rh6G,
Ru(bpy)sClz, Ir(bpy)s, Acridinium-perchlorate and Pyrillium-
tetrafluroborate. Among all we observed that Rh6G is more
suitable for the desired transformation (ESI-2.1). Anhydrous
acetonitrile proved to be more advantageous for the desired

transformation based on the solvent screening (ESI-2.2). We
also observed that for the desired transformation base, oxygen
atmosphere, catalyst (Rh6G) and green LEDs are absolutely
essential (Table 1, entries 4-7). Even at elevated reaction
temperature (60 °C) reaction did not work indicating the
necessity of visible light (Table 1, entry 7).

Table 1. Optimization of the reaction
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En Cat. Atm. Base 2a 3a 1a'
try

1*  EosinY OpenAir K,COs 33 traces 50
2? Rh6G Open Air  K2COs 33 traces 52
3*  Rh6G 02 K2COs 60 22 0
4° Rh6G 02 - 24 43 29
5>  Rh6G Argon K2COs 0 0 0

6" - ()] KoCOs 0 0 0
7°¢ Rh6G 02 K2COs 0 0 0
8o Rh6G 02 DMAP 70 16 Traces
9¢ Rh6G 02 Imd 17 70 Traces
10°  Rh6G 0: Imd 04 83 Traces

*General reaction conditions: 1a (0.2 mmol), K2COs (0.4 mmol), DMAP (0.4
mmol), Imd (1 mmol), ACN (2 mL), catalyst (2mol%), Green LEDs (15 W),
under OyArgon balloon 6 h. °dry reaction condition-dry ACN, 60 °C without
light source, Ydry acetonitrile 1.8 mL, dry toluene 0.2 mL, ¢dry ACN, ‘dry
acetonitrile 1.5 mL, dry #-butanol 0.5 mL, Yields are in percentage

In order to optimize the reaction further we screened the
reaction of la in presence of DMAP as a base while
maintaining other optimized conditions, interestingly we
observed that desired product 2a was formed in good yield
(70%, Table 1, entry 8 and ESI 2.3) and the corresponding
sulfoxide 3a was formed in trace amount. Surprisingly, the
reaction of la in presence of imidazole in anhydrous
acetonitrile furnished the corresponding sulfoxide 3a in higher
yield while the yield of disulfide-linked-dithioester 2a
decreased significantly (Table 1, entry 9). We also observed
that the increase in the yield of 3a when the reaction was
performed in the mixture of anhydrous acetonitrile and #-
butanol as reaction solvent (ESI 2.5). Our further attempts to
optimize the reaction using other additives and the oxidizing
reagents did not prove to be beneficial (ESI-2.4). Based on
exhaustive screening, 2-(4-methoxyphenyl)-1,3-dithiolane 1a,
DMAP, Rh6G (2 mol%) in anhydrous solvent (ACN: toluene;
9:1, v/v) under oxygen atmosphere proved to be the optimized
reaction condition to obtain rearrangement product: disulfide-
linked-dithioester 2a. Similarly, 2-(4-methoxyphenyl)-1,3-
dithiolane 1a, imidazole, Rh6G (2 mol%) in anhydrous solvent
(ACN: ‘BuOH; 3:1, v/v) under oxygen atmosphere proved to
be optimum reaction condition to obtain 3a exclusively.

Having obtained the optimized reaction conditions for both the
transformations, we further planned to explore the substrate
scope for the rearrangement as well as sulfoxidation reactions
for the practicality and generality of the protocols. In this
regard, the reactions of different dithiolanes 1 were explored



under two different optimized reaction conditions to obtain the
corresponding products (2a-2z, 2aa-2ac) and 3a-3d selectively
(Scheme 2). We observed that different dithiolanes containing
electron donating as well as electron withdrawing substituents
at p-position afforded the corresponding rearranged products
(2a-2g) in very good yields (up to 82%, Table 2). We also
observed that m-substituted ditholanes also offered the
corresponding products (2h, 2i, 2k) in good yields (up to 71%,
Scheme 2).

Scheme 2. Substrate scope for rearrangement and
sulfoxidation of dithiolane®
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"General reaction conditions: 1 (0.2 mmol), DMAP (0.4 mmol), Imidazole (1
mmol), Solvent (2 ml), Green LEDs (15 W), under Oz, 6 — 12 h.

However, the reaction of dithiolanes containing free hydroxyl
and chloro substituents at o-position furnished the products (2j,
21) in poor yields. While, the polyaromatic derivatives as well
as dioxalane substituted dithiolanes under the optimized
reaction conditions gave the corresponding products (2n-2p) in
good yields (Scheme 2). The dithiolanes containing ester as
well as ether moiety under the reaction condition afforded the
products (2q, 2m, 2r) in good yields.

Even, the different heterocyclic and aliphatic dithiolanes
worked smoothly under reaction conditions to furnish the
rearranged products (2s-2y) in good yields. In order to explore
wider application of the protocol, we explored the dithiolanes
containing different protecting groups. In all the cases
reactions worked smoothly to afford the corresponding
products (2z, 2aa-2ac) in good yields. It is known that n-bond
reacts with thyil radical or it gets oxidized under oxidative
photoredox conditions. Gratifyingly, different functional
groups were well tolerated under the reaction conditions.
Further, we explored the substrate scope of dithiolanes for the
sulfoxidation reaction as a proof of concept and the
corresponding sulfoxidation products (3a-3d) were obtained in
very good yields (up to 85%).

Next, we switched our attention to explore the other cyclic
thioacetals such as 1-3-dithianes. To begin with we subjected
phenyl-1,3-dithiane 4a under optimized reaction containing
DMAP as a base. To our great surprise, we obtained the
corresponding sulfoxide product 6a in excellent yield (90%,
Scheme 3) instead of the anticipated rearrangement product Sa
and this observation found to be reproducible. Based on the
literature, we surmise that most probably due to the extra
stability arising in the oxidized 1,3-dithiane species (6-
membered ring, 6-6*-3e-2 centered interaction) sulfoxide 6a
was obtained. While, this phenomenon is believed to be absent
in the oxidized 1,3-dithiolane species (5-membered ring).2

Scheme 3. Substrate scope for rearrangement and
sulfoxidation of dithiane®
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"General reaction conditions: 1a (0.2 mmol), DMAP (0.4 mmol), Imidazole (1
mmol), Solvent (2 ml), Green LEDs (15 W), under O, 24 h. * reaction of 4a
at elevated temperature (50 °C) did not work to offer 5a.

In order to obtain the rearrangement product disulfide-linked-
dithioester, we screened different solvents, catalysts and bases
systematically (see ESI 2.6, 2.7, 2.8). Based on the exhaustive
screening dithiane 4a, Rh6G as photocatalyst (2 mol%),
imidazole, in anhydrous ACN and #~-BuOH (3:1, v/v) proved to
be optimum reaction condition to obtain 5a (ESI-page 2.7).
Surprisingly, our attempts to increase the yield of 5a by
elevating the temperature of the reaction mixture (50 °C) did
not afford the desired product even in trace. Also, based on the
exhaustive screening of solvents and bases (ESI- 2.8, 2.9), 4a,
DMAP, Rh6G (2 mol%) in dry ACN, under Oz atmosphere and
green LEDs proved to be optimum reaction condition to obtain



6a. With these optimized reaction conditions in hand, we have
screened different substrates. However, unfortunately products
5 were obtained in moderate yields in all cases ranging from
electron rich to electron deactivated and heterocyclic
molecules (5a, 5b, S¢, 5d, Se, 5f). While, different substrates
(4a, 4b, 4c, 4g, 4h) under the optimized reaction condition
reacted smoothly to afford the corresponding sulfoxidation
products (6a, 6b, 6¢, 6g, 6h) in excellent yields (Scheme-3, up
to 95%). We observed that dithianes favoured the sulfoxide
products over the disulfide-linked-dithioesters products 5. In
contrast, interestingly the dithiolanes afforded the disulfide-
linked-dithioesters 2 in excellent yields. This is probably due
to the relative stability of oxidized form of 6-membered
cyclicthioacetals and slower ring opening.

Scheme 4. Control Experiments
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In order to have insight into the mechanism, we planned to
carry out few control experiments systematically. To begin
with the reaction of 1a under optimized reaction condition but
with the addition of water (10 equiv.) facilitated the
deprotection to afford the corresponding aldehydes 1a'
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©)LS/\/5 3/\/57(©

A4
‘OH ﬂT

0
- o}

¢ S’> .
> . S
. H
©)|\§ - . ©/\\§/\/S 0, S
Al A2 A3

(Ring opening impeded by
H-bonding with Imidazole)
+
G
4\_;5- .. /=N
H-N\)

S
©/:s>
1b
tol I
N
Rh- G 0,
phomredm Q

Y.
%ﬁ@wo&
©j:s>/ L

h

AS

/\’1,n

Rh-6G
N
v

(A) Plausible mechanism to access disulphide-linked-disulphide (2a) and sulfoxide (3a)
from dithiolane (1b)
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atmospheric condition (absence of oxygen) did not work. This
result indicated that molecular oxygen is essential for the
desired transformation (Scheme 4b). In order to verify the role
singlet oxygen if any, we planned to perform the reaction using
singlet oxygen quencher such as DABCO.?!

The reaction of 1a in presence of DABCO (2 equiv.) under the
optimized condition afforded the desired product 2a in
moderate yield (Scheme 4c). This result indicated that
probably the singlet oxygen may not be involved in the reaction
pathway. To validate the involvement of oxygen superoxide
radical anion (02°7) in the reaction pathway, we carried out
the reaction of 1a in presence of a superoxide radical anion
quencher p-benzoquinone (Scheme 4d). It is interesting to note
that reaction did not proceed under the reaction condition thus
strongly supporting the formation and involvement of oxygen
superoxide radical anion (02 *~).2? The reaction did not work
in presence of TEMPO confirming the radical pathway during
course of the reaction (Scheme 4e). During optimization we
had observed that reaction of la in presence of imidazole
furnished the corresponding sulfoxide 3a as a major product
(Table 1, entry 10). In this regard, in order to understand the
role of hydrogen bonding if any, we carried out the reaction of
la in presence of N-methyl imidazole (instead of Imd)
(Scheme 4f). It is very interesting to note that we obtained the
desired product 2a in 60% yield instead of sulfoxide 3a. This
result clearly supported the possible role of hydrogen bonding
in the reaction mechanism (Scheme 4f). Further, we had
observed that the reaction of 4a under elevated reaction
temperature (50 °C) under the optimum reaction conditions did
not afford the expected product 5a instead it gave 6a albeit in
low yield (Scheme 4g). We surmise that possibly the weak
hydrogen bonding might have been disrupted under the higher
reaction temperature thus further supporting the role of
hydrogen bonding to drive the reaction.
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Based on several control experiments, Stern-Volmer plot,
cyclic voltammetry studies and previous literature reports,'
the plausible reaction pathways have been outlined (see
Scheme 5A/B, see ESI for details). Based on CV experiments
all the substrates have redox potential [la (+1.27V), 4a
(+1.15V), DMAP (+1.27 V), Imd (+1.12 V) vs Ag/AgCl] in
the range of Rh6G (+1.39 V)? (see ESI 6.2 A-E). Further the
Stern-Volmer plot revealed that the SET is much more
favourable for DMAP in comparison to 1a/4a. While the SET
is more favourable for 1a/4a with respect to Imd (see ESI
6.1A). Based on these experimental observations, we believe
that the photocatalyst (Rh6G) upon irradiation gets excited
(Rh6G*) (+1.39 V vs SCE)* and this would in turn takes the
single electron from DMAP (+1.27 V) to generate the
corresponding oxidized species DMAP ** and Rh6G *~(see
Scheme 5a). The oxidized species DMAP*t would further
undergo one more SET with 1b (+1.26 V) to afford Al thus
regenerating DMAP. The unstable oxidized species Al
collapses to generate the transient radical cation intermediate
A2. This would further react with superoxide radical anion (O2

*7) to generate the intermediate A3 that would eventually
collapse to form the reactive radical intermediate A4. This
would dimerize to afford the final product 2b (see Scheme 5A).
While, in presence of imidazole (Imd), the SET directly
happens with 1b instead of Imd since the quenching efficiency
of 1b is more than Imd to generate the intermediate A1l. This
intermediate form a favourable hydrogen bonding with Imd to
form an intermediate AS that reacts with the superoxide radical
(02°7) to generate the sulfoxide product 3b either via A6 or
A7 intermediate.* In presence of Imd, 6-membered cyclic
thioacetal (dithiane, 4a) generates an intermediate B1 after
SET with Rh6G* since the quenching efficiency of 4a is more
than Imd. This intermediate is believed to be stabilized by the
3e-2 center 6-6* bond formation between two sulfur atoms in
a six membered cycle reported by the Asmus et al.? However,
imidazole (Imd) having an intrinsic property of making
hydrogen bonding may disturb this 3e-2 center 6-6* interaction
to form an intermediate B2. This would in turn destabilize the
ring to open up to generate a radical cation intermediate B3.
Further, this intermediate would be trapped by superoxide
radical anion (Oz *7) to form an intermediate B4. This reactive
and unstable intermediate would collapse to form a radical
intermediate BS. Finally, this would undergo dimerization to
furnish the desired product Sa. While in presence of DMAP the
intermediate B1 forms through a relay of two SET events.
Stabilized intermediate B1 (by the 3e-2center 6-6* interaction)
will stay intact in presence of DMAP due to the absence of
hydrogen bonding thus making it to resistant for ring opening.
The intermediate B1 eventually reacts with superoxide radical
anion (02 °7) to furnish the desired sulfoxide product 6a via
either intermediate B6 or B7.%

Based on plausible reaction mechanism (Scheme 5A), we
predicted that in situ generated thiyl radiacal intermediate (A4)
could be trapped with the suitable disulfide to synthesize the
hetero-disulfide compounds. However, synthesis of hetero-
disulfide is quite challenging as homo-disulfide is also known
to form.?* In order to extend the utility of this protocol further,
we planned to explore the synthesis of hetero-disulfides
(Scheme 6). We treated dithiolanes (1) with little excess of

aromatic disulfides (7a-7e) under the optimized reaction
conditions to afford the corresponding hetero disulfides (8aa-
8ie) in moderate to good yields (up to 73%, Scheme 6). We
observed that disulfides (7) containing electron-donating
substituents as well as free hydroxyl group as substituent
worked smoothly under the conditions while the disulfide
containing electron withdrawing groups did not work.

Scheme 6. Substrate scope for the disulfide trapping
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We also observed that the aliphatic disulfides were ineffective
under the conditions to furnish the corresponding hetero-
disulfide compounds. For the practicality of the protocol, we
further demonstrated the gram scale reaction of 1a under the
standard conditions to afford the desired product 2a (62%, see
ESI, 4.5).

Conclusions

In conclusion we have developed a visible light mediated and
base dependent rearrangement reaction of dithiolane as well as
dithiane to afford the disulfide-linked-dithioesters and
sulfoxide via photoredox catalysis under room temperature. A
wide range of dithiolanes and dithianes reacted smoothly under
the reaction conditions to afford a variety of sulfoxides and
disulfide-linked-dithioesters. We have also demonstrated the
practicality of the protocol by synthesizing the suitable
heterodisulfides via trapping the thiyl radical with
aryldisulfides. We studied the unusual reactivity of dithiolanes
and dithianes by manipulating the bases with and without
hydrogen bonding capability under photooxidative conditions
for the very first time. This one pot protocol does not rely on
external oxidizing reagents or metal reagents and works well
under the mild reaction condition. The method gives an access
to very useful molecules with two different functional groups
in a single step starting from easily synthesizable dithiolanes
and dithanes. The protocol has been proven to be scalable on
gram quantity. The observed unique reactivity of thioacetals
may open up the new horizon for synthesizing different useful
molecules by exploring reactions with different nucleophiles.
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