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thioates, and carbono(selenothioperoxo)thioates†

Appanapalli N. V. Satyanarayana, Paramita Pattanayak, Pranav Pramod Nayar and
Tanmay Chatterjee *

Herein, we disclose an iodine-mediated, three-component versatile synthetic strategy for the green syn-

thesis of a wide variety of biologically active carbamo(dithioperoxo)thioates including a couple of anti-

filarial and anti-tumour agents, along with their new classes of promising analogues, such as carbamo

(selenothioperoxo)thioates, carbono(dithioperoxo)thioates, and carbono(selenothioperoxo)thioates. This

strategy employs only readily available and inexpensive reactants or reagents, such as iodine, diorganyl

disulfides or diselenides, amines, and carbon disulfide (CS2) or potassium xanthate to access potential

classes of molecules by enabling the formation of chalcogen–chalcogen bonds (S–S and S–Se) in an

aqueous environment at ambient temperature under aerobic conditions. Notably, two synthetically chal-

lenging yet promising classes of molecules, namely carbamo(selenothioperoxo)thioates and carbono

(selenothioperoxo)thioates, have been successfully synthesized in a sustainable manner in water at room

temperature through the formation of the challenging S–Se bond for the first time. The reaction pro-

ceeded through the in situ formation of the corresponding chalcogenyl iodides, followed by nucleophilic

substitution at the chalcogen center by the in situ generated dithiocarbamates or xanthate, as the major

path, to afford the desired product along with the formation of non-hazardous by-products or waste, i.e.,

NaI and H2O or KI.

Green foundation
1. The green advances of this work as compared to those of previously developed ones are (a) a metal-free, versatile, and
scalable protocol using only commercially available and inexpensive reactants or reagents and (b) use of water as a green
solvent and generation of non-hazardous waste, i.e., NaI and water or KI.
2. This work demonstrates a significant reduction in waste generation, as indicated by the E-factor. The E-factor of our pro-
tocol for the synthesis of propyl pyrrolidine-1-carbo(dithioperoxo)thioate was calculated to be 16.96 g waste per g product
formation, where water contributed the majority of the waste. However, the E-factor of recent literature for the synthesis of
the same molecule was found to be 122.13 g waste per g product formation.
3. This work could be made greener by eliminating the formation of any by-products and thus further decreasing the
E-factor.

Introduction

Dithiocarbamates have received tremendous attention from
synthetic organic, medicinal, and materials chemists because
of their widespread application in biochemistry, medicinal
chemistry, agriculture, and organic synthesis.1 Among the
various classes of dithiocarbamates, carbamo(dithioperoxo)
thioates are the most valuable class of molecules, exhibiting a

†Electronic supplementary information (ESI) available: Experimental pro-
cedures, analytical data of the synthesized molecules, and 1H, 13C, 19F and 77Se-
NMR spectra of the synthesized compounds. See DOI: https://doi.org/10.1039/
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wide variety of biological activities such as anti-cancer,2 anti-
tumor,3 anti-filarial, etc. (Fig. 1).4 For example, disulfiram or
Antabuse (A, Fig. 1), an acetaldehyde dehydrogenase (ALDH)
inhibitor, is a well-known drug for the treatment of alcoholism
(aversion therapy). It is also a well-known inhibitor of the E3 ubi-
quitin ligase enzyme and BCA2 (breast cancer associated protein
2).5 Moreover, 2-hydroxyethyl diethylcarbamo(dithioperoxo)thioa-
te2a (B) is also found to inhibit the expression of BCA2 in human
breast cancer cell lines owing to its anti-tumor activity and p-tolyl
piperidine-1-carbo(dithioperoxo) thioate2b (C), and 4-methoxy-
phenyl 4-benzylpiperidine-1-carbo(dithioperoxo)thioate (D) exhi-
bits excellent anti-filarial activity (Fig. 1).4

Consequently, several synthetic methods have been devel-
oped so far for the synthesis of carbamo(dithioperoxo)thioates.
Earlier methods involved nucleophilic substitution (SN2 type) at
dialkyl disulfides by sodium dithiocarbamates or at the dimer
of dithiocarbamates by alkyl thiols for the synthesis of only
alkylsulfenyl N,N-dialkyldithiocarbamates (Scheme 1A).2b,6–8

These methods suffer from several serious limitations, such as a
very limited substrate scope, poor yields of products, the
requirement of pre-synthesized sodium dithiocarbamates or the
dimer of dithiocarbamates, the use of toxic/hazardous chlorine
gas and CCl4 solvent, and/or high temperature. Later, several
multicomponent synthetic strategies were developed for the syn-
thesis of carbamo(dithioperoxo)thioates. Westwell et al. devel-
oped a one-pot, two-step protocol for the synthesis of only
carbamo(dithioperoxo)thioates using 2 equiv. of CBr4
(Scheme 1B).2a This method suffered from some limitations,
such as a limited substrate scope for accessing carbamo(dithio-
peroxo)thioates using only alkyl mercaptans and secondary
amines, the requirement of excess CBr4 (2 equiv.), leading to the
formation of organic halides as by-products, hazardous solvent
(CH2Cl2), and harsh reaction conditions, such as the require-
ment of anhydrous CH2Cl2 and low temperature.

Subsequently, the Misra group reported
N-chlorosuccinimide (NCS) mediated, one-pot, two-step syn-
thesis of only aryl carbamo(dithioperoxo)thioates from
arylthiols, CS2, and secondary amines, which suffered from a
limited substrate scope, poor atom-economy and stoichio-
metric generation of succinimide waste (Scheme 1C).4a Saha
and co-workers also developed a similar strategy for synthesiz-

ing only aryl carbamo(dithioperoxo)thioates using N-(arylthio)
phthalimides as the source of electrophilic sulfur, CS2, and
secondary amines in water (Scheme 1C).9 Recently, Duan and
Tang et al. developed a hydrazine-mediated, indirect electro-
chemical synthesis of carbamo(dithioperoxo)thioates
(Scheme 1D).10 Despite the broad substrate scope, this strategy
also suffers from some limitations, such as the requirement of
hydrazine as a mediator, Et4NBF4 as the electrolyte, Na2CO3 as
a base, electricity, and MeCN as the toxic solvent. Moreover, all
these methods are limited to the synthesis of only carbamo
(dithioperoxo)thioates via S–S bond formation alone. Since
carbamo(dithioperoxo)thioates are a highly valuable class of
molecules in medicinal chemistry, there is an urgent need for
the development of a green and versatile synthetic strategy for
accessing carbamo(dithioperoxo)thioate and other new classes
of its potential analogues. As a part of our continued interest
in developing iodine-catalyzed/mediated sustainable synthetic
strategies for chalcogenative C–H annulation11 or functionali-
zation reactions,12 herein we report an iodine-mediated versa-
tile and sustainable synthetic strategy for the synthesis of
novel carbamo(dithioperoxo)thioates and some of the new
classes of its potential analogues, such as carbamo(selenothio-
peroxo)thioates, carbono(dithioperoxo)thioates, and carbono
(selenothioperoxo)thioates, via S–S or challenging S–Se bond
formation in water at room temperature (Scheme 1E).

Results and discussion

We commenced our investigation by treating dipropyl disulfide
1a with CS2 and piperidine 2a in the presence of iodine (0.5
equiv.) and NaOH (1 equiv.) in water at room temperature, and to
our delight, the desired product, propyl piperidine-1-carbo
(dithioperoxo)thioate 3aa, was formed in 86% yield in just
30 min (entry 1, Table 1). The change of solvent from water to
ethanol, DCM, MeCN, and DMSO negatively impacted the reac-
tion outcome (entries 2–5 vs. 1, Table 1). Both increasing the
loading of iodine to 1 equiv. and decreasing the same to 0.2
equiv., i.e., use of a catalytic (20 mol%) amount of iodine, lower
the yield of 3aa to 47% and 18%, respectively, which revealed
that the use of 0.5 equiv. of iodine is required for the effective
synthesis of 3aa (entries 6 and 7 vs. 1, Table 1). Use of 0.5 equiv.
of 1a also negatively impacted the reaction outcome, leading to
the formation of 50% 3aa (entry 8, Table 1). When 1 equiv. of
iodine was used in the presence of 0.5 equiv. of 1a, the yield of
3aa further went down to 30% (entry 9, Table 1). Blank experi-
ments revealed the important roles of NaOH and iodine in the
efficient synthesis of 3aa (entries 10 and 11 vs. 1, Table 1).

Next, we explored the scope of the synthesis of carbamo
(dithioperoxo)thioates first by iodine-mediated, three-com-
ponent coupling between disulfides, CS2, and amines in water
at room temperature, and the results are summarized in
Table 2. All kinds of aliphatic disulfides, i.e., cyclic and acyclic,
including primary, secondary, and tertiary dialkyl disulfides,
smoothly reacted with CS2 and piperidine to furnish the
desired products: propyl piperidine-1-carbo(dithioperoxo)Fig. 1 Examples of biologically active carbamo(dithioperoxo)thioates.
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thioate 3aa (86%), cyclohexyl piperidine-1-carbo(dithioperoxo)
thioate 3ba (66%), and tert-butyl piperidine-1-carbo(dithioper-
oxo)thioate 3ca (48%) in moderate to good yields. When 2-mer-
captoethanol was reacted with CS2 and piperidine under the
optimized conditions, the desired product, 2-hydroxyethyl
piperidine-1-carbo(dithioperoxo)thioate 3da, was formed,
which possesses interesting biological activities.2a Diphenyl di-
sulfide and various diaryl disulfides bearing an electron-donat-
ing (Me and OMe) or electron-withdrawing (Br, Cl, F, and CF3)
substituent participated in the three-component reaction in
water at room temperature without any difficulties to afford a
library of aryl piperidine-1-carbo(dithioperoxo)thioates (3ea–
3ka) in moderate to excellent yields (65–90%), irrespective of
the electronic nature and the position of the substituent.
Notably, an anti-filarial agent, p-tolyl piperidine-1-carbo
(dithioperoxo)thioate 3fa, was synthesized, in excellent yield
(90%) under standard conditions. A heteroaryl disulfide, 1,2-di
(thiophene-2-yl)disulfane, also participated in the three-com-
ponent coupling reaction in water at room temperature to
furnish the desired thiophene-2-yl piperidine-1-carbo(dithio-
peroxo)thioate 3la in 60% yield. Subsequently, the scope of

Scheme 1 Previous synthetic strategies to access carbamo(dithioperoxo)thioates and this work.

Table 1 Optimization of reaction conditionsa

Entry Variation in conditions from the scheme Yieldb (%)

1 None 86
2 EtOH (0.6 mL) was used instead of DMSO 46
3 DCM (0.6 mL) was used instead of DMSO 52
4 MeCN (0.6 mL) was used instead of DMSO 62
5 DMSO (0.6 mL) was used instead of DMSO 55
6 1 equiv. of I2 was used 47
7 0.2 equiv. (20 mol%) of I2 was used 18
8 0.5 of 1a was used 50
9 1 equiv. of I2 and 0.5 of 1a were used 30
10 Blank experiment without using NaOH 60
11 Blank experiment without using I2 0

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), CS2 (1.5 equiv.), 2a (1
equiv.), I2 (0.5 equiv.), NaOH (1 equiv.), H2O (0.6 mL), rt, and 30 min.
b Yield of 3aa was determined by the 1H NMR of the crude reaction
mixture using 1,3,5-trimethoxybenzene as the internal standard.
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amines was explored, and various cyclic and acyclic amines
were tested. Like piperidine, another cyclic amine, i.e., mor-
pholine, also participated in the reaction with CS2 and dipro-
pyl disulfide 1a to synthesize propyl morpholine-4-carbo
(dithioperoxo)thioate 3ab in 70% yield. A five-membered cyclic
amine, pyrrolidine, also reacted smoothly with both dialkyl
disulfides and diaryl disulfides to afford the desired products
(3ac and 3fc) in good yields (82–88%). Acyclic amine (diethyl
amine) reacted with various dialkyl disulfides and diphenyl di-
sulfide to produce the corresponding diethylcarbamo(dithio-
peroxo)thioates (3md, 3dd, and 3ed), including a bioactive
molecule, BCA2 inhibitor and anti-tumor agent (3dd). Notably,
primary amines such as benzylamine and 4-methoxy benzyla-
mine also reacted with CS2 and 1a to afford the desired pro-
ducts 3ae and 3af in 94% and 71% yields, respectively.

Next, we explored the scope of the synthesis of a new class
of potential analogues of carbamo(dithioperoxo)thioates, i.e.,
carbamo(selenothioperoxo)thioates, by a three-component
coupling between diselenides, CS2, and amines through the
formation of challenging S–Se bonds in water at room temp-
erature. Aliphatic diselenides, such as dimethyl diselenide and
dibenzyl diselenide, smoothly reacted with CS2, and various
cyclic/acyclic amines, such as piperidine, morpholine,
1-methylpiperazine, pyrrolidine, and diethyl amine, to furnish
the desired new class of molecules: SSe-methyl piperidine-1-

carbo(selenothioperoxo)thioate 3na, SSe-benzyl piperidine-1-
carbo(selenothioperoxo)thioate 3oa, SSe-methyl morpholine-4-
carbo(selenothioperoxo)thioate 3nb, SSe-methyl diethyl-
carbamo(selenothioperoxo)thioate 3nd, SSe-methyl 4-methyl-
piperazine-1-carbo(selenothioperoxo)thioate 3ng, and SSe-
benzyl diethylcarbamo(selenothioperoxo)thioate 3od in yields
of up to 67%. Unfortunately, the S–Se bond forming reactions
with diaryl diselenides and primary amines were unsuccessful.

The environmental factor or E-factor is a unique green
chemistry metric to measure the greenness of a protocol quan-
titatively based on the waste generated.11 To determine the
greenness of our developed protocol as compared to recent lit-
erature,10 we evaluated the E-factors of both protocols for the
synthesis of propyl pyrrolidine-1-carbo(dithioperoxo)thioate
3ac (see Tables S1 and S2 in the ESI†). Notably, the E-factor of
our protocol was calculated to be 16.96 g waste per g product
formation, considering water as the majority of the waste.
However, considering water as not a waste, the E-factor was
found to be only 1.57 g waste per g product formation. On the
other hand, the E-factor of recent literature for the synthesis of
the same molecule, propyl pyrrolidine-1-carbo(dithioperoxo)
thioate 3ac, was found to be 122.13 g waste per g product for-
mation, which decreases to 118.94 g waste per g product for-
mation considering water as not a waste. Even without consid-
ering the solvent, i.e., acetonitrile (MeCN), as waste, the

Table 2 Substrate scope for the synthesis of carbamo(dithioperoxo)thioates and carbamo(selenothioperoxo)thioatesa,b

a Reaction conditions: 1 (1 mmol), CS2 (1.5 mmol), 2a (1 mmol), I2 (0.5 mmol), NaOH (1 mmol), H2O (3 mL), and rt. b Yields of isolated products
are reported. c The reaction was performed at 60 °C. d THF : H2O (2 : 1) was used as the solvent.
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E-factor of the recent literature was found to be 4.47 g waste
per g product formation, which is around three times higher
than that of our protocol. Hence, the E-factor of our protocol is
superior to that of the recent literature, and most importantly,
the solvent used in our protocol is water. Hence, our method
could be considered as greener as compared to the previous
literature.10

After synthesizing a series of carbamo(dithioperoxo)thioates
and carbamo(selenothioperoxo)thioates, we became interested
in employing our developed protocol for synthesizing two
more new classes of molecules, i.e., carbono(dithioperoxo)thio-
ates and carbono(selenothioperoxo)thioates, using xanthate
and diorganyl dichalcogenides (Table 3). When dialkyl disul-
fides, such as dimethyl disulfide, dipropyl disulfide, and dicy-
clohexyl disulfide, were treated with xanthate, in particular,
potassium O-ethyl carbonodithioate (potassium ethyl-
xanthate), under the standard conditions, desired carbono
(dithioperoxo)thioates, i.e., O-ethyl SS-methyl carbono(dithio-
peroxo)thioate 4a, O-ethyl SS-propyl carbono(dithioperoxo)
thioate 4b, and SS-cyclohexyl O-ethyl carbono(dithioperoxo)
thioate 4c, were formed in moderate to good yields (53–75%).
Diaryl disulfides, such as diphenyl disulfide and di-p-tolyl di-
sulfide, also participated in the reaction to afford the desired
carbono(dithioperoxo)thioates 4d and 4e in 72% and 65%
yields, respectively.

Notably, when dimethyl diselenide was treated with potass-
ium ethylxanthate, the desired new class of molecules, O-ethyl
SSe-methyl carbono(selenothioperoxo)thioates, was formed.
Unfortunately, the reactions with diaryl disulfides or diaryl dis-
elenide were unsuccessful. For all the reactions mentioned
above, non-hazardous and environmentally benign by-pro-
ducts, such as NaI and water or KI, were formed.

To demonstrate the practicality of the developed protocol, a
gram-scale reaction was conducted using 1f (1.23 g, 5 mmol),
CS2 (1.5 equiv.), and pyrrolidine 2c (1 equiv.), and to our
delight, 3fc was formed in 82% yield (1.1 g), which revealed

that the developed protocol could efficiently be scaled up to
the gram scale without any compromise in the reaction
outcome (Scheme 2).

To gain insights into the reaction mechanism, several
radical quenching and control experiments were conducted,
which are summarized in Scheme 3. In the presence of various
radical quenchers (3 equiv.), such as TEMPO, BHT, and
ethene-1,1-diyldibenzene, 3aa was formed in 80%, 86%, and
78% yields, respectively, from 1a under standard conditions
(Scheme 3A), which revealed that the reaction does not follow
a radical pathway. Next, we performed a series of control
experiments, which are presented in Scheme 3B. When piper-
idine 2a was treated with CS2 in the presence of NaOH (1
equiv.), sodium piperidine-1-carbodithioate 5 was formed
quantitatively [Scheme 3B, (i)]; however, in the presence of
iodine (1 equiv.), the same reaction furnished piperidine-1-car-
bothermic dithioperoxyanhydride 6 in 99% yield [Scheme 3B,
(ii)], which revealed that iodine can oxidize 5 to 6. Iodine
could also oxidize potassium xanthate to its dimer 7 almost
quantitatively in water at room temperature [Scheme 3B, (iii)].
When 1a was treated with sodium piperidine-1-carbodithioate
6 in the presence of iodine (0.5 equiv.) in water, the desired
product 3aa was formed in 76% yield [Scheme 3B, (iv)], which
revealed that 6 is one of the intermediates of the reaction.
However, in the absence of iodine, 3aa was not formed at all
from 1a and 6, which again supported the crucial role of
iodine in the reaction [Scheme 3B, (iv)]. When 1a was treated
with 6 and 7 in water, 3aa6 and 4b were formed in 33% and
10% yields, respectively [Scheme 3B, (v) and (vi)]. Interestingly,
while in the presence of NaI (1 equiv.), the formation of 3aa
from 1a and 6 decreased to 14% from 33% [Scheme 3B, (vii)],
in the presence of KI (1 equiv.), the formation of 4b from 1a
and 7 enhanced significantly to 88% from 10% [Scheme 3B,
(viii)]. We speculate that the iodine-mediated conversion of 5
to 6 is irreversible, while the iodine-mediated conversion of
potassium xanthate to 7 is a reversible reaction.

Based on the experimental results and the literature
precedence,6,11 we proposed plausible reaction mechanisms
for the synthesis of 3 and 4, which are presented in Schemes
3C and D, respectively. For the synthesis of 3, the amine spon-
taneously reacted with CS2 in the presence of NaOH to gene-
rate the crucial intermediate, sodium piperidine-1-carbodithio-
ate 5, in situ (Scheme 3C). On the other hand, diorganyl disul-
fides or diselenides also reacted spontaneously with iodine to
furnish the corresponding chalcogenyl halides 8.11 A direct
substitution at the chalcogen center of 8 by the in situ gener-
ated sodium piperidine-1-carbodithioate 5 furnished the
desired products (3) via chalcogen–chalcogen (S–S or S–Se)

Table 3 Scope for the synthesis of carbono(dithioperoxo)thioates
and carbono(selenothioperoxo)thioatesa,b

a Reaction conditions: 1 (1 mmol, 1 equiv.), potassium O-ethyl carbo-
nodithioate (1 mmol), I2 (0.5 mmol), H2O (3 mL), and room tempera-
ture. b Yields of isolated products are reported. c Reaction was per-
formed at 60 °C. Scheme 2 Gram-scale synthesis of 3fc.
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bond formation (part A) along with the formation of sodium
iodide and water as by-products (Scheme 3C). However, we
cannot fully rule out another pathway (path B) where sodium
piperidine-1-carbodithioate 5 could get oxidized by iodine irre-
versibly to form 6, which then reacted with 1 to afford the final
product (3). However, based on the experimental procedures
(see the ESI†) and some controlled experiments [Scheme 3B,
(v) and (vi)], we believe that path A is predominantly operative
for this reaction as compared to path B.

For the synthesis of 4, we proposed that at first the corres-
ponding chalcogenyl halide 8 was formed from the diorganyl
disulfides or diselenides and iodine, which then immediately
underwent a nucleophilic substitution at the chalcogen centre
by potassium xanthate to furnish the desired product 4 (path
A). However, during the reaction, potassium xanthate could
get oxidized by iodine reversibly to form 7, which then could
react with 1 to form 4 (path B). However, based on the experi-
mental results [Scheme 3B, (vi) and (viii)], we speculate that
path A is exclusively operative for the synthesis of 4.

Conclusions

In conclusion, we have developed a versatile yet sustainable
synthetic strategy for the general synthesis of a biologically
active class of molecules, i.e., carbamo(dithioperoxo)thioates,
and their new classes of highly potential analogues, i.e.,
carbamo(selenothioperoxo)thioates, carbono(dithioperoxo)
thioates, and carbono(selenothioperoxo)thioates, by using
readily available and inexpensive reactants or reagents such as
iodine, diorganyl disulfides or diselenides, amines, and
carbon disulfide (CS2) or potassium xanthate in water at room
temperature via the formation of chalcogen–chalcogen (S–S
and S–Se) bonds. This protocol offers several advantages and
green advancements over previously developed ones, such as
(a) a versatile, sustainable, and scalable protocol, (b) use of
only commercially available and inexpensive reactants or
reagents, (c) use of water as a green solvent and generation of
non-hazardous waste, i.e., NaI and water or KI, with a superior
E-factor, (d) a broad substrate scope in accessing a wide variety
of biologically active carbamo(dithioperoxo)thioates including
a couple of anti-filarial and anti-tumour agents in good yields,
and (e) access to new classes of novel analogues of carbamo
(dithioperoxo)thioates, i.e., carbamo(selenothioperoxo)thio-
ates, carbono(dithioperoxo)thioates, and carbono(selenothio-
peroxo)thioates, via the formation of challenging S–S and S–Se
bonds in water. To the best of our knowledge, this is the first
report of both S–S and S–Se bond-forming reactions in water,
and we believe that this strategy will be utilized for the syn-
thesis of other new and novel classes of organochalcogens.
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