
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 1
:5

0:
28

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Green synthesis
aDepartment of Chemistry, Indian Instit

Sangareddy, Telangana, 502284, India

+91-40-2301-6254
bDepartment of Physics and Chemistry, M

Gandipet, Hyderabad, Telangana, 500 075,

ac.in

† Electronic supplementary informa
https://doi.org/10.1039/d4su00206g

Cite this: RSC Sustainability, 2024, 2,
2249

Received 29th April 2024
Accepted 27th May 2024

DOI: 10.1039/d4su00206g

rsc.li/rscsus

© 2024 The Author(s). Published by
of thioamide derivatives in an
environmentally benign deep eutectic solvent
(DES)†

Susmita Mandal, a Archana Jain *b and Tarun K. Panda *a

A mild, direct, simple, and highly efficient green protocol is described for synthesizing thioamides. A wide

variety of thioamides are obtained in good-to-excellent yields by the reaction of readily available starting

materials, substituted aldehydes/ketones, secondary amines, and elemental sulfur in a choline chloride–

urea (1 : 2)-based deep eutectic solvent (DES). This protocol, which can be applied without an additional

catalyst support, contributes significantly to enhancing sustainability by reducing energy consumption

and waste reduction, involving biodegradability, improved reactivity, and versatility. The DES can be

recycled and used several times without any significant loss in terms of its activity.
Sustainability spotlight

With the growing need for sustainable chemistry, deep eutectic solvents (DESs) drive the eld of synthetic chemistry towards more green practices. In most
conventional methods, organic solvents are used which have adverse effects on the environment. In this paper, we report the synthesis of a wide variety of
thioamides in good to excellent yield under mild conditions using a mixture of choline chloride and urea (1 : 2) (DES) as an environmentally benign solvent as
well as a catalyst without using any toxic organic solvent and additional catalyst. Our work aligns with the 12 principles of green chemistry and the following UN
sustainable development goals: SDG 9 (industry), SDG 12 (responsible consumption and production), and SDG 13 (climate action).
Introduction

The development of environmentally benign and sustainable
synthetic methodologies is undeniably necessary in the modern
era of organic synthesis, owing to ever-increasing concerns over
environmental contamination and its impact. In addition to our
scientic obligations, it is now a moral and ethical responsi-
bility to protect our environment for future generations. In this
context, the 12 principles of green chemistry, rst proposed by
Anastas and Warner in 1998,1 have transformed the way we
approach chemical synthesis. The principles of green chemistry
promote the design and development of chemical processes
that minimize environmental impact, reduce waste, and maxi-
mize efficiency.2,3 Recently, deep eutectic solvents (DESs) have
emerged as a potential new class of solvents that not only follow
the principles of green chemistry, but also have a wide range of
applications in various elds.4,5 DESs, rst reported by Abbott
and co-workers,6 exhibit numerous unique properties such as
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low volatility, high thermal stability, and variable polarity.7,8

Additionally, they are easily accessible, relatively nontoxic, low-
cost, and biodegradable.9 DESs have been employed as media/
catalysts in a variety of chemical reactions, such as biomass
processing,10,11 polymerizations,12 material synthesis,13,14 elec-
trochemistry,15,16 nanotechnology,17 and multicomponent reac-
tions (MCRs).18,19 Literature reports show that DESs have the
potential to play an important part in enhancing the sustain-
ability of MCRs.20 Their green solvent properties and versatility
render them valuable for researchers striving to develop more
sustainable chemical synthetic methods.21

Thioamides, characterized by the presence of the –C(]S)
NH– functional group, have been employed as indispensable
building blocks in the synthesis of bioactive compounds,22,23

pharmaceutical agents,24–26 agrochemicals,27 and functional
materials with tailored properties.28 Among the myriad of
various traditional synthetic methods reported in the
literature,29–39 one of the most efficient methods for thioamide
synthesis is the Willgerodt–Kindler (WK) reaction, comprising
the three-component condensation of a carbonyl compound,
a sulfur reagent, and an amine (primary or secondary) in one
pot.40,41 The reported protocols produce good results in many
cases. However, most of them involve the use of expensive
chemicals, such as sulfur reagents, metal catalysts, and toxic
organic solvents, as well as long reaction times, excess reac-
tants, harsh reaction conditions, and strenuous work-up
RSC Sustainability, 2024, 2, 2249–2255 | 2249
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methods. In some instances, the yield of products is also low. To
avoid such limitations, there is a signicant trend toward
substituting most traditional organic solvents or harsh reaction
conditions with ones that have a reduced impact on the envi-
ronment while still achieving the same outcomes. Ionic liquids
and DESs have recently emerged as potential substitutes for
toxic organic solvents.42 Hitherto, only a few examples of thio-
amide synthesis using ionic liquids and DESs have been re-
ported (Scheme 1).43–45 The protocols reported involved the use
of relatively toxic ionic liquid/metal-based DESs, high temper-
ature conditions, presence of toxic organic solvents, an excess of
reactants, and limited substrate scope.

Given this context, we were interested in showcasing the
pivotal role of metal-free DESs in the synthesis of a series of
biologically and pharmaceutically important thioamide deriva-
tives via a multicomponent approach (i.e., Willgerodt–Kindler
reaction), while aligning with the principles of green chemistry.
Recently, we reported the application of a choline chloride
(ChCl)–urea (1 : 2)-based DES in the synthesis of a-amino-
phosphorus derivatives.46 This DES is composed of the naturally
occurring hydrogen-bond acceptor (HBA) choline chloride and
hydrogen-bond donor (HBD) urea in a 1 : 2 molar ratio.

Here, we report a green methodology for the synthesis of
thioamide derivatives via a Willgerodt–Kindler (W–K) reaction
between aldehydes/ketones, different secondary amines, and
sulfur powder in a ChCl–urea (1 : 2)-based DES under mild
conditions. This methodology positively contributes to
enhancing sustainability by: (i) reducing the need for additional
toxic solvents/catalysts, thereby improving the overall efficiency
of the reaction in terms of high yield and selectivity, (ii) cutting
energy consumption through low-temperature reactions due to
its relatively low melting point, (iii) lowering waste generation
by using reagents in stoichiometric ratio and since the DES is
easily recyclable, it allows the recovery of reactants and prod-
ucts, and (iv) reducing the environmental burden due to its
biodegradable nature. We also describe mechanistic insights
Scheme 1 Schematic representation of previous methods and
present work using ionic liquid/DES.

2250 | RSC Sustainability, 2024, 2, 2249–2255
and versatility of the DES with various substrates (up to 40
examples). Furthermore, we evaluate the reusability of the DES.
Results and discussion

In this investigation, we present a simple and green method-
ology for synthesizing a series of thioamide derivatives via
a multicomponent approach (i.e., Willgerodt–Kindler reaction)
using a DES [ChCl–urea (1 : 2)] as the reaction medium as well
as a catalyst, without adding any other organic solvent or cata-
lyst, under mild reaction conditions.

The DES was synthesized by following the previously re-
ported method of heating a mixture of choline chloride (1 mol)
and urea (2 mol) at 60 °C for 30 minutes (Scheme 2).47 The
colorless liquid formed was used for thioamidation reaction as
such without any purication.

To begin our investigation, we selected the thioamidation
reaction between p-tolualdehyde (1a), diethylamine (2a), and
sulfur powder as the model reaction. The three reactants, 1a, 2a,
and sulfur powder, in a 1 : 1 : 0.125 molar ratio, were reacted in
25 mol% of DES [ChCl–urea (1 : 2)] in one pot with constant
stirring at 45 °C for ve hours. Progress of the reaction was
monitored by thin-layer chromatography (TLC). Aer comple-
tion, the mixture was cooled to room temperature and then
diluted with water and ethyl acetate. To our delight, the corre-
sponding thioamide derivative was isolated in a yield of 93%
(Table 1, entry 3). The DES could easily be recycled by evapo-
rating the water under vacuum.

The thioamidation reaction can be optimized by altering
several parameters, viz., reaction temperature, reaction time,
DES dosage, and subtraction of DES (Table 1). Initially, when
the reaction between 1a, 2a, and sulfur powder in a 1 : 1 : 0.125
molar ratio was performed in the absence of DES at 45 °C for 24
hours under neat conditions, no product was formed (Table 1,
entry 1). This explains the role of the DES as an effective catalyst
as well as medium. The high polarity and unique hydrogen-
bonding properties of the DES inuence the reactivity of reac-
tants. It also accelerates the reaction speed and improves
selectivity by solvating and stabilizing reactive intermediates or
transition states in the catalytic reactions.48 Even in the DES,
this reaction at room temperature did not afford any product
(Table 1, entry 2). This may be because at 45 °C, mass transfer of
reactants in the DES increases, facilitating more effective reac-
tant contact. Other DESs, such as ChCl–oxalic acid (1 : 1) and
ChCl–PTSA (1 : 1) were also tested, but we were unsuccessful in
obtaining the products (Table 1, entries 6, 7). However, using
Scheme 2 Synthesis of the DES from choline chloride and urea.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions for the reaction between p-tolualdehyde, diethylamine, and elemental sulfura

Entry
1a
(equiv.)

2a
(equiv.) S (equiv.) DES

Loading of DES
(mol%) Time (h) Temp. (°C) Yielda (%)

1 1 1 1 — — 24 45 —
2 1 1 1 ChCl–urea (1 : 2) 25 24 rt —
3 1 1 1 ChCl–urea (1 : 2) 25 5 45 93
4 1 1 2 ChCl–urea (1 : 2) 25 5 45 93
5 1 2 1 ChCl–urea (1 : 2) 25 5 45 93
6 1 1 1 ChCl–OA (1 : 1) 25 5 45 —
7 1 1 1 ChCl–PTSA (1 : 1) 25 5 45 —
8 1 1 1 ChCl–urea (1 : 1) 25 5 45 74
9 1 1 1 ChCl–urea (1 : 2) 30 5 45 93
10 1 1 1 ChCl–urea (1 : 2) 20 5 45 83
11 1 1 1 ChCl–urea (1 : 2) 25 5 60 93
12 1 1 1 ChCl–urea (1 : 2) 25 4 45 86
13 1 1 1 ChCl–urea (1 : 2) 25 8 45 93

a Isolated yield. OA-oxalic acid, PTSA-p-toluenesulfonic acid.

Table 2 Substrate scope of the DES with different aldehydes for the
synthesis of thioamide derivativesa,b

a Reaction conditions: aldehyde (1.56 mmol), diethylamine (1.56
mmol), and sulfur powder (0.195 mmol) in 25 mol% DES ChCl–urea
(1 : 2) at 45 °C for 5 h. b Isolated yields.
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the DES in lower proportion ChCl : urea (1 : 1) led to the
formation of the corresponding product in lower yield (74%)
under similar conditions (Table 1, entry 8). For further
screening, we changed the quantities of the starting materials,
and the best result was obtained when 1a, 2a, and sulfur were
used in a 1 : 1 : 0.125 molar ratio (Table 1, entries 3–5). Next, we
optimized the amount of DES, and the highest yield was ob-
tained with 25 mol% of DES (Table 1, entries 3, 9, and 10). Other
parameters, such as reaction temperature (Table 1, entries 3, 10,
11) and time (Table 1, entries 11–13) were also analyzed. The
ideal reaction temperature and time were 45 °C and ve hours,
respectively.

With the established optimized conditions, an extensive
study was undertaken to examine the scope of this protocol,
using a variety of aldehydes/ketones and amines in the DES
[ChCl : urea (1 : 2)]. At rst, the reactions of various aldehydes
with diethylamine and sulfur powder were performed in the
DES ChCl–urea (1 : 2) in 1 : 1 : 1 : 0.125 molar ratio at 45 °C for
ve hours. Aer the completion of each reaction, the corre-
sponding thioamide (3a–3n) was isolated and characterized by
1H and 13C NMR spectroscopy (see the ESI†). The results are
shown in Table 2. We observed that aromatic aldehydes con-
taining electron-releasing and electron-withdrawing groups
reacted smoothly under mild conditions, and the correspond-
ing thioamides were obtained in good-to-excellent yields (Table
2, 3a–3j). Aliphatic aldehydes also reacted well and gave good
yields (Table 2, 3k and 3l). Interestingly, heteroaromatic alde-
hydes such as pyrrole 2-carboxaldehyde and pyridine 2-carbox-
aldehyde also performed well when our method was used and
afforded good-to-excellent yields (Table 2, 3m and 3n).

Next, we expanded our protocol to demonstrate the scope of
the DES with the different types of amines. Under the given
© 2024 The Author(s). Published by the Royal Society of Chemistry
optimized conditions, the cyclic secondary amines (viz., mor-
pholine, piperidine, and pyrrolidine) reacted well with aromatic
aldehydes containing electron-releasing as well as electron-
withdrawing groups.

In all cases, the corresponding thioamides were obtained in
good-to-excellent yields (Table 3, 4a–4k). We also tested the
RSC Sustainability, 2024, 2, 2249–2255 | 2251
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Table 3 Substrate scope of the DES with different amines for the
synthesis of thioamide derivativesa,b

a Reaction conditions: aldehyde (1.56 mmol), amine (1.56 mmol) and
sulfur powder (0.195 mmol) in 25 mol% DES ChCl–urea (1 : 2) at 60 °
C for 5 h. b Isolated yields.

Table 4 Substrate scope of the DES with ketones and secondary
amines for synthesis of thioamide derivativesa,b

a Reaction conditions: ketone (1.56 mmol), amine (1.56 mmol) and
sulfur powder (0.195 mmol) in 25 mol% DES ChCl–urea (1 : 2) at 90 °
C for 5 h. b Isolated yields.

Table 5 Substrate scope of the DES with primary amines and primary
amine/acid for synthesis of thioamide derivativesa,b

a Reaction conditions: amine/acid (1.56 mmol), amine (1.56 mmol) and
sulfur powder (0.195 mmol) in 25 mol% DES ChCl–urea (1 : 2) at 90 °C
for 5 h. b Isolated yields.
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reactivity of cyclic secondary amines with a heterocyclic alde-
hyde, pyridine 2-carboxyaldehyde, under similar conditions and
it afforded the pyridine-based thioamide motifs in excellent
yields (Table 3, 4l–4n). Primary amines, such as aniline and
benzyl amine, also gave thioamides in good yields (Table 3, 4o
and 4p). The thioamidation reaction was also performed with
benzaldehyde bearing a reducible functional group such as
nitro or cyano to show the limitations of this methodology. It
was observed that 4-nitro benzaldehyde did not give any
product when reacted with diethyl amine as well as heterocyclic
amines such as morpholine and piperidine under the opti-
mized conditions. However, 4-cyano benzaldehyde gave the
corresponding products in good yield with morpholine and
piperidine (Table 3, 4q and 4r) but did not afford any product
with diethylamine. The corresponding thioamide compounds
(4a–4r) were isolated and characterized using 1H and 13C NMR
spectroscopy (see the ESI†). This study demonstrated that our
methodology is compatible with a broad range of aldehydes and
amines bearing a variety of functional groups including methyl,
methoxy, chloro, and uoro, under mild conditions (Tables 2
and 3).

Upon achieving these results, we were keen to extend our
methodology to various ketones. The W–K reaction with alkyl
aryl ketones is quite interesting and challenging as it involves
the reversal of polarity where the carbonyl –C(]O)– group is
reduced and the terminal methyl group is oxidized, and new
C]S and C–N bonds are formed. For the thioamidation reac-
tion, different cyclic secondary amines, such as morpholine,
piperidine, and pyrrolidine, were employed with the ketones
bearing electron-donating and withdrawing groups, which
afforded the corresponding thioamides (5a–5g) in moderate-to-
2252 | RSC Sustainability, 2024, 2, 2249–2255
good yields. For the ketones, the reaction conditions were
similar to those used for aldehydes, except that the reaction was
performed at a slightly higher temperature of 90 °C (Table 4). All
the compounds (5a–5g) were isolated and characterized using
1H and 13C NMR spectroscopy (see the ESI†).

We continued our exploration of the thioamidation reaction
using different types of primary amines and acids. In one case,
we used two same and different types of amines and sulfur
powder in a 1 : 1 : 0.125 molar ratio and obtained the corre-
sponding thioamide products in good yields (Table 5, 6a and
6b). In another case we used acid, primary amine, and sulfur
powder in a 1 : 1 : 0.125 molar ratio and obtained the corre-
sponding thioamide in good yield (Table 5, 6c). Here, we tried
the reaction using aliphatic and aromatic secondary amines as
well as with aliphatic acid but failed to obtain any product.

Recycling the reaction media and catalysts is crucial for
waste reduction – it also aligns with green chemistry principles
and contributes to sustainability.49 To assess reusability, we
conducted the MCR using p-tolualdehyde, diethylamine, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Control experiments.
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sulfur powder in the DES under optimized conditions (at 45 °C
for ve hours). Aer the reaction was completed, the DES was
recovered from the water phase by evaporation at 85 °C under
reduced pressure. The recovered DES was further dried at 70 °C
for three hours under reduced pressure to remove any traces of
water and then subjected to the next run of the same reaction
without adding more DES. We were able to reuse the DES
medium four times for the same reaction with negligible loss of
product yields (Fig. 1).

We also tested this methodology for industrial applications
by performing a gram-scale reaction between 3.7 g of p-tol-
ualdehyde, 2.3 g of aniline, and 1 g of sulfur powder in DES
ChCl–urea (1 : 2) (25 mol%) under solvent-free conditions with
constant stirring at 45 °C for ve hours. The corresponding
thioamides generated had a yield of 93%. These results high-
light the efficacy of DES ChCl–urea (1 : 2) for the large-scale,
ecofriendly synthesis of a series of biologically and pharma-
ceutically important thioamide derivatives. Additionally, we
evaluated green chemistry metrics to demonstrate the
environment-friendly nature of our methodology.50 Ideally, high
atom economy and a low E-factor value, together with high
process mass intensity is crucial for green reactions. In this
study, we found that the reaction has a small E-factor value
(0.17), a high reaction mass efficiency value (RME = 85.5%),
high atom economy (AE = 92%), and high process mass
intensity (PMI = 1.17) (see the ESI† for green metrics calcula-
tion). This reaction avoids toxic solvents, expensive reagents,
and harsh conditions.

To clarify the mechanism of this reaction, we performed
some control reactions under the optimized conditions. At rst,
the p-tolualdehyde and sulfur powder were heated at 45 °C for
ve hours in the DES, we observed that no product was gener-
ated by the thiolation reaction (Scheme 3, eqn (1)). Later when
aldehydes and diethylamine were reacted together at 45 °C for
ve hours in the DES, we observed the formation of the imine
product which yielded thioamide on reaction with sulfur under
the similar reaction conditions (Scheme 3, eqn (2)). Then,
diethylamine was reacted with elemental sulfur powder at both
room temperature and 45 °C for one hour. In both cases, a dark,
brown-colored solution was obtained due to the formation of
polysuldes. Subsequently, when we added aldehyde to the
Fig. 1 Recyclability test of the DES. Reaction conditions: p-tolualde-
hyde (1.56 mmol), diethylamine (1.56 mmol) and sulfur powder (0.195
mmol) in 25mol% DES ChCl–urea (1 : 2) at 45 °C for 5 h. Isolated yields.

© 2024 The Author(s). Published by the Royal Society of Chemistry
brown-colored solution obtained in each case (in the absence of
the DES) (Scheme 3, eqn (3)), we observed that the expected
thioamide product was not formed. Only when the aldehyde
was added to the reaction mixture of diethylamine and sulfur
and heated at 45 °C in the presence of the DES (Scheme 3, eqn
(4)), the expected thioamide product was formed. Results from
our control experiments suggest that the formation of poly-
sulde (I) may take place even at room temperature under neat
conditions and thioamide formation may be feasible in the DES
medium at a slightly elevated temperature (45 °C) only. In this
catalytic reaction, the DES may play a crucial role in inducing
the reactivity of reactants by solvating and stabilizing reactive
intermediates or transition states due to its high polarity and
unique hydrogen-bonding properties. Therefore, the presence
of the DES may be essential for the thioamidation reaction.

Based on results from our control experiments and the
previous literature, we propose a most plausible mechanism of
thioamidation reaction in the DES (Scheme 4).41,51–53 The rst
Scheme 4 Plausible mechanism of thioamidation reaction.

RSC Sustainability, 2024, 2, 2249–2255 | 2253
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Table 6 Further reaction of thioamides with hydrazine hydratea,b

a Thioamide (1 equiv.) and hydrazine hydrate (10 equiv.) at 100 °C for
8 h. b Isolated yields.
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step in this reaction involves a cleavage of the S–S bond of
elemental sulfur by the nucleophilic attack of a lone nitrogen on
the corresponding secondary amine to form the polysulde
anion (I) in a reversible way. Next, upon addition of the alde-
hyde, the protonation of aldehyde molecule enhances the
electrophilicity of carbonyl carbon of the aldehyde and it thus
reacts easily with secondary amine to form the imine interme-
diate (II). We anticipate that the driving force in the formation
of the imine compound in situ might be the hydrogen bond
interaction in the OH group of the intermediate formed with the
DES.47 Thereaer, the nucleophilic attack of polysulde anion
on the imine intermediate (II) led to intermediate III in which
the hydrogen on the methylene group oxidizes and gives the
nal product.

We also present here the application of thioamide deriva-
tives in the synthesis of thiadiazoles. Thiadiazoles are ve-
membered heterocyclic compounds which are extensively
applied in medicinal, agricultural, industrial, and polymer
chemistry. In particular, 1,3,4-thiadiazole compounds are
important owing to their characteristics – antiviral,54 antitu-
bercular,55 anti-depressant,56 anti-microbial,57 and anticancer.58

1,3,4-Thiadiazole derivatives have been used in the synthesis of
different drugs like acetazolamide,59 furidiazine, megazol,60 etc.
There are various reports on thiadiazole derivative
synthesis.61–64 Here, we have demonstrated the synthesis of 2,5-
disubstituted 1,3,4-thiadiazole compounds from the reaction
between thioamides we prepared with hydrazine hydrate at
100 °C for eight hours under neat conditions (Table 6). The
corresponding thiadiazole compounds (7a–7d) were isolated
and characterized using 1H and 13C NMR spectroscopy (see the
ESI†).

Conclusion

In summary, we have reported here a simple, novel, efficient,
and scalable methodology for thioamide synthesis in a ChCl–
urea DES without any other additive or organic solvent. Thio-
amides were obtained at the 45–60 °C temperature range within
ve hours with yields of 76–93% under optimized conditions
2254 | RSC Sustainability, 2024, 2, 2249–2255
using aldehyde, secondary amine, and sulfur powder in a 1 : 1 :
0.125 molar ratio. We also used this protocol for ketones and
obtained the corresponding thioamides in ∼65–90% yield.
Furthermore, we demonstrated the synthesis of thiadiazole
derivatives using the thioamides prepared. The main benets of
this protocol are the use of the DES as a green solvent as well as
a non-toxic catalyst, lower reaction temperature, and most
importantly, easy recovery and reusability of the DES. We also
performed a gram-scale reaction, which yielded good results. To
the best of our knowledge, this is the rst report on thio-
amidation of aldehydes using a metal-free basic DES.
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