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Dithiocarbamates are widely recognized for their versatile applications in both agriculture as effective pesticides and medicine,

where they serve as antifungal and anticancer agents. As a result, their synthesis has garnered significant attention in recent years.

In this study, we present an efficient one-pot four-component approach for the synthesis of these scaffolds, utilizing aldehydes,

ethyl acetoacetate, carbon disulfide (CS,), and amines. Initially, a,f-unsaturated carbonyl compounds, serving as Michael accep-

tors, were generated from aldehydes and ethyl acetoacetate through a decarboxylative Knoevenagel reaction under mild conditions,

using lipase as a biocatalyst. These intermediates then sequentially undergo a nucleophilic addition reaction with dithiocarbamate

anions, which are generated in situ by reacting CS, with amines. This sequence successfully yields 15 derivatives of S-alkylated

dithiocarbamates with high to excellent yields ranging from 69% to 96%.

Introduction

Dithiocarbamates, a versatile class of organosulfur compounds,
have attracted considerable interest due to their wide range of
chemical and biological properties [1,2]. These compounds
have been extensively studied for their applications in various
fields, including pharmaceuticals [3,4], agrochemicals [5], and
organic synthesis [6]. Among the different types of dithiocarba-
mates, S-alkyl dithiocarbamates (also known as organic dithio-
carbamates) are particularly prominent, owing to their remark-
able utility, especially in the pharmaceutical and agrochemical
industries [7,8]. S-Alkyl dithiocarbamates demonstrate a broad
spectrum of bioactivities, including potent anticancer [9], anti-
Alzheimer [10,11], antibacterial [12], and antifungal [13,14]

properties. In the realm of synthetic organic chemistry, these
compounds serve as valuable intermediates, protecting groups,
and polymerization agents, further enhancing their importance
in chemical synthesis [15,16]. Figure 1 shows a selection of
pharmaceutical agents and agrochemicals that incorporate
S-alkyl dithiocarbamate scaffolds. Given their significant bioac-
tivity and extensive applications, ongoing research into the de-
velopment of efficient and diverse synthetic methodologies for
S-alkyl dithiocarbamates remains crucial.

The synthesis of S-alkyl dithiocarbamates is primarily achieved

through multicomponent reactions [17,18] that involve primary
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Figure 1: Biologically active S-alkyl dithiocarbamates.

or secondary amines, carbon disulfide (CS;), and electrophilic
alkyl precursors, such as alkyl halides [16], sulfonium salts
[19], diazo compounds [20], methylarenes [21], or a,B-unsatu-
rated compounds [8,22]. While three-component reactions are
predominant in the synthesis of S-alkyl dithiocarbamates
[23,24], the exploration of four-component, one-pot reactions
remains limited. Notable advances in this area include a 2020
study by Halimehjani et al. who employed a four-component
strategy involving B-naphthol, formaldehyde, amines, and car-
bon disulfide in water as the solvent to synthesize these com-
pounds (Scheme 1a) [25]. Also, in 2013, Azizi et al. demon-
strated a four-component reaction with benzaldehyde deriva-
tives, aryl methyl ketones, amines, and carbon disulfide to form
S-alkyl dithiocarbamates. However, when acetone was used as
the fourth component in this reaction, no dithiocarbamate prod-
uct was formed, and instead, benzylidene acetone was identi-
fied (Scheme 1b) [26].

Although several methodologies for the synthesis of S-alkyl
dithiocarbamates have been reported, the integration of
biocatalysis with sequential multicomponent synthesis remains
unexplored. In the present work, a lipase-catalyzed Knoeve-
nagel condensation/decarboxylation is used to generate the
Michael acceptor in situ, which subsequently reacts with a
dithiocarbamate nucleophile formed in situ from an amine and
carbon disulfide, without isolation of intermediates. This
sequential one-pot four-component strategy combines the
advantages of biocatalysis, multicomponent synthesis, and oper-
ational simplicity, providing efficient access to structurally
diverse S-alkyl dithiocarbamates under mild reaction condi-

tions (Scheme Ic¢).
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Lipases (triacylglycerol hydrolases, EC 3.1.1.3) are among the
most widely utilized enzymes in both biotechnology and chem-
istry [27-29]. These enzymes primarily function to hydrolytical-
ly break or form C—O bonds as part of their physiological role
[30]. Beyond this, lipases exhibit remarkable catalytic promis-
cuity, enabling them to catalyze the formation of carbon—car-
bon and carbon-heteroatom bonds [31,32]. This behavior has
been exploited in a variety of reactions, including Michael [33]
and Mannich [34] reactions. In 2009, Feng et al. demonstrated
the use of this promiscuity in the Knoevenagel condensation/
decarboxylation reaction to synthesize a,Bf-unsaturated com-
pounds with ketone groups [35]. These compounds are valu-
able as Michael acceptors in the preparation of diverse organic
molecules [36]. Building on this research, the present work
explores the application of lipase catalytic promiscuity in the
synthesis of S-alkyl dithiocarbamates, expanding the utility of
lipases in the creation of valuable organic compounds.

Results and Discussion

Initially, the first step of the selected model reaction, involving
the condensation of 0.1 mmol benzaldehyde (1a) with
0.15 mmol of ethyl acetoacetate (2a), followed by decarboxyl-
ation was conducted based on previous studies [35,36]. Aceto-
nitrile was selected as the solvent, and aniline was used as an
additive at 30 °C. After confirming the formation of the
Michael acceptor 3a, the reaction was further investigated with
varying amounts of amine 5a and carbon disulfide (CS,, 4) at
different temperatures. Initially, 0.1 mmol of amine 5a and
0.15 mmol of 4 were introduced to the reaction mixture. The
progress of the reaction was monitored via thin-layer chroma-

tography and after stirring for 12 h at 30 °C, no further product
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Scheme 1: Previous works and this work for the sequential one-pot four-component synthesis of S-alkyl dithiocarbamates.

formation was observed. Under these conditions, the yield of
product 6b was 36% (Table 1, entry 1), with a side product also
forming at a yield of 31%. This side product was identified as a
thiourea derivative (Scheme 2) resulting from the reaction be-
tween aniline, carbon disulfide (4), and amine 5a. To optimize
the reaction and minimize side-product formation, after
confirming the formation of 3a at 30 °C, the amine Sa and car-
bon disulfide (4) were added to the reaction mixture, and the
reaction was continued at 25 °C. Monitoring the reaction via
TLC revealed a significant reduction in the amount of side
product, with the desired product 6b obtained at a 51% yield
after 12 h (Table 1, entry 2). Based on this result, 25 °C was de-
termined to be the optimal temperature for the second step. In
the next phase, the amounts of amine and carbon disulfide were
varied to identify the optimal quantities. Increasing the amount
of amine 5a to 0.2 mmol and carbon disulfide (4) to 0.4 mmol

significantly improved the yield to 86% (Table 1, entry 3).

Subsequently, we tested a reduced enzyme quantity from 30 mg
to 15 mg which resulted in a decreased yield of 54% (Table 1,
entry 4). Thus, 30 mg of enzyme was selected as the optimal
catalyst amount. Extending the reaction time to 24 hours did not
lead to a notable change in yield (Table 1, entry 5). To explore
the impact of different solvents, after the formation of the
Michael acceptor 3a in acetonitrile, the solvent was removed
under reduced pressure, and various solvents with the amine
and CS, were added to the reaction mixture. It was found that
the reactions in ethanol (Table 1, entry 6), THF (Table 1, entry
7), and H,O (Table 1, entry 8) resulted in yields of 71%, 65%,
and 73%, respectively. In contrast, using a non-polar solvent
such as n-hexane resulted in a significantly lower yield of 32%
(Table 1 entry 9).

After having optimized the reaction conditions, the scope of the

reaction was investigated using various aldehydes and amines,
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Table 1: Optimization of model reaction.?

O . M CH3CN, lipase
o ™ aniline, 30 °C
12h
1a 2
Entry Amine (mmol) CSs (mmol) Enzyme (mg)
1 0.1 0.15 30
2 0.1 0.15 30
3 0.2 0.4 30
4 0.2 0.4 15
5 0.2 0.4 30
6 0.2 0.4 30
7 0.2 0.4 30
8 0.2 0.4 30
9 0.2 0.4 30

Tel

30
25
25
25
25
25
25
25
25
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CS; (4)

_— =

3a 6b
mperature (°C) Time (h) Solvent Yield (%)

12 CH3CN 36
12 CH3CN 51
12 CH3CN 86
12 CH3CN 54
24 CH3CN 84
12 EtOHP 71
12 THFP 65
12 H,0P 73
12 n-hexane® 32

aModel reaction conditions: the mixture of the aldehyde 1a (0.1 mmol), ethyl acetoacetate (2, 0.15 mmol), aniline (0.05 mmol) and lipase (30 or
15 mg) in CH3CN was stirred at 30 °C for 12 h, then CS, (4) and piperidine (5a) were added and stirring was continued at the indicated temperature
and time. PAfter the first step, CH3CN was removed under reduced pressure and compounds 4 and 5a in the indicated solvent were added.

NH,
@ -

Scheme 2: Formation of the thiourea by-product.

as presented in Scheme 3 and Scheme 4. As shown in
Scheme 3, the reaction with cyclic amines such as pyrrolidine
resulted in a higher product yield (6a, 96%) compared to piperi-
dine (6b, 87%). Additionally, both benzaldehyde (6a, 96%) and
2-methylbenzaldehyde (6e, 92%) afforded the desired products
in excellent yields, indicating that the reaction tolerates
moderate steric effects. It is also noteworthy that aldehydes
bearing electron-withdrawing substituents, such as 4-Cl (6c,
72%), 3-NO, (6h, 69%), and 3-Cl (6i, 81%) led to decreased
yields.

Additionally, acyclic amines such as dimethylamine and
diethylamine were treated with various Michael acceptors to
yield products 6k—o (Scheme 4). Aldehydes bearing electron-
withdrawing substituents, such as 4-chloro (61, 85%) and 3-NO,
(60, 76%) also afforded the desired products in good to excel-

- @

Novozyme 435
30 °C, CH3CN

lent yields. These results indicate that the methodology is com-
patible with electronically diverse aldehydes. Notably, the reac-
tion with salicylaldehyde resulted in no product formation (6p,
0%). It should be noted that, in principle, the formation of a
stereogenic center in the product raises the possibility of enan-
tioselectivity in the presence of a biocatalyst. However, in pre-
viously reported lipase-catalyzed promiscuous reactions, signif-
icant stereochemical induction has generally not been observed
or discussed [36-38].

To investigate the reaction mechanism and the catalytic role of
the enzyme in enhancing the efficiency of the second step,
control reactions were conducted (Scheme 5). For instance,
after confirming the formation of the Michael acceptor 3a, the
enzyme was removed from the reaction mixture using filter

paper, and then the amine and carbon disulfide were introduced.
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Scheme 3: Scope of reaction with aldehydes and cyclic amines. Reaction conditions: 1a—f (0.1 mmol), 2 (0.15 mmol), Novozyme 435 (30 mg), aniline
(0.05 mmol), CH3CN (1 mL), 30 °C, 12 h; then, CS; (4, 0.4 mmol), cyclic amine 5a,b (0.2 mmol), 25 °C, 12 h.

After 12 hours, the yield dropped to 56%, indicating a decrease
in reaction efficiency in the absence of the enzyme. This result
highlights the crucial catalytic role of lipase in the second step
(Scheme 5a). Additionally, for the thia-Michael reaction step,
the dithiocarbamate anion 7 was prepared separately and added
to the reaction vessel. However, this did not affect the reaction
efficiency when compared to the optimized method
(Scheme 5b).

Based on the control reactions and previous studies a mecha-

nism is proposed (Scheme 6). The reaction begins with a

nucleophilic attack by the activated ketoester, facilitated by the
triad amino acids of lipase, on the carbonyl group of the alde-
hyde, resulting in the formation of the intermediate 8a. Next,
the ester portion of the ketoester is hydrolyzed through the
serine amino acid, leading to the formation of the intermediate
9a. This intermediate then undergoes decarboxylation, which
can be assisted by histidine or aniline, resulting in the forma-
tion of the Michael acceptor 3a. Subsequently, the intermediate
7, formed from the reaction of carbon disulfide 4 and amine 5a,
attacks the double bond of 3a, leading to the formation of the
product 6a.
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Scheme 5: Control reactions.

Conclusion

In conclusion, an efficient sequential one-pot four-component
methodology was developed for the synthesis of S-alkyl dithio-
carbamates using Novozym 435 as a biocatalyst. The protocol
enables the in situ generation of the Michael acceptor through a
lipase-catalyzed Knoevenagel condensation/decarboxylation
reaction, followed by addition of a dithiocarbamate nucleophile

formed from an amine and carbon disulfide, without isolation of

intermediates. Under mild reaction conditions, 15 derivatives
were obtained in good to excellent yields. Beyond the prepara-
tion of the target compounds, this study highlights the potential
of lipase catalytic promiscuity in sequential multicomponent
transformations. The operational simplicity, mild conditions,
and efficient access to structurally diverse S-alkyl dithiocarba-
mates demonstrate the synthetic utility of this approach.

Considering the well-documented biological relevance of
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Scheme 6: Proposed mechanism.

dithiocarbamate scaffolds, the synthesized compounds may
provide a useful basis for future studies directed toward medici-
nal, antifungal, and agrochemical applications.

Experimental

General remarks

All reagents were commercially available and used without
further purification. Solvents used for extraction and purifica-
tion were distilled before use. Novozym 435 was a generous
gift from Novozymes (Denmark). Progress of the reactions

was monitored by thin-layer chromatography (TLC, performed

1)
wn
()]
(@]

on pre-coated Merck silica gel 60 Fjs4 plates). All organic
synthesis products were purified by preparative thin-layer chro-
matography (TLC), (CAMAG® instrument, in-house
prepared 20 X 20 cm silica plates) using a mixture of ethyl
acetate and 7-hexane as a mobile phase. 'H and '3C NMR spec-
tra were recorded at 300 (75) MHz on a Bruker Avance spec-
trometer using CDClj as a solvent. The chemical shifts were
referenced to the solvent signals at SH/C 7.26/77 ppm (chloro-
form-d) relative to TMS. Mass spectra were recorded with
Agilent Technologies (HP) 5975¢ and G7081B mass spectrom-
eters.
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Synthesis of S-alkyl ditihocarbamates 6a—o

A mixture of aldehyde (0.1 mmol), ethyl acetoacetate
(0.15 mmol), acetonitrile (1 mL), 0.05 mmol of aniline, and
30 mg of Novozyme 435 was added to the reaction vessel. The
reaction mixture was stirred at 30 °C for 12 hours using a mag-
netic stirrer. The formation of the Michael acceptor was moni-
tored via thin-layer chromatography (TLC). Afterward, carbon
disulfide (0.4 mmol) and amine (0.2 mmol) were introduced
into the reaction mixture, and stirring was continued at 25 °C
for another 12 hours. The reaction progress was periodically
checked by TLC. Following this, the mixture was filtered to
remove the enzyme, the solvent was evaporated under reduced
pressure, and the desired product was isolated from the reaction
mixture using preparative thin-layer chromatography (TLC)

plates (eluting with n-hexane/ethyl acetate).
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