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Abstract:

After synthesising four sets of heterocyclic compounds, namely tetrahydro-2H-1,3,5-thiadiazine thione
derivatives!!!, with yields ranging from fair to exceptional, the in vitro antileishmanial activity against Leishmania
major (promastigotes) were assessed. P’ With ICs values ranging from 15.4 to 39.3 uM, most of these drugs
demonstrated notable antileishmanial efficacy when contrasted with the reference medicine pentamidine, which
has an ICsy of 14.5 uM B, Investigation of the structure-activity relationship highlighted the significance of the
N-3 and N-5 substituents in the leishmanicidal action. It is noteworthy that series BI* containing the ester
variants exhibited 1.5 to 5 times less activity than the acidic versions. Furthermore, the acid and its ester
equivalents were compared based on their cytotoxic effects on the mammalian mouse fibroblast 3T3 cells. Due
to the newly produced THTT ester derivatives' reduced toxicity and antileishmanial activity, they may serve as
promising models for future antileishmanial ester prodrugs.
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I. INTRODUCTION:

We successfully synthesized and evaluated four classes of heterocyclic compounds for their
antileishmanial activity against the promastigote stage of Leishmania major. These compounds are tetrahydro-
2H-1,3,5-thiadiazine thione (THTT) derivatives.[’] This analysis showed that several substances had strong
antileishmanial effects, with half-maximal inhibitory concentration (ICso) values ranging from 15.4 to 39.3
uM.[%1 Some of the produced compounds seem to be on par with the effectiveness of well-established therapies
since this performance stands out when contrasted with pentamidine, the standard reference medication with an
ICso value of 14.9 uM.["

Further analysis into these compounds' structure-activity relationships underscored the substituents'
critical roles at the N-3 and N-5 positions within the heterocyclic ring structure. Bt was observed that
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modifications at these positions significantly influence the leishmanicidal effectiveness of the derivatives. Among
the different series synthesized, the ester variants, designated as series B, were found to exhibit diminished
antileishmanial activity, ranging from 1.5 to 5 times less potent than their corresponding acidic forms. ! This
reduction in efficacy suggests a nuanced interplay between molecular structure and biological activity, which
could guide the optimization of these compounds.

Furthermore, the cytotoxicity of such compounds was measured with the mammalian mouse fibroblast
3T3 cells to compare the safety profiles of the acidic forms versus their ester analogues. The results showed that
although the THTT ester derivatives had less antileishmanial activity, they also showed less cytotoxicity than the
corresponding acids. Thus, their balance of efficacy and toxicity suggests their developmental potential as ester
prodrugs. The ester derivatives may be suitable as safer foundational models for synthesising more potent
antileishmanial agents to support ongoing efforts to develop more effective and less toxic treatments for
leishmaniasis.

Prodrug engineering aims to harness these specific pharmacological properties to optimize drug
performance by minimizing activity at non-target sites, improving pharmacokinetics and reducing toxicity and its
adverse effects. The concept of prodrugs is as old as 1876, and since that time, it has been considerably developed.
With advancement in drug design and development research, the use of prodrugs has become an integral part of
drug delivery systems among the pharmaceuticals used over the years.

This is because prodrugs of active drugs can be used to overcome several limitations of parent
compounds (viz. poor bioavailability, lack of selectivity, and high systemic toxicity). Often, the chemical
modification itself is a simple but clever way of transforming active functional groups into less reactive forms
such as esters, amides, carbonates, carbamates, oximes, phosphates, and N-M Mannich bases that will be reduced
in the body at a given point.

Alternatively, oseltamivir (Figure 1), a prime example of an extensively implemented prodrug, is a
widely known antiviral drug. Hepatic esterases convert the inactive ethyl ester prodrug oseltamivir to its proper
form, which is active oseltamivir carboxylate. The key to this process is that the drug can still carry its potent
antiviral effects at the sites it should and avoid being predigested to non-target tissues to reduce its chances of side
effects.

However, careful planning of the creation of a prodrug is required to ensure that the conversion to the
active form of the drug happens precisely and efficiently. Such conversion can be triggered by some events in the
body, including changes in pH, specific enzyme interactions, or exposure to specific chemical mediators. These
triggers will ensure that the prodrug is inactive until it is activated in the body, avoiding side effects by reducing
the interaction with non-target tissues as it is through.

It is an important part of drug discovery and development, which in part involves the creation of prodrugs
of drugs with the intent to improve their drug pharmacokinetics. Because prodrugs enhance ADME characteristics
of the drug to enhance its solubility, permeability, and half-life, they have the signal to decrease the drug dose.
The ongoing advancements in prodrug technology underscore the dynamic nature of drug delivery research and
highlight the continual need for innovative approaches to improve drug efficacy, safety, and patient compliance.
As this field evolves, it promises to bring forward new solutions to meet modern medicine's increasingly complex
demands.
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Figure 1. Biologically Active Compounds and Prodrug Candidates Incorporating the THTT Framework "]

The biological effects of thiadiazine derivatives as prodrugs have been thoroughly investigated. These effects
include antibacterial (compound 2, Fig. 1), antifungal (compound 3, Fig. 1), antiepileptic (compound 4, Fig. 1),
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antileishmanial (compound 5, Fig. 1), anticancer, and antitubercular potential. Adding a THTT nucleus has also
improved the prodrug properties of well-established drugs like ampicillin, cephalexin, and amoxicillin.

II. RESULTS AND DISCUSSION:

We set out to synthesise tetrahydro-2H-1,3,5-thiadiazine thiones and study their conversion into ester
analogues to find prodrug candidates for antileishmanial use. This was driven by the increasing use of prodrug
strategies in contemporary drug development and the remarkable effectiveness of thiadiazole derivatives.

We describe the synthesis of thiadiazine thione analogues spanning four distinct series, continuing our
quest to produce physiologically active molecules and recognising the relevance of the thiadiazine thione
core. Specific examples of these compounds are 1,3,5-thiadiazine-2-thione with N-3 and N-5 alkyl groups (series
0), 3,5-disubstituted tetrahydro-2H-1,3,5-thiadiazine-6-thione with N-5 alkyl and N-3 carboxylic groups (series
A), and variants with carboxylic groups at N-3 and alkyl groups at N-5 (series D). The DESTO test was also used
to compare their antileishmanial potential.

At the 10 mmol scale, using known techniques, 3,5-disubstituted tetrahydro-2H-1,3,5-thiadiazine
thiones in series A, C, and D were synthesized. A suitable alkylamine or arylalkylamine was first reacted with
carbon disulphide and potassium hydroxide to produce dithiocarbamate salts; further treatment with formaldehyde
produced the intermediates. With yields ranging from 65 to 86%, the thiadiazine thiones were synthesized by
reacting these intermediates with glycine or amines.

Afterwards, in series B, the thiadiazine-2-thiones from series A were effectively transformed into ester
forms by reacting with 2.0 equiv. Of thionyl chloride in different alcohols for 2 hours under ice chilling conditions
(0 — 4 °C), excellent isolated yields were achieved at the one mmol scale. Several spectroscopic techniques, such
as EI, ~1H NMR, ~13C NMR, DEPT-135, DEPT-90, FT-IR, and HRMS, were used to confirm the structural
integrity of all newly produced compounds.

The antileishmanial activity of these compounds was tested in vitro against Leishmania major using the
DESTO assay. The findings were compared to amphotericin B and pentamidine, which were used as reference
medicines. This evaluation was done throughout all four series. Most compounds showed strong antileishmanial
effects, with ICso values ranging from 15.48 to 39.36 uM, similar to pentamidine's IC50 of 14.95 uM.

The structure-activity study of all four series shows that the kind of substituent at the N-3 and N-5
positions within the thiadiazine framework mainly determines the antileishmanial efficiency, in contrast to the
benchmark medication pentamidine (ICso = 14.95 uM, Table 1). The activity was increased, with ICso values
ranging from 15.48 to 136.98 uM, as shown in Table 1, when lipophilic substituents such as alkyl or aryl groups,
were added at the N-5 position and hydrophilic groups, particularly carboxylic groups, at the N-3 position
(compounds 9a-f, Series A). With an IC50 of 15.48 uM, compound 9e was the most effective, including a veratyl
group at N-5 and a carboxylic group at N-3. On the other hand, as shown in Table 1, the activities were reduced
when the substituents at these locations were changed, as in compounds 12a-d (Series D). The 1Cs values ranged
from 36.64 to 69.56 uM. For example, compound 9d from Series A demonstrated a significant activity level with
an ICso value of 24.56 uM.

In contrast, compound 12d, which had identical functions but different substituent locations, had a lower
activity level with an ICsy value of 36.64 uM. The same pattern emerged when comparing compounds 9a and 12a
and 9c and 12b. Curiously, with ICsy values ranging from 21.39 to 46.17 uM, compounds 11a-f from Series C,
which include lipophilic groups at both the N-3 and N-5 positions, had activity similar to Series A. This highlights
the importance of lipophilic groups in mediating the antileishmanial effects.”

Comparing the activity of compounds in Series B, which contain ester groups at the N-3 position
(compounds 10a-d), to their parent compounds in Series A, such as compound 9¢ (IC50 =39.26 uM), a significant
decrease was seen (IC50 values ranging from 36.54 to 202.52 uM, Table 1). Based on the ICsy values (202.52,
107.47, and 93.08 uM, respectively) in Table 1, the antileishmanial potential was 1.5 to 4-fold lower in the methyl,
ethyl, and benzyl ester versions 10a, 10b, and 10c, respectively. Esters are engineered to activate in biological
contexts by reverting to carboxylic forms via esterase activity, fitting the characteristics of a prodrug. Therefore,
this decrease in ester activity is expected. ['1112]

In addition, we used the 3T3 cell line model and the MTT test to assess comparative cytotoxicity, with
cycloheximide serving as the control medication, to confirm that the prodrug met its decreased toxicity
requirement. We started by looking at the cytotoxicity of compound 9¢ and its methyl ester counterpart, 10a,
which are known for having a vigorous antileishmanial activity (IC50 = 39.26 uM). [3]
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“Table 1: Physicochemical parameters and antileishmanial activity of various THTT scaffolds 9-12 (series A-

D).a,b
Entry Comp. R! R? R} Mwe Log P¢ PSA¢ HBD¢ | HBA® I1C50‘SEM*
(uM)
S
o
N
oar)
OH
1 9a Et — — 220.3 0.93 £0.56 101.1 1 4 33.14+£10.44
2 9b i-Pr — — 2343 1.28 £0.56 101.1 1 4 136.98 + 8.96
3 9¢ n-Pr — - 234.3 1.46 £ 0.56 101.1 1 4 39.26 +£9.39
4 9d n-Bu — — 248.3 1.99 £ 0.56 101.1 1 4 24.56 +8.46
5 9e 3,4-(OMe)2.BzI - - 3424 2.01 +0.60 119.6 1 6 15.48 £9.64
6 of CH(Ph)Me — — 296.4 2.62 +0.57 101.1 1 4 30.70+11.13
S
R4 )k
J
OR>
7 10a n-Pr Me — 248.3 1.92 +£0.57 90.1 0 4 202.52 + 8.86
8 10b n-Pr Et — 2623 2.45+0.57 90.1 0 4 107.47 £12.20
9 10c n-Pr Bz — 3244 3.41+£0.61 90.1 0 4 93.08 +£9.55
10 10d n-Bu Et — 276.4 2.99 +£0.57 90.1 0 4 36.54 +11.21
11 1la CH(Ph)Me - Et 266.4 2.91+0.50 63.8 0 2 46.17 +£12.39
12 11b CH(Ph)Me - n-Pr 280.4 3.44 +£0.50 63.8 0 2 24.25+7.49
13 llc CH(Ph)Me - i-Pr 280.4 3.26+0.51 63.8 0 2 21.39+4.28
14 11d CH(Ph)Me - n-Bu 294.4 3.98 £0.50 63.8 0 2 21.39+11.21
15 1le CH(Ph)Me - (CH, 282.4 245+0.55 84. 1 3 3222+ 11.68
)»OH
16 11f Et - Et 190.3 1.23+049 63.8 0 2 38.35+16.29
S
Ry
Sy s
N
R3
17 12a - - Et 220.3 0.63 +0.54 101.1 1 4 45.84 +£10.44
18 12b - - n-Pr 234.3 1.16 £0.54 101.1 1 4 69.56 £ 13.23
19 12¢ - - (CH, 236.3 0.17+0.59 121.1 2 5 39.36 £9.31
).OH
20 12d - - n-Bu 248.3 1.69 +£0.54 101.1 1 4 36.64 +4.83
21 Amphot - - - - - - - - 0.31+0.05
ericin B
22 Pentami - - - - - - - - 14.95£0.26
dine
* Physicochemical parameter for the prediction of oral bioavailability.
b Antileishmanial results represented in IC50 as the mean of triplicate; testing incubation period of 72 h at 22 + 1 °C.
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¢ MW: molecular weight; Log P: logarithm of the partition coefficient of the compound has been calculated for uncharged molecule;
PSA: polar surface area; HBD: hydrogen bond donor; HBA: hydrogen bond acceptor.

¢ SEM = =+ standard error of the mean.

¢ IC50 values for std. drugs amphotericin B =0.31 (/M and pentamidine = 14.95 M.”

With an ICso of 202.52 uM, the THTT methyl ester analogue 10a was shown to have decreased antileishmanial
activity and low cytotoxicity compared to its acidic precursor. This indicates that these ester derivatives might be
good starting points for developing antileishmanial ester prodrugs. [

Predictions about the characteristics of agents with biological activity are crucial in the drug development
process. Here, we employed Lipinski's rule of five, a method for estimating the oral bioavailability of
medicines. Predictions of physical properties for these substances were made using ACD/Labs; ['51 Table 1
displays the data. Every compound followed Lipinski's rule to a tee through all four seasons. All the chemicals
examined had good oral bioavailability according to parameters including polar surface area (PSA), logP, and
counts of hydrogen bond donors and acceptors. [

III. CONCLUSION:

The four THTT series have been synthesized and tested for antileishmanial activity in vitro,
demonstrating that the 3,5-disubstituted tetrahydro-2h-1,3,5-thiadiazine thione derivatives are potent
antileishmanial options. ['1 181 Compound 9e showed significant antileishmanial action at an ICso of 15.48 uM.
While the ester analogues showed decreased activity, their negligible cytotoxicity in comparative studies using
3T3 cell lines emphasises their potential as prodrug candidates. The absence of toxicity and significant
antileishmanial efficacy suggests these compounds are promising templates for developing new antileishmanial
prodrugs. Further in-depth studies are currently underway on these newly synthesized THTT analogues. [!1120]
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