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Abstract

The study focuses on the synthesis, characterization, and biological evaluation of
novel indole-bearing triazole-3-thione derivatives. The study is organized into five

main parts as outlined below.

Part One:
Included the preparation of thiocarbohydrazide (A), which was obtained through the
reaction of hydrazine hydrate (80%) with carbon disulfide (CS,) in methanol under

reflux conditions, followed by simple workup, affording a good yield (83%).

MeOH, reflux TQI’
HzN_NHz.Hzo + CSQ _— HQN\N/C\N/NHZ
&h H H
A

Part Two:

This part involved the synthesis of 4-amino-5-methyl-2,4-dihydro-3H-1,2,4-triazole-
3-thione (B) via cyclization of thiocarbohydrazide (A), which had been previously
prepared in Part One, with glacial acetic acid under reflux conditions. The resulting
product was then recrystallized, affording a moderate yield (44.8%). The structure

of the compound was confirmed using FTIR, *H NMR, and 3C NMR spectroscopy.

; i
0
HQN\N/U\N/NHZ I reflux HaN<N SNH
4h
H,C
A B

Xi



Part Three:

This part included the reaction of 4-amino-5-methyl-2,4-dihydro-3H-1,2,4-triazole-
3-thione (B) with various substituted indole-3-carboxaldehyde under reflux and
acidic conditions by using glacial acetic acid as solvent to synthesize Schiff base
compounds (C1-C11) in good yields (48-98%) for a short time. The structures of
compounds were confirmed by FTIR, tHNMR, 3CNMR and HRMS spectroscopy.

N
S N
HoN< =N
| N . 2""N" 'NH  CH,COOH S CHa

AN >:N —_— A\
R H H3C 30min-3h AN
R H

B C1-C11

R=H, 6-Cl, 5-Cl, 5-Br, 6-Br, 6-F, 5-F, 4-F, 7-NO,, 5-CN, 5-MeO

Part Four

The synthesized compounds (C1-C11) were evaluated for their anticancer activity
against hepatocellular carcinoma cells (hepG2) cell lines, where they exhibited weak
activity compared to the standard anticancer drug (doxorubicin), which exhibited

strong cytotoxic activity.

Xl



In addition, the antibacterial activity was evaluated using the MIC assay against
Staphylococcus aureus and Escherichia coli. The tested compounds exhibited weak

antibacterial effects, with MIC values ranging from 1000 to 2000 uM.

Part Five

Molecular docking studies were performed using PyRx software (version 0.8), which
utilizes AutoDock Vina as the docking engine, and PyMOL software (version
3.1.6.1) was used for protein preparation and visualization.

To investigate the binding affinity of the synthesized compounds toward tryptophan
2,3-dioxygenase (TDO2), which is considered a key enzyme in the kynurenine
pathway, primarily expressed in the liver, where it regulates tryptophan metabolism.
It is also considered an important target for cancer therapy due to its role in tumor
immune evasion and progression. The docking results demonstrated favorable
binding scores and strong interactions consistent with the observed biological

activity.
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CHAPTER ONE



1. Introduction

1.1. Triazole

Triazole is a heterocyclic organic compound consisting of two carbon atoms and
three nitrogen atoms arranged in a five-member aromatic ring, with the formula
C,HsNs. Triazole rings are not found in nature yet, all known triazoles are synthetic.?
Triazole ring systems are among the heterocycles that have drawn a lot of interest
because of their uses as agrochemicals in industry, medicine, and agriculture.?*
There are two isomeric forms of the triazoles: 1,2,3-triazole (1) and the 1,2,4-triazole
(2). 1,2,4-triazole rings derivatives play a significant role in chemistry and exhibit a

wide range of applications® (Figure 1.1).

H H
N. N,
\ N d N
N N—
1H-1,2,3-triazole 1H-1,2,4-triazole
1 2

Figure 1.1: Two isomer forms of triazole

In 1885, Bladin first introduced the term (triazole) to describe the carbon-nitrogen
ring structure (C2N3zH3) and detailed its derivatives.® The stability of the triazole ring
iIs mainly attributed to its aromaticity, which arises from the presence of six
delocalized n-clectrons satisfying Hiickel’s rule. These electrons are contributed by
the atoms involved in the double bonds, along with a lone pair from one of the
nitrogen atoms.” Furthermore, triazoles exhibit resonance, allowing them to exist in
different tautomeric forms.® 1,2,3-Triazoles and 1,2,4-Triazoles have tautomeric
structures, namely 1H-1,2,3-triazole (1) and 2H-1,2,3-triazole (3),° 1H-1,2,4-triazole
(2) and 4H-1,2,4-triazole (4).1° Numerous studies have shown that tautomer 1H-

1,2,4-triazole (2) is more stable! (Scheme 1.1).
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H H H

’ 3 ’ N_N
NN NN NN N
1 \ / ~—
N~ Ny H 1L A~n H/QN)\ H
H N H
v H
1H-1,2,3-triazole 2H-1,2,3-triazole 1H-1,2,4-triazole 4H-1,2,4-triazole
1 3 2 4

Scheme 1.1: Tautomer forms of triazole

1,2,4-triazole may impact hydrogen bonding and polarity of molecules, improving
their toxicological and pharmacological properties. Physicochemical and
pharmacokinetic characteristics of substances.'? Triazole's three nitrogen atoms offer

excellent coordination with metal ions.13

1.2. Triazole-3-thione

Triazole-thione derivatives represent an important class of heterocyclic compounds
that have attracted considerable attention due to their diverse structural features and
promising biological activities. Incorporation of a thione group at the 3- position of
the triazole ring has been frequently reported to enhance the biological properties
associated with the triazole scaffold.’* Furthermore, the triazolethione system is
considered a cyclic analogue of key functional groups such as thiosemicarbazides
and thiocarbohydrazides, which are extensively employed as reactive building
blocks in numerous organic transformations, leading to the formation of various
heterocyclic frameworks with notable biological activities. The presence of three
nucleophilic centers in 1,2,4-triazole-3-thione, the exocyclic sulfur atom and the
endocyclic nitrogen atoms (N1, Nz, and Ng), is of considerable theoretical
importance. This structural feature provides broad opportunities for designing new
derivatives whose properties, including biological activity, vary depending on the
nature of the substituents.'® The mercapto-1,2,4-triazole core, in particular, is found
in a variety of naturally occurring substances and pharmaceutical agents.t®
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Additionally, mercapto-1,2,4-triazole derivatives can be synthesized from natural
products through specific chemical reactions aimed at obtaining the desired

structures!’(Scheme 1.2).

N—NH N—N
/ )
|
R R

6

Scheme 1.2: Thione-thiol tautomeric forms

1,2,4-triazolethiones (5) have been prepared successfully by various methods. The
most common classical method is the dehydrative cyclization of different
hydrazinecarbothioamides in the presence of basic media, using various reagents
such as sodium hydroxide,'®?° potassium hydroxide,??> sodium bicarbonate® or

acidic ionic liquids.?*
1.2.1. Synthesis of 4-amino-1,2,4-triazole-3-thiones

1.2.1.1. From thiocarbohydrazide
Substituted 4-amino-4H-1,2,4-triazole-3-thiones (8) were synthesized through the

reaction of carboxylic acids with thiocarbohydrazide (7)?° (Scheme 1.3).

S N—NH

I N-N
RCOOH + H2N\N)LN/NH2 _reflux R/kr\\j\/QS — R/(N%SH
H H |
NH; NH,
7 8 9

R=H,CH3,CHSCH2,CH3,
CH,CHy,CH3(CHy),,CF3,CgHs

Scheme 1.3: Synthesis of 4-amino 4H-1,2,4-triazole-3-thiones from carboxylic acids



When 1,4-lactones (10) and thiocarbohydrazide (7) reacted, the result was (D-
glycero-D-gulo-hexitol-1-yl)-1,2,4-triazol-3-thiones (11)%® (Scheme 1.4).

o OH

S HN-N OHOH OHOH
S o AN A Ny pyrdine ] Sl cn,0m
H H A \ OH
OH NH>
OH
CH,OH 7 1
10

Scheme 1.4: Reaction of thiocarbohydrizade with lactones

The alkyl-4-amino-2-((4-amino-5-thioxo-4,5-dihydro-1H-1,2,4-triazol-3-yl)methyl)
-5-methyl-1,2,4-triazolidin-3-one ~ (13) were  prepared by  refluxing
thiocarbohydrazide (7) with ethyl (3-alkyl-4-amino-5-0xo0-1,2,4-triazolidin-1-
yl)acetate (12)?’ (Scheme 1.5).

N—NH

,—COOEt
e e
O H-N reflux HN= \
R N + 2 \N /NHZ —_— /EO NH2
NH, H o N R/k'}‘
NH,
12 7 13

R=CH3 , CH3CH2 ,C3H7
CH,CgHs5 ,CgH5

Scheme 1.5: Reaction of thiocarbohydrizade with esters

1.2.1.2. From carboxylic acid hydrazides

The Hoggarth synthesis of 5-substituted-4-amino-(4H)-1,2,4-triazol-3-thiones (8)
begins with the reaction of carboxylic acid hydrazides (14), which are condensed
with carbon disulfide in ethanolic potassium hydroxide to produce potassium 3-



aroyldithiocarbazates (15). The methylation of these compounds with methyl iodide
results in the formation of S-alkylated derivatives. These methyl 3-
aroyldithiocarbazates (16) undergo cyclization with hydrazine to form 4-amino-4H-
1,2,4-triazol-3-thiones (8). Additionally, the salts can be directly converted to 4-
amino-2,4-dihydro-1,2,4-triazol-3(3H)-thiones using an excess of hydrazine?
(Scheme 1.6).
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8 16

Scheme 1.6: Synthesis of triazole From Carboxylic Acid Hydrazides.
1.2.1.3. From 1,3,4-oxadiazol-5-thiones

In the quest for an effective method to convert 1,3,4-oxadiazol-3-thiones into 4-
amino-1,2,4-triazol-3-thiones, it was found that this transformation could be
accomplished through the reaction of the oxadiazole with hydrazine hydrate.?® Reid
and Heindel noted that the 5-aryl-1,3,4-oxadiazol-2(3H)-thiones (17) underwent a
recyclization reaction with hydrazine hydrate, resulting in the formation of 4-amino-
1,2,4-triazole-3-thiones (18)*° (Scheme 1.7).

NH,NH N—NH

)§ T2 /Q =g R=CgHsg ,4-FCgH, ,
S Ar” N 2-BrCgHy4 ,CH30CgH,
llle cyclohyxel ,2-thienyl 4-pyridyl

17 18

Scheme 1.7: Synthesis of triazole from 1,3,4 -Oxadiazol-3-thiones.



1.2.2. Reactions of 4-amino-1,2,4-triazole-3-thiones

1.2.2.1. Synthesis of Schiff Bases
Several azomethine derivatives (19) were prepared by the condensation of 4-amino-
1,2,4-triazole-3-thiones (8) with aldehydes®-3 ( Scheme 1.8).

N—NH SH
R/QN\/QS . R 0 ethanol, reflux NG N AR'
) CH3COOH YN

NH, R
8 19

R=H,Me ,4-CH3OCgH,,4-CICgH, 4-BrCgH, BZ,2-furanyl
IR206H5 ,4-H30C6H4 ,4-C|C6H4 ,3-N02C6H4 ,2—naphthy|,

Scheme 1.8: Synthesis of azomethine

1.2.2.2. Alkylation of 4-amino-4H-1,2,4-triazol-3-thione

Alkylation of 4-amino-5-(furan-2-yl)-2,4-dihydro-3H-1,2,4-triazole-3-thione (20)
was carried out using various alkyl halides in ethanolic potassium hydroxide solution
to afford 3-alkaylthio-5-(furan-2-yl)-4H-1,2,4-triazol-4-amine (21)3*3% (Scheme
1.9).

H
N N R
NI N\F;S R-X NI \>\S/
o) \ — 0 N
d\NHZ KOH,EtOH L NH
20 21
R=CgHs, 3-CH30C3H,, CNCgHy, 4-EtOCgH,
X=Cl, I, Br

Scheme 1.9: Alkylation of the triazole



The reaction compound (22) with chloroacetone yielded the corresponding
acetonylthio derivative (23)% (Scheme 1.10).

0
NH2 NH /k
\ N_ _s CICH,COCH,4 12 CHs
CF NA~®
ph N—NH ot NN
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Scheme 1.10: Acylation of the triazole

The acylation with acetic anhydride in the presence of glacial acetic acid afforded
the N-acylated derivative (25)% (Scheme 1.11).

Hs NHCOCH3

3 NH2
\/\( YSH glacial acetic aC|d SH
+  (CH4CO)0 J\( 7/

Scheme 1.11: N-acylation of the triazole

1.2.2.3. Synthesis of triazolothiadiazoles

The reactivity of the triazole-thione system was further demonstrated through its
condensation with heteroaromatic aldehydes and isothiocyanates. Thus, 4-amino-5-
(5-nitrofuran-2-yl)-2,4-dihydro-1,2,4-triazole-3(3H)-thiol (26) underwent refluxing
with the appropriate heteroaromatic aldehyde in anhydrous DMF and a catalytic
amount of p-toluenesulfonic acid to afford the corresponding triazolothiadiazole
derivatives (27). Likewise, reaction of compound 25 with alkyl or aryl
isothiocyanates in DMF under reflux to afford the corresponding triazolothiadiazole
(28)% (Scheme 1.12).
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Scheme 1.12: Synthesis of triazolothiadiazoles

1.2.2.4. The Synthesis of triazolothiadiazines

It was reported on the preparation of triazolo[3,4-b]-1,3,4-thidiazine (29) during the
reaction of amino-triazolthione (18) with substituted phenacyl bromide®
(Schemel.13).
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Scheme 1.13: Synthesis of triazolothiadiazines



1.3. Biological importance of triazole and triazole-thione

Many 1,2,4-triazole-containing ring systems have been added to a wide range of
therapeutically intriguing drug candidates, such as those with anti-inflammatory,
central nervous system stimulant, sedative, antianxiety, antimicrobial, antimigraine
(rizatriptan), and antimycotic properties. fluconazole, itraconazole, and voriconazole
are examples of antimycotic active drugs that prevent 14a-demethylation, therefore
inhibiting the formation of ergosterol. Additionally, certain medications, such as
triazolam, alprazolam, and estazolam, are known to include the 1,2,4-triazole group.
The anticonvulsant medication estazolam includes a triazolo benzodiazepine ring®
(Figure 1.2).
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Itraconazole

Cl
HN/\//N\ HN/\//N\ HN/\//N\N
N
O Oy OXE
cl Cl Cl
Triazolam Alprazolam Estazolam

Figure 1.2: Some of the triazole-containing drugs.



A broad-spectrum antiviral drug with a 1,2,4-triazole ring is ribavirin (1-b-D-
ribofuranosyl-1H-1,2,4-triazole-3 carboxamide). This substance is effective against
viral diseases, including both DNA and RNA viruses. These days, hepatitis-C is

treated with an interferon-ribavirin combination!” (Figure 1.3).
o)

NH,
N4\8k

¢ N

N

HO 0

HO
OH

Figure 1.3: Ribavirin

The 1,2,4-triazole nucleus of letrozole, anastrozole, and vorozole makes them potent

aromatase inhibitors* (Figurel.4).

Letrozole Anastrozole

Figure 1.4: Some of the triazole possessing aromatase inhibitors.

In addition to these biologically important triazole derivatives, Prothioconazole
represents a noteworthy example, as it is commercially available for the treatment of

plant-pathogenic fungal infections*? (Figure 1.5).
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Figure 1.5: Prothioconazole

1.4. Indole

The study of heterocyclic compounds occupies a prominent place in chemistry due
to their wide range of applications in medicinal chemistry, material chemistry,
photochemistry, and many other fields,*® and among these heterocyclic compounds,
indole (30) stands out as one of the most important ring systems with broad biological
significance. Indole is an organic compound with the molecular formula CsHsN. It
comprises a six-membered benzene ring that is fused to a five-membered pyrrole
ring. Containing a nitrogen atom, also known as benzo[b]pyrrole, this unique
structure has established indole as a key building block in the field of medicinal

chemistry due to its significant role in drug design and development** (Figure 1.6).

\
i N
H

30

Figure 1.6: The chemical structure of the indole ring.

The indole core is a nearly ubiquitous structural motif in biologically active natural
products. For instance, indole-3-acetic acid (IAA) is among the most prevalent
naturally occurring derivatives of indole and functions as a plant hormone belonging
to the auxin class.* Tryptophan, an essential amino acid, plays a crucial role in

numerous biological processes.*® Serotonin, commonly known as 5-hydroxy
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tryptamine (5-HT), is a type of neurotransmitter. derived biochemically from
tryptophan and is present in all bilaterally symmetrical animals.*” Melatonin is a
hormone found in animals, plants, and microorganisms; in animals, it helps regulate

seasonal biological rhythms based on the duration of its daily production*® (Figure

1.7).
COOH COOH
k N

1.TAA 2. Tryptophan
NH,
HO o) NHAC
N N
N N
H H
3. serotonin 4. melatonin

Figure 1.7: Structures of indole-containing natural products.

The term "indole" originates from the combination of "indigo" and "oleum," as the
compound was first obtained by treating indigo dye with oleum.*® Indole occurs
naturally in certain floral oils, such as jasmine and orange blossom, and can also be
found in coal tar. It is widely used in the perfume industry due to its distinctive
aroma.>® In 1886, Adolf von Baeyer successfully synthesized indole by reducing
oxindole (33),>! marking one of the earliest methods for obtaining this important
heterocyclic compound. He began by oxidizing indigo (31) to form isatin (32), which
he then reduced with zinc dust to produce dioxindole and oxindole (33). Finally,
indole was obtained by passing the vapors of oxindole over heated zinc oxide,
completing the multistep synthesis®? (Scheme 1.14).
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Schemel.14: The first synthesis of indole

Indole is capable of existing in three different tautomeric forms 1H-indole (30), 2H-
indole (35), and 3H-indole (34). These tautomeric variations can significantly affect
the chemical behavior and biological activity of indole-based compounds.® high-
level quantum chemical calculations based on Density Functional Theory (DFT)
estimate that 1H-indole (30) is significantly more stable, with energy differences of

approximately 5.20 kcal/mol compared to 3H-indole (34), and 24.1 kcal/mol relative

to 2H-indole (35)** (Scheme 1.15).
I

Coy — O
N N

H
1H-indole 3H-indole 2H-indole
30 34 35

Scheme 1-15: Tautomeric structures of the indole ring.

Indole, which contains 10 m-electrons (8 from the double bonds and 2 from the
nitrogen's lone pair), is considered aromatic according to Huckel's rule. This

aromaticity arises from the delocalization of these m-electrons across the ring
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system.> Indole is often described as an electron-rich system that exhibits
significantly greater reactivity than benzene in electrophilic aromatic substitution
reactions. This characteristic must always be considered when working with indole
and its derivatives. While its high reactivity enables certain organic transformations
that are not possible with benzene or similar arenes, careful control of reaction
conditions and additives is essential to prevent unwanted poly substitution on the
indole ring. Among the possible sites, the C3 position is the most reactive toward
electrophilic substitution, approximately 102 times more reactive than benzene
(Schemel.16).

E
+ E EH +
\, E ) H \
N N N + N
H H ! H
30 H
36
H
+ H +
E o -H
oI ENNg o
N N N
H H H
30 37

Scheme 1.16: Possible regioisomers in the electrophilic attack

other positions such as N1 (with a pKa for the NH group ranging from 12.36 to
19.50 in water) and C2 should also be considered when evaluating the molecule’s

overall reactivity®® (Figure 1.8).
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Figure 1.8: Numbering of the indole system

In addition to acting as a proton donor via the N—H group, the delocalized w-electron
density across the indole scaffold contributes to an increase in its highest occupied
molecular orbital (HOMO) energy level. This electronic property enhances
interactions with nucleobases, especially protonated atoms, as well as with target
proteins.® The indole ring can form hydrogen bonds through the N—H group and can
also participate in m—7 stacking and cation—m interactions due to its aromatic nature.
In terms of hydrophobicity, the indole ring is comparable to a phenyl group, but less

hydrophobic than similar aromatic systems like benzothiophene and benzofuran.%®

1.4.1. Reactions of indole

1.4.1.1. Electrophilic substitution reaction

Indole nitration: Indole can be nitrated using benzoyl nitrate as a non-acidic
nitrating agent. The conventional mixed-acid nitration system typically produces
intractable compounds, most likely due to acid-catalyzed polymerization. This can
be avoided by performing the nitration at a low temperature with concentrated nitric
acid and acetic anhydride; under these conditions, N-alkylindoles and indoles
containing electron-withdrawing substituents on nitrogen can be successfully

nitrated, whereas indole itself cannot> (Scheme 1.17).

15



NO,

C.HNO3 ,Ac,0
Cry ety oS
N -60°C N

| |
SO,Ph SO,Ph

38 39

Scheme 1.17: Nitration of the indole

Sulfonation of indole, indoles reacted readily with sulfonyl chlorides in the presence
of catalytic indium tribromide at room temperature, yielding 3-arylsulfonylindoles

(41) with high regioselectivity®® (Scheme 1.18).

InBrs R SOAr
R
N CICH,CH,CI ,reflux ”
H

40 41

Scheme 1.18: Sulfonation of indole.

Friedel-Crafts Alkylation: An example of direct Alkylation (benzylation) under

solvolytic conditions has been reported by Mayr and coworkers®® (Scheme 1.19).

D O - )
BrH,C OCHz  8:2 CH4CN : H,O
@E} 3 2 N OCHj,4

H H
75%
30 42 3 o

Scheme 1.19: Friedel-Crafts Alkylation

Formylation and acylation: The Vilsmeier-Haack reaction, which utilizes a
combination of an amide and phosphorus oxychloride (POCIls), represents one of the
most reliable methods for the acylation of indoles at the 3-position, the Vilsmeier—

Haack conditions exhibit excellent regioselectivity toward substitution at the 3-
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position, even in the presence of electron-withdrawing substituents at the C-2
position®? (Scheme 1.20).

CHO CN
N DMF,POCI, @ NCCH,CO,H <
N o N  AC,0O,85°C N
H 2h ,40 °C N 2 N
45 30 44

Scheme 1.20: The Vilsmeier—Haack reaction

Halogenation: Fluorination is the most recently investigated of the direct
halogenation procedures, and it has become feasible with the advent of commercially

accessible fluorinating chemicals such as Selectfluor®® (Scheme 1.21).

R F
N\ selectfluor R
P (0]
N CHiCN-H,0 N
46 47

R=CH3 ,(CHz)nOQCCH3 ,(CHQ)nCOQCH3

Scheme 1.21: Fluorination of indole.

N-Protected indoles can be iodinated® and brominated by using phenyliodoinum
bis trifluoroacetate and brominating agents such as N-bromosuccinimide® and

pyridinium bromide perbromide®®(Scheme 1.22).

X

i or i P=PhSO4 ,(CH3)3CO,C, SiRs
(0]
y — \, X=lorBr

\ N

L , i=l, , PhI(O,CCF3),, Pyridine ,CH;CN
P ii=NBS
48 49

Scheme 1.22: lodination and bromination of indole.
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1.4.1.2. Oxidation of indole

The reagent MoOs-HMPA, commonly referred to as MoOPH, facilitates the addition

of methyl hydrogen peroxide to N-acylindoles (50). The resulting (51) can undergo

methanol elimination, leading to the oxidative transformation of indoles into indoxyl

derivatives (52). This reaction offers a convenient and efficient pathway for

synthesizing indoxyl frameworks from indole precursors®” (Scheme 1.23).

o)
MoOs, HMPA HQ H SnCly
@ MeOH, rt. H CHCl,
R ,, —
N 80% N OMe 90% N
AC AC AC
50 51 52

Scheme 1.23: Oxidation of indole.
Oxidative cleavage of the 2,3-double bond in indole can be accomplished using
several oxidizing agents such as ozone, sodium periodate, potassium superoxide,
oxygen in the presence of cuprous chloride, and photochemically in ethanolic

solution®® ( Scheme 1.24).
NalO4
AN aq.MeOH, r.t 0]
0,
” 82% H/%O

53 54

Scheme 1.24: Oxidative cleavage of the indole.

1.4.1.3. Aminoalkylation (The Mannich Reaction)

The Mannich reaction, which involves the use of iminium ions as electrophiles in

alkylation reactions, is a common method for the synthesis of various indole

derivatives. The simple example is the reaction of indole with formaldehyde and

dimethylamine to produce gramine (3-(dimethylaminomethyl)indole) (56), an

essential synthetic intermediate. Depending on the reaction conditions, this method
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can afford either the 1-substituted isogramine or the 3-substituted gramine. Gramine
(56) is typically formed when the reaction is carried out in acetic acid, whereas

isogramine is obtained in aqueous solution®"° (Scheme 1.25).

ZnCI2 ,EtOH \
+ HC=0 + HNR, —

-z /i
Z

gramine
56
58-98% yield

55
R=H ,CH,

Scheme 1.25: The Mannich Reaction of indole

1.4.2. Biological importance of indole

1.4.2.1. Indole as anticancer

One of the most significant nitrogen-containing heterocycles is indole, and its
derivatives have demonstrated potent anticancer activity by interfering with a
number of cellular processes implicated in cancer formation.”* Renowned natural
indole alkaloids, such as vincristine and vinblastine, are used in therapeutic settings
to treat a variety of malignancies, particularly those that are resistant to drugs, such
as lung cancer, lymphoma, leukemia, and melanoma. Moreover, substances like 3,3'-
diindolylmethane (DIM) have shown anticancer properties in a variety of tumor

types’?7® (Figurel.9).
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Vinblastine Vincristine DIM

Figure 1.9: Natural indole alkaloids used as anticancer agents

1.4.2.2. Indole as an antiviral agent

Several indole-based compounds have demonstrated potent antiviral activity and
have been approved for clinical use. For instance, Arbidol exhibits both
immunomodulatory and antiviral effects against influenza A and B viruses,
respiratory syncytial virus (RSV), and severe acute respiratory syndrome
(SARS).”"78 Another example is Delavirdine, a first-generation non-nucleoside
reverse transcriptase inhibitor (NNRTI) approved by the FDA in 1997 for the
treatment of HIV-1 infection as part of highly active antiretroviral therapy
(HAART)” Similarly, Atevirdine, a heteroarylpiperazine-based NNRTI, has shown
strong inhibitory effects on HIV-1 replication and syncytia formation in infected cell
cultures. These findings highlight the versatility of the indole nucleus as a privileged
scaffold for the®® (Figure 1.10).
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Arbidol Delavirdine Atevirdine

Figure 1.10: Indole derivatives as antiviral agents.
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1.4.2.3. Indole as antimicrobial

New indole derivatives with different mechanisms are being investigated. Sanna et
al. developed indole-thiourea hybrids that are effective against both Gram-positive
and Gram-negative bacteria. Compound (57) (MIC < 12.5 ug/mL) showed
significant efficacy compared to ciprofloxacin (MIC < 1.0 ug/MI)®, and Compound
(58) exhibited significant potency (MIC < 8 ug/mL)® (Figure 1.11).

H H
NTN\@C' cl H,N.  COOEt
H
S
N N S
H H 0
57 58

Figure 1.11: Indole derivatives as Antimicrobial

1.4.2.4. Indole as an antioxidant

Indole derivatives have strong antioxidant effects by protecting biomolecules from
peroxidation.884 Melatonin, which is present in almost all cells, increases
antioxidant enzymes (e.g., superoxide dismutase, glutathione peroxidase) and
scavenges reactive oxygen species such as peroxyl radicals and peroxynitrite. Orhan
et al. (2016) produced melatonin-based indole derivatives (59).% Silveira et al.
(2013) investigated C-3 sulfenyl indoles (60); SAR revealed that bis-indole systems
connected by sulfide at C-3 enhanced antioxidant activity by stabilizing the ring and
facilitating electron delocalization.® Baytas and colleagues prepared triazole-
substituted indoles (61) and tested them against DPPH and superoxide radicals. SAR
demonstrated that the unsubstituted 1,2,4-triazole-5(4H)-thione at the second indole

position promoted activity®” (Figure 1.12).
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Figure 1.12: Indole derivatives as antioxidants.

1.4.2.5 Indole as an anti-diabetic agent

Some indole compounds were tested for insulin-sensitizing and glucose-lowering
properties. The indole derivative containing a chlorobenzoyl group (62) increased
the activity of PPARc agents, resulting in lower blood glucose and contributing to
antidiabetic action. Their compounds will be developed as an alternative medication

for the treatment of type 2 diabetes and other metabolic illnesses® (Figurel.13).

62

Figure 1.13: Indole derivatives as anti-diabetic.
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1.5. Schiff bases

Schiff bases (-C=N-) are compounds containing the imine or azomethine functional
group.® They are formed when a primary amine reacts with a carbonyl compound.
%0.91 Hugo Schiff, a German chemist, was the first to synthesize this chemical in 1864,
which became known as the Schiff base.®®* They have the general structure (63)
(Figure 1.14)

R1
>:N—R3
Rs
63

R, R, and R; are Hydrogen or alkyl or (more often) aryl groups

Figure 1. 14: General structure of Schiff base.

Aromatic Schiff bases exhibit greater stability compared to aliphatic Schiff bases,
which are known to be unstable and can undergo polymerization.*® The carbon-
nitrogen double bond formed in Schiff bases, resulting from the reaction between
primary amines and aldehydes is referred to as azomethine or aldimine, while the
bond formed from the reaction with ketones is known as imine or ketimine. The
chemical significance of Schiff bases stems from the unique electronic structure of
the azomethine group, where a lone pair of electrons resides in an sp2 hybridized
orbital of the nitrogen atom.®® This electronic configuration contributes to their
versatile coordination chemistry and biological activities. The relative ease of
synthesis, coupled with the ability to modulate their properties through structural
modifications, has established Schiff bases as important synthetic intermediates and
target molecules in organic and medicinal chemistry.% Schiff bases constitute a
significant category of commonly utilized organic compounds and possess a wide
range of applications across various domains, including analytical, biological, and
inorganic chemistry. Their relevance in medicinal and pharmaceutical fields has

increased due to their extensive range of biological effects such as anti-inflammatory,
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analgesic®-101 antimicrobial, 102103 anticonvulsant,1%4 antitubercular,®
anticancer,'%%1%7 antioxidant,%® anthelmintic,*® and more. The nitrogen atom present
in azomethine can participate in forming hydrogen bonds with the active sites of cell
components, disrupting normal cellular operations.!1%'! Beyond their biological
functions, Schiff bases are also employed as catalysts, intermediates in organic
synthesis, dyes, pigments, polymer stabilizers, and corrosion inhibitors. Research has
shown that metal complexes tend to exhibit enhanced biological activities compared
to their free organic counterparts. The introduction of transition metals into Schiff
bases has been linked to an increase in biological activity.'*? Schiff bases have been
employed as building blocks in the synthesis of various industrial and biologically
significant compounds, such as formazans, 4-thiazolidinines, and benzoxazines,
through processes including ring closure, cycloaddition, and substitution

reactions.!3

1.5.1. Synthesis methods of Schiff bases

1.5.1.1. Reaction of aldehydes and ketones with primary amines
Aldehydes readily react with primary amines to produce Schiff bases, whereas this
reaction is not as straightforward with ketones. To successfully create Schiff bases
from Kketones, it is crucial to consider factors such as the type of catalyst used, the
suitable pH range, the choice of a solvent that can form an azeotropic mixture with
the water generated during the reaction, and the correct reaction temperature!'4
(Scheme 1.26).

R,

FO + R3_NH2 -—‘ >::N—R3

R1 -~ — R1

R4, Ry, R3 = H, alkyl, aryl groups

Scheme 1.26: Synthesis of Schiff bases.
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1.5.1.2. Reaction of organometallic compounds with nitriles

Grignard reagents are capable of reacting with nitriles to produce ketimines (66). To
avoid hydrolysis of the intermediate products into ketones, anhydrous hydrogen
chloride or anhydrous ammonia is introduced into the reaction mixture. Using this
approach, intermediate products can be obtained with an efficiency ranging from

50% to 90% **° (Scheme 1.27).

HCI ,-15°C
RMgX or RLi Ar then NH,OH Ar
Ar—=N —_— > >_—_N\ — >:NH
hydrolesis hydrolesis

Ar

=0
R

67

Scheme 1.27: Addition of organometallic reagents to nitriles.

1.5.1.3. Reaction of phenols and phenol ethers with nitriles

Alkyl or aryl nitriles interact effectively with phenol (68) and phenol ethers under
acidic conditions to produce ketimines (69). This reaction is conducted by saturating
a solution of nitrile and phenol in ether with hydrochloric acid gas. When working
with phenols that have lower reactivity, Zinc Chloride (ZnCl,) should be utilized in

the reactions'!® (Scheme 1.28).

OH OH NH.HCI
HCI
© + R——=N » ©/M\R
68 69

Scheme 1.28: Reaction of phenol with nitriles
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1.5.2. Miscellaneous reactions of Schiff Bases

Schiff bases are versatile intermediates in organic synthesis, participating in a wide
variety of reactions. Among these, cyclization reactions are particularly important,
as they enable the formation of diverse heterocyclic systems.!'” For instance, the
imine group can react with a-chloroacetyl chloride to yield azetidine (B-lactam) (71)
118,119 (Scheme 1.29)

-N
AN NN
N-N s N, /\/( >\NH
SN CICH,COCI N-N 5 e
(0)S s N, 4
__/ N Triethylamine 0)S N\/< /K
, _ 0 S
N\ - \'_/ '}l
\ dioxane N
R o R
70 Cl 74

Scheme 1.29: Synthesis of azetidine

When isoxazol-pyrazole Schiff bases (72) were treated with thioglycolic acid, the

reaction yielded the corresponding thiazolidine-4-one derivative (73)!?° (Scheme

1.30).

o S
N— CH, oH
aypa HS™Y Nt
HiC o N o S N ° ﬂ /N
! > HaC™ o™ o1 N
R R

72 73

R=H, 2,4-di-NO,-CgH;
Scheme 1.30: Synthesis of thiazolidine
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Schiff bases have been effectively utilized as key intermediates for the synthesis of
hydroquinoline derivatives (75), highlighting their versatility in heterocyclic

compound construction*?! (Scheme 1.31).

=N_N OCH COOH HN >>:o
X
@/_ \r\}( ; OCH ©i N NN OcHs
/R 3 NH, | \W A
N OCHs s \ N~ OCHs
2

1,4-dioxane R
¢ " EO
R | R —

N

74

Scheme 1.31: Synthesis of hydroquinoline

The discovery of Schiff bases represented a significant advancement in the field of
coordination chemistry. When coordinated with various transition metal ions, Schiff
base ligands can form stable metal complexes with numerous applications. They are
notable for their strong chelating properties. The availability of a lone pair of
electrons on the azomethine nitrogen atom allows Schiff bases to form complexes
with many metals. This lone pair facilitates the formation of monodentate complexes,
while the inclusion of additional donor groups, such as (OH) and (SH) can produce
bidentate chelates, which contribute to the significant chemical and biological
properties of Schiff bases. Moreover, heterocyclic Schiff bases containing multiple

donor atoms play an even more prominent role in coordination chemistry.!22-124
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1.6. Molecular docking

Molecular docking is considered one of the most commonly used and reliable
structure-based in silico methods. It is widely applied to predict and analyze the
interactions between small molecules and biological macromolecular targets. The
docking process generally involves placing the ligand into the receptor binding
pocket to determine its optimal pose and subsequently assessing the interaction

through scoring functions.?®

Since its introduction in the mid-1970s, molecular docking has become an essential
tool for understanding ligand—target interactions and for supporting drug discovery
and development. Over the years, there has been a substantial rise in studies focusing
on both identifying the structural features required for efficient ligand—receptor

binding and developing more accurate docking methodologies.!26-12°

Molecular docking continues to play a central role in structural molecular biology
and computer-aided drug design, allowing virtual screening of large compound
libraries, prioritization of results, and the formulation of structural hypotheses
regarding how ligands interact with or inhibit their targets, making it indispensable
for lead optimization. Proper preparation of input structures is as critical as the
docking process itself, and analysis of results from stochastic search methods may
sometimes be challenging. Overall, molecular docking has evolved into a powerful
computational technique not only for predicting ligand—receptor interactions but also

as a valuable tool in drug development.**°
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1.6.1 Tryptophan 2,3-dioxygenase (TDO?2)

Tryptophan 2,3-dioxygenase (TDO) is a heme-containing enzymes that catalyze the
initial and rate-limiting step of tryptophan catabolism through the kynurenine
pathway. In this process, tryptophan is oxidized to tryptophan dioxide, which is
subsequently converted into N-formylkynurenine and other kynurenine derivatives.
13ITDO has been reported to be overexpressed in various cancer cell types at different
levels. 132133 Within the tumor microenvironment, tryptophan depletion combined
with the accumulation of kynurenine metabolites promotes the expansion and
functional activity of regulatory T cells (Tregs) activity of regulatory T cells
(Tregs),** while simultaneously inhibiting effector T-cell responses. These two
mechanisms act synergistically to establish an immunosuppressive milieu, thereby
enabling tumor cells to evade effective immune surveillance.®®® Such findings have
stimulated considerable interest in exploring TDO as a therapeutic targets for cancer
drug discovery. TDO is predominantly expressed in the liver, where it plays a key
role in regulating blood tryptophan levels. Structurally, TDO functions as a
homotetrameric enzyme, displaying high substrate specificity and preferentially

catalyzing the oxidative cleavage of tryptophan (Figure 1.15)

Figure 1.15: Crystal Structure of human Tryptophan 2,3-dioxygenase
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1.7. Study aims

The research project aims to:
1- Synthesizing 4-amino-3-methyl-1H-1,2,4-triazole-3-thione and confirm its
structure using FTIR, tHNMR and**CNMR spectrometry.

2- Synthesizing novel indole bearing 1,2,4-triazole-3-thione derivatives and confirm
their structures using FTIR, *HNMR, 3 CNMR and HRMS spectrometry.

3- Evaluation of the biological activity of synthesized compounds, including their in
vitro anticancer activity against HepG2 cell lines and their antibacterial activity

against representative human pathogenic Gram-positive and Gram-negative bacteria.
4-Evaluation of the molecular docking interactions of the synthesized compounds

with the human tryptophan 2,3-dioxygenase (TDOZ2) enzyme to predict their binding

affinity and possible biological activity.
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CHAPTER TWO



2. Experimental

2.1. Chemical Materials

The chemicals used in this study were supplied by the companies shown in Table
(2.2).

Table 2.1: The chemicals used in the study

Chemicals Company

Hydrazine hydrate CDH
Carbon disulfide Fluka AG

Acetic acid glacial SDFCL

Indole-3-carboxaldehyde BLDpharm
6-Bromo-1H-Indole-3-carboxaldehyde BLDpharm
5-Fluoro-1H-Indole-3-carboxaldehyde BLDpharm
5-Chloro -1H-Indole-3-carboxaldehyde BLDpharm
7-Nitro-1H-Indole-3-carboxaldehyde BLDpharm
3-Formyl-1H-indole-5-carbonitrile BLDpharm
5-methoxy-1H-Indole-3-carboxaldehyde BLDpharm
4-Fluoro-1H-Indole-3-carboxaldehyde HEOWNS
6-Fluoro-1H-Indole-3-carboxaldehyde HEOWNS
5-Bromo-1H-Indole-3-carboxaldehyde HEOWNS
6-Chloro -1H-Indole-3-carboxaldehyde HEOWNS

Dichloromethane SRL
Absolute ethanol Honywell

Methanol SRL
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Acetone J.T.Baker
Ethyl acetate SRL
Petroleum ether 40-60 THOMAS BAKER

2.2. Instruments
2.2.1. Melting Point

All melting points are uncorrected and expressed in degree (°C). They were
measured at the Department of Chemistry, College of Science, University of Misan,

by using Stuart melting point apparatus (Cole-Parmer, UK).

2.2.2. Thin Layer Chromatography

TLC was performed using silica gel 60 F254 on Merck precoated aluminum sheet

(0.2 mm thickness), with visualization by UV light.
2.2.3. Fourier Transform Infrared Spectrophotometer

FTIR spactra of all synthesized compounds were measured as KBr disc for solid
samples for the region between (400-4000) cm-1 using SHIMADZU IRAffinity-1
(Japan) at BPC-Anlysis Center in Baghdad, Irag. Only principal absorption bands of

interest were reported and expressed in cm™,
2.2.4. Nuclear Magnetic Resonance Spectrometer

All tH-NMR, B8C-NMR, and HSQC experiments were recorded at the University of
Basrah, Irag, using a Bruker DRX-400 spectrometer (Germany), and chemical shifts
are reported in ppm (8). DMSO-d6 was used as a solvent, while TMS was used as an

internal standard. The coupling constants (J) are measured in Hertz and multiplicities
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are quoted as singlet (s), doublet (d), triplet (t), doublet of doublets (dd), multiplet
(m).

2.2.6. Mass Spectrometer

Electrospray ionization (ESI) high-resolution mass spectra (HRMS) were
determined using Thermo Scientific Orbitrap Exploris 120 Mass Spectrometer (mass
analyzer type: QTOF) at Mass Spectrometry Center operated by the College of
Chemistry and Biochemistry, Auburn University, USA.

2.3. Synthetic Methods

2.3.1. Synthesis of thiocarbohydrazide (A)

Hydrazine hydrate 80% (20 g, 0.4 mol) was added to a round-bottom flask, followed
by the slow addition of carbon disulfide (6.0 g, 0.08 mol) for about 60 min. with
continuous stirring at room temperature. Subsequently, 120 mL of methanol was
added, and the reaction mixture was heated under reflux for 8 h. Finally, the solution
was permitted to cool to room temperature, and the resultant precipitate,
thiocarbohydrazide, was separated by filtration. The precipitate was washed with
methanol and dried. The crude product was purified by dissolving it in water at 40
°C and then cooling to room temperature before refrigeration at 0 °C for 12 h. The

white needle crystals obtained were washed with methanol and dried, using TLC

(DCM:MeOH; 3:0.2)1%

Table 2.2: Physical properties of thiocarbohydrazid (A)

Comp. Structural Molecular M.P Re* Color Yield
No formula formula O (%)
S
HzN\N/U\N/NHz )
A H H CN4HgS 172-175 0.42 White  83%

*Rs values were determined by TLC (DCM : MeOH; 3:0.2)
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2.3.2. Synthesis of 4-amino-5-methyl-2,4-dihydro-3H-1,2,4-triazole-
3-thione (B)

Thiocarbohydrazide (A) (1 g, 0.0094 mol) was dissolved in 6 mL of glacial acetic
acid, and the mixture was heated under reflux for 4 h. After completion of the
reaction, the mixture was allowed to stand at room temperature overnight. The
resulting product, 4-amino-5-methyl-2,4-dihydro-3H-1,2,4-triazole-3-thione, was
isolated and purified by recrystallization from ethanol. The reaction progress was
monitored by thin-layer chromatography (TLC) (DCM : MeOH; 5:0.3).%¥

Table 2.3: Physical properties of 4-amino-5-methyl-1,2,4-triazole-3-thione (B)

Comp. Structural Molecular. M.P Re* color Yield
No formula formula (°C) (%)
S
HZN\NJ\NH .
B ): / C3N4HgS 192-194 0.25 White  44.8
N
H3C

*Rs values were determined by TLC (DCM : MeOH; 5:0.3)

2.3.3. Synthesis of Schiff Bases (C1-C11)
4-Amino-5-methyl-1,2,4-triazole-3-thione (B) (0.004 mol) was treated with various
substituted indole-3-carboxaldehyde (0.004 mol) in glacial acetic acid (22 mL). The
mixture was heated under reflux for 30 minutes to 3 hours, then cooled, filtered, and
washed with cold water. The reaction progress was monitored by thin-layer
chromatography (TLC) (DCM : MeOH ; 5:0.2).1%8
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Table 2.4: Physical properties of Schiff bases (C1-C11)

Comp. Structural formula Molecular M.P Re*  color Yield
No formula (°C) (%)

c1 ©\/<~ NoCHs CLHLNSS  280-282 042  White  92%
N
H

c2 _ M CuMiCINsS 303-305 033 Pale  84%
J@[\g‘ orange
cl N
H
S=(N;N
& SR
C'C[\{ CiHiCINsS 300302 073 Pale  97%
N
" orange
N
S N
1 Off
Br — s
C4 C[\{ CiHioBrNsS 288-292 05  white  86%
N
H
H
S:(N;N

=N CH,

C5 @[\{ CioH1oBrNsS 300-304 0.64 Yellow 89%
N
H
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Co6
H
S
C7 N
N CH
F
s
N
H
H
N
C8

N
S:( °N
N

N
©f<
C9 H
NO,

N=c =N
co IS
N
H

C11 H

/
] _{CH

C12H10FNsS

C12H10FNsS

C12H10FNsS

C12H1002N6S

C13H10NGS

C13H13Ns0S

266-268

302-306

306-308

288-291

308-309

260-263

*Rs values were determined by TLC (DCM : MeOH; 5:0.2)
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2.4. Biological activity
2.4.1. Anticancer Activity

HepG2 cell line (a human hepatocarcinoma cell line) was purchased from the
National Cell Bank of Iran (Pasteur Institute, Iran). Cells were grown in RPMI-1640
(Gibco), with 10% FBS (Gibco) supplemented with antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin). Cells were maintained at 37 °C under humidified air
containing 5% CO2 and were passaged using trypsin/EDTA (Gibco) and phosphate-

buffered saline (PBS) solution. 1%

Cell growth and viability were assessed using the MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] assay (Sigma-Aldrich). Briefly, cells were
digested with trypsin, harvested, adjusted to a density of 1.4 x 10* cells/well, and
seeded into 96-well plates containing 200 ul of fresh medium per well for 24 h. Once
the cells formed a monolayer, they were treated with compounds dissolved in DMSO
at concentrations ranging from 7.4 to 600 pg/ml for 24 h at 37 °C in a 5% CO:
atmosphere. At the end of the treatment, the culture medium was removed, and 200
ul/well of MTT solution (0.5 mg/ml in phosphate-buffered saline, PBS) was added.
The plates were incubated at 37 °C for 4 h. After incubation, the MTT solution was
removed, and 100 pl/well of dimethyl sulfoxide (DMSO) was added to dissolve the
formazan crystals completely on a shaker at 37 °C. Cell viability was quantified by
measuring absorbance at 570 nm using an ELISA reader (Model Wave XS2, BioTek,
USA). The concentration of compounds resulting in 50% cell death (ICs0) was

determined from the respective dose—response curves.
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2.4.2. Antibacterial Activity

The antibacterial activity of Schiff base compounds (C1-C11) was evaluated against
two representative bacterial strains: Staphylococcus aureus ATCC 12600 and
Escherichia coli ATCC 11175, which were chosen as standard models for Gram-
positive and Gram-negative bacteria, respectively. The activity was assessed by
determining the minimum inhibitory concentration (MIC) of each compound using

the broth microdilution method.

Broth micro-dilution method was performed for the determination of minimum

inhibitory concentrations (MICs) according to the standard protocols recommended
by CLSI (Clinical Laboratory Standards Institute). MIC was defined as the lowest
concentration of each tested compound required to inhibit visible bacterial growth.
Two-fold serial dilutions of each compound were prepared in a concentration range
of 0.001-4 mM in sterile micro-dilution trays containing Mueller—Hinton broth
medium. Bacterial suspensions were prepared from freshly cultured cells in sterile
normal saline and adjusted to 0.5 McFarland standard turbidity, then further diluted
(1:100) with sterile Mueller—Hinton broth (MHB) immediately before inoculation
into the trays containing the serial dilutions of each compound. Thus, each
concentration of the compounds was tested against approximately 0.5-1 x 1076
bacterial cells. The 96-well plates were incubated at 37 °C for 24 h. Resazurin was
used as a growth indicator, 4 uL of a 4 mg/mL stock solution in sterile distilled water
was added to each well. Pinkish wells indicated bacterial growth, whereas blue wells
showed growth inhibition by the tested compounds. Ampicillin and Tetracycline

were used as a standard antibiotic control.14°
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2.5. Molecular Docking Studies

Molecular docking studies were performed using PyRx software (version 0.8), which
utilizes AutoDock Vina as the docking engine. The 3D crystal Structure of human
Tryptophan 2,3-dioxygenase was retrieved from the Protein Data Bank (PDB) (PDB
ID. 6YPP) with a resolution of 2.40 A, R-Value Work of 0.191, and R-Value Free of
0.237) https://doi.org/10.2210/pdb6PYY/pdb. The protein structure was prepared

using PyMOL by removing water molecules and the co-crystallized ligand 3-(5-

fluoro-1H-indol-3-yl)pyrrolidine-2,5-dione. The synthesized compounds were used
in this study, and their chemical structures were drawn using Chem3D software.
(version 23.1.1.3). Following energy minimization, these ligands and protein were
converted to PDBQT format within PyRx. Docking was carried out using a grid box
encompassing the active site of the protein with dimensions of [x = 25.0, y = 25.0, z
= 25.0 A, and exhaustiveness = 8]. Binding affinities were expressed in kcal/mol,
and the most favorable docking poses were selected based on the lowest binding
energy values. Protein—ligand interactions were further visualized and analyzed
using Discovery Studio Visualizer (version 25.1.0.24284) and PyMOL software

(version 3.1.6.1). 14
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3. Results and Discussion

3.1. Thiocarbohydrazide (A)

3.1.1. The synthetic strategy

The protocol involved adding 80% hydrazine hydrate (20 g, 0.4 mol) to a round-
bottom flask. Subsequently, (6.0 g, 0.08 mol) of carbon disulfide was slowly added
over 60 minutes. Afterward, 120 mL of methanol was added, and the reaction

mixture was refluxed for 8 hours until completion*® (Scheme 3.1).

MeOH, reflux ﬁ
2 HoN—NH, .H,O + CSz > H2N\N/C\ .NH, + H,S + Hzo

N
8h H H

Scheme 3.1: Synthesis of thiocarbohydrazide (A)

3.1.2. The proposed mechanism

The proposed mechanism of the reaction involves nucleophilic attacks of hydrazine
on the electrophilic carbon atom of CS.. The first nucleophilic attack generates
dithiocarbazate as an intermediate, which undergoes a second nucleophilic attack by
another hydrazine molecule. Subsequent proton transfer converts the thiolate group
into -SH, which is eliminated as H.S, to produce the stable product,
thiocarbohydrazide!3¢142 (Scheme 3.2).
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Scheme 3.2: The proposed mechanism of the synthesis of thiocarbohydrazide (A)

3.2. 4-amino-5-methyl-2,4-dihydro-1H-1,2,4-triazole-3-thione (B)
3.2.1. The synthetic strategy

The protocol involves the addition of (1g, 0.0094 mol) thiocarbohydrazide (A) to a

round-bottomed flask containing 6ml of glacial acetic acid. The mixture was heated

under reflux for 4 h until the reaction was completed3” (Scheme 3.3).

S

S 0 )L
HoN-~ J\ _NH, )J\ reflux HaN~N SNH
NN +  H,C” TOH T’ =N

H3C

Scheme 3.3: Synthesis of 4-amino-5-methyl-3H-1,2,4-triazole-3-thione (B)
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3.2.2. The proposed mechanism

The proposed reaction mechanism involves partial protonation of acetic acid in the
acidic medium, which activates the carbonyl carbon, increasing its electrophilicity
and making it susceptible to nucleophilic attack. Thiocarbohydrazide then reacts with
the carbonyl group to form thiocarbohydrazone as an intermediate, which undergoes
intramolecular nucleophilic attack by the adjacent nitrogen, inducing cyclization to
form a five-membered ring. Subsequent dehydration produces 4-amino-5-methyl-
2,4-dihydro-3H-1,2,4-triazole-3-thione (Scheme 3.4).

X
(IJ CH4
,‘H
6' He o-H H-g o-H
)l\ O><O+ H H proton transfer \8><9\ H H
HyC7 “OH Hae” NN N - NN
3 3 N \[r NH, H3C | \[( NH,
H H H
S S N
HZN\N/U\N/NHZ H-O
H H ’
NH
S S H\/ 2
it L H (o
H2N\ H2N\\
HoN~y“SNH - -HL0 N, NH proton transfer + NH H3C>:H—-NH
g )@NH -~ NH HO
He H3C( OH, HC OH
+
-H
X i
ANSNSN HZN\NJ\/NH
- =
H3C H3C

Scheme 3.4: The proposed mechanism of Synthesis 4-amino-5-methyl-3H-1,2,4-triazole-3-
thione (B)
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3.2.3. Spectroscopic characterization of 4-amino-5-methyl-2,4-
dihydro-3H-1,2,4-triazole-3-thione (B).
The structure of the synthesized compound was confirmed based on spectroscopic

techniques, including IR, *H NMR, and 3C NMR spectra. The spectral data obtained

were consistent with those reported in the related literature.'4144

The IR spectrum of this compound shows absorption bands in (3269-3113) cm™!,
which belong to the N—-H stretching vibrations, and the bands at (2947) cm™! are
attributed to the aliphatic C—H stretching vibrations. A band at (1628) cm™ indicates
the presence of the C=N stretching vibration, while the N-H bending vibration
appeared at (1575) cm™, and a band at (1319) cm™! confirms the presence of the C=S

stretching vibration.

The *H NMR spectrum of the compound displays three characteristic singlets at &
13.41, 5.52, and 2.23 ppm, which are assigned to the protons of the NH, NH, and
CHs groups, respectively. The presence of these signals confirms the formation of

the desired compound.

13C NMR spectrum of the compound exhibits three distinct signals at 6 165.9, 149.6,
and 10.9ppm, corresponding to the carbon atoms of the C=S, C-NH, and CHs groups,
respectively. These signals further confirm the structure of the synthesized

compound.

4-amino-5-methyl-2,4-dihydro-3H-1,2,4-triazole-3-thione (B): white crystals,
m.p. 192-194°C; IR (KBr): 3269 and 3177 (NH,), 3113 (N-H), 2947 (CHs), 1628
(C=N), 1576 ( N-H bending vibration) 1319 (C=S) cm; tH-NMR (400 MHz,
DMSO-ds): ppm 6 13.41(s, 1H, NH), 5.52 (s, 2H, NH), 2.23 (s, 3H, CH3); 3C-NMR
(100 MHz, DMSO-ds): ppm & 165.9 (C=S), 149.6 (C=N), 10.9 (CHj).
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Figure (3.1): IR Spectrum of the compound B
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Figure (3.2): tHNMR Spectrum of the compound B
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Figure (3.3): ®*CNMR Spectrum of the compound B

3.3. Schiff Bases (C1-C11)
3.3.1. The synthetic strategy

The protocol involves treating 4-Amino-3-methyl-1,2,4-triazole-3-thione (B)
(0.004 mol) with various substituted indole-3-carboxaldehydes (0.004 mol) in a flask
containing glacial acetic acid (22 mL). The mixture was heated under reflux for 30
minutes to 3 hours until the reaction was completed*®® (Scheme 3.5).
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Scheme 3.5: Synthesis of Schiff bases (C1-C11)

3.3.2. The proposed mechanism

The proposed reaction mechanism involves the activation of aromatic aldehydes
(substituted indole-3-carboxaldehydes) through hydrogen bonding between the
hydrogen atom of the acetic acid molecule and the carbonyl oxygen atom of the
aldehydes, thereby increasing the electrophilicity of the carbonyl carbon.
Subsequently, the nucleophilic addition of 4-amino-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione (a primary amine) to the carbonyl compound occurs, forming a
tetrahedral intermediate known as a carbinolamine. This is followed by the
elimination of a water molecule, leading to the formation of a Schiff base (Scheme
3.6).
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Scheme 3.6: Mechanism of Synthesis of Schiff bases
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3.3.3. Spectroscopic characterization of Schiff bases (C1-C11)
The IR spectrum exhibits a strong band in the region (3251-3369) cm™, which

belongs to the N—H stretching vibrations of the heterocyclic rings. The bands in the
region (3097-3101) cm™ represent the aromatic C—H stretching vibrations, while
those at (3049-3057) cm™! correspond to the C—H stretching vibrations of the imine
group. The bands at (2926-2933) cm™ are attributed to the aliphatic C—H stretching
vibrations. A strong band at (1606-1595) cm™ indicates the presence of the C=N
stretching vibration, bands that at (1585-1564) cm™ belong to the N-H bending
vibrations, whereas the band at (1502-1510) cm™ is assigned to the aromatic C=C
stretching vibrations. The C—N stretching vibration appears in the region (1427-
1433) cm™, and a band at (1300-1310) cm™ confirms the presence of the C=S

stretching vibration.

The *H NMR spectrum of the compound displays distinct signals. Two singlets at &
(13.58-13.66) and (11.9-12.59) ppm are assigned to the —NH protons of the triazole
and indole rings, respectively, while a singlet at 6 (9.66-9.91) ppm corresponds to
the CH=N proton of the imine. signals in the region ¢ 6.89-8.55 ppm are attributed
to the aromatic protons. Finally, a singlet at 6 2.33- 2.40 ppm is assigned to the —CHs
group. These signals confirm the presence of the expected functional groups in the

synthesized compound.

The B8C-NMR spectra of all synthesized compounds were in agreement with the
proposed structures. The disappearance of the aldehydic carbon signal and the
appearance of a new peak at 6 148-149 ppm confirm the formation of the imine
(C=N) group. Signals in the aromatic region (6 110-150 ppm) correspond to the
carbons of the indole and triazole rings. Quaternary carbons appear at & 161-162
ppm, while methyl group carbon appear at 51 1ppm. In fluoro-substituted derivatives
(C6, C7, and C8), clear 3C—'°F coupling was observed: the directly bonded carbon
showed a strong one-bond coupling (J;-C—F = 233-245 Hz), while the ortho, meta,
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and para carbons exhibited weaker long-range couplings. The nitrile-substituted
compound (C10) displayed a signal at & 104.2 ppm for the nitrile carbon (C=N), and
the methoxy derivative (C11) showed a singlet at 6 55.7 ppm due to the O—CHs
group. All compounds exhibited a peak at 6 11-12 ppm assigned to the methyl group
on the triazole ring (CHs).

The HSQC analysis was performed on compounds C1 and C9. The HSQC
(Heteronuclear Single Quantum Coherence) spectrum was used to determine the
direct one-bond correlations between hydrogen and carbon atoms in the synthesized
compounds. In this technique, signals corresponding to NH protons and quaternary
carbons were absent because they do not possess directly attached hydrogen atoms.
Only protonated carbons, including CH, CH2, and CHs groups, appeared in the
HSQC spectrum, which facilitated the assignment of the proton—carbon correlations

and supported the structural elucidation of the compounds

In addition, the high-resolution mass spectrometry (HRMS) analysis gave an exact
molecular ion peak that matched the calculated mass of the proposed molecular
formula, thereby providing strong confirmation of the molecular weight and overall

structure. 138146

4-(((1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-triazole-

3-thione(C1): White powder, Yield (92%), mp 280-282°C; IR(KBr): 3310, 1574
(N-H), 3098 (C-H(Ar)), 3049 (C-H(imine)), 2926 (C-H(aliph)), 1597(C=N), 1504.48
(C=C(Ar)), 1427 (C-N), 1300 (C=S) cm*; 'H-NMR (400 MHz, DMSO-dg): ppm
013.60 (s, 1H, NH(triazole)), 12.04 (s, 1H, NH(indole)), 9.67 (s, 1H, imine) ), 8.19
(d, 1H, J=7.5Hz, Ar-H), 8.14 (d, 1H, J=2.9 Hz, Ar-H), 7.52 (d, 1H, J=5 Hz, Ar-H),
7.25 (m, 2H, Ar-H), 2.36 (s, 3H, CH3);33C-NMR (100 MHz, DMSO-dg): ppm 6 161.8
(C=9), 161.6 (C=N) triazole, 148.5 (C=N) imine, 137.8 (Ar-C), 135.8 (Ar-CH),
124.7 (Ar-C), 123.7 (Ar-CH), 122.5 (Ar-CH), 122.0 (Ar-CH), 122.8 (Ar-CH), 110.4
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(Ar-C), 11.33 (CHa); HRMS(ESI*) m/z: (M+H") Calcd. for C1,;H12NsS* 258.0813,
Found 258.0813

4-(((6-chloro-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-

triazole-3-thione (C2): Pale orange powder, Yield (84%), m.p. 303-305°C; IR
(KBr): 3354, 1570 (N-H), 3100 (C-H(Ar)), 3049 (C-H(imine)), 2932 (C-H(aliph.)),
1597 (C=N), 1503 (C=C(Ar)), 1414 (C-N), 1302 (C=S) cm; 'H-NMR (DMSO-ds,
400 MHz): ppm ¢ 13.62 (s, 1H, NH(triazole)), 12.12 (s, 1H, NH(indole )), 9.71
(s,1H, imine), 8.18 (m, 2H, Ar-H), 7.57 (d, 1H, J=1.3 Hz, Ar-H), 7.25 (dd, 1H, J;=8.4
Hz, J,=1.6 Hz, Ar-H), 2.36 (s, 3H, CH3); 3C-NMR (DMSO-ds, 100 MHz) : ppm &
161.6 (C=S), 161.2(C=N)triazole, 148.5 (C=N)imine, 138.3 (Ar-C), 136.6 (Ar-CH),
128.3 (Ar-C), 123.8 (Ar-C), 123.4 (Ar-CH), 122.3 (Ar-CH), 112.6 (Ar-CH), 110.5
(Ar-C), 11.3 (CH3); HRMS(ESI*) m/z: (M+H™) Calcd. for C1,H1;CINsS' 292.0424,
Found 292.0421.

4-(((5-chloro-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione(C3): pale orange powder, Yield (97%), m.p. 300-302°C; IR
(KBr): 3281, 1574 (N-H), 3098 (C-H(Ar)), 3049 (C-H(imine)), 2930 (C-H(aliph.)),
1597 (C=N), 1504 (C=C(Ar)), 1413 (C-N), 1298 (C=S) cm-1; 'H-NMR (DMSO-ds,
400 MHz): ppm ¢ 13.61 (s, 1H, NH(triazole)), 12.21 (s, 1H, NH(indole)), 9.67 (s,
1H, imine), 8.21 (s, 1H, Ar-H), 8.15 (s, 1H, Ar-H), 7.55 (d, 1H, J=8.6, Ar-H), 7.29
(d, 1H, J=8.6 Hz, Ar-H), 2.37 (s, 3H, CH3);®*C-NMR (DMSO-dg, 100 MHz) : ppm
0 161.7 (C=S), 161.6 (C=N)triazole, 148.4 (C=N)imine, 137.0 (Ar-C), 136.3 (Ar-
CH), 126.6 (Ar-C), 125.8 (Ar-C), 123.7 (Ar-CH), 121.5 (Ar-CH), 114.5 (Ar-CH),
110.0 (Ar-C), 11.3 (CHs); HRMS(ESI*) m/z: (M+H*) Calcd. for C1,H1,CINsS*
292.0424, Found 292.0420.
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4-(((5-bromo-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione (C4): off white powder, Yield (86%), m.p. 288-292°C; IR (KBr):
3370, 1568 (N-H), 3100 (C-H(Ar)), 3042 (C-H(imine)), 2928 (C-H(aliph.)), 1595
(C=N), 1501 (C=C(Ar)), 1427 (C-N), 1288 (C=S) cm*; 'H-NMR (DMSO-ds, 400
MHz): ppm 613.62 (s, 1H, NH(triazole)), 12.22 (s,1H, NH(indole)), 9.66 (s, 1H,
imine), 8.30 (s, 1H, Ar-H), 8.20 (s, 1H, Ar-H), 7.50 (d, 1H, J=8.6 Hz, Ar-H), 7.40
(d, 1H, J=8.6 Hz, Ar-H), 2.36 (s, 3H, CH3); *C-NMR (DMSO-dgs, 100 MHz): ppm
6 161.69 (C=S), 161.66 (C=N)triazole, 148.4 (C=N)imine, 136.8 (Ar-C), 136.6 (Ar-
CH), 126.4 (Ar-C), 126.3(Ar-C), 124.6 (Ar-CH), 114.9 (Ar-CH), 114.6 (Ar-CH),
109.9 (Ar-C), 11.3(CH3); HRMS(ESI*) m/z: (M+H") Calcd. for Ci,H11BrNsS*
335.9919, Found 335.9919.

4-(((6-bromo-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione(C5): yellow powder, Yield (89%), m.p. 300-304°C; IR (KBr):
3358, 1564 (N-H), 3102 (C-H(Ar)), 3049 (C-H(imine)), 2934 (C-H(aliph.)), 1595
(C=N), 1503 (C=C(Ar)), 1414 (C-N), 1304 (C=S) cm*; 'H-NMR (DMSO-ds, 400
MHz): ppm ¢ 13.61 (s, 1H, NH(triazole)), 12.12 (s, 1H, NH(indole )), 9.72 (s, 1H,
imine), 8.17 (d, 1H, J=2.6, Ar-H), 8.11 (d, 1H, J=8.5 Hz, Ar-H), 7.72 (d, 1H, J=1.0
Hz, Ar-H), 7.37 (dd, 1H, J;=8.6 Hz, J,=1.4 Hz, Ar-H), 2.36 (s, 3H, CH3);*C-NMR
(DMSO-ds, 100 MH2z): ppm 6 161.6 (C=S), 161.2 (C=N)triazole, 148.5 (C=N)imine,
138.7 (Ar-C), 136.4 (Ar-CH), 124.9 (Ar-C), 124.1 (Ar-C), 123.7 (Ar-CH), 116.3 (Ar-
CH), 115.5 (Ar-CH), 110.5 (Ar-C), 11.3 (CHz3); HRMS(ESI*) m/z: (M+H") Calcd.
for C12H11BrNsS*™ 335.9919, Found 335.9920.
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4-(((4-fluoro-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione(C6): pale yellow powder, Yield (48%), m.p. 266-268°C; IR
(KBr): 3331, 1578 (N-H), 3100 (C-H(Ar)), 3050 (C-H(imine)), 2928 (C-H(aliph.)),
1603 (C=N), 1505 (C=C(Ar)), 1424 (C-N), 1300 (C=S) cm; *H-NMR (DMSO-ds,
400 MHz): ppm 613.62 (s,1H, NH(triazole)), 12.38 (s, 1H, NH(indole )), 9.91 (s, 1H,
imine), 8.25 (d, 1H, J=2.7 Hz, Ar-H), 7.36 (d, 1H, J=8.1, Ar-H), 7.22 (m, 1H, Ar-
H), 6.96 (m, 1H, Ar-H), 2.33 (s, 3H, CH3); **C-NMR (DMSO-dg, 100 MHz): ppm &
162.4 (C=S), 160.5 (C=N)triazole, 158.3 and 155.9 (d, J;= 246.6 Hz, Ar-C), 149.5
(C=N)imine, 140.9 (d, J,.= 11 Hz, Ar-C), 132.3 (Ar-CH), 124.8 (d, Js= 7.65 Hz, Ar-
CH), 115.1 (d, J,=20.7 Hz, Ar-C), 110.4 (d, J;=3.4 Hz, Ar-CH), 109.1 (d, Js=3.6 Hz,
Ar-C), 108.0 (d, Js= 19.5Hz, Ar-CH), 12.04 (CHs); HRMS(ESI*) m/z: (M+H")
Calcd. for C1,H11FNsS* 276.0719, Found 276.0714.

4-(((5-fluoro-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione(C7): pale yellow powder, Yield (84%), m.p. 302-306°C; IR
(KBr): 3252, 1578 (N-H), 3098 (C-H(Ar)), 3051 (C-H(imine)), 2928 (C-H(aliph.)),
1601 (C=N), 1503 (C=C(Ar)), 1433 (C-N), 1300 (C=S) cm-1; 'H-NMR (DMSO-ds,
400 MHz): ppm 613.60 (s, 1H, NH(triazole)), 12.13 (s,1H, NH(indole )), 9.69 (s, 1H,
imine), 8.21 (d, 1H, J=2.8 Hz, Ar-H), 7.85 (dd, 1H, J;=9.5 Hz, J,=2.1 Hz, Ar-H),
7.53 (m, 1H, Ar-H), 6.13 (m, 1H, Ar-H), 2.37 (s ,3H, CHs); 3C-NMR (DMSO-ds,
100 MHz): ppm & 161.6 (C=S), 161.5 (C=N)triazole, 159.9 and 157.6 (d, J;= 234.4
Hz, Ar-C), 148.5 (C=N)imine, 137.2 (Ar-CH) , 134.4(Ar-C), 125.0 (d, J,= 10.9 Hz,
Ar-CH), 114.1 (d, Js= 10 Hz, Ar-C) , 112.0 (d, Jo= 26 Hz, Ar-CH), 110.5 (d, Js=4.2
Hz, Ar-C), 107.3 (d, Js= 24 Hz, Ar-CH), 11.3 (CHs); HRMS(ESI*) m/z: (M+H")
Calcd. for C;,H1;FNsS* 276.0719, Found 276.0715.
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4-(((6-fluoro-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-1,2,4-
triazole-3-thione (C8): pale yellow powder, Yield (67%), m.p. 306-308°C; IR
(KBr): 3362, 1585 (N-H), 3102 (C-H(Ar)), 3051 (C-H(imine)), 2932 (C-H(aliph.)),
1601 (C=N), 1504 (C=C(Ar)), 1420 (C-N),1304 (C=S) cm™; *H-NMR (DMSO-ds,
400 MHz): ppm 613.60 (s,1H, NH(triazole)), 12.07 (s,1H, NH(indole )), 9.69 (s,1H,
imine) ,8.17 (m, 2H, Ar-H), 7.32 (dd, 1H, J:=9.5 Hz, J,=1.6 Hz, Ar-H), 7.10 (t, 1H,
J=9.9 Hz, Ar-H), 2.36 (s ,3H, CH3);**C-NMR (DMSO-ds, 100 MHz) : ppm & 161.6
(C=S), 161.3 (C=N)triazole, 161.2 and 158.9 (d, J;=237.2 Hz, Ar-C), 1485
(C=N)imine, 137.9 (d, J4,= 12.9 Hz, Ar-C), 136.4(d, Js=2.3 Hz, Ar-C), 123.7 (d, Js=
10.2 Hz, Ar-CH) , 121.4 (Ar-CH), 110.5(Ar-c),110.3 (d, Js= 23.7 Hz, Ar-CH), 99.1
(d, J,= 25.7 Hz, Ar-CH), 11.3 (CHs3); HRMS(ESI*) m/z: (M+H") Calcd. for
Ci12H1:FNsS* 276.0719 Found 276.0718.

5-methyl-4-(((7-nitro-1H-indol-3-yl)methylene)amino)-2,4-dihydro-3H-1,2,4-
triazole-3-thione (C9): yellow powder, Yield (80%), m.p. 288-291°C; IR (KBr):
3347, 1477 (N-H), 3100 (C-H(Ar)), 3058 (C-H(imine)), 2934 (C-H(aliph.)), 1607
(C=N), 1541 (C=C(Ar)), 1510, 1319 (N=0), 1404 (C-N), 1284(C=S) cm*; *H-NMR
(DMSO-ds, 400 MHz): ppm 613.66 (s, 1H, NH(triazole)), 12.59 (s, 1H, NH(indole
)), 9.90 (s, 1H, imine), 8.64 (d, 1H, J=7.8 Hz, Ar-H), 8.28 (d, 1H, J=2.6 Hz, Ar-H),
8.20 (d,1H, J=7.9 Hz, Ar-H), 7.43 (t, 1H, J=7.9 Hz, Ar-H), 2.39 (s ,3H, CH3); *C-
NMR (DMSO-ds, 100 MHz) : ppm & 161.6 (C=S), 160.5 (C=N)triazole, 148.6
(C=N)imine, 138.0 (Ar-CH), 133.6 (Ar-C), 130.7 (Ar-CH), 130.0(Ar-C), 128.4 (Ar-
C), 121.9 (Ar-CH), 120.6 (Ar-CH), 111.6 (Ar-C), 11.4 (CHs); HRMS (ESI*) m/z:
(M+H") Calcd. for C12H1:0,N6S* 303.0664, Found 303.0662
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3-(((3-methyl-5-thioxo-1,5-dihydro-4H-1,2,4-triazol-4-yl)imino)methyl)-1H-
indole-5-carbonitrile (C10): yellow powder, Yield (98%), m.p. 208-309°C; IR
(KBr): 3256, 1576 (N-H), 3098 (C-H(Ar)), 3051 (C-H(imine)), 2932 (C-H(aliph.)),
2224 (C=N), 1599(C=N), 1504 (C=C(Ar)), 1431 (C-N), 1300 (C=S) cm?; *H-NMR
(DMSO-ds, 400 MHz): ppm 613.64 (s, 1H, NH(triazole)), 12.49 (s, 1H, NH(indole)),
9.80 (s,1H, imine), 8.55 (s,1H, Ar-H), 8.35 (d, 1H, J=2.2 Hz, Ar-H), 7.70 (d, 1H,
J=8.3 Hz, Ar-H), 7.64 (d, 1H, J=8.3 Hz, Ar-H), 2.40 (s,3H, CH3);**C-NMR (DMSO-
ds, 100 MHz): ppm 6 161.6 (C=S), 160.8 (C=N)triazole, 148.6 (C=N)imine, 139.7
(Ar-C), 137.7 (Ar-CH), 127.4 (Ar-C), 126.6 (Ar-C), 124.4 (Ar-CH), 120.7 (Ar-CH),
114.3 (Ar-CH), 110.9 (Ar-C), 104.2 (C=N), 11.4 (CHs); HRMS(ESI) m/z: (M+H")
Calcd. for C13H11NeS™ 283.0766, Found 283.0766

4-(((5-methoxy-1H-indol-3-yl)methylene)amino)-5-methyl-2,4-dihydro-3H-

1,2,4-triazole-3-thione (C11): pale yellow powder, Yield (53%), m.p. 260-363°C;
IR (KBr): 3232, 1574 (N-H), 3102 (C-H(Ar)), 3063 (C-H(imine)), 2940 (C-
H(aliph.)), 1599 (C=N), 1528 (C=C(Ar)), 1483 (C-0), 1443 (C-N), 1282 (C=S) cm’
LIH-NMR (DMSO-dg, 400 MHz): ppm 613.58 (s, 1H, NH(triazole)), 11.91 (s, 1H,
NH (indole )), 9.71 (s,1H, imine), 8.06 (s, 1H, Ar-H), 7.69 (s, 1H, Ar-H), 7.40 (d,
1H, J=8.3 Hz, Ar-H), 6.90 (d, 1H, J=8.3 Hz, Ar-H), 3.80 (s, 3H, CHj3), 2.38 (s, 3H,
CHs); ¥C-NMR (DMSO-ds, 100 MHz): ppm § 161.6 (C=S), 161.4 (C=N)triazole,
155.6 (Ar-C), 148.5 (C=N)imine, 135.8 (Ar-CH), 132.6 (Ar-C), 125.4 (Ar-C), 113.5
(Ar-CH), 113.4 (Ar-CH), 110.2 (Ar-C), 104.4 (Ar-CH), 55.7 (CHj3), 11.3 (CHy);
HRMS(ESI*) m/z: (M+H*) Calcd. for C13H140ONsS*™ 288.0919, Found 288.0916
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Figure (3.4): IR Spectrum of the compound C1
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Figure (3.5): tHNMR Spectrum of the compound C1
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Figure (3.9): IR Spectrum of the compound C2
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Figure (3.10): tTHNMR Spectrum of the compound C2
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Figure (3.11): ®°CNMR Spectrum of the compound C2
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Figure (3.12): Mass Spectrum (ESI) of the compound C2

100 —{ (268 —]|
%T |
90 — F
_ H 5_
] | [ =
! v L\| %2
80— ¥ R 2\ 38 4 2
o = B g =7 of g
7 | ™ 2 - HH g =
n o [ H | % - @ /
@ ) N o Sa 2
0= 2 5% | S N e =¢° /o8
- S 20~ 8 T F - 0 /
- n3 2 / o oy RS
&2 N g4 @
g 2 - v
— N CH, g @
60 Cl o H
— ‘ ©
@ S
\ 2 : :
~ . o
] 0 o2 8
T N 2 N
50— -
H g
7 ¢
7 g
40— ~
[e2]
o
1 T T T ‘ T T T T T T T T ‘ T T T T T T T T | T T T T T T T T T T T T T T T T | T T T T ‘ T T T T | T T T T ‘ T T T T
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400

cm-1

Figure (3.13): IR Spectrum of the compound C3
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Figure (3.14): tHNMR Spectrum of the compound C3
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Figure (3.15): 3 CNMR Spectrum of the compound C3
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Figure (3.16): Mass Spectrum (ESI) of the compound C3
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Figure (3.17): IR Spectrum of the compound C4
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Figure (3.18): THNMR Spectrum of the compound C4
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Figure (3.19): *CNMR Spectrum of the compound C4
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Figure (3.20): Mass Spectrum (ESI) of the compound C4
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Figure (3.21): IR Spectrum of the compound C5
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Figure (3.22): THNMR Spectrum of the compound C5
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Figure (3.24): Mass Spectrum (ESI) of the compound C5
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Figure (3.25): IR Spectrum of the compound C6
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Figure (3.26): tHNMR Spectrum of the compound C6
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Figure (3.27): ®*CNMR Spectrum of the compound C6
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Figure (3.28): Mass Spectrum (ESI) of the compound C6
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Figure (3.29): IR Spectrum of the compound C7
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Figure (3.30): tHNMR Spectrum of the compound C7
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Figure (3.31): ®*CNMR Spectrum of the compound C7
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Figure (3.32): Mass Spectrum (ESI) of the compound C7
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Figure (3.33): IR Spectrum of the compound C8
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Figure (3.36): Mass Spectrum (ESI) of the compound C8
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Figure (3.37): IR Spectrum of the compound C9
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Figure (3.38): THNMR Spectrum of the compound C9
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Figure (3.39): ®*CNMR Spectrum of the compound C9
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Figure (3.41): Mass Spectrum (ESI) of the compound C9
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Figure (3.42): IR Spectrum of the compound C10
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Figure (3.43): tHNMR Spectrum of the compound C10
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Figure (3.44): ®°CNMR Spectrum of the compound C10
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Figure(3.45): Mass Spectrum (ESI) of the compound C10
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Figure (3.46): IR Spectrum of the compound C11
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Figure (3.47): THNMR Spectrum of the compound C11
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Figure (3.48): ®*CNMR Spectrum of the compound C11
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Figure(3.49): Mass Spectrum (ESI) of the compound C11
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3.4. Attempted Synthesis of p-Lactam Derivative

After synthesizing the Schiff base and confirming its spectroscopically, the next step
involved attempting to cyclize the Schiff base to obtain the corresponding p-lactam
using chloroacetyl chloride in the presence of TEA as a base, with dioxane as the
solvent. Based on the structural features of the synthesized Schiff base, it was
anticipated that the imine functionality could undergo intramolecular ring closure

under these conditions#”148 (Scheme 3.7)

H
N
S °N
:E—( o TEA Cl N-N/\LNH
CH > =N

+

&
N\ /
IZ/
zZ
py)
I\
2
©

Scheme 3.7: Attempted Synthesis of -Lactam

However, despite several trials, the cyclization attempts did not yield the desired [3-
lactam product. Different reaction parameters were systematically modified,
including increasing the molar equivalents of chloroacetyl chloride and
triethylamine, changing the reaction temperature, and using other solvents such as
DMF and THF.

The unsuccessful outcome can be attributed to several intrinsic factors related to the
Schiff base obtained in the previous step. These include possible steric hindrance
around the imine group, insufficient nucleophilic reactivity necessary for ring
closure, and the inherent instability of the transition state required to form the highly

strained B-lactam ring.
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3.4. Biological activity
3.4.1. The cytotoxic activity of the synthesized compounds (C1-C11)

The cytotoxic activity of the synthesized Schiff base compounds was evaluated
against the human liver cancer cell line (HepG2) using the MTT assay. The 1Cso
value is considered a key indicator of the inhibitory efficiency of biological and
biochemical materials, where lower ICso values represent higher cytotoxic potency.
The experimental results demonstrated that all tested compounds exhibited weak
cytotoxic effects toward HepG2 cells. Most compounds showed ICso values
exceeding 100 pg/mL, while only a single derivative (C2) displayed an ICso value of
98.95 pg/mL. In comparison, doxorubicin, used as a reference drug, exhibited strong

cytotoxic activity with an ICso value of 1.16 pg/mL.

The relatively low cytotoxic activity of the synthesized compounds may be attributed
to several physicochemical and structural factors. Primarily, their limited agueous
solubility could have markedly reduced their bioavailability in the culture medium.
Insufficient solubility likely restricted the diffusion of the molecules toward the
cellular membrane, thereby decreasing their effective intracellular concentration and
subsequent interaction with biological targets. Additionally, the structural
characteristics of the molecules, including the electronic distribution and steric
properties of the indole and triazole rings, may impede binding to key molecular
targets involved in cancer cell survival and proliferation. Such structural constraints
are often critical in determining the cytotoxic potency of small molecules, while
being chemically interesting, requires further structural optimization to enhance
biological activity. Potential strategies could include the introduction of hydrophilic
substituents to improve solubility or functional groups designed to enhance
membrane permeability and target affinity, which could increase cellular uptake and
cytotoxic efficiency.

79



Table 3.1: In vitro anticancer screening of the compound(C1-C11)

Compound 1Cs0 (Ug/mL)
C1 291.46
C2 98.95
C3 153.30
C4 136.74
C5 705.23
C6 486.35
C7 434.71
C8 367.56
C9 267.41
C10 332.08
Ci11 241.19

Doxorubicin 1.16
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Table 3.2: Growth inhibition (%) of HepG2 cells at different concentrations

Sample ID Cl HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ng/mL)

absorptionat 0.434 0.479 0.398 0.438 0.319 0.350 0.300 0.233 0.209 0.239

570 nm
Viability (%) 84.44 93.19 77.43 85.21 62.06 68.09 58.37 45.33 40.66 46.50

Average 88.81 81.32 65.08 51.85 43.58
Viability (%)
Standard 6.19 5.50 4.26 9.22 4.13

Deviation (%)

Sample ID C2 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ug/mL)

absorptionat 0.470 0.402 0.377 0.336 0.303 0.308 0.180 0.179 0.160 0.128

570 nm
Viability (%) 91.44 78.21 73.35 65.37 5895 59.92 35.02 34.82 31.13 24.90

Average 84.82 69.36 59.44 34.92 28.02
Viability (%)
Standard 9.35 5.64 0.69 0.14 4.40

Deviation (%)

Sample ID C3 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ng/mL)

absorption at 0.487 0.433 0.352 0.362 0.303 0.315 0.211 0.203 0.195 0.212
570 nm

Viability (%) 94.75 84.24 68.48 70.43 5895 61.28 41.05 39.49 37.94 41.25

Average 89.49 69.46 60.12 40.27 39.59
Viability (%0)
Standard 7.43 1.38 1.65 1.10 2.34

Deviation ()

81



Sample ID C4 HepG2 24h

Concentration 7.4 22.22 66.66 200 600

(ug/mL)
absorptionat 0.418 0.443 0.404 0.409 0.335 0.283 0.200 0.217 0.211 0.124

570 nm
Viability (%) 81.32 86.19 78.60 79.57 65.18 55.06 38.91 42.22 41.05 24.12

Average 83.75 79.09 60.12 40.56 32.59
Viability (%)
Standard 3.44 0.69 7.15 2.34 11.97

Deviation (%)

Sample ID C5 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ng/mL)

absorption at 0.445 0.506 0.437 0.462 0.414 0.375 0.339 0.352 0.240 0.251

570 nm
Viability (%) 85.25 96.93 83.72 8851 79.31 71.84 64.94 67.43 45.98 48.08

Average 91.09 86.11 75.57 66.19 47.03
Viability (%)
Standard 8.26 3.39 5.28 1.76 1.49

Deviation (%)

Sample ID C6 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ug/mL)

absorption at 0.463 0.452 0.417 0.412 0.357 0.389 0.327 0.332 0.234 0.218

570 nm
Viability (%) 88.70 86.59 79.89 78.93 68.39 74.52 62.64 63.60 44.83 41.76

Average 87.64 79.41 71.46 63.12 43.30
Viability (%0)
Standard 1.49 0.68 4.33 0.68 2.17

Deviation (z)
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Sample ID C7 HepG2 24h

Concentration 7.4 22.22 66.66 200 600
(Mg/mL)

absorptionat 0.454 0.463 0.422 0.405 0.396 0.352 0.333 0.304 0.286 0.211
570 nm

Viability (%) 88.33 90.08 82.10 78.79 77.04 68.48 64.79 59.14 55.64 41.05
Average 89.20 80.45 72.76

61.96 48.35
Viability (%)
Standard 1.24 2.34 6.05 3.99 10.32
Deviation (%)
Sample ID C8 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(Mg/mL)

Absorptionat 0.467 0.453 0.413 0.409 0.329 0.317 0.249 0.303 0.283 0.214
570 nm

Viability (%) 90.86 88.13 80.35 79.57 64.01 61.67 48.44 58.95 55.06 41.63

Average 89.49 79.96 62.84 53.70 48.35
Viability (%)
Standard 1.93 0.55 1.65 7.43 9.49
Deviation (%)
Sample ID C9 HepG2 24h
Concentration 7.4 22.22 66.66 200 600
(ng/mL)

Absorption at  0.487 0.456 0.379 0.353 0.346 0.306 0.276 0.287 0.209 0.224
570nm

Viability (%) 94.75 88.72 73.74 68.68 67.32 59.53 53.70 55.84 40.66 43.58

Average 91.73 71.21 63.42 54.77 42.12
Viability (%)
Standard 4.26 3.58 5.50

: 1.51 2.06
Deviation ()
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Sample ID

Concentration
(Hg/mL)
absorption at
570 nm
Viability (%0)
Average
Viability (%)
Standard
Deviation (%)

Sample ID

Concentration
(Hg/mL)
absorption at
570 nm
Viability (%)
Average
Viability (%)
Standard
Deviation (%)

Sample ID

Concentration
(Hg/mL)
absorption at
570 nm
Viability (%0)
Average
Viability (%)
Standard
Deviation ()

C10

7.4 22.22 66.66

HepG2 24h

200 600

0.444 0.480 0.387 0.428 0.331 0.328 0.295 0.286 0.246 0.206

86.38 93.39 75.29 83.27

89.88 79.28 64.11
4.95 5.64 0.41
Cl1
7.4 22.22 66.66

0.474 0.516 0.432 0.433 0.329 0.376

90.80 98.85 82.76 82.95 63.03 72.03

94.83 82.85 67.53
5.69 0.14 6.37
Doxorubicin HCI
0.073 0.22 0.66

64.40 63.81 57.39 55.64 47.86 40.08

56.52 43.97
1.24 5.50
HepG2 24h
200 600

0.262 0.275 0.175 0.223

50.19 52.68 33.52 42.72

51.44 38.12
1.76 6.50
HepG2 24h
2 6

0.513 0.521 0.431 0.371 0.315 0.311 0.291 0.230 0.194 0.198

86.07 87.42 7232 62.25 52.85 52.18 48.83 38.59 32.55 33.22

86.74 67.28 52.52

0.95 7.12 0.47
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Figure 3.50: MTT image of compound C1 against HepG2 cells

Figure 3.51: MTT image of compound C2 against HepG2 cells.
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Figure 3.52: MTT image of compound C3 against HepG2 cells

Figure 3.53: MTT image of compound C4 against HepG2 cells
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Figure 3.54: MTT image of compound C5 against HepG2 cells

Figure 3.55: MTT image of compound C6 against HepG2 cells
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Figure 3.56: MTT image of compound C7 against HepG2 cells

Figure 3.57: MTT image of compound C8 against HepG2 cells
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Figure 3.58: MTT image of compound C9 against HepG2 cells

¥

Figure 3.59: MTT image of compound C10 against HepG2 cells
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Figure 3.60: MTT image of compound C11 against HepG2 cells
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Figure 3.61: MTT image of doxorubicin against HepG2 cells
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3.4.2. Antibacterial activity

The continuous emergence of antibiotic-resistant bacterial strains has created a
serious global health concern, emphasizing the urgent need for new antimicrobial
agents with novel chemical structures and mechanisms of action.*® Heterocyclic
systems containing nitrogen and sulfur atoms, such as indole, triazole, and thione
derivatives, have attracted great interest due to their potential biological activities,
including antibacterial, antifungal, and anticancer effects. Therefore, evaluating the
antibacterial potential of the newly synthesized compounds represents an important

step in assessing their pharmacological relevance.>°

In the present study, the synthesized compounds were evaluated against
Staphylococcus aureus ATCC12600 and Escherichia coli ATCC11175 using the
microdilution method. The obtained results revealed that all compounds exhibited
weak antibacterial activity, with minimum inhibitory concentration (MIC) values
ranging from 1000 to 2000 uM. Among them, compounds (C6, C8, and C10) showed
slightly better inhibition toward S. aureus (MIC = 1000 uM), while all compounds
displayed poor activity against E. coli (MIC =2000 uM).

This difference may indicate that Gram-positive bacteria are more sensitive to the
tested compounds compared with Gram-negative strains, which is most likely due to
the structural variation in their cell walls. The outer membrane of Gram-negative
bacteria acts as an additional permeability barrier that restricts the entry of large or

polar molecules.™

When compared with the standard antibiotics Ampicillin (AMP) and Tetracycline
(TET), which were tested under identical conditions. The reference drugs exhibited
significantly lower MIC values, confirming their much higher antibacterial
effectiveness. Specifically, Ampicillin showed MIC values of 250 uM and 315 pM
against Staphylococcus aureus ATCC12600 and Escherichia coli ATCC11175,
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respectively, while Tetracycline displayed MICs of 1000 uM and 2500 uM for the

same strains, which are significantly lower than those of the tested compounds.

The weak antibacterial activity of the synthesized compounds can be primarily
attributed to its structural rigidity and limited aqueous solubility. Despite containing
polar groups, the rigid structure likely hinders membrane penetration and reduces
effective concentration at bacterial targets. In comparison, ampicillin and
tetracycline are smaller and more flexible molecules, which facilitates diffusion

through bacterial membranes and results in higher antibacterial activity.

2500
2000
1500
1000
50
O N A A A A o

compounds C1-C11

o O

Minimum Inhibitory concentration(uM

M Staphylococcus aureus M Escherichia coli
Figure 3.62: Graph illustrating the MIC values of (C1-C11) against Escherichia coli

and Staphylococcus aureus
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Figure 3.63: Images of MIC produced by C1-Cllagainst Escherichia coli
and Staphylococcus aureus

3.5. Molecular Docking Studies

TDO2 was selected as the molecular target for the docking study because its natural
substrate, L-tryptophan, contains an indole ring, which is also a core structural
feature of the synthesized compounds. Since indole plays a key role in the
recognition and binding of tryptophan within the TDO2 active site, it was
hypothesized that the indole-containing synthesized derivatives may exhibit
favorable interactions with this enzyme.'® Therefore, evaluating their binding
affinities toward TDO2 provides valuable insights into their potential biological

relevance and possible inhibitory activity.

The molecular docking results revealed that all synthesized compounds (C1-C11)
exhibited notable binding affinities toward the target protein, with docking scores

ranging from -7.9 to -8.8 kcal/mol, in comparison with the co-crystallized ligand
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3-(5-fluoro-1H-indol-3-yl)pyrrolidine-2,5-dione which showed a binding affinity of
-8.4 kcal/mol, forming stable hydrogen bonds with key active-site residues such as
GIlu80, Alal50, Ser151, and HEMA401.

Among the designed compounds, C2 demonstrated the highest binding affinity (-8.8
kcal/mol), indicating stronger predicted interactions than the reference ligand. This
compound formed multiple hydrogen bonds with crucial residues (Glu80, Alal50,
Ser151) at short distances (2.1-2.9 A), suggesting a stable and compact ligand—
protein complex. Similarly, (C1, C6, and C9) also exhibited docking scores (-8.6
kcal/mol each), maintaining strong interactions with the same residues within the

active pocket.

On the other hand, (C3, C7, and C11) displayed comparatively lower binding
affinities (-7.9 kcal/mol) and longer hydrogen-bond distances, reflecting weaker
stabilization within the binding site. (C10) showed a score (-8.3 kcal/mol) close to

that of the reference ligand, confirming its good binding potential.

Compound (C2) was the best in the docking study, and this finding is in good
agreement with the MTT assay results, in which it exhibited the highest inhibitory
activity among the tested derivatives. Such consistency between computational and
biological data reinforces the assumption that enhanced binding affinity is closely

associated with increased cytotoxic potency.

Overall, these findings indicate that several of the newly synthesized derivatives,
particularly (C2), could exhibit stronger binding efficiency than the native ligand.
Their favorable binding energies and interaction patterns highlight them as promising
candidates for further biological and pharmacological evaluation.
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Table 3.3: Molecular docking results of compounds (C1-C11)

Compound  Binding affinity Interaction
kcal/mol

H-bonds
NH(indole)-Ala 150
Pi-Pi
C1 -8.6 Indole -HEM 401
Indole -Phe72
Pl-Alkyl
Indole-Leul47
H-bonds
NH(triazole) -Glu80
NH(indole)-Alal50
C2 -8.8 Pi-sigma
Indole -Ser151
Imine-His76
Pi-Pi
Indole -HEM 401
Pl-Alkyl
Indole-Leul47
Pi-sigma
Indole -Ser151
Imine-His76
C3 -7.9 Pi-Pi
Indole -HEM 401
Indole -Phe72
Pl-Alkyl
Indole-Leul47
Indole -Lie73
H-bonds
NH(indole) -Glu80
NH(triazole)-Alal50
Pi-sigma
C4 -8.1 Indole -Ser151
Imine-His76
Pi-Pi
Indole -HEM 401
Pl-Alkyl
Indole -11e73
H-bonds
NH(triazole) -Glu80
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Distance(A°)

2.9

5.80
6.23

3.74

2.1
2.9

4.45
4.67

5.91
3.64

4.57
4.95

6.55
4.81

4.95
4.40
2.9

4.57
4.24

3.70
4.22

2.2



C5

C6

Cr

C8

C9

C10

-8.6

NH(indole)-Alal50
Pi-sigma
Indole -Ser151
Indole -HEM 401
Pl-Alkyl
Indole -Leul47
H-bonds
NH(triazole) -Glu80
NH(indole)-Alal50
Florine-His67
Pi-sigma
Indole -Ser151
Pl-Alkyl
Indole-Leul47
Florin -HEM 401
H-bonds
NH(indole) -Glu80
thione-Gly152
Pl-Alkyl
Triazole-Alal50
Indole-Leul47
H-bonds
NH(triazole) -Glu80
NH(indole)-Alal50
Pi-sigma
Indole -HEM 401
Indole -Ser151
Pl-Alkyl
Indole-Leul47
H-bonds
NH(triazole) -Glu80
NH(indole)-Alal50
Nitro-The342
Pi-Pi
Indole-HEM 401
Pl-Alkyl
Indole-Leul47
H-bonds
NH(indole) -Glu80
NH(triazole)-Alal50
Pi-sigma

96

2.9

4.52
3.59

4.20
2.2
3.0
2.4

4.39

3.62
3.96

2.0
2.7

4.42
4.43

2.2
2.9

3.61
4.54

5.62
2.0
2.9
2.0

3.77

3.92

2.1
2.9



Cl1

3-(5-fluoro-
1H-indol-3-
yl)pyrrolidine-
2,5-dione

-7.9

Indole-HEM 401
Triazole-Ser151
Pl-Alkyl
Indole-Leul47
H-bonds
NH(indole) -Glu80
NH(triazole)-Alal50
Pi-sigma
Indole-HEM 401
Triazole-Ser151
Pl-Alkyl
Indole-Leul47
H-bonds
Florine-Thr342
Pi-Pi
Indole-HEM 401

97

3.72
4.59

5.75

2.0
2.9

3.67
4.56

5.70

3.2

4.78
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Figure 3.65: Binding mode of compound C2 with TDO2 and its 2D schematic interaction
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Figure3.67: Binding mode of compound C4 with TDO2 and its 2D schematic interaction

99




ARG
LEU A4
A336

Interactions

|:| van der Waals - Pi-Pi T-shaped
- Conventional Hydrogen Bond D Alkyl

I Pi-cation [] PiAlky
B Fisigma

D van der Waals - Pi-Pi Stacked
- Conventional Hydrogen Bond - Pi-Pi T-shaped
- Halogen (Fluorine) D Pi-Alkyl
- Pi-Sigma

Figure 3.69: Binding mode of compound C6 with TDO2 and its 2D schematic interaction
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Figure 3.71 : Binding mode of compound C8 with TDO2 and its 2D schematic interaction.
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Figure 3.72: Binding mode of compound C9 with TDO2 and its 2D schematic interaction.
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Figure 3.73: Binding mode of compound C10 with TDO2 and its 2D schematic interaction
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Figure 3.75: Binding mode of 3-(5-fluoro-1H-indol-3-yl)pyrrolidine-2,5-dionewith TDO2

and its 2D schematic interaction
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3.6. Conclusions

1. A new series of indole bearing triazole-3-thione derivatives were synthesized
and their structures were characterized using FTIR, tHNMR, ¥CNMR, and
HRMS spectrometry.

2. The biological evaluation revealed that the synthesized compounds exhibited
weak to moderate anticancer activity against the human liver cancer cell line
(HepG2).

3. The antibacterial screening indicated that the prepared compounds showed

weak antibacterial activity against the tested bacterial strains.

4. Molecular docking studies against tryptophan 2,3-dioxygenase (TDO2)
demonstrated favorable binding interactions, which supported the

experimental biological result
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3.7. Recommendations

Preparation of new derivatives of 4-amino-1,24-triazole-3-thione by
replacing the methyl group with various substituted groups, and studying the

effects of their steric and electronic properties.

2. Utilize the synthesized Schiff base and its azomethine group as a versatile

scaffold for the synthesis of heterocyclic compounds.

3. Evaluate the synthesized compounds against TDOZ2 using enzymatic assays to

validate the docking predictions and identify the most potent inhibitors.
4. Perform molecular dynamics simulations to study the stability and dynamics

of Schiff base-TDO2 interactions, which can guide further structural

optimization.
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