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ABSTRACT
In the current research, a new series of piperazinyl-pyrazolyl-
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2-hydrazinyl thiazole derivatives (6a-6i) were synthesized and
evaluated for their antitubercular activity against Mycobac-
terium tuberculosis H37Rv. The compounds were synthesized
via a three-component reaction involving 3-methyl-5-(4-
methylpiperazin-1-yl)—1-phenyl-1H-pyrazole-4-carbaldehyde,

thiosemicarbazide, and substituted phenacyl bromides (5a-5i) in
ethanol under reflux conditions. The structures of the compounds
were confirmed using 'H NMR, '3C NMR, and FT-IR spectroscopy,
which supported the successful formation of the thiazole core. The

Accepted 27 January 2025

KEYWORDS
Piperazinyl-pyrazolyl-2-
hydrazinyl thiazole;
antitubercular activity;
Mycobacterium tuberculosis;
structure—activity
relationship; molecular
docking; ADME; drug

piperazinyl-pyrazolyl-2-hydrazinyl thiazole derivatives exhibited  development

varying degrees of antitubercular activity, with compound 6c
(MIC = 1.6 pg/mL) showing the highest potency, comparable to
the standard drugs isoniazid and ethambutol. The most active
compounds follow the order as 6c (bromo substituent) > 6d
(fluoro substituent) = 6e (methoxy substituent) > 6a (chloro
substituent) = 6 g (nitrile substituent) with MIC ranging from
(1.6—12.5 ug/mL). Other derivatives also displayed significant activity
(MIC = 25-100 pg/mL) in which the compound 6i showed the
lowest activity (MIC = 100 pug/mL). Molecular docking studies
further supported its biological activity, revealing strong inter-
actions with key residues of the target protein. The DFT analysis
demonstrated that substituents such as bromine, methoxy, and
fluorine affected the HOMO-LUMO energy gaps (3.89 , 3.80, and
3.88 eV, respectively) and global softness (0.517-0.526 eV~'). ADME
studies confirmed favorable pharmacokinetics for 6¢, 6d, and 6e.
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Piperazinyl-Pyrazolyl Thiazoles: Synthesis and Antitubercular Insights
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enhanced antitubercular activity.

Q Compound 6c exhibits remarkable potency with a MIC of 1.6 pg/mL.

O The bromo, fluoro and methoxy substituents significantly enhance efficacy, paving the way for
targeted drug design.

Q Density Functional Theory reveals distinct HOMO-LUMO gaps, guiding the understanding of
electronic properties and reactivity.

Q Favorable ADME profiles for 6c, 6d, and 6e highlight their potential as viable candidates for future
antitubercular therapies.

1. Introduction

Tuberculosis (TB) continues to be one of the biggest threats to world health [1, 2].
Mycobacterium tuberculosis (Mtb), the causative agent, mostly affects the lungs but can
also infiltrate other organs, resulting in a substantial amount of disease and mortal-
ity on a global scale [3, 4]. Treatment attempts have been challenged by the growth of
multidrug-resistant (MDR) and extensively drug-resistant (XDR) strains of Mtb, despite
the availability of anti-tubercular medications [5, 6]. New anti-tubercular drugs with
unique modes of action that can successfully fight resistant strains are thus desperately
needed [7, 8]. Because of their various pharmacological characteristics, including anti-
tubercular activity, heterocyclic compounds-especially those with thiazole and pyrazole
moieties — have been the subject of promising research in recent years [9-12]. Thiazole
derivatives are simple to synthesized and have numerous applications [13-16]. Derivatives
of thiazoles are widely recognized for their diverse biological actions, which encom-
pass anti-Alzheimer agents, anticancer, antiviral, antibacterial, anti-inflammatory, and
antidermatophytic characteristics [17-26].

Thiazole compounds are highly significant structural motifs found in numerous phys-
iologically active compounds, known for their ability to interact effectively with various
biological targets. This makes thiazole an invaluable scaffold in drug discovery, particu-
larly for developing novel therapeutics [27, 28]. Similarly, pyrazole derivatives have been
extensively studied for their medicinal applications, with proven efficacy in antibacte-
rial, anti-inflammatory, and anticancer agents [29, 30]. Combining thiazole and pyrazole
moieties into a single molecular framework offers the potential to harness the unique phar-
macological properties of each, resulting in a synergistic effect that enhances biological
activity. This approach is particularly promising in the development of new antitubercu-
lar agents, as the fusion of these two heterocyclic cores may improve interactions with
biological targets, optimize pharmacokinetic properties, and overcome drug resistance.
Such a combination provides a versatile platform for exploring novel chemical entities with
significant therapeutic potential against Mycobacterium tuberculosis.
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Figure 1. Some important heterocyclic compounds containing pyrazole, thiazole and piperazine ring
structures.

The combined use of thiazole and pyrazole derivatives in the synthesis of piperazinyl-
pyrazolyl-2-hydrazinyl thiazole compounds as effective anti-tubercular drugs is still not
well covered in the literature, despite the substantial study on these compounds. Numerous
heterocyclic derivatives containing pyrazoles and thiazoles, have been shown in ear-
lier research to have antitubercular properties [31-34]. By interfering with important
metabolic pathways like mycolic acid production, which is necessary for the bacterial cell
wall, thiazole compounds, for instance, have been shown to have strong inhibitory effect
against Mtb [35, 36]. The Figure 1 depicts some important heterocyclic compounds con-
taining pyrazole, thiazole and piperazine ring structures. The objective of this study is to fill
this vacuum by creating a novel class of piperazinyl-pyrazolyl-2-hydrazinyl thiazole deriva-
tives and assessing their antitubercular efficacy through computational and experimental
methods.

The current work focuses on using a three-component condensation process to synthe-
size a novel series of thiazole derivatives (6a-6i). This strategy is based on the concept
that combining the pharmacophores of piperazine, pyrazole, and thiazole into a single
molecule could improve the anti-tubercular activity of the resulting compounds. The
pharmacokinetic properties of pharmacological molecules, specifically their solubility and
bioavailability, are known to be enhanced by piperazine. The experimental evaluation of



4 (& Y.RSABLEETAL

the synthesized compounds against the Mtb H37Rv strain revealed promising results. Fur-
thermore, molecular docking studies revealed the binding interactions of the synthesized
compounds with the active sites of potential protein targets in Mtb, shedding light on the
mechanisms underlying their antitubercular activity. This combined approach of synthetic
chemistry and computational modeling strengthens the study’s relevance, offering a more
comprehensive foundation for the development of new therapeutic agents.

2. Materials and methods
2.1. General remarks

The chemicals used in the present research were purchased from Virion Enterprises, Mum-
bai. Thin layer chromatography (TLC) technique was used to track the completion of the
reactions using Merck TLC Plates with Silica Gel 60 Fys4. The FT-IR analysis was per-
formed on Bruker FT-IR spectrophotometer (RAP analytical, Nashik). The NMR study
was done using Bruker Advance 500 MHz NMR instrument (CIF, SPPU, Pune).

2.2. Experimental procedure for the synthesis of
3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazole-4-carbaldehyde

To synthesize compound 2, compound 1 (0.1 mol) was dissolved in dry dimethylfor-
mamide (DME 0.3 mol) in a reaction flask. Phosphorus oxychloride (POCI3, 0.7 mol)
was added dropwise to the reaction mixture under continuous stirring at room temper-
ature. The reaction mixture was then heated to reflux ensuring the reaction proceeded
to completion, as monitored by TLC. After completion, the reaction mixture was cooled
to room temperature and poured into crushed ice, which caused the product to precip-
itate. The resulting solid was collected by filtration, washed thoroughly with cold water,
and recrystallized using ethanol to obtain vompound 2 in its pure form. For the synthesis
of compound 3, compound 2 (0.05 mol) was dissolved in dry DMF (50 mL) in a reaction
flask, and potassium carbonate (K2COs, 0.06 mmol) was added as a base to the solution.
1-Methylpiperazine (0.06 mmol) was then added gradually to the mixture under stirring.
The reaction mixture was heated at 80-100°C for 4 h, with the progress of the reaction
monitored by TLC. After completion, the reaction mixture was cooled to room temper-
ature and poured into water, leading to the precipitation of the product. The precipitate
was collected by filtration, washed with water, and purified by recrystallization to afford
compound 3 in pure form (Scheme 1).

2.3. Experimental procedure for the synthesis of
piperazinyl-pyrazolyl-2-hydrazinyl thiazole derivatives

The hydrazinyl thiazole derivatives were synthesized by reacting 3-methyl-5-(4-
methylpiperazin-1-yl)—1-phenyl-1H-pyrazole-4-carbaldehyde (3, 5 mmol), thiosemicar-
bazide (4, 5mmol), and substituted or unsubstituted phenacyl bromides (5, 5 mmol)
in 10mL of ethanol with 0.1 mL of glacial acetic acid as a catalyst (Scheme 2). Ini-
tially, 3-methyl-5-(4-methylpiperazin-1-yl)—1-phenyl-1H-pyrazole-4-carbaldehyde and
thiosemicarbazide were dissolved in ethanol, followed by the addition of the 2-3 drops
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of acetic acid. The mixture was stirred at room temperature for 5 min before heating the
mixture to 80 °C in an oil bath. The reaction was maintained at this temperature for 50 min
under reflux, with progress monitored by thin-layer chromatography (TLC). Following
this, the appropriate phenacyl bromide (5a-5i) was added to the mixture under continuous
stirring. Upon completion, the mixture was cooled to room temperature and then filtered,
washed with cold ethanol, and dried. The structures were confirmed using 'H NMR, 13C
NMR, and IR spectroscopy. Table 1 depicts the physicochemical data of the synthesized
piperazinyl-pyrazolyl-2-hydrazinyl thiazole derivatives (6a-6i).

2.4. Spectral data

2.4.1. (E)—4-(4-chlorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-
1H-pyrazol-4-yl)methylene)hydrazinyl)thiazole (6a)

FT-IR (cm™!): 3312, 3166, 3048, 2889, 2809, 1564, 1491, 1421, 1289, 1129, 1090, 980, 915,
915, 834, 754, 696, 649; 'H NMR (500 MHz, DMSO-dg) ¢: 11.91 (s, 1H), 8.19 (s, 1H),
7.88 (d, ] = 8.5Hz, 2H), 7.61 (d, ] = 8.5Hz, 2H), 7.55 (t, ] = 7.8 Hz, 2H), 7.49-7.42 (m,
3H), 7.36 (s, 1H), 3.44 (m, 4H), 3.29 (m, 4H), 2.85 (s, 3H), 2.38 (s, 3H); 1*C NMR (126
MHz, DMSO-dg) 9: 169.0, 149.8, 147.5,147.0, 139.4,136.0,134.1, 132.3,129.7,129.1, 128.1,
127.7,124.8, 108.5, 104.5, 53.3, 47.8, 42.9, 15.4.

2.4.2. (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazol-4-
yl)methylene)hydrazinyl)—4-(4-nitrophenyl)thiazole (6b)

FT-IR (cm™1): 3318, 3140, 3071, 2991, 2890, 1573, 1501, 1423, 1327, 1174, 1114, 1045, 975,
920, 848, 754, 700, 655; 'H NMR (500 MHz, DMSO-dg) § 12.02 (s, 1H), 8.28 (d, ] = 8.9 Hz,
2H), 8.21 (s, 1H), 8.12 (d, ] = 8.9 Hz, 2H), 7.70 (s, 1H), 7.61 (d, ] = 7.3 Hz, 2H), 7.55 (t,
J = 7.8Hz, 2H), 7.44 (t, ] = 7.3 Hz, 1H), 3.44-3.33 (m, 4H), 3.25 (m, 4H), 2.84 (s, 3H),
2.39 (s, 3H); 1*C NMR (126 MHz, DMSO-dg) J: 169.2, 149.1, 147.5, 147.1, 146.6, 141.2,
139.4, 136.4, 129.7, 128.1, 126.8, 124.8, 124.6, 108.6, 108.4, 53.3, 47.8, 42.9, 15.4.

2.4.3. (E)—4-(4-bromophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)—1-
phenyl-1H-pyrazol-4-yl)methylene)hydrazinyl)thiazole (6c)

FT-IR (cm™1): 3300, 3232, 3082, 3041, 2910, 2824, 1564, 1490, 1419, 1285, 1193, 1125,
1054, 1008, 916, 836, 748, 688, 652; 'H NMR (500 MHz, DMSO-ds) J: 11.90 (s, 1H), 8.18
(s, 1H), 7.81 (d, ] = 8.5 Hz, 2H), 7.60 (m, 4H), 7.55 (t, ] = 7.8 Hz, 2H), 7.44 (t,] = 7.3 Hz,
1H), 7.37 (s, 1H), 3.40 (s, 4H), 3.28 (s, 4H), 2.84 (s, 3H), 2.38 (s, 3H); 1*C NMR (126
MHz, DMSO-dg) 9:169.0, 149.9, 147.5,147.0,139.4, 136.0, 134.4, 132.0,129.7, 128.1, 128.0,
124.8, 120.9, 108.5, 104.6, 53.3, 47.8, 42.9, 15.4.

2.4.4. (E)—4-(4-methoxyphenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)—1-
phenyl-1H-pyrazol-4-yl)methylene)hydrazinyl)thiazole (6d)

FT-IR (cm™!): 3375, 3132, 3080, 3022, 2983, 2882, 2827, 1560, 1491, 1423, 1296, 1244,
1177, 1119, 1025, 979, 918, 844, 755, 701; 'H NMR (500 MHz, DMSO-ds) J: 11.85 (s, 1H),
8.18 (s, 1H),7.79(d, ] = 8.7 Hz, 2H), 7.61 (d,] = 7.4Hz,2H), 7.55 (t,] = 7.8 Hz, 2H), 7.44
(t,J = 7.3Hz, 1H), 7.11 (s, 1H), 6.97 (d, ] = 8.9 Hz, 2H), 3.79 (s, 3H), 3.41 (m, 4H), 3.27
(m, 4H), 2.38 (s, 3H); 13C NMR (126 MHz, DMSO-dg) 6: 168.7, 159.2, 151.0, 147.5, 146.9,
139.4,135.7,129.7, 128.1, 127.3, 124.8, 114.4, 108.6, 101.5, 55.6, 53.3, 47.8, 42.9, 15.4.
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Table 1. Synthesized piperazinyl-pyrazolyl-2-hydrazinyl thiazole derivatives (6a-6i).

Entry Phenacyl bromide Product Yield (%) M.P. (°C)

cl
HN‘</

N
\\/N\CH:;

T
%)
O

%
= :
o
Z
RS
OZ
—

6a 92 260-262
NO,
HN /
Br N \
N\N N/\\
L N=~cH,
6b NO, 9% 292-294
Br
H HN 4
o HsC, \<
Br N \
N\N N/\\
_N~cHj,
6c Br 85 266-267
o\
H HN 4
0 H4C, \<
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(continued).
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Table 1. Continued.
Entry Phenacyl bromide Product Yield (%) M.P. (°C)
Me
HN /
0
Br N \
N\N N/\\
__N=~cH,
6f Me 83 240-242
CN
HN /
o)
Br / \
N\ N/\\
__N~cH,
6g CN 93 294-295
HN /
A\
N
Br 0 N N/\\N
__N~cH,
6h 88 218-220
Cl
H HN‘</N / Cl
H3 =N’
o)
Br | \
Ny N )
L Nch
Cl
6i Cl 84 268-270

2.4.5. (E)—4-(4-fluorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-
1H-pyrazol-4-yl)methylene)hydrazinyl)thiazole (6e)
FT-IR (cm™!): 3401, 3077, 2987, 2899, 2840, 1581, 1489, 1443, 1362, 1320, 1278, 1217,
1137, 1057, 1020, 981, 910, 846, 806, 758, 713, 649; 'H NMR (500 MHz, DMSO-dg) ¢:
11.92 (s, 1H), 8.23 (s, 1H), 7.89 (dd, ] = 8.7, 5.6 Hz, 2H), 7.61 (d, ] = 7.5 Hz, 2H), 7.54 (4,
J = 7.8Hz, 2H), 7.43 (t, ] = 7.4 Hz, 1H), 7.24 (m, 3H), 3.43 (m, 4H), 3.28 (m, 4H), 2.79
(s, 3H), 2.39 (s, 3H); 13C NMR (126 MHz, DMSO-dg) o: 169.0, 162.0 (d, ] = 244.4 Hz),
150.0, 147.5, 147.1, 139.4, 136.0, 131.9, 129.7, 128.0 (d, ] = 4.3 Hz), 127.9, 124.7, 115.9 (d,
J = 21.5 Hz), 108.5, 103.3, 53.0, 47.6, 42.7, 15.5.
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2.4.6. (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazol-4-
yl)methylene)hydrazinyl)—4-(p-tolyl)thiazole (6f)

FT-IR (cm™1): 3338, 3152, 3060, 2893, 1579, 1489, 1436, 1366, 1314, 1133, 1056, 980,
906, 822, 752, 647; 'H NMR (500 MHz, DMSO-dq) J: 11.86 (s, 1H), 8.17 (s, 1H), 7.74
(d,] = 7.9Hz, 2H), 7.61 (d, ] = 7.9 Hz, 2H), 7.54 (t, ] = 7.7 Hz, 2H), 7.44 (t, ] = 7.3 Hz,
1H), 7.21 (m, 3H), 3.40 (s, 4H), 3.28 (s, 4H), 2.84 (s, 3H), 2.38 (s, 3H), 2.32 (s, 3H); 13C
NMR (126 MHz, DMSO-dg) 6: 168.8, 151.2, 147.5, 146.9, 139.4, 137.2, 135.8, 132.6, 129.7,
129.6, 128.1, 125.9, 124.8, 108.6, 102.7, 53.3,47.8, 42.9, 21.3, 15.4.

2.4.7. (E)—4-(2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazol-4-
yl)methylene)hydrazinyl)thiazol-4-yl)benzonitrile (6 g)

FT-IR (cm_l): 3311, 3120, 3055, 2963, 2904, 2212, 1565, 1494, 1419, 1281, 1174, 1123,
1048, 976, 914, 839, 757, 696; 'H NMR (500 MHz, DMSO-ds) 6: 11.97 (s, 1H), 8.21 (s,
1H), 8.04 (d, ] = 8.5 Hz, 2H), 7.87 (d, ] = 8.5 Hz, 2H), 7.61 (m,, 3H), 7.55 (t, ] = 7.9 Hz,
2H), 7.44 (t,] = 7.3 Hz, 1H), 3.33 (s, 4H), 3.28 (s, 4H), 2.81 (s, 3H), 2.38 (s, 3H); >*C NMR
(126 MHz, DMSO-dg) 0: 169.1, 149.3, 147.5, 147.1, 139.4, 139.3, 136.3, 133.2, 129.7, 128.1,
126.6, 124.8, 119.5, 110.0, 108.4, 107.6, 53.3, 47.8, 42.9, 15.4.

2.4.8. (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazol-4-
yl)methylene)hydrazinyl)—4-phenylthiazole (6 h)

FT-IR (cm™!): 3341, 3075, 2958, 2908, 1581, 1493, 1438, 1365, 1286, 1137, 1051, 981, 910,
847, 814, 742, 655; 'H NMR (500 MHz, DMSO-dq) J: 11.89 (s, 1H), 8.17 (s, 1H), 7.86
(d,] = 7.4Hz, 2H), 7.61 (d, ] = 7.6 Hz, 2H), 7.55 (t, ] = 7.8 Hz, 2H), 7.46-7.39 (m, 3H),
7.33-7.26 (m, 2H), 3.48-3.34 (m, 4H), 3.31-3.25 (m, 4H), 2.84 (s, 3H), 2.38 (s, 3H); 13C
NMR (126 MHz, DMSO-dg) o: 168.8, 147.5, 146.9, 139.4, 135.8, 135.3, 129.7, 129.1, 128.1,
128.0, 126.0, 124.9, 108.6, 103.7, 53.3, 47.8, 42.9, 15.3.

2.4.9. (E)—4-(3,4-dichlorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)—1-
phenyl-1H-pyrazol-4-yl)methylene)hydrazinyl)thiazole (6i)

FT-IR (cm™1): 3320, 3010, 2893, 1553, 1413, 1288, 1127, 1051, 985, 912, 824, 749; 'H NMR
(500 MHz, DMSO-dg) &: 11.94 (s, 1H), 8.19 (s, 1H), 8.09 (d, J = 2.0 Hz, 1H), 7.85 (dd,
J = 8.4,2.0Hz, 1H), 7.67 (d,] = 8.4 Hz, 1H), 7.61 (d, ] = 7.4 Hz, 2H), 7.54 (m, 3H), 7.44
(t, ] = 7.3 Hz, 1H), 3.43-3.34 (m, 4H), 3.28 (m, 4H), 2.84 (s, 3H), 2.38 (s, 3H); 1>*C NMR
(126 MHz, DMSO-dg) 0: 169.1, 149.3, 147.5, 147.1, 139.4, 139.3, 136.3, 133.2, 129.7, 128.1,
126.6, 125.4, 124.8, 119.5, 110.0, 108.4, 107.6, 53.3, 47.8, 42.9, 15.4.

2.5. Antitubercular screening

The antitubercular activity of the synthesized compounds was assessed using the
microplate Alamar Blue assay (MABA) against Mycobacterium tuberculosis H37Rv strain
(ATCC No. 27294). This method, which is non-toxic and employs a thermally stable
reagent, provides a good correlation with the proportional and BACTEC radiometric
methods. The procedure involved adding 200 pL of sterile deionized water to the outer
perimeter wells of a sterile 96-well microplate to minimize evaporation. Wells with only
the medium and Alamar Blue mixture were used as blanks to eliminate background inter-
ference in color development. Subsequently, 100 nL of Middlebrook 7H9 broth was added
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to the inner wells, and serial dilutions of the test compounds were prepared directly on
the plate, with final concentrations ranging from 100 pg/mL to 0.2 pg/mL. Plates were
sealed with parafilm and incubated at 37°C for five days. After this period, 25 pLof a
freshly prepared 1:1 mixture of Alamar Blue reagent and 10% Tween 80 were added to
each well, followed by a 24-hour incubation. The results were determined by the color
change in the wells: blue indicated no bacterial growth (i.e. effective inhibition by the com-
pound), while pink indicated bacterial growth. The minimum inhibitory concentration
(MIC) was defined as the lowest concentration that prevented the color change from blue
to pink. Standard antitubercular drugs - isoniazid, ethambutol, pyrazinamide, rifampicin,
and streptomycin — were used as positive controls, with MIC values of 1.6, 1.6, 3.125,
0.8, and 0.8 ng/mL, respectively, to validate the assay’s accuracy. All experiments were
performed in triplicate to ensure reproducibility and reliability of the results.

2.6. Molecular docking

The molecular docking study of the most active compounds 6¢, 6d and 6e were evaluated
to know the various binding interactions [37]. The steps are as follows-

Protein Preparation: The target protein, P45014a-sterol demethylase (CYP51) with
PDB ID: 1E9X, was downloaded from the Protein Data Bank (PDB). All heteroatoms
(small molecules, ions, and water molecules) were removed to ensure that only the receptor
protein remained for ligand interaction. If the protein contained multiple chains, they were
split to ensure docking occurred only within the relevant binding site. The structure of the
target protein, P450140 -sterol demethylase (CYP51), was validated to confirm structural
integrity post-processing.

Ligand Preparation: Ligands were prepared in PDB format. If necessary, conversion to
PDB format was performed. The size of the ligand was kept below 15 KB to maintain high
accuracy and efficiency during docking, as larger ligands with more atoms and rotatable
bonds can decrease AutoDock Vina’s accuracy.

Cavity Detection: CB-Dock employs a blind docking approach, automatically identify-
ing and analyzing potential binding cavities on the protein surface. The software detects
putative binding sites, focusing on larger cavities where ligands are likely to bind. The top
cavities were selected based on their size for further docking analysis. For this research, the
default number of five cavities was used, although this can be adjusted if necessary.

Docking Procedure: Docking was conducted within the detected cavities, and parameters
such as the center and size of the grid box were customized to ensure precise ligand place-
ment. The docking was performed with a blind docking approach, considering all potential
binding sites for unbiased analysis.

Reranking and Binding Pose Selection: Following the docking process, the docked poses
were reranked according to their docking score, with the scoring function reflecting the
predicted binding affinity between the protein and ligand. The conformation with the low-
est docking score was considered the best binding pose, and the corresponding cavity was
designated as the optimal binding site for the ligand.

Output and Analysis: The top binding conformation was visualized, and interactions
such as hydrogen bonding, hydrophobic interactions, and pi-stacking with key residues of
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CYP51 were analyzed to understand the molecular basis of binding affinity. Visualization
tools ensured accurate assessment of molecular interactions contributing to ligand stability
within the binding site.

2.7. DFT details

The DFT method using the B3LYP functional was used for the computational investi-
gation [38, 39]. The Gaussian-03 Programme package was used to do DFT simulations
without any geometry constraints on an Intel (R) Core (TM) i5 computer [40]. The geom-
etry of the 6c, 6d, and 6e compounds was optimized in the gas phase using the DFT
method, the B3LYP functional, and the 6-311G(d,p) basis set. The 6-311G(d,p) basis set,
the B3LYP functional, and the TD-DFT method were used to compute the HOMO and
LUMO. The molecular visualization application Gauss View 4.1.2 was used to generate
optimized geometry, MESP plot, HOMO, and LUMO images [41].

2.8. ADME study

SwissADME; a web-based software that provides free access was used for evaluating the
pharmacokinetics, drug-likeness, and medicinal chemistry friendliness of the compounds
[42].

3. Results and discussion
3.1. Chemistry

The thiazole derivatives (6a-6i) were synthesized by three component condensa-
tion of 3-methyl-5-(4-methylpiperazin-1-yl)—1-phenyl-1H-pyrazole-4-carbaldehyde (3),
thiosemicarbazide (4), and substituted or unsubstituted phenacyl bromides (5a-5i) in
ethanol using glacial acetic acid as a catalyst. The spectral data, including IR, 'H NMR, and
13C NMR spectra were in full agreement with the structures of the synthesized thiazoles.
The 'H NMR spectra provided detailed information about the electronic environment of
the protons and carbons within the molecules. The multiplicity of the proton signals and
the coupling constants helped to confirm the substitution patterns on the phenyl rings,
while the characteristic imine and thiazole carbon signals in the 1*C NMR spectra were
consistent with the expected structures [43-45]. The FT-IR spectra of the synthesized thi-
azole compounds (6a-6i) exhibit characteristic absorptions that confirm the presence of
functional groups [46-48]. A strong peak around 3312-3401 cm ™! in all compounds indi-
cates N-H stretching from the hydrazinyl group, which is slightly shifted due to hydrogen
bonding. For compound 6a, the peak at 3312cm™! corresponds to the stretching vibra-
tion of the secondary amine (-NH) group, while 6b shows a similar stretch at 3317 cm ™.
The C-H stretching vibrations from aromatic rings are observed between 3040-3079 cm ™!,
confirming the presence of phenyl groups. The peaks between 2881 and 2990 cm™! cor-
respond to aliphatic C-H stretches in the methyl and piperazine groups. Notably, the
carbonyl group is absent in these spectra, consistent with the structure. The C = N stretch-
ing of the thiazole ring appears as a sharp band around 1560-1579 cm™!, confirming the
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presence of the conjugated imine system. The nitro group in compound 6b exhibits a char-
acteristic asymmetric stretch at 1572 cm ™! and symmetric stretching at 1326 cm ™1, further
validating the substitution on the aromatic ring. Peaks between 600 and 800 cm ™! corre-
spond to C-Cl, C-Br, and other halo-aromatics in compounds like 6a, 6c, and 6e. The 'H
NMR spectra of compounds 6a-6i show clear signals corresponding to the proton envi-
ronments, confirming their structures. The singlet at 4 11.85-12.0 in all compounds is
assigned to the proton of the hydrazone N-H group, indicating strong deshielding due to
its conjugation with the thiazole system. In 6a and 6b, the signals at J 8.19-8.28 corre-
spond to the C = N proton, while the doublets at § 7.88-8.12 (] = 8.5 Hz for 6a, ] = 8.9
Hz for 6b) indicate ortho-protons of the aromatic rings. The protons of the piperazine
ring resonate between J 3.29 and 3.44 as multiplets, integrating for four protons each,
confirming the aliphatic environment. For compound 6d, the methoxy group appears as
a singlet at J 3.79, indicating shielding of the protons due to electron-donating effects.
The methyl protons of the pyrazole and piperazine groups appear as singlets around J§
2.38-2.85, showing consistent chemical shifts across all derivatives. Coupling constants,
especially in 6a-6f, support ortho — and meta-coupling interactions within the aromatic
rings, with values around 7.3-8.5 Hz, confirming the substitution patterns. The *C NMR
spectra of compounds 6a-6i display distinct signals for the carbon atoms, consistent with
their structures. In all compounds, the signals around ¢ 168-169 correspond to the imine
carbon (C = N), indicating significant deshielding due to its conjugation with the thiazole
ring. For compound 6b, the nitro group causes a downfield shift in the aromatic carbons at
0 129-141 ppm. The carbon atoms of the pyrazole ring resonate around ¢ 147-150, while
the thiazole carbons are observed between ¢ 136 and 139 in all compounds. The methoxy-
substituted compound 6d shows a characteristic signal at 6 55.61, indicating the presence of
the - OCHj3 group. In contrast, the methyl carbons in compounds 6a-6i appear as singlets
around 0 15.37-15.52 ppm, confirming their aliphatic nature. The carbon signals for the
piperazine ring carbons are located between ¢ 42 and 53, further validating the structure.
The fluorine-substituted aromatic ring in compound 6e exhibits a distinct coupling with
carbon at 6 162.0 (J = 244.4 Hz), reflecting significant deshielding caused by the highly
electronegative fluorine atom.

3.2. Antitubercular study

The anti-tubercular activity of synthesized thiazole derivatives was evaluated against
Mycobacterium tuberculosis (H37Rv strain) using the microplate Alamar Blue assay
(MABA), revealing a range of minimum inhibitory concentration (MIC) values, which
indicated varying levels of potency (Table 2). Among the tested compounds, 6¢ emerged as
the most potent with an MIC of 1.6 pg/mL, which matches the standard drugs isoniazid and
ethambutol. The bromophenyl substitution on the thiazole ring in 6c likely contributes to
this enhanced activity, suggesting that electron-withdrawing groups, such as bromine, play
a significant role in boosting anti-tubercular potency. Compounds 6d and 6e, both of which
demonstrated an MIC of 3.125ng/mL, displayed anti-tubercular activity comparable to
pyrazinamide, another standard drug, indicating that methoxyphenyl and fluorophenyl
substituents also confer substantial efficacy against M. tuberculosis. In contrast, 6i exhibited
the weakest activity with an MIC of 100 ng/mL, suggesting that the dichlorophenyl substi-
tution diminishes efficacy, possibly due to steric or electronic factors. Other compounds,
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Table 2. Anti-Mycobacterial activity of the synthesized thiazole derivatives against M. tuberculosis.

Entry Names of the compounds MIC (pg/mL)
6a (E)—4-(4-chlorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H- 12.5
pyrazol-4-yl)methylene)hydrazinyl)thiazole
6b (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H-pyrazol-4- 50
yl)methylene)hydrazinyl)—4-(4-nitrophenyl)thiazole
6¢ (E)—4-(4-bromophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H- 1.6
pyrazol-4-yl)methylene)hydrazinyl)thiazole
6d (E)—4-(4-methoxyphenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)— 1-phenyl-1H- 3.125
pyrazol-4-yl)methylene)hydrazinyl)thiazole
6e (E)—4-(4-fluorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl)—1-phenyl-1H- 3.125
pyrazol-4-yl)methylene)hydrazinyl)thiazole
6f (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl) — 1-phenyl-1H-pyrazol-4- 25
yl)methylene)hydrazinyl)—4-(p-tolyl)thiazole
69 (E)—4-(2-(2-((3-methyl-5-(4-methylpiperazin-1-yl) - 1-phenyl-1H-pyrazol-4- 12.5
yl)methylene)hydrazinyl)thiazol-4-yl)benzonitrile
6h (E)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl) — 1-phenyl-1H-pyrazol-4- 50
yl)methylene)hydrazinyl)—4-phenylthiazole
6i (E)—4-(3,4-dichlorophenyl)—2-(2-((3-methyl-5-(4-methylpiperazin-1-yl) — 1-phenyl-1H- 100
pyrazol-4-yl)methylene)hydrazinyl)thiazole
Standards  Isoniazid 1.6
Ethambutol 1.6
Pyrazinamide 3.125
Rifampicin 0.8
Streptomycin 0.8

such as 6a and 6 g, with MIC values of 12.5 ng/mL, displayed moderate anti-tubercular
activity, indicating that the chlorophenyl and benzonitrile groups contribute to the activity,
although not as strongly as bromophenyl or methoxyphenyl substitutions. Compounds 6b
and 6 h, both with MIC values of 50 ng/mL, showed relatively lower efficacy, suggesting that
the nitrophenyl and phenyl groups are less favorable for anti-mycobacterial activity. This
variation in potency among the derivatives highlights a clear structure-activity relation-
ship (SAR), where electron-withdrawing groups such as bromine improve efficacy, while
bulkier or electron-donating groups, like nitrophenyl and dichlorophenyl, reduce activ-
ity [46]. When compared to standard anti-tubercular drugs, rifampicin and streptomycin,
which both had an MIC of 0.8 pg/mL, remain the most potent. Isoniazid and ethambu-
tol, with an MIC of 1.6 pg/mlL, exhibited potency equivalent to 6c, while pyrazinamide
(MIC = 3.125 pg/mL) displayed similar efficacy to 6d and 6e. Overall, this study identi-
fies several thiazole derivatives with significant anti-tubercular potential, particularly 6c,
which demonstrated activity equivalent to the key standard drugs. Bromine, as an electron-
withdrawing substituent, enhances antitubercular activity by increasing the compound’s
lipophilicity, enabling better penetration through the lipid-rich mycobacterial cell wall. It
also contributes to stabilizing interactions with the target protein through hydrogen and
halogen bonding. The findings suggest that further structural optimization and in vivo
testing could lead to the development of novel therapeutic agents, with the bromophenyl
group being a key factor in enhancing anti-tubercular efficacy.

3.3. DFT study

The optimized structures of compounds 6c, 6d, and 6e (Figure 2) show distinct spa-
tial arrangements influenced by their respective substituents. All compounds possess a
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thiazole ring at the core, attached to the pyrazole moiety, forming a rigid and planar frame-
work. The phenyl groups attached to the thiazole ring exhibit varying degrees of distortion
depending on the nature of the substituent (bromo, methoxy, or fluoro). In 6¢, the bromo
group on the phenyl ring adds electron-withdrawing properties, slightly pulling electron
density from the ring. In contrast, the methoxy group in 6d is an electron-donating sub-
stituent, potentially affecting the electronic distribution and interactions with biological
targets. The fluoro group in 6e is smaller but also electron-withdrawing, affecting both
lipophilicity and electron distribution. The planar structure enables potential 7 -7 stack-
ing interactions, which are crucial for antitubercular activity. Furthermore, the different
MIC values (1.6 ng/mL for 6c and 3.125 pg/mL for 6d and 6e) correlate with the varia-
tions in substituents. The stronger activity of 6c could be attributed to the bromo group
enhancing interaction with the Mycobacterium tuberculosis enzyme active site, compared
to the methoxy and fluoro groups in 6d and 6e.

The molecular electrostatic potential (MESP) plots of the compounds 6c¢, 6d, and 6e
are depicted in Figure 3. The MESP plot of compound 6c reveals the electronic distri-
bution, showing areas of electropositivity (blue) around the nitrogen and bromine atoms
and areas of electronegativity (red) near the bromophenyl group [48]. This distribution
suggests potential interactions with biological targets, particularly in regions of polar inter-
action. In comparison, 6d and 6e exhibit similar electrostatic trends, but with differences
due to their methoxy and fluorine substituents, respectively. The methoxy group in 6d
introduces an electron-donating effect, while the fluorine in 6e enhances electronegativ-
ity. These electronic differences influence the interaction with the active site of the target,
impacting the compounds’ antitubercular efficacy. Notably, compound 6c has the lowest
MIC value (1.6 pg/mlL), likely due to the favorable electrostatic profile, indicating stronger
interaction with biological targets compared to 6d and 6e, which have higher MIC values
(3.125 pg/mL).

The HOMO and LUMO are very important properties to understand electronic charac-
teristics [49-51]. The HOMO and LUMO distributions in the given molecular structures
(Figure 4) show distinct localization patterns across the compounds. In compound 6c,
the electron-withdrawing bromine localizes the HOMO over the brominated phenyl and
thiazole rings, while the LUMO is mainly distributed over the hydrazine and thiazole
ring, indicating a clear pathway for electronic transitions. In comparison, compound 6d,
which contains an electron-donating methoxy group, exhibits enhanced electron density
in the HOMO across the phenyl and pyrazole rings. Meanwhile, the LUMO is concen-
trated on the thiazole and pyrazole parts, which reflects the electron-donating influence
of the methoxy group. In compound 6e, the highly electronegative fluorine causes the
HOMO to concentrate more on the thiazole and pyrazole rings, with less localization on
the fluorinated phenyl ring, while the LUMO extends from the thiazole to the fluorinated
phenyl ring. This shows that fluorine’s electron-withdrawing nature shifts the electronic
density, altering the regions of HOMO and LUMO distribution compared to the other
compounds. Table 3 contains the electronic and global reactivity parameters of compounds
6¢, 6d and 6e. The HOMO-LUMO values of compounds 6¢, 6d, and 6e reflect the influ-
ence of their substituents on electronic properties. Compound 6¢ (bromophenyl) has the
largest energy gap (3.89 eV), due to the electron-withdrawing nature of bromine, suggest-
ing lower reactivity. Compound 6d (methoxyphenyl) shows the smallest gap (3.80 eV), as
the electron-donating methoxy group enhances reactivity. Compound 6e (fluorophenyl)
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Figure 2. Optimized molecular structures of compounds 6¢, 6d and 6e.

has an intermediate gap (3.88 eV), with fluorine’s electronegativity stabilizing the struc-
ture. The comparative analysis of the global descriptor parameters reveals the influence of
the different substituents (bromine, methoxy, and fluorine) on the electronic properties of
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6e

Figure 3. Molecular electrostatic surface potential plots of compounds 6c, 6d and 6e.

compounds 6c, 6d, and 6e. Compound 6¢, with a bromine substituent, shows the high-
est ionization potential (5.34 eV) and chemical potential (—3.395 eV), indicating a lower
ability to donate electrons compared to the other compounds. The higher electrophilicity
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Table 3. The electronic and global reactivity parameters of compounds 6¢, 6d and 6e.

Compound  Epomo (€V) Eumo (€V) Eg(eV) y(eV) 1(eV) A(eV) p(eV) n(eV) S(eVv™") w(eV) ANmax

6¢C —5.34 —1.45 389 3395 534 145 3395 1945 0514 2963 1746
6d —5.08 —1.28 380 3.180 5.08 1.28 —3.180 1.900 0526  2.661 1.674
6e —5.27 —-1.39 388 3330 527 139 -—3330 1940 0515 2858 1716

Where, Eyomo: Highest Occupied Molecular Orbital energy, Erymo Lowest Unoccupied Molecular Orbital energy, Eg: Energy gap,
X : Electronegativity, |: lonization Potential, A: Electron Affinity, u: Chemical Potential, n: Chemical Hardness, S: Global Softness,
w: Electrophilicity Index, Maximum Electron Transferred

index for 6c suggests it is more reactive toward electrophiles. In contrast, compound 6d,
with a methoxy group, has the lowest ionization potential (5.08 eV) and electronega-
tivity (3.180 eV), reflecting its greater electron-donating capability. The methoxy group
increases electron density, resulting in the highest global softness (0.526eV~!), mak-
ing 6d the most chemically reactive among the three compounds. Compound 6e, with
a fluorine substituent, falls between the other two in terms of ionization potential and
chemical potential, showing a balance between electron-withdrawing and donating effects.
The fluorine’s electronegativity slightly decreases its softness (0.515eV 1), but its elec-
trophilicity index (w = 2.858 V) remains high, indicating significant reactivity. Thus, the
substituents strongly influence electron distribution and reactivity, with bromine and fluo-
rine being more electron-withdrawing and methoxy being electron-donating. Correlation
of electronic properties and biological properties has been important criterion [52]. The
antitubercular activity (MIC) shows a correlation with the band gap (Eg ), as compound
6¢ with the highest activity (MIC = 1.6 pg/mL) has the largest band gap (Eg = 3.89 eV).
Compounds 6d and 6e, with lower activity (MIC = 3.125 pg/mL), have slightly smaller
band gaps. This suggests that a larger band gap may favor antitubercular activity, though
other factors might also contribute.

3.4. Molecular docking analysis

The molecular docking study of compounds 6¢, 6d, and 6e was performed to evaluate
their binding interactions (Figures 5-7) with the target protein P45014a-sterol demethy-
lase (CYP51, PDB ID: 1E9X). Protein preparation involved removing all heteroatoms and
separating chains for proper docking. Ligands were prepared in PDB format, ensuring the
size was below 15 KB for accuracy in AutoDock Vina. CB-Dock identified five potential
binding cavities on the protein surface, where the ligands were docked based on cavity size
and location. The docked poses were prioritized based on binding affinity, where the low-
est docking score identified the most favorable binding site. The top conformations were
then examined for important interactions, such as hydrogen bonds, hydrophobic inter-
actions, and pi-stacking. The docking interaction of compound 6c with its target protein
shows a variety of stabilizing interactions. Notably, pi-pi stacking interactions are formed
with Tyr A:76 and Phe A:78, stabilizing the aromatic rings of the ligand, which is crucial
for its proper orientation within the binding site. Additionally, pi-alkyl interactions with
Leu A:152, Leu A:105, and Phe A:399 contribute to hydrophobic stabilization, particularly
with the phenyl and benzene rings of the compound. Key hydrogen bonds between the
ligand and Gly A:257 and Ala A:256 enhance binding affinity by anchoring the ligand to
the protein. The ligand also benefits from van der Waals interactions with residues like Gly
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Figure 4. Frontier molecular orbital pictures with HOMO, LUMO and band gap energy of compounds
6¢, 6d and 6e.

A:396, Ala A:400, Leu A:321, and His A:259, which provide general stabilization within
the binding pocket. Moreover, pi-sigma interactions with Phe A:255 and Phe A:399 fur-
ther support the non-covalent stabilization of the ligand. Collectively, these interactions —
hydrophobic, pi-stacking, hydrogen bonding, and van der Waals - suggest that compound
6¢ binds strongly and stably within the protein’s active site, making it a promising candi-
date for biological activity. The docking interaction image of compound 6d reveals various
non-covalent interactions with the protein target. Pi-pi stacking interactions (pink) are
observed between the ligand and Phe A:83, Tyr A:76, and Met A:79, stabilizing the aro-
matic rings within the binding pocket. Pi-alkyl interactions (light purple) with Arg A:96,
Phe A:83, and Met A:79 further strengthen the ligand’s hydrophobic binding. Notable van
der Waals interactions (light green) involve residues like Val A:87, Val A:88, Ser A:252, and
Leu A:100, providing additional stability and fitting the ligand within the active site. Hydro-
gen bonds, although not explicitly highlighted in this visualization, are typically critical for
binding, and may also be present to anchor specific portions of the ligand. The diverse
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Figure 5. 3D and 2D interactions of compound 6c with target.

interactions, including pi-stacking, alkyl interactions, and van der Waals forces, indicate
that compound 6d has a strong affinity for the protein target, occupying the binding site
with both hydrophobic and aromatic stabilization mechanisms. These interactions suggest
that the compound can potentially exhibit strong biological activity by effectively binding
to the target protein. The docking interaction image of compound 6e reveals a rich array of
non-covalent interactions between the ligand and its protein target, contributing to a stable
binding pose. Notably, pi-pi stacking interactions (magenta) are observed between the lig-
and and Phe A:83, stabilizing the aromatic ring. Additionally, pi-sulfur interaction (yellow)
is formed with Met A:79, contributing to further stabilization through interaction with the
sulfur atom in the binding pocket. Pi-pi T-shaped interactions are present with Tyr A:76,
enhancing the binding through perpendicular interactions between aromatic rings. The
alkyl and pi-alkyl interactions (light purple) involve residues like Arg A:96, Phe A:83, and
Met A:79, further adding to the hydrophobic stabilization of the ligand within the bind-
ing site. van der Waals interactions (light green) between the ligand and residues such as
Ser A:252, Leu A:100, His A:101, and Ala A:256 create additional weak, but significant,
stabilizing forces. The presence of these interactions collectively suggests that compound
6e binds to the protein’s active site through various non-covalent forces, including aro-
matic stacking, hydrophobic, and sulfur-based interactions. These mechanisms imply that
the compound may demonstrate a strong binding affinity and potential biological activity
against the protein target.

3.5. ADME study

In evaluating the ADME properties of compounds 6¢, 6d, and 6e, the structural differences
in functional groups significantly impact their pharmacokinetic characteristics (Table 4).
All three compounds share a thiazole core with a pyrazole moiety substituted by distinct
phenyl groups. Compound 6d contains a methoxy group (-OCH3) on the phenyl ring,
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Figure 7. 3D and 2D interactions of compound 6e with target.

resulting in 35 heavy atoms, while compounds 6¢ and 6e have 34 heavy atoms due to their
bromo (-Br) and fluoro (-F) groups, respectively. This variation affects molecular com-
plexity and target interaction potential. Compound 6d has a slightly higher fraction of
Csp3 (0.27) compared to 6¢ and 6e (0.24), due to the methoxy group, which increases
three-dimensional flexibility. The halogens in 6¢ and 6e contribute to their more rigid and
planar structures. Flexibility, indicated by rotatable bonds, is also greater in 6d (7 rotat-
able bonds) compared to 6¢ and 6e (6 each), which may enhance binding adaptability. In
terms of hydrogen bonding, 6d and 6e each have 5 hydrogen bond acceptors, while 6¢ has
4. All compounds possess one hydrogen bond donor on the hydrazone linker, essential



20 Y.R.SABLE ET AL.

0 0
»1 N/\ ) cl . N/\ 3 N

(i) DMF, POClj; and (ii) K,CO3, 1-methyliperazine

Scheme 1. Synthesis of 3-methyl-5-(4-methylpiperazin-1-yl)—1-phenyl-1H-pyrazole-4-carbaldehyde.
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Scheme 2. Synthesis of piperazinyl-pyrazolyl-2-hydrazinyl thiazole derivatives.

for interacting with biological targets. The bromo group in 6¢ contributes to its high-
est molar refractivity (151.08), followed by 6d (149.87) and 6e (143.33). The topological
polar surface area (TPSA) is highest for 6d (99.05 A?) due to the methoxy group, with
6¢c and 6e having a TPSA of 89.82 A%. Regarding lipophilicity, 6¢ shows the highest log
Po/w (4.63), making it more lipophilic, while 6d has the lowest (4.00). Solubility follows
the same trend, with 6c being the least soluble (—6.96). All compounds exhibit good gas-
trointestinal absorption but are unlikely to cross the blood-brain barrier, limiting CNS
effects. These compounds inhibit several cytochrome P450 enzymes, indicating poten-
tial drug—drug interactions. The compound 6d demonstrates better solubility and lower
lipophilicity, while 6c and 6e are more lipophilic with reduced solubility. The comparative
analysis of compounds 6c, 6d, and 6e based on their radar plots and boiled egg models
reveals distinct differences in their ADME properties (Table 5). Compound 6¢ exhibits
the highest lipid solubility, attributed to its bromo substituent, while 6d shows the lowest
lipid affinity due to the methoxy group. In terms of flexibility, 6d is the most flexible with
seven rotatable bonds, enhancing its potential for target interactions, whereas 6c and 6e
have six rotatable bonds each. Compound 6d also has the highest polarity and topologi-
cal polar surface area, benefiting solubility. All compounds indicate high gastrointestinal
absorption potential, but none cross the blood-brain barrier, minimizing central nervous
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Table 4. ADME and drug likeness of the compounds 6¢, 6d and

6e.
ADME parameter Compounds

6¢ 6d 6e
Num. heavy atoms 34 35 34
Fraction Csp3 0.24 0.27 0.24
Num. rotatable bonds 6 7 6
Num. H-bond acceptors 4 5 5
Num. H-bond donors 1 1 1
Molar Refractivity 151.08 149.87 14333
TPSA 89.82A2 99.05A2 89.82A2
Consensus Log Po/w 4.63 4.00 4.36
Log S (ESOL) —6.96 —6.12 —6.21
Gl absorption High High High
BBB permeant No No No
P-gp substrate Yes Yes Yes
CYP1A2 inhibitor No No No
CYP2C19 inhibitor Yes Yes Yes
CYP2C9 inhibitor Yes Yes Yes
CYP2D6 inhibitor Yes Yes Yes
CYP3A4 inhibitor Yes Yes Yes
Lipinski Yes Yes Yes
Ghose No No No
Veber Yes Yes Yes
Egan Yes Yes Yes
Muegge No No No
Bioavailability Score 0.55 0.55 0.55

system effects. The compound 6d’s enhanced polarity and flexibility may improve target
interactions, while 6¢’s higher lipid solubility could increase absorption, making all three
compounds promising candidates for further investigation in drug development.

4. Conclusion

In summary, this research efficiently developed a number of derivatives of piperazinyl-
pyrazolyl-2-hydrazinyl thiazole and evaluated their antitubercular potential. The advanced
spectroscopic methods like FT-IR, 'H NMR, and '*C NMR were used to confirm the struc-
tures of nine synthesized derivatives (6a - 6i). The compounds were assessed for their
anti-Mycobacterial activity against Mycobacterium tuberculosis (H37Rv strain), and com-
pound 6¢, containing a bromophenyl group, demonstrated the highest potency with a min-
imum inhibitory concentration (MIC) of 1.6 ng/mL. This result is comparable to standard
drugs like isoniazid and ethambutol. The SAR study showed that electron-withdrawing
groups — especially bromine and fluorine — were essential in increasing antitubercular
efficacy. Additionally, molecular docking studies highlighted strong non-covalent interac-
tions between 6¢ and its target protein, suggesting its high binding affinity. The DFT study
reveals that the electronic and structural properties of compounds 6¢, 6d, and 6e are signif-
icantly influenced by their substituents (bromine, methoxy, and fluorine). The variations in
electron-withdrawing or donating effects alter their HOMO-LUMO energy gaps, softness,
and chemical reactivity. The MESP analysis highlights the regions of electrostatic poten-
tial, which play a crucial role in molecular interactions with biological targets. Compound
6¢, with its bromine substituent, shows enhanced antitubercular activity, correlating with
its favorable electronic profile, as evidenced by its lower MIC value compared to 6d and
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Table 5. Radar plot and Boiled egg of the compounds 6c¢, 6d and 6e.
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6e. The ADME study revealed that 6¢ possessed favorable pharmacokinetic properties,
including good gastrointestinal absorption and drug-likeness. The integration of experi-
mental and computational methods highlights compound 6c as a promising lead for the
development of new antitubercular drugs. Future research could aim at optimizing these
derivatives and assessing their in vivo efficacy to identify more potent antitubercular agents
with improved pharmacokinetic properties.
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