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INTRODUCTION

Tuberculosis (TB) is a widely spread and highly communi-
cable respiratory disease, that has significant implications for
human health [1,2]. It stands as one of the primary causes of
global mortality, second only to HIV/AIDS [3]. Mycobacterium
tuberculosis (Mtb) is the causative agent of TB, a bacterium
that primarily affects the respiratory system but can remain asy-
mptomatic for extended periods [4]. The WHO estimates that
approximately one-fourth of the world’s population has been
infected with Mtb, resulting in around 8 million cases of active
TB and nearly 2 million deaths each year [S]. The standard
treatment for TB entails a six-month regimen of first-line anti-
tubercular drugs including isoniazid, rifampin, ethambutol and
pyrazinamide (PZA). However, it has been shown that patients
do not adhere to the recommended longer treatment period [6],
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A series of biologically active novel triazolo[4,3-a]pyrazines (5a-f) were synthesized and characterized by spectroscopic techniques. The |
synthesized compounds Sa-f were evaluated for their in vitro anti-tubercular (anti-TB) activity against drug-sensitive Mtb H37Rv (ATCC |
27294) strain as well as two drug-resistant Mtb strains viz. Mtb H37Rv ATCC 35822 (INH-resistant) and Mtb H37Rv ATCC 35837 (ETH-
resistant). The synthesized compounds Sa-f displayed good to moderate anti-TB activity against drug-sensitive, INH-resistant and ETH- |
resistant Mitb H37Rv strains. Among all the compounds tested, compound S¢ was found to be significantly potent. It inhibited the growth |
of drug-sensitive, INH-resistant and ETH-resistant Mtb H37Rv strains with MIC values 0.59 = 0.11 uM, 20.83 + 0.67 uM and 15.37 = |
0.14 pM, respectively. Moreover, compounds Sa-f were also tested for their cytotoxic efficacy against the mammalian Vero cell line at a |
maximum concentration of 50 uM. Molecular docking experiments of compounds Sa-f with the mycobacterial membrane protein large 3 |
(MmpL3) were performed to justify the biological activity and provide insight into the possible mechanism of action and binding mode
of compounds. In silico predictions were used to validate compound toxicity descriptors, drug scores and drug-likeness properties. I
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contributing to the emergence of drug-resistant strains of Mtb,
including multidrug-resistant (MDR) and extensively drug-
resistant (XDR) Mtb [7]. Consequently, the development of
novel compounds to combat drug-resistant Mtb strains is a
pressing challenge in the field of drug research. Furthermore,
current TB therapies exhibit diminished efficacy, heightened
toxicity and adverse side effects, leading to increased mortality
rates, particularly among individuals infected with HIV [8].
This has spurred efforts to identify new therapeutic targets
and create alternative anti-TB medications.

In recent years, computational chemistry has become a focal
point for chemists worldwide [9]. This discipline employs com-
puter programs based on principles of theoretical chemistry
to examine intricate chemical structures [10]. Computational
techniques such as machine learning [11], molecular finger-
prints [12], density functional theory (DFT), molecular docking,
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molecular dynamics simulations and in silico ADMET analysis
[13] are used to scrutinize molecular structures, interactions
and properties. Molecular docking, in particular, has been exten-
sively employed in computer-assisted drug discovery, aiding
in the prediction of ligand binding modes and affinities with
known protein structures [14,15]. As a result, it streamlines
research efforts and reduces costs [16,17].

Heterocyclic compounds, due to their diverse biological
activities, are vital in the discovery of new drugs [18]. Nitrogen
containing heterocycles, in particular, have garnered consider-
able attention in the field of medicinal chemistry due to their
therapeutic potential [19]. Among these, the pyrazine nucleus
has emerged as a fundamental framework in the development
of novel drug molecules [20,21]. Pyrazine derivatives, especially
triazolo[4,3-a]pyrazines, have attracted interest due to their
diverse biological and pharmacological activities [22].

The versatile structure, facile synthesis, ease of functiona-
lization and therapeutic potential of triazolo[4,3-a]pyrazines
present opportunities for the development of libraries of biolo-
gically active compounds. Building upon ongoing research
into the development of novel heterocycles [23,24], we report,
herein the synthesis of novel triazolo[4,3-a]pyrazines (5a-f)
(Scheme-I). These compounds were assessed for their in vitro
antitubercular activity against Mycobacterium tuberculosis
(Mtb) H37Rv strains, along with evaluations of physico-chemical
properties, cytotoxicity and pharmacokinetics. Additionally,
the molecular docking simulations were conducted to elucidate
the interactions between potent compounds and the binding
pocket of mycobacterial membrane protein large 3 (MmpL3).

EXPERIMENTAL

All chemicals and reagents were procured from comm-
ercial suppliers and used without further purification. Fourier
Transform Infrared (FTIR) spectra were measured on Perkin-
Elmer One FTIR spectrophotometer using KBr discs (= 5%
w/w). "HNMR spectra were recorded with a Bruker Avance (400
MHz for "H NMR) spectrometer using DMSO-d; as solvent
and tetramethylsilane as an internal standard. Mass spectra were
recorded with a PE Sciex API300 mass spectrophotometer.
Elemental analysis was performed using a Perkin-Elmer type
240 C analyzer. Melting points were determined on a Shimadzu
DSC-50 instrument and are uncorrected.

Synthesis of 3-methyl[1,2,4]triazolo[4,3-a]pyrazine (2):
Initially, 3-methyl[1,2,4]triazolo[4,3-a]pyrazine (2) was synth-
esized by adopting the literature procedure with slight modifi-
cation [25]. Accordingly, acetaldehyde (5 mmol) was added
to a solution of 2-hydrazineylpyrazine (1) (5 mmol) in ethanol
(30 mL) while stirring. The reaction mixture was stirred at room
temperature for 1 h. After the completion of the reaction, as
indicated by thin-layer chromatography (TLC), chloramine-T
trihydrate (5 mmol) was added to the reaction mixture. The
resultant reaction mixture was refluxed at 60 °C until the forma-
tion of product as indicated by TLC [26]. Finally, the reaction
mixture was diluted with ice-cold water to obtain a solid precip-
itate which was filtered, washed several times with distilled
water as well as ethanol and dried in air to obtain pure 3-methyl-

[1,2,4]triazolo[4,3-a]pyrazine (2). Yield: 75%; elemental anal-
ysis for C¢HeNy, caled. (found) %: C, 53.72 (53.71); H, 4.51
(4.48); N, 41.77 (41.79) '"HNMR (400 MHz, DMSO-ds) & ppm:
2.32(s,3H, -CH;),8.61 (d,J =7.1 Hz, 1H, Ar-H), 8.67 (d,J =
6.7 Hz, 1H, Ar-H), 8.72 (s, 1H, Ar-H); MS: m/z 135.1 (M+1).

Synthesis of 3-methyl-5,6,7,8-tetrahydro-[1,2,4]triazolo-
[4,3-a]pyrazine (3): The synthesis of 3-methyl-5,6,7,8-tetra-
hydro[1,2,4]triazolo[4,3-a]pyrazine (3) was carried out as per
the procedure reported in the literature [27]. Accordingly, a
solution of compound 2 (2 mmol) in ethanol (20 mL) was
hydrogenated using atmospheric hydrogen in the presence of
0.5 g 10% Pd/C catalyst at room temperature for 12 h. The
reaction mixture was filtered over a celite bed to remove the
traces of water and evaporation of solvent in a vacuum, followed
by column chromatography (MeOH:DCM, 20:80 v/v) afforded
pure 3-methyl-5,6,7,8-tetrahydro[1,2,4]triazolo[4,3-a]pyrazine
(3).Yield: 79%; elemental analysis for C¢H;oN,, calcd. (found)
%: C,52.16 (52.13); H, 7.30 (7.27); N, 40.55 (40.59); 'HNMR
(400 MHz, DMSO-ds) & ppm: 1.93 (s, 1H, -NH), 2.32 (s, 3H,
-CHa), 3.08 (t, J = 6.2 Hz, 2H, -CH,), 3.91 (s, 2H, -CH,), 4.12
(t, J = 10.2 Hz, 2H, -CH,); MS: m/z 139 (M+1).

Synthesis of triazolo[4,3-a]pyrazines (5a-f): The triazolo-
[4,3-a]-pyrazines (5a-f) were synthesized by following the
procedure described elsewhere [28]. Accordingly, potassium
tert-butoxide (KOz-Bu) (2.0 mmol) was dissolved in THF (15
mL) with constant stirring. The substituted methyl benzoate
(1 mmol) and compound 3 (1 mmol) were mixed immediately
and the reaction mixture was stirred at room temperature until
the completion of reaction as indicated by TLC. After evapora-
tion of THF in vacuum,; distilled water (15 mL) and dichloro-
methane (15 mL) were added and the organic layer was separated
and dried over anhydrous Na,SO,. Finally, the evaporation of
solvent in vacuum followed by column chromatography over
silica gel using ethyl acetate:n-hexane (1:3) mixture afforded
pure products (Scheme-I).

(3-Methyl-5,6-dihydro[1,2,4]triazolo[4,3-a]pyrazin-
7(8H)-yl)(phenyl)methanone (5a): Yield: 89%; m.p.: 151-
153 °C; elemental analysis for C;3H14N4O, calcd. (found) %:
C, 64.45 (64.42); H, 5.82 (5.78); N, 23.13 (23.17); IR (KBr,
Vmar, cm™1): 1786, 1528, 1495; *C NMR (100 MHz, DMSO-
ds) & ppm: 11.4,33.2,48.5,50.5, 127.2, 128.5, 129.7, 135.2,
149.6, 163.8, 171.1; 'H NMR (400 MHz, DMSO-ds) 8 ppm:
2.32 (s, 3H, -CH3), 3.53 (t, J = 6.7 Hz, 2H, -CH,), 4.28 (t, J =
9.8 Hz, 2H, -CHz>), 4.81 (s, 2H, -CH,), 7.54 (t, / = 8.2 Hz, 2H,
Ar-H),7.62(t,J=7.6 Hz, 1H, Ar-H), 7.95 (d, / = 6.7 Hz, 2H,
Ar-H): MS: m/z 243 (M+1).

(3-Methyl-5,6-dihydro[1,2,4]triazolo[4,3-a]pyrazin-
7(8H)-yl)(p-tolyl)methanone (5b): Yield: 91%; m.p.: 162-
164 °C; elemental analysis for CisHsN4O, calcd. (found) %:
C, 65.61 (65.58); H, 6.29 (6.26); N, 21.86 (21.89); IR (KBr,
Vmax, cm™): 1781, 1518, 1493; 'H NMR (400 MHz, DMSO-ds)
d ppm: 2.32 (s, 3H, -CH3), 2.41 (s, 3H, -CHs), 3.53 (t, / = 6.5
Hz, 2H, -CH,), 4.29 (t, J = 10.2 Hz, 2H, -CH,), 4.79 (s, 2H, -
CH,),7.22 (d,J =4.2Hz, 2H, Ar-H), 7.64 (d, / = 4.7 Hz, 2H,
Ar-H); *C NMR (100 MHz, DMSO-ds) d ppm: 11.4,21.3,33.2,
48.5, 50.5, 127.1, 128.8, 132.2, 139.4, 149.6, 163.7, 171.1;
MS: m/z 257 (M+1).
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Scheme-I: Synthesis of novel triazolo[4,3-a]pyrazines (5a-f)

(4-Hydroxyphenyl)(3-methyl-5,6-dihydro[1,2,4]-
triazolo[4,3-a]pyrazin-7(8H)-yl)methanone (5c¢): Yield:
87%; m.p.: 148-150 °C; elemental analysis for Ci3H4N4O,,
calcd. (found) %: C, 60.45 (60.41); H, 5.46 (5.43); N, 21.69
(21.74); IR (KBT, Vinax, cm™): 3508, 1786, 1508, 1481; 'H NMR
(400 MHz, DMSO-ds) 6 ppm: 2.32 (s, 3H, -CH3), 3.50 (t, J =
6.8 Hz, 2H, -CH,), 4.30 (t, J/ = 8.6 Hz, 2H, -CH,), 4.84 (s, 2H,
-CH,), 5.58 (s, 1H, -OH), 7.16 (d, J = 2.6 Hz, 2H, Ar-H), 7.80
(d, J = 3.2 Hz, 2H, Ar-H); ®C NMR (100 MHz, DMSO-d;) &
ppm: 11.4,33.2,48.5, 50.5, 115.7, 127.8, 128.6, 149.6, 159.5,
163.8, 171.1; MS: m/z 259 (M+1).

(4-Aminophenyl)(3-methyl-5,6-dihydro[1,2,4]triazolo-
[4,3-a]lpyrazin-7(8H)-yl)methanone (5d): Yield: 85%; m.p.:
145-147 °C; elemental analysis for C;3H;sNsO, calcd. (found)
%: C, 60.69 (60.67); H, 5.88 (5.84); N, 27.22 (27.25); IR (KBr,
Vimar, cM 1) 3248, 1716, 1512, 1492; '"H NMR (400 MHz,
DMSO-ds) & ppm: 2.36 (s, 3H, -CH3), 3.40 (t, J = 2.7 Hz, 2H,
-CH,), 4.31 (t,J = 10.5 Hz, 2H, -CH,), 4.86 (s, 2H, -CH,), 5.96
(s,2H, -NH>), 7.38 (d, J = 2.1 Hz, 2H, Ar-H), 7.75 (d, J = 4.0
Hz, 2H, Ar-H); "C NMR (100 MHz, DMSO-ds) 6 ppm: 11.4,
33.2,48.5,50.5,114.1,125.2,129.8,149.4,149.7,163.7,171.1;
MS: m/z 258 (M+1).

(4-Methoxyphenyl)(3-methyl-5,6-dihydro-[1,2,4]-
triazolo[4,3-a]pyrazin-7(8H)-yl)methanone (5e): Yield: 90%;
m.p.: 156-158 °C; elemental analysis for Ci4HsN4O,, calcd.
(found) %: C, 61.75 (61.72); H, 5.92 (5.02); N, 20.58 (20.63);
IR (KB, Vi, cm™): 1762, 1528, 1487; '"H NMR (400 MHz,
DMSO-ds) & ppm: 2.33 (s, 3H, -CH3), 3.52 (t, J = 7.2 Hz, 2H,
-CH,), 3.81 (s, 3H, -OCH3), 4.31 (t, J = 10.1 Hz, 2H, -CH,),
4.83 (s, 2H, -CH,), 7.28 (d, J = 6.4 Hz, 2H, Ar-H), 7.72 (d, J
= 4.9 Hz, 2H, Ar-H); "C NMR (100 MHz, DMSO-ds) & ppm:
11.4,33.2,48.5,50.5,55.4,114.1, 127.5, 128.2, 149.7, 161.6,
163.7, 171.1; MS: m/z 273 (M+1).

4-(tert-Butyl)phenyl)(3-methyl-5,6-dihydro[1,2,4]-
triazolo[4,3-a]pyrazin-7(8H)-yl)methanone (5f): Yield:
84%; m.p.: 166-168 °C; elemental analysis for C;;H»N.O,
calcd. (found) %: C, 68.43 (68.41); H, 7.43 (7.39); N, 18.78
(18.82); IR (KBr, Vina, cm™): 1706, 1521, 1487; 'H NMR (400

MHz, DMSO-d) & ppm: 1.33 (s, 9H, -(CHs)3), 2.32 (s, 3H, -
CHs), 3.65 (t,J = 6.8 Hz, 2H, -CH,), 4.28 (t, / = 10.0 Hz, 2H,
-CH»), 4.87 (s, 2H, -CH,), 7.21 (d, J = 8.4 Hz, 2H, Ar-H), 7.82
(d, J = 8.0 Hz, 2H, Ar-H); "C NMR (100 MHz, DMSO-d;) &
ppm: 11.4, 31.3,33.2, 34.2, 48.5, 50.5, 124.8, 126.8, 132.1,
149.6, 152.3, 163.7, 171.1; MS: m/z 299 (M+1).

Antitubercular activity: Novel triazolo[4,3-a]pyrazines
were tested for their in vitro anti-tubercular (anti-TB) activity
against drug-sensitive Mtb H37Rv (ATCC 27294) strain as
well as two significant drug-resistant Mtb strains viz. Mtb H37Rv
ATCC 35822 (INH-resistant) and Mtb H37Rv ATCC 35837
(ETH-resistant). An agar dilution technique was employed to
determine the minimum inhibitory concentration (MIC) [29].
The bacterial growth rate was assessed visually after the incub-
ation period of 28 days at 37 °C.

Cytotoxicity assay: Cytotoxicity assay of novel triazolo-
[4,3-a]pyrazines (5a-f) against mammalian Vero cell line was
carried out using an MTT-based in vitro toxicology assay kit
[30]. At a density of 1 x 10’ cells per well, cells were seeded.
After 24 h, cells were treated for 48 h with varied concentra-
tions (0-50 uM) of test compounds. A 20 uL of MTT (5 mg/mL)
was added to each well and incubated for 4 h at 37 °C. After
carefully removing the medium, 40 uL. of DMSO was added
to each well. The plates were examined using an ELISA plate
reader at a wavelength of 595 nm. The ICs, values of substances
in the cell lines were computed using the Prism 7 programme.
The experiments were carried out in triplicate.

Molecular docking: The three diminesioanl crystal struc-
ture of mycobacterial membrane protein large 3 (MmpL3) (PDB
ID: 6AJJ) was downloaded from the RCSB protein data bank
website https://www.rcsb [31,32] and used as a receptor to
perform molecular docking with synthesized compounds Sa-f.
The molecular docking of the synthesized compounds Sa-f
with the receptor protein 6AJJ was performed using AutoDock-
4.2 [33-38]. Moreover, CASTp is an online tool that determines
empty cavities on the surface of proteins. The active site within
the receptor was identified using CASTp [39]. The grid dimen-
sions were set to 80 A x 80 A x 80 A, which accommodates
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the active site. Grid centre was selected at X = 1.365, Y =
11.715, Z = 37.367 coordinates with 0.02 rate of mutation and
0.8 crossing over rate. The grid spacing of 0.375 A was centred
on the binding site pocket, which covers all the active site
residues of the receptor molecule. The step size of 2.0 A for
translation and 10° for rotation was selected. The maximum
number of energy evaluations was set to 2500000. The popul-
ation size was fixed to 150 to generate 100 conformations for
27000 generations using Lamarckian Genetic Algorithm.

The best-docked conformation among 100 conformations
was obtained with the least binding energy values. Ligand-
receptor interactions were visualized with AutoDock and UCSF
Chimera [40]. In addition, 2D interaction images were gene-
rated using LigPlot [41,42].

Drug-likeness prediction: Lipinski’s rule of five [43] was
used to predict the drug-likeness properties of the novel triazolo-
[4,3-a]pyrazines (5a-f) using a free online resource http:/www.
swissadme.ch.

RESULTS AND DISCUSSION

2-3), while NaOH, KOH and KO#-Bu (1 equiv.) afforded mode-
rate yields of the desired product (Table-1, entries 4,5 and 8).
NaOtz-Bu gave good yield of the desired product (Table-1, entry
6). A significant increase up to 89% in the yield of the desired
product was achieved with KO#-Bu (2 equiv.) (Table-1, entry
7). Therefore, KO#-Bu (2 equiv.) was chosen as a catalyst for
further optimization studies.

Next, the solvent optimization was carried out by testing
various solvents for the model reaction (Table-2). Poor yields
of the desired product were obtained in n-hexane, cyclohexane
and toluene (Table-2, entries 4-6). DMF afforded moderate yield
(Table-2, entry 1), while diethyl ether gave good yield. A note-
worthy increase in the yield (89%) of the desired product was
observed for THF (Table-2, entry 2), therefore, it was chosen
as a solvent for synthesis of triazolo[4,3-a]pyrazines.

TABLE-2
OPTIMIZATION DATA OF SOLVENT IN THE
SYNTHESIS OF TRIAZOLO[4,3-a]PYRAZINES*

Initially, a hydrazone of 2-hydrazineylpyrazine (1) was
generated in situ by condensation of 2-hydrazineylpyrazine
(1) with acetaldehyde in ethanol at room temperature. The hydra-
zone thus formed on treatment with chloramine-T trihydrate
at 60 °C afforded the desired 3-methyl-[1,2,4]triazolo[4,3-a]-
pyrazine (2) via oxidative cyclization. In second step, comp-
ound 2 was hydrogenated in the presence of ambient hydrogen
at room temperature in the presence of 10% Pd/C to give 3-
methyl-5,6,7,8-tetrahydro-[1,2,4]triazolo[4,3-a]pyrazine (3).
Finally, The synthesis of triazolo[4,3-a]pyrazines (5a-f) was
carried out via KO#-Bu assisted amidation of substituted methyl
benzoates (4a-f) with compound 3 in THF at room temperature.
For the optimization of reaction conditions, the reaction between
compound 3 and methyl benzoate (4a) was chosen as model
reaction. Initially, the optimization of base catalyst for model
reaction was performed using various base catalysts (Table-
1). It was observed that when the model reaction was carried
out in the absence of base catalyst, only trace amount of the
desired product was formed even after 24 h of reaction time
(Table-1, entry 1). But in the presence of base catalyst (2 equiv.)
the model reaction afforded good to better yields. The bases
such as Na,COs and K,COs gave poor yields (Table-1, entries

TABLE-1
OPTIMIZATION DATA OF BASE CATALYST IN THE
SYNTHESIS OF TRIAZOLO[4,3-a]PYRAZINES*

Entry Base (equiv.) Time (min) Yield® (%)
1 - 1440 Trace
2 Na,CO; (2) 180 49
3 K,CO; (2) 180 56
4 NaOH (2) 120 63
5 KOH (2) 120 67
6 NaOt-Bu (2) 80 76
7 KOz-Bu (2) 60 89
8 KO#-Bu (1) 90 68

“Reaction conditions: Compound 3 (1.0 mmol), methyl benzoate 4a
(1.0 mmol), base catalyst (1/2 equiv.), THF (5.0 mL), room tempe-
rature. "Isolated yield.

Entry Solvent Time (min) Yield® (%)
1 DMF 80 61
2 THF 60 89
3 Et,O 60 74
4 n-Hexane 90 48
5 Cyclohexane 120 36
6 Toluene 120 42

*Reaction conditions: Compound 3 (1.0 mmol), methyl benzoate 4a
(1.0 mmol), KOz-Bu catalyst (2 equiv.), solvent (5.0 mL), room
temperature. “Isolated yield.

After optimization of reaction conditions, the general scope
of the protocol was tested by reacting compound 3 with substi-
tuted methyl benzoates (4a-f) having electron donating groups.
4-Methyl and 4-methoxy substituted methyl benzoates affor-
ded excellent yields (91% and 90%, respectively) of the desired
product (Table-3, entries b-e). A slight decrease in the yield
(87% and 85%) was observed for 4-hydroxy and 4-amino substi-
tuted methyl benzoates, respectively (Table-3, entries c-d), while
4-(¢-butyl)methyl benzoate afforded the lowest yield (84%)
of desired product (Table-3, entry f).

TABLE-3

SYNTHESIS OF NOVEL TRIAZOLO[4,3-a]PYRAZINES (5a-f)*
Entry Substituted methyl ~ Product Time Yield®

benzoate (4) Q) (min) (%)

a H Sa 60 89

b CH, 5b 80 91

c OH Sc 90 87

d NH, 5d 80 85

® OCH, Se 80 90

f (CH,);C 5f 90 84

“Reaction conditions: Compound 3 (1.0 mmol), substituted methyl
benzoate 4a-f (1.0 mmol), KOs-Bu (2 equiv.), THF (5.0 mL), room
temperature; “Isolated yields

The structures of compounds 2, 3 and novel triazolo[4,3-a]-
pyrazines (5a-f) were confirmed on the basis of FT-IR, 'H NMR
and mass spectrometry. The spectral data are in good agreement
with the proposed structures. The 'H NMR spectrum of comp-
ound 2 displayed a singlet at  2.32 ppm for methyl protons,
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while the mass spectrum gave m/z = 135.1 for (M+1) peak confir-
ming the formation of compound 2. Similarly, "H NMR spectrum
of compound 3 displayed a singlet at 8 3.91 ppm for methylene
protons, two triplets at  3.08 and 4.12 ppm for two -CH, groups
adjacent to each other and a singlet at 8 1.93 ppm for the -NH
proton. The FT-IR spectra of novel triazolo[4,3-a]pyrazines
(5a-f) displayed characteristic bands between 1786 to 1702 cm,
suggesting the presence of a carbonyl group. Furthermore, the
IR spectra of compounds 5c¢ and 5d revealed absorption bands
at 3508 and 3248 cm™ attributed to the stretching vibrations
of -OH and -NH. groups, respectively. The absence of signal
for -NH proton in the 'H NMR spectra of novel triazolo[4,3-a]-
pyrazines (5a-f) confirmed the successful condensation of
compound 3 with substituted methyl benzoates (4a-f). Addit-
ionally, signals for aromatic protons were observed between
87.16t0 7.95 ppm. Moreover, the [M+1] peaks in the mass spectra
of novel triazolo[4,3-a]pyrazines (5a-f) were matched with
their fragmentation pattern.

Antitubercular activity: Initially, novel triazolo[4,3-a]-
pyrazines (5a-f) were evaluated for their in vitro anti-tubercular
(anti-TB) activity against drug-sensitive Mtb H37Rv (ATCC
27294) strain using an agar dilution technique. The results are
summarized in Table-4. The MIC values of the standard drugs,
viz. isoniazid (INH) and ethambutol (ETH), were also deter-
mined. The novel triazolo[4,3-a]pyrazines (5a-f) displayed
moderate to good anti-TB activity compared to the standard
drugs INH and ETH. The MIC values of the synthesized comp-
ounds (5a-f) were found to be in the range of 0.59 to 6.12 uM.
When compared to ETH (MIC =5.01 + 0.17 uM); compounds
S¢ (MIC =0.59 =0.11 pM) and 5d (MIC = 0.97 + 0.16 uM)
demonstrated potent, compound Se (MIC = 1.28 + 0.59 uM)
displayed good, compounds 5f (MIC = 2.05 + 1.02 uM) and
Sb (MIC =3.14 + 0.69 uM) exhibited moderate, while comp-
ound Sa (MIC =6.12 + 1.08 uM) displayed poor anti-TB activity
against drug-sensitive Mtb H37Rv (ATCC 27294) strain.
Furthermore, it was observed that the synthesized compounds
Sa-f exhibited lower efficacy in inhibiting the growth of drug
sensitive Mtb H37Rv (ATCC 27294) strain as compared to
INH (MIC = 0.36 = 0.09 uM).

TABLE-4
ANTI-TUBERCULAR ACTIVITY DATA OF 5a-f AGAINST
DRUG-SENSITIVE Mtb H37Rv (ATCC 27294) STRAIN

Mtb H37Rv*

Compound MIC (uM)? ClogP
Sa 6.12 + 1.08 1.30

5b 3.14 +£0.69 1.65

Sc 0.59 +£0.11 0.96

5d 0.97 £0.16 0.63

Se 1.28 +0.59 1.23

5f 2.05+1.02 2.88
Isoniazid 0.36 +0.09 -1.02
Ethambutol 5.01 £0.17 -0.38

“Drug-sensitive, *The values given are means of three experiments

The encouraging results of the anti-TB activity of novel
triazolo[4,3-a]pyrazines (5a-f) against drug-sensitive Mtb
H37Rv (ATCC 27294) strain prompted us to evaluate their broad

spectrum efficacy against two significant drug-resistant Mtb
strains viz. Mtb H37Rv ATCC 35822 (INH-resistant) and Mtb
H37Rv ATCC 35837 (ETH-resistant). When compared to INH
(MIC > 100 uM), the synthesized compounds Sa-f (MIC =
20.83 +0.67 t0 61.92 +0.18 uM) were found to be more efficient
in inhibiting the growth of INH-resistant Mtb H37Rv (ATCC
35822) strain. Similarly, when compared to ETH (MIC = 19.57
+0.42 uM); compound Sc¢ (MIC =20.83 + 0.67 uM) demon-
strated similar, compounds 5d (MIC = 26.55 = 0.31 uM), Se
(MIC =32.71 £ 0.69 uM) and 5f (MIC = 39.59 + 0.35 uM)
displayed mild, while compounds S5a (MIC = 61.92 + 0.18
uM) and Sb (MIC = 54.15 + 0.98 uM) showed poor anti-TB
activity against INH-resistant Mtb H37Rv (ATCC 35822)
strain (Table-5). Moreover, the synthesized compounds 5a-f
(MIC = 15.37 + 0.14 to 44.18 = 0.68 uM) exhibited signifi-
cantly potent anti-TB activity against ETH-resistant Mtb H37Rv
(ATCC 35837) strain in comparison to ETH (MIC > 100 uM)
but displayed poor activity compared to INH (MIC = 0.31 +
0.06 uM).

TABLE-5
ANTI-TUBERCULAR ACTIVITY DATA OF 5a-f AGAINST
INH-RESISTANT Mtb H37Rv (ATCC 35822) AND
ETH-RESISTANT Mtb H37Rv (ATCC 35837) STRAINS

C MIC (uM)*
ompound : :
INH-resistant Mtb H37Rv ~ ETH-resistant Mtb H37Rv
5a 61.92 +£0.18 44.18 +0.68
5b 54.15+0.98 35.44 +0.35
5¢ 20.83 + 0.67 15.37+0.14
5d 26.55 +0.31 21.03 £0.16
Se 32.71 £0.69 29.46 +0.29
5f 39.59 + 0.35 31.18 £0.72
Isoniazid > 100 0.31 £0.06
Ethambutol 19.57 £0.42 > 100

“The values given are means of three experiments.

Structure-activity relationship (SAR): The SAR studies
revealed that a hydroxyl group attached to the para-position
of the phenyl ring in compound Sc (Table-3, entry 5c) is respon-
sible for enhancing its activity against Mtb. The activity is
significantly influenced by electron-donating substituents such
as -OH, -NH; and -OCHjs. Thus, compounds 5d and Se having
-NH; and -OCHj3; groups, demonstrated substantial activity
compared to compounds 5b and 5f, which have methyl and
t-butyl groups, respectively. The activity was lower in compound
Sa owing to the absence of any substituent on the phenyl ring.
It is evident from SAR analysis that electron donating substi-
tuents are responsible for increasing the activity of novel triazolo-
[4,3-a]-pyrazines (5b-f).

Cytotoxicity assay: Cytotoxicity is an essential criterion
for developing effective antibiotics and learning about the
potential toxicity of newly found inhibitors. The cytotoxicity
of novel triazolo[4,3-a]pyrazines (5a-f) was evaluated against
the mammalian Vero cell line using the MTT cell viability
test. Each experiment was performed in triplicate with isoniazid
(INH) and ethambutol (ETH) used as controls. The results of
cytotoxicity study indicated that the synthesized compounds
5a-f are not cytotoxic at ICso > 50 uM (Table-6). In addition,
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TABLE-6
CYTOTOXICITY OF TRIAZOLOJ[4,3-a]PYRAZINES (5a-f)
AGAINST VERO CELLS AND THEIR SELECTIVITY INDEX (SI)

Selectivity index

Cytotoxicity Mtb INH- ETH-
Compound (uM)* H37Rv resistant resistant
Mtb H37Rv ~ Mtb H37Rv
Sa >50 8.17 0.80 1.13
5b >50 15.92 0.92 1.41
Sc >50 84.74 2.40 3.25
5d >50 51.54 1.88 2.37
Se >50 39.06 1.53 1.69
5f >50 24.39 1.26 1.60
Isoniazid >50 138.88 0.5 161.29
Ethambutol >50 9.98 2.55 0.5

INH: Isoniazid, ETH: Ethambutol

the selectivity index (SI) of each compound was calculated by
the ratio logarithm of the ICsy and the MIC value for micro-
organisms (SI = log [ICs,]/[MIC]) [44,45]. The SI values are
employed in the evaluation of the in vitro efficacy of the tested
compounds in the inhibition of the growth of bacteria or virus.
Moreover, the higher selectivity index indicates that the drug
is safer and efficient during in vivo treatment [46]. All synth-
esized compounds Sa-f displayed lower SI values compared
to INH (ST = 138.88), while all compounds except 5a (SI =
8.17) exhibited higher SI values than ETH (SI = 9.98) against
drug-sensitive Mtb H37Rv (ATCC 27294) strain. Moreover,
SI values of the synthesized compounds Sa-f were found to be
higher than INH (SI = 0.5) and lower than ETH (SI = 2.55)
against INH-resistant Mtb H37Rv (ATCC 35822) strain. Similarly,
the synthesized compounds Sa-f demonstrated lower SI values
than INH (SI = 161.29) and higher SI values than ETH (SI =
0.5) against ETH-resistant Mtb H37Rv (ATCC 35837) strain.

Molecular docking: Molecular docking simulations were
performed to investigate and describe the interactions of novel

triazolo[4,3-a]pyrazines (5a-f) with the binding pocket of myco-
bacterial membrane protein large 3 (MmpL3) (PDB ID: 6AJJ)
using AutoDock4.2. MmpL3 is a member of the superfamily
of mycobacterial membrane proteins. It facilitates the transport
of mycolic acid in the form of trehalose monomycolate from
the cytoplasm to the periplasmic region, which is essential for
the formation of mycobacterial cell walls. Thus, the compounds
that can efficiently block MmpL3 can be developed into
potential anti-TB agents. As a result, MmpL3 has been the
target of several preclinical drugs for the treatment of MDR
and XDR TB [47-49].

The results of the CASTp analysis indicated that the primary
binding pocket of MmpL3, which encompasses the active site
residues, possesses a volume of 6227.6 A’, a pocket area of
2657 A? and is comprised of six openings with a mouth area of
894.9 A? each (Table-7). Novel triazolo[4,3-a]pyrazines (Sa-
f) demonstrated a favourable binding affinity towards the active
site of the MmpL.3 protein. The binding energies of the selected
receptor (PDB ID: 6AJJ) with compounds Sa, 5b, Sc, 5d, Se
and 5f were found to be -7.41 kcal/mol, -6.48 kcal/mol, -6.11
kcal/mol, -5.84 kcal/mol, -6.49 kcal/mol and -7.32 kcal/mol,
respectively. Compound Sa displayed the highest binding affi-
nity, while 5d showed the lowest binding affinity (Table-8).

Furthermore, complexes (6AJJ-5a-f) were analyzed for
hydrogen bonding and other interactions. In complex 6AJJ-5a,
the residue SER293 forms a hydrogen bond with 4th nitrogen
atom of compound Sa, whereas the residues ILE253, ASP256,
TYR257, LEU259, PHE260, ASP645, TYR646, PHE649,
LEU678, ALAG682 are involved in hydrophobic and other inter-
actions. Similarly, in complex 6AJJ-5b, the residue SER652
forms a hydrogen bond with the oxygen atom of compound
Sb, whereas the residues PHE2, ARG288, THR289, PHE292,
ALAS582, ARG653 are involved in hydrophobic and other
interactions. In complex 6AJJ-5c, residue HIS913 forms a

TABLE-7
CASTp ANALYSIS OF RECEPTOR MEMBRANE TRANSPORTER MmpL3 (PDB ID: 6AJJ)
POC: Molecule ID N_mth Area_sa Area_ms Vol_sa Vol_ms Lenth cnr
j_639044e9680dc 1 6 1955.644 2657.023 3073.077 6227.617 1430.767 643
TABLE-8
HYDROGEN AND OTHER BONDING INTERACTIONS BETWEEN MEMBRANE TRANSPORTER MmpL3
(PDB ID: 6AJJ) AND ALL COMPOUND COMPLEXES 6AJJ-5a, 6AJJ-5b, 6AJJ-Sc, 6AJJ-5d, 6AJJ-5¢, 6AJJ-5f
Binding No. of Hydrogen
Complex affinity confirmation Hydrogen bond interaction bond Hydrophobic and other interactions
(kcal/mol) among 100 length (A)

ILE253, ASP256, TYR257, LEU259, PHE260,
6AJJ-5a -7.41 17 A: SER 293: OG <> UNK1: N4 3.07 ASP645. TYR646, PHE649, LEU67S, ALAGS2
6A1J-5b -6.48 4 A: SER 652: N1 <> UNK1: OG 2.84 PHE2, ARG288, THR289, PHE292, ALAS82,

) A: SER 652: N2 <> UNK1: OG 2.92 ARG653

ARG7, GLU276, ALA277, ARG280, LYS896,
6AJJ-5¢ -6.11 98 A: HIS 913: O <> UNKI1: 02 3.08 ARG897. THR900, ALA909, PHE912, LEU914
6AJJ-5d 5.84 90 A: HIS 913: ND1 <> UNK1: O 233 ARG7, PHE750, ILE758, TYR910, GLU911,

A: GLU 754: OE1 <> UNKI1: N5 2.73 PHE912
A: SER 652: OG <> UNK1: 02 3.33
6AJJ-5e -6.49 48 A: ARG 653: NH1 <> UNK1: 02 2.90 \P}i]i% 4£HR289’ NIRRT SIS 2 (LS,
A: ARG 288: NH1 <> UNK1: Ol 3.13
6AJJ-5¢ 732 60 A: ARG 653: NH1 <> UNK1: N3 3.24 MET1, ASN1, SER2, PHE2, GLN3, ARG288,
] A: SER 652: OG <> UNK1: N4 2.69 THR289, PHE292, ALAS582
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hydrogen bond with oxygen atom of compound Se¢, whereas
the residues ARG7, GLU276, ALA277, ARG280, LYS896,
ARGR897, THR900, ALA909, PHE912, LEU914 are involved
in hydrophobic and other interactions. In complex 6AJJ-5d,
the residues HIS913 and GLU754 form hydrogen bonds with
oxygen and the 5" nitrogen atom of compound 5d, respectively,
whereas the residues ARG7, PHE750, ILE758, TYR910, GLU911,
PHE912 are involved in hydrophobic and other interactions. In
complex 6AJJ-5e, the residues SER652, ARG 653 and ARG288
form hydrogen bonds with the oxygen atom of compound Se,
respectively, whereas the residues PHE2, THR289, VAL291,
PHE292, ALLA582, VAL648 are involved in hydrophobic and
other interactions. In complex 6AJJ-5f, the residues SER652
and ARG653 form hydrogen bonds with the 3™ and 4™ nitrogen
atom of compound 5f, respectively, whereas the residues MET 1,

ASNI, SER2, PHE2, GLN3, ARG288, THR289, PHE292,
ALAS582 are involved in the hydrophobic and other interactions
(Table-9).

Pharmacokinetic properties: A considerable number of
triazole and pyrazine derivatives was developed as potential
anti-tubercular (anti-TB) agents using an in silico structure-
based approach. The physico-chemical properties of the novel
triazolo[4,3-a]pyrazines (5a-f) based on Lipinski’s rule of five
were determined by employing SwissADME online software
[50]. Lipinski’s rule of five estimates the oral bioavailability
of potential lead or therapeutic compounds. According to
Lipinski’s rule, a given compound is not orally active if it does
not satisfy two or more of the five parameters. The results are
summarized in Table-10. Low molecular weight (= 500) is an
essential condition for the transportation, distribution and

TABLE-9
BINDING MODE AND (2D & 3D) VISUAL INTERACTION OF COMPOUNDS Sa-f WITH 6AJJ

Complex (6AJJ-5)

Entry Compound (5)

2D interaction

3D interaction

AS64S(A),

Ty 157( )

11" 3

o, 3

Leu259(A)

%;;:\(A)
oy2
11

Phe292(A

AlaS82(A)!

%"‘:“

7 %ﬁ:\)
€ —~—
l:;’;fi% \9}.1.1%

ArgS97(A)

‘/I:r::g
c e
2

TYT646(A)

%1'153( A)
ALaGS2(A)
(ASP2S6(A)

§93-“Q/
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3= Arg2RR(A)
P

P
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His913(A)

. Glu754(A)

d 3
Ser ()iz‘[\—i‘ﬂ <z - .\r::hs,‘l \:
f [rsmsazca
TABLE-10
DRUG-LIKENESS PROPERTIES OF NOVEL TRIAZOLO[4,3-a]PYRAZINES (5a-f)
Rotatable Molar Log K, 5
Compound m.w. bonds HBA HBD LogP Tmsi () TPSA (A )
5a 242.28 2 3 0 1.83 70.44 -7.41 51.02
5b 256.30 2 3 0 2.06 75.40 -7.23 51.02
5¢ 258.28 2 4 1 1.48 72.46 -7.75 71.25
5d 257.29 2 3 1 1.47 74.84 -7.98 77.04
Se 272.30 3 4 0 2.10 76.93 -7.61 60.25
5f 298.38 3 3 0 241 89.71 -6.56 51.02
Isoniazid 137.14 2 3 2 -0.97 35.13 -7.63 68.01
Ethambutol 204.31 9 4 4 2.46 58.11 -7.60 64.52
Lipinski rule <500 - <10 <1 <5 40-130 - -

absorption of the drug. Novel triazolo[4,3-a]pyrazines (5a-f)
exhibit low molecular weights in the range of 242 to 298 similar
to the conventional anti-TB drugs such as isoniazid (INH, m.w.
137.14) and ethambutol (ETH, m.w. 204.31). In addition, the
hydrogen bond acceptor (HBA) and donor (HBD) values of

the compounds Sa-f ranging from 3 to 4 and O to 4, respectively
are consistent with the values observed for INH and ETH. The
logP values and the topological polar surface area (TPSA)
values (< 140) are essential to predict the good gastrointestinal
absorption [51]. The logP values (1.48 to 2.41) of the synth-
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TABLE-11

In silico TOXICITY RISKS AND DRUG SCORES OF NOVEL TRIAZOLO[4,3-a]PYRAZINES (5a-f)

Toxicity risks

Compound : — : - : Drug likeness score Drug score
Mutagenic Tumorigenic Irritant Reproductive effective
5a Not toxic Not toxic Not toxic Not toxic 4.97 0.96
Sb Not toxic Not toxic Not toxic Not toxic 3.85 0.94
Sc Not toxic Not toxic Not toxic Not toxic 5.28 0.96
5d Not toxic Not toxic Not toxic Not toxic 5.47 0.96
Se Not toxic Not toxic Not toxic Not toxic 5.09 0.95
5f Not toxic Not toxic Not toxic Not toxic -1.66 0.42
Isoniazid Highly toxic Highly toxic Highly toxic Highly toxic -5.06 0.06
Ethambutol Not toxic Not toxic Highly toxic Not toxic 2.38 0.56
esized compounds Sa-f were closer to that of ETH (logP = REFERENCES

2.46) rather than INH (logP =-0.97). Furthermore, the logKp
values which determine the skin permeability were strikingly
similar to the conventional anti-TB drugs and were found to be
within an acceptable range [52]. Thus, in silico structure based
analysis revealed that the synthesized novel triazolo[4,3-a]-
pyrazines (5a-f) exhibit the same drug-like properties as conven-
tional anti-TB medicines and hence have the potential to be
developed into powerful anti-TB agents. The OSIRIS property
explorer programme [53] was also employed to predict the drug-
likeness and drug score of novel triazolo[4,3-a]pyrazines (5a-f).
All compounds demonstrated a significant and drug-likeness
drug score (Table-11).

Conclusion

A new series of triazolo[4,3-a]pyrazines (5a-f) via sequen-
tial oxidative cyclization, hydrogenation and potassium tert-
butoxide assisted amidation of substituted methyl benzoates (4a-f).
The synthesized compounds 5a-f were successfully character-
ized by FI-IR, 'H NMR and mass spectrometry. The novel
triazolo[4,3-a]pyrazines (5a-f) exhibited notable efficacy in
inhibiting the growth of drug-sensitive, isoniazid-resistant and
ethambutol-resistant Mycobacterium tuberculosis (Mtb) H37Rv
strains. Compound Sc¢ demonstrated significantly potent anti-
tubercular activity compared to other compounds in the series.
The molecular docking studies revealed strong binding with
the active site of the target protein MmpL3. ADME analysis
showed that triazolo[4,3-a]pyrazines (5a-f) exhibit good pharm-
acological parameters and do not contradict Lipinski’s rule.
The synthesized novel triazolo[4,3-a]pyrazines displayed drug-
likeness properties and can be developed into potential anti-
tubercular agents.
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