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ABSTRACT

A total of eleven novel N-benzylidene-[1,2,4]triazolo[4,3-b]pyridazine derivatives (5a—5k) were synthesised and
structurally characterised by '"H NMR, *C NMR, and mass spectroscopy. All eleven scaffolds were screened against
a panel of bacterial and fungal pathogens to assess their antimicrobial activity. Several newly synthesised derivatives
possessed substantial inhibitory effects which are comparable to those of the reference drugs. Because of the
extensive pharmacological potential of 1,2,4-triazole derivatives, computational docking studies were performed on
all the synthesised scaffolds to investigate their binding interactions with the B-catenin protein (PDB ID: 1JDH), a
therapeutically relevant molecular target involved in cancer progression. Compounds 5Se, 5f, 5g, and 5h exhibited
favourable binding scores similar to the reference inhibitor FH-535. To further explore, toxicity prediction using
ProTox-3.0 was carried out to assess the safety profile of the selected compounds, suggesting acceptable safety
limits. However, the continuous emergence of antimicrobial resistance highlights the urgent need for structurally
diverse and effective antimicrobial agents. The comprehensive results based on the experimental and computational
approaches revealed that these novel hybrids (5a-5k) represent promising scaffolds for the development of
antimicrobial and other useful therapeutic drugs, thereby contributing to United Nations Sustainable Development
Goal 3: Good Health and Well-being.
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INTRODUCTION
Despite the continued substantial progress in drug discovery, the urgency to explore highly efficient
therapeutic substances with strong safety profiles is still in demand due to the increasing prevalence of
infectious diseases, cancer, diabetes, and other chronic disorders. Among these health concerns, diseases
arising from microbial resistance represent one of the major global challenges, impairing the effectiveness
of currently available conventional drugs and stressing the importance of advancing structurally active
biomolecules with improved therapeutic potential. Among the azole family of five-membered
heterocyclic compounds, the 1,2,4-triazole scaffold has been acknowledged as a valuable structural
framework in therapeutic research because of its pleiotropic medicinal properties, including
antimicrobial,!> antioxidant,’ antihypertensive,* antineoplastic,>® antiviral,”® anticonvulsant,”!° and
antidiabetic activities.!! In particular, owing to its versatility, fused 1,2,4-triazoles, which are incorporated
with one or more heterocyclic moieties such as pyridine, pyridazine, pyrazole, and imidazole rings, have
received mounting research interest over the past decade. Very commonly, the significance of these fused
heterocyclic systems is reflected in several therapeutic applications, manifested through antifungal,'?
antitumor,'® cytotoxic,'* antitubercular,'> antiviral,'® anticonvulsant,!” and antimigraine!® and other
biological activities.'*?! In addition to that, the usefulness of the 1,2,4-triazole system has also been
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extended across various domains, such as polymers, corrosion inhibitors, ionic liquids, agrochemicals,
supramolecular chemistry, and materials science.?>?* Pyridazine also represents a prominent class of six-
membered aza-heterocyclic compounds containing two nitrogen and four carbon atoms. Consistent with
1,2,4-triazoles, pyridazine derivatives constitute valuable pharmacophores by virtue of their remarkable
biological potential, exhibiting antimicrobial,?® antiviral,”’ antitumor,?® antitubercular,” and anticancer*’
activities. Notably, pyridazine rings fused with 1,2,4-triazole moieties (1,2,4-triazolopyridazine scaffolds)
have been identified as ligands for the GABA receptor,*' as agents showing activity against the Hepatitis
A virus (HAV)* and as c-Met kinase inhibitors.?3 Interestingly, Schiff base triazoles are another type of
ubiquitous derivatives, found to have remarkable activity like c-Met inhibitors,* antitumor,*¢
antiviral,>”  antituberculosis,®®  antimalarial  activities.’> Some  of the  biologically
important[1,2,4]triazolo[4,3-b]pyridazine analogues are shown in the Fig. 1.
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Fig.-1: Biologically Important [1,2,4]triazolo[4,3-b]pyridazine Molecules

Abnormal regulation of Wnt/B-catenin signalling has been well reported as an important contributor to the
initiation and progression of human cancers.*’ Several biological processes, including cell proliferation,
differentiation, migration, stem cell maintenance, and tissue homeostasis, have been affected by the
disruption of this pathway, leading to tumorigenesis. Also, it has been demonstrated that the abnormality
of Wnt/B-catenin signalling results in various human malignancies, with prominent involvement in
colorectal, liver, breast, and lung cancers. Considering this pathway of Wnt signalling, B-catenin has been
widely accepted as a privileged target for drug discovery. Although numerous studies have confirmed the
biological significance of 1,2,4-triazolopyridazine scaffolds, only a limited number of reports have
described an integrated approach combining antimicrobial evaluation with computational studies.*!#°
Therefore, motivated by these findings, eleven novel Schiff bases (5a—5k) were synthesised and evaluated
for their antimicrobial activity. In addition, in silico molecular docking studies were performed to
investigate their preliminary binding affinity with the p-catenin protein (PDB ID: 1JDH), using FH-535 as
the reference inhibitor. Furthermore, toxicity prediction was carried out to examine the safety profile of
the synthesised novel derivatives. This study supports United Nations Sustainable Development Goal 3 to
develop and discover novel therapeutic drugs.

EXPERIMENTAL

Materials and Methods

The chemicals involved for the synthesis were procured from appropriate suppliers and used directly
unless otherwise specified. Melting points of 5a—5k were checked using a B-545 apparatus. A JEOL 600
MHz NMR spectrometer (JEOL, Japan) was used to record the 'H NMR and C NMR spectra.
Tetramethylsilane (TMS) served as the internal standard, while DMSO-ds was served as the deuterated
solvent. The *C NMR spectra were acquired at 150 MHz. Molecular masses of the synthesised
compounds were confirmed using an Agilent 1200 Series LC-MS system. TLC plate purchased from
Merck was utilised for monitoring the reaction profile, and an ethyl acetate and hexane mixture (4:6) was
used as an eluent. Purification of the isolated crude products was accomplished by silica gel column
chromatography (230—400 mesh).
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Synthetic Procedure for the Synthesis of 6-methyl-3-(3-nitrophenyl)-[1,2,4]|triazolo[4,3-b]pyridazine
3)

A mixture of compound 1 (0.120 mol) and aldehyde 2 (0.142 mol) was dissolved in ethanol (150 mL) and
refluxed under constant stirring for 2 h. The formation of the product was periodically examined by thin-
layer chromatography (TLC). After the starting materials had been completely consumed, the reaction
mixture was allowed to reach room temperature. Water (15 mL) was then introduced, and the mixture was
heated again to 60—65 °C. Phenyliodine (III) diacetate [PhI(OAc)2 ] (0.161 mmol) was subsequently
added in ten equal portions over 20-30 min while maintaining the reaction temperature within 60—-65 °C.
Stirring was continued at the same temperature for a further 3 h. Once the reaction was complete, the
mixture was cooled to 10—15 °C and maintained at this temperature under stirring for 45 min. The pale-
yellow solid that separated was isolated by vacuum filtration, the solid was washed thoroughly with water,
and dried under reduced pressure to afford compound 3.

Synthetic Procedure for the Synthesis of 3-(6-methyl-[1,2,4|triazolo[4,3-b]pyridazin-3yl)aniline (4)
Compound 3 (0.390 mol) was suspended in methanol (100 mL) together with activated carbon (2.0 g, 20
wt.%) and anhydrous FeCls (6 wt.%). The reaction mixture was heated to 50-55 °C, after which
hydrazine hydrate (20 mL) was added slowly while maintaining the same temperature. Upon completion
of the addition, the reaction was allowed to proceed at 5055 °C until thin-layer chromatography (TLC)
confirmed complete consumption of the starting material. The mixture was subsequently cooled to room
temperature and filtered through a Celite pad to remove the insoluble materials. The resulting filtrate was
concentrated under reduced pressure to furnish compound 4 as an off-white solid.

General Procedure for Synthesis of N-benzylidene-3-(6-methyl-[1,2,4|triazolo[4,3-b]pyridazin-3-
yl)aniline Derivatives (5a-5Kk)

Compound 4 (0.002 mol) and the appropriate arylaldehyde (0.003 mol) were dissolved in ethanol (20 mL),
and the resulting solution was refluxed under continuous stirring for 2 h. The progress of the reaction was
monitored periodically by thin-layer chromatography (TLC) until complete consumption of the starting
material was observed. The reaction mixture was then allowed to cool and subsequently maintained at
1015 °C for 45 min to promote crystallisation. The separated solid was isolated by filtration and dried to
afford the desired N-benzylidene derivatives (5a—5k).

3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3yl)aniline (4)

Off white solid; 80 %; Mp: 120 °C "H NMR (600 MHz, DMSO-d¢): & = 2.64 (s, 3H, CH3), 5.8 (br, 2H, -
NH,), 7.30-7.28 (m, 2H, ArH), 7.48-7.46 (m, 1H, ArH), 7.80-7.78 (m, 2H, ArH), 7.97 (s,1H, ArH): '3C
NMR (150 MHz, DMSO-ds): & = 21.6, 118.6, 120.6, 120.9, 122.1, 122.2, 123.8, 125.2, 127.5, 131.1,
145.6, 154.7; Anal. calcd. For Ci12HoNsOq: C, 56.47; H, 3.55; N, 27.44; Found: C, 56.53; H, 3.60; N,
27.51; LC-MS: (m/z) calcd for C12HoNsO, [M+H]" 256.23; observed: 256.

N-(2-bromobenzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline (5a)

White solid; 74 %; Mp: 184-186 °C; 'H NMR (600 MHz, DMSO-de): &= 2.62 (s, 3H -CH3), 7.33-7.25
(m, 2H, ArH), 7.52-7.46 (m, 3H, ArH), 7.26-7.24 (m, 2H, ArH), 7.43 (s, 1H, ArH), 8.29-8.27 (d,J =5.2
Hz, 1H, ArH), 8.30 (m, 1H, ArH), 8.65 (s, 1H, CH=N); 3C NMR (150 MHz, DMSO-d¢) &= 21.2, 121.5,
121.9, 123.3, 125.8, 126.2, 127.1, 127.3, 127.5, 130.3, 130.5, 131.1, 132.5, 135.1, 143.2, 150.0, 153.6,
159.2, 158.9; Anal. calcd for CioH14BrNs: C, 58.18; H, 3.60; N, 17.85. Found: C, 58.30; H, 3.82; N, 17.90;
LC-MS: (m/z) calcd for Ci9H14BrNs [M+H]* 393.25; observed: 393.

N-(2-fluorobenzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline (5b)

White solid; 76 %; Mp: 165-167 °C; 'H NMR (400 MHz, DMSO-ds): 8= 2.65 (s, 3H -CH3), 7.37-7.35 (m,
2H, ArH), 7.67- 7.65 (m, 2H, ArH), 8.16 (s, 1H, ArH), 8.31-8.30 (m, 3H, ArH), 8.74 (s, 1H, ArH), 8.30
(m, 1H, ArH), 8.65 (s, 1H, CH=N); *C NMR (150 MHz, DMSO-d¢) 6= 20.8, 114.6, 118.5, 121.5, 122.1,
123.1, 124.0, 127.1, 126.3, 130.3, 130.5, 131.4, 132.2, 143.2, 150.9, 153.2, 158.8, 159.4 160.0; Anal.
calcd for CioHi4FNs: C, 68.87; H, 4.26; N, 21.14: Found: C, 68.92; H, 4.31; N, 21.19; LC-MS: (m/z)
calcd for CioH14FNs [M+H]* 333.35; observed: 332.
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Methyl4-(((3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)phenyl)imino)methyl)benzoate (5c) Off
white solid; 74 %; Mp: 192-194 °C; '"H NMR (600 MHz, DMSO-d¢): 6= 2.63 (s, 3H -CH3), 3.35 (s, 3H,
OCH3), 7.25- 7.24 (d, 1H, J=10.2 Hz, ArH), 7.33-7.32 (dd, 2H, J = 7.8 Hz, ArH), 7.47 (s, 1H, ArH),
7.73 (s, 1H, ArH), 7.80 (s, 1H, ArH), 7.92-7.87 (m, 2H, ArH), 8.05 (s, 1H, CH=N), 8.34-8.32 (dd, 2H, J =
7.8 Hz, ArH); *C NMR (150 MHz, DMSO-ds) 6= 21.2, 88.2, 113.5, 118.7, 123.3, 124.7, 124.9, 125.2,
128.0, 128.1 130.0, 132.2, 134.9, 144.7, 146.0, 146.1, 146.2, 155.8, 169.6; Anal. calcd for C21H17NsOz: C,
67.91; H, 4.61; N, 18.86; Found: C, 68.03; H, 4.71; N, 18.92; LC-MS: (m/z) calcd for C>1Hi7N50:
[M+H]" 372.39; observed: 372.

N,N-dimethyl-4-(((3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)phenyl)imino)methyl)aniline (5d)
White solid; 80 %; Mp: 174176 °C; '"H NMR (600 MHz, DMSO-d¢): 6= 2.63 (s, 3H -CH3), 3.05 (s, 6H,
N-(CH3)2), 6.85- 6.79 (dd, 2H, d, J = 7.8 Hz, ArH), 7.41-7.28 (m, 2H, ArH), 7.76-7.62 (m, 1H, ArH),
7.87-7.77 (d, 2H, J = 7.8 Hz, ArH), 8.33-8.12 (m, 2H, ArH), 8.42-8.33 (m, 1H, ArH), 8.58 (s, 1H,
CH=N); 13C NMR (150 MHz, DMSO-d¢) 6= 21.2, 39.9, 119.1, 120.1, 122.8, 123.4, 124.1, 124.2, 125.0,
127.7,130.2, 131.0, 144.8, 146.9, 151.1, 153.0, 153.2, 156.0, 161.3; Anal. calcd for C21H20Ne: C, 70.77;
H, 5.66; N, 23.58: Found: C, 70.82; H, 5.76; N, 23.71; LC-MS: (m/z) calcd for Co1H20Ng[M+H]* 357.42;
observed: 357.

4-(Benzyloxy)benzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline (Se)

White solid; 78 %; Mp: 204-208 °C; 'H NMR (600 MHz, DMSO-ds): 6= 2.57 (s, 3H -CH3), 5.23 (s, 2H,
OCH»-Ar), 7.19- 7.17 (d, 2H, J = 7.8 Hz, ArH), 7.36-7.34 (d, 2H, J = 7.2 Hz, ArH), 7.42-7.41 (m, 3H,
ArH), 7.48-7.46 (m, 2H, ArH), 7.62-7.59 (m, 1H, ArH), 7.95-7.93 (d, 2H, ] = 7.8 Hz, ArH), 8.22-8.16 (m,
1H, ArH), 8.27-8.24 (m, 1H, ArH), 8.41(m, 1H, ArH), 8.64 (s, 1H, CH=N); 3C NMR (150 MHz, DMSO-
ds) 6= 21.4, 69.9, 115.7, 120.2, 123.5, 123.6, 125.05, 125.6, 127.8, 128.3, 128.5, 129.0, 130.3, 130.5,
131.2, 137.1, 144.8, 146.8, 152.6, 156.0, 161.3, 161.7; Anal. calcd for CycH21NsO: C, 74.44; H, 5.05; N,
16.70; Found: C, 74.32; H, 5.10; N, 16.84; LC-MS: (m/z) calculated for CocH21NsO [M+H]" 420.48;
observed: 420.

N-(4-(4-fluorophenoxy)benzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline(5f)
White solid; 83 %; Mp: 193-195 °C; 'H NMR (600 MHz, DMSO-ds): 6= 2.63 (s, 3H -CH3), 7.36-7.34 (d,
2H, ] = 7.2 Hz, ArH), 7.49-7.47 (m, 2H, ArH), 7.48-7.46 (m, 2H, ArH), 7.85-7.83 (m, 2H, ArH), 7.98-
7.95 (d, 2H, J = 7.8 Hz, ArH), 8.24-8.21 (m, 1H, ArH), 8.33-8.29 (m, 1H, ArH), 8.37-8.33 (m, 2H, ArH),
8.76 (s, 1H, CH=N); 13C NMR (150 MHz, DMSO-ds) 6= 22.1, 120.4, 123.0, 123.5, 125.0, 126.6, 127.9,
129.0, 130.4, 130.6, 130.8, 131.7, 132.0, 132.3, 134.6, 136.9, 144.8, 146.6, 151.5, 156.1, 151.9; Anal.
calcd for CosHisFNsO: C, 71.38; H, 4.61; N, 16.01; Found: C, 71.45; H, 4.61; N, 16.10; LC-MS: (m/z)
calcd for CasHsFNsO [M+H]* 424.44; observed: 424.

N-(2,6-dibromobenzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline(5g)

White solid; 80 %; Mp: 210-214 °C; 'H NMR (600 MHz, DMSO-d): 6= 2.63 (s, 3H -CH3), 7.36-7.34 (d,
1H, J =9.6 Hz, ArH), 7.50-7.49 (d, 1H, J = 7.2 Hz, ArH), 7.69-7.67 (m, 1H, ArH), 7.74-7.73 (d, 2H, J =
8.4 Hz, ArH), 8.25 (s, 1H, ArH), 8.35-8.33 (m, 3H, ArH), 8.83 (s, 1H, CH=N); 3C NMR (150 MHz,
DMSO-de) 6= 22.1, 119.7, 121.8, 123.5, 124.7, 125.0, 126.0, 128.0, 130.5, 131.5, 135.8, 136.2, 144.9,
146.5, 151.2, 156.0, 158.7; Anal. calcd for Ci9H13Br2Ns: C, 48.44; H, 2.78; N, 14.86; Found: C, 48.48; H,
2.82; N, 14.92; LC-MS: (m/z) calcd for Ci9H13BraN [M+H]* 472.15; observed: 472.

N-(2,6-dichlorobenzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline(Sh)

White solid; 81 %; Mp: 220-222 °C; 'H NMR (600 MHz, DMSO-d): 6= 2.62 (s, 3H -CH3), 7.36-7.33 (d,
1H, J =9.5 Hz, ArH), 7.48-7.46 (d, 1H, J = 7.2 Hz, ArH), 7.68-7.66 (m, 1H, ArH), 7.74-7.72 (d, 2H, J =
8.4 Hz, ArH), 8.27 (s, 1H, ArH), 8.36-8.34 (m, 3H, ArH), 8.94 (s, 1H, CH=N); 3C NMR (150 MHz,
DMSO-de) 6= 22.1, 119.6, 122.7, 123.5, 124.7, 125.0, 125.7, 128.0, 129.7, 130.5, 132.5, 134.5, 144.9,
146.4, 151.7, 156.0, 158.4; Anal. calcd for C1o0H13CLNs: C, 59.70; H, 3.43; N, 18.32 Found: C, 59.75; H,
3.48; N, 18.38; LC-MS: (m/z) caled for Ci9H13C1oNs [M+H]* 383.25; observed: 383.

N-(2-bromo-4-methoxybenzylidene)-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline(5j)
White solid; 85 %; Mp: 174-176 °C; '"H NMR (600 MHz, DMSO-ds): &= 2.61 (s, 3H -CH3), 3.90 (s, 3H -
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OCHs), 7.24-7.23 (d, 2H, J = 9.0 Hz, ArH), 7.44-7.40 (m, 2H, ArH), 7.83-7.81 (m, 3H, ArH), 8.27-8.26
(d, 2H, J = 1.2 Hz, ArH), 8.92 (s, 1H, CH=N); *C NMR (150 MHz, DMSO-de) 5= 22.2, 56.9, 116.0,
119.7,123.3, 123.5, 125.0, 125.4, 126.1, 127.8, 129.4, 130.4, 136.1, 139.0, 144.8, 152.2, 155.5, 156.0,
159.0, 161.0: Anal. calcd for Cr0H16BrNsO: C, 56.89; H, 3.82; N, 16.58; Found: C, 56.92; H,
3.88; N, 16.63; LC-MS: (m/z) calcd for C20H1sBrNsO[M+H]" 423.28; observed: 423.

N-((5-bromopyridin-2-yl)methylene)-3-(6-methyl-[1,2,4] triazolo[4,3-b]pyridazin-3-yl)aniline(5k)
Pale yellow solid; 79 %; Mp: 216-218 °C; 'H NMR (600 MHz, DMSO-d¢): &= 2.65 (s, 3H -CH3), 6.73-
6.72 (m, 1H, ArH), 7.37-7.35 (m, 1H, ArH), 7.69 (s, 1H, ArH), 8.22-8.15 (m, 1H, ArH), 8.22-8.20 (m,
1H, ArH), 8.35-8.33 (m, 3H, ArH), 8.68 (s, 1H, ArH), 8.90 (s, 1H, CH=N); 13C NMR (150 MHz,
DMSO-ds) 6= 22.1, 120.7, 122.8, 123.1, 123.7, 125.0, 126.0, 127.9, 129.7, 130.5, 144.9, 146.6, 151.1,
151.6, 153.0, 156.0, 159.0, 161.0 Anal. caled for CisH13BrNe: C, 54.98; H, 3.33; N, 21.37; Found: C,
54.78; H, 3.40; N, 21.39; LC-MS: (m/z) calcd for CisHi3sBrNg [M+H]" 394.24; observed: 394.

Antimicrobial Studies

All eleven targeted molecules (5a—5k) were employed to evaluate their antimicrobial efficacy against
Gram-positive bacterial strains, namely Staphylococcus aureus and Bacillus subtilis; Gram-negative
bacterial strains, including Escherichia coli and Pseudomonas aeruginosa; as well as the fungal strains
Aspergillus flavus and Aspergillus niger. Bacterial and fungal cultures were grown on nutrient agar and
dextrose agar plates, respectively. All eleven derivatives and the standard drugs were dissolved in DMSO
and placed into the wells at a 150 pg mL"! concentration. Ampicillin and fluconazole were chosen as the
standard antibacterial and antifungal agents, respectively.

Docking Studies

Computer-aided molecular docking analysis of Sa—5k molecules was performed using the Swiss Dock
web server tool,* and visualisation of the docked conformations was carried out using BIOVIA
Discovery Studio Visualizer 4.0.*” Protein-ligand binding affinity and interaction profiles of the eleven
compounds (5a-5k) were systematically analysed and compared with reference inhibitor FH-535. Initially,
the resolved PB-catenin X-ray structure (PDB ID: 1JDH) was taken from the Protein Data Bank. Before
docking, irrelevant molecules, such as crystal-derived water molecules and heteroatomic residues, were
removed from the protein structure, followed by hydrogen addition and energy minimisation. The
prepared protein (B-catenin; PDB ID: 1JDH) was subsequently uploaded to the Swiss Dock web server
for docking analysis. Both the reference inhibitor (FH-535) and the novel derivatives (5a—5k) were
individually docked into the active site of B-catenin using identical docking parameters (box size: 20 x 20
x 20; box centre: —8.0, 9.0, 47.0). For each ligand, several binding poses were computed, and the lowest-
energy conformer was selected for further analysis.

Toxicity Prediction

Toxicity is one of the most critical parameters in drug discovery programs, as it determines whether a
substance is a potent therapeutic. For this purpose, the toxicity profile of the newly derived compounds
(5a-5k) was predicted using ProTox-3.0. This platform provides comprehensive information on multiple
toxicity endpoints based on the molecule profiles. The SMILES notations of selected compounds (5e, 5f,
5g, and 5h), along with the reference compound FH-535, were subjected to in silico toxicity evaluation.
Toxicity assessment was performed for those selected compounds by examining organ-related adverse
effects, including hepatic and cardiac toxicity, together with toxicological parameters such as
carcinogenic potential, mutagenicity, cytotoxicity, and the blood-brain barrier permeability. In addition,
the interactions of the selected compounds with Tox21 nuclear receptor and stress response pathways, as
well as cytochrome P450 isoenzymes (CYP2C9, CYP2D6, and CYP3A4), were evaluated. The predicted
active/inactive outcomes and their associated probability scores were subsequently compared with those
of the reference inhibitor FH-535 to estimate the safety and drug-likeness of compounds (5a-5k).

RESULTS AND DISCUSSION
The method adopted to derive the eleven novel triazolo[4,3-b]pyridazine derivatives (5a—5k) was outlined
in Scheme-1. As shown in Scheme-1, intermediate 3a was obtained by heating compounds 1 and 2 under
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reflux in ethanol for 2 h. Without isolation, intermediate 3a was treated with water and Iodobenzene
diacetate at refluxing temperature (60—65 °C) for 3 h, furnishing compound (3), which was subsequently
reduced using hydrazine hydrate in the presence of activated charcoal and neutral ferric chloride in
methanol under heating at 55-60 °C for 2 h to afford the corresponding aniline derivatives (4). Finally,
condensation of intermediate 4 with aryl aldehydes having either electron-donating or electron-
withdrawing functional groups in ethanol under reflux afforded 5a—5k (Table-1).

CHO
¢'! \ @ EOH E&'ﬁ POk, ¢"
N —_ | _— N
N0, Reflur, 20 N0, H,06065°C, 3 ! 7’@
NN, % V=N 8% B o,
1 2 % $

(522281
2

5c=4-C00CH,

Acivated charcoal -
Aty FeCly o 5d=4N(CHy)y
N | b] = | Se=4-Benzyloxyphenyl
MeOH, 55:60 °C, 2h . EIOH, 6045 °C,20 NS‘N N 5g=28r, 681
N

8% Nty T547% ! 201,61
! 55 522140
R 5228, 40CH,

\_Sk=3-Bromopyridyl

=

Scheme-1: Synthesis of N-benzylidene-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-yl)aniline
Table-1: Structure of the Synthesised (5a—5k) Schiff base derivatives
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N-N NH, 75-87% s 4
a 5a-5k
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NN N
5a, 74% [ fB' 5b, 76% Sc, 74/ { 5d, 80% (
SN
1 - 'COOCH
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Y@ SN
N
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QC‘ 5j, 85% @f 5k, 79% ,_N\
Antibacterial Activity

All the eleven Schiff base derivatives (5a—5k) were subjected to antimicrobial screening against
representative  Gram-positive and Gram-negative bacterial strains, and the obtained results are
summarised in Table-2. Overall, the majority of the novel frameworks (5a-5k) displayed moderate to
appreciable antibacterial activity against both bacterial strains. Among the Gram-positive bacteria,
derivatives 5b, Se, 5g, and 5h produced pronounced inhibitory effects against Staphylococcus aureus (11—
12 mm) and Bacillus subtilis (10—12.5 mm), whereas the remaining derivatives exhibited comparatively
lower activity. Of these, compound 5e showed the greatest inhibitory effect against B. subtilis (12.5 mm),
approaching the activity of the reference drug ampicillin. Against the Gram-negative bacterial strains,
Escherichia coli and Pseudomonas aeruginosa, compounds 5c, 5f, 5h, and 51 demonstrated comparatively
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stronger antibacterial effects. Among them, compound 5i showed the largest inhibition zone (11 mm),
manifesting its promising antibacterial efficacy against Gram-negative organisms.

Table-2: Antimicrobial Activities of Synthesised (5a—5k) Schiff base derivatives

Microorganism and inhibition zone in mm (150 pg mL™")
Compound Gram-positive bacteria Gram-negative bacteria Fungi
S. aureus B. subtilis E. coli P. aerug. A. flavus A. niger
5a 9 7 8 6 5 4
5b 11 8.5 7 6.5 6 7
5¢ 6 6 9 8 9 8
5d 8 7.5 8 7 5 6
Se 11 10.5 7.5 9 6 7
5f 10 12 9 7.5 8 8
5g 11 10 7 6 5 4
5h 12 12.5 9 8 8 5
Si 8 9 10 11 9 10
5] 7 6 8.5 7 5 8
5k 6 9 5 6 7 9
Ampicillin 13 14 12 12 NA NA
Fluconazole NA NA NA NA 10 11

S. aureus: Staphylococcus aureus (ATCC 25923); B. subtilis: Bacillus subtilis (ATCC 6633); E. coli: Escherichia
coli (ATCC 25922); P. aerug: Pseudomonas aeruginosa (ATCC 27853); A. flavus: Aspergillus flavus (ATCC
204304); A. niger: Aspergillus niger (ATCC 16404); NA: Not applicable.

Antifungal Activity

The antifungal potential of the eleven novel Schiff base hybrids (5a—5k) was tested against Aspergillus
flavus and Aspergillus niger, and the results are presented in Table-2. Overall, several compounds
exhibited appreciable antifungal activity against the tested fungal strains. Among the synthesised eleven
derivatives, compound 5i demonstrated the strongest inhibitory effect against A. niger, with the closest
inhibition zone to that of fluconazole. Compounds 5Sc, 5f, 5i, and 5k also showed moderate antifungal
activity, producing inhibition zones ranging from 8 to 10 mm, whereas the remaining derivatives
displayed relatively weak activity against both fungal species. The observed differences in antimicrobial
activity among 5a—5k derivatives may be attributed to the inductive (+I and -I) and resonance (mesomeric)
impact of the substituent groups present on the aromatic ring. Hence, the result supports the importance of
the 1,2,4-triazole scaffold in the development of potent antimicrobial agents.

Docking Studies

The in silico screening results obtained from the molecular docking studies, including binding energy
(AG), inhibition constant (Ki), ligand efficiency (LE), interacting amino acid residues, and the nature of
molecular interactions, are presented in Table-3. Based on the calculated inhibition constants (Ki), the
synthesised compounds (5a—5k) clearly demonstrated stronger binding affinity than the reference
inhibitor FH-535. Among the docked compounds, 5e, 5f, 5g, and 5h showed the most remarkable docking
scores (—7.01 to —7.71 kcal/mol) along with low estimated Ki values. Furthermore, the calculated ligand
efficiency (LE) values ranged from 0.23 to 0.30, indicating good structural efficiency.

This indicates optimal utilisation of molecular size for effective binding. The stability of the complexes
can be attributed to the strength of the non-covalent interactions of the ligands with various significant
residues present in the binding cavity. Notably, residues such as ARG342, LYS345, TYR306, TRP383,
VAL349, and VAL346 were consistently involved in interactions with the synthesised compounds. The
formation of conventional hydrogen bonds together with hydrophobic contacts enhances stable ligand
binding within the active site, resulting in favourable protein—ligand complex stability.

Furthermore, the incorporation of heterocyclic moieties in the synthesised derivatives is likely to promote
their molecular recognition and contribute to their inhibitory activity. Overall, compounds 5Se, 5f, 5g, and
Sh exhibited superior binding interactions compared to the other synthesised derivatives as well as the
reference ligand FH-535.
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Table-3: Docking score of synthesised compounds (5a-5k) including their Inhibition Constant, Ligand Efficiency,

Distance, Interacting Amino Acids and Type of Interactions

Binding Inhibition
Compound Energy Constant Ligand Distance (A) Interacting Residues Type of Interaction
(AG = kcal (Ki, uM) Efficiency
mol ) (LE)
4.31;3.87;4.10; A:ARG342; A:1LYS345; 7 Cation; nt- donor H; n—
S5a -7.35 2.98 0.29 3.77; 3.78; 4.30; A:GLN302; A:VAL349; | donor H; —o; Alkyl; ©
5.04;4.94; 437 A:VAL346; A:TYR306; | -Alkyl; n-Alkyl ;7 -
A:TRP383; A:ARG342; | Alkyl; = -Alky
A:LYS345
298:2.62: 4.7: A:GLY307; A:TYR306; Coqvl. H- Bond; C-H; ©
5b -7.48 3.20 0.30 2‘84? 5‘56? 4‘89? A:ARG342; A:LYS345; Cation; - donor H; n—
4‘87? 4'40f 5'20f A:TYR306; A:TRP383; donor H; n—m; n-Alkyl;
4'31’ Tl AtARG342; A:LYS345; | m-Alkyl; n-Alkyl; -
) A:VAL346; A:VAL349 Alkyl; n-Alkyl
5¢ -7.18 5.38 0.29 A:ASN380; A:ARG342; | Convl. H- Bond;
2.42;4.97;2.46; A:LYS345; A:LYS345; Cation; w -Cation; 7t-
4.93; 4.40; 5.13; A:TRP383; A:ARG342; donor H ; Alkyl; 7t-
5.09; 4.65; 4.66; A:LYS345; A:VAL346; Alkyl; m-Alkyl; n-Alkyl;
4.05; 4.96 A:VAL349; A:VAL349; | n-Alkyl; n-Alkyl; n-
A:VAL349 Alkyl; n-Alkyl
5d -7.28 2.18 0.24 4.15; 4.88; 3.72; A:LYS312; A:ARG342; 7 -Cation; ©- donor H;
5.31;4.83;5.10; A:LYS345; A:TYR306; | m-cation; n- donor H;
4.50; 4.90; 4.24; A:TRP383; A:VAL346; | n—n; n-Alkyl; n-Alkyl;
A:VAL349; A:ARG342; | mn-Alkyl; n-Alkyl; ©t-
A:LYS345 Alkyl
3.36; 3.81; 3.69; A:LYS312; A:LYS312; Convl. H- Bond; 7 -
Se -7.71 2.18 0.24 3.96; 3.73; 5.19; A:LYS345; A:VAL349; Cation; - donor H; = -
4.35 A:VAL349; A:TYR306 ; | Cation; n- donor H; n—
A:LYS34 o, n— o; —m; n-Alkyl
3.61; 4.54; 3.99; A:GLN309; A:LYS312; Halogen (Fluorine); 7 -
5f -7.60 2.65 0.23 4.28; 2.90; 5.38; A:LYS312; A:ARG342; | Cation;  -Cation; 7 -
4.96; 4.72; 5.04; A:LYS345; A:TYR306; Cation; 7 -Cation; -
4.25;4.46 A:TRP383; A:VAL349; donor H; n—m; n-Alkyl;
A:ARG342; A:LYS345; | mn-Alkyl; n-Alkyl; n-
A:VAL349 Alkyl; n-Alkyl
3.54;4.43; 3.82; A:LYS345; A:ARG342; | H-donor; n -Cation; 7 -
S5g -7.52 3.02 0.26 4.15;3.81;3.71; A:LYS345; A:GLN302; | Cation; n- donor H; nt-
4.77;4.16; 4.97, A:VAL349; A:VAL346; | donor H; n— o; Alkyl;
5.09; 4.23 A:LYS345; A:TYR306; Alkyl; n-Alkyl; n-Alkyl;
A:TRP383; A:ARG342; | n-Alkyl; n-Alkyl
A:LYS345
2.62;4.43;2.87 A:LYS345; A:ARG342; Donor -H; © -Cation; 7 -
5h -7.68 2.33 0.30 4.65;5.27,5.01; A:LYS345; A:LYS345; Cation; - donor H;
4.92;4.33 ;4.00 A:VAL349; A:TRP383; Alkyl; Alkyl; n-Alkyl;
A:ARG342; A:LYS345; | mn-Alkyl; n-Alkyl; -
A:VAL349 Alkyl
4.27,4.17; 3.85; A:ARG342; A:1LYS345; n -Cation; w -Cation; 7-
5i -7.32 4.28 0.28 3.56;5.43; 4.21; A:ARG342; A:VAL349; | donor H; n- donor; n— o;
5.44;5.14;4.71; A:TRP338; A:TRP383; n-Alkyl; t-Alkyl; ©t-
4.92;4.62;5.43 A:TRP383; A:VAL349; Alkyl; m-Alkyl; n-Alkyl;
A:VAL346; A:VAL349; | n-Alkyl; n-Alkyl; n-
A:ARG342; A:LYS345 | Alkyl
- 4.17;4.85;3.77; A:LYS312; A:ARG342; 7 -Cation; ©- donor H; &t
5j -7.30 4.17 0.26 5.43;4.71; 4.53; A:LYS345; A:TYR306; -Cation; ©t -Cation; 7t-
4.83;5.12;4.39 A:LYS345; A:VAL349 donor H; n—m; Alkyl;
4.87;4.34 A:TRP383; A:VAL346; Alkyl; m-Alkyl; m-
A:VAL349; A:ARG342; | Alkyl; n-Alkyl; n-Alkyl;
A:LYS345 n-Alkyl
4.63; 4.88; 4.38,; A:ARG342; A:ARG342; | = -Cation; Alkyl; Alkyl;
S5k -7.01 7.20 0.27 4.05;4.92;5.42; | A:LYS345; A:VAL349; | Alkyl; n-Alkyl; n-Alkyl;
4.13 A:TRP383; A:VAL346 n-Alkyl
A: VAL349
3.26; 3.26; 3.47, A:ARG342; A:LYS345; Convl. H- Bond; Convl.
Reference -5.45 100.41 0.17 3.76;,4.97; 5.11; A:VAL346; A:LYS345; H- Bond; Convl. H-
(FH-535) 4.87;4.80 A:TYR306; A:ARG376 Bond; & -Cation; -
A:TRP383; A:LYS345 donor H; « -Cation; n—;
Alkyl; n-Alkyl; m-Alkyl
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Fig.-2: Line Ribbon-3D (a) and 2D (b) Representation of FH-535 (reference ligand) binding interactions with -
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Fig.-3: 3D (a) and 2D (b) Representation of 5e and 5f Binding Interactions with B-catenin (PDB: 1JDH) (Continued)

Overall, these results suggest that the synthesised compounds warrant further biological investigation and
lead optimisation. All eleven derivatives (5a-5k) demonstrated more favourable binding free energies
(=7.01 to —=7.71 kcal/mol) than the reference inhibitor FH-535, suggesting a favourable and strong affinity
with stable occupancy of the B-catenin active site (Figs.-2 and 3). Therefore, the docking study suggests
that B-catenin could serve as a remarkable molecular target for the selected scaffolds. However, further in
vitro and in vivo investigations are required to evaluate this mechanism of action.

Fig.-3: 3D (a) and 2D (b) Representation of 5g and 5h Binding Interactions with B-catenin (PDB: 1JDH)
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Toxicity Prediction

All the selected novel motifs were evaluated for their toxicity profiles using the ProTox-3.0 online tool,
and the obtained values were analysed in comparison with the reference inhibitor, FH-535. This
computational study was exclusively carried out to screen the toxicity prediction on organ toxicity,
toxicity endpoints, nuclear receptor signalling, stress response pathways, and cytochrome P450
metabolism. As per the computed results, a favourable organ toxicity profile was found to be present in
most of the selected compounds. (Figs.-4 and 5). The predicted toxicity profiles of the selected
compounds and reference compounds are presented in Table-4.

Table-4: Predicted Toxicity Profile of the Selected Compounds and Reference Drugs/Inhibitor (toxicity probabilities
shown in parentheses)

Comp. Hepto. Cardi. Carci. Muta. Cyto. BBB-b Ahr PPAR-G MMP p53 CYP2C9 | CYP2D6 | CYP3A4 | Pre.LDso

Se 0.53 0.78 0.56 0.60 0.73 0.86 0.57 0.95 0.77 0.86 0.51 0.52 0.53 1000
(Inactive) (Inactive) (Inactive) (Inactive) | (Inactive) | (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

5f 0.59 0.80 0.66 0.64 0.62 0.87 0.50 0.92 0.64 0.79 0.55 0.52 0.59 1000
(Active) (Inactive) (Inactive) (Inactive) | (Inactive) | (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

Sg 0.59 0.89 0.69 0.67 0.78 0.92 0.61 0.92 0.78 0.90 0.55 0.61 0.59 1000
(Active) (Inactive) (Inactive) (Inactive) | (Inactive) | (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

5h 0.52 0.89 0.72 0.72 0.83 091 0.61 0.92 0.80 0.60 0.65 0.63 0.59 500
(Active) (Inactive) (Inactive) (Inactive) | (Inactive) | (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

Amp. 0.87 0.82 0.83 0.94 0.60 1.00 0.99 0.99 0.96 0.99 0.84 0.97 0.99 5000
(Active) (Inactive) (Inactive) (Inactive) | (Inactive) (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

Flu. 0.84 0.79 0.62 0.52 0.76 0.96 0.92 0.99 0.92 0.97 0.54 0.50 0.70 1271
(Active) (Inactive) (Inactive) (Inactive) | (Inactive) | (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

FH- 0.53 0.64 0.64 0.62 0.87 0.74 0.98 0.94 0.61 0.87 0.77 0.65 0.61 132
535 (Active) (Inactive) (Inactive) (Inactive) | (Inactive) (Active) | (Active) | (Inactive) | (Inactive) | (Inactive) (Active) (Inactive) (Inactive) mg/Kg

Hepto: Hepatotoxicity; Cardi: Cardiotoxicity; Carci: Carcinogenicity; Muta: Mutagenicity; Cyto: Cytotoxicity; mAhR: Aryl hydrocarbon Receptor; PPAR-Gamma:
Peroxisome Proliferator Activated Receptor Gamma; MMP: mitochondrial Membrane Potential; p53: Phosphoprotein (Tumor Suppressor): CYP: Cytochrome P450;
Amp: Ampicillin; Flu: Fluconazole

Compound 5f was predicted to be hepatotoxic and inactive for cardiotoxicity, whereas Se, 5g, and 5h
were projected to be inactive towards hepatotoxicity and cardiotoxicity. Considering the toxicity
endpoints, the blood—brain barrier (BBB) permeability for the chosen scaffolds (5e, 5f, 5g, and 5h) was
predicted to be active; conversely, all the hybrids were predicted to be non-carcinogenic, non-mutagenic,
and non-cytotoxic. These results were comparable with the reference inhibitor FH-535. The compounds
are also expected to have minimal CNS liability, as no signs of neurotoxicity were observed.

In addition, the selected compounds were found to have a low probability of receptor-mediated toxicity,
comparable to or superior to the reference inhibitor. Based on the overall results, the synthesised
compounds displayed an improved toxicity profile compared with the reference inhibitor FH-535, and the
outcomes were comparable. In particular, the results related to mitochondrial stress response activation
and nuclear receptor signalling interference support the newly synthesised compounds as potential lead
candidates for antimicrobial and anticancer applications.

Ampicillin Fluconazole

FH-535

Fig.-4: Toxicity Radar: Ampicillin, Fluconazole, and FH-535
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Fig.-5: Toxicity Radar of Selected Compounds (5e, 5f, 5g, and 5h)

CONCLUSION

In summary, a set of newly synthesised N-benzylidene-3-(6-methyl-[1,2,4]triazolo[4,3-b]pyridazin-3-
yDaniline derivatives (5a—5k) was constructed in order to perform antimicrobial screening, molecular
docking, and computational toxicity assessment. The biological studies identified several derivatives with
noteworthy antibacterial activity. Docking analysis indicated that the active compounds established
favourable interactions within the P-catenin binding pocket, with some derivatives exhibiting higher
predicted binding affinity than the reference ligand, FH-535. In addition, in silico toxicity evaluation
suggested acceptable safety characteristics for the most active molecules. Based on the combined
biological and computational findings, compounds 5e, 5f, 5g, and 5h were identified as the most
promising candidates. These results demonstrate that the triazolo[4,3-b]pyridazine framework is a
valuable structural platform for launching novel antimicrobial agents. Furthermore, the computational
investigations provide an impetus for future experimental investigation to explore the interaction of these
compounds with B-catenin and to assess their therapeutic potential. This contributes to ongoing efforts to
address antimicrobial resistance and supports United Nations Sustainable Development Goal-3 (Good
Health and Well-being) by promoting research toward safer and more effective therapeutic agents.
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