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INTRODUCTION

Macrocyclic ligands have emerged as pivotal candidates in the
realm of medicinal chemistry, owing to their exceptional structural
attributes, intrinsic stability, and significant biological activities ["l.
Among these, tetra aza amide macrocyclic ligands, characterized
by four nitrogen donor atoms and strategically positioned amide
functionalities, have gained widespread attention for their broad
applicability in bioinorganic chemistry and pharmaceutical
development. These macrocycles are adept at forming robust
complexes with transition metals, enabling fine-tuning of their
chemical, biological, and pharmacokinetic properties.

The present investigation focuses on the synthesis,
characterization, and extensive biological evaluation of a novel
tetraaza amide macrocyclic ligand and its metal complexes, aimed
at combating brain glioma (U87 cell line) and inhibiting human
Histone Deacetylase Il (HDAC Il) enzymes. Brain glioma, notably
derived from U87 cells, remain among the most aggressive and
therapeutically challenging tumors, characterized by rapid

This study reports the synthesis and comprehensive evaluation of a novel tetraaza amide macrocyclic ligand and
its Co(II), Ni(II) and Zn(II) complexes, aimed at targeting glioblastoma multiforme (GBM) and inhibiting human
Histone Deacetylase Il (HDAC II). The compounds exhibited significant antimicrobial, antioxidant, and anticancer
activities, with notable cytotoxicity against U87 glioma cells confirmed via MTT assay and apoptosis induction.
In silico profiling using SwissADME and admetSAR presented conflicting drug-likeness results but indicated
favorable blood-brain barrier permeability and low toxicity. Quantum chemical analyses and molecular docking
revealed strong binding affinities to HDAC-II, supporting their potential as therapeutic agents for GBM. Overall,
the findings suggest that the metal complex 2phapZn represents a promising multi-targeted candidate for glioma

treatment and epigenetic therapy, with additional antimicrobial and antioxidant benefits.

proliferation, resistance to conventional therapies, and poor
prognosis. There is a compelling need for novel therapeutic agents
capable of overcoming these barriers B

Macrocyclic complexes, with their unique capability to penetrate
biological membranes, interact with nucleic acids, and modulate
enzymatic activities, offer promising alternatives for glioma
treatment . Simultaneously, histone deacetylases, particularly
HDAC II, play crucial roles in regulating gene expression by
modifying chromatin architecture Pl. Aberrant HDAC activity is
linked to tumorigenesis, making HDAC inhibitors attractive targets
for anticancer drug development 1. In addition to their anticancer
potential, the antimicrobial properties of macrocyclic compounds
have been well documented. Their mechanisms typically involve
membrane disruption, interference with enzymatic systems, and
induction of oxidative stress within microbial cells [

Evaluating the antibacterial and antifungal activities of the
synthesized ligand and its complexes is crucial for understanding
their therapeutic potential . The need for dual-acting agents,
particularly relevant for immunocompromised patients, is also
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addressed in this context ). Furthermore, the antioxidant capacity
of the novel compounds can be explored through radical scavenging
assays ' given the established correlation between oxidative
stress, cancer progression, and inflammatory disorders [,
Cytotoxic evaluations against the U87 glioma cell line were
conducted via MTT assays to determine cell viability post-
treatment "2, Additionally, apoptosis, a form of programmed cell
death, was confirmed through staining techniques such as acridine
orange/ethidium bromide staining ['*,

Pharmacokinetic predictions were performed using SwissADME and
admetSAR platforms to assess drug-likeness, solubility, absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
profilesl™. These in silico analyses are crucial for forecasting the
compounds' success in biological systems and minimizing potential
toxicities. Quantum chemical calculations, including HOMO-LUMO
energy gaps, were undertaken to investigate the electronic
behavior of the compounds ["l. The energy gap between the
frontier molecular orbitals offers insights into the chemical
reactivity, kinetic stability, and potential interaction mechanisms
with biological targets ['¢l. Additionally, global chemical
descriptors such as hardness, softness, electronegativity,
electrophilicity, and nucleophilicity were computed to further
elucidate the reactivity patterns and stability of the synthesized
entities ['"). These descriptors are predictive of how the compounds
might behave under physiological conditions. Molecular
Electrostatic Potential (MEP) mapping was utilized to visualize
charge distributions within the molecules, thereby identifying
regions susceptible to electrophilic or nucleophilic attacks ['®
Molecular docking studies were conducted to predict and model
the interaction between the synthesized compounds and the HDAC
Il enzyme ["%), Docking results offer valuable information regarding
binding affinities, modes of interaction, and potential inhibitory
mechanisms, reinforcing the experimental findings and highlighting
the therapeutic relevance of the compounds. In conclusion, this

NH, EtO
2 + 2 conc.HC
reflux O
NHy EtO NH
o-phenylene diethyl
diamine phthalate

Figure 1. synthesis of 2phap ligand

2.2. Synthesis of Complexes (2phapCo, 2phapNi and 2phapZn):
[CO(C18H10N4O4)Clz],
[Ni(CzaHzoN4O4)] Clz and [Zn(C28HzoN4O4)] Clz

A hot ethanolic solution of diethyl phthalate (4 mL, 0.02 mol) was
combined with a hot solution of o-phenylenediamine (2.163 g, 0.02

comprehensive  study  integrates  synthetic, biological,
computational, and pharmacokinetic evaluations to assess the
therapeutic promise of a novel tetraaza amide macrocyclic ligand
and its metal complexes 2%, By simultaneously targeting brain
glioma cells and HDAC Il enzymes, and demonstrating
antimicrobial, antioxidant, and cytotoxic potentials, the findings
contribute to the advancement of novel multi-target
chemotherapeutic agents with enhanced efficacy and favorable
pharmacological profiles suitable for future clinical development.
Il. METHODOLOGY

All reagents and solvents were of analytical grade and used as
received. Diethyl oxalate, o-phenylenediamine, and metal salts
(CoCl2+6H20, NiCl2-6H20, ZnClz) were obtained from E. Merck.
Conductivity measurements were carried out in dry DMF using a
Model 601 conductivity bridge. Melting points were determined
using an electric melting point apparatus. UV-visible diffuse
reflectance spectra were recorded at room temperature with a
Jasco V750 spectrophotometer, while FT-IR spectra were obtained
using a Shimadzu IR Affinity-l spectrophotometer.

2.1. Synthesis of tetraaza macrocyclic amide ligand (2phap):
(6,11,18,23-Tetraazatetrabenzo[a, ¢c,i,k]cyclohexadecane-
5,12,17,24-tetrone), C2sH20N404)

The macrocyclic ligand 6,11,18,23-
Tetraazatetrabenzo[a,c,i,k]cyclohexadecane-5,12,17,24-tetrone
(C28H20N404) was synthesized via a condensation reaction
between diethyl phthalate (4 mL, 0.02 mol) and o-
phenylenediamine (2.163 g, 0.02 mol) in the presence of
concentrated hydrochloric acid (0.02 mol). Refluxing the mixture
resulted in a red precipitate, which was subsequently filtered and
washed with tetrahydrofuran (THF), diethyl ether, and petroleum
ether. Due to the low yield of the ligand, a template synthesis
strategy was adopted to prepare its metal complexes. The
synthetic pathway for the tetra aza macrocyclic amide ligand is
illustrated in Figure 1.

NH

NH

mol) and refluxed. Ethanolic solution of the respective metal
chloride (0.1mol) (dry ZnClz, NiClz2-6H20, or CoCl2-6H20) was then
added gradually under continuous stirring during the reflux process.
After one hour of refluxing, a colored precipitate formed, which
was subsequently filtered and thoroughly washed with petroleum
ether, ethanol, THF, and diethyl ether 2",
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Figure 2 . synthesis of 2phap metal complexes

2.3. Preliminary Test for Water Molecule and Chloride lon

The presence of water molecules in the crystallized metal
complexes was assessed using cobalt chloride paper. The lack of
a color change from blue to pink indicated the absence of water
within the crystal lattice. To detect uncoordinated chloride ions,
those not directly bonded to the metal center aqueous silver
nitrate (AgNOs) and ammonium hydroxide (NH+OH) were added to
solutions of the complexes. The immediate formation of a white
precipitate, which dissolved upon the addition of excess NH4OH,
confirmed the presence of free chloride ions outside the metal
coordination sphere 122,

2.4. ADMET analysis

The pharmacokinetic profiles of the synthesized drug candidates
were  evaluated using the  SwissADME  web  tool
(http://www.swissadme.ch/), which predicts key ADME
(absorption, distribution, metabolism, and excretion) parameters.
SMILES (Simplified Molecular Input Line Entry System)
representations of the compounds were employed to assess their
drug-likeness and pharmacokinetic suitability. Additionally,
potential toxicity was predicted using the admetSAR platform
(https://lmmd.ecust.edu.cn/admetsar2), facilitating a
preliminary evaluation of their safety profiles.

2.5. In silico molecular docking studies

2.5.1. Retrieval of the tertiary structure of protein and
structure validation

To identify potential protein targets of the synthesized
compounds, their SMILES notations derived from 3D molecular
structures were submitted to the Therapeutic Target Database
(TTD). Target proteins were subsequently validated using the
UniProt database, and corresponding Protein Data Bank (PDB)
identifiers were retrieved. Specifically, the 3D crystal structure of
the HDAC-Il enzyme complexed with N-(2-aminophenyl)
benzamide (PDB ID: 3MAX) was obtained from the RCSB Protein
Data Bank. This structure, provided in PDB format, was energy-
minimized using Swiss-PDB Viewer (version 4.1.0) to optimize
atomic coordinates and improve structural reliability. Structural
validation was performed through a Ramachandran plot generated
via the PDBsum server (https://www.ebi.ac.uk/thornton-
srv/databases/pdbsum/). Furthermore, the overall quality of the
protein model was assessed using the ProSA web tool
(https://prosa.services.came.sbg.ac.at/prosa.php), which
analyzed the Z-score to confirm its suitability for further
computational studies.

2.5.2. Binding pocket prediction

Protein active site prediction was performed using the machine
learning Prank web server (https://prankweb.cz/), which
identifies potential ligand binding regions within a protein
structure. These binding sites are essential for molecular
recognition and catalytic function, as they serve as specialized
domains that enable interactions with specific substrates or
ligands, thereby influencing biological activity.

2.5.3. Ligand designing and preparation

To evaluate their potential interactions with the target enzyme,
the synthesized compounds were structurally optimized,
converted into PDB format, and then subjected to molecular
docking study.

2.5.4 Molecular Docking Analysis

To evaluate the anticancer potential of synthesized compounds
targeting the HDAC-Il enzyme, molecular docking studies were
performed against the approved drug suberoylanilide hydroxamic
acid (SAHA) as a benchmark. The HDAC-II receptor structure
(chains A, B, C) was retrieved, and chain A was selected for these
docking studies. Protein preparation involved removing water
molecules and extraneous ions, adding polar hydrogen atoms to
account for tautomeric and oxidation state adjustments, and
crucially retaining the essential zinc ion for its structural and
catalytic role. Flexible ligand docking simulations were then
carried out using AutoDock Vina (version 1.5.6). Finally, the
resulting ligand protein interactions were analyzed with Biovia
Discovery Studio Visualizer, enabling detailed 2D and 3D
examination of the binding modes between HDAC-II and both the
test and reference compounds.

2.6. DFT Studies

The macrocyclic ligand (2phap) and its Co(ll), Ni(ll), and Zn(ll)
complexes were structurally optimized using Density Functional
Theory (DFT) without symmetry constraints. These geometry
optimizations were performed with Gaussian 16 (Revision C.02)
employing the B3LYP functional. The LANL2DZ basis set was
applied to the transition metal atoms, while the 6-311++G (d, p)
basis set was used for non-metal atoms (C, H, O, N). GaussView
6.0 was used to visualize the optimized geometries. Molecular
Electrostatic Potential (MEP) analysis was then conducted to
investigate electron density distributions and identify potential
reactive sites. Key electronic parameters, including total energy
and the energies of the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), were
also calculated.

2.7. Antimicrobial studies

——
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2.7.1. Antibacterial essay

The antibacterial efficacy of the test compounds (10 mg/mL) was
assessed against Escherichia coli and Staphylococcus aureus using
the well diffusion method on nutrient agar. After inoculating the
plates, wells were loaded with varying volumes (25-100 pL) of the
test solutions. Following incubation at 37°C for 24 hours,
antibacterial activity was determined by measuring the zones of
inhibition. Chloramphenicol served as the positive control, and all
experiments were performed in triplicate.

2.7.2. Antifungal studies

The antifungal activity of the test compounds (10 mg/mL) was
evaluated against Candida albicans using the well diffusion
method on YPD agar. After inoculating agar plates with fungal
suspensions, wells were loaded with 25-100 pL of the test
solutions. Following incubation under appropriate conditions,
antifungal efficacy was determined by measuring the zones of
inhibition. Fluconazole served as the positive control, and all
assays were performed in triplicate.

2.8. Antioxidant studies

The antioxidant potential of the test samples was evaluated using
the DPPH free radical scavenging assay. Various concentrations of
the samples (10-50 pg/mL) were mixed with a 0.1 mM DPPH
solution and incubated at room temperature for 30 minutes, after
which absorbance was measured at 517 nm. L-ascorbic acid (10-
500 pg/mL) served as the positive control. Scavenging activity was
calculated using the formula: Scavenging effect (%) = (Ac - At)/Acx
100, where Acis the absorbance of the control and A:is the
absorbance of the test sample

2.9. Cytotoxic studies

In silico analysis using PASS CLC Pred
(http://www.way2drug.com/Cell-line/) predicted strong
cytotoxic activity for the tetra aza macrocyclic amide ligand
against the Uppsala 87 Malignant Glioma (U-87 MG) cell line,
highlighting its potential selectivity and therapeutic promise for
brain cancer. To experimentally validate this, the cytotoxicity of

the tetra aza macrocyclic ligand and its metal complexes was
assessed against U-87 MG cells using the MTT assay. Cells were
seeded at 50,000 cells/well in 96-well plates and incubated for 24
hours before a 24-hour treatment with various concentrations of
the test compounds. Following this, MTT reagent was added and
incubated for 4 hours. The resulting formazan crystals were
dissolved in DMSO, and absorbance was measured at 570 nm.
Percentage growth inhibition was calculated using the formula: %
Inhibition = [(OD of control - OD of sample) / OD of control] x 100,
where OD of control is the optical density of untreated control
cells and OD of sample is that of treated cells. ICso values were
then determined by nonlinear regression analysis using GraphPad
Prism.

2.10. Apoptosis studies by AO-EB Dual Fluorescent Staining
Method

The AO-EB dual staining technique differentiates viable,
apoptotic, and necrotic cells through distinct fluorescence and
morphology. Acridine Orange (AO) stains all nuclei green, while
Ethidium Bromide (EB) selectively enters membrane compromised
cells, staining their nuclei orange/red. This approach highlights
apoptosis indicators like chromatin condensation and membrane
blebbing, thereby facilitating the assessment of drug induced cell
death.

Ill. RESULT AND DISCUSSION

3.1. Characterisation of synthesized compounds

Analytical data (Table 1) confirms the synthesis of the ligand
2phap(2P) from the reaction of diethyl oxalate with o-
phenylenediamine. The corresponding macrocyclic Co(ll), Ni(ll),
and Zn(ll) complexes 2phapCo(2PC), 2phapNi(2PN), and
2phapZn(2PZ), respectively were synthesized via a template
method using a 1:1 molar ratio in ethanolic solution. Both the
macrocyclic ligand and its metal complexes are soluble in DMF and
DMSO. Key spectral data, including infrared (FT-IR), electronic
spectra, and molar conductance measurements, are presented in
Table 2

Compound / Mol. | Color | M. |Yield Elemental analysis
formula weight Point %o Calculated (experimental)
= C H N Cl

2phap (2P) 476.15 | pink 150 20 70.58 | 4.23 11.76 -
CasHopN4Oy (69.98) (4.22) (11.00)
[Co(2phap) Cl:] 605.02 |brown |>250 85 55.47 3.32 9.24 11.69
2phapCo) (2PC) (55.08) [(3.18) | (9.13) |(11.53)
[CO(C25H20N404) Clz]
[Ni(2phap)] ClL: 606.08 | violet |>250 90 55.49 3.33 9.24 11.70
(2phapNi) (2PN) (55.39) [(3.13) | (9.12) |(11.65)
[Ni(C2sH20N404)] Cly
[Zn(Zphap)] Cl2 610.0R | white 180 60 54.88 3.29 9.14 11.57
(2phapZn) (2PZ) (54.75) [(3.23) | (9.04) |(11.45)
[Zn(C1:H20N104)] Cl:

Table 1. The analytical data and physical properties of 2phap ligand and its metal complexes to 1296 cm™!, suggesting

In 2phap Ligand, IR Spectroscopy confirms typical amide features:
Vv(N-H) at 3332 cm™', v(C=0) at 1620 cm™', and Amide Il at 1234
cm~'. UV-Vis shows m—m* and n—1* transitions at 204, 238, and
320 nm. DFT reveals secondary amide geometry with C=0 and N-
H bond lengths of ~1.23 A and ~1.02 A, respectively. In the Cobalt
complex?, a distorted octahedral geometry is confirmed by DFT
(Co-N ~2.02 A, Cl-Co-Cl ~83.4°, trans N-Co-N ~149°). IR indicates
nitrogen coordination with a v(N-H) shift to 3356 cm™' and
unchanged v(C=0), ruling out oxygen involvement. New metal-
ligand bands at 424 and 378 cm™" are observed. UV-Vis reveals d-
d transitions at 491 and 681 nm (vs and v1), consistent with high-
spin octahedral Co(ll). Molar conductance confirms non-
electrolytic nature. IR shows v(N-H) and v(C=0) downshifts (3286

568

N-coordination and enhanced intramolecular hydrogen bonding in
the Nickel complex. DFT indicates a distorted square planar
geometry (Ni-N ~2.045 A; N-Ni-N angles ~88-91° cis, ~173° trans).
UV-Vis features d-d transitions at 364 and 580 nm, typical for
square planar d® Ni(ll). Molar conductance confirms a 1:2
electrolyte. IR data reflect strong intramolecular hydrogen
bonding in the Zinc complex?), with v(N-H) at 3209 cm™' and
v(C=0) at 1604 cm™~". Amide IlI shifts to 1280 cm™', and a v(Zn-N)
vibration at 432 cm™' is observed. DFT reveals a distorted
tetrahedral structure (Zn-N ~2.079 A; N-Zn-N -86-92° cis, ~165°
trans). UV-Vis shows blue-shifted ligand transitions (231, 262 nm)
and a weak LMCT band at 387 nm. Molar conductance confirms a
1:2 electrolyte.
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Compound R Amide (cm -1) YL ¥ag-cl Molar A (nm)
(cm 1) (cm-!) | (cm-!) | conduc
tivity
I Il I Ar. C-H (S em?
¥(C=0) | y(C-N)+ | 6(N-H) out of mol -1)
6 (N-IH) plane
bending
2phap (2P) 3332 1620 1519 1234 748 - - - 204, 238,
CosHzN4Oy 320
[2phapCoCl:] (2PC) 3356 1620 1527 1242 748 424 378 16 251, 304,
[Co(CasH2oN204) Cla] 388, 491,
681
[INi(2phap)] Cl» 3286 1604 1573 1296 748 439 - 104 259,292,
(2phapNi) (2PN) 364,580
[Ni(C2sH20N404)] Clp
[Zn(2phap)] Cl, 3209 1604 1573 1280 756 432 - 113] | 231, 262,
(2phapZn) (2PZ) 387
[Zn[C23H20N404)] Clz

Table 2 The IR, electronic spectral data and molar conductance measurements of 2phap ligand and its

metal complexes

3.2. In Silico admet studies

The physicochemical, pharmacokinetic, and toxicity (ADMET)
profiles of the synthesized compounds (2phap, 2phapCo, 2phapNi,
and 2phapZn) were systematically evaluated against the standard
HDAC inhibitor SAHA using SwissADME. Compared to SAHA, the
synthesized metal complexes exhibited higher molecular weights,
increased hydrogen bond acceptors, and comparable TPSA values,
but demonstrated poor water solubility and lower bioavailability
scores. Regarding drug likeness, 2phap and SAHA fully complied
with Lipinski's rule, whereas the metal complexes showed multiple

violations.  Pharmacokinetic  predictions indicated high
gastrointestinal absorption for 2phap and SAHA, but not for the
metal complexes; notably, none of the tested compounds,
including SAHA, were predicted to cross the blood brain barrier.
Importantly, all synthesized compounds were predicted to be non-
AMES toxic and non-carcinogenic, in contrast to SAHA, which
exhibited AMES toxicity. Overall, 2phap emerged as the most
promising candidate due to its superior drug-likeness and
favorable pharmacokinetic properties, positioning it as a strong
alternative to SAHA for further therapeutic exploration.

compound | Zphap | ZphapCo | Zphapi [ 2phapZn | SAHA
Mol Wt (g/mol) 476.48 S0632 0608 61277 26432
HED 4 4 4 4 3
HEA 4 8 8 8 3
TPSA (A L) 116.40 116.40 11640 116.40 TRA3
LogPo. 2.84 .87 1.32 1.33 1.52
Water solubility -5.39 -T.5e -7.5e -7.63 222
Log 5 (ESOL) mod. solsble poorhy poorhy poorhy sohible
soluble solubls soluble
Biuoavailabihty scose 055 17 T a7 055
PATNS 0 alast 0 alert 0 alart 0 alast 0 alert
Synthetic accessibility 3.18 4.26 4.21 4.57 1.91
Lipmski Tes 2 viclation 2 viclation 2 viclation Tes
Drug likeness i O viclation 0 viclaticn
Toles 1 viclation 2 viclation 3 viclation 3 viclation Yes
0 viclaticn
Yes Fes Yes Yes Yes
O viclation 0 viclation 0 viclation O viclation 0 viclation
TYes Tes Tes TYes Tes
O viclation 0 viclation 0 viclation O viclation 0 viclation
Tes 3 violation 3 viclation 3 viclation Tes
O viclation 0 violation
Phammacokinetic properties and Towmicrty
EBEB no ™o o no ™o
GLA high high Lo Lo high
P-gp substrate no Yes Tes Yes No
Loz B, -5 B4 -5.02 -6.01 -5.035 -6.5%
Cacol permeability 05530 05495 05447 05442 0.8557
AMES tosscity MNonAMES NonAMMES NonAMES MNonAMES AMNES, tosc

Table 3. The |[ADMET properties of the 2phap ligand and its complexes from SWISS ADME and

admetS AR server

3.3. In silico molecular docking studies

Molecular docking studies targeting HDAC-1I revealed 2phapZn as
the most potent binder among the synthesized compounds (2phap,
2phapCo, 2phapNi), with a binding affinity of -8.7 kcal/mol,
surpassing the benchmark HDAC inhibitor SAHA (-7.3 kcal/mol).
This superior binding is attributed to multiple stabilizing
interactions, including hydrogen bonds, van der Waals forces,
attractive charges, and m-interactions with key active site
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residues. These findings suggest 2phapZn could be a more
effective HDAC2 inhibitor than SAHA, offering the stronger and
more diverse molecular engagements critical for epigenetic
modulation.  Consequently, 2phapZn's superior  docking
performance highlights its potential as a promising lead compound
for developing novel HDAC Il targeted therapeutics, particularly
for glioma treatment.




s.no. | compound | Binding | Conven Vanderwaals Hydrophobic Electrostatic | Attractive Pi-
energy tional interaction interactions interaction charge Sulphur
keal/ Hydrogen
mol bond
1 2phap -8.1 PHE210 | ASP104, HEISS, PHE210, LEU276 - - -
GLY 154, HIS183,
TYR209
2 2phapCo -6.5 PHE210 | PHE155, HIS183, LEU276, CYS278 - - -
GLU208, TYR209,
ARG275
3 2phapNi -7.4 - PRO34, PHEISS, HIS183, LEU276 HIS183 - -
GLU208, TYR209,
PHE210
4 2phapZn -8.7 HIS183 | HIS146, GLY154, | PHELSS, PHE210 - Aspl04 -
LEU276
5 SAHA -7.3 HIS145, | LEU276, ASP104, | MET35, PHEILSS, - - CYS156
HIS183, | PHE210, PHE114, | HIS146, PHEISS,
GLY306, | TYR29 HIS183, LEU144,
GLY143 ARG39, TYR308,
GLY305, Zn379,
GLY154, ASP181,
GLN265

Table 4. The binding energy and interactions of the 2phap ligand and its metal complexes with the feceptor (3MAX):
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3.4. DFT studies

Figure 4 displays the optimized structures of the 2phap ligand and
its complexes, derived using Gaussian16 (Revision C.02) and
visualized with GaussView 6.0. Density Functional Theory (DFT)
analysis shown in Table 5 revealed distinct electronic and stability
profiles for the synthesized compounds. 2phapCo exhibited the bandgap (5.6472 eV) and greater chemical hardness (2.8236 eV),
greatest thermodynamic stability (energy: -1773.6496 a.u.), while reflecting higher stability but consequently lower reactivity.

S,
570

2phapNi displayed the highest dipole moment (11.6579 D).
Crucially, 2phapZn demonstrated the smallest bandgap (1.1081
eV) shown in Figure 5, highest chemical softness, and strongest
electrophilicity (8.3965 eV), indicative of superior chemical
reactivity. This contrasted with SAHA, which presented a wider




Figure 4 The oprimized geometry of the synthesis compound urilizing BILYP/LANLIDY
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These DFT derived electronic properties, particularly the
enhanced reactivity of 2phapZn, strongly correlated with its
molecular docking performance. Specifically, 2phapZn showed
the highest binding affinity towards HDAC Il, surpassing SAHA. It
is proposed that 2phapZn’s high reactivity facilitates stronger and
more diverse molecular interactions within the HDAC Il active site,
thereby enhancing its inhibitory potential. Considering HDAC II's
critical role in glioma progression, these integrated findings
underscore 2phapZn’s significant promise as a potent epigenetic
modulator for glioma therapy, potentially offering advantages
over the conventional HDAC inhibitor SAHA.

Comp 2phap 2phapCo JphapNi | 2phapZn SAHA
Energy (au) -1399.4305 | -1773.6496 | -1767.9637 | -1664.1890 | -880.9433
Dipolemoment () 0.9324 9.5706 11.6379 8.3028 235246
Euouo (Hartree) -0.20840 -024334 -0.11712 -0.13247 -0.24345
E s (Hartree) 0.09939 | -0.06391 -0.07219 | -0.09173 | -0.03392
Euouo (V) -3.6708 -6.6352 -3.1870 -3.6047 -6.6246
Evumo (V) -2.7043 -1.7935 -1.9644 -2.4966 -0.9774
Bandgap (AE) 48417 2.9663 1.2226 1.1081 3.6472
IP (V) 3.6708 6.6332 3.1870 3.6047 6.6246
EA (V) 27045 1.7935 1.9644 24966 09774
Electro 42144 41877 25757 3.0507 3.8010
Negativity (3) eV)

Chemical 42144 -4.1877 -2.3757 -3.0507 -3.3010
potential () (eV)
Chemical 24209 1.4832 0.6113 0.5542 28236
hardness (1) (V)
Chemical 0.4131 0.6742 1.6338 1.8044 0.3541
softness (o) (eV)
Global 0.2066 03371 0.8179 0.9022 0.1771
softness (8) (eV )
Electrophilicity 3.6693 2.0939 34261 8.3963 14118
index () (V)
nucleophilicity 0.2723 04776 0.1843 0.1191 0.7083
index (N)
Table 5 The predicted quantum chemical descriptors for 2phap ligand, its complexes
and reference compound
2phap 2phapCo

Figure 6. The molecular electrostatic potential of the 2phap ligand and
its complexes from DFT approach

3.5. Molecular electrostatic potential maps

The Molecular Electrostatic Potential (MESP) is a powerful
analytical tool that visualizes a molecule's size, shape, and the
distribution of its electrostatic potential, which is color coded to
indicate positive, negative, and neutral regions. It is instrumental
in elucidating the relationship between molecular structure and
physicochemical properties. The MESP map effectively highlights
reactive sites: red areas typically denote electron rich
(nucleophilic) zones, blue indicates electron deficient
(electrophilic) regions, and green represents neutral potential.
For the 2phap ligand and its metal complexes illustrated in Figure

S,
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6, the electron-rich red and yellow regions mark sites susceptible
to electrophilic attack, whereas the electron-deficient blue
region is prone to nucleophilic attack. The gradient of
electrostatic potential is represented by the color scale: red <
orange < yellow < green < blue 2%

3.6. Antimicrobial activities

The antimicrobial activities of synthesized compounds (2phap,
2phapCo,  2phapNi, and 2phapZn) were evaluated
against Staphylococcus aureus, Escherichia coli, and Candida
albicans at concentrations of 25-100 pg/mL are shown in Table 6.
Notably, 2phapCo and 2phapZn exhibited superior antibacterial
and antifungal activities, with inhibition zones reaching 24-27

S. Compound Conc. Zone of inhibition
no ng/ (diameter in mm)
. mL Antibacterial Antifungal
studies studies
s. aureus | E. Coli | C.albicans

1 2phap 25 12 15 13

50 16 17 17

75 19 20 19

100 22 22 23

2 2phapCo 25 17 19 20

50 21 22 23

75 22 23 25

100 24 24 26

3 2phapNi 25 15 14 14

50 19 19 20

75 20 21 k2

100 23 23 23

4 2phapZn 25 13 13 15

50 20 24 18

75 22 25 19

100 24 27 27

5. | Chloramphenicol 100 20 20 -
Fluconazole 100 - - 21

Table 6. The antimicrobial data of the 2phap ligand and its complexes

3.7. Antioxidant Activity

The antioxidant activity of the synthesized compounds (2phap,
2phapCo, 2phapNi, and 2phapZn) was concentration dependent
over the 10-50 pg/mL range. Among these, 2phapZn exhibited the
highest scavenging activity (55.66% at 50 pg/mL), followed in
decreasing order of efficacy by 2phapNi (50.87%), 2phap (48.32%),

Figure 7. The antimicrobial activities (ZOI in mm) of the 2phap ligand and its complexes.

mm, shown in Figure 7, thereby outperforming standard drugs
Chloramphenicol and Fluconazole. While 2phapNi demonstrated
moderate efficacy, the parent ligand 2phap showed the least
activity. The enhanced antimicrobial effects observed for the
metal complexes are attributed to improved membrane

penetration and reactive oxygen species (ROS) generation.
Overall, coordination with Co?* and Zn?* significantly boosted the
antimicrobial potential of the tetra aza macrocyclic ligand,
positioning 2phapCo and 2phapZn as promising dual action
therapeutic candidates #7),

,K

and 2phapCo (42.10%). However, all synthesized compounds were
less potent than the standard, Ascorbic Acid, which achieved
81.02% activity®®l. Thus, within the synthesized series, 2phapZn
was identified as the most promising antioxidant as shown in
Figure 8.

s.no | Conc | 2phap | 2phapCo | 2phapNi | 2phapZn | Ascorbic
ug/ acid

mL (positive

control)

1 10 21.8501 | 18.5008 | 23.1260 | 25.0398 | 55.8214

2 20 27.1132 | 21.0562 | 29.8246 | 33.3333 | 63.1579

3 30 34.7687 | 26.6348 | 36.2042 | 41,9458 | 69.5375

4 40 42.1053 | 35.4067 | 44.1736 | 49.9203 | 74.3222

5 50 48.3254 | 42.0526 | 50.8772 | 55.6619 | 81.0207

Table7.The antioxidant screening of the 2phap ligand and its complexes

2phap phapCo
100- 100
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Figure 8. The graphical representation of antioxidant activity of the 2phap ligand and its metal complexes

3.8. in vitro cytotoxicity studies

The cytotoxic efficacy of the tetra-aza macrocyclic ligand 2phap
and its transition metal complexes (2phapCo, 2phapNi, and
2phapZn) was evaluated against the U87 human glioblastoma cell
line as depicted by Figure 9. All compounds exhibited significant,
dose-dependent antiproliferative activity??. Notably, 2phapZn
demonstrated the highest cytotoxicity (ICso = 13.35 pg/mL),
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followed by 2phapNi (13.56 pg/mL), 2phapCo (14.10 pg/mL), and
the free ligand 2phap (15.65 pg/mL) as shown in Table 8. These
findings indicate that metal coordination, particularly with Zn(ll),
enhances the cytotoxic potential of 2phap against glioblastoma
cells, highlighting 2phapZn as a promising candidate for further
therapeutic development.
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Figure 9. CLC-Pred: A web-service for prediction of human cell line cytotoxicity for drug-like compounds
(for the 2phap ligand)
s.no. | Conc viability
ng/
mL 2phap | 2phapCo | 2phapNi | 2phapZn
1 0 100 100 100 100
2 10 74 66 65 63
3 20 37 36 33 36
4 30 17 15 15 10
5 40 8 5 5 2
6 50 0 0 0 0
7 ICsp | 15.65 14.10 13.56 13.35

Table 8. The Invitro Cytotoxic activity of the 2phap ligand
and its complexes towards the U887 human cancer

cell line with [[Cso

3.9. Apoptosis Dual Staining

The apoptotic activity of synthesized metal-doped 2phap
compounds in U87 cells was confirmed by Acridine
Orange/Ethidium  Bromide (AO/EB) staining. At ICso

concentrations, 2phapZn notably induced substantial apoptosis,
evidenced by a high proportion of red/orange (apoptotic/dead) to
green (viable) fluorescent cells, surpassing other complexes and

control 2phap

2nhanCo

untreated controls (which remained viable)B”. Morphological
changes and increased red/orange fluorescence in complex-
treated cells further confirmed apoptosis. These findings,
consistent with MTT cytotoxicity data shown in Figure 10,
highlights that Zn (ll) coordination significantly enhances the pro-
apoptotic potential of the ligand (Figure 2).

2phapNi

2phapZn

Figure 10 The pictorial representation of induced apoptosis in U87 human cell line by AO-EB staining

method by the 2phap ligand and its complexes

——
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CONCLUSION The

comprehensive evaluation of the zinc-based macrocyclic complex
2phapZn underscores its potential as a promising HDAC2 inhibitor
with significant therapeutic relevance for brain glioma. Despite
its deviation from Lipinski’s rule of five, 2phapZn demonstrated
superior binding affinity to HDAC2, evidenced by a docking score
of -8.7 kcal/mol and strong interactions with key catalytic
residues such as HIS183 and PHE155. The compound also exhibited
the highest electrophilicity index and lowest HOMO-LUMO
bandgap among its analogs, indicating pronounced electronic
reactivity favorable for biological activity. Importantly, in vitro
cytotoxicity studies revealed potent antiproliferative effects on
U87 glioma cells, with an ICso value of 13.38 pg/mL, surpassing
both the parent ligand and other metal complexes. Combined with
its favorable safety profile, non-carcinogenic nature, and
moderate antioxidant and antimicrobial properties, 2phapZn
emerges as a viable candidate for further development in HDAC-
targeted glioma therapy, particularly via non-oral or localized
delivery strategies
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