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Abstract
In the present work, we report the synthesis, characterization, biological studies of the nickel(II) complex NiL derived from N2O2

tetradentate Schiff base ligand 2,2'-{(1E,1'E)-[1,2-phenylenebis(azanylylidene)]bis(methanylylidene)}bis(5-benzyloxy)phenol L.
We used 1H, FT-IR, for characterization, and the structure of the complex was determined by single crystal X-Ray
crystallography. Hirshfeld surface analysis and two-dimensional fingerprint plots of NiL were calculated to quantify the
interatomic interactions present in the crystal. On the other hand, The molecular structure of complex was investigated using
DFT calculations at the DFT/B3LYP/6-311g (2d,2p)/LANL2DZ level. The interaction between the complex NiL with related target
protein (3WZE) receptor was examined using docking experiments. Additionally, the antioxidant activity of the NiL was
evaluated by two antioxidant activity assays (DPPH; ABTS) and the enzyme inhibitory potential of the NiL compound was
investigated against key enzymes involved in neurodegenerative (acetylcholinesterase (AChE), the α-Glycosidase inhibitory and
GST inhibitory activity.

1. Introduction
Schiff bases play a crucial role in synthesizing various industrially and physiologically beneficial chemicals through closure,
cycloaddition, and replacement reactions [1], Schiff bases are ligands that have a There are imines in the RC group (− RC = N–)
created by reacting primary amines (R–NH2) with compounds containing a carbonyl group (RCOR′). The R and R′groups can be
there are either alkyls or aryls. The range of services provided by Schiff bases is extensive alternatives that can substitute for
and be suitable for bridged N, N′, or unbridged. Generally, a Schiff base consists of donor atoms. The presence of oxygen can
be associated with NO or N2O2 substituted by nitrogen, it can also be present in a molecule containing sulphur or selenium [2],
Cancer poses significant challenges globally due to its tendency to develop drug resistance and inadequate response to
cytotoxic treatments [1], Schiff bases are an essential class of organic compounds with a wide variety of applications in many
fields, such as analytical, biological and inorganic chemistry. Some of these compounds act as corrosion inhibitors and are
used as catalysts in polymers and dyes. Furthermore, Schiff bases have gained importance in medicinal and pharmaceutical
fields due to their broad spectrum of biological activities like antimicrobial, antifungal, antiviral, anti-inflammatory, analgesic,
anticonvulsant, antitubercular, anticancer, antioxidant, anthelmintic, antimalarial and so forth [3], Nickel ion plays an important
role in the biological systems, the complexes of nickel are still attract considerable attention because it can exhibit several
oxidation states and such complexes have a strong role in bioinorganic chemistry and redox enzyme systems [4], Molecular
docking is a method utilized to forecast and examine the interaction between a drug or chemical and a target protein. This
computer-based method allows us to model how the drug interacts with the target protein at a tiny level, helping us understand
their interactions and evaluate the potential effects of the drug, Computational analysis facilitates drug development from both
synthetic and natural molecules, particularly phytochemicals derived from medicinal plants, by predicting the potential
therapeutic effects of these substances. Molecular docking is the most prevalent computer approach used in structure-based
drug design for predicting protein-ligand interaction sites and their binding affinity scores [5].

In the present study, we aimed at synthesizing and characterizing the NiL, see Scheme 1. Its structure was confirmed by XRD
crystal structure analysis, and IR and NMR spectroscopies. The antioxidant activity of the synthesized compound was
evaluated. Quantum chemical calculations have also been carried out for the estimation of the geometrical parameters, and
properties of the title compound. The synthetized compound has been tested for their ADME-T, molecular docking, antioxidant
activities and their enzyme inhibition activities.

2. Experimental

2.1. Materials and methods
All the chemicals and solvents were purchased from, Sigma Aldrich and were used without further purification. The Merck
Company supplied all reagents and solvents used in this study, which were utilized without purification. The FT-IR spectrums
were carried out by the ATR method using a Perking Elmer L1600-400 Spectrum Two spectrophotometer.. The 1H NMR spectra
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was recorded on a Bruker DRX-400 high performance digital FT-NMR spectrometer (400 and 100 MHz respectively) using TMS
as an internal standard.

2.2. XRD and HSA computing details
Data collection: Stoe STADIVARI diffractometer; cell refinement: X-AREA [6]; data reduction: X-AREA and X-AREA LANA [6];
program used to solve structure: SHELXS97[7]; program used to refine structure: SHELXL2018/3 [8]; molecular graphics:
Mercury [9]; software used to prepare material for publication: PLATON [10], SHELXL2018/3 [8]. Crystal data, data collection
and structure refinement details are summarized in Table 1 and selected geometric parameters are presented in Table 2. The C-
bound H atoms were positioned geometrically (C–H = 0.94–0.98 Å) and refined with Uiso (H) = 1.2Ueq (C).

Table 1
Single crystal XRD details

CCDC 2436504

Chemical formula C34H26N2NiO4

Mr 585.28

Crystal system, space group Monoclinic, P21/c

Temperature (K) 250

a, b, c (Å) 6.1728 (1), 29.9870 (9), 14.5398 (3)

β (°) 93.339 (2)

V (Å3) 2686.80 (11)

Z 4

Radiation type Cu Kα

µ (mm− 1) 1.40

Crystal size (mm) 0.96 × 0.33 × 0.02

Diffractometer STOE STADIVARI

Absorption correction Multi-scan

(X-RED32 & LANA; Stoe & Cie, 2024)

No. of measured, independent and

observed [I > 2σ(I)] reflections

48864, 4683, 4309

Rint 0.023

(sin θ/λ)max (Å−1) 0.599

R[F2 > 2σ(F2)], wR(F2), S 0.042, 0.120, 1.06

No. of reflections 4683

No. of parameters 371

H-atom treatment H-atom parameters constrained

Δρmax, Δρmin (e Å−3) 0.32, −0.54

Page 4/28



Table 2
Hydrogen-bond geometry (Å, º).

D—H···A D—H H···A D···A <(D—H···A)°

C18—H18···O1i 0.94 2.60 3.426 (3) 148

Symmetry code: (i) x − 1, −y + 1/2, z − 1/2.

2.3 DFT and topology insights
The molecular structure of the Ni(II) complex was constructed using GaussView 6 and fully optimized with the Gaussian 09W
program package [11]. Geometry optimization was carried out within the framework of density functional theory (DFT) using
the B3LYP functional. The 6-311g (2d,2p) basis set was applied to the lighter atoms, while the LANL2DZ basis set was
employed for the Ni center. Vibrational frequency calculations were performed at the same level of theory in conjunction with
the geometry optimization, confirming that the optimized structure corresponds to a true minimum on the potential energy
surface, as evidenced by the absence of imaginary frequencies. Key electronic properties of the complex, including molecular
electrostatic potential (MEP) surfaces, HOMO and LUMO energy levels, and global quantum chemical reactivity descriptors,
were evaluated at the DFT/B3LYP/6-311g (2d,2p)/LANL2DZ level of theory. In addition, the reduced density gradient (RDG)
isosurface and the corresponding RDG scatter plots were computed and analyzed to further characterize noncovalent
interactions within the complex.

2.4 ADME-T and Molecular docking modeling
ADME-Tox properties of the Ni(II) complex were predicted using the OSIRIS DataWarrior platform. Based on the ADME-Tox
profile, molecular docking studies were carried out to evaluate the potential anticancer activity of the complex. For this purpose,
a cancer-related protein receptor (PDB ID: 3WZE) was selected as the biological target. The crystallographic structure of the
receptor, with a resolution of 1.90 Å, was obtained from the Protein Data Bank (RCSB PDB). Docking calculations were
performed using AutoDock Tools 1.5.6 [12] and AutoDock 4.2 [13]. The ligand structure used in the docking simulations
corresponded to the DFT-optimized geometry obtained at the B3LYP/6-311g (2d,2p)/LANL2DZ level of theory. Prior to docking,
the protein structure was prepared by removing crystallographic water molecules and co-crystallized ligands, followed by the
addition of polar hydrogen atoms and Kollman charges. The prepared receptor was then converted to pdbqt format. A grid box
of 110 × 110 × 110 points with a grid spacing of 0.375 Å was defined to cover the active binding region of the 3WZE target.
Docking runs were conducted using the Lamarckian Genetic Algorithm (LGA). The resulting docking conformation was
converted to PDB format using UCSF Chimera 1.17.3, and the interacted complex was analyzed and visualized with Discovery
Studio Visualizer 4.1.

2.5. Antioxidant activity assays and Enzyme Inhibitor protocol
In this study, the biochemical and antioxidant activities of the synthesized NiL complex was comprehensively evaluated using
multiple complementary methods. Antioxidant potential was assessed through 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging assays, while enzymatic inhibitory effects were
measured against acetylcholinesterase (AChE), glutathione S-transferase (GST), and α-glucosidase (α-Gly). All assays were
performed spectrophotometrically using a standard UV-Vis spectrophotometer and quartz cuvettes. Test compounds were
prepared in appropriate solvents, including methanol for DPPH and ABTS assays and phosphate buffer solutions for enzymatic
assays. Substrates used included DPPH, ABTS, acetylthiocholine iodide (ACHI) with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB)
for AChE, reduced glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) for GST, and p-nitrophenyl-α-D-glucopyranoside
(pNPG) for α-Gly. Donepezil (DNP), acarbose (ACB), and ethacrynic acid (INN), used as reference inhibitors, were commercially
purchased. All reagents, substrates, and enzymes were purchased commercially from Sigma-Aldrich (St. Louis, MO, USA) to
ensure analytical grade quality and consistency.

2.5.1 α-Gly Inhibitory Activity
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The α-Gly inhibitory activities of the synthesized NiL complex was determined spectrophotometrically by monitoring the
hydrolysis of pNPG. The assay was conducted in 0.1 M phosphate buffer (pH 6.9) using α-Gly (EC 3.2.1.20, from
Saccharomyces cerevisiae) at 25°C under controlled incubation conditions. Test compounds were initially dissolved in DMSO
and diluted with buffer to obtain appropriate concentration ranges for IC50 determination, while ensuring that the final DMSO
concentration in the reaction medium did not exceed 1% (v/v) to avoid solvent-related interference. Following pre incubation of
the enzyme with the ligand or metal complex, the reaction was initiated by the addition of pNPG and terminated after a defined
incubation period by adding Na2CO3. The formation of p-nitrophenol was quantified by measuring absorbance at 405 nm using
a microplate spectrophotometer. Percentage inhibition was calculated relative to a control assay performed in the absence of
inhibitor, and IC50 values were determined from the concentration inhibition profile. All measurements were carried out

spectrophotometrically with at least three independent repetitions to ensure experimental reliability. The α-Gly activity was
following the method of Kim et al. (2005) with minor modifications for the NiL complex [14–15].

2.5.2 GST Inhibitory Activity
The inhibitory activity of the synthesized NiL complex against GST was determined spectrophotometrically based on the
enzymatic conjugation of reduced GSH with CDNB [16]. The assay was carried out in 0.1 M phosphate buffer (pH 6.5) at
controlled temperature, using a standard quartz cuvette in an UV-Vis spectrophotometer. The reaction mixture contained GST
enzyme, GSH, CDNB, and the test compound at five different concentrations. After pre-incubation of the enzyme with the
inhibitor for 5 min, the reaction was initiated by the addition of substrates. The formation of the GS‑CDNB conjugate was
monitored as an increase in absorbance at 340 nm over a defined time interval. Each measurement was repeated at least three
times to ensure reproducibility. IC50 values were determined directly from the concentration response data obtained from
absorbance measurements at each inhibitor concentration. The methodology of the study was fundamentally based on Habig
et al. [17], but it was carried out with adaptations incorporating insights from recent references [18–20].

2.5.3 AChE Inhibitory Activity
The inhibitory activity of the synthesized NiL against AChE (EC 3.1.1.7) was evaluated spectrophotometrically using the Ellman
method [21]. The assay is based on the hydrolysis of ACHI by AChE, producing thiocholine, which reacts with DTNB to form a
yellow 5-thio-2-nitrobenzoate anion detectable at 412 nm [22]. The reaction mixture contained AChE, ATCI, DTNB, and the test
compound at five different concentrations. After pre-incubation of the enzyme with the inhibitor for 5 min at 25°C, the reaction
was initiated by substrate addition. Absorbance changes were recorded over a defined period using a UV-Vis
spectrophotometer in a standard quartz cuvette. Each measurement was repeated at least three times to ensure reproducibility.
The methodology was fundamentally based on the classical protocol described with minor modifications for the evaluation of
synthetic compound by Ellman et al. IC50 values were determined directly from the concentration response data obtained from
absorbance measurements, providing a quantitative assessment of AChE inhibition consistent with modern enzyme inhibitory
studies [23–25].

2.5.4 Antioxidant Activity Assays

2.5.4.1 DPPH Radical Scavenging Assay
The radical scavenging activity of the synthesized NiL complex was assessed using the DPPH assay, a spectrophotometric
method that estimates the ability of test compounds to donate hydrogen atoms or electrons to neutralize free radicals. A
methanolic solution of DPPH was prepared at a defined concentration and mixed with varying concentrations of the test
compounds. After a fixed incubation period in the dark at room temperature, absorbance values were measured at 517 nm
using an UV-Vis spectrophotometer. The decrease in absorbance relative to a control reaction without test compound reflects
the radical scavenging capacity of the NiL complex. This assay protocol is based on established spectrophotometric DPPH
methodologies and measurements were performed in at least three independent repetitions to ensure reproducibility [26, 27].

2.5.4.2 ABTS Radical Cation Decolorization Assay

Page 6/28



Antioxidant activity was further evaluated using the ABTS radical cation decolorization assay. The ABTS radical cation (ABTS•+)
was generated by reacting ABTS with an oxidizing agent, typically potassium persulfate, to form a stable blue-green
chromophore. This radical solution was diluted to achieve an appropriate absorbance at 734 nm before mixing with the test
compounds at varying concentrations. After incubation for a defined period, the reduction in absorbance was recorded at 734
nm [28, 29]. The extent of absorbance reduction indicates the ability of the test compounds to quench the ABTS•+ radical. As
with the DPPH assay, each condition was measured at least three times to confirm analytical reliability.

3. Synthesis and crystallization

3.1. Synthesis of ligand L 2, 2'-{(1E,1'E)-[1,2-
phenylenebis(azanylylidene)]bis(methanylylidene)}bis(5-
benzyloxy)phenol [30]
1,2-Diaminebenzene (0.027 g) and 4-benzyloxy-2-hydroxybenzaldehyde (0.1141 g) in ethanol (15 ml) were refluxed for 1 h, then
the solvent was evaporated in vacuo. The residue was recrystallized from ethanol, yielding yellow block-like crystals of the title
compound on slow evaporation of the solvent. The purity of the compound was characterized by its NMR spectrum (250 MHz,
CDCl3). The azomethine proton appears in the 8.5–8.7 p.p.m. range, while the imine bond is characterized in the 13C RMN
spectrum with the imine C and OH signals in the range 162.23–163.34 p.p.m. 1H NMR: δ = 6.5–7.6 (m, 12H; H-ar), δ = 13.7 (s,
1H; OH), δ = 5.1 (s, 1H; CH2–O). 13C NMR: 70.15, 120.33, 127.30, 127.64, 128.26, 128.75, 142.32, 162.23, 163.33, 163.34.

3.2. Synthesis of complex NiL
A mixture of Ni(II) acetate (1 equivalent) and ligand solution (1équivalent) dissolved in methanol and dichloromethane. A
solvent is used as an insulator between the ligand and the nickel metal. The reaction and complex crystallization process takes
place using the liquid-liquid diffusion technical, in a glass tube with a diameter between 2 millimeters (like NMR tubes) and 10
millimeters. For a few days, needle orange crystals were formed in Yield, FT-IR, ν(cm− 1), 3354; 1610; 1572; 1271–1021; 598(str).
1H NMR (400 MHz, DMSO-d₆): δ 8.64 (s, 2H, 2CH = N), 6.34–6.40 (m, 6H, HAr), 7.23–7.47 (m, 12H, HAr), 7.95–78.10 (m, 2H, HAr),

5.11 (s, 4H, 2OCH₂).

4. Results and discussion

4.1 Analytical data

4.1.2 Supporting evidence from NMR, IR

4.1.2.1 IR analysis
The experimental IR spectrum (see Fig. S1 in supplementary information) revealed characteristic bands corresponding to the
functional groups present in the molecule of synthesized compound. The FT-IR spectrum of the Ni(II) complex exhibits
characteristic bands that confirm coordination between the Schiff base ligand and the metal center. A broad band observed at
3354 cm−¹ is attributed to the phenolic ν(O–H) vibration, showing reduced intensity and broadening, which suggests partial
deprotonation and the involvement of the phenolic oxygen atom in coordination. The azomethine ν(C = N) band appears at 1610
cm−¹ at a lower wavenumber region, indicating coordination through the imine nitrogen due to electron donation to the Ni(II)

center and a consequent decrease in C = N bond order. The band at 1572 cm−¹ corresponds to aromatic ν(C = C) vibrations,
confirming the preservation of the aromatic framework upon complex formation, while the absorptions in the 1271–1021 cm−¹
region are assigned to ν(C–O) and ν(C–N) vibrations, supporting the retention of the conjugated Schiff base structure.
Importantly, the appearance of a band at 598 cm−¹, assigned to ν(Ni–O) and ν(Ni–N) stretching modes, provides direct
evidence of metal–ligand bond formation. These spectral features indicate that the ligand acts as a bidentate (N,O) donor,
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forming a four-coordinate Ni(II) complex that is likely to adopt a square-planar geometry, consistent with typical Schiff base
nickel(II) complexes.

4.1.2.2 NMR analysis
The ¹H NMR spectrum of the complex exhibits several characteristic signals reflecting the different electronic environments of
the protons. The hydrazone –CH = N– protons appear as a singlet at δ 8.64 ppm with an integration of 2H, indicating the effect
of the metal on the electrons in this position. The –OCH₂– benzyl protons appear as a singlet at δ 5.11 ppm with an integration
of 4H, corresponding to a relatively stable environment, distant from the direct influence of the metal. Aromatic protons appear
as multiplets in several regions: δ 6.34–6.40 ppm (6H), δ 7.23–7.47 ppm (12H), and δ 7.95–8.10 ppm (2H), reflecting the
gradual influence of nickel on the electronic environment of aromatic protons close to the coordination site, with some signals
broadened and shifted downfield for protons near the metal, while distant protons remain in the moderate chemical shift range.

4.2 XRD, HAS and Voids analysis part of NiL
The molecular structure is a Schiff base nickel complex (Table 1) in which Schiff base ligand acted as a tetradentate ligand
Fig. 1. Ni-center is coordinated by two deprotonated phenolic O-atoms and two imino N-atoms of the Schiff base ligand. Ni-N
bond lengths are slightly larger than Ni-O bond lengths and bond angles containing nickel as a central atom range from 83.96
(6) to 177.55 (8)°( Table S1 in supplementary information). The value of structural parameter for the present case is 0.04
pointing out that the coordination geometry is slightly non-ideal square planar. Ni-center is deviated by 0.0108 Å towards atom
N2 from the RMS plane composed of the coordinating atoms. Two out of three chelation rings formed by the coordination of
ligand with Ni-center are puckered while six-membered ring containing N1 is not puckered. Best puckered description for the
five-membered puckered ring is “envelope on Ni1”. Schiff base ligand adopted such a conformation that the twist among
similar atomic rings on both sides of Ni-center is not same. The dihedral angle of the ring (C8-C13) with rings (C1-C6) and (C15-
C20) is 73.6 (8)°, 14.1 (1)°, correspondingly. The dihedral angle of the ring (C22-C27) with rings (C29-C34) and (C15-C20) is 63.1
(8)°, 10.9. (1)°, correspondingly. Molecules are linked via C-H O bonding in the form of infinite C(7) chains [31] that extend
along c-axis (Fig. 2, Table 2). The crystal packing is further stabilized by π π and C-H π interactions (Fig. 3). These
interactions form molecular chains along a-axis. For π π interactions, inter-centroid separation is less than 4 Å and for C-H

π interactions, H π distance is 2.63 Å. As per Cambridge structure database, three nickel Schiff base complexes are
reported in which benzyl groups present at both ends of present structure is replaced by hydrogen with reference codes
FUGCUG [32], POFFOG [33] and POFFOG01 [34]. These reported structures are solvated as FUGCUG has methanol solvent
molecule while POFFOG and POFFOG01 are polymorph of each other containing water as solvent molecule. The closest related
reported structure has reference code UTIBOP [35] in which instead of benzyl groups, n-decamethylene groups are present. In
all these reported structures, coordination geometry around Ni-center is square planar. Bond lengths and bond angles of
present structure are consistent with corresponding ones in these reported structures.

Hirshfeld surface analysis has established itself as an important tool in crystal engineering and material design owing to its
clear representation of the way molecules interact in a crystal [36]. This mapping of close-contact regions makes it easier for
researchers to understand packing efficiency and stability in solid-state systems [37]. This technique is applied in pharmacy
and medicine to support the prediction of drug-receptor fit, behavior of crystal forms, and intermolecular recognition. To
investigate interatomic contacts, their spatial arrangement and contribution in supramolecular organization stability, Hirshfeld
surface analysis [36] is performed for the present compound via Crystal Explorer v. 21.5 [38]. Hirshfeld surface constructed by
using normalized distance make it possible to recognize contacts based of their strength. Surface is composed of red, white
and blue regions to show short, equal and longer contacts, correspondingly [36, 39]. Red spot on the surface of the molecule
around particular carbon and hydrogen atoms indicate that these atoms are involved in making short-range interactions, name
of contacts is shown in Fig. 4a. For understanding and validation of π π interactions, Hirshfeld surface is plotted over shape
index for present compound. Alternating red and blue triangle-like patterns on the surface around certain rings show that those
units participate in π π stacking interactions (Fig. 4b). 2D fingerprint plots offer a compact visual summary of all the
intermolecular contacts in a crystal that allow the researcher to identify the interactions which dominate the solid-state
molecular organization [40–42]. For present compound, H H interactions have highest contribution in crystal packing

⋯

⋯ ⋯

⋯
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⋯

⋯

⋯
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although these interactions are repulsive in nature (Fig. 4c). Following to that interaction, next three top contributor for H C,
H O and C C with percentage contribution of 32.7%, 11.8% and 4.9%, correspondingly (Figs. 4d-4f).

Voids in crystal are important to explore as a structure with less empty space has a greater resistance to deformation, while
larger voids can create weak points that may lead to mechanical failure. These vacant regions which are not solvent accessible
can be used to make predictions about its toughness, durability, and resistance to stress. Figure 5 shows isosurfaces of voids
based on reported methodology [43]. Volume of voids is 302.96 Å3 which corresponds to 11.3% voids. As packing efficiency is
high indicating absence of any large cavity and compound is predicted to have good mechanical stability.

4.3 DFT insight

4.3.1 Molecular geometry
DFT methods are routinely applied to predict a variety of molecular properties, including structural parameters, electronic
features, and chemical reactivity. In the present study, the geometry of the Ni(II) complex was optimized at the DFT/B3LYP/6-
311g (2d,2p)/LANL2DZ level of theory, and the optimized structure is shown in Fig. 6. The reported configuration corresponds
to the lowest-energy conformation obtained from the calculations. The total electronic energy of the optimized Ni(II) complex
was calculated to be − 3230.67 Hartree, with an associated dipole moment of 3.17 Debye. This relatively moderate dipole
moment suggests a degree of lipophilic character, which may facilitate interaction with phospholipid bilayer membranes
commonly found in biological systems and could support potential biological activity [44]. The DFT-predicted bond lengths and
bond angles are in good agreement with the corresponding X-ray crystallographic data, supporting the reliability of the
computational model. The calculations further indicate that the Ni(II) center adopts a square-planar coordination geometry,
consistent with the experimental structural findings.

4.3.2 MEP map
The MEP provides a three-dimensional representation of the electrostatic environment of a molecule, reflecting the combined
influence of nuclear charges and electron density distribution. MEP analysis is widely used to visualize charge distribution
within molecular structures and to identify chemically reactive regions. In particular, it is a valuable tool for predicting potential
sites of electrophilic and nucleophilic attack and for assessing overall molecular reactivity [45]. The MEP surface of the Ni(II)
complex is presented in Fig. 6, illustrating the molecular shape, size, and spatial charge distribution. In the mapped surface,
regions of negative electrostatic potential are shown in red and correspond to electron-rich areas that are more likely to attract
electrophiles. These regions are primarily localized around heteroatoms, especially oxygen, where electron density is relatively
high. In contrast, positive electrostatic potential regions are represented in blue and indicate electron-deficient sites that are
more susceptible to nucleophilic attack [46]. Areas of near-neutral potential are displayed in green [47]. For the Ni(II) complex,
the MEP map indicates that the O1 and O3 atoms possess pronounced negative electrostatic potential, identifying them as the
most favorable sites for electrophilic interaction.

3.3.3 HOMO and LUMO analysis
Frontier molecular orbitals (FMOs), HOMO and LUMO, are key descriptors for understanding molecular reactivity, kinetic
stability, electronic structure, ion detection, and possible biological response [48, 49]. The HOMO is associated with electron-
donating ability, whereas the LUMO reflects the electron-accepting character of a molecule. Figure 7 shows the spatial
distributions and energy levels of the HOMO, LUMO, HOMO− 1, and LUMO+ 1 orbitals for the Ni(II) complex, together with the
corresponding HOMO-LUMO energy gap (ΔE). The magnitude of this energy gap is commonly used to assess the reactivity and
stability of newly synthesized compounds. In general, a smaller HOMO-LUMO gap is correlated with higher chemical reactivity
and lower kinetic stability, while a larger gap indicates greater stability and reduced reactivity. For the Ni(II) complex, both the
HOMO and LUMO electron densities are mainly localized around the central region of the molecule. The calculated HOMO-
LUMO energy gap is 3.28 eV, which is comparable to values reported for related biologically relevant coordination compounds
[50, 51]. This moderate gap suggests a favorable balance between stability and reactivity and supports the potential of the
complex to participate in electronic and chemical interactions.

⋯

⋯ ⋯
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4.3.4 Quantum chemical reactivity descriptors
The HOMO energy (EHOMO), LUMO energy (ELUMO), and the corresponding energy gap (ΔE) are important descriptors for

predicting molecular reactivity and quantum chemical behavior. These orbital energies can be used to derive several global
reactivity parameters, including chemical potential (µ), absolute electronegativity (χ), global hardness (η), global softness (σ),
and electrophilicity index (ω). Within the Kohn-Sham DFT framework, these descriptors are commonly estimated using the
following relationships (Eqs. 1–5):

1

2

3

4

5

The calculated frontier orbital energies and derived global reactivity descriptors for the Ni(II) complex are summarized in
Table 3. The computed EHOMO and ELUMO values are − 5.31 and − 2.03 eV, respectively, giving an energy gap of 3.28 eV. From
these values, the electronegativity (χ), hardness (η), softness (σ), chemical potential (µ), and electrophilicity index (ω) were
obtained as 3.67 eV, 1.64 eV, 0.61 eV− 1, − 3.67 eV, and 4.10 eV, respectively. The negative value of the chemical potential
indicates that the complex is electronically stable with respect to charge exchange with its environment. The relatively low
global hardness (1.64 eV) and corresponding softness suggest a moderate tendency toward chemical reactivity. The calculated
electronegativity (χ = 3.67 eV) reflects a favorable electron-accepting capability, particularly in interactions with less
electronegative partners, which may promote the formation of polar interactions. In addition, the electrophilicity index (ω = 4.10
eV) indicates a notable capacity to accept electron density, which can be relevant when considering interactions with electron-
rich sites in biological macromolecules such as proteins.

= −χ

χ =
− (EHOMO + ELUMO)

2

η =
ELUMO − EHOMO

2

σ =
1

η

ω =
2

2η
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Table 3
Quantum reactivity parameters of

Ni(II) complex.
parameter Ni(II) complex

EHOMO -5.31

ELUMO -2.03

ΔE(LUMO−HOMO) 3.28

χ 3.67

η 1.64

σ 0.61

µ -3.67

ω 4.10

4.3.5 NCI-RDG analysis
Noncovalent interaction (NCI) analysis using the reduced density gradient (RDG) provides a detailed visualization of weak
intermolecular and intramolecular interactions in molecular systems. The RDG isosurfaces and corresponding scatter plot for
the Ni(II) complex are presented in Fig. 8. In the RDG scatter graph, strong attractive interactions, such as hydrogen bonds, are
indicated on the left side, steric repulsion on the right, and weak van der Waals interactions in the central region. The RDG
isosurface of the Ni(II) complex reveals green-to-red regions between certain C–H···C–H contacts, suggesting weak van der
Waals interactions that help stabilize the molecular framework. Additionally, a pronounced red region is observed at the center
of the aromatic ring. These red isosurfaces correspond to areas of localized steric or electronic repulsion, which are typical of
tightly packed aromatic systems. Overall, the RDG analysis confirms that the Ni(II) complex exhibits a balance of stabilizing
weak interactions and localized repulsive regions, providing insight into its conformational stability and potential interaction
sites for further biological or chemical investigations.

4.4 ADME-T analysis
The pharmacokinetic and toxicity-related properties of the Ni(II) complex were estimated using the OSIRIS DataWarrior
platform, and the predicted parameters are summarized in Table 4. The calculated molecular weight exceeds 500 g/mol, and
the compound shows a relatively high lipophilicity (estimated clogP = 6.37), indicating pronounced hydrophobic character. The
complex possesses six hydrogen-bond acceptors and no hydrogen-bond donors, suggesting that hydrogen-bonding
interactions are mainly acceptor-driven. The predicted drug-likeness value (− 2.32) and overall drug score (0.03) are low, which
may be attributed to the high molecular weight and elevated lipophilicity, factors that can negatively influence oral
bioavailability according to common drug-likeness criteria. Toxicity risk assessment within the OSIRIS model indicates low risk
for mutagenic, tumorigenic, and reproductive effects, whereas a high irritant risk is predicted. Overall, the ADME–Tox screening
suggests that while the Ni(II) complex shows favorable profiles in several toxicity categories, its physicochemical properties,
particularly high molecular weight and lipophilicity, may limit its drug-likeness in the context of conventional oral drug design.
Nevertheless, such characteristics are not uncommon for metal-based complexes and do not preclude potential biological
activity, especially in non-oral or targeted therapeutic applications.

Table 4
ADME-Tox analysis of Ni(II) complex predicted by OSIRIS DataWarrior.

Compound Mw clogP HBAs HBDs Drug

likeness

Mutagenic Tumorigenic Reproductive
effective

Irritant Drug

score

Ni(II)
complex

> 
500

6.37 6 0 -2.32 low low low high 0.03

Page 11/28



4.5 Docking simulation
Molecular docking simulations are widely used in structure-based drug design to predict ligand-protein binding modes and
estimate binding affinities, thereby supporting early-stage drug discovery. In this study, docking analysis was carried out to
evaluate the potential interaction of the Ni(II) complex with a cancer-related target protein, vascular endothelial growth factor
receptor 2 (VEGFR-2 kinase domain; PDB ID: 3WZE), selected in light of the preliminary ADME–Tox screening results. Docking
calculations were performed by exploring the binding of the Ni(II) complex within the active site region of the receptor. The
most favorable docking pose, corresponding to the lowest predicted binding free energy, is illustrated in Fig. 9. The calculated
binding energy for the best-ranked conformation is − 9.66 kcal/mol, indicating a strong predicted binding affinity between the
complex and the receptor binding pocket. Interaction analysis of the top-ranked docking pose shows that the Ni(II) complex
forms two hydrogen-bond interactions with residues THR926 and CYS919. In addition, multiple hydrophobic contacts are
observed with ARG1032, VAL899, VAL848, LYS868, VAL916, CYS1045, ALA866, LEU840, PHE918, and LEU1035. Several van der
Waals interactions further stabilize the complex within the binding site, involving residues ASN923, PHE1047, PRO1057,
ASP1056, ASP1058, ARG1051, SER925, GLU885, ASP1046, GLU917, GLY922, and LYS920. The combined contribution of
hydrogen bonding, hydrophobic contacts, and van der Waals interactions suggests favorable binding of the Ni(II) complex
within the VEGFR-2 active site and supports its potential for further biological investigation.

4.6 Antioxidant activities of the NiL complex
The antioxidant study was conducted to determine the ABTS and DPPH radical scavenging potential of the synthesized NiL
complex to neutralize free radicals and to evaluate their potential therapeutic value in biological processes associated with
oxidative stress. As shown in Table 5, the antioxidant capacities of the synthesized NiL complex was evaluated comparatively
with standard drugs based on the IC50 results obtained from the ABTS and DPPH radical scavenging tests. In the ABTS test, the
NiL complex (20.14 µg/mL) showed a lower IC50 value. However, the values obtained were close to each other. This revealed
that NiL metal complexation increased radical scavenging activity. It exhibited higher antioxidant activity than the standard
drugs ascorbic acid (AA), butylated hydroxytoluene (BHA), and butylated hydroxytoluene (BHT), and these ones displayed lower
IC50 values of 15.19 µg/mL, 18.78 µg/mL, and 14.68 µg/mL, respectively. In particular, AA (4.68 µg/mL) showed the strongest

activity. In the DPPH test, the IC50 values of the NiL complex (21.60 µg/mL) was found to be quite close to each other. It was
observed that complexation did not provide a significant increase in antioxidant activity. BHA, BHT, and AA also showed
stronger activity in these DPPH IC50 values of 13.69 µg/mL, 15.42 µg/mL, and 13.36 µg/mL, respectively. When the ABTS and
DPPH results were evaluated together, it was found that the NiL complex showed more advantageous performance in the ABTS
system, which is particularly sensitive to the electron transfer mechanism, but was at a similar level in the DPPH system, which
is sensitive to hydrogen atom transfer [52, 53]. It can be stated that the synthesized nickel complex possess moderate
antioxidant activity and exhibit a lower but significant radical scavenging capacity compared to reference antioxidants.

Table 5
Antioxidant activity of NiL complex through ABTS assay and

DPPH assay
Compounds ABTS activity

IC50 (µg/mL)

σ DPPH activity

IC50 (µg/mL)

σ

NiL 20.14 2.45 21.60 2.68

*BHA 15.19 3.01 13.69 5.25

*BHT 18.78 3.39 15.42 4.71

*AA 14.68 1.96 13.36 3.66

*Standard antioxidants.
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Meanwhile, when the dose–response curve for DPPH radical scavenging activity is examined in Fig. 10, it is observed that the
absorbance values decrease with increasing concentration in all compounds, and correspondingly, the radical scavenging
capacity increases. Among the standard antioxidants, AA showed the most pronounced decrease and exhibited the highest
antioxidant activity, reaching the lowest absorbance value at a concentration of 60 µg/mL. While BHA also showed strong
activity, BHT exhibited a more moderate radical scavenging curve. It is understood that the NiL complex exhibited activity close
to that of standard antioxidants at low and medium concentrations, but its activity was not as pronounced as AA at high
concentrations. It was revealed that the NiL complex showed a concentration-dependent increase in activity against the DPPH
radical, but its effectiveness lagged behind that of strong standard antioxidants. When examining the dose-response curves for
ABTS radical scavenging activity, a significant decrease in absorbance values were observed in parallel with increasing
concentrations in all tests, indicating an increase in radical scavenging capacity.

Among the standard antioxidants, AA in particular exhibited the sharpest decline and reached the lowest absorbance values
across the entire concentration range, demonstrating the highest antioxidant activity [54, 55]. BHA also exhibited strong activity,
while BHT's activity was more limited compared to BHA but still significant. When the synthesized complex was evaluated, the
NiL complex showed performance close to BHT at low and medium concentrations but lagged behind the strong reference
antioxidants. Considering the slope of the curves, it can be said that the NiL complex exhibited an antioxidant activity increase
sensitive to concentration increase. The antioxidant activities of NiL complex was evaluated using DPPH and ABTS radical
scavenging assays, and the results demonstrated that the compound exhibited notable radical scavenging abilities in a
concentration-dependent manner. The NiL complex showed enhanced antioxidant activity, which can be attributed to the
coordination of the ligand to the metal center, leading to improved electron delocalization and facilitating electron- or hydrogen-
transfer processes. Such an enhancement upon complexation has been widely reported for transition metal complexes, where
the metal ion plays a significant role in stabilizing reactive intermediates and promoting redox interactions. In agreement with
recent literature reports, the observed activity levels indicate that the metal complex possess effective antioxidant potential and
displaying superior performance. These findings suggest that the NiL complex may be considered promising candidates as
efficient radical scavengers and could have potential relevance for further biological or pharmacological applications [56, 57].

4.7 Enzyme inhibition activities of the NiL complex
The α-Gly, GST, and AChE enzyme inhibition study was planned after the antioxidant activity to reveal the potential biological
effects of the synthesized NiL complex on neurodegenerative diseases, metabolic disorders, and cellular detoxification
mechanisms. Based on the antioxidant activity results, it was predicted that the NiL complex exhibiting free radical scavenging
capacity have a regulatory or inhibitory effect on enzyme systems associated with oxidative stress, and therefore enzyme
inhibition studies were performed. α-glucosidase inhibition shows antidiabetic potential in terms of controlling postprandial
hyperglycemia.. GST is one of the key enzymes in the cellular antioxidant defense system and is directly related to oxidative
stress. AChE inhibition is therapeutically important in neurodegenerative processes such as Alzheimer's disease. Table 6 shows
the IC50 values and R² values against the α-Gly, GST, and AChE enzymes. When the synthesized NiL complex was evaluated

against three different enzymes, it was found that the NiL complex generally exhibited lower inhibitory properties. In α-Gly
inhibition, the NiL complex (1.537µM) also demonstrated significantly lower inhibitory activity compared to the ACB was
evaluated only for α-Gly and, with an IC50 value of 1.553 µM, is nearly equivalent to the NiL complex.

Table 6
Enzyme inhibition studies

  AChE GST α-Gly

IC50 (µM) R2 IC50 (µM) R2 IC50 (µM) R2

LN-Ni 1.627 ± 0.461 0.9885 1.754 ± 0.382 0.9918 1.537 ± 0.673 0.9979

*DNP 2.783 ± 0.317 0.9906 - - - -

**INN - - 4.076 ± 0.649 0.9757 - -

***ACB - - - - 1.553 ± 0.249 0.9943
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Similarly, the NiL complex on GST (1.754 µM) is approximately twice as potent. The standard drug INN is one of the weakest
inhibitors in the study, with an IC50 value of 4.076 µM for GST; both the NiL complex are more potent than INN. While the IC50

value of the NiL complex for AChE is 1.627 µM. This result indicates that the NiL complex is more effective in inhibiting AChE.
DNP has only been tested for AChE, with an IC50 value of 2.783 µM. This value is almost identical to that of the NiL complex.
Since the Ln042 ligand's IC50 value is more than 1.5 times higher, the NiL complex has been found to be a stronger inhibitor of

AChE than DNP. The NiL complex stands out as the most effective inhibitor with lower IC50 values in all three enzymes.
Compared to standard drugs, the NiL complex is understood to be a competitive and potent inhibitor, particularly on AChE and
α-Gly, and also exhibits high activity on GST. Figure 11 shows the IC50 values of the compounds in the study against the AChE,
GST, and α-Gly enzymes.

The low IC50 values observed allow for easy comparison of the relative potency of the compounds against the enzymes. NiL
complex compound exhibited low IC50 values on all three enzymes, emerging as the most effective inhibitor. Overall, that
complex appeared particularly potent against AChE and αGly. DNP has only been evaluated for AChE, and since this value is
higher than that of NiL complex, DNP's AChE inhibitory activity is lower than that of NiL complex. INN has only been tested on
GST and showed a high IC50 value; this indicates that INN is the weakest inhibitor for GST in the study. ACB, on the other hand,

has only been evaluated for α-Gly and showed a low IC50 value for this enzyme, thus demonstrating similar activity to NiL
complex. It demonstrates that the NiL complex compound is a versatile and potent inhibitor, and that among the reference
compounds, ACB possesses remarkable inhibitory power against α-Gly. These results clearly reflect the selective and
comparative enzyme inhibition profiles of the compounds.

The enzyme inhibition activities of NiL complex was evaluated against three target enzymes, and the results clearly
demonstrated that the NiL complex exhibited superior inhibitory effects compared to the free ligand and the reference
standards. Notably, the NiL complex showed strong inhibition at micromolar concentrations, indicating a high binding affinity
toward the active sites of the enzymes. The enhanced activity observed upon complexation can be attributed to the increased
lipophilicity and structural rigidity of the metal complex, which may facilitate better interaction with the enzyme environment
and improve its ability to coordinate with key amino acid residues. Additionally, the presence of the Ni(II) center may contribute
to stronger electrostatic and coordination interactions within the catalytic region, thereby enhancing the inhibitory efficiency.
Similar findings have been reported in recent studies [58, 59], where organic compounds demonstrated significantly improved
enzyme inhibition profiles compared to their parent ligands and exhibited effective activity in the micromolar range [60–62].

5. Conclusions
In the present study, tetradentate N2O2 schiff base ligand and its Ni (II) complex were synthetized and characterized using

various spectral tools such as, FT-IR, NMR. Suitable single crystals for X-ray analysis have been grown by slow evaporation a
crystal structure of the complex was obtained. All the major interatomic and intermolecular interactions have been discussed
and explained. The crystal packing environment is explored by Hirshfeld surface analysis which indicated that the dominance
of the H⋅⋅⋅H (43.2%) and C⋅⋅⋅H/H⋅⋅⋅C (32.7%) interatomic interactions in the crystal lattice. The ADME–Tox screening suggests
that while the Ni(II) complex shows favorable profiles in several toxicity categories. To indicate the effect of the title compound
NiL against breast cancer mutants by interacting with receptor Protein (VEGFR-2 kinase domain; PDB ID: 3WZE), molecular
docking was used by using AutoDock Tools 1.5.6 and AutoDock 4.2 programs. In additional hand, the prepared compound
proposed to helpful in the applications for therapy. The evaluation in vitro by DPPH and ABTS revealed a good inhibition. On the
other hand, these results clearly reflect the selective and comparative enzyme inhibition profiles of the compounds.
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Figure 1

Molecular structure diagram drawn at 50% atomic probability level.
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Figure 2

Partial packing diagram showing formation of C(7) chains through C-H⋯O bonding.
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Figure 3

Graphical representation of π⋯π and C-H⋯π interactions in ln-ni. Selected H-atoms are shown for clarity.

Figure 4
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Hirshfeld surface plotted over (a) normalized distances, (b) shape index. (c-f) 2D fingerprint plots of top four contributing
contacts.

Figure 5

Isosurfaces of voids for NiL.

Figure 6

Proposed geometry and MEP map of Ni(II) complex applying DFT insight.
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Figure 7

Distributions and energy surfaces of the HOMO, LUMO, HOMO-1, and LUMO+1 of Ni(II) complex.
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Figure 8

RDG isosurfaces (a) and RDG scatter plot (b) of Ni(II) complex.
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Figure 9

Docking representation of Ni(II) complex against VEGFRTK.
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Figure 10

Graphs of antioxidant studies a) DPPH radical scavenging activity and percentages, b) ABTS radical scavenging activity and
percentages of the compound NiL.
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Figure 11

Enzyme-inhibition activity and IC50 values of the NiL.
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