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A B S T R A C T

In this paper, four new mono-nuclear Ni(II), Pd(II), Pt(II) and Zn(II) complexes were prepared by
using a bi-dentate Schiff base ligand, (E)-2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-
chlorophenol (BrcOH), with bivalent ions in a methanol and distil water mixture as solvent in
presence of NaOH as base. The structures of the prepared compounds were characterized by
spectroscopic techniques (IR and 1H NMR), CHN analysis, and molar conductivity. The M(II) (Ni,
Pd and Pt) ions are four-coordinated by a bi-dentate N2O2 donor ligand, forming square planar
geometry, whereas the Zn(II) is coordinated as a tetrahedral geometry. The newly synthesized
compounds, which include the Schiff base ligand and its complexes, underwent antibacterial
screening against E. coli and S. aureus. The results demonstrated a remarkable and noteworthy
biological activity of these compounds against these pathogenic bacterial strains. Different
binding energies showed good correlation, with Pd showing the strongest binding. Small energy
differences indicated high reactivity, with Ni and Pd complexes being the most reactive. Elec-
trophilicity index exhibited electron-accepting properties, with Zn showing the highest reactivity.
The dipole moments showed polarity and charge separation, with Pt having the highest polarity.
We evaluated the pharmacokinetic properties (ADME) of a ligand and its metal complexes using
the Swiss ADME website. The results of the in-silico prediction of physicochemical properties
revealed that ten compounds in total adhered to Lipinski’s rule.

1. Introduction

Schiff base complexes are coordination compounds that contain a Schiff base ligand coordinated to a metal ion. Schiff bases are
organic compounds formed through the condensation reaction between a primary amine and an aldehyde or ketone. This reaction
gives rise to the formation of an imine or azomethine functional group (-C=N-), which serves as the foundation of the Schiff base ligand
[1–3].

Schiff base complexes have been extensively studied due to their interesting structural, electronic, and magnetic properties. They
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find applications in various fields, including catalysis, bioinorganic chemistry, and materials science. The coordination of the Schiff
base ligand with a metal ion can influence the reactivity and properties of the resulting complex [3–7]. In Schiff base ligand complexes,
the Schiff base ligand coordinates to a metal ion through the nitrogen atom of the imine group with/or without other donor atoms such
as oxygen, sulfur, and phosphorus. This coordination can occur in various geometries, such as tetrahedral, square planar, or octa-
hedral, depending on the metal ion and the ligand environment [6–15].

Schiff bases possess unique characteristics that distinguish them as a special class of organic ligands. These include their flexible
entanglement, structural divergence, and ease of coordination to metal ions. These properties contribute to their versatility and make
them highly valuable in various applications involving coordination chemistry. Schiff base ligands have become very important
because they have azomethine (− C=N− ) linkages that make them stable, help them chelate, and give them good biological properties
[11–14]. A well-thought-out Schiff base ligand scaffold can make metal complexes more effective as medicines by changing the
hard/soft properties of the metal ions that hold them together and the balance of lipophilic/hydrophilic molecules in the complexes.
Moreover, numerous Schiff base compounds have been recognized for their potent pharmacological properties, encompassing anti-
depressant, analgesic, antimicrobial, antiviral, and antitumor activities. These compounds have shown promising potential in the field
of medicine and hold significant prospects for the development of novel therapeutic agents [13–20]. In addition, the 2,6-dichloroani-
lines are useful as intermediates in the manufacture of a wide variety of chemical products including, for example, dyes, pharma-
ceuticals, and agricultural chemicals. According to is very important to change the pharmacological properties of Schiff base ligands
derived from 2,6-dichloroaniline derivative by adding a less harmful metal ion. This could make the possible metal complex more
therapeutic and targetable. In continuation of our prior research aimed to develop novel Schiff base complexes. The aim of this study
included synthesis, characterization, and theoretical investigations of four novel M(II) complexes with the ligand (E)-2-(((4-bromo-2,
6-dichlorophenyl)imino)methyl)-5-chlorophenol (BrcOH). Additionally, the biological activity of both the BrcOH ligand and its
complexes is examined, specifically their antibacterial effects against Escherichia coli and Staphylococcus aureus.

2. Experimental

2.1. General methods and materials

Explained in detail in the supplementary file.

2.2. Synthesis of Schiff base

The Schiff base ligand (E)-2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-chlorophenol (BrcOH) was prepared by process
designate in literature [21] (Scheme 1)

2.3. Synthesis of Bis(2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-chlorophenolate)nickel complex [Ni(BrcO)2] (1)

A hot solution of (E)-2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-chlorophenol (0.100g, 0.266 mmol) in ethanol (15 mL)
containing some drops of Et3N was added to an aqueous solution of nickel chloride hexahydrate (0.032g, 0.133mmol) in (15mL), with
stirring, a green ppt. Was formed. The mixture was refluxed for 3h, then filtered off, washed with distilled water, and dried under
vacuum to give greenish –yellow powder (73 % yield, m.p (oC): 290–292.

The Bis(2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-chlorophenolate) palladium, [Pd(BrcO)2](2), Bis(2-(((4-bromo-2,6-
dichlorophenyl)imino)methyl)-5-chlorophenolate)platinum, [Pt(BrcO)2] (3) and Bis(2-(((4-bromo-2,6-dichlorophenyl)imino)
methyl)-5-chlorophenolate)zinc, [Zn(BrcO)2] (4) were prepared and isolated employing method above.

2.4. Antibacterial studies

The agar well diffusion method originally described by Bauer [22] was used to find the percentage of activity index for all the free
Schiff base and their metal complexes. Chloramphenicol was used as a standard drug. The biological activity was tested against two
pathogenic bacteria species {Escherichia coli (NCTC 29212), and Staphylococcus aureus (MTCC 740) }, at 10− 3 M concentrations of
freshly DMSO of the prepared complexes. The microorganisms were supplied from microbiology Lab., Veterinary Medicine, Tikrit
University, Iraq. The results are listed in Table 4.

Scheme 1. Preparation of the Schiff base ligand (BrcOH).
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2.5. DFT studies

Explained in detail in the supplementary file.

3. Results and discussion

The treated of the 4-chloro-2-hydroxybenzaldehyde with the 4-bromo-2,6-dichloroaniline in present glacial acetic acid as catalyst
afforded (E)-2-(((4-bromo-2,6-dichlorophenyl)imino)methyl)-5-chlorophenol (BrcOH) as a solo product in high yield (81 %) (Scheme
1).

Treatment of the Schiff base ligand (BrcOH) with metal chlorides correspondingly metal ions to afford complexes of the type [M
(BrcO)2] (MII= Ni, Pd, Pt and Zn) in good yield (73–91) % as a solo product (Scheme 2).

The complexes demonstrated complete solubility in DMSO and DMF, while displaying poor solubility in typical organic solvents
and insolubility in water. The proposed composition of the M(II) complexes was in good agreement with the analytical results. The
findings indicated a stoichiometry of 1:2 for the metal to ligand ratio in the complexes. Molar conductivity measurements of the
complexes (1–4) were conducted in a DMSO solution with a concentration of 0.001M, and elemental analysis was meticulously carried
out and presented in Table 1. Interestingly, the practical elemental analysis values closely matched the calculated values, ensuring the
consistency of the results. Notably, the metal complexes exhibited low molar conductivity values, as shown in Table 1, indicating their
non-electrolytic properties [23]. This comprehensive characterization provides valuable insights into the distinct solubility profiles
and conductivity behaviors of the investigated metal complexes.

3.1. Spectroscopic data

3.1.1. IR spectra data
The IR spectrum of the (E)-2-(((4-bromo-2,6-dichlorophenyl)imino) methyl)-5-chlorophenol displayed the stretching vibration of

the hydroxyl group at 3452 cm− 1.This band was absent in the IR spectra of the [M(BrcO)2] complexes, which suggested the depro-
tonation of the hydroxyl group and the bonding of metal ions with the hydroxyl oxygen atom [24,25]. Also, the IR spectra of the
prepared compounds showed the azomethine group in the Schiff base ligand at 1634 cm− 1 which shifted to the 1604 - 1596 cm− 1

region upon its complexation process with metal ions, indicating coordination of metal with the nitrogen atom of the azomethine
group [12,15]. The far IR region in the complexes (1–4), exhibited bands at (498–542) cm− 1 and (434–489) cm− 1, that ascribed to
ν(M− O) and ν(M− N), correspondingly [26–29]. Other IR bands are listed in Table 2.

Scheme 2. Preparation of the metal complexes with BrcOH ligand.
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3.1.2. NMR data
The 1H NMR data of the free Schiff base ligand and its complexes are listed in Table 3. The 1H NMR spectrum of the (E)-2-(((4-

bromo-2,6-dichlorophenyl) imino)methyl)-5-chlorophenol (BrcOH) (Fig. 1) exhibited six peaks, four signal as a singlet peak at δ 10.62
(s, 1H), 8.78 (s, 1H), 8.07 (s, 1H), 7.43 (s, 1H) ppm, refer to the proton of hydroxyl group (OH), proton in position (7), proton in
position (10,12), and proton in position (2) respectively. In addition, the spectrum showed two doublet peaks at δ 7.79 (d, J = 8.2 Hz,
1H), 7.53 (d, J = 8.2 Hz, 1H), due to the protons in position (5) and (4), respectively.

The 1H NMR spectra of the [M(BrcO)2] (MII= Ni, Pd, Pt and Zn) complexes in DMSO (Figs. 2 and 3) clearly showed the depro-
tonation of the hydroxyl group in the Schiff base ligand and converted to anion ligand. The spectra of the complexes (1–4) showed the
protons of the azomethine group at δ (8.41–8.61) ppm region. The spectra additionally revealed distinct peaks corresponding to the
protons of the phenyl ring in the aromatic region, with integrations under the signals matching the number of protons. The NMR data,
which can be found in Table 3, provides further details regarding these observations.

3.2. Biological activity

The activity of these compounds against two bacterial types (E. coli and S. aureus) was compared with the obtained results with
chlorompinacol as the reference drug. These bactericidal activities are less than those of the standard drug used for comparison
purposes. The results achieved from these studies are recorded in Table 4 and Fig. 4. And the activity index (AI) percentage of the
biological activity was calculated according to following equation:

AI (% )=
DIZ of tested compound
DIZ of standard drug

∗ 100

The data on the antibacterial activity indicated that the metal complexes are more active than the Schiff base ligand. However,
chelation theory does a great job of explaining the increased activity properties after complexation. From the antimicrobial activity
results (Table 4) the complexes have shown better activity against pathogenic bacteria than the free ligand. And the activity increased
in general according to the following order:

Chloramphenicol >
[
Pt(BrcO)2

]
>

[
Zn(BrcO)2

]
>

[
Ni(BrcO)2

]
>

[
Pd(BrcO)2

]
> BrcOH

The antimicrobial activity of complexes [Pt(BrcO)2] is found to be greater but less than that of the standard drug in use. This result
is harmonious with those described data for the biological activities in Pd(II) complexes [30–33]. It is suggested that the antibacterial
activity of the Pd(II) complex refers to either killing the pathogenic bacteria or inhibiting their growth [30–33].

Chelation theory can be used to explain why prepared compounds have increased reactivity [34]. Chelation, which involves
transferring the positive charge of metal ions to groups that donate electrons, can effectively diminish the polarity of these ions. As a
consequence of this action, electrons are dispersed throughout the compound’s entire structure, improving its affinity for lipids and
allowing it to pass through the lipid bilayer of cellular membranes [35]. Also, changing the metal ions with the Schiff base ligand plays
a significant role in these complexes’ growth inhibitory activity. The activity might be due to the increasing lipophilic nature of these
complexes [36–38].

Table 1
Physical properties of the free BrcOH ligand and its complexes (1–4).

Compounds Color m.p(◦C) Λ (ohm− 1. cm2. mol− 1) in DMSO Yield % Elemental analysis calc. (Found)%

C H N

BrcOH Off white 139–142 – 81 41.15 (41.27) 1.86 (1.93) 3.69 (3.91)
[Ni(BrcO)2] Greenish -yellow 290–292 6.1 73 38.29 (38.21) 1.48 (1.57) 3.43 (3.67)
[Pd(BrcO)2] Pale Brown 276a 4.7 77 36.17 (36.31) 1.40 (1.62) 3.24 (3.55)
[Pt(BrcO)2] Brown 306–304 13.8 83 32.80 (33.04) 1.27 (1.50) 2.94 (3.11)
[Zn(BrcO)2] White 283a 10.7 80 37.98 (38.14) 1.47 (1.69) 3.41 (3.49)

Table 2
Important infrared frequencies (cm− 1) of the free BrcOH ligand and its complexes (1–4).

compounds ν(C-H) arom./aliph. ν(C=N) ν(C=C) ν(Ph-O) ν(C-H) bending ν(M − O) ν(M − O)

BrcOH 3056w 1634s 1543s 1106m 754s – –
2987w

[Ni(BrcO)2] 3032w 1601s 1567s 1089m 749s 513w 489w
2908w

[Pd(BrcO)2] 3030w 1596s 1544s 1093s 745s 542w 473w
2982w

[Pt(BrcO)2] 3058w 1604s 1533s 1084m 744s 498w 449w
2845w

[Zn(BrcO)2] 3080w 1598s 1520s 1091m 750s 528w 434w
2870w
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3.3. DFT study

3.3.1. Optimized geometries
The ability to accurately determine equilibrium geometries, identify transition states, and trace reaction pathways is essential for

gaining a comprehensive understanding of the underlying molecular mechanisms and energetics involved in chemical processes.
Advancements in these areas of geometry optimization are crucial for enhancing the predictive capabilities and reliability of quantum
molecular calculations. From the calculated bond lengths of the ligand and its metal complexes (Tables 1S–10S, Structures 1S-5S
supplementary material) we observed that:

1- There is a large variation in C(7)-N(16), C(6)-O-(9) bond lengths by approximately 0.15–0.2 Å in case of C(7)-N(16) while
approximately 0.14–0.18 Å in case of on complexation. It becomes slightly longer as the coordination takes place via N(16) and O(9)

Table 3
Chemical shift in the 1H NMR spectra of the free Schiff base ligand and its complexes.

compounds Chemical Shift (δ; ppm)

BrcOH δ 10.62 (s, 1H, OH), 8.78 (s, 1H, H7), 8.07 (s, 2H, H10,12), 7.79 (d, J = 8.2 Hz, 1H, H5), 7.53 (d, J = 8.2 Hz, 1H, H4), 7.43 (s, 1H, H2).
[Ni(BrcO)2] δ 8.53 (s, 2H, H7), 8.11 (s, 4H, H10,12), 7.76 (d, J = 8.0 Hz, 2H, H5), 7.52 (d, J = 8.0 Hz, 2H, H4), 7.42 (s, 2H, H2).
[Pd(BrcO)2] δ 8.41 (s, 2H, H7), 8.10 (s, 4H, H10,12), 7.95 (d, J = 8.0 Hz, 2H, H5), 7.53 (d, J = 8.0 Hz, 2H, H4), 7.43 (s, 2H, H2).
[Pt(BrcO)2] δ 8.61 (s, 2H, H7), 8.04 (s, 4H, H10,12), 7.68 (d, J = 8.0 Hz, 2H, H5), 7.53 (d, J = 8.0 Hz, 1H, H4), 7.40 (s, 2H, H2).
[Zn(BrcO)2] δ 8.42 (s, 2H, H7), 7.96 (s, 4H, H10,12), 7.78 (d, J = 8.2 Hz, 2H, H5), 7.53 (d, J = 8.2 Hz, 2H, H4), 7.39 (s, 2H, H2).

Table 4
Diameter inhibition zone (DIZ, mm) and activity index (%).

compounds DIZ (mm)

DIZ (E. coli) AI %(E. coli) DIZ (S. aureus) AI %(S. aureus)

BrcOH 10 36 9 29
[Ni(BrcO)2] 18 64 14 45
[Pd(BrcO)2] 15 54 11 35
[Pt(BrcO)2] 21 75 17 55
[Zn(BrcO)2] 20 71 15 48
Chloramphenicol 28 100 31 100

Fig. 1. 1H NMR spectrum of the free BrcOH ligand.
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atoms [39,40].

2 Coordination with metals significantly affects bond lengths within the ligands.
3 The bond angles of BrcOH are altered somewhat upon coordination but the angles around the metal undergo appreciable variations
upon changing the metal centre [40]. The largest change affects C(1)-C(6)-O(9), C(1)-C(7)-N(16), C(7)-N(16)-C(10), and N(16)-C
(10)-C(11) angles which are reduced or increased on complex formation as a consequence of bonding.

Fig. 2. 1H NMR spectrum of the [Pd(BrcO)2] complex.

Fig. 3. 1H NMR spectrum of the [Zn(BrcO)2] complex.
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4 The bond angles in all complexes are quite near to a square planar geometry predicting dsp2 hybridization except [Zn(BrcO)2]
which is quite near to tetrahedral geometry predicting sp3 hybridization.

3.3.2. Molecular orbitals and quantum chemistry
The frontier molecular orbital provides more details on the optical and electrical features of the materials, moreover, discusses the

different kinds of reactions that can occur in conjugated systems [11,41]. In general, the ability to donate an electron is signified by the
highest occupied molecular orbital (HOMO), whereas the capacity to gain an electron is represented by LUMO (Figs. 5 and 6). The

Fig. 4. Biological activity of the free Schiff base ligand and its complexes.

Fig. 5. Optimization structures of the free BrcOH ligand and its complexes (1–4).

T.A. Yousef and A.S. Al-Janabi
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values of HOMO and LUMO energy were used to calculate the several parameters and represented in Table 5.
HOMO energy value and LUMO energy value both have positive correlations with the ionization potential and electron affinity,

respectively. EHOMO and ELUMO are related to the free radical scavenging activity of the antioxidant agents. The higher ionization

Fig. 6. HOMO and LUMO of the free BrcOH ligand and its complexes (1–4).

T.A. Yousef and A.S. Al-Janabi
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potential and electron affinity of the molecule suggest that it has a higher electronegative value. In most cases, the electron affinity is
lower than the ionization potential, indicating that the molecule has a high capacity for electron gain. The global electrophilicity index
(ω) measures the molecule’s ability to absorb electrons, which is based on the global hardness (η) and chemical potential (μ) values.
The high value of the global electrophilicity index (ω) of the molecule indicates good electrophilic behavior [42]. We normally use the
differences between the HOMO and LUMO (known as energy gap) to estimate the stability index of the investigated substrate.

The value of the binding energy indicates the stability of the metal-ligand complex. The following table shows that the binding
energies of Ni, Pd, Pt, and Zn complexes are negative, indicating positive interactions in binding interactions. Among the four binding
metals, Pd has the highest binding energy (− 5959.72 kcal/mol), followed by Pt (− 5875.15 kcal/mol), Zn (− 4620.54 kcal/mol) and Ni
(− 3493.95 kcal/mol) This follows shows that the Pd complex has the strongest interaction, showing the strongest compared to other
complexes. HOMO and LUMO energy levels give an idea of the electron donor and electron acceptor potentials of the complexes. A
small energy gap (ΔE) between the HOMO and LUMO numbers indicates a high reactivity. All the complexes have negative HOMO and
LUMO energy levels, indicating their ability to accept and donate electrons. Compared to the complexes, Ni has the lowest HOMO
energy level (5.52 eV), indicating a strong electron donating ability. On the other hand, the LUMO energy level of Pt is the lowest
(− 2.72eV), indicating higher electron acceptance than other solids. Smaller gap values indicate higher reactivity and tendency for
electron transfer. The smallest differences are for Ni (2.4eV) and Pd (1.26eV), and Pt (1.81eV) and Zn (0.8eV) have the largest acti-
vation potentials. The short distance of Ni indicates that electrons are more likely to move and react than other elements.

ΔE is the coefficient (E) of the energy difference between the HOMO and LUMO levels. Shorter lines indicate greater efficiency and
greater tendency for electrons to move. The smallest gap covalents are Ni (2.4eV) and Pd (1.26eV), with slightly higher reactions
compared to Pt (1.81eV) and Zn (0.8eV). The small difference in Ni indicates that electrons tend to be more mobile and active than
other materials. Chemical potential represents the energy required to add or remove electrons from a system. A decrease in chemical
potential means a greater tendency to gain or lose electrons in complexes. In this table, Zn has the lowest chemical potential
(− 4.71eV), indicating that it is more likely to gain or lose electrons than other elements. This suggests that Zn may be more active in
electron transfer. Electronegativity refers to the ability of an atom or system to absorb electrons through chemical bonds. The elec-
tronegativity values in this table range from 3.61 eV to 4.71 eV. Zn has the highest electronegativity (4.71eV), indicating a stronger
absorption than other compounds. In contrast, Ni has the lowest electronegativity (3.61 eV), indicating a relatively weak electron-
withdrawing force.

Hardness represents the resistance of the complex to changes in electron density, while softness refers to the tendency of electron
density to change the hardest complex in this table (meaning low activity) is Pt (0.89 eV) and Pd (0.91 eV). In contrast, Ni (1.2eV) and
Zn (0.4eV) have lower densities, indicating higher activity. The weaknesses followed the same trend, with Ni (0.79eV) and Zn (1.25eV)
being weaker (higher product) than Pt (0.55eV) and Pd (0.56eV). These results indicate that the Pt and Pd complexes are relatively
stable and less reactive, while the activity of the Ni and Zn complexes is high. Global slowness provides complex reactions when
considering multiple molecules. In this table, Zn has the highest global slowness (2.5eV) and shows the largest complex reactivity. Pd
has the second highest global slowness (1.59eV), followed by Pt (1.12eV) and Ni (0.83eV). This indicates that Zn has the highest
reactive and reactive electron density, while Ni has the lowest. Electrophilicity Index The electrophilic index measures the tendency of
complexes to act as electrophiles, accepting electrons in chemical reactions. The electrophilic index values in this table range from
7.32 eV to 27.73 eV. Zn has the highest electromotive index (27.73 eV), indicating a strong tendency to accept electrons and participate
in chemical reactions. In contrast, Pt has the lowest electrical resistivity (7.32 eV), indicating low resistance to nucleophilic attack.

The dipole moment indicates the polarity of the complex and the separation of positive and negative charges. From this table, the
dipole moment from 0.002 D to 3.070 D is the highest value of the polar moment complex Pt (3.070 d), indicating that the Charge
complex has a large charge separation while that of Zn does lowest (0.002 D). Indicating low charge separation. The value of the dipole
moment gives an idea of the polarity and possible interactions of the complexes at different sites.

3.3.3. Mulliken populations
TheMulliken population analysis results (Fig. 7) presented in the study showed that hydrogen atoms have positive charges, ranging

from 0.057 to 0.328 atomic units (a.u.) This positive charge on hydrogen atoms is due to their loss of electrons to surrounding carbon
atoms encountered by the. It should be noted that the hydrogen atom had the highest positive charge, which may be related to its

Table 5
Theoretical parameters of the free BrcOH ligand and its complexes (1–4).

Parameter BrcOH 1 2 3 4

Binding Energy kcal/mol − 3493.95 − 5959.72 − 5875.15 − 5918.13 − 4620.54
EHOMO (eV) − 5.52 − 4.32 − 4.72 − 4.5 − 5.11
ELUMO (eV) − 3.12 − 3.06 − 2.91 − 2.72 − 4.31
Gap, ΔE 2.4 1.26 1.81 1.78 0.8
Chemical potential (eV) − 4.32 − 3.69 − 3.82 − 3.61 − 4.71
Electronegativity 4.32 3.69 3.82 3.61 4.71
Hardness 1.2 0.63 0.91 0.89 0.4
Softness 0.42 0.79 0.55 0.56 1.25
Global Softness 0.83 1.59 1.10 1.12 2.5
Electrophilicity index 7.78 10.81 8.04 7.32 27.73
Dipole moment, (Debye) 2.84 0.002 0.014 0.017 3.07

T.A. Yousef and A.S. Al-Janabi



Heliyon 10 (2024) e37310

10

attachment to the electronegative oxygen atom.
However, nitrogen and oxygen atoms have been reported to have negative Mulliken charges, suggesting that they act as electron

acceptors in the molecular system. Some of carbon atoms are negative while most of the carbon atoms were positive. This may be due
to their association with electronegative nitrogen and oxygen atoms in the molecular structure [43,44].

3.3.4. Density of states
The density of states (DOS) refers to the number of available electronic states per unit energy interval at a given energy level. It

represents the frequency or probability distribution of the electronic states that electrons can occupy within a material. In contrast to
estimating the spacing between vibrational frequencies in semiconductors, the DOS simulations enable the computation of the
Gaussian probability distribution of the different electronic states as a function of energy, as shown in (Figs. 8 and 9). Understanding
the probability of the accessible electronic states per unit volume per unit of energy is crucial for the evaluation of various electronic
properties and activities, such as the maximum wavelength of light absorption (λmax), electronic excitation processes, and the total
electron scattering behavior in materials with novel designs [43,45].

The DOS calculations were performed theoretically to compare the DOS diagrams of all complexes with the supplementary material
(Fig. 1S–3S). We can conclude that.

1 For all complexes, there is an observed increase in the DOS compared to the ligand alone.
2 The increase in DOS suggests higher possible probabilities of electronic transitions in all complexes.
3 The higher DOS of all complexes indicates it is more stable than the ligand alone.

Finally, the complexation of the metals center with the ligand results in an increase in the density of available electronic states. This
increased DOS implies a higher probability of electronic transitions occurring within all complexes, which contributes to its enhanced
stability compared to the ligand alone.

3.4. ADMET analysis

Indeed, ADMET analysis refers to the comprehensive evaluation of Absorption, Distribution, Metabolism, Excretion, and Toxicity
properties of a compound. This analysis provides valuable insights into the pharmacokinetic and toxicological characteristics of a
substance, aiding in the assessment of its suitability for use in drug development and other applications. It is a crucial component of
drug discovery and development that plays a pivotal role in ensuring that drug candidates are safe, effective, and have the desired
pharmacokinetic and pharmacodynamics properties.

Due to their inadequate pharmacokinetic ADMET properties, a significant number of lead-like molecules often encounter failure
during clinical trials. In order to mitigate this issue and save both time and costs, in silico examinations are conducted during the drug
design and development process, prior to the entry of lead-like molecules into preclinical phases. The pharmacokinetic behavior of the
ligand and its metal complexes has been assessed using the SWISS ADME online software. The outputs obtained from this software can
be evaluated in accordance with Lipinski’s rule of five, which provides valuable guidelines for assessing the drug-likeness of com-
pounds based on their physicochemical properties [41]. Table 6 summarizes the different results of the application of Lipinski’s rule.
The ligand can penetrate biological membranes, such as the blood-brain barrier, but its metal complex does not. The ligand exhibits
high gastrointestinal absorption, indicating efficient transport through the oral route and within the gastrointestinal tract (GIT) and
blood-brain barrier (BBB). Additionally, the bioavailability score of 0.55 (>0) suggests that both the ligand and its metal complexes
possess significant biological activity. These findings highlight the potential of the ligand and its metal complexes as promising
candidates for further exploration in various biomedical applications. In our study, the ligand followed Lipinski’s rule with only one
violation while in case of metal complexes with 2 violations where at least two violations are considered according to this rule [46].

The pharmacokinetic properties (ADME) of the ligand and its metal complexes were evaluated using the Swiss ADME website
(Fig. 10) to determine the pharmacological potential of each of these compounds based on Lipinski’s rule. According to the results of
the in-silico prediction of physicochemical properties, we observed that ten compounds respect the Lipinski rule. The results obtained
in this study are promising, and it is necessary to further studies on these compounds.

4. Conclusion

As part of a systematic study of compounds that have physiological effects, a new Schiff base ligand was made by condensing 4-
chloro-2-hydroxybenzaldehyde with 4-bromo-2,6-dichloroaniline. The novel complexes containing Ni(II), Pd(II), Pt(II), and Zn(II)
were created from the target ligand (BrcOH). This study used CHN analysis, conductivity measurements, IR, and 1H NMR spectrometry
to confirm the structures of the metal and ligand complexes. The newly synthesized Schiff base ligand and metal complexes underwent
antimicrobial screening against Staphylococcus aureus and Escherichia coli species. The results were then compared with those of a
standard drug to assess their antimicrobial activity. Most complexes exhibited better antimicrobial activities against these organisms
than complexes exhibited better antimicrobial activities against these organisms than the original Schiff base ligand. In conclusion, our
study examined the stability and reactivity of metal-ligand complexes through various theoretical measurements. Pd showed the
strongest binding energy, while Ni exhibited strong electron-donating ability and Pt displayed a higher tendency for electron
acceptance. Ni and Pd complexes were found to be highly reactive due to their small energy gaps. Zn demonstrated high electron
transfer activity based on chemical potential values. Pt and Pd complexes were relatively stable but less reactive, whereas Ni and Zn
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Fig. 7. Mulliken atom charges of BrcOH.

Fig. 8. DOS diagram of BrcOH.

Fig. 9. DOS diagram of [Ni(BrcO)2] complex.

Table 6
Pharmacological and toxicity prediction of the free BrcOH ligand and its complexes (1–4).

Parameter BrcOH 1 2 3 4

Molecular weight 379.46 g/mol 815.61 g/mol 863.33 g/mol 951.99 g/mol 822.29 g/mol
Hydrogen bond donor 1 0 0 0 0
Hydrogen bond acceptor 2 4 4 4 4
Rotatable bonds 2 8 8 8 8
TPSA 32.59 A◦2 43.18 A◦2 43.18 A◦2 43.18 A◦2 43.18 A◦2

Lipophilicity 5.04 8.37 8.43 8.54 8.38
Water Solubility Moderately soluble Insoluble Insoluble Insoluble Insoluble
Pharmacokinetics GI absorption High Low Low Low Low

BBB permeant Yes No No No No
Log Kp (skin permeation) − 4.75 cm/s − 3.11 cm/s − 3.40 cm/s − 3.94 cm/s − 3.15 cm/s

Drug likeness (Lipinski) Yes; 1 violation No; 2 violations No; 2 violations No; 2 violations No; 2 violations
Bioavailability Score 0.55 0.17 0.17 0.17 0.17
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complexes displayed higher reactivity according to global hardness and softness measurements. Zn exhibited the highest electro-
philicity index, indicating a strong electron-accepting tendency. The dipole moments reflected the polarity and charge separation, with
Pt having the highest polarity. These findings contribute to our understanding of the properties and reactivity of metal-ligand com-
plexes, enabling future design and optimization for specific applications. The in-silico prediction of physicochemical properties
revealed that ten compounds in total adhered to Lipinski’s rule, indicating favorable drug-like characteristics.
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