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ABSTRACT: Currently, we report the preparation of transition metal complexes Co(II),
Ni(II), and Cu(II) of hydrazone Schiff base ligands, which are obtained by the
condensation reaction of substituted salicylaldehyde and hydrazines. The synthesized
hydrazone ligands and their metal complexes were characterized by spectroscopic
methods such as Fourier transform infrared (FT-IR), UV−vis, nuclear magnetic resonance
(1H NMR and C13 NMR), and mass spectrometry analyses. All of the quantum chemistry
calculations were performed using DFT executed in the Gaussian 09 software package.
The geometry was optimized by using the density functional theory (DFT) approximation
at the B3LYP level with a basis set of 6-31G (d, p). There was excellent agreement
between the FT-IR values obtained experimentally and those obtained theoretically for the
test compounds. It is worth noting that none of the optimized geometries for any of the
Schiff base and metal complexes had any eigenvalues that were negative, indicating that
these geometries represent the true minimum feasible energy surfaces. We also analyzed
the electrostatic potential of the molecule and NBO calculation at the same level of theory.
Gauss View 6 was utilized for the file organization of the input data. Gauss View 6.0, Avogadro, and Chemcraft were used to
determine the data. Additionally, synthesized compounds were screened for antimicrobial activity against Gram-negative bacteria
(Salmonella typhi, Escherichia coli) and Gram-positive bacteria (Bacillus halodurans, Micrococcus luteus) and two fungal strains
(Aspergillus flavus, Aspergillus niger). These research findings have established the potential of ligands and their metal complexes as
antimicrobial agents. Additionally, the compounds demonstrated promising nonlinear optical (NLO) properties, with potential
applications across a wide range of contemporary technologies.

1. INTRODUCTION
The study of hydrazone molecules and their metal complexes
has garnered significant interest within the fields of organic and
coordination chemistry1 due to their remarkable coordination
abilities, diverse physiological activities,2 luminescence proper-
ties,3 and wide range of applications in various areas such as
pharmacological,4 biological,5 catalytic, and analytical fields of
chemistry.6 Hydrazones are a significant group of organic
compounds having a broad spectrum of pharmacological
activities predominantly7 and anti-inflammatory,8 analgesic,9

antimicrobial,10 antifungal,11 anticancer,12 and antidepressant
activities.13 Hydrazone applications in organic chemistry was
first established by Emil Fischer in 1884 and proved to be a
Schiff base-type compound.14 Hydrazones contain an
azomethine group (−C=N-NH−) and are considered as an
important class of organic compounds having two nitrogen
species that are different in nature.15 Notably, hydrazones with
the azomethine group have gained significant attention as key
organic compounds for the development of novel drugs.
Beyond pharmaceutical applications, they find use in the fields

of organic ligands, corrosion science,16 bioactive materials,17

catalysis,18 chemo sensors,19 and fluorescence signals.20

Furthermore, hydrazone Schiff base ligands are significant
materials in bioinorganic chemistry due to the presence of N
and O donor atoms that form stable metal complexes with an
extensive variety of metals.21 Transition metal complexes based
on halogen and nitro groups have promising biological
properties.22 Different fragments attached with hydrazones
affect the coordinating ability and show attractive coordination
sites to bind to metal ions and form complexes. A vast study of
metal ions revealed that the cobalt(II) complex displays
usefulness in stomach ulcer and rheumatoid arthritis.23

Copper(II) complexes are used as anticancer drugs that
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could lead to cancer cell death via different mechanisms, i.e.,
DNA damage and generation of reactive oxygen species
(ROS).24 Hydrazone derivatives and their transition metal
complexes show remarkable thermo- and photochromic
applications, which make these compounds valuable in modern
technology, which includes light-emitting diodes,25 optical
computers, solar filters, and imaging systems, and also
appropriate due to their nonlinear optical properties in
photonic and electronic devices.26

Moreover, the importance of compounds that have non-
linear optical (NLO) characteristics extends across other
disciplines, including chemical dynamics, nuclear research,
medicine, biology, and surface interface presentations.27 NLO
materials are pivotal in technologies such as optical computing,
communication, and dynamic image processing. The prepara-
tion of various NLO materials, spanning inorganic and organic
semiconductors, polymer architectures, and engineered nano-
structures, necessitates diverse techniques.28 Organic NLO
materials offer advantages such as cost-effectiveness, low
dielectric constants, substantial photoelectric coefficients, and
ease of implementation. Notably, phenyl hydrazone derivatives
have demonstrated potent crystalline and nonlinear optical
(NLO) characteristics.29 Consequently, exploring the NLO
properties of newly synthesized compounds within this
framework holds immense promise.30

Taking into account the role of hydrazones and their metal
complexes in the biological field and possessing a compre-
hensive research background encompassing both synthetic and
computational fields, here, we reported the synthesis of
hydrazone ligands L1 4-chloro-2-((4-isopropylphenyl)-
hydrazono)methyl)phenol and L2 4-(2-(5-chloro-2-hydroxy-
benzylidene) hydrazinyl)benzonitrile and their Cu(II), Ni(II),
and Co(II) complexes and then studied their spectroscopic
and nonlinear optical properties. The synthesized compounds
were subjected to the determination of antimicrobial activity
against two Gram-negative bacteria and Gram-positive bacteria
and two fungal strains, wherein the complexes showed a
moderate activity against pathogenic bacteria. The computa-
tions of density functional theory (DFT) provide a multitude
of useful information about the compounds. The correlation
between these calculations and the physicochemical properties
of the compounds is strong. It is well known that the
physicochemical properties of compounds also affect their

biological activity.31,32 The purpose of the DFT calculations
was to examine the relationship between theoretically obtained
data and experimental data.

2. RESULTS AND DISCUSSION
The synthesized compounds were examined by FT-IR and
NMR spectroscopic analysis. In the FT-IR spectrum of the
ligands (L1 and L2),absorption bands at 3388 and 3306 cm−1

due to the OH group, a strong absorption band at 3306−2936
cm−1 for (N−H) stretching frequencies, and an absorption
band at 1665−1600 cm−1 for the ν(C = N) vibrations were
observed. The OH vibrations disappeared from the spectra of
the complexes, which indicated the coordination of metal ions
to the hydroxyl group after deprotonation. In the complexes'
spectra, the azomethine bands ν(C=N) and ν(C−O) (i.e.,
phenolic oxygen) were shifted to lower frequencies and
changes in band frequency indicate that the nitrogen atom of
the azomethine group was brought into being involved in
coordination with metal ions. So, it can be concluded that
ligands phenolic oxygen and azomethine nitrogen were
responsible for coordinating with central metal ions.
Furthermore, some imperative bands appeared in complexes
in ranges between 653 and 558 cm−1 assigned to (M−O) and
560−541 cm−1 assigned to (M−N), which gives further
confirmation of complex formation. The appearance of new
spectral bands suggests the presence of chemical linkages that
include heteroatoms, such as azomethine nitrogen, deproto-
nated oxygen, and chlorine atoms. These heteroatoms are
coordinated to the core metal ion. This discovery provides
strong evidence for the adoption of an octahedral geometry in
all of the metal complexes being studied. The main absorption
bands of ligands L1and L2 and their complexes 1a−3a and 1b−
3b are listed in Table S1 and Figures S1−S8.
In the 1H NMR spectra of hydrazone ligand L1, a doublet

appears at 1.18 ppm due to the (CH3)2 protons of the
isopropyl group. A multiplet signal appears due to the −CH−
proton of the isopropyl group at 2.80 ppm. The chemical shift
of the azomethine N=CH proton in both ligands (L1 and L2)
appeared at 8.05 and 8.20 ppm. The singlet peak of NH proton
appeared in both ligands at 10.40 and 10.32 ppm due to the
electronegative atom attached to the proton, which in turn
increases the deshielding effect of the proton. Furthermore, the
singlet peak at 10.55 ppm corresponds to hydroxyl (OH)

Figure 1. Optimized geometry of the synthesized molecules.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05322
ACS Omega 2023, 8, 42598−42609

42599

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05322/suppl_file/ao3c05322_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05322?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05322?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


protons. The aromatic protons were resonated at 6.86−7.59
and 6.88−7.72 ppm (Figures S9 and S10). In 13C NMR, the
peak for azomethine (C=N) carbon in L1 and L2 was observed
at 159.2 and 157.3 ppm. In the L1 spectra, signals appeared at
20.3 and 44.9 ppm due to the presence of methyl and
methylene carbon of the isopropyl group. In the L2 spectra,
one signal appeared at 110.2 ppm to recognize the presence of
cyano carbon (CN). All of the aromatic carbons in L1 and L2
were resonated around 120.3−131.4 and 120.3−131.4 ppm
(Figures S11 and S12).
Mass spectrometry (HRMS) analysis was conducted on the

synthesized ligands (L1 and L2) and their respective complexes
(1a−3a, 1b−3b) dissolved in acetonitrile. The obtained data
confirmed the proposed chemical structures. The molecular
ion peak for hydrazone ligands (L1 and L2) was detected at m/
z 289.6149 and 272.7118, consistent with their calculated
value. Similarly, the molecular ion peaks for their 1a−3a,
1b,and 3b complexes were observed at m/z 711.1009,
706.0072, 706.0078, 676.8579, 672.0049 and 672.2363,
respectively. These mass spectrometry results align with the
expected molecular weights, providing strong evidence of the
formation of the complexes.
2.1. DFT Calculations. Hydrazone ligands and their metal

complexes are optimized using DFT with B3LYP/6-31G (d,
p). Figure 1 presents the optimal geometries for each structure.

2.2. Frontier Molecular Analysis. The FMO theory is
presently regarded as an effective tool for determining a
molecule’s reactivity as well as its electrical and optical
properties. This is useful for investigating how excited-state
lowest unoccupied and highest occupied molecular orbital
energies are corelated to one another.33 The B3LYP/6-311G
(d, p) level of theory is used to calculate the frontier molecular
orbitals of molecules. The visual representation is illustrated in
Figure 2, and the energy band gap is given in Table. 1. A large
energy gap indicates that the structure is thermodynamically
stable. A small energy gap in a structure indicates it is more

Figure 2. Frontier molecular orbital pictorial representation

Table 1. Energy Band Gap Calculation

complex HOMO (ev) LUMO (ev) energy band gap

L1 −5.0069121 −1.19724 3.81
1a −5.5086645 −3.936743 1.57
2a −5.8289262 −3.770762 2.06
3a −5.6047158 −4.596585 1.01
L2 −5.8215795 −1.995037 3.83
1b −6.2661909 −4.746785 1.52
2b −6.3320391 −4.440128 1.89
3b −6.2272806 −5.128269 1.10
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reactive and more polar.34 Red indicates the negative part, and
blue indicates the positive part.
The energy difference between ligand 1 and its complexes is

given as L1 > 2a > 1a > 3a. Energy difference between ligand 2
and its complexes is given L2 > 2b > 1b > 3b.The order in
metal complexes shows nickel metal complex are more stable
and cobalt metal complex are more reactive.
2.3. Molecular Electrostatic Potential. The investigation

of the three-dimensional plot of electron density on the entire
compound is conducted by the study of molecule electrostatic
potential, employing eq 1

=V r
Z
R

r p r r r r( ) ( ) ( ( )/ )dA

A (1)

The equation shown above introduces the variable V(r) that
denotes the molecular electrostatic potential. Additionally, ZA
is used to indicate the charge density over the nucleus. The
electronic density function is defined as p(r’) at a certain
location denoted as RA, where r’ represents the integration
variable.35,36 The color observed in MEP (molecular electro-
static potential) analysis serves to delineate the regions inside a
molecule that are susceptible to electrophilic and nucleophilic
attack. The magnitude of electrostatic potential increases in the
following order: red < orange < yellow < green < blue.37 The
red hue signifies the optimal location for electrophilic attack,
whereas the blue hue designates the spot most conducive to
nucleophilic attack. The MEP analysis was conducted using the
B3LYP/6-31G (d, p) basis set. The obtained results are
depicted in Figure 3. The observation reveals that oxygen
atoms exhibit a negative potential, as indicated by the red hue,
whereas the positive potential is predominantly displayed in
the blue area by nitrogen atoms, with hydrogen and carbon
atoms partly contributing. The green area represents the mean
potential, which refers to the range between the two extremes.
The presence of distinct reaction sites in all molecules can be
inferred from the observation of red and blue colors.

2.4. Global Reactivity Parameters. The HOMO and
LUMO orbital energies are used in the equations to generate
global reactivity descriptors.38 The stability, selectivity, and
reactivity of the species are all heavily dependent on these
global reactivity factors.39,40 Tabulated reactivity parameters
and their corresponding computed values are listed in Table 2.

Global hardness follows the same order as energy band gap,
whereas global softness follows the opposite order. Others
parameters also depend on the energy band gap.
2.5. NBO Analysis. Gaussian 09W software was used to do

NBO analysis41 on complexes at the B3LYP/6-311G (d, p)
level of theory. Natural bond orbital (NBO) studies are useful
for understanding the charge relocation between full and
unoccupied orbitals.42 NBO data helps us understand
intermolecular delocalization and the charge concentrations
that shift in D-π-A structures from donor to acceptor regions.43

There were typically three distinct types of electronic
transitions detected. Among these, σ-σ* transitions were more
prominent. Other transitions include σ-π*, L.P-σ*, and L.P-π*.
For calculating the relationships between the donor and

Figure 3. Molecular electrostatic potential of the compounds at the DFT/B3LYP/6-31G (d, p) basis set.

Table 2. X (Electronegativity), EA (Electron Affinity), IP
(Ionization Potential), μ (Chemical Potential), S (Global
Softness), η (Global Hardness), and ω (Global
Electrophilicity) of Schiff Base Ligands and Metal
Complexes

Sr.
no. X EA IP μ S Η ω
L1 3.102 1.197 5.007 −3.102 0.262 1.905 2.526
1a 4.723 3.937 5.509 −4.723 0.636 0.786 14.189
2a 4.800 3.771 5.829 −4.800 0.486 1.029 11.194
3a 5.101 4.597 5.605 −5.101 0.992 0.504 25.807
L2 3.908 1.995 5.822 −3.908 0.262 1.913 3.992
1b 5.506 4.747 6.266 −5.506 0.658 0.760 19.956
2b 5.386 4.440 6.332 −5.386 0.529 0.946 15.334
3b 5.678 5.128 6.227 −5.678 0.910 0.550 29.333
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acceptor, a second-order perturbation model study of the Fock
matrix was performed44 and stabilization energy was calculated
using eq 2

=E q
F( )

i
ij

i j

2
2

(2)

All types of vibrations in structures and their stabilization
energies are given in the table. The charge transfer character-
istics found by NBO analysis of these compounds are
significant for their possible NLO features. Natural bond
orbital analysis with second-order perturbation study for
hydrazone ligands and metal complexes using B3LYP/6-
311G (d,p) is presented in Table S2.
2.6. NLO Properties. Optical switches, communication

technology, signal processing, and optical memory devices all
make substantial use of NLO compounds. The optical
response, which is related to both the nonlinear (hyper
polarizabilities) and linear (polarizability, etc.) responses
(Table 3), is caused by the electrical properties of the entire
compound.
Dipole moment comparisons describe the directional

distribution of charges in the molecules that we have analyzed.
The highest dipole moment is 0.868 au, and the lowest value is
−3.733 au. The findings of the polarizability tensors in the x, y,
and z directions show that the x-axis polarizability tensor is the
most important and has a significant impact on the overall
linear polarizability values (Table 4). The average polarizability
values for the ligands are 240.40 and 222.97 au. The maximum
polarizability value is 835.65 au, and the minimum value is
222.97 au, and the ligands have a minimum polarizability value.
Table 4 shows the values of βtot and its nine contributing

tensors in the x, y, and z axes. The maximum hyper-
polarizability value is 60,971.48 au, while the minimum value
is 434.76 au.
2.7. FT-IR Calculations. Molecular vibrations obtained by

modern vibrational spectroscopy have sparked the interest of
both the computational and the experimental communities. On
the optimized geometries of molecules, we estimated the
theoretical vibrational spectra of the synthesized compounds

using DFT at the B3LYP/6-31G (d, p) level of theory. The
vibrational modes in the investigated compounds were
assigned using the animation feature of Gauss-View. The
experimental and computed harmonic vibrational frequencies
for all compounds are given below (Table 5).
At the optimized geometry for the compounds, all calculated

harmonic-vibrational frequencies were found to be active, and
no imaginary frequency modes were generated. It is clear that
the practical FT-IR results and the corresponding theoretically
simulated results had a good correlation.
2.8. ADMET Properties. Swiss ADMET was used to

forecast the results of ADMET investigations of isolated
substances (1a−3a, 1b−3b, L1, and L2) to predict the
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) features to assess the bioavailability of the
compounds. The skin’s ability to absorb molecules is measured
by its permeability (Kp) in cm/s. The skin permeability, Kp,
values of all compounds varied from 1.59 to −5.45 cm/s in
silico, indicating low skin permeability. Additionally, the blood-
brain barrier (BBB) and gastrointestinal (GI) permeability
show how medication molecules are absorbed and distrib-
uted.45,46 The findings of the in silico predictions for the
chemicals (1a−3a, 1b−3b, L1, and L2) under study’s
absorption, distribution, metabolism, and excretion (ADME)
are shown in Table 6. According to the Swiss ADME
prediction parameters, the complexes showed low GI
absorption, whereas L1 and L2 showed high GI absorption.
The blood-brain barrier (BBB) permeability of L1 and L2 was
similarly demonstrated by Swiss ADME prediction, but not
those of the complexes. Additionally, a variety of cytochromes
(CYPs) control how drugs are metabolized, with CYP1A2,
CYP2C9, CYP2C19, CYP3A4, and CYP2D6 being particularly
important for the biotransformation of drug compounds.47

Thus, complexes (1a−3a) inhibit CYP2D6 and the
permeability glycoprotein (P-gp) substrate, according to in
silico Swiss ADME prediction. The permeability glycoprotein
(P-gp) substrate and CYP2C19 were both suppressed by
complexes 1b−3b. A substrate of the permeability glycoprotein
(P-gp) was inhibited by ligand 1 along with all cytochromes

Table 3. Dipole Moment (μ) and Linear Polarizability (α) of Hydrazone Ligands and Metal Complexes

μx μy μz μ αxx αyy αzz αtotal (au)
1a 0.367 0.329 −3.331 −3.331 1200.440 982.644 323.865 835.65
2a −2.318 −3.179 0.868 0.868 668.160 569.450 443.746 560.45
3a −1.722 −2.453 −3.235 −3.235 708.465 689.426 332.826 576.91
1b 0.008 −0.304 −3.733 −3.733 732.357 779.327 287.008 599.56
2b 0.001 −0.001 −2.117 −2.117 676.505 653.824 305.455 545.26
3b −1.374 −1.250 −3.350 −3.350 664.491 674.163 289.007 542.55
L1 −0.387 0.323 −0.0002 −0.0002 434.922 197.410 88.872 240.40
L2 1.351 −1.367 0.002 0.002 431.597 176.213 61.101 222.97

Table 4. Hyperpolarizability (β) of Hydrazone Ligands and Metal Complexes

βxxx βxxy βxyy βyyy βxxz βyyz βxzz βyzz Βzzz βtot (au)
L1 3852.232 957.641 48.87 −32.41 −0.58 0.003 −8.09 14.90 −0.02 4,004.93
1a 1684.642 −661.254 35.50 2136.75 969.62 2556.27 −129.77 291.21 −2489.33 2,593.26
2a 1259.788 −186.598 1908.83 1951.09 125.78 −2183.75 1293.19 2909.22 −2849.16 8,113.65
3a −17905.436 −6153.474 2218.10 −31249.65 11500.47 6.36 −1556.81 −1657.11 −328.51 44,136.00
L2 −48.292 523.968 −33.08 −92.50 −1.13 0.12 12.11 −2.26 0.003 434.76
1b −3869.642 −5327.854 −507.62 −1622.18 −2072.04 −1028.69 −670.23 −1837.15 −2951.58 11,803.49
2b 6.495 −4.333 0.10 1.101 4153.70 985.50 1.80 −0.62 679.36 5,818.57
3b 671.930 −3901.290 5197.21 −54863.01 4662.1 1757.39 −39.26 −1661.66 −741.75 60,971.48
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Table 5. Compound Vibrational Frequencies Measured Experimentally and Those Anticipated by Applying the B3LYP and 6-
31G (d, p) Theorya

computed vibrational frequencies of hydrazone ligands and metal complexes

compound IIR(Experimental) IIR(DFT) IIR vibrational assignments

L1 O−H 3306 3808 42.8031 υO−H
N−H 3034 3491 0.9106 υN−H
C=N 1666 1674 8.2848 υ(as)C=N+ υ(as)C=CBen + w=C−H
M−N
M−O

L2 O−H 3388 3473 298.5587 υ(as)O−H(dominant) + υ(as)N−H
N−H 3306 3534 11.2259 υ(s)N−H(dominant) + υ(s)0−H
C=N 1613 1619 12.1413 υ(s)C=N + υ(s)C=CBen + w=C−H

1665 418.9174 υ(s)C=N + υ(s)C=CBen + w=C−H
1668 86.2428 υ(as)C=N(dominant) + w=C−H + w N−H,C−H

C−O 1421 1524 132.0829 υ(as)C−O(dominant), δ=C−HBen

M−N
M−O

1a O−H
N−H 2960 3338 620.4916 υ(as)N−H

3395 368.5948 υ(s)N−H
C=N 1613 1589 31.5764 υ(s)C=N,υ(s)C=O + ρ N−H + υ(s)C=CBen

1607 240.531 υ(s)C=N,υ(s)C=O + ρ N−H + υ(s)C=CBen
C−O 1478 1467 4.9073 υ(as)C−O+ w C−H

1459 34.2534 υ(as)C−O+ w C−H + ρ N−H
M−N 541
M−O 646

2a O−H
N−H 2957 3463 130.4400 υ N−H

3456 23.9188
C=N 1617 1672 141.8411 υ(s) C=N + ρ N−H
C−O 1403 1322 40.4788 υ(C=O)C−O + δ C−HBen

M−N 565 568 9.4103 M−N
M−O 652 635 12.7529 M−O

3a O−H
N−H 2936 3557 4.7798 υN−H

3216 681.7372 υ(s) N−H
3219 11.1900 υ(as) N−H + υ(as)C − H

C=N 1617 1596 209.3973 υ(s) C=N,C=O + ρ N−H
C−O 1441 1408 146.5092 υ(s)(C=O) C−O + δ=C−H
M−N 555 513

548 29.9612
M−O 653 574 5.1099 M−O

594 20.1169
1b O−H

N−H 3263 3387 557.25 υ(s)N−H
3479 312.120365 υ(as)N−H

C=N 1605 1583 19.7697 υ(s)C=N,C=N(dominant)
1614 88.8604 υ(as)C=N,C=N, τ N−H,N−H, υ(s)C=N,C=O
1629 118.7978 υ(as)C=N + w=C−H, υ(as)C=CBen

C−O 1425 1405 167.7398 υ(s)C−O(C=O) + δ=C−H+ ρ N−H,C−H
M−N 542 489 9.6811 M−N

491 9.6822
M−O 628 641 53.2220 M−O, υ N−H

2b O−H
N−H 3296 3430 205.7878 υ(as)N−H

3429 5.6590 υ(s)N−H
C=N 1613 1668 133.4592 υ(as)C=N + τ N−H

1671 0.1608 υ(s)C=N + τ N−H
C−O 1286 1323 221.9161 υ(as)(C=O)C−O + δ=C−H + ρ N−H
M−N 542 542 22.8447 M−N
M−O 557 557 6.8383 M−O
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other than CYP3A4 and a substrate of the P-gp was inhibited
by ligand 2 along with all cytochromes other than CYP2D6.
2.9. In Silico Pharmacokinetics (Drug-likeness) and

Toxicity Analysis. The SwissADME tool was used to predict
in silico pharmacokinetic characteristics (drug-likeness qual-
ities) based on Lipinski’s rule of five48 using the structures of
isolated compounds (1a−3a, 1b−3b, L1, and L2) converted to
their canonical simplified molecular-input line-entry system
(SMILE). Lipinski’s rule of five suggests that the drugs and/or
candidates should abide by the five-parameter rule, which
specifies that the hydrogen-bond donors (HBDs) should be
less than 5, the hydrogen-bond acceptors (HBAs) should be
less than 10, the molecular mass should be less than 500 Da,
log P should not be less than 5, and the total polar surface area
(TPSA) should not be greater than 140. Drug-likeness is a test
that determines whether a specific organic molecule possesses
characteristics that are typical of an orally active medication.
The SwissADME tool confirmed that all complexes followed
Lipinski’s rule of five and are likely to be orally active (Table
7).48 The bioavailability of the compounds and their hydrogen
bonding potentials are closely connected to the TPSA value.
As a result, the examined compounds’ TPSA values were found
to be between 44.62 and 114.14, which is significantly less than
the limit of 140. The complexes and ligands’ computed
number of rotatable bonds (NRB) values are fewer than 10,
indicating that the compounds are conformationally stable.45

2.10. Antimicrobial Activities. The synthesized hydra-
zone ligands (L1 and L2) and their metal complexes were
tested on two Gram-negative strains (Escherichia coli and
Salmonella), Gram-positive strains (Bacillus halodurans and
Micrococcus luteus), and fungal strains (Aspergillus flavus and
Aspergillus niger) by a disc diffusion method. The test
compounds (ligand/complex) were dissolved in DMSO.
Azithromycin was used as a standard drug in pathogenic

bacteria, and terbinafine was used as a standard drug in fungal
strains. The antibacterial and antifungal activity results show
that ligands were active toward these bacterial strains, but the
complexes found moderate activity against pathogenic bacteria.
The hydrazone ligand L1 exhibits maximum inhibition of 11
mm against E. coli and B. halodurans bacterial strains and
shows less activity against other bacterial strains. The
hydrazone ligand L2 shows a 15 mm zone of inhibition against
the E. coli bacterial strain. Among all the complexes, complex
2b shows the highest activity with 13, 18, and 14 mm
inhibition zones against E. coli, B. halodurans, and M. luteus,
respectively. Furthermore, the hydrazone ligand L1 shows 6
mm zone of inhibition against A. flavus, while L2 shows a 9 mm
inhibition zone against A. niger. Complex 1b shows the highest
activity with a 14 mm inhibition zone against A. niger, and
complexes 3a and 3b show moderate activity with a 9 mm
inhibition zone against A. niger as compared to other metal
complexes but less activity as compared to the standard drug.
The zones of inhibition against the tested bacterial and fungal
strains are presented in Table 8 and Figure. 4. The activity of

Table 5. continued

computed vibrational frequencies of hydrazone ligands and metal complexes

compound IIR(Experimental) IIR(DFT) IIR vibrational assignments

3b O−H
N−H 3242 3567 9.3425 υN−H
C=N 1600 1616 15.0824 υ(s)C=N + υ(s)C=CBen + δ=C−HBen + ρ N−H
C−O 1202 1363 231.0465 υ(as)(C=O)C−O + δ=C−H + ρ N−H
M−N 541 499 544 35.3357 M−N

18.9247
M−O 589 579 626 15.5231 M−O

28.9156
as, symmetric; υ, stretching; δ, rocking; w, scissoring; ρ, wagging; as, asymmetric; τ, twisting; Exp, experimental; Theo, theoretical: Ben, benzene
ring.

Table 6. ADME Predictions of Compounds 1a−3a, 1b−3b, L1, and L2 Computed by SwissADME and PreADMET

inhibitor interaction

GI
absorption

BBB
permeability

P-gp
substrate

CYP1A2
inhibitor

CYP2C19
inhibitor

CYP2C9
inhibitor

CYP2D6
inhibitor

CYP3A4
inhibitor

skin permeation value (log
Kp) (cm/s)

1a low no yes no no no yes no −1.62
2a low no yes no no no yes no −1.59
3a low no yes no no no yes no −1.59
1b low no yes no yes no no no −3.71
2b low no yes no yes no no no −3.68
3b low no yes no yes no no no −3.68
L1 high yes no yes yes yes yes no −4.41
L2 high yes no yes yes yes no yes −5.45

Table 7. Drug-likeness Predictions of Compounds 1a−3a,
1b−3b, L1, and L2 Computed by SwissADME

complex

Mol.
Wt.

(g/mol) NRB NHA NHD
TPSA
(Å2)

log P
(clog
P)

Lipinski’s
rule of five
violation

1a 721.99 11 3 2 66.56 7.12 0
2a 717.14 11 3 2 66.56 7.11 0
3a 717.38 11 3 2 66.56 7.11 0
1b 687.85 7 5 2 114.14 5.03 0
2b 683 7 5 2 114.14 5.03 0
3b 683.24 7 5 2 114.14 5.03 0
L1 288.77 5 2 2 44.62 4.10 yes
L2 271.70 3 3 2 68.41 2.88 yes
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the hydrazone metal complexes is enhanced due to complex-
ation with central metal atoms. Co(II) and Ni(II) complexes
show better activity against bacteria as compared to the other
compounds. Cu(II) and Ni(II) complexes show greater
activity against bacterial strains, but other complexes showed
better activity against fungal strains but less activity as
compared to the standard drug.49 Partial sharing between the
azomethine nitrogen and phenolic oxygen with a positively
charged metal atom can cause the metal to be less polar during
complexation.50 Chelation can increase the lipophilicity of
metal ions51 that enhances the permeability in lipid
membranes and consequently supports the inhibition of
bacterial growth by blocking the important binding sites in
pathogenic bacteria.
Furthermore, a comparison study was performed to assess

the antibacterial activity of the recently synthesized com-
pounds in relation to previously reported compounds and
Schiff base ligands, specifically 2-(((3,4-dihydro-2H-benzo[b]-
[1,4]dioxepin-7-yl)imino)methyl)-4-nitrophenol,52 along with
their corresponding metal complexes, which exhibited note-
worthy antibacterial activity. Notably, the synthesized complex
2b demonstrated an even higher effectiveness against both
bacterial and fungal species. The increased effectiveness of this
compound may be ascribed to the impact of substituents, such

as OH, Cl, and the azomethine group, within its molecular
structure. Additionally, the compound’s improved permeability
properties and the intrinsic stability of the heterocyclic ring
present in its structure contribute to its heightened potency.53

3. CONCLUSIONS
Novel hydrazone ligands and their transition metal complexes
Co(II), Ni(II), and Cu(II) were synthesized and characterized
by spectroscopic data (FT-IR, UV−vis, 1H NMR, C13 NMR,
and HRMS). FT-IR and HRMS analysis results show that the
formation of complexes was successful and also that the
complexes formed octahedral geometry. Additionally, we
present the results of DFT analysis of the synthesized
compounds. Resolution of the chemical structure was attained
by means of NLO and IR analyses as well as NBO, FMO, and
global reactivity parameters. The DFT and experimental
calculations were in good agreement. FT-IR calculations
were reproduced with DFT calculations. The newly prepared
hydrazone ligands and their metal complexes were screened for
their antimicrobial activities, and some compounds were active
against Gram-negative bacteria Salmonella and E. coli and
Gram-positive bacteria B. halodurans and M. luteus and show
activity against A. flavus and A. niger. The results indicated that
while the ligands displayed activity against the bacterial strains,

Table 8. Inhibition Results of Synthesized Compounds against Bacterial and Fungal strains

inhibition zone (mm) antimicrobial activities

bacterial strains fungal strains

Sr.# compounds
Salmonella
(Gram −ve)

Escherichia coli
(Gram −ve)

Bacillus halodurans
(Gram +ve)

Micrococcus luteus
(Gram +ve)

Aspergillus
f lavus

Aspergillus
niger

1 HL1 11 11 9 9
2 HL2 15 11 6
3 Cu(II) complex

1a
10 11 7 13 8 8

4 Ni(II) complex
2a

14 13 6

5 Co(II) complex
3a

9 7 15 16 11 9

6 Cu(II) complex
1b

10 10 10 10 14

7 Ni(II) complex
2b

10 13 18 14 9 5

8 Co(II) complex
3b

12 7 12 11 8 9

9 azithromycin
(SD)

30 28 39 29

10 terbinafine (SD) 20 17

Figure 4. Antimicrobial activity results of synthesized compound.
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the metal complexes exhibited varying degrees of effectiveness.
Complex 2b, for instance, showed the highest inhibition zones
against multiple bacterial strains. The enhanced activity of the
hydrazone metal complexes can be attributed to chelation with
central metal atoms, leading to improved permeability and the
inhibition of bacterial growth.

4. EXPERIMENTAL DETAILS
All chemicals and reagents were commercially obtained in their
purest form and used without further purification.
4.1. Synthesis of Hydrazone Ligands L1 and L2. Schiff

base ligands were synthesized according to previous literature54

with some modifications. Ligands were synthesized by adding
an ethanolic solution of 5-chlorosalicylaldehyde (0.5 g) into an
ethanolic solution (10 mL) of substituted phenyl hydrazine
(0.5 g) and 4-isopropyl phenyl hydrazine and 4-cyanophenyl
hydrazine (0.5 g) with constant stirring and adding two drops
(0.2 mL) of acetic acid to maintain the pH. The reaction
mixture was refluxed at 70−80 °C for 4 h, and the completion
of reaction was monitored by thin layer chromatography
(TLC). A colored product was obtained, filtered, washed with
ethanol, and then air-dried. Recrystallization was carried out in
ethanol (Scheme 1).
4.2. Synthesis of Metal Complexes (1a−3a and 1b−

3b). Metal complexes of L1and L2 (Scheme 2) were
synthesized by reacting a ligand solution with a hydrated
metal(II) chloride solution in a 2:1 molar ratio. Both ligand
and metal salts were dissolved in ethanol separately. Then, a
hot ethanolic solution of L1 and L2 (0.1 g) was added dropwise
into an ethanolic solution of hydrated metal salt (CuCl2·6H2O,
NiCl2·6H2O, and CoCl2·6H2O) (0.03g) with constant stirring.
The resulting mixture was refluxed at 70−80 °C for 4−5 h.

Reaction mixtures were kept at room temperature to evaporate
the solvent, and the obtained products were recrystallized in
ethanol. Reaction progress is monitored by TLC (Scheme 2).
4.3. Spectroscopic Data. All the synthesized compounds

were characterized via spectroscopic techniques, and data are
given below.
4.3.1. 4-Chloro-2-((2-(4-isopropylphenyl) hydrazono)-

methyl)phenol (L1). Yield, 74%; off-white crystal; M.P. 165
°C; FT-IR ν (cm−1): 3033 (NH), 3305 (−OH), 1665.99
(C=N), 1588 (C−O). UV−vis (ethanol): λmax 357 nm.1H
NMR, δ(ppm): 1.16−1.18 (d, J= 5.1 Hz,6H, (CH3)2), 2.80
(m, J = 5.1 Hz,1H, CH-(CH3)2), 8.05 (s, 1H, N=CH), 10.40
(s, 1H, NH), 6.89 (d, J = 6.9 Hz, 1H, CHCH isopropyl phenyl
ring), 7.59 (d, J = 7.6 Hz, 1H, CHCH isopropyl phenyl), 6.93
(d, J = 6.9 Hz, 1H, CHCH OH-phenyl), 7.16 (d, J = 7.1 Hz,
1H, CHCH OH-phenyl), 10.5 (s, CHOH-phenyl), 13C NMRδ
(ppm): 159.2 (C=N), 20.3 ((CH3)2), 44.9 (CH(CH3)2),
120.3, 120.7, 122.4, 127.5, 127.7, 128.0, 128.1, 128.6, 130.5,
130.7, 131.4 (aromatic C and CH). HRMS (ESI): m/z [M+
H]+ calcd. for C16H17ClN2O: 289.6150, found: 289.6149.
4.3.2. 4-(2-(5-chloro-2-hydroxybenzylidene)hydrazinyl)-

benzonitrile (L2). Yield, 60%; yellow powder; M.P. 285 °C;
IR ν (cm−1): 3306 (NH), 3387 (−OH), 1613 (C=N), 1420
(C−O). UV−vis (ethanol): λmax 358 nm.1H NMR, δ(ppm):
8.20 (s, 1H, N=CH), 10.32 (s, 1H, NH), 6.91(d, J = 6.9 Hz,
1H, CHCH cyano-phenyl), 7.22 (d, J = 7.2 Hz, 1H, CHCH
cyano-phenyl), 7.12 (d, J = 7.1 Hz, 1H, CHCH OH-phenyl),
7.63 (d, J = 7.6 Hz, 1H, CHCH OH-phenyl), 11.03 (s,
CHOH-phenyl), 13C NMRδ (ppm): 157.3 (C=N), 110.2
(CN−), 120.3, 120.7, 122.4, 127.5, 127.7, 128.0, 128.1, 129.1,
130.5, 130.8, 131.4 (aromatic C and CH). HRMS (ESI): m/z

Scheme 1. Synthetic Scheme of Hydrazone Ligands

Scheme 2. Synthetic Scheme of Metal Complexes (1a−3a and 1b−3b)
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[M+ H]+ calculated for C14H10ClN3O: 272.7128, found:
272.7118.
4.3.3. Bis(4-chloro-2-((E)-(2-(4 isopropylphenyl)-

hydrazono)methyl)phenoxy)copper Dehydrate (1a). Yield,
70%; brown; M.P. 170 °C; FT-IR ν (cm−1): 2960 (NH), 1613
(C=N), 1478 (C−O), 645 (M−O), 540 (M−N). UV−vis
(ethanol): λmax 361 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4CuN4O2: 711.100, found: 711.1009.
4.3.4. Bis(4-chloro-2-((E)-(2-(4-isopropylphenyl)-

hydrazono)methyl)phenoxy)nickel Dehydrate (2a). Yield,
69%; light orange; M.P. 172 °C; FT-IR ν (cm−1): 2956
(NH), 1617 (C=N), 1402 (C−O), 651 (M−O), 564 (M−N).
UV−vis (ethanol): λmax 365 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4NiN4O2: 706.0073, found: 706.0072.
4.3.5. Bis(4-chloro-2-((E)-(2-(4-isopropylphenyl)-

hydrazono)methyl)phenoxy)cobalt Dehydrate (3a). Yield,
68%; brown; M.P. 168 °C; FT-IR ν (cm−1): 2935 (NH), 1617
(C=N), 1440 (C−O), 652 (M−O), 555 (M−N). UV−vis
(ethanol): λmax 353 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4CoN4O2: 706.0085, found: 706.0078.
4.3.6. Bis(4-chloro-2-((E)-(2-(4-cyanophenyl)hydrazono)-

methyl)phenoxy)copper Dehydrate (1b). Yield, 62%; yellow
powder; M.P. 281 °C; FT-IR ν (cm−1): 3263 (NH),
1604(C=N), 1425 (C−O), 641 (M−O), 542 (M−N). UV−
vis (ethanol): λmax 359 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4CoN4O2: 676.8580, found: 676.8579
amu.
4.3.7. Bis(4-chloro-2-((E)-(2-(4-cyanophenyl)hydrazono)-

methyl)phenoxy)nickel Dehydrate (2b). Yield, 64%; light
yellow powder; M.P. 284 °C; FT-IR ν (cm−1): 3296 (NH),
1613 (C=N), 1276 (C−O), 626 (M−O), 542 (M−N). UV−
vis (ethanol): λmax 357 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4CoN4O2: 672.0050, found: 672.0049.
4.3.8. Bis(4-chloro-2-((E)-(2-(4-cyanophenyl)hydrazono)-

methyl)phenoxy)cobalt Dehydrate (3b). Yield, 65%; pale
yellow powder; M.P. 282 °C; FT-IR ν (cm−1): 3242 (NH),
1600 (C=N), 1202 (C−O), 588 (M−O), 540 (M−N). UV−
vis (ethanol): λmax 358 nm. HRMS (ESI): m/z [M+ H]+
calculated for C32H32Cl4CoN4O2: 672.2373, found: 672.2363.
4.4. Computational Analysis. All the quantum chemistry

calculations were performed by using DFT implemented in the
Gaussian 09 software package.55 The geometry was optimized
using the DFT approximation at the B3LYP level with a basis
set of 6-31G (d, p). The improved geometries’ stability was
verified using frequency analysis based on the DFT/B3LYP/6-
31G (d, p) level of theory. The B3LYP/6-311G (d, p)
theoretical level was used for the NBO calculation. Gauss View
656 was utilized for the file organization of the input data.
Gauss View 6.0, Avogadro,57 and Chemcraft58 were used to
figure out the data.
4.5. Antimicrobial Activity. The antimicrobial and

antifungal activities were evaluated using the already employed
procedures. The synthesized compounds were tested against
two Gram-negative bacteria (Salmonellaand E. coli), two Gram-
positive bacteria (B. halodurans and M. luteus), and two fungal
strains (A. flavus and A. niger). The antibacterial and antifungal
activities of the synthesized compounds were checked by the
disc diffusion method.59 Tested compounds were dissolved in
a methanol solvent. A known volume (10 mL) of the prepared
solution was applied on a filter paper disc with the help of a
pipet, and the disc was dried overnight at room temperature.
The prepared disc was placed on test bacterial strain discs, and
the discs were incubated at 37 °C for 24 h. The activity was

determined by measuring the diameter of inhibition zones,
which showed complete inhibition (mm).
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