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Abstract: Four new symmetrical Schiff bases derived from 2,2′-diamino-6,6′-dibromo-4,4′-dimethyl-
1,1′-biphenyl or 2,2′-diamino-4,4′-dimethyl-1,1′-biphenyl, and 3,5-dichloro- or 5-nitro-salicylaldehyde,
were synthesized and reacted with copper-, iron- and zinc-acetate, producing the corresponding
complexes. The Schiff bases and their metal complexes were characterized by 1H-, 13C-NMR, IR
and UV-Vis spectroscopy and elemental analysis. The structures of one Schiff base and the two
zinc complexes were resolved by X-ray structure determination. Density functional theory (DFT)
calculations at the B3LYP/6-31G(d) level of the latter compounds were carried out to optimize
and examine their molecular geometries. The biomedical applications of the Schiff bases and their
complexes were investigated as anticancer or antimicrobial agents.

Keywords: symmetrical Schiff base; metal complexes; crystal structure; anticancer; antimicrobial;
DFT calculation

1. Introduction

Schiff bases are a well-documented class of ligands that are capable of bonding to
almost all metals of the periodic table [1]. They are generally formed through a condensation
reaction of carbonyl compounds with primary amines, in which mono-, di- or tri-functional
amines lead to bi-, tri-, tetra- or poly-dentate Schiff bases. Symmetrical Schiff bases are
formed when diamines are reacted with the same aldehydes or ketones in a 1:2 molar
ratio. On the other hand, unsymmetrical Schiff bases may be obtained when two different
aldehydes or ketones are reacted with diamines.

Due to the presence of N/O donor atoms in any Schiff base, they can coordinate to
metals, leading to new metal complexes. Two main methods are used to synthesize Schiff
base complexes. The first involves basic conditions, in which the Schiff base reacts with
the metal ion in alcoholic or aqueous solutions [2]. The second methodology depends
on a template reaction of primary amines, aldehydes or ketones to react simultaneously
with metal ions [3]. This method is used to synthesize Schiff base complexes derived from
macrocyclic and cyclic ligands.

Schiff bases and their complexes have versatile applications [4]. For instance, they
are used in medicinal and pharmaceutical chemistry. In the medical sector, they are used
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as anticancer, antitubercular, anti-inflammatory, antipyretic and analgesic agents [5–22].
Moreover, Schiff bases are used in dye synthesis [23], for antioxidative activity [24], immo-
bilization of enzymes [25], cation carriers in potentiometric sensors [8,26] and as effective
corrosion inhibitors [27]. Schiff bases and their metal complexes are also used in electro-
chemical sensors and chromatographic methods for detection with high selectivity and
sensitivity [28,29]. The biological and medicinal activities of Schiff base metal complexes
are greater than those of free Schiff bases [30–33]. Furthermore, divalent metal Schiff base
complexes, especially those involving Fe(II), Ru(II) and Cu(II), have been widely used in
catalysis for the oxidation of alcohols, cyclopropanation reactions and base hydrolysis of
amino acid esters [34–42].

Motivated by all of the aforementioned applications, we are interested in the synthesis
of new Schiff base ligands and their metal complexes. The reaction of M(OAc)2 (M = Cu(II),
Co(II) or Ni(II) with 2,2′-bis(2-hydroxybenzylideneamino)-4,4′-dimethyl-1,1′-biphenyl al-
lowed the synthesis of their complexes. The ligands are in tetradentate binding mode via
ONNO motif of the two phenolic oxygen atoms and two azomethine nitrogen atoms [43].

In our previous studies, new Schiff base ligands derived from 2,2′-diamino-4,4′-
dimethyl-1,1′-biphenyl-salicylaldehyde were prepared and characterized. These ligands
were then reacted with Cu(II), Mn(II) or Zn(II) acetate, forming tetra-coordinate metal
complexes. The anticancerous and antiproliferative activities of one representative ligand
and its metal complexes were reported [22]. Additionally, 4-thiazolidinone derivatives
were prepared, and their biological activity, along with their metal complexes, was tested as
a fungicide and found to have good activities against fungi [44]. The preparation and char-
acterization of substituted 2,2′-bis(2-oxidobenzylideneamino)-4,4′-dimethyl-1,1′-biphenyl
complexes of zinc, potassium and titanium were studied [45–47]. Recently, we undertook
the evaluation and molecular modelling of bis-Schiff base derivatives as potential leads for
the management of diabetes mellitus [48].

As an extension of our research in the area of Schiff base complexes, we report
herein the synthesis of two new symmetrical Schiff bases by the condensation reactions of
2,2′-diamino-6,6′-dibromo-4,4′-dimethyl-1,1′-biphenyl and 2,2′-diamino-4,4′-dimethyl-1,1′-
biphenyl with salicylaldehyde derivatives to produce the desired tetradentate Schiff base
ligands. The copper, zinc and iron complexes of these new Schiff bases were obtained. To
obtain a qualitative understanding of the structural characteristics and relative energies of
the prepared Schiff bases and metal complexes, a density functional theory (DFT) computa-
tional analysis was carried out. Moreover, by certain biological testing, these Schiff bases
and their complexes were demonstrated to be antimicrobial and anticancer agents.

2. Results and Discussion
2.1. Synthesis

Symmetrical Schiff bases were prepared via the condensation reaction of 2,2′-diamino-
4,4′-dimethyl-1,1′-biphenyl or 2,2′-diamino-6,6′-dibromo-4,4′-dimethyl-1,1′-biphenyl with
3,5-dichloro- or 5-nitro-salicylaldehyde, as shown in Scheme 1. Copper(II), iron(II) and
zinc(II) complexes of these Schiff bases were prepared by their reactions with metal acetate
in a 1:1 ligand-to-metal molar ratio. A base (sodium methoxide or triethylamine) was
added to subtract the acidic proton.

The metal complexes Z1M–Z4M were colored complexes and characterized by molar
conductivity, UV-Vis, IR, 1H- and 13C-NMR spectra where applicable. The complexes had
non-electrolytic behavior, evident by the very low (~0) molar conductivity, suggesting that
the complexes were indeed neutral. The UV-Vis absorption spectra of the Schiff bases and
their metal complexes were measured in DMSO solutions. The spectra of the Schiff bases
displayed two bands (310–359 and 451–452 nm), which may be attributed to intraligand
absorptions (π-π* and n-π) of the conjugated system and the azomethine group [49]. How-
ever, the metal complexes showed only one band in the range of 361–412 nm, which may
be attributed to a metal-to-ligand charge transfer band.
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Scheme 1. Synthesis of symmetrical Schiff bases ZH1–ZH4 and their Cu, Fe and Zn complexes.

The 1H-NMR spectra of the free Schiff bases presented the phenolic signal
(12.61–13.63 ppm). This peak disappeared in the spectra of the Zn(II) complexes. This
proves that the two hydroxyl groups in the free Schiff base ligands lost their protons,
and new bonds between the metal and the two oxygen atoms were formed. Moreover,
the signal in the range of 8.04–8.58 ppm of the free Schiff bases that was attributed
to the azomethine proton (CH=N) was shifted upfield in the zinc complexes’ spectra,
thereby supporting its bond formation with the Zn center. These 1H-NMR values for
both the free ligands and zinc complexes were consistent with those published for similar
compounds [22,45–47,50,51]. The 13C-NMR spectra of the free Schiff bases displayed peaks
in the ranges of 21.23–21.39 ppm and 161.04–166.32 ppm, corresponding to the methyl
and azomethine carbons, respectively. These peaks were shifted to 20.99–21.03 ppm and
168.72–175.62 ppm upon complexation to zinc. Although a small shift was observed for the
methyl peak, a big shift was observed for the azomethine carbon, another indication of the
N-bonding to zinc.

In the IR spectra of the Schiff bases, the characteristic bands in regions 3467–3450,
2900–3100, 1627–1613, 1476–1413 and 1356–1323 cm−1 may be attributed to the absorption
of ν(O-H), ν(C-H), ν(C=N), ν(C=C) and ν(C-O), respectively. The ν(C=N) band was shifted
to a lower wavenumber in the corresponding spectra of the complexes. This indicated that
this group was coordinated to the metal center. In addition, the disappearance of the weak
and broad band of the hydroxyl group gave important evidence of the complexation of the
phenolic groups. Moreover, two new bands, in the ranges of 400–450 and 500–550 cm−1

due to M-N and M-O stretching, appeared in the metal complexes’ spectra and represented
another proof of O/N coordination to metals. These results are in good agreement with
those previously published for similar complexes [22,52–56].

2.2. X-ray Structural Analysis

The single crystals of ZH4 suitable for X-ray structure determination were grown from
an EtOH solution. The structure is displayed in Figure 1, in which the C1–C15 length of the
biphenyl moiety is 1.498(4) Å. The imine moieties had a C=N bond (C22-N3: 1.275(5) Å;
C8-N1: 1.265(5) Å) slightly shorter than those of the unsubstituted analogue (1.283(1) Å) [47]
and the analogous 3-methoxy substituted ligand (1.285(2) and 1.280(2) Å) [47]. This might be
due to the presence of the electron-withdrawing nitro group. The C-N(nitro) bond lengths
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of 1.451(5) and 1.423(5) Å were within a normal C-N single bond. The C-O distances
(1.325(5) and 1.320(5) Å) were similar to those of the unsubstituted analogue (1.354(2) Å)
and the analogous 3-methoxy substituted ligand (1.353(7) Å). However, the C-Br bond
distances (1.896(3) and 1.893(3) Å) were within the same range observed for both the
unsubstituted and MeO-substituted analogues [46,47].

Inorganics 2022, 10, x FOR PEER REVIEW 4 of 15 
 

 

spectra and represented another proof of O/N coordination to metals. These results are in 
good agreement with those previously published for similar complexes [22,52–56].  

2.2. X-ray Structural Analysis  
The single crystals of ZH4 suitable for X-ray structure determination were grown 

from an EtOH solution. The structure is displayed in Figure 1, in which the C1–C15 
length of the biphenyl moiety is 1.498(4) Å. The imine moieties had a C=N bond (C22-N3: 
1.275(5) Å; C8-N1: 1.265(5) Å) slightly shorter than those of the unsubstituted analogue 
(1.283(1) Å) [47] and the analogous 3-methoxy substituted ligand (1.285(2) and 1.280(2) 
Å) [47]. This might be due to the presence of the electron-withdrawing nitro group. The 
C-N(nitro) bond lengths of 1.451(5) and 1.423(5) Å were within a normal C-N single 
bond. The C-O distances (1.325(5) and 1.320(5) Å) were similar to those of the unsubsti-
tuted analogue (1.354(2) Å) and the analogous 3-methoxy substituted ligand (1.353(7) Å). 
However, the C-Br bond distances (1.896(3) and 1.893(3) Å) were within the same range 
observed for both the unsubstituted and MeO-substituted analogues [46,47]. 

 
Figure 1. Molecular structure of ZH4 determined by X-ray diffraction at 100 K. White: H, gray: C, 
blue: N, red: O, and orange: Br. 

Samples of complexes Z1Zn and Z2Zn were recrystallized from the THF/pentane 
and CH2Cl2/MeOH solvent mixtures, respectively. Z1Zn was in a monoclinic system and 
contained THF as a solvent molecule. Z2Zn was in a triclinic system, where the contri-
bution of highly disordered solvent molecules (42 e– in a unit cell) was removed using the 
PLATON/SQUEEZE [57]. The structures of these two complexes, with the atomic num-
bering schemes, are presented in Figures 2 and 3, respectively. The unit cell had two 
molecules, which were crystallographically independent. Because the molecular struc-
tures were quite similar to each other, only one molecule is discussed hereafter. The Zn 
atom, in each molecule, was penta-coordinated with two oxygen atoms from the depro-
tonated hydroxyl groups, as well as two nitrogen atoms from the azomethine groups, in 
addition to a water molecule occupying the apical position. The Zn-O bond lengths 
(Z1Zn: 2.027(3) and 1.966(3) Å; Z2Zn: 1.9496(18) and 1.9740(18) Å) were comparable to 
each other and to those found for 
bis(2-oxidobenzylideneamino)-4,4′-dimethyl-1,1′-biphenylzinc [46]. The Zn-N bond dis-
tances (Z1Zn: 2.048(3) and 2.107(3) Å; Z2Zn: 2.140(2) and 2.039(2) Å) were slightly longer 
than the Zn-O bonds within the same molecules. The Zn-O (of H2O molecules) bond 
distances (Z1Zn: 2.082(3) Å; Z2Zn: 2.1966(18) Å) were longer than the other Zn-O bond 
lengths within these molecules. These bond distances were very comparable to those 
reported for similar Zn complexes [46]. The geometry around the Zn center of Z1Zn was 

Figure 1. Molecular structure of ZH4 determined by X-ray diffraction at 100 K. White: H, gray: C,
blue: N, red: O, and orange: Br.

Samples of complexes Z1Zn and Z2Zn were recrystallized from the THF/pentane
and CH2Cl2/MeOH solvent mixtures, respectively. Z1Zn was in a monoclinic system
and contained THF as a solvent molecule. Z2Zn was in a triclinic system, where the
contribution of highly disordered solvent molecules (42 e– in a unit cell) was removed
using the PLATON/SQUEEZE [57]. The structures of these two complexes, with the atomic
numbering schemes, are presented in Figures 2 and 3, respectively. The unit cell had two
molecules, which were crystallographically independent. Because the molecular structures
were quite similar to each other, only one molecule is discussed hereafter. The Zn atom,
in each molecule, was penta-coordinated with two oxygen atoms from the deprotonated
hydroxyl groups, as well as two nitrogen atoms from the azomethine groups, in addition to
a water molecule occupying the apical position. The Zn-O bond lengths (Z1Zn: 2.027(3) and
1.966(3) Å; Z2Zn: 1.9496(18) and 1.9740(18) Å) were comparable to each other and to those
found for bis(2-oxidobenzylideneamino)-4,4′-dimethyl-1,1′-biphenylzinc [46]. The Zn-N
bond distances (Z1Zn: 2.048(3) and 2.107(3) Å; Z2Zn: 2.140(2) and 2.039(2) Å) were slightly
longer than the Zn-O bonds within the same molecules. The Zn-O (of H2O molecules)
bond distances (Z1Zn: 2.082(3) Å; Z2Zn: 2.1966(18) Å) were longer than the other Zn-O
bond lengths within these molecules. These bond distances were very comparable to those
reported for similar Zn complexes [46]. The geometry around the Zn center of Z1Zn was a
distorted trigonal bipyramid (index of the degree of trigonality τ = 0.78 [58]), with the O1
and N2 in the axial positions (O1-Zn-N2 = 172.81(13)◦), while N1, O2 and O3 occupied the
equatorial places (O2-Zn-N1= 125.96(14)◦; O2-Zn-O3 = 109.26(13)◦; O3-Zn-N1= 124.75(13)◦).
This geometry was similar to that reported for bis(2-oxidobenzylideneamino)-4,4′-dimethyl-
1,1′-biphenylzinc; however, in this case, one of the N atoms and the O of the coordinated
methanol occupy the axial position [46]. The deviation of Z2Zn from the trigonal bipyramid
was higher than that of Z1Zn (τ = 0.16). Two bond angles (O1-Zn-N2 = 159.44(8)◦; O7-
Zn-N1 = 146.80(8)◦) were much higher than the equatorial angle of 120 degrees, while
the other two angles (O2-Zn-N1 = 114.63(8)◦; O1-Zn-O2 = 109.04(7)◦) were slightly less
than 120 degrees. This implied that both O2 and N1 were within the equatorial position
in addition to O1, with greater deviation. This left O7 and N2 to most probably have
axial positions.
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Figure 3. Molecular structure of Z2Zn determined by X-ray diffraction at 100 K. The ellipsoids are
drawn with a 50% probability. White: H, gray: C, blue: N, red: O, and blue-gray: Zn.

2.3. Computational Study

The optimized geometry of ZH4 is depicted in Figure 4. The selected structural
parameters for the optimized ligand, along with those determined experimentally, are
listed in Table 1.

The calculated C1–C15 bond length (1.492 Å) between the aryl units of the biphenyl
backbone, which was estimated to be 1.498(4) Å by the crystallographic study, featured a
typical single-bond value, thus ruling out interactions between the π-systems of these moieties.

This value was close to the calculated average value of 1.494 Å, for a series of twelve
comparable complexes bearing the biphenyl backbone around the coordination sphere [18].

The aryl moieties of the biphenyl backbone were twisted with angles between the
planes by 87.31°(exp. 83.89°). The large torsion angle was attributed to the steric require-
ments enforced by bromine substituents. This was consistent with the experimentally
reported aryl–aryl dihedral angle of 80◦ for a similar dibromo-substituted biphenyl lig-
and [59]. Smaller torsion angles (between 21◦ and 68◦) for the halide-free analogues, where
there was flexible twisting between the two biphenyl planes, were observed [46]. The
optimized geometries of Z1Zn and Z2Zn are elucidated in Figure 5. The results indicated
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that the monoligated complexes exhibited a penta-coordinated zinc ion with distorted
trigonal bipyramidal geometry. The computed H2O···M bond was 2.247 Å (exp. 2.082(3) Å)
and 2.238 Å (exp. 2.1966(18) Å) for the Z1Zn and Z2Zn complexes, respectively. Addition-
ally, the calculated Zn-O bond lengths around the Zn ion were [Z1Zn: 1.970, 1.947 Å (exp.
2.027(3) and 1.966(3) Å); Z2Zn: 1.949, 1.983 Å (exp. 1.9496(18) and 1.9740(18) Å)], while the
calculated Zn-N bond lengths were [Z1Zn: 2.048, 2.102 Å, (exp. 2.048(3) and 2.107(3) Å);
Z2Zn: 2.087, 2.057, Å (exp. 2.140(2) and 2.039(2) Å)].
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Table 1. Selected calculated and experimental bond lengths (Å) and angles (°) of ZH4.

Bond (Å) Calc. Exp. Angle (°) Calc. Exp.

C1–C15 1.492 1.498 O-N-O 124.53, 124.53 122.95, 123.04
C=N 1.290, 1.290 1.265, 1.275 C-O-H 107.92, 107.92 100.31, 106.76
C-O 1.332, 1.332 1.325, 1.320 C-N=C 121.04, 121.03 121.20, 120.86
C-Br 1.918, 1.918 1.896, 1.893 C-C=N 121.89, 121.90 120.41, 120.38
C-N(imine) 1.408, 1.408 1.424, 1.427 Br-C-CH 117.56, 117.56 118.09, 118.30
C-N(nitro) 1.461, 1.461 1.453, 1.451 Br-C-C 120.05, 120.05 119.28, 119.05
C-CH3 1.510, 1.510 1.515, 1.509
N···H 1.742, 1.742 1.804, 1.896

Such slight structural variations between the experimental and calculated values were
attributed to the experimental data being acquired for crystalline materials with lattice
interactions, such as packing effects and intermolecular van der Waals forces, whereas the
calculated values corresponded to an isolated molecule in the gas phase.

The calculated bond length between the aryl units of the biphenyl backbone was
1.489 Å (exp. 1.489 Å) and 1.488 Å (exp. 1.491 Å) for the Z1Zn and Z2Zn complexes,
respectively, alluding to a typical single bond and excluding π-interactions between the
aryl units. The calculated twist angle between the planes of the aryl moieties of the
biphenyl backbone was 59.39°(exp. 60.61°) and 59.19°(exp. 55.81°) for the Z1Zn and
Z2Zn complexes, respectively. Such large torsion angles were attributed to the steric and
electronic requirements enforced within the coordination sphere.
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2.4. Antimicrobial and Anticancer Assays

The results showed significant antimicrobial activity for both the Schiff bases and
their metal complexes against Gram-positive bacterial strains (Micrococcus luteus and
Staphylococcus aureus), which were demonstrated as a zone of inhibition (Table 2, Figure 6).
These compounds showed different activity towards the two bacteria types. For in-
stance, ZH2, ZH3, ZH4 and their zinc complexes showed antimicrobial activity against
Micrococcus luteus and Staphylococcus aureus, while Z2Fe, Z4Fe and Z4Cu showed antimi-
crobial activity against Staphylococcus aureus only. The selectivity of these compounds raises
an interesting concern about the exact mechanism of these compounds as antimicrobial
agents. The Schiff bases and certain complexes showed limited antimicrobial activity on
Gram-negative bacteria (Escherichia coli).

Table 2. The antimicrobial activity as shown by the inhibition area in the tested compounds.

Tested Compounds
(10 mg mL−1)

Inhibition Zone (mm)

Micrococcus luteus
(ATCC 934)

Staphylococcus aureus
(ATCC 29213)

Escherichia coli
(ATCC 25922)

ZH1 - - -
ZH2 10 12 -
ZH3 14 8 -
ZH4 36 22 -

[Z1Zn] - - -
[Z2Zn] 15 21 -
[Z3Zn] 25 18 -
[Z4Zn] 15 25 -
[Z1Fe] - - -
[Z2Fe] - 14 -
[Z3Fe] - - -
[Z4Fe] - 20 -
[Z1Cu] - - 10
[Z2Cu] - - -
[Z3Cu] - - 20
[Z4Cu] - 11 -

Amoxicillin 25 35 10
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Figure 6. A representative bacterial culture showing the inhibition zone in Gram-positive
(Staphylococcus aureus and Micrococcus luteus) bacteria by compounds ZH1, ZH2, ZH3 and ZH4
((left) and (middle)) compared to lack of antimicrobial activity against Gram-negative bacteria
(Escherichia coli) (right).

The IC50 of the Schiff bases and their metal complexes showed a variable reduction
in viability of the tested cancer cell lines compared to the normal fibroblasts. For instance,
the IC50 of ZH1 showed significant inhibition of cancer cell line growth compared to the
HDF cell line. In addition, the IC50 of the tested compounds showed a selective anticancer
effect against MCF7 compared to the A549 and HDF cell lines, as shown in Table 3. ZH1,
its zinc complexes and Z2Fe showed selective anticancer effects against the MCF7 cell line.
Interestingly, Z2Cu showed the lowest IC50 values against all cell lines.

Table 3. IC50 values (µg/mL) of the tested compounds after the cell viability assay (MTT), showing
variable responses of the treated cell lines with different specificity.

Cell Lines ZH1 ZH2 ZH3 ZH4 Z1Zn Z1Cu Z2Zn Z2Fe Z2Cu Z3Zn Z3Cu Z4Zn Z4Fe Z4Cu Doxorubicin

A549 25.2 320.3 41.0 62.17 224.9 43.7 81.2 118.1 4.0 199.4 130.0 25.2 68.6 34.7 0.15

MCF7 20.5 231.7 77.5 Not covered 17.3 10.4 25.2 41.4 1.9 17.7 172.0 14.1 36.5 19.2 0.03

Fibroblasts 46.8 291.8 71.1 69.2 68.2 8.5 68.7 134.1 1.5 27.6 29.2 28.3 16.7 10.4 0.37

3. Experiment
3.1. Materials and Methods

Elemental analyses (C, H and N) were measured at the Institute of Organic and
Macromolecular Chemistry of the Friedrich Schiller University in Jena, Germany. Infrared
spectra were recorded with a Bruker FT-IR-4100 spectrometer (Bremen, Germany). 1H- and
13C-NMR spectra were recorded on a Bruker AC 400 MHz spectrometer. Chemical shifts
were reported in ppm relative to TMS as internal standards. Melting points were recorded
on a melting point apparatus, SMP3. Electronic absorption spectra were measured on a PS-
2600 Pasco spectrophotometer (Saarbrucken, Germany) in DMSO solvent using 8 × 10–5 M
solutions. All reagents were obtained from Merck, Acros or Sigma Aldrich (Taufkirchen,
Germany) and used without further purification. The starting amines, 2,2′-diamino-4,4′-
dimethyl-6,6′-dibromobiphenyl [29] and halide-free analogue [47], were prepared according
to literature procedures. The theoretical modelling of Schiff base ligands was performed
using Wave function Spartan’18 Parallel Suite on a desktop computer with core i725.
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3.2. General Procedure for the Preparation of Ligands (ZH1–ZH4)

2,2′-Diamino-4,4′-dimethyl-6,6′-dibromobiphenyl or 2,2′-diamino-4,4′-dimethyl-1,1′-
biphenyl (2.35 mmol) and salicylaldehyde derivatives (4.7 mmol) in 10 mL of absolute
ethanol was refluxed for 5 h. During this time, the corresponding Schiff base was precipi-
tated, collected, washed with ethanol and stripped to dryness. The solid was recrystallized
from a CH2Cl2/methanol mixture to give pure crystalline compounds.

2,2′-Bis(3,5-dichlorosalicylideneamino)-4,4′-dimethyl-1,1′-biphenyl (ZH1):
Yellow (55%). M.P. = 233–235 ◦C. 1H-NMR (400 MHz, CDCl3): 13.19 (2 H, s, OH); 8.18

(2 H, s, CH=N); 6.76–7.28 (10 H, m, Ar-H); 2.37 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3):
161.04 (C=N); 119.17–155.22 (Ar); 21.30 (CH3). Anal. Calc. for C28H20Cl4N2O2: C, 60.24; H,
3.61; N, 5.02%. Found: C, 60.13; H, 3.59; N, 5.00%. (IR, cm−1, KBr): υ(O-H) = 3467 (br,w);
υ(C-H) = 2921 (w); υ(C=N) = 1619 (s); υ(C=C) = 1448 (m); υ(C-O) = 1352 (s); υ(C-Cl) = 775.
UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 359 (2.37 × 103), 452 (3.75 × 101).

2,2′-Bis(5-nitrosalicylideneamino)-4,4′-dimethyl-1,1′-biphenyl (ZH2):
Orange (63%). M.P. = 197–199 ◦C. 1H-NMR (400 MHz, CDCl3): 13.62 (2 H, s, OH); 8.50

(2 H, s, CH=N); 6.83–8.10 (12 H, m, Ar-H); 2.42 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3):
166.37 (C=N); 118.15–160.33 (Ar); 21.39 (CH3). Anal. Calc. for C28H22N4O6: C, 65.88; H,
4.34; N, 10.97%. Found: C, 65.86; H, 4.22; N, 10.87%. (IR, cm−1, KBr): υ(O-H) = 3461 (br,w);
υ(C-H) = 2923 (w); υ(C=N) = 1917 (s); υ(C=C) = 1476 (m); υ(C-O) = 1340 (s); υ(NO2) = 1385,
1574. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 351 (2.31 × 103), 452 (1.76 × 102).

3,5-Dichlorosalicylideneamino-6,6′-dibromo-4,4′-dimethyl-1,1′-biphenyl (ZH3):
Orange (79%). M.P. = 249–250 ◦C. 1H-NMR (400 MHz, CDCl3): 12.61 (2 H, s, OH); 8.36

(2H, s, CH=N); 6.92–7.41 (8 H, m, Ar-H); 2.38 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3):
161.58 (C=N); 118.28–155.51 (Ar); 21.23 (CH3). Anal. Calc. for C28H18Cl4Br2N2O2: C, 46.96;
H, 2.53; N, 3.91%. Found: C, 46.92; H, 2.50; N, 3.89%. (IR, cm−1, KBr): υ(O-H) = 3465 (br,w);
υ(C-H) = 2923 (w); υ(C=N) = 1613 (s); υ(C=C) = 1452 (m); υ(C-O) = 1354 (s); υ(C-Br) = 669;
υ(C-Cl) = 742. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 357 (5.85 × 103), 459
(7.62 × 101).

5-Nitrosalicylideneamino-6,6′-dibromo-4,4′-dimethyl-1,1′-biphenyl (ZH4):
Yellow (82%). M.P. = 244–245 ◦C. 1H-NMR (400 MHz, CDCl3): 13.13 (2 H, s, OH); 8.58

(2 H, s, CH=N); 6.83–8.25 (10 H, m, Ar-H); 2.41 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3):
166.32 (C=N), 117.76–161.11 (Ar); 21.31 (CH3). Anal. Calc. for C28H20Br2N4O6: C, 50.32; H,
3.02; N, 8.38%. Found: C, 50.32; H, 2.99; N, 8.37%. (IR, cm−1, KBr): υ(O-H) = 3450 (br,w);
υ(C-H) = 2940 (w); υ(C=N) = 1619 (s); υ(C=C) = 1413 (m); υ(C-O) = 1338 (s); υ(C-Br) = 646;
υ(NO2) = 1393, 1578. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 310 (5.45 × 103), 451
(1.85 × 102).

3.3. General Procedure for the Synthesis of Cu, Fe and Zn Complexes

To a solution of 1.30 mmol Schiff base in 10 mL of absolute ethanol, 1.30 mmol of
metal(II) acetate hydrate dissolved in 3 mL of absolute ethanol was added dropwise at room
temperature under inert atmosphere. The reaction mixture was refluxed for 6 h. During
this time, the corresponding complex was precipitated, collected by filtration, washed with
cold ethanol and dried under a vacuum.

Z1Zn: Yellow (60%). M.P. = 270–272 ◦C. 1H-NMR (400 MHz, CDCl3): 8.16 (2 H, s,
CH=N); 6.91–7.49 (10 H, m, Ar-H); 2.42 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3): 170.32
(C=N), 118.41–164.08 (Ar); 21.01 (CH3). Anal. Calc. for ZnC28H18Cl4N2O2: C, 54.10; H,
2.92; N, 4.51%. Found: C, 54.08; H, 2.90; N, 4.49%. (IR, cm−1, KBr): υ(C-H) = 2923 (w);
υ(C=N) = 1605 (s); υ(C=C) = 1438 (m); υ(C-O) = 1317 (s); υ(Zn-N) = 430 (w); υ(Zn-O) = 542 (w);
υ(C-Cl) = 764. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 396 (2.21 × 103).

Z2Zn: Yellow (72%). M.P. = 250–253 ◦C. 1H-NMR (400 MHz, CDCl3): 8.28 (2 H, s,
CH=N); 6.78–8.18 (12 H, m, Ar-H); 2.35 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3): 175.39
(C=N), 116.92–170.82 (Ar); 21.03 (CH3). Anal. Calc. for ZnC28H20N4O6: C, 58.60; H, 5.51;
N, 9.76%. Found: C, 58.57; H, 5.48; N, 9.73%. (IR, cm−1, KBr): υ(C-H) = 2923 (w); υ(C=N)
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= 1605 (s); υ(C=C) = 1472 (m); υ(C-O) = 1313 (s); υ(Zn-N) = 416 (w); υ(Zn-O) = 507 (w);
υ(NO2) = 1391, 1550. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 384 (5.80 × 103).

Z3Zn: Yellow (49%). M.P. > 293 ◦C. 1H-NMR (400 MHz, CDCl3): 8.10 (2 H, s, CH=N);
6.76–7.34 (8 H, m, Ar-H); 2.30 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3): 168.72 (C=N),
118.16–163.89 (Ar); 20.99 (CH3). Anal. Calc. for ZnC28H16Cl4Br2N2O2: C, 43.14; H,
2.07; N, 3.59%. Found: C, 42.99; H, 1.98; N, 3.54%. (IR, cm−1, KBr): υ(C-H) = 2921 (w);
υ(C=N) = 1611 (s); υ(C=C) = 1440 (m); υ(C-O) = 1315 (s); υ(Zn-N) = 428 (w); υ(Zn-O) = 550 (w);
υ(C-Br) = 673; υ(C-Cl) = 758. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 400 (2.95 × 103).

Z4Zn: Yellow (74%). M.P. = 270–273 ◦C. 1H-NMR (400 MHz, CDCl3): 8.35 (2 H, s,
CH=N); 6.74–8.19 (10 H, m, Ar-H); 2.34 (6 H, s, CH3). 13C-NMR (400 MHz, CDCl3): 175.62
(C=N), 116.69–169.62 (Ar); 21.03 (CH3). Anal. Calc. for ZnC28H18Br2N4O6: C, 45.96; H,
2.48; N, 7.66%. Found: C, 45.93; H, 2.44; N, 7.62%. (IR, cm−1, KBr): υ(C-H) = 2921 (w);
υ(C=N) = 1609 (s); υ(C=C) = 1385 (m); υ(C-O) = 1315 (s); υ(Zn-N) = 416 (w); υ(Zn-O) = 491 (w);
υ(C-Br) = 650; υ(NO2) = 1385, 1546. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 382
(2.24 × 103).

Z1Fe: Red (63%). M.P. = 260–261 ◦C. Anal. Calc. for FeC28H18Cl4N2O2: C, 54.94; H,
4.34; N, 4.58%. Found: C, 51.92; H, 4.33; N, 4.54%. (IR, cm−1, KBr): υ(C-H) = 2923 (w);
υ(C=N) = 1605 (s); υ(C=C) = 1436(m); υ(C-O) = 1317 (s); υ(Fe-N) = 442 (w); υ(Fe-O) = 491 (w);
υ(C-Cl) = 771. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 363 (2.31 × 103).

Z2Fe: Red (66%). M.P. > 290 ◦C. Anal. Calc. for FeC28H20N4O6: C, 59.59; H,
3.57; N, 9.95%. Found: C, 59.53; H, 3.53; N, 9.95%. (IR, cm-1, KBr): υ(C-H) = 2921 (w);
υ(C=N) = 1607 (s); υ(C=C) = 1468 (m); υ(C-O) = 1315 (s); υ(Fe-N) = 416 (w); υ(Fe-O) = 504 (w);
υ(NO2) = 1376, 1552. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 361 (6.70 × 103).

Z3Fe: Red (60%). M.P. > 320 ◦C. Anal. Calc. for FeC28H16Cl4Br2N2O2: C, 43.68; H,
2.09; N, 3.64%. Found: C, 43.63; H, 1.97; N, 3.62%. (IR, cm−1, KBr): υ(C-H) = 2921 (w);
υ(C=N) = 1611 (s); υ(C=C) = 1439 (m); υ(C-O) = 1317 (s); υ(Fe-N) = 450 (w); υ(Fe-O) = 497 (w);
υ(C-Br) = 673; υ(C-Cl) = 762. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 368 (2.24 × 103).

Z4Fe: Red (72%). M.P. > 289 ◦C Anal. Calc. for FeC28H18Br2N4O6: C, 46.57; H,
2.51; N, 7.76%. Found: C, 46.55; H, 2.49; N, 7.74%. (IR, cm-1, KBr): υ(C-H) = 2923 (w);
υ(C=N) = 1609 (s); υ(C=C) = 1384 (m); υ(C-O) = 1315 (s); υ(Fe-N) = 407 (w); υ(Fe-O) = 485 (w);
υ(C-Br) = 652; υ(NO2) = 1399, 1552. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1):
359 (5.64 × 103).

Z1Cu: Green (71%). M.P. > 250 ◦C. Anal. Calc. for CuC28H18Cl4N2O2: C, 54.26;
H, 2.93; N, 4.52%. Found: C, 54.18; H, 2.87; N, 4.47%. (IR, cm−1, KBr): υ(C-H) = 2914 (w);
υ(C=N) = 1601 (s); υ(C=C) = 1434(m); υ(C-O) = 1323 (s); υ(Cu-N) = 416 (w); υ(Cu-O) = 538 (w);
υ(C-Cl) = 764. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 403 (2.32 × 103).

Z2Cu: Green (69%). M.P. > 270 ◦C. Anal. Calc. for CuC28H20N4O6: C, 58.79; H,
3.52; N, 9.79%. Found: C, 58.78; H, 3.49; N, 9.68%. (IR, cm−1, KBr): υ(C-H) = 2925 (w);
υ(C=N) = 1605 (s); υ(C=C) = 1466 (m); υ(C-O) = 1315 (s); υ(Cu-N) = 430 (w); υ(Cu-O) = 518 (w);
υ(NO2) = 1383, 1546. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 389 (4.45 × 103).

Z3Cu: Green (67%). M.P. > 282 ◦C. Anal. Calc. for CuC28H16Cl4Br2N2O2: C, 43.25;
H, 2.07; N, 3.60%. Found: C, 43.19; H, 2.02; N, 3.61%. (IR, cm−1, KBr): υ(C-H) = 2916 (w);
υ(C=N) = 1605 (s); υ(C=C) = 1434 (m); υ(C-O) = 1317 (s); υ(Cu-N) = 416 (w); υ(Cu-O) = 548 (w);
υ(C-Br) = 677; υ(C-Cl) = 756. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 412 (3.38 × 103).

Z4Cu: Green (74%). M.P. >303 ◦C Anal. Calc. for CuC28H18Br2N4O6: C, 46.08; H,
2.49; N, 7.68%. Found: C, 46.05; H, 2.46; N, 7.66%. (IR, cm−1, KBr): υ(C-H) = 2927 (w);
υ(C=N) = 1607 (s); υ(C=C) = 1378 (m); υ(C-O) = 1317 (s); υ(Cu-N) = 516 (w); υ(Cu-O) = 548 (w);
υ(C-Br) = 652; υ(NO2) = 1378, 1546. UV-Vis in CH2Cl2: λmax(nm) (εmax, M−1cm−1): 388
(4.10 × 103).

3.4. Computational Study

The ground-state molecular geometries of ZH4, Z1Zn and Z2Zn were fully optimized
in the gas phase, without any constraints at the B3LYP/6-31G(d) level of theory [60–62].
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The initial geometries were extracted from the experimentally determined crystal structure.
All electronic structure calculations were performed using the Spartan’18 package [63].

3.5. Antimicrobial Assay

For the evaluation of the antibacterial activity of all synthesized compounds, two
Gram-positive bacteria and Gram-negative bacteria were used in the current study: Mi-
crococcus luteus and Staphylococcus aureus, and Escherichia coli, respectively. The antimicro-
bial assay procedures were performed according to the recommendation of the National
Committee for Clinical Laboratory Standards (NCCLS) [64–66]. Briefly, the synthesized
compounds were dissolved in DMSO at a concentration of 10 mg/mL. After the inocula-
tion of the bacterial strains in the culture media, 50 µL sized wells were generated in the
agar media, followed by the addition of 50 µL of the tested compounds. After 24–48 h of
incubation, the diameter of the inhibition zone was measured.

3.6. Anticancer Assay
3.6.1. Cell Culture

The parental breast cancer cell line (MCF7), non-small-cell lung cancer cell line (A549)
and human dermal fibroblasts cell line (HDF) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). MCF7 and A549 cells were cultured
as an attached monolayer and maintained in RPMI 1640 medium (EuroClone, Milan,
Italy) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Euro-
Clone), 1% penicillin-streptomycin (EuroClone) and 2 mM L-glutamine. MDA-MB-231
cells were cultured as an attached monolayer and maintained in MEM (EuroClone) sup-
plemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (EuroClone), 1%
penicillin-streptomycin (EuroClone) and 2 mM L-glutamine. The HDF were cultured as
an attached monolayer and maintained in DMEM (EuroClone) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (FBS) (EuroClone), 1% penicillin-streptomycin
(EuroClone) and 2 mM L-glutamine. All cells were incubated at 37 ◦C in a 5% CO2 tissue
culture incubator (Memmert, Schwabach, Germany).

3.6.2. Cell Viability Assay (MTT)

To determine the IC50 of the ZH1–ZH4 and Z1Zn–Z4Cu compounds on the selected
cell lines, an MTT assay was performed. Approximately (8 × 103 cells/well) of MDA-
MB-231, MCF7 and HDF cell lines were seeded into a 96-well plate (Corning, Burlington,
VT, USA). All cell lines were treated with different concentrations of the ZH1–ZH4 and
Z1Zn–Z4Cu compounds, ranging from 0.5 to 500 µg/mL. Then, the cells were incubated
at 37 ◦C in a 5% CO2 incubator for 72 h, after which the old media was aspirated, and
the MTT assay salt (Bioworld, Visalia, CA, USA) in 100 µL of fresh media was added
to each well. Following that, the plates were incubated at 37 ◦C for 3 h, and then 50 µL
of solubilization solution (DMSO) was added to each well to determine viability. The
absorbance of the solution was measured at 560 nm using a Glomax plate reader (Promega,
Madison, WI, USA).

3.7. X-ray Structure Determination of ZH4, Z1Zn and Z2Zn

The intensity data of the X-ray diffraction peaks were collected on a Rigaku XtaLAB
(Japan) P200 diffractometer, using Mo Kα radiation (λ = 0.71073 Å) fitted with SHELXTL for
structure determination [67]. A direct method using SHELXS-2014 was employed to solve
the structure, and Fourier transformation was carried out using SHELXL-2014, employing
full-matrix least-square refinement calculations [67].

3.7.1. Crystallographic Data for ZH4

C28H20Br2N4O6, Mr = 668.30 g mol−1, yellow block, triclinic, space group P-1 (#2),
a = 8.76912(19) Å, b = 9.1844(2) Å, c = 16.8884(4) Å, α = 86.163(2)◦, β = 79.388(2)◦,
γ = 82.3382(16)◦, V = 1323.72(6) Å3, T = −173(2) ◦C, Z = 2, ρcalcd. = 1.677 g cm−3,
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µ(Mo Kα) = 3.123 mm−1, F(000) = 668, 6740 independent reflections, 5844 refined param-
eters, R1 = 0.0485 [for I > 2σ(I)], wR2 = 0.1071 (for all data), GOF = 1.186, and largest
difference peak and hole: 0.59/−0.53 e Å−3.

3.7.2. Crystallographic Data for Z1Zn

2(C28H20Cl4N2O3Zn)·3(C4H8O), Mr = 1495.66 g mol−1, yellow block, monoclinic,
space group Cc (#9), a = 16.6298(3) Å, b = 23.0060(4) Å, c = 17.5585(3) Å, β = 97.7800(15)◦.
V = 6655.79(15) Å3, T = −173(2) °C, Z = 4, ρcalcd. = 1.492 g cm−3, µ(Mo Kα) = 1.102 mm−1,
F(000) = 3072, 14627 independent reflections, 836 refined parameters, R1 = 0.0385 [for
I > 2σ(I)], wR2 = 0.1037 (for all data), GOF = 1.019, and largest difference peak and hole:
1.40/−0.89 e Å−3. Flack parameter: 0.073(3).

3.7.3. Crystallographic Data for Z2Zn

C28H22N4O7Zn, Mr = 591.88 g mol−1, yellow block, triclinic, space group P-1 (#2),
a = 11.6582(3) Å, b = 11.7904(2) Å, c = 20.2835(4) Å, α = 94.4710(16)◦, β = 102.436(2)◦,
γ = 90.9990(18)◦, V = 2712.69(11) Å3, T = −173(2) °C, Z = 4, ρcalcd. = 1.449 g cm−3,
µ(Mo Kα) = 0.959 mm−1, F(000) = 1216, 11549 independent reflections, 737 refined pa-
rameters, R1 = 0.0543 [for I > 2σ(I)], wR2 = 0.1230 (for all data), GOF = 1.078, and largest
difference peak and hole: 1.20/−0.47 e Å−3.

4. Conclusions

New Schiff bases and their Fe, Cu and Zn complexes were synthesized and char-
acterized by various spectroscopic methods. The structure of the ZH4, Z1Zn and Z2Zn
were determined by DFT calculations and X-ray diffraction measurements. The crystal-
lographically determined geometry of the ligands, as well as the measured vibrational
spectra of ZH4, Z1Zn and Z2Zn, are in good agreement with the theoretical results. The
antimicrobial and anticancer activities of the Schiff bases and their metal complexes were
evaluated. The compounds ZH2–ZH4 and their zinc complexes showed antimicrobial
activity against Micrococcus luteus, while ZH2, ZH3, Z2Zn, Z3Zn and Z2Fe showed antimi-
crobial activity against Staphylococcus aureus. An anticancer assay showed that most of
our tested compounds had variable reduction in viability of the tested cancer cell lines
compared to the normal fibroblasts. Moreover, ZH1, Z2Fe and all zinc complexes showed
selective anticancer effects against the MCF7 cell line, and Z2Cu showed the lowest IC50
values against all cell lines.
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31. Bïlïcï, A.; Kaya, İ.; Doğan, F. Monomer/polymer Schiff base copper (II) complexes for catalytic oxidative polymerization of
2,2′-dihydroxybiphenyl. J. Polym. Sci. Part A Polym. Chem. 2009, 47, 2977–2984. [CrossRef]

32. Rayati, S.; Rafiee, N.; Wojtczak, A. cis-Dioxo-molybdenum (VI) Schiff base complexes: Synthesis, crystal structure and catalytic
performance for homogeneous oxidation of olefins. Inorg. Chim. Acta. 2012, 386, 27–35. [CrossRef]

33. Reddy, P.M.; Shanker, K.; Srinivas, V.; Krishna, E.R.; Rohini, R.; Srikanth, G.; Ravinder, V. Hydrolysis of Letrozole catalyzed
by macrocyclic Rhodium (I) Schiff-base complexes. Spectrochim. Acta Part A Mol. Biomol. Spect. 2015, 139, 43–48. [CrossRef]
[PubMed]

34. Tunçel, M.; Serin, S. Synthesis and characterization of new azo-linked Schiff bases and their cobalt (II), copper (II) and nickel (II)
complexes. Trans. Met. Chem. 2006, 31, 805–812. [CrossRef]

35. Rathi, P.; Singh, D.P. Synthesis, antimicrobial, antioxidant, and molecular docking studies of thiophene based macrocyclic Schiff
base complexes. J. Mol. Struct. 2015, 1100, 208–214. [CrossRef]

36. Boghaei, D.M.; Askarizadeh, E.; Bezaatpour, A. Molecular and biomolecular spectroscopy. Spectrochim. Acta Part A 2008, 69,
624–628. [CrossRef]

37. Abbaspour, A.; Esmaeilbeig, A.R.; Jarrahpour, A.A.; Khajeh, B.; Kia, R. Aluminium (III)-selective electrode based on a newly
synthesized tetradentate Schiff base. Talanta 2002, 58, 397–403. [CrossRef]

38. Mahajan, R.K.; Kaur, I.; Kumar, M. Silver ion-selective electrodes employing Schiff base p-tert-butyl calix [4] arene derivatives as
neutral carriers. Sens. Actuators B Chem. 2003, 91, 26–31. [CrossRef]

39. Ashraf, M.A.; Mahmood, K.; Wajid, A.; Maah, M.J.; Yusoff, I. Synthesis, characterization, and biological activity of Schiff bases. In
Proceedings of the 2011 International Conference on Chemistry and Chemical Process, Bangkok, Thailand, 7–9 May 2011; IACSIT
Press: Singapore, 2011; Volume 10, p. 185.

40. Deivanayagam, P.; Bhoopathy, R.P.; Thanikaikarasan, S. Synthesis, characterization, antimicrobial, analgesic and CNS studies of
Schiff base Cu(II) complex derived from 4-choro-o-phenylene diamine. Int. J. Adv. Chem. 2014, 2, 166–170. [CrossRef]

41. Chakraborty, H.; Paul, N.; Rahman, M.L. Catalytic activities of Schiff base aquocomplexes of copper (II) towards hydrolysis of
amino acid esters. Trans. Met. Chem. 1994, 19, 524–526. [CrossRef]

42. El-Hendawy, A.M.; Alkubaisi, A.H.; El-Kourashy, A.E.G.; Shanab, M.M. Ruthenium (II) Complexes of O, N-donor Schiff base
ligands and their use as catalytic organic oxidants. Polyhedron 1993, 12, 2343–2350. [CrossRef]

43. Ababneh, T.S.; Al-Shboul, T.M.; Jazzazi, T.M.; Alomari, M.I.; Görls, H.; Westerhausen, M. Crystallographic and computational
study of the structure of copper(II) 2,2′-bis(2-oxidobenzylideneamino)-4,4′-dimethyl-1,1′-biphenyl. Trans. Met. Chem. 2020, 45,
435–442. [CrossRef]

44. Al-Ebaisat, H.S.; Ababneh, T.S.; Al-Shboul, T.M.; Jazzazi, T.M. Synthesis, characterization and antifungal activity of some
substituted 4-thiazolidinone derivatives. J. Pure App. Chem. Res. 2015, 5, 125–130. [CrossRef]

45. Jazzazi, T.M.A.; Ababneh, T.S.; Abboushi, E.K. Zinc(II) complexes of symmetrical tetradentate Schiff base ligands derived from
2,2’-diamino-6,6’-dibromo-4,4’-dimethyl-1,1’-biphenyl-salicylaldehyde: Synthesis, characterization and computational study. Jord.
J. Chem. 2019, 14, 81–87.

46. Al-Shboul, T.M.; Ziemann, S.; Görls, H.; Krieck, S.; Westerhausen, M. Substituted 2,2′-Bis (2-oxidobenzylideneamino)-4,4′-
dimethyl-1,1′-biphenyl Complexes of Zinc. Z. Anorg. Allg. Chem. 2019, 645, 292–300. [CrossRef]

47. Al-Shboul, T.M.; Ziemann, S.; Görls, H.; Jazzazi, T.M.; Krieck, S.; Westerhausen, M. Synthesis of dipotassium 2,2′-Bis (2-
oxidobenzylideneamino)-4,4′-dimethyl-1,1′-biphenyl drivatives and use as ligand transfer reagent. Eur. J. Inorg. Chem. 2018, 14,
1563–1570. [CrossRef]

48. Daoud, S.; Thiab, S.; Jazzazi, T.M.A.; Alshboul, T.M.A.; Ullah, S. Evaluation and molecular modelling of bis-Schiff base derivatives
as potential leads for management of diabetes mellitus. Acta Pharm. 2022, 72, 449–458. [CrossRef]

http://doi.org/10.1021/ja00809a012
http://doi.org/10.1007/PL00010120
http://doi.org/10.1016/S0031-6865(99)00010-2
http://doi.org/10.1016/j.molstruc.2007.02.031
http://doi.org/10.1016/j.tetlet.2005.11.007
http://doi.org/10.1016/0304-5102(88)85009-0
http://doi.org/10.1002/ejic.201300473
http://doi.org/10.3762/bjoc.11.176
http://doi.org/10.1002/pola.23370
http://doi.org/10.1016/j.ica.2012.02.005
http://doi.org/10.1016/j.saa.2014.12.033
http://www.ncbi.nlm.nih.gov/pubmed/25554950
http://doi.org/10.1007/s11243-006-0074-5
http://doi.org/10.1016/j.molstruc.2015.07.025
http://doi.org/10.1016/j.saa.2007.05.013
http://doi.org/10.1016/S0039-9140(02)00290-4
http://doi.org/10.1016/S0925-4005(03)00062-5
http://doi.org/10.14419/ijac.v2i2.3338
http://doi.org/10.1007/BF00136366
http://doi.org/10.1016/S0277-5387(00)83051-X
http://doi.org/10.1007/s11243-020-00395-8
http://doi.org/10.21776/ub.jpacr.2016.005.03.248
http://doi.org/10.1002/zaac.201800404
http://doi.org/10.1002/ejic.201701472
http://doi.org/10.2478/acph-2022-0019


Inorganics 2022, 10, 112 15 of 15

49. Thaker, B.; Surati, K.; Oswal, S.; Jadeja, R.; Gupta, V. Synthesis, spectral, thermal and crystallographic investigations on
oxovanadium(IV) and manganese(III) complexes derived from heterocyclic β-diketone and 2-amino ethanol. Struct. Chem. 2007,
18, 295–310. [CrossRef]

50. Miessler, G.; Tarr, D. Inorganic Chemistry, 3rd ed.; Pearson Prentice-Hall: Northfield, MN, USA, 2005.
51. Agarwal, U.; Singh, N.P.; Kumar, A.; Kumar, K. Synthesis, Spectral Study and Antibacterial Activity of Asymmetrical Tetradentate

Schiff Base Complexes. Rasayan J. Chem. 2020, 13, 1685–1691. [CrossRef]
52. Ejidike, I.P.; Ajibade, P.A. Synthesis, characterization, antioxidant, and antibacterial studies of some metal (II) complexes of

tetradentate schiff base ligand:(4E)-4-[(2-(E)-[1-(2, 4-dihydroxyphenyl) ethylidene] aminoethyl) imino] pentan-2-one. Bioinorg.
Chem. Appl. 2015, 2015, 1–9. [CrossRef]

53. Ran, X.; Wang, L.; Lin, Y.; Hao, J.; Cao, D. Syntheses, characterization and biological studies of zinc (II), copper (II) and cobalt (II)
complexes with Schiff base ligand derived from 2-hydroxy-1-naphthaldehyde and selenomethionine. Appl. Organomet. Chem.
2010, 24, 741–747. [CrossRef]

54. Iftikhar, B.; Javed, K.; Khan, M.S.U.; Akhter, Z.; Mirza, B.; Mckee, V. Synthesis, characterization and biological assay of
Salicylaldehyde Schiff base Cu (II) complexes and their precursors. J. Mol. Struct. 2018, 1155, 337–348. [CrossRef]

55. Reshma, R.; Selwin Joseyphus, R.; Arish, D.; Reshmi Jaya, R.J.; Johnson, J. Tridentate imidazole-based Schiff base metal complexes:
Molecular docking, structural and biological studies. J. Biomol. Struct. 2021, 40, 1–13. [CrossRef] [PubMed]

56. Osowole, A.A.; Ott, I.; Ogunlana, O.M. Synthesis, spectroscopic, anticancer, and antimicrobial properties of some metal (II)
complexes of (substituted) nitrophenol Schiff base. Int. J. Inorg. Chem. 2012, 2012, 1–6. [CrossRef]

57. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015, C71, 9–18.
58. Addison, A.W.; Rao, T.N.; Reedijk, J.; van Rijn, J.; Verschoor, G.C. Synthesis, structure, and spectroscopic properties of cop-

per(II) compounds containing nitrogen and sulphur donor ligands; the crystal and molecular structure of aqua[1,7-bis(N-
methylbenzimidazol-2’-yl)-2,6-dithiaheptane]copper(II) perchlorate. J. Chem. Soc. Dalton Trans. 1984, 7, 1349–1356. [CrossRef]

59. Al-Shboul, T.M.A.; Görls, H.; Westerhausen, M. Calcium-mediated hydrophosphination of diphenylethyne and diphenylbu-
tadiyne as well as crystal structure of 1,4-diphenyl-1,4-bis(diphenylphosphanyl)buta-1,3-diene. Inorg. Chem. Commun. 2008, 11,
1419–1421. [CrossRef]

60. Becke, A.D. Density-functional thermochemistry. IV. A new dynamical correlation functional and implications for exact-exchange
mixing. J. Chem. Phys. 1996, 104, 1040–1046. [CrossRef]

61. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
62. Lee, C.; Yang, W.; Parr, R.G. Development of the Colic-Salvetti correlation-energy formula into a functional of the electron density.

Phys. Rev. 1988, B 37, 785–789. [CrossRef]
63. Spartan, version 18; Software for Computational Chemistry; Wavefunction. Inc.: Irvine, CA, USA, 2018.
64. Kassim, A.; Omuse, G.; Premji, Z.; Revathi, G. Comparison of Clinical Laboratory Standards Institute and European Committee on

Antimicrobial Susceptibility Testing guidelines for the interpretation of antibiotic susceptibility at a university teaching hospital
in Nairobi, Kenya: A cross-sectional study. Ann. Clin. Microbiol. 2016, 15, 21. [CrossRef] [PubMed]

65. MacLowry, J.D.; Jaqua, M.J.; Selepak, S.T. Detailed methodology and implementation of a semiautomated serial dilution
microtechnique for antimicrobial susceptibility testing. Appl. Microbio. 1970, 20, 46–53. [CrossRef] [PubMed]

66. Sheldrick, G.M. SHELXS-2014, Program for Structure Solution; University of Göttingen: Göttingen, Germany, 2014.
67. Sheldrick, G.M. SHELXL-2014, Program for Structure Refinement; University of Göttingen: Göttingen, Germany, 2014.

http://doi.org/10.1007/s11224-006-9134-x
http://doi.org/10.31788/RJC.2020.1335689
http://doi.org/10.1155/2015/890734
http://doi.org/10.1002/aoc.1678
http://doi.org/10.1016/j.molstruc.2017.11.022
http://doi.org/10.1080/07391102.2021.1914171
http://www.ncbi.nlm.nih.gov/pubmed/33896364
http://doi.org/10.1155/2012/206417
http://doi.org/10.1039/DT9840001349
http://doi.org/10.1016/j.inoche.2008.09.019
http://doi.org/10.1063/1.470829
http://doi.org/10.1063/1.464913
http://doi.org/10.1103/PhysRevB.37.785
http://doi.org/10.1186/s12941-016-0135-3
http://www.ncbi.nlm.nih.gov/pubmed/27068515
http://doi.org/10.1128/am.20.1.46-53.1970
http://www.ncbi.nlm.nih.gov/pubmed/4917462

	Introduction 
	Results and Discussion 
	Synthesis 
	X-ray Structural Analysis 
	Computational Study 
	Antimicrobial and Anticancer Assays 

	Experiment 
	Materials and Methods 
	General Procedure for the Preparation of Ligands (ZH1–ZH4) 
	General Procedure for the Synthesis of Cu, Fe and Zn Complexes 
	Computational Study 
	Antimicrobial Assay 
	Anticancer Assay 
	Cell Culture 
	Cell Viability Assay (MTT) 

	X-ray Structure Determination of ZH4, Z1Zn and Z2Zn 
	Crystallographic Data for ZH4 
	Crystallographic Data for Z1Zn 
	Crystallographic Data for Z2Zn 


	Conclusions 
	References

