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Abstract: Metal-ligand complexes have attracted major interest due to their potential medical ap-
plications as anticancer agents. The work described in the current article aimed to synthesize,
spectroscopic, thermal, and biological studies of some metal-diimine complexes. A diimine ligand,
namely 2-{[2-(4-chlorophenyl)-2-hydroxyvinyl]-hydrazonomethyl}phenol (diim) was prepared via
the reaction of p-chlorophenacyl bromide with hydrazine hydrate in ethanol, then condensation
was completed with 2-hydroxybenzaldehyde in acetic acid. The Co(II), Ni(II), Cu(II), and Zn(II)
complexes were prepared with a metal:ligand stoichiometric ratio of (2:1). 1H-NMR, UV-Vis, FTIR
spectroscopic data, molar conductivity measurements, and microanalytical data (carbon, hydrogen,
nitrogen, and halogen) were used for characterization of the formed ligand and its metal complexes.
It was found that the diimine ligand act as tetradentate fashion. The non-electrolytic character for all
the complexes was proved by molar conductivity. The first metal atom of the synthesized binuclear
diimine complexes coordinates with the nitrogen of hydrazine group and oxygen of OH group. While,
the second metal atom coordinates with the other nitrogen atom of the hydrazine group and oxygen
of phenolic group. All the synthesized metal complexes have a six-coordinated except for Zn(II)
has four-coordinated. Thermogravimetric analysis and its differential analysis were done to discuss
the thermal degradation of the free ligand and its metal complexes. Molecular docking calculation
showed that the diimine ligand is a good inhibitor for breast cancer 3hb5 and 4o1v kidney cancer
proteins. Additionally, these compounds were evaluated as antibacterial and antifungal agents.

Keywords: diimine; complex; thermogravimetric; antimicrobial; molecular docking

1. Introduction

Hydrazone compounds include a C=N bond, in which the nitrogen atom has lone
pair of electrons (Scheme 1). It can be concluded that nitrogen atoms have nucleophilic
character (Figure 1) [1]. These compounds are relevant to ketones and aldehydes as
they have a R1R2C=NNH2 structure [2–5]. According to a literature survey, hydrazones
and their derivatives have various pharmacological and biological activities [6,7], as well
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as significant utility for synthesizing heterocyclic compounds [8]. Hydrazones can be
classified in two ways: (a) as monohydrazones, dihydrazones and trihydrazone according
to the number of hydrazone groups (Figure 2) or (b) as bi-, tri-, tetra-, penta-, hexa-,
and octa-dentate according to the number of functional groups that can participate in
complexation reactions [9]. The metal complexation between hydrazones and different
metal ions is dependent on the nature of the metal ion, the basicity of the medium during
the reaction, the anion of the salt, and the bonding position of hydrazone compounds [9].
It can be concluded that hydrazones can react as ketones (Scheme 2 path a) or enols
(Scheme 2 path b) [10]. The capability of Schiff base ligands to act as chelates and their
ability to coordinate with various metal ions through the nitrogen of the imine group and
the oxygen of the carbonyl group has made them critical reagents in the coordination
chemistry area [11]. These transition metal Schiff base complexes display diverse structural
features and, in some instances, exhibit interesting antifungal, antibacterial, catalytic, and
luminescence properties [12–14]. The existence of various binding positions in Schiff base
ligands makes them good chelators that enhance the luminescence behavior for their
formed complexes, especially the binuclear ones [15,16]. Until now, to the best of our
knowledge no work on the condensation process of 2-hydroxybenzaldehyde and 1-(4-
chlorophenyl)-2-hydrazinoethanol has been reported. Therefore, our study described in
this article aimed to synthesize, spectroscopically characterize, and perform structural,
thermogravimetric, and antimicrobial studies of a few binuclear complexes of Co(II),
Ni(II), Cu(II), and Zn(II) with the tetradentate Schiff base ligand 2-{[2-(4-chlorophenyl)-2-
hydroxyvinyl]-hydrazonomethyl}-phenol.
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2. Experimental
2.1. Materials and Instruments

Chemicals were previously checked to verify their purity and analytical grade. A 4010
conductivity meter (Jenway, Staffordshire, UK) was used to measure the conductance of
complex solutions (10−3 mol/cm3 in DMF). The percentage of metal in the synthesized
metal complexes was determined using the gravimetric method by oxidizing it to the
most stable form. A Sherwood Scientific (Cambridge, UK) balance was used in magnetic
measurements. A Bruker FT-IR spectrophotometer (BRUKER, Billerica, Massachusetts,
USA) was used to record infrared spectra at the range of (4000–400 cm−1). Electronic spectra
were recoded using a Unicam UV2UV/Vis spectrophotometer (Thermo Fisher, Waltham,
Massachusetts, USA), 1H-NMR spectra were recorded using a 300 MHz Mercury VX-300
NMR spectrometer (Varian, Crawley, UK), and thermal studies were carried out using
a TG/DTG–50H thermo-gravimetric analyzer (Shimadzu, Kyoto, Japan) The elemental
analyses were perfoemd on a EL III elemental analyzer (Eltra GmbH, Haan, Germany).

2.2. Synthesis of diim Ligand

The ligand 2-{[2-(4-chlorophenyl)-2-hydroxyvinyl]-hydrazonomethyl}-phenol (3) was
synthesized in two steps. The first step, reaction of p-chlorophenacyl bromide (1) with
hydrazine hydrate in ethanol gave 1-(4-chlorophenyl)-2-hydrazinoethenol (2). The second
step, condensation of hydrazine derivative (2) with 2-hydroxybenzaldehyde in acetic acid
under reflux produced the diimine ligand 3 (Scheme 3).
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1-(4-chlorophenyl)-2-hydrazinoethenol (2)
An equimolar solution of p-chlorophenacyl bromide (0.01 M) and hydrazine hydrate

(0.01 M) prepared in 50 mL of ethanol was refluxed for 2 h. After that, the mixture was left
to cool down and then neutralized with dilute acetic acid. The resulting compound resulted
was filtered off, washed with water then recrystallized from ethanol to provide compound
2. Melting point 98 oC; IR (KBr) cm−1 = 3350–3050 (br–OH), 3320,3117 (NH2), 3230 (NH),
1615, 1605, 1550 (C=C), and 1017 (C–O); 1H-NMR (DMSO-d6) δ: 3.21 (d,2H,NH2), 4.2
(q,1H,NH), 7.28–7.44 (m,2H,Ar–H), 7.31(d,1H,CH) and 14.07 (s,1H,OH) ppm.

2-{[2-(4-chlorophenyl)-2-hydroxyvinyl]-hydrazonomethyl}-phenol (3)
A solution prepared in 30 mL of acetic acid from a mixture of hydrazine derivative 2

(0.01 M) and 2-hydroxybenzaldehyde was heated under reflux for 2 h, then left to cool down
and poured into water. The resulting solid was separated and recrystallized from ethanol to
give compound 3. M.P = 155 ◦C; IR (KBr) cm−1 3449 (br–OH), 3046 (NH), 1622 (C=N), 1575,
1486 (C=C), 1390 and 1271 (C–O). 1H-NMR (DMSO-d6) δ: 6.997 (s, 1H, CH=N), 7.38–7.65
(m, 8H, 2Ar–H), 9.01 (s, 1H, OH) and 11.16 (s, 1H, NH) ppm. The suggested structural
formula for the ligand (diim) was verified by its mass spectrum (Figure 3). The following
peaks were recorded (m/z+) 288, 238, 181, 71, and 43 that correspond to [C15H13N2O2Cl]+,
[C15H14N2O]+, [C10H16N2O]+, [C3H8N2]+ and [C2H5N]+ ions, respectively, confirming the
proposed molecular structure and formula.
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2.3. Synthesis of solid Co(II), Ni(II), Cu(II), and Zn(II) diim Complexes

A hot solution of diim ligand (1 mmol) was prepared in 30 mL of ethanol contain-
ing a few drops of concentrated NH4OH. Then 2 mmol solutions of the metal(II) salts
CoCl2·6H2O, NiCl2·6H2O, CuCl2·2H2O or ZnCl2 were prepared in 20 mL of ethanol. Each
metal solution was added gradually to the former prepared solution. Ammonia solution
was used to neutralize the formed mixtures (pH = 8–9), which was then refluxed and well
stirred for 2 h at 75 ◦C, then evaporated to half its initial volume. The resulting complex was
left to cool down until the next day, then separated and washed with a mixture of methanol
and diethyl ether. Next, recrystallization was done from methanol and the products were
dried using anhydrous CaCl2. Thin-layer chromatography (TLC) was done to confirm
the purity.

2.4. Antibacterial and Antifungal Activities

The free diim ligand and its metal complexes were dissolved in dimethylsulfoxide
(DMSO) to prepare 10 mg/mL solutions, which were used to measure the inhibition zone
to determine the antibacterial activity of these compounds. This activity was determined
by the agar well diffusion method and the experiments were repeated three times to be sure
of the results. Bacillus subtilis and Staphylococcus aureus were used as examples of Gram-
positive bacteria, while, E. coli and Proteus vulgaris were used as Gram-negative bacteria.
The antifungal activity of the compound was measured against Aspergillus flavus and
Candida albicans. The fungal plates were prepared by growing 5 mL of Sabouraud dextrose
broth until 105 CFU/mL cells were achieved. A sample of 10 mg/mL was prepared in
DMSO, so it was used as standard. Ketoconazole was used as antifungal standard drug.

3. Results and Discussion
3.1. Elemental Analyses and Physical Properties

The complexes of Co(II), Ni(II), Cu(II), and Zn(II) with 2-{[2-(4-chlorophenyl)-2-
hydroxyvinyl]-hydrazonomethyl}phenol (diim) did not react with the atmosphere and
were only dissolved in DMSO and DMF. The conductivity of the complexes measured
using a DMSO solution displayed a lower value than the free diim ligand (7 µS) which
means that all the complexes are characteristically non-electrolytic and that the outer sphere
of the coordination is free of anions [17]. The physicochemical analyses results of the diim
free ligand and its metal complexes were tabulated and formulated as seen in Table 1.
The colored solid synthesized complexes have formulas [Co2(diim)(H2O)4(NH3)2(Cl)2] (I),
[Ni2(diim)(H2O)2(NH3)4(Cl)2].3H2O (II), [Cu2(diim)(H2O)4(NH3)2(Cl)2] (III), and [Zn2-
(diim)(NH3)2(Cl)2].2H2O (IV) (Figure 4).

Table 1. Physicochemical data for the diim free ligand and its metal complexes.

Compounds Color
%Found (%Calcd.)

C% H% N% Cl% M%

diim Yellow 62.12 (62.40) 4.43 (4.54) 9.56 (9.70) 12.14 (12.28) -

I Brown 30.86 (30.98) 4.12 (4.33) 9.54 (9.63) 18.19 (18.29) 20.16 (20.27)

II Dark brown 28.38 (28.45) 5.17 (5.25) 13.21 (13.27) 16.76 (16.80) 18.32 (18.54)

III Orange brown 30.28 (30.49) 4.19 (4.26) 9.37 (9.48) 17.87 (18.00) 21.09 (21.51)

IV Reddish brown 32.17 (32.26) 3.66 (3.79) 9.96 (10.03) 18.36 (19.04) 23.31 (23.42)
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3.2. Infrared Spectral Studies

The infrared spectra of the diim free ligand and its diim complexes were recorded
(Figure 5a,b). It is noted that there are several distinguishing vibration bands that refer to
phenolic (Ar–OH), ketone (C=O), azomethine (C=N), phenolic (C-O), and carbon halogen
bond (C-Cl) functional groups at the frequencies 3449, 3046, 1678, 1622, (1390 & 1271),
and 971 cm−1, respectively. The essential vibration bands of the diim ligand and its
corresponding Co(II), Ni(II), Cu(II), and Zn(II) complexes are summarized in Table 2. The
medium-strong peak (1678 cm−1) of the carbonyl group found in the free diim ligand
disappeared after complexation. This result can be attributed to the tautomerism change of
diim ligand from its keto to its enol form in alkaline media through the chelation process
(Scheme 4). In the case of the free diim ligand, the very strong peak at 1622 cm−1 refers to
C=N stretching frequency of the group of azomethine [18]. This stretching absorption band
is shifted to a lower frequency (1604–1611 cm−1) in its prepared metal complexes. This
result suggests the coordination of the azomethine C=N group by a lone pair of electrons on
its nitrogen towards the center metal ions. The peak of the phenolic –OH group is shifted
to higher frequencies than observed the spectrum of the diim ligand (3449 cm−1). This is
because of the hydrogen bond formed among the phenolic oxygen and the nitrogens of
azomethine groups (Scheme 4). Regarding the spectra of synthesized complexes I–IV, the
broad bands within the 3421–3449 cm−1 range are assigned to the presence of coordinated
and uncoordinated water molecules [18]. Average weak absorption peaks found in the
range 832–750 cm−1 refer to bending vibrations δ(H2O) emphasizing the existence of
coordinated water. The 1390 and 1271 cm−1 peaks found in the diim ligand spectra refer to
ν(C–O) stretching vibrations of the phenolic group. In the case of the vibrational spectra
of the metal complexes, these bands disappear or are offset to lower frequencies (1311–
1319 and 1150–1153 cm−1) because of the participation of the phenolic oxygens in the
coordination of metal ions. In the diim complexes, new peaks appeared at ~ 3025 cm−1 that
can be referred to the υ(NH) of −NH3 group confirming the participation of the lone pair
of the nitrogen in the −NH3 group of the atom in the coordination reactions. In the spectra
of the metal complexes, average vibration peaks are found at a range of 600–518 cm−1 and
466–452 cm−1 that can be assigned to the vibrational motions for ν(M−O) and ν(M−N)
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bands, proving the participation of oxygen and nitrogen atoms of the phenolic, hydroxyl,
azomethine, hydrazino groups in coordinating with the metal [18].
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Figure 5. (a) Infrared spectrum of diim free ligand and (b). Infrared spectra of I: Co(II), II: Ni(II),
III: Cu(II) and IV: Zn(II) diim complexes.

Table 2. Data for infrared spectral bands (cm−1) for diim ligand and its metal complexes.

Compounds ν (O-H) ν (N–H) ν (C=O) ν (C=N) ν (C–O) ν (M–O) ν (M–N)

MTSC 3449 3046 1678 1622 1390, 1271 - -

I 3449 3025 - 1604 1314, 1152 589, 518 461

II 3448 3025 - 1606 1311, 1153 586, 517 452

III 3447 3025 - 1606 1319, 1150 593, 510 463

IV 3421 3025 - 1611 1150 600 466
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3.3. Electronic, Magnetic, and Mass Spectral Studies

At wavelengths within the range of 300–800 nm, the electronic absorption spectra of
diim free ligand and its metal complexes were performed in a DMSO solution (Figure 6).
The free diim ligand electronic spectra showed two peaks at 300 and 355 nm corresponding
to π−π* and n−π* electronic transitions [19–21].
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Figure 6. UV-Vis spectra of diim free ligand and its Co(II), Ni(II), Cu(III) and Zn(II) complexes.

The Co(II) complex showed three main bands at 300, 355, and 450 nm in its UV-Vis
absorption spectrum. The first absorption peak referred to the intra-ligand transition of
the organic moiety. The second and third electronic transitions referred to 4T1g→4T1g(P)
and 4T1g (F)→4T2g(F), respectively [20,21]. The octahedral geometry of the Co(II) complex
was confirmed from the UV-Vis spectrum and the recorded value of its magnetic moment
which is 5.10 B.M [20]. The magnetic moment value at room temperature of the cobalt(II)
complex is 5.10 B.M which is lower than 5.39 B.M due to anti-ferromagnetic interaction
between two Co ions, which confirmed the binuclear nature of the complex. The molecular
ion peak of the Co(II) complex was observed at m/z = 581, confirming the molecular weight.
The mass fragmentation spectrum can be seen in Figure S1.

The electronic spectrum of the Ni(II) complex was found to have four electronic
transition peaks at 300, 368, 399, and 410 nm. The first and second peak may be assigned
to ligand-to-metal charge-transfer transitions, while the next two transition bands refer to
d-d transitions of 3A2g (F)→3T1g (P) and 3A2g→3T1g (F), respectively. The value of Ni(II)
complex magnetic moment was recorded at 2.74 B.M. From these results, the octahedral
geometry was confirmed [20,21]. The low magnetic moment value at 2.74 B.M rather than
the expected experimental value (3.32 B.M) was attributed to anti-ferromagnetic interaction
between two Ni ions, which confirmed the binuclear nature of the complex. The mass
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spectrum of the nickel(II) complex shows its molecular ion peak at m/z = 633, which is
consistent with the proposed molecular weight (Figure S2).

The electronic UV-spectrum of the Cu(II) complex displayed four electronic peaks at
300, 365, 395, and 425 nm. The first two absorption peaks refer to ligand-to-metal charge-
transfer transitions. The second two absorption peaks point to 2Eg→2T2g d–d transitions
due to a distorted octahedral geometrical structure of the Cu(II)-complex [20,21]. The
Cu(II) complex has a magnetic moment of 1.66 B.M., confirming the deformed octahedral
geometry [21]. The magnetic moment value at room temperature of the copper(II) complex
is 1.66 B.M, which is lower than 1.96 B.M (ther expected experimental value) due to anti-
ferromagnetic interactions between two copper ions, which confirmed the binuclear nature
of the complex. The mass spectrum of the copper(II) complex shows a molecular ion peak
at m/z = 591, which is consistent with the proposed molecular weight (Figure S3).

The conductivity, microanalytical, and magnetic moment data of the Zn(II) complex
spectrum proved its diamagnetic behavior and tetrahedral geometry [20,21]. The molecular
ion peak of the Zn(II) complex was observed at m/z = 558, confirming the molecular weight.
The mass fragmentation spectrum can be seen in Figure S4.

3.4. 1H-NMR Spectra Studies
1H-NMR spectra for the studied ligand (diim) and its diamagnetic Zn(II) complex

were recorded in DMSO. The studied ligand (diim) shows the following chemical shifts:
δ: 6.997 (s, 1H, CH=N), 7.38–7.65 (m, 8H, 2Ar–H), 9.01 (s, 1H, OH) and 11.16 (s, 1H, NH)
ppm. In the case of Zn(II) complex nearly all the peaks became weaker and were shifted to
downfield positions: δ: 3.36 (s, 2H, H2O), and 7.39–7.71 (m, 8H, 2Ar–H) ppm. The HC=N
azomethine, −NH, and –OH groups protons disappeared after complexation, confirms
the coordination site around the Zn(II) metal ions. A new peak was noticed at 3.36 ppm
referring to the protons of water molecules coordinating with the metal ions. The predicted
structural formula of the Zn(II) confirming its tetrahedral geometry as shown in Figure 6.

3.5. Thermo Gravimetric Studies

TG and DrTGA thermal decomposition curves of free diim ligand and its metal
complexes [Co(II), Ni(II), Cu(II), and Zn(II)] under N2 atmosphere with a rate of heating
10 ◦C/min were assigned (Figure 7a–e) and are summarized in Table 3.

3.5.1. Diim Free Ligand

The melting point of diim ligand was at 155 ◦C. Next, it undergoes concurrent degra-
dation. It is found that the ligand decomposition takes place in three main degradation
steps. The first degradation phase occurs in the 49–220 ◦C temperature range with an ob-
served weight loss equal to 6.25% (calc.= 5.89%). The second and third degradation phases
happen in the 220–425 ◦C (obs.= 53.75%, calc.= 55.5%) and 425–700 ◦C temperature range
(obs.= 32.5%, calc.= 30.3%), respectively. Remaining residue up to 700 ◦C was accompanied
by a 7.5% loss in weight (calc.= 8.32%). All the thermal fragments in the three stages are
organic moieties, which were converted into gaseous phases.

3.5.2. Cobalt(II) Complex I

From the thermal degradation curve of Co(II) complex it was found that it decomposes
as follows: The first decomposition phase occurs in the 38–163 ◦C temperature range with
a 6.7% observed mass loss (calc.= 6.2%) attributable to the loss of coordinated H2O. The
second degradation phase takes place in the 163–470 ◦C temperature range with mass
a mass loss of 57.1% (observed, calc.= 55.9%) due to chloride, ammonia, nitrogen oxide,
and acetylene gas molecule losses, while the third step takes place in the 470–565 ◦C
temperature range with an observed loss in weight of 4.8% (calc.= 5.8%) that refers to
2 ammonia gas molecule losses. The final residue was pure cobalt metal produced from
the reduction of cobalt carbonate to cobalt(II) oxide and it remained stable up to 700 ◦C.
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Table 3. Thermo gravimetric data of the diim ligand and its metal complexes.

Compounds Steps Temp. Range/◦C DTG Peak/◦C Decompositon Product Assignments Mass Loss Found (Calc.)%

diim

1st 49–220 115 NH3 6.25 (5.89)
2nd 220–425 299 5C2H2 + NO 53.75 (55.5)
3rd 425–700 560 C3O + 1

2 Cl2 32.5 (30.3)
residue 700 carbon residue 7.5 (8.32)

I

1st 38–163 80 2H2O 6.7 (6.2)
2nd 163–470 355 NH3 + NO2 + 1 1

2 Cl2 + 6C2H2 57.1 (55.9)
3rd 470–565 515 2NH3 4.8 (5.8)

Residue 565–700 2CoO + carbon residue 31.4 (32.1)

II

1st 38–168 80 2H2O + 2H2 7 (6.3)

2nd 168–449 388 H2O + CO + NH3 + NO + 2N2 + 3H2
+1 1

2 Cl2
41.3 (41.1)

3rd 449–586 496 7C2H2 29.3 (28.8)
Residue 586–700 2NiO 22.4 (23.6)

III

1st 40–170 85 2H2O 6 (6.1)
2nd 170–349 250 1 1

2 Cl2 + 2H2 19 (18.7)
3rd 349–587 530 CO + NH3 + NO + N2 + 7C2H2 50 (48.2)

Residue 587–700 2CuO 25 (26.9)

IV

1st 39–180 62 NO + 3H2 6.7 (6.7)
2nd 180–335 265 3C2H2 14.7 (14.4)
3rd 335–552 440 2C2H2 + NH3 + N2 + 1 1

2 Cl2 38.6 (37.6)
Residue 552–700 2ZnO + carbon residue 40 (41.1)
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3.5.3. Nickel(II) Complex II

The Ni(II) complex undergoes three main thermal degradation phases. The first
step in the decomposition has a mass loss of 7% (calc.= 6.3%) referring to the loss of two
uncoordinated water molecules and two hydrogen gas molecules within the 38–168 ◦C
temperature range. The second degradation phase within the 168–449 ◦C temperature
range with a 57.1% observed loss in weight (calc.= 55.9%) points to chloride, ammonia,
water, nitrogen oxide, nitrogen gas and hydrogen gas molecule losses. The final step in the
decomposition process was a 29.3% mass loss (calc.= 28.8%) corresponding to the loss of
seven acetylene gas molecules. 2NiO molecules are the final residue whent eh complex is
heated to 700 ◦C.

3.5.4. Copper(II) Complex III

The thermal degradation of Cu(II) the complex occurs in three decomposition phases
with DTGmax = 85 (40–170 ◦C), 250 (170–349.5 ◦C) and 530 (349.5–587 ◦C). The first phase
with an observed mass loss of 6% (calc.= 6.1%) correspond to the loss of two water
molecules with a temperature maximum DTGmax = 85 ◦C. The second and third degrada-
tion phases with mass losses (obs.= 94%, calc.= 99.9%) suggesting the loss of five water
molecules, ammonia gas, chloride, nitrogen, hydrogen, carbon oxide, acetylene, and nitro-
gen oxide gas molecules occur at the maximum temperatures of 250 and 530 ◦C. CuO is
the final residue.

3.5.5. Zinc(II) Complex IV

In the Zn(II) complex, thermal decomposition takes place in three main stages with
DTGmax = 62 (39–180 ◦C), 265 (180–335 ◦C), 440 (180–335 ◦C) and 440 (335–552 ◦C), re-
spectively. The first degradation phase with a 6.7% observed loss in weight (calc.= 6.7%)
is due to the loss of nitrogen oxide and hydrogen molecules with a temperature maxi-
mum DTGmax = 62 ◦C. The second thermal decomposition with a 14.7% loss in weight
(calc= 14.4%) coincides with the loss of three acetylene molecules in the 180–335 ◦C temper-
ature range. The final degradation phase with an observed mass loss of 40% (calc.= 41.1%)
corresponds to the loss of two acetylene, ammonia, nitrogen, and chlorine gas molecules in
the 180–335 ◦C range. The residual product is 2ZnO up to 700 ◦C.

3.6. Kinetic Thermodynamic Parameters

From Arrhenius plots between the rate of decomposition (ln K) and 1/T, kinetic values
like the activation energy (E*) were computed. The Coats–Redfern and Horowitz–Metzger
equations were utilized to calculate other thermodynamic parameters such as the free
energy ∆G*, the enthalpy ∆H*, and the entropy ∆S* of the process [22,23]. Since ∆G*, ∆H*,
and ∆S* are relevant to the greatest ratios, they are computed by the peak temperature
Ts (Table 4). The activated prepared metal complexes were found to be more orderly
structured than reactants and this was proved by the negative value of ∆S* [24].

3.7. Biological Assessments

From the data summarized in Table 5, we can conclude that diim metal complexes,
especially the Cu(II) and Zn(II) ones, showed a potentially increase in antibacterial effect
against B. subtilis, S. aureus, and E. coli compared to the diim ligand. On other hand,
there was no antimicrobial effects for the diim ligand or its metal complexes towards
the Gram positive bacterium Proteus vulgaris or towards the fungi Aspergillus flavus and
Candida albicans.

In related investigations, almost all metal complexes show increased antibacterial
effects compared to Schiff base ligands. These improvements are aacribed to the more
prominent lipophilic nature of the complexes, which encourages the infiltration through the
lipid layer as described previously [25]. Moreover, several reports mention the promising
bacteriostatic and bactericidal effect of Cu(II) and Zn(II) complexes against a wide range of
bacteria [26,27].
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Table 4. Coats–Redfern (CR) and Horowitz–Metzger (HM) calculations for the MTSC and its metal complexes.

Compound Stage Method
Parameter

r
E* (J mol−1) A (s−1) ∆S (J mol−1 K−1) ∆H (J mol−1) ∆G (J mol−1)

diim

1st CR 1.98 × 10−1 5.99 × 10−9 −4.08 × 102 −4.85 × 103 2.33 × 105 0.9654
HM 1.34 × 103 1.04 × 10−4 −3.27 × 102 −3.50 × 103 1.87 × 105 0.9168

2nd CR 1.74 × 10−1 3.42 × 10−9 −4.16 × 102 −7.26 × 103 3.56 × 105 0.9983
HM 2.21 × 103 7.87 × 10−5 –3.32 × 102 −5.05 × 103 2.85 × 105 0.9907

I

1st CR 6.49 × 10−2 6.99 × 10−9 −4.04 × 102 −3.73 × 103 1.78 × 105 0.9268
HM 5.69 × 102 6.62 × 10−5 −3.28 × 102 −3.16 × 103 1.44 × 105 0.9974

2nd CR 1.89 × 10−1 4.73 × 10−9 −4.11 × 102 −5.31 × 103 2.57 × 105 0.9154
HM 1.36 × 103 8.63 × 10−5 −3.29 × 102 −3.95 × 103 2.06 × 105 0.9695

II

1st CR 1.70 × 10−1 1.24 × 10−8 −3.98 × 102 −3.02 × 103 1.41 × 105 0.9115
HM 3.79 × 102 6.53 × 10−5 −3.27 × 102 −2.64 × 103 1.16 × 105 0.9901

2nd CR 2.50 × 10−1 7.26 × 10−10 −4.25 × 102 −4.73 × 103 2.37 × 105 0.9700
HM 1.62 × 103 1.41 × 10−4 −3.24 × 102 −3.11 × 103 1.81 × 105 0.9087

3rd CR 1.16 × 10−1 4.44 × 10−9 −4.10 × 102 −6.68 × 103 3.25 × 105 0.9116
HM 1.41 × 103 5.41 × 10−5 −3.30 × 102 −5.27 × 103 2.64 × 105 0.9949

III

1st CR 1.37 × 10−1 7.06 × 10−9 −4.05 × 102 −3.85 × 103 1.84 × 105 0.9135
HM 7.20 × 102 8.11 × 10−5 −3.27 × 102 −3.13 × 103 1.48 × 105 0.9637

2nd CR 9.40 × 10−2 2.04 × 10−9 −4.19 × 102 −6.43 × 103 3.18 × 105 0.9899
HM 1.72 × 103 7.52 × 10−5 −3.32 × 102 −4.71 × 103 2.52 × 105 0.9957

IV

1st CR 3.82 × 10−2 2.25 × 10−9 −4.14 × 102 −3.84 × 103 1.88 × 105 0.9024
HM 5.47 × 102 5.92 × 10−5 −3.30 × 102 −3.30 × 103 1.49 × 105 0.9983

2nd CR 1.02 × 10−1 3.09 × 10−9 −4.15 × 102 −6.14 × 103 3.00 × 105 0.9647
HM 1.57 × 103 7.44 × 10−5 −3.32 × 102 −4.57 × 103 2.40 × 105 0.9926

Table 5. Biological evaluations for diim ligand and its metal complexes at 10 mg.

Compound
Gram-Positive Bacteria Gram-Negative Bacteria Fungi

B. subtillus S. aureus E. coli Proteus vulgaris Aspergillus flavus Candida albicans

diim 9 12 10 NA NA NA

I 10 10 11 NA NA NA

II 12 12 13 NA NA NA

III 18 18 12 NA NA NA

IV 13 13 NA NA NA NA

Gentamicin 26 24 30 25 - -

Ketoconazole - - - - 16 20

3.8. Molecular Docking

Docking calculations were done for a diim protein model after merging the non-
polar hydrogen atoms, defining rotatable bonds, adding Gasteiger charges, and other
analytical parameters with the assistance of the AutoDock tools [28,29]. The docking
simulation was accomplished by the Solis and Wets local search method and a Lamarckian
genetic algorithm [30]. The docking survey output has been carried between the 3hb5-
oxidoreductase (breast cancer) protein and 4o1v-protein binding (kidney cancer) against
the diim free ligand. The results are summarized in Table 6. Diim free ligand displayed
good binding interactions with the amino acids of the protein molecules with binding
reaction energy values of −7.23 and −2.87 kcal mol−1 for the 3hb5-oxidoreductase protein
(Figure 8A) and 4o1v-protein (Figure 8B), respectively. It can be concluded that the free
diim ligand can bind with active positions in 3hb5-oxidoreductase protein and 4o1v-protein
and has a great binding affinity towards them.
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Table 6. Docking calculations for the diim free ligand.

Est. Free Energy of
Binding

Est. Inhibition
Constant, Ki

vdW + Hbond +
desolv Energy

Electrostatic
Energy

Total Intermolec.
Energy Frequency Interact.

Surface

Results of TSC against 3hb5-Oxidoreductase

−7.23 kcal/mol 5.03 uM −8.88 kcal/mol −0.09 kcal/mol −8.97 kcal/mol 10% 858.354

Results of TSC against 4o1v-Protein

−2.87 kcal/mol 7.86 mM −5.15 kcal/mol −0.09 kcal/mol −5.24 kcal/mol 10% 587.943
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4. Conclusions

In this study, four different metal [Cu(II), Ni(II), Zn(II), and Co(II) ] complexes of diim
ligand in a (2:1) metal to ligand ratio were prepared and characterized. The free ligand and
its metal complexes were studied by various methods such as elemental analysis, electronic
spectroscopy, FTIR, 1H-NMR, and mass spectroscopy. From the FTIR spectra, it was found
that the coordination process took place via the nitrogen atom of the azomethine group and
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the oxygen atom of the hydroxyl group for the first metal ion, while, the second one formed
a coordination bond with the oxygen atom of the phenol group and the other nitrogen
atom of azomethine group forming binuclear (2:1) complexes. All complexes display an
octahedral geometry except for Zn(II) which has a tetrahedral configuration. Thermal
degradation for the free ligand and its metal complexes was studied by (TG/DrTGA)
analysis in a nitrogen atmosphere. The conductivity values verified the nonelectrolyte
behavior of all the complexes. The antibacterial effects of the diim metal complexes,
especially the Cu(II) and Zn(II) ones, exhibit a potential antibacterial effect against B.
subtilis, S. aureus, and E. coli higher than that of the diim ligand. Finally, from a molecular
docking study, the diim ligand can bind with the active positions of the breast cancer
3hb5-oxidoreductase protein and the kidney cancer 4o1v-protein and means it has a great
binding affinity towards them.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-435
2/11/3/300/s1, Figure S1: Mass spectrum fragmentations of cobalt(II) complex; Figure S2: Mass
spectrum fragmentations of nickel(II) complex; Figure S3: Mass spectrum fragmentations of copper(II)
complex; Figure S4: ass spectrum fragmentations of Zink(II) complex.
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