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ABSTRACT: In the present work, two novel complexes of zinc(I) and copper(Il) were
synthesized from the ligand 2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde (H,L) in a
1:2 metal-to-ligand ratio in methanol. The complexes were characterized by UV—visible
spectroscopy, fluorescence spectroscopy, Fourier transform infrared (FT-IR) spectroscopy,
powder X-ray diffraction (XRD), scanning electron microscopy-energy-dispersive X-ray
spectroscopy (SEM-EDX), mass spectrometry (MS), nuclear magnetic resonance (NMR)
spectroscopy, and thermogravimetric analysis (TGA) experimental techniques and density
functional theory (DFT) calculations. The spectral data revealed that the mono-deprotonated
(HL) ligand acted as a bidentate ligand, which bound to both Zn(II) and Cu(Il) ions via the
nitrogen atom of the amine (N—H) and the hydroxyl (O—H) groups through the
deprotonated oxygen atom. Formation constants and thermal analysis indicated that both
metal complexes are stable up to 100 °C with thermodynamically favored chemical reactions.
The Cu(Il) complex showed antibacterial activities with the zones of inhibition of 20.90 +
2.00 mm against Pseudomonas aeruginosa, 19.69 =+ 0.71 mm against Staphylococcus aureus, and 18.58 + 1.04 mm against Streptococcus
pyogenes. These results are relatively higher compared with the Zn(I1I) complex at the same concentration. The minimum inhibitory
concentration (MIC) results for the complexes also showed similar trends against the three bacteria. On the other hand, radical
scavenging activities of both Cu(II) and Zn(II) complexes showed half-maximal inhibitory concentrations (ICy,) of 4.72 and 8.2 ug/
mL, respectively, while ascorbic acid (a positive control) has a value of 4.28 ug/mL. The Cu(II) complex exhibited better
communication with the positive control, indicating its potential use for biological activities. The calculated and in silico molecular
docking results also strongly support the experimental results.

1. INTRODUCTION

Microbial drug resistance has become a serious medical
problem, causing morbidity and mortality, which has attracted
the attention of different researchers working on the discovery
of antimicrobial drugs." Therefore, there are reports of
extensive drug discovery studies being carried out elsewhere
to develop new therapeutic approaches and effective drugs
with a wide range of antimicrobial activities toward biological
targets.” " In this aspect, quinoline is among the most
important nitrogen-containing heterocyclic molecules being
used for the synthesis of biologically active molecules.”® It
plays a vital role in biochemical processes as a pharmaceutical
agent with its skeleton being often used for the design of many
synthetic compounds having diverse pharmacological proper-
ties.”~” Quinoline derivatives are also being used for
antiprotozoal, antifungal,9 anticancer,® antiviral,” antioxidant,
and antibacterial®®’ activities.

On the other hand, transition-metal complexes are being
used in pharmaceutical and medicinal chemistry since the

discovery of cisplatin.'® Several coordination compounds of
metal ions (chromium, cobalt, copper, manganese, molybde-
num, palladium, ruthenium, tungsten, vanadium, and zinc)
have been applied in the treatment of various diseases owing to
their antimicrobial and antioxidant,''™'° anticancer,'™"’
antiproliferative,'”'® anti-inflammatory,'” DNA binding and
cytotoxicity,' "' ****! antitumor,”* and antidiabetic>’ activities.
Studies also indicated that Zn(II) complexes exhibit anti-
inflammatory, antidiabetic,”® antioxidant,”* and antimicrobial
activities,'®*> whereas Cu(Il) complexes exhibited promising
antimicrobial, antioxidant, antiviral, DNA binding,z’zo’26 and
antiproliferative18 activities. Previous studies of a zinc(II)
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complex of quinoline derivative ligand indicated an in vitro
biological screening effect tested against four bacterial strains,
Escherichia coli and Pseudomonas aeruginosa (Gram-negative) as
well as Staphylococcus aureus and Bacillus subtilis (Gram-
positive). The results showed a moderate antibacterial activity
compared with the free ligand due to chelation.”” Another
study also indicated that the zinc(II) complex of a quinoline
derivative showed antibacterial activity against E. coli, P.
aeruginosa, and S. aureus.”® Similarly, copper(II) complexes of
quinoline derivatives also showed moderate antibacterial
activity against E. coli’”® but showed higher antibacterial
activities than the parent ligand."> The efficiencies of metal
complexes having biological activities depend on the nature of
both metal ions and the ligands that the complexes are made
from. Accordingly, metal complexes synthesized from single
ligands with different metal ions exhibited different biological
properties.ll’zo’30 In recent years, antioxidant activity and
possible antibacterial activity of metal complexes with
quinoline derivatives have been reported.'"'*>%>"3%%!

The synthesis of transition-metal complexes with a detailed
study of biological activities remains to be an open area of
research. In addition to these, understanding the mode of drug
action and the efficiency of therapeutic agents with the aid of
DFT calculations and molecular docking studies is also a hot
topic of research.'”*"*°™** These observations aroused our
interest in the synthesis of new transition-metal compounds
from a single ligand that possesses antimicrobial and
antioxidant activities.”® In relation to this, we recently
investigated and reported the coordinating ability of quinoline
derivative ligand complexed with Zn(II), Cu(II), Co(Il),
Ni(II), and V(IV) metal ions and evaluated their biological
activities."” This work introduces new Zn(II) and Cu(II) metal
complexes with new quinoline derivative ligand 2-((2-
hydroxyethyl)amino)quinoline-3-carbaldehyde. In addition,
we studied the binding stoichiometry, formation constants,
antimicrobial activities, and antioxidant activities using spec-
troscopy, disk diffusion, and DPPH assay methods. The result
analyses were supported using quantum mechanical and
molecular docking approaches. Density functional theory
(DFT) calculations were carried out for a better understanding
of the electronic properties of the complexes.””***

2. MATERIALS AND METHODS

2.1. Chemicals. The chemicals and solvents used in this
study were aniline, acetic anhydride, acetic acid, phosphorous
oxychloride, ethanolamine, acetone, sulfuric acid, potassium
dichromate, methanol, triethylamine, zinc chloride, copper(1I)
nitrate trihydrate, DMSO, and DPPH. All chemicals were
purchased from Loba Chemie Pvt. Ltd. (Mumbai, India) and
were reagent grade.

2.2. Characterization Methods. The IR spectra of the
compounds were recorded using a PerkinElmer spectropho-
tometer using the potassium bromide pellet technique. Nuclear
magnetic resonance (NMR) spectra were recorded using a
Bruker Avance III 500 MHz instrument in d6-DMSO using
TMS as an internal reference. Mass spectra were recorded
using a SHIMADZU LC-MS (8030). The UV—visible data
were recorded using an SM-1600 spectrophotometer, and
fluorescence spectra measurements were performed on an
Agilent: MY-18490002/PC spectrofluorophotometer. The
analysis of morphology and elemental composition was carried
out with energy-dispersive X-ray (EDX), scanning electron
microscopy (SEM), and FESEM-EDX spectroscopy (CARL

ZE 155, Oxford Instruments EDX); powder X-ray diffraction
data were recorded on an X-ray diffractometer at diffraction
angles in the 26° range of 5—80° and the analysis was
performed using Cu Ka, radiation with a 4 of 1.5406 A.*
Conductivity was measured using an electrical conductometer
(AD8000), and melting point was measured using capillary
tubes with a digital melting point. Data of thermogravimetric
analyses (TGA) were recorded under an inert atmosphere of
nitrogen (N,, 20 mL/min) using detectors with a DTG-60H
Shimadzu thermal analyzer at a heating rate of 10 °C/min, and
the mass loss was evaluated at a temperature range of 25—800
°C. The spectroscopically determined formation constants
were recorded with UV—vis absorbance.

2.3. Synthesis of the Ligand (H,L). The ligand was
synthesized based on reported procedures with minor
modifications.” The precursor ligand (5 g, 0.019 mol), [(E)-
2-(((2-((2-hydroxyethyl)amino)quinolin-3-yl)methylene)
amino)ethanol], was refluxed in 20% H,SO, (10 mL) for 2 h.
The success of the reaction was monitored by thin-layer
chromatography. Once the reaction was completed, the
resulting product was cooled down to room temperature and
then put into 200 mL of ice-cold water, and then the
precipitate was filtered and washed with 100 mL of ice-cold
water.>°

The ligand (H,L), [2-((2-hydroxyethyl)amino)quinoline-3-
carbaldehyde], has the formula C;,H;,N,O, and is obtained
with a yield of 3.50 g, 85% in the form of a yellow powder.
Composition: Calc. for C,H;N,O0,: C, 66.65; H, 5.59; N,
12.96; and O, 14.80%. Found: C, 66.70; H, 5.80; N, 12.91; and
O, 14.59%. UV—vis A, (methanol) = 408 nm; FT-IR (v
ecm™, KBr (pellet)): 3361 v(O—H), 3245 v(N-H), 1679
v(carbonyl C=0), 1618 v(quinoline C=N). The NMR
analysis is presented in the supplementary information (SI)
(Figures S1—S3).

2.4. Synthesis of Zinc(ll) and Copper(ll) Complexes.
Both Zn(HL), and Cu(HL),(H,0), complexes of the
quinoline derivative were prepared by mixing a drop of
triethylamine with a hot methanolic solution of the ligand
(H,L) (0.5 g, 2.3 mmol, 20 mL) in a 250 mL two-neck round-
bottom flask. After 40 min of continuous stirring at room
temperature, a methanolic solution (20 mL, 1.15 mmol) of
ZnCl, (0.157g) and Cu(NO;),-3H,0 (0.278 g) were added
dropwise to the starting solution and mixed with continuous
stirring and refluxed for 4 h at 80 °C. The progress of the
reaction was monitored by TLC. After completion of the
reaction, the mixture was cooled down to room temperature
and washed repeatedly using ice-cold absolute methanol to
remove unreacted starting materials and then dried in vacuum
over anhydrous calcium chloride in a desiccator,”*****3%%7

2.4.1. Zinc(ll) Complex (1). The Zn(II) complex has a
molecular formula [Zn(HL),] and is yellowish-white in color,
nonhygroscopic, and an amorphous powder; yield: 72% (0.41
g). Composition: Calc. for C,,H,,N,0,Zn: C, 58.14; H, 4.47;
N, 11.30; O, 12.91; and Zn, 13.19%. Found: C, 58.27; H, 4.41;
N, 11.08; O, 12.84; and Zn, 13.40%. FT-IR (v cm™, KBr
(pellet)): 1642 v(Imin C=O0), 1622 v(quin C=N), 758
v(Zn—-0), 529 v(Zn—N). UV—vis (MeOH, nm): 231 and 259
(m = %), 303 and 393 (n — #*).

2.4.2. Copper(ll) Complex (2). The Cu(Il) complex has a
molecular formula Cu(HL),(H,0), and is deep-green in color,
nonhygroscopic, and an amorphous powder; yield: 64% (0.39
g). Composition: Calc. for C,,H,cCuN,Oq: C, 54.38; H, 4.94;
N, 10.57; O, 18.11; and Cu, 11.99%. Found: C, 54.55; H, 4.95;
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N, 10.35; O, 18.09; and Cu, 12.06%. FT-IR (v cm™, KBr
(pellet)): 1646 v(C=O0), 1562 v(quinol C=N), 607 v(Cu—
0), 544 v(Cu—N). UV—vis (nm): 255 (n — #*) and
351(LMCT).

2.5. Pharmacological Studies. 2.5.1. Antimicrobial
Activity. Antibacterial activity of the newly synthesized Zn(II)
and Cu(Il) complexes was evaluated using the disk diffusion
method against Gram-positive S. aureus (ATCC25923) and
Streptococcus pyogenes (ATCC1961S5) and Gram-negative
Escherichia coli (ATCC 25922), and P. aeruginosa (ATCC
27853) bacteria strains by adopting previously reported media
preparation methods.”®'***™** The bacterial strains were
screened against two sample concentrations (100 and 200 ug/
mL) in DMSO using ciprofloxacin as a reference with the same
concentrations. The bacterial growths were recorded by
measuring the zones of inhibition.

In addition to the disk diffusion method, the minimum
inhibitory concentration (MIC) values for the investigated
complexes were determined by the agar dilution assay method
against all of the bacterial strains as previously reported.'"'*
Bacterial suspension was prepared by inoculating nutrient
broth with a loopful of the bacterial culture from the slant and
incubated at 37 + 1 °C for 24 h. A few mL of the above
bacterial suspensions (24-h broth cultures) of each strain was
added to 20 mL of fresh broth until the final inoculum
concentration was approximately S X 10° CFU/mL, and a 2-
fold serial dilution method was followed.">*'~*

Complexes 1 and 2 were dissolved in water separately to a
concentration of 2.5 mg/mL solution. A 0.2 mL solution of the
complex was added to 1.8 mL of the seeded broth to form the
first dilution in each case (250 ug/mL concentration). Then,
10 various dilutions were prepared for each complex by
diluting 1 mL of this dilution with a further 1 mL of the seeded
broth to produce the second dilution. The process was
repeated until the 10th dilution, generating concentrations of
250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, 1.95, 0.98, and 0.49
ug/mL. A positive control was prepared using ciprofloxacin in
the same concentration as the complexes against all of the four
bacterial strains. A set of tubes containing only seeded broth
and a suitable solvent were kept as a negative control. After
incubation for 24 h at 37 £ 1 °C, the last tube with no visible
growth of the microorganism was taken to represent the
minimum inhibitory concentration (MIC) of the complexes in
each strain. All experiments were performed in triplicate, and
the mean of the triplicates was reported.">*"**

2.5.2. Radical Scavenging Activity. The free radical
scavenging activity of the free ligand and the corresponding
Zn(1I) and Cu(II) complexes was measured using the stable
radical DPPH described by the Blois method.” A stock
solution of the sample (1000 ug/mL) was prepared freshly in
methanol, solutions of different concentrations (1.56, 3.13,
6.25, 12.5, 25, 50, 100, and 200 pg/mL) were prepared from
the stock solution, and 1 mL of 0.004% DPPH solution was
added to the above test solutions according to the previous
studies."”* The mixture was shaken vigorously and incubated
for 30 min, and then the absorbance was measured at 517 nm
in triplicate and ascorbic acid was used as a positive control
parallel to the test compounds. In the absence of the test
sample, 1 mL of the DPPH solution in 1 mL of methanol was
used as the negative control.””*" The scavenging capability of
the DPPH radical was calculated using the following eq 1

(AI - AS)

1

DPPH ] X 100%

radical scavenging activity (%) =[

(1)

where A is the absorbance of the DPPH solution without the
samples and Ag is the absorbance of the titled compounds with
the DPPH solution. The half-maximal inhibitory concentration
(ICs) was calculated from the intercept and the slope of the
plotted graph of percent radical scavenging activity vs serial
concentrations of the targeted samples.

2.6. Computational Studies. Geometry optimizations of
the ligand (H,L) and its Zn(1I) and Cu(II) complexes were
performed using the Gaussian 16 program package.”® The
results were visualized using GaussView 06 and Chemcraft.
The DFT and time-dependent DFT (TD-DFT) calculations
were done using the B3LYP hybrid functional'’~* together
with the 6-311++G(d,p) basis set’” for the light atoms and
Lanl2DZ basis sets for the metal atoms to account for
relativistic effects. Grimme’s dispersion correction was made to
consider nonbonding interactions during the calculations.”’
This method has been used and gave results, which are in good
agreement with the corresponding experimental results in our
previous studies.'”**7>* Methanol and the polarizable
continuum model in its integral equation formalism (IEF-
PCM)*® were employed to mimic the experimental synthesis
method and consider solvent effects. The same method and
level of theory as that of the geometry optimizations was
employed to calculate the frequencies and confirm that the
optimized geometries are real minima. The computation of the
Eigenvalues for the frontier molecular orbitals, dipole moments
of the optimized geometries, and quantum chemical
descriptors were calculated and performed similarly to our
previous reports.13’53’54

2.7. Molecular Docking. The interaction and the binding
affinity of the ligand and its Zn(II) and Cu(II) complexes were
investigated with two key bacterial protein receptors using
molecular docking studies. The molecular docking analysis of
the free ligand and its Zn(II) and Cu(II) complexes was
performed using AutoDock 4.2 (MGL tools 1.5.7) with
previously reported protocol.>® The crystal structures of the
receptor proteins of E. coli DNA gyrase B (PDB ID 6F86) and
the P. aeruginosa LasR (PDB ID: 2UV0) were downloaded
from the protein database and processed by removing the
cocrystallized ligand, deleting water molecules, and adding
polar hydrogen and cofactors according to the AutoDock 4.2
(MGL to0ls1.5.7) procedure. Then, the grid box was set with
the graphical user interface program. The grid was used to
surround the key amino acid residue (Asp-73, Tyr-47, Trp-60,
and Val-76 for PDB ID: 2UVO0 and Asp-73, Asn-46, Arg-76,
and Gly-77 for PDB ID: 6F86) regions in the macromolecule.
The redocking was validated with grid center coordinates S8,
58, and 40 pointing in the ¥, y, and z directions, respectively,
with a grid point spacing of 0.375 A. The center grid box was
14.527, 56.689, and —5.122 A.>* Standard docking parameters
were used for the metals. Nine different conformations were
generated for each targeted ligand and complexes. The
conformation of the free ligand and the complexes with the
least free binding energy was selected to analyze their
interaction with the receptors usin§ the Discovery Studio
Visualizer and PyMOL (Version 2).

2.8. Statistical Analysis. The antibacterial evaluation data
of the ligand and the synthesized Zn(1I) and Cu(1I) complexes
were recorded in triplicate (mean + standard deviation). The
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Scheme 1. Proposed Synthesis Reaction Scheme of (A) Ligand (H,L) and (B) Zn(II) and Cu(II) Complexes
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Table 1. Physicochemical Properties of the Free Ligand and Its Zn(II) and Cu(II) Complexes

compounds color yield (%) conductivity (™! mol™ cm? 25 °C)
C,H,N,0, (H,L) yellow 85 (3.50 g)
[Zn(HL),] (1) yellowish white 72 (0.41 g) 20
[Cu(HL),(H,0),] (2) deep green 64 (0.39 g) 21

Table 2. Thermodynamic Parameters of the Novel Zn(II) and Cu(II) Complexes

complexes 1 2
temp. (K) 298 303 310 313 298 303 310 413
InK 19.33 19.32 19.32 19.32 19.88 19.88 19.87 19.87
—AG (kJ/mol) 4778 48.59 4971 50.19 4922 50.04 5120 51.70
—AH (J/mol) 52.93 17.62
AS (J/mol) 160.52 165.22

Table 3. FT-IR Data of the Ligand and Its Zn(II) and Cu(Il) Complexes™”

v(C-H) v(C-H) (c=0)
Cpds. v(O—H) v(N—H) Arom. Aliph. Aldeh.y v(C=N) Ql v(C-0) v(M-0) v(M-N)
H,L 3361%" (3709) 3245%" (3535) 3035 (3103)  2923“ (3021)  1679° (1678)  1618° (1584) 1079™ (1047)
1 3398 (3428) 3065" (3125)  2925™ (3055)  1642° (1679)  1622° (1588) 1056™ (1085)  598% (560)  529% (482)

2 3689-3298" (3740) 3290 (3400) 3066™ (3113) 2926™ (2952)  1646° (1679)  1562° (1586) 1057° (1076)  607™ (576)  544™ (490)

“The B3LYP-GD3/6-311++G**/LanL2DZ-calculated results are presented in parenthesis. bs = strong, m = medium, str = stretching, b = broad, w
= weak, Cpds. = Compounds.

Table 4. Electronic Spectra of the Free Ligand and Its Zn(II) and Cu(II) Complexes

compounds absorption (nm) transition
H,L 231, 261, 305, 408 (7 = n*), (x > 7*), (n > 7*), and (n - 7%*)
1 231, 259, 303, 393 (z = 7*), (x > %), (n > 7*), and (n - 7*)
2 255, 351 (n - #*) and LMCT

graphical analysis of the data was performed using GraphPad
Prism version 5.00 (GraphPad Software, California).'*>*
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Figure 1. Comparison of the experimental absorption wavelengths with the corresponding B3LYP-GD3/6-311++G(d,p)/LanL2DZ/IEF-PCM/
Methanol-calculated results of the Zn(1I) and Cu(II) complexes. The calculated absorption maxima red-shifted by 20 nm for better comparison
with the experimental results.

LUMO

9
120 — — e @

(b)

Figure 2. (a) HOMO and LUMO of the ligand and its metal complexes. (b) Spin density plots of the Cu(II) complex. The HOMO—-LUMO
energies are in hartrees.

Hence, the analysis of variance (ANOVA) test on behalf of 3. RESULTS AND DISCUSSION

correlation with significance (p < 0.05) was evaluated for 3.1. Synthesis of the Ligand and Its Transition-Metal
significant differences with groups (Table S1). Complexes. The synthesis of ligand (H,L) [(H,L) = 2-((2-
26340 https://doi.org/10.1021/acsomega.2c02205

ACS Omega 2022, 7, 26336—26352


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02205/suppl_file/ao2c02205_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02205?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table S. HOMO Energy, LUMO Energy, Energy Gap (E,), Electronegativity (y), Electronic Chemical Potential (1), Global
Hardness (17), Softness (6), Electrophilicity (@), Nucleophilicity Index (Nu), Dipole Moment of the Ligand, and Metal

Complexes in eV (Cpds = Compounds)

Cpds. Enomo Erumo E, X
H,L —6.117 —2.584 3.533 4.350
1 —6.352 —=2.772 3.580 4.562
2 —6.120 —3.147 2.973 4.633

n c Q Nu dipole
—4.350 1.766 0.283 5.357 0.187 4.737
—4.562 1.790 0.279 5.814 0.172 14.794
—4.633 1.487 0.336 7.220 0.138 1.863

Table 6. Absorption, Emission, Wavelength, and Intensity of
Free Ligand and Its Complexes

compounds absorption A, (intensity) emission A,,,, (intensity)
H,L 408 (0.10) 487 (102.05)
1 393 (0.09) 460 (483.91)
2 351 (0.25) 471 (835.57)
1000
800 4 —HL
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Complex 2
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Figure 3. Fluorescence spectra of the free ligand (H,L) and its (1)
Zn(1I) and (2) Cu(1I) complexes.

hydroxyethyl)amino)quinoline-3-carbaldehyde] from (E)-2-
(((2-((2-hydroxyethyl)amino)quinolin-3-yl)methylene)-
amino) ethanol afforded a good yield (85%), as indicated in
Scheme 1. The physicochemical properties of the ligand and
the complexes are presented in Table 1. The ligand and its
metal complexes were soluble in methanol, ethanol, and water
(polar solvents) but insoluble in hexane, dichloromethane, and
chloroform (nonpolar solvents).

3.2. Molar Conductance. The molar conductance of the
free ligand and its Zn(II) and Cu(II) complexes was measured
in methanol with a concentration of 1 mM of the complexes®”
and was found to be 20 and 21 Q7! mol™ cm? at 25 °C,
respectively (Table 1). The molar conductance was very low,
indicating that the complexes consist of lower electrolytes,
which resulted in the nonelectrolytic nature of the com-
plexes.®>°" As noted above, the two synthesized complexes are
soluble in polar solvents and insoluble in nonpolar solvents.
Their solubility mainly emanates from the polarity and polar
groups of the ligand (Scheme 1). However, since there are no
coordinated anionic species in the coordination sphere of the
two synthesized complexes (vide infra), dissolving the
complexes in polar solvents does not result in ionic species
in the ionization sphere, resulting in the low conductivity of
the two complexes. This was also further confirmed by the
chloride test for the Zn(II) complex. This is in line with a
previous report for similar complexes.”

3.3. Determination of Binding Stoichiometry and
Formation Constants. The binding stoichiometry of Zn(1II)
and Cu(II) complexes was determined with Job’s continuous
variation method. The binding stoichiometry of the ligand with
the two metal ions was determined by measuring the
absorbance spectra at A, values of 393 and 351 nm,
respectively, for Zn(II) and Cu(II) complexes. The Job’s
plot was constructed by varying the mole fraction with
constant total concentration (1 X 107> M) throughout the
experiment (Figure S4A,B). The point of intersection was
found at 0.65, which suggested a 1:2 metal-to-ligand [M/HL]
stoichiometric ratio, in agreement with related studies.®> ™%
Similarly, the formation constant (K) was evaluated
spectroscopically at different temperatures (Table S2). From
the extrapolated Job’s plot (Figure S4A,B), both the Zn(II)
and Cu(II) complexes have K values of 2.47 X 10% and 4.29 X
10%, respectively, which is in line with previously reported
studies (Table 2)./¥%376°

From the plot of In K vs 1/T (Figure S5), we determined the
thermodynamic parameters (AG, AH, and AS). The negative
values of change in Gibbs free energy and enthalpy showed the
spontaneity of the metal—ligand interactions and the
exothermic nature of the reactions. Moreover, the positive
values of the change in entropy (AS) showed that complex
formations are entropically favored,®*®” also implying that the
complexes are thermally stable up to 40 °C (Table S2). This is
in good agreement with the thermal analysis study (vide infra),
which indicated that both complexes are stable up to 100 °C.

3.4. Fourier Transform Infrared (FT-IR) Spectra of the
Free Ligand and Its Zn(ll) and Cu(ll) Complexes. FT-IR
spectra of the ligand and its Zn(1I) and Cu(II) complexes were
compared with those of the precursor ligand to determine the
coordination sites, which may be involved in the metal
complexation process. The detailed results and related
explanations are presented in Table 3 and Figures S6, S7.
The Zn(II) complex has the possibility of forming complexes
with both the bulky groups in the same side or in opposite
sides (Figure S8). However, the DFT calculations showed that
the geometry with the two bulky groups on the same side is
stable by 1.84 kcal/mol than the other conformer. The IR
spectra of the free ligand showed characteristic strong
stretching bands at 1679 (caled 1678) cm™ corresponding
to the v(C=0) aldehyde carbonyl group and 1618 (calcd
1584) cm™ for ¥(C=N) of the quinoline ring.5 This band
shifted toward a lower frequency in the spectra of both the
metal complexes in the range (1642—1646) cm™" for v(C=
0)°%% and shifted to higher frequencies ranging from 1562 to
1622 cm™ for ¥(C=N), indicating the involvement of the
ligand in dative bond formation in both metal com-
plexes.”'¥**”%”! The bands around 2923—2926 cm™" are for
aliphatic C—H stretching and 3035—3066 cm™" correspond to
C—H aromatic vibrations for all of the synthesized compounds.
In another case, the medium stretching frequency of the ligand
at 3361 (caled 3709) cm™ v(O—H) disappeared in the case of
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Spectrum 1

Figure 4. Energy-dispersive X-ray spectra of (A) Zn(1I), (B) Cu(Il), and (C) H,L(II). SEM images of (D) Zn(II) and (E) Cu(II) complexes and
(F) H,L(11).
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Figure 5. TGA and DTA curves of (A) Zn(II) and (B) Cu(II) complexes.
both Zn(II) and Cu(Il) complexes due to deprotonation; atom of the ligand through the deprotonated hydroxyl group in
however, there exists coordinated water molecule in the Cu(II) complex formation. Similarly, the medium FT-IR stretching

complex, which is attributed to the broad bands v(O—H) frequency of the ligand at 1079 cm™ for v(C—O) was
group observed at 3689—3094 cm™'. Both the experimental diminished to lower frequency regions of 1057 cm™" for Cu(II)
and calculated results indicated the participation of the oxygen and 1056 cm™" for the Zn(II) complex. This is an indication of
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Table 7. Temperature Range Values for Decomposition and
Corresponding Weight Loss Values

mass loss (%)

decomposition peak
temp. (°C) obsd. caled type interpretation
1 100-250 18.06 18.16 Exo loss due to C4H,N of the
quinoline ring moiety
280385 10.78 10.89 Exo loss due to C3H,0 of the
carbonyl moiety
395-505 20.42 20.58 Exo loss due to C;H,N of the
quinoline ring with an
amine substituent
510—610 S.51 544 Exo loss due to CHN of the
amine moiety
620—665 6.26 6.26 Endo  loss due to CH;O of the
carbonyl moiety
2 100-210 9.86 9.81 Exo loss of two water molecules
and carbonyl oxygen
215-312 39.87 40.01 Exo loss of C;3H|,N,O of the
quinoline ring with an
amine substituent
320-720 33.90 34.16 Exo loss due to C;;HN,O of

the amine with a
quinoline ring

the participation of the deprotonated oxygen atom of the
hydroxyl group in complex formation. However, there exist
coordinated water molecules in the Cu(Il) complex that
contribute to the O—H group in which a broad band in the
range of 3689—3298 cm™! was observed. In addition, the
medium FT-IR stretching frequency of the ligand at 3245 cm™!
for y(N—H) was enhanced to higher frequency regions 3398
and 3290 cm™' for both Cu(Il) and Zn(II) complexes,
respectively. This is an indication of the participation of the
amine nitrogen atom in complex formation.'””’° The NH
group is preferred for coordination and hence N from the
quinoline ring (imine group) is sterically hindered when
compared with the aliphatic nitrogen atom of the amine group.
In addition, low solubility, which might arise from the
generation of the polynuclear structure due to the nitrogen
atom of the quinoline ring participating in coordination is not
observed, and hence the complexes were found to be soluble in
polar solvents. Moreover, a very weak vibrational band was
observed at 598 cm™! for (Zn—0) and a medium band at 529
ecm™ for v(Zn—N) bonds of the zinc complex and medium
bands at 607 and 544 cm™" for v(Cu—0O and Cu—N) bonds of
the copper complex, in line with literature data.”">**”*”" This
indicates that both Zn(II) and Cu(II) metals were bonded to
the donor atoms of the ligand during the complexation
process.

3.5. UV—Visible Spectroscopy. The electronic spectra of
the free ligand and its Zn(II) and Cu(II) complexes were

Table 9. Antimicrobial Activity of the Complexes against
Selected Bacterial Strains (MIC in ptg/mL)

bacterial strains

complexes E. coli P. aeruginosa S. aureus S. pyogenes
1 125.0 1.95 15.63 >250
2 125.0 0.98 391 62.5
ciprofloxacin <0.49 <0.49 0.98 31.25
v
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Figure 6. Mean inhibition zone of bacterial activity of the titled
compounds. n = 3. Error bars indicate standard deviation.

obtained using dilute methanolic solutions (1 X 107> M) of the
sample at room temperature.”> The results are presented in
Table 4, Figure 1, and Figure S9. The free ligand exhibited
absorption bands at 231 and 261 nm (z — 7*) and 305 and
408 nm (n — z*) (Figure S9). But these bands blue-shifted at
different absorbance values in the case of the metal
complexes.”” The hypsochromic effect”®”" shows the for-
mation of the titled metal complexes when compared with the
free ligand (Figure 1).

The observed spectral features of the Zn(II) complex
observed at 231 and 259 were assigned to # — 7* and 303 and
393 to n — z* transitions, and those of the Cu(II) complex at
the spectral band of 255 nm was assigned to the n — z*
transition.”””>~”> Additionally, the broad band observed at 351
nm for Cu(II) may be assigned to the ligand-to-metal charge
transfer (LMCT), in line with our DFT calculations (Figure
2), which showed the presence of electron transitions from the
highest occupied molecular orbital (HOMO) of the ligand to
the lowest unoccupied molecular orbital (LUMO) of the metal

Table 8. Mean Zone of Inhibition of Synthesized Compounds in mm (Mean + SD)

compounds

bacterial strains conc. (pg/mL) 1 2 H,L ciprofloxacin
E. coli 100 14.62 + 2,00 13.79 + 065 10.66 + 175 2079 + 2.00
200 16.71 + 1.50 14.55 + 1.7§ 11.55 + 0.68 21.54 + 1.78

P. aeruginosa 100 18.67 + 0.50 19.56 + 0.84 8.50 + 0.52 19.99 + 0.95
200 20.75 + 2.0 20.9 + 2.00 9.60 + 2.00 20.94 + 2.01

S. aureus 100 13.76 + 0.75 18.71 + 0.82 10.66 + 0. 39 20.81 + 0.84
200 14.70 + 0.86 19.69 + 0.71 10.96 + 0.96 21.72 + 0.64

S. pyogenes 100 11.57 £ 0.79 18.58 + 1.04 0.00 + 00 19.53 + 091
200 12.62 + 0.50 19.75 + 0.93 0.00 + 00 20.79 = 0.73
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Figure 8. Binding interactions of complex 1 against P. aeruginosa
LasR.DNA (PDB: 2UV0).

24,71,74,76 . ..
center.”*”""*7% There is no d — d transition band for the

Cu(II) complex; however, ligand-to-metal charge transfer
(LMCT) was observed to be dominant, in agreement with

the literature.”*’” This is due to the vacant d-orbital of the
Cu(II) complex and the presence of lone-pair electrons on the
ligand.”®”” Similar trends were found in the TD-DFT-
calculated absorption spectra (Figures 1 and S9).

The wave function analysis (Figure 2) of the ligand showed
that the HOMO of the ligand electron density resided on the
quinoline ring and ethanolamine part of the molecule, whereas
the LUMO of the ligand was found to reside on the quinoline
part of the molecule and the carbonyl part of the molecule,
revealing the possibility of # = 7* and n — 7* electronic
transitions. The HOMO and LUMO of the Zn(II) complex
(1) were found to show different band gap energies and wave
function distributions (Figure 2), which clearly showed that
the HOMO and LUMO reside on the metal and ligand part of
the complex, respectively. This indicates the possible 7 — 7*
electronic transitions. However, in the case of the Cu(II)
complex, the HOMO and LUMO are localized over the
coordinated system, with the ligand for the HOMO and the
metal center for the LUMO, inferring the possible LMCT
electronic transitions. The spin density analysis of the Cu(1I)
complex showed that the unpaired electron spin density is
delocalized over the metal d-orbitals (Figure 2).

3.6. Quantum Chemical Analysis. Analysis of the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) was used to compare
the reactivity of the free ligand (H,L) and its Zn(II) and
Cu(II) complexes. The HOMO—LUMO energy gap (E,) can
be associated with the antibacterial and antioxidant activ-
ities.””®" Accordingly, the energy gaps (Eg = Erumo — Enomo)
for possible electron transitions were calculated to be 3.533,
3.580, and 2.973 eV for the H,L and Zn(II) and Cu(II)
complexes (Table S), respectively. These band gap energy
values were found to be in line with the experimentally found
antioxidant activity of the complexes: Cu(Il) > Zn(II) (Figure
7). The chemical reactivity of the complexes increases with a
decrease in the energy gap (Eg) values. Based on this, it is
deduced that the Cu(Il) complex is more reactive than the
Zn(1I)complex, in line with previously reported studies.””
Moreover, the reaction between copper and the ligand has
reduced the HOMO-LUMO energy gap of the Cu(Il)
complex, an indication of improved biological activities.
Accordingly, from the band gap and dipole moment results,
the metal complexes showed better biological activities than
the free ligand, also in line with the experimental biological
activities. The Eigenvalues for the HOMO of the ligand and its
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Figure 9. Binding interactions of complex 2 against P. aeruginosa LasR. DNA (PDB: 2UVO0).

Table 10. Molecular Docking Scores and Residual Amino Acid Interactions of Synthesized Compounds against E. coli DNA

Gyrase B (PDB ID: 6F86)

residual interactions

Cpds. affinity (kcal/mol) H-bond

H,L -6.5 Asp-73, Thr-165, Gly-77
1 -7.4 Asn-46, Arg-76

2 =7.0 Thr-165

Cipro. =72 Asp-73, Asn-46, Arg-76

HOH-616, Asn-46, lle-94, 1le-78, Val-43
Thr-165, Ala-47, Ile-78, Val-167, Gly-77, Glu-50
Glu-50, Arg-76, Pro-79

Glu-50, Gly-77, Pro-79, lle-78, 1le-94, Ile-78 Ala-47

van der Waals
Val-71, Ala-47, Arg-76
Ile-94, Pro-79, Asp-73, Val-43
Gly-77, lle-78, Asp-49, Asn-46,

hydrophobic/Pi-cation

metal complexes (Table 5) showed the improvement of the
softness of the metal complexes than the ligand, inferring the
potential of the synthesized metal complexes to interact with
soft molecules. According to the HSAB principle, “soft acids
prefer to bind with soft bases and hard acids prefer to bind
with hard bases”, and it is observed that the higher global
softness of the Cu(II) complex than the Zn(II) complex is in a
good agreement with the results obtained for antibacterial
activities (Table 8). Similarly, from the results of the electronic
chemical potential (), the Cu(II) complex has a stronger
reactivity than the Zn(II) complex. As known, chemical
potential can be used to determine the chemical reactivity of

molecules, which is directly proportional to the spontaneity of
the reactions. The chemical reactivity increases with decreasing
chemical potentials. Our calculated results were found to be in
line with the spectroscopically determined thermodynamic
parameters (Table 2). In addition, electrophilicity (w) and
nucleophilicity index (Nu) parameters showed that the Cu(II)
complex has a higher electrophilicity index than the Zn(II)
complex, implying that the Cu(II) complex has the ability to
accept electrons,”’ and the Zn(II) complex has a stronger
nucleophilicity index (Table ).

3.7. Fluorescence Study. The emission spectra of the free
ligand (H,L) and its corresponding Zn(II) and Cu(Il)
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complexes showed emission bands at 487, 460, and 471 nm,
respectively (Table 6). The complexation of metal ions with
the free ligand induces the hyperchromic (intense) and
hypsochromic (blue shift) shifts. The metal complexes showed
intense fluorescent intensities as compared with their precursor
ligand (Figure 3)."

The observed emission of the Zn(1I) complex could be due
to the intraligand emissions,”” while in the case of the Cu(II)
complex, the enhancement in intensity compared with the free
ligand was due to ligand-to-metal charge transfer (LMCT).
Generally, the emission intensities of the Zn(II) complex were
found to be nearly 4-fold and those of Cu(II) were 8-fold
greater than that of the free ligand. These results indicate that
the Zn(II) complex could be used for photochemical
applications™ and the participation of the ligand in coordinate
covalent bond formation, in which the emission peaks have
blue-shifted by 12—25 nm. These analyses are in agreement
with the previously reported studies.”>*”*"

3.8. X-ray Diffraction Study. The powder X-ray
diffraction (XRD) patterns of the synthesized Zn(Il) and
Cu(I) complexes showed an amorphous structure (Figure
S10) as confirmed by the XRD pattern of the complexes, which
indicated a broad peak in the range of 26 = 5—80°.%"**

3.9. EDX-SEM analysis. The composition of the free
ligand and its Zn(1I) and Cu(II) complexes was obtained from
energy-dispersive X-ray (EDX) analysis. In the EDX spectrum,
the Zn(1I) complex showed four signals, which correspond to
carbon, oxygen, nitrogen, and zinc. This proves that the metal
complex existed without any impurity. It also clearly confirms
the formation of the CHZnNO compound (Figure 4A).
Similarly, the EDX spectrum of the Cu(1I) complex showed
four characteristic signals corresponding to carbon, oxygen,
nitrogen, and copper. Hence, the complex was present without
any impurity, and the formation of the complex with the
elemental composition of CHCuNO (Figure 4B).

Finally, in a similar fashion, the EDX spectrum of the free
ligand exhibited three characteristic signals assigned to carbon,
oxygen, and nitrogen, indicating the CHNO composition of
the free ligand (Figure 4C). The analyses also indicated that
the experimental percentage compositions of the atoms were
found to be very close to those of the theoretical values, in line
with previously reported studies.'”**** Scanning electron
microscopy (SEM) was employed to evaluate the morphology
and particle size of the compounds. The SEM micrographs
showed the agglomerated particles of the compounds. The free
ligand (H,L) and its Zn(II) and Cu(II) complexes showed the
mass of agglomerations (Figure 4D—F). Both the SEM images
and the powder XRD data agreed with each other, in which all
compounds showed amorphous-like structures.'***~%°

3.10. Mass Spectrometry (MS). To get a confirmation of
the complete formation of the complexes, the synthesized H,L
and its Zn(II) and Cu(II) metal complexes were subjected to
LC-MS spectrometric analysis. The results are presented in the
SI (Figure S11). For the ligand, a molecular ion peak was
obtained at an m/z of 215.75 (caled 216.09), corresponding to
[C,H;,N,0,] with a molecular weight of 216.24 g/mol
(Figure S11A). In the case of the Zn(II) complex, a molecular
ion peak was found at an m/z of 493.95 (calcd 494.09),
corresponding to [Cy,H,,N,0,Zn] with a molecular weight of
495.84 g/mol (Figure S11B). In addition, the spectrum also
exhibited other peaks at m/z values of 435.95 (62.30%) (calcd
436.09) and 386.35 (30.80%) (calcd 386.07), which
correspond to the possible fragments of [C,,H,(N,0,Zn]*

and [C;H {N,O,Zn]*, respectively. On the other hand, the
Cu(II) complex exhibited a molecular ion peak at an m/z of
529.45 (caled 529.11), which corresponds to the formula
[C,4H,sCuN,O4] with a molecular weight of 530.03 g/mol
(Figure S11C). This complex also showed a peak at an m/z of
392.75 (60.80%) (calcd 393.04), leading to a possible
[C,oH,4,CuN,0,]* fra%ment. This is in line with the previously
reported studies.”>*’ ™

3.11. Thermogravimetric Analysis (Thermal Studies).
The TGA and DTA curves presented in Figure S, Figure S10,
and Table 7 reflect the maximum temperature values with the
corresponding weight losses for each step of decomposition
reactions of the Zn(II) and Cu(II) complexes. The obtained
data strongly support the formulae proposed.

The TGA curve of [C,H,,N,0,Zn] exhibited approx-
imately five stages of decomposition (Figures SA and S12A).
The first stage that occurred at a temperature range of 100—
250 °C was related to the C{H,N quinoline ring moiety with a
weight loss of 18.06% (caled 18.16%). The second step of
decomposition occurred within a temperature range of 280—
385 °C, accompanied by a weight loss of 10.78% (caled =
10.89%), which corresponds to a loss due to C;H,O of the
carbonyl moiety. The third step of degradation recorded in the
temperature range of 395—50S °C having a weight loss of
20.42% (caled = 20.58%) could be attributed to the loss of
C,H,N of the quinoline ring with an amine substituent moiety.
The fourth step of degradation observed in the temperature
range of 510—610 °C with a weight loss of 5.51% (caled =
5.44%) might be due to the loss of CHN of the amine moiety.
The fifth and final step of degradation occurred in the
temperature range of 620—665 °C and resulted in a weight loss
of 6.26% (calcd = 6.26%) attributed to the loss of CH;O of the
carbonyl moiety. Thereafter, the compound showed a gradual
decomposition up to 665 °C with a weight loss of many
organic moieties. The weight of the residue, which corresponds
to the respective zinc oxide (ZnO) and some organic moieties
(C4H,NO + C,H,) was about 38.97% (caled = 38.67%).
These results are in line with previously reported studies.*””°

The thermal decomposition of complex 2 [C,,H,,CuN,Oq]
proceeds with three main degradation steps (Figures SB and
S12B). The first stage of decomposition occurred at a
temperature range of 100—210 °C. The weight loss related
to this step was 9.86% and could be due to the loss of two
water molecules and the carbonyl oxygen moiety, which is in
agreement with the calculated value of 9.81%. In addition, the
second stage of decomposition occurred at a temperature
range of 215—312 °C. The weight loss found associated with
this step is 39.87% and may be attributed to the loss of
C;3H;,N,O of the quinoline ring with an amine substituent
moiety, which is in line with the calculated value of 40.01%.
The third and final stage of decomposition occurred at a
temperature range of 320—720 °C, and the weight loss found
at this stage was equal to 33.9%, corresponding to a loss due to
C,1HsN,O of the amine with a quinoline ring, which is in
agreement with the calculated value of 34.16%. This complex
decomposed into three steps with a total mass loss of 83.64%
(calcd = 83.98%) and 15.36% mass loss, leaving copper oxide
(CuO) as a residue (Table S), which is in very good agreement
with the calculated value of 15.01% and related reported
studies.”>”"”!

3.12. Biological Applications. 3.12.1. Antibacterial
Activity. The synthesized ligand and the corresponding Zn(II)
and Cu(Il) complexes were evaluated for their in wvitro
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antibacterial activities against four human pathogenic bacteria
using the disk diffusion and agar dilution assay methods. The
results are presented in Tables 8 and 9. The disk diffusion data
showed that both Zn(II) and Cu(II) metal complexes
exhibited medium-to-high antibacterial activity against the
targeted bacterial strains with mean zones of inhibition that
ranged from medium (11.57 + 0.79 mm at 100 yg/mL) to
high (20.9 + 2.00 mm at 200 pug/mL). Both metal complexes
showed good activities against P. aeruginosa, with mean
inhibition zones of 20.75 + 2.05 and 20.9 + 2.00 mm in
diameter at 200 pig/mL, respectively, when compared with the
positive control, ciprofloxacin, which has a mean inhibition
zone of 20.94 + 2.01 within similar concentrations (Table 8).

The Cu(II) complex has high antibacterial activities with the
range of zone of inhibition from 13.79 + 0.65 to 20.9 + 2.00
mm at both concentrations of 100 and 200 pg/mL for all of
the bacterial strains (E. coli, P. aeruginosa, S. pyogenes, and S.
aureus). The free ligand has 11 and below mean zones of
inhibition for E. coli, P. aeruginosa, and S. aureus, whereas it has
no antibacterial activity against the Gram-positive bacteria, S.
pyogenes. This indicates that the precursor ligand has lower
antibacterial activity than Zn(II) and Cu(II) metal complexes
(Table 8 and Figure 6). This is in agreement with the fact that
the antimicrobial activity of metal complexes can be elucidated
on the basis of chelation theory, which suggested that chelation
could promote the ability of the complexes to pass through a
cell membrane.'*****" From the results, the complexes were
found to be potential antibacterial agents when compared to
the standard drug.

Furthermore, the results shown in Table 9 indicate better
antibacterial activity for complex 2 against P. aeruginosa, S.
aureus, and S. pyogenes with MIC values of 0.98, 3.91, and 62.5
(ug/mL), respectively. Both complexes showed significant
antibacterial activity against P. aeruginosa in comparison to
other bacterial strains and have smaller MIC values against this
bacteria, in which complex 2 is stronger than complex 1 in all
four bacterial strains. However, in all cases, the minimum
inhibitory concentrations are somewhat larger than those of
ciprofloxacin and the parent ligand.

The character of the metal ions coordinated to the ligand
may have its own role in such difference, in addition to the
chelation, which considerably increases the lipophilic character
of the central metal ion because of the partial sharing of its
positive charge with the donor groups and possible s-electron
delocalization over the chelate ring. This favors the permeation
through the lipid layer of the cell membrane. The increased
liposolubility of the ligand upon being complexed with a metal
may contribute to the easy transportation into the bacterial
cells, which then blocks the metal-binding sites in the enzyme
of microo1‘ganisms.27’38 Furthermore, different factors should
be under consideration for metal complexes having anti-
bacterial activities, viz, chelate effect, nature of the ligands, total
charge of the complex, and nature of the ion that neutralizes
the given ionic complex,'*?7%7#0%0

3.12.2. Antioxidant Activity. The radical scavenging
activities of the free ligand and its synthesized Zn(II) and
Cu(II) complexes were evaluated in terms of their proton-
donating ability with UV—visible absorbance using the DPPH
assay, which is a stable free radical that accepts proton or
electron from corresponding donor compounds, resulting in
the loss of the characteristic deep purple (4, = S17 nm)
color. 34486 Accordingly, the compounds that have antioxidant
activity may reduce the absorbance at 517 nm corresponding

to DPPH radicals, and hence the color of DPPH changes in
the reaction process.m”86 From the results, it was observed that
the complexes have higher antioxidant activities as compared
to the precursor ligand (Figure 7 and Table S3). Such results
have previously been reported for similar transition-metal
complexes, | 20213084

Generally, in this work, when we compared the radical
scavenging activities of the synthesized metal complexes,
standard and free ligands, we found that A/A > 2 > 1 > H,L.
This confirms that the free ligand has lower radical scavenging
activities’ as compared with the standard (ascorbic acid),
complexes 1 and 2. It can be concluded that metal complexes
have more radical scavenging activities than their free ligand
due to synergy effects. This makes the metal complexes have
strong potential use as radical scavengers and eliminates
radicals.””*"%7>

Half-maximal inhibitory concentrations (ICg,) of the titled
free ligand and its complexes are shown in Figure 7B and Table
S3 as radical eliminators. The ligand and its transition-metal
complexes 2 and 1 exhibit ICy, values of 42.5, 4.72, and 8.2
ug/mL, respectively, while ascorbic acid has a value of 4.28 ug/
mL. From ICy, values, both the complexes have good
communication with a positive control, and these results are
in good agreement with previously reported studies.”*”

3.13. Molecular Docking Analysis. Bioactive molecules
inhibit either the reproduction of pathogenic bacteria or kill
them by acting on some essential components of bacterial
strains. DNA gyrase is one of the essential enzymes, which
induces negative supercoils into bacterial DNA. In this aspect,
fluoroquinolones are among DNA gyrase-targeted drugs.””
Some bacteria also secrete a variety of toxic substances,
including exotoxin A (ETA), phospholipases, and several
proteases and the like. P. aeruginosa is opportunistic pathogenic
bacteria, which activate the expression of the LasR gene
required for the transcription of the genes for elastase (LasA
and LasB) protease, associated with virulence.”””* Therefore,
the molecular docking of the two complexes and the ligand was
performed against the DNA gyrase of E. coli and LasR of P.
aeruginosa to investigate their mode of action, and the results
were compared with the in vitro antibacterial assays.

The molecular docking interaction was studied between the
ligand and its complexes against the proteins of P. aeruginosa
LasR (PDB ID: 2UV0) (Figures 8 and 9) and E. coli DNA
gyrase B (PDB ID: 6F86) (Figures S14—S16) to understand
the binding mechanism of action, in which all compounds
interacted with the key amino acids of the two bacteria.
Accordingly, the metal complexes have shown significant
interactions within the active sites of the P. aeruginosa
LasR.DNA protein through the key amino acids like Tyr-47,
Trp-60, Asp-73, Tyr-64, Leu-36, Trp-88, and Arg-61 (see
Table S4). Hydrogen bond and hydrophobic interactions with
Arg-61 and Leu-36, Tyr-64, Val-76, Cys-79, Ala-127 for
complex 1 and Arg-61, Tyr-64, Ser-129 and Leu-36, Val-76,
Cys-79, Ala-127 for complex 2 showed moderate to equivalent
binding scores compared to the clinical drug ciprofloxacin (see
Table S4).

Similarly, the targeted compounds interacted with the key
amino acids of E. coli DNA gyrase B by forming hydrogen
bonds and hydrophobic interactions; for instance, with Asn-46,
Arg-76, and Thr-165 for complex 1 and Thr-165 and Glu-50
for complex 2 within the active sites (see Table 10). The
results clearly showed that the free carbonyl oxygen chain in
the complexes interacted with the amino acids within the
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active sites of the protein. Both the reported docking scores of
the complexes showed better docking scores with binding
energies of —7.4 and —7.0 kcal/mol for Zn(II) and Cu(II)
complexes, respectively, while that of the standard is —7.2
kcal/mol (Table 10).

The Zn(II) complex has a stronger binding energy than
ciprofloxacin since it interacts through more van der Waals
forces within the active sites of the enzyme via Ile-94, Pro-79,
Asp-73, and Val-43 amino acid residues, while the van der
Waals interaction of the ciprofloxacin was only via Ala-47.
Even though there are four amino acid residues (Gly-77, Ile-
78, Asp-49, and Asn-46) within the active sites of the enzyme
that interacted with the Cu(Il) complex via van der Waals
interaction, only Thr-165 interacted via a H-bond, whereas
more H-bond interactions were possible with the Zn(II)
complex and ciprofloxacin. On the other hand, the in vitro
activities of the complexes against E. coli showed a mean
inhibition zone (MIZ) of 14.55 + 1.75 mm for the Cu(II)
complex and 16.71 + 1.50 mm for the Zn(II) complex,
indicating that the docking results are in good agreement with
the in vitro activities.

The molecular docking results of the complexes (1 and 2)
and the ligand against the P. aeruginosa LasR binding domain
were —8.6, —5.3, and —7.6 kcal/mol, respectively, whereas the
affinity energy of ciprofloxacin in this case was found to be
—8.3 kcal/mol. The in vitro mean inhibition zone of complexes
1 and 2 and the ligand (20.75 + 2.05, 20.9 + 2.00, and 9.60 +
2.00 mm, respectively, Table 8) have slight differences in the
docking results compared to those of E. coli DNA gyrase B.
Thus, the complexes may hinder bacterial growth through
inhibition of their DNA gyrase rather than the LasR protein.
Indeed, this is in good agreement with the literature report that
quinolones (fluoroquinolones) target the DNA gyrase of
bacteria.”” Since the complexes in the current work were also
developed on a quinoline scaffold, their mode of action could
be through hindering the DNA gyrase of bacteria.

4. CONCLUSIONS

These novel Zn(II) and Cu(Il) metal complexes were
prepared with a bidentate ON donor ligand (H,L), [H,L =
2-((2-hydroxyethyl)amino)quinoline-3-carbaldehyde]. The
complexes were characterized by FT-IR spectroscopy, SEM-
EDX spectroscopy, powder XRD, UV-—vis spectroscopy,
fluorescence spectroscopy, TGA, and mass spectroscopy. The
comparison of the B3LYP-GD3-calculated IR frequencies and
TD-B3LYP-GD3-calculated absorption spectra is in very good
agreement with the corresponding experimental results. Such
agreements further confirmed the analyses as well as the
characterization of the complexes. Based on the comparison of
the results from the FT-IR, mass spectral data, elemental
analysis, TGA, and DFT calculations, we proposed that the
Zn(II) and Cu(Il) complexes have tetrahedral and octahedral
coordinate systems, respectively, with the bidentate nature of
the free ligand. The results of the binding stoichiometry,
elemental analysis, mass spectra, and thermogravimetric
analysis deduced the formation of a 1:2 metals/ligand ratio,
in both Zn(1I) and Cu(II) complexes and have formation
constant (K) values of 2.47 X 10° and 4.29 X 10° respectively.
Antimicrobial studies were carried out against E. coli, P.
aeruginosa, S. pyogenes, and S. aureus using the disk diffusion
and agar dilution methods. The results showed a significant
increase in the antibacterial activity of the metal complexes as
compared to the uncomplexed ligand due to chelation, with a

mean inhibition zone ranging from 11.57 + 0.79 to 20.90 +
2.00 at 100 and 200 ug/mL concentrations. Specifically, the
Cu(II) complex exhibited zones of inhibition that ranged from
18.58 + 1.04 to 20.90 + 2.00 mm (MIC = 62.5, 0.98, and 3.91
ug/mL) compared with ciprofloxacin with the zone of
inhibition ranging from 19.53 + 0.91 to 20.94 + 2.01 mm
(MIC = 31.25, 049, and 0.98 pg/mL) for S. pyogenes, P.
aeruginosa, and S. aureus, respectively, at the same concen-
tration. The radical scavenging activity of the free ligand and its
metal complexes was studied using the DPPH assay, and both
Cu(ll) and Zn(II) complexes have shown very good free
radical scavenging activities with half-maximal inhibitory
concentration (ICg,) values of 4.72 and 8.2 ug/mlL,
respectively, while ascorbic acid (positive control) has a
value of 4.28 ug/mL. The molecular docking results of the
binding mode of these compounds against E. coli DNA gyrase
B (PDB ID: 6F86) were found to be in good agreement with
the in vitro biological activity results.
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