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A series of some transition metal, Fe(III), Cu(II), Cd(IT), and Hg(IT), complexes
with N',2-bis((Z)-2-oxoindolin-3-ylidene)hydrazine-1 carbohydrazide (HsL)
ligand have been synthesized, and their structures were elucidated based on
their spectral analyses (Fourier transform infrared [FT-IR], 'H nuclear
magnetic resonance (NMR) and >C NMR, UV-visible (UV-Vis), electron spin
resonance (ESR), powder X-ray diffraction [XRD], and mass spectroscopy),
elemental analyses, conductance, and magnetic susceptibility measurements.
The structures of the H;L ligand and its metal complexes were optimized using
the DMol® tool in the material studio package. The ligand behaves as
binegative N°0O° pentadentate in [Fe(HL)(CI)]-2H,O complex, mononegative
N?0® pentadentate in [Cu(H,L)(OAc)]-2H,O complex, mononegative N20O
tridentate in [Cd(H,L),]-H,O complex, and finally, neutral N bidentate in [Hg
(H5L)(Cl),]-2H,0 complex. Coats-Redfern and Horowitz-Metzger methods
were used to estimate the various thermodynamic and kinetic parameters.
Cyclic voltammetry of the ligand in the absence and presence of Cd(II) and
Hg(II) ions was studied. Fluorescence studies were performed in DMSO and
showed that Cu(II) ions quench the fluorescence spectrum of the free ligand,
whereas Cd(II) ions enhance it. The in vitro antimicrobial activities of the free
ligand and its complexes against different bacterial strains and fungi Candida
albicans were screened using agar-disc diffusion techniques. The antioxidant
potentials of the isolated compounds were also screened by employing SOD
and ABTS free radical scavenging methods. Molecular docking studies were
performed using Auto-Dock tools to predict the best binding mode and
predominant binding interactions.
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1 | INTRODUCTION

For the first time, Schiff bases were described in 1864 by
H. Schiff"*! Hydrazones are considered a vital category of
Schiff base compounds that have distinctive pharmaceutical
applications as anti-inflammatory,”*! antimicrobial,'” and
anticonvulsing agents'® and have diverse applications in
numerous areas such as food and dyes industries, catalysis,
analytical chemistry, and agrochemical industries.*”! The
biological activity of the metal complex may be more
prominent or lower than that of the metal ion or/and
the ligand.® Syntheses of metal complexes with
carbohydrazide and their Schiff base derivatives have
inspired research topics in coordination chemistry for a long
time."®! Due to the preparatory accessibility and structural
variety, the transition metal complexes of Schiff bases are
the most significant stereochemical pattern in coordination
chemistry."!) Isatins are considered an important class of
heterocyclic compounds as they have different activities like
antimicrobial,[u] antibacterial, and antifungal activities."’!
In the current work, we would like to consider the chelat-
ing properties of N ,2-bis((Z)-2-oxoindolin-3-ylidene)
hydrazine-1 carbohydrazide (HsL) towards Fe(IIT), Cu(Il),
Cd(I1), and Hg(Il) metal ions in details, covering structure
elucidation, molecular modeling, the biological activities of
the isolated compounds, changes observed in the fluores-
cence spectrum, cyclic voltammogram of the ligand upon
addition of different metal ions, and molecular docking of
the ligand and its complexes.

2 | EXPERIMENTAL
2.1 | Materials and methods
All the chemicals and solvents wused (isatin,

hydrazinecarbohydrazide, ethanol, diethyl ether, metal
chlorides, and metal acetates) were purchased from
normal business associations such as British Drug House
(BDH) and Sigma-Aldrich and used as supplied without
additional refinement. Fourier transform infrared (FT-IR),
nuclear magnetic resonance (NMR), and UV-visible
(UV-Vis) spectra were recorded employing Mattson 5000
FT-IR spectrophotometer (as KBr discs) within the range
4000-400 cm™!, Bruker Avance 400 MHz, and Unicam
UV-Vis spectrophotometer, respectively. The fluorescence
emission spectral measurements were recorded using an
Agilent Cary Eclipse Fluorescence spectrophotometer.
Samples were excited at 480 nm in recording the fluores-
cence spectra. Carbon, hydrogen, and nitrogen content was
estimated using a Perkin-Elmer CHN analyzer. The metal
and chloride content was evaluated according to recorded
methods.™!  Gas chromatography-mass spectrometry

(GC-MS) spectra were recorded on a Varian Mat 311. EPR
spectrum of [Cu(H,L)(OAc)]-2H,0 complex was recorded
using a Jeol JES-RE1X EPR device using the usual standard
(DPPH). Thermal measurements (thermal gravimetric
analysis [TGA]-differential thermal analysis [DTA])
were obtained using Shimadzu thermogravimetric analyzer
DTG-60H in a nitrogen atmosphere (gas flow
20 ml min~") with a 10°C min~' heating rate. Cyclic
voltammetry measurements were obtained using DY2100
apparatus at 0.1, 0.01, 0.02, and 0.05mV st scan
rates. Magnetic susceptibilities were estimated using a
Sherwood magnetic balance. All measurements were done
at room temperature.

2.2 | Preparation of H;L ligand and its
metal complexes

2.21 | Synthesis of H;L ligand

A hot ethanolic solution of hydrazinecarbohydrazide
(carbohydrazide) (1.8 g, 0.02 mol) was added to ethanolic
solutions of isatin (5.9 g, 0.04 mol). The resulted mixture
was refluxed at 70°C to 80°C for 3 h. The yellow, solid

product resulted was filtered off, washed, and dried in a
desiccator over CaCl, anhydrous.

2.2.2 | Synthesis of metal complexes
Individually, for each one of the complexes, four solu-
tions of H;L ligand (Figure 1) (0.5 g, 0.0015 mol) in 15-ml
absolute ethanol were prepared and then for [Fe(HL)
(CD]-2H,0 complex (Figure 2): (0.3 g, 0.0015 mol) of
anhydrous FeCl;, for [Cu(H,L)(OAc)]-2H,O complex
(Figure 3): (0.26 g, 0.0015 mol) of Cu (CH5COO),, for [Cd
(H,L),]-H,0 complex (Figure 4): (0.4 g, 0.0015 mol) of Cd
(CH;C00),-2H,0, and for [Hg(H;L)(Cl),]-2H,0 complex
(Figure 5): (0.4 g, 0.0015 mol) of HgCl, were dissolved in
15-ml absolute ethanol and added drop by drop to the
prepared ligand solutions. The resulted mixtures were
reflexed at 60°C to 70°C for 6 h, and the resulted colored
compounds were filtered, washed, and then dried over
anhydrous CacCl,.

2.3 | Molecular modeling

The isolated ligand and its complexes were optimized
using DMol® code in the material studio program,>~°!
with the revising Perdew-Burke-Ernzerhof (RPBE)
functional,’> with the double numerical basis set with
polarization functions (DNP).[2!!
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FIGURE 1 Molecular structure of
H;L ligand
FIGURE 2 Molecular structure of

[Fe(HL)(C1)]-2H,0 complex

FIGURE 3 Molecular structure of
[Cu(H,L)(OAC)]-2H,0 complex

2.4 | Molecular docking

Molecular docking studies were used to give a suitable
indication for the ligand-receptor interactions with the
aid of computational methods. The Auto-Dock 4.2 and
MGL 1.5.6 tools were used in docking studies.”**) The
structures of Escherichia coli, Bacillus subtilis, Staphylo-
coccus aureus, Pseudomonas aeruginosa, Candida
albicans, and xanthine oxidase were obtained from a pro-
tein database (RCSB PDB) with ID: 1C14, 4BPF, 3BL6,
3P3E, 5V5Z, and IFIQ, respectively.**°! Water mole-
cules were eliminated, and hydrogen atoms were added.
The grid box was put up with dimensions of
60 X 60 x 60 A and 0.375-A grid spacing. Gasteiger
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charges were added utilizing the AD tools, and the
Lamarckian genetic algorithm was used in looking up
the ideal binding site of the ligand. The results obtained
were analyzed wusing the BIOVIA DS visualizer
software. !

2.5 | Biological applications

2,51 | Antimicrobial activity

The H;L ligand and its metal complexes were all
screened for their in vitro antimicrobial activity using the
disc diffusion and agar diffusion methods.!*~3*
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FIGURE 4 Molecular structure of [Cd(H,L),]-H,O complex

FIGURE 5
complex

Molecular structure of [Hg(H;L)(Cl),]-2H,0

Antibacterial activity

The antibacterial activity of the examined compounds
was performed by employing the agar diffusion
technique.[m Gram (+) B. subtilis and S. aureus and
Gram (—) E. coli and P. aeruginosa clinical bacterial
breeds were used in performing the antibacterial assay.
The agar's surface was vaccinated with the bacteria

culture, and then, the ligand and metal complexes are
dissolved in DMSO."*? The ligand and metal complexes
were added to the bacteria culture and allowed to stand
for about 1 h. Then, the plates were left at room tempera-
ture for 2 days. Then, the diameter of the inhibitory
zones was measured (mm) which indicates the
antibacterial activity of the tested compounds.

Antifungal activity

In vitro antifungal activity of the ligand and its metal
complexes was screened by employing the disc diffusion
method.**! C. albicans microbe was used in performing
the test for the ligand, and its metal complexes were
dissolved in DMSO, negative control, (1 mg ml™"). The
incubation of the plates was left at room temperature for
2 days. The average diameter of inhibition regions of
fungal growth was measured (in mm).

2.,5.2 | Antioxidant activity

SOD-like activity

The reported method® was used to perform the
SOD-like activity of the isolated compounds which were
dissolved in DMSO, and for benchmarking studies,
L-ascorbic acid activity has been specified.

ABTS free radical assay

Antioxidant activity was determined using (ABTS) free
radical cation delocalization assay using the reported
spectrophotometric method.!3>3¢!

3 | RESULTS AND DISCUSSIONS
Table S1 epitomizes the molecular formula, elemental
analyses, and some of the physical characteristics for H;L
ligand and its complexes. The yielded complexes are non-
hygroscopic and insoluble in water and outsmart solvents
but soluble in DMSO. The molar conductivity of all com-
plexes lies in 10-21 Q'cm? mol™ which indicates their
nonelectrolytic character.[3”-3!

3.1 | FT-IR spectra

Assignment of the IR principal bands of the ligand
(Figure S1) and its complexes (Figures S2-S5) are
depicted in Table S2. The IR spectrum of free HsL
ligand exhibits bands at 3347 and 3143 cm™" attributable
to U(NH)Charbohydrazone and U(NH)isatin’ respectively.
Two bands were observed at 1756 and 1728 cm™%,
characteristic for v(C=0)charbohydrazone and 0(C=0)jsatin,
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respectively. Furthermore, the spectrum demonstrates
bands at 1614 and 1041 cm™" attributable to the newly
formed v(C=N),zomethine and v(N—N) vibrations. The
bands display at 1507, 1470, 1345, and 1231 cm™", which
are characteristics for S(NH)carbohydrazones O(NH)isatin,
U(C_N)isatin’ and U(C_N)carbohydrazones respectively. The
keto/enol form in the solid state is possible which may
have asserted by the appearance of bands at 3488 and
1185 cm™! referring to new o(OH) and v(C—O), respec-
tively.[39] The spectral data for metal chelates in compari-
son with those of the free ligand revealed that the H;L
ligand behaves in different manners towards different
metal ions; this is confirmed by the following
observations:

1. The shift of v(C=N).,omethine and v(N—N) bands to a
higher wavenumber in all complexes concerning the
free ligand indicates its participation in coordination
to the metal ions.

2. For complexes [Cu(H,L)(OAc)]-2H,0O, [Cd(H,L),]-
H,0, and [Hg(H,L)(Cl),]-2H,0, the absence of band
at 1756 cm™' with the emergence of new bands at
1648, 1550, and 1694 cm™' characteristic for newly
formed azomethine group suggests enolization of
(C:O)charbohydrazone’ whereas in [Fe(HL)(CD]ZHZO
complex, the disappearance of band at 1728 cm ™" with
the appearance of the band at 1695 cm™' suggests
enolization of (C=0);atin.

3. For diamagnetic d*° complexes of Cd(II) and Hg(II),
the existence of band at 1728 cm™" distinctive for
0(C=0)isatin confirms that isatin carbonyl groups in
H,L ligand are out of coordination to Cd(II) and
Hg(1I) ions.

4. For [Cu(H,L)(OAc)]-2H,O complex, the shift of
0(C=0)isatin to a lower wavenumber confirms its
participation in the chelation process to Cu(Il) ions,
whereas in [Fe(HL)(C1)]-2H,O complex, the shift of
0(C=0)carbohydrazone CONfirms its participation in coor-
dination to Fe(III) ions.

5. Finally, for [Cu(H,L)(OAc)]-2H,O complex, the new
bands observed at 1562-1550 and 1446-1436 cm™*
were attributed to v,s(OAc) and v(OAc) vibrations,
respectively. The monodentate stamp of acetate group
was suggested by the difference between these two
bands (Ao = 116 cm™).14!

3.2 |
studies

'H NMR and *C NMR spectral

The existence of H;L ligand in different forms is illus-
trated by the '"HNMR spectrum (Figure S6). It can be
illustrated by the existence of a signal at 13.36 ppm
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assignable to OH proton and the signals at 11.17, 10.84,
10.75, and 10.24 ppm which are assignable to NH protons
of the anti- and syn-conforms. All the previous signals
disappear on the addition of D,O (Figure S7). The signals
of aromatic protons of the benzene ring were observed
between 6.85 and 8.13 ppm. Moreover, the suggested
structure of H;L was also confirmed by its *C NMR spec-
trum, which was recorded in DMSO-dy as a solvent, in
which the carbon atoms of (—Cg=0), (—C;5=0),
(—Cy=N), and (—C;35—0)enolic Were displayed at 164.92,
162.98, 143.39, and 111.32 ppm, respectively, and the
other aromatic carbon signals were observed at 152.61,
144.19, 133.06, 126.01, 122.37, and 115.67 ppm
(Figure S8). In the 'H NMR spectrum of [Cd(H,L),]-H,0
complex (Figure S9), the presence of a signal at
10.50 ppm confirms that the (NH);s,p, is out of complexa-
tion, and the demise of signals at 11.17, 10.84, and
10.24 ppm with the shift of 6(NH)carbohydrazone Signal to
7.00 ppm suggests enolization of (C=0)charbohydrazone and
coordination of ligand to Cd(II) ions through the
deprotonated (OH)epoic- All these signals disappear on
deuteration (Figure S10). The "H NMR spectrum of [Hg
(H5L)(Cl),]-2H,0 complex (Figure S11), the presence of
signals at 12.92 ppm confirms the enolization of
(C=0)carbohydrazone and that it is not involved in coordina-
tion. The signal at 10.52 ppm assignable (NH)isatin
protons confirms that the (NH)s,i, is not involved in
chelation. Furthermore, the remaining (NH)charbohydrazone
signals shifted to the upper field region which disappear
on deuteration (Figure S12) confirming the suggested
coordination pattern in these complexes.

3.3 | Electronic spectra

UV-Vis spectrum of H;L ligand (Figure S13) shows a
peak at 272 nm due to ©* — #* transitions in the benzene
ring, a peak at 322 nm is due to ® — =* transitions in
azomethine, whereas peaks at 392, 440, and 574 nm
belong to n — =* in (C=0), n — n* in C=N, and C=O0,
respectively.[l] The electronic spectrum of [Fe(HL)(CI)]:
2H,0 complex (Figure S14) emerges three bands located
at 546, 514, and 400 nm assignable to °A;, — *T;4(G),
6Aig — 4ng(G), and 6Aig — 4Eg(G) transitions, respec-
tively, characteristic for an octahedral structure environ-
ment around Fe(IlI) ion.[*"*?! The magnetic moment
value 5.81 BM is further support for the suggested geome-
try of the Fe(III) complex, whereas the electronic spec-
trum of [Cu(H,L)(OAc)]-2H,0O complex (Figure S15)
displays bands at 770, 564, and 284 nm attributable to
By — Eg, “Byg — “Byg, and 2By, — *A,.1**! Further-
more, the magnetic moment value is 1.98 BM which is
close to ps value. The spectrum of [Cd(H,L),]-H,O
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complex (Figure S16) exhibits a slight alteration in the
energies of bands due to the # — n* and n — =n* transi-
tions. Also, the broad band located at 431 nm may be
due to LMCT. Except that the complex shows no appre-
ciable energy absorptions, following the filled d-orbital
configuration of the metal ion. Finally, the electronic
spectrum of [Hg(H5L)(Cl),]-2H,0 complex (Figure S17)
displays moderately intense broad bands in the region of
500-478 nm which may be due to LMCT.

3.4 | Mass spectral studies

The mass spectrum of H;L ligand, [Fe(HL)(Cl)]-2H,O,
[Cu(H,L)(OAC)]-2H,0, [Cd(H,L),]-H,O, and [Hg(H;L)
(Cl),]-2H,0 complexes (Figures S18-S22) show molecu-
lar ion peaks at m/z: 348.01, 473.06, 506.14, 825.09, and
656.17, respectively, which are equivalent to their
molecular weight. This confirms the proposed structures
for Hi;L ligand and its complexes. The different
fragments of H;L ligand (Figure S23) give peaks with
intensities at various m/z values like at 329.54 (34.71%)
(CsHoN4O,), 313.68 (24.68%) (Ci,HoNgO), 169.81
(60.62%) (CoHsN,), 129.15 (100%) (CgHsN,), and 114.84
(31.40%) (CgH,4N).

3.5 | ESR spectroscopy

The electron spin resonance (ESR) spectrum of [Cu(H,L)
(OACQ)]-2H,0 complex (Figure 6) was performed
employing DPPH standard at room temperature. Table 1
demonstrates the various parameters obtained from the
ESR spectrum. The values of g, g., and gjs, were found
to be 2.0415, 2.2008, and 2.1477, respectively. The values
of g tensors are greater than 2.0023, which indicates that
the ground orbital is dx* — y~[* The axial symmetry
parameter (G), covalence of (in-plane) c-bonding @),
covalence (in-plane) n-bonding (8%, °K|, °K,, and f were
obtained by utilizing the next equations:

G= (g” - 2.00277) /(g, —2.00277),

o = (4)/0.036) + (gH —2.00277) +3/7(g, —2.00277) +0.04,

#= (g -200277 ) B/ (-84,

where 1 (spin-orbit coupling) = —828 cm™" for free
copper ion and E (electronic transition energy)
=17,745 cm™".

1500

1000

500 -

Intensity

-500 -

-1000 1 . 1 . 1 . 1 . 1 . 1
2600 2800 3000 3200 3400 3600
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FIGURE 6 Electron spin resonance (ESR) spectrum of
[Cu(H,L)(OACc)]-2H,0

K| = (g-2.00277 ) E/ (8,

’K, = (g, —2.00277)E/(22),
ZK” =a’ Xﬂz,

f=g/4

3.6 | Powder XRD studies

The X-ray diffraction (XRD) studies of the H;L ligand,
[Fe(HL)(CD)]-2H,0, [Cu(H,L)(OAc)]-2H,0, and [Cd
(H,L),]-H,0O complexes (Figure 7) were performed with
the aid of X-ray diffractometer with Cu anode material,
K-a[A] = 1.54060. The lattice parameters were computed
with the assistance of Qualx computer software.[*>*%! The
lattice parameters and volume are recorded together with
Miller indices hkl in Table S3. The indexing was con-
firmed by comparing calculated and observed 26 values.
The powder XRD patterns of free ligand and its com-
plexes are completely different emphasizing the success-
ful coordination of the ligand with the metal ions. It
is found that the H3L ligand, [Cu(H,L)(OAc)]-2H,O
complex, and [Cd(H,L),]-H,O complex have triclinic
structures,'**°!  whereas [Fe(HL)(Cl)] 2H,0 complex
has an orthorhombic structure.®® The diffraction data
were used for 1nvest1gat10n of crystallite size, D, uti-
lizing the Scherrer equation,’®™ D = 0.91/(fcost), where
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TABLE 1 X-band electron spin resonance (ESR) spectrum of [Cu(H,L)(OAc)]-2H,0 complex
8 gL 8iso Aj107* f G o? $ K, 2K
2.0415 2.2008 2.1477 121 168 0.1975 0.4997 0.2076 —0.1038 -2.122
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FIGURE 7 X-ray diffraction (XRD) graphs for (a) HsL ligand, (b) [Fe(HL)(C1)]-2H,O0, (c) [Cu(H,L)(OAc)]-2H,0, and (d) [Cd(H,L),]-

H,0 complexes

1 =1.5406 A, 0 is Bragg diffraction angle, and f is the
FWHM of the peak. The particle size for H;L ligand,
Fe(II), Cu(II), and Cd(IT) complexes in accordance to the
peak of the highest value of intensity equals 16.749,
14.103, 8.441, and 24.916 nm, respectively.'”’

3.7 | TGA and kinetic data

TGA of the metal complexes was carried out to investi-
gate the weight loss percentage and to examine their
thermal stability. The thermogram of the metal com-
plexes (Figure S24) shows that upon heating, [Fe(HL)
(CD]-2H,0 and [Hg(H5L)(Cl),]-2H,0 complexes decom-
pose in four steps whereas [Cu(H,L)(OAc)]-2H,O and
[Cd(H,L),]-H,O complexes decompose in three and five
steps, respectively. The step at the temperature range of
210°C to 280°C coordinated anions decomposes. The sec-
ond to last steps are corresponding to the decay of
organic moieties coordinated to the metal ions at the
temperature scale of 280°C to 800°C (Table S4).°2! The

impact of the metal center on the thermal attitude of the
complexes was studied utilizing Coats-Redfern'®***! and
Horowitz-Metzger'®> methods (Figures S25-S32). For
[Fe(HL)(CI)]-2H,O complex, as an example, the first step
of degradation occurs at 33°C to 131°C matching to loss
of two water molecules with a weight loss of 7.53% (calc.
7.60%). The second step occurs at 132°C to 361°C,
corresponding to the loss of HCl + CsHsN with a weight
loss of 24.62% (calc. 24.42%). From 362°C to 793°C, the
third step of decomposition takes place with a weight
loss of 17.82% (calc. 17.55%) which matches with the
loss of C,HNO + N, molecules. The fourth step of
thermal decomposition occurs at a temperature higher
than 794°C by loss of FeO + HCN + CN + CH,0 + 7C
fragments with weight loss of 50.43% (calc. 50.5%).
The well-known Eyring equations®®>”) were used to esti-
mate the kinetic and thermodynamic parameters. Data
recorded in Tables S5 and S6 purposed that the decompo-
sition steps are endothermic which was indicated by the
positive value of AH*. The majority of the degradation
stages have a negative value for entropies (AS*) clarifying
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_ the well-ordered activated complex than the reactants.
H'.s Positive values of Gibbs free energy value (AG*) indicate
g the nonspontaneous decomposition steps.
2 S 2 3
SR
3.8 | Electrochemical behavior of
Cd(OAc), and HgCl, in presence of H;L
S8 g2 ligand
ESS3

The chelation process between HgCl, and Cd(CH3;COO),
metal salts with HzL ligand in DMSO were studied in
0.1 M KCI at 25°C and 1.2- to —1.4V potential window
and scan rate 0.01, 002, 0.05 and 0.1mVs*
(Figures S33 and S34). It was observed that
Hg(II) solution is an electroactive and reversible system
with two-electron transfers (one electron in each step) as
it emerges two anodic and two cathodic peaks (Hg(II)/Hg

log[L]
—-2.59
-2.31
-2.1

J
0.3
0.6
1

% - - (I) and Hg(I)/Hg). Also, the data obtained from complex-
~ 5 g & ation between HsL and Cd(II) show that the
E‘ S Cd(IT) system is also reversible entails two-electron trans-
fer (Cd(II)/Cd). The stability constant (fyx) for both
" - complexes for each addition, formal peak potential, and
o § 83 Gibbs free energy (AG) of the interaction of metal salt
B 99 9 with H;L (Tables 2 and 3) were calculated using the
equations!*®>%):
= S8 9 o _ 7o o :
B oo o AE° =E°c—E°y =2.303(RT /nF) x (log fyx +jlog Cy),
.| E°= (EPa +EPC)/25
o] T T
= S 2 =
i - g ;.é g AG = —2.303 RT log pyix»
% _— <t [
=
S 4 where E°\; and E°¢ are the formal peak potential of the
5 % metal in lack and presence of HsL, respectively; R is the
E‘ § universal gas constant; T is the absolute temperature, C,
=] . . .. . .
S = is the H;L concentration, and j is the coordination num-
S =
B S o o4 o ber of the complex.
g
8 o0 o0
b s L &8 3.9 | Fluorescence spectral studies
g x T ox
b= = wn
g 2 a2 Stock solutions of Hi;L ligand, Cu(OAc),, and
g Cd(OAc),-2H,0 salts were prepared in DMSO in
Q
z s 1.0 X 107> M concentrations. The stock solutions of the
g H;L, Cd(II), and Cu(II) metal ions were further diluted
s £
= é to 6, 1.7-16, and 6.6-16 pM concentrations, respectively.
o
s § The fluorescence spectrum of the free Hi;L ligand
<
A g emerges a broad emission signal at 566 nm after
~ & excitation at 480-nm wavelength (Figure 8). After the
g E addition of Cd(II), a major raise (enhancement) in the
: E emission intensity occurs. Also, the test was
~ o~ o~
3 implemented out with a 1.7-16 pM concentration of
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Data of stability constant and free energy of complex HgCl, with H;L

TABLE 3

AG (kJ mol™)
-3.74
—6.77

—14.25

log fmix

0.66
1.19
2.49

log[L]
—-2.59
-2.31

2.1

j

A(E°) (mV)

(E°)c

[L] (E°)m

Milliliters of L

(M]

Milliliters added from M

0.3

—0.0025
—0.004

0.0875
0.089

0.085

2.56 X 1073

2
4
7

8.97 x 1073
8.4x1073

0.6

0.085

4.88 x 1073

0.01175

0.085 0.07325

7.95 % 1073

7.95x 1073

Chemistry

Cd(IT) ions which yielded an important enhancement
in the fluorescence spectrum of the ligand (Figure 8).
The remarkable “turn-on” react is attributed to the
linking of Cd(II) ion with the N and O atoms in the
C=N and carbonyl groups, respectively. After coordina-
tion of Cd(II) with the ligand, the resulted molecule
becomes puckered, which reduces the n — =* transition
with a concomitant increase in © — ©* transition. This
lead to inhibition in the C=N isomerization resulting in
chelation-enhanced fluorescence effect (CHEF).I®®! The
plot of emission intensity with the raised concentration
of Cd(II) ion suggests that the H;L ligand can be used
for the quantitative analysis of Cd(II) ions in the aque-
ous solution. On the other hand, the emission spectrum
of the ligand in the existence of Cu(Il) ions was found
to be quenched and the quenching increased by the
increase in the Cu(Il) ions concentration “6.6-16 pM
concentration” (Figure 8). This conclusion may be clari-
fied by the paramagnetic features of the Cu(Il) ions
“d®” in which the unpaired d-orbital electrons effec-
tively quench the singlets and triplets of the ligand.!®"

Binding constants were estimated utilizing the subse-
quent equation!®?!:

1 1 1
- = + ,
AF ~ AFmax  KpAFpa[M*Y]

where AF: fluorescence intensity changes in the absence
and presence of the metal ions (F, — F,), F,: fluorescence
intensity changes in presence of different concentrations
of metal ions, F,: fluorescence intensity changes in
absence of metal ions, AF,,: maximum change in fluo-
rescence of the ligand, Kg: binding constant, and [M**]:
metal ion concentration.

The plot of 1/AF and 1/[M**] was used to determine
the binding constant (Figure S35) for Cd(II) and
Cu(II) binding to H;L ligand from the values of intercept
and slope. The values of the binding constants for
Cd(II) and Cu(Il) to the ligand were found to be
3.79 x 10* and 2.04 x 10* M, respectively. The forma-
tion of the 1:1 complex was also purposed from the line-
arity of the Benesi-Hildebrand plots.!*]

3.10 | DFT calculations

3.10.1 | Global chemical reactivity
descriptions

Frontier molecular orbitals (Figures 9 and S36-S40) assess
the electric optical properties kinetic stability, and elec-
tronic transitions.®*! By using the energy gap chemical
descriptors like electronegativity (y), electrophilicity (@),
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120 r
| — Ligand free
() &
100 |- — Ligand + (16uM) Cu(II)
| — Ligand + (15uM) Cu(II)
—_ \ Ligand + (13pM) Cu(II)
5 80 — Ligand + (12uM) Cu(I)
= ‘ Ligand + (9.9uM) Cu(II)
2 60 Ligand + (8.2uM) Cu(Il)
E Ligand + (6.6uM) Cu(II)
Qo
= 40
=
20
0 1 L 1 . 1
600 700 800
(b) Free Ligand
|— Ligand + (16uM) Cd(II)
Ligand + (15uM) Cd(IT)
400 - —— Ligand + (13uM) Cd(I1)
~ [— Ligand + (12pM) Cd(II)
= Ligand + (9.9uM) Cd(II)
S [—— Ligand + (8.2uM) Cd(1I)
- —— Ligand + (6.6uM) Cd(II)
E Ligand + (4.9uM) Cd(II)
= L Ligand + (3.3uM) Cd(1I)
8 200 L Ligand + (1.7uM) Cd(11)
R=
0 1 .
600 700
Wavelength (nm)
FIGURE 8 Fluorescence spectra of H;L upon addition of

(a) Cu(II) and (b) Cd(II) ions in DMSO

softness (S), chemical potential (1), and hardness (i) for
the compounds (Table 4) are calculated as follows!®>7°!:

1
X=- E(ELUMO + Enomo)»
1
H=-—x= E(ELUMO + Enomo )

1
n= E(ELUMO —Enomo),

1

S=2pg,
X
W

D=_—,
2n

where HOMO is the highest occupied molecular orbital
and LUMO is the lowest unoccupied molecular orbital.
Chemical potential (), which estimates the escaping
capability of electrons from the equilibrium framework,
increases according to the following order:

Cd(I) complex > H;L ligand > Fe(III) complex > Hg
(IT) complex > Cu(II) complex.

3.10.2 | Geometry optimization

Molecular structures of H;L and its complexes are outlined
in Figures 1-5. Bond lengths and angles (Tables S7-S16)
were screened to confirm the suggested structures. The
bond angles of the H;L ligand were changed on complex
formations. The primary amendments are remarked on
N(14)—C(13)—0(15), N(12)—C(13)—0(15), C(9)—N(10)—
N(12), C(18)—N(17)—N(14), O(16)—C(19)—C(18), O(11)—
N(7)—V(8), 0(16)—C(19)—N(20), and O(11)—C(8)—C(9).
The bond angles in complexes confirm the proposed octa-
hedral environment (sp>d* hybridization) around Fe(III),
Cu(II), and Cd(II) metal ions. Moreover, The bond angles
in Hg(IT) complex confirm the tetrahedral environment
with sp® hybridization.

3.10.3 | Molecular electrostatic potential
Electrostatic potential maps (Figures S41-S45) of the
ligand and its metal complexes were obtained using den-
sity functional theory (DFT)/revising Perdew-Burke-
Ernzerhof functional basis set. Electrostatic potential
maps help in understanding the electrophilic and nucleo-
philic reactions. In the present work, molecular electro-
static potential (MEP) suggests different values of
electrostatic potentials in the isolated molecules; the
region in red color represents the electrophilic attack,
whereas regions of blue color represent nucleophilic reac-
tion. For example, H;L ligand and its Hg(II) complex
show negative regions at OV, 0" 019 NI and
N7 atoms with negative values of (—0.531, —0.441,
—0.530, —0.180, and —0.184 a.u.) and (-0.471, —0.407,
—0.401, —0.208, and —0.280 a.u.), respectively, for ligand
and Hg(IT) complex. The most preferred sites for the elec-
trophilic attack are O“Y, and 0“®. On the other hand,
the positive regions locate at C'¥, ¢® ¢ c® and
C® with positive values (0.602, 0.459, 0.457, 0.269, and
0.268 a.u.) and (0.551, 0.391, 0.409, 0.248, and 0.248 a.u.),
respectively, for ligand and Hg(II) complex. The most
preferred site for the nucleophilic attack is C*¥.

3.10.4 | Mulliken atomic charges

Calculated Mulliken atomic charges of H;L ligand were
given in Figure S46, whereas Tables S17-S20 give that of
the metal chelates. We can conclude that the atoms with
negative Mulliken atomic charges are recognized by their
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FIGURE 9 3D plots frontier orbital energies
using density functional theory (DFT) method
for H;L ligand

Chemistry

E =-2.9339 eV
LUMO

Excited State

E =-5.0137eV
HOMO

Ground State

TABLE 4 Calculated Ey, Ey, energy band gap (Ey — Er), chemical potential (1), electronegativity (y), global hardness (1), global softness
(S), and global electrophilicity index (@) for H;L ligand and its metal complexes

Compound Ey (eV) E; (eV) Ey — Ep (eV)
H;L —-5.01374 —2.93396 —-2.07978
[Fe(HL)(C1)]-2H,O —4.71414  —3.86486  —0.84927
[Cu(H,L)(OAC)]-2H,O  —8.33709  —6.83828  —1.49882
[CA(H,L),]-H,O 435731  —3.24391  —1.11342
[Hg(H,L)(C1),]-2H,0 —-5.39007  —3.90895  —1.48113

donating features and vice versa. For example, for the
H;L ligand, all carbon atoms attached to hydrogens are
of almost negative values. Carbon atoms attached to elec-
tronegative atoms are of positive charges, such as C
which has the highest positive atomic charge. Also, 0",
0, 049 N9 and N7 are of a negative charge and
more basic. The charge of H®V, H®?, H®®, and H®? of
the N-H groups are of high positive charge unlike, the
remaining hydrogen atoms.

3.11 | Biological screening and
molecular docking
Antimicrobial activities

3111 |

The antimicrobial activities of the H;L ligand and its
metal chelates (Figures S47-S51) were inspected against

1 (eV) x (eV) 1 (eV) SV oV
~397385 397385  1.03989  0.51994 7.59283
—428951 428950 042464  0.21232 21.6654
—7.58768  7.58768 074941  0.37470 38.4123
—3.80061  3.80062  0.55673  0.27842 12.9733
—4.64951 464951  0.74056  0.37028 14.5956

different bacteria and fungi strains and listed in Table 5
The antimicrobial screening data revealed that:

1. All complexes show a considerable activity against
B. subtilis and E. coli with inhibition regions of diame-
ters ranging between 8 and 30 mm.

2. The antimicrobial behavior of the complexes with
superior activities than that of HiL ligand could be
explained by the chelation theory!”*! which states that
the partial sharing of the metal charge with the ligand
donor groups and the probability of n-electron delocal-
ization over the chelate rings diminish the polarity of
the metal ion, leading to rising in the lipophilic nature
that facilities the permeation of the complex into the
microorganism lipid membrane.

3. The order of rising activities of all compounds against
each bacterial strain is S. aureus: [Fe(HL)(ClD)]-
2H,0 < HiL < [Cd(H,L),]-H,0 < [Hg(HsL)(Cl),]-2H,0;
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TABLE 5

Bacillus Staphylococcus
Sample subtilis aureus
DMSO —ve 10
H;sL —ve 9
[Fe(HL)(C1)]-2H,0 8 7
[Cu(H,L)(OAC)]-2H,0 15 —ve
[Cd(H,L),]-H,0O 30 10
[Hg(HsL)(CD),]-2H,0 17 20

B.  subtilis:  [Fe(HL)(CD)]-2H,O < [Cu(H,L)(OAc)]:

2H,0 < [Hg(H;L)(Cl),]-2H,0 < [Cd(H,L),]-H,O0; E. coli:
[Cu(H,L)(OAc)]-2H,0 < [Hg(H5L)(Cl),]-2H,0 < [Cd
(H,L),]-H,O < [Fe(HL)(C1)]-2H,0; P. aeruginosa:
[Hg(H,5L)(Cl),]-2H,0 < [Cu(H,L)(OAc)]-2H,0.

4. The high activity Cd(II) complex is related to the over-
lap of metal orbitals with the orbitals of ligand moie-
ties; this contributes to the extra distribution of the
positive charge of the metal on the donor groups of
the ligand. This lowers the polarity of the metal ion,
which increases the resonance of n-electrons and the
liposolubility of the whole chelate, resulting in a good
diffusion of the metal complex into microbes.”?

5. The antifungal studies concluded that the H;L ligand,
Hg(I), and Cd(II) metal complexes were active
against C. albicans and possess a good potency. And
the order of increasing antifungal activities is: [Hg
(H5L)(CI),]-2H,0 < HsL < [Cd(H,L),]-H,O0.

6. The inactivity of H;L ligand and its metal complexes
towards some of the microorganism strains may be
associated with the chance of lipophobic nature of
those compounds or the impedance and process of
efflux pump developed by these bacteria that forestall
these compounds from penetration of the lipid
membrane.!”*!

3.11.2 | SOD-like activity

The SOD-like attitude of ligand and its metal complexes
was estimated by using their potential to lessen the
reduction of NBT by superoxide ions formed by the
xanthine/xanthine oxidase framework.[”*! By calculation
absorbance at 560 nm, the NBT reduction was followed
spectrophotometrically. Because superoxide ions have a
short half-life, they must be continuously generated.
Thus, by converting xanthine and oxygen to uric acid and
H,0, to xanthine oxidase, superoxide ions are produced.
Then, the NBT is converted to formazan by the action of

Inhibition zones diameter (in mm unit) of ligand and its complexes against different test targets

Escherichia Pseudomonas Candida
coli aeruginosa albicans
—ve —ve —ve

—ve —ve 12

14 -ve —ve

7 12 —ve

12 —ve 15

8 8 8

the superoxide. The metal complexes compete with NBT
for the oxidation of the superoxide ions produced, and
the lower the ICs,, the more efficient the metal complex;
Table 6 shows the SOD-like activity of the tested
compounds.

3113 |
activity

ABTS free radical scavenging

All isolated compounds were examined for antioxidant
activity using ABTS assay. The statements in Table 7

TABLE 6 SOD-like activity of the tested compounds
Sample A through 5 min % inhibition
DMSO 0.48 0
L-Ascorbic acid 0.099 79.38
H;L 0.357 25.63
[Fe(HL)(CD)]-2H,O 0.372 22.50
[Cu(H,L)(OACc)]-2H,0 0.381 20.63
[Cd(H,L),]-H,O 0.324 32.51
[Hg(H,L)(Cl),]-2H,0 0.397 17.29

__ (A control - A test)
%inhibition = "~ (Acontrol) X 100

TABLE 7 ABTS scavenging activity of H;L and its metal
chelates
Sample Absorbance % ABTS inhibition
DMSO 0.527 0
L-Ascorbic acid 0.018 96.58
H;L 0.416 21.06
[Fe(HL)(C1)]-2H,0 0.435 17.46
[Cu(H,L)(OAC)]-2H,0  0.427 18.96
[Cd(H,L),]-H,O 0.372 29.41
[Hg(HsL)(CD),]-2H,0 0.458 13.09
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showed that the complexes have the highest scavenging
effect with ABTS free radical is arranged according to the
following order Cd(II) complex > H;L ligand > Cu
(IT) complex > Fe(IIT) complex > Hg(IT) complex.

3.11.4 | Molecular docking

Molecular docking was performed and the best docking
scores between H;L ligand and its complexes with targets
are incorporated in Table 8.

Molecular docking results showed that:

1. H;L ligand showed the highest ability of binding to
S. aureus (Figure 10) with a binding energy of
—8.9 kcal mol™". In this binding mode, five conven-
tional H-bonds are observed: Oy — (NH) ARG'
(3.03 A), NopyHgsy — (0) SER”® (2.19 A), Oy —
(NH) SER” (299 A), NuyyHassy — (0) GLU'Y?
(2.39 A), and N7y — (NH) MET'"? (2.09 A).

Sroneic W LE Y- 20
[Fe(HL)(C1)]-2H,0 complex displays the highest bind-
ing abilities in binding with E. coli (Figure 11) and
P. aeruginosa with a binding energy of —10.18 and
—9.44 kcal mol ™, respectively, when compared with
other complexes.

[Cu(H,L)OAC)]-2H,0 complex shows the binding
energy of —9.37 kcal mol ™" with E. coli target (Figure 12).
[Cd(H,L),]-H,O complex binds to B. subtilis and
xanthine oxidase (Figure S52) targets with a binding
energy of —7.36 and —8.37 kcal mol ™", respectively.
[Hg(H5L)(Cl),]-2H,0 complex binds with all targets
(Figure S53) with energy ranging between —7.2 and
—8.17 kcal mol ™.

. The data obtained from docking studies match with

the experimental data to some extent. For example,
Fe(III) complex shows the highest activity against
E. coli with an inhibition region of 14 mm and gives
the best docking score to the E. coli target
(10.18 kcal mol™). The mismatch between docking
and experimental data results from the dependence of

TABLE 8 Binding free energy of H;L ligand and its metal complexes with different targets obtained from docking using Auto-Dock 4.2

Escherichia  Pseudomonas
Compound/target coli aeruginosa
H,L —-9.59 -93
[Fe(HL)(CD)]-2H,0 -10.18 —9.44
[Cu(H,L)(OAC)]-2H,0  —9.37 -9.33
[Cd(H,L),]-H,O -9.45 -8.98
[Hg(H;L)(Cl),]-2H,0 -8.17 —-7.93

Staphylococcus Bacillus Candida Xanthine
aureus subtilis albicans oxidase
-8.9 7.4 —-8.69 -8.07
—8.61 —8.34 —7.86 —8.24
—7.68 -8.16 —-8.24 -8.16
—8.66 —7.36 —10.55 —8.37
=7.73 =7.2 -7.8 -8.15

FIGURE 10 3D molecular interactions of H;L ligand to Staphylococcus aureus
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FIGURE 11

3D molecular interactions of [Fe(HL)(C1)]-2H,0 complex to Escherichia coli

FIGURE 12

docking on scoring functions and algorithms, besides
its sensitivity to the active sites under investigation.
On the other hand, it does not take into account
the experimental factors such as physicochemical
properties of the drug (size, concentration, and pKa),
properties of the membrane (thickness, area, solution
pH, and permeability for the drug), and mechanism of
the drug transport.[>7°!

7. It was also remarked the fine binding affinity in inter-
action with the binding site residues implying van der
Waals interactions, conventional H-bonding and
n-interactions, n-alkyl, and n-sulfur.

3D molecular interactions of [Cu(H,L)(OAc)]-2H,0 complex to Escherichia coli

4 | CONCLUSION

A series of Fe(III), Cu(II), Cd(II), and Hg(II) complexes
of HiL ligand have been synthesized and characterized
by different spectroscopic techniques. Geometry optimi-
zation MEP and chemical reactivity of these compounds
are performed using the DFT method. The experimental
IR spectra were compared with the theoretical values.
Powder XRD data revealed that the ligand and its com-
plexes have a semicrystalline character. The shift of
anodic and cathodic current and potential in cyclic
voltammetry estimates the successful coordination
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between the ligand with Cd(II) and Hg(II) metal ions.
Furthermore, the ligand shows a fluorescence spectrum
that was quenched upon chelation with Cu(IT) metal and
was enhanced upon coordination with Cd(IT) metal. The
antimicrobial and antioxidant activities were estimated
and showed that the isolated compounds biological activ-
ities to some extent. A molecular docking study of the
ligand and its metal chelates was performed based on
the protein structure together with the structural data of
the tested compounds and has provided precious infor-
mation about the binding attitude and the affinity of
these compounds towards different strains.
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