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Abstract

A nicotinic acid hydrazide derivative C;sH;2N4O(L1), its copper (II) and zinc
(II) complexes ([Cu(L1):]Ac; and [Zn(L1),]Ac; respectively) have been syn-
thesized. The prepared ligand L1 and it metal (II) complexes were character-
ized by melting point determination, elemental analysis, infrared spectra and
"H-NMR spectroscopic techniques. In addition, the crystal structure of the
Llwas determined by single-crystal X-ray diffraction techniques. On the basis
of the experimental and computational results, a tetrahedral geometry was
proposed for the copper complex and distorted tetrahedral geometry for the
zinc complex, consisting of two NO-donor atoms from the hydrazide ligand.
The Hirshfeld surface analysis of the ligand was determined to verify the in-
termolecular interactions. The antibacterial activity of the free ligand and its
Cu (II) and Zn (II) complexes was evaluated against Mycobacterium tubercu-
losis. The copper (II) complex showed promising result as antibacterial agents
for M. tuberculosis, which with MIC value of 1.25 + 0.13 pg/mL + SD as com-
pared to the standard drug with MIC value of 3.12 + 0.34 pg/mL +* SD. Fur-
thermore, molecular docking analysis was performed and the average binding
energy of [Cu(L1):]Ac, with M. tuberculosis strain was extremely favourable
(—8.3 kcal/mol), followed by the [Zn(L1),]Ac, complex with average binding
energy of —7.8 kcal/mol as compared to that of the standard drug (-4.2
kcal/mol). These results revealed that, the complexes are potential candidates
for the development of new antibacterial drug.
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1. Introduction

The continuous threats posed by infectious diseases to human health and the rapid
development of multi-drug resistant microbial pathogens have aroused serious
global health concerns [1] [2]. It is anticipated that the formidable challenge posed
by increased antimicrobial resistance to known clinical drugs might results to ap-
proximately 10,000,000 deaths by the year 2050 [2] [3]. The World Health Organ-
ization (WHO), has flagged an urgent global action plan calling for all countries
to take measures against drug-resistant microbes and work towards the discovery
of safe and efficacious new antimicrobial drugs with different mechanisms of ac-
tion from those of well-known antimicrobial agents [4]-[7].

The Mycobacterium genus currently has more than 170 species that are envi-
ronmental organisms known as non-tuberculous Mycobacteria, especially M.
avium and M. kansasii. These organisms can cause respiratory disorders associ-
ated with chronic tuberculosis, bronchiectasis, and cystic fibrosis in humans [8].
These infections are considered a worldwide public health problem due to their
complexity and long treatments duration, based on the combined administration
of rifampicin, isoniazid, pyrazinamide and ethambutol, which already have re-
sistant isolates [9] [10]. Mycobacterium tuberculosishas attracted the attention of
researchers for being the causative agent of tuberculosis (TB), a disease which
mainly affects the lungs and is transmitted through the air.

Zinc and copper ions have been reported to modulate enzymes activities, oxi-
dative-reductive processes, catalytic and regulatory functions [11] [12]. Zinc has
a specific role in bioinorganic processes because of the peculiar properties of its
coordination compounds which can easily be four-, five- or six-coordinate, with-
out a marked preference for six coordination [12]. The most studied metallopro-
teins in which zinc serves a structural role belong to the zinc-finger family, which
is involved in control of nucleic acid replication, transcription and repair [13]. In
zinc-finger proteins, zinc is tetrahedrally coordinate to histidines and/or cysteines,
the coordination of aspartic acid and glutamic acid residues to the metal, also has
been reported in metalloenzymes [14].

On the other hand, copper(II) complexes offer various potential advantages as
antimicrobial, antiviral, anti-inflammatory, antitumour agents, enzyme inhibitor,
chemical nucleases, and they are also beneficial against several diseases like copper
rheumatoid and gastric ulcers [15] [16]. The choice of copper as the metal centre
for drug design brings in features such as its redox chemistry versatility in addi-
tion to the production of a ROS-based mechanism of action and its less toxic na-

ture. Therefore, the design of antibacterial compounds by combining an aromatic
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heterocyclic organic fragment with a metal ion appears to be a good strategy for
modern drug development. Such molecules may offer unique mechanism of ac-
tion, multiple targets, reactive oxygen species generation, and prevention of ac-
quired resistance and decreased toxicity, features which are often hard to achieve
with purely organic structures [17]. Inspired by these and in continuation with
our studies on the biological activities of metal complexes of aroylhydrazones
compounds [18]-[21], we therefore report the synthesis, structural characteriza-
tion, anti-tubercular, density functional theory and molecular docking studies of
zinc (II) and copper (II) complexes of a new nicotinic acidhydrazide (an anti-tu-

bercular drug) derivative.

2. Experimental

2.1. Materials and Methods

Nicotinic acid hydrazide, indole-3-carboxaldehyde, Cu(CHsO007),-H,O and
Zn(CH;007),:2H,0 and analytical reagents grade chemicals and solvents were
obtained commercially and used without further purification. Elemental analyses
were performed in a PerkinElmer 2400 Series II CHNS/O micro analyzer. Infrared
spectra (FT-IR) were obtained v7aa PerkinElmer FT-IR frontier single range-MIR
spectrophotometer equipped with an attenuated total reflectance sample holder
and diamond crystal. The spectra were recorded in the range of 4000 - 400 cm™.
'"HNMR spectra were recorded on a Varian Unity plus 400 MHz instrument, while
Jenway conductivity/TDS meter model 4510 was used to measure the molar con-
ductivity of the 10 M metal complexes in DMF at room temperature. The Gouy’s
balance was used to measure the magnetic susceptibilities of the metal complexes
after Pascal’s constants and Hg[Co(SCN)4] was used to calibrate the changes in
diamagnetism. UV -visible spectra were recorded using a Shimadzu UVmini-1240

spectrophotometer.

2.2. Synthesis of the Ligand

Synthesis of the ligand N -((1H-indol-3-yl) methylene)nicotinohydrazide(11)
Nicotinic acid hydrazide (0.27 g, 2 mmol) was added to indole-3-carboxalde-
hyde (0.29 g, 2 mmol) in 25 mL of ethanolic solution with three drops of glacial
acetic acid added as catalyst. The resulting mixture was refluxed for five hours at a
temperature of 70°C with continuous stirring. The product was left to cool over-
night, removed by vacuum filtration; the products was washed several times with
water, ethanol, and diethyl ether and dried in a desiccator. Yellow crystals suitable
for single crystal X-ray diffraction studies were obtained from the ethanolic filtrate
after 30 days. Yield 86%, Melting point: 209°C, CisH12N,4O, m/e 264.10, Elemental
Analysis; Found, C, 68.17; H, 4.58; N, 21.20; O, 6.05, Calculated: C, 68.38; H, 4.69;
N, 21.18; O, 6.02, mp 214°GIR (KBr) (, cm™): 3178 (NH), 1657 (CO), 1600 (C=N),
1575 (C=C);'H NMR (400 MHz, DMSO-d6) & 7.13 - 8.76 (m, 7H, Ar-H + [nicotine
ring]), 7.87 (s, 1H, indole-H), 8.63 (s,1H, CH=NNH), 9.09 (s, 1H, Nicotine [N=CH-
CCO])), 11.56 (br.s, 1H,CONHN, exchangeable), 11.64 (br.s, 1H, NH-indole).
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2.3. Preparation of the Complexes
2.3.1. Synthesis of the Cu(II) N’-((1H-indol-3-yl)methylene)
Nicotinohydrazide Complex([Cu(L1)z]Acz)
The Schiff base L1, (0.26 g, 0.5 mmol) was added to Cu(CH;007)2-H,O (0.046 g,
0.25 mmol) in a 25 mL ethanolic solution. The resulting mixture was refluxed for
5 hours at a temperature of 80°C with continuous stirring using a magnetic stirrer.
The pale-yellow solution obtained was allowed to cool overnight, the products
removed by filtration; washed with ethanol and stored in a desiccator. Yield 83%.
Melting point:230°C. IR v (cm™): IR (KBr) (v, cm™): 1605 (C=0), 1580 (C=N),
1456, 1225, 520 (Cu-O), 492 (Cu-N); m/e (%) 587.10, Elemental analysis for
C30H24CuN30; (%): Calculated C 61.27, H 3.43, N 19.05, O, 5.44; Found: C 61.33,
H 3.51, N 19.09, O 5.48. 'H-NMR (400 MHz, DMSO-d;, 6, ppm): 6.86 (m, 3H, Ar-
H), 6.99 (s, /=8 Hz, 2H, Ar-H), 7.12 (d, /= 8 Hz, 2H, Ar-H), 7.53 (t, /= 8 Hz, 2H,
Ar-H), 7.61 (sbr, 3H, Ar-H), 7.82 (s, 2H, indole-H), 7.90 (d, /= 8 Hz, 1H, Ar-H),
8.25 (s, 1H, Ar-H), 9.04 (s, 2H, Nicotine [N=CH-CCO]) 10.81 (d, 2H, Ar-H),
11.60 (br.s, 2H, NH-indole), 11.97 (s, 2H, N-H).

2.3.2. Synthesis of the Zn(II)N’-((1H-indol-3-yl)methylene)
Nicotinohydrazide Complex([Zn(L1)z]Acz)

The Schiff base, L1, (0.26 g, 0.5 mmol) was added to Zn(CH;00"),-2H,0 (0.046
g, 0.25 mmol) in a 25 mL ethanolic solution. The resulting mixture was refluxed
for 5 hours at a temperature of 80°C with continuous stirring using a magnetic
stirrer. The pale-yellow solution obtained was allowed to cool overnight, the prod-
ucts removed by filtration; washed with ethanol and stored in a desiccator. Yield
89%. Melting point: 237°C. ; IR (KBr)(», cm™): 1590 (C=0), 1540 (C=N), 1332,
1025, 540 (Zn-0O), 481 (Zn-N), m/e (%) 588.1 (100); Elemental analysis for
Cs0H24ZnN3O; (%): Calculated C 61.08, H 3.42, N 18.99,0, 5.42; Found: C 61.23,
H 3.45, N 19.01,0 5.46. '"H-NMR (400 MHz, DMSO-d;, 6, ppm): 6.97 (m, 3H, Ar-
H), 6.99 (s, /= 8 Hz, 2H, Ar-H), 7.13 (d, /= 8 Hz, 2H, Ar-H), 7.40 (t, /= 8 Hz, 2H,
Ar-H), 7.44 (sbr, 3H, Ar-H), 7.60 (d, /= 8 Hz, 1H, Ar-H), 7.81 (s, 2H, indole-H),
8.29 (s, 1H, Ar-H), 8.31 (d, 2H, Ar-H), 9.00 (s, 2H, Nicotine [N=CH-CCO]), 11.38
(s, 2H, N-H), 11.60 (br.s, 2H, NH-indole).

2.4.X-Ray Crystallography

Orange single crystals (plate-like with 0.952 x 0.685 x 0.264 mm?® for L2) was
served for analysis. The samples were set on top of a glass capillary, coated with a
thin layer of Araldite epoxy resin. Intensity data were collected on a Bruker
APEX2 CCD diffractometer (Bruker, Billerica, MA, USA) with Mo-Ka radiation
monochromated by graphite (1 = 0.71073 A) at 173. (2) K. Data treatment used
the program package SAINT (Bruker, Billerica, MA, USA). An empirical absorp-
tion correction for intensity was applied by the program SADABS (Bruker, Biller-
ica, MA, USA). In this program package, the structures (phase problem) were in-
itially solved by direct methods with a SHELXS-97 [22], expanded by Fourier tech-

niques, and finally refined by full-matrix least-squares methods based on 7 using
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a SHELXL-97 program [22]. All non-hydrogen (heavy) atoms were readily located
to construct a model and were refined by anisotropic (thermal) displacement pa-
rameters. Hydrogen atoms were located at geometrically calculated positions and

refined using riding models.

2.5. Hirshfeld Surface Study

The CRYSTAL EXPLORER [23] program was used for Hirshfeld surface analyses
and fingerprint plots. The Hirshfeld surface was represented by the normalized
contact distance (dom). If it is shorter than the van der Waals radius, it is shown
in red, and if it is longer, it is shown in blue. In two-dimensional (2D) fingerprint

plots, d. was plotted on the vertical axis and & was plotted on the horizontal axis.

2.6. Density Functional Theory Study

The optimized geometry carried out on the ligand and its metal(II) complexes
were modeled within the framework of density functional theory (DFT) with the
help of Gauss View 6.0.16 and Gaussian09 suite of programs [24] [25]. Ground
state energy of all the system was optimized in vacuum using the genECP methods
by assigning the 6-311++G(d,p) and the SDD basis set for the lighter and heavier
atoms respectively. The long-range corrected wB97XD DFT functional was cho-
sen for the complete calculations. The Highest occupied molecular orbital and
lowest unoccupied molecular orbital (HOMO-LUMO) were computed at DFT/
wB97XD with /6-311++G (d,p). By invoking Gaussian 16 W, natural bond orbital
(NBO) analysis that utilizes the stabilization energy to study the magnitude of in-
ter and intra molecular charge transfer between molecules were computed using
the in-build Gaussian 3.1 method available in Gaussian 16W software. For this
work TDOS, PDOS and OPDOS as well as the quantum theory of atoms in mole-
cules (QTAIM) were computed using Multifunctional wavefunction analyze de-
veloped by Tian Lu’s research group and downloaded from an official webpage

(http://sobereva.com/multiwfnbbs) [26] in order to study the elements contribu-

tions to the molecular orbitals, and the strength and nature of the bonding concept

herein.

2.7. Antibacterial Activity

The anti-tubercular activities of the ligand and its metal (II) complexes were as-
sessed against M. tuberculosis ATTC 27294 [27] using the micro plate Alamar
Blue assay (MABA) [28]. This method is nontoxic, used as a thermally-stable re-
agent and shows good correlation with proportional and BACTEC radiometric
methods [29] [30]. A standard solution containing 1000 ppm of each compound
was prepared. From the standard solution, test solutions were prepared in the in-
creasing concentration from 0.8 pg/mL to 100 ug/mL. In sterile 96 well plate, mix-
ture of test solution, de-ionized water (200 uL) and middlebrook 7H9 Broth (100
uL), were taken. This plate was sealed and hatched at 37°C over a period of five
days. Further, 25 pL of Tween 10% and 80% and Almar Blue (1:1 ratio) was dis-

DOI: 10.4236/jbpc.2026.174005

73 Journal of Biophysical Chemistry


https://doi.org/10.4236/jbpc.2026.174005
http://sobereva.com/multiwfnbbs

E. Ebotagbo et al.

pensed in each well and incubated for one day. Minimum Inhibition Concentra-
tion (MIC) was reported as pink coloration for the growth of mycobacterium

while blue coloration was considered as no bacterial growth in the well [31].

2.8. Molecular Docking

Molecular docking studies were performed using the Bio via discovery studio and
auto dock vina tools [32]. The ligand L1 and its copper (II) and zinc (II) complexes
were respectively sketched using Gauss View 6.0.16 [33] and later subjected to
energy minimization. The log files from the optimized structure were then saved
in PDB format for docking analysis. Bio v7a discovery studio was used in the prep-
aration of the protein where water and other unwanted molecules were deleted,
while polar hydrogen was added to the protein prior to docking. X -ray structure
of Isoniazid with access number (DB00951) was downloaded from drug databank
(DDB) as an Antibacterial agent used primarily as a tuberculostatic [34]. This re-
mains a standard drug for treatment of tuberculosis and was used herein as a
standard drug against the receptor protein 5e2c which was downloaded from
RCSB (research Collaboratory for structural bioinformatics) powered by the pro-
tein data bank (PDB) (http://www.rcsb.org/pdb/home/home.do) [35] archives in-

formation about the shape of proteins and the nucleic acid. At therapeutic levels

isoniazid is bactericidal against actively growing intracellular and extracellular
Mpycobacterium tuberculosis organisms. The mechanism of action of 5e2c
prompted its usefulness in this study as a Mycobacterium tuberculosis protein.
Pymol visualizer was used to visualize the docking result [36]. The interactions

pictures were generated using the discovery studio visualize program.

3. Results and Discussion

The elemental analyses for C, H, N and O revealed that the calculated values for
the Schiff base ligand L1 are in agreement with the experimental values, thus con-
firming the proposed molecular formula C;sHi,N4O for the ligand. The agreement
between the calculated and experimental elemental analyses values for the metal
complexes revealed a 1:2 (metal-ligand) stoichiometry, thus confirming their sug-
gested formulae. These results further confirm the high purity of the Schiff base
and its metal (II) complexes which were very soluble in DMSO and less soluble in
methanol. They melted with decompositions at the temperatures of 209°C, 230°C
and 237°C for L1, [Cu(L1),]Ac; and [Zn(L1),] Ac, respectively.

3.1. Spectroscopic Analysis

The infrared spectra of the ligand L1 and its metal (II) complexes were recorded
within the 4000 - 400 cm™ region. The IR-spectrum of the hydrazone ligand ex-
hibited a medium band at 3178 cm™ attributed to NH) stretching vibrations.
The strong bands at 1657 and 1600 cm™ in the spectrum of the ligand, corre-
sponds to the presence of C=0) [19] and /C=N) vibration modes [19]. Bands
appearing at 995, 939, 800, and 781 cm™ in the spectrum of L1 are the usual modes
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of C-H of the aromatic ring vibrations and these revealed small shifts in the
metal(II) complexes compared to the free ligand, which is the expected electronic
structure changes that occur with coordination of the ligand to metal(II) ions. In
the spectrum of the copper(II) complex, the C=0) and /C=N)vibration bands
experience negative shifts to 1605 cm™ and 1580 cm™, respectively, compared to
the ligand. This indicates the coordination the carbonyl oxygen and the azome-
thine nitrogen atoms to the copper(II) ion. In the low frequency region, the bands
in the region 520 and 492 cm™ are probably due to {Cu-O) and Cu-N) vibra-
tions, respectively. In the spectrum of the Zn(II)complex, the {C=0) and C=N)
vibration bands have also experienced a negative shift to the frequencies of 1590
and 1540 cm™, respectively, indicating coordination of the carbonyl oxygen and
the azomethine nitrogen atoms to the Zn (II) ion. In the low frequency region, the
bands in the regions 540 and 481 cm ™ are probably due to the Zn-O) and ®Zn-
N) vibrations, respectively [37].

The structural features of the ligand and its metal (II) complexes in this inves-
tigation are supported by the "HNMR spectra obtained in DMSO-d; solution. In
the "THNMR spectrum of the ligand, the multiplets at § 7.13 - 8.76 ppm are at-
tributed to the pyridyl rings protons. The amide proton is attributed to the signals
at §9.19 ppm in the ligand. In the copper complex, the pyridyl ring protons are
attributed to the signals at 0 6.86 - 10.81 ppm, with the amide proton attributed
to the signal at §11.97 ppm. The zinc(II) complex also exhibited signals at between
06.97 - 8.31 ppm attributed to the pyridyl ring protons, while the amide proton
further exhibited signal at §11.38 ppm. All the changes in the signals of the pyridyl
ring, amide and methyl protons in the metal(II) complexes, suggests the involve-
ment of the azomethine nitrogen and carbonyl oxygen atoms in coordination [37]
[38].

3.2. Conductivity Measurements

The molar conductivity studies of the prepared compounds were evaluated to as-
certain their electrolytic nature. They were first dissolved in DMF at room tem-
perature at a concentration of 1.0 x 107> M. The conductivity of [Zn(L1),]Ac; and
[Cu(L1),]Ac, was found to be 5.43 and 8.72 Q~'-cm*mol™! respectively, which are
low molar conductance values and could be attributed to their non-electrolytic
nature [39].

3.3. UV-Visible Spectra and Magnetic Measurements

For the copper(II) complex, it exhibited two bands at 475 and 503 nm which are
indicative of the tetrahedral geometry, assigned to the *T(F)>’T,(v) and
*T1(F)>*Ax(v) [40]. The spectrum of zinc(II) complex exhibited a single band at
378 nm attributed to the charge transfer transition, which corresponds to the com-
plex possessing tetrahedral structure [41]. For the magnetic measurements which
was calculated in Bohr’s Magnetons using the formula wg = 2.83 [(Xg x M.wt) -

(diamagnetic correction)]"*> where Xg = complex’s determine gram of magnetic
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susceptibility. The calculated p.¢ value for nickel (II) complex was 3.73 BM sup-
porting the tetrahedral geometry [40]. The zinc (II) complex on the other hand
showed a diamagnetic character which could also be attributed to a tetrahedral

geometry [41].

3.4. Crystal Structure of the Ligand (L1)

The molecular structure of L1 is depicted in Figure 1(a) along with the atomic
numbering scheme. The crystal structure refinement data for L1 is given in Table
1. The L1 has two independent molecules having different torsion angles N3-N2-
C6-01 (—6.15), N2-C6-C5-C1 (20.37) and O1-C6-C5-C4 (18.34) in the asymmet-
ric unit of the crystal designated as molecule A (green) having a planar structure,
and the torsion angles of C22-C23-C26-C27 (-1.02), N7-N6-C21-02 (0.78) and
02-C21-C26-C19 (—24.62) in the asymmetric unit of the crystal designated as
molecule B (blue) with a twisted structure as in Figure 1(b). These torsion angles
values are essentially of interest in view of their close relation with the effects of
embedding of ligand into the portion of the protein molecule. There are a total of
8 molecules of C;sH2N4O in the unit cell. The Schiff base L1 crystallizes in the
monoclinic system in space group £2,/c. In L1, the bond distance C(21)-O(1) is
equal to 1.236(3) A indicating its double bond nature. The bond lengths N(6)-
N(7) and C(21)-N(6) are equal to 1.392(3)A and 1.342(3)A, respectively while
C(21)-N(6)-N(7) equal to 120.63(17) [39]. Most of bond distances and angles were
within common ranges of normal covalent bonds. The intermolecular hydrogen
bond between (indole) N4-H...O1 (carbonyl) was observed for L1 molecule (Ta-
ble 2). The 6-membered aromatic rings are stacked via weak II-interaction, and

stacked rings of B are perpendicular to C=N bond of A.

Table 1. Crystal data and structure refinement of L1.

Empirical formula C30H2:NsO2
Formula weight 528.57
Temperature (K) 173

Crystal system monoclinic
Space group P2i/c (# 14)
a, (A) 11.4069(18)
b, (A) 12.822(2)

6 (A) 18.149(3)
a(’) 90.0000
B() 94.810(4)

y () 90.0000
Volume (A3) 2645.1(7)
A 4

Palc (g/cm?) 1.327
H(mm™) 0.088
F(000) 1104

DOI: 10.4236/jbpc.2026.174005

76 Journal of Biophysical Chemistry


https://doi.org/10.4236/jbpc.2026.174005

E. Ebotagbo et al.

Continued

Crystal size (mm?)
Radiation

Timin, Trmax

No. of reflections
No. of parameters
Goodness of fit
Ri[I>20(D)]

WR;

0.12x 0.11 x 0.1
Mo Ka (A= 0.71073)
0.93,0.98

5116

362

1.127

0.0367

0.1040

Table 2. Prominent hydrogen bond distances (A) and angles (°).

D-H---A D---A (A) D-H---A (°)
Compound L1

N(4)-H(4)---0(1) 3.688(5) 24.87(1)
N(1)-H(6)---N(6) 3.032(5) 8.84(2)
O(2)-H(2A)---N(2)° 2.882(5) 163.90(1)

D, donor; H, hydrogen; A, acceptor. Symmetry codes: (a) -x, -y, 2-z (b) —1/2 + x, 1/2 -y,

-1/2 + z.

Figure 1. (a) Molecular structure with atom numbering scheme (b)
Crystal packing of distinguished crystallographic independent mole-
cules (A = green, B = blue) and molecular structures of for L1.
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(iii)

3.5. Hirshfeld Surface Analysis

In order to clearly understand the intermolecular interactions in L1, Hirshfeld
surface analysis (HAS) was performed using Crystal Explorer17.5 [23]. The cal-
culated Hirshfeld surface for L1 A and L1 B is depicted in Figure 2(a) and Figure
2(b), respectively and have previously been reported as preliminary data to con-
firm the intermediate organic ligands [40]. The left Figures exhibit intramolecular
mutual constellation as 3D Hirshfeld surfaces. The de (distance from the surface
to the outermost nucleus) and di (distance from the surface to the inner closest
nucleus) surfaces are illustrated in Figure 2, with the red spots representing the
points of short intermolecular distances and blue area representing those of long
intermolecular distance. The combination of diand de on a finger print plot (Fig-
ure 2) provides more information about all the contacts in the molecule. The

Hirshfeld surface index map helps to analyze molecular contacts by colour code.

The blue indicates low intensity contacts points, while the gray area represents the
entire plot. For L1, the A’s(aliphatic)N-H and O=C(carbonyl) can interact easily
with the following atom-atom percent interaction; H-H = 39.2%, H-O = 8.2%, O-H
=5.7%, N-H = 9.5%, and N-C = 6.2%, while the B’s (aliphatic)N-H and proton do-
nors (aromatic)tend to interact strongly with the following atom-atom constitution
percentage: H-H = 34.2%, H-O = 2.5%, O-H = 6.4%, C-C = 8.8%, and N-C = 9.0.

d
06081012141618202224

06081012141618202224

d : d
06081012141.618202224 06081012141.618202224
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Figure 2. Hirshfeld surface fingerprint plots for the molecule L1 (a) A and (b) B.

3.6. Density Functional Theory Calculations

3.6.1. Geometry Optimization

Good quality single crystals of zinc (II) and copper (II) complexes suitable for X-
ray analysis could not be obtained after repeated trials in different solvents. In
order to examine the properties of the ligand and its metal(II) complexes, theo-
retical studies using DFT with the help of Gauss View 60.16 and Gaussian 09 suite
of programme were carried. Figure 3 depicts the optimized geometrical structures
of the synthesized ligand and its metal (II) complexes.

This optimization was necessary gain the better insight on the structural fea-
tures of the complexes. For the zinc complex, the Zn-O, and Zn-N bond lengths
are 1.8984 and 1.9385 A respectively. The C-N bond lengths are in the range of
1.2707 - 1.3867 A. The O-Zn-O, N-Zn-N, O-Zn-N and N-Zn-O bond angles are
122.700°,121.080°, 117.640° and 117.70° respectively. For the nickel (II) complex,
the Ni-O bond lengths are in the range of 1.8123 - 1.8194 A while the Ni-O bond
lengths are in the range of 1.8270 - 1.8498 A. The N-Ni-N and O-Ni-O bond an-
gles are 91.124 and 70.7437 A respectively. These bond lengths and bond angles
are in line with previously reported results having similar ligands [42] [43].

Tables 2-4 contained some important quantum chemistry characteristics that
have been taken into consideration with respects to the study compounds.
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" & ®

L1

[Cu(L1),]Ac, [Zn(L1),]Ac,

Figure 3. Optimized geometrical structure of L1 and its metal (II) complexes.

3.6.2. Frontier Molecular Orbital (FMO)

The HOMO, LUMO values were related to the ionization potential (IP) and elec-
tron affinity (EA) of the studied compounds by invoking Koopmans’ approxima-
tion [41]. Global reactivity descriptors like IP, EA, electronegativity index (X),
hardness (7), softness (o), chemical potential () and electrophilicity index (w)
were calculated for the for the ligand and its metal(II) complexes and summarized
in Table 3.

The HOMO, LUMO, energy gap and the global quantum reactivity parameters
computed were calculated and predicted at DFT/wB97XD with 6-311G++(d, p)
basis set. The results revealed that the ligand L1, and its metal(II) complexes pos-
sess the potential sites available to either give or accept electrons. Theoretically
calculated energy gap for L1, [Cu(L1);]JAc; and [Zn(L1).]JAc, complexes were
5.9802 eV, 5.9773 eV and 6.6932 eV respectively. From this frontier molecular
energy gap calculations, these compounds exhibit more chemical reactivity at this
functional. These results were found to correlate with the biological activity of
receptor 5e2c and its respective binding affinity for each of the compounds. In
addition to the HOMO, LUMO and the energy gap, some important global rela-
tivity presented in Table 3 were calculated with the aid of specific expression and
equations in literatures [42]. The electrophilicity index of 24.0572 eV, 157.5885
eV and 158.0035 eV for L1, [Cu(L1);]Ac; and [Zn(L1),]Ac; respectively were ob-

tained. Generally, electrophilicity index is an important parameter that helps in
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affirming the toxicity of molecules by quantifying the biological activity of drug-
receptor interaction. Figure 4 shows the electron delocalization along the mole-
cules. The results further revealed that the HOMO was highly localized at the cen-
tral metal atoms in the Cu(II) and Zn(II) complexes with LUMO distributed

evenly on the entire complexes.

Table 3. HOMO, LUMO, Energy gap and global quantum descriptors reactivity of ligand
(L1) and its metal (II) complexes at DFT/wB97XD with 6-311G++ (d,p).

Parameters L1 [Cu(L1):]Ac2 [Zn(L1):]Ac,
LUMO/eV 1.0212 7.2807 -6.3707

E nomo — Fiumo gap (eV) 5.9802 5.9773 6.6932
Electrophilicity index (w) 24.0572 157.5885 158.0035
Electronegativity (y) 4.0114 10.2693 -9.7173
Chemical potential (u) 4.0114 10.2693 9.7173
Global hardness (7) 2.9901 2.9886 3.3466

LUMO

5.9802

-7.0015 -13.0639
HOMO
259, 'o¥9°
) 2
[Cu(L1),]Ac, L1 [Za(L1),]Ac,

Figure 4. Pictorial representation of HOMO, LUMO and Energy gap of L1 and its metal(II)
complexes.

3.6.3. Natural Bond Orbital (NBO) Study

The natural bond orbital analysis was performed with the zinc(II) and copper(II)
complexes using DFT/wB97XD with 6-311G++ level of theory to give clarity of
charge transfer, delocalization of electron density and energy of interaction in the
molecules by considering core, valance and Rydberg sub-shells. The second order
perturbation energies with intramolecular hyper conjugative interactions of L1,
metal(IT) complexes that result in the intermolecular charge transfer thereby af-
fecting the stability of the of molecules under investigation are presented in Table

4. These results showed that the interactions with the highest second order per-
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turbation energy for the delocalization of electrons from mn*>¢0* in the
[Cu(L1):]Ac; complex with stabilization energies of 3224.53, 786.79, 477.29,
177.45 and 148.76 kcal/mol respectively, are due to the conjugative interactions.
In the same vein, the intra- charge transfer within the L1 was delocalized within
m*->m* with stabilization energies of 303.92, 213.47 kcal/mol, m*->¢* with energies
0f 194.82,184.71 and 168.71 as in Table 4. The [Zn(L1),]Ac; complex inter-charge
transfer had higher stabilization energies of 7512.22, 873.73, 782.47 and 603.49
kcal/mol for o*>0* transition whereas, m*>m* transition had energy of 308.61
kcal/mol. It is important to mention here that 0*->0* had higher average stabili-

zation energy which implies stronger interactions at this transition.

Table 4. Donor, Acceptor and second order stabilization energies of L1, [Cu(L1):JAcz and [Zn(L1):]Ac: calculated with wB97XD.

Compounds Donor (i) Acceptor (j) E® (kcal/mol) E()-(@i) (a.w) F(i,j) (a.uw)
L1 T*Cus - Cia ™C - G 303.92 0.02 0.098

T*Cu3- Cua m*Cs - Cs 213.47 0.02 0.097

*Ca - C22 0*Ca - C2 194.82 0.57 0.670
[Cu(L1)2]Ac2 T*Cas - Nai 0* Csz - Css 3224.53 0.17 2.138

7 *Cas- Nai 0*Csz - Cs3 786.79 0.46 1.756

7 *Cas - N3y 0*Cso - Hs1 477.29 0.52 1.375
[Zn(L1)]Ac. oCy - Cs *Nis - Nio 7512.22 0.01 0.272

0Ca1 - Ca2 0*Nis - Nig 873.73 0.48 0.580

oNi9 - Ca1 0*Nis - Nig 782.47 0.18 0.340

3.6.4. Density of States Study

The total density of state (TDOS) map, partial density of state (PDOS) map and
the overlap population DOS (OPDOS) map of the three studied compounds were
plotted with the help of multifunctional wavefunction analyzer to investigate the
major contribution of each set of molecular orbitals [43]. The energy values of
these compounds at the bonding molecular region are 17.00 a.u, 4.00 a.u and 3.00
a.u for carbon, hydrogen and nitrogen respectively, while other elements oxygen
and zinc peaks were not intense. Carbon atoms were also observed to have the
highest values at the antibonding region. For the complex [Cu(L1).]Ac,, carbon
was seen to have the highest and lowest values at 16.89 a.u and 12.28 a.u respec-
tively. The hydrogen highest peak is seen at the band gap region with a value 3.06
at the antibonding region. For the ligand L1, the highest and lowest values of car-
bon are 9.50 a.u and 5.00 a.u, while nitrogen had 3.00 a.u heights and the hydrogen
2.00 a.u peak mean the oxygen atom was bond pronounced. From this compara-
tive study, hydrogen was observed to have the highest peak at both bonding and
the antibonding molecular regions, in each of the studied compounds. The other
atomic contributions are negligible due to poor overlapping in orbital phase as
their peaks are not intense. It is important to point out here that DOS spectral

curves are useful in describing the electronic structures of compounds.
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3.6.5. Quantum Theory of Atoms in Molecules (QTAIM) Study

The topology properties of the ligand and its metal (II) complexes were computed
with the aid of multifunctional wave functional analyzer [44] and the results are
summarized in Table 5, while Figure 5 depicts the critical bonds and the respec-
tive interactions in the zinc(II) and copper(II) complexes. From the results it is
observed that [Cu(L1),]Ac, complex has two intermolecular interactions whereas,
[Zn(L1):]Ac, complex has four interactions. The results in Table 5 clearly point
out that, [Cu(L1),]Ac, complex have the highest density of electrons at the respec-
tive bond critical points. The highest values are observed from the intermolecular
interaction of Zngs - Oy5----- His with the p(r) value of 0.847 eV and the other bond
Znes - Os,-----Hss with the calculated value of 0.797 eV. It is very pertinent to men-
tion here that, all the interactions observed in CuL1 complex are positive thereby
indicating electrostatic interactions. Furthermore, all the data presented herein
indicates that, the interactions are weak since their densities of electrons and La-
placian are positive. The interactions in the [Cu(L1),]Ac, complex are observed to
have p(r) value of 0.05 eV. The strength of any pair of interacting atoms is reflected
by the electron density at the corresponding bond critical point. The [Zn(L1),]Ac;
complex is observed to have four interactions with all having negative values of
H(r) and shorter density of electrons p(r) which is a clear indication that the in-
teractions were very strong. The observable interactions observed here areNs----
-Hss - Csz, Nuy — Hip-----Cs7, Oss —Hjs-----Cyy and Ny — Ceg-----Os; with electron
densities of 0.124, 0.383, 0.241 and 0.105 eV respectively resulting to the negative
values of H(r) which is an indication of the strength of the bonds. The G(r), K(r)
and V(r) parameters computed were to further reveal the nature and the strength

of the bonds observed in interactions.

[Cu(L1),]Ac,

[Zn(L1),]Ac,

Figure 5. Critical bonds and the respective interactions in the [Zn(L1):]Ac; and [Cu(L1):]Ac2 complexes.
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Table 5. Bond formation in the quantum theory of atoms in molecule for [Cu(L1):]Ac: and [Zn(L1):]Ac. complexes.

Compound Bond p(r) V p(r) G(r) K(r) V(r) H(r)

[Cu(L1)2]Ac2 Zngs - Oys----- His 0.847 0.293 0.609 -0.123 -0.487 0.123
Zngs - O3z----- Hss 0.797 0.275 0.574 -0.115 -0.459 0.115

[Zn(L1)2]Acz Nig-----Hss - Cs; 0.124 0.268 0.129 0.616 ~0.190 ~0.616
N - Hip----- Csy 0.383 0.279 0.553 -0.146 —0.406 0.146
Ogs - His----- Cu 0.241 —0.495 0.889 0.213 -0.3016 -0.213
Nis - Ces----- O 0.105 0.666 0.175 0.911 -0.185 -0.911

3.7. Anti-Tuberculosis Study

The hydrazone ligand L1, its copper(II) and zinc(II) complexes were evaluated
against Mycobaterium tuberculosis H37Rv strain (ATCC 27294), using the Al-
amer blue assay. Pyrazinamide and isoniazid were used as standard reference. The

results are as presented in Table 6.

Table 6. The in vitroactivity of the ligand and its metal complexes against M. Tuberculosis
H37Rv strain (ATCC 27294).

1) Compound 2) MIC (pug/mL) + SD

3) CisH12N4O 4) 6.25+0.72
5) [Cu(L1)2]Ac2 6) 1.25+0.13
7) [Zn(L1):]Ac: 8)3.12+£0.34

9) Pyrazinamide 10) 3.12 + 0.34

11) Isoniazid 12) 3.12 £ 0.34

*Values expressed are mean + SD of three parallel measurements.

The copper(II) complex with MIC 1.25 + 0.13 pg/mL exhibited the highest anti-
tuberculosis activity compared to the zinc (II) complex with MIC value of 3.2 £
0.34 pg/mL and all standards as shown in Table 6. The ligand with MIC value 6.25
+ 0.72 uM exhibited the least activity compared to its metal complexes. This may
be attributed to the reduced polarity of the central metals(II) ions which partially
share their positive charges with the donor groups as well as the possible n-elec-
tron delocalization within the entire chelating ring system formed during coordi-
nation. This enhances the lipophilic character of the central metal atoms/ions,
thereby increasing their hydrophobic character and favoring their ability to per-
meate the lipid layers of the cell membrane as explained by the Tweedy’s chelation
theory [45]. Overall, the results showed higher activity of the metal (II) complexes

against M. tuberculosis as compared to ligand.

3.8. Molecular Docking Study

The comparative molecular docking study was employed to study the drug deliv-
ery of L1, [Cu(L1):]Ac,, and [Zn(L1),] Ac,. They were docked in the active site of
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the protein 5e2c which is a mycobacterium. To further understand the suitability
of L1, Cu (II) and Zn(II) complexes as potential tuberculosis drug candidates, mo-
lecular docking studies was performed on the optimized structures of the studied
compounds and the bioactivity score detected based on the interaction with the
selected receptor protein and the standard drug. The binding affinities were mon-
itored in kcal/mol unit for a negative score. The 3D crystallographic structures of
the receptor molecules chosen for docking studies were achieved from the Protein
Data Bank (PDB) [46]. The receptor proteins were prepared by removing water
molecule, adding explicit hydrogen and charges and correction of deformation in
amino acid sequence. The active sites of the receptor protein were predicted and
defined based on the interaction of the crystallographic ligand with the receptor
molecules respectively as visualized with the discovery studio visualizer and
pymol visualizer. Protein preparation which allowed for purification of the pro-
tein for proper docking was done using bio via Discovery studio; the selected pro-
teins were dock with the ligand using auto dock tools with the help of vina com-
mand. Visualization of the receptor and ligand interaction shown in Figure 6 was
done with the help of discovery studio. The result for molecular docking showed
an excellent interaction between the L1, its Cu(II), Zn(II) complexes and the se-
lected receptor protein. The docking result generated 9 modes with average bind-
ing affinity computed, the docking result was compared to the standard drug Iso-
niazid and the result showed the trend [Cu(L1),]Ac, > [Zn(L1);]Ac, > L1 > isoni-
azid with respective average binding affinities of —8.3, -7.8, —6.3 and —4.2 accord-
ingly. A linear correlation was found between the docking scores of the test com-
pounds and the corresponding reactivity values, where the active compounds
showed a high docking score, while the compound with higher reactivity values
showed a lower docking score. These results are presented in Table 7. From the
visualization with discovery studio, it was observed that [Cu(L1),]Ac; and L1 had
three conventional hydrogen bond interactions. The amino acids observed with
this hydrogen bond interaction were B: SER 25: HG and B: THR 103 HN while
four hydrogen bonds were observed in [Zn(L1),]Ac, complex from A: THR:103:
HGI whereas no hydrogen bond was found in the isoniazid. From this visualiza-
tion it was observed that hydrogen bond was not the only type of interaction found
in the studied compounds but other interaction like p7 -sigma, pi - pi stacked, pi-
alkyl and lost steric interaction were observed. Hydrogen bond determines the
activeness of a potential drug candidate and hence the studied compounds having
the highest binding affinity with much number of hydrogen atoms implies better

tuberculosis drug candidate.

Table 7. Modes, binding and average binding affinities of L1 and its metal complexes in kcal/mol.

Modes L1 [Zn(L1):]Ac2 [Cu(L1):]Ac: Isoniazid
1 -6.7 -8.3 -9.0 —-4.4
2 -6.5 -8.1 -8.7 —-4.4
3 —-6.4 -8.0 -8.7 —-4.4
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Continued
4 -6.3 -8.0 -8.6 -43
5 -6.2 -7.9 -8.3 -43
6 -6.2 -7.9 -8.2 -4.2
7 -6.2 -7.8 -8.1 -4.1
8 -6.2 -7.6 -7.9 -4.0
9 -6.0 ~7.4 -7.6 -3.9
Average binding affinity/kcal/mol -6.3 -7.8 -8.3 -4.2

VAL-1us 0,353,103

-'{Nu* VAIFT02
L£104

i
~g

[Cu(L1),]Ac,
interaction with 5e2¢

[Zn(L1),]Ac,
interaction with 5e2c

VAL-102

L1 interaction with 5e¢2¢

Figure 6. Interaction network between the complexes and M. tuberculosis protein structures.

4. Conclusion

A nicotinic derived Schiff base ligand and its Cu (II) and Zn (II) complexes were
successfully synthesized with bidentate N and O donor Schiff base ligand derived
from nicotinic acid hydrazide. Their chemical structures were confirmed using
several spectroscopic tools including IR, 'H-NMR and XRD techniques. Further
elucidation for the metalation of the synthesized Schiff base was performed
through DFT and calculation of some chemical parameters. It was revealed that
the Schiff base ligand behaved in a bidentate manner in all metal complexes
through the azomethine nitrogen and carbonyl group of nicotine moiety. The In
vitro antibacterial activities of the compounds were studied and demonstrate that

the complexes formation increased their antibacterial activities toward M. tuber-
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culosis. The molecular docking studies revealed favorable average binding ener-
gies for the prepared compound in the order [Cu(L1).]Ac; > [Zn(L1),]JAc; > L1 >

isoniazid, the reference drug.

Supplementary Materials

The supplementary crystallographic data, CCDC Deposition Number 2124184 for
L1 can be obtained free of charge via http://www.ccdc.cam.ac.uk/ conts/ retriev-

ing.html (or from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: +44 1223 336033).
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