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A series of nickel(Il) and copper(Il) complexes viz. [Ni(L'),](1), [Cu(L"),](2), [Ni(L?),](3) and [Cu(L?),](4) (where
L'H=(E)-N-phenyl-2-(thiophen-2-ylmethylene)hydrazine-1-carboxamide, L*H=(E)-2-((3-methylthiophen-2-yl) methylene)-
N-phenylhydrazine-1-carbothioamide), have been synthesized and designed as potential inhibitors against SARS-CoV-2
and HIV-1 virus. The quantum computational calculations are used for structure-property relationship. A detailed structural
and non-covalent supramolecular interaction in the ligand (L'H) is investigated by single crystal structure analysis and
computational approaches. Hirshfeld surface analysis is done in the crystal structure of the ligand (L'H), while 3D topology
of the crystal packing is visualized through an energy framework. To find potential inhibitors of the SARS-CoV-2 and HIV-
1 virus, molecular docking of the ligands and their corresponding metal complexes with SARS-CoV-2 and HIV-1 virus is
performed. The X-ray crystallographic structure of the main protease of the SARS-CoV-2 (PDB ID: 7VNB) and HIV-1
virus (PDB ID: 1REV) is retrieved from the protein data bank and used as receptor proteins. The molecular docking results
has shown that Schiff bases and their complexes with SARS-CoV-2 and HIV-1 virus exhibited good binding affinity at
binding site of receptor protein. It is also observed that the binding affinities of the Schiff bases and metal complexes
towards SARS-CoV-2 are comparatively higher than the HIV virus. This study may offer the new antivirus drug candidates

against SARS-CoV-2 and HIV-1 virus.
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Semicarbazone and thiosemicarbazones are important
Schiff base ligands having multidentate coordinating
sites, essential to synthesize new metal-complexes
with multiple pharmacological applications'™. They
are extensively used as ligands in studying the anti-
viral and antimalarial activity of metal complexes due
to their rich  biological, medicinal and
pharmacological properties™®. They can coordinate to
different metal centre as neutral molecules or as
anionic ligands. Semicarbazone can bind through their
oxygen while thiosemicarbazones coordinate through
their sulphur and azomethine imine nitrogen atom
with transition metal ion, making them good chelating
agents™®. Previously, it has been studied that in
citronellal ~ thiosemicarbazone  derivative  bis
complexes of nickel metal, where the Schiff base
ligand was coordinated to the metal centre through its
bidentate N and S atom, was efficiently active
towards several cancer cell lines’. However, not much
has been studied on ligands and complexes derived
from thiophene-2-carboxaldehyde. Nickel and copper
are found to be important bio element in the field of
bioinorganic chemistry since they are present in
several enzymes'’. For instance, nickel is present as

the fragment of active sites of hydrogenase and
carbon monoxide dehydrogenases''. Moreover, nickel
and copper complexes have excellent antimicrobial,
antiproliferative, anti-viral and anticancer
properties'*"”.

The SARS-CoV-2 main protease plays a significant
role in viral replication. Due to its low similarity with
human genes, it is a crucial target for designing and
discovering novel SARS-CoV-2 drugs. Investigation
of binding affinity and structure-property relationship
of protein-drug complexes plays an essential role in
understanding the molecular mechanism for drug
discovery'*"®. It is urgent to identify effective and
active antiviral compounds that can block the
infection at the individual stage and stop its spread
worldwide. One target that has received much
attention is the SARS-CoV-2 main protease
(MP©)!!® " a homodimer whose crystal structure has
been determined'®. SARS-CoV-2 causes infected cells
to express a main protease (M or 3CL protease) that
is responsible for site-specifically cleaving the
polyprotein, which is translated from viral m-RNA
within human cells®. The proteolytic activity of MP™®
is essential to the virus to generate the individual
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proteins that are necessary for replication and
infection. The essential role of MP®, as well as the
success of HIV protease inhibitors in the treatment of
HIV/AIDS, makes M"" an attractive therapeutic target
to treat SARS-CoV-2?!. It is on January 7, 2020, that
Chinese scientists attempted to isolate SARS-CoV-2
and finally sequenced the genome SARS-CoV-2.
They also pointed out a potential drug target protein
for the inhibition of SARS-CoV-2 replication™.

Herein, a series of Ni(II) and Co(Il) complexes viz.
[Ni(L)J(1), [Cu(LYo](2), [Ni(L?),](3) and [Cu(L*)](4)
of (E)-N-phenyl-2-(thiophen-2-ylmethylene)hydrazine
-1-carboxamide (L'H) and (E)-2-((3-methylthiophen-
2-yl)methylene)-N-phenylhydrazine-1-carbothio-amide
(L*H) as potential inhibitors against SARS-CoV-2
and HIV-1 virus, were designed, synthesized, and
characterized. This study may offer the new antivirus
drug candidates against SARS-CoV-2 and HIV-1
virus.

Experimental Details

Chemicals

All chemicals used in this analysis were of
analytical grade and used as procured. 4-Phenyl
semicarbazide hydrochloride, thiophene-2-
carbaldehyde, 4-phenylthiosemicarbazide, 3-methyl-
2-thiophene  carbaldehyde, copper(ll) acetate
monohydrate, nickel(Il) acetate tetrahydrate salt were
obtained from Sigma-Aldrich and wused without
further purification.

Characterization techniques

Various physical and spectral methods (NMR, FT-
IR and UV-visible spectroscopy) were investigated
for the characterization of the ligand and complexes.
Elemental analytical data and quantum mechanical
calculations are also applied for these purposes.
The electronic spectra of the compounds were
taken on a Thermo scientific UV-Vis recording
spectrophotometer Evolution-3000 in quartz cells.
NMR spectra were recorded on a Bruker Advance HD
500 MHz FT-NMR Spectrometer. IR spectra were
recorded in KBr medium on a Bruker-Alpha-
Platinum-ATR spectrophotometer (500-4000 cm™).
The C, H, and N determinations were made on an
Elementar Vario EL III Carlo Erba 1108 analyzer.

Crystal structure determination

The single crystal X-ray diffraction data of the
ligand L'H collected at 296(2) K using Bruker
SMART APEXII CCD diffractometer, equipped with
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graphite-crystal incident beam monochromator, and a
fine focus sealed tube with Mo-Ka (A= 1.54178 A)
and the X-ray source at the SAIF, IIT Madras, India.
The Bruker SMART and Bruker SAINT softwares
were used for data acquisition and data reduction,
respectively. The structures were solved by direct
methods and refined by full-matrix least-square
calculations with the SHELXL-2018/3 software
package™. All non-hydrogen atoms were refined
anisotropically, and all hydrogen atoms on carbon
were placed in calculated positions, guided by
difference maps and refined isotropically.
The molecular and crystal structures were plotted
using ORTEP, PLATON, Mercury and Diamond
3.2 k** programs.

Powdered X-ray diffraction study

Powder XRD patterns of the ligands and
complexes are recorded on Brukar D8 X-ray
diffractometer. with Cu as anode material”>*’. The
pattern was recorded in the 20 range of 0° to 80° with
a potential difference of 40 kV and current 30 mA
using Cu Ka radiation at A = 0.15406 nm at a scan
rate of 0.02° min™'. Crystal size (D) was estimated by
Scherrer’s formula, D = kA/Bcos0, k is a constant (k=
0.94), A is the wavelength used (A=0.154 nm), 8 width
at half maxima (FWHM) of the whole peaks by XRD
patterns while 0 is Bragg angle.

Hirshfeld surface analysis

The Hirshfeld surface (HS) is a useful graphical
visualization tool used to analyze the nature of the
intermolecular interactions in the crystal packing,
quantified using the Crystal Explorer 17.5 software®’.
The HS provides qualitative information about all
intermolecular interactions at a time, whereas
fingerprint plots produce the most efficient interactive
graphics to obtain intermolecular interactions
quantitatively inside the crystal packing”™. The
molecular HS and their associated two-dimensional
fingerprint plots (FPs) were generated for Schiff base
ligand L'H based on their crystallographic
information file (cif), using CrystalExplorer 17.5
software. The 3D graphical plots of the HSs are
mapped over the dyom (normalized contact distance)
surface enables us to visualize the various
intermolecular interactions in the crystal lattice and
allows us to gain insight into the crystal packing
behaviour. The HS is reduced to 2D fingerprint plots
by obtaining standard resolution of molecular HS on
calculating the d; and d, for each surface point. The d;
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and d. are the distance to the HS from the nearest
internal nucleus (inside the HS) and external nucleus
(outside the HS), respectively. Further, the data are
binned into a discrete interval of d; and d,, to generate
a 2D histogram with a scale of 0.2 A. The 2D FPs
give a summary of the frequency of each combination
di and d. across the surface of a molecule and
indicates the interactions present as well as the
relative area of the surface corresponding to those
interactions®. The energy framework analysis is
carried out in order to explore the intermolecular
interaction energies between the molecular pairs
within the cluster of radii 3.8 A. These calculations
were performed wusing Crystal Explorer 17.5
combined with CE-B3LYP/6-31G(d,p) functional/
basis set. The radius of the cylinder connected to the
centroids of the pairs of molecules represents the
magnitude of interaction energies and relative
strength of the molecular packing in a different
direction. Using energy framework analysis,
supramolecular architecture of the crystal structure
can be visualized®*"".

Theoretical study

Theoretical calculations by density functional
theory (DFT) were performed with regard to
molecular structure optimization and HOMO-LUMO
energies, etc. of all synthesized compounds. The
geometry optimization of the ligands and complexes
was performed at the ®B97X-D/6-311+G** level of
theory in vacuum using the Gaussianl6 software
package®” and cross-validated using the Spartan 16/18
parallel suite of programs™ at the resources of the
computational facility at Department of Chemistry,
NIT Patna, India. The dispersion-corrected DFT
functional ®B97X-D** was chosen to accurately
estimate the van der Waals interactions, which are
expected to contribute greatly to the stability of the
complexes. Global reactivity descriptors, such as
ionization potential (IP), electron affinity (EA),
electro negativity (y), chemical potential (p), global
hardness (n), global softness (o) and global
electrophilicity (w), were calculated using the
formulas based on Koopmans theorem®”.

Molecular docking study

The molecular docking studies were performed for
all the synthesized compounds to analyze their binding
affinity for selected virus proteins. The crystal
structures of SARS-CoV-2 main protease™ (PDB ID:
7VNB; Space group: H3; unit cell: a = 146.21A, b =
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146.21A, ¢ = 93.08A, a = 90°, B =90 °, y = 120°) and
crystal structure of HIV-1 virus’’ (PDB ID: 1REV;
Space group: HP2,2,2;; unit cell: a = 138.8 A, b =
1158 A, c =662 A, a=90° B =90 °, v =90° was
obtained from the Protein Data Bank and used as
receptor proteins. Initially, the protein coordinates were
refined by deleting all the water and heteroatoms to
make the targeted protein receptor-free. Further, the
polar hydrogens and Kollman charges were added to
the protein using the Autodock tool (ADT) 1.5.6
associated with Autodock 4.2 software®®. The prepared
protein and ligand coordinates are saved in a pdbqt file
format using ADT software. The gird box of the
desired volume is selected in such a way that the ligand
can rotate freely inside the active site pocket protein.
The configuration files are generated using the
coordinates and dimension of the grid box. Vina
Lamarckian genetic algorithm® generates the output
files having predicted free energy for binding sites. The
result comprising of different poses with corresponding
energies were analyzed and high-quality figures are
rendered by open-source Discovery Studio visualizer™.

Synthesis procedure

(E)-N-phenyl-2-(thiophen-2-ylmethylene)hydrazi-
ne-1-carboxamide (L'H)

To synthesize L'H, 4-phenyl semicarbazide
hydrochloride (2.0 mmol, 0.375 g) was taken in ethanol
(10 mL) with dropwise addition of ethanolic solution of
thiphene-2-carbaldehyde (2.0 mmol, 0.27 mL). The
stirred mixture was refluxed for 2-3 h. White colour
shiny crude product was obtained. XRD quality
needled shaped single crystals were obtained by the
slow evaporation of its methanol solution in air. Anal.
Calcd for LIH; Ci,HyIN;OS (24530 g/mol) C,
58.76%; H, 4.52%; N, 17.13%. Found: C, 58.76%; H,
4.39%; N, 17.11%. FAB-mass (m/z): Obs. (Calcd.)
245.06 (245.3 g/mol.); 'TH-NMR (500 MHz, DMSO-
de): 6 8.62 (s, 1H, -N=CH), 6 7.58-7.63 (m, 3H, Ar-
H), 8 7.43 (s, 1H,Ar-H), o 8.15 ppm (H,-N-H), &
10.68 ppm (H,-N-H) (Fig. S1).”"C-NMR (500 MHz,
DMSO-d6): & 153.18, 139.40, 139.379, 136.72,
129.91, 128.49, 128.23, 122.97, 120.031 and 39.59
ppm (Fig. S2). IR data (KBr/cm'): 1593 (>C=N);
3171(v N-H); 3364 (v O-H). UV-visible (DMSO) A
(nm): 340(n-n*) and 306 (n-n*).

(E)-2-((3-methylthiophen-2-yl)methylene)-N-phen-
ylhydrazine-1-carbothioamide (L*H)

To synthesize L*H, 4-phenylthiosemicarbazide
(2.0 mmol, 0.334 g) was taken in ethanol (10 mL)
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with dropwise addition of ethanolic solution of
3-methyl-2-thiophene carbaldehyde (2 mmol, 0.29
mL). The stirred mixture was refluxed for 2-3 h. Light
brown colour shiny crude product was obtained. Anal.
Caled for L*H; Cj;3 Hp3N3S, (27539 g/mol) C,
56.07%; H, 4.76%; N, 15.26%. Found: C, 56.07%; H,
4.73%; N, 15.22%. FAB-mass (m/z): Obs. (Calcd.)
275.06 (275.39 g/mol.); '"H-NMR (500 MHz, DMSO-
de): & 8.25 (s, 1H, -N=CH), & 7.35 (s, 1H, Ar-H), 6
7.57 (s, 1H,Ar-H), 6 9.72 ppm (H,-N-H), 6 11.77 ppm
(H,-N-H) (Fig. S3). *C-NMR (500 MHz, DMSO-d6):
o 175.70, 141.07, 139.43, 138.22, 132.30, 131.42,
128.77, 128.59, 125.62, 125.57, 14.17 and 40.01 ppm
(Fig. S4). IR data (KBr/cm™): 1591 (>C=N); 2326 (v
S-H); 3292(v N-H). UV-visible (DMSO) A (nm): 368
(m-7*) and 325 (n-7*).

Synthesis of complex [Ni(L"),] (1)

To a solution of L'H (I mmol, 0.245 g) in
methanol (10 mL), triethylamine (1.0 mmol, 0.68 mL)
is added dropwise. The mixture was stirred for half an
hour. This mixture was then added dropwise to the
methanolic solution of nickel (II) acetate tetrahydrate
salt (0.5 mmol, 0.124 g). After the completion of the
reaction, the reaction mixture was filtered and was left
for slow evaporation at RT. Light brown colour weak
crystals was obtained. Anal. Caled for (1);
CpHypoNgNiO,S, (547.28 g/mol) C, 52.67%; H,
3.68%; N, 15.36%. Found: C, 52.66%; H, 3.66%; N,
15.35%. FAB-mass (m/z): Obs. (Calcd.) 547.28
(547.26 g/mol.); UV-visible (DMSO) A (nm): 350
(m-n*) and 309 (n-7*).

Synthesis of complex [Cu(LY),] 2)

The complex (2) was synthesized in a similar
fashion as complex (1) by adding copper (Il)acetate
monohydrate salt (0.5 mmol, 0.100 g) instead of
nickel(Il) acetate tetrahydrate salt. The resultant
solution was stirred for 4-5 h. After the completion of
the reaction, the reaction mixture was filtered and was
left for slow evaporation at RT. The obtained light
green colour residue was filtered off and dried
under reduced pressure. Anal. Calcd for (2);
Ca4Hz0CuNeO,S, (551.04 g/mol) C, 52.21%; H,
3.65%; N, 15.22%. Found: C, 52.21%; H, 3.64%; N,
15.19%. FAB-mass (m/z): Obs. (Calcd.) 551.04
(551.02 g/mol.); UV-visible (DMSO) A (nm): 348
(m-n*) and 313 (n-7*).

Synthesis of complex [Ni(L?),] (3)
To a solution of L*H (1 mmol, 0.275 g) in acetonitrile
(10 mL), triethylamine (1 mmol, 0.680 mL) is added
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dropwise. The mixture was stirred for half an hour.
This mixture was then added dropwise to the
methanolic solution of nickel(Il) acetate tetrahydrate
salt (0.5 mmol, 0.124 g). The resultant solution was
stirred for 4-5 h. After the completion of the reaction,
the reaction mixture was filtered and was left for slow
evaporation at RT. Brown colour residue was
obtained. Anal. Calcd for (3); CysHNgNiS,
(607.45 g/mol) C, 51.41%; H, 3.98%; N, 13.84%.
Found: C, 51.40%; H, 3.97%; N, 13.86%. FAB-mass
(m/z): Obs. (Calcd.) 607.45 (607.43 g/mol.); UV-
visible (DMSO) A (nm): 352 (n-n*) and 283 (n-m*).
IR data (KBr/cm™): 1589 (v>C=N); 610 (vNi-S), 543
(v Ni-N).

Synthesis of complex [Cu(L?),] (4)

The complex (4) was synthesized in a similar
fashion as complex (3) by adding copper(Il) acetate
monohydrate salt (0.5 mmol, 0.100 g) instead of
nickel(Il) acetate tetrahydrate salt. The resultant
solution was stirred for 4-5 h. The obtained dark
green colour precipitate was filtered off and dried
under reduced pressure. Anal. Calcd for (4);
CaH4CuNgS,4 (612.31 g/mol) C, 51.00%; H, 3.95%;
N, 13.73%. Found: C, 50.09%; H, 3.94%; N, 13.70%.
FAB-mass (m/z): Obs. (Calcd.) 612.31(612.32
g/mol.); UV-visible (DMSO) A (nm): 376 (n-n*) and
301 (n-n*). IR data (KBr/cm™): 1586 (v>C=N); 604
(vCu-S), 462 and 555 (v Cu-N).

Results and Discussion

Synthesis and characterization

Schiff base ligands L'H and L*H were synthesized
by condensation reaction of aldehyde and primary
amine in 1:1 ratio. All the metal complexes were
synthesized in the molar ratio of 1:2 (metal: ligand).
The protocol used for their synthesis is given in
Schemes 1 and 2. All the synthesized compounds
were characterized with different physiochemical and
spectroscopy techniques which provide evidence for
their formation.

FT-IR and UV-visible spectroscopy

FT-IR of L'H and L*H and complexes (3 and 4)
were studied. The spectra of L'H and L*H shows
strong peak for the azomethine imine*' at 1593 and
1591 ecm™, respectively. The presence of v(O-H) peak
at 3364 cm™ for L'H indicate that it is present in enol
form. The presence of peak at 1283 cm™ can be
assigned to v(C-0). Also, the presence of v(S-H) band
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Scheme 1 — Synthetic routes for the preparation of Schiff base ligands L'H and L*H
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Scheme 2 — Synthetic routes for the Schiff base metal complexes (1)-(4)

at 2326 cm’ for L*H indicates that the ligand is  and 604-610 cm™ are the characteristic bands of
present in thiol form. On comparison of IR spectra of  v(M-N) and v(M-S) respectively, gives supportive
Schiff base ligand L*H with the spectra of its metal  evidence of bonding of L*H with metal centre. The
complexes (3 and 4), the azomethine group is shifted ~ FT-IR spectra of Schiff base ligands (L'H and L’H)

to lower wavelength 1589 cm™ for (3) and 1586 cm™  and complexes (3 and 4) are presented in
for (4) and provides evidence for coordination  supplementary (Figs S5- S8).
through azomethine nitrogen to the metal ions®. The electronic absorption spectra of L'H and L’H

Presence of new bands in the region of 543-555 cm™  and complexes (1)-(4) were recorded in DMSO



1246

solvent at RT. UV-visible spectrum of L'H (Fig. S9)
shows two bands®, first at 306 nm corresponding to
n—7* transition in the semicarbazone group, and
second one at 340 nm corresponding to n—7* of the
phenyl ring; similarly, for L*H (Fig. S10) n—m*
transition at 325 nm and m—7* transition at 368 nm.
The shift of the bands due to intra ligand transitions is
the result of weakening of the C=0O/C=S bond and the
extension of conjugation upon complexation. A band
corresponding to n—nw* transition was observed at
313, 309, 301 and 283 nm for complex 1-4,
respectively. Similarly the band corresponding to
n—7* transition was observed at 348, 350, 376 and
352 nm for complex (1)-(4), respectively. The shift
occurs also due to coordination through
sulphur/oxygen of thiosemicarbazone/semicarbazone
and azomethine nitrogen and is indication of

Table 1 — Crystallographic data and refinement
parameters for ligand (L'H)

Crystallographic Ligand (L'H)
data
Formula C,H;1N;0S8
Mw (gmol™) 245.30
temp (K) 296(2)
2. (Mo Ka) (A) 1.54178
crystal system Trigonal
space group R-3:H
a(A) 34.2388(11)
b(A) 34.2388(11)
c(A) 5.6225(3)
a(°) 90
B 90
7 () 120
V(A% 5708.2(5)
VA 18
Deare (Mg/em?®) 1.284
u (mm™) 2.169
F(000) 2304
Crystal size (mm®) 0.300x0.250%0.200
Index ranges  -41<=h<=42, -42<=k<=42, -4<=I<=6
Collected reflections 17117

unique reflections
Absorption
correction
max and min trans
Refinement method
Data / restraints /

2453[R(int) = 0.0470]
Semi-empirical from equivalents

0.7536 and 0.5227
Full-matrix least-squares on F~
2453 /2/162

parameters
Goodness-of-fit 1.041°
(GOF) on F*
R1 [I>2a(D]* 0.0389 & 0.0519
wR2 (all data)® 0.1024 & 0.1154
CCDC Number 2066722

Ri=Y||Fo| - |Fe| | /2| Fo
*wRy = {3 [W(F, —F2 ) VY [wE ) 137
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enolization/thio-enolization followed by deportation
of the ligand during complexation. The broadness of
these bands can be explained as due to the
combination of O—Cu/Ni, N—Cu/Ni, S—Cu/Ni
LMCT transitions™.

Crystallographic discussion of L'H

White needle shaped crystals of L'H were obtained
through slow evaporation from its ethanolic solution
at room temperature. The results of X-ray diffraction
studies are shown in Table 1. Selected bond distances
(A) and angles (°) are mentioned in Table S1. The
L'H crystallized in the trigonal crystal system with
the space group R-3: H. Oxygen and nitrogen imine
(N1) atoms are in trans-position with respect to the
C7-N2 bond®. The molecule displays an E-
conformation with respect to C8-N1 bond and is
approximately planar due to electron delocalization
along the skeleton of the molecule. The ORTEP
representation and crystal packing of L'H are
presented in Fig. 1. Three-dimensional network is
established by comparatively stronger hydrogen
bonding in L'H [C (1)-H (1) ...0 (1) 0.93 A, C (12)-H

Fig. 1 — (a) ORTEP structure with 50% thermal ellipsoid and
with atom numbering scheme and (b) crystal packing view of L'H
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(12) ...0 (1) 0.93 A, N(2)-H(2A) ...O (1) 0.877(15) A
and N(3)-H(3A) ...N (1) 0.843(16) A].*(Table 2).

Powder XRD studies

X-ray diffraction studies can provide realistic
structural knowledge about the synthesized
compounds®®.  After several recrystallization

attempts, we were not able to get the single crystals
for the synthesized metal complexes. Therefore, we
took assistance of powdered XRD studies to test the
degree of crystallinity’’. As shown in Fig. 2, the
XRD patterns of the L'H was observed at
20 = 22.74° which is characteristic peak for a Schiff
base imine*. XRD pattern of the Ni(II) complex (1)
shows the sharp crystalline peaks indicating their
crystalline phase while that of Cu(Il) complex (2)
does not shows any sharp peak which indicate its
amorphous nature. The XRD patterns of the
complexes shows almost all peaks of ligand L'H
with some new peaks which gives the evidence for
the formation of complexes, since the crystalline
index of Schiff base ligand L'H at 20 = 22.74°
shifted to 20 = 18.2° in its complexes due to m-n
conjugation between the ligand and metal which
confirms the existence of metal ion in the ligand
environment. The average crystalline size (D) of the
complexes was calculated using Scherer’s formula*’,
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and was found to be 46.44 nm for (1) and 52.02 nm
for (2).

Hirshfeld surface analysis

The Hirshfeld surface (HS)® and their relative
2-dimensional (2D) finger print plots for L'H ligand
were drawn using the result obtained from a single
crystal X-ray by the assistance of Crystal Explorer
3.0. The Hirshfeld surfaces include d,.m surface,
shape index, and curvedness’. The dyom is used to
identify the regions of particular importance to
intermolecular interaction. The HS for L'H mapped
with dnom property is displayed in Fig. S11 and 2-D
fingerprint plot analysis with all characteristics
features of short interactions are displayed in Fig. S12
and S13. The d,om surface has been mapped over the
range of -0.59 to 2.07 au, shape index mapped over -
1.0 to 1.0 au, curvedness mapped over -4.0 to 0.4 au
while fragment patch mapped over 0.0 to 15 au. These
surfaces for L'H were mapped and were drawn
transparent to allow visualization of the ligand. Deep
red, large spherical depressions visible on the surfaces
are evidence of hydrogen-bonding contacts and the
weaker and longer contacts other than hydrogen
bonding are shown by light coloured small area on the
surfaces™’. Shape index depending on the HS flatness
or curvature, blue region shows hydrogen donor
groups and a concave red region represents hydrogen
acceptor groups. Fingerprint plots depicts that
complementary region in plots can be visualized
where one molecule behaves as a donor (d.>d;) while
other behaves as an acceptor (d.<d;). These play an
important role to illustrate the comparative
contribution in terms of the percentage of various
intermolecular interactions in the crystal lattice. It
gives a quantitative summary of the nature and type of
intermolecular contacts.

The 2D fingerprint plots®' generated corresponding
to the ALL, H....H, C....H, S....H, O....H, and
N...H for L'H (Figs S12 and S13). The H...H

2 theta(deg) intermolecular contact is observed to be the most and
0 1 ;
Fig. 2 — Powdered XRD pattern of semicarbazone Schiff base accounts for 4.0/0_ of total I__IS for L'H. The pI‘OpOI’t%OIl
ligandL'H and its Ni(II) (1) and Cu(II) complexes (2) of other significant intermolecular interaction
Table 2 — Hydrogen bonds for Schiff base ligand (L'H) [A and °]

D-H... A D (D-H) d (H... A) d(D...A) <(DHA)
C(1)-H(1)..0(1) 0.93 2.33 2.925(3) 121.3
C (12)-H (12) .0 (1) #1 0.93 251 3.310(3) 144.8
N(2)-H(2A) ...O (1) #2 0.877(15) 1.972(16) 2.847(2) 175.4(19)
N(3)-H(3A) ..N (1) 0.843(16) 2.16(2) 2.617(2) 113.9(18)

Symmetry transformations used to generate equivalent atoms: #1 y-1/3, -x+y+1/3, -z+4/3  #2 -x+1/3, -y+2/3, -z+2/3
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C....H/H....C, for L'H is found to be 24.7%. Further,
S....H/H....S (10.3%), O....H/H....O0 (9.7%), and
N....H/H....N (5.7%) are the weak interaction of total
HS for L'H. Fig. 3 display the HS mapped with
crystal void and deformation density of the ligand™.
Crystal void is based on the sum of spherical
atomic electron densities at the appropriate nuclear
positions (procrystal electron density). The crystal-
void calculation (results under 0.002 a.u. iso-value)
shows the void volume of the L'H be of the order
of 94531 A’ and surface area in the order of
2390.40 A*. The spatial distribution of the electrons
involved in the chemical bonding can be studied
through  deformation  density maps. The
deformation density (results under 0.008 a.u. iso-
value) was mapped over the range 0.008 to -0.008
au. The electron density deformation can be
described as the subtraction of the electronic cloud
of the molecule, minus the electronic cloud of the
promolecule defined as the summation of the free
atom spherical electron densities. The deformation
is therefore positive between the bonds and
negative at the nucleus. Furthermore, energy
framework computational analysis®™ has been
explored for better understanding of the nature of
intermolecular interaction energies between the pair
of molecules with a 3-D graphical representation of
their magnitude. Fig. 4 display the energy
framework diagrams for L'H i.e. dispersion energy
(Eqgis), coulomb energy (Ecqu), total energy (Eq) and
total (annotated) energy (Eiolamot) Which was
calculated by generating a cluster of radii 3.8 A
around the molecule. The interaction energies for
L'H was calculated with CE-[B3LYP/6-31G(d,p)]
model displayed in Table S2. It is suggested that
the total energy consists of pair wise individual
energy profiles such as Ecoui, Edis, Ewor and Etotannot)-
The tube size (250) connecting the centroids of the
molecule represent the relative strength of the

INDIAN J. CHEM., DECEMBER 2022

interaction, and tube colour represents types of
energy profiles of the intermolecular interaction
energies.

Quantum chemical study

The quantum computation can provide the
electrical and chemical properties, which are not
possible  with  conventional characterization
instruments due to their intrinsic limitations™. Along
the similar lines, the computational studies about the
coordination compounds have quickly swelled up
where it is used with reasonable accuracy to correlate
and explain the structural features and functional
properties of coordination complexes®™®.  All
quantum chemical calculations were carried out using
the Gaussian 09 program package™. DFT based
quantum chemical calculations were performed on
Schiff base ligands L'H and L?H and their metal
complexes (1-4) to get the structure property
relationship. The FMOs including LUMO and HOMO
along with their orbital energies (eV) and energy gaps
(eV) for Schiff base ligands L'H and L*H are shown
in Figs S14 and S15, respectively, while for their
metal complexes (1-4) are drawn in Fig. 5a-d. Energy
gap provide the knowledge about the stability of the
compound and chemically stable compounds have
larger energy gap . The energy gap values are
tabulated in Table 3. During HOMO-LUMO analysis,
the relevant occupied and unoccupied Mos
(HOMO/LUMO, HOMO-1/LUMO+1 and HOMO-
2/LUMOR2) are considered. The LUMO and HOMO
energies for L'H was found to be -9.49 and
-11.82 eV; for L*H -9.61 and -10.91 eV; for (1) 0.63
and 0.06 eV; for (2) 0.66 and 0.61 eV; for (3) 0.25
and -0.24 eV and for (4) 0.85 and 0.249 eV,
respectively. The energy gap (0.60 e¢V) for complex
(4) was found to be highest among all the complexes
indicating that it is the most stable complex. The data
of FMO are used to calculate the global reactivity

(b)
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Fig. 4 — Energy Framework diagrams for Euy, Egis, Eor and Ejop annot- fOr cluster of molecules in L'H

parameters® (such as Ionization potential (IP),
electron affinity (EA), electro negativity (X), chemical
hardness (7), chemical potential (), global softness
(o) and electrophilicity index (w)) using the formulas
based on Koopmans theorem™. The results obtained
are tabulated in Table 4. Overall, the electron
donating and accepting abilities were described by
ionization potential and electron affinity. The
ionization potential values of the synthesized Schiff
base ligands are found to be much greater than their
electron affinity values which shows that they possess
electron donating nature. The stability as well as
reactivity of a chemical system was correlated to
chemical potential and global hardness values®. The
stability had a direct relation with global hardness,
whereas it had an inverse relationship to its reactivity.
Global hardness value (1.72) for complex (1) is
highest which suggest that it is highly stable and least
reactive among all the complexes.

Furthermore, we have explored the electrostatic
potential maps and electron density diagrams for
Schiff base ligands L'H and L*H (Fig. S16) and their
metal complexes (1-4) (Fig. 6). The red, blue and

green regions of MEPs map provide the most negative
electrostatic potential, the most positive electrostatic
and zero potential, respectively*. It is suggested that
in a MEP plot, the maximum positive region that is
the preferred site for nucleophilic attack is indicated
with blue colour. Similarly, a maximum negative
region which is the preferred site for electrophilic
attack is indicated as a red surface. Electrostatic
potential map of the Schiff base ligands reflects the
electron donating character (red colour) for O/S and N
of azomethine moiety that can be coordinated to metal
ions, i.e. active coordination centers.

Molecular docking

To have a depth insight about the interaction of
Schiff base ligands and their metal complexes with
SARS-CoV-2 and HIV-1 virus, we have purposefully
performed molecular docking analysis. Molecular
docking sheds light on designing drugs for the
treatment of many diseases™. The aim of the study
was to determine the binding energy, interacting
protein residues and their corresponding distances.
The result of docking is tabulated in Tables 5 and 6.
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Fig. 5 — Frontier molecular orbitals diagram of nickel(IT) complex (a) [Ni(L"),] (1), (b) [Ni(L?),] (), (¢) [Cu(L"),] (3) and (d) [Cu(L?),] (4)

Table 3 — HOMO and LUMO energies and energy gap (AE)* of Schiff base ligand L'H and
L’H and their metal(II) complexes (1)-(4)

Compound Erumo Enomo AE Erumo+1  Enomo-1 AE Erumo+2 Enomo-2 AE

L'H -9.49 -11.82 2.33 -8.49 -12.11 3.6 -8.47 -12.12 3.65
L*H -9.61 -10.91 1.3 -9.04 -11.30 2.41 -8.47 -11.45 2.98
1) 0.63 0.06 0.57 0.66 -0.82 1.48 1.83 -0.83 2.65
2) 0.66 0.61 0.05 1.81 0.06 1.75 1.83 -0.82 2.64
3) 0.25 -0.24 0.48 0.85 -0.59 1.44 0.86 -0.93 1.79
4) 0.85 0.249 0.60 0.86 -0.281 1.15 1.00 -0.681 1.69

The molecular docking poses of the Schiff base
ligands L'H and L*H inside SARS-CoV-2 (PDB ID:
7VNB) are displayed in Figs S17 and S18. An
overview of Fig. S19 shows that the protein residues
which interacts with L'H are ASN-343, SER-371,
LEU-368, VAL-367 and ALA-372; while L’H

interacts with the protein residues ASP-364, CYS-
336, LEU-335, PHE-342 and VAL-367. Protein
residue ASN-343 and SER-371 form conventional
hydrogen bond with S and N atoms present in L'H.
While ASP-364 and CYS-336 form conventional
hydrogen bond with L?H. Further, Pi-Pi stacked
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Table 4 — Global reactivity descriptors® of the Schiff base ligand L'H and L*H and their metal(II) complexes (1)-(4)

Mathematical description L'H L*H
IP=- EHOMO 11.82 10.91
EA =-ELumo 9.49 9.61
=P+ EA)/2 10.66 10.26
n=(P-EA)2 1.17 0.65
p=-(IP + EA)/2 -10.66 -10.26
o=1/2n 0.43 0.77
o=p>/27 48.86 81.06

@M @ &) @
-0.06 -0.61 0.24 -0.25
-0.63 -0.66 -0.25 -0.85
-0.35 -0.64 -0.005 -0.55
0.29 0.635 0.25 0.3
0.35 0.64 0.005 0.55
1.72 0.79 0.02 1.67
0.21 0.32 0.0 0.51

* Jonization potential (IP), electro negativity (), electron affinity (EA), chemical potential (n), global softness (o), global hardness (n),

units are in eV

i
-0.8799 eV

Electron density

- = Electron density

-2.2032 eV

&%

)
L3 ]
-1.257 eV -0.7391 ¢V

S

-1.0771 eV

- )
-1.1591 eV

Electron density

Electron density

-1.5517 eV

Fig. 6 — Molecular electrostatic potential (MEP) maps and
electron density surface representation of metal complexes (1)-(4)

interaction is also seen between protein residue PHE-
342 and L’H. Figs S20-S23 display the docking
possesses of the metal complexes (1-4) inside SARS-
CoV-2 (PDB ID: 7VNB). Fig. 7 represents the 2-D
diagrams of different interactions occurring between
the metal complexes (1-4) with SARS-CoV-2 (PDB
ID: 7VNB). From this figure, it is clear that protein
residues ILE-69 shows convection hydrogen bond™
with complex (1), GLU-46 and VAL-445 show
convection hydrogen bond with complex (2), GLY-
105, ASN-98, SER-28 and ASP-31 show convection

hydrogen bond with complex (3) while ASP-428
shows convection hydrogen bond with complex (4).
Pi-Pi T-shaped interaction occur between protein
residue TYR-58 and phenyl ring of complex (1),
while protein residue TYR-396 also shows pi-pi
T-shaped interaction with phenyl ring of complex (4).
The binding affinities of free Schiff base ligands are
found to be less than their corresponding metal
complexes. The binding affinities for Schiff base
ligands L'H and L*H and their metal complexes (1-4)
are -7.5, -7.2, -8.8, -8.5, -9.1 and -9.9 kcal/mol,
respectively.

370, ALA-408, GLN-407, ARG-358 and VAL-
108; while L?H interacts with the protein residues
GLN-407, GLN-407, TYR 232, TYR-232, GLN-407,
VAL-108 and ALA-408. Figs S27-S30 display the
docking possess of the metal complexes (1-4) inside
HIV-1 virus (PDB ID: 1REV). Fig. 8 represents the 2-
D diagrams of different interactions occurring
between the metal complexes (1-4) with HIV-1 virus
(PDB ID: IREV). From Figure 22 it is clear that
protein residues TYR-181 and MET-14 show
convection hydrogen bond with complex (1), GLY-
384 shows convection hydrogen bond with complex
(2), ASN-137 shows convection hydrogen bond with
complex (3) while GLY-384, TYR-181, PRO-95 and
LYS-154 show convection hydrogen bond with
complex (4). Pi-Pi T-shaped interaction occur
between protein residue ILE-94 and phenyl ring of
complex (1), while protein residue pro-157 also
shows pi-pi T-shaped interaction with phenyl ring of
complex (4). The binding affinities of free Schiff base
ligands are found to be less than their corresponding
metal complexes®. The binding affinities for Schiff
base ligands L'H and L*H and their metal complexes
(1-4) are -6.2, -6.1, -7.8, -7.3, -7.7 and -7.9 kcal/mol,
respectively. It was observed that the binding
affinities of the Schiff bases and metal complexes
towards SARS-CoV-2 were comparatively higher
than the HIV virus. This study may offer the new
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Table 5 — The molecular docking results for Schiff base ligand L'H and L*H and their metal(II) complexes (1)-(4) with M"™ (PDB ID:
7VNB) including the binding affinity, inhibition constant and different amino acid residues of MP™ that interact with the compounds

Molecule Binding Interacting residues
affinity H-bond Electrostatic Hydrophobic
(kcal/mol)

L'H -7.5 ASN-343 LEU-368 VAL-367 (4.79 A)
.72 A) (3.12A) ALA-372 (4.02 A)
SER-371
(2.07 A)

L’H =72 ASP-364 LEU-335 VAL-367 (4.74 A)
(3.64 A) (3.74)
CYS-336 PHE-342
(2.03 A) (5.45A)
CYS-336
(2.52 )

a -8.8 ILE-69 LYS-64 ARG-56 (3.65 A)
(2.68 A) 4.24 A) TYR-58 (5.23 A)

ILE-59 (5.17 A)
LYS-64 (5.44 A)

Q) -8.5 GLU-46 LYS-43 LYS-444 (4.61 A)
(2.124) (4.98 A) LYS-43 (4.11 A)
VAL-445 LYS-444 (5.14 A)
(2.46 A)
LYS-43
(2.93 A)

A3 -9.1 ASN-98 TYR-32 TYR-32 (5.03 A)
(2.28 &) (5.69 A) ILE-468 (4.41 A)
ASP-31 ILE-468 (4.92 A)
(2.67 A)
SER-28
(2.45A)
ASP-31
(2.224)
GLY-105
(2.60 A)

@ -9.9 ASP-428 ARG-355 TYR-396 (4.85 A)
(2.254) 4.03 A) PHE-464 (5.31 A)
PHE-515 PHE-464 LEU-517 (5.42 A)
(3.224) (5.68 A) PRO-426 (5.38 A)
ASP-428 PRO-463 (3.72 A)
(3.514)

Table 6 — The molecular docking results for Schiff base ligand L'H and L*H and their metal(Il) complexes (1)-(4) with HIV virus(PDB ID:
1REV) including the binding affinity, inhibition constant and different amino acid residues of HIV virus that interact with the compounds

Molecule Binding affinity Interacting residues
(kcal/mol) H-bond Electrostatic Hydrophobic
L'H -6.2 TYR-232 (2.67 A) GLU-370 (3.61 A) ALA-408 (3.92 A) GLN-407 (4.36 A) ARG-
358 (5.23 A) VAL-108 (5.40 A)

L’H -6.1 GLN-407 (2.55 A) TYR-232 (4.07 A) TYR-232 (3.90 A) GLN-407 (4.78 A) VAL-
GLN-407 (2.21 A) 108 (5.28 A) ALA-408 (4.12 A)

(1) -7.8 MET-184 (2.77 A) PRO-95 (4.74 A) MET-184 (3.97 A)
TYR-181 (2.50 A) ILE-94 (4.74 A)
GLY-384 (3.44 A) LYS-385(5.08 A)

LYS-154 (4.43 A)
PRO-157 (5.47 A)
ALA-158 (4.65 A)
ILE-94 (5.03 A)
(contd.)
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Table 6 — The molecular docking results for Schiff base ligand L'H and L*H and their metal (II) complexes (1)-(4) with HIV virus(PDB ID: 1REV)
including the binding affinity, inhibition constant and different amino acid residues of HIV virus that interact with the compounds (contd.)

Molecule Binding affinity Interacting residues
(kcal/mol) H-bond Electrostatic Hydrophobic
Q) 7.3 GLY-384 (2.31 A) LYS-154 (4.74 A) TYR-319 (3.21 A)
LYS-385 (4.43 A) LYS-154 (4.00 A)
MET-184 (3.62 A)
PHE-87 (6.00 A)
ILE-94 (4.75 A)
PRO-157 (5.31 A)
LYS-385 (4.69 A)
3) 7.7 ASN-137 (2.85 A) ILE-135 (4.63 A) TRP-24 (4.71 A)
GLN-23 (2.84 A) VAL-381 (4.72 A)
PRO-25 (4.28 A)
LYS-22(5.26 A)
) 79 GLY-384 (2.8 A) PRO-95 (2.98 A) PRO-157 (4.90 A)
LYS-154 (2.10 A) TYR-181 (2.21 A) LYS-385 (4.63 A)
ILE-94 (5.18 A)
PRO-157 (5.05 A)
ALA-158 (4.29 A)
ILE-94 (4.74 A)

p gag6 =~ &%
NH s»_“ X BP'}S \’//g /\'\
& 7\ { \
A A5 B o llin, \,‘/
N N & \ M /,/\ L
N \ :; |‘ N \» A“ \ ,"
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(] cotoniugentond [ Pt I rorseed [ Prsgno

Fig. 7 — 2-D representation of docked metal complexes (1)- (4) inside the SARS-CoV MP°(7VNB) with its focused view for interacting
residues around the docked complex
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Fig. 8 — 2-D representation of docked metal complexes (1)- (4) inside the HIV virus (IREV) with its focused view for interacting

residues around the docked complex

antivirus drug candidates against SARS-CoV-2 and
HIV virus®'.

Conclusion

We have designed a series of nickel(Il) and
copper(Il) (1-4) complexes using Schiff base ligands
(L'H- L?H). Different physiochemical and
spectroscopy techniques were used to characterize the
synthesized complexes which provide evidence for
their formation. Single-crystal X-ray diffraction
reveals that L'H is crystallized in the trigonal crystal
system with the space group R-3: H. The oxygen and
nitrogen imine (N1) atoms are in trans-position with
respect to the C7-N2 bond'. The molecule displays an
E-conformation with respect to C8-N1 bond and is
approximately planar due to electron delocalization
along the skeleton of the molecule. The Hirshfeld
surface (HS) for L'H is analyzed to evaluate the
intermolecular interaction in the crystal system.
Powdered XRD studies were done for L'H and its
corresponding metal complexes (1) and (2). XRD
patterns of the Ni(Il) complex (1) shows the sharp
crystalline peaks indicating their crystalline phase
while that of Cu(Il) complex (2) does not show any

sharp peak which indicate its amorphous nature. We
have successfully docked all the synthesized
compounds with the main protease (M) of protein
(PDB ID: 7VNB) of SARS-CoV-2 and HIV-1 virus
(PDB ID: 1REV). Molecular docking result reveals
that all the synthesized compounds shows higher
binding energy against the main protease (M) of
protein (PDB ID: 7VNB) of SARS-CoV-2 than HIV-
1 virus (PDB ID: 1REV). Considering all the results,
it is clear that all synthesized compounds exhibited
pharmacokinetics response.

Supplementary Information

Supplementary information is available in the website
http://nopr.niscpr.res.in/handle/123456789/58776.
Deposition Number: CCDC-2066722 for Shiff base
ligand (L'H) contains the  supplementary
crystallographic data for this paper. This data can be
obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrievel.html or www.ccde.cam.ac.uk/structures

or from the Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223/ 336 033. Email:
deposit@ccdc.ac.uk.
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