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This paper describes the structure-based design, synthesis and anti-virus effect of two new coordination
complexes, a Ni(Il) complex [Ni(L);] (1) and a Cu(ll) complex [Cu(L),] (2) of (E)-N-phenyl-2-(thiophen-
2-ylmethylene) hydrazine-1-carbothioamide(HL). The synthesized ligand was coordinated to metal ions
through the bidentate-N, S donor atoms. The newly synthesized complexes were characterized by various
spectroscopic and physiochemical methods, powdered XRD analysis and also X-ray crystallography study.
Ni(II) complex [Ni(L);](1) crystallize in orthorhombic crystal system with the space group Pbca with four
molecules in the unit cell (a = 9.857(3) A, b = 7.749(2) A, ¢ = 32.292(10) A, o = 90°, B = 90°, = 90°,
Z= 4) and reveals a distorted square planar geometry. A Hirshfeld surface and 2D fingerprint plot has
been explored in the crystal structure of Ni(Il) complex [Ni(L);] (1). Energy framework computational
analysia has also been explored. DFT based calculations have been performed on the Schiff base and its
metal complexes to study the structure-property relationship. Furthermore, the molecular docking studies
of the ligand and its metal complexes with SARS-CoV-2 virus (PDB ID: 7BZ5) and HIV-1 virus (PDB ID:
6MQA) are also investigated. The molecular docking calculations of the Ni(Il) complex [Ni(L);] (1) and a
Cu(Il) complex [Cu(L),] (2) with SARS-CoV-2 virus revealed that the binding affinities at inhibition bind-
ing site of receptor protein are 9.7 kcal/mol and -9.3 kcal/mol, respectively. The molecular docking results
showed that the binding affinities of Ni(Il) complex (1) and Cu(Il) complex (2) against SARS-CoV-2 virus
were found comparatively higher than the HIV-1 virus (-8.5 kcal/mol and -8.2 kcal/mol, respectively). As
potential drug candidates, Swiss-ADME predictions analyses are also studied and the results are compared
with Chloroquine (CQ) and Hydroxychloroquine (HCQ) as anti-SARS-CoV-2 drugs.
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1. Introduction

Thiosemicarbazone Schiff base ligands are condensation prod-
ucts of thiosemicarbazide with suitable carbonyl compounds [1,2].
They have attracted enormous attention because of their signifi-
cance in chemical and biological activities. Furthermore, their phar-
macological applications are improved by the presence of hetero-
cyclic moiety [3]. These compounds play an important role in coor-
dination chemistry, coordinating to metal ions via azomethine ni-
trogen [4,5]. Copper and nickel complexes of heterocyclic thiosemi-
carbazone ligands are much interest to researcher in past several
years. These having bidentate N, S binding sites have been exten-
sively synthesised and characterised. Moreover, copper and nickel
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have the ability to form different co-ordination environment and
geometries giving large scope in co-ordination chemistry [6]. The
variable donating properties of co-ordinating sites of thiosemicar-
bazone Schiff base ligands produces complexes with structural di-
versities under different reaction conditions [7].

Recently, a series of copper and nickel complexes of thiosemi-
carbazones having heterocyclic moiety has been synthesised and
found that the nature of heteroatomic ring attached to them can
considerably influence the biological activities of these complexes
[8-11]. These ligands and their complexes have been extensively
studied exploring their biological properties, including antibacte-
rial, antimalarial, antiviral, antioxidant, cytotoxic and antineoplas-
tic [12-15]. Besides this, recently the world is in quest for ef-
fective drug to treat SARC-CoV-2. As virus effect is still on rise,
there is an urgent need to develop effective drug to control the
mortality rate which may rise in near future. A number of lit-
eratures are published exploring the anti-SARC-CoV-2 properties
of Schiff base metal complexes [16-19]. This present work de-
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scribes the structure-based design, synthesis and anti-virus effect
of two new coordination complexes, a Ni(ll) complex [Ni(L),] (1)
and a Cu(Il) complex [Cu(L),] (2) of (E)-N-phenyl-2-(thiophen-2-
ylmethylene) hydrazine-1-carbothioamide (HL) as antivirus drug
candidates against SARS-CoV-2 and HIV virus. The molecular dock-
ing studies of the ligand and its metal complexes with SARS-CoV-2
virus (PDB ID: 7BZ5) and HIV-1 virus (PDB ID: 6MQA) are also in-
vestigated. The molecular docking calculations of the Ni(Il) com-
plex [Ni(L);] (1) and a Cu(ll) complex [Cu(L),] (2) with SARS-
CoV-2 virus revealed the binding affinity of -9.7 kcal/mol and -
9.3 kcal/mol, respectively at inhibition binding site of receptor pro-
tein. The molecular docking results showed that the binding affini-
ties of the Schiff base ligand (HL), Ni(Il) complex [Ni(L),] (1) and
Cu(Il) complex [Cu(L),] (2) against SARS-CoV-2 virus were found
comparatively higher than the HIV virus (-8.5 kcal/mol and -8.2
kcal/mol, respectively). In addition, the Ni(Ill) complex [Ni(L),] (1)
was characterized by X-ray crystallography. A Hirshfeld surface and
2D fingerprint plot has been explored in the crystal structure of
[Ni(L)2] (1). Quantum mechanical calculations were performed to
investigate structure-property relationship. As potential drug can-
didates, Swiss-ADME predictions analyses are also studied and the
results are compared with Chloroquine (CQ) and Hydroxychloro-
quine (HCQ) as anti-SARS-CoV-2 drugs. The present study suggests
the therapeutic potential of the investigated Schiff base metal com-
plexes as anti-virus drug candidates against SARS-CoV-2 and HIV
virus.

2. Experimental
2.1. Methods and materials

2.1.1. Chemicals

All chemicals and the solvents used in this analysis were of an-
alytical grade and used as procured. Thiophene-2-carbaldehyde, 4-
phenylthiosemicarbazide, copper(ll) acetate monohydrate, nickel(II)
acetate tetrahydrate salt were obtained from Sigma-Aldrich and
used without further purification.

2.2. Characterization techniques

Various physical and spectral methods (NMR, FT-IR and UV-
Visible spectroscopy) were investigated for the characterization of
the Schiff base ligand (HL) and its Ni(Il) complex [Ni(L),] (1) and
Cu(Il) complex [Cu(L),] (2). Elemental analytical data and quantum
mechanical calculations also applied for these purposes. The elec-
tronic spectra of the ligands and its complexes 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 spec-
trophotometer (500-4000 cm~!). The C, H, and N determinations
were made on an Elementar Vario EL III Carlo Erba 1108 analyzer.

2.3. Crystal structure determination

The single crystal X-ray diffraction data of the nickel(Il) com-
plex [Ni(L);] (1) collected at 296(2) K using Bruker SMART APEXII
CCD diffractometer, equipped with 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, [IT Madras, India. The
Bruker SMART software and Bruker SAINT Software 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 [20].
All non-hydrogen atoms were refined anisotropically, and all hy-
drogen atoms on carbon were placed in calculated position, guided
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by difference maps and refined isotropically [21]. The molecular
and crystal structures were plotted using ORTEP [22], PLATON,
Mercury [23] and Diamond 3.2 k [24] programs.

2.4. Powdered X-ray diffraction study

Powder XRD patterns of the complexes are recorded on
Brukar D8 advance spectro-photometer. X-ray diffractograms were
recorded for the Schiff base ligand (HL) and its Cu(ll) complex
[Cu(L),] (2) with the help of X-ray diffractometer with Cu as anode
material [25,26]. The pattern was recorded in the 20 range of 0° to
802 with a potential difference of 40 kV and current 30mA using
Cu-Ka radiation at A = 0.15406 nm at a scan rate of 0.022 min~!.
Crystal size was estimated by Scherer’s formula, Cs =KA/826C0S6,
k is constant (k= 0.94), A is the wavelength used (A=0.154 nm),
B26 width at half maxima (FWHM) of the whole peaks by XRD
patterns while 6 is Bragg angle [27].

2.5. Hirshfeld surface analysis

The Hirshfeld surface 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 soft-
ware [28]. The Hirshfeld surface provides qualitative information
about all intermolecular interactions at a time, whereas fingerprint
plots produce the most efficient interactive graphics to obtain in-
termolecular interactions quantitatively inside the crystal packing.
The molecular Hirshfeld surfaces (HSs) and their associated two-
dimensional fingerprint plots (FPs) were generated for the Ni(Il)
complex [Ni(L);] (1) based on their crystallographic information
file (cif), using Crystal Explorer 17.5 software. The 3D graphical plots
of the HSs are mapped over the dporm (normalized contact dis-
tance) surface enables us to visualize the various intermolecular
interactions in the crystal lattice and allows us to gain insight into
the crystal packing behavior. The HS is reduced to 2D fingerprint
plots by obtaining standard resolution of molecular HS on calcu-
lating the di and de for each surface point. The di and de are the
distance to the Hirshfeld surface from the nearest internal nucleus
(inside the Hirshfeld surface) and external nucleus (outside the
Hirshfeld surface), respectively. Further, the data are binned into
a discrete interval of di and de, 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 de across the surface of a molecule and
indicates the interactions present as well as the relative area of
the surface corresponding to those interactions [29,30]. The energy
framework analysis is carried out in order to explore the inter-
molecular interaction energies between the molecular pairs within
the cluster of radii 3.8 A. These calculations were performed us-
ing Crystal Explorer 17.5 combined with CE-B3LYP/6-31G(d,p) func-
tional/basis set. The radius of the cylinder connected to the cen-
troids of the pairs of molecules represents the magnitude of inter-
action energies and relative strength of the molecular packing in a
different direction. Using energy framework analysis supramolecu-
lar architecture of the crystal structure can be visualized. [31-33].

2.6. Theoretical study

Theoretical calculations by density functional theory (DFT) were
performed with regard to molecular structure optimization and
HOMO-LUMO energies, etc. of Schiff base ligand (HL) and its Ni(Il)
complex [Ni(L),] (1) and Cu(Il) complex [Cu(L),] (2). The geom-
etry optimization of the ligands and complexes was performed at
the wB97X-D/6-311+G** level of theory in vacuum using the Gaus-
sian16 software package [34] and cross-validated using the Spartan
16/18 parallel suite of programs [35] at the resources of the com-
putational facility at Department of Chemistry, NIT Patna, India.



Aprajita and M. Choudhary

The dispersion-corrected DFT functional wB97X-D [36] was cho-
sen to accurately estimate the Vander walls interactions, which are
expected to contribute greatly to the stability of the complexes.
Global reactivity descriptors (units in eV), such as ionization po-
tential (IP), electron affinity (EA), electro negativity (), chemical
potential (w), global hardness (n), global softness (o) and global
electrophilicity (w), were calculated using the formula as based on
Koopmans theorem.

2.7. Swiss-ADME analysis

Online computational approaches were made to predict absorp-
tion, distribution, metabolism, excretion (ADME) [37,38]. The com-
putational prediction of drug could avoid the tremendous cost and
time associated with the in vivo experiments, and has attracted
more and more attention. A large variety of in silico methods
share the objective of predicting ADMET parameters from molec-
ular structure and their pharmacokinetic and physicochemical pa-
rameters [39]. For Schiff base ligand (HL) and its Ni(Il) complex
[Ni(L),] (1) and Cu(Il) complex [Cu(L),] (2) were performed by
ADME prediction analysis (http://www.swissadme.ch) [40].

2.8. Molecular docking study

The molecular docking studies were performed for Schiff base
ligand (HL), Ni(I) complex [Ni(L),] (1) and Cu(Il) complex [Cu(L);]
(2) to analyze their binding affinity for selected virus proteins. The
crystal structures of SARS-CoV-2 main protease was obtained from
the Protein Data Bank [41] (PDB ID: 7BZ5; space group: C121; unit
cell: a = 195.226A, b = 86.417A, ¢ = 56.827A, o = 90°, B = 100.19°,
y = 90°) and used as receptor protein. Also, the X-ray crystal-
lographic structure of the HIV-1 CA virus was retrieved from the
protein data bank [42] (PDB ID: 6MQA; space group: P6; unit cell:
a = 90.237A, b = 90.237A, ¢ = 57.534A, a = 90°, B = 90 °,
y = 120°) and used as receptor protein. Initially, the protein co-
ordinates were refined by deleting all the water and heteroatoms
to make the targeted protein receptor-free. Further, the polar hy-
drogens and Kollman charges were added to the protein using the
Autodock tool (ADT) 1.5.6 associated with Autodock 4.2 software
[43]. 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 [44] generates the output files
having predicted free energy for binding sites. The result comprises
of different poses with corresponding energies were analyzed and
high-quality figures are rendered by open-source Discovery Studio
visualizer [45].

2.9. General procedure for synthesis

2.9.1. Synthesis of (E)-N-phenyl-2-(thiophen-2-ylmethylene)
hydrazine-1-carbothioamide (HL)

To synthesize the targeted thiosemicarbazone Schiff base lig-
and (HL), 4-phenylthiosemicarbazide (2.0 mmol, 0.334g) was taken
in ethanol (10 mL) with dropwise addition of ethanolic solution
of thiphene-2-carbaldehyde (2 mmol, 0.27mL). The stirred mixture
was refluxed for 2-3 h. Off-white colour shiny crude product was
obtained. Anal. Calcd for Ci5H11N3S, (HL): C, 55.15%; H, 4.24%; N,
16.08%. Found: C, 55.08%; H, 4.22%; N, 16.07%.; FAB-mass (m/z):
Obs. (Calcd.) 261.04 (261.37 g/mol.); 'H-NMR (500 MHz, DMSO-
dg): 6 8.34 (s, 1H, -N=CH), 6 7.55 (s, 1H, Ar-H), § 7.19 (s, 1H, Ar-
H), § 9.81 ppm (H, -N-H), § 11.82 ppm (H, -N-H) (Figure S1). 13C-
NMR (500MHz, DMSO-d6): § 176.04, 139.45, 138.85, 138.54, 131.40,
129.71, 128.57, 125.45, 125.83, 125.69 and 40.03 ppm (Figure S2).
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IR data (KBr/cm~1): 1589 (>C=N); 782 (vC=S), 3292(v N-H) (Fig-
ure S3). UV-Vis (DMSO) A (nm): 367(;r-7*) and 328 (n-7*) (Figure
S6).

2.9.2. Synthesis of bis{N-phenyl-N’-[(thiophen-2-yl) methylidene]
carbamohydrazonothioato}-nickel(1l), [Ni(L),] (1)

To a solution of HL (1 mmol, 0.261g) in acetonitrile (10 mL), tri-
ethylamine (1.0 mmol, 0.680 mL) is added 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 hrs.
After completion of reaction, the reaction mixture was filtered and
was left for slow evaporation at room temperature. Brown colour
crystals suitable for single crystal XRD for Ni(Il) complex [Ni(L),]
(1) was obtained after a week. Anal. Calcd for Cy4H;oNgNiS4 (1)
(579.40g/mol) C, 49.75%; H, 3.48%; N, 14.51%. Found: C, 49.76%;
H, 3.49%; N, 14.52%. FAB-mass (m/z): Obs. (Calcd.) 579.40 (579.43
g/mol.); IR data (KBr/cm~1): 1586 (>C=N), 743 (vC=S), 536 (UNi-
S), 582 (uNi-N), 3373 (v N-H) (Figure S4). UV-Vis (DMSO) A (nm):
372 (r-m*) and 295 (n-7r*) (Figure S6).

2.9.3. Synthesis of bis{N-phenyl-N’-[(thiophen-2-yl)methylidene]
carbamohydrazonothioato}-copper(Il), [Cu(L)>] (2)

The Cu(Il) complex [Cu(L),] (2) was synthesized in a similar
fashion as Ni(Il) complex [Ni(L),] (1) by adding copper(Il) acetate
monohydrate salt (0.5 mmol, 0.100g) instead of nickel(Il) acetate
tetrahydrate salt. The resultant solution was stirred for 4-5 hrs. Af-
ter completion of reaction, the reaction mixture was filtered and
was left for slow evaporation at room temperature. Green colour
weak crystals were obtained. Anal. Calcd. for Cy4HpoCuNgS4 (2)
(584.25 g/mol) C, 49.34%; H, 3.45%; N, 14.38%. Found: C, 49.31%;
H, 3.44%; N, 14.36%. FAB-mass (m/z): Obs. (Calcd.) 584.25 (584.27
g/mol.); IR data (KBr/cm~1): 1587 (>C=N), 744 (vC=S), 539 (uUNi-
S), 582 (uNi-N), 3373 (v N-H) (Figure S5). UV-Vis (DMSO) A (nm):
371(w-mr*) and 310 (n-7*) (Figure S6).

3. Results and discussion
3.1. Synthesis and characterization

This paper describes the structure-based design, synthesis and
anti-virus effect of two new coordination complexes, a Ni(Il) com-
plex [Ni(L),] (1) and a Cu(IlI) complex [Cu(L),] (2) of (E)-N-phenyl-
2-(thiophen-2-ylmethylene) hydrazine-1-carbothioamide(HL). A
protocol used for the synthesis of the Schiff base ligand HL and its
Ni(II) complex [Ni(L),] (1) and Cu(Il) complex [Cu(L),] (2) is pre-
sented in the Scheme 1. The synthesized ligand was coordinated
to metal ions through the bidentate-N, S donor atoms. The newly
synthesized complexes were characterized by various spectro-
scopic and physiochemical methods, powdered XRD analysis and
also X-ray crystallography study. Complex [Ni(L);] (1) crystallized
in the orthorhombic crystal system with the space group Pbca
with four molecules in the unit cell (a = 9.857(3) A, b = 7.749(2)
A, c =32.292(10) A, a = 90°, B = 90°, ¥ = 90°, Z= 4) and reveals
a distorted square planar geometry. A Hirshfeld surface and 2D fin-
gerprint plot has been explored in the crystal structure of complex
(1). DFT based calculations have been performed on the Schiff base
and its metal complexes to study the structure-property relation-
ship. Furthermore, the molecular docking studies of the ligand and
its metal complexes with SARS-CoV-2 virus (PDB ID: 7BZ5) and
HIV-1 virus (PDB ID: 6MQA) are also investigated. The molecular
docking calculations of the complex (1) and (2) with SARS-CoV-2
virus revealed that the binding affinities at inhibition binding site
of receptor protein are 9.7 kcal/mol and -9.3 kcal/mol, respectively.
The molecular docking results showed that the binding affinities of
Ni(II) complex [Ni(L),] (1) and Cu(Il) complex [Cu(L);] (2) against
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Scheme 1. Synthetic routes for the thiosemicarbazone Schiff base ligand (HL) and its Ni(Il) complex [Ni(L),] (1) and Cu(Il) complex [Cu(L);] (2).

SARS-CoV-2 virus were found comparatively higher than the HIV-1
virus (-8.5 kcal/mol and -8.2 kcal/mol, respectively). As potential
drug candidates, Swiss-ADME predictions analyses are also studied
and the results are compared with Chloroquine (CQ) and Hydrox-
ychloroquine (HCQ) as anti-SARS-CoV-2 drugs. The present study
suggests the therapeutic potential of the investigated Schiff base
metal complexes as anti-virus drug candidates against SARS-CoV-2
and HIV virus.

3.2. Crystallographic description of [Ni(L),] (1)

The ORTEP structure of nickel(II) complex [Ni(L),] (1) along
with atom labeling scheme is shown in Fig. 1, crystallographic data
are tabulated in Table 1 and selected bond length and bond an-
gle are tabulated in Table 2. Single-crystal X-ray diffraction reveals
that Ni(II) center exhibits a distorted square planar geometry co-
ordinated [46] to two symmetrically equivalent thiosemicarbazone
Schiff base anions which completely balances Ni*? cation. Each of
the ligand is attached to the nickel center through azomethine ni-
trogen (N3, N31) and thiolate sulfur (S1, S1i) atom of the depro-
tonated form after thiol formation [47].The bis-chelated nickel(II)
complex [Ni(L),] (1) lie on a crystallographic inversion center and
coordinate to the N and S atoms of the HL ligand to form two
five-membered chelating rings (Ni1-S1-C7-N2-N3 and Ni1-S1i-C7i-
N2i-N31). The Ni1-N3 and Ni1-N3! are same which is equal to
1.9020(14) A, while the Ni-S1 and Ni-S1i are also same which is
equal to 2.1790(6) A. The environment around Ni(ll) ion in this
complex is distorted square planar [48] which is evident from
the cis angles N3-Ni1-S1(85.27(4)°), N3i-Ni1-S11(85.27(4)°), N3i-
Nil- S1(94.73(4)°) and N3-Ni1- S1i(94.73(4)°), which deviates from

90°. The both the trans angels [49] S1-Ni1-S1! and N1-Ni1-N1!
are equal to 180°. The bond length of azomethine C=N function
is equal to 1.298 which is very close to the values reported in
the literature for similar compounds. Careful examination of crys-
tal packing in [Ni(L),] (1) reveals the presence of significant hy-
drogen bonds (Fig. 2 & S7, Table 3). This complex consists of an in-
termolecular C-H....S and C-H....N non classical hydrogen bond in-
teractions C(2)-H(2)..N(2),C(2)-H(2)...5(2),C(8)-H(8)...5(1)#1, C(10)-
H(10)..5(1)#2 with D...A distance equal to 2.916(2) A, 3.481(2) A,
3.1220(17) A and 3.7719(19) A, respectively [50].

3.3. Powdered XRD studies

The XRD study (powder pattern) of the Schiff base ligand (HL)
and its copper complex (2) was made with the help of X-ray
diffractometer with Cu as anode material, Ko [A] = 0.15406 nm
and the generator settings 30 mA, 40 kV. Powdered XRD patterns
of the HL and its copper (II) complex [Cu(L),] (2) is presented
in Fig. 3 which is recorded in the range of 20 = 0-80°. Several
diffraction peaks are observed which confirm the polycrystalline
step in the pattern. The XRD pattern is indicative of their crys-
talline in nature which is confirmed by the main peaks positioned.
The XRD patterns of the Schiff base was observed at 26 = 22.36°
for HL, which is characteristic peak for a Schiff base imine [51]. The
XRD patterns clearly prove for the formation of copper (II) com-
plex [Cu(L),] (2), since the crystalline index of Schiff base ligand
HL at 26 = 22.36° shifted to 260 = 12.84 °due to w-7 conjugation
between the ligand and metal which confirms the existence of Cu
ion in the ligand environment [52]. The average crystalline size (D)
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c11f

O

Fig. 1. ORTEP diagram of nickel complex [Ni(L;)] (1) with 50% thermal ellipsoid and with atom numbering scheme.

Fig. 2. View of crystal packing for Ni(Il) complex [Ni(Ly)] (1).

of the Cu(Il) complex [Cu(L),] (2) was calculated using Scherer’s
formula and is found to be 55.52 nm [27].

3.4. FT-IR and UV-Vis spectroscopy

FT-IR spectra of Schiff base (HL) and its Ni(Il) complex [Ni(L),]
(1) and Cu(Il) complex [Cu(L),] (2) are presented in Figure S3, S4
and S5, respectively. The IR spectrum exhibited an absorption peak
at 1589 which can be assigned to azomethine group (HC=N). This
peak is also present in IR spectrum of complexes but has shifted
to lower frequency (1586 (>C=N) for [Ni(L),] (1); 1587 (>C=N) for
[Cu(L),] (2), due to electronic delocalization after complex forma-

tion. IR spectroscopic data of both the metal complexes shows that
the Schiff base ligand (HL) coordinate to metal ion through azome-
thine nitrogen and thiolate sulfur atom [536 (uNi-S), 582 (uNi-N)
for [Ni(L)] (1); 539 (uNi-S), 582 (uNi-N) for [Cu(L),] (2)] of the
deprotonated form after thiol formation [53]. The electronic ab-
sorption spectra of HL, Ni(Il) complex [Ni(L),] (1) and Cu(Il) com-
plex [Cu(L),] (2) were recorded in DMSO solvent at RT (Figure S6).
The electronic transitions observed in ligand due to imine function
of thio-semicarbazone moiety were slightly shifted on complexa-
tion with metal. UV-Vis spectra [1] of HL show two bands, first
at 328 nm corresponding to n—* transition in the thiosemicar-
bazone group, and second one at 367 nm corresponding to 7w —m*
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Fig. 3. Powdered XRD pattern of thiosemicarbazone Schiff base ligand (HL) and its Cu(Il) complex [Cu(L;)] (2).
Table 2
Bond distances (A) and bond angles (°) for Ni(Il) complex [Ni(L;)] (1).
Table 1
Crystallographic Data and Refinement Parameters for Ni(Il) complex [Ni(L,)] (1). Bond lengths (A)
Crystallographic data 1) Ni(1)-S(1)#1 2.1790(6) C(7)-S(1) 1.7383(16)
- C(8)-N(3) 1.298(2) C(9)-5(2) 1.7281(17)
Formula : C2aHoN6NiS, N(2)-N(3) 1.3980(18) Ni(1)-N(3)#1 1.9020(14)
Mw (gmol~1) 579.41 Ni(1)-N(3) 1.9020(14) Ni(1)-5(1) 2.1790(6)
temp (K) 180(2)
A (Mo Ka), (A) 0.71073 Bond angles (°)
crystal system gl;thorh"mb'c N(3)#1-Ni(1)-N(3) 180.0 S(1)-Ni(1)-S(1)#1 180.00(2)
Space group ca N(3)#1-Ni(1)-5(1) 94.73(4) N(3)-Ni(1)-S(1)#1 94.73(4)
ZE% ;’3238; NGY#1-Ni(1)-S(1)#1  85.27(4) N(3)-Ni(1)-S(1) 85.27(4)
(k) 35.200(10) C(8)-N(3)-Ni(1) 125.87(11) N(2)-N(3)-Ni(1) 119.70(11)
a (%) 90
B () 90 Table 3
Y (©) 90 Hydrogen bonds for Ni(Il) complex [Ni(L;)] (1).
vV (A%) 2466.5(12)
z 4 D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
Dearc (Nfgl/ma) }fgg C(2)-H(2)..N(2) 0.95 233 2.916(2) 119.6
’FLO((I)‘(‘]m ) 19 C(2)-H(2)..5(2) 0.95 2.86 3.481(2) 123.8
(000) 5 C(8)- 0.95 2.56 3.1220(17) 1182
Crystal size(mm?3) 0.190 * 0.170 * 0.050 H(8)..S(1)#1 0.95 2.92 3.7719(19) 1492
Index ranges —}g<:f’1<:;g, C(10)- 0.82(2) 3.04(2) 35409(19)  122.0(18)
YOS H(10)..5(1)#2
-44<=l<=44 N(1)-
Collected reflections 75067

unique reflections
Absorption correction

max and min trans
Refinement method

Data |/ restraints /| parameters
Goodness-of-fit (GOF) on F?
R1 [I > 20(D))?

wR2 (all data)®

3488 [R(int) = 0.0811]
Semi-empirical from equivalents
0.679 and 0.562

Full-matrix least-squares on F?
3488 /0 / 163

1.070

0.0316 & 0.0769

0.0384 & 0.0817

CCDC Number 2152930
P R= 3] |Fo| - [Fe| |[Z]F].
> WRy = {Z [W(F,? - F2)]) B [w(F,?)? 1)

H(1N)..S(2)#3

Symmetry transformations used to generate equivalent atoms: #1 -X,-y,-z #2 X-

1)2,-y+1/2,2 #3 x+1/2.y-1/2,2.

of the phenyl ring; while Ni(Il) complex [Ni(L),] (1) shows peak
at 295 for n—m* and at 372 for w—m*; similarly, Cu(Il) complex
[Cu(L),] (2) shows peak at 310 for n—7m* and at 371 for w—m*.
The shift of the bands due to intra ligand transitions is the result
of weaking of the C=S bond and the extension of conjugation upon
complexation. The shift occurs also due to coordination through
sulphur of thiosemicarbazone group and azomethine nitrogen and
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Fig. 4. Graphical view of the Hirshfeld surfaces mapped with dnorm property visualizing the interaction of the Ni(Il) complex [Ni(L;)] (1): dnorm color scale in between -0.59
au (blue) and 2.07au (red). Shape index surfaces: (Red Color-Hollows, bumps-blue colors). Curvedness: (edges-blue color; flat region-green color).

is indication of thio-enolization followed by deportation of the lig-
and during complexation. The broadness (Figure S4) of these bands
can be explained as due to the combination of N—Cu/Ni, S—Cu/Ni
LMCT transitions [6].

3.5. Hirshfeld surface analysis
The Hirshfeld surface [54] (HS) for nickel(Il) complex [Ni(L),]

(1) is analyzed to evaluate the intermolecular interaction in the
crystal system. Hirshfeld shape index, dnorm, de, d;, fragment patch

and curvedness surfaces of [Ni(L),] (1) was presented in Figs. 4
and 2D-fingerprint plot showing all characteristics features of their
short interaction was presented in Fig. 5. The globularity of [Ni(L),]
(1) is found to be 0.653, which supports that the molecular struc-
ture is more structured and not a sphere [46]. The asphericity of
the crystal is found to be 0.286 which is measure of anisotropy.
The dporm HS was mapped over the range of -0.0542(red) to
1.3015(blue), where the red and white color indicate the strongest
and intermediate interactions, respectively. Negligible intermolecu-
lar interaction is indicated by blue color. C-H...S and C-H...N non-
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Fig. 5. Graphical view of Hirshfeld surface with 2D-fingerprint plots with characteristic features for Ni(Il) complex [Ni(L,)] (1): d; and d. are the distances from the surface

to the nearest atoms interior and exterior to the surface respectively.

classical hydrogen bonds are represented by small red sports [55].
Shape index mapped over -1.0 to 1.0 au depending on the HS flat-
ness or curvature, blue region shows hydrogen donor groups and
a concave red region represents hydrogen acceptor groups. Finger-
print plots depicts that complementary region in plots can be visu-
alized where one molecule behaves as a donor (de>d;) while other
behaves as an acceptor (de < di). 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 two-dimensional (2D) fingerprint [56,57] plots generated
corresponding to the H....H, C....H, C....S, Ni....H, C....N, and S....N
for (1). The H....H intermolecular contact is observed to be most
and accounts for 35.4% of total HS for [Ni(L),] (1). The proportion
of other significant intermolecular interaction C....H/H....C, for (1)
is found to be 31.6%. Further, C....S5(2.9%), Ni....H(2.5%), C....N(1.7%),
C....C(1.7%), S....S(0.2%) and S....N(1.6%) are the weak interaction of
total HS for [Ni(L),| (1). Figure S8 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 ap-
propriate nuclear positions (procrystal electron density) [58]. The
crystal-void calculation (results under 0.002 a.u. iso-value) shows
the void volume of the (1) be of the order of 238.06 A3 and sur-

face area in the order of 764.12 A2. The spatial distribution of
the electrons involved in the chemical bonding can be studied
through deformation density maps. The deformation density (re-
sults 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 summa-
tion of the free atom spherical electron densities. The deforma-
tion is therefore positive between the bonds and negative at the
nucleus.

Furthermore, energy framework computational analysis has
been explored for the better understanding the nature of inter-
molecular interaction energies between the pair of molecules with
a 3-D graphical representation of their magnitude [59]. Fig. 6 dis-
play the energy framework diagrams for (1) i.e. dispersion energy
(Egis), coulomb energy (Eo,), total energy (Ewt) and total (anno-
tated) energy (Eio1annot) Which was calculated by generating a clus-
ter of radii 3.8 A around the molecule. The interaction energies
for [Ni(L),] (1) was calculated with CE-B3LYP/6-31G(d, p)] model
displayed in Table S1. It is suggested that the total energy con-
sists of pair wise individual energy profiles such as E.yj, Egjs» Etot
and Eigannot- The tube size (250) connecting the centroids of the
molecule represent the relative strength of the interaction, and
tube color represents types of energy profiles of the intermolec-
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Fig. 6. Energy Framework diagrams for Ecou;, Egis, Etor and Eigy(annot) for cluster of molecules in Ni(II) complex [Ni(L,)] (1).

ular interaction energies. The lattice energy was calculated using
the result obtained and was found to be -214.6 KJ/mol.

3.6. Frontier molecular orbital analysis

DFT has been proved to be best approach to investigate theoret-
ically structure-property relationship for a compound as it shows
excellent solution when both accuracy and computational time
are taken in account [11]. FMO analysis provides the parameters
for calculating the FMO energy gap which is used for describ-
ing the electronic structure of the compound [60,61]. 3D plots of
frontier molecular orbital (FMOs) for Ni(Il) complex [Ni(L),] (1) is
given in Fig. 7 while FMOs diagrams for HL and its Cu(Il) com-
plex [Cu(L),] (2) are presented in Figure S9 and S10, respectively.
The HOMO electron densities for HL is distributed mainly over

sulfur and nitrogen atoms of thiosemicarbazone moiety and par-
tially over the thiophene moiety, while the LUMO electron densi-
ties are distributed over the entire thiosemicarbazone moiety. The
relatively higher HOMO energy of HL shows its electron donating
ability. During HOMO-LUMO analysis, the relevant occupied and
unoccupied MOs (HOMO/LUMO, HOMO-1/ LUMO+1 and HOMO-
2/LUMO+2) are considered. The energy gaps are shown in Table 5.
The energy gap was estimated at 1.39, 3.22 and 4.28 eV for HL,
0.15, 0.77 and 1.42 eV for complex [Ni(L);] (1) and 0.36, 1.17 and
1.29 eV for complex [Cu(L),] (2). It was noticed that the ligand HL
has relatively higher energy gap than Ni(Ill) complex [Ni(L),] (1)
and Cu(Il) complex [Cu(L),] (2).

The calculated molecular electrostatic potentials (MEPs) maps
and electron density surfaces of all the synthesized compounds are
given in Figure S11, which illustrates the three-dimensional charge
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Fig. 7. Frontier molecular orbital diagram of nickel complex [Ni(L;)] (1).

Table 4

The HOMO and LUMO energies and the energy gap (AE)® of Schiff base ligand HL and its Ni(Il) complex [Ni(L,)] (1) and Cu(Il) complex [Cu(L;)] (2).
Compound Erumo Enomo AE Etumo (+1) Enomo 1) AE Erumo (+2) Enomo (2) AE
HL -0.03 -1.42 1.39 0.82 -2.39 3.22 1.03 -3.25 4.28
(1) 0.53 0.38 0.15 0.82 0.05 0.77 133 -0.09 1.42
(2) 0.71 0.36 0.36 1.40 0.23 1.17 1.62 -0.34 1.29

2 Energy gap (AE) = Ejymo-Enomo; units in eV.

Table 5
Global reactivity descriptors @ of the of Schiff base ligand HL and its Ni(Il) complex
[Ni(L,)] (1) and Cu(Il) complex [Cu(L;)] (2).

Molecular descriptors Mathematical description HL (1) (2)

Ionization potential (IP) IP = - Eqomo 1.42 -0.38 -0.36
electron affinity (EA) EA = -E;ymo 0.03 -0.53 -0.71
electro negativity (x) x = (IP + EA)/2 0.73 -046 -0.53
chemical potential (1) n = (IP - EA)/2 0.70 0.07 0.36
global softness (o) = -(IP + EA)/2 -0.73 046 0.53
global hardness (n) o =1[2n 072 685 140
Electrophilicity index (w) w=p?/27n 038 143 040

distributions within the molecules [62]. The MEPs is very useful
descriptors to identify the electrophilic and nucleophilic reactive
sites. Electrostatic potential map is drawn in the range -0.180 eV to
0.172 eV for Schiff base ligand (HL); -1.39 eV to -0.70 eV for Ni(II)
complex [Ni(L),] (1); while -1.72 eV to -1.06 eV for Cu(Il) complex
[Cu(L),] (2). The red color represents the more electronegative sites
and the positive sites are represented by blue color. Electrostatic
potential map of the Schiff base ligand (HL) reflects the electron
donating character (red color) for S of thiosemicarbazone and N
of azomethine moiety that can be coordinated to metal ions, i.e
active coordination centers. Global reactivity descriptors (units in
eV), such as ionization potential (IP), electron affinity (EA), electro
negativity (), chemical potential (u), global hardness (), global
softness (o) and global electrophilicity (w), were calculated using
the formulas based on Koopmans theorem [63]. The values of the
global reactivity parameters are listed in Table 5. Overall, the elec-
tron donating and accepting abilities were described by ionization
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potential and electron affinity [64]. The Global reactivity parame-
ters (GRPs) explicated that all the complexes showed greater elec-
tron affinity (EA) than the ionization potential (IP) (Table 5); hence,
complexes have greater electron-accepting ability. The stability as
well as reactivity of a chemical system was correlated to chemical
potential and global hardness values [64]. The stability had a direct
relation with global hardness, whereas it had an inverse relation-
ship to its reactivity [65]. Thus, from the result obtain we can con-
clude that complex [Ni(L),] (1) is most stable having highest global
hardness (-6.849 eV).

3.7. Molecular docking study

Molecular docking sheds light on designing drugs for the treat-
ment of many diseases [66]. This technique allows us to study the
binding of ligands to proteins having greater significance to screen
virtual libraries of drug-like molecules [67]. For this consideration,
we have purposefully docked all the synthesized compounds with
the main protease (MP™) of protein (PDB ID: 7BZ5) of SARS-CoV-2
|44]. In Table 6, we have listed the obtained molecular docking re-
sults for HL and its metal complexes [Ni(L),] (1) and [Cu(L),] (2).
These display the most important parameters including the bind-
ing affinity and different amino acid residues of MP™ that interact
with the compounds. The molecular docking calculations of the lig-
and HL into the 7BZ5-main protease of SARS-CoV-2 virus revealed
the binding energy of -7.2 kcal/mol, the binding energy of -9.7
kcal/mol for [Ni(L),] (1), while [Cu(L),] (2) exhibited binding en-
ergy of -9.3 kcal/mol at the inhibition binding site of receptor pro-
tein. These binding affinities are reasonably well as compared to
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The molecular docking results for Schiff base ligand (HL) and its Ni(Il) complex [Ni(L,)] (1) and Cu(ll) complex [Cu(L;)] (2) with SARS-COv-2 MPr
(PDB ID: 7BZ5) and HIV-1 virus (PDB ID: 6MQA) including the binding affinity and different amino acid residues of proteins that interact with the

Interacting residues

H-bond

Electrostatic

Hydrophobic

compounds.
Molecule Binding affinity (kcal/mol)
HL 7BZ5 -7.2
6MQA -6.8
(1) 7BZ5 -9.7
6MQA -8.5
(2) 7BZ5 -9.3
6MQA -8.2

TYR-453(3.4 A)
SER-93(3.4 A)
TYR-97(3.3 A)
ASN-92(2.3 A)
GLU-98(3.1 A)
TYR-52(3.3 A)
ASN-53(2.35 A)
ASN-57(2.97 A)
LYS-70(4.12 A)
GLU-166(5.3 A)
GLU-150(12.5 A)
SER-9(6.0 A)
GLU-102(4.7 A)
GLN-179(5.5 A)
LEU-211(6.8 A)
SER-134(4.9 A)
PHE-119(1.7 A)

ALA-105(3.9 A)
MET-66(11.3 A)

GLU-98(3.7 A)

ASN-57(2.75 A)

ARG-143(3.4 A)
ALA-43(8.0 A)

ASN-153(6.7 A)
GLY-208(4.5 A)
LEU-202(1.3 A)
THR-162(2.9 A)

ILE-134(8.1 A)
TRP-23(19.0 A)

TYR-58(5.0 A)
TYR-94(5.3 A)
LEU-455(5.4 A)

LYS-70(4.22 A)
LEU-56(3.58 A)
LEU-69(5.07 A)
LEU-45(8.7 A)
VAL-171(12.9 A)

GLN-179(6.4 A)
GLN-179(6.0 A)
THR-165(3.2 A)
SER-169(35.6 A)
ARG-143(2.5 A)
ALA-105(8.4 A)
THR-48(3.4 A)

LYS-70(3.9 A)

MET-55(5.0 A)

recently docked results of anti-SARS-CoV-2 drugs like chloroquine,
hydroxychloroquine, and remdesivir with MP™ protein. It is evident
from the Figure S12 that HL was surrounded by residues Tyr-453,
Ser-93, Tyr-97, Asn-92, Glu-98, Tyr-52, Glu-98, Tyr-58, Tyr-94 and
Leu-455 of protein (PDB ID: 7BZ5); [Ni(L),] (1) was surrounded by
protein residues Glu-166, Glu-150, Ser-9, Glu-102, Arg-143, Ala-43,
Leu-45 and Val-171 (Fig. 8); while [Cu(L),] (2) was surrounded by
protein residues Ser-134, Phe-119, Leu-202, Thr-162, Thr-165, Ser-
169 and Arg-143 (Figure S13). Leu-455 forms alkyl interaction with
phenyl ring of ligand HL. Phe-119 amino acid form m-sigma inter-
action with phenyl ring of (2). The result obtained shows that the
binding energy of metal complexes at the binding site of receptor
protein is greater compared to free ligand.

Molecular docking result for Schiff base ligand (HL) and its
metal complexes against HIV-1 CA virus (PDB ID: 6MQA)[45] are
tabulated in Table 6. Figure S14 shows that HL wasvsurrounded by
Asn-53, Asn-57, Lys-70, Asn-57, Lys-70, Leu-56 and Leu-69 residues
of HIV-1 CA protein (PDB ID: 6MQA); [Ni(L),] (1) was surrounded
by residues GIn-179, Leu-211, Asn-153, Gly-208, GIn-179, GIn-179
(Fig. 9); while [Cu(L);] (2) was surrounded by Ala-105, Met-66,
Lys-70, Ile-134, Trp-23, Ala-105, Thr-48 and Met-55 (Figure S15).
The results shows the binding affinity (-8.5 Kcal/mol) of Ni(Il) com-
plex [Ni(L);] (1) at the binding site of receptor protein of HIV-
1 is greatest. Molecular docking result also reveals that all the
synthesized compounds shows higher binding energy against the
main protease (MP™) of protein (PDB ID: 7BZ5) of SARS-CoV-2 than
HIV-1 virus (PDB ID: 6MQA). Moreover, Ni(Il) complex [Ni(L),] (1)
shows better result than HL and Cu(Il) complex [Cu(L),] (2) when
docked against the proteins SARS-CoV-2 than HIV-1 virus (PDB
ID: 7BZ5 and 6MQA). The binding affinities of the studied new
Schiff base ligand and their metal complexes were found to be bet-
ter than other metal complexes reported using molecular docking
techniques [68,69].

Figure S16 represents the total density surfaces [60] represen-
tation for docked Ni(II) complex [Ni(L),] (1) inside the MP™ pro-
tein (PDB ID: 7BZ5); (a) with hydrogen bond donor and acceptor
meshes represented by pink and red colors, respectively; (b) sur-
face representation of hydrophobic pocket represented with blue
and red colors. Figure S17 represents the total density surfaces
representation for docked Cu(Il) complex [Cu(L),] (2) inside the
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SARS-CoV-2 MP™ protein (PDB ID: 7BZ5); (a) with hydrogen bond
donor and acceptor meshes represented by green and red colors,
respectively; (b) surface representation of hydrophobic pocket rep-
resented with deep blue and violet colors.. Figure S18 represents
the total density surfaces representation for docked Ni(Il) complex
[Ni(L),] (1) inside the HIV- virus (PDB ID: 6MQA). (a) with hydro-
gen bond donor and acceptor meshes represented by orange and
blue colors, respectively; (b) surface representation of hydropho-
bic pocket represented with blue and red colors. Figure S19 rep-
resents the total density surfaces representation for docked Cu(Il)
complex [Cu(L),] (2) inside the HIV- virus (PDB ID: 6MQA). (a)
with hydrogen bond donor and acceptor meshes represented by
light green and blue colors, respectively; (b) surface representation
of hydrophobic pocket represented with purple and red colors. A
structural activity relationship has been established [59] between
the experimental bond lengths data of Ni(Il) complex [Ni(L),](1)
obtained from X-ray crystallography and bond lengths data ob-
tained from molecular docking results with SARS-CoV-2 and HIV
virus (Table S2). The structure-activity comparison shows good cor-
relation between results obtained from experimental and theoreti-
cal methods.

3.8. Swiss-ADME analysis

The potential theoretical biological activities of all the synthe-
sized Schiff base ligand HL and its metal complexes [Ni(L),] (1)
and [Cu(L),] (2) were virtually designed in silico evaluation. To be
effective as a drug for the patients, a potent molecule must reach
its target in the body in sufficient concentration, and stay there in
a bioactive form long enough for the expected biologic events to
occur. Drug development involves assessment of absorption, distri-
bution, metabolism, and excretion (ADME) increasingly earlier in
the drug discovery process. Comparative results are summarized
in the Table S3. The HL attained all the drug likeness properties.
While both the complexes [Ni(L);] (1) and [Cu(L),] (2) failed to at-
tain only two Lipinski’s rule [70] which is their molecular weight
and Log P value. However, they are suitable for pharmacokinet-
ics response. These complexes are predicted not orally bioavail-
able, because too flexible and too polar structures. Figure S20
shows Swiss target prediction representative available on Swiss-
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Fig. 8. The docked Ni(Il) complex [Ni(L;)] (1) inside the SARS-CoV-2 MP™ (PDB ID: 7BZ5) with its focused view for interacting residues around the docked complex.

ADME [71] submission page for all the synthesized compounds.
The Schiff base ligand and its complexes are substrate or inhibitor
of isoenzymes governing important pharmacokinetic behaviors and
pharmacokinetics related drug-drug interactions. The Swiss-ADME
analysis results of ligand HL and its metal complexes [Ni(L),] (1)
and [Cu(L);] (2) are to be found comparatively higher than that
of chloroquine (CQ) and Hydroxychloroquine (HCQ) as anti-SARS-
CoV-2 drugs | 69].

3.9. Conclusions

In conclusion, we successfully, designed, synthesized and
explored anti-virus potential of two new coordination com-
plexes, a Ni(Il) complex [Ni(L),] (1) and a Cu(Il) complex [Cu(L),]
(2) of (E)-N-phenyl-2-(thiophen-2-ylmethylene) hydrazine-1-
carbothioamide(HL). Single-crystal X-ray diffraction reveals that
Ni(II) center of the complex [Ni(L),] (1) exhibits a distorted square
planar geometry coordinated to two symmetrically equivalent
thiosemicarbazone Schiff base HL anions which completely bal-
ances Nit2 cation. Powdered XRD patterns of the HL and its
copper (II) complex [Cu(L),] (2), shows several diffraction peaks
clearly prove their formation. The XRD patterns of the Schiff bases
were observed at 2 6 = 22.36° for HL, which is characteristic peak
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for a Schiff base imine. The Hirshfeld surface (HS) for nickel(II)
complex [Ni(L),] (1) is analyzed to evaluate the intermolecular
interaction in the crystal system. The lattice energy was calculated
using the result obtained and was found to be -214.6 KJ/mol. We
have successfully docked all the synthesized compounds with the
main protease (MP™) of protein (PDB ID: 7BZ5) of SARS-CoV-2
and HIV-1 virus (PDB ID: 6MQA). Molecular docking result reveals
that Schiff base ligand HL (-7.2 Kcal/mol), Ni(Il) complex [Ni(L),]
(1) (-9.7 Kcal/mol) and Cu(Il) complex [Cu(L);] (2) (-9.3 Kcal/mol)
shows higher binding energy against the main protease (MP™®) of
protein (PDB ID: 7BZ5) of SARS-CoV-2 than HIV-1 virus (PDB ID:
6MQA). Moreover, Ni(Il) complex [Ni(L),] (1) shows better result
than HL and Cu(Il) complex [Cu(L);] (2) when docked against the
SARS-CoV-2 than HIV-1 virus proteins (PDB ID: 7BZ5 and 6MQA).
These synthesized compounds also exhibited pharmacokinetics
response.

Supplementary material Deposition Number: CCDC-2152930 for
[Ni(L), (1) 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.ccdc.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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Fig. 9. The docked nickel(Il) complex [Ni(L,)] (1) inside the HIV-1 virus (PDB ID: 6MQA) with its focused view for interacting residues around the docked complex.
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