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Abstract

The recent global pandemic by the outbreak of the SARS-CoV-2 virus caused about seven million deaths worldwide. The
WHO approved the repurposing of antiviral drugs as the treatment protocol for COVID-19. Yet, it was insufficient to stop the
outbreak of COVID-19. By virtue of a broad spectrum of variable oxidation numbers, geometries, tuneable redox, and kinetic
and thermodynamic properties, transition metal complexes offer themselves as a viable alternative to the antiviral drugs
against SARS-CoV-2. The computational methods in biology and chemistry are a promising starting point in this regard.
Here, we present the synthesis, crystal structure, docking study with SARS-CoV-2 receptors, and potential drug property of
two tetrahedral Zn(I) complexes, viz. [Zn(u,-Bz),],, (1) and [Zn(Phen)Cl,], (2) (Bz=benzoate ion, Phen = /,/0-phenanthroline).
They were synthesized at room temperature and characterized by elemental analyses, FT-IR spectroscopy, thermal analy-
sis (TGA/DTG), powder X-ray diffraction (PXRD), and single crystal X-ray diffraction. Complex 1 is a coordination
polymer with unusual triply-bridged triangular secondary building unit (SBU), whereas complex 2 is a novel supramolecular
dimer. The crystal structures of 1 and 2 are stabilized by a number of supramolecular interactions, which ultimately lead to
a 3D architecture for each of them. Their crystal packing is discussed in details, with inputs from energy calculations, by
the analysis of electrostatic potential mapped on the Hirshfeld surface and two-dimensional (2D)-fingerprint plot by Crys-
talExplorer. A molecular docking study of the synthesized complexes was performed against seven important proteins of
SARS-CoV-2. ADMET calculations were used to evaluate their drug potential.

Keywords Zn(II) complexes - Hirshfeld surface analysis - Theoretical study - SARS-CoV-2 - Molecular docking -
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Named after its crown-like appearance under an electron
microscope, coronaviruses (CoV) caused severe acute
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respiratory syndrome coronavirus (SARS-CoV) and Mid-
dle East respiratory syndrome coronavirus (MERS-CoV)
diseases with a very high mortality rate [1]. The World
Health Organization (WHO), on March 11, 2020, declared
the Coronavirus Disease 2019 (COVID-19) outbreak as a
pandemic, caused by another member of the Coronaviridae
family: SARS-CoV-2.

SARS-CoV-2 virus genes encode four structural proteins,
viz. nucleocapsid (N), membrane (M), spike (S), and enve-
lope (E). These are common features of all coronaviruses
[2]. On the other hand, non-structural proteins (NSPs), such
as NSP3, also referred to as papain-like protease (PLP™),
and NSP5, also referred to as 3-chymotrypsin-like protease
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(3-CLP™) or main protease (MP™®) and RNA-dependent RNA
polymerase (RdRp), are encoded by the open reading frame
(ORF) region [3, 4].

In the course of viral infection of a cell, the receptor bind-
ing domain of SARS-CoV-2 spike protein first, using spike
glycoproteins (S-glycoproteins), binds at the cell surface
protein angiotensin-converting enzyme II (ACE-2). ACE-
2, a Zn-dependent metalloenzyme, thus serves as a cellular
entry receptor for SARS-CoV-2. As a result, inhibition of the
interaction of spike proteins with ACE-2 could potentially
block the viral entry into the host cells. Binding to ACE-2
receptors causes conformational changes in the S-glycoprotein.
This allows cleavage of the S-glycoprotein by the host
cell trans-membrane protease-serine 2. The spike protein is
primed, and the virus is transported into the host cell cyto-
plasm through a mechanism called endocytosis [5-8].

Upon translation of the open reading frames, ORF1la and
ORF1b from the genomic RNA, two polyproteins viz. ppla
and pplab are generated with co-translational release of six-
teen non-structural proteins (NSPs). Among these, PLP™ and
MP™ are responsible for the proteolytic processing of the
majority of the polyprotein cleavage sites. The cleavage of
SARS-CoV-2 polyproteins by MP™ is facilitated by Cys145
and His41, which form a catalytic dyad [9, 10]. The viral
life cycle, thus, can be disrupted by the interference with the
activity of these proteases. This provides additional targets
for therapeutic intervention [11-13]. Also, the fact that MP™
is highly conserved renders it an attractive therapeutic target
for SARS-CoV-2 inhibition [14].

Health organizations have proposed various methods
for the treatment of COVID-19 using the available drugs.
For example, repurposing of various antimalarial/antiviral
drugs such as chloroquine, tenofovir, galidesivir, sofos-
buvir, remdesivir, and ribavirin was recommended for
its treatment. These drugs inhibited the RNA-dependent
RNA polymerase (RdRp) complex of SARS-CoV-2. The
molecular docking studies were performed to determine
the binding energy between RdRp and the above drugs,
which revealed values of -5.1,-6.9,-7.0,-7.5,-7.6,
and —7.8 kcal/mol, respectively [15]. In a large number of
reports, treatment of COVID-19 using organic molecules
as medicines has been suggested [16]. As an alternative,
however, inorganic complexes, whose biological activi-
ties are well established in the literature, have also been
explored [17-22]. Complexation with metal ions alters the
pharmacological and therapeutic effects of the coordinat-
ing ligands. This opens new opportunities for the design
of useful metal-based drugs in medicinal chemistry [23].
The potential of metal complexes as antiviral agents,
including that for COVID-19, has recently been reported
by various groups [24-26]. Their binding mechanism and
sensitivities towards SARS-CoV-2 receptors have been
studied by molecular docking study. For example, the
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docking study of novel Cu(Il) and Ni(II) Schiff base coor-
dination complexes with MP™ of the SARS-CoV-2 virus
showed binding energy values of —8.5 and —11.5 kcal/
mol, respectively [27]. A novel Mn(II) complex with
another Schiff base showed a strong binding affinity with
the unliganded active site of SARS-CoV-2 MP™ proteins,
as demonstrated by molecular docking with a high bind-
ing energy value of —10.10 kcal/mol [28]. Similarly, novel
Schiff base metal complexes were explored as dual inhibi-
tors for MP™ and non-structural protein 16 (NSP16) of
SARS-CoV-2, where Ni(II) and Zn(IT) complexes showed
excellent binding energies [29]. Molecular docking study
of mononuclear and dinuclear Cu(II) a-aminophosphonate
complexes was also performed against two SARS-CoV-2
coronavirus protein targets, which showed that the mono-
nuclear species bound more strongly with the targets than
the dinuclear ones [30].

From the 1970s to the present, the use of Zn has been
studied against viruses, where Zn was found to affect pro-
tein synthesis and processing, viral replication, membrane
fusion, and RNA polymerase activity [31, 32]. As for
SARS-CoV-2, RNA-dependent RNA-polymerase (RdRp)
and MP™ play a key role in its replication. Zinc has strong
immunogenic properties and is found to bind to a number
of proteins, thereby modulating their activities [33]. The
success of hydroxychloroquine and chloroquine therapy for
COVID-19 treatment also involves their roles as an iono-
phore of Zn(II), whereby more Zn(II) ions are brought into
the cells. Due to its direct inhibitory effect on the SARS-
CoV-2 replicative cycle, Zn(II) can be a promising and
potential candidate for COVID-19 treatment [34].

We have synthesized and reported a number of novel
coordination complexes with interesting supramolecular
architectures, stabilized by various unusual non-covalent
interactions [35-37]. Recently, we have reported a novel
Zn(IT) coordination polymer involving 2-aminopyridine
and bridging o-phthalato ligands, which is mainly stabi-
lized by C—H---H—C interactions [38]. Its docking study
with six important SARS-CoV-2 proteins revealed good
docking scores. In continuation of our effort to synthesize
novel coordination complexes with interesting supramo-
lecular architectures and explore them as therapeutic agents
against SARS-CoV-2, we, herein, present the synthesis,
crystal structure, Hirshfeld surface analysis, and theoretical
study of two tetrahedral coordination complexes of Zn(II)
with bridging benzoato (Bz) and /,7/0-phenanthroline (Phen)
ligands, viz. [Zn,(u,-Bz);], (1) and [Zn(Phen)Cl,], (2)
(Scheme 1). Complex 1 is a coordination polymer involv-
ing unusual triply-bridged triangular secondary building unit
(SBU), whereas 2 is novel a supramolecular dimer, exten-
sively stabilized by n:*-w interactions. The pharmacokinetic
and toxicokinetic features support these complexes as good
drug candidates. Their docking study with various important
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proteins of SARS-CoV-2 revealed good docking scores, par-
ticularly for 1. The therapeutic potentials of 1 and 2 were
evaluated by ADMET calculations.

Experimental
Materials and methods

All reagents viz. zinc(Il) chloride, ZnCl,, benzoic acid,
1,10-phenanthroline and sodium hydroxide were obtained
from Sigma Aldrich and Merk (India) Ltd. All chemicals
were of analytical grade. They were used as received with-
out further purification. The reaction was carried out in the
deionized water medium. Elemental (C, H, and N) analyses
were carried out in a Perkin Elmer 2400 Series II CHNS/O
analyzer. KBr phase FT-IR spectrum was recorded in a Shi-
madzu FTIR-8400S spectrophotometer in the mid-IR region
(4000 to 600 cm™!). Thermogravimetric studies were car-
ried out using a Mettler Toledo TGA/DSC1 STAR® system
at a heating rate of 10 °C min~! under a flow of N, gas.
The powder X-ray diffraction data were obtained using a
XPERT-PRO X-ray powder diffractometer.

Synthesis of the complexes
Synthesis of [Zn,(u,-Bz);],, (1)

Benzoic acid (0.122 g, 1.0 mmol) was dissolved in 15 ml
of distilled water in a round-bottom flask containing
NaOH (0.040 g, 1.0 mmol). An aqueous solution of ZnCl,
(0.136 g, 1.0 mmol) was added to the above solution. The
colorless solution was stirred at room temperature for about
4 h (Scheme 2). The solution was filtered and the filtrate
freezed. Colorless block-shaped crystals of 1 suitable for
X-ray analysis were obtained from the filtrate after 2 weeks
with a yield of 72.3% based on ZnCl,. The crystals were
filtered off, washed well with distilled water and dried in air.

(b)

Elemental analysis (%): Calcd for Zn,C,sH,,Oq: C, 53.45; H,
3.20. Found: C, 53.41; H, 3.16. IR (KBr pellet, cm_l): 1637
(m), 1598 (m), 1532 (s), 1404 (s), 1169 (w), 1073 (w), 1028
(w), 810 (m), 714 (s), 682 (sh).

Synthesis of [Zn(Phen)Cl,], (2)

1,10-Phenanthroline (0.180 g, 1 mmol) was added to an
aqueous solution of ZnCl, (0.136 g, 1 mmol) in a round-
bottom flask. The colorless solution was stirred for about
5 h (Scheme 2). The solution was filtered and the filtrate
freezed. Colorless block-shaped crystals of 2 suitable for
X-ray analysis were obtained from the filtrate after 1 week
with a yield of 69.5% based on ZnCl,. The crystals were
filtered off, washed well several times with distilled
water and dried in air. Elemental analysis (%): Calcd for
ZnC,HiCl,N,: C, 45.54; N, 8.85; H, 2.55. Found: C, 45.51;
N, 8.82; H, 2.52. IR (KBr pellet, cm_l): 1598 (m), 1550 (s),
1411 (s), 1355 (s), 1220 (w), 1143 (w), 1104 (w), 1047 (w),
906 (w), 844 (s), 778 (w), 722 (s), 650 (w).

X-ray crystallographic study
Molecular and crystal structures of 1 and 2 were determined

by single crystal X-ray diffraction technique. Their inten-
sity data was collected on a Bruker SMART APEX IICCD
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Scheme 2 Syntheses of 1 and 2
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equipped with a graphite monochromatized Mo-Ka radiation
(1=0.71073 10\) at 296 K. SAINT [39] was used for data
integration. Intensities for absorption were corrected using
SADABS [40]. The structures were solved by the direct
method in the monoclinic P2 ;/c (1) and P, (2) space groups
with SHELXS-97 [41] and refined on F? using full matrix
least squares techniques in the anisotropic approach for non-
hydrogen atoms via WinGX [42]. The aromatic hydrogen
atoms were placed at calculated positions and refined by
standard procedures of SHELXL-97. The structural illustra-
tions have been drawn using Diamond 3.0 [43]. Data collec-
tion and refinement parameters for 1 and 2 are summarized
in Table 1.

Hirshfeld surface calculations
Hirshfeld surfaces provide a three-dimensional picture

for exploring the main packing modes and close contacts
that are responsible for the crystal packing of organic and

Table 1 Crystal data and structure refinement of 1 and 2

inorganic compounds, including coordination compounds
[44-47]. The molecular Hirshfeld surfaces (HSs) and their
associated two-dimensional fingerprint plots (FPs) were
generated for complexes 1 and 2, based on their crystallo-
graphic information file (.cif), by using the Crystal Explorer
21.5 program [48]. The 3D HSs were mapped over d, ..,
(normalized contact distance), shape index, and curvedness
properties. For each point on the isosurface, two distances
are defined as d, (the distance from the point to the nearest
nucleus external to the surface) and d; (the distance to the
nearest nucleus internal to the surface). The normalized con-
tact distance (d,,,) based on both d, and d; and the van der
Waals (vdW) radii of atoms enable the identification of the
regions that are involved in the main intermolecular interac-
tions. The distances equal to the sum of vdW atomic radii
are represented as white regions, and the contacts with dis-
tances shorter and longer than the sum of vdW atomic radii
are shown as red and blue colors, respectively. Moreover,
two further colored properties based on the local curvature

Crystal data [Zn,(1,-Bz)3], (1) [Zn(Phen)Cl,], (2)
CCDC number 2210554 2210555
Empirical formula Zn,C,gH,,O4 ZnC,,H¢CL,N,
Formula weight 615.18 316.47
Temperature (K) 293(2) 296(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2,/c P,

ad) 10.817(5) 8.009(4)

b(A) 12.629(5) 15.711(8)
c(A) 18.838(5) 9.762(5)

a(®) 90.000(5) 90

B 100.770(5) 100.312(11)
7(°) 90.000(5) 90

Volume (A%) 2528.1(17) 1204.4(11)

zZ 4 4

Calculated density (Mgm™) 1.616 1.745
Absorption coefficient (mm™") 1.948 2.457

F(000) 1248 632

Crystal size (mm?) 28x20x 15 25%19% 16

0 range for data collection (°) 1.92 to 28.95 1.30 to 28.73
Index ranges —14<h<14,-17<k<17,-25<1<25 —10<h<10, -21<k<21,-13<1<13
Reflections collected 92,366 49,343

Unique data [R;,,]

Refinement method

6627 [0.1377]

667 /0/343
1.083

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices[/> 20 (I)] R1/ wR2
R indices(all data) R1/ wR2

Largest diff. peak and hole (e A 1.370 and —1.452

Full-matrix least-squares on F2

R1=0.0850, wR2=0.1452
R1=0.0757, wR2=0.1567

6190 [0.0508]

Full-matrix least-squares on F°
6190/2/309

1.011

R1=0.0302, wR2=0.0698
R1=0.0457, wR2=0.0791
0.340 and —0.584
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of the surface such as shape index and curvedness were also
shown. The combination of d_ and d; in the form of a 2D
fingerprint plot provides a detailed summary of the intermo-
lecular contacts in the crystal lattice [49]. The 2D fingerprint
plots were generated by using the translated (1.0-2.8 A)
range, and reciprocal contacts were also included.

Theoretical methods

The calculations of the non-covalent interactions have been
performed using the Gaussian 09, Rev D01 program [50]
and the B3LYP-D3/def2-TZVP level of theory [51, 52]. The
intermolecular interactions observed in the solid state have
been evaluated by using the crystallographic coordinates
from the X-ray crystal structure. The dimerization energies
were estimated by calculating the difference between the
isolated monomers and their assembly. Bader’s “Atoms in
Molecules” theory (QTAIM) [53] has been used to study
the intermolecular interactions by means of the Multiwfn
software [54]. The molecular electrostatic potential (MEP)
surfaces have been computed by using the Gaussian 09, Rev
DO1 program. The NCI isosurfaces plots were used to char-
acterize the non-covalent interactions [55]. The color scale is
red-yellow-green-blue scale with red and blue-green isosur-
faces for repulsive and attractive interactions, respectively.
The NCI plot isosurfaces have been computed by means
of the Multiwfn program [54] and represented using VMD
software [56].

Prediction of pharmacokinetic
and toxicological properties

The characteristics of a drug that express its pharmacoki-
netics in the human body are referred to as absorption, dis-
tribution, metabolism, excretion, and toxicity (ADMET).
Lipinski’s rule of 5 states [57] that when there are no more
than five hydrogen bond donors and acceptors, no molecular
weight more than 500 g/mol, and an octanol/water partition
coefficient greater than five, absorption or permeability is
more likely. In this investigation, we used the SwissADME
online database [58] to assess the absorption, distribution,
metabolism, and excretion characteristics of two synthesized
complexes and screened them using the Lipinski 5 rule. We
further investigated the complexes’ toxicity risk assessment
properties using the ProTOX-II online database [59].

In silico assay

Autodock Vina [60] was used to compute the binding
affinity between complexes 1 and 2 with the proteins of
SARS-CoV-2. The proteins of SARS-CoV-2 were down-
loaded from the RCSB Protein Data Bank (https://www.
rcsb.org). (spike protein of first variant (PDB Code: 6MO0J)

[61], spike protein of Omicron variant (PDB Code: 7T9J)
[62], main protease (PDB Code: 7BQY) [63], papain-like
protease (PDB Code: 6W9C) [64], NSP12-NSP7-NSP8
complex (PDB Code: 7BV2) [65], NSP15 Endoribonuclease
(PDB Code: 6WXC) [66], NSP16-NSP10 heterodimer (PDB
Code: 6WKQ) [67], transmembrane protease (PDB Code:
7MEQ) [68]. Water molecules from the protein structure
were removed, and polar hydrogens and Kollman charges
were added. The ligand’s torsions were allowed to rotate,
and the determined residues were tested. The ligands were
docked blindly to see where they would preferentially bind.
The amino acids in the active site of all proteins were deter-
mined using the BIOVA Discovery Studio Visualizer 2021
[69]. The Lamarckian Genetic Algorithm was utilized as
a docking engine, with all docking settings set to default.
The visualization studies were performed using the BIOVA
Discovery Studio Visualizer 2021.

Results and discussion
Synthesis and general aspects

The polymer [Zn,(u,-Bz);], (1) has been isolated in high
yield by reacting one equivalent of zinc chloride, ZnCl,
with one equivalent of sodium benzoate in water. The p*:
n'n! bridging ability of the benzoato ligand imparts poly-
meric nature to 1. It was previously reported [70] in a dif-
ferent way with different starting materials. Here, we have
synthesized it in a rather simple way. Similarly, the supramo-
lecular dimer [Zn(Phen)Cl,], (2) has been isolated in high
yield by reacting one equivalent of zinc chloride with one
equivalent of /,/0-phenanthroline in water. Its asymmetric
unit consists of two same [Zn(Phen)Cl,] monomeric units,
albeit the Zn—N and Zn—Cl distances are different in them.
The complexes are slightly soluble in water, and their solu-
bility in common organic solvents is also low. They show a
room temperature . value of 0.00 BM each, thereby con-
firming the absence of unpaired electrons in the respective
metal center.

FT-IR spectra

FT-IR spectra of 1 and 2 (KBr pellets) were recorded in
the region 4000-600 cm™! (Fig. 1). The observed bands
are tentatively assigned based on earlier literature reports
[71, 72]. The absence of absorption bands in the range
1750-1670 cm™' indicates that the -COO™ groups in 1
remain completely de-protonated. In the region expected for
the asymmetric, v, (COO™) absorption, polymer 1 exhibits
one single sharp and strong band at 1532 cm™!, implying that
the structure has only one type of carboxylate bridging in
it. The band at 1404 cm™' of the carboxylate, -COO~ group
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Fig. 1 FT-IR spectra of 1 and 2
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corresponds to its symmetric (v,) stretching vibrations.
Their difference [A =v,-v,=128 cm™'] suggests the syn-
syn bidentate bridging mode (/42217:1171) of the exogeneous
benzoate group to the metal center. On the other hand, the
ey of 1,10-phenanthroline ligand at 1561 cm™ shifts to
1550 cm™! in 2. Similarly, the 8_y; at 854 and 736 cm™! of
1,10-phenanthroline ligand shift to 844 and 722 cm™" in this
complex. This reveals the coordination of the two nitrogen
atoms of /,/0-phenanthroline ligand to the Zn(II) ions in
2 [73]. These observations are in good agreement with the
structures of 1 and 2 as determined by single-crystal XRD
and elemental analyses.

Powder X-ray diffraction

The phase purity of the synthesized complexes 1 and 2
were studied by powder X-ray diffraction (PXRD) experi-
ment. As shown in Fig. 2, their experimental patterns are
in good agreement with the simulated ones obtained from
the corresponding single-crystal X-ray diffraction data,
suggesting that the synthesized crystals of 1 and 2 are true
representatives of their bulk material. The observed differ-
ences in intensity between the simulated and experimental
patterns may be due to the preferential orientations of the
crystalline powders.
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Crystal structure of the complexes
Crystal structure of [Zn,(p,-Bz);], (1)

The details of single crystal XRD and structure refinement
data of polymer 1 are presented in Table 1. It crystallizes in
the monoclinic space group P2 /c. The polymeric unit of 1 is
shown in Fig. 3, together with the atomic numbering scheme
(Fig. 3a). The crystal structure of the polymer 1 contains a
basic dimeric unit [Zn,(p,-Bz);] with a Zn'**Zn distance of
3.25 A. These are linked together by another bridging benzo-
ate anion in the syn, syn-n’:n’ :u, coordination mode, thereby
forming a metal-binding site of O, type around each Zn center.
Each Zn(II) ion in 1, thus, possesses a distorted tetrahedral
coordination environment built by the benzoate oxygens
(02, 03, 06, O7 for Znl and O1, O4, OS5, O8 for Zn2). The
coordination angles about the Zn centers are in the range
98.40(12)—113.92(13)° except for O3—Zn1—-06 of 121.88
(12)°. The extent of distortion of the tetrahedron around the
Zn(Il) ions can be indicated by the Houser [74] parameter, z,.
For 1, the value of 7, is 0.86 for Zn1 and 0.94 for Zn2 (for an
ideal tetrahedron, 7,=1). The distortion at each Zn(II) center
in 1 is partly due to the spatial orientation of the bridging ben-
zoato ligands. The selected bond lengths (/0%) and bond angles
(°) of 1 are presented in Table 2. These values are comparable
with those in similar compounds in literature [75, 76].
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Fig.2 Simulated and experimental PXRD patterns of 1 (a) and 2 (b)

The Zn,(CO,); unit (Fig. 3c¢) in 1 merits some dis-
cussion. The common SBUs are generally composed of
four identical carboxyl groups [77], with paddle-wheel
geometry. The above unit in 1 is unique in that it is a
triply-bridged SBU with a triangular shape. The planes
through the carboxylate groups O1-C1-02, 03—-C8-04,

Fig.3 a ORTEP diagram of 1
with the partial atomic labeling
scheme, showing 50% prob-
ability ellipsoids. b View of
the coordination environment
of Zn atoms in 1. Symmetry
codes: a. 1 —x,—-0.5+y, 0.5—-z;
b.1-x,05+y,05-z.¢
Unusual triply-bridged trian-
gular secondary building unit
(SBU) of 1. d Interconnection
of polymeric chains of 1 in the
bc-plane. Interactions between
adjacent polymeric chains are

only shown. Irrelevant hydrogen

atoms are omitted for clarity

—— Simulated
- Experimental
1. R ’Jj ‘ H \n
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(b)

and O5—-C15-06 of the bridging benzoato ligands make
dihedral angles of 3.04(6), 5.95(6), and 22.42(2)° with the
respective aromatic rings. The interlinking of the dimeric
units, [Zn,(p,-Bz);] of 1 by the bridging benzoate anion
results in a linear 1D polymeric chain that extends along
the crystallographic b-direction.
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Table 2 Selected bond lengths (A) and bond angles (°) of 1

Bond d(A) Angle 0(°)
Zn1-02 1.942 (3) 02-Zn1-03 102.89 (12)
Zn1-03 1.951 (3) 02-Zn1-06 116.77 (13)
Zn1-06 1.936 (3) 02-Zn1-07 105.80 (12)
Zn1-07 1.937 (3) 03—Zn1-06 121.88(12)
Zn2—01 1.946 (4) 03—Zn1-07 109.69 (11)
Zn2—04 1.940 (3) 06—Zn1—07 98.76 (13)
Zn2—05 1.954 (3) 01-Zn2—04 113.92 (13)
Zn2—08 1.942 (3) 01-Zn2—05 113.46 (13)
01-Zn2—08 111.79 (13)
04—7Zn2—05 109.69 (12)
04—7Zn2—08 108.44 (13)
05—Zn2—08 98.40 (12)

These chains are interconnected in two perpendicular
directions. Along the bc-plane, these are connected through
antiparallel n---m stacking interactions between the phenyl
rings, C9—C14 and C23—-C28 of the coordinated benzoato
ligands from adjacent chains. This is in accordance with
their positive and negative MEP values, respectively (vide
infra). It is interesting to note that there occurs no m*-'nt
interaction between the C9—C14 phenyl rings of benzo-
ate ligands from adjacent chains, although their distance
of separation is favorable for the same. This architecture,
with the shortest inter-chain Zn---Zn distance of 9.22 10\,
is stabilized by C—H---O, C—H:--H—C, and lone-pair (Ip)
O:---m interactions. The O6 atom of the bridging carboxylato
ligand in one chain acts as a hydrogen-bond acceptor for
the C12—H12 moiety of another bridging carboxylato phe-
nyl ring in the adjacent chain to form weak C12—H12:--O6
hydrogen bond with a donor-acceptor distance of 3.73 A.
Similarly, the C7—H7 moiety of the bridging benzoato
ligand in one polymeric chain is involved in C—H---H-C
interaction with the C13—H13 moiety of the same ligand
from a neighboring chain.

Fig.4 a Interconnection of
polymeric chains of 1 in the
ab-plane through C—H---H-C
contacts. Interactions between
adjacent polymeric chains are
only shown. Irrelevant hydrogen
atoms are omitted for clarity.

b View of 3D architecture of 1
along b-direction
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Additional reinforcement to this architecture is provided
by the lone-pair (Ip):--x interaction involving the O3-atom
of the coordinated carboxylato ligand. In the layered archi-
tecture of 1 in the bc-plane, an interesting contact between
C=0 moiety of the coordinated carboxylato ligand from one
polymeric chain and the n-system of the same ligand from an
adjacent chain is observed, where the coordinated O3 atom
is oriented towards the t—face of the phenyl ring. The sepa-
ration distance between this O3-atom and the centroid of the
concerned phenyl ring is 3.67 A. Here, the carbonyl oxygen,
O3 approaches the n-face with an angle of 87.1°, suggesting
a strong lone-pair*'n interaction. Such lone-pair'**x inter-
actions are characterized by two important parameters: the
distance, D (between the carbonyl oxygen atom and the ring
centroid, Cg), and the angular distribution (deviation of a
from 120°, where o is° the angle between C=O"'Cg). For 1,
these values are 3.67 A and 33.0°, respectively. These values
are within the acceptable range for favorable lone-pair - x
interactions found in the CSD [78]. Not surprisingly, 1 thus
provides an example of carbonyl (Ip)*'x interaction involv-
ing an aromatic ring, where the n-system is electron poor
(vide infra).

In the ab-plane, however, the polymeric chains of 1 with
the shortest inter-chain distance of 9.89 A are intercon-
nected by C—H:-'w interactions to give a layered architecture
(Fig. 4a). This involves the H27 atom from the phenyl ring
(C23—-C28) of coordinated benzoato ligand from one chain
and the centroid (C,) of another phenyl rinog (C9-C14) from
a neighboring chain [d(H27---C,)=3.49 A]. The formation
of such layered structures of 1 in two perpendicular direc-
tions ultimately gives rise to a 3D architecture of 1 along
b-direction (Fig. 4b).

Crystal structure of [Zn(phen)Cl,], (2)

The details of single crystal XRD and structure refinement
data of compound 2 are presented in Table 1. It crystallizes
in the monoclinic space group P,. In the asymmetric
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unit of 2, there are two similar (but not same!) neutral
units, each consisting of one zinc(Il) ion, one chelating
1,10-phenanthroline ligand, and two chloride ions as
terminal ligands (Fig. 5a). Each Zn(II) is four coordinated
in a tetrahedral geometry by two nitrogen atoms from
1,10-phenanthroline ligand and two chloride ions. The
coordination angles about the Zn centers are in the range
80.29 (28)—125.28 (18)° except for N2—Zn1—ClI1 of 125.28
(18)°. The extent of distortion from the regular tetrahedral
geometry around the Zn(Il) ions is indicated by the Houser
[74] parameter, 7,. For 2, this value is 0.85 for Zn1 and 0.84
for Zn2. The selected bond lengths (A) and bond angles (°)
of 2 are presented in Table 3.

From a structural viewpoint, complex 2, which is a supra-
molecular dimer, is rather interesting. The two monomeric
units have the same composition, yet the Zn—N and Zn—Cl
distances therein are different. The monomeric counterpart
of 2, viz. [Zn(phen)Cl,] has already been synthesized, albeit
in a different way [79, 80]. The Zn—N and Zn—Cl distances
and important bond-angles in 2 are similar to those in the
previously synthesized monomeric counterparts.

The solid state structure of complex 2 shows a
combination of n---xw, C—H---Cl, C—H---H-C, and lone-
pair (Cl)---m interactions. First of all, its supramolecular
dimer is stabilized by extensive m'*-m interactions with
the pyridyl ring of I,710-phenanthroline ligand from one
monomeric unit overlapping with the pyridyl and phenyl
rings of the same ligand from the second monomeric unit
at centroid-to-centroid separations of 3.67, 3.68 and 3.80 A
(Fig. 5b). The dimer is further reinforced by intramolecular
self-complementary C—H::-CI hydrogen bonds with H:--Cl
distances of 2.76 and 2.84 A.

Along a-direction, neighboring molecules of 2 self-
assemble through =:--m interactions, involving the pyri-
dyl ring of one molecule and the phenyl ring of the other
(Fig. 6a). Although the interacting rings are the same for
the two interactions, their distances are, however, different
(3.80 and 3.81 A). This self-assembly of the molecules of
2 through &*--m interactions gives rise to a linear chain of 2
along a-direction. In a similar manner of 1, these chains of
2 interconnect themselves in two perpendicular directions

Fig.5 a ORTEP diagram of 2
with the partial atomic labeling
scheme, showing 50% prob-
ability ellipsoids. b &t---x and
self-complimentary C—H:--Cl
interactions-stabilized supramo-
lecular dimer of 2

1727
Table 3 Selected bond lengths (A) and bond angles (°) of 2
Bond d(A) Angle 0(°)
Zn1—N2 2.073 (7) N1—Znl1—N2 81.98 (25)
Zn1—N3 2.085 (7) N1-Znl1-Cl1 108.30 (17)
Zn1—Cl1 2.215(3) N1-Zn1-CI2 106.99 (18)
Zn1—CI2 2.211 (3) N2—-Zn1-Cl1 125.28 (18)
7Zn2—N3 2.072 (8) N2—Zn1-CI2 106.99 (17)
7Zn2—N4 2.054 (7) Cl1—-Zn1—-CI2 114.58 (92)
Zn2—Cl13 2.220 (3) N3—Zn2—N4 80.29 (28)
Zn2—Cl4 2.197 (3) N3—Zn2—-CI3 108.10 (17)
N3—Zn2—Cl4 124.15 (18)
N4—-Zn2—ClI3 115.94 (18)
N3—Zn2—Cl4 108.76 (19)
CI3—Zn2—Cl4 115.12 (11)

through C—H---Cl, C—H---H-C, and lone-pair (Cl)--'n
interactions.

In the ab-plane, the C13 atoms in different dimers act
as H-bond acceptors for C3—H3 and C23—-H23 moieties
of 1,10-phenanthroline ligand from neighboring chains
with donor-acceptor distances of 3.69 and 3.55 A, respec-
tively (Fig. 6b). This gives rise to a layered architecture of
2 in the ab-plane, which is further stabilized by another
C—H---Cl interaction involving the CI2 ligand (Table 4).
In the ac-plane as well, these 1D chains of 2 get intercon-
nected through two types of C—H:---Cl interactions involving
both the monomeric units (Fig. 6¢). One monomeric unit is
connected with an adjacent 1D chain through C2—H2:--CI2
interaction with H2---CI2 distance of 2.93 A (Table 4). The
other monomeric unit gets connected with another adjacent
1D chain, in a direction opposite to the former, through
C3—H3-CI23 interaction [2.83 A]. This gives rise to a lay-
ered structure of 2 in this plane. In this structure, the chlo-
rine atoms Cl1, C12, Cl13, and Cl4 in one chain are located
above the plane of the /,/0-phenanthroline pyridine rings in
the neighboring chain. Thus, the layered structure of 2 in the
ac-plane is stabilized by extensive lone-pair (Cl)---x interac-
tions. This is further stabilized by C—H--*-H—C interactions.
The C6—H6 and C20—H20 moieties of 7,/0-phenanthroline
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Fig.6 a 7w interactions-stabilized 1D chain of 2 along a-direction. interactions between neighboring 1D chains are only shown. Different
New interactions between different supramolecular dimers are only dimers are represented by different colors of the metal centers. Irrel-
shown. Interconnectivity of 1D chains of 2 in the ab-plane (b) and evant H-atoms are omitted for clarity. d View of 3D architecture of 2
ac-plane (c¢) through C—H---Cl and C—H--*H-C interactions. New along a-direction

@ Springer
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Table 4 C-H--*Cl hydrogen bonding parameters (A and °) for 2

D-H-A d(D-H) d(D-A) dH+A) <(DHA)
C2-H2++-CI2? 0.930 3.599 2.925(1) 130.52 (3)
C3-H3---CI3" 0.930 3.694 2821 (1) 156.83 (3)
C7-H7-+CI3 0.930 3.482 2764 (1) 13479 (3)
C19-H19--CI2  0.930 3.563 2799 (1)  154.43 3)
C22-H22-CI2°  0.930 3.660 2.925(1) 130.52 (3)
C23-H23--C13¢  0.930 3.548 2.830 (1) 134.91 (3)

Symmetry codes: a: x —1/2, -y +1,z+1/2; b: x =1/2, =y +2,z+ 1/2;
cix+1/2,-y+1,z-1/2;d: x+1/2, -y +2,z-1/2

ligand from a supramolecular dimer in a particular chain are
involved in C—H---H—C interactions with the C24—H24 and
C1—-HI moieties of the same ligand from two chains above
and below that particular chain. Additional reinforcement
to this layered structure is provided by another C—H---Cl
interaction involving the C2—H2 moiety from one chain
and the CI2 ligand from an adjacent at a H:--Cl distance of
2.93 A. The stacking of layered structures of 2, in a very
much similar way as 1, gives rise to a 3D architecture of 2
along a-direction (Fig. 6d).

Hirshfeld surface analysis

The Hirshfeld surfaces were analyzed for the identification
and quantification of the main intermolecular interactions
and for a better understanding of the overall packing pat-
terns of compounds 1 and 2. The Hirshfeld surfaces of 1 and
2 are shown in Fig. 7, illustrating surfaces that have been
mapped over d, .., property. The dominant interactions in
the structure of both compounds are visible as bright red
areas. The important quantitative information of the main
intermolecular contacts in both compounds was obtained by
plotting 2D fingerprint plots (full and decomposed) shown
in Fig. 8. The full 2D FP plots include all intermolecular
contacts, whereas decomposed FP plots depict specific inter-
molecular contacts.

In compound 1, the red spots labeled 1 in the HSs are
attributed to C—H:-'& interactions, involving the H27
atom of one phenyl ring and the C11 of the C9—C11 ring
[d(H27---C11)=2.765 A]. These C—H-**x contacts are vis-
ible as a pair of wings in the top left and bottom right region
in the FP plots, which comprise 32.0% of the total Hirshfeld
surface area. The H:--O/O---H contacts in compound 1 are
visible in the HSs as white areas around the O and H-atoms
of the aromatic rings. The white color observed for these
interactions is an indicative of weak contacts, in accordance
with the H---O distances close to the sum of vdW radii of
H and O-atoms. The proportion of H:--O/O-:-H interactions
comprises 19.3% of the total Hirshfeld surface. The bright
red spots labeled 2 in the Hirshfeld surfaces are mainly

attributed to Zn2—08 coordination bond that interconnects
the Zn-atoms. These close contacts appear as two symmetri-
cal spikes at (d,+d;) =~ 2.0 A and comprise 3.1% of the total
HS area.

In compound 2, the red spots labeled 1 and 3 in the HSs
are attributed to C19—-H19---CI2 and C7—H7---CI3 hydro-
gen bonds, respectively. These weak C—H::-Cl hydrogen
bonds are responsible for the stability of the two different
molecules in the asymmetric unit. In addition, the visible
red areas labeled 2 and 4 in the d,,,, surfaces (Fig. 7) are
mainly attributed to intermolecular C22—-H22:--CI2 and
C2—H2.--CI2 hydrogen bonds. These contacts are also vis-
ible in the 2D fingerprint plots as a pair of symmetrical
spikes at (d,+d;) ~ 2.6 A, contributing 42% to the total
Hirshfeld surface area.

The calculations of the HSs reveal that in both com-
pounds, the H---H contacts contribute to the crystal packing,
with a proportion of 35.1 and 24.0% for 1 and 2, respec-
tively. These dihydrogen interactions are also visible in the
FP plots (Fig. 8) in the middle of scattered points, with mini-
mum values of (d,+d,) = 2.35 A for both compounds.

We have mapped the Hirshfeld surfaces with shape index
and curvedness properties (Fig. 9) in order to identify the
regions involved in planar n--'n stacking interactions. The
pattern of red and blue triangles (highlighted by black
dashed circles) on the same region of the shape index sur-
face of both compounds is characteristic of n*--x stacking
interactions (Fig. 9, column 1). These contacts are also vis-
ible as relatively large and green flat regions delineated by
black circles on the curvedness surfaces of both compounds
(Fig. 9, column 2). Finally, the fingerprint plot of compound
2 (Fig. 8) shows the C---C contacts as a region of blue/green
region on the diagonal around d, = d; ~ 1.8 A.

Theoretical study of noncovalent interactions

As was mentioned above, the supramolecular assembly of
compound 1 is mainly stabilized by C—H-:-O hydrogen
bonds and unconventional noncovalent interactions such as
w7 stacking and lone pair (Ip) O---w interactions. Here, the
Ip O---m interaction is generated involving the O3 atom of
the carboxylate group and the C12 atom of the phenyl ring
as electron acceptor.

To study the noncovalent interactions observed in the
solid-state structure of 1, we have generated a monomeric
model to facilitate the theoretical study by using simple
monomers and dimers. The theoretical model used in this
study is shown in Fig. 10, where we have removed the
Zn(2) atom, and the carboxylate groups have been proto-
nated to preserve the charge balance of the system. The
supramolecular assembly of compound 2 is mainly sta-
bilized by C—H::-Cl hydrogen bonds, Ip Cl-:*x and n***%
stacking interactions.
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Fig.7 Hirshfeld surfaces of
compounds 1 (a) and 2 (b)
mapped over d, ... property in
two orientations. The second
molecule is 180° rotated around
the horizontal axis of the plot.
These surfaces were mapped
over a fixed color scale of —0.05
a.u. (red) to+0.5 a.u. (blue).
The labels are discussed in the
text

First, we computed the MEP surfaces of compounds 1
and 2 (Fig. 11). The surface of the model of 1 shows that
the MEP minimum is located at the O-atom of the carboxyl
group that is not coordinated to the Zn(II) center. The
MEP maximum is located at the H-atom located at the
para-position with respect to the carboxylate group, thus
indicating that the C—H---O hydrogen bonds between these
groups are favored electrostatically. It is interesting to note
that the MEP is positive over one aromatic ring and
negative at the other one, thus favoring the antiparallel &%
stacking interactions. These results are indicative that the
n-stackings are relevant contacts in the crystal packing of 1.

The MEP surface of 2 shows that the MEP maxima are
located at the aromatic C—H bonds of the phenanthroline
ligand, while the MEP minima are located at the chlorine
atoms coordinated to the Zn(II) center. This analysis and the
location of the MEP maxima and minima agree well with
the important C—H---Cl interactions described above, which

@ Springer

(b)

are crucial in the supramolecular assembly of compound 2.
As shown in Fig. 11, the MEP value is also positive over
the center of the pyridine ring, thus indicating that the lone
pair O---m interactions can be attractive in terms of electro-
static forces.

Figure 12 shows the combined QTAIM/NCI plot analysis
of a theoretical model of 1 shown in Fig. 10. The dimeriza-
tion energy is large (AE = —14.23 kcal/mol) in line with
the MEP surface shown in Fig. 11, since the most positive
and negative regions of the complex interact upon the for-
mation of the self-assembled dimer. The QTAIM analy-
sis confirms the existence of C—H-:-O hydrogen bonds
depicted in Fig. 12 that are characterized by bond critical
points (labeled as 1 and 2) and bond paths interconnecting
the H and O-atoms. The NCI plot index surface analysis
also shows green isosurfaces between the H and O atoms
coincident with the location of the bond critical points, thus
indicating the weak attractive nature of these H-bonds. The
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Fig.8 Full and decomposed 2D fingerprint plots of compounds 1 (a) and 2 (b)

antiparallel & stacking interaction is characterized by two
symmetrically equivalent bond critical points that intercon-
nect the C-atoms of the phenyl ring. The n--*x stacking con-
tacts are confirmed by the presence of an extended green
isosurface located between both aromatic rings. In addition,
the presence of O---n interactions is also confirmed by the
presence of two equivalent bond critical points and bond
paths interconnecting the O and C-atoms of the phenyl ring.
The contribution of the C—H::-O interactions has been
estimated using the potential energy density at the bond
critical point (V,) and the formula proposed by Espinosa
and co-workers (Eg,= —0.5 V,) [81]. The calculations indi-
cate that the dissociation energy (Eg;,) of the C12-H12---:O6
(bond CP labeled 1) and C13—H13---O3 [bond CP labeled
2] hydrogen bonds are 0.596 and 0.376 kcal/mol, respec-
tively. These results indicate that the C12—H12---O6 hydro-
gen bond is the strongest interaction, in accordance with
the lowest H12---016 distance of 2.904 A as determined by
X-ray diffraction methods. The QTAIM/NCI plot analysis
discloses the existence of C—H:--O contacts that are very
weak, thus confirming that the formation of this dimer is
mainly dominated by O---x and =-**n stacking interactions.
As was described previously, the crystal structure of com-
pound 2 shows two molecules in the asymmetric unit. The
self-assembled of both molecules is generated by C—H::-Cl
hydrogen bonds and ' stacking interactions between the

aromatic rings of the /,7/0-phananthroline ligand. We have
used a combination of QTAIM and NCI plot analysis to ana-
lyze the non-covalent interactions that play crucial roles in
the stabilization of the molecules in the unit cell (Fig. 13a).
The combined QTAIM/NCI plot analysis evidence that each
C—H---Cl hydrogen bond is characterized by a bond CP
(CP1-CP4) and bond paths interconnecting the H and ClI-
atoms. The existence of C—H:--Cl interactions is also char-
acterized by green NCI plot isosurfaces coincident with the
bond CPs, indicating the weak nature of these contacts. In
addition, the distribution of bond CPs and bond paths shows
that the 7---x stacking interactions are characterized by four
bond CPs and bond paths interconnecting the phenanthroline
moieties (Fig. 13a). These interactions are also characterized
by the presence of a green and extended isosurface located
between the aromatic rings, thus confirming the attractive
nature of the interactions. The dimerization energy is large
and negative (AE= —22.34 kcal/mol) due to the contribu-
tion of both the n--w and C—H-:-Cl hydrogen bonds.
Figure 13b shows the combined QTAIM/NCI plot analy-
sis of a dimer of 2 stabilized by a combination of Cl---x and
CI---Cl halogen bonding interactions. The existence of such a
combination of interactions is confirmed by both QTAIM and
NCI plot index analysis and the corresponding bond CPs and
green isosurfaces, supporting the modest dimerization energy
(AE; = —6.621 kcal/mol). The other self-assembled dimer of
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Fig. 9 Hirshfeld surfaces of 1
(a) and 2 (b) mapped over shape
index and curvedness properties

2 is represented in Fig. 13c, where each C—H:--CI hydrogen
bond is characterized by a bond CP and the bond path con-
necting the H-atoms of the aromatic rings and the Cl-atoms
coordinated to the Zn(II) center. In addition, the shape of the
NCI plot isosurface, embracing the whole n-system of the
phenanthroline ligand, confirms the existence and attractive

(b)

Fig. 10 a Partial view of the X-ray structure of 1, showing the supra-
molecular assembly stabilized by different noncovalent interactions
including Ip O--'w and 77 stacking interactions. b Theoretical model
of 1 used for the study of noncovalent interactions

@ Springer

(b)

nature of the m---x stacking interaction. Such a combination of
interactions explains the obtained large dimerization energy
(AE,= —18.97 kcal/mol).

ADMET properties

The pharmacokinetic and toxicologic features such as
absorption, distribution, metabolism, excretion, and
toxicity (ADMET) for complexes 1 and 2 are summarized

' -67 +38
+13 49
+36
+24
-42

o veaiol s | 5 I velioil] 55

Fig. 11 MEP surfaces of compounds 1 and 2 (isovalue: 0.001 a.u.) com-
puted at B3LYP-D3/def2-TZVP. The energies at the selected points are
given in kcal/mol
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AE =-14.23 kcal/mol

Fig. 12 Combination of QTAIM (bond critical points and bond paths
represented as red spheres and yellow lines, respectively) and NCI plot
of the dimer of 1. The dimerization energy (kcal/mol) is also indicated

in Table 5. Both molecules have a high rate of absorption
in the gastrointestinal system. It demonstrates that these
molecules may be easily absorbed into the gastrointestinal
system when administered orally. The results show
that complex 1 does not have the potential to cross the
BBB in the central nervous system and complex 2 has
the potential to cross the BBB in the central nervous
system. In the boiled egg model, the blue dot seen in
the egg white for complex 1 and the yolk for complex 2
indicates that the complexes can be used as substrates for
P-glycoprotein (Fig. 14). Although complex 1 is a non-
inhibitor of the enzymes CYP1A2, CYP2C19, CYP2C9,
CYP2D6, and CYP3A4 enzymes. While complex 2 is the
non-inhibitor of CYP2C19 and CYP2C9, it is the inhibitor
of CYP2D6, CYP1A2, and CYP3A4 enzymes. Complex 1
deviates from Lipinski’s five rules and Ghose’s rules only
because of its molecular weight, which is greater than 500
gmol~!, while complex 2 has properties compatible with
Lipinski’s five rules.

The pharmacokinetic and toxicologic features such as
absorption, distribution, metabolism, excretion, and toxic-
ity (ADMET) for complexes 1 and 2 are summarized in
Table 5. Both molecules have a high rate of absorption
in the gastrointestinal system. It demonstrates that these
molecules may be easily absorbed into the gastrointestinal
system when administered orally. The results show that
complex 1 does not have the potential to cross the BBB in
the central nervous system and complex 2 has the potential

to cross the BBB in the central nervous system. In the
boiled egg model, the blue dot seen in the egg white for
complex 1 and the yolk for complex 2 indicates that the
complexes can be used as substrates for P-glycoprotein
(Fig. 14). Although complex 1 is a non-inhibitor of the
enzymes CYP1A2, CYP2C19, CYP2C9, CYP2D6, and
CYP3A4 enzymes. While complex 2 is the non-inhibitor
of CYP2C19 and CYP2C9, it is the inhibitor of CYP2D6,
CYP1A2, and CYP3A4 enzymes. Complex 1 deviates
from Lipinski’s five rules and Ghose’s rules only because
of its molecular weight, which is greater than 500 gmol ™!,
while complex 2 has properties compatible with Lipinski’s
five rules.

Both complexes have properties compatible with Veber’s
and Egan’s rules. The toxicity class of complex 1 was esti-
mated as 3 and complex 2 as 4. However, according to data
from the ProTOX-II online database, both complexes are
hepatotoxic and carcinogenic, mutagenic, immunotoxic,
cytotoxic, and irritant inactive. Finally, the predicted results
show that these compounds have a reasonable ADMET char-
acteristic and drug-likeness.

Molecular docking results

The SARS-CoV-2 virus has four structural proteins: enve-
lope (E), membrane (M), nucleocapsid (N), and spike (S).
Inhibiting one or more of these proteins will stop or delay
the Coronavirus’s effects [82]. The entry of coronavirus
into cells begins with the binding of spike glycoprotein to
the cell surface receptor angiotensin-converting enzyme
2 (ACE-2). Therefore, it is important to inhibit this pro-
tein [83]. In coronavirus drug research, other important
targets are main proteinase (MP™) and papain-like pro-
tease (PLP™). Main proteinase (MP™) and papain-like
protease (PLP™) are proteins that contribute greatly to
replication and transcription in the viral replication cycle
of the coronavirus [84]. Complexes 1 and 2 were docked
to SARS-CoV-2 important proteins (spike protein of first
and Omicron variant, main protease, papain-like protease,
NSP12-NSP7-NSP8 complex, NSP15 Endoribonuclease,
NSP16-NSP10 heterodimer, and transmembrane protease)
(Figs. 15 and 16), and their binding energies and their
ligand efficiencies were calculated (Table 5). Complex 1
has a higher binding affinity to all identified targets com-
pared to 2. Interestingly enough, these scores (for 1 vis-
a-vis spike protein of Omicron variant and main protease,
MP™) are better than the corresponding scores for common
antiviral drugs [85]. When evaluated in terms of binding
affinity to the first variant and Omicron variant of the cor-
onavirus, it was determined that complex 1 had a stronger
binding affinity to the spike protein of the Omicron
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AE, = -6.621 kcal/mol
(b)

AE, = -18.97 kcal/mol
(©)

Fig. 13 Combination of QTAIM/NCI plot analysis of both molecules
in the asymmetric unit (a) and the self-assembled dimers generated
by lone pair Cl--'x (b) and a combination of C-H:--Cl and &-*'r stack-

variant, while complex 2 had a stronger binding affinity
to the spike protein of the first variant. Complex 1 has
a binding value of —7.50 kcal/mol for the main protease
and —7.40 kcal/mol for the papain-like protease, which is
required for viral replication and transcription. The bind-
ing energy values of complex 2 to the main protease and
papain-like protease are —6.2 kcal/mol and —5.3 kcal/mol,
respectively. It was determined that the binding affinity
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ing interactions (c). The bond critical points (CPs) are represented as
red spheres and bond paths as yellow lines

of both complexes to NSP15 Endoribonuclease is very
strong when compared to their binding affinities to other
proteins. The complexes were determined to bind to the
spike protein of the first and Omicron variant, main pro-
tease, papain-like protease, NSP12-NSP7-NSP8 complex,
NSP15 endoribonuclease, NSP16-NSP10 heterodimer, and
transmembrane protease proteins of coronavirus via inter-
actions such as hydrogen bond, n-donor hydrogen bond,
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Table 5 The pharmacokinetic properties of 1 and 2

Properties Complex 1 Complex 2
Molecular weight® 615.22 gmol ™! 316.49 gmol ™!
Heavy atoms 40 17
Rotatable bonds 6 0
H-bond acceptors 9 0
H-bond donors 0 0
Molar refractivity 128.12 68.75
TPSA (A% 105.20 9.86
Log P, 2.24 2.39
GI absorption High High
BBB permeant No Yes
P-gp substrate Yes Yes
CYP1A2 inhibitor No Yes
CYP2C19 inhibitor No No
CYP2C9 inhibitor No No
CYP2D6 inhibitor No Yes
CYP3A4 inhibitor No Yes
Log K|, (cm/s) —5.44 —5.49
Lipinski Yes, 1 violation Yes, 0 violation
MW > 500
Ghose No, 1 violation Yes
MW >480
Veber Yes Yes
Egan Yes Yes
Toxicity class® 3 4
Predicted LDy, 290 mgkg™! 1035 mgkg™!
Hepatotoxicity Inactive Inactive
Carcinogenicity Inactive Inactive
Immunotoxicity Inactive Inactive
Mutagenicity Inactive Inactive
Cytotoxicity Inactive Inactive
MMP® Inactive Inactive
Trritant Inactive Inactive

“The toxicity class consists of six numbers (Number 1 means toxic;
number 6 means non-toxic.)

SMMP mitochondrial membrane potential

carbon hydrogen bond, n-n stacked, w-alkyl, attractive
charge, m-anion, n-sigma, n-cation, n-x T-shaped, amide-n
interactions, alkyl, metal-acceptor, n-sulfur. Complex 1
interacts with the nonstructural proteins of the corona-
virus by conventional hydrogen bonds. Complex 1 inter-
acts by conventional hydrogen bonds with arg553 amino
acid in the active site of the NSP12-NSP7-NSP8 complex,
asp268 and gIln202 amino acid in the active site of NSP15
endoribonuclease, and ser7090 amino acid in the active
site of the NSP16-NSP10 heterodimer. These hydrogen
bond distances are 2.76, 3.38, 2.37, and 2.43 A, respec-
tively. Complex 2 is bonded by conventional hydrogen
bond with amino acid residues lys105, asn110, thr265, and
his272 in the active site of the protease, such as papain.
The bond distances between complex 2 and amino acids
lys105, asn110, thr265, and his272 were found as 2.05,
2.29,2.06, and 1.77 A, respectively. Given these findings,
it is thought that complex 1 is suitable for non-covalent
interactions and will have a positive inhibitory effect when
interacting with coronavirus enzymes.

Thermal analysis

The thermal stabilities of 1 and 2 were examined by their
thermal analyses (TGA/DTG) in a temperature range
of 25-700 °C under N, atmosphere at a heating rate of
10 °C min~!. As shown in Fig. 17, the DTG curve shows a
mass loss of 1 in three steps. The 75.90% mass loss occur-
ring between 99 and 500 °C is attributed to the release of
four coordinated benzoato ligands per formula unit of 1
(calc.=78.76%). The final weight is approximately 24.10%,
suggesting the predominance of 2[ZnO] (calc. =26.46%).
For 2, the 77.59% weight loss up to 400 °C corresponds to
the loss of the coordinated /,/0-phenanthroline and the two
chlorido ligands (calc. =79.34%).

Fig. 14 Boiled egg model for complex 1 (a) and complex 2 (b)
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Fig. 15 The molecular docking results of complexes 1 on the main NSP12-NSP7-NSP8 complex (f), NSP15 Endoribonuclease (g), and
protease (a), papain-like protease (b), transmembrane protease (c), NSP16-NSP10 heterodimer (h)
spike protein of first variant (d), spike protein of Omicron variant (e),

@ Springer
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Fig. 16 The molecular docking results of complexes 2 on the main NSP12-NSP7-NSP8 complex (f), NSP15 Endoribonuclease (g), and
protease (a), papain-like protease (b), transmembrane protease (c), NSP16-NSP10 heterodimer (h)
spike protein of first variant (d) spike protein of Omicron variant (e),
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Table 6 Binding energies and Protein Interaction Type Docking Ligand
ligand efficiencies of 1 and 2 (PDB | Complex | Hydr S Efficie-
ydrogen . . core icie
D) Bonding Hydrophobic Electrostatic Other (keal/mol) | ncy
1 * : Tyr505 4 1 Arg403, 750 0.1
: Gly496 Tyrd53 o e
Y : Lys417 r
6MO0J
2 ’: Tyr505
- Gly496 -5.80 -0.34
. Tyr505
‘ : Leu861
1 :His1058 . Val952 ‘ : His1058,
_ L vaEos, , ~7.70 -0.19
:His1058 | Pro863, 11e870, : His1058
Prol1057, Pro862
7T9J
’ : His1058
) .
: Asp867 + Pro863 ® . His10s8 510 0,30
: His1058,
Prol1057,
Val952
: Vall86, ‘ : Arg40,
Met82 Argl88
1 7. -0.
‘ : Pro52 750 0.19
1 Arg40,
Argl88
7BQY @ Giniso
’ : His41
2 -6.20 -0.36
: Argl88 : Metl65,
Met49, Cys145,
Met165, His41
. : His272 * : Trp106 4 : His272
. * 1 Asnl09 | —7.40 -0.19
1 : His272 : Cys270, : Trp106,
Leu289 His272
. :Lys105, * : Trp106,
6W9C Asnl 10, His272 ® i
Thr265,
2 His272 ‘ : Lys94, ‘ :Cyslll -530 —0.31
Ala288, Lys505
: Asnl09 X
: His272,
Cysl11
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Table 6 (continued)
: Cys622, 1 Arg553
1 * 1 Arg553 Lys551, Asp618 * 1 Asp618 -8.50 -0.21
$ ASpols,
TBV2 Pro620, Lys798 Asp760
2 : Lys500, 1 Arg569 -5.50 ~0.32
Ala512
* 1 Asp268,
1 GIn202 : Leu201, : Lys90,
Leu252, Lys277 | Asp298 —9.00 | -0.23
: Lys90
1 Tyr279
6WXC
* : Tyr279
: Lys90,
2 s * : Lys90,
Ser274, -7.40 | —0.44
Lys277 : .
Tyr279
: Lys277,
Leu252
L 4
: Val7092
1 -5. —0.
* : Ser7090 @ .. 1 Asp7091 * : Ser7090 530 013
: His6917
6WKQ *
: Val7092,
2 : Val7092 4.30 0.25
: Val7092
* : Trp461 . : His296,
Lys342
1 Lys342 @61 -8.60 | -0.22
: Lys342
: Lys342
* : Cys465
TMEQ
.. Trp461
) ..
: Serd63 sLeudl9 —60 | 035
: Lys342,
Tyr416, Trp461
* :Hydrogen Bond, : m-Donor Hydrogen Bond, : Carbon Hydrogen Bond, * : -  Stacked, :m-
Alkyl, ’ :Attractive Charge, : m-Anion, ‘: m-Sigma, : m-Cation, ‘: n- m T-shaped, ‘: Amide-nt
Interactions, * : Alkyl, * : Metal-Acceptor, < : -Sulfur
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Fig. 17 The TG-DTG curves of 1 (a) and 2 (b)
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Conclusions

Two tetrahedral complexes of Zn(II) involving bridging
benzoato (Bz) and 7,70-phenanthroline (Phen) ligands viz.
[Zn,(uy-Bz);],, (1) and [Zn(Phen)Cl, ], (2) were synthesized at
room temperature and characterized by single-crystal XRD,
FT-IR, PXRD, and thermal analysis. Complex 1 is a coor-
dination polymer with an unusual secondary building unit
(SBU), whereas 2 is a novel supramolecular dimer with two
“differently similar” monomers. In the solid state, the poly-
mer 1 contains a basic dimeric unit, interlinking of which
through a bridging benzoate ion in the syn, syn—nj:nl:yz
coordination mode gives rise to a linear polymeric chain.
These chains interconnect themselves in two perpendicular
directions through n::-x, C—H:--O, C—H--*H—C, and lone
pair (Ip)--w interactions to ultimately give a 3D architecture
of 1. The &-*-m interactions-stabilized supramolecular dimer
in 2 self-assembles to a linear chain, interlinking of which,
like 1, in two perpendicular directions, through mainly
C—H:--Cl interactions, imparts a 3D architecture to 2. This
architecture is stabilized by lone-pair (Cl):--x interactions.
Important supramolecular interactions in 1 and 2 contribut-
ing to their stability were studied by Hirshfeld surface analy-
sis and other theoretical tools. The binding affinity of the
complexes towards seven important SARS-CoV-2 proteins
was investigated with molecular docking study. The results
showed that binding affinities of 1 towards spike protein
and MP™ of SARS-CoV-2 were higher than those for the
common antiviral drugs such as chloroquine, hydroxychlo-
roquine, and Remdesivir. ADMET calculations predicted
good compliance of the complexes with both Lipinisk’s and
Veber’s rules. As such, further investigation and experi-
mentation of the synthesized complexes (particularly 1) are
recommended to validate their candidature as a therapeutic
agent for COVID-19.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11224-024-02294-5.
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