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1. Introduction

Mononuclear transition metal complexes have attracted interest for biological applica-
tions where they may act as anticancer therapeutic agents or anti-SARS-CoV-2 agents.
In addition, there is fundamental interest in the molecular magnetism of certain para-
magnetic complexes [1-3]. Investigations of the interactions of coordination com-
plexes with DNA or proteins is crucial to design and discovery of effective drugs with
high specificity and low general toxicity [4]. DNA offers a variety of binding sites and
modes for non-covalent interactions with metal complexes, such as electrostatic inter-
actions, groove binding, and intercalation [5]. Binding interactions between either
DNA or Bovine serum albumin (BSA) with certain Ni(ll) complexes suggest such species
may be cytotoxic and bind with strong affinity [6]. Molecular docking is a virtual
screening technique that not only predicts the binding affinity but also the structure
of the protein-target complex, which is necessary for optimization at the molecular
level [7]. Since the outbreak of the coronavirus pandemic (COVID-19) in 2019, the
development of safe and effective anti-viral agents has become a focus of research
[8-10]. The emergence of new viral variants can undermine the effectiveness of cur-
rent vaccines [11]. Indeed, the recently identified E484K mutation in the receptor bind-
ing domain of the spike protein of a new SARS-CoV-2 strain has shown reduced
vaccine efficacy [12]. Along with SARS-CoV-2, rabies virus (RABV) and rotavirus are still
a challenge for many countries in Asia and Africa despite significant efforts for mass
vaccination in some developed countries [13-15]. Our work is motivated by the need
for new active molecules that may include organics, inorganic and metal complexes,
to enable screening for high antiviral activities.

Complexes containing alkoxy ligands have impacted areas including magnetism,
crystal engineering and catalysis due to their chelating and bridging capability, struc-
tural flexibility, forming mono- to polynuclear, molecular wheels, and high nuclearity
clusters [16-18]. Among them, N-alkylated diethanolamine ligands have attained atten-
tion, where their coordination behaviors can be affected by both the nature of the
alkyl groups and the type of metal ions [19]. N-Methyldiethanolamine (MdeaH,) is use-
ful in synthesizing oxygen-bridged high nuclearity 3D coordination clusters and such
complexes often possess interesting magnetic properties [20]. Moreover, the introduc-
tion of auxiliary ligands based on carboxylic acids can help to maintain the structural
topology and integrity of complexes by exhibiting unusual coordination modes.
Noncovalent interactions play a crucial role in self-assembly and molecular recognition
of solid-state structures. Hydrogen bonding and other dispersive interactions are the
most reliable and widely used means of enforcing molecular recognition. These weak
interactions between molecules play a pivotal role in biological systems and govern
the physiochemical properties in the condense phase [21-26].

Low molecular weight coordination complexes of late transition metals bound by
MdeaH, ligands are important because of their roles in bioinorganic chemistry and
potential magnetic and catalytic applications [27]. High binding affinity with DNA can
be rationalized by the greater extent of H-bonding with this biomolecule. Such com-
plexes may also display weak antiferromagnetic properties as well as antioxidant prop-
erties [28].
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The chemistry of Ni(ll) with MdeaH, is yet to be explored. In the present work, a
Ni(ll) complex was investigated using elemental analysis, FT-IR, UV-Vis, single-crystal X-
ray diffraction, and magnetic studies. Weak noncovalent interactions were examined
by Hirshfeld surface analysis, providing fingerprint plots (FPs), and enrichment ratios
[29-32]. Molecular simulations were used to assess the binding and interaction abilities
of the reported compound as a starting point of the drug discovery for rabies, rota-
virus, and SARS CoV-2.

2. Experimental
2.1. Materials and characterization

All starting chemicals and solvents such as N-methyldiethanolamine, NiCl,-6H,0, and
sodium benzoate were commercially available and used without purification. X-ray dif-
fraction measurements of the complex were made on a Rigaku Oxford Diffraction
Super Nova E diffractometer (Rigaku Europe, Kemsing, UK) with Cu-Ko radiation from a
microfocus source and corrected semi-empirically for absorption. Powder X-ray diffrac-
tion (PXRD) measurements were performed on a STOE STADI—P diffractometer. FT-IR
was measured on a Bruker Alpha Platinum ATR Diamond from 4000-400cm™".
Elemental analysis (CHN) was performed on a Perkin Elmer “Vario EL" analyzer. The
optical properties were investigated on a Cary 500 scan Spectrophotometer UV-Vis-NIR
from 200-800 nm at room temperature using 1cm path length cells.

2.2, Synthesis of [Ni(mdeaH,),](PhCO), (1)

A mixture of N-methyl diethanolamine (mdeaH2) (298 mg, 2.5mmol), NiCl,-6H,0
(120 mg, 0.5 mmol), and sodium benzoate (PhCO,Na) (216 mg, 1.5 mmol) was dissolved
in acetonitrile (25 mL). The solution was refluxed for 2 h followed by cooling to room
temperature, filtered, and left to stand undisturbed. Light blue crystals suitable for sin-
gle-crystal X-ray measurements were obtained overnight. The crystals were collected
by filtration and washed with MeCN. Yield: 37% based on Ni. Elemental analyses (C, H,
N) calculated (%) of compound Cy4H36N,NiOg: C 53.40, H 6.67, N 5.19; found: C 53.20,
H 6.53, N 5.16. o: v (cm™"): 2999(w), 2978(w), 2913(w), 2053(w), 1899(br), 1595(br),
1528(br), 1457(w), 1418(w), 1374(s), 1283(m), 1257(w), 1198(w), 1174(w), 1142(m),
1062(s), 1049(s), 1018(s), 994(s), 905(m), 882(vs), 810(s), 758(m), 714(w), 671(vs), 613(s),
554(m), 554(m), 482(m), 435(s).

2.3. X-ray Crystallography

Diffraction data for 1 was collected at 150K on a Rigaku Oxford Diffraction Super
Nova E diffractometer (Rigaku Europe, Kemsing, UK) with Cu-Ka radiation from a
microfocus source. A summary of pertinent crystal data and refinement results are
shown in Table 1. Using all data from the Olex 2 platform [33], the structure was
solved using dual-space intrinsic phasing (SHELXT) [34] and refined using full-matrix
least-squares refinement (SHELXL-2015) [35]. Anisotropic thermal parameters were
assigned to all non-H atoms, and organic H-atoms were placed in calculated positions.
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Table 1. Crystal data, data collection, and structure refinement parameters
of [Ni(mdeaH,),1(PhCO,),.

Compound [Ni(mdeaH,),](PhCO,),
Formula Cy4H36N,NiOg
Formula weight 539.26
Crystal system Monoclinic
Space group P2,/c

a/ A 6.99560(10)
b/ A 8.4548(2)
o A 21.5824(4)
o/ ° 90

B/ ° 92.082(2)
v/ ° 90

v/ A 1275.68(4)
YA 2

T/ K 150.15

F (000) 572

D ¢/ Mg m3 1.404

p/ mm™ CuKo 1.524
Data measured 6992
Unique data 2412
Rint 0.0222
Data with /> 2o(l) 2318
wR, (all data) 0.0857

S (all data) 1.045
R1[/ > 20(1)] 0.0300
Parameters/Restraints 233/0
Biggest diff. peak/hole / eA +0.407/—-0.437

Crystallographic data for 2 has been deposited to the Cambridge Crystallographic
Data Center, CCDC No. 2267673; copies may be obtained from www.ccdc.cam.ac.uk/
conts/retrieving.html or the CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (E-mail:
deposit@ccdc.cam.ac.uk).

2.4. Magnetic studies

The magnetic susceptibility measurements were obtained with the use of a Quantum
Design SQUID magnetometer MPMS-XL between 1.8 and 300K for direct current (DC)
applied fields ranging from —7 to 7 T. Measurements were performed on polycrystal-
line samples using ~12mg of 1. No alternating current (AC) susceptibility peaks were
found, which was checked using an oscillating AC field of 30e and AC frequency of
1000 Hz. To investigate the presence of ferromagnetic impurities M versus H measure-
ments were performed at 100 K.

2.5. Hirshfeld surface analysis

Hirshfeld surfaces analysis for 1 was carried out using CrystalExplorer 17.5 [36]. A con-
tact distance (dnomm) is based on the radii de, d;, and van der Waals of the indicating
atoms with color-coding by red, blue, and white on the Hirshfeld surface (defined
using Equation (1)), each color representing the type of contacts which depend on
their distances. Red indicates the contacts with distances smaller than the total van
der Waals radii (which have short contacts), white zones represent contacts with
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distances equal to the sum of van der Waals radii, and blue parts are free of any close
contact [37]. The Hirshfeld surfaces analysis of 1 was produced using CrystalExplorer
17.5 [36], which can read the crystal data in CIF format.

dorm = di — rine/rinW 4 de — reVdW/’,evdW M

In addition, for each point on the Hirshfeld surface, a pair distance (d., d;) was
expressed where d. represents the distance from the point closest to the outer core
and d; represents the distance to the nearest inner core to the surface. The finger-
print plots (FPs) are generated by the Hirshfeld surface and the graphs of fingerprint
plots are plotted by pairs (de, di) (X = d; and Y = d.) on the XY grid. The frequency
of existence of interactions (number of points with a given pair (de, d;) are repre-
sented by different colors e.g. blue, green and red showing low, medium and high
frequency, respectively. Furthermore, complementary areas are observed in finger-
print plots where one molecule is a donor (d. > d;) and the other an acceptor (de <
d;) [38]. Furthermore, complementary areas are observed in fingerprint plots where
one molecule functions as a donor (d. > d;) and the other as an acceptor (d. <
d;) [38].

2.6. Molecular docking method

Docking has become an essential component in biomedical sciences as an effective
strategy when the complicated 3D structure of a protein receptor is known [39] and
can provide a reliable model for evaluating the binding of ligands within protein tar-
gets. Protein-ligand interactions between 1 and the target proteins 6TOU, 7ZFM, and
7WCO0 corresponding to the major proteases Rabies, Rotavirus, and SARS CoV-2 were
determined by Autodock Vina molecular binding [40]. These proteins were down-
loaded from a protein database (6TOU, 7ZFM, and 7WCO PDB http://www.rcsb.org./
pdb) for the binding process.

3. Results and discussion
3.1. Synthesis

To explore the coordination chemistry of 1, a self-assembly reaction at high tempera-
ture in a non-aqueous medium, between nickel chloride hexahydrate, N-methyldietha-
nolamine as the main ligand, and benzoic acid as a crystallization mediator, resulted
in the generation of [Ni(mdeaH,),](PhCO,),. The phase purity of 1 was confirmed by
powder X-ray diffraction (Figure S2). The product was isolated as a light blue, air-stable
microcrystalline solid and was further characterized by elemental analysis, DSC-TGA, IR
and UV-Vis spectroscopy, single crystal X-ray diffraction, and Hirshfeld surface analysis.

3.2. UV-Vis spectroscopy

Electronic spectral data of 1 were obtained from acetonitrile solutions recorded in the range
of 200-800 nm (Figure S2). Generally, intense absorption bands are seen in the UV (A = 220-
360 nm) region and are assigned to ligand-centered mt-it* transitions (which are attributed to
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a ligand-metal charge transfer associated with nitrogen and oxygen donors) [41-45]. The
absorption maxima of the bands at 226 nm (e = 127,200 mol™" L em™") were attributed to
benzoate-based m-n* transitions and weaker bands at 272nm (e =29,000mol™" L cm™)
were attributed to an n-t* the transition of the carboxylate group.

3.3. Thermal stability

Thermal gravimetric analysis of 1 was carried out to confirm composition and
to understand the thermal stability (Figure S4). The Ni(ll) complex was heated from
30-1000 °C under nitrogen. The TGA curve displayed two steps of weight loss. The first
weight loss was 40% from 220 to 311°C, which corresponds to removal of the two
benzoate molecules present in the crystal structure (theoretical value is 44.92%). The
two benzoate molecules within the crystal structure is depicted in Figure 1. Smooth
TGA curves showed that the two benzoate molecules have similar characteristics. The
second thermal degradation reaction occurred in a single step between 311-386°C
with a weight loss of 44.00%, in agreement with loss of two organic ligands (m-deaH,)
(calculated value is 44. 18%). The injection of O, at 390°C caused the removal of the
organic part and the formation of nickel oxide (NiO). The residual NiO amounts match
their theoretical values [43, 46].

3.4. X-ray crystallography

Single crystal X-ray diffraction studies reveal that 1 is a mononuclear entity that crys-
tallizes in the monoclinic space group P2,/c with Z=2 as shown in Figure 1. The crys-
tallographic data and structure refinement parameters for 1 are given in Table 1, and
selected bond distances and angles are in Table 2. 1 is a centrosymmetric complex
with an inversion center. The primary ligand, Me-deaH,, is coordinated to nickel ion
through its two nitrogen and four oxygen atoms in a neutral form with (n': n': n":
;) coordination. The bond length of metal to nitrogen of the ligand is Ni-N1 and Ni-
N1’ = 2.098(1) A and bond distances of nickel to oxygen of the ligand Ni-O(1) and Ni-
O(1) = 2.075(1) and Ni-O(2) and Ni-O(2) = 2.061(1) A. The structure suggests that
nickel is in a+ 2 oxidation state which is stabilized by two counter-anions of benzoate.
The bond angles N1-Ni1-N1, O4-Ni1-04, and O5-Ni1-O5 are aligned at 180° as
shown in Table 2. The atoms of the molecule adjacent to each other interact through
non-covalent interactions with several short contacts observed. This type of interaction

Figure 1. Molecular structure of [Ni(mdeaH,),](PhCO,),. Color code: black, red, blue, turquoise, and
white spheres represent C, O, N, Ni, and H, respectively.
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Table 2. Selected bond lengths and angles of 1.
Bond lengths

Bond lengths

Atom Distance/A Atom Distance/A
Ni(1)-0(1) 2.0750(10) Ni(1)-0(2) 2.0612(10)
Ni(1)-0(1)’ 2.0750(10) Ni(1)-N(1) 2.0976(12)
Ni(1)-0(2) 2.0612(10) Ni(1)-N(1)’ 2.0976(12)
Symmetry code: () 1-x, -y,1-z
Bond angles
Atom Angles/® Atom Angles/®
N(1)-Ni(1)-O(1)’ 98.311 N(1)-Ni(1)-N 180
N(1)-N () 0(2) 84.259 O(1)-Ni(1)- 180
N(1) -Ni(1)-O(1) 81.689 0(2) -Ni(1)-0 180
N(1) -Ni(1)-0(2)’ 95.741 O(1)-Ni(1)-O( 92.927
N(1)"-Ni(1)-O0(1)’ 98.311 0O(1) -Ni(1)-0 87.073
N(1)" N( )-0(2) 84.259 O(1)"-Ni(1)-0(2)’ 92.927
N(1)" -Ni(1)-0(1) 81.689 O(1)"-Ni(1)-0(2) 87.073
N(1)" -Ni(1)-0(2)' 95.741

Symmetry code: () 1-x, -y,1-z

0-0-0-0-0—0-07°70

1.2 4 WO-O*OO‘O’O’O'

O0——0—0—0-0-0

0.8

e}

0.7

T T T T T
50 100 150 200 250 300

=

Temperature (K)

Figure 2. Temperature dependence of ¥T products for 1 at 1000 Oe.

is seen as O-H---C=2.667 A and hydrogen bonding is seen between the hydrogen of
the main ligand and the oxygen of the benzoate anion as O-H---O contacts with bond
distances 1.62 A and 1.64 A and C-H.--m interactions (3.846 A) resulting in a 1D chain in
Figure S1. Two benzoate anions surround the metal and ligand to form
[Ni(mdeaH,),](PhCO,),. The distorted octahedral geometry of NiN,O, was confirmed
by SHAPE analysis [47-50] with a deviation of 0.59 (Table S1).

3.5. Magnetic measurements

Magnetic measurements on 1 were conducted using a Quantum Design MPMS-XL
SQUID magnetometer with magnets capable of applying DC fields up to 7T. The DC
measurement of 1 was carried out on a fresh microcrystal sample from 2-300K under
an applied DC magnetic field of 1000 Oe (0.1 T); the plot of T versus T for 1 is shown
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Figure 3. Field dependence of magnetization temperatures of 1.

in Figure 2. The yuT value is 1.24cm?® K mol™' at room temperature, which is close to
expected for one isolated Ni" ion (1.28cm® mol™" K for g=2.0 and S=1) for a mono-
nuclear nickel(ll) complex [51,52]. The value of y,T slightly decreases upon cooling
between 300 to 50K followed by a rapid decrease from 50 to 2K, reaching a value of
0.74cm® mol™" K at 2K, further confirming the strong antiferromagnetic interaction.
The magnetization of 1 was measured at fields ranging from 0 to 70000 Oe (0-7T) at
temperatures of 2K, 3K, and 5K. Figure 3 shows the magnetization values of 1 have a
relatively rapid increase below 1T followed by increase linearly up to 7T, reaching a
value of 1.76 uB at 2K and 7 T without saturation, indicating the presence of magnetic
anisotropy or/and the population of low-lying excited states [53].

3.6. Hirshfeld surface analysis

The analysis of Hirshfeld surfaces provides additional insight into weak intermolecular
interactions which are influential in the packing of molecules in crystals. A Hirshfeld
surface is defined as the density weight function of the specific molecule (i.e. the pro-
molecule) over the same sum of density of its nearest neighbor (i.e. the pro-crystal),
thereby resulting in a 0.5 arbitrary units iso surface, which is similar to that of a van
der Waals surface but, unlike the latter, takes into consideration neighboring mole-
cules and hence provides information about intermolecular interactions [54]. The
Hirshfeld surfaces can be mapped with diverse properties, dnorm, €lectrostatic poten-
tial, shape-index and curvedness. These are useful to accumulate additional informa-
tion on weak intermolecular interactions.

The Hirshfeld surfaces mapped over d,o.m employ the function of normalized dis-
tances d. and d, where d. and d; are the distances from a given point on the surface
to the nearest atom outside and inside, respectively. The blue, white and red colors
used for the d,om-mapped Hirshfeld surfaces recognize the interatomic contacts as
longer, at van der Waals separations and short interatomic contacts, respectively. The
useful measures of curvature, namely curvedness and shape-index, introduced by
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Koendrink provide further chemical insight into molecular packing [55]. A surface with
low curvedness may indicate m-n stacking in the crystal. On the other hand, a
Hirshfeld surface with high curvedness is designated as dark-blue edges, indicative of
absence of n-n stacking. The shape-index is a qualitative measure of shape and is sen-
sitive to subtle changes in surface shape, predominantly in a flat region. Two shape
indices differing by sign represent complementary “bumps and hollows.” The blue
bump-shape and shape-index > 1 belongs to the donor and that representing a red
hollow with index < 1 corresponds to the acceptor of an intermolecular interaction.

The two-dimensional fingerprint plots derived from a Hirshfeld surface offer a visual
summary of the frequency of each combination of d. and d; across the surface of a mol-
ecule. The color of each point corresponding to the relative area of a (d,, d;) pair is recog-
nized as the contribution from different interatomic contacts: blue, green and red
correspond to small, moderate and greatest contributions whereas an uncolored region
indicates no contribution to the Hirshfeld surface. A fingerprint plot outlined into specific
interatomic contacts contains information related to specific intermolecular interactions.

The Hirshfeld surface analysis for 1 revealed surfaces mapped over the d,om range
of 0.5-1.5A for investigation of further supramolecular non-covalent interactions. The
white spots indicate contacts with distances equal to the sum of van der Waals radii
and the red color depressions indicate non-covalent contacts visible on the transpar-
ent dnomn Surfaces. The molecular Hirshfeld surface analyses for 1 are mapped over the
dnorm range —0.807 to 1.323 A, shape index range —0.998 to 0.998 A, curvedness range
—3.341 to 0.294A, d; range 0.603-2.583 A and d, range 0.970-2.558 A (Figures 4a-e).
Strong O---H intermolecular interactions indicated by d,,m mapping exist between
nitrogen and hydrogen of the coordinating ligand (O---H=2.79 A).

The intermolecular H---H, O---H, and C:--H interactions complement the Hirshfeld
surfaces generated by the 2D fingerprint plots. The fingerprint plots show particular
atom-pair close contacts and enables the separation of contributions from different
types of interactions that overlap in the full fingerprint [56]. Furthermore, it also
reveals that one molecule acts as a donor (d. > d;) and the other as an acceptor (d. <
d;) visible in a complementary region. Many short contacts are revealed in the finger-
print plot (Figure 5a). The broad region bearing short and narrow spikes in the middle
of the plot is reflected as H-H/H-H interaction comprising 64% interaction of the iron
complex, as depicted in Figure 5b. Two sharp spikes pointing toward the lower left of
the plot is typical for C-H/H-C comprising 18.4% interactions (Figure 5c). This portion
corresponds to O-H/H-O interactions comprising 17.3% (Figure 5d) and 0.3% for C-C
interactions of the given complex (Figure 5e).

(a) (b) (d)

Figure 4. Molecular Hirshfeld surfaces (a) dnorm, (b) shape index, (c) curvedness, (d) d; and (e) de
of 1.
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Figure 5. Fingerprint plots of 1 showing the percentages of contact contributions to the total
Hirshfeld surface area (a) all, (b) resolved into H-H/H-H interactions, (c) C-H interactions, (d) O-H

and (e) C—C type of interactions.
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(ii) (iii)
Figure 6. Proteins (i) 6TOU, (ii) 7ZFM and (iii) 7WCO are docked with 1.

Table 3. The binding energies, inhibition constant, amino acid residues, and bond distances
linked with 1.

PDB ID Binding energy (Kcal/mol) Inhibition constant (im) Amino acid residues Bond distance (&)
6TOU —4.4 7.43 TYR52 2.82879
SER98 2.60095
GLY100 2.66851
TYR1094 1.97994
TYR52 242093
7ZFM -3.8 6.42 GLN102 2.38151
THR100 2.28524
SER98 3.53139
7WCO0 -3.6 6.08 SER174 2.53636
THR196 243413

| Sl Sy
Q 0---H
j \L N >_© NiCl,* 6H,0 Q< \o\ /O\H-“O
- ol HE MeCN O——-—H\ -4 \>—©
----0
l<1\ ’

Scheme 1. Schematic representation of [Ni(mdeaH,),](PhCO,), (1).

3.7. Molecular docking

The theoretical protein binding modes of 1 were investigated by molecular docking
(Figure 6). The proteins 6TOU, 7ZFM, and 7WCO are linked with viral diseases like
rabies, rotavirus, and SARS CoV-2. The binding energies, inhibition constants, and
amino acid residues that link with 1 and their bond distances are shown in Table 3.
Specific protein sites were identified for each biomolecule. For instance, amino acid
residues for the protein 6TOU are TYR52, SER98, GLY100, TYR1094, and TRY52, for the
protein 7ZFWM the amino acid residues are GLN102, THR100 and SER98 and for the
protein 7WCO the amino acid residues are SER174 and THR196.

4. Conclusion

A new mononuclear complex, [Ni(mdeaH,),](PhCO,),, was synthesized from N-methyl-
diethanolamine with benzoic acid as a co-ligand. 1 crystallized in a monoclinic space
group and exhibited a distorted octahedral geometry which was confirmed by DC
magnetism data where a yyT value of 1.24cm® K mol™" was found at room tempera-
ture, close to what is expected for an isolated Ni" ion (1.28cm?® mol™" K for g=20
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and S=1). The absorbance spectra of 1 provided further information about electronic
structure. The absorption maxima of the bands found at 226 nm (e = 127,200 mol™' L
cm™') were attributed to m-r* transitions in benzoate and the weaker band at 272 nm
(e =29,000mol™" L cm™") was attributed to an n-* transition of the carboxylate. The
strong O---H bond intermolecular interactions indicated by d,om mMapping exist
between nitrogen and hydrogen of the coordinating ligand (O---H=2.79A). It further
revealed that 1 has been stabilized mainly by H---H, C---H/H---C, O---H/H---O contacts.
Molecular docking was carried out to investigate the interactions of 1 with proteins of
SARS-CoV-2, rabies, and rotavirus, indicating strong binding affinities.
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