
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Molecular Structure 1250 (2022) 131825 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Synthesis, crystal structure, potential drug properties for Coronavirus 

of Co(II) and Zn(II) 2-chlorobenzoate with 3-cyanopyridine complexes 

Füreya Elif Öztürkkan 

a , ∗, Mücahit Özdemir b , Giray Bu ̆gra Akbaba c , Mustafa Sertçelik a , ∗, 
Bahattin Yalçın 

b , Hacali Necefo ̆glu 

d , Tuncer Hökelek 

e 

a Department of Chemical Engineering, Kafkas University, Kars, Turkey 
b Department of Chemistry, Marmara University, İstanbul, Turkey 
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a b s t r a c t 

Two new complexes of Co(II) and Zn(II) 2-chlorobenzoate (2-ClBA) with 3-cyanopyridine (CNP) of the 

general formula [Co(2-ClBA) 2 (CNP) 2 (H 2 O) 2 ] and [Zn(2-ClBA) 2 (CNP) 2 (H 2 O) 2 ] were synthesized. The struc- 

tures of the complexes were characterized by single crystal XRD and FT-IR and NMR spectroscopy and 

Mass Spectrometry (MALDI-TOF MS) methods. Mononuclear complexes exhibit octahedral coordination. 

In addition, Hirshfeld surface analysis was performed to determine non-covalent interactions in crystal 

packing. The geometry optimization of the molecules was carried out using the LANL2DZ level of theory 

of the DFT method and the obtained findings were confirmed by comparing with the data obtained from 

the single crystal X-ray diffraction method. The theoretical and experimental bond angles and lengths are 

very close to each other. The effectiveness of the complexes against SARS-CoV-2 enzymes was investi- 

gated in silico using the molecular docking method, and a binding score of -8.0 kcal/mol on NSP16 of 

complex 1 as an inhibitor was obtained. To investigate the drug potential of the complexes, their phar- 

macokinetic and toxicokinetic properties were estimated by ADMET calculations. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Metal(II) aryl carboxylate complexes have been widely studied 

or many years because of their many potential applications in 

elds such as biology, pharmacology, catalysis, sensors, and mag- 

etism. Most of these carboxylate-containing ligands coordinate 

ith metal ions in many different types such as monodentate, 

identate, bridging, chelating-bidentate, bridging bidentate. Differ- 

nt coordination types ensure the diversification of their properties 

n application areas [1–4] . The auxiliary ligand in the structure has 

 great role in the exhibit of all these different coordination modes 

f benzoic acid and its derivatives [5] . Arylcarboxylic acids and N- 

onor ligands are widely used in the synthesis of supramolecular 

tructures [6] . Supramolecular structures are formed through dif- 

erent components interacting with non-covalent interactions such 

s hydrogen bonding [7–10] , dipole-dipole interactions, steric re- 

ulsions, van der Waals interactions, and London dispersion forces. 

hese non-covalent interactions are important for biological sys- 
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ems as well as contribute to the stability of the crystal structure 

11–15] . 

Cobalt is a bio-metal found in plants, human and animal 

etabolisms. In humans, cobalt is at the center of cobalamin (vi- 

amin B12), which is necessary for many physiological processes 

uch as DNA synthesis and the proper functioning of the nervous 

ystem. Cobalt complexes are known for their anticancer and an- 

imicrobial properties. Recent research has focused on the synthe- 

is and evaluation of complexes with biologically interesting lig- 

nds to increase complex activity [16–18] . Zinc is the second most 

bundant trace element in the human body. Approximately 95% of 

he zinc in the human body is in the cell. It is essential for growth

nd development in all forms of life. In case of both deficiency 

nd excess, it causes some health problems. It has been suggested 

o have beneficial therapeutic and preventive effects on infectious 

iseases, including shortening the duration of the common cold for 

umans [ 17 , 19–21 ]. Besides its essential role in living systems, the 

inc (II) ion is a component of compounds used medicinally in the 

reatment of skin diseases and as a nutritional supplement. Zinc(II) 

omplexes are known to be used as antimicrobial [22] , antifungal 

23] , anticancer [24] , anti-inflammatory [25] , antioxidant [26] and 

ntidiabetic [27] agents. 

https://doi.org/10.1016/j.molstruc.2021.131825
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131825&domain=pdf
mailto:fozturkkan36@gmail.com
mailto:elif@kafkas.edu.tr
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The disease COVID19, which emerged with the spread of a new 

oronavirus called SARS-Cov-2 in late 2019, caused a worldwide 

andemic and brought most activities in the world to a standstill. 

ith the pandemic, people had to take some disposable precau- 

ions, such as masks, visors, overalls, with the guidance of some 

uthorities. Many researchers continue to work for both treatment 

nd permanent prevention [28–30] . Today, drug materials synthe- 

ized for use in drug therapy for many viral diseases such as Her- 

es and HIV are limited. This is also true for SARS-CoV-2 [31–33] .

hile some of the known drugs used in the treatment of SARS- 

oV-2 since the beginning of the pandemic are still in use, the 

se of some of them has been stopped [34] . We wanted to sup-

ort with an in silico study whether two compounds synthesized 

or the first time in this study can be antiviral agent candidates for 

se in the treatment of SARS-CoV-2. 

. Materials and method 

.1. Chemicals 

All chemicals and solvents were purchased commercially and 

sed without further purification. 

Sodium bicarbonate, 2-chlorobenzoic acid, 3-cyanopyridine, 

thanol, and the metal salts CoSO 4 ·6H 2 O and ZnSO 4 ·7H 2 O were ob-

ained from Sigma Aldrich, Germany. 

.2. Measurements 

FT-IR spectra were recorded in the range of 60 0–40 0 0 cm 

−1 

ith a Perkin Elmer Frontier TM spectrometer with an ATR de- 

ector using solid samples. 1 H NMR spectrum of the complex 2 

as recorded on Bruker Avance III 500 spectrometer in deuterated 

MSO (d 6 -DMSO). Mass spectra of the complexes were obtained 

y Bruker Micro flex LT MALDI-TOF MS spectrometer using dithra- 

ol (DIT) as MALDI matrix. 

.3. Preparation of the complex 1 

Sodium bicarbonate (0.84 g, 10 mmol) and 2-chlorobenzoic acid 

1.56 g, 10 mmol) were mixed in 100 mL of distilled water and 

eated and stirred at 60 °C until the CO 2 gas was completely re- 

oved. 3-cyanopyridine (1.04 g, 10 mmol) in 20 mL of ethanol 
Scheme 1. The synthesis proc

2 
as added to a 50 mL aqueous solution of CoSO 4 ·7H 2 O (1.40 g,

 mmol), followed by the addition of a previously prepared so- 

ution of sodium 2-chlorobenzoate (1.78 g, 10 mmol) in 100 mL 

f distilled water. The synthesis is given in Scheme 1 . The pink 

nd colorless solutions obtained were slowly evaporated at room 

emperature and pink and colorless single crystals suitable for X- 

ay structure determination were obtained in two weeks. The crys- 

als obtained were filtered, washed with distilled water, and left to 

ry at room temperature. The purity of the complex was checked 

y the thin-layer chromatography (TLC) technique. Yield 2.30 g 

74.92%). Selected IR bands (cm 

−1 ): ν(OH) H2O 3375, ν(C 

–H) as 2973, 

(C 

–N) s 2237, v(COO) as 1596, v(COO 

−) s 1408, ν(C 

–C) phen 1438, 

(C 

–Cl) 810. m/z : [M-CNP] + = 510.82; [M-2CN + 5H] + = 568.15; 

 M + DIT-2H 2 O 

–CN + Na] + = 793.72;[ M + DIT-2H 2 O 

–N a ] + = 851.24

Fig. S1). 

.4. Preparation of the complex 2 

Unlike the synthesis of Complex 1 , ZnSO 4 ·7H 2 O (1.43 g, 

 mmol) was used as the metal salt. Colorless crystals were 

btained from the colorless clear solution after four weeks, fil- 

ered and washed with distilled water. The purity of the com- 

lex was checked by thin layer chromatography (TLC) technique. 

he synthesis is given in Scheme 1 . Yield 2.51 g (81.29%). Se- 

ected IR bands (cm 

−1 ): ν(OH) H2O 3372, ν(C 

–H) as 2980, ν(C 

–N) s 
237, v(COO) as 1596, v(COO 

−) s 1407, ν(C 

–C) phen 1438, δ(C 

–Cl) 810. 
 H NMR (400 MHz, DMSO–d 6 ) δ 7.33–7.44 (m, 6H, ArH), 7.64–

.69 (m, 4H, ArH), 8.33 (d, 2H, ArH; J = 8.00 Hz), 8.87 (m, 

H, ArH), 9.04 (s, 2H, ArH), 3.33 (s, 4H, 2H 2 O). m/z : [M-CNP- 

 2 O] + = 371.95; [M-2CN + Na] + = 590.87; [ M + 2Na] + = 665.52;

 M + DIT-CN 

–H 2 O + 4H] + = 806.92 (Fig. S2). 

.5. X-ray crystallography 

Single-crystal X-ray diffraction analyses of compounds ( 1 and 

 ) were performed on a Bruker APEX-II CCD diffractometer using 

o K α ( λ= 0.71073 Å) radiation at a temperature of 296(2) K. 

tructures were solved by direct methods [35] and refined by full- 

atrix least-squares against F 2 using all data [35] . All non-H atoms 

ere refined anisotropically. The water H atoms were located in 

ifferent Fourier maps and refined freely, while the C-bound H 

toms were positioned geometrically at distances of 0.93 Å (for 
edure of the complexes. 
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Table 1 

Experimental details for complexes ( 1 and 2 ). 

Complex 

1 2 

Empirical Formula C 26 H 20 Cl 2 CoN 4 O 6 C 26 H 20 Cl 2 N 4 O 6 Zn 

formula weight 614.31 620.75 

color/shape pink/prism colourless/prism 

Crystal System monoclinic monoclinic 

Space Group P 2 1 /c P 2 1 /c 

a ( ̊A) 7.0846(2) 7.1077(2) 

b ( ̊A) 13.6645(3) 13.6178(4) 

c ( ̊A) 14.1157(3) 14.1456(4) 

α ( °) 90 90 

β ( °) 101.42 (2) 101.714(2) 

γ ( °) 90 90 

V ( ̊A 3 ) 1339.43(6) 1340.65(7) 

Z 2 2 

μ (Mo K α) (mm 

−1 ) 0.889 1.164 

ρ (calcd) (mg m 

−3 ) 1.523 1.538 

Number of Reflections Total 25,938 22,198 

Number of Reflections Unique 3354 3341 

R int 0.0288 0.0248 

2 θmax ( °) 56.82 56.64 

T min / T max 0.64 / 0.79 0.56 / 0.70 

Number of Parameters 186 186 

GOF 1.047 1.064 

R [F 2 > 2 σ(F 2 )] 0.0283 0.0283 

w R 0.0774 0.0772 

( �ρ) max (e Å −3 ) 0.393 0.418 

( �ρ) min (e Å −3 ) −0.174 −0.411 
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romatic CH) from the parent C atoms; a riding model was used 

uring the refinement processes and the U iso (H) values were con- 

trained to be U iso (H) = 1.2 X U eq (C). Experimental data are given

n Table 1 . 

.6. Hirshfeld surface analysis 

Hirshfeld surface analysis was used to visualize the intermolec- 

lar interactions of the synthesized complexes [ 36 , 37 ]. CrystalEx- 

lorer Version 21.5 [38] was used to generate the Hirshfeld surface 

39] and 2D fingerprint plots [37] . 

.7. Density functional theory calculations 

Gaussian 09 [40] was preferred for theoretical calculations and 

aussview 5.0 [41] was used to visualize. The Avogadro software 

42] was partially used to visualize bond length and bond an- 

le. Geometry optimizations of complexes 1 and 2 were calculated 

ith Becke-3-Lee-Yang-Parr’s functional correlation (B3LYP) [43–

5] of LANL2DZ level of theory in the DFT method. LANL2DZ (Los 

lamos National Laboratory 2 double ζ ) is mostly used for calcu- 

ations involving heavy elements [46] . The geometry optimization 

f the complex was chosen as a stable form with C1 symmetry. In 

ddition to geometry optimization, frequency analyses were also 

erformed and compared with experimental data. Total electron 

ensity surface was calculated according to electrostatic potential 

alues. The total electron surface was visualized using SCF/ESP as 

he density matrix. 

.8. Molecular docking 

Autodock Vina [47] was used to calculate binding affinity for 

ynthesized cobalt and zinc complexes 1 and 2 The X-ray crys- 

al structure of SARS-CoV-2 non-structural protein (PDB code: 

M0J [48] , 7BV2 [49] , 6WXC [50] , 7BQY [51] , 6WKQ [52] , 7MEQ

53] ) was resolved using X-ray diffraction method with a resolu- 

ion factor of 2.50 Å was retrieved from the RCSB Protein Data 
3 
ank (https://www.rcsb.org). In the protein, the presence of wa- 

er molecules from the protein structure was removed and po- 

ar hydrogens and Kollman charges were added. Automatically the 

oot of each ligand molecule is detected, and torsions were se- 

ected. The ligand’s torsions were allowed to rotate, and the se- 

ected residues were tested. The ligands were docked blindly to 

ee where they would preferentially bind. The amino acids in the 

ctive site of NSP-12 and NSP-12 with RNA were determined us- 

ng the BIOVA Discovery Studio Visualizer 2021 [54] . Pre-calculated 

rid maps were required for running the program, which was cal- 

ulated using the AutoGrid program. The energy scoring grid box 

as set to 32 × 32 × 32 dimension (x, y, and z) centered at 

 = 91.692; Y = 92.471; and Z = 103.743 with 0.325 Angstroms 

rid points spacing assigned with default atomic salvation param- 

ters. As a docking engine, the Lamarckian Genetic Algorithm was 

sed, with all docking parameters set to default. The visualization 

rocesses were carried out using the BIOVA Discovery Studio Visu- 

lizer 2021. 

.9. ADMET predictions 

In drug design, determining the pharmacokinetic and toxicoki- 

etic properties of drug candidate molecules prevents multiple ex- 

eriments, saving both time and cost and making the success rate 

igher. Absorption, distribution, metabolism, excretion, and toxicity 

arameters (ADMET) describe the properties that a drug molecule 

ust carry. The SwissADME online database [55] was used to es- 

imate the absorption, distribution, metabolism, and excretion val- 

es of the synthesized complexes. The ProTox-II online database 

56] was used to estimate toxicity values. 

. Results and discussion 

.1. Description of the structure 

The single crystal X-ray analysis results and spectroscopic data 

f complexes 1 and 2 are compatible with each other. Selected 

ond lengths and angles are given in Table 2 . Hydrogen bond ge- 

metries are given in Table 3 . Fig. 1 a and 1 b show the molecular

tructures and atom-numbering schemes, whereas Fig. 2 a and 2 b 

how the partial packing diagrams. 

The asymmetric units of the mononuclear complexes ( 1 and 

 ) include metal (Co1 for 1 and Zn1 for 2) cations, positioned 

n symmetry centers, one 3-cyanopyridine (CNP) ligand, one 2- 

hlorobenzoate (2-ClBA) anion, and one water molecule. All ligands 

re monodentately coordinated to Metal cations ( Fig. 1 a and 1 b). 

 Fig. 1 a and 1 b). 

The M 

II cations (Co II and Zn 

II ) are coordinated monodentately 

hrough the two symmetry-related 2-ClBA anions’ the two car- 

oxylate oxygen atoms (O1 and O1 i ) and two oxygen atoms (O3 

nd O3 i ) of the two symmetry-related water at distances of [2.0749 

9) and 2.0976 (11) Å (for 1 ) and [2.0832 (10) and 2.1118 (12) Å

for 2 )], respectively, to form slightly distorted square-planar envi- 

onments. The slightly distorted octahedral coordination geometry 

as been completed via the two symmetry-related N atoms (N1 

nd N1 i ) of the two symmetry-related CNP ligands in the axial po- 

itions. M—N1 and M—N1 i distances were found as 2.1815 (12) Å 

for 1) and 2.1906 (12) Å (for 2)], respectively [symmetry codes: (i) 

x, – y, – z (for 1 ) and (i) −x , −y + 1, −z (for 2 )] ( Fig. 1 a and

 b). The close bong lengths of the C1—O1 [1.2569 (16) Å (for 1 )

nd 1.2536 (17) Å (for 2 )] and C1—O2 [1.2526 (17) Å (for 1 ) and

.2509 (18) Å (for 2 )] in the carboxylate groups are more suitable 

or delocalized bonding arrangements, rather than localized single 

nd double bonds. The M—O bond lengths [2.0976 (11) Å (for 1 ) 

nd 2.1118 (12) Å (for 2 )] for water O atoms are about 0.023 Å

for 1 ) and 0.029 Å (for 2 ) longer than those the 2-chlorobenzoate
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Table 2 

Selected bond lengths ( ̊A) and angles ( °) for complexes (1 and 2) . 

Complex 1 Complex 2 

Bond lengths X-Ray DFT X-Ray DFT 

Co1—O1 2.0749(9) 2.0165 Zn1—O1 2.0832(10) 2.1112 

Co1—O3 2.0976(11) 2.1868 Zn1—O3 2.1118(12) 2.0903 

Co1—N1 2.1815(12) 1.9762 Zn1—N1 2.1906(12) 2.2430 

O1—C1 1.2569(16) 1.3029 O1—C1 1.2536(17) 1.2999 

O2—C1 1.2526(17) 1.2876 O2—C1 1.2509(18) 1.2925 

C11—C13 1.441(2) 1.4381 C9—C13 1.442(2) 1.4377 

N2—C13 1.134(2) 1.1820 N2—C13 1.134(2) 1.1822 

Bond angles 

O1—Co1—O3 88.20 (4) 88.18 O1—Zn1—O3 87.77 (5) 87.95 

O1—Co1—O3 i 91.80 (4) 91.82 O2—Zn1—O3 ii 92.23 (5) 92.06 

O1—Co1—N1 88.71 (4) 88.71 O1—Zn1—N1 90.76 (5) 90.27 

O1—Co1—N1 i 91.29 (4) 90.29 O1—Zn1—N1 ii 89.24 (5) 89.73 

O3—Co1—N1 93.42 (5) 93.53 O3—Zn1—N1 86.77 (5) 89.57 

O3—Co1—N1 i 86.58 (9) 86.47 O3 i —Zn1—N1 ii 93.23 (5) 90.43 

O1—C1—O2 125.56 (13) 124.26 O1—C1—O2 125.63 (13) 123.78 

Symmetry codes: (i) −x , −y , −z , (ii) −x , −y + 1, −z . 

Fig. 1. (a) An ORTEP-3 [58] view of complex 1 . The thermal ellipsoids are drawn at the 50% probability level (Symmetry code: −x , −y , −z ). (b) An ORTEP-3 [58] view of 

complex 2 . The thermal ellipsoids are drawn at the 50% probability level (Symmetry code: −x , −y + 1, −z ). 

Table 3 

Hydrogen-bond geometry ( ̊A, o) for complexes ( 1 and 2 ). 

Complex D-H ···A D-H H ···A D ···A D-H ···A 
1 O3—H31 ···O2i 0.76 (2) 2.07 (2) 2.7690 (17) 153 (2) 

O3—H32 ···O2 ii 0.81 (2) 1.85 (2) 2.6499 (17) 166 (2) 

C4—H4 ···O2 iii 0.93 2.48 3.393 (2) 167 

2 O3—H31 ···O2 iv 0.79 (2) 1.88 (2) 2.6483 (19) 164 (3) 

O3—H32 ···O2v 0.75 (2) 2.08 (2) 2.7640 (18) 151 (2) 

Symmetry codes: (i) x + 1, y, z; (ii) − x , − y , − z ; (iii) x, − y + ½, z – ½; 

(iv) − x , − y + 1, − z ; (v) x – 1, y, z. 

O  

M

a  

l  

a

O

2

T

(  

t

i

(

(

p

t

a  

n

c

 atoms [2.0749 (9) Å (for 1 ) and 2.0832 (10) Å (for 2 )]. In the

O4N2 octahedrons, the M—N bond lengths [2.1815 (12) Å (for 1) 

nd 2.1906 (12) Å (for 2)] are the longest. The Co and Zn atoms are

ocated at 0.3355(1) Å (for 1 ) and 0.3276(1) Å (for 2 ) below and
4 
bove the planar (O1/O2/C1) carboxylate groups, respectively. The 

1—C1—O2 bond angles [125.56 (13) ° (for 1) and 125.56 (13) ° (for 

)] appear to be substantially greater than in a free acid [122.2 °]. 
he O—M—O and O—M—N bond angles [range 86.58 (5) to 93.42 

5) ° (for 1 ) and 86.77 (5) to 93.23 (5) ° (for 2 ) for cis angles; all-

rans angles are 180 ° due to symmetry] are slightly different from 

deal, with same average values of 90.00(4) ° (for 1 ) and 89.89 (5) °
for 2 ). 

The dihedral angles between the planar carboxylate groups 

O1/O2/C1) and the neighboring benzene A (C2—C7) rings of com- 

lexes 1 and 2 are 62.81 (6) ° and 64.19 (7) °, respectively. while 

he benzene ( A ) and pyridine ( B ) (N1/C9—C13) rings are oriented 

t dihedral angles of A / B = 12.62 (5) ° (for 1 ) and 13.04 (6) ° (for 2 ).

In complex 1 , the water ligands to the 2-ClBA anions are con- 

ected by the intermolecular O—H w 

···O c ( w = water, c = non- 

oordinating carboxylate oxygen atom) hydrogen bonds ( Table 1 ), 
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Fig. 1. Continued 
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(

3
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F

h

(

hrough the R 4 
4 (8) ring motifs [57] , leading to the formations of 

ayers along the a-axis direction. These layers are further con- 

ected by the weak intermolecular C—H bnz ···O c (bnz = benzene) 

ydrogen bonds ( Table 1 ), resulting in the construction of a three- 

imensional network structure ( Fig. 2 a). In complex 2 , the water 

igands to the 2-ClBA anions are connected by the intermolecu- 

ar O—H w 

···O c ( w = water, c = non-coordinating carboxylate O 

tom) hydrogen bonds ( Table 1 ), through the R 4 
4 (8) ring motifs 

 57 ], resulting to the formations of layers along the a-axis direc- 

ion ( Fig. 2 b). The π ···π interactions between the benzene A (C2—

7) and pyridine B (N1/C8—C12) rings, Cg1— Cg2 i (for 1 ) and Cg1—
 l  

ig. 2. (a) A partial packing diagram of complex 1 . Intermolecular O—H w ···O c and C—H

ydrogen bonds are shown as dashed lines. Non-bonding H atoms have been omitted f

 w = water, c = non-coordinating carboxylate O atom) hydrogen bonds are shown as das

5 
g2 ii (for 2 ) [Symmetry codes: (i) 1 + x , ½ - y, ½ + z , (ii) 1 - x,

+ y , ½ - z, where Cg1 and Cg2 are the centroids of rings A and

 , respectively] may help to stabilize the crystal structures with the 

entroid-centroid distances of 3.7940(9) Å (for 1 ) and 3.7857(10) Å 

for 2 ). 

.2. Hirshfeld surface analysis 

Intermolecular interactions can be represented with varied col- 

rs and color intensities on Hirshfeld surfaces, indicating short or 

ong contacts and the strength of interactions [59] . Fig. 3 a and 3 c
 bnz ···O c ( w = water, bnz = benzene, c = non-coordinating carboxylate O atom) 

or clarity. (b) A partial packing diagram of complex 2 . Intermolecular O—H w ···O c 
hed lines. Non-bonding H atoms have been omitted for clarity. 
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Fig. 2. Continued 
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how the complexes’ d norm 

maps. On the d norm 

maps, Contacts 

ith distances equal to the total of van der Waals radii are in- 

icated by the white surface. The colors red and blue show dis- 

ances that are shorter (in close contact) or longer (distinct touch) 

han the van der Waals radii. In the d norm 

maps of the complexes, 

ark red spots are seen near the hydrogen bond donor and accep- 

or atoms that form hydrogen bonds. Other intermolecular interac- 

ions are seen as faint red [60–62] . Convex blue regions and con- 

ave red regions on the shape-index for complexes 1 and 2 indicate 

onor and acceptor groups, respectively ( Fig. 3 b and 3 d). The exis-

ence of adjacent red and blue triangles in the crystal structures of 

omplexes 1 and 2 confirms π- π stacking interactions. 

The contribution percentage values for each interaction in 2D 

ngerprint plots are given in Fig. 4 . The contribution values for 

ach interaction of the two isostructure complexes are almost the 

ame. 2D fingerprint graphs of important intermolecular contacts 

re given in Figs. S3 and S4 in the Supporting Material file. On 

he Hirshfeld surfaces of complexes 1 and 2 , the H 

…H interactions 

ere shown in the largest region of the fingerprint plot at d e + d i =
.46 Å (27.3% contribution for complex 1 and 27.4% contribution 

or complex 2 ). Because of the abundance of hydrogen in the 

tructure, H 

…H interactions make the most significant contribution 

o the structure. For complexes 1 and 2 , H 

…N/N 

…H interactions, 

hich are the second significant contribution, contributed 19.7% to 

he fingerprint plot to the total Hirshfeld surface with the tips at 

 e + d i = 2.64 Å. C 

…C interactions which have bullet shape cover

4.9% contributions in Hirshfeld surface of complexes 1 and 2 . 

 

–H 

…π and π- π stacking interactions are responsible for these in- 

eractions. These weak interactions greatly contribute to the crystal 

acking of the complexes. For complexes 1 and 2 , the contribution 

f H 

…F/F …H contacts in the fingerprint plot to the total Hirshfeld 
B

6 
urface is 8.7%, 10.3%, and 12.2%, respectively. H �Cl/Cl �H contacts 

ave been observed the symmetrical two wings in the fingerprint 

lot delineated and they have been contributed with 12.0% to Hir- 

hfeld surface with the tips at d e + d i = 2.94 Å. H 

…O/O 

…H in-

eractions 12.5% to the overall crystal packing were identified as 

he complex 1 and 2 ′ s fifth significant intermolecular interactions 

ith tips at d e + d i = 1.1 + 0.78 ̊A = 1.88 Å. These interactions are

lso represented by two spike wings. These interactions are due 

o O 

–H 

…O hydrogen bonds in the crystal structure. The contribu- 

ion of H 

…C/C 

…H interactions to the Hirshfeld surface of complexes 

 and 2 are 9.2%. These interactions occurred symmetrically and 

ver a wide area, with a high concentration at the fingerprint plot’s 

dges with the tips at d e + d i = 2.02 Å. C 

–H 

.... π and π- π stack-

ng interactions are responsible for these interactions. These weak 

nteractions greatly contribute to the crystal packing of the com- 

lexes. In addition, C 

…Cl/Cl …C (1.4%), C 

…N/N 

…C (0.8%), N 

…N (0.7%)

nd N 

…Cl/Cl …N (0.3%) interactions were also observed, these inter- 

ctions made a negligible contribution to the Hirshfeld surface. 

.3. FT-IR spectroscopy 

Experimental and theoretical FT-IR spectra of the com- 

lexes are given in Figs S5 and S6 in the Supporting Ma- 

erial file. The FT-IR spectra of [Co(2-ClBA) 2 (CNP) 2 (H 2 O) 2 ] and 

Zn(2-ClBA) 2 (CNP) 2 (H 2 O) 2 ] show bands with wavenumbers close 

o those reported in the literature for similar structures. When 

he FT-IR spectra of the complexes are examined, the absorp- 

ion bands observed in the range of 3550–3300 cm 

−1 are due 

o stretching vibrations of water molecules. These vibrations were 

ound in the different regions in FT-IR spectra calculated using the 

3LYP/LANL2DZ level of theory. In the theoretical study, O 

–H bands 
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Fig. 3. The Hirshfeld surface mapped for complexes 1 and 2 over (a and c) dnorm in the range −0,5655 to 1,2178 a.u., and −0,5612 to 1,2270 a.u., respectively. A view of 

the Hirshfeld surface mapped for complexes 1 and 2 over (b and d) the shape-index. 

Fig. 4. The percentages of the intermolecular interactions from obtained Hirshfeld surface analysis of complexes 1 and 2 . 

Table 4 

Some calculated chemical parameters of complexes 1 and 2 by the DFT method. 

Unit Complex 1 Complex 2 

Polarizability ( α) cm 

−3 9890.59 9307.57 

Total Energy (E Total ) eV −50,287.29 −48,124.90 

LUMO + 1 Energy (E LUMO + 1 ) eV −2.31 −2.28 

LUMO Energy (E LUMO ) eV −2.35 −2.29 

HOMO Energy (E HOMO ) eV −5.95 −7.01 

HOMO −1 Energy (E HOMO-1 ) eV −6.69 −7.04 

Energy Gap (E GAP ) eV 3.60 4.72 

Dipole Moment (D) eV 0.00 0.00 

Ionization Potential (IP) eV 5.95 7.01 

Electron Affinity (EA) eV 2.35 2.29 

Electronegativity ( χ ) eV 4.15 4.65 

Chemical Hardness ( η) eV 1.80 2.36 

Global Softness ( σ ) eV −1 0.28 0.21 

Electrophilicity index ( ω) eV 4.78 4.58 

E GAP = E HOMO –E LUMO IP = –E HOMO EA = –E LUMO χ = (IP + EA)/2 

η = (IP – EA)/2 σ = 1/2 η ω = χ 2 /2 η

7 
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Table 5 

The docking results of complexes 1 and 2 on SARS-CoV-2 proteins. 

8 
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f both complexes were observed around 2850 cm 

−1 . Reviewing 

revious studies, this large chemical shift is attributed to anhar- 

onic contributions. Due to the anharmonic effects, the vibrations 

f hydrogen bond formation affected by the H-bond are observed 

n a different region [63–65] . The stretching vibrations related to 

he aromatic C 

–H stretching vibrations were observed around 30 0 0 

m 

–1 in the FT-IR Spectra of complexes 1 and 2 . The mentioned vi- 

rations for FT-IR Spectra were computed around 320 0–310 0 cm 

−1 . 

he υ(C 

–N) stretching vibration of 3-cyanopyridine is reported at 

230 cm 

−1 in the FT-IR spectra. In the FT-IR spectra, while the ex- 

erimentally observed and theoretically calculated values for com- 

lex 1 are 2237 cm 

−1 and 2272 cm 

−1 , respectively and for com- 

lex 2 , these values are 2237 cm 

−1 and 2272 cm 

−1 , respectively. 

he fact that these vibrations occur in the same region without 

hemical shifts also shows that the metal atom is not coordinated 

ith the cyano group. The FT-IR spectroscopy gives also impor- 

ant information regarding the carboxylate ion’s coordination type 

66] . This information is determined by the 
ν value calculated 
Fig. 5. The calculated molecular orbital diagram 

9 
rom the difference between asymmetric and symmetric carboxy- 

ate vibrations. If this value is greater than the 
ν value of the 

odium salt of the acid, it is suggested that the coordination type 

f the carboxylate group be monodentate. Asymmetric and sym- 

etrical vibrations of the COO 

− moiety for complexes 1 and 2 

ere observed at 1596 cm 

−1 and 1375 cm 

−1 and, respectively. The 

ν(COO 

−) values for complexes 1 and 2 were calculated as 210 

nd 220 cm 

−1 , respectively. Theoretically asymmetric and symmet- 

ical vibrations of the COO 

− moiety were calculated at 1514 cm 

−1 

nd 1376 cm 

−1 for complex 1 and 1511 and 1367 cm 

−1 for com- 

lex 2 , respectively. When the synthesized complexes’ (COO 

−) val- 

es are compared to the sodium salt of 2-chlorobenzoic acids, it 

s evident that the 2-chlorobenzoate anions coordinate monoden- 

ate. The υ(C 

–N) stretching vibration of the pyridine ring was ob- 

erved at 1048 cm 

−1 for complex 1 and 1047 cm 

−1 for complex 

 . For complexes 1 and 2 , these vibrations were calculated the- 

retically at 1061 cm 

−1 and 1081 cm 

−1 , respectively. The com- 

lexes’ and 2-chlorobenzoate’s ν(C 

–Cl) vibrations were recorded at 
of complexes 1 and 2 by the DFT method. 



F.E. Öztürkkan, M. Özdemir, G.B. Akbaba et al. Journal of Molecular Structure 1250 (2022) 131825 

t

2

t

3

1

b

c

r

2

3

e

t

t

p

l

H

o

o

e

(

p

T

2

1

e

O

N

e

f

F

g

f

(

F

(

2

he same frequency (about 810 cm 

−1 ). This result supports that the 

-chlorobenzoate anion of the metal atom is not coordinated with 

he chloro groups [ 67 , 68 ]. 

.4. 1 H NMR spectra 

Because Co(II) is paramagnetic, no signal was observed in 

 H NMR for complex 1 . Resonances of the aromatic protons of 

enzene rings of 2-chlorobenzoic acid and pyridine ring of 3- 

yanopyridine showed at 7.33–9.04 ppm for complex 2 . The signal 

elated to the proton of coordinated water molecules for complex 

 was observed at δ 3.33 ppm (Fig. S7) [60] . 

.4. DFT results 

Density functional theory was used to study the chemical prop- 

rties of complexes 1 –2 and calculated using the LANL2DZ level of 

heory of the B3LYP basis set. The geometries of the crystal struc- 

ures were optimized in the gas phase and some computational 

arameters were evaluated. The Koopmans theorem shows the re- 
ig. 6. The Molecular docking results of complexes 1 and 2 on the NSP12 protein of Coro

b) 2D interactions of the complex 1 with amino acids in the active site of the spike prot

D interactions of the complex 1 with amino acids in the active site of the NSP16 protein

10 
ationship between ionization potential and electron affinity with 

OMO and LUMO orbital energies: electron affinity is the inverse 

f LUMO energy value, while ionization potential is the inverse 

f HOMO value. From these energy data, ionization potential (I.P.), 

lectron affinity (E.A.), electronegativity ( χ ), electrophilicity index 

 ω), global softness ( σ ) and chemical hardness ( η) values of com- 

lexes 1 –2 were calculated according to the formulas specified in 

able 4 [69–74] . 

The calculated bond lengths and angles of complexes 1 and 

 optimized with DFT indicate that the X-ray values for complex 

 bond lengths are numerically close to each other compared to 

xperimental values. The computational bond lengths for Co1—

1 and Co1—O3 are 2.0165 and 2.1868 Å, respectively. For Co1—

1, the calculated bond length was 1.9762 Å and lower than the 

xperimental value (2.1815 Å). The computational bond lengths 

or Zn1—O1 and Zn1—O3 are 2.1112 and 2.0903 Å, respectively. 

or Zn1—N1, the computational bond length was 2.2430 Å and 

reater than the experimental value (2.1906 Å). The bond angles 

or both Co and Zn complexes are the same as experimental values 

 Table 2 ). 
navirus. (a) Docking result of complex 1 and the spike protein of the Coronavirus. 

ein. (c) Docking result of complex 1 and the NSP16 protein of the Coronavirus. (d) 

. 
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Table 6 

The pharmacokinetic properties of the complexes 1 –2 . 

Properties 

Complex 

( 1 ) ( 2 ) 

Molecular weight a 614.30 620.75 

Number of atoms 59 59 

Heavy atoms 39 39 

Rotatable bonds 8 8 

H-Bond acceptors 8 8 

H-Bond donors 2 2 

Molar refractivity 137.60 137.60 

TPSA ( ̊A 2 ) 126.40 126.40 

Log P o/w 2.53 2.55 

GI absorption Low Low 

BBB permeant No No 

P -gp substrate No No 

CYP1A2 inhibitor No No 

CYP2C19 inhibitor Yes Yes 

CYP2C9 inhibitor Yes Yes 

CYP2D6 inhibitor No No 

CYP3A4 inhibitor No No 

Log K p (cm/s) −6.21 −6.25 

Lipinski Yes Yes 

Toxicity class b 5 5 

Predicted LD 50 
c 2190 2190 

Hepatotoxicity Inactive Inactive 

Carcinogenicity Inactive Inactive 

Immunotoxicity Inactive Inactive 

Mutagenicity Inactive Inactive 

Cytotoxicity Inactive Inactive 

MMP d Inactive Inactive 

a Molecular weight unit is g/mol. 
b The toxicity class consists of six numbers. Number 1 means toxic; number 

6 means nontoxic. 
c Predicted LD 50 unit is mg/kg. 
d MMP: Mitochondrial Membrane Potential. 
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Electron migration is easier in molecules with a high polariz- 

bility. The cobalt complex can be more polarized than the zinc 

omplex. The electronic energy of the cobalt complex is lower, i.e., 

ore stable, than the energy of the zinc complex. This situation 

s in correlation with the band gap and the bandgap of complex 

 (3.60 eV) is narrower than the bandgap of complex 2 (4.72 eV) 

s seen in Fig. 5 . There is a positive correlation between molecular 

ocking results and bandgap values. Reactive complex 1 , which has 

 narrower bandgap and easier electron transitions, is more effec- 

ive compared to complex 2 , which has fewer values. 

.5. Molecular docking results 

The Coronavirus consists of Envelope (E), Membrane (M), Spike 

S), Nucleocapsid (N), and genomic RNA and nonstructural pro- 

eins (NSP1–16). Inhibition of one or more of these proteins will 

top or slow the effects of the Coronavirus. There are some model 

nhibitors for enzyme inhibition, but their efficacy is also insuffi- 

ient. N3 [K], Remdesivir nucleoside monophosphate (K), Tipiracil 

K], Sinefungin [K] and N-Acetyl-beta- d -glucosamine [K] are model 

nhibitors. Despite being a small molecule, favipiravir is a highly ef- 

ective antiviral because it exhibits covalent interactions with Coro- 

avirus proteins. By taking all these model inhibitors as a refer- 

nce, it is possible to discover new inhibitors that are more effec- 

ive and have lower toxicity. 

Complexes 1 and 2 were inserted by molecular docking study 

n five important proteins of SARS-CoV-2 (Spike, Main protease, 

SP12, NSP15, and NSP16) and ACE2 and Transmembrane protease, 

erine 2 on the cell membrane, and their binding affinities and 

igand efficiencies were computed ( Table 5 ). Complex 1 has the 

ost effective binding score for NSP16 ( −8.00 kcal/mol). NSP16 

lays an important role in viral transcription by stimulating 2 ′ -O- 

ethyltransferase activities [75] . Thus, complex 1 being a specific 

nhibitor candidate for NSP16 may inhibit viral transcription. In ad- 

ition, the binding score for the spike protein of complex 1 , Coro- 

avirus is −7.90 kcal/mol. The spike protein enters the cell by in- 

eracting with ACE2 in the cell membrane. Complex 1 has a high 

ocking score for both spike protein and ACE2. Therefore, complex 

 placed in the catalytic region between spike + ACE2 can act as 

n antagonist and prevent it from penetrating the cell. Complex 1 

as a binding value of −7.70 kcal/mol for the main protease, which 

s essential for viral replication and feeds non-structural proteins 

76] . For the docked NSP12, NSP15, and TMPRSS2 proteins, the 

omplex 1 model inhibitor had slightly lower scores and ligand ef- 

ciencies ( Fig. 6 and Table 5 ). 

The binding scores of complex 2 correlate with those of com- 

lex 1 , the main protease and ACE2 docking scores are the same. 

he docking score of zinc complex for main protease and ACE2 is 

7.70 kcal/mol. In other proteins, the zinc complex has relatively 

ower scores and ligand efficiencies than the cobalt complex. This 

hows that ligands rather than the central metal atom are effective 

n the enzyme. It was determined that there are conventional hy- 

rogen, carbon-hydrogen, electrostatic salt bridge-attractive charge, 

ydrophobic π- π stacked or T-shaped, hydrophobic π-alkyl, π- 

igma, π-sulfur, and halogen bonds non-covalent interactions be- 

ween candidate inhibitors and amino acids. Non-covalent interac- 

ions of candidate inhibitors with amino acids are given in Table 5 . 

onsidering all these results, it is predicted that the complexes are 

ery suitable for non-covalent interaction due to their structure 

nd will exhibit a positive inhibitory effect when interacting with 

oronavirus enzymes. 

.6. Estimated pharmacokinetic and toxicokinetic properties 

Predicting the pharmacokinetic and toxicokinetic properties of 

rug candidate compounds increases the success of reaching the 
11 
arget in drug discovery. Lipinski et al. proposed five rules for a 

ompound to be a drug [77] . Complexes 1 and 2 conform to Lip-

nski’s rules, except for one (both compounds have a molecular 

eight above 500 g/mol). There is no difference between the pre- 

icted values of cobalt and zinc complexes. Due to the bulky na- 

ure of the compounds, their gastrointestinal absorption is low, 

hey cannot cross the blood-brain barrier (BBB), and they cannot 

e used as substrates of P-glycoprotein. The complexes’ solubility 

n water/octanol is low due to their rigid structure. The complexes 

an induce or inhibit cytochrome P450 enzymes (CYPs) CYP2C19 

nd CYP2C9. In addition, it does not interact with CYP1A2, CYP2D6, 

nd CYP3A4. The lack of lipophilic groups in the structures of the 

omplexes also reduces skin permeation or lipid permeability. The 

stimated toxicity values were examined and the compounds were 

etermined to be in the nontoxic class. The similarity rate to the 

ompounds used in toxicity estimation is 38%. The estimated lethal 

ose amounts are similar for complexes 1 and 2 , being 2190 mg/kg. 

omplexes 1 and 2 are inactive, ie nontoxic, as hepatotoxicity, car- 

inogenicity, immunotoxicity, mutagenicity, cytotoxicity, and mito- 

hondrial membrane potential (MMP). Considering all these advan- 

ages and disadvantages, it is predicted that our compounds can be 

andidate drugs, drug formulation studies can be conducted and 

hey will be a guide for those who study similar molecules. The 

stimated pharmacokinetic properties for complexes 1–2 are given 

n Table 6 . 

. Conclusion 

The new cobalt(III) and zinc(II) 2-chlorobenzoate with 3- 

yanopyridine complexes were synthesized and determined the 

rystal structure. The M 

2 + cations have octahedrally coordinated 

y two 2-chlorobenzoate anions, two 3-cyanopyridine ligands, and 

wo water molecules leading to an overall MN2O4 coordination en- 
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ironment. It was determined by Hirshfeld surface analysis that 

he functional groups in the crystal structure of the complexes 

ormed non-covalent interactions. We optimized the crystal struc- 

ures of complexes 1–2 and calculated their physiological prop- 

rties to understand their activities. The compounds were evalu- 

ted in terms of the structure-activity relationship and there were 

o major differences between the results. The substrate effect of 

ur complexes was investigated as in silico against the proteins of 

ARS-CoV-2, which caused the global pandemic, and satisfactory 

esults were found. Based on the data obtained, it is believed that 

n vitro / in vivo experiments of complexes can be conducted and 

ill be promising for further research. 
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