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a b s t r a c t 

The characterization and synthesis of 3-chloro-2-{(2E)-2-[1-(4-chlorophenyl)ethylidene]hydrazinyl}pyridine 

(CCPEHP) was investigated in our study. Mass and UV-visible spectra were recorded in chloroform sol- 

vent. The CCPEHP molecule containing pyridine and chlorophenyl rings and hydrazone group crystallized 

in the triclinic system and P-1 space group. FTRaman and FTIR spectra were performed in the solid 

state. The optimized geometry of CCPEHP was computed by DFT/B3LYP method with 6–311 G (d, p) 

and 6–31 G (d, p) levels. The computed vibrational analysis, electronic absorption spectrum, electronic 

properties, molecular electrostatic potential, natural bond orbitals analysis and other calculated structural 

parameters were determined by using the DFT/B3LYP/6–31 G (d, p) basis set. The correlation of funda- 

mental modes of the compound and the complete vibrational assignments analysis were studied. The 

strong and weak contacts were identified by using Hirshfeld surface analysis. The molecular modeling 

results showed that CCPEHP structure strongly binds to COVID-19 main protease by relative binding 

affinity of -6.4 kcal/mol. 

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

Heterocyclic compounds are an important class of compounds 

n chemistry. As these compounds are associated with chemistry 

nd biochemistry, they are used in the pharmaceutical design 

ndustry, veterinary products and agricultural chemicals. Small 

eterocyclic molecules or compounds with a heterocyclic structure 

ave the highest proportion of drugs used in human medicine. 

ine of the 15 best-selling prescription drugs in the world in 

009 were small molecules heterocyclic compounds [1] . Pyridine, 

howing antimicrobial pharmaceuticals, is the most important 

itrogen-based compound in the heterocyclic ring system. It also 

lays a key role in catalyzing biological and chemical systems. 

yridine derivatives contain multi-functional groups and strep- 

onigrone, steroidigrin, and lavendamycin of these groups have 

een reported as anti-cancer drugs and cerivastatin as HMG-CoA 

nzyme inhibitor drugs [ 2 , 3 ]. The importance of pyridine and phe-
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ol vibration spectra in biological and industrial systems attracts 

reat attention from a spectroscopic point of view [4] . In addition, 

ydrazone-containing compounds show electrophilic or nucle- 

philic character thanks to the azomethine groups they contain, 

hich makes them unique in drug development studies [5] . While 

orming the molecular system, atoms do not bond randomly, they 

nteract using a certain order and rules according to the laws of 

ature. The best experimental technique used to analyze these 

eemingly complex structures is the X-ray diffraction method [6] . 

b inito methods are of great importance in examining the prop- 

rties of molecules, which are very important for researchers [7] . 

uch calculations are based on quantum theory and all chemical 

roperties of the material can be calculated. Again, thanks to this 

ethod, the properties of the drugs designed for the treatment of 

arious fatal diseases are determined, especially in pharmacology, 

nd the loss of money and time can be prevented by aiming to 

nhibit the target protein [8] . Computer-aided drug design has 

een a promising technique for designing new and powerful ther- 

peutics. Many theoretical studies have been applied to identify 

nhibitors against COVID-19. Xu et al. (2020), created a three- 

imensional SARS-CoV2 M 

pro homology model based on SARS-CoV 

https://doi.org/10.1016/j.molstruc.2021.130514
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130514&domain=pdf
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Fig. 1. Synthesis of 3-chloro-2-{(2E) −2-[1-(4-chlorophenyl)ethylidene]hydrazinyl} 

pyridine. 
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pro and screened it through protein modeling and virtualizing 

gainst 1903 drug inhibitors, highlighting nelfinavir as a potential 

rug inhibitor against SARS-CoV2 M 

pro [ 9 , 10 ]. There is currently 

o defined treatment or antiviral drug for COVID-19 treatment. 

owever, the US Food and Drug Administration (FDA) has ap- 

roved both Chloroquine (CQ) and Hydroxychloroquine (HCQ) for 

OVID-19 control and treatment for emergency purposes [11] . 

hloroquine and Hydroxychloroquine are notorious for toxicoki- 

etic properties and can reveal dose-dependent toxicity. Recently, 

ulti-centered global clinical trials are being conducted to evalu- 

te the therapeutic potential of Chloroquine and its hydroxyl form, 

ydroxychloroquine as a treatment for this infection [12–14] . The 

ynthesized CCPEHP compound has a similar molecular structure 

ith (CQ) and (HCQ) drugs. In our study, the behaviors of CCPEHP 

ompound and (CQ) and (HCQ) drugs in molecular docking studies 

ave been tried to be correlated. CCPEHP molecule was designed 

y different substituting (pyridine, hydrazone and heterocyclic) 

roups. These groups are considered for their potential to interact 

ith amino acids in 4 different types (hydrophobic, hydrogen 

onds, ionic and water bridges) [ 15 , 16 ]. More specifically, the char-

cterization of the synthesized compound with X-ray diffraction, 

pectroscopic and packing analysis and with quantum chemistry 

alculations was evaluated in this paper. The crystalline reactive 

ites with MEP analyses, electronic properties with HOMO-LUMO 

ap energies, donor-acceptor stabilization energies E (2) with NBO 

pproach, electronic transitions with UV–Vis spectrum analysis, 

he effects of the compound on crystal packaging and the defini- 

ion of non-covalent forces with Hirshfeld surface analysis were 

nvestigated. Finally, the inhibitor-receptor 2D and 3D interactions 

f the CCPEHP compound were visualized. [17–19] . 

. Materials and methods 

.1. Materials and physical measurements 

Intensity data for CCPEHP were collected using the ω–θ2 scan 

echnique on an Agilent SuperNova, (Single source at offset and 

os CCD detector) diffractometer with a SuperNova (Mo) X-ray 

ource (Mo-K α, k = 0.71073 Å). The CRYSALISPRO software pro- 

ram was used for cell refinement, data collection and reduction 

20] . The FTIR spectrum of the CCPEHP compound was obtained 

y the Perkin Elmer FTIR-Spectrometer Spectrum Two Model be- 

ween 400 and 4000 cm 

−1 . Mass spectrum (ESI) was recorded 

n TSQ Fortis TM Triple Quadrupole Mass Spectrometer LC-MS/MS 

odel device. The FTRaman spectrum was obtained in the re- 

ion 10 0–40 0 0 cm 

−1 with a Thermo Fisher Scientific model DXR 

TM 

xi Raman Imaging Microscope with 1064 nm Nd: YAG laser 

ource with a resolution of 3 cm 

−1 . The melting point of the 

rystallized material was determined by the Stuart SMP10 de- 

ice. The absorption spectrum was recorded using a Shimadzu 

V-1800 spectrophotometer between 240 and 800 nm. 3–chloro- 

-hydrazinopyridine, 4 ′ -chloroacetophenone, ethanol, acetonitrile 

ere bought from Sigma Aldrich company. 

.2. Synthesis 

3-chloro-2-{(2E) −2-[1-(4-chlorophenyl)ethylidene]hydrazinyl} 

yridine (CCPEHP) was prepared according to the literature [21] . 

he 4 ′ -chloroacetophenone (1 mmol, 0.1545 g) in 15 ml ace- 

onitrile was mixed with 3-chloro-2-hydrazinopyridine (1 mmol, 

.1435 g) in 10 ml acetonitrile ( Fig. 1 ). The mixture was slowly

tirred for 24 h at RT. After stirring, the solution was left at RT for

 days and crem product was obtained and washed with water 

nd recrystallized by acetonitrile, and dried over in a vacuum 

esicator. C 13 H 11 Cl 2 N 3 [CCPEHP], Light Crem; Yield 79%. M.p.: 

38 °C. δ (400 MHz, CDCl -d , ppm) 8.32 (1H, N 

–H), 8.29 (1H,
H 3 6 

2 
r pry -H), 7.80 (2H, Ar-H), 7.60 (1H, Ar pry -H), 7.36 (2H, Ar-H), 6.80 

1H, Ar pry -H), 2.33 (3H, -CH 3 ), δC (100 MHz, CDCl 3 -d 6 , ppm) 

50.32, 147.14, 146.41, 137.08, 136.88, 134.70, 128.51, 128.51, 127.62, 

27.62, 116.20, 115.12, 12.75. MS (ESI + ): m/z 280.15 [M] + (100). 

.3. Calculation/theory 

The geometries of 3-chloro-2-{(2 E ) −2-[1-(4-chlorophenyl) 

thylidene]hydrazinyl}pyridine was optimized with Gaussian 09 W 

ackage program using Beck’s triply parameter hybrid Exchange 

unction B3 along with Lee-Yang-Parr (LYP) functions with 6–

11 G (d, p) and 6–31G(d, p) basis sets [ 22 , 23 ]. Diffuse functions

n all atoms support these basis sets. Vibrational frequencies 

nd IR intensity values of CCPEHP compound optimized with 

FT/B3LYP/6–31 G (d, p) level were calculated. In addition, poten- 

ial energy distributions of vibration modes were determined using 

he VEDA4 program [24] . UV spectrum of the CCPEHP compound 

n chloroform solvent was computed using the TD-DFT method 

ia DFT/B3LYP/6–31 G (d, p) level [25] . The LUMO and HOMO 

ap energies, molecular electrostatic potential (MEP) and natural 

onding orbitals (NBO) were calculated using the B3LYP method 

nd 6–31 G (d, p) level [ 1 , 26 , 27 ]. The Gauss-view 6.0 visualization

oftware and the Gaussian 09 w package program were used for 

ll the computerized calculations [28–30] . Gamess US software 

as used as an auxiliary theoretical calculation program [31] . 

rystalExplorer package program generated Hirsfeld surfaces and 

D fingerprint plots which were used to determine the analysis of 

he intermolecular interactions in the crystal case [32] . 

.4. Protein and ligand preparation for docking 

Targeting the 3CL pro protease of the corona virus consisting of 

tructural and nonstructural polyproteins could constitute a valid 

pproach for the treatment of COVID-19 potential drug design. 

ne of the structures of 3CL pro like protease protein was down- 

oaded (PDBID: 6LU7, 2.16 Å) from Protein Data Bank (PDB) ( http: 

/www.rcsb.org ), in 3D format [33] . Preparation for simulation and 

imulation processes of COVID-19 3CL pro /M 

pro structure and ligand 

ere carried out by AutoDock Tools 1.5.6, MG Tools of AutoDock 

ina program and Discovery Studio 2020 Client (Dassault Systemes 

http://www.rcsb.org
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Table 1 

Crystal data and refinement parameters for CCPEHP. 

CCDC 2,068,456 

Empirical formula C 13 H 11 Cl 2 N 3 

Formula weight/g. mol −1 280.15 

Temperature/K 293(2) 

Radiation, Wavelength ( ̊A) MoK α ( λ = 0.71073) 

Crystal system Triclinic 

Space group P -1 

a/ ̊A 8.0121(5) 

b/ ̊A 11.9756(8) 

c/ ̊A 14.7888(10) 

α/ ° 78.321(6) 

β/ ° 78.139(6) 

γ / ° 74.029(6) 

Crystal size/mm 

3 0.15 × 0.13 × 0.12 

Volume/ ̊A 3 1318.94(16) 

Z 4 

ρcalcd (g. cm 

−3 ) 1.411 

μ (mm 

−1 ) 0.476 

F (000) 576 

2 θ range for data collection ( °) 6.952 to 50 

h / k / l −9 ≤ h ≤ 9, -14 ≤ k ≤ 14, 

-11 ≤ l ≤ 17 

Reflections collected 7011 

Independent reflections 4607 [R int = 0.0187, R sigma = 0.0514] 

Data/restraints/parameters 4607/0/327 

Goodness-of-fit on F 2 (S) 1.006 

Final R indices [ I > 2 σ ( I )] R 1 = 0.0509, wR 2 = 0.1117 

R indices (all data) R 1 = 0.0934, wR 2 = 0.1353 

Largest diff. peak/hole / e ̊A −3 0.24/ −0.27 
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IOVIA) [ 34 , 35 ]. In protein preparation, the missing residues were 

rst checked and there were no missing residues of the viral pro- 

ein. Chain A, one of two chains of main protein, was selected 

nd the binding affinity of this chain was performed with our 

otential drug candidate molecule. Water molecules and hetero 

toms were deleted from the COVID-19 main protease, then Koll- 

an charges and polar hydrogen atoms were added to the tar- 

et protein (chain A) and saved with AutoDock Tools in pdbqt 

ormat [ 10 , 36 ]. Autodock vina algorithm with the most appropri- 

te configurations (exhaustiveness = 8, binding modes = 9, energy 

ifference = 3 kcal/mol, feasible with x, y, and z coordinate) param- 

ters is used in simulation studies [ 34 , 37 ]. Default settings were

sed in the other parameters. The grid box value and intermolecu- 

ar interactions of the ligand-protein complex were visualized with 

he Discovery studio 2020 client program. Hydrophobic gap coor- 

inates of the binding site were used in the docking of N3 (as con- 

rol) and fungal metabolites. The active site of the amino acid was 

alculated as sized (30 Å x 30 Å x 30 Å) and centered ( −10.71 Å

 12.41 Å x 68.83 Å). (Default grid spacing = 0.375 Å) [38] . In or-

er to prepare the ligand for docking, the CIF data obtained from 

he X-ray crystal structure [39] was converted to mol2 format. The 

artial charge and torsion angels were changed and saved in pdbqt 

ormat with AutoDock Tools. Before the simulation, the separate 

dbqt formats and docking parameters of the drug candidate com- 

ound and COVID-19 main protease were combined into a single 

txt file and the complexation process was completed through the 

utoDock Vina software. 

. Results and discussion 

.1. X-ray data collection and structure refinement 

The structure was solved using SHELXT [40] and then refined 

y full-matrix least-squares refinements on F 2 using the SHELXL 

41] in Olex2 Software Package [42] . Crystallographic data and re- 

nement details of the data collection for CCPEHP are tabulated 

n Table 1 . Geometrical calculations and crystal structure valida- 
3 
ions were performed using Platon software [43] . Mercury software 

44] was used for visualization of the cif file. Additional crystallo- 

raphic data with CCDC reference number 2,068,456 for CCPEHP 

as been deposited within the Cambridge Crystallographic Data 

enter via www.ccdc.cam.ac.uk/deposit . 

In order to get a better insight into the intermolecular inter- 

ctions in the solid state, the clear colorless crystals of CCPEHP 

or single crystal X-ray diffraction were grown by slow evapora- 

ion, and structural analysis exhibits that CCPEHP crystallizes in 

he triclinic space group P-1, with the asymmetric unit contain- 

ng two CCPEHP molecules. The structure exhibited chlorophenyl 

ubunit with the chloropyridine moieties lying nearly in the same 

lane with the tilt angles 2.34 ° and 14.44 °, which matches well 

ith the computationally optimized geometries, for two molecules 

n the asymmetric unit, and these values are comparable to those 

bserved in 2-{2-[1-(4-nitrophenyl)ethylidene]hydrazinyl}pyridine 

CSD Ref Code: MEMQIH] [45] . In the solid state of CCPEHP, 

he weak hydrogen bonds (C11 ···Cl27 = 3.636(4) Å as D ···A) be- 

ween the CH of pyridine ring and chloride moiety connected 

wo molecules in the asymmetric unit. As shown in Fig. 2 b, 

he major intermolecular interactions governing the crystal pack- 

ng are identified as weak CH ···N hydrogen bonding contacts 

C3 ···N3 = 3.397(5) Å, C14 ···N8 = 3.522(4) Å, C25 ···N11 = 3.661(4)
˚ ), and these interactions lead a 1D hydrogen-bonded tubular ar- 

hitecture ( Fig. 2 c) along the b -axis in the crystal packing. Fur- 

hermore, 1D hydrogen bonded tubulars are expanded into a 3D 

upramolecular network with herringbone crystal packing by the 

eak π ···π-stacking interactions (4.1639(18) and 4.305(2) Å) be- 

ween the aromatic rings ( Fig. 2 d). 

.2. Geometric optimization 

The optimized structure of the CCPEHP compound , namely 

 13 H 11 Cl 2 N 3 , was calculated with the help of quantum theory [30] .

he selected DFT optimization and metrical parameters from X-ray 

iffraction are tabulated in Table 2 . It is understood from the re- 

ults given in Table 2 that, experimental and theoretical data are in 

ood agreement with each other. Although the results are compat- 

ble with each other, there are still slight differences. The reason 

or this difference should be kept in mind that the experimental 

esults were obtained in the crystal phase, while the theoretical 

esults obtained with 6–31 G (d, p) and 6–311 G (d, p) levels were 

btained in the gas phase [46] . The bond length C(1)-N(8) in the 

olecule was observed as 1.323 Å and the same bond length was 

alculated as 1.335 and 1.331 Å for 6–31 G (d, p) and 6–311 G (d, 

) basis sets [28] . 

.3. Vibrational analysis 

Vibrational frequencies calculations were obtained using opti- 

ized structure parameters. 81 fundamental vibrational modes of 

CPEHP were calculated based on quantum chemical calculations. 

FT potential symmetrically makes vibration wavenumbers higher 

han experimental data. Inconsistencies in these wavenumbers are 

orrected by calculating non-harmonic corrections or corrected by 

resenting a scaled area or by an appropriate factor directly calcu- 

ated. In order to eliminate these systematic errors, the vibration 

avenumbers were scaled with a 0.961 scaling factor [28] . ( http: 

/cccbdb.nist.gov/vsfx.asp ). After scaling the wavenumbers, the ob- 

erved and the theoretical vibration wavenumbers showed a very 

ood agreement with each other. The basic vibration modes of 

CPEHP compound which are characteristic N 

–H, C 

–Cl, C 

–H, C 

–C, 

 = N vibrations found in pyridine and chlorophenyl rings and hy- 

razone group were tried to be investigated. The scaled and un- 

caled calculated vibrational modes and intensities of FTIR with 

heir PED and observed FTIR and FTRaman bands are reported in 

able 3 . It is observed in Table 3 that the scaled FTIR bands of

http://www.ccdc.cam.ac.uk/deposit
http://cccbdb.nist.gov/vsfx.asp
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Fig. 2. a) ORTEP drawings of the crystal structure of CCPEHP (30% probability level) showing the corresponding dihedral angles between the chlorophenyl and pyridine 

aromatic rings. b) and c) View of one-dimensional hydrogen bonded tubular architecture by CH ···N (blue dotted lines) contacts. d) Perspective view of the 3D supramolecular 

network showing herringbone packing fashion formed by the weak π ···π interactions. 

Table 2 

The single-crystal X-ray and optimized selected geometrical parameters of CCPEHP. 

Bond length ( ̊A) Exp. 6–31 G (d, p) 6–311 G (d, p) Dihedral angles ( o ) Exp. 6–31G 6–311 G 

(d, p) (d, p) 

C(1)-C(2) 1.395 1.415 1.413 N(8)-C(1)-C(2)-C(3) 0.8 −0.074 0.083 

C(1)-N(8) 1.323 1.335 1.331 N(9)-C(1)-C(2)-C(3) 179.7 −179.632 179.735 

C(1)-N(9) 1.381 1.382 1.382 N(9)-C(1)-C(2)-Cl(29) 0.0 0.371 −0.269 

C(2)-C(3) 1.363 1.384 1.380 N(8)-C(1)-C(2)-Cl(29) −178.9 179.929 −179.9203 

C(2)-Cl(29) 1.737 1.766 1.766 C(5)-C(4)-C(3)-C(2) 0.0 0.090 −0.085 

C(3)-C(4) 1.381 1.397 1.394 N(8)-C(1)-N(9)-N(11) −11.6 3.585 −3.217 

C(4)-C(5) 1.367 1.392 1.389 C(1)-N(9)-N(11)-C(12) 174.6 −178.399 178.316 

C(5)-N(8) 1.331 1.335 1.333 N(9)-N(11)-C(12)-C(13) −2.7 0.956 −0.900 

N(9)-N(11) 1.360 1.349 1.347 C(13)-C(12)-C(17)-C(18) −175.1 167.388 13.075 

N(11)-C(12) 1.289 1.294 1.289 C(18)-C(20)-C(24)-C(22) −0.2 −0.192 −0.347 

C(12)-C(13) 1.496 1.512 1.511 C(19)-C(22)-C(24)-Cl(27) −178.8 −179.713 −179.880 

C(12)-C(17) 1.480 1.482 1.483 C(18)-C(20)-C(24)-Cl(27) 178.8 179.840 179.697 

C(24)-Cl(27) 1.735 1.758 1.759 N(9)-N(11)-C(12)-C(17) 178.4 −179.277 179.337 

Bond angles ( o ) Bond angles ( o ) 

C(1)-C(2)- 

Cl(29) 

119.1 120.4 120.4 C(5)-C(4)-C(3) 118.2 117.6 117.6 

N(8)-C(1)-N(9) 118.9 119.1 119.2 C(1)-N(9)-N(11) 121.2 121.3 121.4 

C(3)-C(2)- 

Cl(29) 

120.6 119.7 119.7 C(13)-C(12)-C(17) 120.7 121.0 121.1 

C(22)-C(24)- 

Cl(27) 

120.1 119.6 119.5 C(1)-N(8)-C(5) 117.1 118.6 118.8 
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he CCPEHP have a close relationship between experimental fre- 

uencies [47] . The CCPEHP molecule has 29 atoms. All vibration 

odes are assigned thanks to the graphical interface GaussView 

.0 software program [29] . The pyridine ring of CCPEHP involves 

 N atom and 5 C atoms which generate 4 C 

–C and 2 C = N stretch-

ng vibrations [48] . Additionally, there are also C = N peaks belong- 

ng to the hydrazone group in this structure. The C = N vibration 

eaks are recorded at 1030–1590 cm 

−1 in FTRaman and 1030–1600 

m 

−1 in FTIR in the literature [ 49 , 50 ]. The stretching vibration of

 = N groups were observed at 1030, 1239, 1589 cm 

−1 in FTIR and

031, 1257, 1590 cm 

−1 in FTRaman and scaled calculated bands at 
4 
045, 1216, 1264, 1319, 1437, 1504, 1554, 1601 cm 

−1 for CCPEHP 

olecule. The C 

–H stretching vibrations in compounds contain- 

ng aromatic groups are generally in the range 30 0 0–310 0 cm 

−1 

 51 , 52 ]. The absorption peaks at 3069 and 3025, 3055 cm 

−1 were

ssigned to the FTRaman and FTIR spectra. The bands attributed 

o 3039, 3046, 3079, 3086, 3088, 3096, 3100 and 3103 cm 

−1 were 

alculated as C 

–H stretching vibrations in chlorophenyl and pyri- 

ine rings. In literature, the C 

–H peaks in-plane bending vibrations 

f aromatic rings are observed at 1020–1300 cm 

−1 [28] . The C 

–H 

n-plane bending vibrations were calculated at 1057, 1069, 1096, 

107, 1165, 1216, 1278 cm 

−1 , respectively based on PED results. 
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Table 3 

Observed, computed vibrational assignments of CCPEHP at B3LYP level. 

S.No 

Observed 

FTIR 

Theory DFT/B3LYP 6–31G(d, p) 

Assignments(%PED) ≥10% 
FTRaman Unscaled Scaled IR Intensity 

(km/mole) (cm 

−1 ) (cm 

−1 ) (cm 

−1 ) (cm 

−1 ) 

1 3383 3380 3571 3431 18,72 νNH(100) 

2 3229 3103 2,48 νCH(79) + νCH(19) 

3 3225 3100 8,62 νCH(97) 

4 3222 3096 8,48 νCH(23) + νCH(76) 

5 3213 3088 1,18 νCH( −19) + νCH(80) 

6 3211 3086 4,58 νCH(97) 

7 3069 3204 3079 9,17 νCH(74) + νCH( −23) 

8 3055 3170 3046 24,20 νCH(97) 

9 3025 3162 3039 9,88 νCH(91) 

10 2948 3081 2961 13,06 νCH(99) 

11 2910 3030 2912 11,29 νCH(93) 

12 1590 1589 1666 1601 124,88 νNC(66) 

13 1582 1645 1580 358,58 νCC( −41) 

14 1641 1577 84,75 νCC(51) + δHCC(14) 

15 1560 1557 1617 1554 5,83 νNC(17) + νCC(12) + νCC(11) + δHNN(13) 

16 1611 1548 3,63 νCC( −40) 

17 1509 1506 1565 1504 192,68 νCC( −16) + νNC(12) + δHNN(25) 

18 1484 1483 1532 1473 201,63 δHCC(48) + δCCC(13) 

19 1453 1514 1455 64,91 δHCH(62) + τHCCC(19) 

20 1495 1437 131,48 νNC( −27) + δHCC(14) + δHCN(27) 

21 1494 1435 20,01 δHCH( −68) + τHCCC(16) 

22 1401 1395 14 4 4 1388 48,52 δHNN(10) + δHCC(16) + δHCC(10) 

23 1442 1385 86,90 δHCC) −10) + δHCC(12) 

24 1344 1338 1415 1360 4,67 δHCH(82) 

25 1373 1319 87,24 νNC(11) + νNC( −17) + δHCN(30) 

26 1297 1298 1339 1287 8,59 νCC(69) 

27 1278 1278 1330 1278 4,39 δHCC(75) 

28 1325 1273 28,46 νCC(30) 

29 1257 1239 1316 1264 12,06 νNC(61) 

30 1237 1265 1216 125,19 νNC(15) + δHCC(24) + δCCC(10) 

31 1178 1180 1212 1165 2,05 νCC(20) + δHCC( −70) 

32 1136 1141 1179 1133 145,17 νNN(44) 

33 1122 1123 1151 1107 20,28 νCC( −19) + δHCC(41) + δHCC(10) 

34 1092 1141 1096 15,51 δHCC( −40) 

35 1063 1062 1113 1069 82,63 νCC(41) + δHCC(22) 

36 1099 1057 1,41 νCC(14) + νCC( −10) + δHCC(15) 

37 1031 1030 1087 1045 0,03 νNC( −10) + νCC( −16) + τHCCC( −20) 

38 1008 1008 1046 1005 4,88 δHCH(13) + τHCCC (63) + γ CCNC(12) 

39 1036 995 65,43 νNC(28) + νClC( −18) + δCCN(13) + δCCC(10) 

40 1025 985 29,40 δCCC(68) 

41 968 994 955 1,06 τHCCC(80) + τCCCC( −12) 

42 985 947 23,40 νCC(30) + τHCCC(17) 

43 976 938 0,74 τHCNC(72) 

44 954 917 0,81 τHCCC(79) + γ ClCCC(10) 

45 914 953 916 0,15 τHCCC( −80) + τCCCC(11) 

46 834 922 886 0,12 νNC( −12) + δCCC(34) 

47 820 854 821 27,11 τHCCC(80) + γ CCCC(11) 

48 783 783 831 799 15,33 τHCCC(84) 

49 795 764 23,94 τHCCN( −69) + τHCCC(11) 

50 745 744 795 764 4,99 νCC( −11) + δCCC( −21) 

51 730 755 725 15,23 τCNCC( −63) 

52 711 740 711 42,97 νCC( −13) + νClC(14) + δCCN(17) + δCCC( −16) 

53 725 697 0,76 τCCCC(49) + τCCNN( −11) 

54 660 659 665 639 8,86 δCCN( −13) + δCCC(23) 

55 629 646 620 0,81 δCCC( −60) + δCCC(15) 

56 608 610 619 595 1,86 νCC( −10) + δNCN(42) 

57 556 557 581 558 0,86 τHNNC( −10) + γ CCNC( −37) 

58 547 564 542 2,91 νCC(12) + δCNC(41) 

59 558 536 3,61 τHCNC(10) + τCCCC(49) 

60 483 483 508 488 16,75 τCCCC(11) + γ CCCC(29) + γ CCNC(10) 

61 487 468 10,27 νCC(11) + δCCC( −12) + δCCC(13) 

62 427 440 453 435 4,53 γ ClCCC(69) 

63 428 436 419 16,87 τHNNC( −15) 

64 408 410 420 404 1,13 τCCCC( −80) 

65 415 399 30,78 τHNNC-23 

66 408 392 22,51 νClC( −31) + δCCC( −12) + τHNNC(24) 

67 363 349 4,22 τCCCC(13) + τCCNN(56) 

68 307 329 316 1,33 δCCN(54) 

69 282 307 295 4,35 δCCCl(34) 

70 276 265 1,75 τCCCC(46) 

71 274 263 6,72 δCCCl( −46) 

72 220 211 0,27 τCCCC( −13) + τCCNN( −47) 

73 194 187 0,20 δCCCl( −48) 

74 145 139 0,12 τCNCN(49) + τCNCC( −11) 

75 133 128 2,12 δCNC(21) + δCCCl( −16) + τHCCC(11) 

76 105 101 2,50 τHCCC(64) 

77 81 78 0,30 τNCNN(14) + τCCCC(36) + γ CCCC( −23) 

78 68 65 5,12 τCNNC( −74) 

79 44 43 0,11 δCNN( −76) 

80 33 32 0,17 τCNNC(80) 

81 21 20 0,01 τNCNN(58) + τCCNN( −15) 

γ ; out-of-plane bending, ν; stretching, δ; in-plane-bending, τ ; torsional, PED; Potential Energy Distribution. 

5 
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Fig. 3. The a) combined spectra, b) correlation diagram for the observed and calculated FTIR wavenumbers (with scaling factor) of CCPEHP compound. 
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enerally, the stretching vibrations of C 

–C bands occur in the range 

430–1625 cm 

−1 in the aromatic ring [53] . This band was observed 

t 1506, 1557 cm 

−1 in FTIR and 1509, 1560, 1582 cm 

−1 in FTRaman 

nd that it was well coherent with the simulated data at 1504, 

548, 1554, 1577 and 1580 cm 

−1 . The peaks calculated at 395, 392, 

68, 620, 639, 711, 764, 886, 985, 995 cm 

−1 were attributed for 

 

–C—C in-plane bending vibrations of CCPEHP and the peaks at 78, 

11, 265, 349, 404, 488, 536, 697, 916, 955 cm 

−1 were attributed 

or C 

–C 

–C 

–C torsion vibrations [54] . Since compound CCPEHP has 

ore than one chlorine atom, it can occur in symmetric and asym- 

etric modes [55] . The C 

–Cl peaks were observed in both FTRa- 

an and FTIR at 427 and 440 cm 

−1 , respectively [56] . The stretch-

ng vibrations of C 

–Cl mode were allotted at 392, 711 and 995 

m 

−1 with significant PED ( > 10%) [1] . Symmetrical stretching vi- 

rations of methyl (-CH 3 ) groups are generally found in between 

850 and 2940 cm 

−1 [57] . The vibrations of methyl group were 

bserved at 2910 in FT-Raman and 2948 cm 

−1 in FTIR. Similarly, 

omputed values of 2912 and 2961 cm 

−1 were attributed to C 

–H 

tretching vibrations in the CH 3 group. The N 

–H stretching vibra- 

ions of aliphatic amines are found between 3300 and 3500 cm 

−1 . 

n this study, this vibration was computed at 3431 cm 

−1 and ob- 

erved at 3383 cm 

−1 in FTRaman and 3380 cm 

−1 in FTIR. PED col- 

mn is contributing exactly 100% to this mode [3] . The combined 

pectra and correlation diagram of FTIR data between theoretical 

nd experimental frequencies are given in Fig. 3 . The linear and 

he equality in the correlation diagram are y = 0.9922x + 6.9917 

R ² = 0.9996). 

.4. Ultraviolet (UV)-visible analysis 

The electronic absorption spectrum of CCPEHP compound was 

omputed by TD-DFT with B3LYP/6–31 G (d, p) level in chlo- 

oform solution. The oscillator strengths, excitation energies and 

avelengths were estimated by using this method and basis set. 

he CCPEHP compound was studied at room temperature (RT) 

n 2 × 10 −5 mol L −1 chloroform solution and in the wavelength 

ange of 250–450 nm. Ultraviolet-visible spectroscopy of the com- 

ound was compared with the electron transition possibilities. 

heoretical calculations of the CCPEHP and corresponding experi- 

ental UV–Vis spectra are shown in Fig. 4 . The observed spectrum 

emonstrated the maximum absorption (A max ) peaks at 292 and 

31 nm which indicated that π _ π ∗ and n 

_ π ∗ transitions, respec- 

ively. According to the theoretical calculations, the bands at 296 

nd 334 nm were attributed to the π- π ∗ and n- π ∗ transitions. 

hese transitions of oscillator strengths ( f ) 0.1551/0.9191 and exci- 

ation energies (eV) 4.1801/3.7101 were obtained from simulation 

esults and these data are given in Table 4 . The π- π ∗ transitions 
6 
f the CCPEHP arise from the electrons of the pyridine ring, while 

he n- π ∗ band is due to hydrazone groups of atoms [ 2 , 58 ]. 

.5. Hirshfeld surface analysis 

Hirshfeld surface analysis emerged from an attempt to define 

he area covered by the molecule forming the crystal lattice. It is 

n effective tool that provides more information about the crys- 

al structure by color-coding the short or long contacts in the 

olecule system [59] . Crystal packing differences occur between 

he particular types of intermolecular interactions due to molecu- 

ar abilities. The formation of intermolecular interactions between 

he donor and acceptor affects biological activity [60] . The Hir- 

hfeld surface analysis and 2D fingerprint plots studies were car- 

ied out using CIF data [61] . CCPEHP compound mapped over 

 norm 

, shape index and curvedness forms and surfaces are shown 

n Fig. 5 . The volumetric and area surface properties of mapped 

CPEHP were found as 325.08 Å 

3 and 311.95 Å 

2 , respectively [58] . 

hort and strong contacts on the d norm 

surface are attributed to 

ed spot color, while long and weak contacts are identified with 

lue areas in Fig. 5 a. According to the d norm 

surface analysis, it is 

nderstood that weak intermolecular interactions are dominant in 

he CCPEHP molecule. The regions observed in shape index (the 

range-red colored) and in curvedness (the large green straight 

urface, which is separated by a blue outline) represent π- π stack- 

ng interactions of the CCPEHP molecule ( Figs. 5 b and 5 c). Further-

ore, these defined regions indicated that intermolecular interac- 

ions with neighboring molecules [62] . 

The 2D fingerprints plots are associated with Hirshfeld Surface 

rea and the interactions of H ···H, Cl ···H/H ···Cl and C ···H/H ···C 

ere the most contributing close contact interactions to the to- 

al surface and are illustrated in Fig. 6 . The intermolecular inter- 

ction areas are shown in blue, and areas outside of this interac- 

ion are shown in gray; H ···H 31.2%, Cl ···H/H ···Cl 20.7%, C ···H/H ···C
0.3%, N ···H/H ···N 10.4%, Cl ···Cl 7.1%, C ···Cl/Cl ···C 4.0%, C ···C 3.8%,

 ···N/N ···C 1.8%, N ···Cl/Cl ···N 0.6% were obtained from the 2D fin- 

erprint plot study [17] . When the results of the surface analysis 

re evaluated, the stability of the CCPEHP compound is due to the 

resence of hydrogen bonds in the structure. Additionally, exam- 

ning the physical and chemical properties of potential biologically 

ctive compounds in simulation studies allows us to predict their 

ehavior in in-vitro studies. 

.6. Natural bond orbital analysis 

Natural bonding orbital gives very important theoretical in- 

ormation about conjugation and hyperconjugation and intra and 

ntermolecular charge transfer of the molecular orbital system 
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Fig. 4. a) Experimental, b) calculated UV-Visible spectra of CCPEHP molecule in chloroform. 

Table 4 

The experimental and computed UV-visible spectral parameters of CCPEHP. 

Experimental Calculated B3LYP/6–31 G(d, p) basis set Transition 

λ (nm) λ (nm) Excitation energy (eV) Oscillator strenght ( f ) 

292 296 4.1801 0.1551 π - π ∗

331 334 3.7101 0.9191 n- π ∗

Fig. 5. Views of the a)d norm , b) shape index and c) curvedness forms of Hirshfeld surfaces of CCPEHP. 

Fig. 6. Decomposed 2D fingerprint plots of the a) H ···H, b) Cl ···H/H ···Cl and c) C ···H/H ···C interactions for CCPEHP crystal. 
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2] . Donor–acceptor interaction indicates that delocalization of 

lectron density between formally unoccupied non-Lewis type 

atural bonding orbitals and occupied Lewis type natural bonding 

rbitals. The more intense the interaction between the electron 

cceptor and donor, the higher the E (2) value [63] . Decolalizations 

ffects of electrons have been obtained from the second order 

erturbation results performed by the NBO 3.1 package [27] . 

FT/B3LYP method with 6–31 G (d, p) basis set was used to 

nderstand and interpret different intermolecular interactions of 

toms in molecules. For CCPEHP, the some strongest π to π ∗ inter- 

ctions were calculated as π (C1-N8) → π ∗(C4-C5) 28.20 kcal/mol, 
7 
(C2-C3) → π ∗(C1-N8) 24.70 kcal/mol, π (C2-C3) → π ∗(C4-C5) 

3.10 kcal/mol, π (C4-C5) → π ∗(C2-C3) 27.10 kcal/mol, π (C17- 

19) → π ∗(C18-C20) 18.80 kcal/mol, π (C17-C19) → π ∗(C22-C24) 

1.90 kcal/mol, π (C18-C20) → π ∗(C17-C19) 18.60 kcal/mol, π (C18- 

20) → π ∗(C22-C24) 21.00 kcal/mol, π (C22-C24) → π ∗(C17-C19) 

8.10 kcal/mol, π (C22-C24) → π ∗(C18-C20) 17.80 kcal/mol. Re- 

arding the lone pairs of electrons delocalization, LP 1 (N 9 ) to 
∗(C1-N8) and LP 1 (N 9 ) to π

∗(N11-C12) with the hyperconjugative 

tabilization energy data were obtained as 49.10 kcal/mol and 

0.80 kcal/mol, respectively. The other strongest hyperconjugative 

nteractions were calculated as LP 1 (N 8 ) → π ∗(C1-C2) 11.15 kcal/mol 
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Fig. 7. Frontier molecular orbitals of CCPEHP. 

Table 5 

The calculated FMO and molecular description of CCPEHP molecule. 

Frontier molecular orbital parameter Reactivity descriptions 

E LUMO (eV) −1.3600 Ionization potential (I) 5.5320 

E HOMO (eV) −5.5320 Electron affinity (A) 1.3600 

E HOMO-LUMO �E (eV) 4.1720 Chemical hardness ( η) 2.0860 

E LUMO + 1 (eV) −0.7831 Chemical softness (S) 0.2396 

E HOMO-1 (eV) −6.8009 Electronegativity ( χ ) 3.4460 

E HOMO-1-LUMO + 1 (eV) 6.0178 Chemical potential (μ) −3.4460 

�E = E LUMO - E HOMO , I = –E HOMO , η = (I–A)/2, A = –E LUMO , S = 1/2 η, μ = –( I + A )/2, 

χ = ( I + A )/2. 
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nd LP 1 (N 11 ) → π ∗(C12-C13) 11.60 kcal/mol [64] . According to 

he results of NBO analysis, stabilization energy values were 

lso obtained between the antibonding donor orbitals and the 

ntibonding receptor orbitals. 

.7. HOMO–LUMO analysis 

Determining the electronic properties of the molecule is a very 

mportant tool in interpreting the results of biological activity [65] . 

n the molecular system, frontier molecular orbitals (FMOs) are of 

reat importance for drug designing. The highest occupied molecu- 

ar orbital (HOMO) corresponded to ionization potential, while the 

owest unoccupied molecular orbital (LUMO) corresponded to elec- 

ron affinity [66] . Thanks to the FMOs energy gap, important infor- 

ation about the chemical stability and reactivity of molecules can 

e obtained. The chemical stability of the compound plays a crucial 

ole in drug design investigations. A large energy gap brings about 

o the molecule less reactive and more stable while smaller energy 

ab brings about to less stable and more reactive in the system 

2] . The electronic properties of the CCPEHP and the theoretical 

nergies of (E HOMO ) and (E LUMO ) orbitals of the CCPEHP compound 

ere investigated ( Fig. 7 ). 

The energy difference ( �E) was found as 4.1720 eV in 

LUMO 

–HOMO) and 6.0178 eV in (LUMO + 1)-(HOMO-1). Accord- 

ng to the result obtained from the energy gap values, the 

CPEHP molecule has high kinetic stability. The reactivity de- 

criptors parameters are calculated from HOMO and LUMO or- 

itals where electron affinity, chemical softness, chemical hardness, 

lectronic chemical potential, ionization potential are tabulated in 

able 5 [ 67 , 68 ]. The chemical stability of the molecule was sup-

orted by chemical hardness and softness in addition to the en- 

rgy gap [18] . In Fig. 7 , while the red color symbolizes the pos-

tive lobes, the green color symbolizes the negative lobes of the 
8 
olecule. Generally, HOMO and LUMO charges are localized over 

he whole molecule [1] . 

.8. Molecular electrostatic potential (MEP) 

Molecular electrostatic potential gives information about the 

artial charges and electronegativities of different atoms in the 

olecule [26] . The color scale for (MEP) map surface: red zones 

re for negative potential, electron rich, strong repulsion; blue 

ones for positive potential, electron lacking, strong attraction; 

reen zones for neutral. The map of 2D contour and electrostatic 

otential for CCPEHP are shown in Fig. 8 . The MEP values of the 

CPEHP molecule were predicted in the range of −6.880 e −2 and 

.880 e −2 . In CCPEHP crystal, the red surfaces of the negative po- 

entials are spread over the pyridine ring and hydrazone group of 

itrogen atoms. As a result of this, red zones (N8, N9 and N11) 

hich have negative electrostatic potential leads to electrophilic 

ttack and this indicates the strongest repulsion. In Fig. 8 a, the 2D 

ontour map of the molecule’s reactants clearly confirms the pro- 

on transfer [ 18 , 28 , 69 ]. 

.9. Molecular docking 

One of the best ways to understand ligand and protein bind- 

ng interactions in the pharmaceutical design industry is molec- 

lar docking studies. Molecular docking is one of the best sim- 

lation methods applied to estimate drug-target interactions by 

alculating energy minimization and binding energy. It identifies 

he best position against the target protein. Autodock vina algo- 

ithm determines the most suitable ligand conformation with min- 

mized energy with the help of some scoring functions [ 37 , 70 ].

fter the simulation process, The lowest binding energy and the 

ost hydrogen binding pose were selected from the ViewDock 

indow. Ligand_1–6lu7 was chosen as the best position is most 
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Fig. 8. a) 2D contour map and b) 3D map for CCPEHP molecule. 

Fig. 9. Main protease (6LU7) with CCPEHP inhibitor. 

Fig. 10. (a) and (b) visualize the 2D and 3D interactions between CCPEHP and COVID-19 M 

pro . 
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ssociated with hydrogen binding. Hydrogen binding and other 

nteractions between the ligand and the 6lu7 protein were ex- 

mined in the Biovia Discovery Studio (DS) visualizer ( Fig. 9 ). 

he highest binding affinity was determined with COVID-19 M 

pro , 

hich exhibits covalent bond interaction thanks to molecular dy- 

amic simulation [71] . The residues from the N3 binding site 
9 
re Ser46, His41, Met49, Phe140, Tyr54, Leu141, Gly143, Asn142, 

ys145, His164, His163, Met165, Leu167, Glu166, Pro168, Phe185, 

sp187, His172, Gln189, Thr190, Ala191 and Gln192 [72] . When 

he molecular docking result applied in our study was ana- 

yzed, it was observed that the ligand binds to similar enzyme 

ites. 
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CCPEHP molecule has shown five interactions with COVID-19 

 

pro (Fig. 10a) [38] . The CCPEHP ligand was observed to have inter- 

cted with two conventional hydrogen bonds His164 (2.31 Å) and 

is41 (2.92 Å), a Pi-Pi T-Shaped type with His41 (4.65 Å), a Pi- 

ulfur with Cys145 (5.76 Å) and a Pi-alkyl with Met165 (4.91 Å). Pi- 

i T-Shaped and Pi-alkyl type interactions are included in the hy- 

rophobic category. The binding affinity of this complex was found 

o be −6.4 kcal/mol. When the simulated binding interactions 

f the molecule were evaluated, the binding generally occurred 

n regions suitable for electrophilic attacks. While Pi interactions 

ccurred on aromatic pyridine and chlorophenyl rings, hydrogen 

ond interactions occurred in the hydrazone region. In biological 

rocesses, the presence of hydrogen bonds is of great importance 

n the interaction of the inhibitor with the receptor. As shown in 

ig. 10 b, the green areas represent the electron acceptor, while the 

ink areas represent the electron donor. It was revealed that the 

heoretically calculated inhibitor-receptor complex interaction gave 

 very successful result and in this sense, the CCPEHP compound 

e designed has a good inhibitory capacity [ 18 , 19 ]. The behavior

f molecular docking studies of FDA-approved drugs in the litera- 

ure is examined. In a study by Dossary et al. (2021), the docking 

ose analysis showed that the chloroquine (CQ) bonded to Leu141, 

sn142, His163, Pro168, Cys145 and Glu166 binding residues in 

he 6LU7 protein [73] . In another study on the main SARS-CoV- 

 protease carried out by Nobre Júnior et al. (2020), the CCPEHP 

ompound was showing better docking scores ( −6.4 kcal/mol) as 

ell as better ligand-receptor interactions in comparison to hy- 

roxychloroquine and chloroquine ( −5.0, and −4.7 respectively) 

66] . 

. Conclusion 

3-chloro-2-{(2E) −2-[1-(4-chlorophenyl)ethylidene]hydrazinyl} 

yridine was synthesized and characterized the experimental 

echnique by single-crystal X-ray crystallography and on the other 

and, quantum theory to support the experimental data. The 

eometrical parameters, vibrational frequencies and UV-visible 

pectrum were obtained from the optimized structure of the 

CPEHP compound and compared with the experimental results. 

he experimental values of vibrational frequencies were in good 

greement with the scaled calculated values. Hirshfeld Surface 

nalysis proved that important contacts were the H ···H 31.2%, 

l ···H/H ···Cl 20.7% and C ···H/H ···C 20.3% interactions. Stabilization 

nergy values between donor-acceptor orbitals and hyperconju- 

ation interactions were determined by NBO orbital analysis. The 

eactive zones of CCPEHP were determined by molecular electro- 

tatic potential (MEP) results in the nitrogens N8, N9 and N11 

ere nucleophilic zones. Frontier molecular orbitals (FMOs) and 

roperties related to molecular interaction ability were predicted. 

y examining almost all the properties of the CCPEHP molecule, 

ts capacity in in-silico studies has been tried to be revealed. 

he results of molecular docking, spectroscopic and theoretical 

echniques provide better information about inhibitor-receptor 

nteractions. The rational design of drugs developed against dan- 

erous diseases and understanding the mechanisms of these drugs 

t the molecular level provide valuable information on drug- 

eceptor interactions. From molecular docking analysis, CCPEHP 

ompound was fitted snuggly into the sites of COVID-19 M 

pro and 

xhibited Pi-Pi T-Shaped, Pi-alkyl type and hydrogen bond interac- 

ions. CCPEHP successfully docked with the amino acid molecule 

f the main protease of SARS-CoV2 with a high negative binding 

ffinity. In conclusion, we hope that the successful in-silico results 

e obtained in the CCPEHP molecule will be confirmed by in vitro 

nd in vivo studies. 
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