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a b s t r a c t 

In this work, quantum chemical descriptors and a vibrational analysis of 4-Phenylpyrimidine (4-PPy) 

were also investigated. Through conformational analysis, the most stable conformer can be determined. 

The geometry of the molecular structure was optimized by using the density functional theory (DFT) at 

the B3LYP/6–311 ++ G(d,p) level. The theoretically obtained FT-IR and FT-Raman spectral data agree with 

the experimental results. UV–Vis was done in the gas phase along with different solvents by the TD- 

DFT method and the PCM solvent model. Molecular electrostatic potential, natural bond orbital analysis, 

nonlinear optical properties, and global chemical reactivity parameters were described through the DFT 

method. Besides, the chemical implications of a molecule were explained using an electron localization 

function and a local orbital locator. We attempted to detect the antiviral activity of the 4-PPy compound 

by predicting molecular docking into coronavirus 2 (SARS-n-CoV-2) protein structures (6LU7, 6M03, and 

6W63), because COVID-19 is known to have serious adverse effects in all areas of human life worldwide, 

and possible drugs need to be investigated for this. The results of the docking simulation demonstrate 

good affinities for binding to the receptors. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Pyrimidine derivatives are an interesting class of heterocy- 

les with remarkable biological and pharmacological activities [1] . 

ompounds containing a pyrimidine core have a range of diverse 

iological activities such as antibacterial [2] , antifungal [3] , anti- 

nflammatory [4] , antihypertensive [5] , antiviral [6] , anti-HIV [7] , 

ntidiabetic [8] , anti-allergic [9] , herbicidal [10] and anticancer 

11–13] . Most of the sugar, vitamins, and alkaloids are nitrogenous 

ases, which are found in many antibiotics like penicillin [14] . 

The pyrimidine ring is significantly distributed in nature due 

o its existence in deoxyribonucleic acid (DNA) and ribonucleic 

cid (RNA) as nitrogenous bases. As a result, because pyrimi- 

ine bases are found in both DNA and RNA, they can be used 

o treat both DNA and RNA viruses [15] . Compounds with N- 

eterocyclic scaffolds are highly effective against a diverse range 

f diseases, and they have already been studied for their potential 

harmacological activities. In an in-silico study, Rane et al. showed 

hat pyrimidine derivatives can be effective anti-COVID drugs [16] . 

yrimidine-based compounds are valuable due to their optical and 

hysical properties. The organic π-conjugated molecular systems 

ave semiconducting qualities and are used in optoelectronic de- 
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ices [17] , light emitting diodes (LED), field-effect transistors (FET) 

 18 , 19 ], sensors and solar cells [20] Organic field-effect transistors 

OFETs) are used in electronic devices due to their cheapness, low 

eight, simple construction method, high flexibility, and environ- 

entally friendly nature [ 21 , 22 ]. Pyrimidines were also applied as 

orrosion inhibitors [23] , electroluminescent materials, and bioma- 

erials in the past [24] . 

Phenylpyrimidine, which is part of the 4-Phenylpyrimidine (4- 

Py), (C10H8N2), molecule studied in this study, is a widely 

sed basic skeleton due to its physicochemical and pharmaceutical 

roperties [25] . The spectroscopic and electronic or optical proper- 

ies of 4-Phenylpyrimidine, which describe its structure and have 

ignificant qualities, have not yet been studied in the literature. 

The aim of the present work was to describe and character- 

ze the molecular structure, spectroscopic properties, and some 

lectronic structure properties of the title compound, both experi- 

entally and theoretically. In this study, chemical reactivity, quan- 

um chemical descriptors, and vibration analysis of 4-PPy were 

tudied. Conformal analysis was performed to find the most sta- 

le conformer. A detailed vibrational analysis of the title com- 

ound was performed using the experimental FT-IR, FT-Raman, and 

v-Vis spectra, as well as the corresponding DFT data. ELF and 

OL analyses were performed. The COV ̇ID-19 pandemics caused by 

ARS-CoV-19 and the shortage of targeted drugs have forced sci- 

ntists to look for new antiviral drugs. Heterocyclic compounds 

https://doi.org/10.1016/j.molstruc.2022.134895
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134895&domain=pdf
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a  
ontaining nitrogen atoms have shown effective antiviral activities 

26] . It has been stated in previous studies that pyrimidine deriva- 

ives can be effective anti-COVID drugs. Therefore, we showed that, 

sing in silico molecular docking, the pyrimidine derivative struc- 

ure can be inhibited by the core protease proteins of COVID-19. 

he graphical distribution of Frontier Molecular Orbitals (FMOs), 

long with other chemical and non-linear optical properties in 

oth gaseous and liquid phases. Besides, the local reactivity was 

nvestigated using molecular electrostatic potential (MEP). The net 

lectron transfer from donors to acceptors was evaluated using 

BO analysis. 

. Material and methods 

.1. Computational methods 

The Gaussian 09 W program package [27] was used for all 

he calculated theoretical properties of the title molecule. First, 

he optimized geometry of the molecule was obtained using the 

FT/B3LYP theory approach with the 6-311 ++ G(d,p) basis set. By 

olving the self-consistent field equation, the equilibrium geome- 

ry, corresponding to the true minimum on the potential energy 

urface (PES), was obtained effectively. The vibrational wavenum- 

ers of the obtained lowest energy conformation were calculated 

t the same level of the theory. PQS (Parallel Quantum Solutions) 

oftware [28] was used to calculate the total energy distribution 

TED). The calculated frequencies were scaled by 0.955 and 0.990 

or wavenumbers below 1800 cm 

−1 and above 1800 cm 

−1 , re- 

pectively. HOMO, LUMO, and MEP analysis were visualized us- 

ng GaussView 5.0 [29] . The Natural Bond Orbital (NBO) calcula- 

ions were performed using the NBO 3.0 program [30] . The Multi- 

fn software program [31] is used to do the ELF and LOL anal- 

ses. The Autodock 2.2.6 software was used to molecular dock- 

ng the chemical ligand-protein binding site [32] . The COVID-19 

rotein 3D structures were retrieved from the RCSB PDB database 

 http://www.rcsb.org ). The 2D and 3D schematics, which were cre- 

ted by importing the docking results into the Discovery Studio Vi- 

ualizer [33] and Chimera [34] , illustrate the interactions between 

he inhibitor and surrounding residues of the SARS-CoV-2 main 

rotease. 
Fig. 1. Energy values corresponding to torsion

2 
.2. Instrumentation for recording spectra 

On the Bruker Vertex 80 FT-IR spectrometer, the 4-PPy com- 

ound infrared spectra were acquired between 40 0 0 and 550 

m 

−1 . The Raman spectra were recorded using a Bruker RFS 27: 

tandalone FT-Raman Spectrometer with an InGaAs laser source at 

064 nm in the region 40 0 0–40 0 cm 

−1 . An Agilent HP 8453 spec-

rophotometer was used to record the UV–Vis spectrum in a quartz 

ell using EtOH, MetOH, DMSO, and H 2 O as the solvent. 

. Results and discussion 

.1. Conformer and structure analysis 

The stability of the molecules is found to play the most sig- 

ificant role in theoretical investigations of organic compounds in- 

olving geometric parameters [35] . Before determining the struc- 

ural, spectroscopic, and electronic properties of a molecule using 

he DFT approach, it is necessary to define its conformer structure 

t the minimum energy level. The energy values corresponding to 

he torsion angles between C 3 –C 4 atoms were calculated at the 

3LYP/6-311 ++ G(d, p) level theory in steps of 10 ◦ from 0 ◦ to 180 ◦.

he conformer structure with the lowest energy ( −495.5102392770 

atree = −13483.62642711 eV) was obtained at 130 ◦. Fig. 1 shows 

he energy values associated with torsion angle analysis. Optimiza- 

ion calculations of the title molecule in the gas phase and in other 

olvents (water, DMSO, and methanol) were performed on the low- 

st energy conformer structure obtained at 130 ◦. In this study, the 

ond length and bond angle values for the most stable structure 

ere calculated in the gas phase. These values are given in Table 1 

nd the optimized structure of 4-PPy is presented in Fig. 2 . For this

tudy, we couldn’t get the crystal structure of the molecule from 

he title, so we compared the bond lengths and angles to those 

n the crystal structure of 2-(4-nitrophenyl) −4-phenylpyrimidine 

36] . 

The N 1 –C 4 , N 1 –C 12 , N 2 –C 11 , and N 2 –C 12 bond lengths in the

yrimidine ring of the title molecule are calculated as 1.345, 

.331, 1.337, and 1.335 Å, respectively. The C 

–C bond lengths in 

he phenyl and pyrimidine rings have values between 1.387 and 

.484 Å, while the C 

–H bond lengths have values between 1.082 

nd 1.087 Å. As can be seen from Table 1 , the values of the
 angles in conformer structure analysis. 

http://www.rcsb.org
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Fig. 2. Optimized geometric structure of 4-PPy by using B3LYP/6-311G ++ (d,p) level. 

Table 1 

Optimized geometrical parameters of 4-PPy obtained by B3LYP/6-311 ++ G (d,p) ba- 

sis set in the gas phase and in comparison with geometrical parameters of 2-(4- 

nitrophenyl) −4-phenylpyrimidine. 

Parameters a 
Bond Lengths ( ̊A) 

Parameters 

Bond angles ( °) 

Calculation XRD b Calculation XRD b 

N 1 –C 4 1.345 1.345 C 4 –N 1 –C 12 117.50 118.08 

N 1 –C 12 1.331 1.335 C 11 –N 2 –C 12 115.15 114.99 

N 2 –C 11 1.337 1.332 C 4 –C 3 –C 5 119.65 121.64 

N 2 –C 12 1.335 1.349 C 4 –C 3 –C 6 121.70 120.63 

C 3 –C 4 1.484 1.488 C 5 –C 3 –C 6 118.65 117.71 

C 3 –C 5 1.402 1.389 N 1 –C 4 –C 3 117.28 117.08 

C 3 –C 6 1.402 1.393 N 1 –C 4 –C 7 119.75 119.88 

C 4 –C 7 1.402 1.391 C 3 –C 4 –C 7 122.96 123.02 

C 5 –C 8 1.391 1.381 C 3 –C 5 –C 8 120.59 120.83 

C 5 –H 13 1.082 0.929 C 3 –C 5 –H 13 118.64 119.62 

C 6 –C 9 1.392 1.375 C 8 –C 5 –H 13 120.77 119.55 

C 6 –H 14 1.083 0.929 C 3 –C 6 –C 9 120.69 121.15 

C 7 –C 11 1.387 1.371 C 3 –C 6 –H 14 120.34 119.48 

C 7 –H 15 1.082 0.931 C 9 –C 6 –H 14 118.96 119.36 

C 8 –C 10 1.395 1.378 C 4 –C 7 –C 11 117.59 117.44 

C 8 –H 16 1.084 0.929 C 4 –C 7 –H 15 122.06 121.29 

C 9 –C 10 1.394 1.397 C 11 –C 7 –H 15 120.35 121.26 

C 9 –H 17 1.084 0.929 C 5 –C 8 –C 10 120.27 120.35 

C 10 –H 18 1.084 0.929 C 5 –C 8 –H 16 119.69 119.85 

C 11 –H 19 1.087 0.929 C 10 –C 8 –H 16 120.03 119.79 

C 12 –H 20 1.087 – C 6 –C 9 –H 17 119.72 119.75 

C 10 –C 9 –H 17 119.72 119.78 

C 8 –C 10 –C 9 119.65 119.48 

C 8 –C 10 –H 18 120.22 120.18 

C 9 –C 10 –H 18 120.13 120.34 

N 2 –C 11 –C 7 122.77 123.83 

N 2 –C 11 –H 19 116.49 118.04 

C 7 –C 11 –H 19 120.75 118.12 

N 1 –C 12 –N 2 127.24 125.73 

N 1 –C 12 –H 20 116.32 –

N 2 –C 12 –H 20 116.44 –

a The numbers appearing as subscripts in the abbreviations given as N 1 –C 4 (1N- 

4C) are given in Fig. 2 b . X-Ray values taken from Ref. [36] . 
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ond lengths are quite compatible with the values in the crys- 

al structure of 2-(4-nitrophenyl) −4-phenylpyrimidine. The C 

–C-C 

ond angle of 4-PPy is theoretically in the range of 118 ° to 121 °, 
hile the X-Ray range is in the range of 119 ° to 121 ° We ob- 
3 
erved a very slight deviation between the experimental and the- 

retical data. There are very small deviations between those of 2- 

4-nitrophenyl) −4-phenylpyrimidine used for comparison with the 

ond angle values found for the optimized structure. The reasons 

or these low deviations for bond lengths and bond angles are that 

-(4-nitrophenyl) is attached to 4-PPy in the reference structure 

nd that there is no interaction between atoms as in the crystal 

attice. 

In addition, because conformer C is in the global minimum en- 

rgy state, it is more stable than other conformers. So, the con- 

ormer of the title compound with the least amount of energy was 

hosen to learn more about so that the theoretical vibrational anal- 

sis, electronic, chemical, and biological properties could be pre- 

icted. 

.2. Vibrational analysis 

The 4-PPy molecule consists of 20 atoms and has 54 normal vi- 

rational modes. Since Cs belongs to the point group, 36 of these 

ormal modes are in-plane vibrations and 18 are out-of-plane vi- 

rations. Experimental and calculated infrared and Raman spectra 

or the 4-PPy compound are recorded in the range between 400 

nd 40 0 0 cm 

−1 and plotted with the calculated ones in Fig. 3 and

 . The observed and calculated wavenumbers as well as the proba- 

le assignments of fundamental vibrational modes and%TED (Total 

nergy Distribution) values are given in Table 2 . To assist in the as- 

ignment of the vibration bands, the estimated infrared and Raman 

pectra obtained using the DFT approach are compared. 

C 

–H vibrations: For mono-substituted phenyl and pyrimidine 

romatic rings, the CH stretching modes are expected above 30 0 0 

m 

−1 . The heteroaromatic structure indicates the presence of 

tretching vibrations in the region of 310 0–30 0 0 cm 

−1 , which is

he characteristic region for the identification of C 

–H stretching vi- 

rations [37] . The 4-PPy molecule contains eight hydrogen-bonded 

yridine rings and thus has eight C 

–H stretching vibrations. The 

heoretical frequency values estimated by DFT calculation are 3048, 

056, 3060, 3069, 3079, 3087, 3101, and 3102 cm 

−1 , respectively. 

hese vibrations were observed at 3026, 3058, and 3086 cm 

−1 in 

he FT-IR spectrum and at 3033, 3068 cm 

−1 in the FT-Raman spec- 

rum [38] . 
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Table 2 

Calculated and Experimental IR and Raman frequencies and total energy distributions of the 4-PPy molecule. 

Calculated Observed 

Mod Freq Freq ∗ I IR * * * I RA * * * FT-IR FT-Raman TED% ∗∗

υ_1 39 37 0.4 100.0 40 �CCCC + 37 �CCCN + 6 �CCCH + 2 �NCCH 

υ_2 92 89 0.0 3.4 34 �CCCC + 27 �CCCH + 11 �CCCN + 3 �CNCH + 3 �CNCN 

υ_3 154 149 0.4 4.8 159m 26 �CCCC + 23 �CCCH + 8 �CCCN + 8 �CCNC + 3 �CNCH + 3 �HCCH + 3 �CNCN + 12 δCCC + 3 δCCN 

υ_4 234 226 0.6 1.6 228w 28 �CCCC + 27 �CCCH + 11 �CCNC + 9 �CCCN + 5 �CNCH + 5 �CNCN 

υ_5 325 314 0.0 1.2 319w 15 υCC + 24 δCCC + 12 δCCH + 7 δCCN + 5 δCNC + 6 �CCCC + 5 �CCCH + 4 �CCNC + 3 �CCCN + 3 �NCCH 

υ_6 374 362 1.1 0.6 15 �CCCC + 12 �CCCH + 17 �CCCN + 12 �CNCH + 4 �HCCH + 13 �CCNC + 7 �NCCH + 13 �CNCN 

υ_7 410 397 0.3 0.4 6 δCCC + 27 �CCCC + 26 �CCCH + 6 �CCCN + 6 �CNCH + 4 �HCCH + 8 �CCNC + 4 �NCCH + 3 �CNCN 

υ_8 411 398 0.3 0.6 37 �CCCC + 32 �CCCH + 6 �CCCN + 5 �HCCH + 4 �CCNC 

υ_9 475 460 2.4 0.1 436m 480w 7 δCCC + 27 �CCCC + 23 �CCCH + 9 �CCCN + 6 �CNCH + 4 �HCCH + 7 �CCNC + 3 �NCCH + 3 �CNCN 

υ_10 578 559 0.4 0.9 26 �CCCC + 23 �CCCH + 8 �CCCN + 12 �CNCH + 10 �CCNC + 5 �NCCH + 7 �CNCN 

υ_11 631 610 1.1 2.7 7 υCC + 35 δCCC + 35 δCCH + 5 δCCN + 5 δNCN 

υ_12 638 617 6.4 0.3 618m 7 υCC + 30 δCCC + 31 δCCH + 11 δCCN + 9 δCNC 

υ_13 694 671 5.2 1.8 673s 5 υCC + 54 + 18 δCCC + 17 δCCH + 7 δCCN + 9 δNCH + 7 δCNC + 5 δNCN + 10 �CCCC + 7 �CCCH 

υ_14 703 680 12.0 0.0 685s 37 �CCCC + 48 �CCCH + 4 �CCCN 

υ_15 762 737 21.8 0.3 738vs 21 �CCCC + 40 �CCCH + 8 �CCCN + 7 �CNCH + 6 �HCCH + 7 �CCNC + 6 �CNCN 

υ_16 779 753 2.3 1.9 762m 764w 18 υCC + 4 υCN + 21 δCCC + 21 δCCH + 5 δCCN + 6 δNCH + 6 δCNC + 5 δNCN 

υ_17 812 785 1.4 0.4 794m 14 �CCCC + 24 �CCCH + 13 �CCCN + 4 �CNCH + 9 �HCCH + 8 �CCNC + 13 �NCCH + 10 �CNCN 

υ_18 855 826 2.5 0.5 9 �CCCC + 53 �CCCH + 5 �CCCN + 5 �CNCH + 10 �HCCH + 7 �NCCH 

υ_19 862 834 8.5 0.3 848s 6 �CCCC + 50 �CCCH + 6 �CCCN + 6 �CNCH + 11 �HCCH + 11 �NCCH 

υ_20 945 914 0.3 0.0 10 �CCCC + 52 �CCCH + 4 �CCCN + 23 �HCCH 

υ_21 982 949 0.0 0.2 19 �CCCH + 5 �CCCN + 22 �CNCH + 19 �HCCH + 8 �CCNC + 11 �NCCH + 8 �CNCN 

υ_22 991 959 0.3 0.2 10 �CCCH + 49 �CCCH + 30 �HCCH 

υ_23 1007 974 1.2 1.3 13 �CCCH + 34 �CCCH + 33 �HCCH 

υ_24 1009 976 1.6 3.6 7 υCC + 7 υCN + 5 δCCC + 4 δCCN 10 �CCCH + 27 �CCCH + 25 �HCCH 

υ_25 1016 982 2.2 5.4 983m 5 υCC + 9 δCCC + 6 δCCH + 15 �CCCH + 5 �CCCN + 22 �CNCH + 6 �NCCH + 4 �CNCN 

υ_26 1017 984 0.8 1.0 987w 10 υCC + 17 δCCC + 14 δCCH + 9 �CCCH + 14 �CNCH + 10 �HCCH + 5 �NCCH 

υ_27 1044 1010 1.0 5.9 1001s 23 υCC + 23 δCCC + 28 δCCH + 5 δCCN + 5 δCNC 

υ_28 1076 1040 1.2 0.2 1025w 19 υCC + 16 δCCC + 33 δCCH + 6 δCCN + 5 δCNC 

υ_29 1098 1062 0.4 0.2 18 υCC + 6 υCN + 9 δCCC + 48 δCCH 

υ_30 1112 1076 2.3 0.7 1084m 16 υCC + 9 υCN + 9 δCCC + 40 δCCH + 5 �CCCH 

υ_31 1183 1144 0.1 1.5 13 υCN + 71 δCCH 

υ_32 1195 1156 1.2 1.1 1158w 13 υCC + 12 υCN + 7 δCCC + 38 δCCH + 13 δNCH 

υ_33 1206 1166 1.6 3.4 1164m 14 υCC + 6 υCN + 5 δCCC + 58 δCCH + 4 �CCCH 

υ_34 1224 1184 1.9 2.5 19 υCC + 32 υCN + 6 δCCC + 19 δCCH + 8 δNCH 

υ_35 1303 1260 8.3 19.5 29 υCC + 6 υCN + 8 δCCC + 36 δCCH + 4 δCCN 

υ_36 1321 1277 1.2 24.2 1280w 1298vs 25 υCC + 8 υCN + 12 δCCC + 28 δCCH + 6 δCCN + 9 δNCH 

υ_37 1351 1307 2.8 0.1 27 υCC + 6 υCN + 8 δCCC + 32 δCCH + 13 δNCH 

υ_38 1355 1310 2.4 0.5 1316m 20 υCC + 4 δCCC + 63 δCCH 

υ_39 1419 1372 17.3 3.9 1387vs 10 υCC + 15 υCN + 24 δCCH + 5 δCCN 

υ_40 1472 1424 5.5 1.4 14 υCC + 6 υCN + 9 δCCC + 49 δCCH + 8 δNCH 

υ_41 1494 1445 3.6 1.6 1440w 13 υCC + 11 υCN + 7 δCCC + 37 δCCH + 19 δNCH 

υ_42 1527 1477 5.3 6.0 1462s 19 υCC + 5 υCN + 8 δCCC + 53 δCCH + 5 δNCH 

υ_43 1581 1529 20.3 0.4 1538vs 15 υCC + 15 υCN + 10 δCCC + 34 δCCH + 7 δNCH 

υ_44 1614 1561 100.0 28.0 20 υCC + 16 υCN + 4 δCCC + 21 δCCH + 8 δCCN + 17 δNCH 

υ_45 1623 1569 6.8 7.6 1569s 1570m 20 υCC + 5 υCN + 19 δCCC + 35 δCCH 

υ_46 1642 1588 0.0 25.7 1598vw 1597vs 31 υCC + 17 δCCC + 42 δCCH 

υ_47 3152 3048 1.9 5.9 3026w 2989m 79 υCH 

υ_48 3160 3056 8.0 2.1 3033vw 77 υCH 

υ_49 3165 3060 0.1 0.9 3058w 81 υCH 

υ_50 3174 3069 2.5 5.2 3068m 74 υCH + 6 δCCH 

υ_51 3184 3079 6.4 1.7 5 υCC + 81 υCH + 4 δCCC + 5 δCCH 

υ_52 3192 3087 2.7 3.5 3086vw 85 υCH 

υ_53 3207 3101 2.8 0.6 80 υCH 

υ_54 3208 3102 1.0 3.3 80 υCH 
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C 

–C vibrations: The vibration frequencies observed in FT-IR at 

598, 1569, 1538, 1462, 1440, 1387, 1316, 1280, and 1164 cm 

−1 

ave been theoretically calculated to include stretching C 

–C vibra- 

ions, as well as vibrations such as stretching C 

–N, C 

–H and C 

–C

ending. The strong bands are at 1598–1440 cm 

−1 in the observed 

pectrum. In the region of 760 to 600 cm 

−1 , C = C in-plane de-

ormation predominates. Shimanouchi et al. support out-of-plane 

eformation turns below 600 cm 

−1 , which has a larger frequency 

han out-of-plane vibrations. The characteristic out of plane ring 

 

–C bending is observed in the range of 600–420 cm 

–1 . IR peaks

ery close to these values were also determined experimentally 

 39 , 40 ]. 

C 

–N vibrations: C 

–N vibrations are difficult to identify due to 

he overlapping of other vibrations. In the present study, C 

–N 
m

4

tretching vibrations were observed at 1440, 1387, 1164, and 

084 cm 

−1 in FT-IR and 1298, 1158 cm 

−1 in FT-Raman spectrum. 

hese wavenumbers were theoretically calculated at 1445, 1372, 

166, 1076, 1277, and 1156 cm 

−1 . According to the literature, C 

–N 

tretching vibrations are found to be well within their characteris- 

ic region [ 41 , 42 ]. 

.3. Solvent effect on molecular descriptors 

The HOMO and LUMO molecular orbitals are the electron- 

onating and electron-accepting capacities of a molecule or a sys- 

em [43–45] . The difference in energy between these molecular or- 

itals is one of the most important things that determines how a 

olecule reacts, how hard or soft it is, and how reactive it is. In 
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Table 3 

Calculated global reactivity descriptors (eV) of 4-PPy in different phase. 

Molecular descriptors Gas Water DMSO Ethanol Methanol 

HOMO −6.9860 −7.0565 −7.0551 −7.0529 −7.0537 

LUMO −2.0210 −2.0719 −2.0708 −2.0686 −2.0694 

Energy Gap 4.9649 4.9846 4.9843 4.9843 4.9843 

Ionization Potential 6.9860 7.0565 7.0551 7.0529 7.0537 

Electron Affinity 2.0210 2.0718 2.0708 2.0686 2.0694 

Global Hardness 2.4825 2.4923 2.4921 2.4921 2.4921 

Electronegativity 4.5034 4.5641 4.5629 4.5607 4.5615 

Chemical Potential −4.5034 −4.5641 −4.5629 −4.5607 −4.5615 

Global Softness 0.4028 0.4012 0.4012 0.4012 0.4012 

Global Electrophilicity 4.0848 4.1792 4.1771 4.1732 4.1747 

Fig. 3. Calculated IR and FT-IR graphs of the 4-PPy. 
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Fig. 4. Calculated Raman and FT-Raman graphs of the 4-PPy. 
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ddition, the value of this energy gap is a property that also affects 

ptical polarizability. Soft molecules need less energy to be excited, 

o they can be more easily polarized than hard molecules [46] . The 

OMO and LUMO energies, as well as the other quantum chem- 

cal property values of 4-PPy, were calculated in the gas phase 

nd in various solvents (water, DMSO, ethanol, and methanol) us- 

ng B3LYP/6-311 ++ G(d,p) level theory. Energy values for the title 

olecule were presented in Table 3 . The energies of the HOMO 

nd LUMO molecular orbitals and the HOMO-LUMO energy gap in 

he gas phase were found to be −6.9860, −2.0210, and 4.9649 eV, 

espectively. In the calculations made in different solvents, due to 

he increase in the dielectric constant, the energy of the HOMO 

rbital decreased while the energy value of the LUMO orbital in- 

reased. As a result, the HOMO-LUMO energy gap values of the ti- 
5 
le compound in different solvents were found to be insignificantly 

arger than in the gas phase. The solvent-solute interaction be- 

omes more stable in a solvent with a high dielectric constant be- 

ause of hydrogen bonding and dipole-dipole interaction [47] . The 

nergy gaps of the title molecule for water, DMSO, ethanol, and 

ethanol solvents, respectively, were calculated as 4.9846, 4.9843, 

.9843, and 4.9843 eV. Chemical hardness values found in calcula- 

ions made both in the gas phase and in different solvents show 

hat this molecule has a hard structure and tends to have low 

hemical reactivity [48] . 

The HOMO and LUMO molecular orbital distributions of 4-PPy 

re given in Fig. 5 . The HOMO and LUMO molecular orbital distri- 

utions were found to be the same as each other for the calcula- 

ions made both in the gas phase and in the other solvents. 
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Fig. 5. 3D HOMO-LUMO molecular orbital distribution of 4-PPy in gas phase, water, 

DMSO, ethanol, and methanol solvents. 

Fig. 6. UV–Vis spectra of 4-PPy compound. 
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Fig. 7. Molecular electrostatic potential map of 4-PPy. 
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.4. UV–Vis spectrum of the compound 

The ultraviolet spectra analysis of the title molecule 4PPy was 

nvestigated theoretically and experimentally. The UV–Vis spec- 

rum was experimentally measured in four different solvents: 

tOH, MeOH, DMSO, and H2O. On the basis of optimized ground- 

tate geometric structures, TD-DFT/BLYP/B3LYP/6–311G(d,p) calcu- 

ations have been used to determine the low-lying excited states 

f 4-PPy compound in different solvents. The experimental UV–Vis 

pectra of the molecule have been indicated in Fig. 6 , and the peak

alues have been provided in Table 4 . According to the computed 

esults, the strongest signal in the electronic absorption spectrum 
6 
f molecule, 4-PPy, is calculated at a range 257-258 nm with os- 

illator strength f = 0.587, 0.58 and 0.601. The difference between 

he experimental and theoretical λmax values in Table 4 may be 

ue to the limitations of the TD-DFT calculations for load transfer 

ystems. Another reason is that the effect of the geometry of the 

tructure on the theoretical calculation cannot be ignored. While 

heoretical calculations were made using isolated geometry, exper- 

mental results were obtained for the bulk material. The experi- 

ental result includes interactions such as hydrogen bonding, van 

er Waals force, and electrostatic attraction in the lattice. Maxi- 

um oscillatory strength is observed at 257 nm and is assigned 

o HOMO → LUMO with symmetry = Singlet-A. Typically, accord- 

ng to the Frank-Condon principle, the maximum absorption peak 

max) corresponds to vertical excitation in the UV–vis spectrum. 

lectron movement between these orbitals can occur easily. These 

xcitations are associated with the π- π ∗ transition [49–51] . We 

an see that the transition with these double peaks is combined 

n the experimental results. Similar trend results were found for 

ll solvent phases, which supports this situation in many studies 

 52 , 53 ]. 

.5. Molecular electrostatic potantial (MEP) surface map analysis 

A molecular electrostatic surface map helps to determine the 

lectrophilic and nucleophilic regions of a molecule according to a 

olor scale (order: red < orange < yellow < green < blue) [ 54 , 55 ]. In

his color scale, electron-rich regions are represented in red, while 

lectron-poor regions are shown in blue. Yellow and green colors 

epresent less negative regions than red and neutral regions, re- 

pectively. For the gas phase, the molecular electrostatic potential 

ap of 4-PPy is given in Fig. 7 . 

The N 2 and N 1 atoms in the pyrimidine ring of the title 

olecule are in the red region; that is, the most negative elec- 

rophilic region is localized on these atoms. The C atoms in the 

henyl ring with the C 4 and C 12 atoms in the pyrimidine ring of 

he title molecule are in the yellow (slightly electron-rich) region. 

 atoms are also located in the electron-poor blue region. Accord- 

ng to the information obtained from the MEP map, we can say 

hat the title molecule can enter a reaction, especially through N 

toms. 

.6. Electron localization function and localized orbital locator 

nalysis 

The electron localization function (ELF) and the localized or- 

ital locator (LOL) are maps that are used in surface analysis based 

n covalent bonds to determine regions with a high probability 

f finding electron pairs in molecular space [56] . ELF and LOL 

olor maps for electron density charge distribution are presented 
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Table 4 

Experimental and calculated UV–vis wavelength ( λ), band gap energy (eV) and oscillator strength for the 4- PPy in solvents. 

Solvent Experimental Theoretical 

λ (nm) λ (nm) E (eV) f Symmetry Major Contributions 

Ethanol 310 257 4.81 0.587 Singlet-A H L 

195 6.35 0.367 Singlet-A H-1 L + 1H-1 L + 3 

Methanol 257 4.55 0.579 Singlet-A H L 

195 6.35 0.362 Singlet-A H-1 L + 1H-1 L + 3 

Water 

257 4.81 0.58 Singlet-A H L 

195 6.35 0.360 Singlet-A H-1 L + 1H-1 L + 3 

DMSO 258 4.80 0.601 Singlet-A H L 

195 6.34 0.337 Singlet-A H-1 L + 1H-1 L + 3 

Fig. 8. Relif map and Color filled map of ELF and LOL of 4-PPy compound. 
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n Fig. 8 . ELF has a value in the range of 0.00–1.0. The region

etween 0.5 and 1.0 represents the bound or unbound localized 

lectrons, while the region below 0.5 defines the delocalized elec- 

rons. The red-colored regions indicate areas where the electrons 

re most highly localized. Therefore, we can say that electrons are 

ocalized in all hydrogen atoms. In addition, electrons are local- 

zed in the interatomic bond regions of the phenyl and pyrimidine 

ings. The blue regions around all the C and N atoms show the de- 

ocalized electron cloud. That is, this molecule will interact with 

ther molecules or atoms from these regions. Similarly, in the lo- 

alized orbital locator LOL map, electrons are localized between all 

 atoms and interatomic bond regions in the phenyl and pyrimi- 

ine rings, while delocalized electrons are found over all C and N 

toms. According to molecular electrostatic potential surface map 

nalysis, the most electrophilic regions are localized around the N 1 

nd N 2 atoms, while the slightly electron-rich regions are local- 

zed around all the C atoms in the phenyl ring and the C 4 and C 12 

toms in the pyrimidine ring. The ELF, LOL, and MEP maps made 
o

7 
o find the electrophilic and nucleophilic parts of the title molecule 

t together very well. 

.7. Charge analysis 

To support the data on electrophilic (negative) and nucleophilic 

positive) regions obtained from MEP, ELF, and LOL maps of the ti- 

le molecule, charge analyses were performed using the 6-311 ++ 

(d,p) base set in the gas phase [ 57 , 58 ]. The atomic charge val-

es obtained from atomic polar tensor (APT), Hirshfeld, and nat- 

ral bond orbital (NBO) atomic charge analyses are presented in 

ig. 9 . In all three charge analyses, N atoms and all C atoms except

 4 , C 11 , and C 12 atoms have negative values, while all H atoms also

ave positive values. 

The results obtained from the atomic charge analysis are in high 

greement with the MEP, ELF, and LOL maps. As a result, all of the 

nalyses done to figure out where the negative and positive parts 

f the 4-PPy molecule were showed that the atoms with negative 
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Fig. 9. APT, Hirshfeld, and NBO charges of the 4-PPy compound. 
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nd positive values were almost the same, and the parts of the 

olecule where it could react were shown in detail. 

.8. Natural bond orbital (NBO) analyses 

By calculating donor-acceptor pairings and donor-acceptor sta- 

ilization energy values with the NBO method, interactions in 

oth occupied and virtual orbital fields are investigated in various 

hemical systems. The DFT/B3LYP/6-311 ++ G(d, p) method was 

sed for the natural bond orbital analysis. E (2) energy is used to 

haracterize the interaction between the receiver and the transmit- 

er. It is calculated by the following equation: 

In this equation, qi is the donor orbital population, εi and εj 

re the diagonal elements of the NBO orbitals. F (i, j) is defined 

s the off-diagonal NBO Fock matrix elements between the i and 

 NBO orbitals [59] . Table 5 presents the stabilization energies and 

nteractions with an E(2) value above 5 kcal/mol. 

When Table 5 is examined, π∗→ π∗ transitions for 

 1 –C 4 → C 7 –C 11 , N 2 –C 12 → C 7 –C 11 , N 1 –C 4 → C 3 –C 6 have the strongest

esonance energies with 216.94, 157.19, and 72.25 kcal/mol, 

espectively. These transitions occur as a result of intramolec- 

lar hyper-conjunctive interaction that causes significant de- 

ocalization in a system. Also, the results of NBO analysis, 

(N 1 –C 4 ) → π ∗(N 2 –C 12 ), π (C 7 –C 11 ) → π ∗(N 1 –C 4 ), π (N 2 –C 12 ) →
∗(C 7 –C 11 ), π (C 5 –C 8 ) → π ∗(C 9 –C 10 ), π (C 5 –C 8 ) → π ∗(C 3 –C 6 ),

(C 9 –C 10 ) → π ∗(C 3 –C 6 ), π (C 9 –C 10 ) → π ∗(C 5 –C 8 ), π (C 3 –C 6 ) →
∗(C 9 –C 10 ), π (C 3 –C 6 ) → π ∗(C 5 –C8), and π (C 3 –C 6 ) → π ∗(N 1 –C 4 )

nteractions gave strong stabilization energies for the title 

olecule. The interaction between lone pair and antibonding 

rbitals shows LP(1) N 1 → σ ∗(N 2 –C 12 ), LP(1) N 1 → σ ∗ (C 4 –C 7 ), LP(1) 

2 → σ ∗(N 1 –C 12 ), and LP(2) N2 → σ ∗(C 7 –C 11 ) interactions that give 

tabilization energies of 10.90, 9.48, 10.79, and 8.72 kcal/mol, 

espectively. Due to conjugative interactions, the transition σ (C12- 

20) → σ ∗(N 1 –C 4 ) with a stabilization energy of 5.16 kcal/mol has 

lso occurred for the title molecule. 

.9. Non-linear optical properties analysis 

Recently, there has been increasing interest and significant 

ompetition in the field of optoelectronic, industrial, and optical 
8 
ata processing technologies for the technical applications of NLO 

aterials. Therefore, it is very important to search for molecules 

ith new NLO optical properties. The cheapest and most conve- 

ient method to predict the NLO properties of a molecule is to de- 

ermine the dipole moment, polarizability, and hyperpolarizability 

alues of the structure with the DFT calculation technique [60–

2] . The solvent effect on the nonlinear optical properties of 4-PPy 

as investigated in this section of our study. 

The dipole moment of a molecule or a system is induced and 

ncreased because the solvent effect has a curative effect on the 

elocalization of the charge in the molecules [47] . For this rea- 

on, it has also been reported in a previous study that the sol- 

ent energies of a molecular system are in correlation with its 

ielectric constants or dipole moments, and the dipole moment 

ill be larger in solution than in the gas phase. As a result, the 

olecular system will be more stable [63] . Table 6 presents the 

ipole moment, polarizability, and initial hyperpolarizability values 

f 4-PPy in gas phase and polar solvents calculated in B3LYP/6- 

11 ++ G(d,p) using the IEFPCM model. The dipole moment in- 

reases in the solvation phase depending on the polarity of the sol- 

ent medium. The dipole moment value for 4-PPy in the gas phase 

as calculated as 2.777 Debye, while for water, DMSO, ethanol, 

nd methanol it was calculated as 3.865, 3.840, 3.807 and 3.820 

ebye. We found the HOMO-LUMO energy gap values for the gas 

hase and other solvents in the following order: Gas < DMSO = 

thanol = Methanol < Water. As a result, since the large charge 

n the molecule will be redistributed and there will be changes 

n the distances between the charge separations, the molecule has 

ecome more stable in the solvent, the HOMO-LUMO energy gap 

as increased, and the dipole moment values have increased [64] . 

Similarly, the first hyperpolarizability value of the title molecule 

lso increased in different solvents compared to the gas phase. 

he first hyperplaizability value in the gas phase was found to be 

.908 × 10 −30 esu. This value is approximately 15 times greater 

han the reference value of urea (0.3728 × 10 −30 ), which is used 

o determine the non-linear optical properties of a molecule. 

his value was found to be 17,333 × 10–30 , 17,106 × 10–30 , 

6,642 × 10 −30 , and 16,884 × 10 −30 esu for 4-PPy in water, DMSO, 

thanol, and methanol solvents, respectively. These values are ap- 

roximately 3 times higher than those of the gas phase and 45 
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Table 5 S 

Table 5 Second Order Perturbation Theory Analysis of the most interacting NBO of 4-PPy. 

Donor NBO (i) Acceptor NBO (j) E 2 (kcal/mol) a ε j - ε i (a. u.) b F(i,j) (a. u.) c 

π ∗(N 1 –C 4 ) π ∗(C 7 –C 11 ) 216.94 0.01 0.082 

π ∗(C 3 –C 6 ) 72.25 0.03 0.066 

π ∗(N 2 –C 12 ) π ∗(C 7 –C 11 ) 157.19 0.01 0.077 

π (N 1 –C 4 ) π ∗(N 2 –C 12 ) 36.03 0.30 0.094 

π ∗(C 7 –C 11 ) 10.86 0.32 0.53 

π ∗(C 3 –C 6 ) 8.66 0.34 0.049 

π (C 7 –C 11 ) π ∗(N 1 –C 4 ) 31.07 0.27 0.083 

π ∗(N 2 –C 12 ) 14.14 0.27 0.055 

π (N 2 –C 12 ) π ∗(C 7 –C 11 ) 29.29 0.32 0.087 

π ∗(N 1 –C 4 ) 10.41 0.31 0.052 

π (C 5 –C 8 ) π ∗(C 9 –C 10 ) 21.40 0.28 0.069 

π ∗(C 3 –C 6 ) 19.98 0.28 0.067 

π (C 9 –C 10 ) π ∗(C 3 –C 6 ) 21.22 0.28 0.070 

π ∗(C 5 –C 8 ) 18.54 0.29 0.066 

π (C 3 –C 6 ) π ∗(C 9 –C 10 ) 19.76 0.28 0.067 

π ∗(C 5 –C 8 ) 19.31 0.29 0.068 

π ∗(N 1 –C 4 ) 18.88 0.25 0.062 

Lp(1)N 1 σ ∗(N 2 –C 12 ) 10.90 0.88 0.89 

σ ∗(C 4 –C 7 ) 9.48 0.89 0.083 

Lp(1)N 2 σ ∗(N 1 –C 12 ) 10.79 0.89 0.089 

σ ∗(C 7 –C 11 ) 8.72 0.92 0.081 

σ (C 12 –H 20 ) σ ∗(N 1 –C 4 ) 5.16 1.04 0.065 

σ : sigma bonds, π : pi bonds, LP : lone pairs, RY ∗ Rydberg. 
a E (2) means energy of hyper conjugative interactions. 
b Energy difference between donor and acceptor i and j NBO orbitals. 
c F (i,j) is the Fock matrix element between i and j NBO orbitals. 

Table 6 

The electric dipole moment μ (Debye), average polarizability ᾱ, anisotropy of 

polarizability 	α (10 −24esu), and frst hyperpolarizability β (10 −30esu) of the 

title molecule in the gas phase and the different solvents. 

Parameters Gas Water DMSO Ethanol Methanol 

μx 2.130 2.794 2.784 2.764 2.775 

μy 0.354 2.624 2.68 2.573 2.591 

μz 0.354 0.490 0.487 0.481 0.484 

μ 2.777 3.865 3.840 3.807 3.820 

αxx 29.098 39.395 39.24 38.920 39.087 

αyx −0.136 −0.215 −0.214 −0.11 −0.212 

αyy 19.267 27.460 27.32 27.007 27.164 

αzx −0.00563 −0.021 −0.0204 −0.0193 −0.0198 

αzy −0.00537 0.012 0.108 0.00875 0.00980 

αzz 10.310 14.130 14.04 13.847 13.943 

ᾱ 19.558 26.995 26.867 26.591 26.731 

	α 16.278 21.894 21.839 21.723 21.788 

βxxx −6.817 −19.430 −19.180 −18.66 −18.930 

βxxy −0.0811 −0.398 −0.390 −0.372 −0.381 

βyxy 0.431 1.210 1.196 1.159 1.178 

βyyy 0.1530 −0.274 −0.257 −0.224 −0.241 

βxxz −0.016 −0.078 −0.0763 −0.0724 −0.0743 

βyxz −0.0932 0.389 0.378 0.357 0.368 

βyyz −0.0036 −0.106 −0.102 −0.0942 −0.0982 

βzxz 0.482 0.898 0.887 0.866 0.876 

βzyz 0.149 0.103 0.106 0.111 0.108 

βzzz 0.0724 −0.058 0.0599 0.0628 0.0614 

βx −5.904 −17.322 −17.097 −16.635 −16.884 

βy 0.2209 −0.569 −0.541 −0.485 −0.514 

βz 0.0523 −0.2424 −0.118 −0.1038 −0.111 

β tot 5.908 17.333 17.106 16.642 16.884 

0.0314 −0.1454 −0.0710 −0.0623 −0.0666 
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imes higher than those of urea. According to these results, the 4- 

Py molecule shows good non-linear optical properties both in the 

as phase and in other solvents. In addition, the solvent effect in- 

reased the non-linear optical properties of this molecule [65] . 

.10. Molecular docking study 

Molecular docking is a type of bioinformatics modeling that in- 

olves the interaction of two or more molecules to produce a sta- 

le adduct [66] . Molecular docking predicts the binding geometry 
9 
f a putative ligand to a target protein [ 67 , 68 ]. This is the theoret-

cal evidence used to develop a molecule’s structure and reactivity 

elationship [69] . Also, this method is important to save the time 

equired for new drug discovery. Currently, researchers through- 

ut the world are working on medications to treat the COVID-19 

andemic [70] . 4-PPy are N-based heterocyclic compounds with a 

iverse set of properties, several of which have been linked to an- 

iviral activity [71] . A ligand is a molecule that acts as the com- 

lementary partner in the docking process [ 68 , 72 ]. Hence, it is

rucial to evaluate their effectiveness against SARS-n-CoV-2. The 

olecular docking study was examined to investigate its efficacy 

n ligand binding to the against known COVID-19 (M 

pro ) proteins. 

he COVID-19 M 

pro is a desirable drug target for antiviral drug de- 

ign toward COVID-19 treatment because the M 

pro is essential for 

olyprotein processing and virus maturation [73–75] . We tried to 

ock the 4-PPy with the three important proteins isolated from 

he virus. The protein structure of the SARS-CoV-2 main protease 

as obtained from the protein data bank (PDB IDs: 6LU7, 6W63, 

M03). Fig. 10 shows the interaction of the title molecule with se- 

ected proteins. In Table 7 , binding energies obtained from in silico 

nalysis results were compared with previously reported remde- 

ivir triphosphate [76] , known as a positive inhibitor of SARS-CoV- 

. Remdesivir has been reported in the United States to improve 

he clinical state of COVID-19 patients and has received emergency 

sage approval for the treatment of COVID-19 [ 77 , 78 ]. As can be

een from the results, the best binding energy is between 4-PPy- 

LU7 and, which is close to the binding energy of Remdesivir. 

In addition, this value is significantly lower than the binding 

alues of the reference drug for the other two proteins. However, 

he computed binding energies suggest that the 4-PPy molecule 

an spontaneously interact within the SARS-CoV-2 main protease 

inding site. 

The docked pose clearly shows that the drug molecules bind 

ithin the active site of the SARS-CoV-2 main protease macro- 

olecular structure. The results demonstrate that the ligand was 

ound to the main protease of SARSCoV-2 via many hydropho- 

ic bonds and hydrogen interactions. It has already been reported 

hat ligand binding with the receptor can possibly form H-bonds 

ith important residues of its main protease [66] . As seen in 
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Fig. 10. 2D visualization of molecular interaction between 4-PPy and SARS- CoV-2 main protease (PDB ID: (a) 6LU7, (b) 6M03, (c) 6W63). 

Table 7 

Molecular docking result of 4-PPy compound with COVID-19 virus (M 

pro ) protease. 

Compound Protein(PDB ID) Binding energy (kcal/mol) Inhibition Constant K i (μM) Reference RMSD ( ̊A) 

4PPY 6LU7 −5.8 169.79 73.33 

6M03 −4.9 222.88 26.33 

6W63 −4.8 307.95 31.75 

Remdesivir 6LU7 −6.5 [79] 

(Control) 6M03 −7.8 [76] 

6W63 −7.6 [77] 

Tablo 8 

The hydrogen bond interaction of title complex docked with the three protein targets. 

Compound Protein (PDB ID) Hydrogen Bonded Amino Acid Residue H-Bonded distance ( ̊A) 

[4-PPy] 6LU7 GLU A:166 2.22 

6M03 THR A:190GLN A:192 3.012.19 

6W63 THR A:190GLN A:189 2.672.82 
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ig. 10 , Fig. S1, and Table 8 , an H-bond was formed with amino

cid residues of the 4PPy ligands GLU’166, THR’190, GLN’189, and 

LN’192, which interact with coronavirus proteins. These H-bonds 

re formed between the nitrogen of the pyrimidine ring and amino 

cid residues. In addition, interactions such as hydrophobic inter- 

ctions with MET49A, MET165A, LEU167A, PRO168A, and LEU167A 

ere also observed (see Table S1). Usually, the standard drug is 

urrounded by similar residues in its interaction with selected pro- 

eins, suggesting that this molecule may inhibit viral replication of 

ARS-CoV-2 [ 69 , 79-81 ]. 

Our research indicates that the chemical in question can inter- 

ct with certain n-CoV-19 proteins (6M03, 6W63, and 6LU7) and 

nhibit their growth. The results of molecular docking require more 

linical investigation and could potentially aid in the management 

f COVID pneumonitis. 

. Conclusion 

In the present paper, experimental and theoretical studies on 

he spectroscopic behavior of 4-PPy were examined. The UV–Vis 

pectra exhibit a significant peak at 311 nm in all phases, and 

he homo-lumo energy gap is in agreement with the experimen- 

al and theoretical phases. The MEP and ELF analyses revealed 

hat the most electronegative region is located around the nitro- 

en atoms of the pyrimidine ring. Considering the calculated NLO 

roperty results, the hyperpolarizability of the title molecule is 

reater than that of the reference material urea, and it shows good 

onlinear optical properties both in the gas and solvent phases. 

he nucleophilic and electrophilic regions, as well as the elec- 

ron density, aided in predicting and identifying the active site 

f the molecule’s reactivity. Using NBO analysis, the stability and 

ntramolecular charge delocalization were investigated. Maximum 

nergy E (2) was 157.19 kcal/mol, which corresponds to π ∗(N2- 

12) → π→ 

∗(C7-C11). The charge transfer usually takes place be- 
10 
ween C 

–C and C 

–N bonds, indicating that the studied molecule 

an be a sufficient bioactive agent. Molecular docking studies show 

hat 4-PPy docks with three important coronavirus proteins, with 

n interaction leading to inhibition of virus proteins. So, if more 

esearch is done, it might be possible to use it in new drugs that 

re developed to treat COVID-19. 
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