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a b s t r a c t 

In the fall of 2019, a new type of coronavirus took place in Wuhan city, China, and rapidly spread 

across the world and urges the scientific community to develop antiviral therapeutic agents. In 

our effort we have synthesized a new hydrazide derivative, ( E )- N’ -(1-(4-bromophenyl)ethylidene)-2-(6- 

methoxynaphthalen-2-yl)propanehydrazide for this purpose because of its potential inhibitory proprieties. 

The asymmetric unit of the title molecule consists of two independent molecules differing noticeably 

in conformation. In the crystal, the independent molecules are linked by N—H ···O and C—H ···O hydro- 

gen bonds and C—H ···π (ring) interactions into helical chains extending along the b-axis direction. The 

chains are further joined by additional C—H ···π (ring) interactions into the full 3-D structure. To obtain a 

structure-activity relationship, the DFT-NBO analysis is performed to study the intrinsic electronic prop- 

erties of the title compound. Molecular modeling studies were also conducted to examine the binding 

affinity of the compound for the SARS-CoV-2 main protease enzyme and to determine intermolecular 

binding interactions. The compound revealed a stable binding mode at the enzyme active pocket with a 

binding energy value of -8.1 kcal/mol. Further, stable dynamics were revealed for the enzyme-compound 

complex and reported highly favorable binding energies. The net MMGBSA binding energy of the com- 

plex is -37.41 kcal/mol while the net MMPBSA binding energy is -40.5 kcal/mol. Overall, the compound 

disclosed the strongest bond of ing the main protease enzyme and might be a good lead for further 

structural optimization. 

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

There is no doubt that there are many organic compounds 

ith good biological and pharmacological activities confirming 

he importance of organic compounds in different fields [ 1–3 ]. 

on-steroidal anti-inflammatory drugs (NSAIDs) are one of the 
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argest medicinal applicable drugs as an analgesic, antipyretic, anti- 

nflammatory, and anti-viral agents [4] . 

The S-enantiomer Naproxen, 2-(6-methoxynaphthalen-2- 

l)propionic acid, is one of the most regularly used propionic acid 

erivatives for the treatment of various diseases such as anti- 

nflammatory effects [5] . Anti-inflammatory effects of naproxen 

nd its derivatives are generally thought to be related to its 

nhibition of COX and consequent decrease in prostaglandin con- 

entrations in various fluids and tissues [6] . It was also reported 

hat naproxen amide derivatives showed good antibacterial activity 

gainst Gram-positive bacteria such as Staphylococcus aureus and 

https://doi.org/10.1016/j.molstruc.2022.133391
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133391&domain=pdf
mailto:yns.elbakri@gmail.com
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S.K. Mohamed, Y. El Bakri, D.A. Abdul et al. Journal of Molecular Structure 1265 (2022) 133391 

B

c

A

t

c

i

5

a

v

p

i

m

c

o

o

1

o

e

N

o

l

p

fl

N

v

i

i

i

N

a

i

a

a

t

t

t  

s

“

c

r

i

i

c

i

t

b

p

t

t

a  

s

c

N

d

d

a

t

N

e

t

v

f

N

b

m

c

m

i

i

2

2

m

(

1

a

h

t

s

 

c  

C  

(

a

1

d

e

e

U

4

2

a

B

t

e

t

(

r

r

p

s

s

b

w

t

s

fl

r

T

2

r

f

i

t

m

r

acillus subtilis and Gram-negative back such eria as Escherichia 

oli and Pseudomonas aeruginosa comparable to standard drugs 

mpicillin and Ciprofloxacin [7] . Meanwhile, naproxen itself was 

ested in vitro for the inhibition of four kinds of human cancer 

ells, KB, A-549, MDA, and Bell-7402. The data showed that the 

nhibition rate of naproxen on KB cells was higher than that of 

-fluorouracil due to their intercalating effect on DNA [8] . 

On the other hand, fears have been raised that non-steroidal 

nti-inflammatory drugs could be accompanied by a risk for ad- 

erse effects when they are used in patients with acute viral res- 

iratory infections, including COVID-19 [ 9 , 10 ]. One of these opin- 

ons against the use of NSAIDs and acetaminophen is that these 

edications are antipyretic drugs that could hide a rising fever ac- 

ompanied by COVID-19 and thus delay diagnosis and fast spread 

f the infection [11] . However, there is no strong evidence against 

r with the use of NSAIDs in patients diagnosed with COVID- 

9. Moreover, even if evidence was found favoring or rejecting 

ne particular NSAID in this setting, it is not clear whether such 

vidence could apply to all NSAIDs similarly [12] . Theoretically, 

SAIDs when used in the early stages during the clinical course 

f COVID-19 might control disease development or even reverse 

ymphocytopenia [13] . 

Naproxen is a non-steroidal anti-inflammatory drug that has 

reviously been shown to exert antiviral activity against the in- 

uenza A virus by inhibiting nucleoprotein (NP) binding to RNA. 

aproxen is a potential broad, multi-mechanistic anti-influenza 

irus therapeutic, as it inhibits influenza B virus replication both 

n vivo and in vitro. The anti-influenza B virus activity of Naproxen 

s more effective than that of the commonly used neuraminidase 

nhibitor oseltamivir in mice [14] . In the case of COVID-19, The 

SAIDs Naproxen and indomethacin have both been found to have 

ntiviral activity. Indomethacin was investigated in vitro and in an- 

mal patterns and found to have potential direct antiviral activity 

gainst SARS-CoV (severe acute respiratory syndrome coronavirus) 

nd CCTV (canine coronavirus) via interference with viral RNA syn- 

hesis [15] . Animal patterns have shown that Naproxen also has an- 

iviral activity against influenza A and B viruses by interfering with 

he RNA replication process [ 14 , 16 ]. As the COVID-19 virus is a

ingle-stranded RNA virus, it was proposed that naproxen could be 

the most probable agent for the management of widespread novel 

oronavirus infection” [17] . A study in BMJ mentioned the potential 

ole of Naproxen in the protection and curing of COVID-19 patients 

n regions that have limited access to medications currently used 

n the world such as Iran [18] . Meanwhile, another published arti- 

le has shown the increased ACE2 expression by ibuprofen admin- 

stration, which may lead to an increased risk of COVID-19 infec- 

ion in this country [19] . The most important issues which should 

e taken more attention to about the use of NSAIDs in acute Res- 

iratory tract infections (RTIs)are the deterioration in the symp- 

oms, the subsequent effects following the use of these medica- 

ions, and the adverse cardiovascular effects which are classified 

s a risk factor in RTIs including COVID-19 [ 20 , 21 ]. However, the

ide effects are different among NSAIDs; Ibuprofen, Coxibs, and Di- 

lofenac represent the highest cardiovascular complications while 

aproxen (even with high doses) did not show any significant car- 

iovascular problems in a randomized clinical trial (RCTs) [22] . To 

ate, there is no sufficient available evidence to evaluate the safety 

nd efficiency of NSAIDs with COVID-19. But, if the patients’ symp- 

oms are not reduced by acetaminophen, the first choice among 

SAIDs Could be Naproxen (because of the less cardiovascular side 

ffects and more evidence for its effectiveness in influenza) and 

he second choice may be indomethacin (according to available in 

itro and in vivo evidence for SARS) [23] . 

Based on these facts, signals, and points and further to our ef- 

orts toward modification and manipulation of NSAIDs especially 
2 
aproxen, we report the synthesis of the new suggested Naproxen- 

ased hydrazone as an agent to control COVID-19. 

Molecular modeling studies such as molecular docking and 

olecular dynamics simulations are now applied commonly to de- 

ipher the synthesized compound binding with the SARS-CoV-2 

ain protease enzyme. The binding stability of the compound with 

th enzyme was further evaluated by MMGBSA and MMPBSA bind- 

ng energy methods. 

. Materials and methods 

.1. Synthesis of (E)-N’-(1-(4-bromophenyl)ethylidene)-2-(6- 

ethoxynaphthalen-2-yl)propanehydrazide 

4) 

In 100 mL RBF, 25 mL of ethanol was added to a mixture of 

mmol of 4-bromoacetophenone (199 mg) and 1mmol of Naproxen 

cid hydrazide (244 mg). The reaction mixture was refluxed for 6 

 and monitored by TLC until completion. The crude solid was ob- 

ained and recrystallized from ethanol to afford a colorless crystal 

uitable for X-ray diffraction with m.p = 164-166 °C ( Scheme 1 ). 

IR (KBr): (C = O amide 16 6 6 cm 

-1 ), (NH 3234 cm 

-1 ), (-C = N 1606

m 

-1 ). 1 H NMR (400MHz, DMSO): δ = 1.4 (d, 3H, CH 3 ), 3.5 (q, 1H,

-H), 3.8 (s, 3H, OCH 3 ),2.3(s,3H, CH 3 ), 10.5 (s, 1H, -NH), 7.0- 7.7

m, 10H, aromatic protons) . 13 C-NMR δ= 15(CH3),16(CH3), 45 (C-H 

liphatic), 55 (OCH 3 ), 105-156 (16 aromatic carbons), 148 (C = N), 

75 (C = O amide). Massspectra were obtained in Varian MAT 311 

oubly focusinginstrument using electron impact ionization (70 

V); ESI-MS: (M) m/z = 424.00, mono-isotop (M 

+ 2 ) = 426.00. El- 

mental analyses were carried out at MicroanalyticalCenter, Cairo 

niversity, Egypt. Anal. calcd (%) for C 22 H 21 BrN 2 O 2; C: 62.13, H: 

.98, N: 6.59 found: C: 62.15, H: 5:00, N: 6.60. 

.2. X-ray structure determination 

A suitable crystal of 4 was mounted on a polymer loop with 

 drop of heavy oil and placed in a cold nitrogen stream on a 

ruker D8 Quest diffractometer equipped with a PHOTON 3 de- 

ector. The diffraction data were obtained from 11 sets of frames, 

ach of width 0.5 ° in ω or ϕ, collected with scan parameters de- 

ermined by the "strategy" routine in APEX3 [24] and using Mo K α
 λ = 0.71074 Å) radiation. The scan time was 20 sec/frame. The 

aw intensity data were converted to F 2 values by SAINT and cor- 

ection for absorption and merging of equivalent reflections was 

erformed with SADABS [25] . The structure was solved by dual 

pace methods ( SHELXT [26] ) and refined by full-matrix, least- 

quares procedures ( SHELXT [27] ). Hydrogen atoms attached to car- 

on were included as riding contributions in idealized positions 

ith isotropic displacement parameters tied to those of the at- 

ached atoms. Those attached to nitrogen were refined with re- 

traints that the N–H distances approximate ideal values. Five re- 

ections affected by the beam stop were omitted from the final 

efinement. The final difference map was essentially featureless. 

The details concerning collections and analyses are described in 

able 1 . 

.3. The Hirshfeld surface analysis and Energy framework 

Both the definition of a molecule in a condensed phase and the 

ecognition of distinct entities in molecular liquids and crystals are 

undamental concepts in chemistry. Based on Hirshfeld’s partition- 

ng scheme, Spackman et al. 1997 proposed a method to divide 

he electron distribution in a crystalline phase into molecular frag- 

ents [ 28–30 ]. Their proposed method partitioned the crystal into 

egions where the electron distribution of a sum of spherical atoms 
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Scheme 1. The synthesis route of 4. 

Table 1 

Crystal data and structure refinement details for compound 4. 

Chemical formula C 22 H 21 BrN 2 O 2 

CCDC Number 2122824 

M r 425.32 

Crystal system, space group Monoclinic, P 2 1 
Temperature (K) 150 

a, b, c ( ̊A) 10.5223 (5), 14.1944 (6), 13.5465 (6) 

β ( °) 104.081 (2) 

V ( ̊A 3 ) 1962.48 (15) 

Z 4 

Radiation type Mo K α

μ (mm 

−1) 2.11 

Crystal size (mm) 0.35 × 0.21 × 0.05 

Data collection 

Diffractometer Bruker D8 QUEST PHOTON 3 diffractometer 

Absorption correction Numerical SADABS (Krause et al., 2015) 

T min , T max 0.70, 0.91 

No. of measured, independent and observed [I > 2 σ (I)] reflections 105687, 10596, 9565 

R int 0.033 

(sin θ / λ) max ( ̊A −1 ) 0.687 

Refinement 

R [ F 2 > 2 σ ( F 2 )], wR ( F 2 ), S 0.028, 0.068, 1.04 

No. of reflections 10596 

No. of parameters 501 

No. of restraints 3 

H-atom treatment H atoms are treated by a mixture of independent and constrained refinement 

�ρmax , �ρmin (e Å −3 ) 0.51, −0.30 

Absolute structure Flack x determined using 4194 quotients [(I + )-(I-)]/[(I + ) + (I-)] (Parsons et al. , 2013). 

Absolute structure parameter 0.0111 (17) 
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or the molecule dominates over the corresponding sum of the 

rystal. Because it is derived from Hirshfeld’s stockholder partition- 

ng, the molecular surface is named the Hirshfeld surface. Recently, 

he energy framework has been developed into a powerful tool 

hat aids in better understanding crystal packing. Energy frame- 

orks were constructed based on the energies (electrostatic, po- 

arization, dispersion, and exchange-repulsion) calculated using the 

E-B3LYP hybrid functional and 6-31G(d,p) basis set [31] . A cluster 

f radius 3.8 Å molecules was generated was considered around 

he central molecule and energy calculations were performed. The 

artition of the interaction energy (E _ tot) can be represented as 

 _ tot = k _ ele E _ ele+ k _ polE _ pol + k _ d isE _ d is + k _ r epE _ r ep (1)
3 
here ask represents the scale factor, E_ele = electrostatic com- 

onent; E_pol = polarization energy, E_dis = dispersion energy and 

_rep = exchange repulsion energy. In this study, both the Hirsh- 

eld surface analysis and energy framework of the title compound 

ere performed using the Crystal Explorer program [32] . 

.4. The DFT and NBO studies 

The structure in the gas phase of the title compound was op- 

imized using density functional theory. The DFT calculation was 

erformed by the hybrid B3LYP method, which is based on the 

dea of Becke and considers a mixture of the exact (HF) and 

FT exchange utilizing the B3 functional, together with the LYP 
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Table 2 

Hydrogen-bond geometry ( ̊A) Cg1, Cg3, and Cg5 are, respectively, the centroids of 

the C1/C2/C3/C8/C9/C10, the C17 ·C22 and the C23/C24/C25/C30/C31/C32 rings. 

D —H ·A D —H H ···A D ···A D —H ···A 
N1—H1 ·O3 i 0.905 (14) 1.986 (14) 2.889 (3) 175 (3) 

N3—H3 ·O1 ii 0.901 (13) 2.040 (15) 2.920 (3) 165 (3) 

C21—H21 ·Cg5 iii 0.95 2.97 3.576 (3) 123 

C24—H24 ·Cg3 0.95 2.78 3.643 (3) 152 

C33—H33C ·Cg1 iv 0.98 2.77 3.643 (3) 149 

C38—H38A ·O1 ii 0.98 2.50 3.116 (3) 120 

i −x + 1, y + 1/2, −z + 1 
ii −x + 1, y −1/2, −z + 1 
iii −x, y + 1/2, −z + 1 
iv −x, y −1/2, −zSymmetry codes 
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orrelation functional [ 33–35 ]. In conjunction with the basis set 

-311 ++ G 

∗∗, the B3LYP calculation was done [36] . After obtain- 

ng the converged geometry, the harmonic vibrational frequencies 

ere calculated on the same theoretical level to confirm the num- 

er of imaginary frequencies is zero for the stationary point. To 

nvestigate the intrinsic electronic properties of the studied com- 

ounds, the NBO analysis of the survey compound was performed 

n the same theoretical level. All calculations of the title com- 

ound were done by the Gaussian 16 program [37] . 

.5. The QTAIM study 

To investigate the hydrogen bonding pattern in the title com- 

ound, the quantum theory of atoms in molecules (QTAIM) is also 

tilized by the Multiwfn program [38] in this study. According to 

TAIM, if D-H forms a hydrogen bond with A, there should be a 

ond critical point (BCP) between H and A. In addition, criteria 

bout the electron density ( ρb ) and the Laplacian of electron den- 

ity ( ∇ 

2 ρb ) at BCPs have been established by Koch and Popelier 

o distinguish hydrogen bonding from van der Waals interactions 

39] . According to the criteria, to represent a hydrogen bond that 

xists between D-H and A, the BCP between H and A should have 

anelectron density in the range 0.002 - 0.034 a.u., and a Laplacian 

f electron density in the range 0.024 - 0.139 a.u. 

.6. Molecular Modeling Studies 

The binding affinity of the synthesized compound for the SARS- 

oV-2 main protease enzyme was deciphered through the molec- 

lar docking technique [40] . For this, the enzyme crystal struc- 

ure was retrieved from the protein data bank (PDB ID: 7BQY). 

he structure was imported to UCSF Chimera 1.15 [41] where 

ll associated ligands were removed including irrelevant water 

olecules and co-crystallized N3 ligand. The compound structure 

as drawn in ChemDraw 12.0 [42] and energy was minimized 

nd converted into .pdb format. Molecular docking was carried out 

sing AutoDock 4.2.6 [43] . Both the compound and protein were 

onsidered as inputs in the docking study. Polar hydrogen atoms 

ere added. The grid box was set at the active pocket of the en-

yme (Cys145). The box coordinates are: center_x = 6.00 Å, cen- 

er_y = 4.87 Å, and center_z = 17.16 Å. The dimensions of the 

ox is size_x = 25.0 Å, size_y = 25.0 Å and size_z = 25.0 Å. The

umber of conformations generated for the compound is 20 and 

he one with the lowest binding energy was considered as fittest 

onformation and complexed with the enzyme. The complex was 

hen visualized for interactions and binding using USCF Chimera 

.15 [41] and Discovery studio v2021 [44] . 

.7. Molecular dynamics simulation 

Molecular dynamics simulation of the complex is done using an 

ntechamber program of AMBER20 [45] . The topology of the com- 

lex is recorded using the LEAP module. The complex was then 

ubmerged into a TIP3P box and neutralized using 10 Na + ions. 

he complex was energy minimized via 750 steps of the steepest 

escent and 750 steps of conjugate gradient methods. Afterward, 

he system was heated gradually and heated for 50 ps at 300 K. 

his was followed by equilibration for 200 ps. The production run 

as performed for 100 ns using an explicit water model. During 

he process, the long-term interactions were modeled through the 

article-mesh-Ewald method [46] . The hydrogen bonds were con- 

trained using the SHAKE algorithm [47] . The simulation trajecto- 

ies were investigated using the CPPTRAJ module [48] and different 

tatistical plots were generated via XMGRACE [49] . 
4 
Further, intermolecular interaction energies were determined 

sing the MMPBSA.py module of AMBER [50] . For this, 10 0 0 

rames were picked from the simulation and analyzed via 

MPB/GBSA equation [51] . 

. Results and discussion 

.1. Description of the crystal structure 

The asymmetric unit consists of two independent molecules 

M1 and M2; Fig. 1 ) which differ in conformation in several 

ays. The naphthyl groups are not planar with dihedral angles 

etween the constituent planes of 2.11(5) and 4.32(12) ° in M1 

nd M2 respectively. Most notably, the dihedral angle between the 

ean planes defined by C1/C2/C3/C8/C9/C10 and by O2/C14/N1/N2 

s 50.09(11) ° in M1 but the angle between the correspond- 

ng O3/C36/N3/N4 and C23/C24/C25/C30/C31/C32 planes in M2 is 

9.96(17) °. Finally, the dihedral angle between the O2/C14/N1/N2 

nd C17 ···C22 mean planes in M1 is 50.85(8) ° while that be- 

ween the O3/C36/N3/N4 and C39 ···C44 mean planes in M2 is 

6.50(18) °. The two independent molecules are connected by a 

24—H24 ···Cg3 interaction ( Table 2 and Fig. 1 ). In the crystal, N1—

1 ···O3, N3—H3 ···O1, and C38—H38A ···O1 hydrogen bonds connect 

airs of molecules which are then joined into helical chains ex- 

ending along the b-axis direction by the C24—H24 ···Cg3 interac- 

ions ( Table 2 and Fig. 2 ). These units are connected by C21—

21 ···Cg5 and C33—H33C ···Cg1 interactions to form the final 3-D 

tructure ( Table 2 and Fig. 3 ). 

.2. The Hirshfeld analysis of the title compound 

The standard resolution molecular Hirshfeld surface (d norm 

) of 

he title compound was depicted in Fig. 4 . The surface is shown as 

ransparent so the molecular moiety can be visualized in a similar 

rientation for all of the structures around which they were calcu- 

ated. The 3D d norm 

surface can be used to identify very close in- 

ermolecular interactions. The value of d norm 

is negative (positive) 

hen intermolecular contacts are shorter (longer) than the van der 

aals radii. The d norm 

value is mapped onto the Hirshfeld surface 

ith red, white, or blue colors. The red regions represent closer 

ontacts with a negative d norm 

value while the blue regions rep- 

esent longer contacts with a positive d norm 

value. Moreover, the 

hite regions represent contacts equal to the van der Waals sepa- 

ation and have a d norm 

value of zero. The previous studies about 

elated nitrogenated species showed that they might have H ···O, 

 ···N, and H ···Br hydrogen bonds [ 51–54 ]. In agreement with the 

revious studies, the d norm 

Hirshfled surface of the title compound 

 Fig. 4 (a) and 4(b)) showed there are H ···O, H ···N, and H ···Br hy-

rogen bonds in the title compounds. Moreover, there is not either 

ouching complementary pair of triangles in the shape index sur- 
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Fig. 1. The asymmetric unit with labeling scheme and 50% probability ellipsoids. The C—H ···π (ring) interaction is depicted by a dashed line. 

Fig. 2. A portion of one chain viewed along the c-axis direction with N—H ···O and 

C—H ···O hydrogen bonds depicted, respectively by light blue and black dashed lines. 

The C—H ···π (ring) interactions are depicted by green dashed lines. 

Fig. 3. Packing is viewed along the a-axis direction with intermolecular interactions 

depicted in Fig. 2 . 
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ace or large, green-colored, and flat regions in the curvedness sur- 

ace ( Fig. 4 (c) and 4(d)), which indicates that relevant π-stacking 

nteractions should be very weak in the crystal packing for the title 

ompound, although the spot 5 in Fig. 4 (a) or 4(b) might indicate a 

 ···C contact. The results of the Hirshfeld surfaces are very similar 

o the related nitrogenated species in the previous study [ 52–54 ]. 

o understand the relative importance of these hydrogen bonds, 

e further performed an investigation of the 2D fingerprint plots 

f the title compound. 

The 2D fingerprint plots highlight particular atom pair contacts 

nd enable the separation of contributions from different interac- 

ion types that overlap in the full fingerprint. Using the standard 

.6 - 2.6 view with the de and di distance scales displayed on 

he graph axes and including the reciprocal contacts, we found the 

ost important interaction involving hydrogen in the title com- 

ound was the H ···H contact among all the studied compounds. 

.3. The Energy Framework 

The energy framework of the titled compounds was summa- 

ized in Table 3 , Table 4 , and Fig. 5 , Fig. 6 . As listed in Table 3 ,

nd Fig. 6 , the crystal packing for the title compound is mainly 

ontributed by the dispersion interactions among molecules. It is 

n agreement with the previous studies about the related nitro- 

enated derivatives [ 52–55 ]. The previous studies about the related 

itrogenated derivatives also showed that E_dis was the most im- 

ortant contributor to E_tot although the central molecule might 

orm hydrogen bonds with its neighboring molecules. 

.4. The DFT studies of the title compounds 

To rationalize the relationship between the intrinsic electronic 

roperties and the chemical reactivities (biological activities) of the 

itle compounds, a gas-phase DFT study was performed utilizing 

he B3LYP functional. The B3LYP-optimized geometry of the title 

ompound was depicted in Fig. 7 . 
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Fig. 4. The Hirshfeld surface (a) dnorm (red: negative, white: zero, blue: positive; scale: -0.5615 ∼1.6157), (b) dnorm rotated by 180 °, (c) shape index (scale: -1.0 0 0 0 ∼1.0 0 0 0), 

(d) curvedness (scale: -4.0 0 0 0 ∼0.40 0 0) of the title compound. 

Table 3 

The energy framework of the title compounds (energy in kJ/mol and R in Å). 

N 

a Symop R b Electron Density E_ele E_pol E_dis E_rep E_tot 

0 -x, y + 1/2, -z 9.32 B3LYP/6-31G(d,p) -1.9 -0.7 -19.4 6.8 -15.1 

1 - 9.95 B3LYP/6-31G(d,p) 0.0 nan 0.0 0.0 nan 

0 x, y, z 10.52 B3LYP/6-31G(d,p) 0.0 0.0 0.0 0.0 0.0 

0 - 10.73 B3LYP/6-31G(d,p) 0.0 -0.0 -0.0 0.0 0.0 

0 - 14.24 B3LYP/6-31G(d,p) -0.0 -0.0 -0.0 0.0 -0.0 

0 - 9.05 B3LYP/6-31G(d,p) 0.0 -0.0 -0.2 0.0 -0.2 

0 -x, y + 1/2, -z 11.48 B3LYP/6-31G(d,p) 0.0 -0.0 -0.0 0.0 0.0 

0 -x, y + 1/2, -z 7.26 B3LYP/6-31G(d,p) 0.0 -0.0 -0.0 0.0 0.0 

0 - 5.35 B3LYP/6-31G(d,p) -0.4 -0.1 -0.8 0.0 -1.2 

0 - 5.66 B3LYP/6-31G(d,p) -1.9 -0.7 -19.4 6.8 -15.1 

0 - 10.61 B3LYP/6-31G(d,p) -1.9 -0.7 -19.4 6.8 -15.1 

0 x, y, z 10.52 B3LYP/6-31G(d,p) -3.5 -0.9 -19.1 17.0 -10.5 

0 - 14.02 B3LYP/6-31G(d,p) -0.1 -0.0 -0.1 0.0 -0.2 

0 - 10.82 B3LYP/6-31G(d,p) -0.4 -0.7 -10.5 0.0 -10.2 

a N refers to several molecules with R. 
b R is the distance between molecular centroids (mean atomic position). 

Table 4 

The scale factor for CE-B3YLP model energies with B3LYP/6-31G(d,p) monomer electron densities. 

Energy Model k_ele k_pol k_disp k_rep 

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities 1.057 0.740 0.871 0.618 

6 
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Fig. 5. The 2D fingerprint plot of the title compound is (a) full, (b) resolved by the H ···Br contacts, (c) resolved by the H ···O contacts, and (d) resolved by the H ···N contacts, 

and (e) resolved by the H ···H contacts. 

7
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Fig. 6. The energy framework of the title compound (a) Coulomb energy, (b) dispersion energy, (c) total energy, and (d) total energy (annotated). tube size: 60, and cutoff: 

5.00 kJ/mol). 
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The important aspect of the frontier molecular orbital theory is 

he focus on the highest occupied and lowest unoccupied molecu- 

ar orbitals (HOMO and LUMO). Instead of thinking about the to- 

al electron density as a nucleophile, the localization of the HOMO 

rbital should be considered because electrons from this orbital 

ave the most chance to participate in the nucleophilic attack, 

hile a site where the lowest unoccupied orbital is localized is a 

ood electrophilic site. The frontier molecular orbitals of the title 

ompounds were further investigated in this study. As depicted in 

ig. 8 , there is a significant charge transfer if the transition from 

OMO to LUMO occurs. 

Molecular electrostatic potentials (MEPs) are fundamental mea- 

ures of the interaction strength of the nearby charges, nuclei, and 

lectrons at a particular position and thus enabling us to visu- 

lize the charge distribution and charge-related characteristics of 

olecules. To make data of the electrostatic potential easy to in- 

erpret, a visual representation with a chromatogram is used. Gen- 

rally, red represents the lowest electrostatic potential value and 

ay be attacked by electrophiles. On the contrary, blue represents 

he highest electrostatic potential value and may be attacked by 

ucleophiles. The full density matrix is used to generate the total 

ensity of the title compound and the resulting MEP is mapped 

n its surface. As depicted in Fig. 9 , the oxygen atoms in the ti-

le compound are responsible for the nucleophilic attack because 

hey have larger electronegativities than the other elements in the 

tudied compound. 
8 
.5. The result of the NBO analysis 

The relative strength of the hydrogen bonds in the studied com- 

ounds could also be investigated by the second-order perturba- 

ion theory. As a hydrogen bond forms, there should be an or- 

ital interaction between the nonbonding orbital of the hydrogen- 

onded acceptor (n A ) and the antibonding orbital of the H-Donor 

ond ( σ H-D 
∗). The bond strength or bond order of the H-D bond 

hould be thus weakened (decreased) due to such orbital inter- 

ction. In our previous study, the aforementioned orbital interac- 

ion was utilized to investigate the strongest hydrogen bond among 

everal heterocyclic rings [ 56–58 ]. In this study, the correlation be- 

ween the orbital interaction of n A with σ H-D 
∗ and the strength 

f a hydrogen bond is investigated to see whether or not such or- 

ital interaction is a useful indicator for hydrogen bonds. There- 

ore, the interaction between a lone pair and the X-H antibonding 

rbital is summarized in Table 5 . It is noteworthy that the inter- 

ctions with interaction energy larger than 10 kcal/mol are listed 

n Table 5 . The detailed NBO results about the interaction between 

 nonbonding orbital and an antibonding orbital are provided as 

he supporting information. As expected, the bromine and oxygen 

tom has three and two lone pairs, respectively. In this study, the 

hree lone pairs of Br are symbolized as LP, LP’ and LP”. Similarly, 

he two lone pairs of O are symbolized as LP, and LP’. Interestingly, 

he lone pair on nitrogen doesn’t show an orbital interaction with 

n interaction strength larger than 10 kcal/mol no matter with N4 
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Fig. 7. The B3LYP-optimized geometry of the title compound (bond lengths in Å). 

Fig. 8. The HOMO and LUMO of the studied compound (the isovalue = 0.02 a.u.). 

Table 5 

The NBO results of the title compound. 

The type of n A 

The electron configuration 

of n A 

The type of orbital 

interaction 

The interaction 

energy (in 

kcal/mol) b 
The occupancy of 

σ H-X 
∗

The bond order of 

σ H-X 
c 

LP(O2) a 

s(58.95%)p(41.04%)d(0.02%) 

LP(O2) 

- σ ∗(C45-H46) a 
21.56 0.01405 0.7943 

LP’’(Br1) a s(0.00%)p(99.98%)d(0.02%) LP’’(Br1) 

- σ ∗(C45-H46) a 
20.96 0.01405 0.7943 

LP’(O3) a s(0.00%)p(99.96%)d(0.04%) LP’(O3) 

- σ ∗(C45-H46) a 
19.17 0.01405 0.7943 

a Please see the atomic designations in Fig. 7 . 
b The interaction energy was calculated based on the second-order perturbation theory. 
c The listed values were the atom-atom overlap-weighted NAO bond order. 

a

t

a

k

a

o

p

f

e

a

t

t

nd N6 (please see the atomic designation in Fig. 7 ). Concerning 

he same antibonding orbital, σ ∗(C45-H46), the lone pair on N4 

nd N6 show an interaction strength of 1.59 kcal/mol and 1.98 

cal/mol, respectively. As listed in Table 5 , the strongest interaction 

mong the whole molecule is an interaction between a lone pair 

f oxygen and an antibonding C-H orbital. However, from a distant 
9 
erspective, both O2 and O3 have a long distance and should not 

orm a hydrogen bond with the C45-H46 bond. The NBO analysis 

xamines all possible interactions between filled Lewis-type NBOs 

nd empty non-Lewis NBOs in the idealized Lewis structure. It es- 

imates their interaction energies by the second-order perturbation 

heory. Since these interactions will cause the decrease in the oc- 
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Fig. 9. The MEP of the studied compound (the isovalue = 0.0 0 04 a.u). 
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upancy of the filled NBOs and the increase in the occupancy of 

he empty non-Lewis orbitals, it thus makes the studied compound 

hows a departure from the idealized Lewis structure description. 

he resulting structure should be referred to as a delocalization 

orrection to the zeroth-order natural Lewis structure. Accordingly, 

f one considers both the strength of the interaction between the 

 A and σ H-D 
∗ orbitals and the distance of the two orbitals, there 

hould be a C-H ···Br hydrogen bond in the title compound. 

.6. The QTAIM study 

Under the condition that the Poincare-Hopf relationship is sat- 

sfied, the calculated BCP has a total of 105. There are 48, 52, 5, 

nd 0 for the (3,-3), (3,-1), (3, + 1), (3, + 3) BCP, respectively. As de-

icted in Fig. 10 , the (3,-3) BCP corresponds to the atomic nuclei. 

xcept for the BCP numbered 63 and 81, the remaining (3,-1) BCPs 

orrespond to the midpoint of the bond between the two nuclei. 

he (3, + 1) BCPs numbered 75, 84, and 93 are the center of the

hree aromatic rings. However, the BCPs numbered 63, 65, and 81 

re not between a hydrogen atom and a hydrogen-bonded accep- 

or. The electron density and the Laplacian of electron density of 

he (3, + 1) BCP named 77 are 0.002 a.u. and 0.007 a.u., respectively.

ccording to the aforementioned criteria about hydrogen bonding, 

he BCP designated as 77 should not indicate that there is an in- 

ramolecular hydrogen bond in the title compound. Although the 

BO analysis and QTAIM study have already been used as power- 

ul tools to investigate intra- or intermolecular hydrogen bonding 

f several systems [ 54,59–63 ], they seemed not to be suitable to 

escribe the intramolecular hydrogen bonds among the title com- 

ound in this study. 

.7. Molecular docking 

In this phase, the first molecular docking study was conducted 

o determine compound binding with the main protease enzyme. 

he binding affinity of the compound for the enzyme is -8.1 

cal/mol, in contrast, to control with a binding energy of -10.21 

cal/mol. The compound interacts with the active pocket of the 

nzyme and interacts with several key residues ( Fig. 10 ). The 2- 

ethoxynaphthalene of the compound was the major contribut- 

ng chemical moiety responsible for hydrogen bonding with His31 
10 
nd Cys145. Both these residues are critical in substrate bind- 

ng and blocking both these are curtail from a drug design point 

f view. The ( E )-1-((1-(4-bromophenyl)vinyl)diazenyl)prop-2-en-1- 

ne is mainly involved in hydrophobic interactions with residues: 

et49, Asn142, His164, Met165, Glu166, Leu167, Arg188, Gln189, 

nd Thr190. 

.8. Molecular dynamics simulation 

The structural dynamics stability of the complex was evaluated 

sing a molecular dynamics simulation study. The analysis was run 

n duplicates to make sure accuracy of the results as shown in 

ig. 11 . The first statistical test performed on the complex trajec- 

ories is the root mean square deviation to superimpose all simu- 

ation frames on the docked complex. As can be seen in Fig. 11 A,

he system remained quite stable during simulation time with no 

ajor structural fluctuation noted. The run_1 and run _2 simula- 

ions complete each other very well and demonstrate the overall 

ood stability of the complex. The mean RMSD in Run_1 is 1.6 Å 

hile that in Run_2 is 1.56 Å. Next, a root means square fluctua- 

ion (RMSF) analysis was undertaken ( Fig. 11 B). A similar trend as 

hat of RMSD was noticed. Despite few fluctuations at the N and 

-terminal, most of the residues of the enzyme in particular active 

ocket residues are quite stable and enjoy the presence of a com- 

ound at the substrate-binding site. The mean RMSF of Run_1 is 

.3 Å while that for Run_2, it is 1.25 Å. Fig. 12 

.9. Binding free energy (MM-GBSA) calculations 

MMPB \ GBSA binding free energies were also estimated for the 

omplex. The net binding energy for the complex predicted by 

MGBSA is -37.41 kcal/mol while in MMPBSA the net binding en- 

rgy of the complex is -40.5 kcal/mol. Both the methods revealed 

he formation of strong interactions between the enzyme and com- 

ound. In particular, the van der Waals energy is dominating over- 

ll binding energy in both methods, followed by a favorable con- 

ribution from electrostatic energy. The polar solvation energy is 

ess contributes to the complex formation while non-polar solva- 

ion energy positively. The different binding energies of the com- 

lex are tabulated in Table 6 . 
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Fig. 10. The (3,-3), (3,-1), and (3, + 1) BCPs of the title compound. 

11 
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Fig. 10. Continued 

Fig. 11. Molecular docking of the compound with SARS-CoV-2 main protease and intermolecular binding interactions. 

Fig. 12. Molecular dynamics simulation of the complex. A. RMSD and B. RMSF. 

12 
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Table 6 

Binding energies result in the complex. The values are reported in 

kcal/mol. 

Energy Parameter Value 

MMGBSA 

Van der Waals Energy -32.41 

Electrostatic Energy -20.38 

Polar Solvation Energy 28.77 

Non-polar Solvation Energy -13.39 

Delta Gas-Phase Energy -52.79 

Delta Solvation Energy 15.38 

Delta Total -37.41 

MMPBSA 

Van der Waals Energy -32.41 

Electrostatic Energy -20.38 

Polar Solvation Energy 23.39 

Non-polar Solvation Energy -11.10 

Delta Gas-Phase Energy -52.79 

Delta Solvation Energy 12.29 

Delta Total -40.5 
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. Conclusion 

Computer-aided drug design methods like molecular docking, 

olecular dynamics simulation, and binding free energy methods 

ere used that predicted the compound strong binding with the 

ARS-CoV-2 main protease enzyme. The results found the com- 

ounds might serve as a good lead for future structure optimiza- 

ion. To obtain a structure-activity relationship, the DFT optimiza- 

ion and NBO analysis were thus performed to study the intrin- 

ic electronic properties of the title compound. Although the MEP 

f the title compound derived from the gas-phase DFT optimiza- 

ion showed that the oxygen atom of the carbonyl group in the 

itle compound should be the most negative site among the whole 

olecule, the result of the docking study showed that the oxy- 

en atom of the carbonyl group in the title compound doesn’t in- 

olve its binding concerning the SARS-CoV-2 main protease en- 

yme. This can be rationalized by the fact that the electrostatic 

nteraction is not the major factor in the interaction between the 

itle compound and the other molecule. Based on the result of 

he free energy calculation, the major factor in its interaction with 

he SARS-CoV-2 main protease enzyme is the van der Waals in- 

eraction. In agreement with the result of the free energy calcu- 

ation, the energy framework showed the interaction between the 

itle compound and the other molecules is mainly contributed by 

he dispersion interaction. Based on the energy framework analy- 

is, the term E_dis is the most important contributor to E_tot al- 

hough the central molecule forms hydrogen bonds with its neigh- 

oring molecules; which is similar to the previous studies about 

he related nitrogenated species. Although the NBO analysis and 

TAIM study have already been used as powerful tools to investi- 

ate intra- or intermolecular hydrogen bonding of several systems, 

hey seemed not to be suitable to describe the intramolecular hy- 

rogen bonds among the title compound in this study. Moreover, 

he Hirshfeld surface analysis shows that the π ···π stacking does 

ot play an important role in the crystal packing of the title com- 

ound; which is also similar to the related nitrogenated species in 

he previous studies. 
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