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Introduction
The persistence of the COVID-19 pandemic for over 
24 months is a crucial issue, especially as it still causes death, 
respiratory issues, and affects the world’s economy. The pan-
demic caused by a virus (severe acute respiratory syndrome 
corona virus [SARS-CoV-2]), which belongs to the family β-
Coronaviridae, as of March 29, 2023, has led to the death of 6.8 
million individuals with more than 761 million cases of 
COVID-19 reported globally.1,2 Considering the debilitating 
effect of the pandemic, numerous studies have been carried out 
to develop effective antiviral agents against SARS-CoV-2.

Among the potential targets for antiviral drugs, viral pro-
teases have received considerable attention. Proteases have 
proven effective in combating diseases such as HIV, Ebola, and 
Hepatitis C.3 Studies have unveiled the crucial role of the main 
protease (Mpro) in the replication of SARS-CoV-2.4-6 Mpro 
plays a vital role in activating functional and non-structural 
proteins necessary for viral replication. By cleaving viral poly-
proteins at specific sites, Mpro releases individual viral proteins 
required for replication and assembly of new viral particles.7,8 
Due to its significance in the viral life cycle, Mpro has become 
a primary target for drug development to treat COVID-19. 
Inhibiting Mpro’s activity with small molecule inhibitors or 

other therapeutic agents has the potential to disrupt viral repli-
cation and mitigate the severity of COVID-19 symptoms.9-11

To gain insight into the interaction between a ligand and a 
protein, particularly in drug discovery, molecular docking is 
employed.12,13 It provides valuable predictions regarding the 
most probable binding mode of a compound with a protein.14 
Combined with ADMET properties, molecular docking can 
offer useful insights into the drug-like properties of compounds 
and the biochemical pathways and molecular mechanisms of 
drug-protein interactions.15-18 In addition, density functional 
theory (DFT) studies have been used to investigate the selec-
tivity, reactivity, and electronic effects of ligands and potential 
drug candidates.19,20 This technique plays a crucial role in 
understanding ligand properties, reaction mechanisms, and 
predicting experimental phenomena, thus contributing to drug 
discovery efforts.21

Hydrazones which are synthetically produced by the reac-
tion between hydrazides and carbonyl compounds have shown 
interesting properties and versatile behaviour.22 Hydrazones 
are azomethines containing a triatomic group >C = N–N<. 
They differ from other members of this class (the imines and 
oximes) by the presence of two interlinked nitrogen atoms.23 
Hydrazones have a wide application as they are employed in 

Investigation of Methyl-5-(pentan-3-yloxy)-7-
oxabicyclo[4.1.0]hept-3-ene-3-carboxyhydrazide 
Derivatives as Potential Inhibitors of COVID-19 Main 
Protease: DFT and Molecular Docking Study

Olawale Folorunso Akinyele1, Emmanuel Gabriel Fakola1,  
Omolara Olubunmi Adeboye2 and Sunday Chimela Chinuomah1

1Department of Chemistry, Obafemi Awolowo University, Ile-Ife, Nigeria. 2Department of 
Chemistry, Emmanuel Alayande College of Education, Oyo, Nigeria.

ABSTRACT: The search for effective therapeutics to combat COVID-19 has led to the exploration of the biological activity of numerous com-
pounds. In this study, hydrazones derived from oseltamivir intermediate, methyl 5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxylate 
have been investigated for their potential as drug candidates against the COVID-19 virus using computational methods, including density func-
tional theory (DFT) studies, molecular docking, and absorption, distribution, metabolism, excretion and toxicity (ADMET) analysis. The DFT stud-
ies provide information on the electronic properties of the compounds while the molecular docking results using AutoDock reported the binding 
energies between the main protease of COVID-19 and the compounds. The DFT results revealed that the energy gap of the compounds ranged 
from 4.32 to 5.82 eV while compound HC had the highest energy gap (5.82 eV) and chemical potential (2.90 eV). The electrophilicity index values 
of the 11 compounds ranged from 2.49 to 3.86, thus they were classified as strong electrophiles. The molecular electrostatic potential (MESP) 
revealed electron-rich and electron-deficient regions of the compounds. The docking results reveal that all the compounds had better docking 
scores than remdesivir and chloroquine, frontline drugs employed in combating COVID-19, with HC having the best docking score of -6.5. The 
results were visualized using Discovery studio, which revealed hydrogen bonding, pi-alkyl interaction, alkyl interaction, salt bridge interaction, 
halogen interaction as being responsible for the docking scores. The drug-likeness results showed that the compounds qualify as oral drug 
candidates as none of them violated Vebers and Lipinski’s rule. Thus, they could serve as potential inhibitors of COVID-19.

KeywORDS: Hydrazones, main protease inhibitors, oseltamivir, density functional theory, molecular docking

ReCeIVeD: January 31, 2023. ACCePTeD: May 27, 2023.

TyPe: Original Research Article

FunDIng: The author(s) received no financial support for the research, authorship, and/or 
publication of this article.

DeClARATIOn OF COnFlICTIng InTeReSTS: The author(s) declared no potential 
conflicts of interest with respect to the research, authorship, and/or publication of this 
article.

CORReSPOnDIng AuTHOR: Emmanuel Gabriel Fakola, Department of Chemistry, 
Obafemi Awolowo University, Ile-Ife, Osun State, Nigeria.  Email: emmseg98@yahoo.com

1182050 BBI0010.1177/11779322231182050Bioinformatics and Biology InsightsAkinyele et al
research-article2023

https://uk.sagepub.com/en-gb/journals-permissions
mailto:emmseg98@yahoo.com


2 Bioinformatics and Biology Insights 

drug design, coordination chemistry, catalysis, and the syn-
thetic formation of heterocyclic compounds. Hydrazones have 
been extensively studied for a long time due to their desirable 
characteristics, which include ease of preparation, increased 
hydrolytic stability in relation to imines and the tendency to 
form crystals.24 Several hydrazides and hydrazones are used as 
drugs, while some have been reported to possess drug-like and 
medicinal properties such as antioxidant, anticancer, antibacte-
rial, and antiviral activities.25,26 These properties have sparked 
an interest in the further exploration of hydrazones as effective 
antiviral agents for tackling COVID-19.

Ostelamivir is a neuraminidase inhibitor. It was approved in 
1999 by the US Food and Drug Administration (FDA) and is 
employed in treating influenza A and B.27 Oseltamivir was first 
linked to the coronavirus during the break out of atypical 
pneumonia caused by acute respiratory syndrome. A study 
showed that the active site of the spike 1 protein of SARS 
resembles that of neuraminidase. This suggests that inhibitors 
of neuraminidase might be effective in treating SARS-CoV-2. 
Although no clinical data are yet to establish the effectiveness 
of oseltamivir towards coronaviruses, studies have shown that 
hydrazone derivatives of compounds can possess interesting 
inhibitory activities towards coronaviruses especially as 
oseltamivir is used to treat viral-related issues.28,29

Hydrazones are a highly versatile chemical moiety that can 
be modified in a number of ways to produce analogs with 
improved pharmacological properties.30 The presence of the 
hydrazone functional group allows for the formation of various 
types of covalent and non-covalent interactions with target 
biomolecules, such as enzymes and receptors, which can lead to 
the modulation of their activity.31 This is of great interest in 
combating COVID-19, given that one of the key challenges in 
developing drugs against COVID-19 is the high rate of muta-
tion of the SARS-CoV-2 virus, which can lead to the emer-
gence of new variants that may be more resistant to existing 
treatments.32,33

The ease with which hydrazones can be synthesized and 
modified makes them an attractive target for drug develop-
ment. Various substitutions on the aromatic or aliphatic rings 

of the hydrazones can significantly alter their physicochemical 
properties, such as lipophilicity, solubility, and bioavailability, 
which can affect their pharmacokinetic and pharmacodynamic 
properties.26 Moreover, hydrazones can also be modified by 
introducing additional functional groups, such as carbonyl, 
ester, and amide groups, onto the hydrazone moiety.34 These 
modifications can enhance the metabolic stability, water solu-
bility, and permeability of the drug, which can improve its 
pharmacokinetic properties.35,36 The interesting properties of 
hydrazones makes them significant in the development of 
effective drugs against COVID-19. However, there is a paucity 
of data regarding the examination of hydrazones as effective 
therapeutic agents against COVID-19 in the literature. 
Therefore, this study aims to investigate the inhibitory activity 
of hydrazides and hydrazones derived from oseltamivir inter-
mediate, methyl 5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-
3-ene-3-carboxylate, towards the main protease of 
SARS-COV-2 and explore their electronic properties. The 
structures of the oseltamivir intermediate and its carboxyhy-
drazide derivatives are shown in Figure 1.

Chemistry

The proposed method for the synthesis of the compounds is 
thus:

(a)  The derivative of oseltamivir intermediate undergoes a 
condensation reaction to form a hydrazide.

(b)  The hydrazide undergoes a condensation reaction with 
aldehyde and ketones to form hydrazones.

The structure of oseltamivir is shown in Figure 2, while the 
scheme of the reaction is shown in Figure 3.

Experimental
DFT calculations

In this study, we employed DFT, an advanced theoretical chem-
istry approach, to investigate the physicochemical properties of 

HB HC 

N
H

NH2

O

O

O

CH3

HD-HL

N
H

N
C

R1

O

O

R2

O

CH3

O

O

O

O

CH3

Figure 1. Structure of (1S,5S)-ethyl 1-methyl-5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxylate (HB), (1S,5S)-ethyl 1-methyl-5-(pentan-3-

yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxhydrazide (HC) and corresponding hydrazones (HD-HL).
HD–R1 = H, R2 = C6H5; He–R1 = H, R2 = C6H3(OCH3)(OH); HF–R1 = CH3, R2 = C6H5.
Hg–R1 = H, R2 = C6H3(OCH3)(CH3); HH–R1 = H, R2 = C6H4N; HI–R1 = CH3, R2 = C6H4N.
HJ–R1 = H, R2 = C6H3(OCH3)(Cl); HK- R1 = H, R2 = C6H4(OCH3); Hl–R1 = H, R2 = C6H3(OCH3)(F).
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the compounds. Prior to DFT quantum calculations, we first 
conducted a conformer distribution examination on each of the 
compounds using B3LYP hybrid functional methods with the 
6–31G* basis set implemented in Spartan 14 computational 
software.37 We used the most stable conformer for subsequent 
calculations, which was carried out on an HP 2000 Notebook 
computer with an Intel® Core™ i3-3120M CPU @ 2.50 GHz, 
296 GB SSD, and 4.00 GB RAM. Our calculations included 
determining the frontier molecular orbital energies, highest 
occupied molecular orbital energy (EHOMO), and lowest unoc-
cupied molecular orbital energy (ELUMO). These calculations 
were carried out on the gas phase. Quantum parameters such as 
ionization energy (I), electron affinity (A), chemical hardness 
(η), electronic chemical potential (µ), and electronegativity (χ) 
were computed from the frontier molecular orbital energies 
using the following relationships as presented in Equations (1) 
to (7).37-40

 Energygap E E Eg LUMO HOMO( ) = −  (1)

 Ionisation energy I EHOMO( ) = −  (2)

 Electroaffinity A ELUMO( ) = −  (3)

 Electronegativity χ η( ) = −  (4)

      Chemical hardness η( ) = −
1

2
( )E ELUMO HOMO  (5)
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Figure 2. Structure of oseltamivir.
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       Chemical potential µ( ) = +
1

2
( )E EHOMO LUMO

 (6)

 Electrophilicity index ω
µ
η

( ) =
2

2
 (7)

The B3LYP method was used to optimize all of the struc-
tures, and the molecular electrostatic potential (MESP) analy-
sis was generated using Spartan 14 software.41,42

Drug-likeness

To predict the drug-likeness properties of the selected com-
pounds, insilico adsorption, distribution, metabolism, excre-
tion, and toxicity test was carried out using the Swiss ADME 
(http://www.swissadme.ch/).43 Important drug-like parame-
ters such as octanol-water partition coefficient (Log P), molec-
ular weight, number of hydrogen bond acceptors and hydrogen 
bond donors, molecular surface area (PSA), violations to the 
Lipinksi rule, and Veber rules were computed.

Molecular docking

The three-dimensional (3D) crystal structure of the main pro-
tease (Mpro) with PDB 6LU7 was obtained from the protein 
data bank. In the docking study, the protein (PDB 6LU7) was 
considered rigid. Protein preparation involved using the Pymol 
software to remove water molecules, ions, cofactors, and co-
crystallized ligands. In addition, charges and hydrogen were 
added to the protein using the MGL tool 1.5.2. To validate the 
docking protocol, the co-crystallized ligand was re-docked into 
the binding pocket of 6LU7 using PyRx 0.840, and the RMSD 
value between the co-crystallized ligand and the re-docked 
ligand was computed.40

Ligand modelling. A total of 10 hydrazones and 1 hydrazide 
were generated using ChemDraw software, and their 3D struc-
tures were obtained using Chem-3D. The ligand structures 
underwent energy minimization using the MMF94x force 
field in the PyRx 0.8 tool, specifically the Open Babel plugin 

http://www.swissadme.ch/
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tool and were subsequently saved in PDB format for subse-
quent docking analyses.40

To carry out molecular docking, the energy of the com-
pounds was minimized under MMFF94x force field employ-
ing the steepest descent method for 200 steps with a step size 
of 0.02 and converted from PDB open babel programme in 
PyRx 0.8 software. Next, the grid box size was set at 25 Å and 
centre at X = −25.9959 Å, Y = 12.5892 Å, and Z = 59.1535 Å for 
the main protease (Mpro). Molecular docking was performed 
to exhaustiveness of 50 using the AutoDock Vina tool in PyRx 
0.8.37. Results were obtained with the lowest RMSD value 
and best binding energy. Later on, interactions like hydrogen 
bond, hydrophobic, and pi were chosen and analysed using 
Discovery studio visualizer 2020.

Results and Discussion
Molecular docking

The docking results for the 11 compounds reveal that the 
binding affinity for the compounds ranges from −5.3 to −6.5. 
The binding affinity follows the trend HC > HF > HI > HE 
> HG > HJ > HK > HL > HD > HH > HB. Several interac-
tions were responsible for the docking results. These interac-
tions included hydrogen bonding, pi-alkyl interaction, alkyl 
interaction, salt bridge interaction, halogen interaction, and 
other interactions. All of the compounds except HB had better 
docking scores than remdesivir and chloroquine, frontline drug 
candidates for combating COVID-19. HB interacts with the 
protein via a carbon hydrogen bond with ASP 153 and an alkyl 
bond with ILE106. HC with the best docking score formed 
hydrogen bonds with GLN 110, THR 111, ASN 151, and 
THR 292. It also interacted with ASP 295 and PHE 294 via a 
salt bridge and a pi-alkyl bond respectively. HD and HE like 
HC interacted with ASN 151 via a hydrogen bond. However, 

HD interacted with VAL 104 through an alkyl bond while HE 
interacted with PHE 294 through a pi-alkyl bond. Two hydro-
gen bonds between HF and ASN 151 and GLN 110 as well as 
alkyl interaction were responsible for its relatively high dock-
ing. HG interacts with PHE 294 and VAL 104 through a pi-
sigma bond and pi-alkyl bond respectively. HH interacts with 
ASN 151 and THR 111 via hydrogen bonds. It interacts with 
PHE 294 and VAL 104 via a pi-sigma and alkyl bond. HI 
bond to GLN 110, SER 158 and ILE 152 through hydrogen 
bonds. In addition, HI interact with ASP 153, VAL 104 and 
PHE 294 through a pi-anion, alkyl and pi-pi stacked interac-
tion. HJ interacts with SER158 through a hydrogen bond and 
interacts with PHE 294 and VAL 104 through a pi-alkyl inter-
action. HK interacted with ASN 151 via a hydrogen bond, 
with VAL 104 through an alkyl interaction and ASP 153 
through an attractive charge interaction. HL interacted with 
ASN 151 through a hydrogen bond. It also interacted with 
PHE 294 through a pi-sigma interaction. Furthermore, it 
interacted with ILE 106 and ARG 105 through halogen inter-
action. These interactions are listed and shown in Table 1. The 
visualizations of the interaction are shown in Figure 4.

The findings of this study align with previous research con-
ducted by Indu et al. in 2020. The antiviral compounds assessed in 
that study: raltegravir, indinavir, tipranavir, dolutegravir, and etra-
virine interacted with amino acids such as VAL 104, ARG 105, 
ILE 106, GLN 107, VAL 108, GLN 110, THR 111, GLN-127, 
LYS 137, GLY 138, ASN 151, ILE 152, ASP 153, SER 158, 
THR 292, PHE 294, and ASP 295.44 Many of these interactions 
were similar to those observed in this study. Shehzadi et al45 also 
reported hydrophobic interactions between nonanoic acid and 
methyl ester, methanolic extracts of Jacquemontii Blume and sev-
eral amino acids, including PHE 294, THR 111, ASN 151, ILE 
106, VAL 104, ARG 105, and ASP 295. These amino acids were 
significantly responsible for the docking scores reported in this 

Table 1. Docking scores of the compounds and interacting amino acids.

COMpOUNDS DOCkING SCORE INTERACTING AMINO ACIDS

HB −5.3 ILE106, ASp 153

HC −6.5 GLN 110, THR111, ASN151, THR292, pHE294

HD −5.8 ASN151, VAL 104

HE −6.0 ASN151, ASp153, pHE 294

HF −6.1 GLN 110, VAL104, ASN151

HG −5.9 pHE294, VAL104, ASN 151, THR111

HH −5.6 GLN 110, ASN151, THR292, pHE294, ASp 153, ILE152, VAL 104

HI −6.1 GLN 110, pHE294, ASp 153, ILE152, VAL 104, SER 158

HJ −5.9 pHE 294, ASp 153, SER 158, VAL 104

Hk −5.9 VAL104, ARG, ASN 151, ASp153

Chloroquine −5.2 pHE 294

Remdesivir −5.4 GLY 138, LYS 137
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COMPOUNDS INTERACTING 
AMINO ACIDS

HB ILE106, ASP 153

HC GLN 110, 
THR111, 
ASN151, 
THR292, 
PHE294

HD ASN151, VAL 
104

HE ASN151, 
ASP153, PHE 
294

HF GLN 110, 
VAL104, 
ASN151

HG PHE 294, 
VAL104, ASN 
151, THR111

HH SER 158, VAL 
104, THR 111, 
ASN 151, PHE 
294

Figure 4. (Conitnued)
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HI GLN 110, 
PHE294, ASP 
153, ILE152, 
VAL 104, SER 
158

HJ PHE 294, ASP 
153, SER 158, 
VAL 104

HK VAL104, ASN 
151, ASP153

HL ASP 153, ASN 
151, PHE 294, 
ARG 105, ILE 
106

CHLOROQUINE PHE 294

Remdesivir GLY 138, LYS 
137

Figure 4. Interaction diagrams of amino acid residues of 6LU7and (1S,5S)-ethyl 1-methyl-5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxylate 

(HB), (1S,5S)-ethyl 1-methyl-5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxhydrazide (HC), corresponding hydrazones (HD-HL), chloroquine, 

and remdesivir.
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study. In terms of inhibitory potential against SARS-Cov-2 pro-
tease, HC demonstrated a better docking score than a hydrazone-
pyridine compound named 3-chloro-2-{(2E)-2-[1-(4chloro 
phenyl)ethylidene]hydrazinyl}pyridine (-6.4).46 Furthermore, all 
of the compounds, except for HB, had better docking scores than 
remdesivir and chloroquine, frontline drug candidates for combat-
ing COVID-19.

Quantum chemical calculations

The HOMO (highest occupied molecular orbital) and LUMO 
(lowest unoccupied molecular orbital), otherwise known as 
frontier orbitals in the frontier molecular orbital theory, are the 
most important orbitals in a molecule. They determine the 
mode of interaction between a molecule with other species. In 
addition to this, they provide information on the reactivity as 
well as stability of specific regions of the molecule. Figure 5 
shows the HOMO and LUMO of the compounds (HB – HL). 
The blue and red regions indicates regions of electron density. 
Specifically the blue represents positive values of the orbitals, 
whereas the red region represents negative values of the orbit-
als.47 The blue regions in DFT studies represent areas of high 
electron density, which are important for studying molecular 
binding and interactions in drug discovery. Positive-valued 
orbitals indicate electron-rich sites that can facilitate favoura-
ble electrostatic interactions like hydrogen bonding or ionic 
interactions, influencing binding affinity and drug potency. 
Conversely, the red regions correspond to negative-valued 
orbitals, which inform about areas of lower electron density. 
These regions are relevant for studying hydrophobic interac-
tions and can indicate potential binding pockets in the target 
protein, impacting nonpolar interactions, lipophilicity, and 
membrane permeability of drug candidates.48,49 By considering 
the positive and negative values of orbitals in DFT studies, 
drug discovery researchers can gain insights into the electronic 
properties of drug molecules and their interactions with target 
proteins. This information can help in rational drug design, 
lead optimization, and predicting the pharmacological activity 
and potency of potential drug candidates.

In terms of molecular orbital energies, EHOMO is the highest 
occupied orbital energy and ELUMO is the lowest unoccupied 
orbital energy. The band gap (Eg) is the name given to the dif-
ference between the HOMO and LUMO. EHOMO is frequently 
linked to a molecule’s ability to donate electrons, whereas 
ELUMO is linked to a molecule’s ability to accept electrons. 
When predicting the chemical reactivity and stability of mol-
ecules, the energy gap (Eg) is crucial. Molecules with large Eg 
are often associated with high chemical stability and low reac-
tivity while molecules with low Eg are associated with low 
chemical stability and high chemical reactivity.50 The energy 
gap of the molecules in this study followed the following order: 
HC > HB > HF > HI > HD > HL > HG > HH > HK > H
E > HJ. Ionization energy (I) is an important chemical 

parameter. It refers to the amount of energy required to eject an 
electron from a molecule. High ionization energy correlates 
with low reactivity and high chemical inertness, while low ioni-
zation energy correlates with high reactivity and low chemical 
inertness.51 The ionization energy of the compounds follows 
the same trend as the energy gap.

Chemical hardness (η) refers to the resistance of a molecule 
to exchange electron density with the environment.38 Molecules 
with high chemical hardness often called hard molecules pos-
sess large energy gaps while molecules with low chemical hard-
ness possess low energy gaps. According to Table 2, HC is the 
hardest molecule, and it possesses the lowest softness while HJ 
is the least hard. The chemical hardness of the molecules fol-
lows the trend: HC > HB > HF > HI > HD > HL > HG > 
HH > HK > HE > HJ.

On the contrary, electronic chemical potential (μ) describes 
the change in a molecule’s energy with regard to the amount of 
electrons at a certain potential.38 It is associated with another 
reactivity descriptor known as the electrophilicity index (ω).38 
The energy stability of a molecule following the acquisition of 
additional electron density from the environment is quantified 
by the electrophilicity index.39 While weak electrophiles have 
low electronic chemical potential and large chemical hardness, 
strong electrophiles have high electronic chemical potential 
and low chemical hardness.38 All the compounds had electro-
philicity index values higher than 0.8; hence, they are likely to 
act as strong electrophiles and display high interaction affinity, 
which may result in increased potential to serve as drug 
candidates.52

The MESP is useful for predicting a molecule’s chemical 
reactivity. It provides a visual expression of the shape, size, and 
potential of the molecules by employing a grading system as a 
plot of electrostatic potential (ESP) over electron density.53 It 
predicts the reactive sites of molecules by providing informa-
tion on their nucleophilic and electrophilic regions. 
Interpretation of MESP results can provide valuable informa-
tion. For example, regions with negative ESP typically indicate 
areas of high electron density, suggesting nucleophilic sites 
capable of participating in chemical reactions. Positive ESP 
regions, on the contrary, often correspond to electrophilic sites 
where electrons are more likely to be attracted, indicating 
potential reaction sites. Furthermore, the analysis of the MESPs 
of compounds can help in understanding molecular interac-
tions, such as hydrogen bonding, pi-stacking, or electrostatic 
interactions between molecules. By comparing the ESP distri-
butions of different molecules, researchers can predict the like-
lihood and strength of intermolecular interaction.54

In the compounds’ MESP analysis, the resulting ESP maps 
exhibited regions with negative ESP, typically depicted as red, 
and regions with positive ESP, often represented as blue. These 
colours help visualize the distribution of electron density and 
the charge distribution within the molecules. As a result, the 
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HJ

HH

HI

HK

HL

Figure 5. (HOMO and LUMO) of (1S,5S)-ethyl 1-methyl-5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxylate (HB), (1S,5S)-ethyl 1-methyl-5-

(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxhydrazide (HC) and corresponding hydrazones (HD-HL). HOMO indicates highest occupied 

molecular orbital; LUMO, lowest unoccupied molecular orbital.

blue regions are likely to be centres for nucleophilic attack 
whereas the red regions are likely to be centres for electrophilic 
attack.55 Oxygen-containing regions within the compounds 
were shown to be electron-rich regions. As a result, they are 
susceptible to hydrogen bonding interactions and electrophilic 
attacks. While aromatic regions and alkyl groups were reported 

to be electron deficient and susceptible to nucleophilic attack. 
Figure 6 shows the MESP of the compounds. The MESP 
analysis of the compounds aligns with the docking results, 
revealing the presence of oxygen-containing electron-rich 
regions that form hydrogen bonding interactions with specific 
protein residues. This observation is supported by 



10 Bioinformatics and Biology Insights 
Ta

b
le

 2
. 

Q
ua

nt
um

 p
ar

am
et

er
s 

of
 th

e 
co

m
po

un
ds

.

C
O

M
p

O
U

N
D

S
E

H
O

M
O
 (

E
V

)
E

LU
M

O
 (

E
V

)
E

G
 (

E
V

)
η 

(E
V

)
χ 

(E
V

)
μ 

(E
V

)
I (

E
V

)
A

 (
E

V
)

ω
 (

E
V

)

H
B

−
6.

67
−1

.0
7

5.
60

2.
8

0
−

2.
80

−
3.

87
6.

67
1.

07
2.

67

H
C

−
6.

72
−

0.
9

0
5.

82
2.

91
−

2.
91

−
3.

81
6.

72
0.

9
0

2.
49

H
D

−
6.

20
−1

.4
3

4.
77

2.
39

−
2.

39
−

3.
82

6.
20

1.
43

3.
05

H
E

−
5.

75
−1

.3
2

4.
43

2.
22

−
2.

22
−

3.
54

5.
75

1.
32

2.
82

H
F

−
6.

19
−1

.1
1

5.
08

2.
54

−
2.

54
−

3.
65

6.
19

1.
11

2.
62

H
G

−
6.

03
−1

.3
4

4.
69

2.
35

−
2.

35
−

3.
69

6.
03

1.
3

4
2.

9
0

H
H

−
6.

59
−1

.9
1

4.
68

2.
3

4
−

2.
3

4
−

4.
25

6.
59

1.
91

3.
86

H
I

−
6.

4
4

−1
.5

7
4.

87
2.

4
4

−
2.

4
4

−
4.

01
6.

4
4

1.
57

3.
29

H
J

−
5.

9
6

−1
.6

4
4.

32
2.

16
−

2.
16

−
3.

8
0

5.
9

6
1.

6
4

3.
3

4

H
k

−
6.

07
−1

.4
2

4.
65

2.
33

−
2.

33
−

3.
75

6.
07

1.
42

3.
02

H
L

−
6.

13
−1

.4
0

4.
73

2.
37

−
2.

37
−

3.
77

6.
13

1.
40

3.
0

0

A
bb

re
vi

at
io

ns
: E

H
O

M
O
, h

ig
he

st
 o

cc
up

ie
d 

m
ol

ec
ul

ar
 o

rb
ita

l e
ne

rg
y;

 E
LU

M
O
, l

ow
es

t u
no

cc
up

ie
d 

m
ol

ec
ul

ar
 o

rb
ita

l e
ne

rg
y.

HD HE

HL

HB HC

HF HG

HH HI

HJ HK

Figure 6. MESp of (1S,5S)-ethyl 1-methyl-5-(pentan-3-yloxy)-7-

oxabicyclo[4.1.0]hept-3-ene-3-carboxylate (HB), (1S,5S)-ethyl 1-methyl-

5-(pentan-3-yloxy)-7-oxabicyclo[4.1.0]hept-3-ene-3-carboxhydrazide 

(HC) and corresponding hydrazones (HD-HL). MESp indicates molecular 

electrostatic potential.

the interaction diagrams, which illustrate the formation of 
hydrogen bonds between the compounds and the identified 
protein residues.

Drug-likeness

The drug-likeness results as shown in Table 3 revealed that 
the 11 compounds displayed acceptable drug-like properties 
as none of them violated Lipinski’s and Veber’s rule. The 
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Lipinski rule of 5 states that drugs that do not violate one of 
the following properties were likely to be potential oral drug 
candidates. These properties include molecular weight ⩽ 500 
Daltons, log p ⩽ 5, hydrogen bond acceptors ⩽ 10 and 
hydrogen bond acceptors donors ⩽5.14,56 In addition, none 
of the compounds violated the Vebers rule, which is used to 
predict the oral bioavailability of a drug. The Vebers rule 
states that compounds with polar surface area ⩽ 140, hydro-
gen bonds ⩽ 12, and rotatable bonds ⩽ 10 are likely to 
exhibit oral bioavailability.57 Gastrointestinal (GI) absorp-
tion is associated with the ability of a potential of a drug 
candidate to be transported into the gastrointestinal tract of 
an individual.58 The results revealed that all the compounds 
displayed high gastrointestinal absorption. The drug-like-
ness results strongly suggest that the compounds are poten-
tial candidates for the inhibition of COVID-19 main 
protease.

Conclusion
The DFT results reveal the electronic properties of the com-
pounds. The energy gap, electronic chemical potential, 
chemical hardness, ionization potential, electronegativity 
and electrophilicity index computed showed that the com-
pounds were strong electrophiles. The docking results 
revealed that the oseltamivir intermediate-based hydrazones 
showed better interaction with the main protease derived 
from the coronavirus. They showed higher docking scores 
than the frontline drugs employed in the treatment of coro-
navirus: chloroquine and remdesivir. The drug-likeness 
results reveal that the compounds were potential drug candi-
dates as none of them violated Vebers and Lipinski’s rule. 
Hence, they qualify as potential inhibitors of COVID-19 
main protease.
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