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a b s t r a c t 

We have used bioinformatics to identify drugs for the treatment of COVID-19, using drugs already being 

tested for the treatment as benchmarks like Remdesivir and Chloroquine. Our findings provide further 

support for drugs that are already being explored as therapeutic agents for the treatment of COVID- 

19 and identify promising new targets that merit further investigation. In addition, the epoxidation of 

Parthenolide 1 using peracids, has been scrutinized within the MEDT at the B3LYP/6–311(d,p) computa- 

tional level. DFT results showed a high chemoselectivity on the double bond C 3 = C 4 , in full agreement 

with the experimental outcomes. ELF analysis demonstrated that epoxidation reaction took place through 

a one-step mechanism, in which the formation of the two new C-O single bonds is somewhat asyn- 

chronous. 

© 2021 Published by Elsevier B.V. 
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. Introduction 

Epoxidation is a reaction of both industrial and academic im- 

ortance [1] . The formed epoxides [2–6] represent an extremely 

seful intermediate which could be converted to higher value 

hemical compounds [7] . Moreover, epoxides are present in a large 

ange of natural products [ 8 , 9 ] and biologically active compounds 

10–13] . Epoxides can be accessed in numerous ways, but the most 

ommon method consist the epoxidation of olefins using peracids 

14] . Peracids are widely used for the epoxidation of olefins; owing 

o their high reactivity permit them to be used under relatively 

ild reaction conditions without using any catalyst, the m-CPBA 

eing the most widely used in epoxidation ( Scheme 1 ). 

The interest for the use of oxidizing agents which are safe 

or the environment keeps increasing. Indeed, hydrogen peroxide 
∗ Corresponding authors. 
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H 2 O 2 ) is a very interesting alternative since its secondary decom- 

osition products are water and oxygen. It is less expensive and 

ore accessible than some of the traditional oxidizing agents. Con- 

equently, from both ecological and economical decision, it is en- 

iable to utilize a catalytic epoxidation employing aqueous hydro- 

en peroxide as oxidant, and transition metal complexe as catal- 

sis. The substrate employed such as transition metal complexes 

ecame very attractive technologies and environmentally friendly 

symmetric epoxidation. The current reports have described sev- 

ral remarkable catalytic systems in the presence of hydrogen per- 

xide such as iron [15] , tungsten [16] , vanadium [ 17 , 18 ], Man-

anese [19–21] , bicarbonate [ 22 , 23 ] and dioxolane [24] . Various

heories have been developed to elucidate the molecular mech- 

nism, reactivity and selectivities (regio, chemo and stereo). The 

onding evolution theory (BET) [25] , the conceptual density func- 

ional theory (CDFT) [26] , and the electron localization function 

ELF) method [27] , have presented to scrutinize the reaction mech- 

nism [28] within a current model named a molecular electron 

ensity theory (MEDT) [29] . Our theoretical studies devoted to the 

https://doi.org/10.1016/j.molstruc.2021.130705
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130705&domain=pdf
mailto:elbelghiti10@gmail.com
mailto:zeroualabdellah2@gmail.com
https://doi.org/10.1016/j.molstruc.2021.130705
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Scheme 1. Epoxidation of olefins using peracids. 

Scheme 2. Epoxidation of the starting materials 1. 
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Table 1 

B3LYP/6–31G(d) electronic chemical poten- 

tial μ, chemical hardness η, electrophilic- 

ity ω, nucleophilicity N , in eV, of com- 

pounds 1 , ethaneperoxoic acid (EPA) 2 , and 

m-chloroperbenzoic acid (m-CPBA) 3 . 

System H μ � N 

1 4.86 −3.86 1.53 3.22 

2 7.39 −4.00 1.08 1.83 

3 5.41 −4.36 1.76 2.45 
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poxidation of R-carvone with peracid demonstrate a high chemos- 

lectivity involving the C = C double bond carrying the methyl 

roup and the low diastereoselectivity [30] . 

The many medicinal properties of parthenolides products we 

ave tried to investigate about its efficiency against cancer and 

ARS-CoV-2 by docking protocol, seen that the novo development 

f antivirals in vitro need a very long time-, expensive cost-, and 

ffort-intensive endeavor. 

New double mutant variant discovered in India continues to 

pread around the world, with specialists more than once stress- 

ng the importance of changing our way of life in order to stay safe

31–34] . Thus, in this moment, it is important to generate specific 

ntivirals especially for SARS-CoV-2 [35–38] in very short time by 

esting potential medicinal compounds in silico, seen the increas- 

ng structural data of key proteins [ 39 , 40 ]. 

Molecular docking provides a powerful tool in understanding 

he degree of recognition between the tested compounds and the 

mino acids of the enzyme active site. Throughout the virtual 

creening, the ligand molecules were flexible and macromolecule 

as kept as rigid [33] . 

In this context, we have examined influence of parthenolides 

roducts (4–7) against Coronavirus (Covid-19) using Docking tools 

nd we have also studied the stereoisomerism (parthenolides 2, 3 ) 

gainst cancer ( Fig. 1 ), after a MEDT study toward the epoxidation 

eaction of parthenolide 1 in order to comprehend the formation 

f epoxide compound plus the chemoselectivity ( Scheme 2 ) [41] , 

. Computational methods 

DFT computations were executed employing the B3LYP func- 

ional [ 42 , 43 ] jointly with the 6–311G(d,p) basis set [44] . Opti-

izations were supported out utilizing the Berny analytical gradi- 

nt optimization technique [ 45 , 46 ]. The stationary points were de- 

cribed by frequency calculations so as to confirm that TSs have 

nly one imaginary frequency. The intrinsic reaction coordinates 

47] (IRC) paths were drawn to pattern the energy profiles join- 

ng every TS to the two related minima [ 4 8 , 4 9 ]. The impact of

ichloromethane (DCM) as solvent was considered by full improve- 

ent of the gas stage structures utilizing the polarisable contin- 

um model (PCM) developed by Tomasi’s group [50–53] . Concep- 

ual DFT (CDFT) global reactivity indices [54] and Parr functions 

ere calculated exploiting the equations contributed in reference 

55] . Each calculation was carried out with the Gaussian 09 [56] . 

opological analyses of the ELF were functioned with the TopMod 

ackage using the monodeterminantal wave functions [57] . 
2 
. Results and discussion 

.1. Analysis of the CDFT indices of the reagents 

Numerous studies devoted to organic reactions have shown 

hat the examination of the reactivity indices defined within CDFT 

58] is a powerful tool to understand organic chemical reactivity. 

hus, in order to predict the reactivity of parthenolide 1 in epoxi- 

ation reaction, the global indices gathered in Table 1 , i.e. the elec- 

ronic chemical potential, μ, chemical hardness, η, electrophilicity, 

, and nucleophilicity, N , are analyzed. 

The electrophilicity ω indices of the alkene 1 and 1.53 eV 

hereas the nucleophilicity N indices are 3.22 eV, respectively, 

hese values allow classifying alkene 1 as strong electrophiles 

nd strong nucleophiles within the electrophilicity and the nucle- 

philicity scales [59] . The electrophilicity ω indices of the oxidants 

PA and m-CPBA are 1.08 and 1.76 eV, while the nucleophilicity 

 indices are 1.83 and 2.45 eV, respectively. Thus, the oxidant EPA 

s classified as a moderate electrophile and a marginal nucleophile, 

hile m-CPBA is classified as a strong electrophile and a moderate 

ucleophile. In this epoxidation the alkene 1 will participates as 

ucleophiles and the oxidants EPA and m-CPBA as electrophiles. 

In recent times, the electrophilic P + 
k 

and nucleophilic P −
k 

arr functions have been proposed to examine the local reactivity 

nvolving reactions between a nucleophile/electrophile pair [ 60 , 61 ]. 

herefore, the nucleophilic P −
k 

Parr functions for parthenolide 1 

re analyzed ( Fig. 2 ). 

Examination of the nucleophilic P −
k 

Parr functions of partheno- 

ide 1 shows that the carbons of the double bond C 3 = C 4 ( P −
3 

=
 . 39 and P −

4 
= 0 . 25) are the most nucleophilic centers of this

olecule, note that C 3 = C 4 double bond is multiple more nucle- 

philically activated than the exocyclic double bond C 1 = C 2 ( P 
−
1 

= 

 . 0 07 and P −
2 

= 0 . 0 06 ). This prediction is in good agreement with

he experimental results. 

.2. Energetic study of epoxidation 

.2.1. Energetic study of the epoxidationof parthenolide1 by EPA and 

-CPBA 

Owed to the non-symmetry of parthenolide 1 and peracids ( 2 

nd 3 ), two competitive reaction channels are feasible for the re- 

ction between them. There are related to the two regioisomeric 

pproach modes of the parthenolide relative to the double bond 

 3 = C 4 and double bond C 1 = C 2 . The investigation of the stationary 

oints elaborates in the epoxidation of parthenolide 1 and peracids 

 and 3 shows that these reactions follow a one-step mechanism. 

herefore, the reactions between parthenolide 1 and peracid fol- 

owed by the two TSs for each peracid represented by TS-1, TS- 

, TS-3 , and TS-4 and their corresponding epoxides, Relative en- 

rgies are arranged in Scheme 3 and complete energies data are 

howed in Tables S1. The Gibbs free energies profiles of the reac- 

ion paths associated with the epoxidation reaction of parthenolide 

 and peracid are presented in Fig. 3 , while the complete thermo- 

ynamic data are given in Table S2 in Supplementary Material. 
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Scheme 3. The considered regioisomeric reaction paths associated to the epoxidation of parthenolide 1 using m-CPBA and CH 3 CO 3 H. 

Fig. 1. Parthenolide products 2 and 3 tested against cancer and parthenolide products ( 4 –7 ) tested against coronavirus (COVID-19). 

Fig. 2. Three-dimensional (3D) representations of the Mulliken atomic spin densi- 

ties of radical anion together with the nucleophilic P −
k 

Parr functions of compound 
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The gas phase activation energies associated with the com- 

etitive reactive channels are found in the narrow range of 3.4–

2.4 kcal mol −1 . These epoxidation reactions are strongly exother- 

ic, between 42 and 59 kcal mol −1 . Analysis of these relative en- 

rgies leads to various attractive conclusions: (1) this epoxidation 

eaction presents very low activation energy, evidencing the high 

eactivity of parthenolide 1 with m-CPBA (or CH 3 CO 3 H); (2) this 

poxidation reaction is a very high regioselectivity, as the most 

avourable TS-1 (TS-3) is 7.67 kcal mol −1 (6.79 kcal mol −1 ) higher 

n energy than TS-2 (TS-4); (3) the strong exothermic character of 

his epoxidation reaction makes the formation of epoxides P-1 and 
3 
-2 irreversible. Consequently, the formation of the epoxide P-1 is 

nder kinetic and thermodynamic control. 

In DCM, the activation energies associated with the two com- 

etitive reactive channels are found in the narrow range of 

.7–13.2 kcal mol −1 , these epoxidation reactions being strongly 

xothermic by ca.42–56 kcal mol −1 . Examination of these relative 

nergies conduct to two interesting conclusions: (1) addition of 

olvent effects does not create significant change neither in the ki- 

etics nor in the thermodynamics of the reaction; and (2) while 

he selectivity slightly increases as TS-1is 7.02 kcal/mol higher in 

nergy than TS-2 and solvent effects markedly increase the re- 

ioselectivity as when we use m-CPBA as oxidantTS-3 is 7.32 kcal 

ol −1 higher in energy than TS-4, in equitable agreement with the 

xperimental results [39] . 

The Gibbs free energies profiles of the reaction paths associated 

ith the epoxidation of parthenolide 1 by m-CPBA and CH 3 CO 3 H 

re presented in Fig. 3 . 

Adding the thermal corrections to the total electronic ener- 

ies does not substantially modify the relative enthalpies when 

arthenolide 1 has been oxidized by m-chloroperoxybenzoic acid. 

hile the relative enthalpies decrease by 1,2 kcal mol −1 , the 

xothermic character of the reaction decreases by 3,4 kcal mol −1 . 

hese unappreciable changes do not modify the chemoselectivity 

ound by analysis of the electronic energies. The addition of the 

ntropy contribution to the enthalpies increases the relative Gibbs 

ree energies between 11 and 12 kcal mol −1 as a consequence of 

he unfavorable entropies associated with these bimolecular pro- 

esses, between 40 and 45 cal mol −1 K 

−1 . As a consequence, the 

ctivation Gibbs free energy associated with the most favourable 

ndo reactive channel rises to 17.50 kcal mol −1 . This channel being 

xergonic by 52.28 kcal mol −1 , considering the relative Gibbs free 

nergies of the two competitive TSs, while the endo chemoselectiv- 

ty decreases slightly by 0.69 kcal mol −1 . The gas phase geometries 
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Fig. 3. Gibbs free energy ( �G) profiles in kcal •mol −1 , for the studied reaction paths of the epoxidation of compound 1 using m-CPBA and CH 3 CO 3 H, in the presence of 

dichloromethane (DCM) at 25 °C. 
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f the TSs involved in the competitive reaction channels are given 

n Fig. 4 . At the TS-1 and TS-3 , the lengths of the O–C3 and O–C4

orming bonds are 1.998 and 2.105 Å ( TS-1 ) and 2.052 and 2.271 Å

 TS-3 ), while at the exo TSs, the lengths of the O–C1 and O–C2

orming bonds are 2.193 and 1.886 Å ( TS-2 ) and 2.193 and 1.884 Å

 TS-4 ). Some appealing conclusions can be drawn from these geo- 

etrical parameters: (1) the TSs associated with the channels are 

ore asynchronous than those associated with the exo ones; and 

2) at the TSs associated with the endo channels, the O–C3 bond 

ormation involving the epoxide P-1 is more advanced than the O- 

4 one. 

.2.2. Comparative study between epoxidation of parthenolide1 by 

-CPBA and CH 3 CO 3 H 

According to transition state theory (TST), the second order rate 

onstant (k TST ) at a given temperature (T) can be determined using 

he following equation [ 62 , 63 ]: 

 TST = 

k B T 

h C 0 

e 
−�G # 

RT 

Where k B , h, C 0 , and R denote Boltzmann’s constant, Planck’s 

onstant, standard concentration (1 mol l −1 ), and the universal gas 

onstant R = 1987 cal •K 

−1 •mol −1 , respectively. 

It is considered that K TST (ETPA), the rate constant of the epox- 

dation reaction of parthenolide 1 by CH 3 CO 3 H and K TST (m-CPBA), 

he rate constant epoxidation reaction of 1 using m-CPBA: 

 TST ( ETPA ) = 

k B T 

h C 0 

e 
−�G # ( ETPA ) 

RT 

 TST ( m − CPBA ) = 

k B T 

h C 0 

e 
−�G # ( m −CPBA ) 

RT 

K TST ( ETPA ) 

K TST ( m − CPBA ) 
= 

k B T 
h C 0 

e 
−�G # ( ETPA ) 

RT 

k B T 
h C 0 

e 
−�G # ( m −CPBA ) 

RT 

= e 
�G # ( m −CPBA ) −�G # ( ETPA ) 

RT 

 TST ( ETPA ) = 1 . 6 ∗ K TST ( m − CPBA ) 
4 
This result indicates that the epoxidation reaction rate using 

TPA is greater than the epoxidation rate by m-CPBA, which shows 

hat the use of CH 3 CO 3 H is more effective than m-CPBA and also 

n environmentally friendly oxidant for which ethanoic (or acetic) 

cid is the sole byproduct. 

.3. ELF topological analysis of the C-O bond creation along the 

poxidation reaction of parthenolide 2 by ethaneperoxoic acid 

So as to describe the C-O bond creation in the epoxidation reac- 

ion of parthenolide 1 by ethaneperoxoic acid, a topological investi- 

ation of the ELF along the IRC related with the favourable reaction 

ath was executed. The IRC structures precisely implicated in the 

ormation of the new C–O single bonds were chosen by accom- 

lishing the topological analysis of the ELF for all the structures 

f the IRC having 2.6 > d ( O − C ) > 1.4. The complete ELF analysis

s displayed in ESI, while the attractor positions of the ELF basins 

re presented in Fig. 3 S and ELF localization domains of the struc- 

ures TS-1, VI, VII and X are donated Fig. 5 . Numerous attractive 

onclusions can be tired from this ELF topological analyze: (i) the 

ctivation energy (TS-1 = 17.22 Kcal / mol) allows the O-O bond of 

he peracid to be disrupted, which is involved in the formation of 

he electronic density on the oxygen; (ii) topological analysis of the 

LF of the TS-1 (I) indicates that the formation of the new O-C sin- 

le bonds has not started yet, the only discrepancy is found in the 

1-C4 region and we can note too that the bond O1-H is not yet 

issociate; (iii) construction of the primary O-C single bond takes 

osition at a O-C distance of ca. 1.92 Å, including an initial pop- 

lation of 1.19e, by distributing part of the non-bonding electron 

ensity of the C pseudoradical center; (iv) formation of the another 

-C single bond takes place at a C-O distance of ca. 1.65 Å, with

n primary population of 0.81e, by donating some O oxygen non- 

onding electron density to the C2 carbon ( Fig. 3 S); and at end (v)

aking into description the IRC values of the structures at which 

reation of the two single bonds occurs, i.e. X , the bond formation 

an be considered asynchronous. The creation of another O-C sin- 

le bond started after the formation of the first O-C single bond is 



A. Ouled Aitouna, ME. Belghiti, A. E ̧s me et al. Journal of Molecular Structure 1243 (2021) 130705 

Fig. 4. B3LYP/6–311G(d,p) optimized geometries of the regioisomeric TSs involved 

in the epoxidation of compound 1 by m-CPBA. Values in DCM are given in paren- 

theses. Distances are given in angstroms, Å. 

Fig. 5. B3LYP/6–311G(d,p) ELF localization domains of the structures TS-1, VI, VII 

and X involved in the formation of the two epoxide ring C − O single bonds along 

the favourable reaction path associated with the epoxidation reaction of partheno- 

lide 1 by peracetic acid, represented at an isosurface value of ELF = 0.75;. 
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5 
ompleted via 100%. This conduct describes that this epoxidation 

eactions obtain place through a non-concerted two-stage one-step 

echanism [70] . 

.4. Hirshfeld surface analysis and molecular docking studies 

.4.1. Hirshfeld surface analysis 

The most effective interaction between oxygen (O) and hydro- 

en (H) atoms can be seen as red areas in the Hirshfeld surface 

HS) analysis, which provides a convenient analysis of intermolec- 

lar interactions within a crystal. The Hirshfeld surface is mapped 

sing the normalized contact distance d norm 

, defined in terms of 

 i and d e distances, which represent the distance from the Hirsh- 

eld surface to the nearest nucleus inside and external the surface, 

espectively. All the Hirshfeld surfaces ( d norm 

, shape index, curved- 

ess, and the related two-dimensional (2D) finger print plots) were 

erformed by using the Crystal Explorer 3.1 [54] . H…H (48.3%) 

ontacts summarized in the two-dimensional (2-D) fingerprint plot 

ake the largest contribution to the Hirshfeld surfaces. As seen in 

ig. 6 . Hirshfeld, the O…H (44.1%) interactions occur as two dis- 

inct spikes in the upper right area of the 2-D fingerprint plots. 

he characteristic shape of C…H is similar to ’wings’ as shown in 

ig. 6 . Hirshfeld and the percentage contribution of this contact is 

.0% for the studied compound. 

.4.2. Molecular docking studies against the HEP-G2 human liver 

ancer cell line 

The parthenolide molecule and several structurally related 

nalogs have recently been attributed to having anticancer prop- 

rties [ 64 , 65 ]. Present study provides the influence of the stereos- 

lectivity on anticancer activity for the parent parthenolides (9 α- 

ydroxyparthenolide 2 and 9 β-hydroxyparthenolide 3 ). Molecu- 

ar docking study was carried out to identify the potential bind- 

ng affinities and the mode of interaction of the two partheno- 

ides 2 and 3 against the HEP-G2 human liver cancer cell line 

PDB: 3GCW) because the major application of parthenolide and 

ts derivatives is as an anticancer agent. The minimum binding en- 

rgies, inhibition constants and various parameters of the ligand- 

rotein docking interactions were performed using the Autodock 

ersion 4.2 programs along with the graphical interface Auto Dock 

ools 4 [66] and listed Table 2 . Discovery Studio Visualizer soft- 

are was used to analyze the output of docking process [67] . The 

D and 3D molecular surface maps of the most active compounds 

arthenolide 2 and Parthenolide 3 docking into the 3GCW binding 

ites is shown in Fig. 7 . 

Parthenolide 3 showed conventional hydrogen bond and unfa- 

orable Donor-Donor bond with amino acids TRP428 and ARG319 

hrough the H atom of the hydroxy group, respectively, while 

arthenolide 2 showed one conventional hydrogen bond with 

RP428 amino acid through H atom of the hydroxy group ( Fig. 7 ).

ny unfavorable bond formation between the target protein-ligand 

omplexes affects the activity stability of the drug since such 

onds show a repulsive force between the protein and ligand. The 

esidues TRP428, ARG319 interact well with the Parthenolide 2 and 

arthenolide 3 showing the conventional bond length of 5.4, 1.8 

nd 4.7, 2.8 Å, respectively. The Parthenolide 2 and Parthenolide 

 when docked with the target protein 3GCW showed a binding 

ffinity of −4.54 and −4.94 kcal/mol, respectively. 

.4.3. Molecular docking studies into the active site of the main 

rotease of SARS-CoV-2 

To test Parthenolide 4 -Parthenolide 7 , Remdesivir and Chloro- 

uine compounds as probable targeted therapeutic agents of SARS- 

oV-2, their molecular docking into the active site of the main pro- 

ease (M 

pro ) of SARS-CoV-2: M 

pro is investigated. The intermolecu- 

ar interactions between of the tilted compounds and the active 
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Fig. 6. D Hirshfeld surfaces (Shape index, Curvedness) and 2D- Finger print with d norm surface view of 9b–hydroxy-1b,10a-epoxyparthenolide. 

Fig. 7. The 3D and 2D interactions of Parthenolide 2 and Parthenolide 3 docked with the target protein 3GCW. 

Table 2 

The obtained docking parameters of parthenolides 2 and 3 . 

Protein 

[PDB ID] 

Bonded 

residues 

Bond 

distances ( ̊A) 

Inhibition 

constant ( μM) 

Intermolecular 

energy (kcal/mol) 

Binding energy 

(kcal/mol) 

RMSD ( ̊A) 

2 3 2 3 2 3 2 3 2 3 

3GCW ARG319 1.8 2.3 469.74 239.24 −4.84 −5.24 −4.54 −4.94 11.04 11.29 

ARG319 2.7 2.8 

TRP428 5.4 4.7 
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m

esidues of main protease have been explored using Auto dock 

ackage [66] . The staring geometries of main protease and the 

riginal docked ligand N3 were download from the RCSB data bank 

eb site (PDB code 6LU7) [68] . The re-docking of the original lig- 

nd into the active site of main protease is relatively well repro- 

uced with a RMSD value of 2 Å. Stepwise of molecular docking 

tudy is reported in our previous study [69] . The binding affinity 

f Parthenolide 4 -Parthenolide 7 , Remdesivir and Chloroquine com- 

ounds to active site of the main protease may strongly depend 

n the structural geometry of its basic skeletons, and the presence 

f specific substituted groups and heteroatoms ( Fig. 8 ). In an at- 

empt to determine the role of these parameters, molecular dock- 

ng study has been carried out to determine their binding modes 

f Parthenolide 4 -Parthenolide 7 , Remdesivir and Chloroquine with 

ain protease. Table 3 summarized the calculated binding ener- 

ies of the stable complexes ligand-M 

Pro , number of conventional 

ntermolecular hydrogen bonding established between the docked 

ompounds and the active site residues of main protease. 
6 
All the complexes formed between Parthenolide 4 , Parthenolide 

 , Remdesivir and Chloroquine compounds and the active residues 

f main protease display negative bending energies ( Table 3 ), 

hich may probably indicate their potency to act as SARS-CoV- 

 therapeutic agents. The band energies of the stable complexes 

ange −8.50 to −6.91 kcal. According to molecular docking results 

arthenolide 5 showed highest affinity to the main protease with a 

inding energy of −8.50 kcalmol −1 . Parthenolide 4 and Partheno- 

ide 7 differed by the substituted pyrrolidine, 1-methylpiperazine, 

iperidine and morphine groups at alpha position of dihydro- 

uranone ring ( Fig. 1 ). The highest affinity of Parthenolide 5 is 

ainly referred to the presence of methylpiperazine. Indeed, the 

ethylpiperazine formed three intermolecular carbon hydrogen 

onds with amino acids GLU A166, LEU A167 and PRO A168 of 

istance 3.28, 3.00 and 3.58 ̊A( Fig. 8 ). The Chloroquine showed 

he lowest binding energy with a binding energy of-8.91 kcal 

ol −1 . The low affinity may refer to the absence of strong inter- 

olecular hydrogen bonding between the functional group of the 
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Fig. 8. 3D and 2D closest interactions between active site residues of main protease (M 

Pro ) and compounds Parthenolide 5 , Chloroquine and Remdesivir. 

Table 3 

Docking binding energies, conventional hydrogen bonding and the number of closest residues to the docked compounds into the active site of main protease. 

Compound Free binding energy (kcal/mol) Conventional H-Bonds (HBs) Number of closest residues to the docked ligand in the active site 

Parthenolide 4 −7.12 2 4 

Parthenolide 5 −8.50 1 7 

Parthenolide 6 −7.26 1 5 

Parthenolide 7 −7.02 0 5 

Remdesivir −7.99 1 7 

Chloroquine −6.91 0 5 
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hloroquine and the amino acids of the main protease ( Fig. 8 ). 

emdesivir-M 

Pro showed relatively comparable binding energy to 

he stable one Parthenolide 5 -MPro with a relative energy of 0.5 

calmol −1 . In Remdesivir-M 

Pro , a strong intermolecular hydrogen 

ond was formed between GLU A 166 and lone pair of oxygen 

tom for benzoate of 3.06 Å ( Fig. 8 ). 

The molecular docking results revealed that Remdesivir has 

etter binding affinity with ( −7.99 kcal/mol) than Chloroquine 

 −6.91 kcal/mol). Remdesivir have more a number of residues 

loser to the ligand anchored in the active site than Chloroquine, 

howing that Remdesivir is a potent therapeutic inhibitor against 

019-nCoV than chloroquine. 

. Conclusions 

We performed molecular docking to assess whether or not it 

inds to the target with a high affinity for the SARS-CoV-2 protein. 

ccording to our results, we noticed that the Parthenolide 5 binds 

ith high affinity to the selected target of the viral protein. We 

uggest that this compound could be a potential drug for SARS- 

oV-2. The Parthenolide 5 compound required further cell valida- 

ion and could be a hope for the development of anti-SARS-CoV-2 

herapy. We also performed molecular docking to study partheno- 

ide 2 and parthenolide 3 against the human liver cancer cell line 

EP-G2, our results show that parthenolide 2 has the ability to 

orm a conventional hydrogen bond which has a great importance 

n the stability of the protein-ligand complex with better binding 

ffinity than standard drugs. 

The epoxidation reaction of parthenolide 1 has been investi- 

ated using DFT through density functional theory calculations at 

3LYP/6–311 G (d,p) computation level. The chemoisomeric reac- 
7 
ion pathways associated with this epoxidation have been charac- 

erized and explored [57] . 

Analysis of the CDFT indices accounts for the reactivity of 

arthenolide 1 was classified as a strong nucleophile and a 

arginal electrophile. Analysis of the nucleophilic P −
k 

Parr 

unctions indicated that the endocyclic (C 3 = C 4 ) double bond of 

arthenolide 1 is more nucleophilic than exocyclic double bond 

C 1 = C 1 ). This characteristic explicated for the chemoselectivity and 

synchronicity attained in the C-O bond creation at the most 

avourable TSs associated with the epoxidation reaction, in ad- 

ition, analysis of the Gibbs free energy profiles demonstrated 

hat this reaction presented a high chemoselectivity. This epoxi- 

ation was taken place through a one-step mechanism, in which 

he formation of the two new C-O single bonds was somewhat 

synchronous. The ELF study of the bonding changes along the 

ost favourable reaction path associated with the epoxidation of 

arthenolide 1 , showed that this reaction initiated with the break 

f the labile O - O single bond of peracetic and with the depopu- 

ation of the double bonds of parthenolide 1 . The ensuing break 

f the O - H single bond at the released hydroxyl framework gener- 

ted anionic oxygen which attacks asynchronously the C3 and C4 

arbons of the double bond of parthenolide 1 , producing the for- 

ation of the epoxide P-1 . 
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