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      The electrostatic potential (V(r)), the average local ionization energy (I(r)), the relative hardness (ηrel), the electron affinity (EA), the 
ionization potential (IP), the electronegativity (χ), the hardness (η) and the electrophilicity (ω) were tested as theoretical descriptors of the 
reported in-vitro antiviral activities against SARS-CoV-2 for seven different compounds with the same set of controlled variables: 
chloroquine, favipiravir, nafamostat, nitazoxanide, penciclovir, remdesivir, rivabirin,  in order to obtain information about the electronic 
nature of the hosting sites in the virus. Results indicate that the hardness of the studied drugs correlates moderately well with the biological 
activity, which gives some insights to infer in terms of the HSAB principle of Pearson, that the electrostatic interactions must predominate 
in the virus hosting sites and that these areas have low polarizability. When a multiple correlation analysis is performed, the correlation 
improves when the conceptual hardness (η), Vmin, and the molecular volume are considered, which suggests that the interaction of the 
molecules with the preferred hard hosting sites should be negatively affected by the volume of the selected drug and that Vmin contributes to 
the correlation. 
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INTRODUCTION 
 
      In December 2019, a new coronavirus was reported in 
the Wuhan district of Hubei province, China [1]. The 
clinical manifestations observed in the new coronavirus 
(described as SARS-CoV-2), present a wide spectrum of 
symptoms ranging from severe pneumonia, fever, cough, 
dyspnea, acute respiratory stress, multi-organ failure, up to 
death [2]. In February 2020, the WHO decreed the 
pandemic and called the disease caused by SARS-CoV-2 as 
COVID-19 [3]. 
 
*Corresponding author. E-mail: dsantiag@ivic.gob.ve 

 
      The SARS-CoV-2 virus belongs to the Coronaviridae 
family, and the Betacoronavirus genus. The viral particle is 
enveloped and has a ≃30 Kb, non-segmented, positive-
sense single-stranded +ssRNA genome. The genome has 
numerous open reading frames (ORFs), that codes for four 
structural proteins: Spike (S), envelope (E), membrane (M), 
and nucleocapsid (N), and for functional viral enzymes such 
as RNA-dependent RNA polymerase (RdRP) and proteases. 
Additionally, the ssRNA genome codes for 16 accessory 
nonstructural proteins (NSPs) required for viral replication 
and pathogenesis [4]. 
      Since the appearance of COVID-19 in the world, up to 
now, more than 220 million  people  have been  infected, of 
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which more than 4.57 million deaths have been caused [5]. 
The absence of an effective drug has led numerous research 
groups, as well as pharmaceutical companies, have been 
working to find a therapy to either treat the disease and 
control virus replication. A great variety of compounds have 
been reported, among them, commercial drugs with anti-
viral activity and others directed towards other 
microorganisms [6].  
      The targets of action against SARS-CoV-2 virus, both of 
the available drugs and novel drugs, are aimed at 
intervening in the virus-cell interactions that occur during 
the replicative cycle of SARS-CoV-2. The strategies are 1. 
The interaction of the ACE2 receptor with SARS-CoV-2 
spike protein, 2. Avoid virus particles fusion and uncoating 
3. Prevent the primary translation and processing of viral 
polyprotein and 4. Obstruct the synthesis of viral RNA [7]. 
      Theoretical methods and descriptors (e.g. the 
electrostatic potential (V(r)), the average local ionization 
energy, HOMO-LUMO gap, etc.) have been used widely to 
predict and/or explain the behavior of different species and 
could represent a guide to its chemical reactivity [8-11]. In 
an analog way, these theoretical tools were used to predict 
quantitatively the biological activities of potential drugs and 
medications and to propose their mechanisms of action, 
based on the correlations of the theoretical and experimental 
values [12-15]. Despite several computational studies were 
performed on this topic [16-20], few of them provide 
information on the electronic environment of the drug-virus 
interaction sites. For example, Hempel et al. implemented       
a computational methodology where they combined 
molecular dynamics calculations and Markov modeling and 
proposed, based on the average interaction distances of the 
protein and the drugs of interest, that there was a 
relationship between the number of Michaelis complexes 
formed and the inhibitory capacity (IC50) of the drug [20]. 
This relationship is also present with the EC50 reported 
values for both drugs. However, due to the calculation 
methodology selected in this work, information on the 
electronic distribution of the interaction sites of these 
Michaelis complexes formed cannot be obtained, this study 
could be complemented with first-principles calculations 
that would provide this information. The considered drugs 
may have one or more proposed mechanisms of action,        
e.g.   chloroquine  (Interference  in  the  endocytic  pathway,  

 
 
blockade of sialic acid receptors, binding site, and 
prevention of cytokine storm, etc.) [21-23], favipiravir 
(purine analogue) [22,24], nafamostat (inhibition via 
TMPRSS2) [20], nitazoxanide (non-endosomal pathway, 
endosomal pathway, endosome vesicle formation, and 
maturation, Inhibition of 3CLpro or PLpro,  etc. [25-27], 
penciclovir (DNA chain terminator) [27], remdesivir 
(targets the machinery responsible for the replication of the 
viral RNA genome, polymerase stalling) [28,29] and 
rivabirin (inhibition via TMPRSS2 or IMPDH) [30]. 
However, it is also known that although favorable binding 
affinities were observed on these works between drug 
molecules and protein domains, the mechanism of action 
could not be explained by a single domain interaction. That 
is why it is of our interest to determine if there is any 
favorable electronic environment for the interaction of the 
drugs studied, regardless of the mechanism of action of each 
of them. In the present work we will quantify eight different 
theoretical descriptors at HF level: the electrostatic potential 
(V(r)), the average local ionization energy (I(r)), the relative 
hardness (ηrel), the electron affinity (EA), the ionization 
potential (IP), the electronegativity (χ), the hardness (η) and 
the electrophilicity (ω), for a group of seven drugs 
previously studied by Wang et al. (chloroquine, favipiravir, 
nafamostat, nitazoxanide, penciclovir, remdesivir, rivabirin) 
in order to analyze the possible correlation between these 
intrinsic theoretical quantities and the reported in-vitro 
antiviral activities for each compound, which were obtained 
with the same set of controlled variables [31], and to 
retrieve information about the electronic environment of the 
hosting sites in the virus. 
 
Theoretical Methods 
      All calculations and geometry optimizations were 
performed with the Gaussian09 package program using 
HF/6-311++G** [32]. Frequency calculations of all 
structures showed that all frequencies were positive 
indicating that all structures are real minima. The molecular 
electronic density ρ(r) was obtained from the wfn file [32] 

and the V(r) was obtained by using the Gaussian09 utility 
for this purpose.  
      The active sites susceptibility can be quantified by 
determining the minimum and maximum values of V(r). 
These  stationary  points  were   localized  using  a  Newton- 
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Raphson technique [11,33,34]. Bader et al. have proposed 
that the surface of an atom or molecule can reasonably be 
taken to be the 0.001 a.u. (electrons/bohr3) contour of its 
electronic density (van der Waals contour); this typically 
encompasses roughly 98% of its electronic charge and 
stablish a convenient boundary of the outermost (valence) 
shells [35]. Politzer has shown that by computing V(r) over 
this isosurface of ρ(r), the susceptibility of molecules to 
nucleophilic or electrophilic attack can be quantified. 
Mapping on this isosurface the V(r) values onto colors let us 
to identify the host sites in which nucleophiles (most 
positive zone) and electrophiles (most negative zone) should 
interact. A similar mapping methodology can be applied to 
molecules for the I(r) function [36]. 
ρ(r) and I(r) were obtained from the.wfn file [32]. I(r) was 
calculated according to the Eq. (1): 
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Where ρi(r) is the electronic density of the ith molecular 
orbital at the point r, i is the orbital energy, and ρ(r) is the 
total electronic density [8,9]. I(r) could be interpreted as the 
average energy required to remove an electron from the 
point r in the space of an atom or molecule; this 
interpretation invokes Koopmans' theorem, a consequence 
of which is that the ionization energy of an electron can be 
approximated by the absolute value of its Hartree-Fock 
orbital energy or its approximate Kohn-Sham orbital 
energies [37].  It should be noted, however, that the focus is 
on the point in space, whichever electron may happen to be 
there, rather than on a particular molecular orbital [38]. 
The other theoretical descriptors were determined based on 
Koopmans theorem [39]. Knowing the energy of HOMO 
and LUMO orbitals, we can correlate these two values with 
the ionization potential (IP) and with the electron affinity 
(EA) respectively, by: 
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The electronegativity (χ), the hardness (η) and the 
electrophilicity (ω) can be calculated by [40]: 
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RESULTS AND DISCUSSION 
 
      The EC50 index (in μM) is presented in Table 1 as a 
measure of the antiviral activities of the tested drugs  
against COVID-19 in-vitro [31]. The EC50 value is the half-
maximal effective concentration for a given compound and 
while smaller is, the greater biological activity it will have. 
In this table it is clear to see that the compounds activities 
follow the sequence from best to worst: remdesivir > 
chloroquine > nitazoxanide > nafamostat > favipiravir > 
penciclovir > rivabirin.  
 
Table 1. EC50 Calues for the Tested Drugs Against COVID- 
                19 in Vitro 
 

Compound EC50 
(μM) 

Chloroquine 1.13 
Favipiravir 61.88 
Nafamostat 22.50 
Nitazoxanide 2.12 
Penciclovir 95.96 
Remdesivir 0.77 
Rivabirin 109.50 

 
 
Although several conformers were considered for each 
studied compound, only the most stables ones are displayed 
in Fig. 1. Gray, red, blue, yellow, green, light green, orange 
and  white  spheres  represent   carbon,   oxygen,   nitrogen,  
sulphur,  chlorine, fluorine, phosphorous, and hydrogen 
atoms, respectively. Among these structures, there are no 
special issues to report besides the presence of 
intramolecular hydrogen bonds in five of the seven drugs 
(favipiravir, nafamostat, penciclovir, remdesivir, and 
rivabirin).   
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Fig. 1. Optimized geometries of the studied drugs: a)  
           chloroquine, b) favipiravir,  c)  nafamostat, d)  
           nitazoxanide, e) penciclovir, f) remdesivir, g)  

                  rivabirin. 
 
 
      From these optimized structures, we quantified the 
selected theoretical descriptors. The first one is the mapping 
of V(r) over 0.001 a.u. isosurface of electron density for the 
seven compounds which is presented in Fig. 2. The color 
scale follows the crescent order for the energy values: blue, 
green, yellow, and red. In this figure are also displayed the 
V(r) maximum and minimum values for each molecule. The 
most negatives zones for each molecule are located over the 
electronic pairs of the nitrogen and oxygen atoms with 
unsaturated bonds, while the most positives zones are 
located over the acidic hydrogens bonded to nitrogen      
atoms as we should expect. From this figure is clear that 
when the heterogeneous atoms that could  contribute  to the 

 

Compound V(r) Mapping 
V(r) max 

(a.u.) 
V(r) min 

(a.u.) 

Chloroquine 

 

0.064 -0.058 

Favipiravir 

 

0.092 -0.062 

Nafamostat 
 

0.085 -0.070 

Fig. 2. V(r) mapping for the studied compounds. 
 
 

Compound V(r) Mapping 
V(r) 
max 
(a.u.) 

V(r) 
min 

(a.u.) 

Nitazoxanide 

 

0.092 -0.056 

Penciclovir 

 

0.112 -0.095 

Remdesivir 

 

0.095 -0.067 

Rivabirin 

 

0.093 -0.072 

Fig. 2. (Cont.). V(r) mapping for the studied compounds. 
 
 
electrostatic character of the molecule are forming 
intramolecular  hydrogen  bonds,  its  contribution is greatly  
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d) e) 

f) g) 
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reduced. The amount of this type of atom does not imply a 
greater electrostatic contribution either. Penciclovir and 
Remdesivir have the most positive values of the molecules 
set and the most negative values belong to Penciclovir and 
Rivabirin. Based on the Hard-Soft/Acid-Base (HSAB) 
principle of Pearson [41,42], Ayers et al. [43,44] proposed 
that the reactivity of hard molecules (as amines) could be 
described appropriately by V(r) because this quantity is 
associated to its electrostatic character and its low 
polarizability. As the set of molecules studied in this work 
contains halogens, primary and secondary amines, and 
alkoxy groups among others we should, at first look, 
consider it as the hard type and expect the minimum values 
of V(r) could correlate with the reported biological activity. 
However when we analyze the correlation between these 
two quantities the R2 value for the set of molecules is 0.44, 
which is poor.  
      The results for the average local ionization energy 
mapping are presented in Fig. 3. The color scale follows the 
same trend as the one described for V(r). Qualitatively, the 
function distribution over the density isosurface is similar to 
the one of the V(r) mapping for each case, but the 
correlation of the Imin with the EC50 index is considerably 
lower (R2 = 0.06). 
Despite the low correlation of the average local ionization 
energy with the EC50, we tested an approach to chemical 
hardness proposed by Politzer and Murray [45], based on 
this function. They have proposed that the reciprocal of 
polarizability as the measure of the chemical hardness of 
molecules, can be estimated accurately in terms of I(r) and 
their volumes, by means of the following expression [45]: 
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The volume enclosed by the 0.001 density isosurface was 
calculated using the AIM-UC code [46] and is included in 
Table 2 for the studied compounds. With this value and the 
Imin reported, we calculated the ηrel for each molecule  
(Table 2). The correlation of this quantity with the EC50 
index has an R2 value of 0.27, which is better than the one 
obtained for the Imin, but it is still extremely poor. 
      Starting from the HOMO and LUMO values of         
each molecule the rest  of  the  theoretical  descriptors  were 

 
 

Compound I(r) Mapping 
I(r) max 

(a.u.) 
I(r) min 
(a.u.) 

Chloroquine 

 

0.540 0.261 

Favipiravir 

 

0.634 0.347 

Nafamostat 0.598 0.290 

Fig. 3. I(r) mapping for the studied compounds. 
 
 

Compound I(r) Mapping 
I(r) 
max  
(a.u.) 

I(r) 
min 

(a.u.) 

Nitazoxanide 

 

0.591 0.353 

Penciclovir 

 

0.610 0.309 

Remdesivir 

 

0.647 0.333 

Rivabirin 

 

0.628 0.337 

Fig. 3. (Cont.). I(r) mapping for the studied compounds. 
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  Table 2. Molecular   Volume    and   rel   for   the   Set  of  
                  Molecules in Atomics Units 
  

Compound 
Imin 

(a.u.) 
V  

(bohr3) 
rel 

Chloroquine 0.261 2918.65 0.896  10-4 
Favipiravir 0.347 1078.54 3.208  10-4 
Nafamostat 0.290 2835.84 1.024  10-4 
Nitazoxanide 0.353 2205.11 1.607  10-4 
Penciclovir 0.309 2006.19 1.525  10-4 
Remdesivir 0.333 4875.60 0.683  10-4 
Rivabirin 0.337 1876.74 1.856  10-4 

 
 
calculated with formulas (2) to (6). The magnitudes of the 
Ionization Potential (IP), the Electronic Affinity (EA), the 
electronegativity (χ), the conceptual hardness (η) and the 
electrophilicity (ω) are presented in Table 3 together with 
the reported EC50 values and the ones of the V(r) minimum 
(Vmin). All quantities are presented in atomics units of 
energy, excepting the EC50 index which is in μM.  
      The correlation between each theoretical descriptor and 
the EC50 index were studied and the values of R2 are 
presented in Table 4. 
Among the eight descriptors studied, the one which shows 
the best correlation is the conceptual hardness (η). The 
graph for this distribution is presented in Fig. 4. Although 
the value correlation is not well enough to consider it 
acceptable, it could give us some insights into the electronic 
nature of the hosting sites in the virus. According to the 
HSAB  principle, hard  species  will  prefer to  interact  with 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 Table 4. The R2 Value for the  Linear  Correlation  between  
                 each Theoretical Descriptor and the EC50 Index 
 
Theoretical descriptor R2 value 
IP 0.31 
EA 0.36 
χ ~0.00 
η 0.70 
ω 0.05 
Vmin 0.44 
Imin 0.06 
ηrel 0.27 

 
 

 
Fig. 4. Correlation between the EC50 index (μM) and  
           the  conceptual hardness (a.u.) for the studied  

                  compounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Table 3. Theoretical Descriptors Values for the Set of Molecules in Atomics Units. The EC50 Index is also Presented 
 

Compound Vmin Imin ηrel IP EA χ η ω 
EC50 
(μM) 

Chloroquine -0.058 0.261 0.896  10-4 0.303 0.072 0.116 0.188 0.036 1.13 
Favipiravir -0.062 0.347 3.208  10-4 0.357 0.047 0.155 0.202 0.060 61.88 
Nafamostat -0.071 0.290 1.024  10-4 0.302 0.082 0.110 0.192 0.032 22.50 
Nitazoxanide -0.056 0.353 1.607  10-4 0.351 0.032 0.160 0.192 0.066 2.12 
Penciclovir -0.095 0.309 1.525  10-4 0.319 0.100 0.110 0.210 0.029 95.96 
Remdesivir -0.067 0.333 0.683  10-4 0.320 0.079 0.121 0.200 0.036 0.77 
Rivabirin -0.072 0.337 1.856  10-4 0.384 0.109 0.138 0.246 0.038 109.50 
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hard species, in our case the most biologically active 
compounds will interact more effectively in hard zones of 
the virus that is, hosting areas where electrostatic 
interactions should predominate and therefore a In order to 
analyze the influence of the molecular volume in the 
interaction between the virus and the selected drug and to 
determine if there are other variables intervening in the 
correlation with the EC50, we performed a multiple 
correlation analysis. 
From this analysis, we found a better correlation between 
the EC50 values and the rest of the variables. When we 
analyze the contribution that the conceptual hardness (η), 
Vmin, and the molecular volume have on the EC50 
variability, we obtain a correlation with R2 = 0.983 (with a 
Q2 = 0.832). The equation for this model is:  
 
      EC50 (μM) = -284.4-1487.8* (Vmin) + 1293.9* (η) -15.8*  
                             (Volume) 
 
Given the R² value, these 3 variables explain 98% of the 
variability of the dependent variable EC50 (μM). Given the 
p value (p = 0.004) associated with the F statistic calculated 
(56,27), and given the 5% level of significance, the 
information provided by the explanatory variables is 
significantly better than that which could be provided by the 
mean alone. The most influential variable is the conceptual 
hardness (η).  
      This result suggests that the interaction of the molecules 
with the preferred hard hosting sites should be negatively 
affected by the volume of the selected drug. The larger the 
volume, the worse the interaction between the drug and the 
hosting site. On the other hand, it can also be seen that 
Vmin contributes positively to the hardness of the hosting 
site. 
 
CONCLUSIONS  
 
      The structures of seven different compounds 
(chloroquine, favipiravir, nafamostat, nitazoxanide, 
penciclovir, remdesivir, rivabirin) were geometrically 
optimized. From each of these structures, eight theoretical 
descriptors were determined in order to analyze a possible 
correlation between these quantities and the reported         
in-vitro  antiviral  activities  against  SARS-CoV-2.  Results  

 
 
show a poor correlation with the average local ionization 
energy (I(r)), the relative hardness (ηrel), the Ionization 
Potential (IP), the Electronic Affinity (EA), the 
electronegativity (χ), the electrophilicity (ω) and Vmin 
descriptors and a moderate correlation with the hardness (η). 
These results give some insights to infer in terms of the 
HSAB principle of Pearson, that the electrostatic 
interactions must predominate in the virus hosting sites and 
that these areas have low polarizability. The multiple 
correlation analysis performed between the EC50, the 
conceptual hardness, Vmin, and the molecular volume for 
each compound, suggests that the interaction of the 
molecules with the preferred hard hosting sites should be 
negatively affected by the volume of the selected drug and 
that the values of Vmin, which is also associated to the 
hardness, contribute positively to the correlation. 
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