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Abstract

Computational tools in investigating of spectral heterocyclic compounds ranges based on pyrimidine-2-thiones, take
some importance in identifying their molecular and electronic behavior. Some charcoal heterocyclic compounds
were previously synthesized in our laboratory and their experimental results were compared with the computational
evaluation. Computational spectroscopic analytical items (IR, NMR and UV-Vis) were calculated using the more
popular DFT methods and the predicted results were compared with the reported experimental ones. Quantum

and chemical parameters were calculated and molecular electrostatic surface potential (MEP) was studied which
predicted the highly electronic sites around the compounds. Some molecular properties (ionization energy, electron
affinity, energy gap, hardness, electronegativity, electrophilicity index, static dipole moment and average linear polar-
izability) of these Schiff bases which were computed at B3LYP/6-31G(d,p) level in aqueous phase. Benchmark analysis
was performed for three ab initio functionals such B3LYP, BPV86 and B3PW91 methods to explain the data resulted
from NMR spectra. The docking study of some selected previously synthesized compounds was performed using

the viral Mpro enzyme protein in compared to a k36 reference ligand inhibitor. The study indicated the ability of the
synthesized compounds to form H-bond and hydrophobic (VDW, m-alkyl and m-sulfur) interactions with Mpro enzyme

receptor with high inhibition effect of compound L2.
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Introduction

Theoretical computational guides highlight an impor-
tant role in investigating the molecular structure and
electronic properties of a wide range of highly function-
alized systems [1-4]. The detailed computational expe-
rience was taken from using the most advanced wave
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function methods such as the most popular one, density
functional theory (DFT). For highly functionalized sys-
tems such as pyridopyrimidines [1, 2, 4—6] triazole, and
[1-4] tetrazole derivatives, these types of compounds
are interesting for different biological applications such
as anti-microbial and cytotoxic activities [7]. Several
studies are concerned with the causes and solving dif-
ferent types of cancer problems and how to limit their
occurrence. Low molecular weight ligands, such as het-
erocyclic Schiff bases, can interact with protein receptors
demonstrating an effective binding affinity. The docking
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score function in ligand-protein interaction evaluates
several non-covalent interactions [8—10] that may be
considered a weak type compared with covalent bonds.
However, the former type between the ligands and amino
acids of protein gives some interesting information about
regulation and enzyme transformation in bioinformatics
and drug design [11-13]. Other more, most heterocyclic
compound classes have been studied to explore the role
of strong chelating ligands with a variety of transition
metals based on electron-rich sites [14, 15].

To implicate the role of heterocyclic ligands against
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a set of similar functional compounds was
experimentally studied against this severe virus to enrich
and become the main support in investigating a spectral
range of similar compounds [16, 17].

The current study aimed to investigate the geometri-
cal structural, and electronic molecular properties of five
previously synthesized in our laboratory and character-
ized heterocyclic ligand compounds [18]. DFT computa-
tional study can interpret these structures according to
the nature of each branched residue in the parent part.
Electronic circular dichroism can find keywords about
the definition of chiroptical properties and degree of
absolute configuration in solutions, besides the impor-
tance of UV-Vis spectroscopy. Additionally, research-
ers direct their interest to molecular docking studies to
illustrate the binding effect and related it to the experi-
mental biological activities exploring the more potent
ligand effect in treating several intractable diseases. From
the previous experimental work, biological studies were
applied for anticancer activity and exported reliable
results. In this paper, we noticed the important value of
study with the viral enzymes predicting a future posi-
tive inhibition effect. Molecular simulation against SARS
main protease viral enzyme (Mpro) may be helpful as a
point of support in a future experiment comparison. A
spectral series of organic compounds were previously
predicted as a good inhibitor for viral activity especially
SARS-Cov-2 [19, 20]. Several heterocyclic systems play
important role as anti-bacterial, anti- viral, anti-fungal,
anti-tumor, and anti-covid-19 agents as well [21-23].
Coronavirus belongs to the family of viruses having a sin-
gle stranded-RNA genome and capable of causing mild
to severe symptoms of respiratory distress Molecular
dynamic simulation analysis also become a strong sup-
port in evaluating the free energies of binding besides
helpful indices to direct our mind the effective protein
binding sites.

The studied heterocyclic compounds namely arranged
as 6-(1-Methyl-1H-pyrrol-2-yl)-4-thiophen-2-yl-3,4-
dihydro-1H-pyrimidine-2-thione (L1), 6-(1-methyl-1H-
pyrrol-2-yl)-3-phenyl-8-(thiophen-2-yl-2,3-dihydro-
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8H-isoxazolo[5",4":4,5]thiazolo[3,2-a]pyrimidine (L2),
7-(1-Methyl-1H-pyrrol-2-yl)-3-phenyl-5-thiophen-2-yl-
5H-[1,2,4]thiadiazolo[4,5-a]- pyrimidine (L3), 5-Methyl-
2-[4-(1-methyl-1H-pyrrol-2-yl)-6-thiophen-2-yl-1,6-
dihydro-pyrimidin-2-yl]-2,4-dihydro-pyrazol-3-one (L4),
7-(1-Methyl-1H-pyrrol-2-yl)-5-thiophen-2-yl-1,5-dihy-
dro-[1,2,4]triazolo[4,3-a]- pyrimidine (L5).

Method of calculations

Computational study

Computational studies using DFT were applied to a cer-
tain class of non-substituted synthesized heterocyclic
compounds (ligands) L1, L2, L3, L4 and L5, and signifi-
cant optimized geometrical and electronic calculations
were obtained based on density functional theory (DFT)
using (B3LYP) method [24, 25], with the basis set 6-31G
(d,p) using Gaussian 09 software [26] and the calcula-
tions were initiated in presence of ethanol as a solvent.
Geometrical parameters (bond lengths and bond angles)
were calculated for the optimized structures and some
important quantum molecular descriptors were calcu-
lated describing the electronically excited levels of the
system. The charge on each atom was calculated using
natural bond orbital (NBO) analysis. In order to evalu-
ate the important electrophilic and nucleophilic sites for
the optimized structures, MEP analysis was performed.
Also, Avogadro,S software [27] was used to sketch the
ligands structures under theoretical study in addition to
using Gauss view 06 [28] to visualize the optimized struc-
ture as well as the frontier molecular orbitals (FMOs). IR
spectral analysis of the fully optimized heterocyclic com-
pounds were calculated at the same DFT level consider-
ing the scale factor treated for B3LYP functional as the
vibrational data generated without harmonic corrections.
1H, 13C NMR analyses were performed with the method
of Gauge Including Atomic Orbitals (GIAO/DFT) [29].

Time dependent-DFT (TD-DFT) is a widely used
method describing UV/vis spectra corresponding to
the electronic transition states present in different com-
pounds [30].

TD-DFT was performed concerning with the conduc-
tor-like polarizable continuum model (CPCM) in ethanol
as a solvent. Additionally, 'H, '*C NMR spectral analyses
were applied prior optimization using the gauge-includ-
ing-atomic-orbital (GIAO) method.

Molecular docking

Choosing the target protein for antiviral activity based on
the ligand affinity probabilities and competitions between
several docked poses using the suitable docking parame-
ters. 6WTT-macromolecule crystal structure (resolution
2.15 A) was studied by M. Chunlong et al. [31] investi-
gating a series of promising inhibitors to the protein
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activity. The optimized molecules (L1-L5) have been
docked into the active site of Mpro enzyme as a receptor
(6WTT, chain A and B) to study the strength of interac-
tion occurring and to find a theoretical correlation with
their COVID-19 antiviral activity. The antiviral activity
of the reference promising inhibitor GC-376 (also, men-
tioned as K36/PRD_002495 in the dictionary of biologi-
cally interesting molecule reference BIRD https://www.
wwpdb.org/data/bird) was used as a standard for vir-
tual docking analysis. Molecular docking study was per-
formed by the aiding of iGemdock 2.1 software [32]. The
selected target protein was firstly prepared by removing
water molecules, additional ions and ligands not planned
in the study protocol. Polar hydrogens were added to
protein and also Gasteir charges were assigned. Docking
accuracy sittings include genetic algorithms (GA param-
eters) include size of 200 populations and selecting 70
generations with number of solutions equal 2. The ligand
intra-energy is the major contributor of docking score
function that select the binding mode and site of binding
to the protein relative to the promising GC-376 antiviral
activity. GemDock scoring function was applied based
on multi-defined potential energy function deriving the
binding site from the bounded reference ligand and then
make a specific competion with the trained or studied
compounds resulting a more docking accuracy. BIOVIA
Discovery Studio Visualizer v21.1.0 software (http://
www.accelrys.com) and Chimera 1.13.1 [33] which was
used for visualization and specifying the types of non-
bonding interactions originated from the docking tool.
The crystal structure of main protease viral enzyme was
obtained from (PDB) the Protein Data Bank (www.rcsb.
org) considered as a target protein in this study. Molec-
ular dynamic simulation was applied on the current
heterocyclic ligands based on the solvated model TIP3P-
BOX hat refer to transferrable intermolecular potential
of three-point grid box. A step of charge neutralization
followed by energy minimization for the bio-complexed
structure was applied. The five ligands were solvated
based on TIP3PBOX model that refer to transferrable
intermolecular potential of three-point grid box. A step
of charge neutralization followed by energy minimization
for the bio-complexed structure was applied. For each
system, a total 100 ns simulation was achieved.

DFT Results and discussion

Geometrical structures

The molecular optimized structures of the selected our
previously synthesized ligands (L1-L5) were assumed
with labelling of atoms using B3LYP /6-31G (d,p) in etha-
nol as a solvent, as shown in Fig. 1. The optimum bond
lengths and bond angles of the selected ligands are tabu-
lated at Additional file 1: Table S1. Our focus was directed

Page 30f 18

to the substituent attached to the common center (C4)
that can be changed from heterocyclic ligand to other. It
is clear from that in the case of ligand L1, the bond length
of C4-S1 is 1.703 A, which is a value close to the value of
the single bond length, while in case of the ligand L2, the
C4-S1 bond length is 1.875 A also in case of the ligand
L3, the C4-S1 bond length is 1.839 A assured that they
are pure single bonds. C4-N5 and C4-N4 bonds have the
values 1.387 A and 1.364 A for both L4 and L5, respec-
tively. The slight difference may be attributed to the
restricted structure of ligand L5 where C4-N4 is included
in a cyclic five-membered ring while in case of ligand L4,
C4-N5 has the ability of free rotation, that can affect on
the bond length and structure conformation.

Quantum and molecular reactivity study based on TD-SCF
level

Highest and lowest-unoccupied molecular orbitals
(HOMO and LUMO) energies were calculated for the
optimized tested heterocyclic compounds (L1-L5) using
the method of gradient energy analysis in the excited
state applying time-dependent self-consistent field (TD-
SCF) electronically excited level in ethanol as a solvent.
Some of the important reactivity indices were derived
from energy values of HOMO and LUMO such as chemi-
cal hardness (n), ionization potential (I), electron affinity
(A), chemical potential (i) and global chemical softness
(0), total molecular energy (E a.u.) and dipole moment
(D) [34] as shown in Additional file 1: Table S2. These cal-
culated parameters, such as dipole moment (D) can give
information about the ability of charge delocalization on
the molecule in solutions; for example, ligand L1 has a
higher dipole moment (6.85 debye) so that it has a higher
ability to form polar structure, while the less charged
contributing species is represented by ligand L5 with
low dipole moment (3.83 debye). In general, these calcu-
lated parameters play an important role in illustrating the
effect of ligands interaction when undergoing molecu-
lar docking with a binding pocket like COVID-19 Mpro
enzyme [35].

FMOs and NBO

The study of the frontier molecular orbitals (FMOs)
properties of compounds is very important to predict the
reactivity and stability of different molecules. As Fig. 2
illustrates the energy distribution of FMOs for the opti-
mized compounds in ethanol. The energy gap (Eg,p) is a
suitable value discuss how stability of these compounds
reach in solutions. L1 and L2 are predicted to be formed
with Eg,p values of 4.463 eV and 3.075 eV, respectively,
with ease of stable conditions. While L3, L4 and L5
are predicted to be formed with EGAP >6.177 eV and
the time parameter may affect on their formation and


https://www.wwpdb.org/data/bird
https://www.wwpdb.org/data/bird
http://www.accelrys.com
http://www.accelrys.com
http://www.rcsb.org
http://www.rcsb.org

Sayed and Abdelrehim BMC Chemistry (2022) 16:82 Page 4 of 18

T /ctz
& co 1 ¢ \\:15/~
e \Nf/ \12/4 \é / ‘\c1< \ e
/ / Sl 20— 14 ¥ T
[o14 s2 G10— 614 ‘( N—c3 [ S \ 1
| \ ¢ / \ t\c L T / \ & ¢ % N1 N2 /(;11\c 2/4.
ce c2—C3 a/° & I / 1
o« \cs/cs\ P4 r\qz——& ,cw \czz/c 1’ 15—m P ‘t!\cz C3—¢qo
L i‘\ ¢ zn/m\;“\ = { &
N1—C4 e “es B\z B
o \ o ly‘ . /CIG —c7/ P
s1 ¢ \T * \
L1 L2 L3
[ CG\ N5
C/ C7‘/~ ~\N4/ \
\ / I Cc14—©
c C4— i
\c1/ 3\51 s\ 0 \ #
P \ /01 r
T : \?2) 2 0—012/(:1 1\,610/63 7’"‘05 \ca —€
& N4 e Ja\‘ e o s—e
¢ \C14 \Ns \2/ i @ \c ® s1

\ / \cw/"i ¢ /11", T

5 ¢ | cs—e ¢ \
n ‘1\ 5/9"\4:12
o1 ]

L4 L5
Fig. 1 Optimized structures of the selected heterocyclic ligands with DFT/B3LYP/6-31G (d,p) method (pink colored bonds refer to double bonds in
each compound)
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stability. Also, electron delocalization between FMOs in
the studied ligands mainly present on nitrogen atoms,
pentacyclic n-bond of the compounds and thione group
of ligand L1. In conclusion, there is a gradient in the of
energy gap values leading to difference in the compound
chemical reactivity. Figure 3 shows the 2D- scheme of
the studied compounds with charges on each heter-
oatom resulting from the analysis of NBO calculation
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in ethanol. Charge calculations are very useful in pre-
dicting the electron-rich and electron-poor sites in the
molecule that lead to the determination of the electro-
philic and nucleophilic centers of the molecule. In ligand
L1, the higher negative charge on N1, N2 and S1 leads
to act as nucleophilic centers compared with N3 and
S2. Also, in ligand L2 the electronic charge distribution
appears on the 5-membered N3-cyclic ring. In ligand

0.107

N
-0.546

Fig. 3 2D- structure of the studied compounds with charges on each heteroatom using DFT/ B3LYP method
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L3, the electron-rich center present on N1 and N4 of the
5-memebered ring, but not on the S atom which is less
electronegative than nitrogen atom. The electrophilic
centers mainly represent nitrogen atoms in L4 and L5.

Computational comparison for spectroscopic properties

IR spectral analysis

Vibrational IR spectra of the studied ligands were calcu-
lated to ensure their molecular structures.

Quantum mechanical methods are based mainly
on harmonic potentials, there are a step of correction
should be done before comparing the computational with
experimental results. It was approximated that the data
investigated should be multiplied in a scale factor 0.962
to be calibrated with the experimental results (https://
cccbdb.nist.gov/vibscalejust.asp). Table 1 shows the data
corrected with the scale factor specified for B3LYP func-
tional and also present the corresponding experimental
data for each studied ligand. Some characteristic peaks
for the five ligands appeared in Fig. 4. Because ab initio
methods deal with harmonic vibrations without anhar-
monic corrections, the scale factor should be consid-
ered according to the basis set applied. Frequency values
were multiplied in 0.962 and the data were collected at
Table 4 with experimental results. Spectroscopic vibra-
tion of compound L1 shows two bands at 3519 cm™!
and 3497 cm™! which corresponding to NH groups, the
experimental results show the two peaks at 3368 cm ™!,
3243 cm™, this difference may be attributed to the pres-
ence of sulfur atom near NH groups which decrease the
vibrational frequency. Small bands appear at 3140 cm™!
that corresponding to=CH and another band appear at
3041 cm ™! that corresponding to —~C—H alkyl stretching
group. C=C and C=N sharp bands appear at 1561 cm™*
and 1437 cm™, respectively. Experimental IR band of
C=C appear in range (1612-1602) cm ™' and this result
is closer from the theoretical one. In case of compound
L2, a band appears at 3357 cm™! corresponding to NH
group, small bands appear at 3161 cm ™! that correspond-
ing to=CH and another band appear at 2997 cm ™ that
corresponding to —C-H group. C=C and C=N sharp
bands appear at 1597 cm™! and 1581 cm™!, respec-
tively [18]. A sharp band present at 1434 cm™! corre-
sponding to C—O group. For compound L3, small bands
appear at 3161 cm™' that corresponding to=CH and
another band appear at 3030 cm™! that corresponding
to —C—H group. C=N and C=C sharp bands appear
at 1599 cm™! and 1592 cm™}, respectively. Small bands
present at 1432 cm '-1329 cm™! corresponding to
C-N group. C—C group appeared at 1124 cm ™. In case
of compound L4, a small band appears at 3487 cm™!
that corresponding to —NH and another band appear at
3150 cm™! that corresponding to=CH SP? stretching,
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Table 1 Calculated frequencies from B3LYP/6-31(d,P), corrected
values treated with scale factor (0.962), and experimental IR
frequencies

Functional Frequency Frequency x Experimental

group B3LYP/6- scale factor Frequency
31(d,p) (m™)  (em™) (em™)

L1

N-H 3659 and 3634 3519and 3497 3368 and 3243

=C-H 3265 3140 3050

-C-H 3162 3041 2978

Cc=C 1623 1561 1612-1602

C=N 1494 1437 1488

L2

N-H 3490 3357 3225

=C-H 3286 3161 3060

-C-H 3116 2997 2989

C=C 1661 1597 1615-1589

C=N 1644 1581 1619

c-0 1491 1434 1491

L3

=C-H 3286 3161 3058

-C-H 3150 3030 2967

C=N 1663 1599 1624 and 1631

Cc=C 1655 1592 1608-1599

C-N 1489-1382 1432-1329 1490

c-C 1169 1124 1100

L4

N-H 3625 3487 3195

=C-H 3275 3150 3069

-C-H 3168 3047 2988

C=0 1816 1647 1691

C=N 1693 1628 1631,1625

c=cC 1631 1569 1609-1595

C-N 1490-1373 1433-1320 1496

L5

N-H 3705 3564 3275

=C-H 3290 3165 3060-3030

-C-H 3153 3033 2923

C=N 1709 1644 1643,1632

C=C 1650 1587 1611-1594

C-N 1492-1377 1324-1435 1493

the band at 3047 cm ™ that corresponding to —~C—H SP?
alkyl stretching. The band appears at 1647 cm™! is cor-
responding to C=0O group. C=C and C=N sharp bands
appear at 1628 cm™' and 1569 cm™!, respectively. For
compound L5, a small band appears at 3564 cm™! that
corresponding to —NH, small bands appear at 3165 cm™*
that corresponding to=CH and another band appear at
3033 cm ™ that corresponding to -C-H group. C=N and
C=C sharp bands appear at 1644 cm™* and 1587 cm ™,


https://cccbdb.nist.gov/vibscalejust.asp
https://cccbdb.nist.gov/vibscalejust.asp

Sayed and Abdelrehim BMC Chemistry

(2022) 16:82

Page 7 of 18

0 == 0= :
2004 | vyl TSN (S R || SR FRSCRE B |
‘100: N"H \ 400:. . £ V .'C'H, = )
,'1‘ 600 'C‘H ~ 500? N'H ! £ . . ;
5 800! B B0 g Qe
1,00 1,000
5'1,0007 =C-H Tt
120 S
1,400\ Y1400
160 | (a) 1600
TN o U S U SRS | SO S S Y ' 16007 (b)
4000 3500 3000 2500 2000 1500 1,000 500 0 2,000 e T -
Frequency (cm™!) 4000 3500 3000 2500 2000 1500 100 50 0
0-F : : T 0 Frequency (cm™)
1 0 : : ' ;
2004 'C'H i ; 00
w}——SCH - Gl 2004 — et
~ 500:,.,,.,_,,,.,,.,,,,,,,,,,j,,.,.,.,,,,, . ,C:C,.,,,,.,, — " 1 00 ©
5 i C-N w B 400 300 B
g 8004 " c=c | il 18 2 '3 - 0 =Y
o 1,000 4 . L 600 E 600 Y [
Z1.m] 5 o ] £500 @
::1,200_ CiN L 600 Ty
1,4007 g & o
1,6001- o “'1,000_ : ‘ L 700 g
1807 (€) § [ - Mt
] J 1,200 [ a3
4000 3,500 3000 2500 2000 1500 1000 500 0 1400-Y, ; ; ; ; : ; ; { 1,000
Frequency (em ) 4000 3500 3000 2500 2000 1500 1,000 500 0
Frequency (cm™*)
0 o vy r0
ST M
N-H V.CH L200 ©
= 4004 =c_H k300 E
E 600 | 400 &
- 500 o
& b0 [ 600 g
“ 1,000 F700 §
1 [eo0 &
1,2(!0~ (E) -
D e s i oo e T e o e G L1
4,000 3500 3,000 2, 2,000 1, 1,000 500 0
Frequency (cm ')
Fig. 4 Calculated IR spectra of heterocyclic compounds at B3LYP/6-31G (d,p) level where. a compound L1, b compound L2, c compound L3, d
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respectively. Most of computational data evaluated agree
with the experimental results [18].

"H and "3C NMR spectral investigation

Specific NMR spectral method of analysis, GIAO-SCE,
was applied on the optimized B3LYP/ 6-31G (d,p) novel
heterocyclic compounds in DMSO as a solvent. Fig-
ure 5 shows 'H and *C NMR spectral analysis of the
studied heterocyclic compounds. In case of 'H NMR
of L1 ligand, the position of two peaks at 6.64 ppm and
7.55 ppm while experimentally it appears at 8.89 ppm
and 9.78 ppm, the difference may be attributed the sol-
vent effect in formation non covalent bonds with NH.
Also, for H4-pyrolle, its position appears at 7.27 ppm
matching the reported experimental data 7.09 ppm [18].
Pyrimidine and thiophene hydrogens show a similarity

with the experimental as present in the benchmark
Additional file 1: Table S3. With 3C NMR spectral data,
NCH, appeared at 42.97 ppm while the reported experi-
mental value presents at 39.57 ppm. C4 of pyrimidine
appears at 62.67 ppm and experimentally is shown at
65.37 ppm [18]. In case of L2 ligand, H-5 of pyrimidine
appears at 6.62 ppm and this is closer to the experimental
data (6.68 ppm). Also, hydrogens of phenyl ring experi-
mentally range from 7.43 to 8.11 ppm, while B3LYP
estimated the peaks at 7.27-8.05 ppm and these values
matches the reported ones. 3H of NCH, appear as three
peaks at 3.69 ppm, 3.75 ppm, 3.84 ppm 3.91 ppm and
experimentally appear at 3.38 ppm. 3H of pyrrole appear
in the experimental range 6.63 ppm-7.23 ppm and com-
putationally appear at 6.35 ppm, 6.52 ppm, 6.89 ppm. For
13C NMR spectral data, carbon of NCH; give peak at
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43.79 ppm matches with the reported value (45.44 ppm).
Carbon peak of C=N appears at 151.78 ppm and experi-
mentally present at 161.10 ppm. 'H NMR and '*C NMR
spectral analysis of the other L3, L4 and L5 compounds
show different line positions according the environment
surrounded the atoms and most of data are closer to the
reported experimental results [18].

Benchmark "H- and "3C- NMR analysis with different DFT-ab
initio functionals

To estimate the more accurate functional used in struc-
ture description, a comparison was made for some
available functionals such B3LYP, BPV86 and B3PW91
methods. Additional file 1: Table S3 presents in details,
the data of 'H and *C NMR obtained for the five het-
erocyclic compounds by using the three computational
functionals. A helpful investigation to suggest using the
suitable computational method is to estimate the posi-
tion of the peak and determine its chemical shift § (ppm),
then a systematic comparison around the experimental
results was applied. The functionals performed in this
study are B3LYP, BPV86 and B3PW91 methods. The
observed H-NMR data responsible for NH by the three
computational methods is bad estimated as experimen-
tally appeared around 9.98 ppm (i.e. L1) but theoretically
appeared around 6.53 ppm, 6.96 ppm and 8.31 ppm for
B3LYP, BPV86 and B3PW91 methods, respectively. The
best experimentally matching H-NMR values of pyrrole
ring devolved to B3LYP method. Hydrogen of isoxazole
is bad estimated with BPV86 as it appears at 7.27 ppm
while experimentally, appears at 5.83 ppm. Also, 13C
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NMR spectra were obtained and a detailed comparison
can be interpreted from Additional file 1: Table S3. Most
of the data observed from B3LYP match well with experi-
mental results rather than other studied functionals.

UV-Vis electronic spectra using TD-DFT method
The default settings of Gaussian software were performed
for TD-DFT with CPCM solvation model calculations.
The program settings were adjusted for N state = 6 to
analyze of six states. To examine the electronic behav-
ior of studied heterocyclic compounds, UV-visible peaks
were observed for (L1-L5) at maximum wavelengths
between 200 and 400 nm as shown in Fig. 6. In case of
L1, the detailed LOG gaussian file give an imagine about
the first transition which represents a singlet strong
absorption band corresponding to HOMO—-2—LUMO
transition with orbital contribution 61.7 % at Amax =
279.47nm. For L2, the absorption band strongly appears
at Amax = 366.50 nm corresponding to HOMO— LUMO
transition with orbital contribution 67 % For L3, there
are three singlet transitions appeared correspond-
ing to HOMO —LUMO, HOMO—LUMO+1 and
HOMO—-1—LUMO based on n—m* and n—1* electronic
transitions. For L4, one weak and two strong transition
peaks appeared at Amax of 439.27 nm, 349.07 nm and
334.06 nm. These transitions involve HOMO—LUMO,
HOMO—-2—LUMO and HOMO—-1—LUMO based in
n—t* and m—1t* electronic transitions.

In case of L5, there are three transition spectra with
Amax of 336.14 nm, 299.64 nm and 283.21 nm that corre-
sponding to HOMO—LUMO, HOMO —LUMO+1 and
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Fig. 6 UV-Vis and ECD electronic absorption spectra of the studied heterocyclic compounds
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HOMO-1—LUMO based on n—n* and m—m* electronic
transitions. Table 2 shows the detailed UV-Vis electronic
transition spectra with energies and oscillator strength
data. Also, Figure 5 describes several electronic circular
dichroisms (ECD) spectral lines of each studied hetero-
cyclic ligand that give some information about isomerism
and structure transformation. ECD spectra of L1 shows
two strong (+) camphor and one weak (—) estimated iso-
meric camphor. L2 appeared as one (4+) camphor, while
L3 shows (+) and (—) camphor as in case of L5. L4 shows
strong singlet (+) line and a weak singlet (—) line. The
difference in peak position and strength indicates the dif-
ferent molecular configuration structure.

Molecular electrostatic surface potential (MEP)

MEP describes electrostatic potential mapped to the
surface of a constant electron density and mainly used
to predict the relative molecular sites reactivity towards
electrophilic reactions in the studies responsible for bio-
logical recognition and H-bond interactions [36]. Fig-
ure 7 shows the mapped MEP scheme for the studied
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optimized heterocyclic ligands (L1-L5) where the posi-
tive electrostatic surface potential (ESP) corresponds to
the lower electron density regions that colored in blue
while the negative ESP corresponds to the higher elec-
tron density regions that colored in red. In ligand L1,
the red (negative) region is localized on the sulfur atom
(S9) and a slight negative charge on N3 and N5 while the
blue (positive) region appears mainly on the methyl sub-
stituent of azole group. In case of ligand L2, the electron
density centers comprise the azole group and N3 while
the positive site is represented in the phenyl group of the
molecule. The N3 and azole group in ligands L3 and L5,
as well as O37 of ligand L4 are considered as the highly
electronic centers, but there are many positive sites in the
ligands L3, L4 and L5.

The average local ionization energy (ALIE) exports an
important role in describing the electronic surface of
molecules. ALIE is the energy necessary to remove the
electron from a point r in the system. Electrophilic behav-
ior can be shown from the color code evaluated from the
ALIE map in Additional file 1: Fig. S1. The blue color with

Table 2 Excitation energies, maximum wavelengths, oscillator strengths and % orbital contribution for the computationally studied

compounds
Compound Spectral line Excitation energy A, (nm) F Type of transition % Orbital
number (eV) contribution
L1 1 3.883 319.26 0.138 HOMO — LUMO 66.70
2 3.989 31081 0.010 HOMO—1— LUMO 5828
3 4436 27947 0.238 HOMO—-2 — LUMO 61.7
L2 1 3318 518.16 0 HOMO — LUMO 61.04
HOMO—1— LUMO 16.70
2 3.002 412.98 0 HOMO — LUMO 18.00
HOMO—1— LUMO 5836
3 3.383 366.50 0.056 HOMO — LUMO 67.00
HOMO — LUMO+ 2 13.71
L3 1 3497 35453 0.067 HOMO — LUMO 6943
2 3.627 3418 0.025 HOMO—1— LUMO+1 15.11
HOMO — LUMO+1 67.14
3 4.053 30591 0.278 HOMO—1— LUMO 60.82
HOMO—1— LUMO+1 31.70
L4 1 2.822 439.27 0.0006 HOMO — LUMO 70.24
2 3.552 349.07 0.013 HOMO—-1— LUMO 18.00
HOMO—2 — LUMO 49.02
3 371 334.06 0.016 HOMO—-1— LUMO 67.03
HOMO—-2 — LUMO 14.47
L5 1 3.688 336.14 0.019 HOMO — LUMO 67.23
HOMO — LUMO+1 19.04
2 4.137 299.64 0.112 HOMO — LUMO 16.02
HOMO — LUMO +1 65.00
3 4378 283.21 0.269 HOMO—1— LUMO 67.37
HOMO — LUMO +1 13.26
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to blue (highly positive charge value)
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Fig. 7 MESP map of the optimized heterocyclic structures,a L1, b L2, c L3, d L4, e L5, where color mapped from red (highly negative charge value)

cyan points describes the electron rich sites for the stud-
ied systems. Fukui function analysis was performed to
investigate the nucleophilic and electrophilic active sites.
Fukui function with parameters fk~ and fk* can repre-
sent the electron density of HOMO (electrophilic sites)
and LUMO (nucleophilic sites), respectively. Additional
file 1: Tables (S4—S8) shows the values originated from
this analysis. The electrophilic and nucleophilic spots are
marked with bold for the five heterocyclic systems.

Virtual molecular docking results

The strength of interactive poses should be mainly esti-
mated through the type of interaction to form an effec-
tive bio-complexed system [37]. In order to estimate the
most effective inhibitory ligand structure on viral activ-
ity, the total binding energy, H-bond energy and VDW
energy of the studied ligands, in the optimized state,
were calculated as shown in Table 3. Also, A series of
the interacted studied ligands with different types of
amino acids through certain distances compared with
the reference inhibitor k36 ligand was shown in Table 4,
where the interacted reference structure of K36 was pre-
sented in Fig. 8. We conclude from the docking results
that the investigated ligands have closely similar binding
energy except a very slight variation. L2, L3, L5 a high

binding energy (— 98.210 kcal/mol, — 98.678 kcal/mol,
— 98.993 kcal/mol) and as a result have a suitable pre-
dicting binding affinity with Mpro enzyme receptor. As
shown in Fig. 7, the reference ligand k36 interacts with
amino acids of chain A through various types of interac-
tions. For example, PHE.A 140, HIS.A 164, GLU.A 166
and GLN.A 189 are interacting with k36 via conventional
H-bonding, while HIS.A 41, HIS.A 164 and HIS.A 172
via carbon hydrogen bond (i.e. non-conventional bond)
and PRO.A 168 via m-alkyl interaction. Also as shown
in Table 4, ligand L1 (i and il) interacts with GLY.A 143
and HIS.A 164 receptors with H-bonding, while interacts
with HIS.A 41 via m-sulfur interaction, along with the
interaction of Van der Waals with a number of receptor
amino acids. Ligand L2 (ii and iil) interacts with GLU.A
166 via H-bonding while interacts with CYS.A 145 and
MET.A 165 via m-sulfur interaction as well as alkyl and
ni-alkyl, amide- m stacked interactions with PRO.A 168,
THR.A 190 and ALA.A 191. Docking of ligand L3 (iii and
iiil) with Mpro enzyme gives different types of interac-
tions such H-bonding, m-sulfur, alkyl and m-alkyl with
attractive 11 amino acids. The observed interactions of
ligand L4 (iv and iv1l) are H-bonding with GLY.A 143 and
two bonds with GLN.A 189, alkyl, m-alkyl interaction
with HIS.A 41, CYS.A 145, MET.A 165, PRO.A 168 and

Table 3 Molecular docking distribution of the score fitting the optimized heterocyclic with Mpro enzyme (PDB: 6WTT)

Compound Total Binding Energy (kcal/ H-Bond Energy VDW Energy Molecule-
mol) (kcal/mol) (kcal/mol) Solvent
Accessibility
(kcal/mol)
L1 — 73623 —4.109 —69.513 331040
L2 —98.210 — 92210 — 6.00 274713
L3 — 98678 —85.678 —3212 3066.04
L4 — 91403 — 82590 — 8813 2760.89
L5 —98.993 —75.108 — 23.885 272245
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Table 4 i-v: diagrammatic 3D- and 2D-ligand-Mpro interaction in presence of k36 as a reference in the 3D-structure (K36 inhibitor is
represented with purple color), i1-v1: non-covalent interactions of ligand with amino acids of Mpro

No Diagrammatic 3D- and 2D-ligand-Mpro interaction in presence of k36 Non-covalent interactions of ligand with amino acids of Mpro
with non-covalent bond distance values
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Table 4 (continued)

No Diagrammatic 3D- and 2D-ligand-Mpro interaction in presence of k36 Non-covalent interactions of ligand with amino acids of Mpro
with non-covalent bond distance values

L4
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Table 5 H-bond and hydrophobicity of the target Mpro enzyme surface interacted with (a) ligand L1 (b) ligand L2 (c) ligand L3 (d)
ligand L4 (e) ligand L5 (Ligand are represented by thick sticks and amino acids with thin sticks)
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Table 5 (continued)
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Hydrophobicity
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stick structure)

VDW interaction with a number of amino acids. LEU.A
141, GLY.A 143, CYS.A 145 and GLU.A 166 interacts
with ligand L5 (v and v1) via H-bonding, beside a number
of binding sites interact through VDW. As H-bonding
is the strongest non-covalent bond, this type can pre-
dict the effective inhibitors studied besides other attrac-
tive forces. The behavior of most studied compounds
was predicted to act closely inhibited as k36 as the poses
become compatible around the active site.

The docking study through Table 5 illustrates the dif-
ferent types of surface interactions between amino acids
of receptor and the docked heterocyclic ligands, L1-L5,
where the green regions on the surface of protein resi-
dues have the ability to accept hydrogen atom to form
H-bonding means that these sites are electron rich, the
pink-colored protein surface are electron poor, so the
hydrogen atoms can be involved in H-bond with other
electronic rich molecular species. In the case of hydro-
phobic effect, the surface of protein residue is stained
blue which includes a number of hydrophobic interac-
tions between the ligand and the residue represented in
VDW, n-sulfur and m-alkyl bonds, whereas the regions
scaled with brown are less hydrophobic and the probabil-
ity of H-bond formation increase in these regions.

Molecular dynamic simulation (MDS) analysis
Molecular docking accuracy is supported with MDS espe-
cially for compounds computationally studied without

experimental evaluation. The process of dynamic simu-
lation is related to the energy of poses in specific site
with a fixed time. The studied systems were solvated
based on TIP3PBOX model that refer to transferrable
intermolecular potential of three-point grid box. A step
of charge neutralization followed by energy minimiza-
tion for the bio-complexed structure was applied. Bind-
ing affinity of the ligand in the more favorable protein
site is measured according to the period which taken
by the ligand to be fixed with interacted amino acids.
Figure 9 shows the values of potential energy of each
ligand in the final simulation step. The high potential
energy values measure a good fixed ligand—protein
period that allows a collection of interaction types with
higher binding affinity. L5 shows a higher simulation
result depending on the potential energy (272.87 kcal/
mol). Root mean square deviation (RMSD) values
predict the best pose of several ligand conformations
obtained with respect to the position of atoms in the
binding site. As predicted, most effective conforma-
tional poses were generated with RMSD values, 0.529,
0.326, 0.350, 0.437 and 0.154 for L1, L2, L3, L4 and L5,
respectively. These values estimate the inhibitory effect
of L5 compared with other studied ligands. In litera-
ture, RMSD values of small molecules should not be
higher than 1 to achieve an inhibitory effect. So, these
compounds still under the border range for antiviral
consideration. Figure 10 represent the solvated target
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protein interacted with the ligands docked in the effec-
tive binding sites related to the reference inhibitor K36
(green ball and stick structure).

Conclusion

Recently reported class of heterocyclic compounds were
significantly characterized in details according to their
geometrical and electronic framework. The spectral
behavior of the studied pyrimidine-2-thiones based com-
pounds matches the previously published experimen-
tal results and that ensure the best description of these
compounds. Quantum chemical parameters differenti-
ated the reactivity and stability of these heterocyclic sys-
tems through their molecular orbital energies occurred.
Also, MEP analysis described the most electrophilic and
nucleophilic sites present that initiate different reaction
mechanisms in the future. Benchmark analysis was per-
formed on NMR spectra with different computational
functionals and investigated that method B3LYP is best
describe the structure properties. The virtual docking
of some chosen synthesized compounds L1, L2, L3, L4
and L5 was performed with Mpro viral enzyme protein
in comparison with a k36 reference ligand inhibitor. The
study indicated that the chosen compounds had the abil-
ity to form different types of interactions such H-bond
and hydrophobic (VDW, m-alkyl and m-sulfur) interac-
tions with Mpro enzyme receptor. Molecular dynamic
simulation performance supported the molecular dock-
ing results in predicting the effective binding affinity of
heterocyclic compounds.
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