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A B S T R A C T

The diverse pyridine analogues have been reported to display a wide range of biological and pharmacological
properties. In our present work, novel 5-methyl-N-(4-methylpyridine -2-yl)-4,5,6,7 tetrahydrothiazolo [5,4-c]
pyridine 2-carbaxamide was synthesized and characterized using various spectroscopic techniques such as
FTIR and UV–visible. The molecule was optimised using Density functional theory (DFT) based B3LYP calcu-
lations with the basis set 6–311 G(d,p). The global reactivity descriptors, HOMO-LUMO orbitals of the molecule
were discussed. To evaluate the chemical reactivity and charge distribution, molecular electrostatic potential was
carried out. Further, Natural bond orbital analysis (NBO) was determined to study the charge delocalization and
hyper conjugative interactions of the molecule. Topological analysis of the compound revealed the information
regarding the various intramolecular interactions. In molecular docking study, the inhibitory potential of the
molecule was evaluated against the E.coli enzymes. The carbonyl group in the compound play a very significant
role in antibacterial activity. To study the behaviour of novel compound in living organism and to calculate the
physiochemical properties, ADMET analysis was carried out using SwissADME tool. Toxicity was determined by
pkCSM online software. Further molecular dynamics studies were performed and the results indicated a good
binding affinity of the ligand with the protein during the simulation period of 50 ns.

1. Introduction

The compounds having the heterocyclic frameworks are found to
have importance in the pharmaceutical fields such as the material sci-
ence, agrochemicals etc. [1–5]. This has led to the synthesis of large
number of the heterocycle containing compounds. Among the various
hetero aromatic architecture, the compounds having the thiazole core
exhibits wide range of applications in diverse fields. The thiazole refers
to the presence of the sulphur and nitrogen atoms in the aromatic ring. It
is found as an essential core scaffold present in many natural and syn-
thetic medicinally important compounds. The thiazole derivatives are
found to have good antimicrobial, antitumor, antibacterial,
anti-turbercular, anti-HIV, anti-inflammatory and analgesic properties
[6–10]. Further, they have been used in agrochemical applications such
as herbicides [11] and insecticide [12]. Additionally, the presence of the
methyl pyridine group, highlights its significance in the area of

medicinal chemistry. Nowadays, medicinal chemists are investigating
newmethods for the synthesis of alternative scaffolds that can be used as
chemotherapeutic agents in the field of medicinal chemistry.
Nitrogen-containing heterocycles are well known for their numerous
biological activities and currently play a pivotal role in drug design and
drug discovery. Among them, pyridine derivative compounds are priv-
ileged pharmacophores that are present in numerous natural products
and are tremendously important in biological systems.

In view of the numerous important biological properties of hetero-
cyclic groups we have synthesized novel synthesized 5-methyl-N-(4-
methylpyridine-2-yl)− 4,5,6,7tetrahydrothiazolo[5,4,c] pyridine 2-car-
baxamide compound and it is characterized by the NMR, UV–Visible
and FTIR spectroscopic techniques. To explore its chemical and elec-
tronic properties we have performed computational studies using den-
sity functional theory. The computational studies were performed using
hybrid density functional method (B3LYP) with 6–311+(d, p) basis set.
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In order to visualize the molecular reactive sites such as electrophilic
and nucleophilic regions the molecular electrostatic potential map
analysis was performed. Further topology analysis were performed to
get deeper insights regarding the intramolecular interactions exhibited
by the compound.

2. Materials and methods

2.1. Experimental details

All the reagents and solvents were purchased from Sigma-Aldrich
and were used without any further purification. The 1H and 13C NMR
were recorded using Bruker spectrometer of 400 and 100 MHz respec-
tively. The signals are abbreviated as follows: s, singlet; d, doublet; t,
triplet; dd, doublet-doublet; m, multiplet. The chemical shifts (δ) were
recorded in parts per million using methanol as internal reference. The
LC-MS spectra were recorded on an Agilent spectrometer. The FT-IR
spectra were recorded in KBr pellets using Perkin Elmer Spectrum
IRES from the frequency range of 450–4000 cm− 1.. UV-visible spectra
were recorded using Perkin Elmer Lambda 35 spectrophotometer with
20 μg mol− 1 concentration. The melting points were determined in an
open capillary tube.

2.2. Density functional theory

As all the physical and chemical properties of the compounds are
related to the electron density distribution, various theoretical studies
are extensively used to analyze this electron density distribution. The
structure of the synthesized compound is drawn and used as input for the
initial approximation to compute the electron wave functions. These
wave functions were analyzed using the density functional theory (DFT)
using B3LYP correlation functional with 6–311G(d,p) basis set. Using
the same level of theory, the geometrical coordinates of the structure
was optimized and the absence of the imaginary frequencies indicated
that the structure has reached the self consistent ground state
configuration.

To get further insight about the electronic properties of the com-
pound, frontier molecular orbitals (HOMO and LUMO), their energy gap
was determined using the Koopman’s approximation. Further, based on
the energy gap various other properties such as the ionization energy,
global hardness, global softness, chemical potential and electronega-
tivity etc. were determined. The molecular electrostatic potential (MEP)
map analysis reveals the charge distribution and predicts the possible
reactive sites exhibited by the compound with the help of the color-
coding ranging from red to dark blue ((nucleophilic regions)
blue>green>yellow>orange>red (electrophilic regions)). To

investigate the delocalization or hyper conjugative interactions of the
compound natural bond orbital (NBO) analysis were performed. All the
calculations were carried out using the Gaussian 16 software [13] and
the results were visualized using Gauss view 6.0 program suite.

2.3. QTAIM

The Quantum theory of atoms in molecules (QTAIM) provides a
significant amount of information regarding the various intra and
intermolecular interactions exhibited by the molecule. The bond critical
point (BCP) associated with the presence of the non-zero electron den-
sity between the two atoms helps to recognize the interatomic in-
teractions based on the strength and nature of hydrogen bonds [14–17].
Various topological parameters such as the electron density (ρ(r)), ki-
netic energy density (G(r)), potential energy density (V(r)), ellipticity (ε)
and energy density (H(r)) at the bond critical points of the compound
were calculated.

Further, the criteria provided by AIM theory offers a basis to
differentiate other interactions from the vander Waal’s interactions. The
interactions can be classified as follows:

(i) for strong H-bonds (∇2ρBCP) < 0, HBCP < 0 and covalent in
nature (ii) for medium H bonds (∇2ρBCP) > 0, HBCP<0 and Partially
covalent in nature (iii) for weak bonds (∇2ρBCP) > 0 and HBCP > 0 and
electrostatic in nature [17].

Topology analysis of electron densities at the BCPs were computed.
Further more, the RDG (Reduced density gradient) based NCI (non co-
valent interactions) analysis was carried out. The 2D scatter plot of the s
(r) against p(r) provides the information about non covalent in-
teractions. The Hessian matrix of electron density assist to distinguish
the interactions as stabilizing (λ2 < 0) or destabilizing (λ2 < 0).

The formation regarding the electron pair density and the orbitals
overlapping owing to the orbital gradient are obtained by the electron
localization function (ELF) and localized orbital locator (LOL) analysis.
All the above analysis were performed using the Multiwfn software [19]
and the visualization of the results were carried out using visual mo-
lecular dynamics (VMD) software [18].

2.4. In-silico molecular docking and molecular dynamics studies

Molecular docking is an effective computational tool to explore the
interaction of the compound with a specific protein to understand its
activity and in the discovery of new drugs for the targeting proteins
[18]. The molecular docking study of the synthesized molecule with E.
coli (PDB:1K2A) were carried out using the MGL tools 1.5.6 with
AutoDockVina software [22,19]. The three-dimensional structure of the
E.coli was downloaded from the protein data bank in PDB format. The

Fig. 1. Synthesis scheme of the novel pyridine derivative.
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protein was pre-processed using the AutoDock Tools to remove the
heteroatoms and water molecules. Further, the polar hydrogen atoms
and Kollman charges were added to the receptor (protein) molecule. The
3D grid was created using AUTOGRID algorithm [20]. The
protein-ligand interactions were visualized and the binding sites were
analyzed using Biovia Discovery Studio software [23]. Further to study
the dynamic stability of the protein ligand complex, molecular dynamics
study was performed using the academic version of Desmondmodules in
Schrodinger 2020–22 suite. The protein 1K2A was prepared using
Schrodinger’s protein preparation wizard, by removing all the water
molecules. Then the inbuilt OPLS3 force field was used to optimize and
remove the steric hindrance of the protein. Further, considering the
periodic boundary to be orthorhombic system the system was inundated
with TIP3P water molecules with a simple point charge. The system is
made neutral by the addition of Na+ ions and salt atoms and the
resulting protein-ligand system is subjected to 50 ns molecular dynamics
simulations with a Marlyna-Tobias Klein barostat and Nose-Hoover

thermostat set to 1 bar and 300 K respectively. The post calculation
analysis of the results and visualization is carried out using the Desmond
based Schrodinger software suite [21,22].

2.5. Drug likeness prediction and ADME analysis

An ideal drug should not only have a good binding interaction with
the target but also need to have good pharmacokinetic properties. Hence
to explore the pharmacokinetic properties of the compounds ADMET
(absorption, distribution, metabolism, excretion and toxicity) analysis
was performed using the Swiss ADME online server [24,25]. The syn-
thesized novel compound was evaluated for its prediction of pharma-
cokinetic properties, drug similarities. The compound is theoretically
evaluated for hydrophilicity, hydrophobicity, solvent accessible surface
area, number of rotatable bonds, donor-hydrogen bonds,
acceptor-hydrogen bonds, blood brain barrier permeability, Caco-2 cell
permeability, human intestinal absorption (HIA), skin permeability to

Table 1
The vibrational assignment of the theoretical spectra using the VEDA software.

Mode number Wavenumber (cm− 1) IR PED
assignments

Mode number Wavenumber (cm− 1) IR PED assignments

1 3801.82 55.07 ν NH (100) 52 1175.17 28.73 νas(NC) (12)
2 3470.46 7.71 ν CH (100) 53 1174.65 2.46 τ HCNC (63)
3 3390.45 23.70 ν CH (99) 54 1165.20 65.25 ν as(NC) (11)
4 3367.87 9.4 ν CH (99) 55 1140.26 14.68 ν as(NC) (11)
5 3281.82 12.37 ν CH (82) 56 1127.28 3.00 ν NC (19)
6 3275.79 19.49 ν CH (82) 57 1120.35 31.12 τ HCCC (54)
7 3271.80 46.61 ν CH (10) 58 1106.44 1.23 ν NC (10)
8 3263.24 12.13 ν CH (84) 59 1089.46 15.48 ν NC (29)
9 3252.18 15.48 ν CH (100) 60 1072.06 6.71 ν CC (16)
10 3239.79 24.89 ν CH (92) 61 1035.05 3.36 ν as(CC) (20)
11 3229.49 25.20 ν CH (80) 62 1027.73 10.42 ν CC (13)
12 3228.99 13.55 ν CH (80) 63 985.55 98.32 τ CNCC (16)
13 3201.98 16.21 ν CH (18) 64 976.80 30.20 δ NCO (31)
14 3138.89 81.55 ν CH (92) 65 943.59 29.83 τ CNCC (33)
15 3124.78 69.09 ν CH (83) 66 911.08 42.27 ν SC (11)
16 3116.23 21.18 ν CH (92) 67 898.07 8.00 τ CCCN (53)
17 1895.26 181.41 ν OH (81) 68 846.69 10.19 ν CC (18)
18 1783.93 3.80 νas(NC) (13) 69 833.15 4.97 □ NC (10)
19 1779.26 76.60 νas(CC) (21) 70 811.57 1.64 ν CC (25)
20 1743.50 498.32 νas(CC) (43) 71 790.45 70.79 τ HNCC (63)
21 1712.56 222.28 ν NC (56) 72 762.91 6.01 OUT CCNC (38)
22 1704.67 186.19 νas(NC) (16) 73 746.41 35.20 δ CCN (10)
23 1688.19 4.34 γ HCH (74) 74 672.92 5.57 τ CNCC (10)
24 1678.63 10.23 δ HCH (59) 75 657.04 1.27 ν CC (10)
25 1669.66 14.24 γ HCH (71) 76 622.01 9.82 ν SC (25)
26 1662.04 8.30 γ HCH (74) 77 593.68 2.64 τ CCNC (46)
27 1657.58 1.41 γ HCH (13) 78 573.13 6.52 ν CC (41)
28 1655.75 42.87 δ HCH (59) 79 534.31 21.33 OUT CCCC (51)
29 1631.12 5.71 δ HCH (80) 80 532.61 4.40 δ CNC (17)
30 1629.12 31.67 δ HNC (13) 81 475.11 3.51 δ CCN (25)
31 1621.50 0.05 δ HCH (84) 82 463.63 1.81 δ CNC (48)
32 1581.09 152.19 δ HCH (86) 83 426.06 0.97 δ CNC (48)
33 1570.41 230.57 ν as(CC) (10) 84 402.62 3.36 δ CCN (13)
34 1549.81 27.92 τ HCNC (12) 85 367.00 2.84 OUT CCNC (47)
35 1523.65 8.68 τ HCCC (51) 86 353.11 10.09 γ CNC (20)
36 1503.35 4.10 τ HCCC (29) 87 347.66 5.07 δ CCC (54)
37 1456.17 277.73 ν as(CC) (11) 88 305.97 4.13 δ CCC (24)
38 1447.92 7.42 γ CNC (15) 89 289.83 7.63 τ CCNC (27)
39 1424.84 1.79 νas(NC) (18) 90 256.91 1.22 τ HCNC (47)
40 1422.04 15.97 γ HCC (15) 91 247.16 2.30 τ HCNC (47)
41 1387.01 29.40 ν CC (30) 92 234.09 0.78 τ CNCC (100)
42 1361.94 155.54 νas(NC) (12) 93 212.66 0.33 □ SC (10)
43 1346.82 80.20 ν NC (14) 94 161.78 3.99 δ CNC (22)
44 1336.84 10.67 δ HCC (16) 95 158.99 2.12 δ CNC (39)
45 1281.39 5.26 ν CC (10) 96 150.35 0.25 δ CNC (39)
46 1276.38 29.02 ν NC (27) 97 104.39 3.34 τ CNCC (65)
47 1270.62 20.44 ν NC (21) 98 72.79 1.52 τ CNCC (46)
48 1266.47 9.20 δ HCH (12) 99 58.87 0.89 δ CCN (69)
49 1236.43 7.95 ν as(CC) (36) 100 39.60 0.12 τ HCCC (87)
50 1223.63 32.76 δ HCH (15) 101 28.11 1.91 τ CNCC (63)
51 1203.83 7.27 νas(CC) (53) 102 12.72 0.02 τ NCCN (80)

Where, ν; stretching, δ; in plane bending, γ; out of plane bending, τ; twisting/torsion, νas; asymmetric stretching.
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predict important properties based on drug discovery and development.

3. Results and discussion

3.1. Synthesis

To a stirred solution of 5-methyl 4,5,6,7-tetrahydrothiazolo [5,4-c]
pyridine-2-carboxylic acid (1.0 eq) in DMF (10 ml) 4-methyl pyridin
2-amine (1.1 eq) was added, and the resultant mixture was stirred at
room temperature for 5 min, then N,N-diisopropylethylamine (DIPEA)
(2.0 eq) is added. The reaction mixture was cooled to 0 ◦C then 1-[Bis
(dimethylamino)methylene]− 1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxide hexafluorophosphate (HATU) (2.0 eq) was added portion wise
and the mixture is stirred at room temperature for 3 h.

The reaction mixture was diluted with ice water. The aqueous layer
was extracted with DCM. The DCM layer was washed with NaHCO3
solution, collected organic layers were dried over anhydrous sodium
sulphate and concentrated under reduced pressure to get crude residue.
The crude residue was purified by column chromatography over Silica
gel (60–120) using 0 to 100% Ethyl acetate with nhexane as an eluent to
get the desired compound which on evaporation gives 72 % yield of
desired compound. The melting point of the compound was determined
using capillary method and it is found to be 182–186 ◦C. The process of
the reaction was monitored using thin layer chromatography (TLC).
Once the reaction is completed, the resultant product is added to the ice
water, filtered and dried to get fine light brown solid (5-methyl-N-(4-
methylpyridine-2-yl)− 4,5,6,7 tetrahydrothiazolo[5,4-c]pyridine 2-car-
baxamide). The Scheme of the synthesis is shown in the Fig. 1.

3.2. Spectroscopic characterizations

1H and 13C NMR analysis
1HNMR (400 MHZ, CDCl3) δppm 1.039-1.106 (6H, s, Ar-CH3, N-

CH3), 2.48 (4H, s), 3.358 (2H, S), 6.112 (1H,Ar-H), 6.267 (1H,Ar-H),
8.250 (1H,Ar-H). 10.5 (1H,2o-NH)

13C NMR (101 MHz, DMSO) δppm 158.771, 156.106, 145.718,
137.131, 134.607, 131.787, 124.464, 123.067, 116.437, 65.433,
60.796, 47.411, 31.490, 22.416.

The presence of 2◦-amide NH is located at 10.5 ppm as singlet in
1HNMR and the highly deshielded carbonyl carbon (C8) adjacent to it

Fig. 2. The ground state structure of the compound optimised at B3LYP level of theory with 6–311G(d,p) basis set.

Table 2
The global quantum chemical parameters of the synthesized
compound.

Parameters Values

ELUM0 (eV)
EHOMO (eV)
Energy gap ΔEg (eV)
Ionization energy (I) (eV)
Electron affinity (A) (eV)
Electronegativity (eV)
Global hardness (eV)
Global softness (eV)− 1

Electrophilicity (ω) (eV)
chemical potential (eV)

-6.325
-1.829
4.496
6.325
1.829
4.077
2.248
0.445
3.697
− 4.077

Fig. 3. Frontier molecular orbital distribution on the synthesized compound.
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appears at 158.77 ppm, 2 methyl groups are appeared as merged in
proton NMR accounting for 6protons, shown as different peaks in the
13CNMR spectrum at 22.416 (C14) ppm and 47.411 ppm (C1), 4
aliphatic protons of fused tetrahydro pyridine appears at 2.48 ppm,
whereas protons attached to C2 appears at slightly upfielded giving
sufficient data for the formation of desired molecule.

The 1H and 13C NMR of the synthesized compound is shown in the
Figs. S1 and S2 respectively.

3.3. FT-IR analysis

FTIR is one of the spectroscopic methods with extensive application
of the identification of the presence of various types of bonds in mole-
cules. The theoretical FTIR calculations were carried out using DFT
B3LYP method 6–311G (d,p) basis set. The FTIR spectra of the synthe-
sized compound were obtained in the range 400–4000 cm− 1.. The
theoretical and experimental FTIR spectra of the titled compound are
shown in the Fig. S3. Further, potential energy distribution (PED)
analysis was performed using VEDA4 program to understand the
contribution of various vibrational modes to the total vibrational en-
ergy. The detailed description of the each of the normal mode [(3N-6),
where N is the number of atoms in the molecule] vibration carried out
for the compound in terms of the potential energy contribution is given
in the Table 1.

The absorption band observed in the region 3584.96 cm− 1 indicates
the N-H stretching modes which is in the range of 3300–3600 cm− 1. The
PED for this mode suggested that it is a pure stretching mode. The C-H
frequencies were found to be in the range between 3100 and 3000 cm− 1

and for our compound the C-H peak corresponds to the wavenumber of
3098.12 cm− 1. The PED analysis for this mode of vibration indicated
that the C-H is exhibiting symmetric stretching vibration. The C=O
stretching vibration of the compound was observed at 1761.68 cm− 1.
The PED analysis suggested that the CH2 exhibited in plane bending at
1678.63 (59 %), 1655.75 (59 %), 1631.12 (80 %), 1621.50 (84 %) and
1581.09 (86 %). Further the out of plane vibrations of the CH2 moiety
and its corresponding PED values observed in the molecule at 1688.19
(74 %), 1669.66 (71 %), 1662.04 (74 %) and 1657.58 (13 %). Further,
the CCCH exhibited torsion at 1523.65 and 1503.35 cm− 1 with the
contribution of 51 and 29 % respectively. The IR and PED values cor-
responding to the modes of vibrations are provided in the Table 1 [30,
31].

3.4. UV-visible analysis

UV-visible analysis was carried out to understand the nature of

Fig. 4. The molecular electrostatic potential map of the compound revealing the electrophilic and nucleophilic regions.

Table 3
Stabilization energy values obtained from the second order perturbation theory
analysis of the titled compound.

Type Donor
atoms

Occupancy Type Acceptor
atoms

Occupancy E2 kcal/
mol

π* C19-
N24

0.45105 π* C22-C23 0.30231 115.35

π* N13-
C15

0.36309 π* C16-O18 0.29274 109.72

π* C19-
N24

0.45105 π* C20-C21 0.31193 100.44

π* N13-
C15

0.36309 π* C7-C10 0.29665 77.71

LP
(1)

N17 1.6569 π* C16-O18 0.29274 56.53

LP
(1)

N17 1.6569 π* C19-N24 0.45105 39.82

Π C20-C21 1.6531 π* C19-N24 0.45105 31.85
Π C19-

N24
1.71916 π* C22-C23 0.30231 27.28

LP
(2)

S14 1.61307 π* N13-C15 0.36309 26.21

LP
(2)

O18 1.85274 σ* C16-N17 0.07724 24.83

Π C22-C23 1.66902 π* C20-C21 0.31193 24.38
LP
(2)

O18 1.85274 σ* C15-C16 0.0823 20.89
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electronic transitions within a molecule. The UV-visible absorption
spectra were recorded at temperature with 20 μgmol− 1 concentration
solutions in acetonitrile for the wavelength range of 200–400 nm. The
electronic absorption spectra were also calculated using TD-DFT calcu-
lations with CAM-B3LYP functional at the 6–311 G (d,p) level basis set.
The compound showed a absorption peak in the region of 309.74 nm.
The peaks in the region of 330–341 nm are assigned to the single elec-
tron π*- π* transition in the aromatic ring and the conjugation of the
molecule [23]. The UV-visible plot of the compound is shown in the
Fig. S4.

3.5. Quantum computational studies

3.5.1. Density functional theory
To get the deeper insights into the electronic properties of the syn-

thesized compound, the geometrical coordinates of the synthesized
compound is optimized using the DFT. The absence of the imaginary
frequencies indicated that the compound is in the true ground state
configuration. The optimized structure of the synthesized compound is
given in the Fig. 2.

3.6. HOMO-LUMO and reactivity analysis

The HOMO (highest occupied molecular orbital) –LUMO (lowest
unoccupied molecular orbital) energy gap is an good indicator of the

Fig. 5. . The molecular graph of the compound revealing the intramolecular interaction associated with the bond critical points.

Table 4
QTAIM based topological properties of the synthesized compound.

Interactions ρBCP GBCP VBCP ε ▽2ρBCP HBCP |V|/G

O18 – H33 0.01728 0.01354 − 0.01149 0.10666 0.06240 0.00205 0.84859

Fig. 6. 3D Isosurface plot of the synthesized compound revealing the various types of interactions.
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chemical reactivity of the compound. Smaller the ΔEg more will be the
reactivity of the compound [26,27]. The reactivity tendency of one
molecule with another molecule is discussed based on the
hard-soft-acid-base rule. As usually the biological targets such as the
cell, proteins are soft and they cna easily interact with the soft molecules
[29]. Thus the biological activity of the compound increases with in-
crease in the softness and decreasing hardness values. The HOMO-LUMO
energy gap (ΔEg) of the compound is found to be 4.496 indicates the
charge transfer interaction in the molecule and reflects the biological
activity of the compound [30]. Higher the value of the electrophilicity
index and low value of the chemical potential favours the electrophilic
behaviour [32,33]. From Table 2 it is evident that for the compound
under investigation, the electrohilicity value is found to be 3.697 eV
which is greater than the chemical potential value (-4.07 eV) thus
confirming the electophilic behaviour of the compound [29].

The highest occupied (EHOMO) and lowest unoccupied (ELUMO)

energies of the molecular orbitals reveal many important parameters
such as energy gap (ΔEg), ionisation energy (I), electron negativity (χ),
electron affinity (A), chemical potential (µ), global hardness (η), global
softness (s) and electrophlicity (ω) of the synthesized compound, and
these parameters are listed in the Table 2. EHOMO indicates the electron
donating ability of the molecule. Whereas, ELUMO denotes the ability of
the molecule to receive electrons. Energy gap is a good indicator of
stability and reactivity of the compound. Larger the energy gap, greater
will be the molecular stability, aromaticity and lesser will be its chem-
ical reactivity.

The distribution of the frontier molecular orbitals are shown in the
Fig. 3. The highest occupied molecular orbitals are found to be distrib-
uted over the methyl pyridine group, whereas the lowest unoccupied
molecular orbitals are distributed over the thiazolopyridine carbox-
amide group. The energy difference between the HOMO and LUMO
orbital is found to be 4.496 eV, it indicates that the molecule is stable,

Fig. 7. 2D scatter plot of the titled compound.

Fig. 8. Colour filled electron localized function with projection map of the synthesized compound.
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hard and is chemically less reactive. The global quantum chemical
frontier molecular orbital energy descriptors enable us to know the
chemical properties of the compound [34,35].

3.7. Molecular electrostatic potential

The electrostatic surface potential map are very useful to visualize
the charge distribution on the molecule in terms of colour grading.
Further, it gives the information about the physiochemical features of
the molecules and reveals the electro positive and electronegative re-
gions associated with the molecule. These regions helps us to identify
the potential regions for binding. The different values of electrostatic
potential are represented by distinct colours. The electrophilic and
nucleophilic areas are denoted by red and blue colours respectively. The
MEP map of the synthesized compound along with the values are shown
in Fig. 4. The red region on the oxygen atom of the carbonyl group in-
dicates the electrophilic nature, making it susceptible to nucleophilic
attack.

3.8. Natural bond orbital analysis

To understand and study the chemical characteristics of the bonding
such as inter and intra molecular interactions, hyperconjugation and
stabilization energy of the molecule the NBO analysis was performed.
The stabilization energies (E(2)) between the donor, lone pairs, acceptor
and non-Lewis NBOs, were estimated using the second order perturba-
tion approach and larger the E(2) value, the greater will be the conju-
gation exhibited by the system.

The strong intramolecular hyper conjugation interactions of the lone
pair, σ and π electron systems lead to the stabilization of bonding or anti-
bonding orbitals. The NBO analysis revealed that the hyper conjugative
interactions were formed due to the overlap of the orbitals between π*(C
19 – N 24)→π*(C 22- C 23), π*(N 13- C 15)→ π*(C 16- O 18), π*(C 19- N
14) →π*(C 20 – C 21) and π*(N 13- C 15) → π*(C 7- C 10) anti bonding
orbitals with stabilization energies 115.35,109.72, 100.44 and 77.71
kcal mol− 1 respectively. In addition, the lone pair orbitals LP(1)(N 17)→
π*(C 16- O 18) (56.53 kcal mol− 1) and LP (1) (N 17) → π*(C 19- N 24)
(39.82 kcal mol− 1) also contributes towards the stabilization of the
molecule (Table 3).

3.9. Topology analysis

3.9.1. QTAIM analysis
Bader’s quantum theory of atoms in molecules is widely used to

understand the intra and inter molecular interactions present in the
molecule. Topological analysis was performed to study the nature of
bonds in a molecular system based on the electron density at specific
points called BCPs. The electron density in BCPs indicates the strength of
the bond between two atoms. The molecular graph obtained from the
optimized structure of the synthesized compound as shown in Fig. 5.

In our compound the BCPs are generated between O18 and H33
atoms. The strength and type of bond present in a compound is char-
acterized by the topological parameters such as electron density (ρ),
Lagrangian kinetic energy (G), potential energy (V), Laplacian of elec-
tron density (▽2ρ), ellipticity of electron density (ε) and total electron
energy density (H) at the critical points. The QTAIM Properties of the
titled compound at BCPs are given in the Table 4.

3.10. NCI-RDG analysis

The NCI-RDG analysis enables the graphical visualization of the re-
gions where the non covalent interactions occur. The colour scheme of
blue-red-green helps in the identification of nature and type of in-
teractions exhibited by the molecule. To characterize the type of in-
teractions present in the molecule, NCI isosurface analysis was
performed which revealed many different interactions which were not
shown in molecular graph analysis. The NCI isosurface graph of the

Fig. 9. Localized orbital locator of the titled compound.

Fig. 10. 3D interactions of the synthesized compound with E.coli protein.
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novel compound is shown in Fig. 6. The red and green colour indicates
that the repulsive and attractive interactions between the atoms
respectively. The attractive interactions evidenced by the green patches
present between the (S14-H35) and (O18-H33) atoms. This indicates the
presence of van der Waals interactions and also attractive nature exist
between the molecules. The red region present in the middle of ring
indicates steric repulsion between the atoms.

The 2D scatter plot confirms the presence of various interactions. In
2D plot the blue, green, and red colour spikes are shown. The red spike
indicate the steric repulsion observed in the middle of the cage, which is
due to the steric repulsive force between the atoms. The red green mixed
spikes observed in the scatter plot confirms the presence of the in-
teractions between the hydrogen atoms with neighbouring atoms. The
RDG scatter map of the compounds shown in the Fig. 7.

The strong steric effect inferred from the RDG isosurface, are inferred
by the spikes observed in the regions 0.01 to 0.04 a.u. Whereas, the
green spikes observed in the regions -0.01 to -0.02 a. u. indicates the van
der Waals dispersion forces exhibited by the molecule.

3.11. Electron localization function and localized orbital locator analysis

Electron localization function (ELF) analysis is used to estimate the
electron localization between atoms [24,29]. It provides an idea about
the chemical structure, molecular bonding, reactivity and the possibility
of finding an electron with the same spin in the neighbourhood of a
reference electron. The colour scheme of red and blue indicates the
localization and delocalization of electrons respectively. The ELF map of
the synthesized compound is given in the Fig. 8. The red regions are
associated with the hydrogen atoms indicates that the electron are
highly localized. Whereas, the blue regions indicates the delocalization
of electrons. The high LOL values of the covalent type of electron
depletion region around the nitrogen atom are given in red color. The
localized orbital locator of the synthesized compound is given in the
Fig. 9.

3.12. Molecular docking and molecular dynamics studies

The binding pattern of the titled compound with the protein mole-
cule were simulated using AutoDock program to validate their structure-
activity relationships. The 3D crystal structure of the protein (PDB ID:

Fig. 11. 2D binding interactions of the titled compound with E.coli enzyme.

Fig. 12. RMSD plot of the protein-ligand complex indicating the good stability of the complex throughout the simulation period of 50 ns.
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1K2A) was obtained from the protein data bank [25–26,32]. Protein
ligand preparations has been carried out from the Autodock. The ligand
protein docked complexes were analyzed and the best pose selection is
associated with the docking pose with the lowest binding energy value
and its bonding interaction pattern with the active regions of enzymes.
The protein ligand interaction is mainly due to the π– alkyl (residues
TRPA:7, HISA:-2) and π- π T shaped (residues TRPA:10) interactions.
The docking score of the complex is found to be -8.1 k cal/mol. The 3D
docking pose of the ligand with the protein and 2D interaction of the
ligand and protein is given in the Figs. 10 and 11 respectively. It reveals
the interaction of the compound with the amino acid residues of the
protein.

To further investigate the binding mode stability of the protein-
ligand complex, molecular dynamics simulations was performed. The
stability of the protein-ligand complex system is studied by analyzing
various parameters such as RMSD, RMSF and protein-ligand interactions
during the simulation period of 50 ns. The root mean square deviation of
both the protein and the ligand as shown in the Fig. 12 indicates a good
stability of the ligand within the binding pocket of the protein for the
simulation period of 50 ns. Both the protein and ligand fluctuations are
found to be well within 2.7 Å indicating the minimum fluctuations in the
binding region.

The root mean square fluctuations of the protein-ligand complex
which provides additional information regarding the interaction of

amino acids in contact with the ligand is shown in the Fig. 13. The green
colored lines indicates the amino acids in contact with the ligand and the
amino acids involved in the interactions are found to be HIS2 (4.3 Å),
VAL1 (1.8 Å), TRP7 (0.7 Å), TRP10 (0.67 Å), PHE11 (0.61 Å), GLN14
(0.6 Å), LYS38 (1.3 Å), GLN40 (0.7 Å), ASN41 (0.6 Å), THR42 (0.58 Å),
HIS129 (0.56 Å), LEU130 (0.61 Å), ASP131 (0.59 Å) and ILE133 (0.6 Å).
Except for the HIS2 amino acid all other amino acids are found to be
having less fluctuations with that of the ligand indicating that the forces
around the ligand in the binding cavity is favourable for it persist during
the simulation period. The type of the interactions exhibited by these
amino acids with the ligand is also explored using the histogram plot.
The amino acids HIS2, GLN14, HIS15, THR42, LEU130 exhibited
hydrogen bond interactions (green color). Whereas most of the amino
acids (HIS2, TRP7, TRP10, PHE11, HIS15, LYS38, HIS129, ILE133)
echibited hydrophobic interactions as indicated by the grey color in the
histogram plot. The amino acids interacting with the ligand through
water bridges is shown by the blue color in the Fig. 14.

Other properties of the ligand explored during the simulation period
such as the RMSD of the ligand, rGyr (radius of gyration), MolSA (mo-
lecular surface area), SASA (solvent accessible surface area) and PSA
(polar surface area) (Fig. 15). The RMSD of the ligand showed stable
value averaged at 1.5 Å, no significant change in the rGyr value of the
protein ligand complex was observed with the fluctuations averaged at
4.12 Å. No intramolecular hydrogen bond formation was observed

Fig. 13. The RMSF plot with the green vertical lines indicating the fluctuations of the amino acids interacting with the ligand during the simulation period.

Fig. 14. The Histogram plot revealing the type of interactions exhibited by the amino acids with the protein. (Green: hydrogen bond interactions, grey: hydrophobic
type of interactions and blue: water bridges).
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during the simulation period. In-depth solvent accessible surface anal-
ysis was performed to analyze the changes in hydrophobic and hydro-
philic residues. The MolSA, SASA and PSA values are found to be
averaged at 281, 100 and 74 Å2 respectively.

The interaction between the ligand and the protein is highly direc-
tion specific in nature hence to understand this relation the dial plot of
the ligand is analyzed. The 2D dial plot with different color code cor-
responding to the color in the particular bond in the ligand gives the
angles for each bond at a given time during the simulations. The 2D
fingerprint plot, dial plot and the histogram are shown in the Fig. 16.

Fig. 15. Various properties of the ligand explored during the simulation period of 50 ns.

Fig. 16. (a) Fingerprint plot of the compound and (b) 2D dial plot along with the torsional plot.

Fig. 17. Bioavailability radar of the synthesized compound.

Table 5
Physiochemical properties of the novel compound.

Properties Name Properties value

Molecular weight (MW) − 288.37
No. of rotatable bonds 3
Hydrogen bond acceptors 4
Hydrogen bond donors 1
ilogP 1.90
LogS − 2.9
TPSA 86.36
Molar refractivity 83.33
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3.13. ADMET analysis

The ADMET parameters disclose the behaviour of chemical com-
pounds in a living organisms. The physiological parameters of the syn-
thesized compound reveals that it obeys Lipinski rule of five (no
parameters are violated) which shows good bioavailability (bio-
availabity score= 0.55). Bioavailabilty radar of our compound is shown
in the Fig. 17. In the graph pink area within the hexagon represents the
optimal range of each property. The parameters such as XLOGP3 = 1.69
(-0.7 to +5.0), molecular weight = 288.37 g/mol (150–500 g/mol),
polar = 86.36 (20 and 130 A2), solubility (LogS) = − 4.37 (logs not
higher than 6), flexibility (FLEX) = 3 (not more than 9 rotatable bonds),
saturation (INSATU) = 0.11 (not less than 0.25) of our compound has
within the acceptable range. The physiochemical properties of the titled
compound is given in the Table 5. The ADMET results of the titled
compound are interpreted as it shows high gastrointestinal absorption
and also high skin permeability. P-glycoprotein substrate and inhibitory
activity was also determined and it is shown in Table 6 (pharmacoki-
netic properties). The BOILED-Egg model of our compound is shown in
the Fig. 18. In the figure we observed that our compound lies in the
white region, which suggests that the compound having the highest
probability of being absorbed by the gastrointestinal tract [27,28].

4. Conclusion

In the present research work we have synthesized 5-methyl-N-(4-
methylpyridine -2-yl)-4,5,6,7 tetrahydrothiazolo [5,4-c]pyridine 2-car-
baxamide compound with good yields and characterized by various
analytical and spectroscopic techniques. The structure of the compound
was optimized using DFT at B3LYP level of theory. The energy gap of the

compound is found to be 4.496 eV indicating that the compound is
stable. The MEP analysis revealed that the electrophilic region exhibited
by the compound (around the oxygen atom) which provides the infor-
mation regarding the directionality of the nucleophilic attack by the
other chemical species. This information is vital in understanding the
approach of the molecule while interacting with the proteins.

The NBO analysis revealed that the transfer of the lone pair of
charges from the N17 to the antibonding orbitals of the C16-O18 is
found to be associated with stabilizing energy of 56.53 kcal/mol, which
indicates the intramolecular charge transfer exhibited by the compound.
The topology analysis revealed that all the intramolecular interactions
exhibited by the compound are associated with the van der Waals force
contributing majorly towards the stability. Further, the molecular
docking with the E.coli showed substantial binding affinity of the ligand
with docking score of -8.1 kcal/mol indicating the compound to possess
very good antibacterial activity. The ADME predictions revealed that the
titled compound shows good drug likeness property and bioavailability
character. Further, having high gastro intestinal absorption and high
skin permeability which suggests that our novel compound acts as an
antibacterial agent. The molecular dynamics simulation results of the
protein-ligand complex show that the RMSD of the protein and ligand
are nearly identical indicating that the ligand has excellent binding af-
finity with the protein.

Hence, based on the theoretical ideas the chemical and biological
endeavours of the synthesized compound were investigated and further,
biological studies helps us to design, explore and enhance the biological
activity of the similar compounds.
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Pharmacokinetics properties of our compound evaluated using
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Parameters Pharmacokinetics

GI absorption High
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P-gp substrate Yes
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CYP3A4 Yes
Log Kp (skin permeation) − 6.86
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