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Abstract
Dihydropyridines are the most extensively used drugs in the treatment of hypertension. Nifedipine is the prototype of calcium 
channel blocker. The dihydropyridine derivative compounds of diethyl 4-(4-bromophenyl)-2,6-dimethyl-1,4-dihydropyridine-
3,5-dicarboxylate (DHPB), diethyl 4-(furan-2yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (DHPF), and diethyl-
4-phenyl-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (DHPP) were synthesized using the Hantzsch reaction. The 
DFT/B3LYP exchange–correlation function was employed to perform quantum chemical calculations such as molecular 
geometry optimization, vibrational analysis, frontier molecular orbital (FMO), molecular electrostatic potential (MEP), natu-
ral bond order (NBO), global reactive descriptors, and Fukui functions to determine the structural characteristics related to 
biological activity of the compounds. The molecular docking and molecular dynamics were employed to study the binding 
interaction and stability of protein–ligand complex in the docked site.

Keywords  1,4-Dihydropyridine · FT-IR · FT-Raman · UV–vis · Molecular docking · Molecular dynamics · Calcium 
channel blockers (CCB)

Introduction

1,4-Dihydropyridines are essential class of compound in 
the field of drugs and pharmaceuticals, which exhibit a 
wide range of biological activities such as antitumor [1], 
anti-inflammatory [2], anti-anginal [3–5], calcium channel 
antagonists [6], anti-tubercular [7], antithrombotic [8], anti-
hypertensive [3–5], anticonvulsant [9], and cardio depressant 
[10]. Dihydropyridines are widely known drugs in the treat-
ment of hypertension and cardiovascular diseases as effec-
tive calcium channel blockers (CCB) [11]. The ion chan-
nel which controls selective permeability of calcium ions 

enters the cell membrane and is also called the voltage-gated 
calcium channel. The voltage-gated calcium channels are 
different types such as L-type, P-type, N-type, R-type, and 
T-type; each type has different functions [12]. The L-type 
calcium channel is responsible for the excitation–contraction 
coupling of cardiac and skeletal smooth muscle. The L-type 
calcium channel has four subunits cav1.1, cav1.2. cav1.3. 
and cav1.4. The cav1.2 is a protein in humans; this protein 
binds and inhibited by dihydropyridine. The calcium channel 
blocker molecules interact with the calcium channels and 
reduce the influx of calcium ions entering the heart and the 
vessels, thereby lowering heart rate. The most commonly 
used drugs are amlodipine, nifedipine, isradipine, felodi-
pine, nicardipine, nimodipine, nitrendipine, and lacidipine, 
which have been found as potent cardiovascular agents for 
the treatment of hypertension. Despite the fact that the Food 
and Drug Administration (FDA) approved numerous medi-
cations for calcium channel blockers, there is a necessity for 
the discovery of new drugs that should be safer for managing 
high blood pressure, chest pain, and heartbeat irregularities, 
it should be better than the existing drugs. Structural infor-
mation of the compound is prerequisite in drug designing 
which reduce the cost and time. In this present study, the 
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1,4-dihydropyridine compounds DHPB, DHPF, and DHPP 
were synthesized by the classical Hantzsch route, and their 
spectral characteristics FT-IR, FT-Raman, UV–Vis, and 
NMR were explored through experimental and theoretical 
(DFT) methods. The biological activity of the compound 
was investigated using molecular docking and molecular 
dynamics simulations to predict the possible binding site 
of the compound in the targeted protein and stability of the 
compound in the active site.

Materials and methods

4‑Dihydropyridine synthesize procedure

For the synthesis of compound DHPB from the reported 
Hantzsch reaction [13], 1.2 mmol of ethanolic solution 
of ammonium acetate, 1 mmol of 4-bromobenzaldehyde, 
2 mmol of ethyl acetoacetate, and 100 mg of mesoporous 
acid catalyst AlFeTUD-1 (preheated at 80 ºC for 3 h) were 
taken in a 25-ml round bottom-flask fitted with reflux con-
denser. Then the flask was immersed in an oil bath, and the 
reaction was carried out under reflux condition. After com-
pletion of the reaction, the reaction mixture was quenched 
with crushed ice and stirred. The crude product was filtered 
and washed with distilled water followed by treatment 
with brine solution and mixed with ethyl acetate to sepa-
rate the compound and dried over anhydrous Na2SO4.The 
crude mixture was dissolved in hot ethanol to separate the 

solid catalyst, and the crude product was further purified by 
recrystallization from ethanol. The scheme of the reaction 
is shown in Fig. 1. The rest of the compounds, DHPF and 
DHPP, were synthesized via the above route using 2-fural-
dehyde and benzaldehyde.

Experimental characterization details

All the chemicals were purchased from Sigma-Aldrich 
and Merck products without any further purification 
except 2-furaldehyde.The FT-IR spectra of the synthe-
sized compounds were recorded within the mid-IR region 
4000–400 cm−1 using the KBr pellet technique on a Per-
kin Elmer FT-IR spectrometer. The FT-Raman spectra of 
the compounds were recorded using Bruker RFS27 in the 
region of 4000–50 cm−1 using an Nd:YAG laser source of 
1064 nm. The UV–Visible absorption spectra of the synthe-
sized compounds were recorded in the range of 190–900 nm 
with ethanol as the solvent using a Perkin Elmer Lambda 35 
UV–Vis spectrometer.

Computational details

All the DFT calculations were performed using the 
Gaussian09 software program suit and Gauss view 
as a visualization program [14, 15]. The optimization 
and vibrational wavenumbers were predicted using the 
B3LYP/6–311 + G(d,p) basis set. The potential energy dis-
tribution (PED) was employed to identify the vibrational 

Fig. 1   Reaction scheme for the 
synthesis of compound DHPB, 
DHPF, and DHPP
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assignments quantitatively using the Veda4X program [16]. 
The time-dependent density functional theory (TD-DFT) 
was adopted to compute the electronic properties such as 
the UV absorption, the highest occupied molecular orbital 
(HOMO), and the lowest unoccupied molecular orbital 
(LUMO) energy gap. The natural bond analysis (NBO) was 
carried out with the Gaussian NBO version 3.1 program 
[17] which is implemented in the Gaussian09 software pro-
gram suit. For the compounds DHPB, DHPF, and DHPP, 
the molecular docking calculations were executed with 
the Autodock4 Tools version 1.5.6 program [18], and the 
docking results were analyzed using Pymol [19]. Molecu-
lar dynamics simulations were done with the DESMOND 
program suit [20].

Results and discussion

Molecular geometry

The optimized molecular structures of DHPB, DHPF, 
and DHPP are shown in Fig. 2 with their atom numbering 
schemes. The title compound belongs to the C1 point group 
symmetry, and their minimized energy is listed in Table 1. 
The optimized parameters like bond length, bond angle, and 
torsional angles of DHPB, DHPF, and DHPP are listed in 
supplementary Table S1. In the present study, the molecular 
structure of ethyl, methyl, carboxylate groups, and pyridine 
ring are common to DHPB, DHPF, and DHPP compounds. 
Only the bromophenyl, furan, and phenyl substituted to the 
fourth position of the 1,4-dihydropyridine ring vary. The 
single-crystal XRD analysis of DHPB has been reported by 
Boulcina R et al. [21]. From this report, the bond length, 
bond angle, and dihedral angle are compared with theoreti-
cally calculated values, which are in good agreement with 
each other. The dihedral angle of 4-bromophenyl C21-C22-
C23-Br1 and C25-C24-C23-Br1 are 180° conformal to the 
planar structure of 4-bromophenyl, which is consistent with 
the experimental data. The calculated bond length of DHPF 
are C–C, C = C, C-O, C = O, C-H, C-N, and N–H and are 
almost similar to the experimental XRD value [21, 22]. The 
bond angles of DHPF, C13-O17-C16, C14-C15-C16, and 
C15-C16-O17, are 107.28, 106.15, and 110.30 Å, respec-
tively, which is similar to the literature value. In DHPP, the 
bond length of C–C, C = C, C-O, C = O, C-H, C-N, and N–H 
are compared with the experimental XRD value reported by 
M.S Bai et al. [23]. The bond angles of the phenyl ring C13-
C14-C16, C14-C16-C18, and C20-C22-C13 of DHPP are 
almost 120° and the dihedral angles of C13-C14-C16-C18 
and C13-C22-C20-C18 of DHPP are at zero degree. Thus 
the experimental and theoretical values are in good concur-
rence with one another.

Vibrational assignments

The molecules DHPB, DHPF, and DHPP exhibit a total 
number of 47, 44, and 47 atoms and have 135, 126, and 
135 normal modes of vibration. The experimental FT-IR 

Fig. 2   The optimized molecular structures of a DHBP, b DHPF, and 
c DHPP
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Table 1   The optimized energy 
and their point group symmetry 
for DHPB, DHPF, and DHPP

Compound Calculation method Basis set Energy (a.u.) Dipole 
moment 
(Debye)

Point group

DHPB B3LYP 6–311 + G(d,p)  − 3667.394 5.2395 C1
DHPF B3LYP 6–311 + G(d,p)  − 1091.631 5.9740 C1
DHPP B3LYP 6–311 + G(d,p)  − 1093.852 4.1578 C1

Fig. 3   a Experimental and 
theoretical FT-IR (a) and FT-
Raman (b) spectra of DHPB. b 
Experimental and theoretical 
FT-IR (a) and FT-Raman (b) 
spectra of DHPF. c Experimen-
tal and theoretical FT-IR (a) and 
FT-Raman (b) spectra of DHPP
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and FT-Raman spectra vibrational frequencies along with 
their potential energy distribution (PED) for each normal 
modes of vibrations of DHPB, DHPF, and DHPP com-
pounds are summarized in supplementary Table S2.1–2.3. 
The experimental FT-IR and FT-Raman spectra of DHPB, 
DHPF, and DHPP compounds were contrasted with the 
stimulated spectra as shown in Fig. 3a–c. The C-H stretch-
ing vibrations of saturated hydrocarbons are mostly observed 
in the range 3000–2840 cm−1 [24]. In FT-IR spectra, the 
compounds DHPB, DHPF, and DHPP were found at 2979, 
2978, and 2978 cm−1, respectively, which is nearly identical 
to the computed values. The strong N–H stretching vibra-
tions of DHPB, DHPF, and DHPP were found at 3352, 3340, 
and 3333 cm−1 in FT-IR spectra [25]. The aromatic C-H 
stretching vibration of FT-IR and FT-Raman bands is usually 
observed in the region of 3100–3000 cm−1 [26]. The vibra-
tional band observed at 3085, 3092, and 3084 cm−1 in FT-IR 
and 3058, 3123, and 3059 cm−1 in FT-Raman was attributed 
to the aromatic C-H stretching vibrations accordingly. The 
compound DHPF is slightly higher than the usual range, 
which is due to the highly electronegative oxygen atom pre-
sent in the furan ring. The DHPB, DHPF, and DHPP com-
pounds have carboxylic group C = O stretching vibrations in 
FT-IR spectra at 1691, 1697, and 1685 cm−1, respectively 
[27]. The calculated frequencies are slightly higher than the 
observed values due to the anharmonicity and overestima-
tion of force constants, and these values can be reduced by 
the scaling factor of 0.966, since theoretical calculations 
were done in the isolated system [28, 29].

UV–visible analysis

UV–Visible spectral analysis has been investigated by exper-
imental as well as theoretical techniques. The electronic 
transition properties such as absorption wavelength (λ), 

excitation energy (E), and oscillator strength (f) were theo-
retically calculated using TD-DFT/B3LYP/6–311 + G(d,p) 
basis level with ethanol as a solvent using the IEFPCM 
method for the compounds DHPB, DHPF, and DHPP which 
were reported in Table 2. From Table 2, the experimental 
UV–Vis spectra absorption maximum (λmax) values for the 
compounds DHPB, DHPF, and DHPP are observed at 365, 
342, and 350 nm, and their corresponding theoretical val-
ues are 350, 345, and 345 nm, respectively. The compounds 
show n-π* transitions, which reveals that lone pair electrons 
have a tendency to donate electrons and also interacts with 
the protein molecules and enhance the biological activity 
[30, 31]. All other possible transition details are explained 
in NBO analysis.

NMR spectral studies

NMR analysis is usually used in chemistry and materials to 
enhance the information regarding the structure. Utilizing 
the chemical shift values, it is easier to find the correspond-
ing functional group. The gauge independent atomic orbital 
(GIAO) has been implemented for 1H NMR chemical shift 
calculations using the B3LYP/6–311 +  + G(2d,p) basis set 
with TMS as the reference material. The GIAO procedure 
reveals a quick convergence of the theoretical properties 
upon extension [32]. The experiment and theoretical proton 
chemical shifts of compounds DHPB, DHPF, and DHPP are 
listed in supplementary Table S3.

Global reactive descriptors

The global reactivity descriptors such as ionization poten-
tial (I), electron affinity (A), electrophilicity (ω), chemical 
potential (µ), electronegativity (χ), hardness (Ƞ), and soft-
ness (S) of the molecules are calculated from their HOMO 

Table 2   Experiential and theoretical UV–Vis wavelength (λ), excitation energy (E), oscillator strength (f), symmetry, and major contributions of 
DHPB, DHPF, and DHPF

Experimental TD-DFT (B3LYP)/6-311G + (d,P)

S. No Compounds Wavelength 
λ(nm)

Energy (eV) Wavelength 
λ(nm)

Energy (eV) Osc. strength Symmetry Major contributions

1 DHPB 365 3.396 350 3.54 0.1711 Singlet-A H- > L (99%)
286 4.33 0.0885 Singlet-A H-1—> L (96%)
272 4.55 0.0074 Singlet-A H—> L + 1 (96%)

2 DHPF 342 3.625 345 3.59 0.2072 Singlet-A H- > L (99%)
323 3.83 0.0634 Singlet-A H-1- > L (99%)
256 4.83 0.001 Singlet-A H-2- > L (57%)

H- > L + 1 (41%)
3 DHPP 350 3.542 345 3.59 0.2072 Singlet-A H- > L (99%)

323 3.83 0.0634 Singlet-A H-1- > L (99%)
256 4.83 0.001 Singlet-A H-2- > L (57%)

H- > L + 1 (41%)
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and LUMO energy values using the basis set DFT/B3LYP/6-
311G + (d,p) and are listed in Table 3. According to Koop-
mans’ theory of closed shells [33], the negative of HOMO 
is the ionization potential, and the negative of LUMO is the 
electron affinity. High chemical reactivity and low kinetic 
stability have a smaller energy gap (ΔE), and it is a soft 
molecule, while low chemical reactivity and high kinetic 
stability have a larger energy gap and vice versa [34]. From 
Fig. 4, the HOMO orbitals of the compounds DHPB, DHPF, 
and DHPP are mainly localized on the pyridine ring and 
carbonyl group, while the LUMO orbitals cover the entire 
region of the molecules. From Table 3, the compounds have 

higher ionization energy than the electron affinity. It is clear 
that compounds have a tendency to accept electrons and 
exhibit nucleophile behavior; hence, these compounds may 
be expected to interact with the targeted protein molecules 
[35]. While comparing the compounds, DHPF has higher 
ionization potential, electron affinity, electrophilicity, elec-
tronegativity, hardness, and softness than DHPB and DHPP.

MEP

Molecular electrostatic potential (MEP) is used to study 
the net electrostatic effect produced at a point in space by 
the total charge distribution over the molecule [36]. It helps 
to predict the reactivity of molecules towards electrophilic 
and nucleophilic reactions and also to study drug–receptor 
interactions, while the protein and ligand interactions are 
mainly formed through their potentials. The different colors 
on the surface of the molecule indicate their electrostatic 
potential [37, 38]. The potential is in increasing order of 
red < orange < green < blue, the higher potential red color 
indicates the abundance of electrons, and the blue color indi-
cates the absence of electrons in that region, while the green 
color indicates zero potential or neutral. The MEP map of 
DHPB, DHPF, and DHPP is generated using the basis set 
B3LYP/6–311 + G(d,p) and were presented in Fig. 5a–c. 
From Fig. 5, it is obvious that the deep red color around the 
oxygen atoms represents an abundance of electrons (nucleo-
philic) and the blue color around the hydrogen atoms repre-
sents electron deficiency (electrophilic), which is similar in 
all the three compounds. From these results, the compounds 
are more prone to nucleophilic attack. The detailed reactivity 

Table 3   Global reactive descriptors

S. No Parameters DHPB in eV DHPF in eV DHPP in eV

1 HOMO  − 6.05  − 6.09  − 6.00
2 LUMO  − 1.78  − 1.79  − 1.73
3 Energy gap (ΔG) 4.27 4.30 4.27
4 Ionization poten-

tial (I)
6.05 6.09 6.00

5 electron affinity 
(A)

1.78 1.79 1.73

6 Electrophilicity 
(ω)

3.59 3.61 3.49

7 chemical potential 
(µ)

 − 3.91  − 3.94  − 3.86

8 Electronegativity 
(χ)

3.91 3.94 3.86

9 Hardness (Ƞ) 2.13 2.15 2.13
10 Softness (S) 0.47 0.47 0.47

Fig. 4   The HOMO and LUMO 
images of DHPB, DHPF, and 
DHPP
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sites of electrophilic and nucleophilic sites are discussed in 
the Fukui function.

NBO analysis

NBO is a useful tool to study the factors such as inter- and 
intra-molecular hydrogen bonding, intermolecular charge 
transfer (ICT), electron density transfer, and hyper-con-
jugative interactions in the molecular system. The NBO 
calculations were performed with B3LYP/6-311G + (d,p) 
basis level for DHPB, DHPF, and DHPP. The second-
order perturbation theory of the Fock matrix was carried 
out to evaluate the donor–acceptor interactions present in 
the compounds along with hyper-conjugative interactions 
E(2), which is given by Eq. (1) as follows:

where qi is the donor orbital occupancy, εj and εi are diago-
nal elements, and Fij is the off-diagonal NBO Fock matrix 
element. The intra-molecular interaction occurred by orbital 
overlap which results in intra-molecular charge transfer 
causing the stabilization of the system; the higher E(2) value 
indicates more stable interaction between the promoter and 
acceptor and hence the greater the extent of conjugation of 
the entire system [39]. From Table 4 part DHPB, the sigma 
bond σ(C25-H47) to anti-sigma bond σ*(C25-H47) shows 
the strongest stabilization energy of 39.72 kJmol−1, and 
other interactions such as π(C20-C21) to π*(C22-C23), π 
(C11-C12) to π*(O4-C14), and π(C8-C9) to π*(O2-C17) 
and their corresponding stabilization energies are 22.99 
kJmol−1, 22.34 kJmol−1, and 21.94 kJmol−1, respectively. 
For DHPF, the strongest stabilization energy of 31.63 
kJmol−1 was observed for σ(C23-H42) to σ*(C19-H37), 
where as in DHPP, the strongest stabilization energy shows 
for π(C11-C12) to π*(C11-C12) is 22.1 kJmol−1 and where 
summarized in Table 4 parts DHPF and DHPP, respectively. 
From the NBO analysis, it revealed that there is charge 
transfer occurring within the molecule. It is evident that the 
compounds have bioactivity in nature and are suitable for 
pharmaceutical applications [40].

Fukui function

Fukui function (or) local reactive descriptors provides infor-
mation about the reactivity site within a molecule by adding 
or removing a certain amount of charge to the molecular sys-
tem. It helps to predict where the maximum electrophilic and 
nucleophilic sites on the molecule and also used to analyze 

(1)E
2
= ΔEij =

qi(Fij)
2

�j − �i

Fig. 5   Molecular electrostatic potential (MEP) map of a DHPB, b 
DHPF, and c DHPP

▸
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chemical reactivity and site selectivity in organic reactions 
[41]. Here, we calculated the local reactive descriptors such 
as Fukui function, local softness, and local electrophilicity 
using DFT/B3LYP/6–311 + G(d,p) basis set from their Mul-
liken atomic charges, and their corresponding values are listed 
in supplementary Tables S4.1, S4.2, and S4.3. Nucleophilic 
attacks are measured by adding an electron to the electron 
density, while electrophilic attacks are measured by removing 
an electron from the electron density. The Fukui function on 
the kth atomic site is described by Eqs. (2), (3), and (4), where 
q is the Mulliken atomic charge at the kth atomic site and where 
N, N – 1,and N + 1 denote the total number of electrons exist-
ing in the neutral, anion, and cation states of the molecules, 
respectively. Local softness Sk+, Sk−, and Sk0 as well as local 

electrophilicity indices ωk+, ωk−, and ωk0 are also used to 
define the local reactivity of atoms in molecules, where + , − , 
and 0 signs represent the nucleophilic, electrophilic, and radial 
attack, respectively [42, 43]:

The predicted react ivi ty  upon nucleophi l ic 
attack f(k+) for the compounds DHPB, DHPF, and 

(2)f
(

k+
)

=
[

q(N + 1) − q(N)
]

for Nucleophilic attack

(3)f (k−) =
[

q(N) − q(N − 1)
]

for electrophilic attack

(4)f
(

k0
)

=
1

2

[

q(N + 1) − q(N − 1)
]

for radical attack

Table 4   Second-order 
perturbation analysis of Fock 
matrix in different NBO bases

DHPB E(2)
kJ/mol−1

E(j)-E(i) a.u F(i,j)
a.u

S. No Donor ED Acceptor ED

1 σ (C25-H47) 1.97682 σ*(C25-H47) 0.01433 39.72 5.75 0.428
2 π (C20-C21) 1.64154 π* (C22-C23) 0.34125 22.99 0.27 0.071
3 π (C11-C12) 1.83926 π* (O4-C14) 0.22401 22.34 0.29 0.074
4 π (C8-C9) 1.84084 π* (O2-C17) 0.22097 21.94 0.29 0.074
5 σ (C20-C25) 1.97255 σ* (C25-H47) 0.02225 20.78 5.94 0.315
6 π (C24-C25) 1.65643 π* (C20-C21) 0.31541 20.62 0.29 0.069
7 π (C22-C23) 1.68912 π* (C20-C21) 0.3961 17.42 0.31 0.066
8 σ (C24-C25) 1.96721 σ* (C25-H47) 0.01686 9.83 5.95 0.217
9 σ (C21-C22) 1.96719 σ* (Br1-C23) 0.01715 5.73 0.79 0.06
10 σ (C10-C11) 1.95309 σ* (C12-C13) 0.02825 5.33 0.99 0.065

DHPF E(2)
kJ/mol−1

E(j)-E(i)
a.u

F(i,j)
a.uS. No Donor ED Acceptor ED

1 σ (C23 -H42) 1.98219 σ* (C19-H37) 0.00442 31.63 4.97 0.354
2 σ (O12-C18) 1.98684 σ* (C22-H39) 0.0327 30.34 0.2 0.069
3 σ (C4 -C5) 1.97265 σ* (C22-H39) 0.02588 26.41 0.14 0.055
4 σ (C13-C14) 1.98126 σ* (C22-H39) 0.02095 25.35 0.1 0.045
5 σ (C10-H30) 1.97184 σ* (C16- H34) 0.00892 24.71 0.75 0.122
6 π (C4-C5) 1.84201 π* (C7-O21) 0.227 22.05 0.29 0.074
7 π (C1-C2) 1.84199 π *( C8- O20) 0.227 22.04 0.29 0.074
8 π (C13-C14) 1.8446 π * (C15-C16) 0.25661 16.69 0.29 0.064
9 σ (C1-C8) 1.9716 σ* (C22-H39) 0.05863 15.63 0.06 0.028
10 σ (N3-H24) 1.98656 σ * (C16-H34) 0.01899 14.02 0.90 0.101

DHPP E(2)
kJ/mol−1

E(j)-E(i)
a.u

F(i,j)
a.uS. No Donor ED Acceptor ED

1 π (C11-C12) 1.8405 π* (O6-C29) 0.22342 22.1 0.29 0.074
2 π (C7-C8) 1.84012 π* (O4-C28) 0.22102 22.07 0.29 0.074
3 π (C13-C14) 1.63543 π* (C16-C18) 0.3338 21.59 0.27 0.069
4 π (C20-C22) 1.67175 π* (C13-C14) 0.33511 20.39 0.29 0.069
5 π (C16-C18) 1.66769 π* (C13-C14) 0.34071 19.6 0.29 0.068
6 σ (C44-H46) 1.98213 σ* (C44-H47) 0.00438 5.59 2.83 0.112
7 σ (C9-C11) 1.95325 σ* (C12-C30) 0.02832 5.35 0.99 0.065
8 σ (C8-C9) 1.96149 σ* (C7-C24) 0.02682 5.11 1.01 0.064
9 σ (C24-H27) 1.96983 σ* (C7-C8) 0.00871 4.85 0.55 0.048
10 σ (C14-H15) 1.97811 σ* (C13-C22) 0.01486 4.79 1.08 0.064
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DHPP is in increasing order of Br > C11 > C9 > O2, 
C1 > C5 > N3 > O20, and C8 > C11 > C22 > N1, respec-
tively. It shows that there is a stronger possibility of 
electron transfer from the electrophilicity reactivate 
sites to these atoms. On the other hand, for electrophilic 
attack f(k−), it was observed that C11 > C9 > O4 > O2, 

C5 > C1 > O20 > 021, and C8 > C11 > O6 > O4 sites are 
suitable for nucleophilic reactivate sites to these atoms. 
From the Fukui function calculation, the DHPB, DHPF, 
and DHPP show higher value for f(k+) nucleophilic attack, 
so all these molecules are more prone to electrophilic sub-
stitution reactive sites.

Table 5   Binding energy, 
binding distance, protein–ligand 
interaction, and inhibition 
constant of DHPB, DHPF, and 
DHPP

Compounds PDB ID Bonded residues Ligand protein 
interaction

Bond dis-
tance (Å)

Inhibition 
constant (µm)

Binding 
energy (kcal/
mol)

DHPB 5KMD TYR 1193 NH…O 1.8 351.07  − 4.71
DHPF 5KMD TYR 1193 NH…O 1.6 139.41  − 5.26
DHPP 5KMD THR 1028 O…NH 1.8 331.71  − 4.75

Fig. 6   a The docked protein–
ligand interaction of DHPB 
with the receptor protein. b The 
docked protein–ligand interac-
tion of DHPF with the receptor 
protein. c The docked protein–
ligand interaction of DHPP with 
the receptor protein
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Molecular docking

Molecular docking is a key tool to identify the pro-
tein–ligand interaction theoretically [44]. Based on the 
structure of compounds, their biological activities can 
be predicted. Before docking, the evaluation of physico-
chemical properties and bioactivity score of the synthe-
sized compound is of utmost importance, which reduces 
the time and cost by using pre-optimized fragments. The 
bioactivity score and physicochemical properties were 
predicted with the online tool Molinspiration given in 
supplementary Table S5 and S6 [45]. The mechanism 
of the calcium channel membrane is to control the pas-
sage of solutes such as small molecules and ions through 
biological cell membranes. In the present study, the 
flow of calcium ions through the cell membrane was 
inhibited by the calcium channel antagonist. These com-
pounds reduce the influx of calcium ions entering the 
cell membrane. All three compounds are suitable for 
L-type calcium channel blocker which was taken as tar-
get protein [46]. The target protein structure in complex 
with amlodipine (PDB:5KMD) was obtained from X-ray 
crystallography data reported by Tang Lin et al. [47]. 
The preparation of the protein was followed by removing 
water molecules, co-factors, and co-crystallized ligands 
in the protein, later polar hydrogen, and kollman charges 

were added to the prepared protein using the Autodock4 
program suite; the Lamarckian genetic algorithm (LGA) 
was used to evaluate the binding sites. The energy mini-
mized compounds of DHPB, DHPF, and DHPP obtained 
from the Gaussian B3LYP/6-311G + (d,p) level were 
designated as ligand. The complete ligand profile of 
the compounds such as rotational bonds, torsion angles, 
and RMSF within the docked site is shown in supple-
mentary Fig. S1a–c. After completing the docking pro-
cedures, the docking parameters’ binding energy and 
inhibitory constants of DHPB, DHPF, and DHPP from 
the 100 conformers the best conformer depend upon 
the energy and interaction with the protein and were 
taken for further analysis which is listed in Table 5. The 
protein ligand interactions were visualized via PyMOL 
software is presented in Figs. 6a–c. Figure 7 shows the 
ligands DHPB, DHPF, and DHPP bind to the active site 
of the targeted protein (5KMD). In order to compare the 
docked results, the similar 1,4-dihydropyridine deriva-
tive compounds such as amlodipine, nifedipine, and 
felodipine were taken as ligands and docked with the 
same protein (5KMD), and their binding energies are 
presented in Table 6. The result shows that the bind-
ing energy − 4.71, − 5.26, and − 4.75 kcal/mole for the 
compounds DHPB, DHPF, and DHPP has higher binging 
energy than felodipine.

Fig. 7   The protein–ligand 
interaction of DHPB, DHPF, 
and DHPP on active site of the 
targeted protein (5KMD)
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Molecular dynamics

From the results of molecular docking, the best docked 
protein–ligand complex has been taken for molecu-
lar dynamics simulation studies. Molecular dynam-
ics (MD) was performed using DESMOD software to 
analyze the effect of macromolecular motion on pro-
tein–ligand interactions [48]. The solvated system was 
neutralized by adding counter ions, and the system 
was relaxed through an energy minimization process. 
The system was considered as an isothermal isobaric 
NPT ensemble. A simple point charge was used for the 
solvent system, and other parameters such as tempera-
ture 300 K, pressure 1.0322 bar, and cut-off radius of 
10 Å are included in the simulation calculation. From 
the results, RMSD and RMSF are evaluated, and also 
ligand–protein interactions with amino acid residues 
throughout simulations are shown in supplementary 
Fig. S2a–c.

Root mean square deviation (RMSD)

RMSD is most commonly used to analyze the equilibra-
tion period of MD trajectories. It provides insight into the 
conformational stability of the protein–ligand complex and 
their motions during simulation within the hydrated lipid 
atmosphere. Figure 8a–c shows the RMSD analysis of the 
protein–ligand complex of the DHPB, DHPF, and DHPP com-
pounds for the period of 40 ns. From the MD trajectory figure, 
the complexes DHPB, DHPF, and DHPP reach equilibration 
at around 10 ns, 15 ns, and 9 ns, respectively. After the 15 ns 
from their initial fluctuations, all the compounds became rela-
tively stable and have less deviation throughout the simulation 
of 40 ns. While comparing the RMSD simulation results, the 
compound DHPP is more stable than DHPB and DHPF.

Root mean square fluctuation

The RMSF was analyzed to retrieve the flexibility of the 
protein backbone structure and motion of the individual 

Table 6   Comparison of binding 
energy with standard drugs and 
synthesized compounds

Synthesized compound Binding 

energy

(kcal/mol)

Standard drugs Binding 

energy

(kcal/mol)

DHPB

-4.71

Amlodipine

-6.19

DHPF

-5.26

Nifedipine

-5.38

DHPP

-4.75

Felodipine

-4.55
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amino acid residues. The high RMSF value indicates 
more f lexibility, whereas the lower value represents 
more stability with limited movements under appropriate 

conditions [49]. The RMSF value of the protein–ligand 
complex of DHPB, DHPF, and DHPP evaluated from 
MD simulation result is shown in Fig. 9a–c. The residues 

Fig. 8   a RMSD analysis of 
5KMD with the ligand DHPB 
for a duration of 40 ns. b 
RMSD analysis of 5KMD with 
the ligand DHPF for a duration 
of 40 ns. c RMSD analysis of 
5KMD with the ligand DHPP 
for a duration of 40 ns
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in the position 80–100 fluctuate high, while the other 
residues in protein remain stable with limited fluctua-
tion. The green color vertical lines indicate the ligand 

interaction with residues. It is clear from the figure that 
the compound DHPP has less fluctuation and more stable 
than DHPB and DHPF.

Fig. 9   a RMSF analysis of 
5KMD with the ligand DHPB 
for a duration of 40 ns. b RMSF 
analysis of 5KMD with the 
ligand DHPF for a duration 
of 40 ns. c RMSF analysis of 
5KMD with the ligand DHPP 
for a duration of 40 ns
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Conclusion

The synthesized compounds DHPB, DHPF, and DHPP 
were studied in detail with FT-IR, FT-Raman, NMR, 
and UV–Visible spectra experimentally, and the results 
were compared with theoretically simulated FT-IR, 
FT-Raman, NMR, and UV–Visible spectral data which 
are in good agreement with each other. The quantum 
chemical studies such as electron affinity, ionization 
potential, chemical potential, hardness, and softness 
of the material results prefer high ionization poten-
tial. The MEP map predicts reactive sites for nucleo-
philic and electrophilic attacks, and the Fukui function 
results infer that the compounds were prone to nucleo-
philic reactivity sites. The frontier molecular orbital 
HOMO–LUMO energy gap confirms electronic prop-
erty and charge transfer within the molecules and also 
enhances the biological activity of the compounds. The 
NBO investigation ensures the intra-molecular charge 
transfer (ICT) appears within the molecules. The results 
obtained from molecular docking and molecular dynam-
ics show that the compound has good binding affinity 
and low inhibition value towards the calcium channel 
activity receptor. Therefore, these compounds may be 
treated as calcium channel antagonist drugs. However, 
necessary biological tests and clinical trials should be 
conducted.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00894-​021-​04939-2.
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