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A B S T R A C T   

Experimental and theoretical investigation of the anti-hypertensive activity of novel 2-[N-(4-methyl
benzenesulfonyl)-1-phenylformamido]-N-(4-nitrophenyl)-3-phenylpropenamide (MBPNPP) was carried out. The 
experimental approach followed the dietary induction of spontaneously hypertensive adult male Wistar rats 
(SHRs) using 66% w/v D-fructose and the angiotensin I-converting enzyme (ACE) inhibitory activity assay while 
the theoretical study was achieved using DFT calculations and molecular docking against hypertension 
responsive proteins. The Becke-3-Paramater-Lee-Yang-Parr (B3LYP) functional/6–311G++(d,p) basis set was 
adopted. The molecular electronic properties such as the highest occupied molecular orbital (HOMO), the lowest 
unoccupied molecular orbital (LUMO) and other chemical reactivity parameters were evaluated to bring to light, 
the reactivity and stabilization mechanisms of MBPNPP. The highest daily oral dose of MBPNPP (10 mg/kg) 
significantly prevented increase in systolic blood pressure (SBP) comparable to positive and normal control 
groups receiving captopril (10 mg/kg/day) and distilled water (5 ml/kg) ad libitum respectively from 167.23 
(negative control) to 124.50 and 120.17 (positive control). Molecular simulation was also carried out with target 
proteins; 2ydm, 2 × 8Y, and 3ZQZ, and the theoretical data expresses a much plausible therapeutic significance 
towards the control of hypertension. The frontier orbital energy gap of 3.066 eV was an indicator that the charge 
transfer interaction occurred within the molecule and indicates high chemical reactivity. Relative to the refer
ence drug, Spironolactone, the compound under study showed a significant binding affinity of -9.0 kcal/mol, 
-8.3 kcal/mol, and -7.9 kcal/mol with the target proteins and better protein-ligand hydrogen bond interactions. 
The data gathered from the experimental and theoretical analysis including the docking scores showed excellent 
anti-hypertensive activity by MBPNPP.   

1. Introduction 

Hypertension is considered the most life-threatening health condi
tion especially because, cardiovascular illnesses like coronary heart 
disease, ischemia, and hemorrhagic stroke are all attributed to high 
blood pressure [1,2]. It is a long-term disorder where the blood pressure 
in the arteries is relatively high, having a diastolic blood pressure and 
systolic blood pressure (SBP) greater than 90 mmHg and 140 mmHg 

respectively. An estimate of 7.5 million people loses their lives yearly 
owing to hypertension according to the World Health Organization [3]. 
Chemotherapy is one of the most effective ways of controlling hyper
tension. Over the years, therapeutic efforts have been made to control 
hypertension and also to subdue its related organ damage and, on that 
note, several resources have been put in place to inhibit the conversion 
of enzymes and receptor antagonist; calcium channel blockers; adren
ergic receptor blockers (diuretics) etc. [4]. Increase in cases of 
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hypertension has led to the design of many anti-hypertensive trials as to 
achieve arterial blood pressure like potassium channel blockers and 
angiotensin-converting enzyme inhibitors (ACEI) [5]. So far, calcium 
channel blockers are taken as the most famous pharmacological class of 
anti-hypertensive drugs because they are effective in the cardio muscles 
obstructing the switch of the cardiac muscles and vascular muscle cells. 
Over 30 drugs of sulfonamide derivatives are found to have a remark
able biological activities as anti-hypertensive, antibacterial, antifungal 
as well as anti-inflammatory and diuretic potentials and hence, has 
advanced its pharmaceutical value [6,7]. 

Substantially and colleagues [9] carried out a detailed DFT quantum 
computational work in 2019 on amlodipine besylate (AMB). Other re
ports showed the effectiveness of some dihydropyridone derivatives of 
sulphonamides as anti-hypertensive compounds [10], Dihydropyridine, 
verapamil, nifedipine [11] and amlodipine [12]. Computational anal
ysis has become an important tool for the design and examination of 
molecular structures and complexes to compliment experimental re
sults. The DFT methods allows for the investigation of properties of 
compounds like the geometry, bond nature, intra- and intermolecular 
interactions present in the molecule with a good level of precision and 
accuracy [13]. 

Interestingly, many anti-hypertensive drugs which contain sulfon
amide functionality has the ability to inhibit carbonic anhydrase and 
play important roles in α receptor blocking activities [8]. And as such 
scientists, over time, have continued computational investigations on 
anti-hypertensive drugs for deeper understanding and also as confir
matory examinations. Therefore, this investigations attempts to 
comprehensively establish the reactivity, stability and anti-hypertensive 
activity of novel 2-[N-(4-methylbenzenesulfonyl)− 1-phenyl
formamido]-N-(4-nitrophenyl)− 3-phenylpropenamide (MBPNPP) 
employing both experimental and theoretical investigation. Substan
tially, different computational tools have been developed for analysis of 
complex bonding interactions in chemical systems. One of the methods 

employed in this regard is the frontier molecular orbital (FMO) analysis 
where the HOMO-LUMO energy values are used to calculate the critical 
quantum chemical descriptors. From such descriptors, we determined 
the reactivity and the stability of the molecule [14,15]. NBO analysis 
investigates the intra- and inter- molecular bonding and conjugative 
interaction in a molecular system [16]. A comprehensive DFT structural 
and bonding features of MBPNPP is presented to effectively investigate 
the significant reactive groups that participate in intra- and intermo
lecular hydrogen bonding which brings about its interaction with bio
logical target proteins necessary for the control of hypertension. 
Remarkably, the binding affinity and the protein-ligand interactions of 
the molecule were analyzed from the docking scores, in order to 
compare the theoretical studies with the biological studies which eval
uates the in vivo anti-hypertensive effect of MBPNPP on SHRs. Followed 
by employing the angiotensin I-converting enzyme (ACE) inhibitory 

Fig. 1. Optimized structure of MBPNPP.  

Table 1 
Effect of MBPNPP on SBP in D-Fructose (10 mg/kg ad libitum) induced rats.  

Group Dose(mg/kg)  SBP     
Day1 Day 5 Day 10 Day 15 

1 5 ml/kg 113.83 ±
2.11* 

113.83 ±
2.1* 

118.83 ±
2.10* 

110.50 ±
0.76* 

2 66% D- 
glucose 

112.40 
±1.60* 

136.32 
±2.22** 

152.24 
±2.23** 

167.23 
±1.55** 

3 10 mg/gk 
Captopril 

113.83 ±
2.11* 

113.83 ±
2.10* 

119.83 ±
2.1* 

120.17 ±
1.01* 

4 5 mg/gk 
MBPNPP 

112.50 ±
1.20* 

122.83 ±
0.95* 

130.17 ±
0.70** 

128.20 ±
0.76** 

5 10 mg/kg 
MBPNPP 

115.17 ±
1.97* 

119.00 ±
1.39* 

122.33 ±
0.49* 

124.50 ±
0.76* 

Results are expressed as mean ±S.E.M. 
* No significant difference compared with normal control,. 
** Significantly different compared with normal and positive controls. 
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activity assay. 

2.0. Experimental details 

2.1. Synthesis and characterization of MBPNPP 

The procedure followed a previously established method [17]. 
Briefly, 1.0 equiv. of 2-(4-methylphenylsulfonamido)propanoic acid was 
added to EDC.HCl and HOBT (1.2 equiv. each). The mixture was added 
to DIPEA (2.0 equiv.) in 5.0 mL DCM. The reaction mixture was stirred 
for about 20 min at room temperature and 1.0 equiv. of 2-amino-N-sub
stitutedphenylpropanamide was added and stirred at room temperature 
overnight. Thereafter, DCM (20 mL) was added to dilute the reaction 
mixture. Washing was achieved using 5% bicarbonate, HCl (1.0 M) and 
brine. The organic layer was filtered, evaporated in a vacuum and dried 
over Na2SO4 to give the crude crystals. Purification of the crude product 
was done using column chromatography (10–70% EA/Hexane) to yield 
2-[N-(4-methylbenzenesulfonyl)− 1-phenyl
formamido]-N-(4-nitrophenyl)− 3-phenyl propanamide (MBPNPP) with 
the following physical and spectroscopic properties; 

Yield (0.5405g, 99.45%), mp, 109.50 ◦C FTIR (KBr, cm− 1): 3363 
(NH), 1714, 1632 (2C––O), 1599, 1472, 1445 (C––C), 1506 (NO2), 1394, 
1329 (2S=O), 1182, 1168 (SO2N), 1158, 1113, 1091 (C–N). 1H NMR 
(DMSO‑d6, 400 MHz) δ: 7.91–7.88 (d, J = 9.20 Hz, 4H, ArH), 7.46–7.38 
(m, 3H, ArH), 7.18–7.15 (d, J = 8.24 Hz, 2H, ArH), 7.11–7.07 (m, 5H, 
ArH), 6.64–6.56 (m, 4H, ArH), 3.25–3.22 (t, J = 4.60 Hz, 1H, 
CH–C––O), 2.93–2.88 (dd, J = 5.48, 5.04 Hz, 1H, CHa of CH2), 
2.76–2.70 (dd, J = 7.76, 7.36 Hz, 1H, CHb, of CH2), 2.26–2.22 (m, 3H, 
CH3-Ar). 13C NMR (DMSO‑d6, 125 MHz) δ: 174.8 (C––O of carbox
amide), 170.9 (C––O of benzamide), 156.2, 142.8, 138.6, 137.9, 136.2, 
131.9, 129.9, 129.8, 129.4, 128.7, 128.6, 128.4, 126.9, 126.6, 125.8, 
112.9 (sixteen aromatic carbons), 58.6, 38.4, 21.4 (three aliphatic car
bons). MS (m/z): 543.1599 (M+), calculated, 543.1464. Other infor
mation regarding characterization has been provided in Fig. 1 of the 
supporting information document. 

2.2. Evaluation of in vivo anti-hypertensive effect of MBPNPP on SHRs 

According to earlier research by Gelata et al. [18], the study used 
66% w/v D-fructose to dietary induce hypertension in adult male Wistar 
rats. Prior to the trial, each rat was exercised and familiarized with the 
restrainer and transducer for roughly 15 min each day. In advance of 
taking blood pressure readings, the rat was restrained in a low-stress 
setting and permitted to freely enter the restrainer for at least 10-15 
min. Using a restrainer, the rat was warmed but not heated, stress was 
minimized, and blood flow to the tail was raised to record a blood 
pressure (BP) signal. Room temperature was kept between 32 and 35 ◦C. 
All throughout the trial, the animals’ temperatures were checked. In 
groups of six animals (n = 6), the animals were placed at random. 
Positive control rats (group 3) received captopril (10 mg/kg/day) and 
66% w/v D-fructose ad libitum while treatment, while normal controlled 
rats (group 1) received just distilled water ad libitum, negative control 
rats (group 2) received only 66% w/v D-fructose ad libitum. MBPNPP 

was administered in doses of 5 and 10 mg/kg to Groups 4 and 5, 
respectively. On the first day prior to the experiment, the animals’ blood 
pressure was tested and noted. After induction using D-Fructose (66% 
w/v) for all groups but the normal control, blood pressure was taken 
every fifth day to get measurements on Days 5, 10, and 15. 

2.3. Angiotensin I-converting enzyme (ACE) inhibitory activity assay 

The ability to inhibit ACE was measured with the Dojindo ACE kit- 
WST following the manufacturer’s guide and as previous reported 
[19]. The extent of inhibition was calculated using the equation below; 

Rateofinhibition(%) = [(Control − Sample) / (Control − Blank)] × 100  

where IC50 is the concentration of inhibitor required for 50% inhibition 
of an enzymatic activity. 

2.4. Computational details 

2.4.1. DFT calculations 
The molecular structure was sketched using Gaussview 6.0.16 soft

ware [20] and the DFT calculations was optimized using Gaussian 16 
program at the B3LYP functinal and 6–311G++(d,p) basis set [18] as 
shown in Fig. 1. The method establishes a computation with the 
6–311++G (d, p) basis set and the common B3LYP functional. As a 
result, it was used to largely account for all interatomic interactions and 
to modify the parameters that are fitted to the conformation and 
computed energies of the investigated compound. The optimized 
structure of MBPNPP (Fig. 1) was used to perform calculations on the 
highest occupied molecular orbital and the lowest unoccupied molecu
lar orbital energy. The NBO calculations was done with the NBO 3.1 
module embedded in Gaussian 16 W. Avogadro software was used to 
design the HOMO- LUMO 3D graphics of the compound. With the for
mated checkpoint file, the graph of the density of state (DOS) was 
plotted using Multiwfn 3.7 dev software, whereas the NPA/Mulliken 

Table 2 
IC50 values of ACE inhibitory effects of MBPNPP.  

Group Description Dose (mg/ 
kg) 

IC50 value (µM) 

1 Atenolol (10 mg/kg) (Positive 
control)  

32.66±1.32* 

2 MBPNPP (5 mg/kg)  43.90±0.32** 
3 MBPNPP (10 mg/kg)  35.97±0.68* 

IC50 values were determined by triplicate experiments,. 
* No significant difference compared to control (P<0.05),. 
** significantly different compared to control (<0.05). 

Fig. 2. HOMO-LUMO diagram of MBPNPP.  

Table 3 
HOMO-LUMO and quantum parameters obtained by B3LYP/ 
6–311++g(d,p).  

Electronic Parameters Calculated values 

HOMO (e/V) − 9.113 
LUMO(e/V) − 6.047 
IP(e/V) 9.113 
EA(e/V) 6.048 
µ(e/V) − 7.580 
η(e/V) 1.533 
Eg(e/V) 3.066 
S 0.652 
Ѡ 44.038 
� 7.580  
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charge plot was obtained with Origin 2018 software [21]. 

2.4.2. Molecular docking approach 
Molecular docking simulation was performed to bare the anti- 

hypertensive activity of the molecule via the interaction of the com
pound with the appropriate target proteins (PDB code: 2DYM, 2 × 8Y, 
and 3ZQZ). The molecular docking simulated 3D structure of the pro
teins complex were sourced from the Research Collaboration for Struc
tural Bio-informatics (RCSB) website. Using the Biovia discovery studio 
4.5 software, the proteins were prepared and docking was performed 
with AutoDock vina 4.2 [22]. The water molecules and the native li
gands were primarily detached from the respective proteins and the 
polar hydrogen added. The protein-ligand as well as the hydrogen bond 
interactions were all visualized using Biovia discovery studio and PyMol 
software respectively for the 2D and 3D visualization plots [23]. The 
rationale for the selection of these protein residues were due to their 
ability to recognize the substrate, well established protein target-site for 
hypertension and the significant cavity round the active site which 
would promote the binding with anti-hypertensive drug. Again, the 
proteins have been used as targets for anti-hypertensive assays and they 
showed detailed binding features with control drugs without traces of 
mutation. 

2.5. Statistical analysis 

All experimental data were expressed as mean ± S.E.M. The data 
obtained were subjected to biostatistical interpretation by SPSS Win
dows version 20. A one-way ANOVA was conducted and followed by a 
post hoc test (Tukey’s test) for multiple comparisons of mean differ
ences. A statistical difference at P < 0.05 was considered significant. 

3. Results and discussion 

3.1. Evaluation of in vivo anti-hypertensive effect of MBPNPP on SHRs 

The negative control showed a significant increase in SBP compared 

to the normal control (P<0.05) and the positive control (P<0.05) on 
days 5, 10 and 15 of the experiment (Table 1). The groups receiving 
daily oral administration of 5 and 10 mg/kg MBPNPP prevented in
crease in SBP and showed no significant difference in Day 5 of the 
experiment. On the 10th day of the experiment, oral administration of 
10 mg/kg/day of MBPNPP prevented an increase in SBP, showing no 
significant difference compared to normal and positive controls. After 
consecutive daily oral administration for 15 days, all treatment groups 
showed a significant decrease in SBP compared to normal control 
(p<0.05) and positive control (p<0.05; Table 1). The negative control 
rats receiving 66% w/v D-fructose served as a hypertensive model with a 
consequential SBP increase of 136.32±2.22 mmHg (day 5), 152.24 
±2.23 mmHg (day 10) and 167.23±1.55 mmHg (day 15) from 112.40 
±1.60 mmHg (basal BP). Whereas the positive control administered 
captopril (10 mg/kg/day) with 66% (w/v) D-fructose ad libitum, showed 
a mean change in SBP (120.17 ± 1.01 mmHg) after 15 days of study 
time. Daily oral administration of MBPNPP significantly prevented the 
increase in SBP in rats receiving 66% w/v D-fructose consumed ad libi
tum in a dose-dependent manner. The anti-hypertensive assay did not 
show any significant differences between 124.50 and 120.17 systolic BP 
respectively obtained for 10 mg/kg dose each of MBPNPP and captopril 
after 15 days treatment. This study demonstrated excellent in vivo anti- 
hypertensive activity against 66% w/v D-fructose-induced hypertensive 
male Wistar rats. 

3.2. ACE inhibitory activity assay 

Inhibition of ACE is a major physiological effect necessary for 
regulating systolic blood pressure [24]. This present study investigated 
the ACE inhibitory activity of novel 2-[N-(4-methylbenzenesulfonyl)−
1-phenylformamido]-N-(4-nitrophenyl)− 3-phenylpropenamide 
(MBPNPP). The IC50 values (µM) for standard atenolol (10 mg/kg) and 
different doses of MBPNPP were shown in Table 2. The results indicate a 
remarkable and dose dependent ACE inhibitory activity of the titled 
compound. There were several reports that ACE inhibitory leads are 
those having low molecular weight which are easily absorbed in the 

Table 4 
NBO analysis of MBPNPP with the second-order perturbation energy (E2).  

Donor NBO (i) Acceptor NBO (j) E (2) E(j)-(i) F (i,j) 
Parameters Occupancies  Parameter Occupancies     

σC10 - C1 
σC10 - C13 
σC11 - C15 
∑ σ → σ* 

1.97241 σ*C57 - H61 
σ*C59 - H62 
σ*C57 - H61 
π*C57 - C59 
π*C57 - C59 
π*C8 - C9 
π*C11 - C15 
π*C8 - C9 
σ*C57 - H61 
σ*C59 - H62 
π*C10 - C13 
π*C11 - 15 
π*C22 - C24 
π*C23 - C25 
π*C22 - C24 
π*C57 - C59 
π *C57 - C59 
π*C57 - C59 
π*C33 - O35 
π*N47 - O48 

0.01376 228.81 3.65 0.819  
1.97241 0.01404 136.34 3.08 0.581  
1.97467 0.01376 73.03 4.02 0.485    

471.84    
π 1 - C13 
πC 11 - C15 
πC11 - C15 
πC10 - C13 
πC10 - C13 
∑ π → π * 
π C10 - C13 
πC11 - C15 
∑ π→ σ * 
π*C8 - C9 
π*C8 - C9 
π*C23 - C25 
π*C27 - C29 
π*C27 - C29 
∑ π*→ π* 
σ*C1 - H64 
∑σ *→ π * 
σC10 - H14 
σC10 - C13 
∑ σ → π * 
LP (1)N34 
∑LP(1) → π * 
LP (3)O49 
∑LP(3)→π* 

1.65087 0.33795 146.26 3.91 0.677  
1.62044 0.33795 104.49 3.97 0.581  
1.62044 0.39512 48.77 0.15 0.076  
1.65087 0.32343 60.75 0.11 0.075  
1.65087 0.39512 52.87 0.09 0.063    

364.37    
1.65087 0.01376 94.10 3.49 0.560  
1.62044 0.01404 36.76 2.98 0.327    

130.86    
0.39512 0.28546 148.76 0.02 0.079  
0.39512 0.32343 153.03 0.02 0.085  
0.29346 0.36529 109.79 0.03 0.084  
0.33423 0.29346 232.41 0.01 0.081  
0.33423 0.36529 85.74 0.04 0.085    

729.68    
0.02528 0.33795 46.71 4.35 0.437    

46.71    
1.97703 0.33795 74.36 4.28 0.548  
1.97241 0.33795 332.35 4.08 1.131    

406.71     

1.69051 
0.26147 53.59 0.29 0.113    

53.59    
1.44978 0.62577 163.25 0.14 0.139    

163.25    

D.I. Ugwu et al.                                                                                                                                                                                                                                 



Chemical Physics Impact 6 (2023) 100158

5

intestinal tract [25,26]. Meanwhile, more than 30 medicinal compounds 
of sulfonamide derivatives are found to have a remarkable 
anti-hypertensive activity. There was no significant difference (P<0.05) 
between the IC50 values of 35.97±0.68 and 32.66±1.32 μM respec
tively obtained for 10 mg/kg of MBPNPP and the standard drug. Again, 
5 mg/kg dose of MBPNPP significantly (P<0.05) inhibited ACE with 
IC50 value of 43.90±0.32 thereby indicating a dose dependent activity 
of MBPNPP. Therefore, IC50 being the amount of inhibitor necessary for 
50% inhibition of an enzyme activity, shows here that MBPNPP is very 
effective in normalizing BP in SHRs. 

3.3. Frontier molecular orbital (FMO) 

In order to determine the chemical stability and reactivity of a 
compound, the energy of the highest occupied molecular orbital and the 
lowest unoccupied molecular orbital (EHOMO and ELUMO) are of great 
significance. The FMO descriptors were calculated from the EHOMO and 
ELUMO difference [27]. When the molecular orbital of two reactants in
teracts or overlap, it results in the formation of two new molecular 

orbitals. In the ground state, the LUMO and the HOMO distribution for 
MBPNPP is shown in Fig. 2. The HOMOs are characteristic electron 
donors while the LUMOs are electron acceptors and their ground state 
energy difference is known as the energy gap [28]. In the molecular 
orbital wave function shown in Fig. 2, the green and the purple color 
distributions represent positive (electron rich region) and negative 
(electron poor region) phases respectively. Fig. 1 shows the optimized 
structure of the molecule while Fig. 2 shows that electron distribution on 
the LUMOs were around C3 to C29 except C9 and C18 whereas the or
bitals of N2, N24, C1, O4, O6, O35, O7 (behind C3 in Fig. 1) and S5 
contributed mainly to the positive phase (HOMO). When the energy gap 
of a molecule is relatively of small value it indicates the tendency for 
such compound to be less stable and consequently more reactive [29]. 
The energy is associated with other chemical reactivity descriptors such 
as electron affinity, chemical potential, chemical hardness, softness, 
electronegativity and global electrophilicity index which are altogether 
employed in appreciating the electronic properties and biological ac
tivity of chemical compounds [30]. The HOMO-LUMO energy and other 
descriptors are calculated using Eqs. (1)-6 [31]. Table 3 shows that 
MBPNPP have − 9.1131 eV and − 6.0475 eV as EHOMO and ELUMO 
respectively and hence, energy gap of 3.066 eV This energy value is 
indicative that MBPNPP is very reactive. The chemical reactivity de
scriptors provide for the understanding of not only the chemical prop
erties but also the biological activity of molecules. Chemical hardness 
expresses the tendency for inhibition of charge transfer, meanwhile 
molecular orbital theory explains that a molecule is considered hard if it 
displays a wide energy difference between the HOMOs and the LUMOs 
[32]. On the contrary, the molecule is considered soft if it has a small 
energy gap. Again, softness is directly related to chemical reactivity. In 
the present study, the calculated values for hardness (η) and softness 
1.533 and 0.652 eV respectively indicate that the molecule can easily 
accept extra charge during interaction with other species. Also, a 
molecule is considered soft with high polarizability when it is found to 
have a low chemical hardness and high negative value of chemical po
tential [33]. The relatively low value of chemical softness (S = 0.6524 
eV) which is the inverse of the function η (1.5328) predicts a relatively 
higher chemical reactivity which is significant in considering features of 
a pharmaceutical molecule while the high value (− 7.580) electronic 
chemical potential (µ) provides information on the feasibility of a system 
to exchange electron (charges) with the environment at equilibrium 
which is also indicative of effective drugs [34]. Electrophilicity index (ω) 
is an indispensable theoretical tool employed in investigating the 
binding ability and drug suitability [35]. 

Fig. 3. TDOS and PDOS graph of MBPNPP.  

Fig. 4. Graph of NPA/Mulliken charge.  
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Energygap = ELUMO − EHOMO (1)  

η = − 1/2(EHOMO − ELUMO) (2)  

S = 1/η (3)  

μ = − 1/2(EHOMO +ELUMO) (4)  

□ = 1/2(EHOMO +ELUMO) (5)  

ω = μ2/2η (6) 

When the value of electrophilicity index is relatively high it shows 
that the studied molecule has a high binding capacity with biomolecules 
and can act as an electrophile. The high value of electrophilicity index 
(44.038) and also the high negative value of chemical potential 
(− 7.5803 eV) as shown in Table 1 presents MBPNPP as a strong acceptor 
molecule and consequently, possesses a high polar character. Interest
ingly, these properties are characteristics of a potential biologically 
effective drug. 

3.4. Natural bonded orbital (NBO) analysis 

The NBO analysis is a computational technique that helps to simplify 
the Schrodinger equation for better understanding of the intra- and 
inter-molecular bond systems in chemical entities. It also gives infor
mation on the conjugative and hyper-conjugative interactions of mole

cules. The predisposition of the molecule towards interactions is 
influenced by the energy difference between the bonding and the anti- 
bonding orbitals [36]. The second-order perturbation theory analysis 
of the Fock matric in the NBO basis which provided vital information on 
the strength and nature of the donor-acceptor interaction of the mole
cule is presented in Table 4. Eq. (7) was used to estimate the stabilization 
energy (E2) which is associated with the delocalization [37]. Hence, the 
donor-acceptor stabilization energy (E2) which is associated with i → j 
delocalization for each donor NBO (i) and acceptor NBO (j) was 
measured. 

E2 = qi
(Fij)2

Ei − Ej
(7) 

The (Fij) represents the off-diagonal Fock-matrix elements while Ei- 
Ej shows the orbital energy difference between the donor and the 
acceptor NBOs and qi expresses the orbital occupancy. The stabilization 
energy is proportionally related to the extent of conjugation of the 
chemical system. Several electron donor orbitals, acceptor orbital, and 
the interaction stabilization energy are well presented from the second 
order micro-disturbance theory. The tendency of an electron to be 
donated from an orbital expresses the intensity of the interaction and 
this is directly proportional to the value of the energy difference (E2) 
[38]. Therefore, the electron delocalization between occupied lewis and 
unoccupied non-lewis type natural bond orbitals stabilizes the 
donor-acceptor interaction. Intra-molecular charge transfer occurred 
due to the formation of molecular interaction when the orbitals overlap 
between σ(C–C) and σ*(C–C) bond orbital. Though there were 
different other donor-acceptor interactions from the output files of the 
NBO analysis, twenty (20) interactions with highest stabilization energy 
were meticulously examined. 

It was observed that the ∑ (E2) of π* → π* interaction has the highest 
energy (729.68 KJ/mol) relative to other orbital interactions selected in 
the system. Thus, the highest energy transfer is contributed by the π* → 
π*. During the inter-molecular interaction, the maximum hyper con
jugative energy was exhibited and this greatly proposes the potency of 

Fig. 5. 2D representation of the interaction between ligand and protein residues.  

Table 5 
Docking scores and binding free energies of MBPNPP and Spironolactone (access 
code = DB00421.   

MBPNPP Spironolactone 
2ydm 2 × 8Y 3ZQZ 2ydm 2 × 8Y 3ZQZ 

Binding affinity − 8.3 − 7.9 − 9.0 − 9.7 − 7.0 − 7.0 
RMSD L.B 12.975 2.648 2.76 0.00 4.22 2.06 
RMSD U.B 16.868 7.322 4.90 0.00 6.44 2.51  
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the molecule under study for the biological and pharmaceutical appli
cation. The donor-acceptor interactions σ (C10 - C13) → σ*(C57 - H61), 
σ (C10 - C13) → π*(C57 - C59), and π (C27 - C29) → π*(C23 - C25) 
transmitted the respective stabilization energies; 228.81 KJ/mol, 332.35 
KJ/mol, and 232.41 KJ/mol to the molecular system which most likely 
is responsible for the strong stabilization within the structure. Appar
ently, the C10-C13 appears to be the carbon (region) with more 
contribution for stabilization energy. 

3.5. Density of state (DOS) 

DOS analysis is conducted to understand how many states are 
available for occupation by electrons at certain energy level. At a spe
cific energy level, high intensity (DOS) indicates that there are many 
states available to be occupied [39]. More so, the relevance of partial 
density of state (PDOS) is that it expresses the fragments or the groups 
which are involved more in electronic interactions leading to charge 
transfer [40]. From the graph in Fig. 3.0 the data shows that the density 
of charge transfer is mainly due the carbon fragment followed by the 
oxygen at the − 0.4 a.u. That is to say (as expected) that the HOMOs are 
mostly contributed from the oxygen and nitrogen atoms as expressed in 
the graph where the group of highest PDOS were spread around carbon 
and hydrogen fragments of the benzene rings in the LUMOs, indicating 
available states for electron occupation. Although PDOS for hydrogen 
atoms appears close to that of the carbon atoms, electrons will first 
occupy the carbon atomic orbitals before entering the hydrogen orbitals 
as shown in the Fig. 3. The donor orbitals in these atoms are highly 
electro-negative atoms (oxygen, sulfur and nitrogen) that promotes 
hydrogen bond interaction which is considered vital in drug metabolism 
in biochemical systems [40]. 

3.6. Natural population analysis (NPA, Mulliken) 

The distribution of electrons in various sub shells in atomic orbitals 
of an organic compound becomes clearer with the natural population 

analysis (NPA). The identification of the structure, size and distribution 
of a HOMO-LUMO orbital is vital for the prediction of electron con
centration and due to that, NPA charges were analyzed in this work 
[41]. Mulliken population analysis is the method for the calculation of 
charges depending on the linear combined orbitals of the atoms. More 
so, effective atomic charge calculations play important roles towards 
unraveling the electronic structure properties of molecular systems [42, 
43]. The natural bond orbitals with minimal electron density and nat
ural atomic orbitals are actually used in the NPA to localize the electrons 
to atoms. NPA is however, quite related to the conventional Mulliken 
population analysis though seems to express an improved numerical 
stability and to better explain electrons distribution in compounds of 
higher ionic character. As defined in the basis set, the Mulliken charge 
was calculated by determining the electron population of each atom. 
The total atomic charge values were obtained by Mulliken population 
analysis, and natural charges were gotten by NBO analysis and the 
charges were presented in Table S1 of the supporting information 
document. The graphical plot of the charges featuring NPA and Mulliken 
are expressed in Fig. 4. The values of natural charges showed that the 
sulfur atom expresses the most electro positivity than other atoms. In 
contrast, O4 and O6 exhibited the most electronegative character, and 
this correlates with the HOMO-LUMO charge distribution shown in 
Fig. 2 where the electron distributions for the HOMO is more around the 
oxygen atoms. Also, observing the most frequently bonded oxygen 
atoms for protein-ligand interaction during docking investigation, oxy
gen atoms are the most commonly involved, interacting with the amino 
acids (Fig. 5). The obtained atomic charges using the Mulliken and NBO 
methods were in agreement. The highest NPA charge fall within the 
energy range of 2.1 to − 0.9 Kcal/mol while the Mulliken charges’ 
highest energy falls in the range of 0.85 to − 0.87 Kcal/mol. Following 
the electrostatic law, the more electropositive atom tends to easily 
release their electrons while the electronegative atoms easily accept 
electrons [44]. From the graph, (Fig. 4) NPA was shown to be the major 
charge contributor. 

Fig. 6. 3D representation of the interaction between ligand and protein residues.  

D.I. Ugwu et al.                                                                                                                                                                                                                                 



Chemical Physics Impact 6 (2023) 100158

8

3.7. Molecular docking 

Molecular docking is a useful modern tool through which the 
bonding interactions of chemical compounds (ligand) and protein re
ceptor are investigated to ascertain the compound’s drug likeness and 
suitability for treatment of diseases [45]. The discovery and design of 
drugs rely mainly on the predictions made from the protein-ligand 
binding affinity and hydrogen bond interactions, and this 
high-performance computational procedure offers significant benefits 
[46]. The molecular docking of MBPNPP with the target proteins; 
2DYM, 2 × 8Y, and 3ZQZ was done using AutoDock vina version 4.2 and 
a balanced procedure was engaged to split protein target ligands into a 
validation set. The proteins were downloaded from RCSB (Research 
Collaboratory for Structural Bioinformatics) protein data bank 
(http:/www.rcsb.org/pdb/home/home.do) [47]. The best protein 
modes with the minimum energy and the most significant protein-ligand 
hydrogen bond interactions are shown in Table 5. The protein 2 × 8Y 
had been adopted in previous researches to investigate the 
anti-hypertensive efficacy of drugs and was reported to have interesting 
binding features [48]. Again, 2YDM and 3ZQZ are well known proteins 
involved in combating high blood pressure and related cardiovascular 
diseases with no record of mutation in humans [49]. 

Binding affinity is a paramount factor considered in modern drug 
design. It shows the binding strength of the interaction between a ligand 
(drug) and its target protein. A higher negative value of the binding 
affinity indicates a better binding interaction of the biomolecules [50]. 
Relative to the reference drug, spironolactone (DB00421), the binding 
affinity of MBPNPP with the respective proteins; 2DYM, 2 × 8Y, and 
3ZQZ were − 8.3 Kcal/mol, − 7.9 Kcal/mol, and − 9.0 Kcal/mol respec
tively. Whereas for spironolactone, the binding affinity with the proteins 
were − 9.7 Kcal/mol, − 7.0 Kcal/mol, and − 7.0 Kcal/mol respectively 
(Table 5). Hence, MBPNPP showed averagely a better binding strength 
with the target anti-hypertensive proteins especially 2 × 8Y and 3ZQZ. 
Protein-ligand hydrogen bond interaction is of great importance in drug 
design and many biological applications. Furthermore, the non-covalent 
interactions (NCIs) which occur between proteins/nucleic acid and li
gands (drugs) are so significant that its consideration cannot be ignored 
while studying biomolecular structures and functions [50]. It is essen
tially a factor which helps to interpret the dynamics of biological sys
tems and enzymatic activity which are indispensable for drug design and 
efficient delivery. Hydrogen bonds exist in almost all biological systems 
and plays vital roles in protein-ligand interactions among many other 
biological activities like catalysis and protein folding. They are common 
facilitators of protein-ligand binding. One of the attributes that promote 
the importance of hydrogen bond interaction in the field of biomolecular 
recognition is that it is directional, reversible and composite in nature. 
Hydrogen bond affects physiological properties of a molecule like the 
solubility, partitioning, distribution, and permeability which is perti
nent to drug discovery and development. From the results, it was 
observed that 4–6 hydrogen bond interactions exist between MBPNPP 
and the different target proteins. The hydrogens interacted with the 
following sets of amino acids in the respective target proteins; TRY, GLN, 
LYS in 2DYM, GLN, LYS, TYR in 2 × 8Y and GLN, THR in 3ZQZ as 
presented in table S2 of the supporting document. The 2D and 3D rep
resentation of the interactions are shown in Figs. 5 and 6 respectively. In 
addition to the shorter bond distances of the interaction of MBPNPP with 
most of the protein residues, there is a higher potency of MBPNPP to 
function as a better therapeutic control for hypertension than the stan
dard drug in this study. 

4. Conclusion 

This study was successfully completed with the goal of determining 
the comprehensive reactivity, stability, and anti-hypertensive activity of 
novel 2-[N-(4-methylbenzenesulfonyl)− 1-phenylformamido]-N-(4- 
nitrophenyl)− 3-phenylpropenamide (MBPNPP). Fascinatingly, a 

quantum computational analysis of the novel compound MBPNPP has 
been carried out on the basis of the experimental data and investigated 
in comparison with the theoretical findings derived from the DFT 
calculation at B3LYP/6311++G(d,p) level of theory. The unique prop
erties of the compound were revealed by the optimized geometric 
values. As the compound’s reactivity and stability, which were exam
ined using the frontier molecular orbital analysis, provided proof of the 
molecule’s drug-potency. It’s interesting to note that the HOMO-LUMO 
energy value from the FMO study demonstrates that MBPNPP has strong 
reactivity and the capacity to readily release electrons. Furthermore, the 
NBO analysis revealed the stabilization energy, which was highly asso
ciated with the charge distributions of the NPA and Mulliken population. 
With regard to the 66% w/v D-fructose-induced hypertension in male 
Wistar rats, this study clearly shows excellent in vivo anti-hypertensive 
action. We may conclude that MBPNPP is highly successful at bringing 
SHRs’ blood pressure back to normal by using the concept of IC50, 
which is the inhibitor concentration required to inhibit an enzyme ac
tivity by 50%. The molecular docking simulation studies that were 
performed to support these evaluations revealed favorable docking 
scores, strong negative binding affinities, and considerable hydrogen 
bond interactions with the target proteins in comparison to the reference 
medication, spirolactone. According to both the theoretical and exper
imental findings, the lead compound potentially exhibits sufficient anti- 
hypertensive potential. 
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