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Abstract 

Background  Existing antidepressants possess various adverse effects and so they are not considered as the first line 
of drug in mild depression. The lack of proper drugs to treat the mild depression on the other hand alleviates severe 
depressive cases. To overcome this problem, the nucleus of benzimidazole and cinnamic acid having very less toxic-
ity were fused and a small library of 40 compounds was prepared. The library was then screened for ADMET proper-
ties and probable toxicity. Those compounds which had not shown any toxicity as well as possessed better in-silico 
absorption, distribution and metabolism were selected for the first phase of the study. Synthesized compounds 
were characterized by FTIR, 1H-NMR and 13C-NMR and were screened for in-vitro antidepressant activity by DNPH 
spectrophotometry.

Result  The compounds MS-3 and MS-8 had shown good antidepressant activity with IC50 values of 367.19 μM/mL 
and 184.56 μM/mL against MAO-A and MAO-B, respectively.

Conclusion  From this study, it can be concluded that the structural requirements for the inhibition of MAO-A 
and MAO-B were totally different. MAO-A inhibitors required the presence of nitrogen and oxygen containing ring 
substitutions whereas MAO-B inhibitors required the presence of 4-halogen containing phenyl ring substitutions.
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Background
Depression is a life-threatening disease which is charac-
teristically different from normal mood swing and short-
lived emotional responses to challenges in everyday life. 
It causes the suffered person to function poorly in any 
kind of activity, ultimately leading to suicide, which is the 
fourth leading cause of death mainly in 15–29 years old. 
According to the Global Health Data Exchange (GHDx) 
report, 2019 published by Institute of Health Metrics and 
Evaluation, depression affects 3.8% of the world’s popula-
tion [1]. Approximately 280 million people in the world 
have depression, 5.02% of which comes under the age 
group of 20 plus years and 5.71% of which comes under 
the age group of 60–89 years [2].

Although there are effective treatments for depression, 
more than 75% of people who lives in poorer countries 
receive no treatment. The reason may be low resources, 
a smaller number of trained healthcare providers and 
the social stigma associated with a mental disorder. 
Sometimes it is because of misdiagnosis and many times 
because of wrongly prescribed anti-depressants. The 

effective treatments for depression include counselling, 
cognitive treatment and interpersonal psychotherapy, 
sometimes along with antidepressant medication such 
as selective serotonin reuptake inhibitors (SSRIs), 5-HT 
receptor antagonists (5HT-RAs), monoamine oxidase 
inhibitors (MAOIs) and tricyclic antidepressants (TCAs). 
These antidepressants are not considered as the first line 
of treatment for mild depression mainly because of the 
adverse effects associated with these classes of antide-
pressants [2].

As the number of suicidal cases is alarmingly increasing 
day by day which is evident from the daily newspapers, it 
is the need of the hour to develop potent antidepressants 
with minimal adverse effects. To do so, we were in search 
of some chemical scaffold that has been widely explored 
as different drug molecules, safe to use and poses mini-
mum side effect. The answer we found is benzimidazole, 
which is one of the most widely explored chemical moi-
ety having diverse biological activities viz. Antiviral [3–
7], antimicrobial [8–11], anticancer [12–16] antidiabetic 
[17–19] etc. along with some reported anti-depressant 
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[20, 21] property also. On the other hand, cinnamic acid 
which is a widely distributed natural aromatic carbox-
ylic acid have gained the attention of researchers due to 
its low toxicity, structural diversity and pharmacological 
actions [22] like anti-inflammatory [23], antioxidant [24], 
antitumor [25], hypoglycaemic [26], antidepressant [27], 
and cytoprotective actions of neuroinflammation in neu-
rodegenerative diseases [28]. The antidepressant action 
of cinnamic acid occurs via important neurotransmitter 
serotonin, which also has similar mechanism of action 
with many commercial antidepressants [29].

The designed compounds, 2-styrylbenzimidazole 
derivatives were synthesized by reacting o-phenylen-
ediamine and cinnamic acid. The two amino groups 
of o-phenylenediamine were fused with the carbox-
ylic group of cinnamic acid leading to the formation of 
2-styrylbenzimidazole.

These 2-styryl benzimidazole derivatives were reported 
to have anti-bacterial, anti-fungal and anti-tubercular 
activity [30]. Based on these findings and to facilitate the 
development of less toxic, easily available, more potent 
antidepressant drugs present study aims at design and 
synthesis of some novel 2-styrylbenzimidazole deriva-
tives with further investigating their potential as anti-
depressants using in-vitro methods. The designed 
compounds were structurally similar to the standard 
antidepressant drug rasagiline. Therefore, it is believed 
that the designed compounds will exhibit antidepressant 
activity by inhibiting the monoamine oxidase enzyme.

Methods
In‑silico studies
To test the hypothesis presented in this research paper, 
we have designed a new series of 2-styrylbenzimidazole 
derivatives. Direct conjugation of these two chemical 

scaffolds was not possible. Therefore, we have moved one 
step back and tried conjugating o-phenylenediamine and 
cinnamic acid which had resulted in the desired nucleus 
having the benzimidazole ring as well as the styryl part 
coming from the cinnamic acid (Fig.  1) exhibiting anti-
depressant effect. It was evident from literatures that the 
styryl part which is present in all cinnamic acid similar 
structures like caffeic acid, ferulic acid, coumaric acid 
might be responsible for possessing the antidepressant 
activity [29]. The N1-hydrogen of the nucleus thus gener-
ated was substituted with various aromatic or cyclic hal-
ides to get the series of different compounds (Table 1).

Molecular property calculation
Different molecular properties like LogP value (Octanol–
water partition coefficient), TPSA (Total Polar Surface 
Area), molecular weight, nRB (Number of Rotatable 
Bond), HBD (Hydrogen Bond Donor) and HBA (Hydro-
gen Bond Acceptor) that are considered under Lipinski’s 
rule of five were determined using the free online soft-
ware ‘molinspiration property calculator.’

ADMET prediction
The series of compounds was then used to calculate the 
ADMET descriptors (absorption, distribution, metabo-
lism, excretion and toxicity) using Discovery studio 
3.1 (Accelrys, San Diego, CA, USA). The descriptors 
selected for this study are absorption, solubility, AlogP98 
and PSA_2D values. The model for plotting the confi-
dence ellipse was developed by Egan and Lauri [31] with 
descriptors that include AlogP98 and 2D polar surface 
area (PSA_2D). Aqueous solubility was predicted by 
using a model developed by Cheng and Merz [32] with 
R2 = 0.84. All the models used for predicting the ADME, 
toxicity, AlogP98 and PSA_2D have high R2 values. 

Fig. 1  Benzimidazole cinnamic acid-conjugated nucleus
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AlogP98 and PSA_2D were used for plotting the confi-
dence ellipse. Compounds which were found outside the 
95% and 99% ellipse region were poorly absorbed com-
pounds (< 30% absorbed). The series was then taken for 
prediction of carcinogenicity and skin irritancy by using 
the TOPKAT module of Discovery studio 3.1 (Accelrys, 
San Diego, CA, USA).

Docking study
Docking was performed on the crystal structure of 
MAO-A and MAO-B which were retrieved from Protein 
Data Bank (PDB). Monoamine oxidase (MAO) inhibi-
tors were a standard class of antidepressants which pre-
vent the removal of neurotransmitters like dopamine, 
serotonin from brain and make these neurotransmit-
ters available preventing depression. Rasagiline was a 
standard MAO inhibitor. Since the compounds were 
designed based on the structure of rasagiline, the docking 
study was carried out against MAO-A and MAO-B. The 
structural features of 2-styrylbenzimidazole derivatives 
revealed in this study would help in understanding their 
structural activity relationship with MAO as novel antide-
pressants. The PDB ID of the selected protein was 2Z5X 
for MAO-A [33] and 1S3E for MAO-B [34]. Prior to dock-
ing, each protein was prepared using protein preparation 
wizard of Discovery studio 3.1 (Accelrys, San Diego, CA, 
USA). Polar hydrogen atoms were added to the proteins 
and charges were assigned. All the bound water mol-
ecules, other heteroatoms and co-crystallized ligands 
attached to the protein were removed. Subsequently, the 
3D structure of protein was optimized by minimizing 
the energy using CHARMm force field. 2Z5X consists 
of chain A only. Binding site of this protein was defined 
(40.753, 16.779, 14.746) around the binding pocket of the 
co-crystallized ligand 7-methoxy-1-methyl-9H-pyrido[3,4-
b]indole which was also known as Harmine. 1S3E consists 
of two identical chains A and B. Chain A was kept for the 
study and chain B was deleted. Binding site was defined 
(52.793, 154.645, 25.957) around the binding pocket of the 
co-crystallized ligand 5-Hydroxy-N-Propargyl-1(R)-Ami-
noindan (RHP). Docking was done using the CDOCKER 
of Discovery studio 3.1 (Accelrys, San Diego, CA, USA) 
which was priory validated by calculating RMSD between 
the docked poses and the X-ray pose of the respective co-
crystallized ligands.

Chemistry
AR grade chemicals and solvents were used without fur-
ther purification for doing the synthetic and analytical 

Table 1  Designed library

N

N

Ar

SL No Compound code ArX

1 MS1 4-chlorobenzenamine

2 MS2 benzenesulfonyl chloride

3 MS3 5-bromouracil

4 MS4 3-chloro-4-fluoroaniline

5 MS5 N-chlorosuccinimide

6 MS6 p-chlorotoluene

7 MS7 1,4-dichlorobenzene

8 MS8 1,4-dibromobenzene

9 MS9 1-(2-chloroethyl)piperidine

10 MS10 4-(2-chloroethyl)morpholine

11 MS11 (4-chlorophenyl)methanamine

12 MS12 4-(chloromethyl)benzenamine

13 MS13 1,3-dichlorobenzene

14 MS14 4-methylbenzene-1-sulfonyl chloride

15 MS15 4-chloropyridine

16 MS16 5-chloropyridin-2-amine

17 MS17 1-chloro-4-(chloromethyl)benzene

18 MS18 1-chloro-3-(chloromethyl)benzene

19 MS19 3-(chloromethyl)oxazolidine

20 MS20 4-chloro-N,N-dimethylbenzenamine

21 MS21 1-chloro-4-methoxybenzene

22 MS22 1-chloro-4-(2-chloroethyl)benzene

23 MS23 1-(2-chloroethyl)-4-fluorobenzene

24 MS24 1-chloro-3-(2-chloroethyl)benzene

25 MS25 2,4-dichloro-1-(2-chloroethyl)benzene

26 MS26 1-(2-chloroethyl)-2,4-difluorobenzene

27 MS27 2-chloropyridine

28 MS28 1-chloronaphthalene

29 MS29 Chlorobenzene

30 MS30 2-chloro-1H-pyrrole

31 MS31 2-chlorothiophene

32 MS32 1-chloro-2-methylbenzene

33 MS33 4-chlorophenol

34 MS34 2-chlorophenol

35 MS35 1-chloro-4-methoxybenzene

36 MS36 1-chloro-4-methylpiperidine

37 MS37 1-chloro-4-methylpiperidine

38 MS38 1-chloro-4-methylpiperazine

39 MS39 1-chloro-4-ethylpiperazine

40 MS40 1-chloro-4-nitrobenzene
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work. Melting point apparatus (BUCHI Melting Point 
M560) at 10  °C/min temperature gradient was used to 
determine the melting point of the synthesized com-
pounds. The UV-Spectra (λmax) of the synthesized com-
pounds were recorded on Shimadzu, UV- 1800, UV–VIS 
spectrophotometer instrument. The FT-IR spectra of 
the synthesized compounds were recorded on Bruker 
ALPHA FTIR spectrometer. The 1H-NMR spectra of 
the synthesized compounds were recorded in DMSO at 
300 MHz by Bruker Avance DPX 300 NMR spectrometer 
and 13C-NMR was also recorded in DMSO at 100 MHz 
by Bruker Avance DPX 100 NMR spectrometer. The mass 
spectra of the synthesized compounds were recorded on 
ZQ-4000 equipped with an Electrospray Ionizer as an 
ionization method. The eight selected compounds were 
synthesized by using the scheme 1.

Synthesis of 2‑styryl‑1H‑benzo[d]imidazole
The compound was synthesized by adding cinnamic 
acid to a mixture of hydrochloric acid and o-phenylen-
ediamine. It was then refluxed in ethylene glycol for 5 h 
within a temperature range of 70–90  °C. After this, the 
reaction mixture was cooled to room temperature and 
poured into water. Resulting solid was filtered, resus-
pended in water and pH of the solution was adjusted 
to ≥ 7 using sodium bi -carbonate. The product was fil-
tered, washed, dried and recrystallized with ethanol.

General procedure for synthesis of final compounds
2-styryl-1H-benzo[d]imidazole was dissolved in quan-
tity sufficient THF, basified using sodium carbonate and 
cooled to (0–5) °C in ice-bath. The respective aryl/cyclic 
amine was added slowly maintaining the temperature 
range of (0–5)  °C for additional 15  min. Thereafter the 
media was warmed upto room temperature and stirred 

for 24  h followed by solvent evaporation. Cold water 
was added to the resulting mass, filtered and air-dried to 
obtain the crude product.

In‑vitro anti‑depressant activity screening
Isolation and preparation of MAO sample
MAO was isolated using brain tissues of chicken. The 
dissected pieces of the brain tissues were washed with 
0.3 M sucrose solution and frozen at − 80  °C for further 
analysis. The brain tissue (2.5 g) was homogenized in 1:40 
(w/v) ratio with 0.3 M ice-cold sucrose solution and cen-
trifuged at 1824 g for 10 min. The supernatant was col-
lected and further centrifuged at 12,768 g for 35 min to 
obtain crude MAO protein precipitations. This precipi-
tate was resuspended in 250 ml of 0.3 M sucrose solution 
and mixed with 20 ml of 1.2 M sucrose solution. The pre-
cipitate was again centrifuged with 1.2  M sucrose solu-
tion at 12,687 g for 40 min followed by a single wash with 
potassium phosphate buffer (pH 7.60, 100 mM). The pure 
brain MAO protein precipitate was suspended in 10 ml 
of potassium phosphate buffer; and stored in aliquots of 
1 ml at − 80 °C for subsequent analysis [22, 23].

Determination of protein concentration
The protein concentration of MAO precipitate was cal-
culated using Hartree Lowry method [24–26]. Serial 
dilutions of concentrations 0.03 to 0.15 mg/ml were pre-
pared from the stock solution of 0.3 mg/ml bovine serum 
albumin (BSA) in potassium phosphate buffer. 1.0 ml of 
each dilution of standard, protein-containing test and 
buffer for reference were mixed with 0.90 ml of reagent 
A (2 g sodium potassium tartrate, 100 g sodium carbon-
ate, 500 ml 1N NaOH, and water to one liter) in separate 
test tubes. The tubes were incubated for 10 min in water 
bath at 50  °C, then cooled to room temperature. 0.1 ml 

NH2

NH2

+ HO

O

N
H

NEthylene glycol
Reflux for 5 hrs

o-phenylene-diamine cinnamic acid (E)-2-styryl-1H-benzo[d]imidazole

.2HCl

1. Na2CO3

2. (0-5)0C to RT for 24 hrs
ArX

N

N

Ar
MS 1 - MS 8

Scheme 1  Synthetic scheme of the compounds MS 1-MS 8
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of reagent B (2 g sodium potassium tartrate, 1 g copper 
sulfate, 90  ml H2O and 10  ml 1N NaOH) was added to 
each test tube, mixed and incubated for 10 min at room 
temperature. 3 ml of reagent C (1 vol of Folin–Ciocalteau 
reagent diluted with 15 vols of water) was added rapidly 
to each test tube, mixed and again incubated for 10 min 
in water bath at 50 °C and cooled to room temperature. 
The final assay volume was 5 ml. Absorbance was meas-
ured at 650 nm.

DNPH spectrophotometry
Potassium phosphate buffer (pH 7.60, 25  mM) and 200 
µL of MAO protein homogenates were mixed and incu-
bated for 20 min at 37 °C. Then 200 ml of 0.016 M ben-
zylamine in buffer (for detecting MAO-B) and 150  ml 
of 0.02  M 5-HT (for detecting MAO-A) were added to 
the above mixture and incubated for 60  min. After this 
400 ml of 2 M DNPH in 1 M HCl was added. After incu-
bation for 40 min at room temperature, 2 ml of 1.25 M 
NaOH containing 5  g/l of Triton X-100 was added and 
the reaction mixture was kept for an additional 30 min at 
room temperature. Finally, absorption was measured at 
465 nm for MAO-B and 425 nm for MAO-A.

Results
In‑silico studies
The designed library was screened through lipinsky rule 
of five by calculating molecular properties and filtered 
through ADMET prediction filter. Only those com-
pounds which have passed through both these filters 
were selected for docking, synthesis and in-vitro anti-
depressant activity evaluation.

Molecular property calculation
Out of the forty compounds of the library, 23 had shown 
one violation of lipinsky rule whereas remaining 17 com-
pounds had not shown any violations and taken for fur-
ther screening (Table 2).

ADMET prediction
All the compounds of the designed library fall inside 95% 
and 99% ellipse region (Fig. 2). From the results of TOP-
KAT toxicity prediction, it was observed that no com-
pounds had shown carcinogenicity but all except eight 
had shown mild skin irritancy (Table 3). Thus, only eight 
compounds of the series had passed all the filters and so 
they were considered for further studies.

Docking study
Based on the molecular properties and ADMET stud-
ies of all the designed ligands, eight compounds were 
selected for molecular docking studies. Docking is con-
sidered to be successful if the RMSD value between the 

X-ray pose and the docked pose is less than 2  Å [35]. 
The RMSD value of Harmine and RHP against 2Z5X and 
1S3E is tabulated in Tables 4 and 5. The docking results 
were analyzed based on the binding energy (Table  6) 
and the docked poses against MAO-A (2Z5X) (Fig.  3) 
and MAO-B (1S3E) (Fig. 4). The binding energies of the 
ligands were within the range of − 114.89 to − 53.32 kcal/
mol. The ligands showed very high negative binding ener-
gies as compared to the standard Harmine/RHP.

Chemistry
Intermediate compound: FT‑IR (cm−1)
1449.16 (C=C stretch, aromatic), 1578.95 (C–C stretch, 
aromatic), 1305.12 (C-N stretch, aromatic), 2967.44 
(N–H stretch, secondary), 1630.86 (C=C stretch, ali-
phatic), 2879.02 (C-H stretch, aliphatic), 681.16 (C-H 
bend, aromatic).

((E)‑4‑(2‑styryl‑1H‑benzo[d]imidazol‑1‑yl)benzenamine) 
(MS‑1)
Solubility: Ethanol, DMSO; Rf value: 0.38; M.P: 115–
117  °C; UV λmax (DMSO): 253; FTIR (cm−1): 1446.67 
(C = C stretch, aromatic), 1625.38 (C–C stretch, aro-
matic), 1281.60 (C-N stretch, aromatic), 2968.09 (C-H 
stretch, aromatic), 3418.46 (N–H stretch, primary), 
1668.09 (C = C stretch, aliphatic), 2878.54 (C-H stretch, 
aliphatic), 764.59 (C-H bend, aromatic).1H NMR 
(300  MHz, DMSO): δ, ppm: 5.23 (s, 2H, C-NH), 6.56, 
(d, J = 6  Hz, 2H, arom. H), 7.01 (d, J = 6  Hz, 2H, Eth-
ylene), 7.37 (t, J = 3  Hz, 3H, arom. H), 7.44 (d, J = 6  Hz, 
4H, Aniline), 7.68 (t, J = 3  Hz 2H, Benzimidazole), 7.61 
(d, J = 6  Hz, 2H, Benzimidazole). 13C NMR (100  MHz, 
DMSO-d6) δ ppm: 142.73, 135.52, 123.92, 112.46, 133.82, 
128.96, 131.30, 117.61, 124.75, 152.07. Mass: 312.15 
(M + H)+ (Tables 7 and 8).

((E)‑1‑(phenylsulfonyl)‑2‑styryl‑1H‑benzo[d]imidazole) 
(MS‑2)
Solubility: Ethanol, DMSO; Rf value: 0.45; M.P: 215–
218  °C; UV λmax (Ethanol): 274.902; FTIR (cm−1): 
1447.59 (C=C stretch, aromatic), 1626.22 (C–C stretch, 
aromatic), 1282.65 (C-N stretch, aromatic), 2967.50 
(C-H stretch, aromatic), 1671.62 (C=C stretch, aliphatic), 
2878.27 (C-H stretch, aliphatic), 764.19 (C-H bend, 
aromatic) 1416.27 (S=O stretch, sulfoxide). 1H NMR 
(300 MHz, DMSO): δ, ppm: 6.54, (d, J = 9 Hz, 2H, arom. 
H), 7.64 (d, J = 6 Hz, 2H, Ethylene), 7.33 (t, J = 3 Hz, 3H, 
arom. H), 7.44 (d, J = 6  Hz, 2H, Sulfonyl benzene), 7.55 
(t, J = 3  Hz, 3H, Sulfonyl benzene), 7.77 (t, J = 3  Hz 2H, 
Benzimidazole), 7.68 (d, J = 6  Hz, 2H, Benzimidazole). 
13C NMR (100 MHz, DMSO-d6) δ ppm: 142.02, 137.19, 
135.70, 116.39. Mass: 361.09 (M + H)+.
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((E)‑5‑(2‑styryl‑1H‑benzo[d]imidazol‑1‑yl)
pyrimidine‑2,4(1H,3H)‑dione) (MS‑3)
Solubility: Ethanol, DMSO; Rf value: 0.26; M.P: 189 °C; 
UV λmax (Ethanol): 260.60; FTIR (cm−1): 1425.64 (C=C 
stretch, aromatic), 1526.05 (C–C stretch, aromatic), 
1278.92 (C-N stretch, aromatic), 3054.26 (C–H stretch, 
aromatic), 1644.69 (C=C stretch, aliphatic), 2882.33 

(C–H stretch, aliphatic), 739.88 (C-H bend, aromatic), 
3389.24 (N–H stretch, primary), 1745.86 (C=O stretch, 
ketone). 1H NMR (300 MHz, DMSO): δ, ppm: 12.63 (s, 
1H pyrimidine NH), 7.19 (s, 1H pyrimidine NH), 7.25 
(s, 1H pyrimidinyl H), 7.20 (d, J = 3  Hz, 2H, arom. H), 
7.37 (d, J = 3  Hz, 2H, Ethylene), 7.46 (t, J = 3  Hz, 3H, 
arom. H), 7.67 (t, J = 6  Hz 2H, Benzimidazole), 7.60 

Table 2  Molecular properties of designed ligands

Compound code miLogP TPSA nAtoms MW nHBA nHBD nNiolations nRB

MS1 4.33 43.85 24 311.39 3 2 0 3

MS2 4.89 51.97 26 360.44 4 0 0 4

MS3 2.99 83.55 25 330.35 6 2 0 3

MS4 4.85 43.85 25 329.38 3 2 0 3

MS5 3.03 55.21 24 317.35 5 0 0 3

MS6 4.92 17.83 24 310.4 2 0 0 3

MS7 4.65 17.83 24 330.82 2 0 0 3

MS8 4.39 17.83 24 375.27 2 0 0 3

MS9 5.7 21.06 25 331.46 3 0 1 5

MS10 3.86 30.30 25 333.44 4 0 0 5

MS11 4.44 43.85 25 325.42 3 2 0 4

MS12 5.93 43.85 25 325.42 3 2 1 4

MS13 6.12 17.83 24 330.82 2 0 1 3

MS14 5.34 51.97 27 374.46 4 0 1 4

MS15 6.06 30.72 23 297.36 3 0 1 3

MS16 4.22 56.74 24 312.38 4 2 0 3

MS17 6.25 17.83 25 344.85 2 0 1 4

MS18 6.23 17.83 25 344.85 2 0 1 4

MS19 3.83 30.30 23 305.38 4 0 0 4

MS20 5.36 21.06 26 339.44 3 0 1 4

MS21 5.31 27.06 25 326.40 3 0 1 4

MS22 6.04 17.83 26 358.87 2 0 1 5

MS23 5.95 17.83 26 342.42 2 0 1 5

MS24 6.44 17.83 26 358.87 2 0 1 5

MS25 7.07 17.83 27 393.32 2 0 1 5

MS26 6.04 17.83 27 360.41 2 0 1 5

MS27 4.78 30.72 23 297.36 3 0 0 3

MS28 6.63 17.83 27 346.43 2 0 1 3

MS29 5.25 17.83 23 296.37 2 0 1 3

MS30 4.72 33.62 22 285.35 3 1 0 3

MS31 5.46 17.83 22 302.40 2 0 1 3

MS32 5.87 17.83 24 310.40 2 0 1 3

MS33 4.78 38.05 24 312.37 3 1 0 3

MS34 5.20 38.05 24 312.37 3 1 1 3

MS35 5.31 27.06 25 326.40 3 0 1 4

MS36 4.89 21.06 23 303.41 3 0 0 3

MS37 5.13 21.06 24 317.44 3 0 1 3

MS38 3.88 24.30 24 318.42 4 0 0 3

MS39 6.25 17.83 25 344.85 2 0 1 4

MS40 5.21 63.65 26 341.37 5 0 1 4
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(d, J = 6 Hz, 2H, Benzimidazole). 13C NMR (100 MHz, 
DMSO-d6) δ ppm: 140.85, 135.75, 129.07, 150.28, 
158.80, 113.27, 115.29, 119.48. Mass: 331.11 (M + H)+.

((E)‑4‑fluoro‑3‑(2‑styryl‑1H‑benzo[d]imidazol‑1‑yl)
benzenamine) (MS‑4)
Solubility: Ethanol, DMSO; Rf value: 0.79; M.P: 180–
182 °C; UV λmax (Ethanol): 219.40/ 262.20; FTIR (cm−1): 
1503.72 (C=C stretch, aromatic), 1577.32 (C–C stretch, 
aromatic), 1272.79 (C-N stretch, aromatic), 3023.42 
(C-H stretch, aromatic), 1638.71 (C=C stretch, aliphatic), 
2973.94 (C-H stretch, aliphatic), 743.72 (C–H bend, aro-
matic), 1223.22 (C–F stretch, halogen), 3056.78 (N–H 
stretch, primary). 1H NMR (300 MHz, DMSO): δ, ppm: 
3.32 (s, 2H, NH2, floroaniline), 7.15 (s, 1H, floroaniline), 
7.20 (d, J = 3 Hz, 1H, floroaniline), 7.18 (d, J = 3 Hz, 1H, 
floroaniline), 7.23 (d, J = 12  Hz, 2H, arom. H), 7.49 (d, 
J = 6  Hz, 2H, Ethylene), 7.45 (t, J = 3  Hz, 3H, arom. H), 
7.67 (t, J = 6 Hz 2H, Benzimidazole), 7.60 (d, J = 3 Hz, 2H, 
Benzimidazole). 13C NMR (100 MHz, DMSO-d6) δ ppm: 
142.38, 135.67, 128.07, 133.59, 146.38, 123.97, 150.46, 
115.93, 146.39. Mass: 330.14 (M + H)+.

((E)‑1‑(2‑styryl‑1H‑benzo[d]imidazol‑1‑yl)
pyrrolidine‑2,5‑dione) (MS‑5)
Solubility: Ethanol, DMSO; Rf value: 0.76; M.P: 
130–134  °C; UV λmax (Ethanol): 262.80; FTIR (cm−1): 
1420.47 (C = C stretch, aromatic), 1522.82 (C–C stretch, 
aromatic), 1275.16 (C-N stretch, aromatic), 3026.31 
(C-H stretch, aromatic), 1639.45 (C = C stretch, ali-
phatic), 2923.04 (C-H stretch, aliphatic), 741.21 (C-H 
bend, aromatic), 1701.75 (C = O stretch, ketone). 1H 
NMR (300 MHz, DMSO): δ, ppm: 2.42 (t, J = 3 Hz, 4H, 

pyrrolidone CH), 7.24 (d, J = 3 Hz, 2H, arom. H), 7.40 (d, 
J = 6  Hz, 2H, Ethylene), 7.46 (t, J = 6  Hz, 3H, arom. H), 
7.58 (t, J = 3 Hz 2H, Benzimidazole), 7.70 (d, J = 3 Hz, 2H, 
Benzimidazole). 13C NMR (100 MHz, DMSO-d6) δ ppm: 
139.90, 133.56, 129.44, 132.60, 132.88, 171.35, 128.96. 
Mass: 318.12 (M + H)+.

((E)‑2‑styryl‑1‑p‑tolyl‑1H‑benzo[d]imidazole) (MS‑6)
Solubility: Ethanol, Acetone, DMSO, 1,4-dioxane; Rf 
value: 0.81; M.P: 187–190 °C; UV λmax (Ethanol): 262.40; 
FTIR (cm−1): 1419.06 (C = C stretch, aromatic), 1522.88 
(C–C stretch, aromatic), 1274.73 (C-N stretch, aromatic), 
3058.58 (C-H stretch, aromatic), 1642.43 (C = C stretch, 
aliphatic), 2979.18 (C-H stretch, aliphatic), 746.76 (C-H 
bend, aromatic). 1H NMR (300  MHz, DMSO): δ, ppm: 
2.52 (s, 3H, CH3-toluene), 7.23 (d, J = 3 Hz, 4H, Toluene), 
7.18 (d, J = 3 Hz, 2H, arom. H), 7.37 (d, J = 3 Hz, 2H, Eth-
ylene), 7.45 (t, J = 3 Hz, 3H, arom. H), 7.67 (t, J = 3 Hz 2H, 
Benzimidazole), 7.55 (d, J = 3  Hz, 2H, Benzimidazole). 
13C NMR (100 MHz, DMSO-d6) δ ppm: 137.51, 136.56, 
128.96, 133.31, 137.51, 123.92, 129.44, 135.89, 112.46. 
Mass: 311.15 (M + H)+.

((E)‑1‑(4‑chlorophenyl)‑2‑styryl‑1H‑benzo[d]imidazole) 
(MS‑7)
Solubility: Ethanol, DMSO; Rf value: 0.26; M.P:175–
177 °C; UV λmax (Ethanol): 208.60; FTIR (cm−1): 1423.61 
(C=C stretch, aromatic), 1522.54 (C–C stretch, aromatic), 
1277.75 (C-N stretch, aromatic), 3051.80 (C-H stretch, 
aromatic), 1643.65 (C=C stretch, aliphatic), 2981.48 (C-H 
stretch, aliphatic), 736.25 (C-H bend, aromatic), 687.74 
(C–Cl stretch, halogen). 1H NMR (300  MHz, DMSO): 
δ, ppm: 7.18 (d, J = 3  Hz, 4H, chlorobenzene), 7.52 (d, 

Fig. 2  Confidence ellipse plot
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J = 9  Hz, 2H, arom. H), 7.37 (d, J = 3  Hz, 2H, Ethylene), 
7.45 (t, J = 3 Hz, 3H, arom. H), 7.67 (t, J = 6 Hz 2H, Ben-
zimidazole), 7.25 (d, J = 9  Hz, 2H, Benzimidazole). 13C 
NMR (100  MHz, DMSO-d6) δ ppm: 137.10, 135.89, 
128.96, 133.31, 123.92, 126.60, 142.73. Mass: 331.90 
(M + H)+.

((E)‑1‑(4‑bromophenyl)‑2‑styryl‑1H‑benzo[d]imidazole) 
(MS‑8)
Solubility: Ethanol, Acetic acid, Chloroform, 1,4-diox-
ane, DMSO; Rf value: 0.27; M.P: 210  °C; UV λmax 
(Ethanol): 262.60/ 209.40; FTIR (cm−1): 1494.01 (C = C 
stretch, aromatic), 1531.22 (C–C stretch, aromatic), 

Table 3  Toxicity, solubility, drug likeliness accounted by TOPKAT in Discovery Studio 3.1

Compound code ADMET 
solubility level

ADMET 
absorption level

ADMET AlogP98 ADMET PSA 2D Carcinogenicity Skin irritancy

MS 1 2 0 4.774 43.149 – –

MS 2 1 0 5.095 51.21 – –

MS 3 2 0 2.578 76.831 – –

MS 4 1 0 4.979 43.149 – –

MS 5 1 0 3.664 54.563 – –

MS 6 1 1 6.007 16.609 – –

MS 7 1 1 6.185 16.609 – –

MS 8 1 1 6.269 16.609 – –

MS9 1 0 6.269 16.609 – Mild

MS10 1 1 5 19.961 – Mild

MS11 2 0 6.192 16.609 – Mild

MS12 1 1 3.735 28.891 – Mild

MS13 1 0 5.683 19.961 – Mild

MS14 1 1 5.504 25.539 – Mild

MS15 1 1 6.442 16.609 – Mild

MS16 1 1 6.054 16.609 – Mild

MS17 0 3 6.513 16.609 – Mild

MS18 1 1 7.177 16.609 – Mild

MS19 1 0 6.26 16.609 – Mild

MS20 2 0 4.909 27.87 – Mild

MS21 0 1 3.77 28.891 – Mild

MS22 1 0 6.429 16.609 – Mild

MS23 1 0 5.52 16.609 – Mild

MS24 1 0 4.739 31.664 – Mild

MS25 1 1 5.357 16.609 – Mild

MS26 1 0 6.007 16.609 – Mild

MS27 1 0 5.278 37.424 – Mild

MS28 1 0 5.278 37.424 – Mild

MS29 1 0 5.504 25.539 – Mild

MS30 1 0 4.963 19.961 – Mild

MS31 2 0 5.215 19.961 – Mild

MS32 2 0 4.626 43.149 – Mild

MS33 1 0 4.003 23.314 – Mild

MS34 2 0 5.415 59.432 – Mild

MS35 1 1 4.781 43.149 – Mild

MS36 1 0 6.185 16.609 – Mild

MS37 2 0 5.581 51.21 – Mild

MS38 2 0 4.37 27.87 – Mild

MS39 1 1 4.162 16.609 – Mild

MS40 1 0 6.192 23.314 – Mild
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1282.24 (C-N stretch, aromatic), 3052.23 (C-H stretch, 
aromatic), 1621.52 (C = C stretch, aliphatic), 2968.07 
(C-H stretch, aliphatic), 805.35 (C-H bend, aromatic), 
695.53 (C–Br stretch, halogen). 1H NMR (300  MHz, 
DMSO): δ, ppm: 7.15 (d, J = 3  Hz, 4H, bromobenzene), 
7.31 (d, J = 3 Hz, 2H, arom. H), 7.38 (d, J = 3 Hz, 2H, Eth-
ylene), 7.54 (t, J = 3  Hz, 3H, arom. H), 7.69 (t, J = 3  Hz 
2H, Benzimidazole), 7.47 (d, J = 3  Hz, 2H, Benzimida-
zole). 13C NMR (100  MHz, DMSO-d6) δ ppm: 142.73, 
135.89, 126.63, 132.51, 137.74, 121.06, 112.46. Mass: 
376.04 (M + H)+.

In‑vitro anti‑depressant activity of the synthesized 
compounds
Determination of protein concentration
As described in the materials and methods section, the 
MAO protein concentration in the test sample was deter-
mined by plotting a standard curve (Fig.  5) between 
absorbance and concentration, which was found to be 
189.51 µg/mL.

DNPH Spectrophotometry
The DNPH spectrophotometric analysis was first car-
ried out without the presence of any drug that had 
resulted the absorbance reading of the control at 425 nm 
and at 465  nm (A0). The steps of this method were 
repeated for the standard drug rasagiline as well as the 
test compounds MS 1 to MS 8 at various concentra-
tions. Therefore, for each concentration of the standard 
drug rasagiline and the test compounds two values of 
absorbance (A1) were recorded at 425 nm and at 465 nm 
(Additional file  1: Table  8). From the absorbances, % 
inhibition of MAO-A and MAO-B was calculated using 
the equation % inhibition = [{(A0-A1)/A0} × 100], where, 
A0 = Absorbance of control and A1 = Absorbance of 
sample [22]. These % inhibition values (Additional file 1: 
Table  8) were plotted against the log concentration to 
obtain the dose response curve of rasagiline as well as 
the synthesized compounds against MAO-A (Addi-
tional file 1: Fig. 7) and against MAO-B (Additional file 1: 
Fig.  8). Then concentration of the test solutions that 
inhibit the hydrolysis of the substrate by 50% (IC50) were 
determined by nonlinear regression using log dose vs. 
normalized response-variable slope by GraphPad Prism 9 
(Additional file 1: Table 9).

To bridge the gap between computational findings and 
real-world applications, at the very beginning of docking, 
the root mean square deviation (RMSD) was calculated 
between the docked pose and X-ray pose of co-crys-
tallized ligand. This is tabulated in Table 4 and 5. If the 
RMSD is less than 2  Å, it was considered that docking 
was successful and the compounds were docked in the 
exact place where the co-crystallized ligand was bound.

Structure activity relationship studies
From the in-vitro antidepressant assay and from the 
docking studies, it was observed that the compound 
MS-3 had the highest negative binding energy against 
2Z5X and lowest IC50 value against MAO-A. Whereas 
the compound MS-8 had the highest negative bind-
ing energy against 1S3E and lowest IC50 value against 
MAO-B. The IC50 values for the other compounds 

Table 4  RMSD calculation against 2Z5X

Sl No Ligands Reference RMSD Value

1 HMN 1 HMN xray 6 0.6223

2 HMN 2 HMN xray 6 0.6221

3 HMN 3 HMN xray 6 0.6220

4 HMN 4 HMN xray 6 0.6221

5 HMN 5 HMN xray 6 0.6221

6 HMN xray 6 HMN xray 6 0.0000

Table 5  RMSD calculation against 1S3E

Sl No Ligands Reference RMSD value

1 RHP601 1 RHP601 REF 6 0.6971

2 RHP601 2 RHP601 REF 6 1.5405

3 RHP601 3 RHP601 REF 6 1.5405

4 RHP601 4 RHP601 REF 6 1.5405

5 RHP601 5 RHP601 REF 6 1.5405

6 RHP601 REF 6 RHP601 REF 6 0.0000

Table 6  Molecular docking results of designed ligands against 
MAO-A and MAO-B

Sl No Compound code Binding Energy (-kcal/mol)

MAO-A (2Z5X) MAO-B (1S3E)

1 MS1 53.32709 64.07646

2 MS2 56.13624 76.78583

3 MS3 114.89789 73.23463

4 MS4 53.86427 81.47093

5 MS5 79.13080 76.61092

6 MS6 71.0277 72.67619

7 MS7 76.74543 84.53666

8 MS8 60.03169 110.21145

9 Harmine/HRP 185.06253 169.62558
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Fig. 3  Interaction of ligands against protein 2Z5X
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Fig. 4  Interaction of ligands against protein 1S3E
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were in accordance with the docking results. For all the 
compounds under investigation, it can be concluded 
that, lower is the IC50 value higher is the negative bind-
ing energy. The IC50 values of MS-3 and MS-8 against 
MAO-A and MAO-B, respectively, were comparable 
with that of the standard drug rasagiline.

From this study, it can be suggested that incorpora-
tion of nitrogen/oxygen substituted five- or six-mem-
ber ring in the N1 position of 2-styrylbenzimidazole 
derivatives which can exhibit different interactions 
with amino acid residues Ile180, Ile207 and Tyr407 
might help in developing promising MAO-A inhibi-
tors. Whereas incorporation of 4-halogen containing 
phenyl ring in the N1 position of 2-styrylbenzimidazole 
derivatives which can exhibit different interactions with 
amino acid residues Leu171 and Tyr398 might help in 
developing promising MAO-B inhibitors.

Discussion
The docking study of MS-3 against the MAO-A protein 
2Z5X suggested the presence of two pi–pi interaction 
with amino acids Tyr69 (linked with benzimidazole ring) 
and Tyr407 (linked with the benzene ring of cinnamic 
acid). It also suggested the presence of five hydrogen-
bonded interaction with amino acids Ile180, Asn184and 
Ile207 of 2Z5X (Fig. 3). The oxygen and the nitrogen of 
the uracil ring which was present in the N1 position of 
MS-3 were actively involved in formation of these hydro-
gen-bonded interaction. The next better IC50 value as 
well as binding energy against MAO-A and 2Z5X was 
observed for the compound MS-5, which also had oxy-
gen and nitrogen atoms in a five membered succinim-
ide ring present as a substitution in the N1 position of 
MS-5. Two pairs of pi–pi interaction with the amino 
acids Tyr407, Tyr444 and four hydrogen-bonded interac-
tions with the amino acids Gln215, Ile180, Asn181, Ile207 
were observed in the binding pocket of MS-5 (Fig. 3). All 
the other synthesized compounds does not possess any 
nitrogen and oxygen containing ring substitutions which 
might be the reason of poor IC50 value of all other syn-
thesized compounds against MAO-A. Some common 
amino acid residues like Tyr407, Ile 207 and Ile180 were 
involved in the binding pocket of most of the compounds 

Table 7  Docking interactions of all the synthesized compounds for both the proteins viz.2Z5X (MAO-A) and 1S3E (MAO-B)

Compound codes Docking interactions

MAO- A (2Z5X) MAO- B (1S3E)

MS-1 Tyr407, Asn181, Ile180, Tyr69, Gln215 Lys296, Gly57, Gln206, Ile198

MS-2 Thr336, Gln216, Tyr407, Ile180 Gln206, Ile198, Ile199, Tyr398, Cys172, Leu171

MS-3 Tyr69, Tyr407, Ile180, Asn104 Ile199, Ile198, Gln206, Tyr398, Tyr60

MS-4 Phe352, Tyr69, Tyr407, Gln215, Ile180, Ile207 Phe168, Leu171, Cys172, Tyr398

MS-5 Tyr444, Tyr407, Gln215, Asn181, Ile207, Ile180 Ile199, Ile198, Phe168, Leu171, Cys172, 
Gln206, Tyr398, Tyr435

MS-6 Tyr69, Tyr407, Phe352, Ile207, Ile180, Thr336, Cys323 Leu171, Gln206, Tyr60, Tyr435, Tyr398

MS-7 Tyr407, Lys305, Gln215, Ile180 Leu171, Tyr188, Ile198, Tyr398, Gln206

MS-8 Tyr407, Lys305, Gln215, Ile207, Ile180 Tyr60, Leu171, Tyr188, Tyr398

Table 8  IC50 values obtained for all the synthesized compounds 
for both MAO-A and MAO-B

Compounds IC50 (µM/mL)

For MAO-A For MAO-B

MS-1 1051.44 605.04

MS-2 629.24 332.10

MS-3 367.19 430.76

MS-4 900.50 300.42

MS-5 492.53 387.28

MS-6 661.74 497.76

MS-7 536.25 239.04

MS-8 562.01 184.56

Rasagiline 559.163 93.32

y = 0.0018x
R² = 0.8274
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Fig. 5  BSA standard curve
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under investigation as well as the standard Harmine 
(Additional file 1: Fig. 5). The compounds MS3, MS5 and 
MS7 were showing better activity that of the standard 
drug rasagiline. The decreasing order of antidepressant 
activity of the synthesized compounds against MAO-A 
can be represented as:

The docking study of MS-8 against the MAO-B pro-
tein 1S3E suggested the presence of two pi–pi interaction 
with amino acids Tyr60 and Tyr398 (both were linked 
with benzimidazole ring). It also suggested the presence 
of two hydrogen-bonded interaction with amino acids 
Leu171 and Tyr188 of 1S3E (Fig. 4). The bromine and the 
hydrogen of the bromobenzene ring which was present in 
the N1 position of MS-8 were actively involved in forma-
tion of these hydrogen-bonded interaction. The next bet-
ter IC50 value as well as binding energy against MAO-B 
and 1S3E was observed for the compound MS-7, which 
also had chlorine and hydrogen atoms in chlorobenzene 
ring present as a substitution in the N1 position of MS-7. 
One pair of pi–pi interaction with amino acid Tyr398 and 
three hydrogen-bonded interactions with the amino acids 
Gln206, Leu171 and Tyr398 were observed in the binding 
pocket of MS-7 (Fig. 4). The compound MS-4 also pos-
sesses a fluorine atom in the ortho-position (with respect 
to the bond of joining of the aniline ring to benzimida-
zole ring) of the substituted aniline ring which might be 
the reason of its non-involvement in any kind of interac-
tion with the protein 1S3E. Whereas the fluorine atom 
in MS-4 might be required for the additional stability of 
the compound in the binding pocket of 1S3E, depicted 
by the third better IC50 value against MAO-B. The IC50 
values of all the other synthesized compounds were very 
high which might be due to the absence of any halogen 
atom in the 4th position of the substituted ring. The com-
mon amino acid residues involved in the binding pocket 
of other synthesized compounds and standard drug RHP 
(Fig.  4) with 1S3E were Leu171 and Tyr398. MS8 had 
shown comparable activity as that of the standard drug 
rasagiline. The decreasing order of antidepressant activ-
ity of the synthesized compounds against MAO-B can be 
represented as:

Conclusion
The docking study of the synthesized compounds had 
shown interaction with similar amino acid residues 
with that of the X-ray pose co-crystallized ligands like 
RHP and Harmine. This finding might pave the way for 
the development of 2-styrylbenzimidazole derivatives 
as potent antidepressants. The compounds MS-3 and 

MS3 > MS5 > MS7 > MS8 > MS2 > MS6 > MS4 > MS1

MS8 > MS7 > MS4 > MS2 > MS5 > MS3 > MS6 > MS1

MS-8 had shown good antidepressant activity by inhib-
iting MAO-A and MAO-B, respectively. The optimiza-
tion of the designed 2-styrylbenzimidazole derivatives 
with the structural findings of the present work might 
lead to the development of novel and potent antidepres-
sant drugs.
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