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A B S T R A C T   

Benzo[b]thiophene has been implicated as molecular framework in the drug discovery against broad spectrum of 
biological targets. In the antidiabetic drug regime, benzo[b]thiophene based SGLT2 and ALR2 inhibitors have 
been recently developed but their potential towards α-amylase inhibition remained unexplored to date. In this 
context, a series of novel small molecule benzo[b]thiophene-2-carboxylic acid derivatives (3a-p) was synthe-
sized, characterized, and evaluated for antidiabetic activity as α-amylase inhibitors. We found that, all benzo[b] 
thiophene derivatives exhibited significant α-amylase inhibition with IC50 value ranging from 5.37 ± 0.25 μM to 
29.89 ± 0.68 μM. The SAR studies showed benzo[b]thiophene carboxylate bearing bis(2-hydroxyethyl)amino 
group (3b) was most potent with IC50 of 5.37 ± 0.25 μM compared to standard drug Acarbose (IC50 = 6.40 ±
0.14 μM). Further, the enzyme inhibition mechanism study regarded 3b as competitive inhibitor of α-amylase 
with Ki value of 1.76 μM. A detailed in silico study was also performed in order to estimate binding properties, 
drug likeness and predict toxicity profile of these agents. It was demonstrated that novel small molecule benzo[b] 
thiophene derivative (3b) can effectively bind through H-bonding, hydrophobic and π-stacking interactions 
within α-amylase active site. Moreover, drug likeness and toxicity prediction studies suggested compound 3b as 
potential & safter α-amylase inhibitor. Overall, our present study disclosed a novel class of benzo[b]thiophene 
based α-amylase inhibitors and opened a template for further lead optimization and development.   

1. Introduction 

According to the International Diabetes Federation (IDF), the num-
ber of people with diabetes is steadily increasing, with 415 million 
currently affected globally. As estimated, by 2040, the diabetes mellitus 
(DM) cases could rise to 642 million [1]. Diabetes mellitus (DM) is a 
long-term metabolic disease associated with the persistence of high 
blood glucose level (hyperglycemia) condition which often leads to 
other health issues such as heart diseases, nerve damage, eye issues and 
kidney failure [2]. Thus, efficacious, and safer drug against this global 
disease remained as key area of research. 

In this context, enzyme inhibition-based drug discovery emerged as 
an effective strategy for metabolic disorders like Diabetes mellitus (DM) 
[3]. Especially, α-amylase and α-glucosidase has been extensively 

explored for the treatment of type 2 diabetes (DM2) since both are vital 
metabolic enzymes for the efficient digestion of carbohydrates and 
glycogen to provide free glucose for absorption [4]. Of these, the enzyme 
amylase, which is secreted by the salivary glands, hydrolyze the α-(1, 
4)-D-glycosidic bonds found in carbohydrates and disintegrate into 
smaller components like glycogen and monosaccharides, which the 
body would then absorb further [5–8]. Hence, suppressing the 
α-amylase enzyme there by reducing the postprandial glycaemia proved 
to be an effective treatment option for DM2 [9–12]. Presently, the 
FDA-approved α-amylase/glucosidase inhibitors such as Acarbose, 
Voglibose, and Miglitol (Fig. 1) are being used in the clinics to treat DM2 
[13,14]. Nevertheless, a number of side effects, including diarrhea, 
flatulence, skin reactions, abdominal pain, and abnormal liver functions, 
are associated to these antidiabetic medications [15]. Consequently, 

* Corresponding authors. 
E-mail addresses: patelanil32@gmail.com (A.S. Patel), navalkapuriya@bknmu.edu.in (N.P. Kapuriya).  

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

https://doi.org/10.1016/j.molstruc.2024.138570 
Received 9 March 2024; Received in revised form 23 April 2024; Accepted 6 May 2024   

mailto:patelanil32@gmail.com
mailto:navalkapuriya@bknmu.edu.in
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2024.138570
https://doi.org/10.1016/j.molstruc.2024.138570
https://doi.org/10.1016/j.molstruc.2024.138570
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2024.138570&domain=pdf


Journal of Molecular Structure 1312 (2024) 138570

2

development of effective and safter α-amylase inhibitors remained as 
main areas of research in the antidiabetic regime. 

Thiophenes are extensively explored bioactive scaffolds among the 
sulfur containing heterocycles providing plethora of new lead molecules 
for the drug design and discovery in last two decades [16–19]. This 
resulted in several clinical drugs based on thiophene framework for the 
treatment of various types of diseases with high therapeutic potency 
[20–22]. Particularly, the benzo[b]thiophene-2-carboxylic acid de-
rivatives (amide and ester) demonstrated broad spectrum of biological 
activities including anticancer, antifungal, antibacterial, 
anti-inflammatory and antidiabetic [23–30]. For instance, benzo[b] 
thiophene carboxamide-benzimidazole conjugate (A) (Fig. 2) showed 
potent antiproliferative activities against HeLa cells with IC50 in low 
micromolar range [31]. Similarly, quinazolinone-benzothiophene con-
jugate (B) found to be potential candidate against mycobacterium 
tuberculosis H37Rv strain [32] while benzo[b]thiophene carboxamide 
(C) exhibited potent anti-inflammatory activity as COX-2 inhibitor. 
Furthermore, hybrid of quinoxaline-benzo[b]thiophene moiety (D) re-
ported as potent and selective aldose reductase (ALR2) inhibitor [33]. 
Recently, benzo[b]thiophene based drug candidates viz. Ipragliflozin 
(E) has been approved for the treatment of DM2 which is selective in-
hibitor of sodium-glucose cotransporter-2 (SGLT2) [34]. Thus, there is 
considerable renewed interest towards synthesis of novel benzo[b] 
thiophene based antidiabetic agents. 

In the quest of searching novel and safer antidiabetic agents, 
currently a number of heterocycles such as isatin, coumarin, chromene, 
indole, benzimidazole and triazole have been extensively used as core 
skeletons for the development of α-glucosidase/α-amylase inhibitors 
[35–39]. However, potential of benzo[b]thiophene scaffolds towards 
a-amylase inhibition is yet to explore. Hence, inspired by the afore-
mentioned therapeutic applications of benzo[b]thiophenes and our 
continuous research efforts towards the development of new leads as 
antidiabetic agents [40], we sought to utilize bioactive benzo[b]thio-
phene framework and develop a library of small molecule α-amylase 
inhibitors. For this purpose, a series of novel benzo[b]thio-
phene-2-carboxylic acid derivatives have been synthesized by incorpo-
rating functionalized aromatic or aliphatic (cyclic/acyclic) units 
through amide or ester linkages and evaluated for their inhibition po-
tential against α-amylase enzyme along with in silico studies. The present 
study revealed new benzo[b]thiophene analogs as potent and competi-
tive α-amylase inhibitors along with favorable drug-likeness profile 
which is reported herein. 

2. Materials and methods 

2.1. Chemistry 

All the chemicals and reagent were used for the experiment, were 
purchased from Loba Chemie. Pvt Ltd., Sigma Pvt. Ltd. & Meark India 
Ltd. (Mumbai, India). and were used without further purification. The 
reactions were monitored through TLC using E. Merck 0.25 mm silica gel 
plates and spots were visualized through UV light. The uncorrected 
melting points of the compounds were measured in one end open 

capillary method. The characterization of synthesized compound was 
carried out by FT-IR (Shimadzu, Japan) spectrophotometer in frequency 
range of 4000-400 cm− 1 using KBr griding method, 1H NMR (400 MHz, 
Bruker, Germany) and 13C NMR (100 MHz, Bruker, Germany). The 
chemical shift of the 1H and 13C NMR spectrum was expressed in parts 
per million (ppm) relative to tetramethylsilane (TMS) using DMSO as 
solvent. The elemental analysis of the compounds was performed on a 
Elementar vario MICRO cube instrument. 3-Chlorobenzo[b]thiophene- 
2-carboxylchloride (1a-c) were prepared from cinnamic acid and thi-
onyl chloride using pyridine as the catalyst by following the reported 
procedure [41]. 2,2′-((4-Hydroxyphenyl)azanediyl)bis(ethan-1-ol) (2a) 
was prepared from 4-amino phenol and 2‑chloro ethanol using Na2CO3 
as described in the literature [42]. Intermediate 2b-n were purchased 
from sigma Aldrich and utilized without further purification. 

2.2. General procedure for the synthesis of 3a-p 

To a solution of 2,2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) 
(2a) or amines (2b-n) (1 mmol) in ethyl acetate (2 mL), a solution of 
corresponding 3-chlorobenzo[b]thiophene-2-carbonyl chloride (1 
mmol) in ethyl acetate (3 mL) was added dropwise followed by the 
addition of triethyl amine (TEA) (1.5 mmol) at 0–5 ◦C. After addition, 
the reaction mixture was brought to ambient temperature and stirred 
further for 60 min. The resulting products (3a-p) were filtered off, 
washed with water and recrystallized from MeOH to give analytically 
pure products (3a-p). 

(4-(Bis(2-hydroxyethyl)amino)phenyl-3-chlorobenzo[b]thio-
phene-2-carboxylate) (3a) 

Compound 3a was prepared by following above general method 
from 2,2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) (2a, 0.19 g, 1 
mmol), 3-chlorobenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 
mmol) and TEA (0.20 ml, 1.5 mmol). Yield: 0.37 g (97%) as white 
powder; m.p.= 128–131 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.14 
(d, J = 8 Hz, 1H, ArH), 8.00 (d, J = 7.6 Hz, 1H, ArH), 7.66 (m, 2H, ArH), 
7.06 (d, J = 8.8 Hz, 2H, ArH), 6.71 (d, J = 9.2 Hz, 2H, ArH), 4.92 (brs, 
2H, 2×OH), 3.56 (m, 4H, 2×CH2), 3.42 (m, 4H, 2×CH2); 13C NMR (100 
MHz. DMSO‑d6): δ(ppm) 160.1, 146.7, 140.1, 138.5, 136.5, 129.4, 
127.5, 126.7, 125.3, 123.9, 123.8, 122.4, 112.0, 58.6, 53.8; IR (KBr, 
υmax, cm− 1): 3371 (O-H), 3267 (O-H), 3057 (C-H), 2879 (C-C), 1711 (C- 
O), 1608 (C=C), 1504 (C=C), 1325 (C-N Ar), 1205 (C-N aliphatic), 1042 
(C-O primary alcohol), 991 (C=C), 934 (C=C), 748 (C-Cl), 727 (C=C) 
cm− 1; Anal. calc. for C19H18ClNO4S: C, 58.24; H, 4.63; N, 3.57; S, 8.18; 
Found: C, 58.38; H, 4.75; N, 3.32; S, 8.05. 

(4-(Bis(2-hydroxyethyl)amino)phenyl-3,6-dichlorobenzo[b] 
thiophene-2-carboxylate) (3b) 

Compound 3b was prepared by following above general method 
from 2,2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) (2a, 0.19 g, 1 
mmol), 3,6-dichlorobenzo[b]thiophene-2-carbonyl chloride (1b, 0.26 g, 
1 mmol) and TEA (0.20 ml, 1.5 mmol). Yield: 0.38 g (92%) as yellow 
powder; m.p.= 165–168 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.29 
(s, 1H, ArH), 7.96 (d, J = 8.8 Hz, 1H, ArH), 7.63 (d, J = 8.8 Hz, 1H, ArH), 
7.06 (d, J = 8.8 Hz, 2H, ArH), 6.73 (d, J = 9.2 Hz, 2H, ArH), 4.92 (brs, 
2H, OH) 3.56 (t, J = 4.0 Hz, 4H, 2×CH2), 3.42 (t, J = 5.6 Hz, 4H, 

Fig. 1. FDA approved α-amylase/glucosidase inhibitors.  
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2×CH2); 13C NMR (100 MHz. DMSO‑d6): δ(ppm) 159.8, 146.7, 140.1, 
139.6, 135.3, 134.4, 127.4, 127.2, 126.2, 125.3, 123.5, 122.4, 112.1, 
58.5, 53.8; IR (KBr, υmax, cm− 1): 3284 (O-H), 3076 (O-H), 3055 (C-H), 
2875 (C-C), 1708 (C-O), 1611 (C=C), 1503 (C=C), 1323 (C-N Ar), 1208 
(C-N aliphatic), 1044 (C-O primary alcohol), 1004 (C=C), 937 (C=C), 
867 (C=C), 750 (C-Cl) cm− 1; Anal. calc. for C19H17Cl2NO4S: C, 53.53; H, 
4.02; N, 3.29; S, 7.52; Found: C, 53.36; H, 4.32; N, 3.12; S, 7.45. 

(4-(Bis(2-hydroxyethyl)amino)phenyl-4‑‑bromo-3-chlorobenzo 
[b]thiophene-2-carboxylate) (3c) 

Compound 3c was prepared using above described method, from 
2,2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) (2a, 0.19 g, 1 mmol), 
4‑bromo-3-chlorobenzo[b]thiophene-2-carbonyl chloride (1c, 0.30 g, 1 
mmol) and TEA (0.20 ml, 1.5 mmol). Yield: 0.43 g (95%) as yellow 
crystals; m.p = 163–166 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.16 
(d, J = 8.0 Hz, 1H, ArH), 7.82 (d, J = 7.6 Hz, 1H ArH), 7.50 (t, J = 8.0 
Hz, 1H, ArH), 7.05 (d, J = 9.2 Hz, 2H, ArH), 6.71 (d, J = 9.2 Hz, 2H, 
ArH), 4.92 (brs, 2H, OH), 3.55 (t, J = 6.4 Hz, 4H, 2×CH2), 3.42 (t, J =
6.0 Hz, 4H, 2×CH2); 13C NMR (100 MHz. DMSO‑d6): δ(ppm) 159.7, 
146.8, 141.2, 140.0, 132.8, 131.7, 129.6, 127.4, 127.2, 123.9, 122.3, 
117.2, 112.0, 58.6, 53.8; IR (KBr, υmax, cm− 1): 3572 (O-H), 2952 (C-C), 
2921 (C-C), 1693 (C-O), 1608 (C=C), 1513 (C=C), 1315 (C-N Ar), 1203 
(C-N aliphatic), 1038 (C-O primary alcohol), 934 (C=C), 748 (C-Cl), 522 
(C-Br) cm− 1; Anal. calc. for C19H17BrClNO4S: C, 48.48; H, 3.64; N, 2.98; 
S, 6.81; Found: C, 48.25; H, 3.50; N, 2.88; S, 6.96. 

(3-Chlorobenzo[b]thiophen-2-yl)(1H-pyrazol-1-yl)methanone 
(3d) 

Compound 3d was prepared by following above general method 
from 1H-pyrazole (2b, 0.06 g, 1 mmol), 3-chlorobenzo[b]thiophene-2- 
carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA (0.20 ml, 1.5 mmol). 
Yield: 0.26 g (89%) as white powder; m.p.= 192–195 ◦C; 1H NMR (400 
MHz. DMSO‑d6): δ(ppm) 13.12 (s, 1H, NH), 8.10 (d, J = 6.8 Hz, 1H, 
ArH), 7.93 (d, J = 8.4 Hz, 1H, ArH), 7.60 (m, 2H, ArH), 7.53 (t, J = 4.0 
Hz, 1H, ArH), 7.21 (t, J = 3.6 Hz, 1H, ArH); 13C NMR (100 MHz. 
DMSO‑d6): δ(ppm) 137.8, 137.0, 128.1, 126.2, 123.8, 123.1, 122.3, 
122.9; IR (KBr, υmax, cm− 1): 3383 (C-H), 3092 (C-H), 2851 (C-H), 2359 
(C-H), 1931 (C-H), 1684 (C-O), 1531 (N-H), 1282 (C-N), 935 (C=C), 760 
(C-Cl) cm− 1; Anal. calc. for C12H7ClN2OS2: C, 48.90; H, 2.39; N, 9.50; S, 
21.75; Found: C, 48.82; H, 2.15; N, 9.66; S, 21.88. 

3-Chloro-N-(thiazol-2-yl)benzo[b]thiophene-2-carboxamide 
(3e) 

Compound 3e was prepared by following above general method 
from thiazol-2-amine (2c, 0.10 g, 1 mmol), 3-chlorobenzo[b]thiophene- 
2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA (0.20 ml, 1.5 mmol). 
Yield: 0.26 g (89%) as white powder; m.p.= 194–196 ◦C; 1H NMR (400 
MHz. DMSO‑d6): δ(ppm) 13.12 (brs, 1H, NH), 8.10 (d, J = 6.8 Hz, 1H, 

ArH), 7.93 (d, J = 8.4 Hz, 1H, ArH), 7.60 (m, 2H, ArH), 7.53 (t, J = 4.0 
Hz, 1H, ArH), 7.21 (d, J = 3.6 Hz, 1H, ArH); 13C NMR (100 MHz. 
DMSO‑d6): δ(ppm) 137.8, 137.0, 128.1, 126.2, 123.8, 123.1, 122.3, 
122.9; IR (KBr, υmax, cm− 1): 3092 (C-H), 2851 (C-H), 2359 (C-H), 1931 
(C-H), 1684 (C-O), 1536 (N-H), 1282 (C-N), 935 (C=C), 763 (C-Cl) 
cm− 1; Anal. calc. for C12H7ClN2OS2: C, 48.90; H, 2.39; N, 9.50; S, 21.75; 
Found: C, 48.82; H, 2.15; N, 9.66; S, 21.88. 

N-Benzyl-3‑‑chloro-N-methylbenzo[b]thiophene-2-carbox-
amide (3f) 

Compound 3e was prepared by following above general method 
from N-methyl-1-phenylmethanamine (2d, 0.12 g, 1 mmol), 3-chlor-
obenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA 
(0.20 ml, 1.5 mmol). Yield: 0.30 g (96%) as white powder; m.p.>300 ◦C; 
1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.13 (d, J = 8.0 Hz, 1H, ArH), 
7.87 (m, 1H, ArH), 7.59 (q, 2H, ArH), 7.37 (d, J = 16.0 Hz,4H, ArH), 
4.67 (m, 2H, ArH), 2.93 (d, J = 8.0 Hz, 3H, CH3), 2.55 (s, 2H, CH2); 13C 
NMR (100 MHz. DMSO‑d6): δ(ppm) 162.4, 137.1, 128.1, 127.3, 126.4, 
123.9, 122.4; IR (KBr, υmax, cm− 1): 3242 (C-H), 3067 (C-H), 2854 (C-H), 
1696 (C-O), 1285 (C-N), 940 (C=C), 767 (C-Cl) cm− 1; Anal. calc. for 
C17H14ClNOS: C, 64.65; H, 4.47; N, 4.44; S, 10.15; Found: C, 64.55; H, 
4.30; N, 4.56; S, 10.28. 

3-Chloro-N-(4-fluorobenzyl)benzo[b]thiophene-2-carboxamide 
(3g) 

Compound 3g was prepared by following above general method 
from (4-fluorophenyl)methanamine (2e, 0.12 g, 1 mmol), 3-chlor-
obenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA 
(0.20 ml, 1.5 mmol). Yield: 0.31 g (97%) as white powder; m.p.=
114–119 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 9.02 (t, J = 4.0 Hz, 
1H, NH), 8.11 (m, 1H, ArH), 7.91 (m, 1H, ArH), 7.60 (m, 2H, ArH), 7.42 
(m, 2H, ArH), 7.19 (m, 2H, ArH), 4.51 (d, J = 4.0 Hz, 2H, CH2); 13C NMR 
(100 MHz. DMSO‑d6): δ(ppm) 162.9, 160.7, 160.5, 137.1, 136.5, 135.5, 
132.6, 129.7, 127.9, 126.4, 123.8, 123.0, 119.4,115.6, 115.4, 42.8; IR 
(KBr, υmax, cm− 1): 3265 (C-H), 3068 (C-H), 1624 (C-O), 1510 (N-H), 
1277 (C-N), 1223 (C-F), 932 (C=C), 757 (C-Cl); Anal. calc. for 
C16H11ClFNOS: C, 60.10; H, 3.47; N, 4.38; S, 10.03; Found: C, 60.25; H, 
3.35; N, 4.42; S, 10.11. 

Methyl4-((3-chlorobenzo[b]thiophene-2-carboxamido)methyl) 
benzoate (3h) 

Compound 3h was prepared by following above general method 
from methyl 4-(aminomethyl)benzoate (2f, 0.16 g, 1 mmol), 3-chlor-
obenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA 
(0.20 ml, 1.5 mmol). Yield: 0.33 g (97%) as white powder; m.p.=
143–146 ◦C; 1H NMR (400 MHz. DMSO‑d6) δ(ppm) 9.10 (t, J = 4.0 Hz, 
1H, NH), 8.12 (m, 1H, ArH), 7.96 (d, J = 8.0 Hz, 2H, ArH), 7.92 (m, 1H, 
ArH), 7.61 (m, 2H, ArH), 7.52 (d, 2H, J = 8.0 Hz, ArH), 4.61 (d, J = 4.0 

Fig. 2. Representative examples of bioactive benzo[b]thiophene derivatives (A–E).  
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Hz, 2H, CH2), 3.85 (s, 3H, CH3); 13C NMR (100 MHz. DMSO‑d6): δ(ppm) 
166.5, 160.9, 145.0, 137.1, 136.5, 132.4, 129.6, 128.7, 127.9, 126.4, 
123.8, 123.0, 119.6; IR (KBr, υmax, cm− 1): 3338 (C-H), 3052 (C-H), 1723 
(C=O ester), 1626 (C-O), 1509 (N-H), 1273 (C-N), 917 (C=C), 775 (C- 
Cl); Anal. calc. for C18H14ClNO3S: C, 60.08; H, 3.92; N, 3.89; S, 8.91; 
Found: C, 60.20; H, 3.85; N, 3.98; S, 8.81. 

N-((1H-Benzo[d]imidazol-2-yl)methyl)-3-chlorobenzo[b]thio-
phene-2-carboxamide (3i) 

Compound 3i was prepared by following above general method from 
(1H-benzo[d]imidazol-2-yl)methanamine (2 g, 0.14 g, 1 mmol), 3- 
chlorobenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and 
TEA (0.20 ml, 1.5 mmol). Yield: 0.31 g (96%) as white powder; m.p.=
220–223 ◦C; 1H NMR (400 MHz. DMSO‑d6) δ(ppm): 8.98 (s, 1H, NH), 
8.13 (m, 1H, NH), 7.61 (m, 3H, ArH), 7.52 (m, 2H, ArH), 7.16 (m, 3H, 
ArH), 4.77 (s, 2H, CH2); 13C NMR (100 MHz, DMSO‑d6): δ(ppm) 160.9, 
152.1, 137.3, 136.6, 132.4, 128.1, 126.4, 123.8, 123.1, 121.9, 119.9; IR 
(KBr, υmax, cm− 1): 3052 (C-H), 1723 (C=O ester), 1626 (C-O), 1509 
(C=N), 1496 (N-H), 1275 (C-N), 919 (C=C), 754 (C-Cl) Anal. calc. for 
C17H12ClN3OS: C, 59.74; H, 3.54; N, 12.29; S, 9.38; Found: C, 59.66; H, 
3.40; N, 12.36; S, 9.49. 

3-Chloro-N-(3-methoxybenzyl)benzo[b]thiophene-2-carbox-
amide (3j) 

Compound 3j was prepared by following above general method from 
(3-methoxyphenyl)methanamine (2h, 0.13 g, 1 mmol), 3-chlorobenzo 
[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA (0.20 
ml, 1.5 mmol). Yield: 0.30 g (96%) as white powder; m.p.= 120–124 ◦C; 
1H NMR (400 MHz. DMSO‑d6): δ(ppm) 9.03 (t, 1H, J = 4.0 Hz, NH), 8.11 
(m, 1H, ArH), 7.92 (m, 1H, ArH), 7.60 (m, 2H, ArH), 7.27 (q, 1H, ArH), 
6.95 (m, 2H, ArH), 6.85 (m, 1H, ArH), 4.51 (d, J = 4.0 Hz, 2H, CH2), 
3.37 (s, 3H, OCH3); 13C NMR (100 MHz. DMSO‑d6): δ(ppm) 160.7, 
159.8, 140.9, 137.1, 136.4, 132.6, 129.9, 127.9, 126.4, 123.8, 123.0, 
119.8, 119.3, 113.2, 112.80, 55.4, 43.3; IR (KBr, υmax, cm− 1): 3318 (C- 
H), 3000 (C-H), 1632 (C-O), 1507 (N-H), 1283 (C-N), 924 (C=C), 747 
(C-Cl); Anal. calc. for C17H14ClNO2S: C, 61.54; H, 4.25; N, 4.22; S, 9.66; 
Found: C, 61.33; H, 4.32; N, 4.11; S, 9.79. 

3-Chloro-N-((1R,4R)¡4-hydroxycyclohexyl)benzo[b]thio-
phene-2-carboxamide (3k) 

Compound 3k was prepared by following above general method 
from (1R,4R)− 4-aminocyclohexan-1-ol (2i, 0.11 g, 1 mmol), 3-chlor-
obenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA 
(0.20 ml, 1.5 mmol). Yield: 0.27 g (93%) as white powder; m.p.=
209–212 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.25 (d, J = 7.6 Hz, 
1H, NH), 8.06 (d, J = 4.4 Hz, 1H, ArH), 7.86 (d, J = 4.8 Hz, 1H, Ar-H), 
7.57 (t, J = 7.6 Hz, 2H), 4.78 (d, J = 3.6 Hz, 1H, OH), 3.41 (s, 2H, CH2), 
2.50 (s, 2H, CH2) 1.86 (d, J = 9.6 Hz, 5H, CH2); 13C NMR (100 MHz. 
DMSO‑d6): δ(ppm) 136.9, 136.3, 132.8, 127.8, 126.4, 122.9, 119.0, 
68.5, 48.9, 34.1, 30.2; IR (KBr, υmax, cm− 1): 3291 (C-H), 3055 (C-H), 
2929 (C-H), 2872 (C-H), 1948 (C-H overtone), 1625 (C-O), 1551 (N-H), 
1513 (C=C), 1315 (C-N Ar amine), 1081 (C-O primary alcohol), 935 
(C=C), 751 (C-Cl) cm− 1; Anal. calc. for C15H16ClNO2S: C, 58.15; H, 5.21; 
N, 4.52; S, 10.35; Found: C, 58.30; H, 5.10; N, 4.44; S, 10.22. 

(3-Chlorobenzo[b]thiophen-2-yl)(4-methylpiperazin-1-yl) 
methanone (3l) [43] 

Compound 3l was prepared by following above general method from 
1-methylpiperazine (2j, 0.10 g, 1 mmol), 3-chlorobenzo[b]thiophene-2- 
carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA (0.20 ml, 1.5 mmol). 
Yield: 0.27 g (93%) as white powder; 1H NMR (400 MHz. DMSO‑d6): 
δ(ppm) 8.07 (d, J = 7.6 Hz, 1H, ArH), 7.83 (d, J = 6.8 Hz, 1H, ArH), 7.56 
(m, 2H, ArH), 3.36 (s, 1H), 2.40 (s, 2H), 2.34 (s, 4H), 2.17 (s, 1H). 

3-Chloro-N-((tetrahydrofuran-2-yl)methyl)benzo[b]thiophene- 
2-carboxamide (3m) 

Compound 3m was prepared by following above general method 
from (tetrahydrofuran-2-yl)methanamine (2k, 0.10 g, 1 mmol), 3- 
chlorobenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and 
TEA (0.20 ml, 1.5 mmol). Yield: 0.27 g (93%) as white powder; m.p.=
100–104 ◦C; 1H NMR (DMSO‑d6, 400 MHz): δ(ppm) 8.35 (t, J = 5.2 Hz, 

1H, NH), 8.05 (q, 1H, Ar-H), 7.87 (q, 1H, Ar-H), 7,57 (q, 2H, Ar-H), 4.02 
(q, 1H), 3.81 (m, 2H), 3.38 (t, J = 5.6 Hz, 2H), 1.93 (m, 1H), 1.85 (m, 
2H), 1.61 (m, 1H); 13C NMR (100 MHz, DMSO‑d6): δ(ppm) 160.8, 137.1, 
136.4, 132.7, 127.9, 126.4, 123.7, 123.0, 119.1, 77.2, 67.8, 43.8, 28.9, 
25.6; IR (KBr, υmax, cm− 1): 3249 (C-H), 2978 (C-H), 2340 (C-H), 1969 
(C-H), 1643 (C-O), 1273 (C-N Ar), 1236 (C-N Aliphatic), 1432 (C=C), 
1168 (C=C), 761 (C-Cl) cm− 1; Anal. calc. for C14H14ClNO2S: C, 56.85; H, 
4.77; N, 4.74; S, 10.84; Found: C, 56.72; H, 4.90; N, 4.905; S, 10.71. 

(3-Chloro-N-(3-(dimethylamino)propyl)benzo[b]thiophene-2- 
carboxamide) (3n) [44] 

Compound 3m was prepared by following above general method 
from N1,N1-dimethylpropane-1,3-diamine (2l, 0.10 g, 1 mmol), 3- 
chlorobenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and 
TEA (0.20 ml, 1.5 mmol). Yield: 0.25 g (86%) as white powder; 1H NMR 
(400 MHz. DMSO‑d6): δ(ppm) 8.30 (s, 1H, NH), 8.05 (q, 1H, Ar-H), 7.88 
(q, 1H, Ar-H), 7.57 (q, 2H, Ar-H), 3.40 (d, J = 4.4 Hz, 2H), 2.47 (s, 2H) 
2.44 (t, J = 6.8 Hz, 2H), 2.19 (s, 6H). 

(R)¡3-Chloro-N-(2-hydroxypropyl)benzo[b]thiophene-2-car-
boxamide (3o) 

Compound 3o was prepared by following above general method 
from (S)-1-aminopropan-2-ol (2m, 0.075 g, 1 mmol), 3-chlorobenzo[b] 
thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA (0.20 ml, 
1.5 mmol). Yield: 0.25 g (96%) as white powder; m.p.> 300 ◦C; 1H NMR 
(400 MHz. DMSO‑d6): δ(ppm) 8.24 (t, J = 5.2 Hz, 1H, NH), 8.05 (q, 1H, 
ArH), 7.87 (q, 1H, ArH), 7.56 (q, 2H, ArH), 5.02 (d, J = 3.6 Hz,1H, OH), 
3.83 (d, J = 5.2 Hz, 1H), 3.29 (m, 2H), 1.11 (d, J = 6.0 Hz, 3H); 13C NMR 
(100 MHz. DMSO‑d6): δ(ppm) 160.7, 137.1, 136.5, 132.9, 127.9, 126.3, 
123.7, 123.0, 118.9, 65.3, 47.4, 21.4; IR (KBr, υmax, cm− 1): 3059 (C-H), 
2956 (C-H), 2359 (C-H), 1945 (C-H overtone), 1613 (C-O), 1547 (N-H), 
1429 (C=C), 1075 (C-O secondary alcohol), 934 (C=C), 753 (C-Cl) 
cm− 1; Anal. calc. for C12H12ClNO2S: C, 53.43; H, 4.48; N, 5.19; S, 11.89; 
Found: C, 53.20; H, 4.59; N, 5.05; S, 11.98. 

3-Chloro-N-(2,4,4-trimethylpentan-2-yl)benzo[b]thiophene-2- 
carboxamide (3p) 

Compound 3p was prepared by following above general method 
from 2,4,4-trimethylpentan-2-amine (2n, 0.12 g, 1 mmol), 3-chlor-
obenzo[b]thiophene-2-carbonyl chloride (1a, 0.23 g, 1 mmol) and TEA 
(0.20 ml, 1.5 mmol). Yield: 0.28 g (93%) as white powder; m.p.=
105–107 ◦C; 1H NMR (400 MHz. DMSO‑d6): δ(ppm) 8.02 (m, 1H, NH), 
7.80 (m, 2H, ArH), 7.51 (m, 2H, ArH), 1.79 (s, 2H, CH2), 1.37 (s, 6H), 
0.94 (s, 9H); 13C NMR (100 MHz. DMSO‑d6): δ(ppm) 160.0, 136.7, 
127.6, 126.3, 123.8, 122.7, 118.0, 55.8, 50.4, 31.9, 31.6, 29.6; IR (KBr, 
υmax, cm− 1): 3327 (C-H), 3056 (C-H), 1643 (C-O), 1503 (N-H), 1292 (C- 
N), 924 (C=C), 755 (C-Cl); Anal. calc. for C17H22ClNOS: C, 63.04; H, 
6.85; N, 4.32; S, 9.90; Found: C, 63.15; H, 6.75; N, 4.25; S, 9.77. 

2.3. α-Amylase inhibition assay 

The in vitro α-amylase inhibition study was carried out by following 
our previously reported test procedure [40]. Briefly, stock solutions (1 
mg/mL) of synthesized compounds (3a-p) and α-amylase (barley malt 
procured from HIMEDIA) were prepared in DMSO. A mixture of 200 μL 
of α-amylase, 20 mM sodium phosphate buffer (pH 6.9) and 200 μL of 
test solution (50, 100, 150, 200, and 250 μg/mL) were incubated at 30 
◦C for 10 min. Further, 200 μL of the starch solution (1 % w/v) in 
deionized water was added to each tube, and the tubes were then 
incubated for 10 min at 30 ◦C. The reagent DNSA (3,5-Dinitrosalicylic 
acid) (200 μL) was added and incubated for further five minutes at 
85–87 ◦C, cooled to room temperature and deionized water (5 mL) was 
added. The absorbance of the resulting solution was measured at 540 nm 
using a UV–Visible spectrophotometer and compared with blank and 
control solutions. The % inhibition of α-amylase was calculated by 
following formula: 

% α − amylase inhibition = 100 X
AControl − ASample

AControl 
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The IC50 values were determined as mean ± SD in triplicates from a 
non-linear regression graph using Graph Pad Prism software that 
showed concentrations (y-axis) versus percentage inhibition on (x-axis). 

2.4. Enzyme kinetic studies 

In order to study the mode of inhibition for α-amylase enzyme, the 
most active compound 3b was investigated with different concentration 
of starch as a substrate (1–4 µM) in the absence and presence of (3b) at 
different concentration (0, 1.3, 2.6, 3.9 and 5.2 mM). A Lineweaver-Burk 
plot [45–47] was generated to identify the mode of inhibition and the 
Michaelis-Menten constant (Km) value was determined from the plot 
between the reciprocal of the subtract concentration (1/[S]) and 
reciprocal of the enzyme rate (1/V) over the various inhibitor concen-
trations. The experimental inhibitor constant (Ki) value was obtained 
from secondary plots of the inhibitor concentration (3b) versus Km. 
Graphs was plotted and Km and Ki value obtained directly from the 
software Graph Pad Prism 5. 

2.5. Computational studies 

The interactions of the synthesized compounds 3a-p within the 

active site of the crystal structure of barley (malt) α-amylase (PDB 1RPK) 
[48] obtained from the Protein Data Bank [49] were studied by mo-
lecular docking using AutoDock Vina (v. 1.2.5) [50]. The protein was 
prepared for docking using UCSF Chimera (v. 1.17.3) [51], where all 
solvent and ions were deleted, the highest occupancy conformations 
were retained, incomplete side chains were replaced using Dunbrack 
2010 rotamer library [52], hydrogens were added to complete the va-
lences and Kollman charges were added to the protein. The docking grid 
with 20 Å extents in x, y, and z directions was defined around the 
co-crystallized ligand Acarbose. The synthesized compounds and bound 
molecule Acarbose were prepared for docking using Openbabel (v. 3.1.1) 
[53], where the 3D conformations were generated, hydrogens were 
added to complete the valences at pH 7.4 and necessary ionization 
states, subsequently adding the EEM partial charges [54] to the struc-
tures. The interactions of the inhibits protein complexes were mapped 
using Protein Ligand Interaction Profiler Web server [55]. The pharmaco-
kinetic profiling of the targeted compounds including different param-
eters such as drug-likeness properties, ADME and toxicity profiles was 
studied on a web-based server viz. pkCSM [56–58]. 

Table 1 
Structure and yield of newly synthesized benzo[b]thiophene-2-carboxylic acid derivatives (3a-p).  

3a (97%)a 
3b (92%) 3c (95%) 

3d (96%) 3e (89%) 3f (96%) 

3g (97%) 3h (97%) 
3i (96%) 

3j (96%) 3k (93%) 3l (93%) 

3m (96%) 3n (86%) 3o (96%) 

3p (93%)   

aThe number in parenthesis shows the isolated yield (%) of synthesized compounds. 
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3. Result and discussion 

3.1. Synthesis and characterization 

The targeted benzo[b]thiophene-2-carboxylic acid derivatives were 
synthesized as shown in Scheme 1. Initially the required intermediates 
3-chlorobenzo[b]thiophene-2-carbonyl chloride (1a-c) were synthe-
sized by reported synthetic method from cinnamic acid as starting ma-
terial [41]. The intermediate 2,2′-((4-hydroxyphenyl)azanediyl)bis 
(ethan-1-ol) (2a) was prepared by our earlier reported method from 
4-amino phenol and 2-chloroethanol [42]. Then, the coupling reaction 
of 3-chlorobenzo[b]thiophene-2-carbonyl chloride (1a-c) with 2, 
2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) (2a) or variety of 
amines (2b-n) was carried out in ethyl acetate using TEA as base at 0–5 
◦C. As expected, chlorobenzo[b]thiophene-2-carbonyl chloride (1a-c) 
readily reacted with 2,2′-((4-hydroxyphenyl)azanediyl)bis(ethan-1-ol) 
(2a) along with several amines such as heteroaryl amines (2b-c, 2g), 
benzyl amines (2d-2f, 2h), cyclic amines (2i-k) and alkyl amines (2l-m) 
to furnish corresponding benzo[b]thiophene-2-carboxylates (3a-c) and 
carboxamide derivatives (3d-p) in excellent yields (89–97%) (Table 1). 

The molecular structures of all newly synthesized compounds (3a-p) 
were confirmed by FTIR spectroscopy, NMR spectroscopy (1H and 13C 
NMR) and elemental analysis. The chemical shifts, H-H coupling con-
stants and stretching frequencies of different functional groups were 
used to determine the structure of newly synthesized compounds. For 
example, the FTIR spectrum of compounds 3a showed broad peaks at 
3371 cm− 1, 3267 cm− 1 which have been assigned to O-H stretching 
vibrations of -OH functional group. Bands ranging from 3057 cm− 1 to 
2879 cm− 1 were identified as aromatic C-H stretching modes. The strong 
band at 1711 cm− 1 in the spectrum corresponds to the C=O stretching 
frequency. Further, C=C stretching band appeared at 1608 cm− 1 to 1504 
cm− 1 while the bands at 1325 cm− 1 & 1205 cm− 1 indicated the 
stretching of aromatic and aliphatic C-N respectively. The C-Cl vibra-
tions observed 748 cm− 1. 

In the 1H NMR spectrum of 3a, the aromatic proton of benzo[b] 
thiophene fused ring system gave three-signal pattern in the form of 
doublet (J = 8 Hz) at 8.14 δ ppm, doublet (J = 7.6 Hz) at 8.00 δ ppm and 
multiplet at 7.61 to 7.70 δ ppm. The phenyl ring protons exhibited the 
pattern of two doublets at 6.71 and 7.06 δ ppm with o-coupling constant 
(J = 8.8 Hz) confirmed the 1,4-di-substitutions on the ring. Protons of 
the -OH groups displayed broad signal at 4.92 δ ppm as a singlet while 
methylene protons of the bis(2-hydroxyethyl)amino moiety appeared as 
multiplet at 3.60–3.54 δ ppm and 3.44–3.41 δ ppm. Moreover, the 
presence of 12 distinct carbons in the aromatic part of the spectrum is 
consistent with the structure and carbonyl carbon appeared at 160.11 δ 
ppm. Further, two distinctive signals were detected at 58.61, 53.84 δ 
ppm attributed to the N-CH2, O-CH2 groups of the bis(2-hydroxyethyl) 
amino moiety, respectively. Additionally, the elemental analysis of 3a 
supported the molecular formula of C19H18ClNO4S. 

3.2. In vitro α-Amylase inhibitory activity 

Having sixteen derivatives of benzo[b]thiophene-2-carboxylic acid 
(3a-p) in hand, next we carried out in vitro α-amylase inhibition po-
tential studies of these agents using Acarbose as reference standard. The 
results of the five-dose in vitro α-amylase inhibitions are shown in 
Table 2 and dose-dependent comparative % inhibition analysis is 
depicted in Fig. 3. As evident, several of the tested compounds (3b, 3h-i, 
3m, and 3o) exhibited significant α-amylase inhibition activities in a 
dose dependent manner with IC50 value ranging from 5.37 to 15.02 μM. 
Particularly, benzo[b]thiophene-2-carboxylate (3b) reveled to be more 
potent (IC50 = 5.37 ± 0.25 μM) than Acarbose standard (IC50 = 6.40 ±
0.14 μM) under given conditions. Likewise, among the carboxamide 
thiazole bearing benzo[b]thiophene-2-carboxamide (3o) turned out as 
potent derivative with IC50 (7.56 ± 0.31 μM) comparable with 
Acarbose. 

The structure activity relationship study (SAR) revealed that among 
the synthesized carboxylate compounds (3a-c), 3,6-dichloro substituted 
derivatives (3b) found to be more potent than 3‑chloro (3a) or 3‑chloro 
4‑bromo compounds (3c). Comparison of inhibition activities of benzo 
[b]thiophene-2-carboxamide (3d-p) showed that carboxamide of benzyl 
amines when substituted with -COOMe group increased the activity 
(IC50 = 14.97 ± 0.18 μM) while -F or OCH3-substitution led to signifi-
cant decrease in potency with IC50 of 26.40 ± 0.21 μM & 26.05 ± 0.04 
μM respectively. On the other hand, benzo[b]thiophene-2-carboxamide 
bearing N-Me benzylamine group was less potent (IC50 = 24.03 ± 0.45 
μM). Interestingly, comparison of a-amylase inhibition activities of 
carboxamides having benzylamines (3f, 3g, 3j) with heteroaryl amine 
derivative, it was found that benzimidazolyl group (3i) increased inhi-
bition activity (IC50 = 15.02 ± 0.61 μM). Similarly, among the pyrazole 
and thiazole carboxamide, the later compound (3e) exhibited excellent 
α-amylase inhibition with IC50 of 7.56 ± 0.31 μM. Moreover, carbox-
amide of alkyl amine bearing tetrahydrofuran ring (3m) or -OH as 
substituent (3o) showed two-fold increased α-amylase inhibition 
compared to their counterparts bearing cyclic amines like piperazine or 
cyclohexylamine functionality (3l or 3k). While carboxamide of alkyl 
amine having N(Me)2 group (3n) or branched alkyl groups (3p) found to 
be less effective against α-amylase. These results underline the impor-
tance of -OH group on the alkyl chain of carboxamide unit. Overall, 
benzo[b]thiophene conjugation with 2,2′-((4-hydroxyphenyl)azanediyl) 
bis(ethan-1-ol) moiety resulted in the potent inhibition of α-amylase. 
This finding is in line with our previous research results in which 2- 
amino-4H chromene ring bearing bis(2-hydroxyethyl)amino group 
exhibited significant α-amylase inhibition [40]. Similar results were also 
obtained when pyrimidine ring was combined with bis(2-hydroxyethyl) 

Table 2 
In vitro α-amylase inhibitory activity of the synthesized compounds (3a-p).  

Inhibition of α-amylase(%)a 

Compound In Vitro Dose(µg/mL) IC50 

(µM)  

50 100 150 200 250  
3a 19.70 

±1.03 
29.74 ±
0.93 

42.71 ±
0.83 

50.09 ±
0.86 

54.70 ±
1.01 

19.95 ±
0.32 

3b 50.09 ±
0.64 

60.80 ±
1.02 

71.02 ±
0.69 

80.78 ±
0.21 

85.79 ±
1.04 

5.37 ±
0.25 

3c 24.62 ±
0.46 

30.78 ±
1.14 

35.61 ±
0.97 

45.93 ±
0.78 

54.45 ±
0.99 

19.20 ±
0.23 

3d 39.02 ±
0.67 

46.50 ±
1.22 

50.38 ±
1.03 

58.71 ±
1.69 

63.07 ±
0.58 

20.08 ±
1.50 

3e 50.76 ±
0.78 

61.74 ±
0.84 

73.20 ±
1.20 

81.53 ±
1.06 

90.34 ±
0.78 

7.56 ±
0.31 

3f 34.19 ±
1.09 

38.83 ±
0.41 

46.78 ±
1.06 

50.76 ±
0.85 

60.32 ±
0.37 

24.03 ±
0.45 

3 g 28.31 ±
0.24 

33.62 ±
0.83 

40.34 ±
0.11 

48.11 ±
0.29 

57.10 ±
1.08 

26.40 ±
0.21 

3h 39.58 ±
0.56 

45.17 ±
0.41 

52.37 ±
0.08 

59.66 ±
0.35 

65.15 ±
0.73 

14.97 ±
0.18 

3i 39.11 ±
1.04 

45.45 ±
0.25 

53.69 ±
1.36 

59.75 ±
0.37 

64.39 ±
0.68 

15.02 ±
0.61 

3j 29.36 ±
0.75 

36.55 ±
0.66 

42.05 ±
0.64 

42.06 ±
0.21 

56.63 ±
0.56 

26.05 ±
0.04 

3k 14.58 ±
0.47 

30.78 ±
0.75 

45.27 ±
0.49 

53.79 ±
1.21 

66.10 ±
0.47 

23.13 ±
0.50 

3l 17.33 ±
1.29 

25.95 ±
1.64 

35.13 ±
0.66 

46.12 ±
0.93 

55.97 ±
0.52 

29.89 ±
0.68 

3m 36.74 ±
0.61 

48.11 ±
1.07 

60.13 ±
0.70 

74.34 ±
0.82 

81.82 ±
1.01 

14.83 ±
0.46 

3n 19.70 ±
1.42 

31.44 ±
0.25 

40.15 ±
0.55 

53.60 ±
0.67 

60.04 ±
0.60 

25.23 ±
0.42 

3o 40.06 ±
0.67 

53.69 ±
0.52 

65.15 ±
0.48 

76.23 ±
0.85 

85.70 ±
0.55 

12.82 ±
0.06 

3p 32.20 ±
1.71 

40.53 ±
0.51 

46.31 ±
0.99 

55.87 ±
0.68 

61.93 ±
0.84 

20.30 ±
0.72 

Acarbose 40.53 ±
0.35 

49.05 ±
0.36 

59.47 ±
0.20 

68.75 ±
0.34 

81.16 ±
0.12 

6.40 ±
0.14  

a Each value is the mean ± S. D, standard deviation. 
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amino moiety [59]. These corroborative results established the impor-
tance of bis(2-hydroxyethyl)amino moiety as a pharmacophore for the 
inhibition of α-amylase. 

3.3. Kinetic mechanism of inhibition of α-Amylase 

To study the mode of enzyme inhibition, a kinetics study of 3b was 
carried out at varying concentration of substrate as well as inhibitor and 
was analyzed through Lineweaver-Burk plot [45–47]. As depicted in LB 
plot (Fig. 4A), upon increasing concentration of 3b, the value of Km also 
found increased however Vmax remain constant. Further, the inter-
ception of inhibited enzyme and control resided at the same point on 
Y-axis. These results demonstrated that compound 3b contested with the 
substrate to bind with the active site of α-amylase leading to the inhi-
bition in a competitive manner. Moreover, inhibition constant was ob-
tained from secondary plot of concentrations of inhibitor vs Km as 
shown in Fig. 4B. The value of inhibition constant Ki for compound 3b 
was found to be 1.76 mM with r2 value of 0.9737. Thus, in vitro results 
and enzyme kinetic study has regarded 3b as potent competitive in-
hibitor of α-amylase. 

3.4. In silico studies 

Nowadays, investigation of binding mode of ligands with enzyme 

active sites through molecular docking has become an integral part of 
drug discovery processes [50–52]. Hence, a detailed computational 
analysis was carried out to evaluate a-amylase-binding interactions, 
assessing physicochemical, pharmacokinetic, and toxicity characteris-
tics of the synthesized compounds 3a-p. 

3.4.1. Molecular docking 
To evaluate their potential binding mode and interactions, the syn-

thesized compounds (3a-p) were examined for molecular docking 
simulation with the binding sites of α-amylase (PDB ID: 1rpk). The 
resultant, binding energy of compounds (3a-p) and docking pose of 
compound 3b, 3e & 3o along with Acarbose within the active site of 
α-amylase is represented in Table 3 and Fig. 5. The docking analysis 
revealed that, majority of synthesized benzo[b]thiophene derivatives 
effectively bind with the active site with similar range of docking score 
(7-8 kcal/mol) as of Acarbose. Further, protein binding interactions of 
3b and 3e are enlisted in Table 4. As compared to Acarbose, besides H- 
bond interactions (His93, Arg178, His290, Arg183), these derivatives 
were able to produce additional interactions in the form of π-Stacking 
(Trp207) and hydrophobic binding with Phe181, Trp207, Trp299 within 
docking site of a-amylase. Thus, low docking scores along with favorable 
binding affinity of active structures corroborated in vitro results indi-
cating a stable enzyme-ligand complex formation by these agents (3b 
and 3e) resulted in potent α-amylase inhibition. 

Fig. 3. Comparative analysis of % inhibition of compound 3a-p and Acarbose.  

Fig. 4. Enzyme kinetics of α-amylase inhibition by 3b. (A) The Lineweaver–Burk plot in the absence and presence of different concentrations of the 3b; (B) The 
secondary plot between Km and various concentrations of 3b. 
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Post docking the protein-inhibitor complexes were subjected to 100 
ns molecular dynamics simulations to establish the stability or change in 
interactions which were gauged with RMSD (Fig. 6), RMSF (Fig. 7) and 
interaction energies (Fig. 8) were calculated for the 100 ns trajectory 
snapshots. During the simulations it was observed that the protein 
backbone RMSD ranged between 0.7 and 1.5 Å with SD ± 2.0 Å indic-
ative of very low motion from the initial positions during simulations. 
The bound inhibitors exhibited high RMSD over the initial simulation 
position demonstrating that the compounds moved from the initial 
docked position into a more snugly fit site with more interactions in- 
between the ligand and the protein (Table 5). The compound 3b grad-
ually moved by 10 Å over 20 ns of the simulation and thereafter 
remained stable while 3e exhibited motion for initial 30 ns and subse-
quently remained stable after being displaced by 11 Å. Furthermore, 
compound 3o remained stable in the docked pose for 60 ns before it was 
displaced by 10 Å into the new binding site. The changes in the inter-
action pattern are tabulated in Table 5. The interactions between com-
pounds 3b, 3e, and 3o were extremely favorable as seen from the 
numbers in the Table 5 for their corresponding interactions energies. 

3.4.2. Drug-likeness and ADMET studies 
The pharmacokinetic characteristic properties of synthesized com-

pounds were assessed using the web server pkCSM [55,56]. Several 
molecular properties have been explored for drug likeness prediction, 
including MW (mass) ≤ 500, number of hydrogen bond donors ≤ 5 & 
acceptors ≤ 10, and partition coefficient (LogP) ≤ 5. As demonstrated in 
Table 6, all the evaluated compounds (3a-p) exhibited strong correla-
tions with drug-likeness properties, with no violations Lipinski rule was 
observed whereas Acarbose control group exhibited three violations. It 
is noteworthy that stand out drug likeness parameters of 3b such as 
higher polar surface area, LogP, rotatable bonds, H-acceptor/donor 
bonds along with low molecular weight might be responsible for-
α-amylase inhibitory activity. Moreover, P450 (CYP) enzyme inhibition 
has been linked to drug-induced toxicity and poor drug elimination 
[60]. Hence, in silico analyses of the majority of active substances 
involving CYP450 may offer their drug transformation and excretion 
routes from the body. The present in silico investigation toward the in-
hibition of the cytochrome P450 using most active compounds (3b, 3e & 
3o) is revealed in Table 7. As indicated, compound 3b and 3e were not 
substrate or inhibitor of CYP2D6 and showed no potential to inhibit 
P450 (CYP) enzyme except for the isoform CYP2C9. The findings sug-
gested that compounds 3b and 3e, which have minimal P450 isoform 

Table 3 
The docking scores for the synthesized compounds 3a-p and Acarbose with 
α-amylase.  

Compound Docking Score (kcal/ 
mol) 

Compound Docking Score (kcal/ 
mol) 

3a -7.7 3i -7.3 
3b -8.5 3j -6.8 
3c -8.0 3k -7.2 
3d -6.7 3l -6.8 
3e -7.9 3m -7.3 
3f -7.7 3n -6.6 
3g -6.3 3o -6.8 
3h -6.3 3p -7.7   

Acarbose -7.75  

Fig. 5. Binding pose and interactions of the compounds (3b, 3e, 3o and Acarbose) with α-amylase binding site (PDB ID:1rpk).  

Table 4 
List of interactions of the active compound 3b & 3o with α-amylase.  

Interactions with 
the target 

α-amylase  

3b 3e Acarbose 

Hydrophobic 
Interactions 

Phe181, 
Trp207, Trp299 

Phe144, 
Phe181 

— 

H-bond 
Interactions 

His93, Arg178, 
Asp180, His290 

Arg183 His93, Arg178, Asp180, 
Arg183, Glu205, Asn209, 

His290 
π-Stacking Trp207 Trp207 —  

R.J. Joshi et al.                                                                                                                                                                                                                                  



Journal of Molecular Structure 1312 (2024) 138570

9

Fig. 6. Plot of RMSD of the ligand and protein backbone in complex with four ligands.  

Fig. 7. Plot of RMSF of ligand atoms and the protein backbone in complex with four ligands.  
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Fig. 8. Plot of interaction energies for protein backbone in complex with ligands throughout 100 ns molecular dynamics simulations.  

Scheme 1. Synthesis of various new benzo[b]thiophene-2-carboxylic acid derivatives (3a-p).  
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inhibitory properties, may result in an excellent metabolic and elimi-
nation profile in the organism without drug-induced toxicity. To further 
evaluate the toxicity profiles of the inhibitors (3b, 3e & 3o) against a 
variety of targets and criteria, including skin sensitization, hepatotox-
icity, oral rat acute and chronic toxicity (LD50 & LOAEL), hERG I/II 
inhibition, AMES toxicity (Salmonella/microsome mutagenicity), and 
minnow toxicity were selected for predictions using pkCSM webserver. 
As illustrated in Table 8, the selected compounds did not exhibit any 
toxicity towards the assessed parameters or skin sensitization. Further-
more, compounds 3b, 3e and 3o were found to have an oral rate acute 
and chronic toxicity profile that was comparable to that of the standard 
Acarbose, with LD50 values ranging from 2.53 to 2.47 for synthesized 
compounds and 2.45 for the standard. Similarly, predicted oral rat 
chronic toxicity (LOAEL) for selected compounds appeared in the range 
of 1.31− 1.92, whereas the standard was 5.32. Additionally, it was 
discovered that these substances did not block the genes linked to car-
diac activity, hERG-I and hERG-II, suggesting that it may not have car-
diotoxic profile. 

4. Conclusion 

In conclusion, a new series of small molecule benzo[b]thiophenes 
was discovered with potent α-amylase inhibition efficacy. The targeted 
benzo[b]thiophene-2-carboxylic acid analogues (3a-p) were 

synthesized in excellent yields and characterized by various spectros-
copy methods like 1H & 13C NMR, FT-IR and elemental analysis. All 
benzo[b]thiophene derivatives revealed to have excellent inhibition 
profile against the targeted α-amylase with IC50 value ranging from 5.37 
± 0.25 μM to 29.89 ± 0.68 μM. Remarkably, out of the entire series, 
compound 3b was found to be more potent than standard drug Acarbose 
with IC50 = 5.37 ± 0.25 μM. The enzyme kinetic study showed 3b as 
competitive inhibitor of α-amylase having Ki of 1.76 mM. The molecular 
docking analysis & simulation study corroborated the in vitro findings 
and demonstrated that compound 3b effectively binds within active site 
of α-amylase and make stable ligand-protein backbone complex. 
Further, in silico studies towards drug likeness and toxicity profiling 
reveled that compound 3b possessed drug safety attributes such as no 

Table 5 
RMSD (Å), RMSF (Å) and interaction energy (Kcal/mol) calculated for the protein-inhibitor complexes for trajectory snapshots captured over 100 ns molecular dy-
namics simulations.  

Parameters Acarbose 3b 3e 3o 

Protein Backbon RMSD Min 0.91 0.92 0.80 0.91 
Max 1.64 1.69 1.53 2.03 

Average 1.31 1.34 1.26 1.47 
SD 0.10 0.12 0.09 0.20 

Ligand RMSD Min 0.42 0.96 1.57 2.04 
Max 5.22 20.39 17.55 13.45 

Average 3.92 11.81 8.07 10.20 
SD 0.66 2.62 3.08 2.12 

Protein Backbone RMSF Min 0.37 0.40 0.38 0.37 
Max 2.39 2.61 2.04 2.41 

Average 0.73 0.78 0.69 0.72 
SD 0.31 0.36 0.29 0.31 

Ligand atom RMSF Min 0.72 4.47 2.54 2.56 
Max 2.54 8.51 7.81 3.64 

Average 1.33 6.17 4.35 3.09 
SD 0.49 1.36 1.62 0.40 

Interaction Energies Min -85.10 -84.92 -53.90 -49.73 
Max 58.35 -2.12 -8.39 -17.70 

Average 7.68 -38.31 -31.12 -35.90 
SD 19.40 12.52 7.86 4.89  

Table 6 
The calculated drug-likeness properties for the synthesized compounds 3a-p.  

Compound Molecular Weight LogP Rotatable Bonds H-bond Acceptor H-bond Donors Surface Area Lipinski Violation 

3a 391.87 3.56 7 6 2 159.56 No 
3b 426.32 4.21 7 6 2 169.86 No 
3c 470.77 4.32 7 6 2 173.42 No 
3d 262.72 3.43 1 4 0 106.24 No 
3e 294.78 4.26 2 4 1 116.05 No 
3f 315.82 4.82 3 2 0 132.13 No 
3g 319.78 4.62 3 2 1 129.72 No 
3h 359.83 4.27 4 4 1 147.56 No 
3i 341.82 4.36 3 3 2 140.66 No 
3j 331.82 4.49 4 3 1 137.03 No 
3k 309.81 3.58 2 3 2 126.11 No 
3l 294.80 2.94 1 3 0 120.92 No 
3m 295.79 3.46 3 3 1 120.06 No 
3n 296.82 3.23 5 3 1 121.71 No 
3o 269.75 2.66 3 3 2 108.02 No 
3p 323.88 5.49 3 2 1 135.05 No 

Acarbose 645.61 -8.56 9 19 14.00 250.23 Yes  

Table 7 
The predicted properties as cytochrome inhibitors for the compounds 3b, 3e & 
3o.  

Compound CYP2D6 
substrate/ 
inhibitor 

CYP1A2 
inhibitor 

CYP2C9 
inhibitor 

CYP2D6 
inhibitor 

CYP3A4 
inhibitor 

3b No No Yes No Yes 
3e No Yes Yes No No 
3o No Yes No No No 

Acarbose No No No No No  
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violation of Lipinski rule, poor inhibitor/substrate profile against P450 
(CYP) enzyme and showed no toxicity against variety of targets (AMES, 
hERG I, hepato, skin or minnow). Thus, our study disclosed a small 
molecule benzo[b]thiophene derivative 3b as potential antidiabetic 
agent with favorable drug safety profile which warrant its further pre-
clinical studies. 

CRediT authorship contribution statement 

Rupal J. Joshi: Methodology, Conceptualization. Monil P. Dho-
lariya: Methodology, Formal analysis, Data curation. Savankumar R. 
Chothani: Methodology, Investigation. Chirag A. Chamakiya: Data 
curation. Hardik L. Varu: Validation, Software. Manisha B. Karmur: 
Visualization. Deepika Maliwal: Validation, Software. Raghuvir R.S. 
Pissurlenkar: Software, Validation. Atul H. Bapodra: Supervision, 
Project administration. Anilkumar S. Patel: Methodology, Formal 
analysis, Data curation. Naval P. Kapuriya: Writing – review & editing, 
Writing – original draft, Project administration, Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

All data has been submitted. 

Acknowledgment 

The authors are thankful to Bhakta Kavi Narsinh Mehta University 
Junagadh for providing research facilities. R. J. Joshi, S. R. Chothani, H. 
L. Varu and M. B. Karmur are grateful to the Department of Higher 
Education, Government of Gujarat for providing SHODH scholarships. 
C. A. Chamakiya is thankful to o2h Discovery Ltd. Ahmedabad for 
providing laboratory facility. A. S. Patel is thankful to Atmiya University 
for providing financial support under the seed money research project 
(SL/SMFAP/Phase 3/2023/003). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.molstruc.2024.138570. 

References 

[1] J.E. Shaw, N.M. Punjabi, J.P. Wilding, K.G.M.M. Alberti, P.Z. Zimmet, M. Ip, Sleep- 
disordered breathing and type 2 diabetes: a report from the international diabetes 
federation taskforce on epidemiology and prevention, Diabetes Res. Clin. Pract 81 
(2008) 2–12, https://doi.org/10.1016/j.diabres.2008.04.025. 

[2] Standards of medical care in diabetes-2016: summary of revisions, Diabetes Care 
39 (2016) 4–5, https://doi.org/10.2337/dc16-S003. 

[3] P.Z. Zimmet, D.J. Magliano, W.H. Herman, J.E. Shaw, Diabetes: a 21st century 
challenge, Lancet Diabetes Endocrinol. 2 (1) (2014) 56–64, https://doi.org/ 
10.1016/S2213. 

[4] C. Peyrot des Gachons, P.A. Breslin, Salivary amylase: digestion and metabolic 
syndrome, Curr. Diabetes Rep. 16 (2016) 1–7, https://doi.org/10.1007/s11892- 
016-0794-7. 

[5] A. Brownlee, S. Gill, M.D. Wilcox, J.P. Pearson, P.I. Chater, Starch digestion in the 
upper gastrointestinal tract of humans, Starch 68 (2018) 1–12, https://doi.org/ 
10.1002/star.201700111. 

[6] R.A. DeFronzo, E. Ferrannini, L. Groop, R.R. Henry, W.H. Herman, J.J. Holst, F. 
B. Hu, C.R. Kahn, I. Raz, G.I. Shulman, D.C. Simonson, M.A. Testa, R. Weiss, Type 2 
diabetes mellitus, Nat. Rev. Dis. Prim. 1 (2015) 1–22, https://doi.org/10.1038/ 
nrdp.2015.19. 

[7] A. Samrot, A. Vijay, A-Amylase activity of wild and mutant strains of Bacillus sp, 
Internet J. Microbiol. 6 (2) (2008) 1–4, https://doi.org/10.18000/ijabeg.10042. 

[8] C. Morris, S.L. Fichtel, A.J. Taylor, Impact of calcium on salivary α-amylase 
activity, starch paste apparent viscosity, and thickness perception, Chemosens. 
Percept. 4 (2011) 116–122, https://doi.org/10.1007/s12078-011-9091-7. 

[9] H. Kashtoh, K.H. Baek, New insights into the latest advancement in α-amylase 
inhibitors of plant origin with anti-diabetic effects, Plants 12 (2023) 2944, https:// 
doi.org/10.3390/plants12162944. 

[10] N. Kaur, V. Kumar, S.K. Nayak, P. Wadhwa, P. Kaur, S.K. Sahu, Alpha-amylase as 
molecular target for treatment of diabetes mellitus: a comprehensive review, 
Chem. Biol. Drug Des. 98 (4) (2021) 539–560, https://doi.org/10.1111/ 
cbdd.13909. 

[11] A. Mahmood, R.A. Sarfraz, I.A. Bhatti, F. Hussain, Alpha-amylase inhibitory 
activity and blood glucose and lipid-lowering potential of Heliotropium strigosum, 
Oxid. Commun. 39 (2016) 108, https://doi.org/10.4103/2F2231-4040.121415. 

[12] N. Kaur, V. Kumar, S.K. Nayak, P. Wadhwa, P. Kaur, S.K. Sahu, Alpha-amylase as 
molecular target for treatment of diabetes mellitus: a comprehensive review, 
Chem. Biol. Drug Des. 98 (2021) 539–560, https://doi.org/10.1111/cbdd.13909. 

[13] M. Fralick, A.J. Jenkins, K. Khunti, J.C. Mbanya, V. Mohan, M.I. Schmidt, Global 
accessibility of therapeutics for diabetes mellitus, Nat. Rev. Endocrinol. 18 (2022) 
199–204, https://doi.org/10.1038/s41574-021-00621-y. 

[14] J. Sujatha, S. Sukrutha, K. Ravi-Kumar, Amylase inhibitors and their biomedical 
applications, Starch 65 (2013) 535–542, https://doi.org/10.1002/star.201200194. 

[15] A. Chaudhury, C. Duvoor, V.S. Reddy Dendi, S. Kraleti, A. Chada, R. Ravilla, 
A. Marco, N.S. Shekhawat, M.T. Montales, K. Kuriakose, A. Sasapu, A. Beebe, 
N. Patil, C.K. Musham, G.P. Lohani, W. Mirza, Clinical review of antidiabetic drugs: 
implications for type 2 diabetes mellitus, management, Front. Endocrinol. 8 (2017) 
1–12, https://doi.org/10.3389/fendo.2017.00006. 

[16] R. Shah, P.K. Verma, Therapeutic importance of synthetic thiophene, Chem. Cent. 
J. 12 (2018) 1–22, https://doi.org/10.1186/s13065-018-0511-5. 

[17] J. Huang, W. Wang, L. Zhang, X. Meng, Recent advances in the synthesis of benzo 
[b]thiophene fused polycyclic derivatives: strategies and reactions, Chin. Chem. 
Lett. 34 (2023), https://doi.org/10.1016/j.cclet.2022.108003. 

[18] S. Chawla, S. Sharma, S. Kashid, P.K. Verma, A. Sapra, Therapeutic potential of 
thiophene compounds: a mini-review, Mini Rev. Med. Chem. 23 (2023) 
1514–1534, https://doi.org/10.2174/1389557523666230206104257. 

[19] R.S. Keri, K. Chand, S. Budagumpi, S.B. Somappa, S.A. Patil, B.M. Nagaraja, An 
overview of benzo [b] thiophene-based medicinal chemistry, Eur. J. Med. Chem. 
138 (2017) 1002–1033, https://doi.org/10.1016/j.ejmech.2017.07.038. 

[20] R. Zhou, X. Wang, D. Zhang, Z. Zhan, W. Duan, Design, synthesis, and STING- 
agonistic activity of benzo[b]thiophene-2-carboxamide derivatives, Mol. Divers. 
(2023), https://doi.org/10.1007/s11030-023-10736-1. 

[21] C.J. Lim, S.E. Woo, S.I. Ko, B.H. Lee, K.S. Oh, K.Y. Yi, Benzo[b]thiophene-2- 
carboxamide derivatives as potent urotensin-II receptor antagonists, Bioorg. Med. 
Chem. Lett. 26 (2016) 4684–4686, https://doi.org/10.1016/j. 
ejmech.2017.07.038. 

[22] H.M. Metwally, N.A. Khalaf, E. Abdel-Latif, M.A. Ismail, Synthesis, DFT 
investigations, antioxidant, antibacterial activity and SAR-study of novel 
thiophene-2-carboxamide derivatives, BMC Chem. 17 (2023), https://doi.org/ 
10.1186/s13065-023-00917-2. 
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