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Abstract A novel series of thiazolo[3,2-a]benzimidazole de-
rivatives containing benzofuran nucleus (5a–l) have been syn-
thesized. The key intermediate, substituted benzimidazol-
sulfanyl benzofuran ethanone (3a–d) was prepared by
refluxing the mixture of substituted 2-acetyl benzofuran and
substituted 2-mercaptobenzimidazole in acetic acid. The
cyclisation of compounds (3a–d) using polyphosphoric acid
furnished the corresponding 6-substituted benzofuran
thiazolo[3,2-a]benzimidazoles (4a–d). Further, the cyclized
compounds (4a–d) were subjected for Mannich reaction to
give corresponding Mannich bases (5a–l). All newly synthe-
sized compounds were screened for antifungal and anthelmin-
tic activity. Amongst the tested compounds, 4b and 4d exhib-
ited potential antifungal activity. From the anthelmintic activ-
ity data, it was found that the compounds 3a, 3b and 5i were
found to be more effective against the tested earthworm
Pheretima posthuma. In correlation to anthelmintic activity,
the selected compounds were subjected for molecular docking
studies and the compounds 3a and 5i have emerged as active
anthelmintic agents with maximum binding affinity (−3.7 and
−5.4 kcal/mol).
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Introduction

Compounds bearing oxo or azo heterocycles are well known to
be biologically important [1, 2]. Azole class of drugs particularly
fused with imidazoles occupy a prominent place in medicinal
chemistry because of their broad spectrum of pharmacological
activities such as anti-inflammatory, analgesic, anticancer, anti-
viral, pesticidal, cytotoxic and antiarrhythmic [3–5] activities.
Omeprazole (anticancer), mebendazole, pimobendan,
triclabendazole, albendazole and thiabendazole (anthelmintic)
are well-known drugs in the market which contain fused imid-
azoles as active core moiety. Nonetheless, it is clear that their
anthelmintic efficacy is due to their ability to compromise the
cytoskeleton through a selective interactionwithβ-tubulin [6, 7].

Benzimidazoles have been widely used since the 1960s as
anthelmintic agents in veterinary and human medicine and as
antifungal agents in agriculture [8]. The target site of benzimid-
azole anthelmintic is β-tubulin which is indispensable to form
microtubules, responsible for vital cell functions as motility,
cellular shape, mitosis, coordination, transport and secretion
in nematodes, cestodes and fluke [9, 10]. Benzimidazole
anthelimintics cause inhibition of polymerization of the micro-
tubules while depolymerisation of the microtubules goes on
naturally and thus interferes with cellular transport and energy
metabolism. So inhibition of these processes seems to play a
vital role in the lethal effect on worms. Therefore, perpetuation
of contact time between drug and parasite is an important fac-
tor regarding their efficacy [11, 12]. One implication of this
phenomenon is that it is not necessary for inhibitors to bind all
tubulin dimers to inhibit polymerization; it is sufficient for
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them to simply ‘cap’ the microtubule [13]. The development of
a potent and effective antimicrobial agent is most important to
overcome the emerging multi-drug resistance strains of bacte-
ria and fungi such as methicillin-resistant Staphylococcus
aureus [14, 15].

The choice of these structures was in accordance with the
fact that benzimidazole derivatives displayed a broad spectrum
of both anthelmintic and antifungal activities [16]; benzofuran
is the part of the substance possessing anthelmintic activity [17,
18]. Benzofuran moiety occurs in some natural as well as syn-
thetic bioactive compounds such as insecticide, pesticide [19],
antioxidant [20], in vitro cytotoxic [21], anti-inflammatory [22],
antimicrobial [23] anti-HIV-1 and anticancer agents [17].

Our previous work in this area was concerned with antimi-
crobial activity of substituted imidazo thiazole derivatives
linked at C-2 of benzofuran moiety [24]. Studies have shown
that annulation at various positions of imidazole scaffolds sig-
nificantly enhances the activity. Therefore, it can be
envisioned that such fusion(s) may be used as a tool for tuning
their biological properties.

Enlightened by these findings and as a continuation of our
interest in the synthesis of benzofuran and other heterocycles
[25–28], we extended our investigation to the synthesis of
other related benzofuran derivatives, to identify new candi-
dates that may have value in designing new, potent, selective
and less toxic antimicrobial and anthelmintic agents.

Material and methods

Melting points were recorded on an electrothermal melting
point apparatus and are uncorrected. The FT-IR spectra were
taken in potassium bromide pellets (100 mg) using a Shimadzu
FT-IR spectrophotometer. Column chromatography was per-
formed using silica gel (230–400mesh); silica gel GF254 plates
fromMerckwere used for thin-layer chromatography, and spots
were identified either by UVor dipping the plates in potassium
permanganate solution. 1H-NMR and 13C-NMR spectra were
recorded on a Bruker 400-MHz spectrometer, and chemical
shifts are shown in δ values (ppm) with tetramethylsilane
(TMS) as internal standard. LC-MS analyses were performed
using ESI/APCI, with an Agilent C18 (50 × 4.6 mm–5 μm)
column and a flow rate of 1.2 cm3/min.

Experimental procedures

General procedure for the synthesis

of 2-[(5-substituted-1H-benzimidazol-2-yl)sulfanyl]

-1-(5-substituted-1-benzofuran-2-yl)ethanone derivatives

(3a–d)

A mixture of 5-substituted 2-acetyl benzofuran (1a-b, 8 mmol)
and substituted 2-mercaptobenzimidazole (2a-b, 6.6mmol) was

refluxed in acetic acid containing few drops of H2SO4 for 3–
4 h. The reaction mixture was cooled and poured into crushed
ice and neutralized with NH4OH solution. The resulting precip-
itate was collected by filtration, washed several times with wa-
ter, dried well and crystallized from ethanol or methanol (50ml)
to give the corresponding compounds (3a–d) in 85–90 % yield.

2-(1H-Benzimidazol-2-ylsulfanyl)-1-(1-benzofuran-2-yl)

ethanone (3a)

C17H12N2O2S, off-white solid, yield: 87 %; MP 155–157 °C;
IR (KBr, υmax, cm

−1, KBr): 3290 (NH), 2850(Ar-CH), 1710
(C=O), 1579 (C=C); 1H-NMR (400 MHz, DMSO-d6, δ ppm):
12.65 (s, 1H, NH), 7.06–7.88 (m, 8H), 8.10 (s, 1H (furan)), 4.94
(s, 2H); 13C-NMR (400MHz, DMSO-d6, δ ppm): 184.5 (C=O,
C-10), 161.7 (C-5), 153.4 (C-2), 147.1 (C-14), 138.9 (C-16,C-
17), 131.4 (C-4), 124.7 (C-7),123.5 (C-8), 123.0 (C-20, C-21),
121.0 (C-9), 116.7 (C-3), 115.3 (C-19, C-20), 111.5 (C-6), 34.8
(CH2); LCMS: m/z 308 [M+].

1-(1-Benzofuran-2-yl)-2-[(6-bromo-1H-benzimidazol-2-yl)

sulfanyl]ethanone (3b)

C17H11BrN2O2S, pale yellow solid, yield: 85 %; MP170–
173 °C; IR (KBr, υmax, cm

−1, KBr): 3280 (NH), 2850 (Ar-
CH), 1705 (C=O), 1489 (C=C); 1H-NMR (400 MHz, DMSO-
d6, δ ppm): 12.60 (s, 1H, NH), 7.05–7.87 (m, 7H), 8.09 (s, 1H
(furan)), 4.90 (s, 2H); 13C-NMR (400MHz, DMSO-d6, δ ppm):
184.5 (C=O, C-10), 161.7 (C-5), 153.4 (C-2), 147.1 (C-14),
141.3 (C-16), 137.9 (C-17), 131.4 (C-4), 126.2 (C-21), 124.7
(C-7), 123.3 (C-8), 121.0 (C-9), 118.7 (C-19), 117.5 (C-20,
C-22), 116.7 (C-3), 111.5 (C-6), 34.5 (CH2); LCMS: m/z 386
[M+], 388 [M+ +2].

2-(1H-benzimidazol-2-ylsulfanyl)

-1-(5-bromo-1-benzofuran-2-yl)ethanone (3c)

C17H11BrN2O2S, pale yellow solid; yield: 85 %; MP 168–
171 °C; IR (KBr, υmax, cm

−1, KBr): 3270 (NH), 2855 (Ar-
CH), 1715 (C=O), 1510 (C=C); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 12.60 (s, 1H, NH), 7.07–7.88 (m, 7H),
8.10 (s, 1H (furan)), 4.91 (s, 2H); 13C-NMR (400 MHz,
DMSO-d6, δ ppm): 184.5 (C=O, C-10), 160.6 (C-5), 153.4
(C-2), 147.1 (C-14), 138.9 (C-16, C-17), 132.4 (C-4), 129.3
(C-7), 124.6 (C-9), 123.0 (C-20, C-21), 116.7 (C-8), 116.3
(C-3), 111.5 (C-6), 115.3 (C-19, C-20), 34.2 (CH2); LCMS:
m/z 386 [M+], 388 [M+ +2].

2-[(6-Bromo-1H-benzimidazol-2-yl) sulfanyl]

-1-(5-bromo-1-benzofuran-2-yl)ethanone (3d)

C17H10Br2N2O2S, colourless solid, yield: 90 %; MP 167–
170 °C; IR (KBr, υmax, cm

−1, KBr): 3290 (NH), 2850 (Ar-
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CH), 1710 (C=O), 1579 (C=C); 1H-NMR (400 MHz, DMSO-
d6, δ ppm): 12.61 (s, 1H, NH), 7.08–7.89 (m, 6H), 8.20 (s, 1H
(furan)),4.91 (s, 2H);13C-NMR (400 MHz, DMSO-d6, δ ppm):
184.9 (C=O, C-10), 161.3 (C-5), 153.5 (C-2), 147.4 (C-14),
141.6 (C-16), 137.4 (C-17), 131.4 (C-4), 129.2 (C-7), 126.5
(C-21), 124.1 (C-9), 118.3 (C-19), 117.5 (C-20, C-22), 116.3
(C-8), 116.2 (C-3), 113.5 (C-6), 34.2 (CH2); LCMS: m/z 464
[M+], 466 [M+ +2], 468 [M+ +4].

General procedure for the synthesis

of 6-substituted-3-(5-substituted-1-benzofuran-2-yl)[1,3]

thiazolo[3,2-a]benzimidazole derivatives(4a–d)

The compounds (3a–d, 1.62 mmol) were dissolved in 15 g of
polyphosphoric acid (PPA), and the reaction mixture was
heated with stirring at about 125–130 °C for 8–9 h. After the
completion of reaction, the reaction mixture was cooled,
poured into crushed ice and neutralized with NaOH solution.
The resulting precipitate was filtered, dried and recrystallized
by ethanol or ethyl acetate (50 ml).

3-(1-Benzofuran-2-yl)[1,3]thiazolo[3,2-a]benzimidazole (4a)

C17H10N2OS, light brown solid, yield: 83 %; MP 180–182 °C;
IR (KBr, υmax, cm

−1, KBr): 2856 (Ar-CH), 1597(C=N), 1520
(C=C); 1H-NMR (400 MHz, DMSO-d6, δ ppm): 8.59 (s, 1H,
CH, imidazole), 7.10–7.89 (Ar-H, 9H); 13C-NMR (400 MHz,
DMSO-d6, δ ppm): 155.30, 150.0, 143.0, 141.3, 138.90,
135.20, 124.70, 123.80, 122.10 (2C), 121.0, 120.10, 115.30
(2C), 111.6, 102.80; LCMS m/z: 290 [M+].

3-(1-Benzofuran-2-yl)-6-bromo[1,3]thiazolo[3,2-a]

benzimidazole (4b)

C17H10N2OS, light grey solid, yield: 85%;MP 190–193 °C; IR
(KBr, υmax, cm

−1, KBr): 2896 (Ar-CH), 1628 (C=N), 1545
(C=C), 687 (C-Br); 1H-NMR (400 MHz, DMSO-d6, δ ppm):
8.50 (s, 1H, CH, imidazole), 7.01–7.91 (Ar-H, 8H); 13C-NMR
(400 MHz, DMSO-d6, δ ppm): 154.50, 150.0, 143.0, 141.5,
138.90, 135.20, 129.0, 126.0, 124.20, 123.0 (2C), 120.10,
116.50, 115.3(2C), 113.80, 102.80; LCMS m/z: 368 [M+],
370 [M+ +2].

3-(5-Bromo-1-benzofuran-2-yl)[1,3]thiazolo[3,2-a]

benzimidazole (4c)

C17H9 BrN2OS, light grey solid, yield: 82 %; MP 199–
201 °C; IR (KBr, υmax, cm

−1, KBr): 2896 (Ar-CH), 1625
(C=N), 1543 (C=C),679 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 8.56 (s, 1H, CH, imidazole), 6.89–7.85
(Ar-H, 8H); 13C-NMR (400MHz, DMSO-d6, δ ppm): 154.50,
150.0, 143.0, 141.5, 137.40, 126.20, 124.7, 123.80, 121.0,

120.10, 118.70, 117.5 (2C), 111.60, 102.80. LCMS m/z: 368
[M+], 370 [M+ +2].

6-Bromo-3-(5-bromo-1-benzofuran-2-yl)[1,3]thiazolo[3,2-a]

benzimidazole (4d)

C17H8Br2N2OS, pale yellow solid, yield: 83 %; MP 230–
232 °C; IR (KBr, υmax, cm

−1, KBr): 2951 (Ar-CH), 1618
(C=N), 1540 (C=C), 667 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 8.53 (s, 1H, CH, imidazole), 6.88–7.85
(Ar-H, 7H); 13C-NMR (400MHz, DMSO-d6, δ ppm): 154.30,
150.0, 143.0, 141.5, 137.40, 129.0, 126.20 (2C), 124.20,
120.10118.70, 117.5 (2C), 116.50, 113.80, 102.8; LCMS
m/z: 446 [M+], 448 [M+ +2], 450[M+ +4].

General procedure for the synthesis

of 6-substituted-3-(5-substituted-1-benzofuran-2-yl)

-2-(substituted-1-ylmethyl)[1,3]thiazolo[3,2-a]benzimidazole

derivatives (5a–l)

A mixture of 3-(5-bromo-1-benzofuran-2-yl)[1,3]thiazolo
[3,2-a]benzimidazole (4c, 1 mmol), secondary amine (pyr-
rolidine, piperidine and morpholine) (1 mmol) and formal-
dehyde (0.5 ml) with catalytic amount of glacial acetic acid
(0.5 ml) was refluxed for about 7–8 h on a water bath.
After the completion of reaction (checked by TLC), meth-
anol was removed under reduced pressure and the reaction
mixture was extracted with ethyl acetate (3 × 30 ml). The
combined extract was washed with water (3 × 30 ml) and
brine (3 × 30 ml) and dried over anhydrous sodium sul-
phate. The organic layer was concentrated under reduced
pressure, and the crude product was purified by column
chromatography (silica gel 60–120 mesh) using ethyl
acetate-petroleum ether (1:5, boiling range of petroleum
ether is 42–62 °C) as eluent to afford the title compound
5a. The same procedure was followed to synthesize other
derivatives of this series.

3-(1-Benzofuran-2-yl)-2-(pyrrolidin-1-ylmethyl)[1,3]

thiazolo[3,2-a]benzimidazole (5a)

C22H19N3OS, off-white solid, yield 84 %; MP 190–193 °C;
IR (KBr, υmax, cm

−1, KBr): 3057 (Ar-CH), 1626 (C=N), 1597
(C=C); 1H-NMR (400 MHz, DMSO-d6, δ ppm): 7.12–7.87
(m, Ar-H, 9H), 4.04 (s, 2H, −CH2), 2.80 (4H, t, J = 15.2, 2-
CH2) and δ 2.23 (4H, t, J = 16, 2-CH2);

13C-NMR (400 MHz,
DMSO-d6, δ ppm): 155.30, 150.0, 143.0, 141.3, 138.90,
135.20, 124.70, 123.80, 122.10 (2C), 121.0, 120.10, 115.30
(2C), 111.6, 102.80, 57.80 (2C), 47.7 (CH2), 25.9 (2C);
LCMS m/z: 373 [M+].
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3-(1-Benzofuran-2-yl)-6-bromo-2-(pyrrolidin-1-ylmethyl)

[1,3]thiazolo[3,2-a]benzimidazole (5b)

C22H18BrN3OS, pale yellow solid, yield: 78 %; MP 210–
213 °C; IR (KBr, υmax, cm

−1, KBr): 3050 (Ar-CH), 1620
(C=N), 1595 (C=C), 682 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 7.10–7.89 (m, Ar-H, 8H), 3.94 (s, 2H,
−CH2), 2.83 (4H, t, J = 15.2, 2-CH2) and δ 2.26 (4H, t,
J = 16, 2-CH2);

13C-NMR (400 MHz, DMSO-d6, δ ppm):
154.50, 150.0, 143.0, 141.5, 138.90, 135.20, 129.0, 126.0,
124.20, 123.0 (2C), 120.10, 116.50, and 115.3 (2C), and
113.80, 102.80, 57.80 (2C), 47.8 (CH2), 25.9 (2C); LCMS
m/z: 451 [M+], 453[M+ +2].

3-(5-Bromo-1-benzofuran-2-yl)-2-(pyrrolidin-1-ylmethyl)

[1,3]thiazolo[3,2-a]benzimidazole (5c)

C22H18BrN3OS, pale yellow solid, yield: 75 %; MP 215–
218 °C; IR (KBr, υmax, cm

−1, KBr): 3055 (Ar-CH), 1625
C=N), 1590 (C=C), 685 (C-Br); 1H-NMR (400 MHz, DMSO-
d6, δ ppm): 7.15–7.89 (m, Ar-H, 8H), 4.05 (s, 2H, −CH2), 2.81
(4H, t, J = 13.2, 2-CH2) and δ 2.24 (4H, t, J = 15.6, 2-CH2);

13C-
NMR (400 MHz, DMSO-d6, δ ppm): 154.50, 150.0, 143.0,
141.5, 137.40, 126.20, 124.7, 123.80, 121.0, 120.10, 118.70,
117.5 (2C), 111.60, 102.80, 57.70 (2C), 47.5 (CH2), 25.6 (2C);
LCMS m/z: 451 [M+], 453 [M+ +2];

6-Bromo-3-(5-bromo-1-benzofuran-2-yl)

-2-(pyrrolidin-1-ylmethyl)[1,3]thiazolo[3,2-a]benzimidazole

(5d)

C22H17Br2N3OS, colourless solid, yield: 78 %; MP 206–
209 °C; IR (KBr, υmax, cm

−1, KBr): 3055 (Ar-CH), 1625
C=N), 1590 (C=C), 668 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 7.15–7.89 (m, Ar-H, 7H), 4.04 (s, 2H,
−CH2), 2.84 (4H, t, J = 13.6, 2-CH2) and δ 2.27 (4H, t,
J = 14.8, 2-CH2);

13C-NMR (400 MHz, DMSO-d6, δ ppm):
154.50, 150.0, 143.0, 141.5, 137.40, 126.20, 124.7, 123.80,
121.0120.10, 118.70, 117.5 (2C), 111.60, 102.80, 57.70 (2C),
47.5 (CH2), 25.6 (2C); LCMS m/z: 529 [M+], 531 [M+ +2],
533 [M+ +4].

3-(1-Benzofuran-2-yl)-2-(piperidin-1-ylmethyl)[1,3]

thiazolo[3,2-a]benzimidazole (5e)

C23H21N3OS, light grey solid, yield: 77 %; MP 226–228 °C; IR
(KBr, υmax, cm

−1, KBr): 3034 (Ar-CH), 1607, (C=N) 1570
(C=C); 1H-NMR (400 MHz, DMSO-d6, δ ppm): 7.18–8.10
(m, Ar-H, 9H), 3.58 (s, 2H,-CH2), 2.45 (4H, t, J = 12.4, 2-
CH2), 1.41–1.52 (m, 6H, CH2);

13C-NMR (400 MHz, DMSO-
d6, δ ppm): 155.30, 150.0, 143.0, 141.3, 138.90, 135.20, 124.70,
123.80, 122.10 (2C), 121.0, 120.10, 115.30 (2C), 111.6, 102.80,
54.20 (2C), 48.0 (CH2), 25.7 (3C); LCMS: m/z 387 [M+].

3-(1-Benzofuran-2-yl)-6-bromo-2-(piperidin-1-ylmethyl)[1,3]

thiazolo[3,2-a]benzimidazole (5f)

C23H20BrN3OS, pale yellow solid, yield: 73 %; MP 227–
229 °C; IR (KBr, υmax, cm

−1, KBr): 3010 (Ar-CH), 1627
(C=N) 1569 (C=C), 672 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 7.16–8.13 (m, Ar-H, 8H), 3.80 (s, 2H,-
CH2), 2.46 (4H, t, J = 12.8, 2-CH2), 1.43–1.53 (m, 6H, CH2);
13C-NMR (400 MHz, DMSO-d6, δ ppm): 154.50, 150.0,
143.0, 141.5, 138.90, 135.20, 129.0, 126.0, 124.20, 123.0
(2C), 120.10, 116.50, and 115.3 (2C), and 113.80, 102.80,
54.60 (2C), 48.20 (CH2), 25.9 (3C); LCMS: m/z 465 [M+],
467 [M+ +2].

3-(5-Bromo-1-benzofuran-2-yl)-2-(piperidin-1-ylmethyl)[1,3]

thiazolo[3,2-a]benzimidazole (5g)

C23H20BrN3OS, pale yellow solid, yield: 78 %; MP 231–
233 °C; IR (KBr, υmax, cm

−1, KBr): 3015 (Ar-CH), 1637
(C=N), 1570 (C=C), 671 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 7.15–8.10 (m, Ar-H, 8H), 3.83 (s, 2H,-
CH2), 2.45 (4H, t, J = 12.8, 2-CH2), 1.42–1.54 (m, 6H, CH2);
13C-NMR (400MHz, DMSO-d6, δ ppm): 154.50, 150.0, 143.0,
141.5, 137.40, 126.20, 124.7, 123.80, 121.0120.10, 118.70,
117.5 (2C), 111.60, 102.80, 54.70 (2C), 47.9 (CH2), 26.2
(3C); LCMS: m/z 465[M+], 467 [M+ +2].

6-Bromo-3-(5-bromo-1-benzofuran-2-yl)

-2-(piperidin-1-ylmethyl)[1,3]thiazolo[3,2-a]benzimidazole

(5h)

C23H19Br2N3OS, pale yellow solid, yield: 81 %; MP 249–
251 °C; IR (KBr, υmax, cm

−1, KBr): 2998 (Ar-CH), 1629,
(C=N), 1589 (C=C), 669 (C-Br); 1H-NMR (400 MHz,
DMSO-d6, δ ppm): 7.13–8.10 (m, Ar-H, 7H), 3.97 (s, 2H,-
CH2), 2.47 (4H, t, J = 9.6, 2-CH2), 1.45–1.57 (m, 6H, CH2);
13C-NMR (400MHz, DMSO-d6, δ ppm): 156.30, 150.0, 143.0,
141.5, 137.40, 129.0, 126.20 (2C), 124.20, 120.10, 118.70,
117.5 (2C), 116.50, 113.80, 102.8, 54.30 (2C), 47.9 (CH2),
26.2 (3C); LCMS: m/z 543 [M+], 545[M+ +2], 547[M+ +4].

3-(1-Benzofuran-2-yl)-2-(morpholin-4-ylmethyl)[1,3]

thiazolo[3,2-a]benzimidazole (5i)

C22H19N3O2S, pale yellow solid, yield: 74 %; MP 237–
239 °C; IR (KBr, υmax, cm

−1, KBr): 3105, 1610 (C=N),
1555 (C=C); 1H-NMR (400 MHz, DMSO-d6, δ ppm): 6.98–
8.10 (m, Ar-H, 9H), 4.10 (s, 2H, −CH2), 2.91 (4H, t, J = 14.0,
2-CH2), 2.55 (4H, t, J = 14.8, 2-CH2);

13C-NMR (400 MHz,
DMSO-d6, δ ppm): 155.30, 150.0, 143.0, 141.3, 138.90,
135.20, 124.70, 123.80, 122.10 (2C), 121.0, 120.10, 115.30
(2C), 111.6, 102.80, 66.8 (2C); 53.30 (2C), 48.0 (CH2);
LCMS: m/z 389 [M+].
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3-(1-Benzofuran-2-yl)-6-bromo-2-(morpholin-4-ylmethyl)

[1,3]thiazolo[3,2-a]benzimidazole (5j)

C22H18BrN3OS, light grey solid, yield: 75 %; MP 240–
242 °C; IR (KBr, υmax, cm

−1, KBr): 3103, 1617 (C=N),
1559 (C=C).661 (C-Br); 1H-NMR (400 MHz, DMSO-d6, δ
ppm): 7.10–7.89 (m, Ar-H, 8H), 4.23 (s, 2H, −CH2), 2.91 (4H,
t, J = 13.6, 2-CH2), 2.94 (4H, t, J = 13.6, 2-CH2);

13C-NMR
(400 MHz, DMSO-d6, δ ppm): 155.52, 150.0, 143.0, 141.5,
138.10, 135.20, 129.0, 126.0, 124.20, 123.0 (2C), 120.10,
116.50, and 115.3 (2C), and 113.80, 102.80, 66.6 (2C);
53.20 (2C), 48.13 (CH2); LCMS m/z: 467 [M+], 469 [M++2].

3-(5-Bromo-1-benzofuran-2-yl)-2-(morpholin-4-ylmethyl)

[1,3]thiazolo[3,2-a]benzimidazole (5k)

C22H18BrN3OS, yield: 78 %;MP 244–246 °C; IR (KBr, υmax,
cm−1, KBr): 2998, 1635 (C=N),1562 (C=C) 657 (C-Br); 1H-
NMR (400 MHz, DMSO-d6, δ ppm): 7.09–8.13 (m, Ar-H,
8H), 4.18 (s, 2H, −CH2), 2.91 (4H, t, J = 14.0, 2-CH2), 2.53
(4H, t, J = 13.2, 2-CH2);

13C-NMR (400 MHz, DMSO-d6, δ
ppm): 154.50, 150.0, 143.0, 141.5, 137.40, 126.20, 124.7,
123.80, 121.0120.10, 118.70, 117.5 (2C), 111.60, 102.80,
65.7 (2C); 53.30 (2C), 48.10 (CH2); LCMS: m/z 467 [M+],
469 [M+ +2].

6-Bromo-3-(5-bromo-1-benzofuran-2-yl)

-2-(morpholin-4-ylmethyl)[1,3]thiazolo[3,2-a]benzimidazole

(5l)

C22H18BrN3OS, colourless solid, yield: 79 %; MP 243–
243 °C; IR (KBr, υmax, cm

−1, KBr): 2995, 1633 (C=N),1565
(C=C),675 (C-Br); 1H-NMR (400 MHz, DMSO-d6, δ ppm):
6.97–8.10 (m, Ar-H, 7H), 4.13 (s, 2H, −CH2), 2.91 (4H, t,
J = 12.8, 2-CH2), 2.52 (4H, t, J = 15.6, 2-CH2);

13C-NMR
(400 MHz, DMSO-d6, δ ppm): 156.30, 150.0, 143.0, 141.5,
137.40, 129.0, 126.20 (2C), 124.20, 120.10118.70, 117.5
(2C), 116.50, 113.80, 102.8, 54.30 (2C), 47.9 (CH2), 26.2
(3C); LCMS: m/z 545 [M+], 547 [M+ +2], 549 [M+ +4].

Pharmacology

Antifungal activity

Antifungal activity of the synthesized compounds were tested
against five fungal strains Aspergillus flavus, Candida albicans,
Microspora griseus, Aspergillus terreus and Chrysosporium

keratinophilum using agar well diffusion method [29]. The fun-
gal strains were procured from the Department of
Biotechnology, Kuvempu University, Shankaraghatta.
Dimethyl sulphoxide (DMSO) was used as solvent control.
The fungal culture was inoculated on potato dextrose agar media
(20 mL). The test compounds were dissolved in DMSO to get a

concentration of 1 mg/ml, and 100 μl of this sample was loaded
into the wells of agar plates directly. Plates inoculated with the
fungal culture were incubated at 25 °C for 72 h. All determina-
tions were done in triplicates. Fluconazole (1.6, 0.64 and
0.25 mg/ml) was used as standard.

The lowest concentration required for arresting the growth
of fungi was regarded as minimum inhibitory concentration
(MIC). It was performed by serial broth-dilution method
(National Committee for Clinical Laboratory Standards,
1982) at different concentrations like 1, 10, 25, 50 and
100 μg/ml. After the incubation period, the minimum inhibi-
tory zone at which the microorganism growth was inhibited
was measured in millimeters.

Anthelmintic activity

The anthelmintic assay was carried out using literaturemethod
with appropriate modifications [12]. Pheretima posthuma of
nearly equal size (6 ± 1 cm) were collected from a vermin
compost manufacturing farm. Worm type was identified at
the Agriculture Research Station, Shivamogga, Karnataka.
The worms were acclimatized to laboratory conditions before
experimentation. The earthworms were divided into three
groups of six each. Albendazole diluted with normal saline
solution to obtain different concentrations of 1, 2 and 3 %
(m/V) served as standard and is poured into petri dishes. The
synthesized compounds were dissolved inminimal quantity of
Tween 80 and diluted to obtain concentrations of 1, 2 and 3 %
(m/V) of each compound. Tween 80 served as a control. The
time taken for complete paralysis and death was recorded. The
mean paralysis time and mean lethal time were calculated for
each compound (each reading was taken in triplicate); the time
taken for worms to become motionless was noted as paralysis
time. To ascertain death, each worm was frequently subjected
to external stimuli that stimulate and induce movement in
earthworms, if alive.

Molecular docking study

An entirely Java-based in-house developed drug discov-
ery informatics system OSIRIS was used to perform
ADMET-based calculations. It provides reusable
cheminformatics functionality and was used to predict
the toxicity risks and overall drug score via in silico
[30]. The structure of synthesized molecules and the stan-
dards were drawn in ChemBioDraw tool (ChemBioOffice
Ultra 14.0 suite) assigned with proper 2D orientation, and
the structure of each was checked for structural drawing
error. Energy of each molecule was minimized using
ChemBio3D (ChemBioOffice Ultra 14.0 suite). The
energy-minimized ligand molecules were then used as in-
put for AutoDock Vina, in order to carry out the docking
simulation [31]. The protein databank (PDB) coordinate
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file with the name ‘1OJ0.pdb’ was used as receptor mol-
ecule. The Graphical User Interface program ‘MGL Tools’
was used to set the grid box for docking simulations. The
grid was set so that it surrounded the region of interest
(active site) in the macromolecule.

In the present study, the active site was selected based on
the amino acid residues of β-tubulin, which are involved in
binding with albendazole sulphoxide as obtained from PDB
with accession number 1OJ0 [32]. The only available and
theoretical protein structure of β-tubulin from parasitic worm
like Haemonchus contortus in the entire PDB database for
molecular docking study was selected. The model is in com-
plex with albendazole like albendazole sulphoxide and hence
was considered for in silico studies. Further, the grid was
centred at the region including all the 14 amino acid residues
(His6, Ile16, Phe20, Gln134, Thr136, Ser165, Phe167,
Glu198, Phe200, Met233, Val236, Thr237, Leu250 and
Leu253) that form the active site having albendazole
sulphoxide as a complex.

The grid box volume was set to 24, 22, and 18 Å for x, y
and z dimensions respectively, and the grid centre was set to
8.077, −10.432 and −4.004 for x, y and z centres respectively,
which covered all the 14 amino acid residues in the considered
active pocket. AutoGrid 4.0 Program, supplied with
AutoDock tools, was used to produce grid maps [33]. The
docking algorithm provided with AutoDock Vina was used

to search for the best docked conformation between ligand
and protein. During the docking process, a maximum of 10
conformers were considered for each ligand. All the
AutoDock docking runs were performed in Corei7 Intel pro-
cessor CPU with 16 GB DDR3l RAM. AutoDock Vina was
compiled and run under Windows 8.0 professional operating
system. LigPlot+ [34] and PyMol [35] were used to deduce
the pictorial representation of interaction between the ligands
and the target protein.

Result and discussion

Chemistry

A general approach to synthesize the designed compounds
is outlined in Scheme 1. 5-Substituted 2-acetyl benzofuran
and substituted 2-mercaptobenzimidazole were used as
starting material for the synthesis of key intermediates,
2-[(5-substituted-1H-benzimidazol-2-yl)sulfanyl]-1-(5-
substituted-1-benzofuran-2-yl)ethanone(3a–d) derivatives.
Later, these sulphides were cyclized using polyphosphoric
acid to give corresponding 6-substituted-3-(5-substituted-
1-benzofuran-2-yl)[1,3]thiazolo[3,2-a]benzimidazole de-
rivatives (4a–d). Further, these cyclized compounds were
subjected for Mannich reaction by refluxing with
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Scheme 1 Synthesis of
compounds (5a–l). Reagents and
conditions: a AcOH/H2SO4∆ 4–
5 h; b PPA∆; c Sec amines/
HCHO, EtOH/AcOH
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Table 1 Antifungal activity data
of synthesized compounds 3a–d,
4a–d and 5a–l

Comp Conc. mg/mL Zone of inhibition in mm (mean ± S.D.) n = 3

A.f ± S.D. C.a ± S.D. M.g ± S.D. A.t ± S.D. C.k ± S.D.

3a 1.6 10 ± 0.2 10 ± 0.1 10 ± 0.2 11 ± 0.3 08 ± 0.3
0.64 07 ± 0.3 08 ± 0.2 06 ± 0.1 07 ± 0.1 06 ± 0.1
0.25 04 ± 0.1 06 ± 0.3 – 05 ± 0.1 –

3b 1.6 10 ± 0.2 11 ± 0.1 10 ± 0.2 11 ± 0.3 08 ± 0.3
0.64 07 ± 0.3 10 ± 0.2 08 ± 0.1 08 ± 0.1 07 ± 0.1
0.25 05 ± 0.1 07 ± 0.3 05 ± 0.1 07 ± 0.1 05 ± 0.1

3c 1.6 10 ± 0.2 12 ± 0.1 11 ± 0.2 11 ± 0.3 09 ± 0.3
0.64 08 ± 0.3 10 ± 0.2 09 ± 0.1 09 ± 0.1 07 ± 0.1
0.25 06 ± 0.1 – – – –

3d 1.6 10 ± 0.2 13 ± 0.1 12 ± 0.2 13 ± 0.3 09 ± 0.3
0.64 09 ± 0.3 11 ± 0.2 10 ± 0.1 12 ± 0.1 07 ± 0.1
0.25 06 ± 0.1 09 ± 0.3 08 ± 0.1 08 ± 0.1 05 ± 0.1

4a 1.6 10 ± 0.2 15 ± 0.1 14 ± 0.2 16 ± 0.3 09 ± 0.3
0.64 09 ± 0.3 12 ± 0.2 12 ± 0.1 13 ± 0.1 08 ± 0.1
0.25 07 ± 0.1 10 ± 0.3 09 ± 0.3 10 ± 0.1 07 ± 0.1

4b 1.6 12 ± 0.2 17 ± 0.1 16 ± 0.2 19 ± 0.3 10 ± 0.3
0.64 10 ± 0.3 15 ± 0.2 14 ± 0.1 16 ± 0.1 08 ± 0.1
0.25 08 ± 0.1 11 ± 0.3 11 ± 0.3 12 ± 0.1 07 ± 0.1

4c 1.6 11 ± 0.2 17 ± 0.1 16 ± 0.2 18 ± 0.3 10 ± 0.3
0.64 10 ± 0.3 14 ± 0.2 14 ± 0.1 15 ± 0.1 08 ± 0.1
0.25 08 ± 0.1 11 ± 0.3 10 ± 0.3 10 ± 0.1 06 ± 0.1

4d 1.6 12 ± 0.2 18 ± 0.1 17 ± 0.2 19 ± 0.3 11 ± 0.3
0.64 10 ± 0.3 16 ± 0.2 15 ± 0.1 17 ± 0.1 09 ± 0.1
0.25 09 ± 0.1 12 ± 0.3 12 ± 0.3 14 ± 0.1 07 ± 0.1

5a 1.6 07 ± 0.2 07 ± 0.1 07 ± 0.2 07 ± 0.3 06 ± 0.3
0.64 04 ± 0.3 04 ± 0.2 03 ± 0.1 04 ± 0.1 04 ± 0.1
0.25 – – – – –

5b 1.6 09 ± 0.2 08 ± 0.1 08 ± 0.2 08 ± 0.3 07 ± 0.3
0.64 06 ± 0.3 06 ± 0.2 05 ± 0.1 05 ± 0.1 06 ± 0.1
0.25 03 ± 0.1 04 ± 0.3 – – –

5c 1.6 07 ± 0.2 07 ± 0.1 07 ± 0.2 08 ± 0.3 07 ± 0.3
0.64 05 ± 0.3 05 ± 0.2 04 ± 0.1 05 ± 0.1 05 ± 0.1
0.25 03 ± 0.1 03 ± 0.3 – – 04 ± 0.3

5d 1.6 09 ± 0.2 09 ± 0.1 10 ± 0.2 10 ± 0.3 08 ± 0.3
0.64 07 ± 0.3 07 ± 0.2 05 ± 0.1 06 ± 0.1 06 ± 0.1
0.25 04 ± 0.1 06 ± 0.3 04 ± 0.1 04 ± 0.1 04 ± 0.1

5e 1.6 04 ± 0.2 04 ± 0.1 04 ± 0.2 04 ± 0.3 04 ± 0.3
0.64 02 ± 0.3 02 ± 0.2 01 ± 0.1 – –

0.25 – – – – –

5f 1.6 05 ± 0.2 04 ± 0.1 05 ± 0.2 04 ± 0.3 05 ± 0.3
0.64 02 ± 0.3 03 ± 0.2 02 ± 0.1 03 ± 0.1 04 ± 0.1
0.25 01 ± 0.3 02 ± 0.2 01 ± 0.1 – 01 ± 0.1

5 g 1.6 05 ± 0.2 04 ± 0.1 04 ± 0.2 04 ± 0.3 05 ± 0.3
0.64 02 ± 0.3 03 ± 0.2 02 ± 0.1 02 ± 0.1 02 ± 0.1
0.25 – 01 ± 0.2 – – –

5 h 1.6 05 ± 0.2 04 ± 0.1 04 ± 0.2 04 ± 0.3 04 ± 0.3
0.64 02 ± 0.3 03 ± 0.2 02 ± 0.1 01 ± 0.1 02 ± 0.1
0.25 – 01 ± 0.2 – – –

5i 1.6 05 ± 0.2 05 ± 0.1 05 ± 0.2 05 ± 0.3 06 ± 0.3
0.64 03 ± 0.3 03 ± 0.2 03 ± 0.1 03 ± 0.1 02 ± 0.1
0.25 – – 01 ± 0.1 – –

5j 1.6 06 ± 0.2 06 ± 0.1 06 ± 0.2 06 ± 0.3 07 ± 0.3
0.64 05 ± 0.3 04 ± 0.2 04 ± 0.1 03 ± 0.1 04 ± 0.1
0.25 01 ± 0.3 – 01 ± 0.3 02 ± 0.1 02 ± 0.1

5 k 1.6 06 ± 0.2 06 ± 0.1 06 ± 0.2 06 ± 0.3 06 ± 0.3
0.64 04 ± 0.3 03 ± 0.2 03 ± 0.1 03 ± 0.1 04 ± 0.1
0.25 01 ± 0.1 – – 01 ± 0.1 01 ± 0.1

5 l 1.6 06 ± 0.2 07 ± 0.1 07 ± 0.2 07 ± 0.3 07 ± 0.3
0.64 05 ± 0.3 03 ± 0.2 05 ± 0.1 03 ± 0.1 03 ± 0.1
0.25 03 ± 0.1 – 02 ± 0.3 02 ± 0.1 –

Std 1.6 14 ± 0.2 20 ± 0.1 19 ± 0.2 22 ± 0.3 12 ± 0.1
0.64 12 ± 0.3 18 ± 0.2 17 ± 0.1 19 ± 0.1 10 ± 0.2
0.25 10 ± 0.1 15 ± 0.3 14 ± 0.3 16 ± 0.1 09 ± 0.3

A.f Aspergillus flavus, C.a Candida albicans, M.g Microspora griseus, A.t Aspergillus terreus, C.k
Chrysosporium keratinophilum, Stnd fluconazole, S.D. Standard Deviation
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secondary amines and formaldehyde in ethanol using cat-
alytic amount of acetic acid to furnish corresponding
Mannich bases (5a–l). The structure of newly synthesized
compounds was confirmed by FT-IR, 1H-NMR, 13C-NMR
and mass spectroscopic methods.

In IR spectra of compounds, the characteristic absorption
bands between 3270 and 3290 and 1705 and 1715 cm−1 at-
tributed to the NH group of the imidazole ring and the C=O
group (CH2-C=O) respectively in the series (3a–d). Bands in
the region 1597–1628 and 1607–1637 cm−1 confirmed the
presence of the C=N group in the series (4a–d) and (5a–l)
series respectively. The presence of C-Br functionality in both
(4a–d) and (5a–l) series was confirmed by the band in the
region between 657 and 687 cm−1

. The
1H-NMR spectrum

of compound 3a showed a singlet at δ 12.65 ppm correspond-
ing to NH proton and another singlet at δ 4.94 ppm due to
methylene (CH2) proton. The absence of two singlets at δ
4.94 ppm (CH2 protons) and at δ 12.65 ppm (NH proton)
confirmed the cyclized compound 4a. Two triplets at δ 2.80
and 2.23 ppm correspond to the pyrrolidine ring protons of the
Mannich base 5a, and the singlet at δ 4.04 ppm corresponds to
methylene protons which support the formation of Mannich
base (5a–l). Aromatic protons of the compound 5a appeared at
δ 7.10–7.87 ppm. Further, 13C-NMR confirmed the proposed
structure 5a in which signals at δ 57.80 and 25.9 ppm con-
firmed the pyrrolidine carbons, and the signal at δ 47.7 ppm
was attributed to methylene carbon (CH2). The other aromatic
carbons are well matched with the assigned structure. Mass
spectrum of the compound 5a and 5b displayed a molecular
ion peak at m/z 451 [M+] corresponding to the molecular mass

of the compound and isotopic peak at m/z 453 [M + 2]. The
compound 5d showed a molecular ion peak at m/z 529 [M+],
and the two isotopic peaks were appeared at m/z 531[M + 2]
and 533 [M + 4]. The spectra of other compounds are in well
agreement with the assigned structures.

Pharmacology

In vitro antifungal activity

The newly synthesized compounds 3a–d, 4a–d and 5a–l were
evaluated for their antifungal activity as primary screening
using agar-well diffusion method at three different concentra-
tions 1.6, 0.64 and 0.25 mg/mL. The results are given in
Table 1. The investigation of antifungal screening revealed
that test compounds showed varying degrees of activity
against all the tested microorganisms.

Further, the compounds which showed good zone of
inhibition in primary screening were assessed by MIC
using serial broth-dilution method (National Committee
for Clinical Laboratory Standards (NCCLS) 1982) at dif-
ferent concentrations i.e 1, 10, 25, 50, 100 and 150 μg/
mL to quantify the antimicrobial potency of the com-
pounds. The results of MIC values of antifungal activity
have been given in Table 2.

It is clear from our present findings that the combination of
two heterocyclic nuclei such as benzofuran and benzimidazole
displayed moderate to very good activity. In the present stud-
ies, it revealed that the position of annulation seemed to be
important [36, 37].

Investigation of MIC values of the newly synthesized com-
pounds showed remarkable selectivities and effective antifun-
gal (6.30–100.50μg/mL) activity against tested fungal strains.

A close investigation of the MIC values indicates that
amongst the tested compounds, the annulated series 4a–d
were more effective against the fungal strains. In this series,
compounds 4b and 4d showed excellent antifungal activity
against Aspergillus flavus and Candida albicans with MIC
12.65 and 12.60 μg/mL respectively and they showed pro-
nounced activity against Microspora griseus and Aspergillus

terreus with MIC ranging from 6.30 to 6.40 μg/mL.
Compounds 4a and 4c showed strong antifungal activity
against the tested fungal strains with MIC 6.45–12.80 μg/
mL. It is worth noting that the tested compounds 3c and 3d
showed moderate to good activity with MIC 10.30–15.75 μg/
mL. The decline in activity was observed in compound 5a–l
with MIC 20.45–100.50 μg/mL.

Anthelmintic activity

All the synthesized compounds were screened for in vitro an-
thelmintic activity against Pheretima posthuma owing to its
anatomical and physiological resemblance with the intestinal

Table 2 Minimum inhibitory concentration data of synthesized
compounds 3a–d, 4a–d and 5a–l

Comp Minimum inhibitory concentration (MIC μg/mL)

A.f C.a M.g A.t C.k

3c 15.75 13.70 10.35 11.55 25.55

3d 14.10 13.55 10.30 10.50 23.20

4a 12.80 12.75 6.35 6.40 18.70

4b 12.65 12.60 6.40 6.40 16.50

4c 12.70 12.70 6.45 6.45 16.80

4d 12.65 12.60 6.35 6.30 16.25

5b 45.75 85.80 35.50 50.75 45.25

5c 33.30 40.75 – 45.70 30.50

5d – 20.45 25.70 24.70 27.50

5f 55.65 100.50 65.50 75.55 76.55

5j 52.75 93.80 43.50 60.75 68.55

5l 50.75 90.80 40.50 55.75 65.35

Fluconazole 12.50 12.50 6.25 6.25 15.52

A.f Aspergillus flavus, C.a Candida albicans, M.g Microspora griseus,
A.t Aspergillus terreus, C.k Chrysosporium keratinophilum
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roundworm parasites of human beings for preliminary evalu-
ation of anthelmintic activity [38, 39]. The activity results are
depicted in Table 3.

It is evident that all compounds have shown anthelmintic
activity in a dose-dependent manner. The shortest time taken

for paralysis was observed with 3 % concentration. Amongst
the tested compounds, the compounds 3a–c emerged as highly
active against the tested earthworm. Amongst the Mannich
bases, compounds 5i–k showed good activity; this could be
owing to the construction of methylene bridge with the

Table 3 Anthelmintic activity
data of synthesized compounds
3a–d, 4a–d and 5a–l

Comp Paralytic time (min)a Death time (min)a

Concentration (%) Concentration (%)

1 2 3 1 2 3

3a 12.17 ± 1.08 11.05 ± 1.28 10.30 ± 1.02 22.15 ± 0.75 20.25 ± 0.38 18.25 ± 0.64

3b 12.52 ± 1.03 11.40 ± 1.21 11.05 ± 0.78 23.20 ± 0.39 21.38 ± 1.12 19.35 ± 0.82

3c 13.35 ± 0.98 11.40 ± 1.05 11.15 ± 1.18 23.35 ± 1.13 21.24 ± 0.83 20.35 ± 0.73

3d 13.55 ± 0.68 12.40 ± 0.58 11.35 ± 0.88 23.20 ± 1.14 21.52 ± 1.12 21.39 ± 1.21

4a 27.54 ± 0.41 25.42 ± 0.72 23.41 ± 0.51 38.40 ± 0.53 35.27 ± 0.57 33.25 ± 1.05

4b 28.57 ± 0.41 25.52 ± 0.72 23.35 ± 0.51 39.45 ± 0.53 35.57 ± 0.57 33.39 ± 1.05

4c 29.47 ± 0.41 26.42 ± 0.72 24.31 ± 0.51 41.38 ± 0.53 37.53 ± 0.57 34.29 ± 1.05

4d 30.41 ± 0.41 27.47 ± 0.72 24.53 ± 0.51 42.35 ± 0.53 38.43 ± 0.57 35.32 ± 1.05

5a 19.58 ± 0.36 18.00 ± 1.07 15.54 ± 0.94 30.56 ± 0.45 28.55 ± 0.67 25.57 ± 0.92

5b 19.43 ± 0.59 17.54 ± 0.24 15.28 ± 0.30 30.10 ± 0.25 28.34 ± 0.47 25.32 ± 0.58

5c 19.58 ± 0.36 18.00 ± 1.07 15.54 ± 0.94 30.56 ± 0.45 28.55 ± 0.67 25.57 ± 0.92

5d 23.47 ± 0.41 20.57 ± 0.72 18.52 ± 0.51 34.50 ± 0.53 30.58 ± 0.57 28.49 ± 1.05

5e 23.58 ± 0.41 21.38 ± 0.72 19.52 ± 0.51 35.30 ± 0.53 31.43 ± 0.57 29.44 ± 1.05

5f 26.29 ± 0.41 23.46 ± 0.72 21.31 ± 0.51 36.33 ± 0.53 33.41 ± 0.57 31.30 ± 1.05

5 g 24.55 ± 0.41 22.56 ± 0.72 20.42 ± 0.51 35.42 ± 0.53 32.51 ± 0.57 30.10 ± 1.05

5 h 27.19 ± 0.41 24.36 ± 0.72 22.21 ± 0.51 37.43 ± 0.53 34.37 ± 0.57 32.15 ± 1.05

5i 13.58 ± 0.58 12.56 ± 0.63 11.48 ± 0.84 23.38 ± 0.67 22.00 ± 0.91 21.46 ± 0.49

5j 18.42 ± 0.38 17.11 ± 0.57 14.42 ± 0.67 29.42 ± 0.82 26.52 ± 1.04 24.12 ± 0.83

5 k 15.12 ± 0.25 14.11 ± 0.74 12.54 ± 0.62 25.14 ± 0.57 23.34 ± 0.43 22.15 ± 0.73

5 l 23.24 ± 0.41 20.35 ± 0.72 18.44 ± 0.51 34.32 ± 0.53 30.45 ± 0.57 28.38 ± 1.05

Std 10.37 ± 1.08 09.41 ± 0.64 08.17 ± 0.38 20.20 ± 0.94 18.15 ± 0.68 16.18 ± 0.83

Std albendazole
aMean ± SEM, n = 6

Fig. 1 2D representation of the interaction of the synthesized molecules 3a and 5i (a, b respectively) and standard albendazole (c) with β-tubulin
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secondary amine morpholine. In cyclized series 4a–d, the dis-
appearance of methylene bridge significantly decreases the
activity. Because of the slight structural similarity of
albendazole with the novel synthesized benzimidazole deriv-
atives containing benzofuran, it could be expected that these
derivatives would easily interact with biological targets in the
living system.

Structure activity relationships

From the antifungal activity results, it was found that the intro-
duction of the imidazole ring through methylene bridges 4a–d
and the incorporation of secondary amines 5a–l on the imidazo
benzimidazole ring affect the potencies of these new scaffolds.
In the present work, the structure of [1,3]thiazolo[3,2-a] benz-
imidazole gives the opportunity to realize changes by two ac-
tions: the introduction of substituents in the benzene ring of
benzimidazole or the introduction of benzofuran moiety in

the thiazole ring. This modification in the structure of the benz-
imidazole model could be used to determine the influence of
the benzofuran ring which may enhance the interaction of these
molecules with the biological targets.

The structure activity relationship study revealed that the
construction of the substituted benzimidazole fused with thia-
zole moiety on benzofuran rings 4a–d showed excellent anti-
fungal activity. Moreover, the introduction of the bromo group
either on the benzofuran ring or on the imidazole ring enhanced
the antimicrobial activity, and the compounds substituted with
dibromo group 4d showed very good activity. Regarding the
impact of substituents (R) on the benzofuran and imidazole
rings, an interesting structure-activity correlation can be ob-
served. Electron withdrawing groups on the 5th position of
benzofuran and benzimidazole rings have a tendency to in-
crease the antimicrobial potency [40, 41]. In the case of anthel-
mintic activity, we found a decline in potency of compounds
4a–d. The compounds 3a–d containing aliphatic methylene

Fig. 2 3D representation of the interaction of the synthesized molecules 3a and 5i and standard albendazole with β-tubulin

20 J Chem Biol (2017) 10:11–23



linkage exhibited pronounced activity, and also this could be
attributed to the slight structural resemblance of the 3a–d series
with the standard drug. Both albendazole and the compounds
3a–d have an imidazole ring along with sulphur linkage but
differ in benzene fused with a five-membered ring containing
oxygen hetero atom. In the case of Mannich base 5a–l, the
compounds 5i–k displayed good activity, which contain a
morpholine ring through methylene linkage indicating the im-
portance of morpholine and methylene chain pharmacophores
for anthelmintic activity. Replacement of the morpholine by
other bulkier groups 5a–h (pyrrolidine and piperidine) showed
gradual decrease in anthelmintic activity.

In view of the antifungal activity of all the three series (3a–
d, 4a–d and 5a–l), it was our keen observation that the com-
pounds bearing the dibromo group shows improved activity
when compared to the mono-bromo substituent on the hetero-
cyclic nucleus.

Molecular docking studies

In correlation to in vitro anthelmintic activity, it was thought
worthwhile to carryout in silico studies to support the in vitro
activity. The molecular docking of ligand molecules 3a, 5a, 5i
and 5k with β-tubulin revealed that the tested compounds
have exhibited the bonding with amino acids.

Ligand-protein interactions of 3a and 5i and the standard
albendazole were further extrapolated. The 2D representation
as seen using LigPlot+ can be viewed in Fig. 1. In all the cases,
ligand is highlighted in purple colour. The set of conserved
residues that are commonly involved in interaction with 3a

and 5i and albendazole are encircled with red colour. Figure 2
represents the 3D interaction of the same set of molecules using
the educational version of PyMol. The ligands are represented
in green colour, H-bonds with their respective distances are
represented with pale blue colour and the interacting residues
are represented with ball and stick representation.

All the docked ligand molecules showed encouraging
ligand affinity. Amongst the docked molecules with β-tu-
bulin, the compounds 3a and 5i were found to have the best
dock confirmation with maximum binding affinity (−3.7
and −5.4 kcal/mol); compound 3a establishes a hydrogen
bond between furan oxygen with His6 amino acid with
minimum bond length (3.07 Å) and compound 5i
established a hydrogen bond between imidazole nitrogen
and Ser165 with minimum bond length (3.00 Å). Also, the
compounds 3a and 5i have shown a more hydrophobic
interaction with the tested protein compared to the stan-
dard. So they can be considered as good inhibitors of β-
tubulin. In in vitro studies also, compounds 3a and 5i have
emerged as active against Pheretima posthuma. It can be
predicted that the activity may be due to inhibition of β-
tubulin of helminths and interference with microtubule dy-
namics, consequently disturbing microtubule-based pro-
cesses. Further, the root-mean-square deviation (RMSD)
has often been used to measure the quality of reproduction
of a known binding pose by molecules with ligands. All
docked molecules have zero RMSD values; this indicates
the true binding pose of molecules with protein. The
docking results for ligand molecules against β-tubulin
[PDB ID 1OJ0] are given in Table 4.

Table 4 Molecular docking results of synthesized compounds 3a, 5a, 5i and 5k and albendazole with β-tubulin

Comp. no. Docking energy
(kcal/mol)

H-bonds Bond
length (Å)

H-bond with RMS Hydrophobic interactions

3a −3.7 1 3.07 1OJ0:His 6:O-1 :: 3a:NE2 0.00 Val169, Ile202, Ile16, Val229, Phe20, Phe167,
Thr136, Met233, Val236, Ser165, Gln134,
Thr237, Phe200

5a −3.00 1 3.08 1OJ0: Ser 165: N-2:: 5a:O 0.00 Val236, Leu250, Tyr50, Glu27, His6, Ile24,
Thr234, Phe20, Thr136, Phe167, Thr238,
Met233, Gln134, Thr237, Phe200

5i −5.4 1 3.00 1OJ0: Ser 165: N-2:: 5i:O 0.00 Val236, Ser234, Tyr50, Glu27, Ile16, His6, Ile24,
Phe20, Thr136, Phe167, Thr238, Met233, Gln134,
Thr237, Phe200

5 k −3.1 1 3.09 1OJ0: Ser 165: N-2:: 5 k:O 0.00 Val236, Ser234, Val123, Glu27, Ile16, His6, Ile24,
Phe20, Thr136, Phe167, Thr238, Met233, Gln134,
Thr237, Phe200

Albendazole −7.0 4 2.65
3.08
3.21
3.28

1OJ0: Thr327: N-3::
Fluconazole:OG1
OJ0: Val236: N-3::
Fluconazole: O
1OJ0: Ser165: O-1::
Fluconazole:OG
1OJ0: Thr327:N-2::
Fluconazole:OG1

0.00
0.00
0.00
0.00

Glu198, Gln134, Ile16, His6, Phe20, Thr136, Phe167,
Met233, Phe200, Leu250
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Conclusion

In conclusion, this work demonstrates the synthesis of a series
of thiazolo benzimidazole derivatives containing benzofuran
nucleus. The structure of synthesized compounds was con-
firmed by FT-IR, NMR and mass spectroscopic methods.
Comparison of the antifungal activity of the synthesized com-
pounds suggests that the annulation in the 1,3 position of the
imidazole ring (4a–d) enhances the antifungal activity. It was
found that the compounds substituted with the dibromo group
showed better activity when compared to the compounds
substituted with the mono-bromo group. The results of the
anthelmintic study conferred that the methylene bridge
pharmacophore is important for anthelmintic activity of the
studied compounds. Further, in silico studies also revealed
that the compounds having methylene bridge (3a and 5i) have
well-established hydrogen bonds with amino acids and
showed maximum binding affinity which impressed us to
pursue further studies on these derivatives. It is essential to
carry out further studies on 3a–b and 5i–k to develop them as
drug molecules.
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