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A Novel Class Substituted Imidazo[2,1-b][1,3,4]thiadiazole
Derivatives: Synthesis, Characterization, In Vitro Biological
Activity, and Potential Inhibitors Design Studies

Mustafa Er,*® Farid Ahmadov,” Tuncay Karakurt,” Sahin Direkel,” and Hakan Tahtaci®

In this study, imidazo[2,1-b][1,3,4]thiadiazole derivatives were
designed and synthesized. All of the synthesized compounds
were characterized by 'H and "C nuclear magnetic resonance
("HNMR and *CNMR), fourier-transform infrared spectroscopy
(FT-IR), elemental analysis, mass spectrometry, and X-ray
diffraction.

The synthesized compounds were tested for antileishmanial
activity against two Leishmania species and antibacterial
activity against nine bacterial species in the study. It was
observed that 2-(4-Fluorobenzylthio)-6-(4-fluorophenyl)imidazo
[2,1-b][1,3,4]thiadiazole (5) had the highest antileishmanial
activity (MIC: 625 pg/mL). Also, 4-(2-(4-fluorobenzylthio)imidazo
[2,1-b][1,3,4]thiadiazol-6-yl)benzonitrile  (10), 2-(4-fluoroben-

Introduction

It has long been known that heterocyclic aromatic compounds
have many biological activities.

Among the most commonly used heterocyclic compounds
in pharmaceutics and clinical drugs are imidazole, 1,3,4-
thiadiazole and their derivatives. These heterocyclic systems, in
which imidazole and 1,3,4-thiadiazole rings are fused to each
other with a bridgehead nitrogen atom, are referred to as
imidazo[2,1-b][1,3,4]thiadiazoles."

Imidazo[2,1-b][1,3,4]thiadiazole derivatives, which contain
nitrogen and sulfur atoms in their heterocyclic structure, have
been shown to exhibit various biological activities such as
antifungal,? anticancer,”’ antihyperlipidemic,”
antimicrobial,! anti-inflammatory, antituberculosis,"*"?
anticonvulsant,™ analgesic,™ and diuretic activities."® Numer-
ous chemical and medical studies were conducted on imidazo
[2,1-b][1,3,4]thiadiazole derivatives because of their various
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zylthio)-6-(4-phenylphenyl)imidazo[2,1-b][1,3,4]thiadiazole (11),
and 4-(2-(4-methoxybenzyl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)
benzonitrile (25) were found to be effective at different studied
concentrations.

PyRx software, which uses a Lamarckian genetics algorithm,
was utilized to find the affinity values of all compounds in
molecular docking simulations. Pharmacokinetic properties and
toxicities of the ligands were then researched using PROTOX (a
webserver for the prediction of oral toxicities of small
molecules) and FAF-Drugs (free adsorption distribution, metab-
olism, excretion (ADME) tox filtering tool). The study showed
that the ligands had acceptable toxicity and ADME properties
for the inhibition of the 3JUS receptor.

biological activites. Therefore, imidazo[2,1-b][1,3,4]thiadiazole
and their derivatives have become important compounds
commonly studied in the pharmaceutical chemistry and
industry."®'”

Another reason for the scientific interest in imidazo[2,1-b]
[1,3,4]thiadiazole derivatives is the good antibacterial activity of
these compounds."'” Since their discovery in the early 20th
century, antibiotics have been widely used in the treatment of
bacterial infections. Uninformed and excessive use of anti-
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Scheme 1. Synthetic route for the synthesis of substituted imidazo[2,1-b]
[1,3,4]thiadiazole derivatives (4-13 and 20-32).
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Scheme 2. The mechanism of the formation of 2-amino-1,3,4-thiadiazole
derivatives (17-19).
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Scheme 3. Formation mechanism of imidazo[2,1-b][1,3,4]thiadiazole deriva-
tives (4-13).

biotics, which traditionally show their effects by killing or
inhibiting the reproduction of bacteria, leads to the emergence
of pathogens that are resistant against them. Moreover,
prolonged use of antibiotics may lead to the disappearance of
beneficial bacteria found in the human body as normal flora
elements or may transform them into harmful bacteria.
Bacterial infections cause approximately 16 million deaths
annually. Therefore, it is necessary to design new antibacterial
drugs to provide protection against possible pandemics.
Various active ingredients that show antibacterial activity have
been developed with advancing technology and these ingre-
dients are now used to treat various bacterial infections."®'
Leishmaniasis is a disease caused by the protozoan
Leishmania parasite found in infected female sand flies. The
disease is usually seen in regions where financial resources are
limited and poverty, malnutrition, and weak immunity are
rampant. It is estimated that 700,000 to 1 million new cases
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Scheme 4. Formation mechanism of imidazo[2,1-b][1,3,4]thiadiazole deriva-
tives (20-32).

Table 1. The minimum inhibitory concentration (MIC) values of the
compounds and the reference drug (Amphotericin B) against Leishmania
infantum and Leishmania tropica promastigotes.

Compounds L.infantum MIC Values (ug/ L.tropica MIC Values (ug/
ml) ml)
4 > 10,000 > 10,000
5 625 625
6 > 10,000 > 10,000
7 > 10, 000 > 10,000
8 > 10,000 > 10,000
9 > 10,000 > 10,000
10 10,000 10,000
11 10,000 5,000
12 > 10,000 > 10,000
13 > 10,000 > 10,000
20 > 10,000 > 10,000
21 > 10,000 > 10,000
22 > 10,000 > 10,000
23 > 10,000 > 10,000
24 > 10,000 > 10,000
25 10,000 > 10,000
26 > 10,000 > 10,000
27 > 10,000 > 10,000
28 > 10,000 > 10,000
29 > 10,000 > 10,000
30 > 10,000 > 10,000
31 >10,000 > 10,000
32 > 10,000 > 10,000
Amphotericin <312 <312
B

occur annually, while 26,000 to 65,000 deaths occur in
association with the disease.””

In light of the literature data, this study aims to synthesize
novel imidazo[2,1-b][1,3,4]thiadiazole derivatives (4-13 and 20-
32), characterize them, and investigate their antileishmanial
and antibacterial activities.

Another purpose of this study is to reveal whether or not
the synthesized compounds could be used as drugs via

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The antileishmanial activity results against axenic standard Leishma-
nia infantum promastigotes; Control drug: Amphotericin B. Dilution concen-
trations: 10,000-312 pug/mL. N.C.: Negative Control; P.C.: Positive Control.

pharmacokinetics and toxicity analyses with Lipinski and FAF-
Drugs standards. In addition, it is aimed to investigate the
inhibiting effect of all compounds on the 3JUS Escherichia coli
receptor using molecular docking simulation.
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Figure 2. The antileishmanial activity results against axenic standard Leishma-
nia tropica promastigotes; Control drug: Amphotericin B. Dilution concen-
trations: 10,000-312 pg/mL. N.C.: Negative Control; P.C.: Positive Control.

Scheme 1 shows the synthetic route used to synthesize the
imidazo[2,1-b][1,3,4]thiadiazole derivatives (4-13 and 20-32).

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The antibacterial activity results of compound 25; dilution concen-
trations 10,000-312 pg/mL. N.C.: Negative Control; P.C.: Positive Control.

Results and Discussion
Chemistry

In this study, the substituted imidazo[2,1-b][1,3,4]thiadiazole
derivatives (4-13 and 20-32), the target compounds, were
obtained using the synthetic pathway shown in Scheme 1.

In the first part of the study, 5-(4-fluorobenzylthio)-1,3,4-
thiadiazole-2-amine (3), the initial compound, was synthesized
from the reaction of 4-fluorobenzylchloride (1) with 2-amino-5-
mercapto-1,3,4-thiadiazole (2) in the presence of KOH. Com-
pounds 1 and 2, which were used as initial compounds, were
obtained commercially, while compound 3 was obtained as
specified in the literature.'®"”)

In the second part of the study, the other 2-amino-1,3,4-
thiadiazole derivatives (17-19) were synthesized from the
reaction of 4-substituted phenylacetonitrile derivatives (14-16)
with thiosemicarbazide in trifluoroacetic acid (TFA) in high
yields. 4-Substituted phenylacetonitrile derivatives used as
initial compounds (14-16) were obtained commercially, while
2-amino-1,3,4-thiadiazole derivatives were obtained as speci-
fied in the literature.”"

In this reaction, the nucleophilic attack of thiosemicarbazide
to the imine carbon occurs first under the catalytic effect of
TFA. It is believed that the elimination of the ammonia ion and
the sulfur’s nucleophilic attack on the carbon atom result in a
heterocyclization, which leads to the formation of 2-amino-
1,3,4-thiadiazole derivatives.”” Scheme 2 shows the reaction
mechanism.

In this study, we synthesized the imidazo[2,1-b][1,3,4]
thiadiazole derivatives (4-13 and 20-32), the target com-
pounds, from the reactions of 2-amino-1,3,4-thiadiazole deriva-
tives with various phenacyl bromide derivatives in moderate-
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Figure 4. The antibacterial activity results of the compounds against Enter-
ococcus faecalis; dilution concentrations 10,000-312 pg/mL. N.C.: Negative
Control; P.C.: Positive Control.

good yields ranging from 59% to 77%. The mechanism
proposed for the formation of these compounds can be seen in
Scheme 3 and Scheme 4.

The most significant evidence for the formation of the
imidazo[2,1-b][1,3,4]thiadiazole derivatives (4-13 and 20-32) is
the disappearance of the -NH, group’s symmetric and asym-
metric absorption bands found in the initial compounds (3, 17-
19) and observed in the 3265-3070 cm™' range in the IR
spectra.

Additionally, there are two significant pieces of evidence
for the formation of these compounds in the '"HNMR spectra.
The first is the disappearance of the -NH, group proton signals

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Minimum inhibitory concentration (MIC) values of all compounds against bacteria.
Compounds  Escherichia  Klebsiella Salmonella Yersinia Proteus Enterococcus  Staphylococcus Shigella Pseudomonas
coli pneumoniae  typhimurium enterocolitica  mirabilis faecalis aureus (MRSA) flexneri aeruginosa
4 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
5 10,000 > 10,000 10,000 > 10,000 > 10,000 1,250 > 10,000 >10,000 >10,000
6 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
7 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
8 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
9 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
10 5,000 > 10,000 > 10,000 > 10,000 >10,000 2,500 > 10,000 5,000 > 10,000
11 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
12 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
13 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
20 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
21 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
22 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
23 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
24 10,000 > 10,000 10,000 > 10,000 >10,000 5,000 > 10,000 >10,000 10,000
25 10,000 > 10,000 10,000 >10,000 >10,000 5,000 > 10,000 10,000 10,000
26 >10,000 >10,000 > 10,000 >10,000 >10,000 > 10,000 > 10,000 >10,000 >10,000
27 > 10,000 > 10,000 > 10,000 > 10,000 >10,000 > 10,000 > 10,000 >10,000 >10,000
28 >10,000 > 10,000 > 10,000 >10,000 >10,000 > 10,000 > 10,000 >10,000 >10,000
29 > 10,000 >10,000 > 10,000 10,000 >10,000 5,000 > 10,000 2,500 10,000
30 >10,000 >10,000 > 10,000 >10,000 >10,000 >10,000 > 10,000 >10,000 >10,000
31 > 10,000 > 10,000 > 10,000 >10,000 > 10,000 > 10,000 > 10,000 >10,000 >10,000
32 > 10,000 > 10,000 > 10,000 >10,000 >10,000 > 10,000 > 10,000 >10,000 >10,000
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Figure 5. The crystal structures of compounds 6, 7, 20, 21, 23, and 31.

corresponding to 2 protons and observed at 7.28-7.04 ppm for
the 2-amino-1,3,4-thiadiazole derivatives, the initial com-
pounds. The second is the observation of a singlet correspond-
ing to 1 proton in the 8.94-8.48 ppm range, representing Cs-H
signals in the imidazo[2,1-b][1,3,4]thiadiazole derivatives. This is

ChemistrySelect 2019, 4, 14281-14290 Wiley Online Library
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Figure 6. The interactions between the 3JUS receptor and econazole.

consistent with studies in the literature."'”” 2 Other 'HNMR
data of these compounds are given in the experimental part of
this study in detail (supporting information section).

The carbon signals that appeared in the 113.70-109.94 ppm
range and the 146.54-145.07 ppm range in the CNMR spectra
of the imidazo[2,1-b][1,3,4]thiadiazole derivatives are important
evidence of ring cyclization. These signals correspond to the C;
and C4 carbons of imidazo[2,1-b][1,3,4]thiadiazole derivatives,
the target compounds. Other *CNMR spectral data of these

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Crystallographic data for compounds 6, 7, 20, 21, 23, and 31.

Compounds 6 7 20 21 23 31

Molecular formula C,,H,,CIFN,S, C,,H,,BrFN,S, CygHy4FN,S Cy3H 6FN,S CyH14FN,S Cy,H,0CI5N5S
Molecular weight 376.87 420.82 33443 38545 359.41 394.71
Temperature/K 293(2) 293(2) 293 293(2) 293(2) 293

Crystal system triclinic triclinic monoclinic monoclinic monoclinic triclinic
Space group P-1 P-1 P2,/n P2,/n P2,/n P-1

a/A 8.3803(6) 8.3060(8) 7.1646(6) 11.3199(12) 5.6071(6) 7.2220(8)
b/A 12.6511(8) 12.9165(14) 16.2179(16) 6.2033(7) 17.0197(19) 7.4430(8)
/A 16.0206(11) 16.0826(17) 13.1568(13) 26.201(3) 17.820(2) 16.0726(18)
a/® 99.035(2) 100.219(5) 90 90 90 81.416(5)

pre 92.053(3) 92.548(5) 94.259(3) 92.180(4) 93.959(5) 84.683(5)

y/° 106.185(2) 106.566(5) 920 90 920 79.937(5)
Volume/A? 1605.26(19) 1619.3(3) 1524.5(3) 1838.5(3) 1696.5(3) 839.17(16)

z 4 4 4 4 4 2
pcalcg/cm? 1.559 1.726 1.4570 1.393 1.407 1.5620
wmm’ 0.512 2.810 0.230 0.199 0.210 0.674

F(000) 772.0 842.0 688.9 800.0 744.0 401.2

Crystal size/mm? 0.21 x 0.17 x 0.16 0.16 x 0.15 x 0.12 0.23 x 0.19x 0.18 0.15 x 0.1 x 0.09 0.22 x 0.18 x 0.15 0.23 x0.18 x 0.15
Radiation MoKa (\=0.71073)  MoKa (A=0.71073) Mo Ka. MoKa (A=0.71073)  MoKa (A=0.71073) Mo Ka (A=0.71073)

(A=0.71073)
20 range for com- 5.89 to 56.766 5.776 to 52 59to 52 5.786 to 49.992 6.628 to 49.998 5.74t0 51.98

pound data collec-
tion/°
Index ranges

Reflections col-
lected

Independent reflec-
tions

-11<h<11,-16
<k<16,-21<I<
21

74129

8010 [R,,=0.0315,
Rugma=0.0172]

-10<h <10, -15
<k<15-19<I1<
19

40804

6272 [R,,=0.0855,
Ruigma = 0.0581]

9<h<sg -21<
k<21,-17<1<
17

31810

2956 [R, = 0.0434,
Ruigma = 0.0292]

-13<h <13, -7
<k<7,-31<1<
31

34994

3199 [R,, —0.0607,
Rsigma =0.0361]

-6<h<6 -20<
k<20,-21<1<
21

56326

2984 [, =0.0513,
Ryigma=0.0218]

9<h<10,-10<
k<10, -22<1<
22

36628

3248 [R,, =0.0566,
Reigma=0.0572]

Data/restraints/pa- ~ 8010/0/434 6272/0/434 2956/6/237 3199/0/253 2984/0/236 3248/0/217
rameters

Goodness-of-fit on 1.088 1.319 1.065 1.025 1.199 1.066

FZ

Final R indexes R, =0.0508, R,=0.1002, R, =0.0660, R, =0.0986, R, =0.0991, R,=0.0858,
1> =20 ()] wR,=0.0930 WR,=0.1692 WR,=0.1721 WR,=0.2113 WR,=0.2014 WR,=0.1821
Final R indexes [all R,=0.0694, R,=0.1238, R,=0.0740, R,=0.1100, R,=0.1035, R,=0.0984,
data] WR,=0.1059 WR,=0.1775 wR,=0.1799 WR,=0.2167 WR,=0.2029 WR,=0.1884
Largest diff. peak/ 0.31/-0.74 0.66/-0.66 0.46/-0.53 0.27/-0.35 0.32/-0.27 0.81/-0.64
hole / e A~

CCDC 1538525 1538527 1538532 1538529 1538524 1538530

Figure 7. The position of the co-ligand in the active site of the 3JUS receptor.
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Figure 8. The 3D and 2D presentation of docking results of the co-ligand in
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Figure 9. The 3D and 2D presentation of docking results of ligand 10 in the
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Table 4. The pharmacological properties of virtual screening and rationally designed ligands.
Comp.  Binding MW logP TPSA  Rotatable Flexibility HBD HBA Lipinski Solubility Predicted Predicted
affinity Bonds Violation (mg/l) LD50 mg/kg Toxicity Class
4 -8.9 34143 495 8373 4 0.16 0 3 0 1859.07 300 3
5 -9.0 36143 539 7823 4 0.16 1 3 1 1548.82 300 3
6 -10.4 37587 558 83.73 4 0.16 0 3 1 1111.52 300 3
7 -8.7 42032 5.64 8373 4 0.16 0 3 1 908.57 300 3
8 -10.1 37145 492 9296 5 0.19 0 4 0 1904.66 300 3
9 -9.1 38642 478 12955 5 0.18 0 6 0 1934.23 1000 4
10 -9.0 36644 467 10752 4 0.15 0 4 0 2061.16 300 3
11 -10.1 41752 6.57 8373 5 0.16 0 3 1 540.91 300 3
12 -9.0 41032 6.2 83.73 4 0.16 0 3 1 663.16 300 3
13 -10.1 39148 6.2 83.73 4 0.13 0 3 1 701.61 300 3
20 -9.0 33437 429 8222 3 0.12 0 4 0 2698.62 300 3
21 -10.1 38546 6.19 5843 4 0.13 0 3 1 717.81 300 3
22 -9.0 378.25 582 5843 3 0.13 0 3 1 876.58 300 3
23 -10.0 35942 582 5843 3 0.1 0 3 1 924.95 300 3
24 -8.9 33939 454 67.66 4 0.16 0 4 0 2501.13 300 3
25 -8.9 34641 4.16 9145 4 0.15 0 5 0 3134.85 300 3
26 9.5 39749 6.06 67.66 5 0.16 0 4 1 824.9 300 3
27 -8.9 390.29 5.69 67.66 4 0.16 0 4 1 1016.54 300 3
28 -8.9 37145 569 67.66 4 0.13 0 4 1 1069.18 300 3
29 9.5 350.82 481 8222 3 0.12 0 4 0 1842.57 300 3
30 -10.1 40191 6.72 5843 4 0.13 0 3 1 484 300 3
31 -8.9 39471 6.35 5843 3 0.13 0 3 1 591.52 300 3
32 -8.8 375.87 6.34 5843 3 0.1 0 3 1 629.48 300 3
Co-li- -7.9 381.68 53 27.05 6 0.26 0 3 1 1604.14 463 4
gand

The properties are PhysChem and FAFDrugs filters. HBD: hydrogen bonds donor; HBA: hydrogen bond acceptor; TPSA: topological polar surface area; LogP:
indicator of hydrophobicity.

Table 5. The interactions between the co-ligand and the 3JUS receptor.

Name Distance Donor... Interaction Interaction Types Donor Donor group Acceptor Acceptor group
Acceptor (A) Category group Types group Types

N:UNKT:HN - A: 2.152 Hydrogen Bond  Conventional Hydro- N:UNK1: H-Donor A:PHE442:0  H-Acceptor

PHE442:0 gen Bond HN

A:TYR131 - N:UNK1  3.685 Hydrophobic Pi—Pi Stacked ATYR131  Pi-Orbitals N:UNK1 Pi-Orbitals

N:UNKT1:Cl - A: 4.040 Hydrophobic Alkyl N:UNK1:Cl  Alkyl A:LEU134 Alkyl

LEU134

N:UNK1:Cl - A: 4.082 Hydrophobic Alkyl N:UNK1:Cl  Alkyl A:LYS156 Alkyl

LYS156

N:UNK1:Cl - A: 4.664 Hydrophobic Alkyl N:UNK1:Cl  Alkyl A:ILE450 Alkyl

ILE450

A:TYR131 - N:UNK1:  4.884 Hydrophobic Pi-Alkyl ATYR131  Pi-Orbitals N:UNK1:Cl Alkyl

a

A:PHE152 - N: 4.786 Hydrophobic Pi-Alkyl A:PHE152  Pi-Orbitals N:UNK1:Cl Alkyl

UNK1:Cl

A:PHE234 - N: 5.059 Hydrophobic Pi-Alkyl A:PHE234  Pi-Orbitals N:UNK1:Cl Alkyl

UNK1:CI

THR
an3s

TYR
a3l

compounds are given in the experimental part of this study in
detail (supporting information section).

o The FT-IR, 'THNMR, CNMR, elemental, and mass spectro-
scopy analyses of all the compounds synthesized in this study
can be found in the experimental section and all the spectra
are given in the supporting information section in detail.

Figure 10. The 3D and 2D presentation of docking results of ligand 5 in the
active region of the 3JUS receptor.

ChemistrySelect 2019, 4, 14281-14290 Wiley Online Library

In vitro Antileishmanial Activity Studies

We determined the invitro antileishmanial activities of the
compounds against Leishmania infantum and Leishmania
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Table 6. The interactions between ligand 10 and the 3JUS receptor.
Name Distance Donor... Interaction Interaction Donor Donor group Acceptor Acceptor group
Acceptor (A) Category Types group Types group Types
A:MET100:SD - N: 5.300 Other Pi-Sulfur A:MET100:  Sulfur N:UNK1 Pi-Orbitals
UNK1 SD
A:PHE77 - N:UNK1 5.227 Hydrophobic Pi—Pi Stacked ~ A:PHE77 Pi-Orbitals N:UNK1 Pi-Orbitals
A:PHE105 - N:UNK1  4.142 Hydrophobic Pi—Pi Stacked ~ A:PHE105 Pi-Orbitals N:UNK1 Pi-Orbitals
ATTYR131 - N:UNK1  3.821 Hydrophobic Pi—Pi Stacked ~ A:TYR131 Pi-Orbitals N:UNK1 Pi-Orbitals
N:UNK1 - A:MET487 5.301 Hydrophobic Pi-Alkyl N:UNK1 Pi-Orbitals A:MET487 Alkyl
Table 7. The interactions between ligand 5 and the 3JUS receptor.
Name Distance Donor... Interaction Interaction Types Donor Donor group Acceptor  Acceptor
Acceptor (A) Category group Types group group Types
A:TYR107:HH - 2128 Hydrogen Bond;  Conventional Hydrogen Bond; A: H-Donor; Halogen  N:UNK1:F  H-Acceptor;
N:UNK1:F Halogen Halogen (Fluorine) TYR107:  Acceptor Halogen
HH
A:THR135:HG1 2.839 Hydrogen Bond; Conventional Hydrogen Bond; A: H-Donor; Halogen  N:UNKT1:F  H-Acceptor;
-N:UNK1:F Halogen Halogen (Fluorine) THR135:  Acceptor Halogen
HG1
A:MET100:SD - 5.264 Other Pi-Sulfur A: Sulfur N:UNK1 Pi-Orbitals
N:UNK1 MET100:
SD
A:PHE77 - N: 5.226 Hydrophobic Pi—Pi Stacked A:PHE77  Pi-Orbitals N:UNK1 Pi-Orbitals
UNK1
A:PHE105 - N: 4.202 Hydrophobic Pi—Pi Stacked A: Pi-Orbitals N:UNK1 Pi-Orbitals
UNK1 PHE105
ATYR131 - N: 3.923 Hydrophobic Pi—Pi Stacked A:TYR131  Pi-Orbitals N:UNK1 Pi-Orbitals
UNK1
N:UNK1 - A: 5.235 Hydrophobic Pi-Alkyl N:UNK1 Pi-Orbitals A:MET487  Alkyl
MET487
N:UNK1 - A: 5.059 Hydrophobic Pi-Alkyl N:UNK1 Pi-Orbitals AILEU134  Alkyl
LEU134

tropica promastigotes using the microdilution Alamar blue
assay method. Figure 1 and Figure 2 show the antileishmanial
activity test results of the synthesized compounds and Table 1
shows the minimum inhibitory concentration (MICs) values.
The negative and positive control wells were detected to work
properly.

The antileishmanial activity tests showed that the most
effective compound against the Leishmania infantum promasti-
gotes was compound 5 (MIC: 625 ug/mL). Compounds 10, 11,
and 25 were also found to be effective at the highest
concentration studied (MIC: 10,000 ug/mL). Other compounds
had no antileishmanial activity against Leishmania infantum
promastigotes at the studied concentrations.

The most effective compound against the Leishmania
tropica promastigotes was compound 5 as well (MIC: 625 pg/
mL). Compound 10 was found to be effective at the highest
concentration studied (MIC: 10,000 pg/mL), while compound
11 was found to be effective at a lower concentration (MIC:
5,000 ug/mL). Other compounds had no antileishmanial activity
against Leishmania tropica promastigotes at the studied
concentrations. Amphotericin B, the standard drug, was found
to be effective at a concentration of <312 pug/mL.

ChemistrySelect 2019, 4, 14281-14290 Wiley Online Library
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In vitro Antibacterial Activity Studies

In vitro antibacterial activity of bacteria was performed by
microdilution broth method against nine different bacteria
isolates (7 Gram-negative, 2 Gram-positive).

Some of the synthesized compounds were found to have
different concentrations of antibacterial activity against
standard bacterial isolates, while some compounds were found
to be ineffective at the studied concentrations. Antibacterial
activity images of some compounds are shown in Figure 3 and
Figure 4. The MIC values of the compounds were presented in
Table 2.

The antibacterial activity studies showed that the synthe-
sized compounds were effective against six out of nine
standard bacterial isolates at varying concentrations. The
compounds were most effective against E. faecalis at different
concentrations (MIC: 1,250-5,000 ug/mL). Compound 25 was
found to be effective against the highest number of bacterial
species (five species) (Figure 3). Compounds 5, 10, 24, 25, and
29 were found to have antibacterial activity. The compounds
had no antibacterial activity against three of the bacterial
species at any concentration studied, namely S. aureus (MRSA),
K. pneumoniae, and P. mirabilis. Compounds 5, 10, and 25 were
found to have both antibacterial and antileishmanial activity.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The structure-activity relationship (SAR) was also investi-
gated. Electron withdrawing and electron donating groups
such as 4-fluorophenyl, 4-chlorophenyl, 4-methoxyphenyl were
chosen as the R’ groups in the SAR study. Then, electron
donating groups such as methoxy, phenyl, and naphthyl and
electron withdrawing groups such as nitro, cyano, fluoro,
chloro, and bromo groups were chosen as substituents and as
the R groups to confer the effect of different electronic
environments on the activities.

It was observed that the R groups (4-fluorophenyl, 4-
chlorophenyl and 4-methoxyphenyl) had no significant effect
on activity in general. However, significant increases in activity
were observed in the presence of electron withdrawing and
less bulky groups such as cyano and fluoro used as R groups
(Tables 1 and 2). On the other hand, the presence of electron
donating and bulky groups such as phenyl and naphthyl was
observed to significantly decrease the activity. These results are
also consistent with the literature.!*"

Crystallographic Analysis Studies

Single crystals of compounds 6, 7, 20, 21, 23, and 31 were
obtained and their structures were confirmed by X-ray analysis.
Not all crystals had classical hydrogen bonds and the pack-
aging of the crystals occurred with weak van der Waals and n-
7 interactions. Crystals 6 and 7 were formed by two molecules
in the asymmetrical unit. Table3 and Figure5 show the
crystallographic data and the crystal structures of the com-
pounds (6, 7, 20, 21, 23, and 31), respectively. Bond lengths,
bond angles, and packing structures of compounds 6, 7, 20, 21,
23, and 31 are given in the supporting information section.

Pharmacological Properties and Molecular Docking Studies

The molecular weight (MW), the percentage of human oral
absorption, the indicator of hydrophobicity (logP), the topo-
logical polar surface area (TPSA), and the violation of the
Lipinski rule® were calculated for all compounds, which can
be seen in Table 4. The results showed that most of the active
compounds, especially the ligands with experimental activity
(10, 24, 25, and 29), did not violate the Lipinski rule. This
indicates a molecule’s drug similarity. The TPSA values (recom-
mended value: <140 A)®' were within the recommended
range. As a result of the analysis, ligand 9 was classified as class
4 (LD50 of 1000 mg/kg) and the other ligands were classified as
class 3 in terms of oral toxicity level (1: the most toxic; 6: the
safest).?” This indicates that ligand 9, which has a low toxicity
value, may be considered as a candidate drug for in vitro
studies. Table 4 shows the pharmacological properties of the
ligands as well as their binding affinity. Ligands 5, 10, 24, and
25, which were effective in in vitro studies, were observed to
have high binding affinity.

The protein structure of the lanosterol 14a-demethylase
(CYP51) enzyme (PDB ID: 3JUS), which plays a significant role in
sterol biosynthesis in fungi and is a vital antimicrobial drug
target,” was used in molecular docking studies. Econazole, an
antifungal drug that inhibits this enzyme, was used as the co-
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ligand. Figure 6 shows the interactions between the 3JUS
receptor and econazole, which were illuminated by X-ray
diffraction.”®

The 3JUS receptor and all ligand compounds were prepared
for docking using protein and ligand preparation wizards in the
PyRx package.”? In this step, the position of the co-ligand in
the 3JUS protein was identified with a white grid box (center_
x=42.175, center_y=5.48080384326, center_z=
47.4573031795, size_x=16.2300265022, size_y=
18.0459550143, size_z=23.966) in 3D view as shown below
(Figure 7). This grid box allows for selection of the search site
for all ligands in the protein.

Molecular docking studies were performed to see possible
binding modes of all synthesized compounds and co-ligand.
Docking scores of all compounds and co-ligand molecule can
be seen in Table 4. Figures 8 to 10 show the 3D representation
of the co-ligand, ligand 5, and ligand 10 located in the active
binding sites of the target protein and Tables 5 to 7 show the
interactions between the ligands and the receptor. These three
ligands were observed to interact with the TYR131 residue in
the active binding site of the receptor and the interaction
distance of the co-ligand was 4.884 A, while the interaction
distance for ligands 5 and 10, which had shorter interaction
distances, was 3.923 and 3.821 A, respectively. As can be seen
in Table 4, the interaction distance of these three ligands with
the TYR131 residue was directly proportional to their docking
scores. The ligands were also observed to bond with alkyl and
hydrophobic interactions.

Conclusions

In this study, imidazo[2,1-b][1,3,4]thiadiazole derivatives, the
target compounds of this study containing both imidazole and
1,3,4-thiadiazole rings, were synthesized using simple reaction
methods and under mild reaction conditions. The structures of
the synthesized compounds were illuminated using a variety of
analysis techniques such as FT-IR, 'THNMR, *CNMR, mass
spectroscopy, X-ray diffraction, and elemental analyses.

All compounds were tested for in vitro antileishmanial and
antibacterial activity. According to the results of the biological
activity tests, some compounds had moderate-high levels of
biological activity.

The molecular docking studies showed that all ligands had
higher docking scores compared to the 3JUS receptor and
econazole, the inhibitor of this receptor, and had interactions
similar to those of econazole. The docking scores of com-
pounds 5, 10, 24, 25, and 29, which showed moderate to good
antibacterial activity, were found to be —9.0, —9.0, —8.9, —8.9,
and —9.5, respectively. Compounds 10, 24, 25, and 29 were
compliant with the Lipinski rules and pharmacological filters
such as FAF-Drugs.

Supporting Information Summary

The supporting information contains details of the experimen-
tal procedures (synthetic, biological and theoretical), spectral

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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characterization data for all compounds and X-Ray data for
compounds 6, 7, 20, 21, 23 and 31.

We would like to thank Karabuk University Scientific
Research Fund (Project ID Number: KBUBAP-18-YL-012) for
funding this project.
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Imidazo[2,1-b][1,3,4]thiadiazole - Molecular docking.
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