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Abstract

In this study, we synthesized new imidazo[B]fil,3,4]thiadiazole derivatives containing
benzothiazole group. To this end, we firstly ob¢ginthe benzdafthiazol-2-ylthio/oxy
acetonitrile compounds34,b), the starting materials, in high vyields (82% a8d%,
respectively). Then, we synthesized the 2-amin®4-thiadiazole derivativggla,b) from the
reaction of these nitrile derivativeg8a,b) with thiosemicarbazide in trifluoroacetic acid
(TFA) (in vyields of 83% and 84%). Finally, we syaflized the imidazo[2,1-
b][1,3,4]thiadiazole derivativegs-24) containing benzothiazole group, which are the targe
compounds, from reactions of 2-amino-1,3,4-thiaol@zderivatives(4a,b) with phenacyl
bromide derivatives (in yields of 53% to 73%).

All of the compounds synthesized were characterigith '"H NMR, *C NMR, FT-IR,
elemental analysis, and mass spectroscopy.

Antileishmanial and antibacterial activity testsrev@pplied to the compounds synthesized in
the study. It was observed that compo@nrthd the highest antileishmanial activity (MIC=10
000 pg/mL). Also, compounds/ and 17 were found to be effective at the highest
concentration studied (MIC=20 0Q@/mL). In terms of antibacterial activity, compowb
and7 were found to be the most effective compoundsrasg&ischerichia coli (MIC = 625
ug/mL).

Theoretical calculations were performed to supfwetexperimental results. To this end, we
performed Molecular Docking studies to determinestlier or not the compoundéa( 4b, 7
and 13) optimized with Gaussian09 using the DFT/B3LYP/&58d,p) theory, which is a
guantum chemical calculation, could be an inhibiagent for the 2egEscherichia coli
protein structure. Also, we investigated the relaghip between the calculated HOMO values

of these four ligands and docking studies.
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1. Introduction

Antibacterial drugs (antibiotics) kill bacteria apdevent them from reproducing. However,
the inappropriate and excessive use of antibiatansses these microorganisms to develop
resistance against these substances. Also, théaobnsse of antibiotics transforms health
bacteria into harmful microorganisms over time. i¥fas active ingredients that exhibit
antibacterial activity is being developed as tedbgy advances, leading to the availability of
more drugs that are able to treat various bactefiettions [1].

Leishmania, or more commonly known as oriental sotie a serious health problem.
Antileishmanial drugs kill Leishmania protozoa gvdvent their fatal disease.
Benzothiazoles, thiadiazoles, and imidazo[d[1;3,4]thiadiazoles constitute an important
class in heterocyclic chemistry due to their wigecrum of biological activities. Various
active ingredients containing these compounds \sgnghesized in a laboratory environment
and were eventually introduced to be used to traabus diseases [1,2].

A number of studies have shown that imidazo[d[1;3,4]thiadiazole derivatives have
various antimicrobial, antifungal, anticancer, trerculosis, anti-inflammatory,
anticonvulsant, analgesic, anesthetic, antihypedipic, and diuretic activities [3-10].
Numerous chemical and medical studies were condumteimidazo[2,1b][1,3,4]thiadiazole
derivatives. These compounds have become a mdtiatevest in pharmaceutical industry
[11-17].

Levamisole is used to regulate and strengthen thmune system. Levamisole and
Dexamisole are both enantiomers of Levamisole HJ3,imidazo[2,1b][1,3,4]thiadiazole

derivatives, and have attracted the attention séarschers studying anticancer activities [20-



26]. Moreover, imidazo[2,b][1,3,4]thiadiazoles and their heterocyclic derivaes were
reported to be used in a variety of industrial psgs such as paint production [27].

In light of the aforementioned data, this study @ito synthesize compounds containing
benzothiazole and imidazo[2HlfL,3,4]thiadiazole derivatives togethés-24), characterize
them, and investigate their antileishmanial andbacterial activities.

This study also aims to find the optimal structuséshe selected compoun@a, 4b, 7, and
13) using the DFT (B3LYP) theory, with the 6-31G(dijasis set [28,29] on Gaussian09 [30]
in order to determine whether or not these compsuniiht be possible inhibitor agents for
the 2eg7Escherichia coli protein structure using molecular docking simolati

The synthetic route used to synthesize compounaisicong benzothiazole and imidazo[2,1-

b][1,3,4]thiadiazole derivatives togethr-24)is shown in Scheme 1.



N N N —=N
@ \>—XH + C’\/// ﬂ, @ \>—X
S CszOH S

1 2 3a,b

TFA / 80°C 4h

T
HN-N—¢
NH,

/\,/O/R o N_!}\
Br A\ X S 2
Lo

N /—QS =N
N\ -
L
S dry C,Hs0H 12h

5-24 Reflux 4a,b

Comp. R Comp. R

5 -H 15 -H

6 -F 16 -F

7 -Cl 17 -Cl
X: 8 for compounds 5-14

8 -Br 18 -Br
X: O for compounds 15-24 9 -OCH,4 19 -OCH,

10 -NO, 20 -NO,

1 -CN 21 -CN

12 -3,4-Cl 22 -3,4-Cl

13 -Ph 23 -Ph

14 ;f 24 ;f‘

Scheme 1Synthetic route for the synthesis of target complsis-24).

2. Experimental Section

2.1. General Methods

The'H NMR and**C NMR spectra of the compounds were assessed asiAgjilent Annual
Refill (400 MHz) device. The ESI (+) method and laefmo TSQ Quantum Access device
were used to determine mass spectrum. The IR gpettthe original compounds were
calculated using ATR and a PerkinElmer Infrared cBpscopy (FT-IR) device. Elemental

analyses were performed using a LECO 932 CHNS {98&) St. Joseph, MI, USA)



instrument, and the results were within = 0.4%hef theoretical values. The melting points of

the compounds were determined using a Thermo $@dAt9000 device.

2.2. Synthesis

2.21. General procedure for the synthesis of 2-(benzo[d]thiazol-2-ylthio or -2yl-
oxy)acetonitrile (3a,b)

Benzo[]thiazol-2-thiol/ol (1) (16.72 g/15.12 g; 0.10 mol) and potassium hydrexi6i61 g,
0.10 mol) were dissolved within ethyl alcohol intao-necked flask. 2-chloroacetonitrile
(7.55 g; 0.10 mol) was added into the reaction anext The reaction mixture was refluxed for
5 hours. The resulting product was filtered throumghsintered funnel. The filtrate was
crystallized using an appropriate solvent and thee gubstance was dried with@Qg in A
vacuum oven. Finally, structure of the synthesizeshpound was characterized with FT-IR,

'H NMR, *C NMR, elemental analysis, and mass spectroscopy.

2.2.1.1. 2-(Benzo[ d] thiazol-2-ylthio)acetonitrile (3a)

Light yellow solid, yield:16.97 g (82%), m.p. 74-76 (from DMF-EtOH, 1:5). IR (ATR, cm
1): 3055 (Ar-CH), 2970 (Aliph. CH), 2249 (CN), 161Z=N). *H NMR (400 MHz, DMSO-
ds) & (ppm): 4.54 (s, 2H, -CH), Ar-H [8.06 (d,J=8.0 Hz, 1H), 7.93 (dJ=8.4 Hz, 1H), 7.50 (t,
J=6.8, 8.0 Hz, 1H), 7.41 (1=7.2, 7.6 Hz, 1H)]**C NMR (100 MHz, DMSO-¢ & ppm):
18.55 (-CH), Ar-C [122.00 (CH), 122.61 (CH), 125.49 (CH), 129 (CH), 135.62 (C),
152.67 (C), 163.74 (C)], 117.83 (CN); M®yz 209.90 (M+3, 39). Anal. Calcd. for

(CoHsN2S,): C, 52.40; H, 2.93; N, 13.58. Found: C, 52.43289; N, 13.63.



2.2.1.2. 2-(Benzo[ d] thiazol -2yl -oxy)acetonitrile (3b)

Yellowish solid, yield:16.59 g (87%), m.p. 69-70 @M@MF-EtOH, 1:6). IR (ATR, crif): 3034
(Ar-CH), 2981 (Aliph. CH), 2263 (CN), 1665 (C=NJH NMR (400 MHz, DMSO-g) §
(ppm): 4.83 (s, 2H, -Ch), Ar-H [7.66 (d,J=8.0 Hz, 1H), 7.31 (m, 2H), 7.20 (m, 1HJfC
NMR (100 MHz, DMSO-g,  ppm): 61.84 (-Ch), Ar-C [121.55 (CH), 122.61 (CH), 125.56
(CH), 127.13 (CH), 135.62 (C), 157.82 (C), 170.€3](115.69 (CN); MSm/z 192.12 (M+2,
5). Anal. Calcd. for (GHeN20OS): C, 56.83; H, 3.18; N, 14.73. Found: C, 561863.20; N,

14.68.

2.2.2. General procedure for the synthesis of 5-((benzo[ d] thiazol-2-ylthio or -2yl-oxy)methyl)-
1,3,4-thiadiazol-2-amine (4a,b)

The 3a or 3b compound (0.075 mol) was dissolved within 40 nfluproacetic acid in a
round-bottom flask and then thiosemicarbazide @.hfbl) was added. The mixture was
refluxed for 4 hours at 60 °C. The reaction mixtwas then poured on 200 ml ice-water
mixture and neutralized with diluted ammonia. Tesulting substance was filtered through a
funnel. The solid substance obtained was washddwater, ethyl alcohol, and diethyl ether,
respectively. Afterwards, the substance was paribg crystallization with an appropriate
solvent or solvent pair. The pure substance wasddm a RPOs vacuum oven. Finally,
structures of the synthesized compounds were desized with FT-IRH NMR, **C NMR,

elemental analysis, and mass spectroscopy.

2.2.2.1. 5-((Benzo[ d] tiyazol -2-iltiyo)metil )-1,3,4-tiyadiazol-2-amin (4a)
Light brown solid, yield: 17.39 g (83%), m.p. 19912°C (from DMF-EtOH, 1:3). IR (ATR,
cm®): 3254-3089 (-NH), 3067 (Ar-CH), 2958 (Aliph. CH), 1626 (C=NH NMR (400 MHz,

DMSO-a) & (ppm): 4.81 (s, 2H, -CH), Ar-H [8.03 (d,J=8.0 Hz, 1H), 7.89 (d]=8.0 Hz, 1H),



7.48 (t,J=7.6, 7.6 Hz, 1H), 7.38 (1=7.2, 7.6 Hz, 1H)], 7.14 (s, 2H, NH *C NMR (100

MHz, DMSO-&, & ppm): 31.75 (-Ch), Ar-C [121.74 (CH), 122.46 (CH), 125.22 (CH),
126.96 (CH), 135.48 (C), 152.76 (C), 170.08 (CiiaBiazole-C [154.48 (C), 165.49 (C)];
MS: m/z 280.79 (M+2, 34). Anal. Calcd. for (GoHgN4Ss): C, 42.84; H, 2.88; N, 19.98.

Found: C, 42.81; H, 2.86; N, 19.96.

2.2.2.2. 5-((Benzo[ d] tiyazol -2-iloksi)metil)-1,3,4-tiyadiazol -2-amin (4b)

Light brown crystal, yield: 16.55 g (84%), m.p. 2280 °C (from DMF-EtOH, 1:2). IR
(ATR, cmi'): 3271-3158 (-NH), 3035 (Ar-CH), 2979 (Aliph. CH), 1667 (C=NJH NMR
(400 MHz, DMSO-@) & (ppm): 5.32 (s, 2H, -C}), Ar-H [7.66 (d,J=8.4 Hz, 1H), 7.37 (m,
2H), 7.20 (m, 2H)], 7.24 (s, 2H, NH **C NMR (100 MHz, DMSO-¢ 5 ppm): 41.13 (-CH),
Ar-C [112.13 (CH), 121.77 (CH), 123.51 (CH), 124(@H), 127.15 (C), 136.60 (C), 170.15
(C)], Thiadiazole-C [152.14 (C), 169.24 (C)]; M&{z 261.04 (M-3, 224).Anal. Calcd. for

(C10HsN4OS): C, 45.44; H, 3.05; N, 21.20. Found: C, 45.493H)2; N, 21.26.

2.2.3. General procedure for the synthesis of imidazo[ 2,1-b] [ 1,3,4] thiadiazole derivatives (5-

24)

Substituted 2-amino-1,3,4-thiadiazole derivatiyéa,b) (5 mmol) and 2-bromacetophenone
derivatives (5 mmol) were dissolved within absoletieyl alcohol in a two-necked flask. The

mixture was refluxed for 12 hours, and the progEsthe reaction was checked using thin
layer chromatography (TLC). Once the reaction warspgeted, the mixture was evaporated
until almost dry using a rotary evaporator. Thdre teaction mixture was alkalized with

diluted NaCQO; solution. The mixture was filtered and washed widter. The substance was

purified by crystallized with an appropriate solv@en solvent pair. The pure substance was

dried in a ROs vacuum oven. Lastly, the structures of the syrtleescompounds were



characterized with FT-IR*H NMR, **C NMR, mass spectroscopy, and elemental analysis.

The physical properties and the spectral dataeoptbducts are listed below.

2.2.3.1. 2-((6-Phenylimidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl )methyl thio)benzo[ d] thiazol e (5)

Light brown solid, yield: 1.29 g (68%), m.p.169-170 (from DMF-EtOH, 1:2); IR (ATR,
cm™): 3085 (Ar-CH), 2968 (Aliph. CH), 1601 (C=N}H NMR (400 MHz, DMSO-¢, §
ppm): 5.08 (s, 2H, -CB), Ar-H [8.02 (d,J=8.0 Hz, 1H), 7.90 (dJ=8.0 Hz, 1H), 7.82 (d,
J=6.8 Hz, 2H), 7.48 (t}=8.4 Hz, 1H), 7.37 (m, 3H), 7.24 (7.6, 7.2 Hz, 1H)], Imidazole-H
[8.64 (s, 1H)];**C NMR (100 MHz, DMSO-¢, 5 ppm): 32.94 (-Ch), Ar-C [121.84 (CH),
122.55 (CH), 125.13 (CH), 125.38 (CH), 127.05 (CH)7.90 (CH), 129.09 (CH), 134.20
(C), 135.59 (C), 152.61 (C), 164.91 (C)], Imidaz6le[110.72 (CH), 145.73 (C)],
Thiadiazole-C [145.60 (C), 162.40 (C)]; M&vz 381.07 (M+1, 100).Anal. Calcd. for

(C1gH12NsS3): C, 56.82; H, 3.18; N, 14.72. Found: C, 56.78321; N, 14.74.

2.2.3.2. 2-((6-(4-Fluorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methyl thio)
benzo[ d] thiazole (6)

Light brown solid, yield: 1.18 g (62%), m.p. 184518C (from Acetone); IR (ATR, ci:
3058 (Ar-CH), 2972 (Aliph. CH), 1599 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.08
(s, 2H, -CH), Ar-H [8.03 (d,J=8.0 Hz, 1H), 7.90 (dJ=8.0 Hz, 1H), 7.85 (t)=5.6, 5.6 Hz,
2H), 7.48 (t,J=6.4, 7.6 Hz, 1H), 7.38 (1=7.6, 7.2 Hz, 1H), 7.21 (}=8.8, 8.0 Hz, 2H)],
Imidazole-H [8.63 (s, 1H)]**C NMR (100 MHz, DMSO-¢ & ppm): 32.91 (-Ch), Ar-C
[115.88 (CH), 121.84 (CH), 122.56 (CH), 125.38 (CB27.05 (CH), 130.73 (CH), 135.58
(C), 152.60 (C), 160.77 (C), 162.48 (C), 164.97(@hidazole-C [110.58 (CH), 145.60 (C)],
Thiadiazole-C [144.79(C), 163.20 (C)]; MSwz 398.72 (M, 15). Anal. Calcd. for

(C1gH11FN4S3): C, 54.25; H, 2.78; N, 14.06. Found: C, 54.31281; N, 14.09.



2.2.3.3. 2-((6-(4-Chlorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl )methyl thio)
benzo[ d] thiazole (7)

White solid, yield: 1,22 g (59%), m.p. 225-226 f@ifh DMF-EtOH, 1:2); IR (ATR, cri):
3104 (Ar-CH), 2969 (Aliph. CH), 1623 (C=N)4 NMR (400 MHz, DMSO-¢, § ppm): 4.94
(s, 2H, -CH), Ar-H [8.07 (d,J=8.0 Hz, 1H), 8.01 (dJ=8.0 Hz, 2H), 7.93 (dJ=8.0 Hz, 1H),
7.69 (d,J=8.0 Hz, 2H), 7.52 (t)=7.6, 7.2 Hz, 1H), 7.42 (8=7.2, 7.6 Hz, 1H)], Imidazole-H
[8.81 (s, 1H)];**C NMR (100 MHz, DMSO-¢, 5 ppm): 31.43 (-Ch), Ar-C [113.83 (CH),
121.75 (CH), 122.72 (CH), 125.53 (CH), 127.12 (CH)9.57 (CH), 130.79 (C), 132.76 (C),
135.88 (C), 155.47 (C), 169.17 (C)], Imidazole-@1103 (CH), 152.80 (C)], Thiadiazole-C
[139.88 (C), 165.17 (C)]; MSz 432.81 (M + H,O, 100).Anal. Calcd. for (GeH11CIN4Ss):

C, 52.10; H, 2.67; N, 13.50. Found: C, 52.16; H12N, 13.54.

2.2.3.4. 2-((6-(4-Bromophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl)methyl thio)
benzo[ d] thiazole (8)

White solid, yield: 1.53 g (67%), m.p. 234-235 @i DMF-EtOH, 1:3); IR (ATR, cri):
3089 (Ar-CH), 2873 (Aliph. CH), 1626 (C=Nj4 NMR (400 MHz, DMSO-g, 5 ppm): 4.93
(s, 2H, -CH), Ar-H [8.07 (d,J=7.6 Hz, 1H), 7.93 (d)=7.6 Hz, 3H), 7.84 (d}=8.0 Hz, 2H),
7.53 (t,J=7.6, 7.2 Hz, 1H), 7.42 (8=7.6, 7.2 Hz, 1H)], Imidazole-H [8.91 (s, 1H}f{C NMR
(100 MHz, DMSO-¢, 5 ppm): 31.40 (-Ch), Ar-C [112.45 (CH), 121.73 (CH), 122.74 (C),
125.54 (CH), 127.12 (CH), 129.17 (CH), 130.82 (€32.53 (CH), 133.06 (C), 152.20 (C),
169.20 (C)], Imidazole-C [111.33 (CH), 148.26 (C)hiadiazole-C [135.33 (C), 160.19 (C)];
MS: m/z 478.72 (M+1+HO, 100).Anal. Calcd. for (GgH11BrN;Sg): C, 47.06; H, 2.41; N,

12.20. Found: C, 47.11; H, 2.39; N, 12.22.



2.2.3.5. 2-((6-(4-Methoxyphenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl)methyl thi o)
benzo[ d] thiazole (9)

Light yellow solid, yield:1.11 g (54%), m.p. 1767APC (from Acetone); IR (ATR, ci:
3136 (Ar-CH), 2976 (Aliph. CH), 1599 (C=N), 124172 (-OCH); 'H NMR (400 MHz,
DMSO-ds, 6 ppm): 5.08 (s, 2H, -Ch), 3.75 (s, 3H, -OCH), Ar-H [8.06 (d,J=7.6 Hz, 1H),
7.90 (d,J=8.0 Hz, 1H), 7.74 (dJ=8.0 Hz, 2H), 7.50 (m, 1H), 7.40 (m, 1H)], Imidazat
[8.51 (s, 1H)];**C NMR (100 MHz, DMSO-g¢, 5 ppm): 32.91 (-Ch), 55.58 (-OCH), Ar-C
[115.83 (CH), 121.83 (CH), 122.56 (CH), 125.78 (CH}7.00 (C), 130.73 (CH), 135.58
(CH), 152.40 (C), 160.89 (C), 162.48 (C) 164.92](@nidazole-C [110.58 (CH), 145.64
(C)], Thiadiazole-C [144.76 (C), 163.32 (C)]; M&{z 411.04 (M+1, 55), 429.10 (M+1+9,
100).Anal. Calcd. for (GoH14N4OSs): C, 55.59; H, 3.44; N, 13.65. Found: C, 55.643HL7;

N, 13.61.

2.2.3.6. 2-((6-(4-Nitrophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl)methyl thi o)
benzo[ d] thiazole (10)

Yellow solid, yield:1.47 g (69%), m.p. 209-211 %o DMF-EtOH, 1: 1); IR (ATR, cr):
3064 (Ar-CH), 2975 (Aliph. CH), 1599 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.10
(s, 2H, -CH), Ar-H [8.24 (d,J=8.4 Hz, 2H), 8.07 (d]=8.8 Hz, 2H), 8.04 (dJ=8.0 Hz, 1H),
7.90 (d,J=8.0 Hz, 1H), 7.48 (t)=7.6, 7.2 Hz, 1H), 7.38 (8=8.0, 7.2 Hz, 1H)], Imidazole-H
[8.94 (s, 1H);**C NMR (100 MHz, DMSO-¢, 5 ppm): 32.94 (-Ch), Ar-C [121.85 (CH),
122.59 (CH), 124.67 (CH), 125.41 (CH), 125.75 (CH)7.07 (CH), 135.60 (C), 140.74 (C),
146.71 (C), 152.58 (C), 164.90 (C)], Imidazole-A317 (CH), 146.59 (C)], Thiadiazole-C
[143.46 (C), 163.81 (C)]; MSmz 425.79 (M+1, 67)Anal. Calcd. for (GgH1:N50,S3): C,

50.81; H, 2.61; N, 16.46. Found: C, 50.77; H, 28916.50.



2.2.3.7. 4-(2-((Benzo[ d] thiazol-2-ylthio)methyl )imidazo[ 2,1-b] [ 1,3,4] thiadiazol -6-yl)
benzonitrile (11)

White solid, yield:1.34 g (66%), m.p. 207-208 °@(h Acetone); IR (ATR, ci): 3068 (Ar-
CH), 2998 (Aliph. CH), 2219 (CN), 1608 (C=N¥ NMR (400 MHz, DMSO-¢, 5 ppm):
5.10 (s, 2H, -Ch), Ar-H [8.03 (d,J=8.4 Hz, 1H), 8.00 (dJ=7.2 Hz, 2H), 7.90 (dJ=8.0 Hz,
1H), 7.84 (d,J=8.0 Hz, 2H), 7.49 (t)=7.2, 7.6 Hz, 1H), 7.39 (t)=7.2, 7.6 Hz, 1H)],
Imidazole-H [8.88 (s, 1H)]**C NMR (100 MHz, DMSO-¢, § ppm): 32.93 (-Ch), Ar-C
[109.83 (C), 121.85 (CH), 122.59 (CH), 125.40 (CH?5.58 (CH), 127.07 (CH), 133.21
(CH), 135.59 (C), 138.70 (C), 152.58 (C), 164.90](@nidazole-C [112.91 (CH), 146.18
(C)], Thiadiazole-C [143.84 (C), 163.56 (C)], 113®.6CN); MS: nmv¥z 405.70 (M+1, 100).
Anal. Calcd. for (GgH11NsS3): C, 56.27; H, 2.73; N, 17.27. Found: C, 56.32;45; N,

17.31.

2.2.3.8. 2-((6-(3,4-Dichlorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl)methyl thi o)
benzo[ d] thiazole (12)

Whitish solid, yield:1.59 g (71%), m.p. 197-199 @@m DMF-EtOH, 1:2); IR (ATR, cri):
3125 (Ar-CH), 2968 (Aliph. CH), 1599 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.09
(s, 2H, -CH), Ar-H [8.03 (d,J=7.6 Hz, 2H), 7.90 (d]J=8.0 Hz, 1H), 7.80 (dJ=8.4 Hz, 1H),
7.63 (d,J=8.8 Hz, 1H), 7.48 (t)=7.6, 8.0 Hz, 1H), 7.38 (f=8.4, 8.0 Hz, 1H)], Imidazole-H
[8.79 (s, 1H);**C NMR (100 MHz, DMSO-¢, 5 ppm): 32.92 (-Ch), Ar-C [121.84 (CH),
122.58 (CH), 125.11 (CH), 125.40 (CH), 126.60 (CH}7.07 (CH), 129.88 (CH), 131.40
(C), 131.99 (C), 134.94 (C), 135.60 (C), 152.59, ({®A.90 (C)], Imidazole-C [112.00 (CH),
145.73 (C)], Thiadiazole-C [143.18 (C), 163.23 (QY|S: m/z 448.94 (M+1, 87), 451.00
(M+3, 100).Anal. Calcd. for (GsH1oCloN4Ss): C, 48.11; H, 2.24; N, 12.48. Found: C, 48.14;

H, 2.21; N, 12.53.



2.2.3.9. 2-((6-(4-Phenyl phenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methyl thio)
benzo[ d] thiazole (13)

Whitish solid, yield: 1.32 g (58%), m.p. 216-219 @@m DMF-EtOH, 1:2); IR (ATR, cr):
3102 (Ar-CH), 2947 (Aliph. CH), 1610 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.10
(s, 2H, -CH), Ar-H [8.04 (d,J=7.2 Hz, 1H), 7.91 (d)=7.2 Hz, 3H), 7.69 (dJ=6.0 Hz, 4H),
7.41 (m, 5H)], Imidazole-H [8.71 (s, 1H)f’C NMR (100 MHz, DMSO-¢ & ppm): 32.87 (-
CH,), Ar-C [121.85 (CH), 122.59 (CH), 125.39 (CH),5186 (CH), 126.90 (CH), 127.07
(CH), 127.36 (CH), 127.87 (CH), 129.40 (CH), 133(€}, 134.21 (C), 134.79 (C), 135.58
(C), 152.61 (C), 164.92 (C)], Imidazole-C [110.%3H), 146.13 (C)], Thiadiazole-C [140.75
(C), 163.10 (C)]; MSm/z 456.80 (M, 84).Anal. Calcd. for (G4H16N4sSs): C, 63.13; H, 3.53;

N, 12.27. Found: C, 63.16; H, 3.49; N, 12.32.

2.2.3.10. 2-((6-(Naphthalen-2-yl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-y methylthio)
benzo[ d] thiazole (14)

Whitish solid, yield: 1.31 g (61%), m.p. 203-205 @@m DMF-EtOH, 1:2); IR (ATR, cr):
3050 (Ar-CH), 2974 (Aliph. CH), 1598 (C=N)+ NMR (400 MHz, DMSO-¢, 5 ppm): 5.11
(s, 2H, -CH), Ar-H [8.36 (s, 1H), 8.04 (dJ=7.6 Hz, 1H), 7.97 (dJ=7.6 Hz, 1H), 7.91 (m,
4H), 7.48 (m, 3H), 7.38 (1]=8.4, 6.8 Hz, 1H)], Imidazole-H [8.78 (s, 1HJfC NMR (100
MHz, DMSO-&, & ppm): 32.96 (-Ch), Ar-C [121.86 (CH), 122.59 (CH), 123.24 (CH),
123.85 (CH), 125.40 (CH), 126.28 (CH), 127.08 (CH}8.09 (CH), 128.38 (CH), 128.64
(C), 131.68 (C), 132.84 (C), 135.69 (C), 152.61, ({®A4.95 (C)], Imidazole-C [111.30 (CH),
145.87 (C)], Thiadiazole-C [133.64 (C), 162.57 (QY|S: m/z 430.85 (M+1, 100)Anal.

Calcd. for (G2H14N4S3): C, 61.37; H, 3.28; N, 13.01. Found: C, 61.393K82; N, 12.98.



2.2.3.11. 2-((6-Phenylimidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methoxy) benzo[ d] thiazole (15)
Yellowish solid, yield: 1.31 g (72%), m.p. 201-283 (from DMF-EtOH, 1:3); IR (ATR, cm
1): 3044 (Ar-CH), 2983 (Aliph. CH), 1601 (C=NjH NMR (400 MHz, DMSO-¢, § ppm):
5.63 (s, 2H, -Ch), Ar-H [7.81 (d,J=7.6 Hz, 2H), 7.69 (d)=7.6 Hz, 1H), 7.46 (d)=7.6 Hz,
1H), 7.37 (m, 3H), 7.24 (m, 2H)], Imidazole-H [8.€ 1H)];**C NMR (100 MHz, DMSO-
ds, & ppm): 42.24 (-Ch), Ar-C [111.99 (CH), 121.78 (CH), 123.69 (CH), 124 (CH),
125.12 (CH), 127.34 (CH), 127.84 (CH), 129.10 (£34.15 (C), 136.48 (C), 169.62 (C)],
Imidazole-C [110.96 (CH), 145.88 (C)], Thiadiaz@e[145.19 (C), 159.51 (C)]; MSwz
364.03 (M, 37). Anal. Calcd. for (GsH1o:N4OS): C, 59.32; H, 3.32; N, 15.37. Found: C,

59.28; H, 3.35; N, 15.41.

2.2.3.12. 2-((6-(4-Fluorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl ) methoxy)
benzo[ d] thiazole (16)

White solid, yield: 1.32 g (69%), m.p. 186-188 dih DMF-EtOH, 1:3); IR (ATR, cri):
3105 (Ar-CH), 2973 (Aliph. CH), 1595 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.63
(s, 2H, -CH), Ar-H [7.83 (m, 2H), 7.70 (dJ=8.0 Hz, 1H), 7.45 (dJ=7.6 Hz, 1H), 7.38 (t,
J=7.6, 7.6 Hz, 1H), 7.23 (m, 3H)], Imidazole-H [8.6%4 1H)];**C NMR (100 MHz, DMSO-
ds, & ppm): 42.24 (-Ch), Ar-C [111.99 (CH), 116.11 (CH), 121.77 (CH), 12B (CH),
127.01 (CH), 127.09 (C), 127.35 (CH), 130.72 (C36.48 (C), 160.80 (C), 169.62 (C)],
Imidazole-C [110.83 (CH), 145.25 (C)], Thiadiaz&@ef144.96(C), 163.23 (C)]; MSm/z
382.95 (M+1, 83)Anal. Calcd. for (GsH1:FN4,OSy): C, 56.53; H, 2.90; N, 14.65. Found: C,

56.57; H, 2.88; N, 14.69.



2.2.3.13. 2-((6-(4-Chlorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl ymethoxy)
benzo[ d] thiazole (17)

White solid, yield: 1.29 g (65%), m.p. 227-229 % DMF-EtOH, 1:3); IR (ATR, cri):
3131 (Ar-CH), 2987 (Aliph. CH), 1588 (C=NJ- NMR (400 MHz, DMSO-g, 5 ppm): 5.63
(s, 2H, -CH), Ar-H [7.81 (d,J=8.4 Hz, 2H), 7.70 (dJ=8.0 Hz, 1H), 7.42 (m, 4H), 7.23 (t,
J=7.6, 7.6 Hz, 1H)], Imidazole-H [8.70 (s, 1HffiC NMR (100 MHz, DMSO-¢ & ppm):
42.24 (-CH), Ar-C [111.99 (CH), 121.77 (CH), 123.71 (CH), 128 (CH), 126.77 (CH),
127.35 (CH), 129.14 (CH),132.21 (C), 133.07 (C)p.48 (C), 169.63 (C)], Imidazole-C
[111.42 (CH), 145.44 (C)], Thiadiazole-C [144.69),(@59.83 (C)]; MS:m/z 399.05 (M+1,
100). Anal. Calcd. for (GsH1:CINJOS,): C, 54.20; H, 2.78; N, 14.04. Found: C, 54.17; H,

2.81; N, 14.10.

2.2.3.14. 2-((6-(4-Bromophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol - 2-yl )methoxy)
benzo[ d] thiazole (18)

Light yellow solid, yield: 1.42 g (64%), m.p. 2442 °C (from DMF-EtOH, 1:3); IR (ATR,
cm®): 3128 (Ar-CH), 2975 (Aliph. CH), 1587 (C=NjH NMR (400 MHz, DMSO-¢, &
ppm): 5.63 (s, 2H, -Ch), Ar-H [7.75 (d,J=8.8 Hz, 2H), 7.71 (dJ=8.0 Hz, 1H), 7.57 (d,
J=8.8 Hz, 2H), 7.46 (dJ=7.6 Hz, 1H), 7.39 (t)=7.6, 8.0 Hz, 1H), 7.25 (t=7.6, 7.6 Hz,
1H)], Imidazole-H [8.71 (s, 1H)[**C NMR (400 MHz, DMSO-¢ & ppm): 42.25 (-Ch), Ar-

C [112.01 (CH), 120.74 (CH), 121.77 (C), 123.72 JCH4.29 (CH), 127.08 (CH), 127.37
(C), 132.06 (CH), 133.43 (C), 136.48 (C), 169.63](@nidazole-C [111.43 (CH), 145.45
(C)], Thiadiazole-C [144.69 (C), 159.90 (C)]; Mz 444.91 (M+2, 100)Anal. Calcd. for

(C1gH11BrN4, OS): C, 48.76; H, 2.50; N, 12.64. Found: C, 48.812H.7; N, 12.69.



2.2.3.15. 2-((6-(4-Methoxyphenyl )imidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl )methoxy)
benzo[ d] thiazole (19)

Yellowish solid, yield: 1.05 g (53%), m.p. 238-242 (from DMF-EtOH, 1:3); IR (ATR, cm
1): 3097 (Ar-CH), 2978 (Aliph. CH), 1597 (C=N), 114999 (-OCH); 'H NMR (400 MHz,
DMSO-d;, & ppm): 3.74 (s, 3H, -OC)|, 5.64 (s, 2H, -Ch), Ar-H [8.05 (d,J=7.6 Hz, 1H),
7.90 (d,J=8.0 Hz, 1H), 7.74 (dJ=8.4 Hz, 2H), 7.48 (1)=7.6, 8.0 Hz, 1H), 7.38 (m, 1H),
6.94 (d,J=8.8 Hz, 2H)], Imidazole-H [8.56 (s, 1H)FC NMR (400 MHz, DMSO-¢, § ppm):
42.28 (-CH), 55.58 (-OCH), Ar-C [115.76 (CH), 121.64 (CH), 122.65 (CH), 125 (CH),
127.02 (C), 130.77 (CH), 135.58 (CH), 152.42 (G30.89 (C), 162.48 (C), 164.97 (C)],
Imidazole-C [109.89 (CH), 145.64 (C)], Thiadiaz@e[144.78 (C), 163.34 (C)]; MSwz
396.48 (M+2, 51)Anal. Calcd. for (GoH14N4O2S,): C, 57.85; H, 3.58; N, 14.20. Found: C,

57.89; H, 2.62; N, 14.23.

2.2.3.16. 2-((6-(4-Nitrophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methoxy)
benzo[ d] thiazol e (20)

Brownish solid, yield: 1.37 g (67%), m.p. 246-243(from DMF-EtOH, 1:3); IR (ATR, cm
1): 3152 (Ar-CH), 2928 (Aliph. CH), 1600 (C=NjH NMR (400 MHz, DMSO-¢, § ppm):
5.64 (s, 2H, -Ch), Ar-H [8.25 (d,J=8.8 Hz, 2H), 8.07 (d}=8.8 Hz, 2H), 8.04 (d}=8.4 Hz,
1H), 7.90 (d,J=8.0 Hz, 1H), 7.48 (tJ=7.2, 7.2 Hz, 1H), 7.39 (J=7.6, 7.2 Hz, 1H)],
Imidazole-H [8.94 (s, 1H)]**C NMR (100 MHz, DMSO-¢ & ppm): 42.38 (-Ch), Ar-C
[121.87 (CH), 122.60 (CH), 124.68 (CH), 125.41 (CH25.75 (CH), 127.07 (CH), 135.59
(C), 140.74 (C), 146.73 (C), 152.58 (C), 164.92(@hidazole-C [113.58 (CH), 146.59 (C)],
Thiadiazole-C [143.48 (C), 163.85 (C)|; M®wvz 410.19 (M41, 62).Anal. Calcd. for

(C18H11Ns505Sy): C, 52.80; H, 2.71; N, 17.10. Found: C, 52.782H4; N, 17.09.



2.2.3.17. 4-(2-((Benzo[ d] thiazol-2-yl oxy)methyl )imidazo[ 2,1-b] [ 1,3,4] thiadiazol -6-
yl)benzonitrile (21)

White solid, yield:1.42 g (73%), m.p. 221-222 °@(h DMF-EtOH, 1:2); IR (ATR, ci):
3142 (Ar-CH), 29 89 (Aliph. CH), 2225 (CN), 159648); *H NMR (400 MHz, DMSO-g, §
ppm): 5.65 (s, 2H, -C}), Ar-H [7.98 (d,J=6.8 Hz, 2H), 7.84 (dJ=6.8 Hz, 2H), 7.71 (d,
J=8.0 Hz, 1H), 7.46 (dJ=8.0 Hz, 1H), 7.38 (t)=7.6, 7.6 Hz, 1H), 7.24 (=7.6, 7.6 Hz,
1H)], Imidazole-H [8.88 (s, 1H)[*C NMR (100 MHz, DMSO-¢ & ppm): 42.28 (-Ch), Ar-

C [109.89 (C), 113.10 (CH), 121.76 (CH), 123.72 JCH4.30 (CH), 125.58 (CH), 127.37
(CH), 133.23 (CH), 136.48 (C), 138.65 (C), 169.63]( Imidazole-C [112.02 (CH), 146.07
(C)], Thiadiazole-C [143.97 (C), 160.63 (C)], 11®CN); MS:m/z 389.99 (M+1, 49)Anal.

Calcd. for (GoH11N50S): C, 58.60; H, 2.85; N, 17.98. Found: C, 58.582t88; N, 18.03.

2.2.3.18. 2-((6-(3,4-Dichlorophenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methoxy)
benzo[ d] thiazole (22)

Light red solid, yield:1.49 g (69%), m.p. 230-2&2 @rom DMF-EtOH, 1:2); IR (ATR, ci):
3123 (Ar-CH), 2977 (Aliph. CH), 1590 (C=N)4 NMR (400 MHz, DMSO-g, § ppm): 5.63
(s, 2H, -CH), Ar-H [8.00 (d,J=2.0 Hz, 2H), 7.76 (ddJ=2.0, 2.0 Hz, 1H), 7.69 (d=7.6 Hz,
1H), 7.61 (d,J=8.4 Hz, 1H), 7.45 (dJ=8.4 Hz, 1H), 7.38 (t)=7.2, 8.0 Hz, 1H), 7.22 (t,
J=8.0, 7.6 Hz, 1H)], Imidazole-H [8.77 (s, 1HJfC NMR (100 MHz, DMSO-¢ & ppm):
22.25 (-CH), Ar-C [112.17 (CH), 121.77 (CH), 123.72 (CH), 129 (CH), 125.10 (CH),
126.58 (CH), 127.35 (CH), 129.94 (C), 131.37 (C31.99 (C), 134.86 (C), 136.45 (C),
169.64 (C)], Imidazole-C [111.99 (CH), 145.69 (Chhiadiazole-C [143.31 (C), 160.28 (C)];
MS: m/z 432.02 (M+1, 34)Anal. Calcd. for (GsH1CloN4OS): C, 49.89; H, 2.33; N, 12.93.

Found: C, 49.93; H, 2.34; N, 12.89.



2.2.3.19. 2-((6-(4-Phenyl phenyl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol -2-yl )methoxy)
benzo[ d] thiazole (23)

Whitish solid, yield:1.26 g (57%), m.p. 258-261 @@m DMF-EtOH, 1:3); IR (ATR, cri):
3127 (Ar-CH), 2979 (Aliph. CH), 1589 (C=NjtH NMR (400 MHz, DMSO-g, § ppm): 5.64
(s, 2H, -CH), Ar-H [7.90 (d,J=8.4 Hz, 2H), 7.70 (m, 4H), 7.41 (m, 4H), 7.24J7.2, 7.6
Hz, 1H)], Imidazole-H [8.72 (s, 1H)}’C NMR (100 MHz, DMSO-¢| & ppm): 42.26 (-Ch),
Ar-C [112.03 (CH), 121.78 (CH), 123.72 (CH), 12%.@H), 125.66 (CH), 126.91 (CH),
127.37 (CH), 127.88 (CH), 129.38 (CH), 133.30 (€36.51 (C), 139.46 (C), 140.14 (C),
169.64 (C)], Imidazole-C [111.15 (CH), 146.53 (Clhiadiazole-C [145.34 (C), 159.61 (C)];
MS: m/z 440.58 (M, 67). Anal. Calcd. for (GsH1N4OSy): C, 65.43; H, 3.66; N, 12.72.

Found: C, 65.46; H, 3.67; N, 12.70.

2.2.3.20. 2-((6-(Naphthal en-2-yl)imidazo[ 2,1-b] [ 1,3,4] thiadiazol-2-yl )methoxy)
benzo[ d] thiazole (24)

Brownish solid, yield: 1.14 g (55%), m.p. 221-2Z3(from DMF-EtOH, 1:3); IR (ATR, cm
1): 3054 (Ar-CH), 2983 (Aliph. CH), 1592 (C=NjH NMR (400 MHz, DMSO-g,  ppm):
5.65 (s, 2H, -Ch), Ar-H [8.36 (s, 1H), 7.91 (m, 4H), 7.71 (@8.0 Hz, 1H), 7.46 (m, 4H),
7.39 (t,J=7.6, 8.0 Hz, 1H), 7.23 (t)=7.6, 7.6 Hz, 1H)], Imidazole-H [8.78 (s, 1HJfC
NMR (100 MHz, DMSO-d, § ppm): 42.28 (-Ch), Ar-C [112.00 (CH), 121.90 (CH), 123.29
(CH), 123.82 (CH), 124.29 (CH), 126.29 (CH), 126(@H), 127.37 (CH), 128.07 (CH),
128.39 (C), 128.65 (C), 131.63 (C), 132.86 (C),.496C), 169.65 (C)], Imidazole-C [111.52
(CH), 145.86 (C)], Thiadiazole-C [133.63 (C), 15B(€)]; MS:m/z 414.83 (M+1, 83)Anal.

Calcd. for (G2H14aN4OS): C, 63.75; H, 3.40; N, 13.52. Found: C, 63.723E9; N, 13.55.



2.3. Determination ofin vitro Antileishmanial and Antibacterial Activities

2.3.1. Antileishmanial Activity

In this study, we set out to determimevitro antileishmanial activities of the compounds
againstLeishmania infantum promastigote isolates using the microdilution Alarle assay

method.

2.3.1.1. Preparation of Leishmania Infantum Promastigotes

Axenic standard MON-188eishmania infantum promastigote isolates were used in a study
on antiparasitic activity. Standard isolates wemwy in RPMI-1640 (Roswell Park
Memorial Institute) (R8758 Sigma Aldrich, USA) medi which was added 10% Fetal
Bovine Serum (FBS F4135 Sigma-Aldrich, USA), 1% iedm (P3032 Sigma-Aldrich,
USA), and Streptomycin (S9137 Sigma-Aldrich, USA)@,000 units of penicillin and 10 mg
streptomycin) and passaged to ensure durability.

20 ml of standard promastigote isolate was takemfthe medium, transferred into sterile
falcon tubes, and centrifuged for 10 min at 1,000 fge supernatant was removed, and the
isolates were washed 3 times with sterile PBS (ptnate Buffered Saline). Then, the parasite
count was adjusted to approximately 2.5%@fbmastigotes/mL by performing a count in the

RPMI-1640 medium and hemocytometer.

2.3.1.2. Invitro Antileishmanial Activity Test

The synthesized compounds were dissolved in DinheBwfoxide (DMSO)/HO (10%).
Stock solutions of the compounds were preparecdatentration of 40 mg/mL by adding
RPMI-1640 medium containing heat-inactivated 10%SFBnd sterilized by filtering it
through a sterile membrane filter at a porosityefbum (Millipore, USA). Sterile 96-well

microplates were used to test antileishmanial #gtivhe dilution ratios in the wells were set



to between 20,00Qg/mL and 625ug/mL. The microdilution test with Alamar blue was
performed as described above [31]. THewrell was added only 100 pl stock solution as
negative control, while the™8well was added only 100 pL standard parasite tsokes
positive control. After the microplates were inctdzhfor 20 hours on a refrigerated incubator
set to 27 °C, they were added to 20 pL of Alamael{Resazurin sodium salt R7017 Sigma
Aldrich, USA) (prepared at 0.1 mg/ml and sterilizley filtration). The microplates were
incubated for another 4 hours at 27 °C and visuadlsessed at the 2448", and 72 hour.
Also, a fresh preparation was made between the slid cover glass by taking a 30 pL
sample from each well in order to observe the Wtalf promastigotes. The results of this
were confirmed visually. Amphotericin B was usedfas standard control drug. The test was
repeated twice for each compound. The conversiolahar blue to its pink derivative was
interpreted as continuing parasite growth in wells.change in color was interpreted as that

parasite growth had stopped.

2.3.2. Antibacterial Activity
In this study,in vitro antibacterial activities of the compounds agafiv& selected bacteria

isolates (Gram-negative) were determined usingrticeodilution Alamar blue assay.

2.3.2.1. Preparation of Sandard Bacterial I1solates

The purpose was to assess minimal inhibitory camatons (MIC) of the compounds tested
for antibacterial activity against five differentasdard Gram-negative bacteria using the
microdilution Alamar blue assay method (Clinicaldahaboratory Standards Institute:
Performance Standards for Antimicrobial Susceptybilesting). The standarBscherichia
coli ATCC 25922, Yersinia enterocolitica ATCC 9610, Salmonella typhimurium ATCC

14028,Klebsiella pneumoniae ATCC 700603, andProteus mirabilis ATCC 25933 isolates



obtained from the American Type Culture CollectihTCC) were used. The standard
bacteria isolates were cultured using blood agaer¢k) and Eosin Methylene Blue Agar
(EMB, Merck), vitalized by incubation at 37 °C omegght, and were checked for purity. The
standard bacteria isolates were prepared at appatedy 1.5x18 cfu/mL bacteria count by

suspending in sterile physiological saline solutamtording to the 0.5 McFarland turbidity

standard.

2.3.2.2. Invitro Antibacterial Activity Test

The antibacterial activity test for the stock smlos of the compounds was performed using
sterile 96-well microplates. Stock solutions of tlempounds were prepared at a
concentration of 40 mg/mL by adding Mueller HintBnoth (MHB, Merck) medium, and
were sterilized by filtering through a sterile maane filter with a porosity of 0.4bm
(Millipore, USA). Firstly, 100 pl of MHB medium waadded to each well. As described
above, the dilution ratios of the wells were sebébveen 20,00Q0g/mL and 625.g/mL [32].
100 pL of standard bacteria suspension set to @bakandturbidity standard were then
added to these wells. Negative and positive contssls were added and incubated at 37 °C.
The microplates were incubated for 20 hours, 2®fihlamar blue was then added, and then
everything incubated again for another 4 hours. Mieoplates were visually assessed for
color change at the 24th and 48th hour. Samples vedien from each well using a loop for
growth control in order to see whether there wasvgn or not in the blood agar medium. The
antibacterial activity test was repeated twice éach compound; Amikacin was used as

control drug.

2.4. Computational Study



Molecular docking studies were performed by usingoflock Vina [27] and Discover Studio
Visualizer 4.5 [33]. Optimized structures of liganda, 4b, 7, and13) were calculated using

the 6-31G(d,p) base set DFT (B3LYP) theory on Gans39.

3. Results and discussion

3.1. Chemistry

In this study, we firstly synthesized bendjtifiiazol-2-ylthio/oxy)acetonitrile compounds
(3a,b). The nitrile derivatives were obtained from thaation of benzaj]thiazole-2-thiol/ol
compoundgla,b) with chloroacetonitrile in high yields (82% and8y.

In the second part of the study, we synthesizechi@ 1,3,4-thiadiazole derivativéda,b)
from the reaction of compoun@s,b with thiosemicarbazide in trifluoroacetic acid @Hn
high vyields (83% and 84%). Compoun@8ga,b and 4a,b, which served as the starting
compounds, were obtained as specified in the titezd24,34].

In this reaction, an addition occurs as a resuthefthiosemicarbazide’s nucleophilic attack
on the positively-charged iminium carbon, whichnigrunder the catalytic effect of TFA. It is
believed that the elimination of the ammonia iowl #me sulfur's nucleophilic attack on the
carbon atom results in heterocyclization, whichdie#o the formation of 2-amino-1,3,4-
thiadiazole derivative$4a,b) [25,35]. The formation mechanism of these compsuwah be

seen in Scheme 2.
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Scheme 2The mechanism of the formation of 2-amino-1,3,4&dmzole derivative@a,b).

Sharp absorption bands belonging to theN@roup observed at 2249 and 2263cim the

IR spectra of compound3a,b disappeared. Symmetric and asymmetric absorptamd
belonging to the -Nb group emerged in the 3271-3089 tmange, which is the most
important evidence for the formation of compouddgb.

Structures of compoundta,b were confirmed usingH NMR spectroscopy. The -NHjroup
proton signals of these compourtasnded to 1,3,4-thiadiazole ring from @osition in*H
NMR spectra were observed as a singlet correspgnidir? protons in the 7.14-7.24 ppm
range.

Proton peaks belonging to the -plgroup of these compoun@4a,b) disappeared as a result
of proton-deuterium exchange performed witt©D

Structures of compoundéa,b were confirmed by*C NMR spectrum. € carbon signals
belonging to the thiadiazole ring in these compauappeared at 154.48 and 152.14 ppg. C
carbon signals of the same ring were recorded &g12@nd 169.24 ppm. Other spectral data

belonging to the carbon skeleton of the molecully gupport the suggested structures. The



13C NMR spectra of these compounds were observed tighly compatible with this type of
compounds in the literature [3,25,35].

In the third part of the study, we synthesizedithielazo[2,1b][1,3,4]thiadiazole derivatives
(5-24), the target compounds, from reactions of compoutald with phenacyl bromide
derivatives (in yields of 53% to 73%). Scheme 3mhthe formation mechanism of the target

compounds.
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Scheme 3Formation mechanism ¢érget compound-24)



In IR spectra of compoundta,b, -NH, group symmetric and asymmetric absorption bands
found in the initial compounds and observed in38&1-3089 crit range disappeared, which
is the most important evidence for the formationhef target compounds.

Also, -NH, group proton signals observed at 7.14 and 7.24ipghe'H NMR of the starting
compounds(4a,b) disappeared in these compounds and instead oldserwvea singlet
corresponding to 1 proton in the 8.94-8dm range of the £H signals in the imidazo[2,1-
b][1,3,4]thiadiazole derivativegs-24) this is the most important evidence for the fdiora

of these compounds. This is consistent with tlerdiure [35]. OthetH NMR data of these
compounds is given in the experimental part of shisly in detail.

Signals that appeared in the 113.58-109.89 ppmerang the 152.80-145.25 ppm range in
13C NMR spectrum of these compounds is importantendd for ring cyclization. These
signals correspond tos@nd G carbons of imidazo[2,b}{1,3,4]thiadiazole derivatives-24)

or the target compounds. OtHeE€ NMR spectrum data of these compounds is givethén
experimental part in detail.

The FT-IR,"H NMR, *C NMR, elemental analysis, and mass spectroscopit obmpounds
synthesized in the study can be found in the erpartal section. All of the spectra are given

in the Supplementary Material Section in detail.

3.2.1n vitro Antileishmanial Activity Studies
Figure 1 shows the images of 21 compounds and Thldbows the minimum inhibitory
concentration (MIC) values obtained as a resulthef assessment. Positive and negative

control wells were observed to work properly.
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Figure 1. The antileishmanial activity results against agestandard MON-188eishmania
infantum promastigotes; compounda,b and5-24, Control drug Amphotericin B.

Dilution concentrations 20,000 pg/ml - 625 pg/ml.

N.C.: Negative Control; P.C.: Positive Control.



Table 1. Minimum inhibitory concentration (MIC) values ohd& compounds against
Leishmania infantum promastigotes.

Compounds MIC values

(Hg/ml)
4a >20 000
4b >20 000
5 >20 000
6 >20 000
7 20 000
8 10 000
9 >20 000
10 >20 000
11 >20 000
12 >20 000
13 >20 000
14 >20 000
15 >20 000
16 >20 000
17 20 000
18 >20 000
20 >20 000
21 >20 000
22 >20 000
23 >20 000
24 >20 000

Amphotericin B <625

The antileishmanial activity study showed that coomu 8 (MIC 10 000ug/mL) was the
most effective compound. Also, compoundand17 were found to be effective at the highest
concentration studied (MIC 20 0@@/mL). Other compounds had no antileishmanial &gtiv
at the studied concentrations.

Amphotericin B, or the standard drug, was foundo#oeffective at a concentration <625

pa/mi.



3.3.In vitro Antibacterial Activity Studies

While some of the synthesized compounds were obdete have antibacterial activity
against standard bacteria isolates at differentc@ainations, some compounds were
ineffective at the studied concentrations.

Bacterial activity images of some compounds carséen in Figures 2 and 3. Minimum
inhibitory concentration (MIC) values of the compads can be seen in Table 2.

As it was found that the synthesized compounds wHeetive against five different standard
bacteria isolates at varying degrees. The compowetds most effective againEscherichia
coli. All compounds except for compounti? were found to be effective at different
concentrations (MIC=625-10 0Q®/mL). Compoundglb and7 were found to be the most
effective compounds againBischerichia coli (MIC=625 ng/mL). The second bacteria on
which the compounds were effective waersinia enterocolitica (MIC= 1 250-20 000
ug/mL). Compoundtb was once again observed to be the most effecowgpound against
Yersinia enterocolitica (MIC=1 250 pg/mL) and compounddb and 24 were found to be
effective agains&almonella typhimurium (MIC= 2 500 and 5 000). Except for compouzwl
(MIC=10 000ug/mL), none of the compounds was effective agafihdbsiella pneumoniae.
None of the compounds was effective agairsteus mirabilis at the studied concentrations

(MIC >20 000).
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Figure 2. Antibacterial activity results of compountb; Dilution concentrations 20 000
png/ml-625 pg/ml. N.C.: Negative Control; P.C.: Resi Control.
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Figure 3. Antibacterial activity results of compouritl; Dilution concentrations 20,000
png/ml-625 pg/ml. N.C.: Negative Control; P.C.: Resi Control.

Table 2. Minimum inhibitory concentration (MIC) values agst bacteria of all compounds.

Compounds| E.coli | K.pneumoniae | S.typhimurium | Y. enterocolitica | P. mirabilis
4a 1250 >20 000 10 000 2 500 >20 00d
4b 625 >20 000 2500 1250 >20 000

5 5 000 >20 000 >20 000 >20 000 >20 00¢
6 2 500 >20 000 >20 000 >20 000 >20 00¢
7 625 >20 000 10 000 5000 >20 000
8 2 500 >20 000 10 000 5000 >20 000
9 5 000 >20 000 >20 000 >20 000 >20 00¢
10 5000 >20 000 >20 000 >20 000 >20 00(
11 10 000 >20 000 10 000 2500 >20 004
12 10 000 >20 000 10 000 10 000 >20 00(
13 >20 000 >20 000 >20 000 >20 000 >20 00(
14 10 000 >20 000 >20 000 >20 000 >20 00(
15 5000 >20 000 10 000 20 000 >20 00d
16 10 000 >20 000 10 000 10 000 >20 00(
17 10 000 >20 000 >20 000 20 000 >20 00(
18 10 000 >20 000 >20 000 20 000 >20 00(
20 10 000 >20 000 >20 000 >20 000 >20 00(
21 10 000 >20 000 >20 000 >20 000 >20 00(
22 10 000 >20 000 >20 000 >20 000 >20 00(
23 10 000 >20 000 >20 000 >20 000 >20 00(
24 5000 10 000 5000 10 000 >20 000




3.4. Molecular Docking Studies

Molecular docking studies of compoundis 4b, 7, and13 were performed using Autodock
Vina [27] software. Receptor-ligand interactionsrevelemonstrated with Discover Studio
Visualizer 2017 [33]. Molecular docking studies wgrerformed as X-ray crystal structure
belonging to thd=scherichia coli protein structure (PDB ID: 2eg7). Before procegdio the
calculations, the crystal structure of 2eg7 andlighnd compounds were prepared using
protein and ligand preparation wizards in the Py$®ftware [36]. Prior to the docking
process, firstly water and heteroatoms other thataral ligand ¢o-ligand) were removed
from and hydrogen atoms, and Gasteiger charges there added to the 2eg7 protein
structure.

The optimized structures of all ligands were oladimsing the DFT(B3LYP) [28,29] theory
with the 6-31G(d) basis set on Gaussiam 09.

Molecular docking studies were performed to sessiptes bonding modes of the synthesized
compounds. The co-ligand and complex 2eg7 X-ragtahstructure was used in calculations.
Thein vitro antibacterial activity studies (Table 2) showedt tthe most effective compounds
against thee. coli disease were compounds, 4b, and7, while compoundL3 was found to
be ineffective. Docking studies were performedtfase three ligands as well as liga8l
Table 3 shows the docking scores of compousds4b, 7, and 13 and the co-ligand,
interactions between the receptors and ligands, HO#O energy levels of the ligands
(Figure 4) comparatively. Figures 5-9 show the duogloperations to the active binding sites

of the target protein.



Table 3. Molecular modeling data foco-ligand, 4a, 4b, 7and 13 during docking in the
active site of enzyme 2eq7.

Affinity No. of . Distance | Functional HOMG
Compound no. (kcal/mol) h);dorr?g:n Residue D-H...A (A) groups (eV)
Co-ligand -6.7 6 HIS177 2.07 C=0 -7.33
HIS139 2.32 C=0
ASP250 3.38 N
ASN44 2.16 C=0
ARG20 1.90 C-O0
LEU222 1.96 C=0
LEU222 3.39 N
4a -6.2 3 ASN44 2.83 N -6.04
LEU222 2.24 NH
ASP250 2.25 NH
4b -6.3 4 ASN44 2.97 O -6.16
ASN44 2.26 N
LEU222 2.07 N
LEU222 2.53 NN
ASP250 2.36 NH
7 -5.6 2 ASN44 241 N -5.90
ASN44 2.31 N
13 -1.9 - = - - -5.58
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— -8 eV
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Figure 4. Representation of HOMO orbitals ©b-ligand, 4a, 4b, 7, and17.

It was seen that the ligand bonded to active bansdite of receptors with weak, non-covalent
interactions and, more specifically, with hydrodemmding and alkyl interactions. As can be
seen in Figure 5, O atom of the receptor and thiegeod formed hydrogen bonds in lengths
of 2.09, 2.37, 2.26, 2.64, 1.98, 2.06 A with HISITHR366, HIS139, HIS254, ASN44,
ARG20, and LEU222 residues of the receptor, respygt The N atom of ligandb formed
hydrogen bonds in lengths of 2.78, 2.80, 2.09, 256 A with HIS118, ASN44, LEU222,
and ASP250 of the receptor, respectively (FiguteSinilarly, interactions of ligandéa, 7,
and 13 with the receptor are shown in Table 3. Theseethigands were observed to interact
similarly with the co-ligand according to their calated binding affinity, while ligandi3 was
observed to not form a classical hydrogen bondrothan electrostatic and hydrophobic
interactions. HOMO and LUMO orbitals are used tplai ligand-receptor interactions. The

molecular mechanism of the ligand binding site waplained as follows at the quantum



level: HOMO orbitals on the nucleophilic molecutkyg) interact with LUMO orbitals on the
electrophilic agent (the active site of the enzyf83)]. It was previously reported that the
ligand with high HOMO energy had better interactiamth the receptor and matched better
with experimental activity studies [35]. It is se#imat ligands with high affinity values
according to Table 3 had high HOMO energy. In cosidn, it is possible to say that ligands
4a, 4b, and 7 could be candidate inhibitor molecules for thegédrstructure 2eg7. The
findings obtained in this study leads to the ideat these compounds could be new potential
inhibitors with biological activity for the 2eg7 qgtein structure, and that they could also be

used inin vitro studies.
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Figure 5. The 3D and 2D presentation of docking results eligand in the active region of

the 2eg7 protein.
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Figure 6. The 3D and 2D presentation of docking results gdrid4a in the active region of

the 2eg7 protein.
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Figure 7. The 3D and 2D presentation of docking results gdnid4b in the active region of

the 2eg7 protein.
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Figure 8. The 3D and 2D presentation of docking results gdrid7 in the active region of

the 2eg7 protein.
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Figure 9. The 3D and 2D presentation of docking results gdnd13 in the active region of

the 2eg7 protein.

4. Conclusions
In this study, we synthesized target compounds aboing both benzothiazole and
imidazo[2,1b][1,3,4]thiadiazole derivatives using simple reaotimethods. All of the

compounds synthesized were characterized usingusaganalysis methods.



All of the compounds were tested far vitro antileishmanial and antibacterial activity.
According to the test results, compouBdvas found to be effective as an antileishmanial
substance (MIC=10 000 pg/ml). It was also conclutted this compound could be further
studied as a potential drug ingredient. This stombyeover revealed that compounts 4b,

7, 11, and24 were effective (MIC=625>5 000 pg/ml). Control seslwith experimentain
vivo animal models are required for the synthesized poamds to be used as drug
ingredients.

After calculating the stable structures of the cielé compoundstg, 4b, and13), the docking
simulation process was used to find possible bandiodels as well as to confirm the
molecule. The docking results obtained in the stsidgwed that compoundss, 4b, and7

could be new potential inhibitor compounds for 2eg7 protein structure.
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Highlights

* Novd imidazo[2,1-b][1,3,4] thiadiazol e derivatives were synthesized and characterized
* Invitro antileishmania and antibacterial tests were applied to the compounds

* Theoretical calculations were performed to support the experimental results

*  TheHOMO energies of the compounds 4a, 4b, 7 and 13 were calculated

*  Molecular docking study was performed for the compounds 4a, 4b, 7 and 13



