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Synthesis, Characterization, Antimicrobial Evaluation, and
Computational Investigation of Substituted Imidazo[2,1-b]

[1,3,4]Thiadiazole Derivatives

Meltem Dagli,”” Mustafa Er,” Tuncay Karakurt,”™ Abdurrahman Onaran," Hakan Alici,'’ and

Hakan Tahtaci*®

In this study, a novel series of 2,6-disubstituted and 2,5,6-
trisubstituted imidazo[2,1-b][1,3,4]thiadiazole derivatives were
synthesized starting from 2-amino-1,3,4-thiadiazole derivatives.
Structures of the synthesized compounds were characterized
using various analysis techniques. Then, in vitro biological
activity tests were carried out for all synthesized compounds
and they were found to show moderate to good activity

1. Introduction

Recently, there has been increasing interest in drug active
ingredients, and the number of studies aimed at the diversifica-
tion of methods to synthesize these types of substances has
been increasing, as well. Briefly, the main reasons for the high
number of studies on and the increasing interest in such drug
active ingredients include the increasing number of viral
diseases and constantly mutating viral strains, adverse effects
of factors associated with environmental pollution on the
human immune system, and the high toxicity of existing drug
active ingredients.!"’ For these reasons, scientists are making
great efforts to design drug active ingredients against con-
stantly evolving diseases with low cost, high efficiency, minimal
toxicity, and maximal bioavailability.

Compounds that contain one or more heteroatoms other
than carbon and hydrogen such as oxygen, nitrogen, or sulfur
and have the maximum number of conjugated double bonds
such as imidazole and thiadiazole are referred to as heterocyclic
compounds.? As it is well-known that heterocyclic compounds
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against all bacteria and fungi tested. Next, molecular docking
simulations were performed to observe the inhibition effect of
the synthesized compounds on the 3R9C receptor and support
their biological activity results. Finally, the pharmacokinetic,
ADME and toxicity properties of all compounds were examined
using FAF-Drugs and ProTox webservers and it was concluded
that they had acceptable toxicity and ADME properties.

exhibit a wide range of biological activities.™ Such compounds
therefore have an important role for life. What makes
heterocyclic compounds even more important is that they are
not only found in the natural environment but can also be
obtained synthetically.

Imidazole, 1,3,4-thiadiazole, and their derivatives are among
the heterocyclic compounds used in clinical practice, in
commercial drugs, and in many fields such as materials science.
Therefore, studies on the synthesis, characterization, and bio-
logical activity of imidazole, 1,3,4-thiadiazole, and the deriva-
tives of these compounds are being intensively pursued.*”
Thiadiazole is a heterocyclic aromatic compound with a five-
member ring with two nitrogen atoms and one sulfur atom.
This compound has four different isomeric forms found in
nature: 1,2,3-thiadiazole, 1,2,4-thiadiazole, 1,2,5-thiadiazole, and
1,3,4-thiadiazole. Of these isomers, 1,3,4-thiadiazole and its
derivatives are highly reactive to nucleophilic substitution
reactions and exhibit a wide range of biological activities; these
compounds therefore have been synthesized increasingly,
particularly in recent years.®”

Imidazole is another heterocyclic aromatic compound with
the formula C;H,N,. Imidazole and its derivatives are also
widely studied in the field of pharmaceutical chemistry due to
their versatile use and various biological activities."”

Heterocyclic systems in which imidazole and 1,3,4-thiadia-
zole 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]thiadiazoles and their derivatives have
become widely used compounds in pharmaceutical chemistry
due to their broad spectrum of biological activities such as
antimicrobial, antibacterial, antifungal, antiviral, antioxidant,
anticonvulsant, antidepressant, anti-inflammatory, antitubercu-
losis, antihypertensive, and antiproliferative activities."* 2%
Moreover, synthesis of these compounds and their derivatives
has also become a focus of interest in anticancer activity

© 2020 Wiley-VCH GmbH
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Table 1. Mycelial growth against plant pathogenic fungi.

Compounds Mycelial growth (mm)

Rhizoctonia solani Alternaria alternata

Doses (ng/mL) Doses (pug/mL)

2000 4000 2000 4000
C- 60.00£+0.00 60.00 +0.00
5a 1249406 8.8+0.7 2744+13 185+04
5b 149415 6.1£0.2 258+0.6 182+1.9
5¢ 18.7+1.1 10.5+0.3 31.8+1.6 17.8+1.0
5d 126+1.1 73+06 343409 19.6+0.6
5e 13.0+1.3 8.2+1.1 385+0.5 26.2+0.7
5f 126+1.9 84+09 16.9+1.1 11.8+1.1
59 189+1.3 84+1.1 31.8+1.2 18.1+£0.8
5h 241419 13.6+1.8 156+0.6 225411
5i 17.24+0.7 11.7+£14 176+1.5 15.0+0.9
5k 30.8+1.2 15.7+1.5 336+£1.1 241422
6a 22.8+2.0 16.4+0.1 308+1.5 259+1.2
6b 26.2+0.6 15.6+0.8 253+£1.1 142+14
7a 19.34+0.7 146+1.2 389+1.3 193417
7b 1554+1.2 12.7+£1.9 26.5+0.5 1714£15
8a 126+0.7 15.8+0.8 29.1+1.2 17.8+1.1
8b 239+1.1 129+0.6 188425 92+1.8
10 264+0.8 16.8+0.3 23.1+04 99+1.2
11 229426 15.6+0.9 269+0.7 7.8+0.8
12 208+1.4 10.3+1.2 26.8+0.6 16.74+0.9
13 20.1£1.3 14.7+£0.1 25.1+0.8 144+1.1
16 170+14 123+0.6 303+1.7 153+1.1
17 209+0.3 10.8+0.6 321418 16.7+£1.7
18 223419 140+1.2 285+1.5 13.6+1.0
19 29.8+1.2 152+1.8 1244+1.3 59403
C+ 0 +0.00 0+£0.00
Mycelial growth (MG) + Standard deviation (SD), C+: Positive control (Thiram),
C-: Negative control (DMSO).”’ Mean of three assays.

studies due to their similar structure to levamisole, tetramisole,
and dexamisole, which are good immune system effectors.””*®

In addition to these heterocyclic aromatic compounds,
aliphatic heterocyclic compounds such as morpholine, piper-
idine, and pyrrolidine are other examples of bioactive com-
pounds used in many fields and pharmaceutical chemistry in
particular.”*=*

In light of the significant literature data mentioned above,
the main purpose of this study is to synthesize 2,6-disubsti-
tuted and 2,5,6-trisubstituted imidazo[2,1-b][1,3,4]thiadiazole
derivatives, to characterize these compounds using various
spectroscopic methods, and to investigate their antimicrobial
activity.

Another aim of this study, by using various theoretical
approaches, is to elucidate the drug-likeness properties of the
compounds synthesized and to support their experimental
activity results. For this purpose, the pharmacokinetics, ADME
and toxicity analyzes were evaluated according to Lipinski rules
and FAF-Drugs standards. Moreover, the inhibition effects of
synthesized compounds on the 3R9C receptor were investi-
gated using molecular docking simulations, thereby supporting
the experimental activity results and identifying possible bind-
ing regions of all compounds on the receptor.
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2. Results and discussion
2.1. Chemistry

In this study on the synthesis, characterization, and biological
activity of Mannich bases of imidazo[2,1-b][1,3,4]thiadiazole
and some theoretical calculations, 12 new 2,6-disubstituted
imidazo[2,1-b][1,3,4]thiadiazole derivatives (5a-k, 10, and 16)
as well as 12 new 2,56-trisubstituted imidazo[2,1-b][1,3,4]
thiadiazole derivatives (compounds 6a-b, 7a-b, 8a-b, 11-13,
and 17-19) were synthesized as target compounds. The
compounds were synthesized using the synthetic routes shown
in Schemes 1-3.

The starting compounds, 2-amino-1,3,4-thiadiazole deriva-
tives (compounds 3, 9, and 15), were synthesized in the first
part of the study. Compounds 3 and 9 were obtained from the
reactions of 5-amino-1,3,4-thiadiazole-2-thiol (2) with 2,4-
dichlorobenzylchloride (1) and 4-fluorobenzylchloride (8) in the
presence of KOH with high yields (88% and 89 %), as indicated
in the literature.?*>® The other starting compound, compound
15, was synthesized from the reaction of nitrile compound (14)
with thiosemicarbazide in trifluoroacetic acid (TFA) at 60°C
with a high yield (88%).®” 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

© 2020 Wiley-VCH GmbH
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Table 2. Percentage inhibition (%) against tested fungi.
Compounds Rhizoctonia solani Alternaria alternata
Doses (ng/mL) Doses (ug/mL)
2000 4000 2000 4000
C- - - - -
5a 79 85 54 69
5b 75 90 57 70
5c 69 83 47 70
5d 79 88 43 67
5e 78 86 36 56
5f 79 86 72 80
59 69 86 47 70
5h 60 77 74 63
5i 71 80 71 75
5k 49 74 44 60
6a 62 73 49 57
6b 56 74 58 76
7a 68 76 35 68
7b 74 79 56 71
8a 79 74 52 70
8b 60 78 69 85
10 56 72 62 83
11 62 74 55 87
12 65 83 55 72
13 67 75 58 76
16 72 79 49 75
17 65 82 47 72
18 63 77 53 77
19 50 75 79 920
C+ 100 100 100 100
(—): No percentage inhibition, C+: Positive control (Thiram), C-: Negative
control (DMSO).

attack on the carbon atom result in a heterocyclization, which
leads to the formation of compound 15.5%*”

Two separate bands (symmetrical and asymmetrical stretch-
ing bands) corresponding to the -NH, group were observed at
3283-3083 cm™' in the IR spectra of compounds 3, 9, and 15.
These bands are the most significant evidence that cyclization
took place. Again, in compounds 3, 9, and 15, the —C=N—
group stretching bands in the thiadiazole ring were observed
at 1629-1600 cm™'. The -NH, group proton signals of these
compounds in the '"HNMR spectra were recorded as a singlet
corresponding to 2 protons in the 7.33-7.02 ppm range. Proton
peaks belonging to the -NH, group of these compounds (3, 9,
and 15) disappeared as a result of proton-deuterium exchange
conducted with D,O. The methylene (—CH,) protons bonding
the phenyl group to the thiadiazole ring from the 5-position
were observed as a singlet corresponding to 2 protons in the
4.32-4.27 ppm range for compounds 3 and 9 due to the
electronegative effect of the sulfur atom, and at 4.04 ppm for
compound 15. In “CNMR spectra, it was observed that
resonance values belonging to C, and C; carbons of the
thiadiazole ring and carbons of the substituted phenyl ring
were consistent with the literature data.” In addition, other
spectral data related to the formation of these compounds fully
confirmed the proposed structures.

In the second part of the synthesis study, the first target
compounds, 2,6-disubstituted imidazo[2,1-b][1,3,4]thiadiazole
derivatives (compounds 5a-k, 10, and 16), were obtained from

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library 11755

Table 3. Antifungal activity values (LDs, MFC, and MIC) against tested

fungi.

Compounds (LDs®/MFC®/ MIC* ug/mL)

Rhizoctonia Alternaria

solani alternata
5a 963/>4000/62.5 1688/ >4000/ < 31.25
5b 664/ <2000/125 2021/>4000/125
5c 1445/ > 4000/ >31.25 1862/ >4000/ < 31.25
5d 1229/ >2000/125 2222/>2000/> 125
5e 1305/ >4000/62.5 2981/>4000/ < 31.25
5f 907/<2000/ < 31.25 1397/>4000/ > 125
59 1399/ > 4000/ 62.5 1789/ >4000/31.25
5h 1570/ > 4000/ >31.25 916/ >2000/250
5i 1308/ >2000/ >62.5 1223/ >4000/ < 31.25
5k 2028/ >4000/62.5 2253/ >4000/125
6a 1780/ > 4000/ 62.5 2409/ >4000/ < 250
6b 1916/ >4000/ < 31.25 892/>2000/31.25
7a 1688/ >4000/ < 31.25 1351/ >4000/62.5
7b 920/>2000/31.25 998/ >2000/ < 62.5
8a 1377/2000/ < 31.25 1711/ >4000/62.5
8b 1676/ >4000/ < 31.25 1122/>2000/31.25
10 1541/ >4000/62.5 1192/>2000/ < 31.25
11 1658/4000/31.25 1242/ >4000/250
12 962/ <2000 >62.5 1530/ >4000/> 125
13 1778/ >2000/ >31.25 1605/ >4000/250
16 789/ >2000/125 1044/ >2000/125
17 732/>2000/ > 62.5 1003/>2000/31.25
18 1468/ > 4000/ > 62.5 1391/>2000/ < 62.5
19 1904/ > 4000/125 738/2000/ < 31.25
C+ 496/ <3000/ >31.25 523/<3000/<62.5

@ Dy, =is the amount of a compounds, which causes the death of 50%
(one half) of test fungi.

I MFC = Minimum Fungicidal Concentration.” MIC=Minimum Inhibitory
Concentration.

C+ =Positive control (Thiram 80%).

the reactions of 2-amino-1,3,4-thiadiazole derivatives (com-
pounds 3, 9, and 15) with 2-bromoacetophenone derivatives
(4a-k) in ethanol with moderate to good yields (59% and

© 2020 Wiley-VCH GmbH
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Table 4. Minimum inhibitory concentration (MIC) values against tested
bacteria.
Compounds Minimum Inhibitory Concentration MIC (ug/mL)
Cmm Xxv Pst
5a 100 200 50
5b 200 25 100
5¢c 6.25 50 50
5d 25 50 50
5e 6.25 6.25 25
5f 3.125 6.25 12.5
59 50 6.25 25
5h 100 100 12.5
5i 200 25 50
5k 12.5 100 25
6a 200 3.125 50
6b 100 100 100
7a 200 200 100
7b 1.563 3.125 1.563
8a 100 100 200
8b 200 50 50
10 3.125 50 3.125
11 3.125 25 6.25
12 6.25 50 12.5
13 25 25 3.125
16 12.5 25 3.125
17 100 3.125 6.25
18 12.5 12.5 12.5
19 25 25 1.563
Cmm = Clavibacter michiganensis subsp. michiganensis, Xxv=Xanthomo-
nas axonopodis pv. vesicatoria, Pst=Pseudomonas syringae pv. tomato.
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Scheme 1. Synthetic route for the synthesis of 2,6-disubstituted (5 a-k) and
2,5,6-trisubstituted (6 a-b, 7a-b, 8a-b) imidazo[2,1-b][1,3,4]thiadiazole deriv-
atives.

74%) (Schemes 1-3). The proposed reaction mechanism for the
formation of these compounds is shown in Scheme 4.
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Scheme 2. Synthetic route for the synthesis of 2,6-disubstituted (10) and
2,5,6-trisubstituted (11-13) imidazo[2,1-b][1,3,4]thiadiazole derivatives.
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Reagents and Conditions

i : Trifluoroacetic acid (TFA), 60 °C, reflux, 3 h
ii : Absolute ethanol, reflux, 12 h

Scheme 3. Synthetic route for the synthesis of 2,6-disubstituted (16) and
2,5,6-trisubstituted (17-19) imidazo[2,1-b][1,3,4]thiadiazole derivatives.

The most important evidence for the formation of 2,6-
disubstituted imidazo[2,1-b][1,3,4]thiadiazole derivatives (com-
pounds 5a-k, 10, and 16) in the IR spectra is the disappearance
of the -NH, group symmetric and asymmetric absorption bands
found for the starting compounds in the 3283-3083 cm™'
range.

Additionally, there are two significant indicators for the
formation of these compounds in the 'THNMR spectra. The first
is the disappearance of the -NH, group proton signals
corresponding to 2 protons and observed at 7.33-7.02 ppm for
the 2-amino-1,3,4-thiadiazole derivatives. The second is the
observation of a singlet corresponding to 1 proton in the 8.95-
8.54 ppm range, representing Cs-H signals in the imidazo[2,1-b]

© 2020 Wiley-VCH GmbH
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3540 [R,,, =0.0782,
Ruigma = 0.0633]

4401 [R,,,=0.0393,
Ruigma =0.0200]

4212 [R;,,=0.0378,
Ruigma=0.0179]

5308 [R,, = 0.0475,
Rujgma =0.0312]
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Table 5. Crystallographic data for compounds 5a-d, 6a, and 11.

Compounds 5a 5b 5¢ 5d 6a 11

Molecular formula Cy7H;,CILNSS, Cy;H,0BrCl,N;S, C7H,CIN,S, Cy7H,0CLFN;S, C,,H,,CI,N,0S, C,,H,,FN,OS,

Molecular weight 39233 471.22 426.77 410.32 491.46 440.56

Temperature/K 293(2) 296 293(2) 293(2) 293(2) 293(2)

Crystal system triclinic monoclinic triclinic triclinic monoclinic triclinic

Space group P-1 P2,/c P-1 P-1 P2,/n P-1

a/’A 5.7014(3) 6.9373(6) 5.7256(7) 5.7047(4) 12.9429(15) 10.0786(8)

b/A 8.9353(5) 7.6482(6) 9.4767(13) 9.1075(5) 11.2819(15) 10.1236(9)

/A 17.0253(10) 33.856(3) 17.139(2) 17.0168(10) 15.715(2) 11.4454(10)

a/° 95.534(2) 920 98.031(5) 96.371(2) 920 110.762(4)

pre 95.283(2) 91.114(3) 95.935(4) 95.420(2) 98.854(5) 94.180(4)

v/° 103.722(2) 920 104.139(4) 104.288(2) 920 92.776(4)

Volume/A? 832.70(8) 1796.0(3) 883.7(2) 844.64(9) 2267.3(5) 1085.59(16)

z 2 4 2 2 4 2

pcalcg/cm3 1.565 1.7426 1.608 1.617 1.443 1.354

wmm® 0.644 2.824 0.760 0.647 0.493 0.275

F(000) 400.0 937.3 434.0 418.0 1020.0 464.0

Crystal size/mm? 0.12x0.11x0.08 0.17x0.16x0.12 0.18%x0.17x0.13 0.18%0.15x0.13 0.22x0.18x0.15 0.22x0.21x0.18

Radiation MoKa Mo Ka MoKa MoKa MoKa MoKa
(A=0.71073) (L=0.71073) (L=0.71073) (A=0.71073) (AL=0.71073) (AL=0.71073)

20 range for com- 6.342 to 49.994 6.3 to 52 6.026 to 56.65 6.246 to 56.774 6.37 to 56.986 5.844 to 49.996

pound data collec-

tion/°

Index ranges —6<h<s6, —9<h<9, —-7<h<7, —7<h<7, —14<h<17, —-11<h<11,
—10<k<10, —10<k<10, —12<k<12, —12<k<12, —14<k<15, —12<k<12,
—20<1<20 —44<1<45 —22<1<22 —22<1<22 —21<1<21 —13<I<13

Reflections collected 31231 31419 45534 46539 47416 36637

3778 [R,,,=0.0398,
Rugma = 0.0227]

Data/restraints/ 2909/147/282 3540/0/226 4401/0/226 4212/7/236 5308/0/281 3778/0/271
parameters

Goodness-of-fit on F2  1.065 1.070 1.053 1.031 1.262 1.171

Final R indexes R,=0.0346, R,=0.0883, R,=0.0390, R,=0.0372, R,=0.0991, R,=0.0567,
1> =20 ()] WR,=0.0768 WR,=0.1935 WR,=0.0947 WR,=0.0905 wR,=0.1800 wR,=0.1352
Final R indexes [all R, = 0.0400, R,=0.1137, R, =0.0485, R,=0.0514, R,=0.1196, R, =0.0669,
data] WR,=0.0804 WR,=0.2101 WR,=0.1031 wR,=0.1007 wR,=0.1918 wR,=0.1399
Largest diff. peak/ 0.30/—0.31 0.85/—1.28 0.34/—0.80 0.28/—0.77 0.31/—0.46 0.22/-0.64
hole / e A

CCDC 2009580 2009581 2009582 2009583 2009584 2009585

[1,3,4]thiadiazole derivatives. These results show good coher-
ence with the data in the literature."?**”

The carbon signals that appeared in the 113.87-109.83 ppm
range and the 146.37-145.29 ppm range in the CNMR spectra
of the imidazo[2,1-b][1,3,4]thiadiazole derivatives (compounds
5a-k, 10, and 16) are important evidence for the formation of
imidazole. These signals represent the C; and Cq carbons of
imidazo[2,1-b][1,3,4]thiadiazole derivatives, respectively. Other
spectral data of 2,6-disubstituted imidazo([2,1-b][1,3,4]thiadia-
zole derivatives are detailed in the experimental section.

In the final part of the synthesis study, the other target
compounds, 2,5,6-trisubstituted imidazo[2,1-b][1,3,4]thiadiazole
derivatives (compounds 6a-b, 7a-b, 8a-b, 11-13, and 17-19),
were synthesized in yields of 56% to 68%. This reaction
sequence, which is a Mannich reaction, consists of the reactions
of imidazo[2,1-b][1,3,4]thiadiazole derivatives (compounds 5a-
b, 10, and 16) with morpholine, piperidine, and pyrrolidine,
respectively, in methanol accompanied by formalin and glacial
acetic acid. The proposed reaction mechanism for the
formation of the target compounds, trisubstituted imidazo([2,1-

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library
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bl[1,3,4]thiadiazole derivatives containing morpholine, piperi-
dine, and pyrrolidine, is shown in Scheme 5.

Aromatic and aliphatic absorption bands (—CH, —.C=C—, and
—C=N-) similar to the 2,6-disubstituted imidazo[2,1-b][1,3,4]
thiadiazole derivatives (compounds 5a-b, 10, and 16) used in
the synthesis of the Mannich bases (compounds 6a-b, 7a-b,
8a-b, 11-13, and 17-19) were observed in the IR spectra of
these compounds. All spectral data obtained in the study are
given in detail in the experimental section.

A singlet corresponding to 1 proton in the 8.95-8.54 ppm
range and expressing the Cs-H signals of the starting com-
pounds, 2,6-disubstituted imidazo([2,1-b][1,3,4]thiadiazole deriv-
atives (compounds 5a-b, 10, and 16), disappeared in the
"HNMR spectra of these Mannich bases. Instead, -NCH,- signals
were observed as a singlet corresponding to 2 protons and
connecting the morpholine, piperidine, and pyrrolidine rings to
the C; carbon in 2,5,6-trisubstituted imidazo[2,1-b][1,3,4]thiadia-
zole derivatives in the 4.02-3.74 ppm range, which is significant
evidence for the formation of these compounds. These results
fully confirm the proposed structures and are consistent with

© 2020 Wiley-VCH GmbH
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Table 6. Pharmaceutical properties and binding affinities of all compounds and co-ligand.

Comp. Binding MW ClogP tPSA Rotatable Flexibility HBD HBA Lipinski  Solubility Fsp® Predicted Predicted Toxicity
Affinity  g/mol A Bonds Violation  (mg/L) LDs, Class
kcal/ mg/kg
mol

5a —8.6 39233 6.1 8373 4 0.16 0 3 1 755 0.06 300 3

5b —83 471.22 6.79 8373 4 0.16 0 3 1 360 0.06 300 3

5c —-8.0 426.77 6.73 8373 4 0.16 0 3 1 446.04 0.06 300 3

5d —-8.9 41032 6.2 8373 4 0.16 0 3 1 663.16 0.06 300 3

5e —-8.0 42235 6.07 9296 5 0.19 0 4 1 765.4 0.11 300 3

5f —8.7 41733 582 10752 4 0.15 0 4 1 829.66 0.06 300 3

59 —-8.7 43732 593 12955 5 0.18 0 6 1 773.65 0.06 1000 4

5h -9.0 46842 7.73 83.73 5 0.16 0 3 1 21313 0.04 300 3

5i —8.6 461.22 7.36 8373 4 0.16 0 3 1 261.8 0.06 1190 4

5k -9.3 44238 7.35 8373 4 0.13 0 3 1 280.21 0.05 300 3

6a —-8.2 49146 5.6 96.2 6 0.18 0 5 1 907.25 0.27 1000 4

6b —7.7 57035 6.29 96.2 6 0.18 0 5 1 417.98 0.27 1000 4

7a -9.2 489.48 6.82 88.17 6 0.18 0 4 1 428.56 0.3 1000 4

7b —9.5 568.38 7.51 88.17 6 0.18 0 4 1 197.55 0.3 1000 4

8a -8.1 47546 6.46 88.17 6 0.19 0 4 1 560.71 0.27 300 3

8b —-8.7 55435 7.5 88.17 6 0.19 0 4 1 259.53 0.27 1000 4

10 -84 34143 495 8373 4 0.16 0 3 0 1859.07 0.06 300 3

11 —8.6 440.56 4.45 96.2 6 0.18 0 5 0 2301.13 0.27 1000 4

12 —8.8 438.58 5.67 88.17 6 0.18 0 4 1 1086.49 0.3 1000 4

13 —-8.0 42456 5.31 88.17 6 0.19 0 4 1 1416.65 0.27 300 3

16 —-83 35142 4.4 7689 5 0.19 0 5 0 2886.69 0.16 300 3

17 —7.8 450.55 3.91 8936 7 0.21 0 7 0 3432.65 033 750 4

18 —9.0 448.58 4.99 81.33 7 0.21 0 6 0 1617.13 0.36 1000 4

19 -7.9 434,55 477 81.33 7 0.21 0 6 0 2117.68 0.33 800 4

Co-li- -7.9 3837 524 24.5 6 0.26 1 3 1 1838.85 0.22 1000 4

gand

HBD: hydrogen bond donor; HBA: hydrogen bond acceptor.

Table 7. Interactions between co-ligand and 3R9C receptor.

Name Distance Donor Interaction Interaction Types Donor Donor Group Acceptor Acceptor Group
Acceptor (A) Category Group Types Group Types

AECL451:H19-A: 1.97474 Hydrogen Bond  Conventional Hydro- A:ECL451:  H-Donor A:HIS364:0  H-Acceptor

HIS364:0 gen Bond H19

A:PHE359-A:ECL451  4.65695 Hydrophobic Pi—Pi T-shaped A:PHE359 Pi-Orbitals AECLA51 Pi-Orbitals

A:ALA372-A: 3.62722 Hydrophobic Alkyl A:ALA372  Alkyl AECLA51: Alkyl

ECL451:CL2 CL2

AECL451:CL4-A: 4.70151 Hydrophobic Alkyl AECL451:  Alkyl A:LEU184 Alkyl

LEU184 CL4

AECL451:CL4-A: 4.82274 Hydrophobic Alkyl A:ECL451:  Alkyl A:ILE255 Alkyl

ILE255 CL4

A:ECL451:CL4-A: 4.69536 Hydrophobic Alkyl AECL451:  Alkyl A:LEU404 Alkyl

LEU404 CL4

AECL451:CL2-A: 3.80534 Hydrophobic Alkyl AECL451:  Alkyl A:LEU264 Alkyl

LEU264 CL2

AECL451:CL2-A: 4.67674 Hydrophobic Alkyl AECL451:  Alkyl A:PRO302 Alkyl

PRO302 CL2

A:ECL451-A:ALA256  5.27878 Hydrophobic Pi-Alkyl A:ECL451 Pi-Orbitals A:ALA256 Alkyl

A:ECL451-A:VAL303  5.33539 Hydrophobic Pi-Alkyl AECL451 Pi-Orbitals A:VAL303 Alkyl

A:ECL451-A:PRO302  5.04088 Hydrophobic Pi-Alkyl A:ECL451 Pi-Orbitals A:PRO302 Alkyl

AECL451-A:CYS366  5.17268 Hydrophobic Pi-Alkyl AECL451 Pi-Orbitals A:CYS366 Alkyl

A:ECL451-A:ALA372  1.97474 Hydrophobic Pi-Alkyl A:ECL451:  Pi-Orbitals A:HIS364:0  H-Acceptor
H19

the data in the literature.®** Other '"HNMR spectral data of the  rivatives in the "CNMR spectra of the Mannich bases
target compounds are detailed in the experimental section. (compounds 6a-b, 7a-b, 8a-b, 11-13, and 17-19). Distinc-

As expected, the chemical shifts were observed to be tively, -NCH,- signals connecting the morpholine, piperidine,
similar to 2,6-disubstituted imidazo[2,1-b][1,3,4]thiadiazole de- and pyrrolidine rings to the C; carbon in 2,5,6-trisubstituted

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library 11758 © 2020 Wiley-VCH GmbH
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imidazo[2,1-b][1,3,4]thiadiazole derivatives were observed in
the 51.77-47.55 ppm range.

Additionally, the mass spectra of all compounds synthe-
sized in this study were observed to be as expected and
supported by molecular ion peaks. The '"HNMR, *CNMR, FT-IR,
mass spectroscopy, and elemental analysis data for all synthe-
sized compounds are given in detail in the experimental
section and relevant spectra are given in the supporting
information section.

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library 11759

3. Antimicrobial Activity Studies
3.1. In Vitro Antifungal Activity Studies

In antifungal activity studies, 2000 and 4000 pg/mL doses of
the compounds were tested for each fungus type. Table 1
shows the mycelium growths of the fungi and Table 2 shows
the mycelium growth inhibition values. When the mycelium
growths of the fungi were compared with the negative control,
the Rhizoctonia solani pathogen was found to be the most
susceptible fungus species to the tested doses. All compounds
displayed antifungal activity against the fungus species tested.
Mycelium growth of 60 mm was observed in DMSO (negative
control) and it was found that DMSO did not prevent the
growth of fungi. No mycelium growth was observed in the

© 2020 Wiley-VCH GmbH
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Table 8. Interactions between compound 5k and 3R9C receptor. g

)

Name Distance Donor Interaction Interaction Types Donor Donor Group Acceptor Acceptor Group g
Acceptor (A) Category Group Types Group Types E]

d:***0:HN-A: 2.33401 Hydrogen Bond  Conventional Hydrogen  d:***0:HN H-Donor A:GLY358:0  H-Acceptor g
GLY358:0 Bond K}
A:VAL303:CG2-d:  3.99203 Hydrophobic Pi-Sigma A:VAL303: C-H d:***0 Pi-Orbitals g
e G2 5
A:VAL306:CG1-d:  3.80563 Hydrophobic Pi-Sigma AVAL306:  C-H d:***Q Pi-Orbitals 3z
] CGT H
d***0:Cl-A: 487776 Hydrophobic Alkyl d***0:Cl Alkyl A:LEU305 Alkyl B
LEU305 3
d:***0-A:VAL303  4.89069 Hydrophobic Pi-Alkyl d:***Q Pi-Orbitals A:VAL303 Alkyl %
d***0-A:CYS366  4.3117 Hydrophobic Pi-Alkyl d***Q Pi-Orbitals A:CYS366 Alkyl 5
d***0-AVAL303  5.36152 Hydrophobic Pi-Alkyl d***Q Pi-Orbitals A:VAL303 Alkyl g
d:***0-A:ALA372  5.41691 Hydrophobic Pi-Alkyl d:***Q Pi-Orbitals A:ALA372 Alkyl &
d:***0-A:LEU264  5.18674 Hydrophobic Pi-Alkyl d:***0 Pi-Orbitals A:LEU264 Alkyl §
d:***0-A:PRO302  4.52438 Hydrophobic Pi-Alkyl d:***Q Pi-Orbitals A:PRO302 Alkyl 8
d:***0-A:ALA372  4.22556 Hydrophobic Pi-Alkyl d:***Q Pi-Orbitals A:ALA372 Alkyl g
>

E:.

:

Table 9. Interactions between compound 6b and 3R9C receptor. i

Name Distance Donor Interaction Interaction Types Donor Donor Group Acceptor Acceptor Group g
Acceptor (A) Category Group Types Group Types éz

&

d:***0:HN-A: 1.71417 Hydrogen Bond  Conventional Hydrogen  d:***0:HN H-Donor A:LEU252:0  H-Acceptor §
LEU252:0 Bond z
A:LEU252:CG-d: 3.56519 Hydrophobic Pi-Sigma A:lLEU252:  C-H d:***0 Pi-Orbitals g
*%%() cG <
A:LEU252:CD2-d:  3.84427 Hydrophobic Pi-Sigma A:LEU252:  C-H d:***0 Pi-Orbitals g
*xxQ) (D2 e
A:LEU252:CD2-d:  3.47683 Hydrophobic Pi-Sigma AlLEU252:  C-H d:***0 Pi-Orbitals %
%0 D2 =
A:ILE255:CD1-d: 3.60496 Hydrophobic Pi-Sigma A:ILE255: C-H d:***0 Pi-Orbitals %
*xxQ) D1 é
A:ALA95-d:***0: 3.67854 Hydrophobic Alkyl A:ALA95 Alkyl d:***0:Br Alkyl 8
Br §
A:ALA256-d:***0:  3.89244 Hydrophobic Alkyl A:ALA256 Alkyl d:***0:Cl Alkyl ;é’
a S
d:***0:Cl-A: 3.87718 Hydrophobic Alkyl d:***0:Cl Alkyl A:LEU367 Alkyl §
LEU367 g
d:***0:Cl-A: 4.4033 Hydrophobic Alkyl d:***0:Cl Alkyl A:CYS366 Alkyl 8
CYS366 E
d:***0:Br-A: 3.86625 Hydrophobic Alkyl d:***0:Br Alkyl A:LEU180 Alkyl 1”;:
LEU180 7
d:***0-A:LE255 5.15903 Hydrophobic Pi-Alkyl d:***0 Pi-Orbitals A:ILE255 Alkyl %
d:***0-A:ALA256  4.9619 Hydrophobic Pi-Alkyl d:***0 Pi-Orbitals A:ALA256 Alkyl %
d***0-A:CYS366  4.83371 Hydrophobic Pi-Alkyl d***Q Pi-Orbitals A:CYS366 Alkyl <
d:***0-A:.LEU184 5.41959 Hydrophobic Pi-Alkyl d:***0 Pi-Orbitals A:LEU184 Alkyl a3
:

g
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Scheme 4. Mechanism for the formation of 2,6-disubstituted imidazo[2,1-b]
[1,3,4]1thiadiazole derivatives (5a-k, 10, and 16).
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Scheme 5. Formation mechanism of the target compounds (Mannich bases)
via morpholine, piperidine, and pyrrolidine.

positive control (80% thiram). At doses of 4000 ug/mL,
compound 5b showed the greatest effect against R. solani with
6.1 mm of mycelium growth, whereas compound 19 showed
the greatest effect against Alternaria alternata with 6.1 mm of
mycelium growth. Additionally, the mycelial growth inhibition

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library 11760

value of the compounds against the pathogens at a dose of
4000 pg/mL was between 90% and 72% for R. solani and
between 90% and 56% for A. alternata. According to these
results, each compound appears to be over 50% effective
against the fungi.

Similarly, the minimum fungicidal concentration (MFC), the
minimum inhibition concentration (MIC), and the lethal dose
(LDso) values of the fungi against the compounds were
calculated (Table 3). The MIC is, here, described as the lowest
test concentration that does not allow detectable mycelial
growth while MFC is the lowest test concentration that does
not allow mycelial growth in agar. Also, the LDs, value
corresponds to the compound dose that causes the death of
50% of the fungi tested."”

As shown in Table 3, the MIC values were in the range of
<31.25 to <500 pg/mL for R. solani and <31.25 to 250 pug/mL
for A. alternata. The MFC values were observed to be in the
range of >4000 to 2000 ug/mL for both pathogens. The LD,
values were between 664 and 2028 pg/mL for R. solani and
between 738 and 2981 pg/mL for A. alternata. These results
show that the tested compounds both have a moderate to
good degree of activity against each type of pathogen and can
be considered as alternative fungicides against each species of
fungus.

3.2. In Vitro Antibacterial Activity Studies

The MIC values of the synthesized compounds against 3
different plant pathogenic bacterial cultures (Clavibacter michi-
ganensis subsp. michiganensis, Xanthomonas axonopodis pv.
vesicatoria, Pseudomonas syringae pv. tomato) were determined
in in vitro antibacterial activity studies.

Table 3 shows the MIC values of the doses prepared at
concentrations of 10% (1000 ug/mL) of the compounds for
Clavibacter michiganensis subsp. michiganensis, Xanthomonas
axonopodis pv. vesicatoria, and Pseudomonas syringae pv.
tomato. The MIC values were observed to vary for each
pathogen depending on the compound’s concentration (Ta-
ble 4). The final concentrations of the compounds in the 12
wells used to determine the MIC values were 200 pg/mL,
100 pg/mL, 50 pg/mL, 25 pg/mL, 125 pg/mL, 6.25 pg/mL,
3125 ug/mL, 15625 pg/mL, 0.1783 ug/mL, 0.3906 pug/mL,
0.1953 pg/mL, and 0.00 pg/mL (control), respectively. The high-
est MIC values for Clavibacter michiganensis subsp. michiganen-
sis were observed for compounds 5b, 5i, 6a, 7a, and 8b at
200 pg/mL and the lowest MIC value was observed for
compound 7b at 1.5625 pg/mL. The highest MIC values for
Xanthomonas axonopodis pv. vesicatoria were observed for
compounds 5a and 7a at 200 pg/mL and the lowest MIC value
was observed for compound 7b at 3.125 pg/mL. The highest
MIC value for Pseudomonas syringae pv. tomato was observed
for compound 8a at 200 pg/mL and the lowest MIC values
were observed for compounds 7b and 19 at 1.5625 pug/mL.
According to these results, the compound with the highest
activity against the bacterial species was compound 7b. The
bacterial species most affected by the compounds was Xxv,
followed by Cmm and Pst (Table 4).

© 2020 Wiley-VCH GmbH
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3.3. Crystallographic Analysis

Single crystals of compounds 5a-d, 6a, and 11 were obtained
in this study and their structures were confirmed by X-ray
analysis. None of the crystals had the classical hydrogen bond
and the packaging of the crystals occurred through weak van
der Waals and m-mt interactions. Disorder was observed in the
entire 2,4-dichlorobenzyl ring of the 5a crystal and in the Cl
atom at position 4 of the 5d crystal. Table 5 shows the data
related to crystals of the compounds (5a-d, 6a, and 11) and
Figure 1 shows the ORTEP diagrams.

3.4. Molecular Docking and Calculation of Physicochemical
and ADME Properties

Table 6 shows the molecular weight (MW), polar surface area

(tPSA), bond properties, flexibility, solubility, toxicity character-

istics, indicator of lipophilicity (ClogP), Fsp® (fraction of

saturated carbons), and violation of Lipinski’s rules (Ro5)"" for

all compounds. In here, the Ro5 rules were developed by

Lipinski et al. as a guide to the design of molecules that can be

used orally, and it well established that the Ro5 rules had a

notable impact on drug discovery strategies. In this context,

the four key parameters of the Ro5 rules for the all compounds

are as follows,

¢ A molecular weight (MW) below 500 g/mol,

e A calculated octanol-water coefficient (CLogP) smaller than
5,

¢ No more than 5 hydrogen bond donors,

¢ No more than 10 hydrogen bond acceptors.

The results showed that most of the experimentally active
compounds, particularly compounds 10, 11, and 16-19, comply
with Lipinski’s rules. This indicates the drug similarity of the
compounds. Herein, another important value is the topological
polar surface area (tPSA) (recommended value of <140 A)*?
and this value was within the recommended range for all

compounds. Also, we analyzed computed the oral toxicity level
for all compounds, and compounds 5g, 5i, 6a, 6b, 7a, 7b, 8b,
11, 12, 17, 18, and 19 (LD, of 1000 mg/kg) were classified as
class 4 toxic while the remaining compounds were classified as
class 3 toxic (1: most toxic and 6: safe)™ This situation
suggests that the 12 compounds with lower toxicity values
may be supposed as new drug candidates for in vitro studies.
On the other hand, Fsp® is a newer index indicating drug
similarity®” and CLogP is a key physicochemical parameter and
used to predict absorption properties in the drug discovery
process™! It has been reported that the lower CLogP and
higher Fsp® lead to better drug-likeness properties.”®

In addition to the pharmacological properties of all
molecules, the binding affinity values of the molecules were
calculated by using molecular docking simulations Autodock
Vina®” open-source program with Lamarckian genetic
algorithm.”®* In molecular docking studies, the crystal struc-
ture (PDB ID: 3R9C) of Mycobacterium smegmatis CYP164 A2,
which forms a complex with the structure of the antifungal
drug econazole, was used. Therefore, econazole molecule was
evaluated as a co-ligand in this study. By using the protein and
ligand preparation wizards in the PyRx package,®™ we prepared
the 3R9C receptor and all compounds for docking operations.
Then, docking operations were carried out for these complexes
and the obtained values were added in Table 1. It is seen from
the Table1 that 5k (—9.3 kcal/mol) and 7b (—9.5 kcal/mol)
compounds, which were observed to be effective in vitro
studies, have the highest binding affinity values. Also, the
synthesized all compounds except 6b (—7.7 kcal/mol), 17
(—7.8 kcal/mol), and 19 (-7.9 kcal/mol) have higher affinity
value than econazole (—7.9 kcal/mol) as co-ligand.

Furthermore, we also depicted the molecular interactions
between the 3R9C receptor and two compounds with the
highest affinity (5k and 7b), one compound with the lowest
affinity (6b) and econazole molecule as a co-ligand in
Figures 2-4. Figure 2 shows a three-dimensional (3D) represen-
tation of the molecular interaction of co-ligand and compounds
5k, 6b, and 7b while Figure 3 represent their two-dimensional
(2D) interaction diagrams. From the Figures, it can be clearly

P 0 3 ] o X
o . 3 "~ i) P
*\' h _— > ¥
Compound 5a Compound 5b
PN A
- . 2 o- » )
5 4
Compound Sc¢ Compound 5d
@ X 3
D e | J ) » )
) > . . - Y > H S ‘) 2 ) _‘,
y F " | )@ b
& - 'S
r 4 v %
| NS Cq
Compound 6a Compound 11
Figure 2. The 3D interactions between 3R9C receptor and (a) econazole, (b)
Figure 1. The crystal structures of compounds 5a-d, 6a, and 11. 7b, (c) 5k, and (d) 6b compounds.
ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library 11761 © 2020 Wiley-VCH GmbH
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Figure 3. The 2D interaction diagram between 3R9C receptor and econazole,
5k, 6b, and 7b compounds.

Co-ligand

Figure 4. Binding surface of the target together with econazole, 5k, 6b, and
7b compounds.

observed the active binding sites of the co-ligand to the target
protein. As it is clearly seen in the Figure 3, many common
interactions are seen between the residues (PRO302, LEU 305,
LEU264, ALA372, VAL303, VAL306 and GLY358) of the 3R9C and
the compounds 5k and 7 b with high affinity.

Moreover, compounds 5k and 7b with higher docking
scores as shown in Figure 4 had a similar parallel orientation
with the co-ligand at the active site of the receptor, while
compound 6b with a lower docking score had a perpendicular
orientation compared to co-ligand and the compounds 5k and
7b.

ChemistrySelect 2020, 5, 11753-11763 Wiley Online Library

Finally, Tables 7-10 show the interaction types and dis-
tances between the ligands and the receptor in detailed.
According to these Tables, the co-ligand was observed to have
a classic (conventional) hydrogen bond interaction with the
HIS364 residue in the active binding site of the receptor. Also,
compounds 5k and 7b have a classic hydrogen with GLY358
residue while compound 6b was observed to have a classic
hydrogen bond interaction with the LEU252 residue.

4, Conclusion

In this study, 2,6-disubstituted and 2,5,6-trisubstituted imidazo
[2,1-b][1,3,4]thiadiazole derivatives, the target compounds,
were synthesized using simple and applicable reaction con-
ditions. The structures of all synthesized compounds were
analyzed using by various techniques ("HNMR, *CNMR, FT-IR,
elemental analysis, mass spectroscopy, and X-ray diffraction).

In vitro antifungal and antibacterial activity tests were
performed for the target compounds against various plant
pathogens. According to the results of the tests, most of the
compounds had moderate to good antifungal and antibacterial
activities against the plant pathogens. Other active groups
(morpholine, piperidine, and pyrrolidine) were used together
with bioactive compounds such as imidazole and thiadiazole
and the effect of these groups on biological activity was
determined with this study. The antibacterial activity studies
particularly showed that the compounds containing morpho-
line and piperidine significantly increased the activity. The most
active compound for all species of bacteria and fungi in
biological activity studies was found to be compound 7b,
containing the piperidine group.

In molecular docking studies, we have observed that all
compounds had higher docking scores than econazole, the
inhibitor of 3R9C receptor, and had also similar interactions to
econazole. Also, it was noticed that compounds 5k and 7b,
which showed antibacterial properties in experimental studies,
have the highest docking score (-9.5 and —9.3 kcal/mol,
respectively). Furthermore, it was determined that compounds
10, 11, and 16-19 complied with Lipinski’s rules.

5. Crystallographic Data

Deposition Numbers 2009580 (5a), 2009581 (5b), 2009582 (5¢),
2009583 (5d), 2009584 (6a), and 2009585 (11) contains the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.

Supporting Information Summary

The supporting information contains details of the experimen-
tal procedures (synthetic, biological, and theoretical) and
spectral characterization data ('"H NMR, *C NMR, FT-IR, and
Mass Spectra) for all compounds.

11762 © 2020 Wiley-VCH GmbH
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