Letters in Applied NanoBioScience
Open-Access Journal (ISSN: 2284-6808)
Article

Volume 14, Issue 4, 2025, 223
https://doi.org/10.33263/LIANBS144.223

Synthesis, Evaluation of Antimicrobial Activity, DFT
Calculations, and Docking of Some Derivatives of 4-
[(1,3,4-Thiadiazol-2-yl)ethenyl]pyrroles

Sergiy Kemskyi 1®, Alina Grozav 2* @ vitalii Chornous 2®, Nina Yakovychuk 2@, Svyatoslav
Deyneka 2 ® , Mariana Fedoriv 3 ®, Dmytro Mel’nyk * ® Oksana Mel’nyk ® o, Mykhailo Vovk ! ©

L Institute of Organic Chemistry of the National Academy of Sciences of Ukraine, Ukraine
2 Bukovinian State Medical University, Ukraine
3 lvano-Frankivsk National Medical University, Ukraine
*  Correspondence: hrozav.alina@bsmu.edu.ua;
Received: 2.06.2024; Accepted: 12.07.2025; Published: 25.11.2025

Abstract: A series of new 4-[(1,3,4-thiadiazol-2-yl)ethenyl]pyrroles has been synthesized by a high-
yield reaction between 3-(pyrrole-4-yl)acrylic acids with substituted thiosemicarbazides in boiling
POCIls. The synthesized compounds were identified by IR, NMR, 'H, C spectroscopy, mass-
spectrometry, and elemental analysis. All synthesized chemicals showed inhibitory activity against
some fungi and bacteria. The HOMO-LUMO energies and the molecular electrostatic potentials were
calculated for the most active compounds. Additionally, the potential binding affinity of these
compounds for the active sites of ThiM Klebsiella kinase was evaluated using molecular docking.
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1. Introduction

Pyrroles with some functional substituents are known as synthetic substrates for various
useful compounds. Besides, they are present as key structural elements in some important
biomolecules, such as heme, chlorophyll, bile pigments, vitamin B12 [1], sea algae-originated
alkaloids [2,3], some widely used remedies: anticancer Sunitinib [4], lipid-lowering Atorvastin
[5], anti-inflammatory Tolmetin [6], anti-neirodegenerative Aloracetam [7], and some organic
conducting materials [8-10]. As shown in recent investigations, functionalized pyrroles can
serve as basic scaffolds for the development of anticancer [11-14], antimicrobial [15-18], and
antioxidant drugs [19].

Among other functionally-substituted pyrroles, special attention should be given to the
compounds with heteroarylethenyl substituents in the a- or -positions of the ring. They exhibit
antitumor activity [20-22] or can be used as highly effective photocatalysts [23-28], as useful
building blocks for the development of antibiotic analogs [29-32], and as polycyclic
phosphodiesterase inhibitors [33].

The following structures have been reported as heteroaromatic parts of 1-pyrrolyl-2-
heteroarylethenes: pyrrole [26,27,29-31,34], thiophene [24], thiazole [25], imidazoline [21],
pyridine [20], benzothiazoline [23], and benzoxazoline [22] rings. In this study, we investigate
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a previously unexplored type of ethenylpyrroles, featuring a pharmacophoric 1,3,4-thiadiazole
cycle in the vicinal position to the double bond. This cycle, as previously reported, is a key
structural component of various bioactive compounds [35-39], the ophthalmologic medicines
Acetazolamide and Methazolamide [40], and the antibacterial medicine Megazol [41].

That is why it can be expected that the pharmacophoric pyrrole and 1,3,4-thiadiazole
cycles bonded by the ethenyl linker on the same molecular platform should increase their
bioactivity. That is why this work aimed to synthesize new derivatives of 4-[(1,3,4-thiadiazol-
2-yl)ethenyl]pyrroles, followed by DFT calculations and molecular docking analyses of the
most active compounds.

2. Materials and Methods

Compounds 1a-d were prepared according to [42]. All chemicals were of analytical
grade and commercially available. During the synthetic part of the work, reagents from Merck
(Germany) and Sigma-Aldrich (USA) were used. All reagents and solvents were used without
further purification and drying. All the melting points were determined in an open capillary
and left uncorrected. IR spectra were recorded on a Bruker Vertex 70 FT-IR spectrometer for
samples in KBr pellets. *H-NMR spectra were acquired in pulse Fourier transform mode on a
Varian VXR-400 spectrometer (400 MHz) in DMSO-ds, while *C-NMR spectra of all
compounds were recorded on a Bruker Avance DRX-500 spectrometer (125 MHz). Mass
spectra were recorded on an Agilent LC/MSD SL mass spectrometer; column: Zorbax SB-C18,
4.6 x 15 mm, 1.8 um (PN 82 (c)75-932); DMSO solvent, atmospheric pressure electrospray
ionization. Elemental analysis was performed on a Perkin Elmer 2400 CHN-analyzer. Melting
points were determined on a Kofler bench and left uncorrected.

2.1. General procedure for preparation of compounds 3a-j.

A mixture of 5 mmol of the acids la-d, 5 mmol of a mono- or disubstituted
thiosemicarbazide 2a-h, and phosphorus oxychloride (2.30 g, 15 mmol) was boiled for 2 h and
then cooled to room temperature. Then, some ice was added to the mixture before it was
neutralized with a solution of ammonium hydroxide. The obtained solid product was filtered,
rinsed with water, dried, and recrystallized from acetonitrile.

2.1.1. Ethyl 4-[2-(5-anilino-1,3,4-thiadiazol-2-yl)vinyl]-5-chloro-1,2-dimethyl-1H-pyrrole-3-
carboxylate (3a).

Yield 1.612 g (80%); mp 240-241°C. IR (KBr), vmax (cm™): 1637 (C=C), 1719 (C=0),
3272 (N-H). 'H-NMR (400 MHz; DMSO-ds, ppm): & 1.31 (t, J = 7.2 Hz, 3H, OCH2CHj3), 2.45
(s, 3H, CHa), 3.49 (s, 3H, NCHs3), 4.20 (g, J = 7.0 Hz, 2H, OCH2CH3), 6.98 (t, J = 7.1 Hz, 1H,
Ar), 7.25 (d, J = 16.7 Hz, 1H, CH=CH), 7.32 (t, J = 7.6 Hz, 2H, Ar), 7.49 (d, J = 16.7 Hz, 1H,
CH=CH), 7.64 (d, J = 7.8 Hz, 2H, Ar), 10.60 (s, 1H, NH). *C-NMR (126 MHz; DMSO-ds,
ppm): 6 12.3,14.7,31.4,60.0, 109.7, 115.1, 115.8, 117.9 (2C), 118.8, 122.4, 128.5, 129.5 (2C),
137.3, 141.0, 159.3, 162.7, 164.4. HR-ESI-MS: m/z 403 [M+H]" (calcd. 402.91 for
C19H19CIN4O2S); Anal. calcd. for C19H19CIN4O2S: C, 56.64; H, 4.75; N, 13.91; S, 7.96. Found:
C, 56.49; H, 4.66; N, 14.05; S, 8.14.
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2.1.2. Ethyl 5-chloro-4-(2-{5-[(4-methoxyphenyl)amino]-1,3,4-thiadiazol-2-yl}vinyl)-1,2-
dimethyl-1H-pyrrole-3-carboxylate (3b).

Yield 1.556 g (72%); mp 180-181°C. IR (KBr), vmax (cm™): 1642 (C=C), 1714 (C=0),
3281 (N-H). 'H-NMR (400 MHz; DMSO-ds, ppm): & *H NMR (400 MHz, DMSO-dg) & 1.32
(t,J=7.2Hz,3H, OCH2CHa), 2.48 (s, 3H, CH3), 3.53 (s, 3H, NCH3), 3.74 (s, 3H, OCH3), 4.22
(9, J=7.2 Hz, 2H, OCH,CHa), 6.94 (d, J = 8.8 Hz, 2H, Ar), 7.27 (d, J = 16.7 Hz, 1H, CH=CH),
7.50 (d, J=16.7 Hz, 1H, CH=CH), 7.57 (d, J = 8.8 Hz, 2H, Ar), 11.53 (s, 1H, NH). 3C-NMR
(126 MHz; DMSO-ds, ppm): 6 11.8, 14.2, 30.9, 55.2, 59.5, 109.2, 114.2 (2C), 114.5, 115.5,
117.8, 119.7 (2C), 128.3, 133.7, 136.9, 154.8, 158.2, 162.9, 163.9. HR-ESI-MS: m/z 433
[M+H]* (calcd. 432.93 for C20H21CIN4O3S); Anal. calcd. for C20H21CIN4OsS: C, 55.49; H,
4.89; N, 12.94; S, 7.41. Found: C, 55.69; H, 4.86; N, 13.05; S, 7.53.

2.1.3. Ethyl 5-chloro-4-{2-[5-(dimethylamino)-1,3,4-thiadiazol-2-yl]vinyl}-1,2-dimethyl-1H-
pyrrole-3-carboxylate (3c).

Yield 1.242 g (70%); mp 150-151°C. IR (KBr), vmax (cm™): 1647 (C=C), 1712 (C=0).
!H-NMR (400 MHz; DMSO-ds, ppm): 8 1.32 (t, J = 7.2 Hz, 3H, OCH2CHjs), 2.48 (s, 3H, CH3),
3.11 (s, 6H, 2NCH3), 3.53 (s, 3H, NCH3), 4.22 (q, J = 7.2 Hz, 2H, OCH,CH3), 7.23 (d, J = 16.7
Hz, 1H, CH=CH), 7.42 (d, J = 16.7 Hz, 1H, CH=CH). 3C-NMR (126 MHz; DMSO-ds, ppm):
5 11.9, 14.2, 30.9, 41.0 (2C), 59.5, 109.1, 114.7, 115.0, 118.8, 126.4, 136.6, 157.9, 164.0,
169.5. HR-ESI-MS: m/z 355 [M+H]" (calcd. 354.86 for CisH19CIN4O,S); Anal. calcd. for
C1sH19CIN4O2S: C, 50.77; H, 5.40; N, 15.79; S, 9.04. Found: C, 50.49; H, 5.49; N, 15.60; S,
8.90.

2.1.4. Ethyl 5-chloro-4-{2-[5-(cyclohexylamino)-1,3,4-thiadiazol-2-yl]vinyl}-2-methyl-1-
propyl-1H-pyrrole-3-carboxylate (3d).

Yield 1.704 g (78%), mp 185-186°C. IR(KBr), vmax (cm™): 1634 (C=C), 1714 (C=0),
3287 (N-H). 'H-NMR (400 MHz, DMSO-ds ppm): & 0.88 (t, J = 7.2 Hz, 3H, NCH2CH,CHs),
1.14-1.33 (m, 8H, OCH2CH3z+ NCH2CH2CHs+cyclohexyl), 1.53-1.73 (m, 5H, cyclohexyl),
1.91-2.01 (m, 2H, cyclohexyl ), 3.52-3.56 (m, 1H, cyclohexyl), 3.93 (t, J = 7.2 Hz, 2H,
NCH2CH2CHs3), 4.21 (q, J = 7.2 Hz, 2H, OCH2CH3), 7.19 (d, J = 16.7 Hz, 1H, CH=CH), 7.33
(d, J = 16.7 Hz, 1H, CH=CH), 7.81-7.91 (m, 1H). *C-NMR (126 MHz; DMSO-ds, ppm): &
10.7,11.7, 14.2, 22.6, 24.3 (2C), 25.2, 32.0 (2C), 45.2, 53.6, 59.5, 109.5, 114.4, 115.0, 119.3,
126.3, 136.2, 156.8, 163.9, 165.9. HR-ESI-MS: m/z 438 [M+H]" (calcd. 437.01 for
C21H29CIN4O2S); Anal. calcd. for C21H29CIN4O2S: C, 57.72; H, 6.69; N, 12.82; S, 7.34. Found:
C,57.37; H, 6.80; N, 12.70; S, 7.24.

2.15. Ethyl 4-[-2-(5-anilino-1,3,4-thiadiazol-2-yl)vinyl]-5-chloro-2-methyl-1-propyl-1H-
pyrrole-3-carboxylate (3e).

Yield 1.724 g (80%); mp 183-184°C. IR (KBr), vmax (cm™): 1640 (C=C), 1720 (C=0),
3274 (N-H). 'H-NMR (400 MHz; DMSO-ds, ppm): 3 0.93 (t, J = 7.3 Hz, 3H, NCH.CHCHs),
1.10 (t, J = 7.1 Hz, 3H, OCH,CHs), 1.29 - 1.39 (m, 2H, NCH2CH,CHs), 2.53 (s, 3H, CHa),
4.00 (t, J = 7.2 Hz, 2H, NCH,CH2CHs), 4.08 (g, J = 7.0 Hz, 2H, OCH2CHs), 7.00 (t, J = 7.3
Hz, 1H, Ar), 7.27 (d, J = 16.7 Hz, 1H, CH=CH), 7.35 (t, J = 7.9 Hz, 2H, Ar), 7.49 (d, J = 16.7
Hz, 1H, CH=CH), 7.64 (t, J = 7.8 Hz, 2H, Ar), 10.36 (s, 1H, NH). 3C-NMR (126 MHz;
DMSO-ds, ppm): 5 11.2, 13.5, 13.9, 19.2, 43.9, 59.4, 109.6, 110.9, 112.8, 116.7, 117.2 (2 C),

https://nanobioletters.com/ 30f18



https://doi.org/10.33263/LIANBS144.223
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS144.223

121.7, 129.0 (2C), 133.8, 135.6, 140.6, 149.5, 163.1, 165.0. HR-ESI-MS: m/z 431 [M+H]*
(calcd. 430.96 for C21H23CIN4O-S); Anal. calcd. for C21H23CIN4O,S: C, 58.53; H, 5.38; N,
13.00; S, 7.44. Found: C, 58.29; H, 5.46; N, 12.85; S, 7.60.

2.1.6. Ethyl 5-chloro-4-(2-{5-[(4-fluorophenyl)amino]-1,3,4-thiadiazol-2-yl}vinyl)-2-methyl-
1-propyl-1H-pyrrole-3-carboxylate (3f).

Yield 1.616 g (72%); mp 218-219°C, IR (KBr), vmax (cm™): 1644 (C=C), 1718 (C=0),
3270 (N-H). *H-NMR (400 MHz; DMSO-ds, ppm): & 0.88 (t, J = 7.2 Hz, 3H, NCH2CH,CHj),
1.32 (t,J=7.2 Hz, 3H, OCH2CHp3), 1.59-1.68 (m, 2H, NCH,CH>CHj3), 3.94 (t, J = 7.0 Hz, 3H,
NCH2CH>CH3), 4.22 (q, J = 7.2 Hz, 2H, OCH2CH3), 7.18 (t, J = 8.5 Hz, 2H, Ar), 7.27 (d, J =
16.7 Hz, 1H, CH=CH), 7.49 (d, J = 16.7 Hz, 1H, CH=CH), 7.64-7.67 (m, 2H, Ar), 10.50 (s,
1H, NH). 3C-NMR (126 MHz; DMSO-ds, ppm): § 10.7, 11.7, 14.2, 22.6, 45.2, 59.6, 109.6,
114.8, 114.9, 115.5, 115.7 (d, J* = 6.3 Hz, 2C), 118.4, 119.2, 119.2, 128.1 (d, J? = 21.7 Hz,
2C), 136.4, 136.9, 158.7, 162.4 (d, J3=245.2, C-F, Hz). HR-ESI-MS: m/z 449 [M+H]" (calcd.
448.95 for C21H22CIFN4O2S); Anal. calcd. for C21H22CIFN4O3S: C, 56.18; H, 4.94; N, 12.48;
S, 7.14. Found: C, 56.36; H, 5.06; N, 12.35; S, 7.30.

2.1.7. Ethyl  1-butyl-5-chloro-4-{2-[5-(cyclohexylamino)-1,3,4-thiadiazol-2-yl]vinyl}-2-
methyl-1H-pyrrole-3-carboxylate (39).

Yield 1.759 g (78%); mp 135-136°C. IR (KBr), vmax (cm™): 1638 (C=C), 1716 (C=0),
3285 (N-H). H-NMR (400 MHz, DMSO-ds ppm): & 0.92 (t, J = 7.2 Hz, 3H,
NCH2CH2CH.CHa), 1.18-1.37 (m, 10H, NCH2CH.CH.CH3+OCH.CHs+cyclohexyl), 1.56-
1.78 (m, 5H, NCH>CH2CH2CHs+cyclohexyl), 1.92-2.04 (m, 2H, cyclohexyl), 2.50 (s, 3H,
CHa), 3.48-3.58 (m, 1H, cyclohexyl), 3.97 (t, J = 7.2 Hz, 2H, NCH2CH2CH>CH3), 4.22 (q, J =
7.2Hz, 2H, OCH,CH3), 7.20 (d, J=16.7 Hz, 1H, CH=CH ), 7.33(d, J = 16.7 Hz, 1H, CH=CH),
7.74-17.77 (m, 1H). *C-NMR (126 MHz; DMSO-ds, ppm): § 11.7, 13.4, 14.2, 19.2, 24.3, 25.2
(2C), 31.4, 32.0 (2C), 43.6, 45.2, 53.6, 59.5, 109.5, 114.4, 115.0, 119.3, 126.3, 136.2, 156.8,
163.9, 165.9. HR-ESI-MS: m/z 452 [M+H]" (calcd. 451.03 for C22H31CIN4O2S); Anal. calcd.
for C22H31CIN4O,S: C, 58.59; H, 6.93; N, 12.42; S, 7.11. Found: C, 58.80; H, 7.00; N, 12.60;
S, 7.00.

2.1.8. Ethyl 1-butyl-5-chloro-2-methyl-4-[2-(5-morpholin-4-yl-1,3,4-thiadiazol-2-yl)vinyl]-
1H-pyrrole-3-carboxylate (3h).

Yield 1.536 g (70%), mp 120-121°C. IR (KBr), vmax (cm™): 1642 (C=C), 1714 (C=0).
'H-NMR (400 MHz; DMSO-ds, ppm): & *H NMR (400 MHz, DMSO-dg) § 0.91 (t, J = 7.2 Hz,
3H, NCH2CH2CH2CHg), 1.29-1.35 (m, 5H, NCH2.CH2CH2CH3+OCH2CH3), 1.55-1.63 (m, 2H,
NCH2CH>CH.CH3), 2.51 (s, 3H, CHg), 3.47 (br.s, 4H, morpholin), 3.73 (br.s, 4H, morpholin),
3.97 (t, J = 7.2 Hz, 2H, NCH,CH2CH>CHBg), 4.22 (g, J = 7.0 Hz, 2H, OCH2CH3), 7.25 (d, J =
16.7 Hz, 1H, CH=CH), 7.46 (d, J = 16.7 Hz, 1H, CH=CH). *C-NMR (126 MHz; DMSO-ds,
ppm): & 11.70, 13.47, 14.18, 19.22, 31.34, 40.37, 43.60, 49.39 (2C), 59.53, 65.2 (2C), 109.54,
114.89, 118.64, 127.1,136.11, 158.79, 163.94, 170.11. HR-ESI-MS: m/z 439 [M+H]" (calcd.
438.98 for C20H27CIN4O3S); Anal. calcd. for C20H27CIN4OsS: C, 54.72; H, 6.20; N, 12.76; S,
7.30. Found: C, 54.90; H, 6.08; N, 12.60; S, 7.20.
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2.1.9. Ethyl 1-butyl-5-chloro-2-methyl-4-(2-{5-[(4-methylphenyl)amino]-1,3,4-thiadiazol-2-
yl}vinyl)-1H-pyrrole-3-carboxylate (3i).

Yield 1.616 g (72%), mp 218-219°C. IR (KBr), vmax (cm™): 1644 (C=C), 1720 (C=0),
3280 (N-H). 'H-NMR (400 MHz; DMSO-ds, ppm): 8*H NMR (400 MHz, DMSO-ds): & 0.91
(t, J = 7.2 Hz, 3H, NCH2CH2CH2CHj3), 1.29-1.36 (m, 5H, NCH2CH2CH>CH3+OCH,CH?3),
1.52-1.65 (m, 2H, NCH2CH,CH>CH3), 2.26 (s, 3H, 3CH3), 3.96 (t, J = 7.0 Hz, 2H,
NCH,>CH.CH.CHa), 4.23 (q, J = 7.0 Hz, 2H, OCH.CHa), 7.15 (d, J = 7.8 Hz, 2H, Ar), 7.28 (d,
J =16.7 Hz, 1H, CH=CH), 7.45 — 7.58 (m, 3H, CH=CH + Ar), 10.46 (s, 1H, NH).**C-NMR
(126 MHz; DMSO-ds, ppm): 6 11.7, 13.5, 14.2, 19.2, 20.3, 31.3, 43.6, 59.6, 109.6, 114.8, 117.7
(2C), 118.4, 127.9, 128.5, 128.9, 129.4 (2C), 131.0, 136.2, 138.0, 162.5, 163.9. HR-ESI-MS:
m/z 460 [M+H]" (calcd. 459.01 for C23H27CIN4O,S); Anal. calcd. for C23H27CIN4O2S: C,
60.18; H, 5.93; N, 12.21; S, 6.99. Found: C, 59.94; H, 6.02; N, 12.35; S, 7.10.

2.1.10. Ethyl 1-benzyl-4-[-2-(5-anilino-1,3,4-thiadiazol-2-yl)vinyl]-5-chloro-2-methyl-1H-
pyrrole-3-carboxylate (3j).

Yield 1.964 g (82%); mp 199-200°C. IR (KBr), vmax (cm™): 1646 (C=C), 1716 (C=0),
3283 (N-H). 'H-NMR (400 MHz; DMSO-ds, ppm): & 1.35 (t, J = 7.2 Hz, 3H, OCH2CHj3), 2.45
(s, 3H, CHs3), 4.18-4.39 (m, 2H, OCH2CHj3), 5.34 (s, 2H, CH2Ph), 7.03 (d, J = 7.4 Hz, 3H, Ar),
7.30-7.40 (m, 6H, CH=CH +Ar), 7.57 (d, J = 16.7 Hz, 1H, CH=CH), 7.65 (d, J = 7.9 Hz, 2H,
Ar), 10.48 (s, 1H, NH). *3C-NMR (126 MHz; DMSO-ds, ppm): & 11.8, 14.2, 46.8, 59.7, 110.1,
115.2,115.5,117.5(2C), 118.8, 122.0, 125.8 (2C), 127.5, 127.9, 128.9 (2C), 129.1 (2C), 136.0,
136.8, 140.4, 158.6, 162.4, 163.9. HR-ESI-MS: m/z 480 [M+H]* (calcd. 479.00 for
C25H23CIN4O2S); Anal. calcd. for C2sH23CIN4O,S: C, 62.69; H, 4.84; N, 11.70; S, 6.69. Found:
C,62.84; H,4.72; N, 11.85; S, 6.80.

2.2. Antimicrobial activities.

The antimicrobial activity of the synthesized compounds was investigated using the
nutrient broth microdilution method, as recommended by EUCAST (European Committee on
Antimicrobial Susceptibility Testing) [43]. According to this method, the minimal inhibitory
concentration (MIC) was determined as the concentration of every synthesized compound
required to suppress the proliferation of the given microbial culture in the multihole microplate.
The stock 1000 pg/mL solution was prepared by dissolving the required amount of the
compound in dimethyl sulfoxide (DMSO). Further, diluted solutions with concentrations from
500 to 3.9 pug/mL (or from 500 to 0.48 ug/mL in the case of control drugs) were used to find
the MIC values. The sensitivity of every microbial culture to every concentration of the
synthesized compounds was tested three times. Besides, control experiments were carried out
to assess the proliferation of microbes in clean broth, in the same broth with an admixture of
DMSO, and in the broth with DMSO and the control drugs (Decasanum [44] and Clotrimazole
[45]) (Table 2). The control clear broth remained sterile and transparent (no proliferation of the
microbial cultures), while some proliferation of the cultures was observed in the case of a
mixture of DMSO and the broth.

2.3. Computational analyses.

The software Gaussian09 [46] was employed to optimize the structures of the most
active antimicrobial compounds 3c, €, g, and j, and GaussView 5.0.8 was used to visualize the
https://nanobioletters.com/ 5of 18
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optimization results. To optimize the geometric structures of the synthesized antimicrobial
agents, Density Functional Theory (DFT) was used with the B3LYP functional and the 6-
311++G(d,p) basis set.
The following parameters of reactivity were calculated from the ionization potential
(IP) and electron affinity (EA) for the compounds 3c, e, g, j: chemical hardness (1), electron
donating power (w"), and electron acceptor power (o*). IP and EA were calculated by the
equations:
IP = —Enomo (1)
EA = —Epymo (2)
The chemical hardness (1), electron-donating power (»"), and electron acceptor power
(o™) properties were calculated by the equations [47]:
n = 0,5(IP — EA) (3)

L GPEAY e
PR S 1ep_EA)) @ searem
2
et o P 3ER) .

16(P—EA)) @~ teuren

2.4. Molecular docking analysis procedure.

The molecular docking study was performed using the software Autodock Vina [48].
The preliminary optimized structures (B3LYP/6-311++G(d,p)) were used in all our
calculations. The crystal structure of kinase ThiM Klebsiella pneumoniae was downloaded
from the Protein Data Bank (PDB 6k28), the water molecules were removed, the polar
hydrogen atoms and the Gasteiger charges were added to the protein structure. The C chain of
the protein was also removed, as the investigated docking site lies between chains A and B. A
center of the ligand docking cavity (21.0; 62.4; 37.2) was determined using BIOVIA Discovery
Studio Visualizer v21.1. The cavity dimension was 20 x 20 x 20. The docking was visualized
using BIOVIA Discovery Studio Visualizer v21.1.

3. Results and Discussion

3.1. Chemistry.

3-(Pyrrole-4-yDacrylic acids 1la-d with an additional functionalization of the pyrrole
ring by a biophoric atom of chlorine [49, 50] and the ester fragment, which is convenient for
further modification, were used as substrates for the transformation into ethenes with the
vicinal substitution by the pyrrole and 1,3,4-thidiazole cycles. Postfunctionalization of their
carboxylic groups by N-substituted thiosemicarbazides 2a-h in excessive boiling POCIs,
according to [51], showed a high efficiency in the formation of a 5-amino-1,3,4-thiadiazole
cycle of the target compounds 3a-j (see Scheme 1). It should be emphasized that under the
conditions reported in [51], this process runs regioselectively, and no alternative 1,3,4-triazole-
2-thiones [52] or 1,3,4-oxodiazoles [53] are formed.
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Scheme 1. Synthesis of new derivatives of 4-[(1,3,4-thiadiazol-2-yl)ethenyl]pyrroles 3a-j.

Table 1. Structure of synthesized compounds.
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The structures of all synthesized compounds (Table 1) were studied by IR, 1H NMR,
13C NMR, mass spectrometry, and elemental analysis (see Experimental above). The IR
absorption bands at 1634-1647 and 1710-1720 cm™ were attributed to the valence oscillations
of C=C and C=0 bonds, respectively. The N-H bonds of compounds 3a, b, d-g, i, j reveal their
absorption bands within 3272-3287 cm™. Regarding the *H NMR spectra, they reveal the peaks
related to the substituents of both heterocyclic rings together with the characteristic doublets
of the ethenyl fragment’s protons, ranging between 7.19-7.40 and 7.33-7.57 ppm with a spin-
spin constant of 16.7 Hz. It proves a trans-configuration of the pyrrole and 1,3,4-thiadiazole
cycles in the molecules 3a-j. The N-H protons of arylamino groups of 3a, b, e, f, i, j are
https://nanobioletters.com/
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attributed to the singlets ranging between 10.46 and 11.53 ppm. On the contrary, their N-alkyl
analogs 3d and g do not show such signals, which, perhaps, is caused by the exchange of the
N-H protons with the deuterium solvent’s water molecules.

3.2. Antimicrobial activity.

Synthesized 4-[(1,3,4-thiadiazol-2-yl)ethenyl]pyrroles 3a-j exhibit antibacterial and
antifungal activity against some bacterial (Escherichia coli ATCC 25922, Klebsiella
pneumonia ATCC 1388, Pseudomonas aeruginosa ATCC 27853, Proteus vulgaris 4636, and
Staphylococcus aureus ATCC 25923) and fungal (Aspergillus niger K9 and Candida albicans
ATCC 885/653) test-strains. For these compounds, MICs range from 31.25 to 125 pg/mL,
while their minimal bactericidal (fungicidal) concentrations range from 62.5 to 250 pg/mL
(Tables 2, 3).

Table 2. Antibacterial activity of new derivatives of 4-[(1,3,4-thiadiazol-2-yl)ethenyl]pyrroles 3 a-j.

No K. pneumoniae S. aureus E. coli P. vulgaris P. aeruginosa
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
3a 62.5 62.5 125 250 62.5 62.5 125 125 62.5 62.5
3b 62.5 125 125 250 125 250 125 250 62.5 62.5
3c 31.25 62.5 125 250 62.5 62.5 125 125 31.25 62.5
3d 62.5 62.5 125 125 62.5 62.5 125 125 31.25 62.5
3e 31.25 62.5 62.5 125 31.25 62.5 62.5 62.5 31.25 62.5
3f 62.5 62.5 125 250 125 125 125 125 31.25 62.5
39 31.25 62.5 62.5 62.5 31.25 62.5 62.5 62.5 62.5 125
3h 62.5 62.5 125 125 62.5 62.5 125 125 62.5 62.5
3i 62.5 125 125 250 62.5 125 125 125 31.25 62.5
3j 31.25 62.5 62.5 125 31.25 62.5 31.25 62.5 31.25 125
DMSO* + + + + +
C** 15625 | 3125 | 048 | 097 | 195 | 39 781 | 15625 | 3125 | 3125

* proliferation of bacteria detected; ** Decasan (a solution consisting of 0.2 mg/mL of decamethoxin) made by
“Yuria-Pharm” was used as the control drug.

Table 3. Antifungal activity of new derivatives of 4-[(1,3,4-thiadiazol-2-yl)ethenyl]pyrroles 3 a-j.

No C. albicans A. niger
MIC MFC | MIC MFC
3a 62.5 625 625 125
3b 62.5 62.5 62.5 125
3c 62.5 62.5 62.5 125
3d 62.5 625 625 125
3e 62.5 62.5 62.5 125
3f 62.5 62.5 62.5 125
39 625 62.5 625 125
3h 62.5 62.5 62.5 125
3i 62.5 62.5 62.5 125
3 625 62.5 625 125
DMSO* + +
Cr* 097 | 195 048 | 048

* proliferation of bacteria detected; ** Clotrimazole (a solution consisting of 10 mg/mL of clotrimazole) made
by PJSC SIC “Borshchahivskiy CPP” was used as the control drug.

Specific antistaphylococcus activity against the test-strain Staphylococcus aureus
ATCC 25923 is moderate with a MIC of 62.5 or 125 pug/mL. The highest antimicrobial activity
was observed for compounds 3e, 3g, and 3j, with a MIC of 31.25 pug/mL for 3j against the
enterobacterium Proteus vulgaris 4636. It should be noted that a concentration of 31.25 pg/mL

of 3e, 3g, 3j is sufficient to inhibit the proliferation of the gram-negative bacteria Escherichia
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coli ATCC 25922. Another antibacterial study was conducted on the test strain, Pseudomonas
aeruginosa ATCC 27853, since this microorganism causes severe acute and chronic diseases
in patients with weakened immunity. Besides, this microbe is quite antibiotic-resistant due to
its biofilm-forming ability [54]. The highest activity against Pseudomonas aeruginosa ATCC
27853 was found for the compounds 3¢, d-f, 3i, 3] (MIC=31.25 pg/mL). The study of the
antibacterial activity against Klebsiella pneumoniae ATCC 1388 is also of high interest, as this
organism is one of the most common pathogens of pneumonia, urinary tract infections, and
bacteremia [55]. In this context, the highest activity was found for 3¢, 3e, 3g, 3j. The activity
against fungi Aspergillus niger K9 and Candida albicans ATCC 885/653 is not selective, and
the minimal inhibitory concentration of the entire series of synthesized compounds is 62.5
pg/mL. In the case of Candida albicans ATCC 885/653, this content corresponds to the
fungicidal concentration.

3.3. Computational analyses.
3.3.1. MEP analysis.

The molecular electrostatic surface potential (MESP) is an important factor for
describing the active sites of ligands [56, 57]. For the most active 3c, e, g, j molecules of
Klebsiella pneumoniaeATCCC 1388, optimised structureswere used withthe B3LYP/6-
311++G G(d,p) basis to study the nucleophilic and electrophilic regions on the ligand surface.
Fig. 1 shows the presence of two positive regions (nucleophilic site): a small one located on
the NH group and more positively charged, and a larger, but less positively charged one located
on the alkyl substituents of the pyrrole ring. The presence of phenyl groups in the structures of
compounds 3e,j increases the positive charge on the amino group, whereas electron-donating
aliphatic substituents in compounds 3c,g decrease it. One of the negatively charged regions
(electrophilic site) is located above the nitrogen atoms of the 1,3,4-thiadiazole fragment (more
negatively charged), and the other is near the oxygen atom of the ester group (less negatively
charged). Nonaromatic electron-donating substituents increase the negative charge in these
regions, and vice versa, electron-accepting aromatic substituents decrease it.
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Figure 1. Calculated MESP of compounds 3c,e,g,j (For comparison, the colour range for all molecules was
set from red at -0.06699 a.u. (-42.0 kcal/mol) to blue at +0.06699 a.u. (+42.0 kcal/mol)).

3.3.2. Frontier molecular orbital analysis.

The distribution of the boundary orbitals (Figure 2) shows that both HOMO and LUMO
are distributed throughout the conjugated system, which lies almost in the same plane. LUMO
is less concentrated on the amino aryl substituent (compounds 3e and 3j) and the nitrogen atom
at position 4 of the thiadiazole ring, but extends to the carboxylate group. Whereas HOMO
completely covers the aminoaryl substituent (compounds 3e and 3j) and is absent on the
sulphur atom of the thiazole ring and the carboxylate group.

, aghy? R o ‘:‘o‘
'J“,’ ;‘.~‘ ;b “. o ® ~‘
P 59 . .
4 @ 3 ® 3 y ® 3
o° ) ‘ 0" " ;.i o .“. X
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I 333 ’3
LUMO — 154 —_7 — 12 - 1,78
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3¢ 3e 3g ° 3j -

Figure 2. The HOMO and LOMO distributions of 3c, 3e, 3g and 3j molecules

The energy of the frontier molecular orbitals is almost the same, but the smaller
conjugated system of compounds 3c,g leads to a slight increase in the energy gap (Eg). In
addition, the amino aryl group of compounds 3e, j reduces the energy of both frontier orbitals,
and the less donor benzyl substituent in compound 3j contributes to this even more. Table 4
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shows the calculated HOMO, LUMO, and energy gap values for the studied compounds. The
calculated HOMO energies showed that the values can be ordered as 3c = 3g > 3e > 3j.

Table 4. The HOMO-LUMO energies and related parameters of compounds 3c, 3e, 3g and 3;j.

3c 3e 39 3j
Ensmo, eB -1,54 -1,75 -1,52 -1,78
Egsmo, eB -5,30 -5,42 -5,30 -5,45
Eg, eB 3,75 3,68 3,77 3,67
IP, eB 5,30 5,42 5,30 5,45
EA, eB 1,54 1,75 1,52 1,78
n, eB 1,88 1,84 1,89 1,83
o, eB 5,06 5,52 5,02 5,60
o', eB 1,64 1,93 1,61 1,99

3.3.3. Molecular docking analysis.

The molecular docking results were reported as 9 positions per ligand, along with the
corresponding ligand-protein binding affinities. The best ligand-protein binding results were: -
6.9, -7.2, -7.4, and -8.0 kcal mol~* for compounds 3c, 3e, 3g, and 3j, respectively. Hence, the
protein inhibition constants with the studied compounds are 8.75, 5.28, 3.76, and 1.37 uM,
respectively, indicating that compound 3j has the highest affinity for Klebsiella pneumoniae,
followed by 3g > 3e > 3c.
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Figure 3. 3D (left) and 2D (right) interactions of compounds 3c,e,g,j inside the protein's active site. Chain A
at the bottom of the figure (grey) and chain B at the top (orange).

The ligand-protein interactions for compounds 3c, €, g, and j visualised in BIOVIA
Discovery Studio Visualizer are shown in Figure 3. Thus, compound 3c is stabilised within the
binding site by four hydrogen bonds with Gly 197, Thr 198, Gly 199, and Cys 200, a weak
carbon-hydrogen bond with Gly 71 residue, a n-alkyl and =n-sigma interaction between the n-
electrons of the thiadiazole ring with Cys 200 and Val 100 respectively, and an alky! interaction
with Val 31 of chain B. It binds to the atoms of chain A by a weak carbon-hydrogen bond with
the Met 49 residue and an alkyl interaction with Leu 41.

Compound 3e forms a hydrogen bond between the oxygen atom of the carboxylate
group and Arg 124, a carbon-hydrogen bond with the Glu 129 residue, a m-alkyl interaction of
aromatic fragments with Ala 101 and Val 196, and an alkyl interaction of Met 192 of chain B.
With chain A, it forms a hydrogen bond between the amino group and Pro 47, and a r-alkyl
interaction with Ala 48.

Compound 3g forms a hydrogen bond between the oxygen atom of the carboxylate
group and Arg 124, a carbon-hydrogen bond with Glu 129, and alkyl interactions with Ala 101
and Met 192 of chain B. With chain A, it is stabilized by a hydrogen bond between the amino
group and Pro 47 and an alkyl interaction with Ala 48. In general, the binding of compounds
3e and 3g occurs to almost the same amino acid residues of the protein. However, compound
3g lacks interaction via m-electrons of aromatic fragments, which is replaced by =-alkyl
interaction.

In compound 3j, the nitrogen atom of the thiadiazole cycle forms a hydrogen bond with
Arg 124 and a carbon-hydrogen bond with Gly 199, a w-alkyl interaction of the pyrrole and
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benzyl fragments with Val 100, Ala 101, and Ala 104 of chain B. It is bound to chain A through
the benzyl fragment by the m-alkyl interaction of Leu 23 and Ala 48 and the T-shaped n-n
interaction with Phe 59.

It should be noted that compounds 3e, g, and j are characterised by a significant
lipophilic interaction between the A and B chains in the region of Ala 48 and Ala 101,
respectively, due to non-polar phenyl, cyclohexenyl, or benzyl groups. The absence of larger
non-polar groups in compound 3c reduces its ability to bind in the lipophilic region between
chains A and B, which probably explains its lower binding energy in the protein's active site.
In compound 3j, the presence of a benzyl group facilitates its better interaction in the lipophilic
centre of the protein (Figure 3), which can cause its higher binding energy. As shown, in this
region of the protein structure, there are no hydrogen bond donors or acceptors, and the benzene
ring of Phe 59 is present. The distribution of MESP (Figure 4) shows the presence of positively
and negatively charged regions on the amino group, thiadiazole ring, and carboxylate group,
making this part of the molecule more polar and hydrophilic. That is why it is located closer to
the B chain, which is hydrophilic at the binding site. Also, the presence of a greater number of
hydrogen bond donors and acceptors allows the chain to be bonded to them.

H-Bonds
Donor

Accﬁor

4.8

€Y (b)
Figure 4. The location of (a) hydrogen bond donors and acceptors; (b) hydrophobic and hydrophilic regions
(right) in the active site of protein interaction, and the location of compound 3j in it.

4. Conclusions

A convenient and efficient approach to the synthesis of new heterocyclic ensembles
with substituted pyrrole and 1,3,4-thiadiazole cycles has been developed. This approach
involves condensing 3-(pyrrole-4-ylacrylic acids with substituted thiosemicarbazides in
boiling POCIs. A study of antibacterial activity proves that these compounds are active against
the strains Klebsiella pneumoniae ATCC 1388 and Pseudomonas aeruginosa ATCC 27853.
The molecular docking mechanism with the antimicrobial target ThiM from Klebsiella was
studied using AutoDock Vina for the most active synthesized compounds 3c, €, g, and j. It was
found that a compound 3j shows the highest affinity to this kinase.
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