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New thieno[2,3-b]pyridine clubbed various thiazole ring systems were synthesized by the reaction
of 2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)ethylidene)hydrazine-1-carbothioamide with
chloroacetone, phenacyl chloride, and chloroacetic acid. The molecular modeling of the synthesized com-
pounds using DFT/B3LYP methodology revealed that all have a low HOMO and LUMO energies, �4.85 -
�5.52 and �2.79 - �3.62, respectively, where the compound 10 has the highest values. The targeting
thienopyridine analogues with various thiazole moieties 3–10 was assessed in order to create new
antimicrobial agents and compared with ampicillin, gentamicin and miconazole as reference antibacte-
rial and antifungal drugs. Compounds 8–10 exhibited potent antimicrobial activity against Gram positive
S. aureus, Gram Gram negative E. coli bacteria, and C. albicans (antifungal), with IC50 (18.9 ± 0.63––24.3 ± 0.
74 lg/mL), (14.2 ± 0.41––19.5 ± 0.64 lg/mL), and (19.2 ± 0.58–––23.4 ± 0.65 lg/mL), respectively.
Furthermore, Molecular docking stimulation on MOE program was applied to expect the effect and inter-
actions of the newly thienopyridine analogues and E. coli DNA gyrase B as it expressed by PDB ID: 1AJ6.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many medicinal chemists are attentive in the exciting arena of
heterocyclic compounds due to the broad spectrum of biological
effects they demonstrates (Acharya, Bhavsar, Jethava, Patel, &
Patel, 2021; Belen’kii, Gazieva, Evdokimenkova, & Soboleva,
2020; Martins et al., 2015). Even though heterocyclic chemistry
research has made tremendous strides, efforts have been done to
discover novel biologically potent heterocycles (Bashir, Bano, Ijaz,
& Chaudhary, 2015; Heravi & Sadjadi, 2009; Huo, Li, Shi, & Li,
2022). Numerous five-membered heterocyclic analogues exist,
and they frequently have biological functions (Plescia, Maggio,
Daidone, & Raffa, 2021; Zayda, Abdel-Rahman, & El-Essawy,
2020), for instance pyridines and thiophenes (Arlan, Marjani,
Javahershenas, & Khalafy, 2021; ARTUNÇ & MENZEK, 2022; Karki
et al., 2015; LS Kishbaugh, 2016; Shehab, Abdellattif, & Mouneir,
2018; Zhao et al., 2022). The chemistry of pyridine derivatives,
especially fused ring analogues, played a significant role among
the heterocyclic compounds due to their great diverse biological
activities such as herbicides, bactericides, fungicides, insecticides,
and pharmaceuticals(Garcı́a-Tojal et al., 2001; Kanthecha, Bhatt,
& Patel, 2019; Kim et al., 2004; Patil, Sethy, Sameena, & Shailaja,
2013). Among pyridine derivatives, the synthesis of thieno[2,3-b]
pyridine derivatives have been developed rapidly using different
methods because of their various applications such as dyes, agro-
chemical and substantial biological activity (Altalbawy, 2013;
Dotsenko, Buryi, Lukina, & Krivokolysko, 2020; Ershov,
Shishlikova, Ievlev, Belikov, & Maksimova, 2019; Naguib & El-
Nassan, 2016). Meanwhile, thiophene and its derivatives, alterna-
tively, are significant category of bioactive analogues since they
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reveal an extensive variety of biological activities, including
antioxidant, anti-inflammatory, antibacterial, anticancer, anal-
gesic, and CNS-related (Chan et al., 2017; da Cruz et al., 2021; El-
Sharkawy, El-Sayed, & Zaki, 2012; Shah & Verma, 2019;
Sidorenko et al., 2018). Thiophene can combine with a variety of
heterocyclic nuclei to create novel compounds with enhanced bio-
logical properties. Thienopyridines hold a special place among
these substances (Sanad & Mekky, 2020b; van Rensburg et al.,
2017). Alternatively, the family of thieno[2,3-b]pyridine com-
pounds exhibited high anticancer activity against difference
human cell lines, already including HepG2 and MCF-7. The remark-
able activity was attributed to the enriched lipophilicity and
enhanced interactions with different cellular enzymes
(Abuelhassan et al., 2022; Arabshahi et al., 2015; Dotsenko et al.,
2020; Mohareb, Mohamed, & Ibrahim, 2022; Pervan et al., 2022).
Moreover, thienopyridine based compounds played a vital role as
anti-platelet drugs, e.g., clopidogrel, that were used to prevent
blood clot in patients suffering from acute coronary syndromes
(ACS) or at stroke risk (Binsaleh et al., 2018). Also, the thieno
[2,3-b]pyridines demonstrated impressive anti-inflammatory (Liu
et al., 2013), antiparasitic (Masch et al., 2019), antivirus (Amorim
et al., 2017), antifungal (Abuelhassan et al., 2022; Kumar et al.,
2013) and antidiabetic (Bahekar et al., 2007) activities. Eventually,
in comparison with commercial antibiotic drugs as penicillin and
streptomycin, thienopyridine derivatives showed very good
in vitro antibacterial effectiveness toward several Gram’s positive
and negative strains, such as Bacillus cereus, Staphylococcus aureus,
Pseudomonas aeruginosa, Escherichia coli, Staphylococcus epider-
midis, and Klebsiella pneumoniae (Abuelhassan et al., 2022; Al-
Trawneh et al., 2011; Kumar et al., 2013; Sanad & Mekky, 2020a;
Sanad, Mekky, Said, & Elneairy, 2021). Additionally, the reported
thiosemicarbazide effectively suppressed the activity of Staphylo-
coccus aureus DNA gyrase, with an IC50 value of 14.59 lM, accord-
ing to research recently conducted in quest of different
antimicrobial drugs (Paneth et al., 2016). Therefore, the manuscript
aims to synthesize and assess the antimicrobial activity of new
thieno[2,3-b]pyridines 3–10 in order to evaluate effective antimi-
crobial agents based on the biological applications of thieno[2,3-
b]pyridine derivatives mentioned above. Molecular modeling and
docking simulation were also performed.
2. Experimental

2.1. General remarks

Melting points were determined on a Gallenkamp electric
device. The infrared spectra were obtained using a Thermo Scien-
tific Nicolet iS10 FTIR spectrometer. The 1H NMR spectra
(500 MHz) and the 13C NMR spectra (125 MHz) were recorded in
DMSO d6 using a JEOL spectrometer (500 MHz). The mass spectra
were obtained using a Quadrupole GC–MS (DSQII) mass spectrom-
eter at a setting of 70 eV. The elemental analyses of C, H, and N
were measured on a Perkin Elmer 2400 analyzer. 2-Chloro-4,6-di
methylnicotinonitrile (1) was purchased from Fisher Scientific
(CAS: 14237–71-9).
2.2. Synthesis of 2-acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyridine
(3)

A mixture of 2-mercaptonicotinonitrile derivative 2 (1.64 g,
0.01 mol) and chloroacetone (0.92 mL, 0.01 mol) in 30 mL acetone
containing potassium carbonate (1.40 g) was refluxed for 4 h. After
cooling, the mixture was poured on to crushed ice. The formed
solid was collected and crystallized from ethanol.
2

Yellow crystals; yield = 84 %; m.p. = 176–177 �C, Lit. m.p. 177–
178 �C (Yassin, 2009). Retention factor = 0.54 (petroleum ether:

AcOEt = 1:1). IR (m
�
/cm�1): 3327, 3183 (NH2), 1620 (C = O). 1H

NMR (d/ppm): 2.45 (s, 3H, CH3), 2.55 (s, 3H, CH3), 2.75 (s, 3H,
CH3), 6.95 (s, 2H, NH2-D2O exchangeable), 6.85 (s, 1H, C5-
pyridine). MS (EI, m/z): 220 (100.00%), 205 (66.14%), 177 (46.11),
150 (16.28%), 133 (9.08%). Anal. Calcd. C11H12N2OS (220.07): C,
59.98; H, 5.49; N, 12.72 %. Found: C, 60.10; H, 5.45; N, 12.79 %.

2.3. Synthesis of 2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-
yl)-ethylidene)hydrazine-1-carbothioamide (4)

A mixture of thienopyridine compound 3 (2.20 g, 0.01 mol) and
thiosemicarbazide (0.91 g, 0.01 mol) in absolute ethanol (15 mL)
and 1 mL conc. HCl was refluxed for 2 h. The produced solid upon
cooling was collected to give the corresponding thiosemicarbazone
4.

Orange powder; yield = 72 %; m.p. = 195–196 �C. Retention fac-

tor = 0.68 (petroleum ether:AcOEt = 1:1). IR (m
�
/cm�1): 3332, 3274,

3287 (–NH2 and N–H), 1627 (C = N), 1031 (C = S). 1H NMR (d/ppm):
2.29 (s, 3H, CH3), 2.55 (s, 3H, CH3), 2.74 (s, 3H, CH3), 7.06 (s, 1H, C5-
pyridine), 7.15 (s, 2H, NH2-D2O exchangeable), 7.82 (s, 2H, NH2-
D2O exchangeable),), 11.07 (s, 1H, N–H-D2O exchangeable). 13C
NMR (d/ppm): 14.92, 19.71, 24.08, 119.47, 121.88, 123.14,
126.37, 144.65, 151.58, 160.23, 181.11. MS (EI, m/z): 293
(62.75%), 263 (100.00%), 249 (31.80%), 222 (65.78%). Anal. Calcd.
for C12H15N5S2 (293.08): C, 49.12; H, 5.15; N, 23.87%. Found: C,
49.5; H, 5.20; N, 23.92 %.

2.4. Synthesis of 4,6-dimethyl-2-(1-(2-(4-substitutedthiazol-2-yl)
hydrazono)-ethyl) thieno[2,3-b]pyridin-3-amines 5 and 6

A suspension of thiosemicarbazone compound 4 (1.46 g,
0.005 mol) and chloroacetone (0.46 mL, 0.005 mol) or phenacyl
chloride (0.77 g, 0.005 mol) in ethanol was refluxed for 6 h. The
mixture was poured into ice-cold water and then neutralized by
Na2CO3. The separated solid was collected and crystallized from
ethanol to produce the corresponding thienopyridine-thiazole
hybrids 5 and 6, respectively.

2.4.1. 4,6-dimethyl-2-(1-(2-(4-methylthiazol-2-yl)hydrazono)-ethyl)
thieno[2,3-b]pyridin-3-amine (5)

Red powder; yield = 73 %; m.p. = 290–291 �C. Retention fac-

tor = 0.43 (petroleum ether:AcOEt = 1:2). IR (m
�
/cm�1): 3421,

3289 (NH2 and N–H), 1600 (C = N). 1H NMR (d/ppm): 2.25 (s, 3H,
CH3), 2.33 (s, 3H, CH3), 2.51 (s, 3H, CH3), 2.72 (s, 3H, CH3), 6.28
(s, 1H, C5-thiazole), 6.88 (s, 1H, C5-pyridine), 7.48 (s, 2H, NH2-
D2O exchangeable), 8.62 (s, 1H, N–H-D2O exchangeable). 13C
NMR (d/ppm): 14.87, 16.07, 19.70, 24.13, 104.64, 120.25, 121.81,
123.20, 127.58, 144.47, 147.10, 150.77, 159.94, 166.34. MS (EI,
m/z): 331 (42.15%), 263 (100.00%), 248 (81.77%), 222 (71.79%),
128 (24.64%), 104 (17.70%), 69 (19.14%). Anal. Calcd. for
C15H17N5S2 (331.09): C, 54.36; H, 5.17; N, 21.13 %. Found: C,
54.16; H, 5.28; N, 21.23 %.

2.4.2. 4,6-dimethyl-2-(1-(2-(4-phenylthiazol-2-yl)hydrazono)-ethyl)
thieno[2,3-b]pyridin-3-amine (6)

Red powder; yield = 66 %; m.p. = 230–331 �C. Retention fac-

tor = 0.54 (petroleum ether:AcOEt = 1:2). IR (m
�
/cm�1): 3452,

3297 (NH2 and N–H), 1600 (C = N). 1H NMR (d/ppm): 1.87 (s, 3H,
CH3), 2.32 (s, 3H, CH3), 2.81 (s, 3H, CH3), 7.06 (s, 2H, NH2-D2O
exchangeable), 7.12 (s, 1H, C5-pyridine), 7.25 (s, 1H, C5-thiazole),
7.37 (t, J = 7.50 Hz, 2H), 7.51 (t, J = 7.50 Hz, 1H), 7.81 (d,
J = 7.50 Hz, 2H), 10.90 (s, 1H, N–H-D2O exchangeable). 13C NMR
(d/ppm): 14.80, 19.59, 24.18, 107.13, 120.33, 122.02, 124.01,
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127.16 (2C), 127.69, 128.22, 129.47 (2C), 133.38, 144.54, 147.44,
150.62, 159.78, 170.09. MS (EI, m/z): 393 (30.57%), 376 (22.62%),
361 (23.98%), 265 (55.54%), 250 (100.00%), 220 (78.90%), 222
(32.01%), 176 (33.04%), 177 (86.81%), 134 (40.28%), 105 (16.48%),
77 (19.62%). Anal. Calcd. for C20H19N5S2 (393.11): C, 61.04; H,
4.87; N, 17.80 %. Found: C, 61.24; H, 4.92; N, 17.67 %.

2.5. Synthesis of 2-(2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-
2-yl)ethylidene)hydrazinyl) thiazol-4(5H)-one (7)

To a suspension of thiosemicarbazone derivative 4 (1.46 g,
0.005 mol) and fused sodium acetate (1.0 g) in acetic acid
(30 mL), 2-chloroacetic acid (0.70 g, 0.005 mol) was added. The
mixture was refluxed for 4 h and then poured into ice-cold water.
The obtained solid was subjected to crystallization from ethanol to
produce the thienopyridine-thiazolin-4-one hybrid 7.

Orange powder; yield = 78 %; m.p. = 290–291 �C. Retention fac-

tor = 0.48 (petroleum ether:AcOEt = 1:2). IR (m
�
/cm�1): 3444, 3289

(NH2 and N–H), 1703 (C = O), 1616 (C = N). 1H NMR (d/ppm): 2.23
(s, 3H, CH3), 2.41 (s, 3H, CH3), 2.64 (s, 3H, CH3), 3.86 (s, 2H, CH2 thi-
azolidine), 6.88 (s, 2H, NH2-D2O exchangeable), 7.22 (s, 1H, C5-
pyridine), 10.11 (s, 1H, N–H-D2O exchangeable). 13C NMR (d/
ppm): 14.73, 19.64, 24.10, 35.84, 120.39, 122.13, 123.76, 127.85,
144.58, 151.03, 159.67, 161.47, 174.63. MS (EI, m/z): 333
(100.00%), 263 (34.33%), 245 (67.99%), 230 (23.25%), 222
(25.73%), 214 (26.23%), 183 (17.12%), 130 (33.26%), 111 (20.89%),
104 (17.17%). Anal. Calcd. for C14H15N5OS2 (333.07): C, 50.43; H,
4.53; N, 21.00%. Found: C, 50.53; H, 4.47; N, 21.11%.

2.6. Synthesis of thienopyridine-thiazolin-4-one hybrids 8, 9 and 10

Each of the appropriate benzaldehyde derivative (0.003 mol)
was added to a solution of thienopyridine-thiazolin-4-one scaffold
7 (1.00 g, 0.003 mol) in acetic acid (20 mL) and fused sodium acet-
ate (0.5 g). The mixture was refluxed for 4 h. The solid that pro-
duced upon cooling was collected and crystallized from acetic
acid to yield the corresponding thienopyridine-thiazolin-4-one
hybrids 8, 9 and 10.

2.6.1. 2-(2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)
ethylidene)hydrazinyl)-5-(4-methylbenzylidene)thiazol-4(5H)-one
(8)

Brown powder; yield = 63 %; m.p. > 330 �C. Retention fac-

tor = 0.62 (petroleum ether:AcOEt = 1:2). IR (m
�
/cm�1): 3391,

3307, 3229 (NH2 and N–H), 1687 (C = O), 1621 (C = N). 1H NMR
(d/ppm): 2.29 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.42 (s, 3H, CH3),
2.68 (s, 3H, CH3), 6.97 (s, 2H, NH2-D2O exchangeable), 7.10 (s,
1H, C5-pyridine), 7.33 (d, J = 8.50 Hz, 2H), 7.57 (d, J = 8.50 Hz,
2H), 7.83 (s, 1H, C = CH), 9.96 (s, 1H, N–H- D2O exchangeable).
MS (EI, m/z): 435 (31.48%), 352 (74.69%), 294 (100.00%), 221
(97.73%), 132 (87.37%), 118 (30.78%), 91 (38.94%), 76 (25.61%).
Anal. Calcd. for C22H21N5OS2 (435.12): C, 60.67; H, 4.86; N, 16.08
%. Found: C, 60.85; H, 4.93; N, 15.19 %.

2.6.2. 2-(2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)
ethylidene)hydrazinyl)-5-(4-methoxybenzylidene)thiazol-4(5H)-one
(9)

Brown powder; yield = 67 %; m.p. > 330 �C. Retention fac-

tor = 0.67 (petroleum ether:AcOEt = 1:2). IR (m
�
/cm�1): 3387,

3296, 3237 (NH2 and N–H), 1779 (C = O), 1619 (C = N). 1H NMR
(d/ppm): 2.35 (s, 3H, CH3), 2.41 (s, 3H, CH3), 2.71 (s, 3H, CH3),
3.80 (s, 3H, OCH3), 6.90 (s, 2H, NH2-D2O exchangeable), 7.04 (d,
J = 9.00 Hz, 2H), 7.13 (s, 1H, C5-pyridine), 7.61 (d, J = 9.00 Hz,
2H), 7.78 (s, 1H, C = CH), 9.91 (s, 1H, N–H-D2O exchangeable).
MS (EI, m/z): 451 (27.04%), 258 (41.23%), 221 (82.94%), 203
3

(100.0%), 76 (30.04%). Anal. Calcd. for C22H21N5O2S2 (451.11): C,
58.52; H, 4.69; N, 15.51 %. Found: C, 58.38; H, 4.60; N, 15.61 %.

2.6.3. 2-(2-(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)
ethylidene)hydrazinyl)-5-(4-chlorobenzylidene)thiazol-4(5H)-one
(10)

Yellowish brown powder; yield = 60 %; m.p. > 330 �C. Retention
factor = 0.56 (petroleum ether:AcOEt = 2:3). IR (m

�
/cm�1): 3402,

3310, 3244 (NH2 and N–H), 1691 (C = O), 1622 (C = N). 1H NMR
(d/ppm): 2.36 (s, 3H, CH3), 2.41 (s, 3H, CH3), 2.68 (s, 3H, CH3),
6.96 (s, 2H, NH2-D2O exchangeable), 7.13 (s, 1H, C5-pyridine),
7.57 (d, J = 8.50 Hz, 2H), 7.63 (d, J = 8.50 Hz, 2H), 7.86 (s, 1H,
C = CH), 10.00 (s, 1H, N–H-D2O exchangeable). MS (EI, m/z): 455
(18.69%), 262 (24.56%), 221 (61.08%), 205 (33.19%), 76 (100.00%).
Anal. Calcd. for C21H18ClN5OS2 (455.06): C, 55.32; H, 3.98; N,
15.36 %. Found: C, 55.11; H, 4.07; N, 15.23 %.

2.7. Computational studies

The studied thienopyridine analogues were geometrically opti-
mized by the DFT/B3LYP/6–311++G (Becke, 1993; Lee, Yang, & Parr,
1988; Perdew & Wang, 1992) incorporated in Gaussian 09 W soft-
ware (Frisch et al., 2009). The stability of optimized structure of all
derivatives was ascertained from obtaining positive frequencies
only. The Fukui indices were determined by Materials studio pack-
age DMol3 module (BIOVIA, 2017) utilizing the GGA and B3LYP
functional with DNP (version 3.5) (Delley, 2006).

2.8. In vitro antimicrobial assay

The antimicrobial effectiveness of all analogues 3–10was inves-
tigated toward panels of two Gram-positive bacteria (Staphylococ-
cus aureus ATCC 29213 and Bacillus subtilis ATCC 6633), two Gram-
negative bacteria (Escherichia coli ATCC 25922, Salmonella typhi-
murium ATCC 14028) and two fungi (Candida albicans ATCC
10231 and Aspergillus fumigatus ATCC 46654) using minimum inhi-
bitory concentration technique (H. Gaffer, Salem, & Marzouk, 2016;
H. E. Gaffer & Althagafi, 2020).

2.9. Molecular docking

The molecular docking stimulation was applied to discover the
interaction between thienopyridine hybrids and active centers in
E. coli DNA gyrase B by utilizing PDB ID: 1AJ6 protein (Eldeab,
2019; Elzahabi, Nossier, Khalifa, Alasfoury, & El-Manawaty,
2018). The new thienopyridine analogues were explored across
MOE 2015.10 program. The co-crystallized ligands were initially
re-docked into the nominated protein, removing heteroatoms
and water, docking ligand atoms in the correct locations using 10
poses, minimization, and docking the ligands. This was done to cal-
culate the root-mean-square deviation. Whoever, If the RMSD val-
ues are < 2.0 Å it is recommended for the best scoring position
(Ramírez & Caballero, 2018).

3. Results and discussion

3.1. Synthesis of thienopyridine-based compounds

Generally, due to their broad pharmacological activities,
thienopyridine analogues have attracted a great deal of attention
and have proven successful in one particular antimicrobial area
(Abdel-Rahman, Bakhite, & Al-Taifi, 2003). Therefore, our synthetic
strategy is based on the synthesis of 2-acetyl-thienopyridine com-
pound 3 (Scheme 1) as building block for various thienopyridine-
thiazole hybrids. The synthetic method starts by treatment of 2-c



Scheme 1. Synthesis of 2-acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyridine (3).
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hloro-4,6-dimethylnicotinonitrile (1) with thiourea (Yassin, 2009)
under reflux in ethanol to produce 2-mercapto-4,6-dimethylnicoti
nonitrile (2). The mechanism is initiated by nucleophilic attached
by sulfur of thiourea at the second position of pyridine ring to form
the intermediate (A) which undergoes migration of the chloride
ion. The produced isothiouronium chloride intermediate (B)
decomposes into the corresponding mercaptopyridine compound
2 and urea. When 2-mercaptopyridine compound 2 was permitted
to interact with chloroacetone in acetone and potassium carbon-
ate, 2-acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyridine (3) was
obtained exclusively. This is in agreement with the earlier reports
(Yassin, 2009). The structure was confirmed based on its compati-
ble spectral data. FTIR spectrum revealed the absorptions of –NH2

function at 3327 and 3183 cm�1 and C = O group at 1620 cm�1. The
1H NMR spectrum showed a singlet at d 6.95 ppm corresponding to
the protons of –NH2 group, a singlet at d 6.85 ppm corresponding
to the proton of C5-H pyridine, beside three singlet signals in the
region d 2.75–2.45 ppm corresponding to the protons of three
methyl groups (pyridine-CH3, pyridine-CH3 and –COCH3 groups).
Further confirmation about the structure of 3 was also indicated
by its mass spectrum which gave molecular ion peak at m/
z = 220 (100%) corresponding to its correct molecular weight
(C11H12N2OS).

2-Acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyridine (3) is
considered to be a convenient starting compound for the produc-
tion of many heterocyclic hybrids. Therefore, the reaction of the
synthesized 2-acetyl-3-aminothieno[2,3-b]pyridine derivative 3
with thiosemicarbazide was studied. Refluxing of 3 with thiosemi-
carbazide in ethanol and concentrated HCl for two hours leads
unambiguously to the corresponding thiosemicarbazone derivative
Scheme 2. Synthesis of thienopyridine

4

4 in 72% yield (Scheme 2). The analytical data of 4were found iden-
tical to the purposed structure. The IR spectrum of 4 lacked the
absorption of the carbonyl function, and instead an absorption
band of the C = S function was detected at 1031 cm�1. The 1H
NMR signals were observed as singlet signals at 11.07, 7.82,
7.15 ppm for the protons of N–H, thioamide-NH2 and thiophene-
NH2 groups. The proton of pyridine-C5 was recorded as singlet at
7.06 ppm. The protons of the three methyl groups were recorded
as 2.74 (pyridine-CH3, 2.55 (pyridine-CH3) and 2.29 (N = C-CH3)
ppm. The mass spectrum indicated the molecular ion peak of the
molecular formula C12H15N5S2 at m/z = 293 (24.5%).

An unequivocal support for the structure of thiosemicarbazone
compound 4 came from a series of reactions involving the thiourea
fragment of the thiosemicarbazone moiety. Thus, the reactivity of
the thiosemicarbazone derivative 4 was investigated by the reac-
tions of this compound with some alkylating agents, e.g.,
chloroacetone, phenacyl chloride and chloroacetic acid. It has been
found that the reactions of thiosemicarbazone 4 with chloroace-
tone or phenacyl chloride were carried out in absolute ethanol to
afford 4,6-dimethyl-2-[1-(2-(4-methylthiazol-2-yl)hydrazono)eth
yl]-thieno[2,3-b]pyridin-3-amine (5) and 4,6-dimethyl-2-[1-(2-(4
-phenylthiazol-2-yl)hydrazono)ethyl]-thieno[2,3-b]-pyridin-3-
amine (6), respectively (Scheme 3). Alkylation was assumed to be
regioselective relative to the high nucleophilic sulphur atom. The
analytical data of compounds 5 and 6 were found to be identical
with the suggested cyclic structures proving that the thiol group
of the thiosemicarbazone 4 was involved in the cyclization step
via alkylation with the a-chloroketone reagent (intermediate C
and intermediate D) followed by condensation of the carbonyl
group with the amino function of thiosemicarbazone 4. The IR
-thiosemicarbazone derivative 4.



Scheme 3. Synthesis of thienopyridine-thiazole hybrids 5 and 6.
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spectra of these products indicated the absence of absorption
bands of –NH2, and C = S groups. The 1H NMR spectra of com-
pounds 5 and 6 revealed the proton of thiazole-C5 as singlet signal
at 6.28 and 7.25 ppm.

A further proof of the structure of the thiosemicarbazone 4
came from its cyclization with chloroacetic acid in the presence
of sodium acetate in acetic acid to give 2-[2-(1-(3-amino-4,6-dime
thylthieno[2,3-b]pyridin-2-yl)ethylidene)hydrazinyl]-thiazol-4
(5H)-one (7) (Scheme 4). The analytical data of 7 were identical to
the purposed structure proving that the thiol group is involved in
the cyclization step via alkylation with chloroacetic acid (interme-
diate E) followed by loss of water molecule. The cyclic carbonyl
function of the thiazoline-4-one ring was observed at 1703 cm�1

in the IR spectrum. The 1H NMR spectrum of 7 lacked a signal of
Scheme 4. Synthesis of thienopyri

5

NH2 group and has a singlet signal of the methylene group at
d = 3.86 ppm. Therefore, it has been shown that the thiosemicar-
bazone 4 could be considered as a convenient starting material
for the synthesis of the condensed polycyclic thieno[2,3-b]pyridine
derivatives incorporating substituted thiazole and thiazolinone
moieties.

The methylene group of 2-[2-(1-(3-amino-4,6-dimethylthieno[
2,3-b]pyridin-2-yl)ethylidene) hydrazinyl]-thiazol-4(5H)-one (7)
is proved to be active in Knoevenagel reaction with various substi-
tuted benzaldehydes. The reaction was carried out by reflux in
acetic acid and sodium acetate to furnish the corresponding 2-(2-
(1-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)ethylidene)hy
drazinyl)-5-(arylidene)thiazol-4(5H)-ones 8, 9, and 10 (Scheme 5).
The structures of thienopyridine-thiazolin-4-one hybrids 8–10
dine-thiazolin-4-one hybrid 7.



Scheme 5. Synthesis of thienopyridine-thiazolin-4-one hybrid 8, 9, and 10.
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were elucidated in the light of their compatible spectral analyses.
The IR spectra of hybrids 8, 9 and 10 displayed the absorption of
the conjugated carbonyl function at 1687, 1779 and 1691 cm�1,
respectively. The olefinic proton (C = CH) was recorded in the 1H
NMR spectra as singlet at 7.83, 7.78 and 7.86 ppm.
3.2. Molecular modelling

The parent compound 4, 2-(1-(3-amino-4,6-dimethylthieno[2,
3-b]pyridin-2-yl)ethylidene) hydrazine-1-carbothioamide, DFT
calculated dihedral data indicated that it has nonplanar configura-
tion in which the two methyl substituents existed in plane with
the thienopyridine nucleus, e.g., C7a

(thpy)-C3a
(thpy)-C4

(thpy)-Me4(thpy) =
179.4� and Me6(thpy)-C6

(thpy)-N7
(thpy)-C7a

(thpy) = 179.8�, whereas the
amino group was shifted out by � 4.0�, C7a

(thpy)-C3a
(thpy)–C3

(thpy)–NH2

(thpy) = 176.1�. Furthermore, the carbothioamide branch was strongly
deviated from planarity where for example the azomethine carbon
C(Hzn) and nitrogen N2

(Hzn) have been slightly moved out the
thienopyridine plane, namely, C7a

(thpy)-S1(thpy)–C2
(thpy)-C(Hzn) = 177.8�

and S1(thpy)–C2
(thpy)-C(Hzn)–N2

(Hzn) = 6.7�, respectively, the correspond
thione and methyl groups carbon atoms were strongly shifted out,
e.g., C(Hzn)–N2

(Hzn)-N1H(Hzn)-CS(Hzn) = -54.8� and C3
(thpy)–C2

(thpy)-C(Hzn)-
Me(Hzn) = 13.4� (Fig. 1) (Table S1).

The 4,6-dimethyl-2-(1-(2-(thiazol-2-yl)hydrazineylidene)ethyl)
thieno[2,3-b]pyridin-3-amine derivatives 5–7 dihedral angles
showed that they have almost planar structure. On comparison
with 4, it was observed that the thienopyridine substituents,
methyl and amino groups, retained their positions. Similarly, the
hydrazone moiety was strongly deviated from planarity where
the azomethine carbon retained while its nitrogen atom and
methyl substituent were shifted more from the thienopyridine
plane, i.e., C7a

(thpy)-S1(thpy)–C2
(thpy)-C(Hzn) = 176.4–176.7�, S1(thpy)–C2

(thpy)-
C(Hzn)–N2

(Hzn) = 12–14.6�, and C3
(thpy)–C2

(thpy)-C(Hzn)-Me(Hzn) = 15.8–1
9.3�, respectively. On contrary, the newly formed thiazole ring was
coplanar with the azomethine group, i.e., N2

(Hzn)-N1H(Hzn)–C2
(thia)-
Fig. 1. DFT Optimized structure

6

S1(thia) = 0.6–1.0� and N2
(Hzn)-N1H(Hzn)–C2

(thia)–N3
(thia) = 179.1–179.3�.

Moreover, the methyl, phenyl or oxo substituent, in 5–7 derivatives,
in addition to the benzylidene group in the derivatives 8–10, were
allocated in plan of the thiazole ring (Fig. 2) (Table S1).

Additionally, the DFT calculated bond lengths and angles
were approximately coincided with those reported for similar
compounds X-ray single crystal (Dyachenko, Dyachenko,
Dorovatovsky, Khrustalev, & Nenajdenko, 2020; Studzińska et al.,
2015), where the maximum divergence in lengths was 0.16 Å with
0.051–0.069 Å RMSD while the angles were deviated by 13.3�max-
imum with 4.94–5.46� RMSD, that may be attributed to the
absence of intermolecular columbic interactions in quantum
chemical calculations as isolated molecule in gaseous state was
considered, however, the factual gained from interacting mole-
cules in solid crystal lattice (Sajan, Joseph, Vijayan, & Karabacak,
2011) (Tables S2-S3).
3.2.1. Frontier molecular orbitals
The HOMO-LUMO configurations and energetic values mainly

controlling the molecule electron donation or acceptance (Bulat,
Chamorro, Fuentealba, & Toro-Labbe, 2004) where reducing the
HOMO-LUMO gap will result in ease intramolecular charge transfer
(Makhlouf, Radwan, & Ghazal, 2018; Xavier, Periandy, &
Ramalingam, 2015) which may influence the molecule’s biological
activity (Bouchoucha, Zaater, Bouacida, Merazig, & Djabbar, 2018).
The diagram demonstrated that compound 4 has HOMO spread
over the whole molecule and consisted of the p-orbital thienopy-
ridine moiety along with the lone pair of electrons belong to het-
eroatoms, while their LUMO has been built of the whole
molecule p*-orbitals. The thiazolyl thienopyridine derivatives
exhibited resemble constructure of the HOMO-LUMO, for instance,
the methyl and phenyl derivatives, 5 and 6, presented almost coin-
cided HOMO and LUMO configurations in which the former was
built up of the fused and thiazole rings p-orbitals in addition to
the lone pair of heteroatoms while the latter represented the p*-
of the parent compound 4.



Fig. 2. DFT structures of the 5–10 derivatives.
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orbitals of the whole molecule except the methyl or phenyl sub-
stituent. Similarly, the FMO of thiazolone derivatives, 7–10,
showed close configurations to those of the previously mentioned
but with minor contribution of the benzylidene group in both orbi-
tals. Eventually, the HOMO-LUMO charge transfer occurred in the
synthesized derivatives could be mainly defined as p ? p* and
n ? p* transitions (Fig. 3).

The HOMO (EH) and LUMO (EL) energies were influenced by the
abovementioned findings. Even though, the energy data revealed
that all the derivatives exhibited close values of the EH and EL,
�4.85 - �5.52 and �2.79 – �3.62 eV, respectively. Also, the thia-
zolone derivatives 7–10 were possessed higher EH and EL than
the other compounds 4–6, where the compound 10 exhibited the
highest values. However, the DEH-L energy gap, ranged from 1.90
to 2.19 eV, indicated that the thiazolone derivatives have lower
values than the parent and thiazole derivative and thus, the inves-
tigated compounds may be ordered due to DEH-L as
10 < 8 < 9 < 6 = 5 < 7 < 4 (Table 1).

Furthermore, the chemical reactivity parameters like elec-
tronegativity (v), global hardness (g), softness (d) and elec-
trophilicity (x), were assessed using the found energies by the
formulae (Xavier et al., 2015).
7

v ¼ �1
2

EHOMO þ ELUMOð Þg ¼ �1
2

EHOMO � ELUMOð Þ
d ¼ 1
g
x ¼ v2

2g

The data revealed that, according to electronegativity (v), the
derivatives whose have the lowest and highest Lewis’s acid charac-
ter were 5 and 10, 3.84 and 4.57 eV, respectively. Whereas, the glo-
bal softness (d) and hardness (g) values designated that compound
4 possessed the maximum electrons receiving and charge transfer
ability, 1.09 and 0.91 eV, respectively. Thus, in consistent with
hardness, the studied derivatives may be ordered as
10 < 8 < 9 < 6 = 5 < 7 < 4, in agreement with that of DEH-L gap
(Table 1).
3.2.2. Atomic Mulliken’s charges and Fukui’s indices
The charge transfer within a molecule can be correlated to the

Mulliken’s atomic charges (Bhagyasree et al., 2013). Generally,
the thienopyridine sulfur S1(thpy) and nitrogen N7

(thpy) atoms own
close positive charges in all derivatives, 0.366–0.380 and 0.102–
0.135, respectively, while the carbon atom that attached to the



Fig. 3. The HOMO and LUMO of the compounds 4–10.

N.A. Alenazi, H. Alharbi, A. Fawzi Qarah et al. Arabian Journal of Chemistry 16 (2023) 105226
hydrazone moiety, C2
(thpy), groups was bearing negative charge,

�0.430 - �0.442, that may be ascribed to participation of the SN
atoms in resonating structure of the fused ring and the electron
release effect of the hydrazone group to C2

(thpy). Moreover, the nitro-
gen atoms of amino, NH2(thpy), and hydrazone, N2

(Hzn) and N1H(Hzn),
groups were differentially negatively charged where the former
was the highest, �0.697 - �0.713, while the N2

(Hzn) has the lowest
charge, �0.028 – �0.053 (Table 2). On the other hand, the carboth-
ioamide sulfur and nitrogen atoms in compound 4 have negative
charge, SC(Hzn) = -0.062 and NH2(Hzn) = -0.595, respectively. But when
they involved in thiazole ring formation in compounds 5–10, the sul-
fur atom turned to be positively charged, S1(thia) = 0.253–0.380,
whereas the nitrogen atom N3

(thia), retained small negative charge
in the methyl and phenyl derivatives, 5 and 6, respectively, and
8

acquired small positive charge in the thiazolone derivatives, 7–10,
0.010–0.036. The charge conversion of these atoms may be ascribed
to the involvement of resonance structure of thiazole ring and elec-
tron withdrawing effect of the oxygen of the thiazolone, respectively.
Moreover, the oxygen atom of thiazolone ring, O(oxo), in 7 has lower
negative charge than in substituted thiazolones 8–10, �0.177 and
�0.194 - �0.200, respectively, which might be assigned to the elec-
tron releasing effect of the benzylidene substituents (Table 2).

In addition, the atomic Fukui’s reactivity indices, fþk , f
�
k and f 0k , to

nucleophilic, electrophilic and radical attacks, respectively, were
evaluated (El Adnani et al., 2013; Messali et al., 2018; Mi, Xiao, &
Chen, 2015; Olasunkanmi, Obot, & Ebenso, 2016). The nucleophilic
attack Fukui’s indices (fþk ) of the carbothioamide derivative 4 dis-
closed that the thienopyridine sulfur S1(thpy) was the most labile



Fig. 3 (continued)

Table 1
The investigated thienopyridine-based compounds energies and chemical reactivity parameters (eV).

Compound EH EL DEH-L v g d x

4 �4.97 �2.79 2.19 3.88 1.09 0.91 6.89
5 �4.85 �2.84 2.01 3.84 1.00 1.00 7.36
6 �4.96 �2.95 2.01 3.95 1.00 1.00 7.78
7 �5.44 �3.32 2.12 4.38 1.06 0.94 9.05
9 �5.37 �3.39 1.97 4.38 0.99 1.01 9.71
8 �5.40 �3.44 1.96 4.42 0.98 1.02 9.98
10 �5.52 �3.62 1.90 4.57 0.95 1.05 10.96
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atom followed by the carbothioamide sulfur and nitrogen atoms,
SC(Hzn) and N2

(Hzn), respectively. However, the methyl and phenyl thi-
azole derivatives 5 and 6, respectively, showed matched order of the
most active atoms which is N2

(Hzn) > S1(thpy) > C6
(thpy) > C4

(thpy). Although,
the thiazolone derivatives 7–10 presented different pattern of the
active sites but they were agreed in that thiazolone oxygen, O(oxo),
was the most active one (Table 3).

Alternatively, the electrophilic attack Fukui’s indices (f�k ) of the
methyl and phenyl derivatives 5 and 6, offered coincided patterns
of the highly susceptible atoms wherein the thiazole S1(thia) and C5-
(thia) atoms inhabited the first two positions pursued by NH2

(thpy), N1-
H(Hzn) and S1(thpy), respectively. In thiazolone derivatives 7–10, the
thienopyridine sulfur, S1(thpy), amino nitrogen, NH2(thpy) and carbon,
C2
(thpy), were the most active sites, respectively, except in compound

9, in which the thiazolone sulfur atom was the most labile one.
To overcome the inaccurate prediction of the nucleophilic and

electrophilic attack active sites via Fukui’s indices, the relative
electrophilicity and nucleophilicity descriptors, s�k =s

þ
k and sþk =s

�
k ,

respectively, were estimated (R. Roy, de Proft, & Geerlings, 1998;
R. Roy, Krishnamurti, Geerlings, & Pal, 1998; R. K. Roy, Pal, &
Hirao, 1999), where sþk ¼ fþk � d, s�k ¼ f�k � d and d is global softness.
The relative nucleophilicity descriptors data, sþk =s

�
k , of the investi-

gated derivatives offered different patterns of the most susceptible
atoms but in compounds 4–7 and 9, the most active one was the
thienopyridine carbon C3a

(thpy) while the derivatives 8 and 10 showed
that the thiazole carbon, C2

(thia), and benzylidene carbon, C1
(PhBnzl),

were the first active atoms, respectively.
Alternatively, the relative electrophilicity descriptors, s�k =s

þ
k ,

data of the compound 4 and 5 displayed resemble patterns
9

wherein the azomethine nitrogen, N1H(Hzn), occupied the first place
while in derivative 6 the phenyl thiazole carbon C2

(Phthia) existed on
the top and followed by the azomethine nitrogen, respectively.
Whilst in 7, 8 and 10, the thienopyridine carbon, C2

(thpy), was the
most susceptible site followed by the N1H(Hzn) except in the last
where the S1(thpy) was in the second position (Table 3).

3.3. In vitro antimicrobial assay

The synthesized derivatives 3–10 antibacterial effectiveness
were screened toward bacterial strains Streptococcus aureus, Bacil-
lus subtilis, Pseudomonas aeruginosa, and Escherichia coli. The pre-
pared analogues effectiveness has been matched with the
references, ampicillin and gentamicin for Gram (+ve) and Gram (-
ve) bacteria, correspondingly. All of analogues and reference were
established using a concentration of 5 > g/mL and recorded in
Table 4. The synthesized thienopyridine derivatives 8–10 having
arylidine thiazolone moiety revealed significant inhibitory effect
(18.9 ± 0.63––24.3 ± 0.74 lg/mL) on Gram (+ve) S. aureus, appro-
priate inhibition with (14.2 ± 0.41––19.5 ± 0.64 lg/mL) on Gram
(-ve) E. coli, in comparison with ampicillin and gentamicin, respec-
tively. Temporarily, some pervious thinopyridine derivatives have
hydrazinyl-acetamide moiety inhibition effectiveness towards
Gram (-ve)strains, particularly towards S. aureus, with an inhibi-
tion zone of 19 mm and an MIC value of 15.63 lg/mL (Mohi El-
Deen, Abd El-Meguid, Hasabelnaby, Karam, & Nossier, 2019).
Where, thienopyridine compound 4 containing thiosemicarbazone
arm displayed higher inhibition (17.2 ± 0.49 lg/mL) on S. aureus
and (19.1 ± 0.61 lg/mL) on B. subtilis as Gram (+ve) bacterial
strains. Meanwhile, thieno-pyridine derivative 7 with hydrazinyl



Table 2
Selected Mulliken’s atomic charges of the studied thienopyridine compounds.

Atom 4 5 6 7 8 9 10

S1(thpy) 0.368 0.366 0.366 0.380 0.376 0.376 0.378
C2
(thpy) �0.430 �0.438 �0.439 �0.441 �0.442 �0.440 �0.441

C3
(thpy) 0.181 0.192 0.193 0.198 0.196 0.196 0.197

C3a
(thpy) 0.323 0.321 0.321 0.319 0.320 0.320 0.319

C4
(thpy) 0.402 0.400 0.401 0.397 0.404 0.397 0.397

C5
(thpy) �0.504 �0.503 �0.502 �0.465 �0.499 �0.465 �0.464

C6
(thpy) 0.099 0.098 0.098 0.105 0.099 0.105 0.106

N7
(thpy) 0.132 0.134 0.134 0.105 0.135 0.102 0.104

C7a
(thpy) �0.665 �0.663 �0.662 �0.656 �0.659 �0.656 �0.655

NH2(thpy) �0.697 �0.713 �0.712 �0.705 �0.706 �0.706 �0.704
Me4(thpy) �0.897 �0.899 �0.898 �0.898 �0.898 �0.898 �0.897
Me6(thpy) �0.828 �0.828 �0.827 �0.839 �0.826 �0.840 �0.839
C(Hzn) 0.296 0.226 0.229 0.257 0.252 0.257 0.262
Me(Hzn) �0.886 �0.895 �0.893 �0.887 �0.888 �0.885 �0.884
N2

(Hzn) �0.053 �0.032 �0.028 �0.036 �0.031 �0.032 �0.036
N1H(Hzn) �0.366 �0.299 �0.299 �0.290 �0.299 �0.301 �0.298
CS(Hzn) �0.151
SC(Hzn) �0.062
NH2(Hzn) �0.595
S1(thia) 0.338 0.348 0.318 0.259 0.253 0.259
C2
(thia) �0.265 �0.324 �0.198 �0.233 �0.233 �0.228

N3
(thia) �0.028 �0.031 0.010 0.033 0.033 0.036

C4
(thia) 0.372 0.305 0.035 �0.016 �0.016 �0.011

C5
(thia) �0.720 �0.730 �0.828 �0.243 �0.238 �0.238

Me(thia) �0.814
C1
(Phthia) 0.365

C4
(Phthia) �0.254

O(oxo) �0.177 �0.198 �0.200 �0.194
C(Bnzl) �0.275 �0.288 �0.276
C1
(PhBnzl) 0.523 0.549 0.541

C4
(PhBnzl) 0.458 0.306 �0.128

Me(PhBnzl) �0.862
OMe(PhBnzl) �0.222
MeO(PhBnzl) �0.612
Cl(PhBnzl) �0.020

Table 3
The studied thienopyridine compounds most active atoms in Fukui’s indices and relative descriptors.

4 5 6 7 8 9 10

atom f�k atom f�k atom f�k atom f�k atom f�k atom f�k atom f�k

SC(Hzn) 0.12 S1(thia) 0.08 S1(thia) 0.07 S1(thpy) 0.10 S1(thpy) 0.08 S1(thia) 0.05 S1(thpy) 0.09
S1(thpy) 0.10 C5

(thia) 0.06 C5
(thia) 0.06 NH2(thpy) 0.08 NH2(thpy) 0.07 NH2(thpy) 0.05 NH2(thpy) 0.07

NH2(thpy) 0.08 NH2(thpy) 0.06 NH2(thpy) 0.05 C2
(thpy) 0.06 C2

(thpy) 0.05 S1(thpy) 0.05 C2
(thpy) 0.06

N2
(Hzn) 0.06 N1H(Hzn) 0.06 N1H(Hzn) 0.05 O(oxo) 0.06 C3

(thpy) 0.05 O(oxo) 0.04 N2
(Hzn) 0.05

C2
(thpy) 0.05 S1(thpy) 0.05 S1(thpy) 0.05 N2

(Hzn) 0.06 N2
(Hzn) 0.05 C3

(thpy) 0.04 C3
(thpy) 0.05

atom fþk atom fþk atom fþk atom fþk atom fþk atom fþk atom fþk
S1(thpy) 0.07 N2

(Hzn) 0.06 N2
(Hzn) 0.06 O(oxo) 0.06 O(oxo) 0.06 O(oxo) 0.06 O(oxo) 0.07

SC(Hzn) 0.07 S1(thpy) 0.06 S1(thpy) 0.06 S1(thpy) 0.06 C(Hzn) 0.04 C(Hzn) 0.04 Cl
(PhBnzl) 0.05

N2
(Hzn) 0.07 C6

(thpy) 0.06 C6
(thpy) 0.05 N2

(Hzn) 0.06 C(Bnzl) 0.04 S1(thpy) 0.04 C(Bnzl) 0.05
C6
(thpy) 0.06 C4

(thpy) 0.05 C4
(thpy) 0.05 C6

(thpy) 0.05 C6
(thpy) 0.04 C6

(thpy) 0.04 C(Hzn) 0.04
C4
(thpy) 0.06 N7

(thpy) 0.04 C3
(thpy) 0.04 C(Hzn) 0.05 S1(thpy) 0.04 N2

(Hzn) 0.04 C4
(thia) 0.04

atom S+/S- atom S+/S- atom S+/S- atom S+/S- atom S+/S- atom S+/S- Atom S+/S-

C3a
(thpy) 7.00 C3a

(thpy) 5.00 C3a
(thpy) 4.60 C3a

(thpy) 4.00 C2
(thia) 3.56 C3a

(thpy) 3.75 C1
(PhBnzl) 4.00

C(Hzn) 2.65 C4
(thpy) 2.23 C1

(Phthia) 4.00 C(Hzn) 3.25 C3a
(thpy) 3.50 C2

(thia) 3.10 C5
(thia) 3.75

C4
(thpy) 2.39 N2(Hzn) 2.13 C4

(thpy) 2.35 C2
(thia) 2.23 C(Hzn) 2.80 C(Hzn) 2.75 C2

(thia) 3.50
N7

(thpy) 1.78 N7
(thpy) 1.91 N2

(Hzn) 2.30 C4
(thpy) 1.82 C4

(thia) 2.62 C4
(thia) 2.46 C2

(PhBnzl) 3.40
Me4(thpy) 1.78 Me4(thpy) 1.75 N7

(thpy) 2.00 Me(Hzn) 1.75 C2
(PhBnzl) 1.71 C4

(thpy) 2.00 C4
(thia) 2.79

atom S-/S+ atom S-/S+ atom S-/S+ atom S-/S+ atom S-/S+ atom S-/S+ Atom S-/S+

N1H(Hzn) 2.67 N1H(Hzn) 2.29 C2
(Phthia) 2.60 C2

(thpy) 2.86 C2
(thpy) 3.50 C1

(PhBnzl) 4.25 C2
(thpy) 5.50

NH2(thpy) 2.23 S1(thia) 1.97 N1H(Hzn) 2.32 N1H(Hzn) 2.43 N1H(Hzn) 2.83 C5
(thia) 4.14 S1(thpy) 3.07

C2
(thpy) 1.80 C4

(thia) 1.95 S1(thia) 2.09 NH2(thpy) 2.22 NH2(thpy) 2.23 N1H(Hzn) 2.67 NH2(thpy) 2.43
SC(Hzn) 1.72 NH2(thpy) 1.90 C4

(thia) 2.00 S1(thpy) 1.76 S1(thpy) 2.13 S1(thia) 2.21 N1H(Hzn) 2.36
S1(thpy) 1.42 C5

(thia) 1.78 C5
(thia) 1.87 N3

(thia) 1.17 N2
(Hzn) 1.25 C2

(thpy) 2.20 N2
(Hzn) 1.93
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thiazolone moiety demonstrated proper inhibition (26.8 ± 0.58 lg/
mL) toward B. subtilis. Though, derivatives 5, 6 with methyl and
phenyl thiazoles displayed lower inhibitions against both of gram
(+ve and –ve) strains, and thienopyridine compound 3 exhibited
10
the lowest inhibition than the other analogues. Moreover, the title
derivatives 3–10 were screened also toward antifungal strains A.
fumigatus and C. albicans in contrast to Miconazole as a reference.
Only, thienopyridine derivative 8–10 have arylidine thiazolone



Table 4
The In vitro antimicrobial effectiveness with minimal inhibitory concentration (lg/mL) of the prepared analogues.

Organism Entry Gram-positive bacteria Gram-negative bacteria Fungi

S. aureus B. subtilis S. typhimurium E. coli C. albicans A. fumigatus

3 13.6 ± 0.37 12.7 ± 0.28 11.6 ± 0.22 9.9 ± 0.33 14.9 ± 0.72 15.8 ± 0.38
4 17.2 ± 0.49 19.1 ± 0.61 11.4 ± 0.36 10.3 ± 0.22 18.2 ± 0.26 11.2 ± 0.24
5 16.6 ± 0.17 18.9 ± 0.29 11.3 ± 0.45 8.9 ± 0.41 12.9 ± 0.63 13.4 ± 0.65
6 13.5 ± 0.06 14.3 ± 0.36 10.2 ± 0.31 11.7 ± 0.53 16.3 ± 0.15 14.3 ± 0.58
7 19.5 ± 0.62 26.8 ± 0.15 12.3 ± 0.25 12.8 ± 0.19 12.6 ± 0.38 10.9 ± 0.40
8 24.3 ± 0.74 21.4 ± 0.03 18.7 ± 0.68 19.5 ± 0.64 19.2 ± 0.58 15.7 ± 0.19
9 18.9 ± 0.63 17.9 ± 0.49 11.4 ± 0.27 14.2 ± 0.41 23.4 ± 0.65 11.9 ± 0.34
10 19.5 ± 0.44 29.8 ± 0.58 12.3 ± 0.25 16.6 ± 0.19 22.3 ± 0.25 12.3 ± 0.07
Ampicillin 23.6 ± 0.23 32.5 ± 0.20 – – – –
Gentamicin – – 17.6 ± 0.37 20.4 ± 0.21 – –
Miconazole – – – – 27.6 ± 0.24 25.2 ± 0.33

Ampicillin reference for Gram(+ve), Gentamicin reference for Gram (–ve) bacteria, and Miconazole reference for antifungal agent. Experiments were achieved in triplicate and
results are characterized by mean ± S.D.
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moiety discovered higher inhibitory (19.2 ± 0.58––23.4 ± 0.65 lg/
mL) over C. albicans. Furthermore, the synthesized derivatives 3–10
were not displayed any remarkable inhibitions against A.
fumigatus.
Table 6
Inhibition activity of analogues 7,8, 9 and 10 against DNA gyrase.

Analogues (IC50 lM)

7 8.27 ± 0.43
8 6.46 ± 0.01
9 3.19 ± 0.56
10 5.83 ± 0.29
Novo (Ref.) 4.31 ± 0.61
3.3.1. Structure-activity relationship
Thienopyridine derivative 8 has p-methyl on the arylidine thia-

zolone moiety and displayed eminent inhibition (24.3 ± 0.74 lg/
mL) towards S. aureus compared to ampicillin reference (23.6 ± 0.
23 lg/mL) which may led to amazing enhancements in the inhibi-
tion effectiveness upon the existence of a methyl group (methyla-
tion effect) (Naclerio, Karanja, Opoku-Temeng, & Sintim, 2019),
rather than the substituted chlorine atom in derivative 10 that
showed good inhibition, more than derivative 9 which was substi-
tuted by a methoxy group (Asiri et al., 2021). Whereas, the pres-
ence of the thiosemicarbazone moiety showed respectable
inhibitions towards both of S. aureus and B. subtilis as Gram (+ve)
bacterial strains, as in thieno-pyridine 4 due to thiosemicarbazone,
which showed remarkable inhibition as mentioned in several liter-
atures (Azam, Warad, Al-Resayes, Siddiqui, & Oves, 2013; Hashem,
Amr, Nossier, Elsayed, & Azmy, 2020; Tehranchian, Akbarzadeh,
Fazeli, Jamalifar, & Shafiee, 2005). Meanwhile, thienopyridine-
thiazole hybrid 5 has a methyl-thiazole branch that displayed
moderate inhibition, while hybrid 6 has a phenyl-thiazole branch
that demonstrated weak reactivity rather than the rest of the
derivatives even more than hybrid 3 that contain acetyl group, this
may be attributed to the isolation of the thiazole moiety from the
conjugation with the thieno-pyridine nucleus, which led to the for-
mation of two separate parts that revealed weak activities. More-
over, thienopyridine derivative 7 with the hydrazinyl thiazol-4-
one moiety demonstrated appropriate inhibition due to the
thiazol-4-one ring, displayed promising lipid peroxidation inhibi-
tors (Narasimhan, Kumar, & Sharma, 2010).

Eventually, the Multiple Linear Regression methodology (MLR)
(Worachartcheewan, Nantasenamat, Isarankura-Na-Ayudhya,
Prachayasittikul, & Prachayasittikul, 2011), built-in OriginPro pro-
gram (OriginLab, 2018), was employed to explore the relationship
Table 5
The MLR coefficient of quantum chemical descriptors.

Organism Intercept EH EL

S. aureus �1.02 1.08 5.09
B. subtilis �1.02 �3.44 3.85
S. typhimurium 0.30 �0.12 �1.48
E. coli 1.84 �1.21 �9.19
C. albicans 1.93 �0.15 �9.66
A. fumigatus 0.95 �0.86 �4.76

11
between the anticancer activity (IC50), as dependent variable, and
the quantum chemical calculation parameters (EH, EL, DEH-L, v
and d), as independent variables (Table 5). The data presented that
the HOMO-LUMO gap coefficients have negative sign which
denotes that the increase in such parameter will lead to decrease
in the activity. Moreover, the cell lines showed good regression
coefficients, R2 = 0. 8747–0. 9962, with standard deviation, SD =
0.26–4.66.

3.3.2. Escherichia coli DNA gyrase inhibition
The inhibition of DNA gyrase has been proposed as a potential

technique for producing antimicrobial drugs that can combat
antimicrobial resistance. As a result, the most active antibacterial
analogues 7, 8, 9, and 10 were chosen to compare their in vitro
inhibitory activity against DNA gyrase from Escherichia coli to
novobiocin (Novo) as a reference inhibitor. Table 6 shows that
the thieno-pyridine analogue 7 with the hydrazinyl thiazolone
moiety produced mild inhibition (IC50 = 8.27 ± 0.43 g/mL). Mean-
while, p-methyl analogue 8 demonstrated acceptable inhibition
action (IC50 = 6.46 ± 0.01 M), p-methoxy analogue 9 had the most
active inhibitory activity (IC50 = 3.19 ± 0.56 M), and Novo demon-
strated inhibition (IC50 = 4.31 ± 0.61 M). Moreover, p-chloro ana-
logue 10 showed promising inhibition activity (IC50 = 5.83 ± 0.
29 lM) near that of the inhibition value of Novo. From the com-
pounds’ IC50 values, it was clear that analogues 8–10 possess the
presence of thienopyridine-thiazolin-4-one with p-methyl, p-
methoxy, and p-chloro moieties, respectively in their structure
supported inhibition activity against DNA gyrase.
DEH-L v d R2 SD

�4.63 5.09 5.09 0.9726 1.35
�6.07 1.11 4.88 0.8747 4.66
�5.58 �1.48 �1.48 0.9559 1.45
�3.80 �9.19 �9.19 0.9931 0.75
2.17 �9.66 �9.66 0.9264 2.81

�2.97 �4.76 �4.76 0.9962 0.26
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3.4. Molecular docking

A crucial phase in drug design, molecular docking is one of the
utmost significant tool drug design since it can provide insight into
the interaction types of new molecules in the appropriate target
protein (Eldeab, 2019; Elzahabi et al., 2018). As pervious litera-
tures, many researches were proceeded to discover the interaction
between thienopyridine hybrids and active centers in E. coli DNA
gyrase B by utilizing PDB ID: 1AJ6 (Mohi El-Deen et al., 2019;
Mohi El-Deen, Abd El-Meguid, Karam, Nossier, & Ahmed, 2020;
Mohi El-Deen, Nossier, & Karam, 2022) Herein, we have applied
MOE program to expect the effect and interactions between the
newly synthesized derivatives and E. coli DNA gyrase B as it
expressed by PDB ID: 1AJ6. Table 7 revealed the docking results
for the synthesized thieno-pyridine derivatives, including the
binding energy score (S), route main square (Rmsd), types and sites
of contacts between ligands and 1AJ6 amino-acids, and intermolec-
ular distances (Å) in contrast to Gentamicin reference that dis-
played one H- donor interaction between O8 of the hydroxyl
group on the pyran ring with Ala 100 (2.83 Å), through good bind-
ing scores S = -7.0352 kcal/mol over Rmsd = 1.4938 (Figure S1). In
comparison to Gentamicin, Acetyl-amino-thienopyridine 3 dis-
played lower binding score S = -5.5340 kcal/mol with
rmsd = 1.2748, through H-donor between S7 of thiophene ring
with ASP 73(3.67 Å), H-acceptor between O14 of acetyl group with
Gly77 (2.96 Å) (Figure S2). Though, thiosemicarbazone derivative 4
revealed the Rmsd value = 0.8304 that reflect binding energy S = -6.
Table 7
In silico docking results of the prepared thieno-pyridine derivatives.

No. S (affinity score) (kcal/mol) Rmsd (refine unit) E

3 �5.5340 1.2748

4 �6.3868 0.8304 �

5 �6.5783 1.1762
6 �5.3856 1.4216

7 �6.5561 1.2101

8 �7.2009 1.4516

9 �6.8076 1.3977
10 �6.3842 0.9785
Gentamicin �7.0352 1.4938

Fig. 4. Binding interactions between d

12
3868 kcal/mol, H-donor between N 16 of with thiosemicarbazone
moiety and Asp 73(3.06 Å), and p-H between the pyridine ring
with Ile78 (4.31 Å) as in figure S3. However, thiazolyl-
thienopyridine 5 with 4-methyl moiety shown poor binding
energy value S = -6.5783 kcal/mol over rmsd = 1.1762 through only
one H- donor between S 21 of thiazole ring and Asp 73(3.14 Å)
(Fig. 4).

But, thiazolyl-thienopyridine derivative 6with 4-phenyl moiety
revealed the lowest binding energy value S = -5.3856 kcal/mol
through Rmsd = 1.4216 came from three H-bonds, two H-donors
were arisen between Glu 131 with both of N16 of hydrazonyl moi-
ety (3.55 Å) and S21 of thiazole ring (3.68 Å), one H-acceptor
between N18 of thiazole moiety with Arg 168 (3.38 Å) (Figure S4).
Though, thieno-pyridine derivative 7 have thiazolone ring was
demonstrated two unlike interactions, H-acceptor between N 14
of hydrazonyl moiety and Asn 46(3.15 Å), p-H binding between
thiophene ring with Ile 78(4.18 Å), and Rmsd = 1.2101 with bind-
ing score S = -6.5561 kcal/mol (Figure S5). Meanwhile, arylidine
derivative 8 showed higher binding scores S = -7.2009 kcal/mol
more that the reference’s score with Rmsd = 1.4516 over two H-
donors between S7of thiophene ring with of Gly 77 and His 136
through 3.21 and 4.33 Å, respectively. Also, derivative 8 displayed
H-p binding between one of the methyl on the pyridine ring with
the phenyl ring of His 136 over 4.23 Å (Fig. 5).

Moreover, p-methoxy derivative 9 presented one p-H binding
among benzene moiety with Ile 78 (3.71 Å), through poor binding
scores S = -6.8076 kcal/mol with Rmsd = 1.3977 (Fig. 6).
_conf Ligand interactions Interactions Distance (Å)

�1.7530 S 7 with ASP 73
O 14 with Gly77

H-donor
H-acceptor

3.67
2.96

50.3914 N 16 with Asp 73
6-ring with Ile78

H-donor
p-H

3.06
4.31

25.4519 S 21 with Asp 73 H-donor 3.14
46.1311 N 16 with Glu 131

S 21 with Glu 131
N18 with Arg 168

H-donor
H-donor
H-acceptor

3.55
3.68
3.38

�1.4224 N 14 with Asn 46
5-ring with Ile 78

H-acceptor
p-H

3.15
4.18

19.3507 S 7 with Gly 77
S 7 with His 136
5-ring with His 136

H-donor
H-donor
H-p

3.21
4.33
4.23

19.4038 5-ring with Ile 78 p-H 3.71
74.6188 N 18 with Gly 77 H-acceptor 3.29

179.9333 O 8 with Ala100 H-donor 2.83

erivative 5 and 1AJ6 amino-acids.



Fig. 5. Binding interactions between derivative 8 and 1AJ6 amino-acids.

Fig. 6. Binding interactions between derivative 9 and 1AJ6 amino-acids.
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Furthermore, p-chloro derivative 10 offered one H-acceptor
interaction between N18 of thiazole ring with Gly 77 (3.29 Å),
through poor binding scores S = -6.3842 kcal/mol(Ismail,
Abdulwahab, Nossier, El Menofy, & Abdelkhalek, 2020) with good
Rmsd = 0.9785 (Figure S6).

Finally, the stimulating reasonable docking experiment is used
as a last step to predict how much the ligand interactions change
as they interact with different analogues. A network of hydrogen
bonding, H-p, and p-H interactions between the chemical struc-
tures of the different heterocyclic nucleuses with different amino
acids of 1AJ6 was explained and represented through 2D and 3D
images. The most of the synthesized analogues that were docked
into the 1AJ6 pockets may be seen as a fork surrounded by polar
and anon-polar residues (Asp 73, Ile78, Gly77, and His 136). Addi-
tionally, in relation to the formed derivatives, thieno-pyridine ana-
logues 5, 7, 8, and 9 recorded acceptable binding scores toward the
amino acids of 1AJ6, which somewhat nearest with the outcomes
of the antibacterial activities.

4. Conclusion

A series of thieno[2,3-b]pyridine-thiazole hybrids were
obtained by heterocyclization of 2-(1-(3-amino-4,6-dimethyl
thieno[2,3-b]pyridin-2-yl)ethylidene)hydrazine-1-carbothioamide
with chloroacetone, phenacyl chloride, and chloroacetic acid. The
investigated thieno-pyridine compounds DFT calculated structure
designated that all were deviated from planar conformation. The
HOMO-LUMO energy gap of studied derivatives were low, 1.90–
2.19 eV, following the order 10 < 8 < 9 < 6 < 5 < 7 < 4. The antibac-
terial inhibition of the prepared thieno-pyridine analogues 8–10
13
exhibited effective antimicrobial activity against Gram positive S.
aureus and Gram negative E. coli, and C. albicans (antifungal), with
inhibition activities at (18.9 ± 0.63––24.3 ± 0.74 lg/mL), (14.2 ± 0.
41––19.5 ± 0.64 lg/mL), and (19.2 ± 0.58––23.4 ± 0.65 lg/mL),
respectively. Meanwhile, thieno-pyridine 4 contain thiosemicar-
bazone arm was exhibited respectable inhibition (17.2 ± 0.49 lg/
mL) on S. aureus and (19.1 ± 0.61 lg/mL) on B. subtilis. Whoever,
thieno-pyridine derivative 7 with hydrazinyl thiazolone moiety
demonstrated appropriate inhibition (26.8 ± 0.58 lg/mL) toward
B. subtilis. Additionally, molecular docking stimulation between
the newly synthesized thieno-pyridine analogues and the E. coli
DNA gyrase’s protein demonstrated that analogues 5, 7, 8, and 9
recorded adequate binding scores.
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