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Abstract A series of substituted thieno[2,3-b:4,5-b0]dipyridine compounds were synthesized based

on the reactions of 2-acetyl-3-aminothieno[2,3-b]pyridine derivative 1 with 1,3-bifunctional reagents

(malononitrile, cyanoacetamide, acetylacetone, ethyl acetoacetate) and/or DMF-DMA. The fron-

tier molecular orbitals of the produced derivatives were obtained from DFT/B3LYP calculations

to investigate their structural and energetic properties. The data revealed that they had a low energy

gap (DEH-L), 2.32–3.39 eV, where compounds 3 and 6 displayed the smallest and greatest values,

respectively. Meanwhile, the antibacterial activity of synthesized thieno[2,3-b:4,5-b0]dipyridine ana-
logues was tested against four bacterial strains. Derivatives 2, 3, 5 and 8 exhibited good activity

against Gram-positive bacteria rather than Gram-negative comparable to the ampicillin drug refer-

ence. Also, thienodipyridine analogues 2, 3, 5 and 8 displayed good activity in general, but against

Gram-positive rather than Gram-negative bacteria. Meanwhile, the SAR of the synthesized ana-

logues was discussed to describe the effect of their substituents on both two Gram-positive bacteria

(S. aureus and B. subtilis) and two Gram-negative bacteria (S. typhimurium and E. coli). Also, the

molecular docking estimation was applied on these hybrids to inspect their binding interactions

toward the E. coli DNA gyrase B active site (PDB code: 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/).
.
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1. Introduction

Inspired the significant role of heterocycles in the pharmaceutical,

agrochemical industries, and are intricately woven into life’s funda-

mental processes (Bhargava et al., 2021). Over 90% of newly synthe-

sized and commercialized pharmaceuticals have heterocyclic

compounds, which have pharmacological, toxicological, physico-

chemical, and pharmaco-kinetic effects (Adibpour et al., 2007, Koller

et al., 2012). The synthesis of new compounds and subsequent evalua-

tion of their biological activity was an empirical approach that gave

rise to the field of medicinal chemistry (Al-Mulla, 2017, Fascio et al.,

2015, Tevyashova and Chudinov, 2021). Owing to the qualities of its

bioactivity, these pyridine moieties are essential in therapeutic chem-

istry. Since pyridine has a weak basicity, one of its uses in medical

applications is to increase water solubility (Naushad and Thangaraj,

2022). Although greater water solubility has been a goal of many med-

ications and pesticides with pyridine derivatives, this enhancement is

frequently pH-dependent (Sun et al., 2022). For example, sulfapyridine

has strong antibacterial effectiveness and water solubility in acidic

medium, but there is a chance of crystallization in the urethra, which

causes pain or urethral block (Fig. 1). Meanwhile, the conjugation

between sulfapyridine and 5-aminosalicylic acid by an azo link affords

sulfasalazine (Fig. 1). It exhibits better water solubility and is used in

medical practice to cure Crohn’s illness, colitis, and rheumatoid

(Felson et al., 2011). If a pyridine ring cannot be added to the parent

chemical structure, a water-soluble prodrug is an option.

The favorite thienopyridine ring found in a wide variety of pre-

pared heterocyclic frames has been connected to a variety of bioactiv-

ities (Ul-Haq et al., 2020, Abuelhassan et al., 2022, Bakhite et al.,

2003). They have distinctive and fascinating characteristics in the

world of thiophene fused with six-membered pyridine structures.

Medicinal chemists are increasingly turning to scaffolds to synthesize

a variety of novel bioactive thienopyridine compounds, including

anti-inflammatory, anti-infective, anti-depressant, antimicrobial,

antiviral, and antiproliferative agents (Nakamura et al., 2017). More-

over, the thienopyridine moiety plays a significant molecular role in

anti-aggregation drugs (Fig. 2). The first drug with in vitro anti-

inflammatory (carrageenan-induced emphysema) and inhibition of

ADP-induced platelet aggregation activity was ticlopidine, a

tetrahydrothieno[3,2-c]pyridine derivative, clopidogrel, which has the

same ring, and still available for use (Istanbullu et al., 2022). From

the previous scientific literature, we go over how to make a couple

brand-new thieno[2,3-b:4,5-b0]dipyridine analogues. Additionally, to

theoretical estimation like molecular modelling and docking, the syn-

thesized compounds were examined for both Gram-positive and

Gram-negative bacterial strains.

2. Experimental

2.1. Materials and methods

Melting points were determined on an Electrothermal 9100

instrument. The IR spectra (KBr discs) were captured by a
Fig. 1 Chemical structures of su
Thermo Scientific’s Nicolet iS10 FTIR spectrometer. Using a
spectrometer manufactured by JEOL, 1H NMR (500 MHz)
and 13C NMR (125 MHz) spectra were recorded in DMSO-d6.

Mass analyseswere recorded by aQuadrupoleGC–MS (DSQII)
mass spectrometer at a setting of 70 eV. Elemental analyses were
determined using a Perkin-Elmer 2400 analyzer (C, H, and N).

2.2. Synthesis of 2-amino-4,7,9-trimethyl-3-substituted-

thienodipyridines 2 and 3

A mixture of 2-acetyl-3-aminothienopyridine compound 1

(0.88 g, 4 mmol) and malononitrile (0.27 g, 4 mmol) or
cyanoacetamide (0.34 g, 4 mmol) in sodium ethoxide solution

(prepared from 0.14 g sodium metal and 30 mL absolute etha-
nol) was refluxed for 4 h. The mixture was poured into ice-cold
water and neutralized by dilute HCl. The separated solid was
collected and crystallized from ethanol to furnish the corre-

sponding thieno-dipyridine compounds 2 and 3, respectively.

2.2.1. 2-Amino-3-cyano-4,7,9-trimethylthieno[2,3-b:4,5-b0]
dipyridine (2)

Light green powder; yield = 68%; m.p. = 245–246 �C. IR (v
�
/

cm�1): 3360, 3294 (ANH2), 2212 (C„N), 1649 (C‚N). 1H
NMR (d/ppm): 2.32 (s, 3H, ACH3), 2.42 (s, 3H, ACH3), 2.71

(s, 3H, ACH3), 7.04 (s, 1H, C5-pyridine), 7.12 (s, 2H, ANH2).
13C NMR (d/ppm): 15.82 (ACH3), 19.13 (ACH3), 24.04
(ACH3), 87.43, 113.60 (AC„N), 122.74, 124.33, 126.56,

144.59, 151.62, 156.91, 159.78, 161.17, 161.86. MS (EI, m/z):
268 (13.32%). Anal. Calcd. for C14H12N4S (268.08): C, 62.66;
H, 4.51; N, 20.88%. Found: C, 62.76; H, 4.48; N, 20.93%.

2.2.2. 2-Amino-4,7,9-trimethylthieno[2,3-b:4,5-b0]dipyridine-3-
carboxamide (3)

Lemon powder; yield = 74%; m.p. = 263–264 �C. IR (v
�
/

cm�1): 3338, 3288, 3214 (ANH2), 1657 (amide, C‚O). 1H
NMR (d/ppm): 2.31 (s, 3H, ACH3), 2.40 (s, 3H, ACH3),
2.68 (s, 3H, ACH3), 6.48 (s, 2H, ANH2), 7.05 (s, 1H, C5-

pyridine), 7.87 (s, 2H, ANH2).
13C NMR (d/ppm): 15.76

(ACH3), 19.22 (ACH3), 23.96 (ACH3), 115.07, 123.01,
124.40, 125.83, 144.47, 147.39, 155.58, 157.11, 159.65, 160.93,
166.35 (C‚O). MS (EI, m/z): 286 (43.08%). Anal. Calcd. for

C14H14N4OS (286.09): C, 58.72; H, 4.93; N, 19.57%. Found:
C, 58.87; H, 4.88; N, 19.50%.

2.3. Synthesis of 2,4,7,9-tetramethyl-3-substituted-
thienodipyridines 4 and 5

A mixture of 2-acetyl-3-aminothienopyridine compound 1

(0.88 g, 4 mmol) and acetylacetone (0.40 g, 4 mmol) or ethyl
lfapyridine and sulfasalazine.



Fig. 2 Some of heterocyclic drugs containing thienopyridine moiety.
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acetoacetate (0.52 g, 4 mmol) in sodium ethoxide solution (pre-
pared from 0.14 g sodium metal and 30 mL absolute ethanol)

was refluxed for 4 h. The mixture poured into ice-cold water
and neutralized by dilute HCl. The solid that formed was col-
lected and crystallized from ethanol to give the corresponding

thieno-dipyridine compounds 4 and 5, respectively.

2.3.1. 3-Acetyl-2,4,7,9-tetramethylthieno[2,3-b:4,5-b0]
dipyridine (4)

Orange powder; yield = 63%; m.p. = 218–219 �C. IR (v
�
/

cm�1): 1680 (C‚O), 1633 (C‚N). 1H NMR (d/ppm): 2.19
(s, 3H, CH3), 2.35 (s, 3H), 2.51 (s, 3H, ACH3), 2.57 (s, 3H,

ACH3), 2.69 (s, 3H, ACH3), 7.11 (s, 1H, C5-pyridine). 13C
NMR (d/ppm): 16.70 (ACH3), 18.96 (ACH3), 22.39 (ACH3),

23.81 (ACH3), 28.56 (COCH3), 122.89, 124.25, 127.26,
134.77, 143.39, 144.42, 156.11, 157.00, 159.53, 163.48, 193.20
(C‚O). MS (EI, m/z): 284 (30.53%). Anal. Calcd. for C16H16-

N2OS (284.10): C, 67.58; H, 5.67; N, 9.85%. Found: C, 67.40;
H, 5.74; N, 9.74%.

2.3.2. Ethyl 2,4,7,9-tetramethylthieno[2,3-b:4,5-b0]dipyridine-3-
carboxylate (5)

Orange powder; yield = 58%; m.p. = 230–231 �C. IR (v
�
/

cm�1): 1714 (C‚O), 1644 (C‚N). 1H NMR (d/ppm): 1.31

(t, J= 7.00 Hz, 3H, AOCH2CH3), 2.38 (s, 3H, ACH3), 2.53
(s, 3H, ACH3), 2.68 (s, 3H, ACH3), 2.87 (s, 3H, ACH3),

4.26 (q, J = 7.00 Hz, 2H, AOCH2CH3), 6.88 (s, 1H, C5-

pyridine). 13C NMR (d/ppm): 14.23 (AOCH2CH3), 16.56
(ACH3), 18.90 (ACH3), 22.25 (ACH3), 23.87 (ACH3), 60.94

(AOCH2CH3), 122.26, 122.83, 124.32, 126.97, 143.04, 144.61,
156.19, 156.87, 159.44, 161.31, 166.36 (C‚O). MS (EI, m/z):
314 (27.14%). Anal. Calcd. for C17H18N2O2S (314.11): C,
64.94; H, 5.77; N, 8.91%. Found: C, 65.11; H, 5.71; N, 8.84%.

2.4. Synthesis of 4-hydroxy-7,9-dimethylthieno[2,3-b:4,5-b0]
dipyridine compounds 6 and 8

To a solution of thienopyridine compound 1 and/or 7

(3 mmol) in 30 mL xylene, DMF-DMA (0.36 mL, 3 mmol)
was added. The solution was subjected to reflux for 4 h. The

solid that obtained upon cooling was collected and crystallized
from EtOH to furnish the targeting 4-hydroxy-thieno[2,3-
b:4,5-b0]dipyridine compounds 6 and 8, respectively.

2.4.1. 4-Hydroxy-7,9-dimethylthieno[2,3-b:4,5-b0]dipyridine
(6)

Reddish brown powder; yield = 60%; m.p. = 284–285 �C. IR
(v
�
/cm�1): 3161 (OAH), 1641 (C‚N). 1H NMR (d/ppm): 2.59
(s, 3H, ACH3), 2.78 (s, 3H, ACH3), 6.70 (d, J = 11.00 Hz, 1H,
C3-pyridine), 6.91 (s, 1H, C5-pyridine), 8.17 (d, J = 11.00 Hz,

1H, C2-pyridine), 11.15 (s, 1H, OAH). 13C NMR (d/ppm):
19.11 (ACH3), 24.02 (ACH3), 103.05, 115.81, 122.70, 124.39,
144.54, 151.98, 157.15, 159.48, 160.08, 163.69. MS (EI, m/z):

230 (65.37%). Anal. Calcd. for C12H10N2OS (230.05): C,
62.59; H, 4.38; N, 12.16%. Found: C, 62.46; H, 4.34; N,
12.08%.

2.5. Ethyl 4-hydroxy-7,9-dimethylthieno[2,3-b:4,5-b0]
dipyridine-3-carboxylate (8)

Reddish brown powder; yield = 56%; m.p. = 302–303 �C. IR
(v
�
/cm�1): 3174 (OAH), 1667 (C‚O), 1638 (C‚N). 1H NMR

(d/ppm): 1.29 (t, J = 7.00 Hz, 3H, AOCH2CH3), 2.55 (s, 3H,
ACH3), 2.71 (s, 3H, ACH3), 4.23 (q, J = 7.00 Hz, 2H,

AOCH2CH3), 6.89 (s, 1H, C5-pyridine), 8.73 (s, 1H, C2-
pyridine), 14.62 (s, 1H, OAH). 13C NMR (d/ppm): 14.27

(AOCH2CH3), 19.06 (ACH3), 23.94 (ACH3), 60.88 (AOCH2-
CH3), 111.85, 115.73, 122.72, 124.27, 144.47, 152.03, 157.29,
159.38, 160.15, 163.51, 165.64 (C‚O). MS (EI, m/z): 302

(41.29%). Anal. Calcd. for C15H14N2O3S (302.07): C, 59.59;
H, 4.67; N, 9.27%. Found: C, 59.76; H, 4.60; N, 9.38%.

2.6. Computational calculations

Geometrical optimization of the synthesized thieno-dipyridine
derivatives was carried out by the Gaussian 09W program

(Frisch et al., 2009) at DFT/B3LYP/6-311++G(d,p) method-
ology (Becke, 1993, Lee et al., 1988, Perdew and Wang,
1992). The resulting electronic and frontier molecular orbitals

of the optimized structures have been obtained using the
GaussView program (Dennington et al., 2009). The B3LYP/
DNP (version 3.5) method in the DMol3 module of Materials
Studio software (BIOVIA, 2017) was applied in estimating the

Fukui indices (Delley, 2006).

2.7. Antimicrobial assay

The antibacterial procedure that was utilized in the study of
the synthesized thieno-dipyridines is the agar disc-diffusion
assay (Azoro, 2002, Al-Anazi et al., 2019, Kaushal et al.,

2018). Gram-positive and Gram-negative microorganisms ‘‘
(Bacillus subtilis MTCC-5981, Staphylococcus aureus MTCC-
740, Escherichia coli, Salmonella typhimurium, and Pseu-

domonas aeruginosa MTCC-424” are used in the testing. By
sub-culturing microorganisms at 37 �C into microbial inocu-
lums for 18 h, the bacteria were extracted. A 100 mL portion
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of every test microorganism was moved to the sterilised Petri
dishes. The experimental findings are reported as a mean stan-
dard deviation because they were performed in triplicate (SD).

After 24 h, the inhibition zone diameters (IZD) were evaluated
in duplicate experiments. The antibacterial ability of the syn-
thesized thieno-dipyridines toward the examined pathogens

was assessed using the IZD assay in comparison to the refer-
ence antibiotic Ampicillin. In contrast, all experiments were
carried out using the solvent DMSO, which has no inhibitory

activity. Meanwhile, minimum inhibitory concentration (MIC)
values of thieno[2,3-b:4,5-b0] dipyridine hybrids were specified
using agar dilution bacterial cultures and mentioned in the
supplementary file (Al-Anazi et al., 2019).

2.8. Molecular docking (MD)

M.O.E ‘‘2015.10” program was used to carry out the molecu-

lar docking exploration. The Protein Data Bank was used to
locate the structure of ‘‘E. coli topoisomerase II DNA gyrase
B” (PDB: 1AJ6) (Mohi El-Deen et al., 2019). To calculate a

root-mean-square deviation value, the co-crystallized ligands
were initially redocked inside the designated active ‘‘E. coli
DNA gyrase B” enzyme, ignoring heteroatoms and water,

docking ligand atoms at the proper sites using 10 poses, opti-
mization, and the ligands were docked. Following a previously
described process, the newly synthesized thieno-dipyridines (2,
3, 4, 5, 6, and 8) were molecularly docked inside the ATP-

binding position of ‘‘E. coli DNA gyrase B” (PDB: 1AJ6).

3. Results and discussion

3.1. Chemistry

The first goal of this study involves exploration the synthetic
potentially of 2-acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyri-
dine (1) (Yassin, 2009) via its reaction with active methylene

compounds. Thus, the thienopyridine compound 1 was reacted
Scheme 1 Synthesis of 2-aminothieno[2,3
with activated nitriles (namely, malononitrile and cyanoac-
etamide) in refluxing ethanol/sodium ethoxide solution to give
3-(3-amino-4,6-dimethylthieno[2,3-b]pyridin-2-yl)but-2-

enenitrile intermediate (A) formed via the loss of water mole-
cule followed by intramolecular cyclization to afford 2-amin
o-4,7,9-trimethylthieno[2,3-b:4,5-b0]dipyridine compounds 2

and 3 as sole product in each case (Scheme 1). The structure
of thieno-dipyridine compounds 2 and 3 were established
based on the data of their spectral analyses. The IR spectrum

of compound 2 lacked an absorption band of C‚O group and
displayed bands at 3360, 3294 and 2212 for ANH2 and -C„N
groups, respectively. The 1H NMR spectrum of 2 revealed sin-
glet signals at d 2.32, 2.42, and 2.71 for the protons of three

methyl groups. The protons of pyridine-C5 and amino
(ANH2) were recorded as singlet signals at d 7.04 and
7.12 ppm, respectively. The mass spectrum showed the

expected molecular ion peak M+ at m/z 268 (13.32%) for
the formula C14H12N4S.

In addition, treatment of thienopyridine compound 1 with

acetylacetone and/or ethyl acetoacetate in boiling sodium
ethoxide solution was the synthetic route for the production
of 2,4,7,9-tetramethylthieno[2,3-b:4,5-b0]dipyridine derivatives

4 and 5, respectively (Scheme 2). The IR spectrum of thieno-
dipyridine analogue 4 exhibited the absorption of acetyl-
carbonyl group at 1680 (C‚O) cm�1. The 1H NMR spectrum
of thieno-dipyridine analogue 4 showed five singlet signals at d
2.19, 2.35, 2.51, 2.57 and 2.69 ppm for the protons of five
methyl groups. The proton of pyridine-C5 was recorded as sin-
glet d 7.11 ppm. The mass analysis of thieno-dipyridine ana-

logue 4 showed the molecular ion peak at m/z 284 (M+,
30.53%) referring to the formula C16H16N2OS.

The reaction of 2-acetyl-3-aminothieno[2,3-b]pyridine

derivative 1 with DMF-DMA in boiling xylene did not stop
at the intermediate (A) which undergoes intramolecular elimi-
nation of dimethylamine molecule. Aromaticity was the driv-

ing force behind intermediate (B) to furnish the final
product, 4-hydroxythieno[2,3-b:4,5-b0]dipyridine compound 6

(Scheme 3) (Mohamed et al., 2018, Atta and Abdel-Latif,
-b:4,5-b0]dipyridine derivatives 2 and 3.
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2021). The IR spectrum exhibited absorptions at 3161 and

1641 cm�1 that are ascribed to the stretching vibrations of
hydroxyl (OAH) and imine (C‚N) functions, respectively.
The 1H NMR spectrum displayed two singlet signals at d
2.59 (pyridine-CH3) and 2.78 ppm (pyridine-CH3). The pro-
tons of pyridine ring (C3 and C2) were observed as two double
signals at d 6.70 and 8.17 ppm, respectively. The protons of
pyridine-C5 and hydroxyl group were observed as singlet sig-

nals at d 6.91 and 11.15 ppm, respectively. The mass analysis
indicated a molecular ion peak at m/z 230 (M+, 65.37%) cor-
responding to the formula C12H10N2OS.

The reaction of ethyl 3-(3-amino-4,6-dimethylthieno[2,3-b]
pyridin-2-yl)-3-oxopropanoate (7) (Rodinovskaya and
Shestopalov, 2000) with DMF-DMA in boiling xylene did

not stop at the intermediate (C) which undergoes intramolecu-
lar elimination of dimethylamine molecule followed by tau-
tomerization of the produced intermediate (D) into the
tricyclic ring system, 4-hydroxythieno[2,3-b:4,5-b0]dipyridine
compound 8 (Scheme 4). The IR spectrum showed the absorp-
tions of hydroxyl (OAH) and ester-carbonyl (C‚O) functions
at 3174 and 1667 cm�1. The 1H NMR spectrum identified the

protons of ethoxy group (COOCH2CH3) as triplet and quartet
at d 1.29 and 4.23 ppm. The protons of two methyl groups
were observed as singlet signals at d 2.55 and 2.17 ppm. The

protons of pyridine ring systems were recorded at d 6.89 and
8.73 ppm. The proton of hydroxyl group was recoded as sin-
glet at 14.62 ppm.

3.2. Computational studies

The DFT calculations of the thieno[2,3-b:4,5-b0]dipyridine
derivatives, 2–8, revealed that they have planar structures, with

dihedral angles of 0.0� and/or 180.0� (Fig. 3). Whereas, in com-
pound 3, the obtained dihedral angle disclosed that the amide
and amino groups were lying out the plane of the thien-

odipyridine moiety where, for example, the CO(amd)AC3
(tpy)

AC2
(tpy)-N

1
(tpy) = 172.8�, C2

(tpy)AC3
(tpy)ACO(amd)AOC(amd) = 19.8�,

C2
(tpy)AC3

(tpy)ACO(amd)ANH2(amd) = �157.8� and CO(amd)-

AC3
(tpy)AC2

(tpy)ANH2 = �7.1�. Likewise, in compound 4, the
acetyl group has been departed the planarity as the

CO(Actl)AC3
(tpy)AC2

(tpy)-N
1
(tpy) = 177.1, C2

(tpy)AC3
(tpy)ACO(Actl)A

OC(Actl) =35.6 and C2
(tpy)AC3

(tpy)ACO(Actl)-Me(Actl) =
�140.2 (Tables S1–S3).

Moreover, the structural parameters, i.e., bond length and
angle, displayed notable matching with the single crystal X-
ray values of analogue derivatives (Klemm et al., 2000), where
the lengths presented 0.16 Å maximum difference from the

equivalent x-ray, RMSD 5.02–5.49 � 10�2, while the differ-
ences of angles were 0.0–12.1�, RMSD= 4.36–4.86. Such dif-
ferences might arise from the fact that no intermolecular

columbic interactions take place in the quantum calculations
because they involve a single gaseous molecule, whereas the
actual information was gained from solid interacting molecules

in crystal (Sajan et al., 2011) (Tables S1–S3).
The HOMO-LUMO shape and energy plays important role

in empathizing the molecule’s electrons donation and accep-
tance abilities (Bulat et al., 2004). The molecule’s bioactivity

may be influenced by HOMO-LUMO charge transfer, which
becomes easier when the energy gap is reduced (Xavier et al.,
2015, Makhlouf et al., 2018, Bouchoucha et al., 2018). The

HOMO of the 2–8 derivatives was chiefly made of the p-
orbitals and heteroatoms non-bonding lone pairs of electrons
of the thienodipyridine ring along with those of the substituent

groups except the ester group in 5 and 8 compounds, while,
their LUMO were built principally of the whole molecule p*-
orbitals (Fig. 4). The close configuration of HOMO-LUMO

affected on the values of their energy, EH and EL (Table 1).
For instance, the studied compounds offered EH values from
�6.43 eV for 8 to �5.67 eV for 3, as well as, the EL values were
from �3.68 to �2.91 eV and accordingly sorted as

6< 3 < 5 < 2< 8< 4. Similarly, the considered compounds
offered close and small gap (DEH-L), 2.32–3.39 eV, and may be
sorted as 3< 2 < 4 < 8< 5< 6. As a result, the 2-amino

derivatives revealed a lower gap than the methyl and hydroxyl
compounds (Table 1).

As well, some chemical reactivity descriptors, such as elec-

tronegativity (v), global hardness (g), softness (d), elec-
trophilicity (x), electron-donating power (x�) and electron-



Scheme 3 Synthesis of 4-hydroxythieno[2,3-b:4,5-b0]dipyridine compound 6.

Scheme 4 Synthesis of ethyl 4-hydroxy-thieno[2,3-b:4,5-b0]dipyridine-3-carboxylate compound 8.
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accepting power (x+) were calculated using the EH and EL as

follows (Xavier et al., 2015).

v ¼ � 1
2
EHOMO þ ELUMOð Þ g ¼ � 1

2
EHOMO � ELUMOð Þ d ¼ 1

g

x ¼ v2

8g x� ¼ 3IþAð Þ2
16ðI�AÞ xþ ¼ Iþ3Að Þ2

16ðI�AÞ

As shown in Table 1, the compound 3 was the most chem-

ically reactive, lowest kinetically stable and softest derivative
where it exhibited the lowest global hardness (g) and highest
softness (d) values. According to electrophilicity index (x)
which evaluate the stabilization energy of acquiring additional
electronic charge from the environment, organic molecules
with x > 1.5 eV were ascribed as strong electrophile (Afolabi

et al., 2022, Domingo et al., 2016). Thus, the studied com-
pounds were strong electrophile as they exhibited x index ran-

ged from 1.56 to 2.34 eV following the order 6< 5 < 3 <
2< 8< 4. Likewise, the electron donating (x+) and accep-
tance (x�) powers of the investigated derivatives, which
demonstrated the capability to give and receive electrons,

respectively, obeyed the pervious order but they exhibited
more donating power, 4.16–7.02 eV, than acceptance one,
8.76–12.06 eV, where smaller values signify enhanced transac-

tion (Afolabi et al., 2022, Domingo et al., 2016) (Table 1).
Moreover, the Mulliken’s atomic charges afforded a

respectable interpretation of molecule’s electronegativity and

charge transfer (Bhagyasree et al., 2013). The investigated
compounds atomic charges revealed that the thienodipyridine
nitrogen’s, N1

(tpy) and N6
(tpy), had a positive charge, 0.022–0.376



Fig. 3 Compounds 2–8 DFT Optimized structures.

Synthesis, molecular modelling and docking studies 7
and 0.013–0.158, that can be attached to their contribution in

the fused rings resonance structure (Table 2). While, the nega-
tive charge of the sulfur atom, S5(tpy), from �0.173 to �0.730,
cleared that its lone pairs of electrons did not participate in res-

onance of the thienodipyridine moiety. In addition, the carbon
atom, C2

(tpy), in the amino derivatives 2–3, has more negative
charged than in the methyl ones 4–5, which could be ascribed
to the amino group electron release effect, but it has positive

charge in derivatives 6–8. Also, the presence of 3-cyano sub-
stituent in compound 2 resulted in negative charge, �0.130,
on the carbon atom C3

(tpy) while it converted to be positive,

0.146–0.818, in the acetyl, amido and ester substituted deriva-
tives 3–8. Correspondingly, the nitrogen and oxygen atoms of
the substituents in all derivatives were negatively charged.

To explore the nucleophilic (fþk ) and electrophilic (f�k )
attacks susceptible sites, the Fukui’s indices have been esti-
mated (Olasunkanmi et al., 2016, El Adnani et al., 2013, Mi

et al., 2015, Messali et al., 2018). The inspected derivatives
electrophilic attack indices (f�k ) showed that the thien-

odipyridine sulfur atom, S5(tpy), has the maximum susceptibility
while the amino nitrogen, NH2, occupied the second position
in compound 2 and 3. The hydroxy derivatives 6 and 8 pre-

sented coincided trend which is S5(tpy) > C2
(tpy) > C2

(tpy) > OH
while the methyl derivative 4 and 5 displayed different patterns

(Table 3). Likewise, the radical attack indices (f0k) data exhib-

ited different patterns but the sulfur of thienodipyridine
(S5(tpy)) was the highest liable for radical attack in all com-

pounds except in case of derivative 4 in which the first place
was taken by acetyl oxygen atom (OC(Actl)) and then the thien-

odipyridine sulfur atom. Otherwise, the Fukui’s indices (fþk )
demonstrated altered patterns where the S5(tpy) was the most

susceptible site in case of 3, 5 and 6 derivatives while it



Fig. 4 The FMO plots of the compounds 2–8.
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Table 1 The studied thieno-dipyridine derivatives FMO energies and chemical reactivity descriptors (eV).

Compound EH EL DEH-L v g d x x+ x�

2 �6.05 �3.52 2.53 4.79 1.27 0.79 2.26 6.82 11.60

3 �5.67 �3.34 2.32 4.50 1.16 0.86 2.18 6.62 11.12

4 �6.39 �3.68 2.71 5.04 1.35 0.74 2.34 7.02 12.06

5 �6.40 �3.51 2.89 4.96 1.45 0.69 2.12 6.20 11.16

6 �6.30 �2.91 3.39 4.60 1.69 0.59 1.56 4.16 8.76

8 �6.43 �3.66 2.77 5.04 1.39 0.72 2.29 6.82 11.86

Table 2 The Mulliken’s charges of the studied thieno-dipyridine compounds (a.u.).

Atom 2 3 4 5 6 8

N1
(tpy) 0.022 0.055 0.376 0.340 0.251 0.235

C2
(tpy) �0.816 �0.712 �0.364 �0.340 0.050 0.075

C3
(tpy) �0.130 0.750 0.801 0.397 0.146 0.818

C4
(tpy) 0.964 0.824 0.709 0.926 0.965 0.912

C4a
(tpy) 0.180 0.090 0.512 0.020 �0.876 �0.684

S5(tpy) �0.379 �0.531 �0.421 �0.730 �0.173 �0.335

C5a
(tpy) �0.804 �0.764 �0.790 �0.144 �0.846 �0.759

N6
(tpy) 0.158 0.124 0.142 0.013 0.093 0.093

C7
(tpy) 0.892 0.818 0.724 0.252 0.525 0.505

C8
(tpy) �0.906 �0.939 �0.935 �0.624 �0.651 �0.762

C9
(tpy) 0.722 0.824 0.613 0.741 0.916 0.920

C9a
(tpy) 0.561 0.619 0.425 0.441 0.691 0.840

C9b
(tpy) �0.557 �0.382 �0.166 �0.265 �0.429 �0.164

Me7(tpy) �0.864 �0.867 �0.857 �0.843 �0.905 �0.911

Me9(tpy) �0.854 �0.837 �0.808 �0.805 �0.803 �0.855

Me4(tpy) �0.953 �0.966 �0.769 �0.771

Me2(typ) �0.876 �0.903

NH2 �0.478 �0.643

CN 0.014

NC �0.160

CO(amd) �0.424

OC(amd) �0.435

NH2(amd) �0.626

CO(Actl) �0.556

OC(Actl) �0.214

Me(Actl) �0.705

CO(Estr) �0.233 �0.221

O1C(Estr) �0.264 �0.237

O2C(Estr) �0.137 �0.190

CEt(Estr) �0.097 �0.142

OH �0.457 �0.462
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appeared in the second position in 2 and 8 after cyano nitrogen

(NC) and carboxylate oxygen (O1C(Estr)) atoms, respectively.
For instance, the amide derivative 3 displayed that S5(tpy) > -
OC(amd) > C7

(tpy) > C4
(tpy) while the derivative 5 exhibited

another one, S5(tpy) > O1C(Estr) > C7
(tpy) > C9a

(tpy) (Table 3).
Occasionally, the Fukui’s indices offered inaccurate in esti-

mation probable sites for attack, therefore, the local relative

electrophilicity and nucleophilicity descriptors, s�k =s
þ
k and

sþk =s
�
k , respectively, were computed (Roy et al., 1998b, Roy

et al., 1998a, Roy et al., 1999), where d is global softness,

sþk ¼ fþk � d and s�k ¼ f�k � d. The relative electrophilicity calcu-
lations, s�k =s

þ
k , presented entirely diverse patterns than the
Fukui’s indices. For example, the amino nitrogen, NH2, occu-

pied the first position in case of 2–3 compounds, while in the
other derivatives 4–8, the fused ring sulfur atom, S5(tpy), was
the top one followed by the carbon C2

(tpy) and C8
(tpy) atoms in

4–5 and 6–8 derivatives, respectively. Likewise, the relative

nucleophilicity, sþk =s
�
k , suggested other arrangements of the

utmost vulnerable atoms. For instance, in compounds 2–4,
although they have thienodipyridine carbon atom, C9a

(tpy), as
the most active site, their second place was captured differen-

tially by cyano (CN), amide (CO(amd)), and acetyl (CO(Actl))
carbon atoms, respectively. Moreover, the other compounds
5 and 8 displayed close orders in which the carboxylate carbon



Table 3 Selected electrophilic and nucleophilic reactivity indices of investigated thieno-dipyridine compounds.

2 3 4 5 6 8

atom f�k atom f�k atom f�k atom f�k atom f�k atom f�k
S5(tpy) 0.167 S5(tpy) 0.154 S5(tpy) 0.15 S5(tpy) 0.239 S5(tpy) 0.251 S5(tpy) 0.238

NH2 0.101 NH2 0.114 OC(Actl) 0.132 C8
(tpy) 0.052 C2

(tpy) 0.063 C2
(tpy) 0.057

NC 0.084 C4a
(tpy) 0.049 N6

(tpy) 0.039 C2
(tpy) 0.049 C8

(tpy) 0.057 C8
(tpy) 0.053

C4a
(tpy) 0.047 N1

(tpy) 0.047 C2
(tpy) 0.039 N6

(tpy) 0.044 OH 0.05 OH 0.049

2 3 4 5 6 8

atom fþk atom fþk atom fþk atom fþk atom fþk atom fþk
NC 0.109 S5(tpy) 0.067 OC(Actl) 0.101 S5(tpy) 0.071 S5(tpy) 0.09 O1C(Estr) 0.087

S5(tpy) 0.072 OC(amd) 0.063 CO(Actl) 0.079 O1C(Estr) 0.069 C7
(tpy) 0.076 S5(tpy) 0.082

C7
(tpy) 0.059 C7

(tpy) 0.057 S5(tpy) 0.066 C7
(tpy) 0.054 C3

(tpy) 0.069 CO(Estr) 0.066

C4
(tpy) 0.055 C4

(tpy) 0.053 C9b
(tpy) 0.049 C9b

(tpy) 0.051 C9
(tpy) 0.058 C7

(tpy) 0.052

2 3 4 5 6 8

atom f0k atom f0k atom f0k atom f0k atom f0k atom f0k

S5(tpy) 0.119 S5(tpy) 0.111 OC(Actl) 0.116 S5(tpy) 0.155 S5(tpy) 0.171 S5(tpy) 0.16

NC 0.097 NH2 0.072 S5(tpy) 0.108 O1C(Estr) 0.05 C7
(tpy) 0.054 O1C(Estr) 0.064

NH2 0.066 OC(amd) 0.049 CO(Actl) 0.057 C7
(tpy) 0.042 C3

(tpy) 0.054 C2
(tpy) 0.048

C7
(tpy) 0.046 N1

(tpy) 0.047 C9b
(tpy) 0.043 C9b

(tpy) 0.042 C2
(tpy) 0.052 OH 0.047

2 3 4 5 6 8

atom S
+
/S

�
atom S

+
/S

�
atom S

+
/S

�
atom S

+
/S

�
atom S

+
/S

�
atom S

+
/S

�

C9a
(tpy) 4.20 C9a

(tpy) 5.00 C9a
(tpy) 2.33 CO(Estr) 6.13 C7

(tpy) 2.30 CO(Estr) 5.50

CN 2.69 CO(amd) 2.63 CO(Actl) 2.19 O2C(Estr) 3.43 C9a
(tpy) 2.19 O2C(Estr) 3.86

C4
(tpy) 2.04 C9

(tpy) 2.15 C4
(tpy) 1.88 O1C(Estr) 2.23 C9

(tpy) 2.00 O1C(Estr) 2.12

C9
(tpy) 1.96 C7

(tpy) 1.84 C7
(tpy) 1.53 C5a

(tpy) 2.00 C3
(tpy) 1.77 C7

(tpy) 1.68

2 3 4 5 6 8

atom S�/S+ atom S�/S+ atom S�/S+ atom S�/S+ atom S�/S+ atom S�/S+

NH2 3.37 NH2 3.68 S5(tpy) 2.27 S5(tpy) 3.37 S5(tpy) 2.79 S5(tpy) 2.90

C4a
(tpy) 2.61 C4a

(tpy) 3.06 C2
(tpy) 1.70 C2

(tpy) 1.96 C8
(tpy) 1.63 C8

(tpy) 1.83

S5(tpy) 2.32 S5(tpy) 2.30 C4a
(tpy) 1.59 C8

(tpy) 1.86 C2
(tpy) 1.58 C2

(tpy) 1.46

C2
(tpy) 1.65 C2

(tpy) 1.70 Me2(typ) 1.36 Me2(tpy) 1.58 OH 1.28 N1
(tpy) 1.29
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presented on the top (CO(Estr)) and then the carboxylate oxy-
gen atoms, O2C(Estr) and O1C(Estr), in the 2nd and 3rd rank,
respectively (Table 3).

In addition, the polarizability (atotal), hyperpolarizabilities
(btotal), and dipole moment (l) are chief molecular parameters
which evaluate the molecule’s softness and electron density
that mainly effects on intermolecular interactions (Aziz et al.,

2022), as well as, optical nonlinearity and response (Shi,
2001, Prasad and Williams, 1991, Williams, 1984, Khan
et al., 2021). The dipole moment (l), polarizability (atotal)
and first-order hyperpolarizability (btotal) were described as
(Sun et al., 2003, Abraham et al., 2008, Karamanis et al.,
2008):

l ¼ ðl2
x þ l2

y þ l2
zÞ atotal ¼ ðaxx þ ayy þ azzÞ

3

btotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bxxx þ bxyy þ bxzz

� �2 þ byyy þ byzz þ byxx

� �2 þ bzzz þ bzxx þ bzyy

� �2q

The examined compounds dipole moment (l) was from
4.04 D, for compound 2, to 0.69 D, for compound 5. On com-
parison with urea (l = 1.3732 Debye (Ahmed et al., 2008)),

the derivatives 3 and 5 have lower dipole moment, 0.92 and
0.50 times, while other exhibited higher values, 1.21–2.94
times, which may be resulted from an overall charge inequality
(Table 4). Moreover, the polarizability (atotal) data of the
investigated derivatives displayed close values, where the

derivative 5 and 6 exhibited the highest and lowest values,
1.94 � 10�23 and 1.37 � 10�23 esu, respectively, and can be
arranged as 6 < 2 < 3< 8< 4 < 5. Whereas, the first-

order hyperpolarizability data of the studied compounds dis-
closed that the compound 2 has the higher value, btotal =
1.95 � 10�30 esu, while 3 has the lowest, btotal = 3.62 � 10�31

esu. (Table 4). On comparison with urea hyperpolarizability as
reference material (b= 3.7389 � 10�31 esu (Ahmed et al.,
2008)), the data indicated that compound 3 and 2 were almost
equal and greater than urea, 0.97 and 5.22 times, respectively.

3.3. Biological evaluation

3.3.1. Antimicrobial activity

Using IZD and MIC techniques, the newly synthesized thieno-
dipyridine derivatives were examined toward antibacterial

effectiveness across Gram-positive and Gram-negative strains.
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Fig. 5 established the antimicrobial behaviours of the synthe-
sized analogues derivatives toward the antibacterial action
because thienopyrimidines have the capability to block the

construction of folic acid through both of the two bacterial
strains (Wilding and Klempier, 2017). Over the investigated
derivatives, they exhibited more reliable results against both

‘‘S. aureus and B. subtilis” Gram-positive and ‘‘S. typhimurium
and E. coli” Gram-negative bacterial strains. Wherever,
thieno-dipyridine analogues 2, 3, 5 and 8 nominated good

activity as a general, especially toward Gram-positive bacteria
rather than Gram-negative bacteria comparative to the results
of ampicillin drug reference. Meanwhile, thieno-dipyridine
derivative 2 have amino and nitrile groups displayed higher

inhibition zone of (IZD = 26 mm, MIC = 18.52 mg/mL)
against S. aureus, more than the reference ampicillin
(IZD = 24 mm, MIC = 18.52 mg/mL). Likewise, thieno[2,3-

b:4,5-b0]dipyridine derivative 3 have amino and carboxamide
groups revealed (IZD = 21 mm, MIC = 18.52 mg/mL) against
B. subtilis (Gram-positive) in comparison to the reference

IZD = 22 mm, MIC = 18.52 mg/mL). Also, thieno-
dipyridine derivative 5 have ethyl carboxylate ester moiety
shown amazing inhibition against S. aureus with

(IZD = 23 mm, MIC = 18.52 mg/mL). Whilst thieno-
dipyridine derivative 8 has hydroxyl and ester groups exposed
moderate inhibition against S. aureus with (IZD = 22 mm,
MIC = 18.52 mg/mL).

Moreover, the results of hybrids 2, 3, 5 and 8 toward the
Gram-negative bacteria ‘‘S. typhimurium and E. coli” were
changed in their reactivity order. Derivatives 5 presented

moral inhibition (IZD= 25 mm, MIC = 18.52 mg/mL)
against E.coli more than the Ampicillin reference
(IZD = 24 mm, MIC = 18.52 mg/mL). Whereas, derivatives

8 displayed moral inhibition (IZD = 23 mm,
MIC = 18.52 mg/mL) against S. typhimurium equal to the ref-
erence (IZD= 23 mm, MIC = 18.52 mg/mL). Though, hybrid

2 revealed good inhibition (IZD = 21 mm, MIC = 18.52 mg/
mL) against E.coli. Moreover, derivative 3 revealed
(IZD = 20 mm, MIC = 18.52 mg/mL) against S. typhimurium
(Table 5).

3.3.2. Structural activity relationship

Inspired by the interesting reactivity results of hybrids 2, 3, 5,
and 8 toward the four examined bacterial strains, most of the

synthesized hybrids possess both hydrophilicity (from the
polar moieties) and a hydrophobic effect from the existence
of methyl groups, which increase their ability to penetrate
Table 4 The dipole moment (l), polarizability (atotal), polarizabili
investigated compounds.

Compound l
(Debye)

l/lurea atotal
(esu � 10

�23
)

2 4.04 2.94 1.77

3 1.27 0.92 1.78

4 1.82 1.32 1.84

5 0.69 0.50 1.94

6 3.16 2.30 1.37

8 1.66 1.21 1.80
the bacterial cell membrane and increase their bacterial killing
power. Though hybrid 2 displayed strong activity towards
both S. aureus and E. coli, this was due to its polar moieties,

such as amino and nitrile groups, in addition to its hydropho-
bic effect through its methyl group. Similarly, hybrid 3 showed
equipotent reactivity towards both B. subtilis and S. typhimur-

ium, indicating that it may contain polar moieties, such as
amino and carboxamide groups, in addition to the three
methyl groups. Meanwhile, Hybrid 5 revealed good reactivity

towards S. aureus and eminent reactivity towards E. coli,
according to its polar moieties like the ethyl carboxylate group
in addition to four methyl groups. Moreover, hybrid 8
revealed reasonable reactivity towards S. aureus and equipo-

tent reactivity towards S. typhimurium, indicating that it has
polar moieties such as hydroxyl and ethyl carboxylate groups
in addition to two methyl groups.

3.4. Molecular docking (MD)

Molecular docking is one of the most crucial techniques in

structure-based drug design as it may provide an understand-
ing of the novel molecules’ modes of binding in the appropriate
target’s binding site, which is an essential stage in drug design

(Mohi El-Deen et al., 2019; Nakamura et al., 2017). As the lit-
erary survey and PDB database were displayed the binding
interactions with the thieno-pyridine derivatives for ‘‘E. coli
DNA gyrase B” active site (PDB: 1AJ6), it was encouraged

to inspect the binding affinity of the newly synthesized
thieno[2,3-b:4,5-b0]dipyridine analogues towards (PDB code:
1AJ6) (Mohi El-Deen et al., 2019). In this study, MD studies

were carried out to reveal the mechanism of binding between
the novel bioactive chemical and the enzyme active binding site
as well as any potential binding and the interaction score.

Through the thieno-dipyridine system indicating their poten-
tial interactions inside ‘‘E. coli DNA gyrase B”, docking mod-
eling was used to connect the experiential potencies and

structural activity relationships (SAR) of newly created ana-
logues. Table 6 contains the docking outcomes for the exam-
ined variants. Meanwhile, Derivative 2 was displayed two p-
H bonds among Ile 78 and both of pyridine and thiophene

rings through two bonds with length 4.50 and 3.86 Å, respec-
tively. In addition, one H-acceptor between N19 of nitrile moi-
ety with Gly 77 over docking score �5.5039 Kcal/mol and

root-main square (RMSD) 0.8837 (Fig. S1). However, deriva-
tive 3 was revealed interaction between N3 of pyridine ring
with His 99 amino-acid over H-acceptor, docking score
ty anisotropy (Da) and first-order hyperpolarizability (btotal) of

Da
(esu � 10

�24
)

btotal
(esu � 10

�30
)

btotal/burea

3.31 1.95 5.22

6.24 0.36 0.97

5.37 0.83 2.22

5.99 0.49 1.32

4.28 0.91 2.43

7.28 1.09 2.91



Fig. 5 MIC of the examined derivatives toward both of Gram’s positive and Gram’s negative bacteria.

Table 5 Inhibition zone and diameter (IZD mm) and minimum inhibition concentrations (MIC mg/mL) of the synthesized thieno[2,3-

b:4,5-b0] dipyridine derivatives.

Organism Gram-positive bacteria Gram-negative bacteria

S. aureus B. subtilis S. typhimurium E. coli

2 26 (18.52) 18(18.52) 16(21.43) 21(18.52)

3 20(18.52) 21(18.52) 20(21.43) 18(18.52)

4 NA 17(18.52) 15(21.43) 18(18.52)

5 23(18.52) 19(18.52) 19(21.43) 25(18.52)

6 16(21.43) 14(21.43) NA 16(21.43)

8 18(18.52) 16(18.52) 23(18.52) 20(18.52)

Ampicillin 25(18.52) 22(18.52) 23(18.52) 24(18.52)

Notes: (IZD) inhibition zone diameter (mm), (MIC) minimum inhibition concentration (mg/mL), (NA) no activity, and Ampicillin is a standard

antibiotic in case of Gram-positive bacteria, Cephalothin is a standard antibiotic in case of Gram-negative bacteria.

Table 6 In silico docking consequences over thiophene and thienopyrimidine analogues.

Code Docking score (S)

(Kcal/mol)

RMSD

(Refine unit)

ligand interactions Interactions types Distances (Å)

2 �5.5039 0.8837 N 19 with Gly 77 H-acceptor 3.11

5-ring with Ile 78 p-H 4.50

6-ring with Ile 78 p-H 3.86

3 �5.2587 1.3778 N 3 with His 99 H-acceptor 3.54

4 �5.0497 1.0430 S 7 with Asn 46 H-donor 3.18

5 �5.6385 0.9995 6-ring with Val 120 p-H 4.57

6 �4.9306 1.1946 S 7 with Ala 100 H-donor 3.37

8 �5.5244 1.3913 6-ring with Val 120 p-H 4.53

Ampicillin �6.2245 1.3393 O 10 with Asn 46 H-donor 2.92

O 16 with Val 120 H-acceptor 3.22

6-ring with His 99 p-H 3.57

12 N.A. Alenazi et al.
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�5.2587 Kcal/mol, RMSD = 1.3778, and bond length 3.54 Å
(Fig. S2). Moreover, derivative 4 was exposed to interaction
between S7 of thiophene ring with Asn 46 amino-acid over

H-donor, RMSD = 1.0430, docking score �5.0497 Kcal/mol,
and bond length 3.18 Å (Fig. S3). Though, derivative 5 was
exhibited p-H interaction between pyridine ring with Val 120

of 1AJ6 amino-acid, highest docking score �5.6385 Kcal/mol,
RMSD= 0.9995, and bond length 4.57 Å (Fig. 6).

Likewise, derivative 6 was H-donor interaction between S7

of thiophene ring with Ala 100 of amino-acid, lowest docking
score �4.9306 Kcal/mol, RMSD = 1.1946, and bond length
3.37 Å (Fig. S4). Furthermore, derivative 8 was presented p-
H interaction between pyridine ring with Val 120 of 1AJ6

amino-acid, acceptable docking score �5.5244 Kcal/mol,
RMSD= 1.3913, and bond length 4.53 Å (Fig. 7).

Additionally, ampicillin was afforded H-donor between O

10 of carboxylic acid with Asn 46. H-acceptor bond among
O 16 of urea moiety and Val 120, and p-H among benzene
Fig. 6 Docking interactions o

Fig. 7 Docking interactions o
moiety with Hiss 99 over bond length 2.92, 3.22, and 3.57 Å,
respectively, with score �6.2245 Kcal/mol, RMSD = 1.3393,
(Fig. S5).

Finally, MD stimulation was pragmatic to endorse how
far the synthesized thieno-dipyridine analogues interact as
they bonded with many 1AJ6 amino-acids. Each of the six

synthesized thieno-dipyridine analogues was reinforced by a
network of p-H and H-bonds (H-doner, H-acceptor) with
the N-atom and S-atom of both of pyridine and thiophene

rings and chemical aromatic structures of thieno-dipyridines
cooperate straight with 1AJ6 amino acids. The most of the
synthesized thieno-dipyridine analogues had the 1AJ6 pocket,
which were appeared as fork over polar and nonpolar resi-

dues of 1AJ6 amino acids (Gly 77, Ile 78, His 99, Asn 46,
Val 120, and Ala 100). As well, the plurality of the thieno-
dipyridine derivatives have the same amino acids, which is

viewed as strong evidence for the effectiveness of the docking
procedure.
ver analogue 5 with 1AJ6.

ver analogue 8 with 1AJ6.
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4. Conclusion

Six functionalized thieno[2,3-b:4,5-b0]dipyridine compounds obtained

from the reactions of 2-acetyl-3-amino-4,6-dimethylthieno[2,3-b]pyri-

dine with various active methylene reagents and/or DMF-DMA. The

DFT studies of thieno-dipyridine derivatives revealed that the energy

of FMO was affected by their configuration. The data indicated that

the thienodipyridines, owing to their extended conjugation, exhibited

low DEH-L gap and remarkable NLO properties. However, hybrids

2, 3, 5 and 8 designated good IZ and MIC toward Gram-positive bac-

teria (S. aureus, B. subtilis) with (IZ = 26, 21, 23, and 18 mm respec-

tively, with MIC 18.52 mg/mL) rather than Gram-negative bacteria

(S. typhimurium, E. coli), comparative to the results of ampicillin drug

reference. Meanwhile, their structural activities relationship for the

prepared analogues was discussed to explain the effect of their sub-

stituents on both of two Gram-positive and Gram-negative bacterial

strains. Also, the molecular docking estimation was applied on these

hybrids to inspect their binding interactions toward for E. coli DNA

gyrase B active site (PDB code: 1AJ6). Moreover, the docking results

showed agree to a reasonable degree with bacterial results of these

derivatives toward E. coli bacteria.
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