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1 Introduction

Thienopyrimidine scaffolds as promising
antimicrobial agents: synthesis, biological
evaluation, DFT analysis and molecular docking

Mostafa Sayed,+? Menna A. Naguib,t* Ahmed A. K. Mohammed,® Reda Hassanien,?
Mahmoud S. Tolba*® and Mostafa Ahmed (2 *?

Thienopyrimidines represent an important class of nitrogen- and sulfur-containing heterocycles with broad
pharmacological relevance. In this work, a new series of thienopyrimidine derivatives was efficiently
synthesized through a multistep Mannich annulation, Schiff-base
ring formation, and acylation, affording structurally diverse fused
frameworks. The synthesized compounds were fully characterized using IR, NMR,
spectrometry. Their antimicrobial activity was evaluated against representative Gram-positive, Gram-
negative strains and fungal strains revealing clear structure—activity relationships. Notably, the Mannich
derivative 11 exhibited the highest potency toward Bacillus subtilis, while the fused dipyrimidinone

route involving cyclization,
condensation, dipyrimidinone

and mass

compound 13 demonstrated broadened activity, including inhibition of Escherichia coli. Density
functional theory (DFT) calculations provided insight into the electronic structure, intramolecular
interactions, HOMO-LUMO distributions, electrostatic potential surfaces, and noncovalent interaction
patterns responsible for the observed reactivity and binding behavior. Molecular docking studies against
B. subtilis and E. coli DNA gyrase B revealed strong and diverse protein-ligand interactions, consistent
with the biological findings, and highlighted compound 13 as the most promising candidate due to its
favorable Vina score and extensive hydrogen-bonding and hydrophobic contacts. Collectively, the
combined synthetic, biological, and computational analyses underscore the potential of thienopyrimidine
scaffolds as valuable agents for developing new antimicrobial agents.

heterocycles, thienopyrimidines,'” comprising a thiophene ring

Heterocyclic compounds are among the most versatile and
biologically significant classes of organic molecules, forming
the structural core of numerous therapeutic agents and natural
products.”™ Among heterocyclic scaffolds, pyrimidine deriva-
tives hold a particularly prominent position owing to their
presence in key biomolecules’>—including nucleic acids,®
coenzymes, and vitamins—and their wide range of pharmaco-
logical activities,” such as antimicrobial,*® anticancer,' anti-
viral,# and anti-inflammatory effects."> This remarkable
biological relevance has driven extensive synthetic research
aimed at developing new pyrimidine-based derivatives with
enhanced potency, improved selectivity, and more favorable
pharmacokinetic properties.’>** Notably, the fusion of the
pyrimidine ring with other heterocyclic systems frequently
results in compounds with superior biological activity and
improved physicochemical stability.">'® Among these fused
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fused to a pyrimidine nucleus—have gained significant atten-
tion as privileged scaffolds in medicinal chemistry.***** The
incorporation of sulfur within the heteroaromatic core modu-
lates lipophilicity, electronic distribution, and molecular
recognition, ultimately enhancing binding affinity toward
diverse biological targets.”>** Consequently, thienopyrimidine
derivatives exhibit a broad spectrum of biological activities,
including kinase inhibition,> antitumor,” antiviral, anti-
inflammatory, and antimicrobial effects.**° Several members
of this class have emerged as potent inhibitors of tyrosine
kinases, phosphoinositide-3-kinase (PI3K), and vascular endo-
thelial growth factor receptor (VEGFR), underscoring their
growing therapeutic significance.**>

The rise of antimicrobial resistance (AMR) represents one of
the most urgent challenges in global health, contributing to
increased morbidity, mortality, and healthcare expenditures.®
The rapid emergence of multidrug-resistant bacterial and
fungal pathogens underscores the critical need for new anti-
microbial agents operating through novel mechanisms of
action.*** Heterocyclic frameworks bearing nitrogen and sulfur
atoms are particularly valuable in this pursuit, as their ability to
engage in hydrogen bonding, m-m stacking, and hydrophobic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions often enhances binding within enzyme active
sites.***” Within this context, thienopyrimidines have emerged
as a promising platform for the development of next-generation
antimicrobial agents.*® Their modular structure allows for
strategic substitutions at various ring positions, enabling fine-
tuning of lipophilicity, solubility, electronic properties, and
receptor affinity, thereby facilitating the optimization of anti-
microbial activity.’**°

In recent years, numerous thienopyrimidine derivatives have
demonstrated notable antimicrobial activity against Staphylo-
coccus aureus, Escherichia coli, Pseudomonas aeruginosa, and
Candida albicans, with some exhibiting minimum inhibitory
concentrations (MICs) comparable to those of standard antibi-
otics.*»** Despite these promising results, the detailed struc-
ture-activity relationship (SAR) and the molecular basis
underlying their antimicrobial effects remain only partially
understood. In this regard, computational molecular docking
has become an indispensable tool for elucidating ligand-target
interactions, offering insights into preferred binding confor-
mations, key amino acid residues involved, and binding energy
profiles that often correlate well with experimental findings.*****

In this study, we present the synthesis, antimicrobial evalu-
ation, DFT calculations, and molecular docking analysis of
a new series of thienopyrimidine derivatives. The target
compounds were prepared through a multistep synthetic
protocol using readily accessible precursors, and their struc-
tures were fully characterized by IR, NMR, and mass spec-
trometry.*® Their antimicrobial activities were assessed against
representative Gram-positive, Gram-negative and fungal strains
using standard microbiological assays. In addition, molecular
docking studies were performed to rationalize the observed
biological activity and to elucidate potential binding interac-
tions within the active sites of selected microbial enzymes. By
integrating synthetic, biological, and computational method-
ologies, this work provides a comprehensive evaluation of the
antimicrobial potential of thienopyrimidine scaffolds and
highlights their promise as lead candidates for the development
of new antimicrobial agents.*”~*

2 Results and discussion
2.1 Chemistry

Compounds 4-8 were synthesized according to well-established
literature procedures.*** As depicted in Scheme 1, these inter-
mediates were subsequently employed in a mechanistically
rational synthetic sequence to construct 2-((5-cyano-2-morpho-
lino-6-phenylpyrimidin-4-yljthio)-N-phenylacetamide (9) via
alkylation of the precursor 2-morpholino-4-phenyl-6-thioxo-1,6-
dihydropyrimidine-5-carbonitrile (8) with chloroacetanilide.
Compound 9 then underwent a Thorpe-Ziegler-type intra-
molecular cyclization to afford the corresponding 5-amino-2-
morpholino-N,4-diphenylthieno[2,3-d]pyrimidine-6-

carboxamide (10). The structure of compound 9 was confirmed
by its NMR spectra, which showed the characteristic NH proton
signal at ¢ 8.24 ppm, along with signals in the range ¢ 3.97-
3.66 ppm corresponding to the methylene (CH,) groups. As
mentioned, the treatment of compound 9 with sodium ethoxide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in refluxing ethanol led to deprotonation at the activated
methylene/amide position, generating a nucleophilic anion that
subsequently attacked the neighboring electrophilic carbon
center, resulting in a Thorpe-Ziegler-type intramolecular cycli-
zation. This transformation afforded 10 in good yield. The
structure of 10 was confirmed by comprehensive spectroscopic
characterization. The IR spectrum showed two characteristic
NH, stretching bands at 3474 and 3370 cm ™', an aliphatic C-H
band at 2851 cm™ ', and a strong amide C=O absorption at
1626 cm '. The 'H NMR spectrum displayed the expected
morpholine methylene resonances at 6 3.7-3.9 ppm, in addition
to a broad signal at 6.10 ppm which attributed to the existence
of amino group, while the mass spectrum exhibited a molecular
ion peak at m/z 431, in agreement with the molecular formula
C,3H,1N:0,8.

As shown in Scheme 2, the Mannich reaction of compound
10 with formaldehyde in ethanol under mild reflux furnished
the 7-morpholino-3,9-diphenyl-2,3-dihydrothieno|2,3-d:4,5-d’]
dipyrimidin-4(1H)-one (11). The reaction proceeds through
initial formation of an iminium species from formaldehyde,
followed by nucleophilic attack of the amino group of 10, and
intramolecular electrophilic substitution leading to annulation
of the third ring. Formation of the tricyclic fused framework was
supported by disappearance of the primary NH, bands in the IR
spectrum and the appearance of a new C-N stretch. The 'H
NMR spectrum exhibited a new methylene singlet signal at
0 4.95 ppm, confirming Mannich incorporation, in addition to
signal at 4.50 ppm characteristic for NH group. Condensation of
compound 10 with p-nitrobenzaldehyde in ethanol containing
catalytic glacial acetic acid led to formation of the Schiff base
(E)-2-morpholino-5-((4-nitrobenzylidene)amino)-N,4-di-
phenylthieno[2,3-d]pyrimidine-6-carboxamide (12). The trans-
formation followed the typical nucleophilic addition-
elimination route, involving initial formation of a carbinol-
amine intermediate followed by dehydration to yield the azo-
methine functionality. The IR spectrum of 12 exhibited a strong
C=N stretching band at 1610 cm™" alongside an amide C=0
band at 1654 cm™'. The "H NMR spectrum displayed a charac-
teristic singlet for the azomethine proton at ¢ 8.30 ppm, con-
firming imine formation. Cyclocondensation of compound 10
with triethyl orthoformate in glacial acetic acid under reflux
afforded 7-morpholino-3,9-diphenylthieno[2,3-d:4,5-d']di-
pyrimidin-4(3H)-one (13). The reaction likely proceeds via
generation of an N-formimidate intermediate, followed by
intramolecular nucleophilic attack from the amide nitrogen,
cyclodehydration, and final oxidative aromatization, yielding
the fused dipyrimidinone system. The IR spectrum of
compound 13 revealed absorption bands at 3446 cm™ "' (NH),
2849 cm ™! (aliphatic C-H), and 1677 cm™* (C=0). The "H NMR
spectrum showed morpholine methylenes at ¢ 4.05 and
3.81 ppm, and a C-H pyrimidine proton at é 8.05 ppm, whereas
its >*C NMR signals at § 172.74 ppm corresponded to C=0
carbon, supporting formation of the dipyrimidinone system.
Finally, acylation of compound 10 with 2-chloroacetyl chloride
yielded 5-(2-chloroacetamido)-2-morpholino-N,4-di-
phenylthieno[2,3-d|pyrimidine-6-carboxamide (14) via nucleo-
philic acyl substitution. The amine nitrogen attacked the
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Scheme 1 Synthetic routes for obtaining the starting materials 9 and 10.

electrophilic carbonyl of chloroacetyl chloride, forming a tetra-
hedral intermediate that collapsed with chloride expulsion,
consistent with a Schotten-Baumann-type acylation. IR analysis
of compound 14 displayed a strong NH band at 3331 cm ™,
while the "H NMR spectrum showed two downfield NH signals
at 6 9.68 and 10.07 ppm, characteristic of newly formed amide
functionalities. Collectively, the sequence from compounds 9-
14 demonstrates a versatile synthetic strategy enabling
construction of diverse fused thienopyrimidine frameworks
through sequential cyclization, Mannich annulation, Schiff
base condensation, dipyrimidinone ring formation, and acyla-
tion. These chemical transformations not only expand the
structural diversity of the scaffold but also generate function-
alized derivatives suitable for further derivatization and bio-
logical evaluation.

2.2 Biological activity

The antimicrobial screening results of compounds 10, 11, 13,
and 14 demonstrate distinct structure-activity relationships
(SAR) across Gram-positive bacteria, Gram-negative bacteria,
and fungal strains, with the inclusion of appropriate positive
and negative controls providing a reliable framework for data
interpretation (Table 1). The use of cefotaxime and fluconazole
as standard antibacterial and antifungal agents, respectively,
confirms the validity of the assay conditions, while the complete
absence of inhibition zones for DMSO verifies that the observed
activities are solely attributable to the tested compounds. The
parent bifunctional amino-acetanilide precursor 10 exhibits
modest antibacterial activity, showing moderate inhibition
against Bacillus subtilis and weak activity toward Escherichia coli.
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Scheme 2 Chemical functionalization of bifunctionalized compound 10.
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Table 1 The antimicrobial activity of tested compounds
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Gram positive strains Gram negative strains Yeast
Pseudomonas

Standard strains Staphylococcus aureus Bacillus subtilis aeruginosa Escherichia coli Candida albicans
Derivatives MIC ATCC 6538 ATCC 6633 ATCC 9027 ATCC 25416 ATCC 10231
Cefotaxime 100 pg mL ™! 35.1+04 40.7 £ 0.3 22.5 £ 0.5 349 +0.1 —
Fluconazole — — — — 38.1 £ 0.2
DMOS 0 0 0 0 0
10 0 12.8 £ 0.1 0 8.6 £0.3 08.7 £ 0.1
11 0 15.3 £ 0.3 0 0 08.3 £0.2
13 0 14.4 £ 0.3 0 11.3 £ 0.6 0
14 0 15.1 + 0.3 0 0 09.4 £ 0.1

This baseline activity can be attributed to the presence of free
amino and acetanilide functionalities, which may enable
limited hydrogen bonding and electrostatic interactions with
bacterial cell components. Notably, compound 10 also displays
measurable antifungal activity against Candida albicans, indi-
cating that the flexible, polar scaffold may interact with fungal
cell membranes or intracellular targets, albeit with moderate
potency compared to fluconazole. Mannich base formation
(compound 11) leads to a marked enhancement of activity
against Gram-positive bacteria, particularly B. subtilis, high-
lighting the beneficial role of aminomethyl substitution in
increasing lipophilicity and strengthening interactions with the
thick peptidoglycan layer characteristic of Gram-positive cell
walls. However, this modification simultaneously results in
complete loss of activity against Gram-negative strains, likely
due to insufficient permeability across the outer membrane
barrier. Interestingly, compound 11 retains weak but detectable
antifungal activity against C. albicans, suggesting that the
Mannich functionality may still support limited fungal
membrane interaction, though significantly less effectively than
the reference antifungal agent. Cyclization of the precursor into
the rigid fused pyrimidothienopyrimidine framework
(compound 13) induces a pronounced shift in biological
behavior. This derivative maintains good activity against B.
subtilis while uniquely improving efficacy against E. coli, di-
stinguishing it as the only compound in the series with dual
activity against both Gram-positive and Gram-negative bacteria.
The enhanced performance of compound 13 may arise from
increased planarity, aromaticity, and electronic delocalization,
which can facilitate penetration through Gram-negative
membranes or interaction with intracellular bacterial targets
such as nucleic acids or essential enzymes. In contrast, this
rigid heterocyclic system exhibits no antifungal activity, sug-
gesting that structural rigidity and reduced polarity may limit
effective interaction with fungal cell envelopes. Acetylation of
the heterocyclic system (compound 14) restores and even
enhances activity against B. subtilis, likely due to increased
lipophilicity and reduced hydrogen-bonding capacity, which
favor penetration of Gram-positive bacterial cell walls. Never-
theless, compound 14 remains inactive against Gram-negative
bacteria, reinforcing the notion that acetylation alone is insuf-
ficient to overcome the permeability barrier imposed by the

© 2026 The Author(s). Published by the Royal Society of Chemistry

outer membrane. The moderate antifungal activity observed for
compound 14 against C. albicans may reflect a balance between
lipophilicity and molecular flexibility, allowing partial disrup-
tion of fungal membranes. Overall, comparison with the posi-
controls underscores that while the synthesized
compounds are less potent than cefotaxime and fluconazole,
several derivatives exhibit selective and reproducible antimi-
crobial effects. The SAR trends clearly indicate that increased
polarity and flexibility favor Gram-positive and fungal activity,
whereas rigid heterocyclic fusion, as exemplified by compound
13, is crucial for extending activity toward Gram-negative
organisms. These findings suggest that further structural opti-
mization, particularly fine-tuning polarity and molecular
rigidity, may lead to derivatives with broader-spectrum antimi-
crobial and antifungal profiles.

tive

2.3 DFT calculations

We performed DFT calculations on the four compounds to
determine their geometrical structure and reveal their elec-
tronic properties. The optimized structure, selected geometrical
parameters, and the reduced density gradient (RDG) plots of
compounds 11 and 14 are shown in Fig. 1. RDG plots are
important tools for visualizing and interpreting noncovalent
interactions within molecules and molecular complexes. By
analyzing regions of low electron-density gradient, RDG plots
reveal subtle interactions such as hydrogen bonds, van der
Waals forces, mw-m stacking, and steric repulsion, which are
often difficult to observe using traditional structural analysis.
The color-coded isosurfaces allow researchers to clearly distin-
guish between attractive and repulsive interactions, helping to
explain molecular stability, binding affinity, and conforma-
tional preferences. The phenyl group has a torsional angle of
43.2° to the thienopyrimidine moiety in 11 and 45.6° in 14. The
intramolecular forces within the two compounds are mostly van
der Waals interactions, which are shown by green color.
Compound 14 shows a hydrogen bond, represented by a blue
color, between the carbonyl and imine group, with an O-HN
bond distance of 1.974A and a strength of 5.4 kcal mol ™. This
intramolecular hydrogen bond could limit the ability of the
compound to form hydrogen bonds with the active site of the
enzyme.

RSC Adv, 2026, 16, 5606-5618 | 5609
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Fig. 1 The optimized geometry with selected geometrical parameters and the reduced density gradient (RDG) plots of compounds 11 and 14

calculated at the B3LYP-D3(BJ)/6-31G(d) level.

The distributions of the HOMO and LUMO along with their
energies of the four compounds were calculated at the B3LYP-
D3(BJ)/6-31G(d) level. Fig. 2 shows the HOMO-LUMO iso-
surface maps of compounds 10, 11, 13, and 14. The distribu-
tions of the HOMO and LUMO orbitals, along with their energy
gap, play a crucial role in determining a molecule’s biological
activity because they influence how the molecule interacts
electronically with biological targets. The HOMO distribution
indicates the electron-donating regions, affecting interactions
such as hydrogen bonding, m-m stacking, or nucleophilic
attack, while the LUMO highlights sites that can accept elec-
trons, which is essential for binding to electrophilic or metal-
containing active sites. The HOMO-LUMO energy gap reflects
the molecule's chemical reactivity and stability; a smaller gap
generally corresponds to higher reactivity and easier charge

10

LUMO: -1.73 eV
AE =3.56 eV
HOMO: -5.29 eV

LUMO: -1.53 eV
AE =3.53 eV
HOMO: -5.06 eV

transfer, which may enhance biological interactions or enzyme
inhibition. Thus, analyzing HOMO and LUMO properties
provides valuable insight into a compound's reactivity, binding
potential, and overall pharmacological behavior.

The HOMO of the four compounds is delocalized mainly on
the thienopyrimidine moiety, with significant contributions
from the lone pairs of the adjacent heteroatoms. The contri-
bution of the phenyl group to the HOMO is greatly hindered by
its large torsional angle to the thienopyrimidine (ranging from
41.5° in 13 to 50.3° in 10). The LUMO is delocalized on thie-
nopyrimidine as well, but it is more spread over the conjugated
system, and, unlike the HOMO, includes the phenyl group. The
HOMO-LUMO energy gaps for 10, 11, 13, and 14 are 3.53, 3.56,
3.82, and 3.63 eV.

LUMO: -1.86 eV
AE=3.63 eV
HOMO: -5.49 eV

LUMO: -1.77 eV
AE=3.82eV
HOMO: -5.59 eV

Fig. 2 The HOMO and LUMO isosurface maps of compounds 10, 11, 13, and 14, their energies, and the HOMO-LUMO gap calculated at the

B3LYP-D3(BJ)/6-31G(d) level.
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Fig. 3 The molecular electrostatic potential (MESP) maps of compounds 10, 11, 13, and 14 with ESP surface maxima and minima (in kcal mol™)

calculated at the B3LYP-D3(BJ)/6-31G(d) level.

Fig. 3 depicts the molecular electrostatic potential (MESP)
analysis of compounds 10, 11, 13, and 14. MESP maps are
powerful tools for understanding a compound's biological
activity and chemical reactivity because they visually represent
the distribution of electron-rich (red color) and electron-deficient
(blue color) regions across a molecule. These variations in elec-
trostatic potential help identify sites that are prone to nucleo-
philic or electrophilic attack, predict hydrogen-bond donors and
acceptors, and clarify how a molecule may interact with biolog-
ical macromolecules such as enzymes or receptors. By high-
lighting potential binding hotspots and reactive centers, MESP
analysis provides insight into a molecule’s pharmacological
behavior, guiding the design of more selective and potent
bioactive compounds. Fig. 3 gives a numerical expression of the
electrophilic and nucleophilic sites, and thus shows the most
reactive sites, within each compound.

The most nucleophilic site within each compound is
produced by the lone pairs of the carbonyl group. The highest
negative electrostatic potential (ESP) is present in 11, with ESP
= —45 keal mol ". The oxygen of the morpholine ring has an
ESP of —29 keal mol ', and the two nitrogens of the pyrimidine
ring produces an ESP of —22 and —23 kcal mol . The highest
negative ESP in 10, 13, and 14 are —37, —40, and
—36 kcal mol '. The highest electrophilic sites are around
hydrogen of the imine and pyrimidine-4H-one, with a positive
ESP of 37 kecal mol . These results suggest the importance of
ionic and dipole-dipole interactions between the ligand and the
active site of the enzyme.

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.4 Molecular docking

Molecular docking is a computational approach commonly
used to predict the spatial orientation and binding affinity
between interacting molecules (Table 2). It is widely applied to
identify protein binding sites and to model ligand-protein
interactions. In this study, docking analyses were carried out for
the four compounds to determine their binding conformations
and interactions with the target protein. To assess their anti-
microbial potential, simulations were performed against two
DNA gyrase B structures: PDB ID 4URO for B. subtilis and PDB
ID 4DUH for E. coli. DNA gyrase B is an essential enzyme in

Table 2 The dipole moments and the Vina scores for the molecular
docking of compounds 10, 11, 13, and 14 and the co-crystalized
ligands with the DNA gyrase B (PDB ID: 4URO) for B. subtilis and the
PDB ID: 4DUH for E. coli obtained by AutoDock Vina on the CB-Dock
online sever

Vina score
(keal mol ™)

Compound Dipole moment (debye) B. subtilis E. coli
10 1.9 —-7.5 —-8.1
11 6.6 —8.6 —8.2
13 3.8 —8.3 —-10.4
14 2.0 —7.6 -7.5
Novobiocin — -9.9 —
Cofactor = = —8.5

RSC Adv, 2026, 16, 5606-5618 | 5611
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Fig.4 The geometry of the most stable binding pose of compounds 10, 11, 13, and 14 against staph gyrase B (PDB code: 4URO) along with types

of interaction using AutoDock Vina.

Gram-positive and Gram-negative bacteria, required for DNA
replication and chromosomal compaction. Its inhibition
prevents the relaxation of supercoiled DNA, thereby disrupting
replication, blocking cell division, and ultimately causing
bacterial cell death.*® Ten binding poses were generated for
each protein-ligand pair using the CB-Dock2 server. The pose
with the most favorable binding energy and lowest Vina score,
indicating the strongest interaction within the active site, was
selected. The Vina scores for all compounds are provided in
Table 1. This docking procedure was validated by us in several
previous studies.*?*” Moreover, we performed docking of the
crystallized cofactors with the same parameters: novobiocin
with 4URO and 4-[4-methyl-2'-(propanoylamino)-4,5'-bi-1,3-
thiazol-2-ylJaminobenzoic acid with 4DUH. Overall, all
compounds demonstrated strong binding affinities to the
enzyme's active site, confirming their suitability as inhibitors
for this protein.

All compounds exhibited strong and diverse interactions
with the staph gyrase B. The details of the interactions of the
most potent compounds, 10, 11, 13, and 14 with the active site
of the enzyme are depicted in Fig. 4. Compound 10 forms two
hydrogen bonds with the enzyme: the amino group with ASP 89
and the O of the morpholine ring with ARG 84. The phenyl
groups of the compound exhibited hydrophobic interactions
with ASP 89, GLU 193, ARG 200, and GLU 201. The thienopyr-
imidine moiety showed hydrophobic interactions with PRO 87
and cation- interactions with ARG 144 and ARG 200. The later

5612 | RSC Adv, 2026, 16, 5606-5618

forms cation-7 interactions with the phenyl group as well. In
compound 11, which has the highest biological activity and
lowest Vina score, the carbonyl group is hydrogen bonded to the
hydroxyl group of THR 173 and GLU 58. The thienopyrimidine
moiety exhibits cation-m interactions with ARG 84. The phenyl
group shows hydrophobic interactions with ILE 86, ILE 175, and
ASN 54.

In 13, the carbonyl group forms hydrogen bonds with ILE 86
and GLN 3. The nitrogen of the pyrimidinone ring exhibits ionic
interactions with the carboxyl group of GLU 58. The thieno-
pyrimidine moiety exhibits cation-m interactions with ARG 84.
The two phenyl groups show several hydrophobic interactions:
ASP 57, ALA 61, ASN 54, ILE 86, THR 173, ILE 175. Compound 14
forms only one hydrogen bond: the carbonyl group with the
amino group of ARG 84. The thienopyrimidine moiety shows
cation-7t interactions with the same amino acid. The phenyl
group exhibits cation—m interactions with ARG 200 and hydro-
phobic interactions with PRO 87.

To investigate the binding affinity and molecular interac-
tions of the four compounds with E. coli, we performed
molecular docking with gyrase B (PDB code: 4DUH). The
binding affinities of the four compounds are listed in Table 1
and the geometry of the most stable pose and the type of
interactions with the active site of the enzyme are depicted in
Fig. 5. Compound 10 forms hydrogen bonds with GLU 50 and
ALA 100. The thienopyrimidine exhibits hydrophobic interac-
tions with LYS 103; the phenyl groups with PRO 79, ILE 78, GLU

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The geometry of the most stable binding pose of compounds 10, 11, 13, and 14 against the E. coli DNA gyrase B (PDB code: 4DUH) along

with types of interaction using AutoDock Vina.

50, and ASN 46. The interaction of 11 with the active site of the
enzyme is dominated by hydrophobic interactions: the phenyl
groups with ILE 94, LYS 103, ILE 78, THR 165, VAL 167, VAL 43,
VAL 71, ALA 47, and ASN 46. The compound forms hydrogen
bonds with THR 165 and GLY 101 and cation-7 interactions
with LYS 103. Compound 13 is hydrogen bonded to THR 165,
LYS 103 and GLY 101. The thienopyrimidine has cation-m
interactions with LYS 103. The two phenyl groups form several
hydrophobic interactions: LYS 103, ILE 94, THR 165, VAL 167,
VAL 43, VAL 71, ALA 47, and ASN 46. In 14, a hydrogen bond is
formed between the imine group and GLU 58. The two phenyl
groups show hydrophobic interactions with GLU 58, ILE 60,
GLN 72, and ASP 74.

Our investigation highlights the importance of electronic
distributions of the compound for the type of interaction with
the active site of the receptor and its biological efficacy. The
most potent compound for B. subtilis was 11. This compound
possesses the highest dipole moment, 6.6 debye, and the
highest negative electrostatic potential, —45 kcal mol~' among
the four molecules. These results demonstrate the importance
of ionic interactions for the inhibitors of B. subtilis.

3 Conclusions

In summary, a series of novel thienopyrimidine derivatives was
successfully synthesized and systematically evaluated to explore
their antimicrobial potential and molecular interaction profiles.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Structural modifications across the scaffold produced clear SAR
trends, demonstrating that increased polarity through Mannich
substitution selectively enhanced Gram-positive activity,
whereas rigid fused heterocycles improved the ability to inhibit
Gram-negative organisms. Compound 11 exhibited the highest
activity against B. subtilis, while compound 13 emerged as the
most promising broad-spectrum candidate due to its enhanced
inhibition of E. coli and superior docking affinity toward DNA
gyrase B. DFT analyses corroborated these findings by revealing
key electronic features, reactive sites, and stabilizing non-
covalent interactions that influence binding affinity and bio-
logical response. Molecular docking further confirmed strong
engagement of the synthesized molecules with essential bacte-
rial targets, providing mechanistic insight into their inhibitory
potential. Overall, this integrated experimental-computational
study highlights thienopyrimidine scaffolds as compelling
platforms for future antimicrobial drug development and offers
valuable guidance for rational structural optimization.

4 Experimental
4.1 Synthesis of the target compounds

Compounds 4-8 were prepared following previously reported
procedure.*>** These intermediates are known in the literature,
and their physical and spectral properties were consistent with
the reported values. These intermediates were used directly in

RSC Adv, 2026, 16, 5606-5618 | 5613
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subsequent reactions without further modification, ensuring
a smooth progression toward the target compounds.

4.1.1 2-((5-Cyano-2-morpholino-6-phenylpyrimidin-4-yl)
thio)-N-(naphthalen-1-yl)acetamide (9). A mixture of thiol
compound 8 (1.0 g, 3.3 mmol) and fused sodium acetate (0.5 g, 6
mmol) in 4 mL of ethanol was heated under reflux. To this, the
appropriate amount of chloroacetanilide (0.6 g, 3.5 mmol) was
added portion wise. During reflux, a white precipitate formed,
and the progress of the reaction was monitored by TLC to
ensure complete conversion of the starting material. The
resulting solid was collected by filtration and recrystallized from
an ethanol-water (1:1) mixture to afford the pure product as
white crystals (1.0 g, 71% yield) with a melting point of 218-
220 °C. "H NMR (400 MHz, chloroform-d) ¢ 8.24 (s, 1H), 7.94 (dt,
J = 3.3, 1.5 Hz, 2H), 7.52-7.43 (m, 5H), 7.38-7.28 (m, 2H), 7.17-
7.10 (m, 1H), 3.99-3.88 (m, 4H), 3.69 (m, 6H). "*C NMR (126
MHz, chloroform-d) 6 164.10, 163.98, 147.30, 137.28, 135.23,
133.96, 130.38, 129.55, 128.93, 128.71, 128.60, 128.53, 120.86,
112.99, 91.82, 67.12, 66.88, 44.58, 20.96.

4.1.2 5-Amino-2-morpholino-N,4-diphenylthieno[2,3-d]
pyrimidine-6-carboxamide (10). To a solution of compound 9
(10 mmol) in absolute ethanol (20 mL), a few drops of sodium
ethoxide (prepared by dissolving 0.5 g of finely divided sodium
metal in 20 mL of absolute ethanol) were added. The reaction
mixture was stirred at room temperature for 1 h, and the
progress was monitored by TLC to ensure complete conversion
of the starting material. The resulting solid was collected by
filtration and recrystallized from ethanol to give yellow crystals
in 70% yield, with a melting point of 212 °C. FTIR: »(cm ™)
3474.11 and 3411.32 (NH,), 2957.42 (CH aliphatic), 2850.37 (CH
aromatic) and 1636.28 (CO amide). 'H NMR (500 MHz, chlo-
roform-d) 6 7.62 (dd, J = 7.3, 2.3 Hz, 2H), 7.58-7.54 (m, 3H),
7.54-7.48 (m, 2H), 7.38-7.31 (m, 2H), 7.15-7.06 (m, 1H), 6.95 (s,
1H), 6.10 (s, 2H), 3.96 (dd, J = 5.6, 4.2 Hz, 4H), 3.79 (t, ] = 4.9 Hz,
4H). "*C NMR (126 MHz, chloroform-d) 6 171.12, 170.26, 164.28,
164.03, 160.42, 159.39, 147.57, 137.95, 137.29, 136.53, 131.16,
130.49, 130.20, 129.12, 129.02, 128.82, 128.77, 128.64, 128.59,
128.45, 128.13, 124.31, 120.70, 116.71, 113.02, 91.79, 66.93,
66.81, 63.56, 44.65, 44.42, 14.38. MS (ESI): calculated for
C,3H,,N50,8, M' = 431.14; found m/z = 431.50.

4.1.3. 7-Morpholino-3,9-diphenyl-2,3-dihydrothieno[2,3-
d:4,5-d'|dipyrimidin-4(1H)-one (11). A mixture of bifunctional
compound 10 (0.3 g, 1 mmol), formaldehyde (1 mL), and a few
drops of concentrated HCI was stirred at 30 °C. The reaction
mixture became clear after approximately 5 h and was allowed
to proceed overnight. The progress of the reaction was moni-
tored by TLC to ensure complete conversion of the starting
material. The resulting yellow precipitate was collected by
filtration and recrystallized from hot ethanol to afford the pure
product in 63% yield, with a melting point of 236-238 °C. 'H
NMR (500 MHz, chloroform-d) ¢ 7.64 (dd, J = 6.6, 3.0 Hz, 2H),
7.56 (dd, J = 5.0, 1.9 Hz, 3H), 7.36 (dd, J = 8.5, 7.2 Hz, 2H), 7.32-
7.28 (m, 2H), 7.23-7.15 (m, 1H), 4.95 (d,J = 3.5 Hz, 2H), 4.50 (d, J
= 3.7 Hz, 1H), 4.00-3.91 (m, 4H), 3.79 (t, ] = 4.9 Hz, 4H). *C
NMR (126 MHz, CDCl;) 6 173.79, 163.51, 161.01, 159.43, 144.98,
140.50, 137.71, 130.48, 128.96, 128.93, 128.59, 125.91, 124.60,
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111.30, 103.94, 66.88, 62.26, 44.61. MS (ESI): calculated for
C,4H,1N50,S, M" = 443.14; found m/z = 443.13.

4.1.4 (E)-2-Morpholino-5-((4-nitrobenzylidene)amino)-N,4-
diphenylthieno[2,3-d]pyrimidine-6-carboxamide (12). A mixture
of bifunctional compound 10 (0.3 g, 1 mmol) and 4-nitrobenz-
aldehyde (0.1 g, 1 mmol) in ethanol was refluxed. The reaction
progress was monitored by TLC to ensure complete conversion
of the starting material. After 1 h, a pale yellow precipitate
formed, which was collected by filtration and recrystallized
from hot ethanol to afford the pure product in 77% yield, with
a melting point of 304-306 °C. FTIR: v (cm™'): 3481.82 (NH),
2959.82 (CH aliphatic), 2852.55 (CH aromatic) and 1654.68 (C=
O amide). 'H NMR (400 MHz, DMSO-de) 6 8.29 (d, J = 8.8 Hz,
2H), 7.68-7.63 (m, 3H), 7.63-7.58 (m, 4H), 7.37 (d, J = 4.8 Hz,
4H), 7.25-7.14 (m, 1H), 6.80 (d, J = 5.5 Hz, 1H), 6.50 (d, J =
5.2 Hz, 1H), 3.82 (t, / = 4.6 Hz, 4H), 3.66 (dd, J = 5.7, 3.9 Hz,
4H). *C NMR (126 MHz, CDCl;) ¢ 173.79, 163.51, 161.01,
159.43, 144.98, 140.50, 137.71, 130.48, 128.96, 128.93, 128.59,
125.91, 124.60, 111.30, 103.94, 66.88, 62.26, 44.61. MS (ESI):
calculated for C;yH,,N¢0,S, M" = 564.16; found m/z = 564.16.

4.1.5 7-Morpholino-3,9-diphenylthieno[2,3-d:4,5-d']di-
pyrimidin-4(3H)-one (13). The amino-carboxamide compound
10 (0.3 g, 1 mmol) was combined with triethyl orthoformate
(enough to cover the solid) and a few drops of glacial acetic acid
in a round-bottom flask. The reaction mixture was heated under
reflux, and the progress was monitored by TLC to ensure
complete conversion of the starting material. After approxi-
mately 30 minutes, a pale-yellow precipitate formed, which was
collected by filtration and recrystallized from 1,4-dioxane to
afford the pure product in 92% yield, with a melting point of
256-258 °C. FTIR: »(cm™'): 3426.96 (NH), 2939.95 (CH
aliphatic), and 1667.34 (C=0 amide). '"H NMR (400 MHz,
chloroform-d) 6 8.05 (s, 1H), 7.96-7.83 (m, 2H), 7.59-7.45 (m,
6H), 7.44-7.37 (m, 2H), 4.04 (t,] = 4.8 Hz, 4H), 3.82 (t, ] = 4.8 Hz,
4H). *C NMR (101 MHz, DMSO) 6 172.74, 158.51, 148.29,
136.20, 129.65, 128.62, 126.91, 126.78, 115.61, 71.88, 65.34,
62.45. MS (ESI): calculated for C,,H;oN50,S, M" = 441.13; found
m/z = 441.17.

4.1.6 5-(2-Chloroacetamido)-2-morpholino-N,4-di-
phenylthieno[2,3-d]pyrimidine-6-carboxamide (14).
carboxamide derivative 10 (0.3 g, 1 mmol) was reacted with
chloroacetyl chloride (0.13 mL, 2.5 mmol). The mixture was
heated in a water bath at 70 °C, and the reaction progress was
monitored by TLC to ensure complete conversion of the
starting material. After 2 h, the reaction mixture was cooled
and poured into cold water (100 mL). The mixture was then
neutralized with 10% sodium carbonate solution until slightly
alkaline. The resulting solid was collected by filtration and
recrystallized from ethanol to afford the pure product as white
crystals in 73% yield, with a melting point of 138-140 °C. FTIR:
v(em™): 3331.14 (NH),2960.94 (CH aliphatic), 2855.58 (CH
aromatic), and 1645,78 (CO amide). "H NMR (400 MHz, DMSO-
de) 0 10.07 (s, 1H), 9.86 (s, 1H), 7.65 (dd, J = 8.7, 1.2 Hz, 2H),
7.58-7.42 (m, 5H), 7.37 (dd, J = 8.6, 7.3 Hz, 2H), 7.21-6.95 (m,
1H), 3.85 (t,] = 4.8 Hz, 4H), 3.74-3.67 (m, 4H), 3.46 (s, 2H). *C
NMR (101 MHz, DMSO) 6 167.78, 164.62, 163.80, 158.64,
157.76, 137.48, 136.36, 129.01, 128.41, 128.20, 127.55, 127.09,

Amino-
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123.71, 123.43, 119.80, 115.10, 65.36, 43.58, 41.23, 39.50,
39.29, 39.08, 38.87, 38.66, 38.45, 38.24. MS (ESI): calculated for
Cy5H,3CIN50;8, [M + H]" = 508.12; found m/z = 508.69.

4.2 Antimicrobial activity

Four new synthesized compounds were assessed for their
antimicrobial activity against some standard reference strains,
comprising two Gram-positive bacteria, Staphylococcus aureus
ATCC 6538 (S. aureus) and Bacillus subtilis ATCC 6633 (B. sub-
tilis), as well as two Gram-negative bacteria, Escherichia coli
ATCC 8739 (E. coli) and Pseudomonas aeruginosa ATCC 9027 (P.
aeruginosa). Additionally, Candida albicans ATCC 10231 (C.
albicans) was included as a representative yeast strain. The
antimicrobial efficacy against these standard strains was
determined by comparison with control activity alone. Cultures
of the microorganisms were incubated overnight, then sus-
pended and adjusted to a turbidity equivalent to 0.5 McFarland
standards (1.5 x 10° CFU mL™").

4.2.1 Agar well diffusion method. The antimicrobial
activity was initially assessed using the agar diffusion method
as a qualitative screening approach. The antimicrobial activity
of both the derivatives and the control against the tested strains
was assessed utilizing the agar well diffusion method. The
tested derivatives were dissolved in sterile dimethyl sulfoxide
(DMSO), and serial dilutions were performed to obtain three
distinct concentrations (50, 100, and 150 pg mL ") to determine
the minimum inhibitory concentration (MIC).

4.2.2 Antimicrobial activity bioassay. Two types of media
were used to evaluate the antimicrobial activates of derivatives:
Muller Hinton agar medium, for bacterial standard strains and
Sabauroud Dextrose Agar medium for yeast strain. The
prepared inoculums of standard strains (1 mL) were spread by
sterile spreaders to ensure an even distribution in the media.
Wells were made by punching into the agar surface with a sterile
corkborer. Using a micropipette, 150 pL from each concentra-
tion were separately added to a single well. For bacterial strains,
the inoculated plates were incubated at 37 °C for 24 hours and
at 28 °C for 48 hours for the yeast strain. The antimicrobial
activity was evaluated by measuring the diameter of the inhi-
bition zone around the wells. Control samples (Cefotaxime or
Fluconazole) were used as a positive control. Finally, the
minimum inhibitory concentration (MIC) was defined as the
lowest concentration that inhibits the growth of each strain; all
tests were carried out in triplicates. To evaluate the derivatives'
antimicrobial efficacy, two types of media were used: Sabauroud
Dextrose Agar medium for the yeast strain and Muller Hinton
agar medium for the standard bacterial strains. To ensure
a uniform distribution, 1 mL of prepared inoculum of standard
strains were inoculated into the specific media using a sterile
spreader, Wells were made in the agar surface using a sterile
corkborer. Subsequently, 150 uL from each concentration of the
derivatives was individually added to separate wells using
a micropipette. Incubation of the plates containing bacterial
strains was conducted at 37 °C for 24 hours, while plates con-
taining the yeast strain were incubated at 28 °C for 48 hours.
Antimicrobial activity was assessed by measuring the diameter

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of the inhibition zone surrounding the wells, with a control
sample utilized as a positive control. The minimum inhibitory
concentration (MIC) was determined as the lowest concentra-
tion inhibiting the growth of each strain, with all tests con-
ducted in triplicate.

4.3 DFT calculations

We performed density functional theory (DFT) calculations on
all compounds to reveal their structure and gain insights into
their properties. The ground state geometry of all structures was
optimized using DFT with the B3LYP functional, the D3BJ
correction, and the basis set 6-31G(d). This dispersion correc-
tion is necessary to account for long-range and noncovalent
interactions. Several conformers were considered for the
ground state geometry, and the one with lowest energy was
selected. The lack of imaginary frequencies proved that these
geometries are true minima. All geometry optimizations were
performed using the Gaussian 16 software. Molecular electro-
static potential surface maps, RDG plots, and the strength of the
intramolecular hydrogen bond in 14 were obtained by the
Multiwfn program based on the DFT calculations.®

4.4 Molecular docking

We performed molecular docking for all four derivatives to
reveal binding geometries and protein-ligand interactions.
Docking was done using AutoDock Vina®>* through the CB-
Dock2 server.®® We used the previously optimized geometries
of the derivatives. The crystal structure of the staph gyrase B
(PDB code: 4URO) and the E. coli DNA gyrase B (PDB code:
4DUH) were obtained from the protein data bank. The proteins
and all ligands were prepared by the default settings of the CB-
Dock2 server. We performed an auto blind docking, in which no
pocket is provided for the program. For each compound, ten
binding models were predicted and the binding energy of each
model was calculated.
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