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Abstract: This work describes the design and synthesis of three series of hybrids of thienopyrimidines
and sulfonamides. Dihydrofolate reductase enzyme was selected as a target for the in-silico screen-
ing of the synthesized thienopyrimidine-sulfonamide hybrid as an antibacterial, while squalene
epoxidase was selected as an antifungal target protein. All screened compounds showed promising
binding affinity ranges, with perfect fitting not exceeding 1.9 A. The synthesized compounds were
tested for their antimicrobial activity using agar well diffusion and minimum inhibitory concen-
tration tests against six bacterial strains in addition to two Candida strains. Compounds 8iii and
12ii showed varying degrees of inhibition against Staphylococcus aureus and Escherichia coli bacte-
rial strains, whereas the best antifungal activity against Candida was displayed by compound 8iii.
Compound 12ii, the cyclohexathienopyrimidine coupled with sulfadiazine at position 3, has the
best antibacterial activity, which is consistent with molecular docking results at the active site of the
oxidoreductase protein. Interestingly, compound 12ii also has the highest docking binding energy at
the antifungal squalene epoxidase active site. Investigating the physicochemical properties of the
synthesized hybrids revealed their high tolerability with cell membranes, and moderate to poor oral
bioavailability, and that all are drug-like candidates, among which 4i, the cyclohexathieno[2,3-d]
pyrimidine core with sulphaguanidine incorporated at position 4, recorded the best score (1.58).

Keywords: thienopyrimidine-sulfonamide hybrids; antimicrobial activity; heterocyclic compounds

1. Introduction

Scientific research is participating in significant advancements in diagnosis, prevention,
and therapy. Recent studies have shifted their focus to heterocyclic compounds, especially
those containing a thienopyrimidine core. These compounds have garnered attention due to
their unique structural similarity to purines and their versatile pharmacological properties.
They have been shown to possess antimicrobial [1], antiviral [2], and anti-inflammatory [3,4]
properties, serve as 33-adrenoceptor agonists [5], exhibit anti-tuberculosis properties [6],
antiprotozoal activity [7], and kinase inhibition [8-12], act as antioxidants [13-16], and
possess anticancer activity [17-20].

A concerning global issue is the growing prevalence of pathogenic microorganism
infections caused by bacteria such as Staphylococcus aureus and Escherichia coli, and the
fungal strain Candida albicans. These strains have demonstrated resistance to commonly
used antibiotics [21,22]. Therefore, there is an urgent need to develop novel molecules
as antimicrobial agents. Recent studies on derivatives of thieno[2,3-d]pyrimidine have
revealed their effectiveness against both gram-negative and gram-positive bacteria [22-25],
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making them promising candidates for the development of a new class of antibacterials.
The molecular structure of thienopyrimidine compounds contains features necessary to
interact with microbial targets, resulting in antimicrobial activity [26]. The arrangement
of rings, functional groups, and bio-isosteric replacements can be adjusted to enhance
potency, selectivity, and safety, making thienopyrimidines promising building blocks for
the development of new antimicrobial agents [27].

Sulfonamides have diverse biological activities including bacterial [28,29] and pro-
tozoal [30,31] activities, as well as acting as dihydropteroate synthase inhibitors, thus in-
hibiting the biosynthesis of dihydrofolic acid [32], inhibiting carbonic anhydrase (CA) [33]
and epidermal growth factor receptor (EGFR) [34,35], and inducing insulin release [36],
as well as having antiviral [37], antifungal [38], anticancer [39,40], and anti-inflammatory
activities [41].

Design Strategy

Scientific groups have reported on the successful implementation of the hybrid phar-
macophore concept, which is performed through combining heterocycles with recognized
active groups like sulfonamides [42,43]. Hybridized heterocycles with sulfonamides were
successfully applied in the reported literature as seen in the interconnection between ph-
thalazinone derivatives and sulfonamides as sulfadiazine and sulfathiazole, which was
a successful strategy to synthesize broad-spectrum antibacterial compounds [28]. Also,
hydrophilic ends as guanidine in sulfaguanidine are present in the residue arginine (Arg),
which has been noticed in many protein binding sites. In addition, it forms an important
therapeutic agent when it is incorporated in the structure due to its reported biological
effects, especially in antibiotics such as trimethoprim [44]. Additionally, the thienopyrimi-
dine heterocyclic structure has shown promising antimicrobial activity when combined
with sulfa compounds. Their combination has been explored due to their potential to
combat various microbial infections [44,45].

Accordingly, the design strategy of this study was based on the introduction of the
cyclohexylthieno[2,3-d]pyrimidine heterocyclic as a core structure, as thieno[2,3-d]pyrimidine
has been previously reported as a promising scaffold for antimicrobial compounds, fol-
lowed by the incorporation of different sulfonamide derivatives, given that they are an
important class of antibiotic drugs with a wide range of activity, led by compounds
I-1II [46,47]. Thus, our research focused on combining thienopyrimidine’s coplanar cyclic
structure with various substituted sulfonamide groups, which were initially incorporated
at position 4 of the thienopyrimidine core. A series of thienopyrimidine-sulfonamide hy-
brids, which we have designated as “4i-iii”, were synthesized, one of which—compound
4ii—exhibited mild antibacterial activity. The sulfonamides sulfadiazine and sulfamethox-
azole were selected as references for comparison. Aiming to further explore the activity,
the substitution was then shifted from position 4 to position 3 to synthesize the novel
series “12i-iii”. The thienopyrimidine-sulfadiazine hybrid 12ii demonstrated enhanced
antibacterial activity.

In an attempt to further explore the hybrids’ activities, we investigated the effect
of replacing the cyclic cycloalkyl ring with a carboxylate open chain, resulting in series
“8i-iii”, which revealed enhanced antifungal activity. The design strategy is illustrated
below (Figure 1).
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Figure 1. Design strategy for the synthesized theinopyrimidine-sulfonamide hybrids series 4i-iii,
8i-iii, and 12i-iii.

2. Results and Discussion
2.1. Molecular Modeling Studies

Molecular docking studies were performed on the prepared compounds 4i-iii, 8i-iii,
and 12i-iii. The study of the prepared structures was undertaken on an antibacterial
target protein (PDB ID: 2W9S) and an antifungal target protein (PDB ID: 2AIB), whose
crystal structures bound to their co-crystallized ligands were downloaded from the Protein
Data Bank.

Chemotherapeutic chemicals such as antibiotics are used to either suppress or kill germs.
Sulfonamides are structural analogues and competitive antagonists of p-aminobenzoic acid in
the manufacture of folic acid, which is necessary for bacteria to continue producing DNA.
Tetrahydrofolate synthesis is inhibited by sulfonamide medications in conjunction with
trimethoprim, further impeding DNA replication. The drug’s effects cause obstacles to cell
division [48]. Accordingly, the dihydrofolate reductase (DHFR) enzyme was selected as a
target for in-silico screening using molecular docking to compare the interactions of the
newly synthesized thienopyrimidine-sulfonamide hybrids with those of the co-crystallized
ligand (trimethoprim). The protein with PDB code 2W9S was downloaded and complexed
with trimethoprim. All the screened compounds showed promising binding affinities
ranging from —8.7115 to —7.1696, with perfect fitting not exceeding 1.9 A (Table 1). The
best binding affinity (—8.7115) was recorded by carboxylate thieno[2,3-d]pyrimidin-3(4H)-
y1)-2-((4-(N-(pyrimidin-2-yl)sulfamoyl)phenyl)amino) acetamide derivative 12ii, with a
root mean square deviation (RMSD) value of 1.3166 A. The interactions with the active
site occurred at three positions with the amino acid residues THR 46, LYS 45, and GLN
95. These interactions involved a hydrogen bond interaction between the NH group of
compound 12ii and the acceptor oxygen of THR46, and two hydrogen bonds between
the donor nitrogen atoms of both LYS 45 and GLN 95 and the acceptor sulfoxide group
of thienopyrimidine—sulfadiazine-synthesized hybrid 12ii, (Figure 2). Interestingly, the
compound 12ii had the best docking results as well as the best antibacterial results among
the screened compounds, demonstrating enhanced antibacterial activity better than sulfa-
diazine alone against gram-positive S. aureus.
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Table 1. Molecular docking results for the thienopyrimidine-sulfonamide hybrids on DHFR reductase

(PDB ID: 2W9S).

Residues Involved in Binding and

Compound Binding Energy (kcal/mol) RMSD (A) Types of Interaction
. _ ASN 18 (H-donor)
4i 7.1696 1.4085 ASN 18 (H-donor)
.. ASN 18 (H-donor)
4ii —7.8730 1.3052 THR 46 (H-acceptor)
B GLN 95 (H-acceptor)
4iii 8.2734 1.7984 PHE 92 (H-pi)
. _ ALA 7 (H-acceptor)
8i 8.3354 1.2613 THR 46 (pi H)
ASN 18 (H-donor)
8ii —8.3557 1.6653 GLN 95 (H-acceptor)
THR 46 (H-acceptor)
8iii —8.1394 1.9062 ASP 27 (A) H-donor
THR 46 (H-donor)
12i —7.2966 1.2439 GLN 95(H-acceptor)
ASN 18 (pi H)
THR 46 (H-donor),
12ii —8.7115 1.3166 LYS 45 (H-acceptor),
GLN 95 (H-acceptor)
THR 46 (H-donor)
B LYS 45 (pi-cation)
12iii 7.8747 1.6470 GLN 95 (pi H)
THR 96 (pi H)
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Figure 2. Types of bonding between the compound with the best docking score as well as antibacterial
biological results (compound 12ii; cyan balls and sticks) and the amino acid residues at the binding
pocket of the protein with PBD ID 2W9S; H-bonds are represented by green dotted lines. *1 is the
position of the co-crystalized ligand “trimethoprim”. (a) 2D structure; (b) 3D illustration.

Moreover, squalene epoxidase (SE), cytochrome P450 sterol 14a demethylase (CYP51),
and (3-1,3-glucansynthase are the primary targets of antifungal screening [49]. In this work,
antifungal activity was investigated using molecular docking on SE. Ergosterol production
involves squalene epoxidase, and, therefore, inhibitors target this domain [50]. Ergosterol
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has a coplanar four-cyclic structure that resembles the core structure under investigation.
The structure of the target protein with its co-crystalized ligand (PDB ID: 2AIB) was down-
loaded and showed that the main key interaction involves the TYR 47 amino acid residue
(Figure 3). The docking results of the thienopyrimidine-sulfonamide hybrid series 4, 8,
and 12 upon docking at the active site, taking the co-crystallized ligand as a placement
guide, were very promising, with binding energies ranging from —6.807 kcal/mol to
—9.6592 kcal/mol.

Leu3s Vi’fS

21180~

N p
-!\yf’.ufﬁ

(a) (b)

Figure 3. Ergosterol, the co-crystallized ligand of protein PDB ID 2AIB, interacting at TYR 47 of the
receptor pocket; (a) 2D structure; (b) 3D illustration.

The thienopyrimidine-sulfadiazine hybrid 12ii had the best docking score, with a
binding energy of —9.3391 kcal/mol and a perfect fit at the site of interaction with an RMSD
value of 1.7258 A, (Figure 4). Compound 8iii had the best antifungal results, forming two
hydrogen bond interactions at —8.2032 kcal /mol with an RMSD of 1.8383 A with the active
site at TYR47, which is a promising biological result. TYR 47, THR 74, MET 50, and VAL
75 were the main receptor residues involved in most interactions between the synthesized
ligands and the active site, (Figure 5). However, it is worth noting that compound 12ii—the
cyclohexathienopyrimidine coupled with sulfadiazine at position 3—exhibited the best
antibacterial activity, which is consistent with its molecular docking results at the active
site of the DHFR oxidoreductase protein. Interestingly, 12ii also had the highest docking
binding energy at the antifungal squalene epoxidase active site.

Tables 1 and 2 present the docking results of the synthesized hybrids, which include
binding affinity scores and RMSD values as well as the ligand interactions (hydrogen
bonding or hydrophobic interactions) with the active site residues.
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(b)

Figure 4. The best docking results for antifungal screening (compound 12ii presents as green sticks);
(a) 3D structure with the residues involved in the interaction where hydrogen bonds are green dotted
lines and hydrophobic interactions are yellow dotted lines; (b) 3D illustration of 12ii totally included
in the binding site of action (represented by grey net).

Figure 5. The best compound in antifungal biological results (compound 8iii presents as pink sticks);
(a) 3D structure with the residues involved in the interaction where hydrogen bonds are green dotted
lines; (b) 3D overlay complex between compound 8iii and ergosterol (the co-crystallized ligand
represented in yellow sticks) at the pocket of 2AIB protein.

Table 2. Molecular docking results for the thienopyrimidin-sulfonamide hybrids on SE protein (PDB
ID: 2AIB).

Residues Involved in Binding and
Types of Interaction

4i —7.2835 1.4140 MET 50 (H-donor)

THR 74 (H-donor)
TYR 47 H-acceptor

Compound Binding Energy (kcal/mol) RMSD (A)

4ii —7.9393 1.2122 VAL 75 (pi-H)
TYR 87 (pi-H)
4iii —6.8607 1.3582 THR 74 (H-donor)

VAL75 (pi-H)
8i —7.6390 1.3130 THR 74 (H-donor)
8ii —7.9635 1.4180 MET 35 (pi H)
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Table 2. Cont.

Residues Involved in Binding and

Compound Binding Energy (kcal/mol) RMSD (A) Types of Interaction
12i —8.3712 1.8964 TYLleIljZl(;{(-’iﬁ;r)
12iii —9.1466 1.4663 MET 50 (H-donor)

TYR 12 (H-donor)

2.2. Antimicrobial Investigation

Thienopyrimidine compounds have demonstrated significant antimicrobial activity,
making them a promising avenue in the search for novel antimicrobial agents [25]. One of
the key factors that contributes to the antimicrobial activity of thienopyrimidine compounds
is their ability to disrupt essential cellular processes in microorganisms. Thienopyrimi-
dine compounds can be tailored to act selectively against specific microbial targets. For
example, some thienopyrimidines have been shown to selectively inhibit key enzymes
involved in bacterial DNA replication, transcription, translation, and cell wall synthesis [44].
Through targeting essential microbial processes, these compounds disrupt vital cellular
functions, leading to the inhibition or killing of different microorganisms [25]. Further-
more, thienopyrimidines have also demonstrated effective antifungal activity [1,27,51]. The
unique structures of these compounds allow them to target specific fungal enzymes, which
leads to compromised cell membrane integrity and, consequently, fungal cell death.

In this study, three series of thieno[2,3-d]pyrimidine derivatives (4i-iii, 8i-iii, and
12i-iii) were investigated for their antimicrobial activity against different bacterial and
fungal strains. The synthesized compounds were tested for their antimicrobial activity
using agar well diffusion and MIC tests using serial dilution against the following bacterial
and fungal strains: Staphylococcus aureus (ATCC 25923), Staphylococcus aureus (ATCC 29213),
Staphylococcus epidermidis (ATCC 12228), Enterococcus faecalis (ATCC 29212), Escherichia coli
(ATCC 25922), Pseudomonas aeruginosa (ATCC 27853), Klebsiella pneumoniae (ATCC 700603),
Candida albicans (ATCC 10231), and Candida parapsilosis (ATCC 22019). The results were
expressed as the average diameter of the growth inhibition zone (GIZ) and the minimum
inhibitory concentration (MIC).

Five of the investigated compounds showed activity against the gram-positive strain
Staphylococcus aureus but not against Staphylococcus epidermidis and Enterococcus faecalis. Among
the three tested gram-negative strains, five of the investigated thienopyrimidine-sulfonamide
hybrids showed mild activity against Escherichia coli but with smaller zones of inhibition and
higher MIC values than sulfonamides alone. No activity was detected against Pseudomonas
aeruginosa nor Klebsiella pneumoniae, Table 3.

Regarding antifungal activity, six of the tested hybrids displayed good activity against
the tested Candida strains, as tabulated in Table 4. Five of the investigated compounds—4ii,
8ii, 8iii, 12i, and 12iii—showed comparable or better activity than the investigated sulfon-
amides in both zones of inhibition and MICs.
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Table 3. Antibacterial activity of the synthesized theinopyrimidine-sulfonamides hybrids.

Gram-Positive Bacteria Gram-Negative Bacteria

Compounds S. aureus S. epidermidis E. faecalis E. coli P. aeruginosa K. pneumoniae
*GIZ MIC *GIZ MIC *GIZ  MIC *GIZ MIC *GIZ MIC *GIZ MIC

4i 0 - 0 - 0 - 0 0 - 0 -

4ii 1533 £ 1.15 500 0 - 0 - 18+0 125 0 - 0 -

4iii 0 - 0 - 0 - 0 - 0 - 0 -

8i 0 - 0 - 0 - 0 - 0 - 0 -

8ii 16+1 500 0 - 0 - 17+0 125 0 - 0 -

8iii 22.33 +0.58 250 0 - 0 - 17.33 £ 0.58 125 0 - 0 -

12i 0 - 0 - 0 - 0 0 - 0 -

12ii 24.67 £+ 0.58 125 0 - 0 - 23.67 £ 1.53 125 0 - 0 -

12iii 19+1 250 0 - 0 - 19.67 £ 0.58 125 0 - 0 -

Sulfadiazine 29.67 £ 0.58 250 0 - 0 - 2767 +£1.15 3125 0 - 0 -

Sulfamethoxazole 37.67 +1.15 125 15+0 - 0 - 30.67 £1.15 15.625 0 - 0 -

*GIZ: average diameter (mm) of growth inhibition zone in mean £ SD; MIC: minimum inhibitory concentration
(ng/mL); number of replicates n = 3.

Table 4. Antifungal activity of the synthesized compounds against Candida strains.

C. albicans C. parapsilosis

Compounds *GIZ MIC *GIZ MIC

4i 0 - 0 -
4ii 940 62.5 8.33 £ 0.58 125

4iii 0 - 0 -

8i 0 - 0 -
8ii 9.33 + 0.58 62.5 9+0 125
8iii 17.67 + 0.58 31.25 15.67 + 0.58 62.5
12i 11.67 +£1.15 125 10.33 +0.58 125
12ii 7.67 £+ 0.58 250 8.67 + 0.58 500
12iii 10.33 + 0.58 125 9.33 £ 0.58 125
Sulfadiazine 8.67 £1.15 125 9+0 125
Sulfamethoxazole 10.67 £ 0.58 62.5 10.67 £ 0.58 62.5

*GIZ: average diameter (mm) of growth inhibition zone in mean + SD; MIC: minimum inhibitory concentration
(ug/mL); number of replicates n = 3.

2.3. Correlating Structure to Biological Activity

Linking the coplanar cyclic structure of thienopyrimidine with different substituted
sulfonamide groups was initially performed at position 4 of the thienopyrimidine core.
This afforded a series of thienopyrimidine—sulfonamide hybrids designated as “4i—iii”,
among which the cyclohexathienopyrimidine-sulfadiazine hybrid 4ii exhibited mild an-
tibacterial activity with zones of inhibition of 15 mm for S. aureus gram-positive bacteria
and 18 mm for E. coli gram-negative bacteria in comparison to both references, sulfadiazine
and sulfamethoxazole, which recorded zones of inhibition of 29.67 mm and 27.67 mm,
respectively. In addition, its antifungal activity was the best among series 4, reflected by the
MIC values 62.5 ng/mL and 125 pg/mL against C. albicans and C. parapsilosis, respectively.

The effect of replacing the cycloalkyl ring with a carboxylate open chain was in-
vestigated in series “8i-iii”, which revealed an enhanced antifungal activity rather than
antibacterial one. The best results were recorded upon incorporating the sulfamethox-
azole sulfonamide structure, as in the thienopyrimidine-sulfamethoxazole hybrid 8iii,
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which demonstrated mild antibacterial activity only against gram-positive S. aureus and
gram-negative E. coli, recording MICs of 250 pug/mL and 125 ug/mL, respectively. On
the other hand, the antifungal activity of the sulfamethoxazole hybrid structure 8iii was
the best among all the tested compounds and considered promising as it demonstrated
MICs of 31.25 ug/mL and 62.5 ng/mL against C. albicans and C. parapsilosis, respectively.
These results were better than those of sulfamethoxazole alone (62.5 ug/mL) against both
antifungal strains.

Correlating structure to the biological activity upon shifting the substitution from
position 4 to position 3, which led to the synthesis of the novel series “12i-iii”, it was
noticed that incorporating sulfadiazine sulfonamide in the thienopyrimidine-sulfadiazine
hybrid 12ii resulted in enhanced antibacterial activity against the bacterial strains S. aureus
and E. coli, which is reflected by its minimum inhibitory concentration (MIC) of 125 pug/mL
for both strains. These results were better than those of sulfadiazine alone against gram-
positive S. aureus (250 pg/mL) but worse than those recorded against gram-negative E. coli
(31.25 pg/mL).

Notably, incorporating sulfadiazine into position 4, either in the cyclohexathienopy-
rimidine core or in its carboxylate analogue in compounds 4ii and 8ii, respectively, resulted
in an enhanced antifungal activity than with sulfadiazine alone against Candida albicans
strains and comparable activities against Candida parapsilosis, as reflected by their MIC
values and inhibition zone values. However, the incorporation of sulfadiazine into po-
sition 3 of the cyclohexathieno[2,3-d]pyrimidine nucleus in series 12, as represented in
12ii, did not improve its antifungal activity. Incorporating sulfamethoxazole into position
4 among all the tested compounds in the three series revealed that compound 8iii has
the highest antifungal activity against Candida albicans and Candida parapsilosis, with MIC
values of 31.25 pg/mL and 62.5 ug/mL, respectively, which are better recorded values
than those of both sulfadiazine and sulfamethoxazole when tested alone. It noteworthy
to mention that unlike the molecular docking results that reveal the inhibitory activity of
theinopyrimidine-sulfaguanidine hybrids to DHFR and SE proteins, they were inactive in
all three investigated series even upon changing positions of substitution.

Overall, the results revealed that compounds 8iii—the thienopyrimidine-sulfamethoxazole
hybrid-and 12ii—the cyclohexathienopyrimidine coupled with sulfadiazine at position
3—showed varying degrees of inhibition against S. aureus and E. coli bacterial strains,
whereas the best antifungal activity against Candida strains was displayed by the
thienopyrimidine-sulfamethoxazole hybrid 8iii. Some of the tested compounds showed
relatively similar activities close to the references in both growth inhibition zone diameters
and MIC values. Although the growth inhibition zone of all active compounds was less
than the reference antibiotics, incorporating sulfadiazine into the thienopyrimidine scaffold
in compound 12ii improved its MIC value to higher than that of sulfadiazine itself (Table 3).

All of the target compounds’ in vitro antifungal efficacies against the examined fungal
strains were generally more encouraging than their antibacterial activities. Results of the
antibacterial and antifungal activities are shown in Tables 3 and 4.

2.4. In-Silico Investigation of Physicochemical Properties and Drug Likeness

An in-silico assessment of the synthesized series 4i-iii, 8i-iii, and 12i-iii was per-
formed using both Molsoft and Swiss ADME online web tools [52,53]. Both 4i-iii and
8i-iii were investigated in silico in our previous work [54]. In reference to Lipinski’s rule of
five, the number of hydrogen bond acceptors (HBAs) is less than 10, while the number of
hydrogen bond donors (HBDs) ranges from two to five in all of the investigated compounds.
All the tested compounds recorded iLog P < 5, which indicated their high tolerability with
cell membranes. In terms of oral bioavailability, although all the screened compounds
demonstrated optimum solubility (log S) (i.e., not higher than six), lipophilicity did not
exceed five, and the number of rotatable bonds was less than or equal to nine, as required.
Nonetheless, the compounds are expected to have moderate to poor oral bioavailability.
Polarity, in terms of topological polar surface area (TPSA), ranged from 146.38 to 208.68 A?,
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which suggests moderate to poor oral bioavailability of the compounds, as the optimum
TPSA should not exceed 130 A2, as reported [55] (Table 5).

Table 5. Predicted physicochemical properties and drug-like candidates.

Compounds MWt HBA HBD TPSA R%’:::ll;le Lipophilicity Log S iLog P \;;;I;ialtlisokris Drug Likeness
4i 402.49 5 4 170.47 5 2.92 —4.26 1.51 0 1.58
4ii 438.53 6 2 146.38 5 3.8 —5.14 2.66 0 1.03
4iii 441.53 6 2 146.63 5 4.36 —5.49 2.59 0 1.08
8i 434.49 7 4 196.77 8 2.61 —4.03 1.75 0 1.19
8ii 470.52 8 2 172.68 8 3.48 —4.91 2.78 0 0.88
8iii 473.53 8 2 172.93 8 4.05 —5.26 3.1 0 0.73
12i 489.13 6 5 208.68 8 1.6 —3.69 2 1 1.23
12ii 525.60 7 3 184.59 8 247 —4.56 2.23 2 1.35
12iii 528.60 7 3 184.84 8 3.04 —4.92 2.11 2 1.06

When compounds have positive values, they are deemed promising candidates
for drugs, as previously described [45]. The drug likeness scores for the synthesized
thienopyrimidine-sulfonamide hybrids ranged from 0.73 to 1.58 (Table 5). Among the
hybrids, 4i, a derivative of the cyclohexathieno[2,3-d] pyrimidine core with sulphaguani-
dine incorporated into position 4, resulted in the best score (1.58), Figure 6. Overall, all
the screened compounds are considered promising “drug-like” molecules; none of them
violated Lipinski’s rule except for those in series 12, which demonstrated violations related

to the number of electronegative atoms (exceeded 10) and to molecular weight (M.Wt)
(slightly exceeded 500) in both 12ii and 12iii.

Drug-likeness model score: 1.58

— Drugs
— Non-drugs
— Your compound

r T T
-6.00 -4.00 -2.00

T
0.00

Figure 6. Illustration of the best drug likeness scores of the 4i compound.

3. Materials and Methods
3.1. Moelcular Modeling

Molecular Modeling studies were performed using Maestro academic version 2023-4,
Molecular Operating Environment (MOE.2022.02) with the aid of Discovery Studio v21.1.0.20298.
The crystal structure of the dihydrofolate reductase protein was downloaded from Protein
Data Bank (PDB: 2W9S) for the in-silico investigation of antibacterial activity [56], whereas
in-silico antifungal screening was performed on the downloaded structure 2AIB targeting
squalene peroxidase [57]. Every structure was constructed using MOE Builder, then
adjusted, its energy reduced, and saved in mol2 format. The applied protocol for molecular
docking was induced fit. The force field for organic molecules was chosen as “MMFF94X”,
and the gradient for energy minimization was set to 0.05. Electrostatics, bonding, and Van
der Waals forces were all enabled. Calculations were made for partial charges [58].
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3.2. Chemistry

Using a Stuart SMP10 device, melting points were calculated; the results were not
adjusted. The Direct Inlet component of the mass analyzer in the GCMS model with the
ISQ single quadrupole thermoscientific Electron Impact mode (UK) was used to perform
mass spectra. For the 'H NMR spectrum investigation, a Bruker Advance 400 MHz NMR
spectrometer was utilized. Tetramethylsilane (TMS) was employed as an internal standard
after the chemical shift values were recorded in parts per million. A Bruker Advance
100 MHz spectrometer was used to acquire >*C NMR spectra.

A Gewald reaction was performed to prepare compounds 1 and 5 upon reaction
between either cyclohexanone or ethylacetoacetate with sulfur powder, ethylcyanoacetate,
and morpholine, to yield 1 and 5, respectively [59]. Reacting the aminocarboxylate esters 1
and 5 with formamide produced compounds 2 and 6, respectively, which were then chlori-
nated via phosphorus oxychloride to yield the chloride derivatives 3 and 7, respectively [54].
Moreover, compounds 9-11 were synthesized according to reported procedures, where a
mixture of ethyl 2-(2-amino-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl) acetate (1) with acetic
anhydride was heated under reflux to yield the thiophene acetamide derivative (9). The
latter was refluxed with hydrazine hydrate to obtain the thienopyrimidin-4-one derivative
(10), which resulted in the acetamide derivative (11) upon heating with an excess amount
of chloroacetyl chloride and drops of triethylamine in dichloromethane [54].

3.2.1. General Procedure for the Synthesis of 4i-iii and 8i-iii

Equimolar amounts of the chloride derivatives 3 and 7 were refluxed with the appro-
priate sulfonamides, namely sulphaguanidine, sulfadiazine, and sulfamethoxazole. Reflux
was performed in 15 mL of glacial acetic acid for 15 h. The reaction mixture was then
left to cool to room temperature before being poured onto ice water. The formed solid
was filtered and crystalized from absolute ethanol to yield the 4i-iii and 8-i-iii series,
(Schemes 1 and 2), as reported in our previous investigation [54].

~

o — o
° Co
HCONH NH
/ 3 — = 1)
S NH, S N
1 2
(\:\) POCl1
R 3
oL
OH
HN cl
L R
X — S
Vi N H,N §NH N
A = o < ] )
N i-iii S °N
4(i-iii)
. NH .. N=\ .. ,~CHs
R=14  1n— :\> ii—Y
NH, N= NO

Scheme 1. Pathway for synthesis of substituted thienopyrimdine series 4i-iii.



Pharmaceuticals 2024, 17, 188

12 of 17

0
H3C o/\ H,;C bt
I ) TN e )NH
NH
He 1S 2 d s
5 > 6
POCl,

H3
) 8eii)

R=i—{ ii—¢
NH, N

1
s_ _R
cl
72
HZNO —NH HsG
c HN é\o
-

(0} / \\)N

i-iii
O S

)

CH3
_> N-

Scheme 2. Pathway for synthesis of substituted thienopyrimdine series 8i—iii.

3.2.2. General Procedures for the Synthesis of Series 12i-iii

d

Equimolar amounts of 2-chloro-N-(2-methyl-4-ox0-5,6,7,8-tetrahydrobenzo[4,5]thieno|2,3-
pyrimidin-3(4H)-yl)acetamide 11 (0.3 g, 0.001 mol) and appropriate sulfonamide deriva-

tives, namely sulphaguanidine, sulfadiazine, and sulfamethoxazole (0.001 mol), were
refluxed with stirring in absolute alcohol 15 mL with 3-5 drops of triethylamine (TEA)
for 8 h. Then, it was left to cool and poured onto ice/water, crystallized and filtered from
glacial acetic acid, and left to dry to obtain compounds 12i-iii, respectively, (Scheme 3).
Moreover, all spectroscopic charts for the obtained compounds, 12i-iii, were also shown in

the Supplementary Material.

\\

( )
/ o/ o]
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11

12 (i-iii)

CONH LN CHs
Rei—{ L ii—¢ ;\> ii—CY
NH, N N

Scheme 3. Pathway for synthesis of substituted thienopyrimdine series 12i-iii.

2-((4-(N-carbamimidoylsulfamoyl)phenyl)amino)-N-(2-methyl-4-oxo-5,6,7 8-tetrahydrobenzo

[4,5]thieno[2,3-d] pyrimidin-3(4H)-yl) acetamide (12i).

m.p. 123-125 °C, yield 67% EI-MS m/z for: CoyHp3N704S, (489.13). 'H NMR: & 1.74,

(s, 3H, CH3)—1.80-2.81 (m, 8H, cyclohexyl), 3.26 (s, 2H, CH,), 4.74 (s, 2H, NH,), 5.56 (s,
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2H, NH,), 6.41 (s, 1H, NH), 7.14-7.57 (m, 4H aromatic), 10.56 (s, 1H, NH), 12.00(s, 1H,
NH). 13C NMR: § 21.17, 22.45, 22.58, 25.51, 25.89, 46.47, 112.59, 116.97, 125.21,125.55, 129.88,
131.16,133.91, 139.38, 148.23, 155.85, 157.97, 160.89, 162.66, 168.62.

N-(2-methyl-4-ox0-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-3(4H)-yl1)-2-(4-
(N(pyrimidin-2-yl)sulfamoyl)phenyl)amino)acetamide (12ii).

m.p. 150-152 OC, y1€ld 71%. EI-MS m/z for: C23H23N704 82 (5256) 1I‘I NMR: 6 1.79
(s, 3H, CHs), 1.81-2.84 (m, 8H, cyclohexyl), 3.20 (s, 2H, CHj), 4.75 (s, 1H, NH), 5.20 (s, 1H,
NH), 7.45-8.29 (m, 4H aromatic ring and 3H- diazine), 11.65 (s, 1H, NH). I3C NMR: 6§ 21.16,
22.45,22.58,25.51, 25.89, 46.94, 112.58, 113.52, 116.97,127.38, 129.33, 130.88, 131.30, 133.52,
134.37,144.78, 148.61, 156.75, 157.86, 157.97, 162.66, 168.62.

N-(2-methyl-4-ox0-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-3(4H)-yl)-2-((4-
(N-(5-methylisoxazol-3-yl)sulfamoyl)phenyl)amino)acetamide (12iii).

m.p. 136-138 °C, yield 62%. EI-MS m/z for: Cp3Hp4NgOsS; (528.6). 'H NMR: § 1.07
(s, 3H, CHj3 of oxazole), 1.79 (s, 3H, CHj3 of pyrimidine ring), 1.80-2.87 (m, 8H, cyclohexyl),
3.29 (s, 2H, CHjy), 4.13 (s, 1H-CH oxazole), 4.87 (s, 1H, NH), 5.23 (s, 1H, NH), 7.39-7.94 (m,
4H aromatic), 10.83 (s, 1H, NH). 13C NMR: 5 14.09, 22.17, 22.45, 22.58, 25.51, 25.89, 46.47,
95.78, 112.77, 115.90,126.83, 128.90, 129.77, 131.29, 133.56, 138.32, 148.59, 149.44, 157.50,
162.19, 167.50, 169.55.

3.3. Antimicrobial Agents

The antimicrobial agents used were sulfamethoxazole purchased from FUJIFILM
Wako Pure Chemical Corporation and sulfadiazine purchased from Titan Biotech. All
agents were used as standard antimicrobial agents. Stock solutions (1000 png/mL) were
prepared using 100% dimethyl sulfoxide (DMSO), which was used to dissolve all the
reference antimicrobial agents and the tested compounds.

3.4. Organisms

The microbial strains used were provided by King Saud Medical City Central Lab-
oratories. Bacterial strains include gram-positive bacterial strains Staphylococcus aureus
(ATCC 25923) used for agar-well diffusion, Staphylococcus aureus (ATCC 29213) for determin-
ing the minimum inhibitory concentration, Staphylococcus epidermidis (ATCC 12228), and Ente-
rococcus faecalis (ATCC 29212). Gram-negative strains included Escherichia coli (ATCC 25922),
Pseudomonas aeruginosa (ATCC 27853), and Klebsiella pneumoniae (ATCC 700603). Fungal
strains were additionally tested and included Candida albicans (ATCC 10231) and Can-
dida parapsilosis (ATCC 22019). All strains were cultured on Mueller Hinton agar and
broth and then adjusted to 0.5 McFarland turbidity in 10 mL Mueller Hinton broth for
antimicrobial assays.

3.5. Agar Well Diffusion Assay

The antimicrobial activity of the references and new compounds was determined
using the agar well diffusion technique [59]. A circle of agar with a diameter of 6 mm
was removed from the center of the agar plates to make a well for the addition of the
compound solution. The prepared bacterial suspension was inoculated on the surface
of the agar plates using a sterile cotton swab. After bacterial inoculation, 100 pL of each
antimicrobial and compound (1000 pg/mL) was transferred into the agar well. The plates
were incubated aerobically at 37 °C for 18-24 h. The diameters of the inhibition zones were
measured around each well and recorded in mm as an average of triplicate experiments.
Sulfamethoxazole and sulfadiazine were used as positive controls, and DMSO was used as
a negative control. Any compound that showed antimicrobial activity was further tested
using the serial dilution susceptibility test for MIC determination.

3.6. Serial Dilution Susceptibilty Test

Overnight, bacterial cultures were adjusted to 0.5 McFarland turbidity in 10 mL
Mueller Hinton broth, and 150 uL of bacterial suspension was transferred to a 96-well



Pharmaceuticals 2024, 17, 188

14 of 17

microtiter plate. Two-fold serial dilutions of the applicable antimicrobials and compounds
(150 pL) were prepared across the microtiter plate. Negative and positive controls (uninoc-
ulated media and a microbial suspension without antimicrobial agents, respectively) were
added to the plates and incubated aerobically at 37 °C for 18-24 h. The MIC was described
as the lowest concentration of the antimicrobial that prevented the growth of the microor-
ganism. The turbid wells indicated microbial growth, which was compared to the clear
negative control. The experiments were carried out in triplicate [60].

3.7. In-Silico Investigations

Calculating the drug likeness score of the target compounds was performed using
Molsoft, while the investigation of the pharmacokinetics was performed using Swiss ADME
online web tools [52,53].

4. Conclusions

This work describes the effect of incorporating different sulfonamides into differ-
ent positions of the thieno[2,3-d]pyrimidine scaffold on their antimicrobial activity. To
determine the synthesized hybrids’ binding affinity scores to DHFR oxidoreductase and
squalene epoxidase proteins, molecular docking studies were carried out, and the outcomes
were promising.

Incorporating different substituted sulfonamide groups into the coplanar structure
of thienopyrimidine at position 4 of the cyclohexathienopyrimidine core resulted in mild
antibacterial activity. Shifting from position 4 to position 3 demonstrated enhanced antibac-
terial activity by the thienopyrimidine—sulfadiazine hybrid 12ii against S. aureus bacteria,
which was a better result than that of sulfadiazine alone, as reflected by the MIC values. In
an attempt to further explore the hybrids’ activity, we investigated the effect of replacing
the cycloalkyl ring with a carboxylate open chain, as presented in series 8i-iii, which
revealed enhanced antifungal activity compared to the other two series. The best results
were recorded by the thienopyrimidine-sulfamethoxazole hybrid 8iii against both Can-
dida strains, and the results were better than those of sulfamethoxazole alone. It is worth
mentioning that compared to their antibacterial action, the target compounds’ in vitro
antifungal activity against the studied fungal strains was generally more encouraging.
Physicochemical properties and drug likeness were assessed in silico, and all the screened
compounds were found to be promising drug-like molecules. They all had no Lipinski’s
rule violations except those of series 12, which demonstrated violations related to the
number of electronegative atoms (exceeded 10) and to molecular weight (slightly exceeded
500) in both 12ii and 12iii.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph17020188/s1, spectroscopic charts for 12i-iii.
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