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E. coli MIC =1.95 pg/mL
B. pumilis MIC =7.81 pg/mL
S. faecalis MIC =15.6 pg/mL

Antibiofilm effect
Antihemolytic effect
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ABSTRACT: MurA is a pivotal target in antimicrobial therapy owing to its fundamental function in bacterial cell wall production;
inhibiting this enzyme not only disrupts cell integrity, leading to bacterial lysis, but also presents a promising strategy to combat the
growing threat of antibiotic resistance by providing an effective approach to both G+ve and G-ve microorganisms. Novel
pyrazolo[1,5-a]pyrimidine derivatives are produced and measured for their antibacterial effectiveness. Based on the acquired
findings, a majority of the examined compounds exhibited encouraging antibacterial characteristics. Among the examined
compounds, 4c emerged as a standout candidate, exhibiting (MIC) = 1.95 ug/mL against Escherichia coli and demonstrating
significant potency as a MurA inhibitor with (ICgy) of 3.77 + 0.2 ug/mL, comparable to the established antibiotic fosfomycin.
Additionally, compound 4c displayed an impressive antibiofilm activity against multiple microorganisms, indicating its potential to
combat biofilm-related infections. The compound also reduced hemolysis percentage, suggesting a strong antihemolytic effect.
Molecular docking studies confirm that 4c engages in crucial residues within the MurA active site, elucidating its mechanism of
action.

1. INTRODUCTION cells shape and afford protection from being destroyed by
The development of novel antibiotics has become increasingly osmotic pressure. The ability to generate effective antibacterial
crucial since the mid-1900s, when resistant strains of bacteria agents by interfering with the bacterial cell wall production is
first appeared. A multitude of strategies have been employed to well documented. Several clinically significant antibacterial
develop therapeutic drugs featuring innovative chemical agents specifically block enzymes that contribute to the steps of
scaffolds and distinctive modes of action in response to such cell wall production that entail cross-linking; therefore, one
resistance.’ Given that bacteria are resistant to f-lactam approach that shows promise for developing new antibacterial
antibiotics and there is an urgent necessity to discover new drugs is to concentrate on the biosynthetic mechanisms
antibacterial agents, drug development initiatives have involved in cell wall building.3’4 The initial phase of cell wall

redirected focus toward less investigated strategies within the
peptidoglycan manufacturing pathway. With the assistance of
the Mur enzymes (Mur A-F), this work sought to examine the
early cytoplasmic phases of peptidoglycan synthesis. The
primary peptidoglycan precursor, uridine-S-diphosphate-N-
acetylmuramyl-pentapeptide, is synthesized with the aid of
Mur enzymes. As a result, Mur enzymes are thought to be
promising prospects for drug discovery.” Peptidoglycan as an
essential component of G+ve and G-ve bacteria’s cell walls give

biosynthesis is catalyzed by MurA enzyme, which allows
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Figure 2. Representative examples of marketed drugs bearing a pyrazolo[1,5-a]pyrimidine scaffold are highlighted in purple with various biological

activities.

uridine diphospho-N-acetylglucosamine (UNAG) to receive
enolpyruvate from phosphoenolpyruvate (PEP) by releasing
inorganic phosphate. MurA is a crucial enzyme since it lacks a
mammalian counterpart; besides, among both bacterial species,
it is well-maintained. Thus, MurA is a prime candidate as an
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antibiotic discovery target due to its vital function in the
synthesis of microbial cell walls and being absent in
mammalian cells. Fosfomycin (I) is the only antibiotic used
in clinics targeting MurA.” A popular antibacterial medication
called fosfomycin (I) is a natural substance that specifically
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Figure 3. Structural representation of pyrazolo[1,5-a]pyrimidines as inhibitors of Mur enzymes.
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Figure 4. Design of new target compounds.

inhibits MurA enzyme.”” Fosfomycin resistance developed as a
result of different reasons, including alteration of the MurA
active site or upregulation of MurA. Consequently, to combat
this resistance, differently constructed MurA blockers with
distinctive modes of activity must be developed. In prior
literature reviews,”” a diversity of chemically varied MurA
inhibitors have been comprehensively described. Selections of
inhibitors that have been recently discovered are illustrated in
Figure 1. They exhibited micromolar inhibitory potencies
against MurA and demonstrated antimicrobial activity against
multiple bacterial strains. Compound II, which revealed
considerable efficacy as evidenced by its ICs, value (half-
maximal inhibitory concentration) of 1 uM, is recognized as
one of the unique Escherichia coli MurA inhibitors originated
by structure-based computational screening.'’ Moreover, III
was shown to be an effective E. coli MurA inhibitor, having
ICsy = 3.1 uM, according to the outcomes of a large-scale
screening process of Novartis chemical collection.” Interest-

4046

ingly, IV bearing a benzyloxyphenyl moiety displayed
promising inhibitory influence against MurA, with an ICs, of
8 uM.’

The pyrazolo[1,5-a]pyrimidine structural pattern is a planar
nitrogen-containing heterocyclic framework comprising both
pyrazole and pyrimidine scaffolds. The usage of such a fused
pyrazole system offers significant benefits in the exploration of
pharmaceutical compounds with considerable impact in the
domain of medicinal chemistry. The remarkable synthetic
flexibility of pyrazolo[1,5-a]pyrimidines has recently garnered
considerable interest owing to their beneficial properties,
which enable structural modifications at any position.'"">
Different reported activities were recorded for such a scaffold,
indicating its great importance. It has demonstrated significant
therapeutic potential as anticancer comprising several kinase
inhibitors,">~'° antiviral (hepatetitis C and HIV),"”'* COX-2
inhibitors,"”*® antimicrobial,”' ~** and anxiolytic.”*** Further-
more, the biocompatibility and lower toxicity levels of
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pyrazolo[ 1,5-a]pyrimidines have led them to be approved as
commercialized drugs, for instance, Indiplon; sedative
hypnotic, Dorsomorphin; selective inhibitor of bone morpho-
genetic protein (BMP) signaling, Reversan; selective inhibitor
of P-glycoprotein (P-gp) and multidrug resistance-associated
protein 1 (MRP1), Presatovir; antiviral, Anagliptin; anti-
diabetic,"" and Dinaciclib; cyclin-dependent kinases (CDKs)
inhibitor”®, as shown in Figure 2.

Interestingly, the pyrazolopyrimidine (RWJ-110192) V was
reported as one of the MurA inhibitors that differs chemically
from fosfomycin and was able to exhibit broad-spectrum
activity when it binds noncovalently to MurA at or near the
fosfomycin binding site.” Recently, different pyrazolo[1,5-
a]pyrimidines were described as active antibacterial hits. Novel
pyrazolo[ 1,5-a]pyrimidin-2-amines connected to substituted
phenyl rings demonstrated a broad range of antibacterial
efficacy; especially, compound VI recorded a marked
antibacterial effect with MIC/MBC 2.8/5.6 ﬂM.27_29
Compound VII displayed high potency against both species;
besides, it is thought to interrupt the peptidoglycan pathway
via inhibiting MurC as another member of Mur family”’
(Figure 3).

1.1. Rational Molecular Design. Building on the
antimicrobial activity observed with pyrazolopyrimidine
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(RWJ-110192) V, particularly its inhibition against the MurA
enzyme, as well as the potent antimicrobial effects of the
arylazopyrazole derivative VIIL, which exhibited an MIC of
12.5 pg/mL against a wide range of microorganisms,’’ our
design strategy (Figure 4) focuses on conserving the
arylazopyrazole core and the 2 amino group, besides
undergoing a ring fusion strategy on the pyrazole backbone
producing the pyrazolo[1,5-a]pyrimidine moiety. Moreover,
substitution on the pyrimidine ring at position 5 with a
benzyloxy phenyl moiety is preserved in all derivatives.
Employing the substituent variation strategy, substitution at
position 7 was carried out with different aromatic or
heteroaromatic derivatives to discover the influence of various
substituents on activity. “Based on the aforementioned, novel
compounds of substituted arylazo pyrazolo[1,5-a]pyrimidines
were synthesized to investigate their antibacterial properties.”

To measure the antimicrobial efficacy of the new hits, all
derivatives were tested to determine their minimum inhibitory
concentration (MIC), minimum bactericidal concentration
(MBC), and minimum fungicidal concentration (MFC) in
comparison to those of the market drugs. Additionally, an in
vitro MurA enzyme inhibitory experiment was done. Moreover,
the impact of the most promising compound 4c on the
development of biofilms and the activity of hemolysis by E. coli

https://doi.org/10.1021/acsomega.4c10286
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Figure 5. MIC, MBC, and MEC of the tested compounds.

and Streptococcus faecalis microorganisms was assessed to
determine its effectiveness in preventing biofilm formation and
reducing hemolysis. The binding score and interactions of
compound 4c¢ were identified by molecular docking conducted
inside the MurA binding site.

2. RESULTS AND DISCUSSION

2.1. Chemistry. Scheme 1 displays the production of nine
new targeted compounds. Allowing the described technique,*”
the starting compounds, arylazo derivatives la—1c, were made
by diazotizing the relevant arylamines and then condensing
with malononitrile. After cyclizing la—1c using hydrazine
hydrate and ethanol under reflux for 4 h, the intermediate
compounds, 4-(arylazo)-1H-pyrazole-3,5-diamines 2a—2c,
were %enerated. The products were obtained in satisfactory
yields.”> The target compounds, $,7-diaryl pyrazolo[1,5-
a]pyrimidines, 4a—4i, were prepared by cyclocondensation of
substituted chalcones 3a—3c with 4-(arylazo)-1H-pyrazole-3,5-
diamines 2a—2c, in ethanol/piperidine.”* The chemical
structures of the prepared molecules were verified. The 'H
NMR spectra for compounds 4a—4i shared a common feature,
which is a singlet at the range of § (5.21-5.23) ppm
representing OCH, protons, in addition to the appearance of a
pyrimidine proton and an increase in the number of aromatic
protons. The *C NMR spectra for all derivatives revealed the
existence of a peak at the § (69.43—69.53) ppm range referred
to as the OCH, carbon. Taking 4a as a representative example
of this series, the spectrum of IR displayed the incidence of the
NH, group at 3430 and 3312 cm™', whereas the '"H NMR
spectrum displayed two singlets at 6 2.44 and 5.23 ppm
corresponding to the CH; and OCH, protons, respectively.
Furthermore, a new singlet at 6 7.74 ppm appeared,
representing the pyrimidine proton. The other aromatic
protons appeared as multiples at 6 7.19—7.51 and 7.89—-7.93
ppm for 15 protons and doublet of doublet for 4 protons at &
7.09—8.36 ppm. In the spectrum of '*C NMR of 4a, CH; and
OCH, carbons were located at peaks 21.10 and 69.44 ppm,
respectively, while the aromatic carbons in direct contact with
the oxygen and fluorine atoms were found downfield at 159.09
and 160.50 ppm. Its mass spectrum established the structure
with a molecular ion peak [M*, 45.74%] at m/z 528.

2.2. Biological Studies. The microbroth dilution assay,
which is used to calculate MICs in accordance with CLSI
reference standards, was employed to measure the antibacterial
activity of the produced molecues. Herein, four different types

4048

of bacteria, namely, Bacillus pumilis (MTCC- 2296), S. faecalis
(MTCC- 0459), E. coli (ATCC- 25955), and Enterobacter
cloacae (ATCC- 2335S5), and two fungus strains, namely,
Saccharomyces cerevisiae (ATCC-9763) and Candida albicans
(ATCC-10231), were selected to evaluate antimicrobial
properties. To compare the compound activity, penicillin G,
ciprofloxacin, and ketoconazole were utilized as standards. The
summarized antibacterial and antifungal results by performing
MIC, MBC, and MFC assays were depicted in Tables S1 and
S2 (Supporting Information). The IZ and MIC/MBC
assessments were done twice, and the results in the manuscript
are the mean of them.

2.2.1. MIC, MBC, and MFC. Results for MIC, MBC, and
MEC were considered for further investigation. The relations
between MBC/MIC and MFC/MIC were measured. The
results obtained are illustrated in Tables S1 and S2 in the
Supporting Information.

2.2.1.1. MIC and MBC. In the assessment of Gram-positive
bacteria, all analogues exhibited a significantly elevated
inhibitory activity relative to the reference antibiotic penicillin
G. Moreover, derivatives 4g and 4h containing a furan moiety
demonstrated significant efficacy against B. pumilis, exhibiting
16 times greater potency than the conventional penicillin G
(MIC; 3.91 vs 62.5 pig/mL). Compounds 4c and 4f showed an
8-fold increase in activity compared to the reference, penicillin
G, against B. pumilis, with MIC = 7.81 ug/mL. Additionally,
derivatives 4b and 4i exhibited a 4-fold greater action than
penicillin G, having MIC = 15.6 pg/mL. Compounds 4a, 4e,
and 4g exhibited antibacterial potencies that were 8, 4, and 16
times greater, respectively, having MIC = 3.91, 7.81, and 1.95
ug/mL, respectively. On other hand, compounds 4b, 4c, 4f,
and 4h showed antibacterial activity twice as strong as
penicillin G, the reference compound (MIC; 15.6 vs 31.5
ug/mL), against S. faecalis.

The demonstration of antibacterial activity in compounds
deemed bactericidal is contingent upon the MBC not
exceeding four times the MIC value. Concerning the MBC
results, the majority of the evaluated compounds exhibited
significant MBC/MIC ratios of <4, signifying their bactericidal
properties. Compounds 4a—4e, 4g, and 4i demonstrated
enhanced efficacy against B. pumilis, with MBC values ranging
from 15.6 to 125 uM (MBC/MIC ratios: 2 and 4).
Furthermore, compounds 4b—4f, 4h, and 4i showed
substantial bactericidal activity against S. faecalis, with MBC
values between 31.3 and 125 uM (MBC/MIC ratios: 2 and 4).

https://doi.org/10.1021/acsomega.4c10286
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Figure 6. SAR of the antimicrobial activity of 4a—4i.

Concerning Gram-negative strains, the new compounds
displayed a slight to reasonable efficacy. Among the
synthesized derivatives, compounds 4b and 4c demonstrated
exceptionally potent anti G-ve bacteria activity against E. coli
with MIC = 1.95 pug/mL. Also, 4i showed a noteworthy effect
against E. cloacae, having an MIC value = 7.81 pg/mL.

About the minimum bactericidal concentrations (MBC),
compounds 4a and 4e—4i demonstrated marked bactericidal
action on E. coli with MBC/MIC ratios 2 and 4. The new
derivatives indicated a strong bactericidal profile against E.
cloacae with MBC/MIC ratios 2 and 4 except compound 4i
that has an MBC/MIC ratio equal to 8.

2.2.1.2. MIC and MFC. Measuring the effect on fungi strains,
the investigated hits showed modest to moderate action on the
tested fungus strains (Table S2 and Figure 5). Compounds 4d
and 4h demonstrated high inhibitory efficacy against S.
cerevisiae, with MIC = 15.6 pg/mL. Also, 4i exhibited good
efficacy on C. albicans with MIC = 15.6 ug/mL. With respect
to MFC, the newly synthesized compounds that were
evaluated had a notable MFC/MIC of roughly <4, signifying
their fungicidal effect against S. cerevisiae and C. albicans
(MFC/MIC ratios: 2 and 4).

2.2.2. Structure—Activity Relationship (SAR). The pre-
sented antimicrobial findings indicated that the antimicrobial
profile was significantly impacted by the type of 7-aryl moiety.
Once the aryl group is p-tolyl as in derivatives 4a—4c, it
showed sensitivity toward S. faecalis, B. pumilis, and E. coli. In
addition, the analogues 4b and 4c bearing 4-CH; and 4-OCHj,
on the phenyl-azo moiety presented the best activity against E.
coli. The enhanced activity of the analogues 4b and 4c, bearing
4-CHj; and 4-OCHj; groups on the phenyl-azo moiety, against
E. coli can be attributed to several factors: Electronic effects:
The presence of electron-donating groups such as methyl
(CHj;) and methoxy (OCH;) increases electron density on the
phenyl ring. This can enhance the compound’s ability to
interact with bacterial targets, potentially improving binding
affinity and disrupting bacterial processes. Hydrophobic
interactions: Both the 4-CH; and 4-OCHj; groups contribute
to the hydrophobic character of the molecule. This may
facilitate better membrane penetration or interaction with lipid
components in bacterial cells, enhancing antibacterial efficacy.
Steric factors, these substituents may also influence the steric
arrangement of the molecule, optimizing it for interaction with
specific bacterial enzyme.

Alternatively, the replacement of the substituted phenyl ring
by the 2,4-diCl-ph ring on carbon 7 of the pyrazolo[1,5-
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a]pyrimidine core (while preserving the same substituent on
the phenyl group at position 3), as in compounds 4d—4f,
revealed lower antibacterial activity than the previous
derivatives. This means that the strong electron-withdrawing
outcome of the 2,4-diCl-ph ring in 4d—4f reported low
efficacy. The strong electron-withdrawing nature of the 2,4-
diCl-phenyl ring reduces electron density on the molecule,
which may impair its ability to interact with certain bacterial
targets. However, compound 4d displayed better fungicidal
activity against S. cerevisiae.

It is noteworthy that, when the aryl moiety on carbon 7 is
furan as in compounds 4g—4i, it demonstrated remarkably
strong antibacterial potential against S. faecalis and B. pumilis as
in 4g, 4h, and 4i. Moreover, compound 4h showed good
activity against S. cerevisiae. At the same time, 4i displayed the
highest inhibitory efficacy toward C. albicans. The strong
antibacterial potential of compounds with a furan moiety on
carbon 7 may be due to several reasons such as its unique
electronic structure facilitating strong interactions with
bacterial targets, the hydrophobic nature of furan that allows
for efficient membrane penetration, leading to increased
accumulation of the compound within bacterial cells, and its
structural flexibility that enables optimal accommodation in
active sites, enhancing binding affinity to critical bacterial
enzymes (Figure 6).

2.2.3. MurA Inhibitory Effect. Using fosfomycin as a
standard medication, the MurA inhibition experiment was
conducted to determine the mechanism of action of 4c, which
demonstrated marked efficacy on the tested microorganisms in
accordance with the antibacterial and MIC values. The results
were conveyed by ICs, (ug/mL) and are displayed in Figure 7.
The pyrazolo[1,5-a]pyrimidine 4c demonstrated a w80 effect
on the MurA enzyme with ICy, = 3.27 + 0.2 ug/mL compared
with fosfomycin having an ICg, of 9.63 + 0.58 ug/mL.

Moreover, the in vitro toxic effect of compound 4c on
normal human cells (WI38) was evaluated to determine its
safety. The results demonstrated that compound 4c was safe as
it has a high ICy, value (ICyy = 47.0 + 2.86 uM).

2.2.4. Antibiofilm Activity. It is widely recognized that
before bacteria produce virulence factors and interfere with
host defense mechanisms in infectious diseases, they must
achieve a particular cell density. Pathogenic bacteria have
evolved an extraordinary mechanism known as “biofilm
formation”*® to withstand the deadly blows of antibiotics or
the host immune system, oxidative stress, and malnutrition. A
biofilm is a collection of bacteria that stick to a biotic or abiotic
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Figure 7. ICy, of fosfomycin and compound 4¢ against MurA.

surface within an extracellular polymeric substance (EPS)
matrix.***” Consequently, there is a pressing need for newly
developed molecules or combinations with current drugs that
can either inhibit or degrade the biofilm framework. Herein, we
tested compound 4c against E. coli and S. faecalis micro-
organisms as examples of G-ve and G+ve, respectively, as
revealed in Figures 8 and 9. The results indicated that

Anti- Biofilm Activity

25% of MBC

50% of MBC 75% of MBC

Figure 8. Antibiofilm activity of compound 4c on E. coli.

Anti- Biofilm Activity

25% of MBC 50% of MBC 75% of MBC

Figure 9. Antibiofilm activity of compound 4c on S. faecalis.

compound 4c¢ significantly inhibited the biofilm formation of E.
coli by 95.05% and S. faecalis by 94.05% at 75% MBC. In other
words, the antibiofilm activity increases as the percentage of
MBC increases. Tables S3 and &S4 are available in the
Supporting Information.

2.2.5. Hemolytic Activity Assay. The term hemolysis
describes the disintegration of red blood cells or erythrocytes
(RBCs). Erythrocytes are destroyed as a result, releasing
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hemoglobin from red blood cells into the plasma of the
blood.*® The hemolytic assay was performed on both E. coli
and S. faecalis bacteria to assess the capacity of compound 4c
to hinder the hemolytic activity. The obtained results indicated
an interesting relationship between the minimum inhibitory
concentration (MIC) of compound 4c and its hemolytic
activity on red blood cells (RBCs). Specifically, the observation
that higher percentages of MIC lead to lower hemolysis
suggests a favorable safety profile for compound 4c as a
potential antibacterial agent. Compound 4c¢ significantly
showed hemolysis of E. coli by 7.1% and S. faecalis by 3.3%
at 75%MBC, compared with the control (100% hemolysis), as
shown in Figures 10 and 11.

2.3. Docking Study. The MurA enzyme participates in the
synthesis of the bacterial cell wall, namely, in peptidoglycan
biosynthesis, which is an essential element of the cellular
structure known as the cell wall. Peptidoglycan has a significant
function in maintaining the structure and integrity of bacterial
cells. It is also involved in cell development and division. When
the synthesis of PG is disrupted, it leads to cell lysis, which
prevents bacterial survival.**~*’

MurA’s crystal structure comprises two domains, where the
active site is positioned between them.*" This section has a
multitude of residues with side chains that are highly
functionalized: Asn23, Asp49, Arg91, Argl20, Asp23l,
Asp305, Arg331, Arg37l, Arg397 Glyl6d, Lys22, Phe32s,
Ser162, and Vall63.”' MurA’s crystal structure, having the
accession code 3kr6, is now accessible through the Protein
Data Bank. Docking experiments were achieved via AutoDock
Vina, a software program that specifically requires both ligands
and receptors being in pdbqt format.”> After redocking the
cocrystallized ligand onto the complex enzyme, the computed
root-mean-square deviation (RMSD) for both cocrystallized
and docked ligands was 0.173 A. This confirms the validity of
the docking procedure. Results were visually depicted by the
Discovery Studio 4.5 visualizer.** Experiments were performed
to dock fosfomycin and compound 4¢ into the active binding
site. of MurA. Table 1 shows the docking interactions of
fosfomycin and 4c having significant activity as a MurA
enzyme inhibitor.

The positioning of fosfomycin and 4c¢ in the binding region
of the enzyme was achieved by using a docking approach.
Compounds under investigation achieved docking scores =
—7.0 and —11.9 kcal/mol, respectively. Fosfomycin formed
conventional hydrogen bonding interactions with Argl20,
Cys115, and Lys22 in a characteristic manner. In addition, with
Argl20, it built a salt bridge and exhibited attractive charge
connections by Lys22, Asp49, Argl20, and Arg397, as
presented in Figure 12. The examination of the anticipated
binding mode of compound 4c revealed that it is encompassed
by the essential amino acids located within the binding site.
The benzyloxy moiety’s terminal phenyl ring formed a pi-
cation connection with Arg397, a pi-donor hydrogen bond
with Cys11S, and a pi-cation;pi-donor hydrogen bond
interaction with Arg9l. Argl20 and Asp305 contributed
through pi-cation and pi-anion interactions, respectively, with
the linked phenyl ring to the oxygen atom of the benzyloxy
group. Additionally, the pyrazolo[1,5-a]pyrimidine scaffold
formed a pi-sigma interaction with Vall63 and Val327.
Furthermore, the terminal NH, is shared by a conventional
hydrogen bond with Val161. The phenyl ring connected to the
N=N bridge formed a pi-anion connection with Arg9l,
whereas the para-methyl phenyl ring linked with His299 and
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Figure 10. Antihemolytic activity of compound 4c on E. coli.
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Figure 11. Antihemolytic activity of compound 4c on S. faecalis.
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Pro303 by a pi-alkyl interaction and Glul88 by a pi-anion
interaction (Figure 13).

3. CONCLUSIONS

This study examined the antibacterial effectiveness of new
pyrazolo[1,5-a]pyrimidine hits. Each of the newly produced
derivatives had a notably strong ability to inhibit the growth of
the selected microbes, as compared to the reference drugs.
Compound 4c exhibited significant antibacterial activity and
was chosen for further evaluation. Its efficacy against both G
+ve and G-ve bacteria highlights its broad-spectrum potential.
It displayed strong effectiveness as a MurA inhibitor, with ICs,
=3.77 £ 0.2 yug/mL compared to fosfomycin. In addition, 4c
demonstrated high levels of antibiofilm and antihemolytic
activities, suggesting it may effectively combat bacterial
infections associated with biofilm formation, which is a
common challenge in clinical settings. Compound 4c¢ not
only demonstrates the highest antibacterial activity and potent
MurA inhibition but also effectively binds to the MurA
enzyme. This strong binding affinity likely contributes to its
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remarkable efficacy against both G+ve and G-ve bacteria.
These combined attributes make compound 4¢ a promising
agent for further investigation in the fight against bacterial
infections.

4. EXPERIMENTAL SECTION

4.1. Chemistry. 4.1.1. Synthesis. For the instruments and
materials, see the Supporting Information. 4-(Arylazo)-3,5-
diamino-1H-pyrazoles (2a—2c¢)*”*® and 1-(4-(benzyloxy)-
phenyl)-3-phenylprop-2-enone derivatives (3a—3c)***" were
prepared using the previously described processes.

4.1.2. General Method for the Synthesis of Compounds
4a—4i. A solution comprising equal amounts (0.002 mol) of
2a, 2b, or 2¢ and the corresponding substituted chalcone 3a—
3¢ (0.002 mol) was refluxed for S h in 20 mL of 95% ethanol,
with the addition of three drops of piperidine as a catalyst. The
isolated crystals were subjected to filtration, desiccation, and
subsequent recrystallization using ethanol as the solvent.

4.1.2.1. 5-(4-(Benzyloxy)phenyl)-3-((4-fluorophenyl)-
diazenyl)-7-(p-tolyl)pyrazolo[1,5-alpyrimidin-2-amine (4a).

https://doi.org/10.1021/acsomega.4c10286
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Table 1. Docking Scores and Interactions of Fosfomycin
and 4c

distance type of interaction amino acid
fosfomycin ~ 2.88104  salt bridge A:ARG120:NH1

4.89607  attractive charge A:LYS22:NZ

3.0598 attractive charge A:LYS22:NZ

5.24051  attractive charge A:ARG120:NH1

3.46236  attractive charge A:ARG397:NH2

3.18373  attractive charge A:ARG397:NH2

4.59343  attractive charge A:ASP49:0D2

2.85194  conventional hydrogen A:LYS22:NZ
bond

294222  conventional hydrogen A:CYSI11S:N
bond

3.29458  conventional hydrogen A:CYS115:SG
bond

2.99011  conventional hydrogen A:ARG120:NH2
bond

4.06942  alkyl A:CYS11S

4c 3.10664  conventional hydrogen A:VAL161:0

bond

3.69318  carbon hydrogen bond A:SER162:CA

3.54658  pi-cation; pi-donor A:ARG91:NH2
hydrogen bond

4.46341  pi-cation A:ARG120:NH2

4.16196  pi-cation A:ARG397:NH1

2.71826  pi-anion A:GLU188:0E1

3.49989  pi-anion A:ASP305:0D2

3.36674  pi-donor hydrogen bond A:CYS115:SG

3.47627  pi-sigma A:VAL163:CG2

3.29879  pi-sigma A:VAL163:CG2

393715  pi-sigma A:VAL327:CG1

3.85784  alkyl A:PRO303

5.09715  pi-alkyl A:HIS299

5.04981  pi-alkyl A:PRO303

492486  pi-alkyl A:ARG91

CYS
A:115
ARG Cystis
A:397 | Arg120
I 5 '
- ( <7~

Lys22

il |

Figure 12. 2D and 3D images of fosfomycin in the MurA active
binding site.

Yield: 50%; mp 153—155 °C; IR (KBr, cm™): 3430, 3312
(NH,) 1599 (C=N); 'H NMR (DMSO-dy) (ppm): 6 2.44 (s,
3H, CH,), 523 (s, 2H, OCH,), 7.20—7.51 (m, 13H, OCH,-
CeH,-H, +N=N-(4-F-C4H,-H, ;s s+Ar_H;5) +NH,), 7.74 (s,
1H, pyrimidine-H), 7.90—7.93(m, 2H, Ar-H, -+), 8.08 (d, 2H,
Ph-H;, AB sys, ] = 8 Hz), 8.36 (d, 2H, Ph-H, ;, AB sys, ] = 8
Hz); C NMR (400 MHz, DMSO-d) 6 (ppm): 21.10 (CHj,),
69.44(0OCH,), 104.95, 114.75, 115.12, 115.79 (d, *JCF, 22
Hz), 116.01, 122.85 (d, *JCF, 9 Hz), 122.94, 127.76, 127.83,
127.96, 128.48, 128.88, 129.04, 129.74, 136.74, 141.00, 145.51,
147.68, 149.85, 152.02, 156.09, 160.60 (d, 'JCF, 252 Hz),
160.82, 162.25, 163.12; MS [m/z, %]: 528 [M*, 22.80]; Anal.
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Caled for C3,H,FN,O (%): C, 72.71; H, 4.77; N, 15.90.
Found: C, 72.72; H, 4.76; N, 1591.

4.1.2.2. 5-(4-(Benzyloxy)phenyl)-7-(p-tolyl)-3-(p-
tolyldiazenyl)pyrazolo[1,5-a]pyrimidin-2-amine (4b). Yield:
549%; mp 120—123 °C; IR (KBr, cm™): 3436, 3294, (NH,);
1595 (C=N); 'H NMR (DMSO-dy): 6 2.38, 2.44 (2s, 6H,
2CH;), 523 (s, 2H, OCH,), 7.20—7.51 (m, 11H, OCH,-
Ce¢H,-H,_¢+N=N-(4-CH;-C(H,-H; s) +Ar-H; <+NH,), 7.68—
7.77 (m, SH, N=N-(4-CH,;-C4H,-H, s)+Ar-H, ¢+pyrimidine-
H), 8.09 (d, 2H, Ph-H;;, AB sys, ] = 8 Hz), 8.36 (d, 2H, Ph-
H,( AB sys, ] = 8 Hz); C NMR (400 MHz, DMSO-d;) &
(ppm): 20.99 (CH,), 21.20 (CH,), 69.53 (OCH,), 104.85,
114.69, 115.24, 121.16, 127.87,127.92, 128.08, 128.60, 129.01,
129.13,129.19, 129.76, 129.80, 136.83, 138.17, 141.13, 145.58,
147.62, 151.14, 152.15, 156.13, 160.65; MS [m/z, %]: 524
[M*, 32.63%]); Anal. Calcd for C33HygN4O (%): C, 75.55; H,
5.38; N, 16.02. Found: C, 75.53; H, 5.36; N, 16.01.

4.1.2.3. 5-(4-(Benzyloxy)phenyl)-3-((4-methoxyphenyl)-
diazenyl)-7-(p-tolyl)pyrazolo[1,5-a]pyrimidin-2-amine (4c).
Yield: 55%; mp 172—175 °C; IR (KBr, cm™): 3403, 3293
(NH,), 1596 (C=N); 'H NMR (DMSO-di): § 2.43 (s, 3H,
CHs), 3.83 (s, 3H, OCHj,), 5.22 (s, 2H, OCH,), 7.06 (d, 2H,
Ar-Hy AB sys, ] = 8 Hz), 7.16—7.20 (m, 3H, OCH,-C¢H,-
H,+N=N-(4-OCH;-C¢H,-H;35), 7.35—7.51 (m, 8H, N=N-(4-
OCH;-C¢H,-H, ) +OCH,-C4H,-H, 3 s ¢+NH,), 7.68 (s, 1H,
pyrimidine-H), 7.83 (d, 2H, Ar-H, 4 AB sys, ] = 8 Hz), 8.08 (d,
2H, Ph-H; ; AB sys, ] = 8 Hz), 8.34 (d, 2H, Ph-H, ¢ AB sys, ] =
8 Hz); *C NMR (400 MHz, DMSO-dg) 6 (ppm): 21.11
(CH,;), 55.41 (OCH,), 69.43 (OCH,), 104.45, 114.31, 115.08,
122.58, 127.82, 127.85, 127.96, 128.48, 128.87, 128.97, 129.17,
129.69, 136.75, 140.93, 145.33, 147.23, 147.32, 152.04, 155.79,
159.67, 160.51; MS [m/z, %]: 542 [M+2, 34.74%]; Anal.
Caled for C4;3HpNgO, (%): C, 73.32; H, 5.22; N, 15.55.
Found: C, 72.99; H, 5.20; N, 15.49.

4.1.2.4. 5-(4-(Benzyloxy)phenyl)-7-(2,4-dichlorophenyl)-3-
((4-fluorophenyl)diazenyl)pyrazolo[1,5-a]pyrimidin-2-amine
(4d). Yield: 53%; mp 113—115 °C; IR (KBr, cm™): 3282,
3248 (NH,), 1591 (C=N); '"H NMR (DMSO-dy): § 5.22 (s,
2H, OCH,), 7.19-7.50 (m, 11H, Ph-H;+N=N(4F-C.H,-
H,356)+OCH,-C4H,-H, , +NH,), 7.68—7.94 (m, 6H, OCH,-
CgH,-H, +Ar-H; s ¢+pyrimidine-H), 8.33 (d, 2H, Ph-H,);
3C NMR (400 MHz, DMSO-d) 6 (ppm): 69.46 (OCH,),
106.40, 114.89, 115.79 (d, }JCF, 23 Hz), 116.02, 122.95 (d,
3JCF, 8 Hz), 123.03, 127.58, 127.82, 128.46, 129.04, 129.17,
129.44, 129.65, 130.20, 131.12, 132.88, 133.19, 135.92, 135.67,
142.64, 146.75, 149.81, 152.31, 155.94, 160.77 (d, 'JCF, 246
Hz), 163.23; MS [m/z, %]: 583 [M*, 49.80%], 585 [(M+2)*,
16.64%]; Anal. Calcd for CyH,CLEN4O (%): C, 63.82; H,
3.63; N, 14.40. Found: C, 63.81; H, 3.64; N, 14.39.

4.1.2.5. 5-(4-(Benzyloxy)phenyl)-7-(2,4-dichlorophenyl)-3-
(p-tolyldiazenyl)pyrazolo[1,5-a]pyrimidin-2-amine (4e).
Yield: 49%; mp 163—165 °C; IR (KBr, cm™): 3354, 3277
(NH,), 1597 (C=N); 'H NMR (DMSO-dy): § 2.34 (s, 3H,
CH,), 5.22 (s, 2H, OCH,), 7.07—7.53 (m, 13H, OCH,-C4H,-
H, ¢+N=N-(4CH;-C4H,-H, ()+Ph-H; s+Ar-H,,;+NH,),
7.71-7.81 (m, 4H+N=N-(4CH;-CcH,-H, ;)+Ar-
Hg+pyrimidine-H), 8.32 (d, 2H, Ph-H,4); “C NMR (400
MHz, DMSO-d¢) & (ppm): 20.90 (CH,), 69.46 (OCH,),
106.20, 114.60, 114.81, 121.04, 127.59, 127.82, 127.96, 128.76,
129.03, 129.36, 129.70, 132.89, 133.80, 135.89, 136.68, 136.89,
138.20, 142.59, 146.60, 151.03, 152.35, 155.81,158.91, 160.74;
MS [m/z, %]: 579 [MT, 32.81%], 581 [(M+2) *, 12.64%];
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Figure 13. 2D and 3D images of 4c in the MurA active binding site.

Anal. Caled for C3,H,,Cl, N,O (%): C, 66.33; H, 4.17; N,
14.50. Found: C, 66.35; H, 4.19; N, 14.52.

4.1.2.6. 5-(4-(Benzyloxy)phenyl)-7-(2,4-dichlorophenyl)-3-
((4-methoxyphenyl)diazenyl)pyrazolo[1,5-alpyrimidin-2-
amine (4f). Yield: 56%; mp 113—115 °C; IR (KBr, cm™):
3358, 3248 (NH,), 1595 (C=N); 'H NMR (DMSO-di): &
3.83 (s, 3H, OCH,), 5.22 (s, 2H, OCH,), 7.07—7.92 (m, 17H,
Ph-H, (+OCH,-C¢H,-H,_(+N=N-(4-OCH;-CH,-
H, ;5 s)+pyrimidine-H+Ar-H; s <+NH,), 8.33 (d, 2H, Ph-H,¢);
3C NMR (400 MHz, DMSO-dg) & (ppm): 55.42 (OCHj),
69.46 (OCH,), 105.91, 114.32, 115.21, 122.66, 127.59, 127.74,
127.82, 127.96, 128.47, 128.83, 128.99, 129.17, 129.75, 132.88,
133.81, 135.86, 136.69, 142.51, 146.37, 147.19, 152.33, 155.62,
159.79, 160.69; MS [m/z, %]: 595 [M*, 43.71%], 597 [(M+2)
*/29.10%); Anal. Calcd For Cy,H,,CLNO, (%): C, 64.54; H,
4.06; N, 14.11. Found: C, 64.50; H, 4.10; N, 14.13.

4.1.2.7. 5-(4-(Benzyloxy)phenyl)-3-((4-fluorophenyl)-
diazenyl)-7-(furan-2-yl)pyrazolo[1,5-a]pyrimidin-2-amine
(4g). Yield: 56%; mp 182—185 °C; IR (KBr, cm™): 3416,
3355 (NH,), 1592 (C=N); 'H NMR (DMSO-dy): & 5.22 (s,
2H, OCH,), 6.95 (t, 1H, OCH,-C(H,-H,), 7.18—7.52 (m,
10H, N=N-(F-C¢H,-H,;¢)+Ph_H; +OCH,-C4H,-
H;+NH,), 7.69—7.73 (m, 2H+furan-Hs;), 7.89—7.94 (m,
3H, pyrimidine-H+OCH,-C¢H,-H,¢), 8.19 (t, 1H, furan-H,),
8.30 (d, 2H, Ph-H,); “C NMR (400 MHz, DMSO-dg) &
(ppm): 69.44 (OCH,), 99.44, 114.4, 115.18, 115.32,115.54 (d,
’JCF, 23 Hz), 116.03, 121.93 (d, *JCF, 8 Hz), 122.01, 122.99,
127.81, 127.96, 128.48, 128.84, 136.72, 143.24, 147.27, 147.40,
149.83, 150.32, 152.20,155.29, 159.66, 160.56 (d, 'JCF, 276
Hz), 163.32; MS [m/z, %]: 504 [M*, 37.91]; Anal. Calcd for
CyH, FNO, (%): C, 69.04; H, 4.20; N, 16.66. Found: C,
69.02; H, 4.23; N, 16.67.

4.1.2.8. 5-(4-(Benzyloxy)phenyl)-7-(furan-2-yl)-3-(p-
tolyldiazenyl)pyrazolo[1,5-alpyrimidin-2-amine (4h). Yield:
58%; mp 212—215 °C; IR (KBr, cm™"): 3410, 3395 (br,
NH2), 1598 (C=N); 'H NMR (DMSO-dy): 6 2.38 (s,
3H,CH;) 5.24 (s, 2H, OCH,), 6.95 (t, 1H, OCH,-C4H,-H,),
7.22-7.52 (m, 12H, OCH,-C4H,-H, ; s +N=N-(4-CH;-C4H,-
H, ;s ¢+furan-H; +NH,), 7.77 (d, 2H, Ph-H;5,] = 8 Hz), 7.89
(s, 1H, pyrimidine-H), 8.19 (t, 1H, furan-H,), 8.31 (d, 2H, Ph-
H,( ] = 8 Hz); *C NMR (400 MHz, DMSO-d,) & (ppm):
2091 (CH,), 69.45 (OCH,), 99.28, 113.33, 114.27, 115.23,
119.86, 120.35, 121.11, 127.83, 127.97, 128.50, 128.85, 129.16,
129.66, 134.28, 136.75, 138.15, 143.29, 147.27, 151,03, 152.25,
155.20, 160.54; MS [m/z, %]: 500 [M", 17.26]; Anal. Calcd
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for C3oH,4,N4O, (%): C, 71.99; H, 4.83; N, 16.79. Found: C,
71.97; H, 4.82; N, 16.78.

4.1.2.9. 5-(4-(Benzyloxy)phenyl)-7-(furan-2-yl)-3-((4-
methoxyphenyl)diazenyl)pyrazolo[1,5-ajpyrimidin-2-amine
(4i). Yield: 60%; mp 202—205 °C; IR (KBr, cm™): 3309,3270
(NH,), 1593 (C=N); 'H NMR (DMSO-di): & 3.84 (s, 3H,
OCH,;), 5.23 (s, 2H, OCH,), 6.95—7.51(m, 14H, OCH,-
C¢Hy-H, (+N=N-(4-OCH;-C4H,-H, 3 5 4)+furan-
H; s+pyrimidine-H+NH,), 7.84 (d, 2H, Ph-H;5, ] = 8 Hz),
8.19 (t, 1H, furan-H,), 8.30 (d, 2H, Ph-H,4, ] = 8 Hz); "*C
NMR (400 MHz, DMSO-d,) § (ppm): 55.42 (OCHs;), 69.44
(OCH,), 79.16,99.01, 113.28, 113.97, 114.32, 115.18, 119,75,
122.62, 127.81, 127.96, 128.48, 128.79, 129.20, 134.18, 136.74,
14332, 147.03, 147.18, 152.21, 154.99, 159.75, 160.49; MS
[m/z, %]: 516 [M*, 10.23]; Anal. Calcd for C4oH,,NO; (%):
C, 69.76; H, 4.68; N, 16.27. Found: C, 69.77; H, 4.67; N,
16.28.

4.2, Biological Evaluations. 4.2.1. Minimal Inhibition
Concentration. To assess the efficacy of recently synthesized
substances in preventing the growing of tested microbes, the
MIC, MBC, and MFC assays were conducted using the

1-53
51753 Please refer

technique described in the reference papers.
to the Supporting Information for more details.

4.2.2. MurA Enzyme Inhibition Assay. In the Supporting
Information, the process is clearly described.

4.2.3. Microtiter Plate Assay for Biofilm Quantification.
The impact of 4c on production of biofilms was assessed using
96-well polystyrene flatbottom plates. Please see the
Supporting Information for more details.>*

4.2.4. Hemolysin Inhibition Assay. See the Supporting
Information for more details.”

4.3. Docking Study. Docking investigation took place via
Vina Autodock. Protein database (PDB ID: 3KR6) was used to
obtain the crystal structures of MurA enzyme. The studied
compounds and MurA were edited to a pdbqt format during
the docking process with Vina Autodock. The M.G.L.
procedures were then employed to measure and assess the
grid box that encircled the binding site. Utilizing the Biovia
Discovery Studio 2020 Visualizer, the docking outcomes were
applied to generate 3D and 2D predicted poses for the
examined compounds.
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