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is of pyrazolo[4,3-d]thiazole
derivatives containing a-aminophosphonate as
potential Mur A inhibitors against MDR pathogens
with radiosterilization and molecular modeling
simulation†

Ahmed Ragab, *a Seham A. Ibrahim,b Dina S. Aboul-Magd*c

and Mohamed H. Barenb

The present study involves the synthesis of a new series of a-aminophosphonate derivatives in good yields with

a simple workup via the Kabachnik–Fields reaction using lithium perchlorate (LiClO4) as a catalyst to facilitate

the reaction. All the newly synthesized compounds were confirmed using various physical, spectroscopic, and

analytical data, and the obtained results correlated with the proposed molecular structure. The in vitro

antimicrobial activities of each compound were evaluated against different clinical isolates. The results

indicated that among these derivatives, two compounds (5a and 5b) were the most active and displayed

potent activity with MICs in the range from 0.06 to 0.25 mg mL−1 compared with fosfomycin and

fluconazole as standard antibiotics. Moreover, the synthesized phosphonates displayed a broad spectrum of

bactericidal and fungicidal activities depending on MICs, MBCs/MFCs, and the time-kill kinetics. In addition,

the checkerboard assay showed synergistic and partial synergistic activities between the active compounds

combined with fosfomycin and fluconazole. Furthermore, the SEM images showed distinct ruptures of the

OM integrity of the FOS-R E. coli at their MICs, which was further indicated by the increased EtBr

accumulation within the bacterial cells. Moreover, active derivatives revealed MurA inhibitory activity with

IC50 values of 3.8 ± 0.39 and 4.5 ± 0.23 mM compared with fosfomycin (IC50 = 12.7 ± 0.27 mM). To our

surprise, exposing 5a and 5b compounds to different gamma radiation doses revealed that 7.0 kGy

eradicated the microbial load completely. Finally, the results of quantum chemical study supported the

binding mode obtained from the docking study performed inside the active site of MurA (PDB: 1UAE),

suggesting that these phosphonates may be promising safe candidates for MDR infection therapy clinical

trials with no toxic effects on the normal human cells.
1. Introduction

Antibiotic resistance is one of the biggest threats to the global
healthcare system, according to the World Health Organiza-
tion.1 The a-aminophosphonates (AAPs) are an important class
of organophosphorus compounds with structural amino acid
analogs where a carboxylic group is substituted by phosphonic
acid or related groups.2 As a result of their remarkable biological
and physical properties and their value as synthesis
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34771
intermediates, AAPs have been used in various elds, including
manufacturing, agriculture, and medicine. They are discovered
to be antibacterial,3 anti-Alzheimer,4 antiviral,5 anti-inamma-
tory,6 anti-HIV,7 antitumor,8 anti-proliferative and apoptosis-
inducing,9 herbicidal,10 and insecticidal11 agents. Additionally,
the phosphonates and a-aminophosphonates make up an
intriguing class of substances that have been used to synthesize
re retardants,12–14 dispersants, corrosion inhibitors,15,16 dental
additives,17,18 and deposition prevention agents.19

Numerous methods have been developed for synthesizing
phosphonates and a-aminophosphonates due to the many
applications.20,21 Many drugs containing phosphorus are released
as drugs or prodrugs in order to achieve higher selectivity and
bioavailability.22 For example, clindamycin phosphate I (broad-
spectrum antibiotic),23 tedizolid phosphate antibiotic II
(inhibits bacterial protein synthesis),24 fosuconazole III (anti-
fungal agent),25 dexamethasone phosphate IV and prednisolone
phosphate V (anti-inammatory agents),26 etoposide phosphate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Drugs containing a phosphonate group and their biological target.
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VI (has antitumor activity by inhibiting DNA synthesis),27 and
sofosbuvir VII (antiviral drug and a hepatitis C protease inhib-
itor)28 (Fig. 1). Moreover, the presence of heterocyclic moieties in
the structure of a-aminophosphonates appears to have substan-
tially impacted biological activities. Additionally, introducing
these heterocyclic rings, such as quinazoline, pyrazole, thiazole,
pyridine, and chromene, in the structure is particularly helpful in
enhancing their activity.29 For that reason, the synthesis of a-
aminophosphonates has attracted considerable attention, and
signicant progress has been made in developing more efficient
methods for the synthesis of these compounds.30 Two main
pathways have been developed for the synthesis of a-amino-
phosphonates: the Pudovik and Kabachnik–Fields reactions. The
Kabachnik–Fields reaction involved the nucleophilic addition of
an amine to a carbonyl compound followed by the addition of
a dialkyl or diaryl phosphite to the resulting imine in either one-
step ormulti-step operation using Lewis acids as catalysts.31,32 The
Kabachnik–Fields reaction still gains interest due to the chal-
lenging synthetic procedures and the potential biological activity
of the resulting a-aminophosphonic derivatives.33

As a result, novel synthesis has been established for the
management of thiazolyl-pyrazole derivatives, allowing for their
chemical diversity, preferred biological efficacy, and low toxicity
for medical purposes. Various thiazolyl-pyrazole analogues have
been synthesized and investigated for biological activity as
cyclooxygenase inhibitors, antioxidants, analgesics, and anti-
inammatory drugs, as well as their potential as antibacterial,
antifungal, antioxidant, and anticancer agents.34–37 Targeting the
biosynthetic steps in the bacterial cell wall assembly is a prom-
ising way to produce new antibacterial agents, as many clinically
important antibiotics such as penicillins and vancomycin
demonstrate.38 MurA is important in the rst cytoplasmic step of
peptidoglycan biosynthesis. It is a UDP-N-acetylglucosamine
enolpyruvyl transferase that catalyzes the transfer of enolpyr-
uvate from phosphoenolpyruvate (PEP) to the 30-hydroxy group
© 2023 The Author(s). Published by the Royal Society of Chemistry
of uridine diphospho-N-acetylglucosamine (UNAG).39 This
transfer originated by binding UNAG to the enzyme's active site,
followed by the binding of PEP. Cys115 and Asp305 are two
amino acids that are essential in forming this product, particu-
larly for the deprotonation of the C3 atom of the tetrahedral
intermediate and for the nal product release.40 MurA is a vali-
dated antibacterial drug discovery target. It represents selective
targeting because it is only present in bacteria and is neither
required nor present in human cells.40 Sterilization of pharma-
ceutics is required to be safely and effectively used. It is a unique
critical procedure. The anonymous “sterilization” is dened as
the use of a suitably designed, validated and controlled process
to inactivate or reduce the viablemicroorganisms, determined by
the sterility assurance level (SAL) < 10−6, within the target
product.41 One of the most widely used methods is gamma
radiation via a source of radiation such as Cobalt-60 (60Co). The
use of gamma radiation has many advantages such as easy
penetration into the product, ensuring sterility and effectiveness
independent of temperature and pressure.42,43

Based on the previous data and in continuation of our works
aiming to synthesize heterocyclic molecules with remarkable
biological activities,44–47 we aimed to investigate the use of
LiClO4 as a catalyst to synthesize novel thiazolyl-pyrazole
heterocycle-containing a-aminophosphonate derivatives via
a “one-pot” three-component reaction as excellent non-cytotoxic
alternatives for synthesizing a-aminophosphonates. Moreover,
the newly designed derivatives were evaluated for their anti-
microbial activity (i.e., MIC, MBC/MFC, time-killing kinetics,
and drug combination studies) against MDR microbial isolates.
The effects of phosphonates on the outer membrane of E. coli
were studied using SEM analysis and ethidium bromide (EtBr)
dye accumulation assay. The evaluation of MurA inhibition
activity as a mode of action was conrmed by molecular dock-
ing and quantum chemical studies.
RSC Adv., 2023, 13, 34756–34771 | 34757
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Scheme 1 Synthesis of new 1H-pyrazolo[4,3-d]thiazol-5-amine
derivative 2.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

3:
54

:4
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2. Result and discussion
2.1. Chemistry

In the present work, a new series of a-aminophosphonate
derivatives 3, 4, 5a, 5b, 6a and 6b were synthesized in good
yields by a one-pot three-component reaction of 5-amino-
pyrazolethiazole, aldehyde derivatives, and diethyl and/or
diphenyl phosphite at room temperature in the presence of
lithium perchlorate (LiClO4) as a catalyst via the Kabachnik–
Fields reaction (Schemes 2 and 3).

First, 5-amino-1H-pyrazolo[4,3-d]thiazole derivative 2 was
prepared by the reaction of 5-amino pyrazole derivative 1 with
bromine and potassium thiocyanate as described previously48

(Scheme 1). Then, a molar ratio (1 : 1 : 1) of 5-amino-1H-pyrazolo
[4,3-d]thiazole derivative 2, trialkyl phosphite, and appropriate
aldehyde in dichloromethane (CH2Cl2) was stirred at room
temperature for 48 h in the presence of anhydrase lithium
perchlorate (LiClO4) as the one-pot three-component reaction,
and the progress of the reaction was monitored by TLC until the
reaction was complete, as described in Schemes 2 and 3. The
Scheme 2 Synthetic route for novel ethyl a-aminophosphonates 3 and

34758 | RSC Adv., 2023, 13, 34756–34771
mechanism for synthesizing a-aminophosphonates using
LiClO4 as a catalyst is illustrated in Scheme S1.† First, the
reaction started by activating the carbonyl group of aldehydes
with the Lewis acid catalyst (LiClO4), followed by the conden-
sation of the carbonyl group attached with primary amines to
afford the Schiff base. Then the nitrogen of the Schiff base that
is formed in the rst step donated a pair of electrons to make
a coordinate bond with LiClO4. This coordination makes
nitrogen positively charged and therefore induces a partial
positive charge on sp2 carbon. In addition, the free pair of
electrons of phosphorus attack the partially positively charged
carbon, followed by the elimination of phenol or ethanol, and
afford cyclic a-aminophosphonates.

The chemical structures of a-aminophosphonate derivatives
3, 4, 5a, 5b, 6a and 6b were characterized by IR, 1H NMR, 13C
NMR, mass spectroscopy and elemental analyses, and their data
are presented in the experimental section. The IR spectra of
compounds 3, 4, 5a, 5b, 6a and 6b showed the NH band in the
range of 3320–3378 cm−1. The sharp band observed in the range
of 1237–1277 cm−1 is attributed to P]O, and a band for P–C
stretching occurred in the range of 769–779 cm−1. The 1H NMR
spectra of the synthesized derivatives exhibited a characteristic
signal at d 9.29–9.72 ppm assigned to the –NH group and
a signal in the range d 5.97–7.64 ppm as a singlet signal
assigned to P–CH of all the title compounds. Moreover, for
diethyl phosphonate derivatives 3 and 4, the methylene and
methyl protons of P–O–CH2CH3 displayed as a quartet at
d 3.85 ppm and triplet at d 1.05–1.19 ppm. The 13C NMR spectra
of diethyl phosphonate derivatives 3 and 4 revealed chemical
shis for methylene and methyl carbons observed at d 66.80–
66.81 ppm and d 12.23–22.05 ppm, respectively. Moreover, the
chemical shi for P–CH carbons was observed at d 59.58–
66.84 ppm. The compounds were analyzed by mass spectros-
copy, and M+ ions were observed in the expected m/z values.
4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthetic route for novel a-aminophosphonates 5a, 5b, 6a and 6b.
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2.2. Biological evaluation

2.2.1. Antimicrobial screening. To examine the inhibitory
effect of different phosphonate compounds on the MDR
bacterial and fungal isolates, the inhibition was measured in
plates via the formation of growth inhibition halos on the
microbial lawns (Table 1). The test compounds and reference
drugs were used initially at a concentration of 10 mM (DMSO),
and the results are recorded in Table 1. All the tested phos-
phonates exhibited signicant antimicrobial activity. The
measurement of the inhibition zones of each compound
showed that 5a and 5b were the most active compounds, which
Table 1 Diameter of inhibition zones in millimetres of the newly synthes
as well as Candida isolatesa

Cpd. no.

Average diameter of inhibition zone (ZI) in mm

Bacteria

Gram +ve Gram −ve

E. faecalisKA247 S. aureusKA112 E. coliKA780

2 17 � 0.00 17 � 0.39 17 � 0.62
3 18 � 0.05 18 � 0.31 19 � 0.14
4 16 � 0.80 17 � 0.00 17 � 0.54
5a* 24 � 0.20 24 � 0.51 25 � 0.28
5b** 23 � 0.88 24 � 0.03 25 � 0.00
6a 18 � 0.74 19 � 0.00 19 � 0.66
6b 22 � 0.55 23 � 0.77 24 � 0.86
FO 17 � 0.34 18 � 0.32 11 � 0.23
FCA NA NA NA
DMSO −ve −ve −ve

a ±: standard error mean; each value is the mean of three values; FO: fosf
CLSI breakpoints: zone diameter for fosfomycin “M100, 30th edition, 202
zone diameter for uconazole “M27-A4, 4th edition, 2017” ($19 [suscepti

© 2023 The Author(s). Published by the Royal Society of Chemistry
inhibited the growth of both bacterial and fungal isolates with
ZOI ranging from 21 mm to 25 mm, as shown in Fig. 2. In the
case of fosfomycin, the bacterial isolates showed variable
resistance proles that differ from sensitivity (ZOI= 17–19 mm)
to resistance as in the case of E. coli (ZOI= 11 mm). In addition,
uconazole as a positive control for antifungal activity showed
an intermediate response to the fungal isolates with a zone of
inhibition of 17 mm.

2.2.2. MICs, MBC, and MFC. The MIC, MBC, and/or MFC
were determined for the synthesized a-aminophosphonate
derivatives 2–6 and the two reference antibiotics (fosfomycin
and uconazole). The results indicated moderate to excellent
ized phosphonates against different Gram +ve and Gram −ve bacteria,

Fungi

P. mirabilisKA320 C. albicansKA205 C. tropicalisKA205

16 � 0.79 17 � 0.16 16 � 0.63
17 � 0.71 17 � 0.88 17 � 0.48
16 � 0.34 16 � 0.67 16 � 0.54
23 � 0.44 22 � 0.76 22 � 0.43
23 � 0.78 22 � 0.22 21 � 0.32
18 � 0.50 20 � 0.89 20 � 0.20
22 � 0.12 21 � 0.91 21 � 0.70
19 � 0.13 NA NA
NA 17 � 0.99 17 � 0.15
−ve −ve −ve

omycin; FCA: uconazole; NA: non-applicable; −ve: no growth detected;
0” ($16 [susceptible], 13 to 15 [intermediate], and #12 [resistant] mm);
ble], 15 to 18 [intermediate], and #14 [resistant] mm).

RSC Adv., 2023, 13, 34756–34771 | 34759
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Fig. 2 Diameter of inhibition zones of the most active compounds 5a and 5b against (a) E. faecalisKA247, (b) S. aureusKA112, (c) E. coliKA780, (d) P.
mirabilisKA320, (e) C. albicansKA205, and (f) C. tropicalisKA205.
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activities against clinical isolates. The activity was assessed for
each drug individually in the range from 0.06 mg mL−1 to 256 mg
mL−1 in TSB and SB media, and the results are presented in
Table 2. The data displayed that the two diphenyl a-amino-
phosphonates 5a and 5b were the most active compounds with
MIC ranging from 0.06 mg mL−1 to 0.25 mg mL−1 and MBC
values ranging from 0.03 to 0.125 mg mL−1 compared with fos-
fomycin MIC = 16–256 mg mL−1 and MBC = 32–256 mg mL−1

and uconazole MIC= 2–4 mg mL−1 and MFC= 2 mg mL−1. The
remaining compounds showed MICs ranging from 0.125 mg
mL−1 to 32 mg mL−1. At the same time, the MICs for fosfomycin
ranged from 8 mg mL−1 to 16 mg mL−1, except with E. coli (MIC=

256 mg mL−1, i.e., resistant). In the case of uconazole, C. albi-
cans and C. tropicalis showed MIC values of 2 and 4 mg mL−1,
respectively.

The structure–activity relationship (SAR) exhibited that
modication of 5-amino-1H-pyrazolo[4,3-d]thiazole derivative 2
with a phosphonate group enhancement antimicrobial activity
in general. In addition, diphenyl a-aminophosphonate
Table 2 MIC, MBC and MFC of the phosphonate compounds against th

Cpd. no.

MIC (mean � SEM) (mg mL−1) (MBC/MIC or MFC/MIC)

Bacteria

Gram +ve Gram −ve

E. faecalisKA247 S. aureusKA112 E. coliKA780

2 8 (1) 8 (0.5) 4 (0.5)
3 2 (2) 1 (2) 1 (1)
4 16 (1) 8 (2) 8 (1)
5a* 0.125 (0.5) 0.06 (0.5) 0.06 (0.5)
5b** 0.125 (1) 0.06 (1) 0.06 (0.5)
6a 2 (0.5) 1 (1) 1 (0.5)
6b*** 0.25 (0.5) 0.125 (0.5) 0.125 (0.5)
FO 8 (1) 8 (0.4) 256 (1)
FCA NA NA NA
DMSO −ve −ve −ve

a ±: standard error mean; each value is the mean of three values; FO: fosf
CLSI breakpoints: MIC breakpoints (M100, 30th edition, 2020) for fosfomyc
MIC breakpoints for uconazole (M27-A4, 4th edition, 2017): (#2 [suscep

34760 | RSC Adv., 2023, 13, 34756–34771
derivatives 5 and 6 demonstrated a higher activity than that of
diethyl a-aminophosphonates 3 and 4. In terms of comparison,
the presence of an electron-withdrawing group as a chlorine
atom in benzyl phosphonate derivative 3 showed MIC values
ranging from 1 to 2 mg mL−1 and MBC (1–4 mg mL−1) and MFC
(0.5–1 mg mL−1), while replacing a chlorine atom with N,N-
dimethyl amine (electron donating group) at the same position
as compound 4 causes a dramatic decrease in the activity on
both bacterial and fungal isolates, but still promising than
fosfomycin (except in case of E. faecalisKA247) and uconazole
with MIC values of 8–16 mg mL−1, MBC of 8–16 mg mL−1 and
MFC of 1–2 mg mL−1, and these results indicate that the pres-
ence of an electron-withdrawing group in the para position to
benzyl phosphonate is desirable. Interestingly, replacing diethyl
groups in compound 4 with diphenyl groups that appeared in
compound 5b improved the antimicrobial activity with 64–133
folds against bacterial isolates and 4–16 folds against fungal
isolates based on MIC values.
e panel of MDR bacterial and fungal isolates expressed in mg mL−1a

Fungi

P. mirabilisKA320 C. albicansKA205 C. tropicalisKA205

8 (1) 1 (0.5) 1 (2)
2 (1) 1 (1) 1 (0.5)
16 (1) 2 (0.5) 2 (1)
0.125 (0.5) 0.125 (0.5) 0.125 (1)
0.25 (0.5) 0.125 (1) 0.5 (0.5)
2 (1) 0.5 (0.5) 0.5 (1)
0.25 (1) 0.25 (1) 0.5 (1)
16 (1) NA NA
NA 2 (1) 4 (0.5)
−ve −ve −ve

omycin; FCA: uconazole; NA: non-applicable; −ve: no growth detected;
in (#64 [susceptible], 128 [intermediate], and$256 [resistant] mgmL−1);
tible], 4 [intermediate], and $8 [resistant] mg mL−1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, graing the hydroxyl group in the ortho posi-
tion to benzyl phosphonate in compound 5a showed enhance-
ment in the inhibitory activity against P. mirabilisKA320 (MIC =

0.125 mg mL−1) compared to N,N-dimethyl amine in the para
position as compound 5b (MIC = 0.25 mg mL−1) and increased
the minimal bactericidal (MBC) and fungicidal (MFC) activity to
a two-fold value against E. faecalisKA247 and S. aureusKA112 and
that may be related to increasing the electron density that
occurs by a hydroxyl group in the ortho position rather than
a para position to N,N-dimethyl amine. In addition, replacing
aromatic phenyl in methyl phosphonate with heterocyclic rings
as thiophene core 6a and pyrrole core 6b exhibited good anti-
microbial activity, but less than the benzyl phosphonate group.
In addition, the presence of the NH group in pyrrole revealed
a higher activity with MIC values of 0.125–0.25 mg mL−1 against
bacteria (∼8 folds) and 0.25–0.50 mg mL−1 (∼1–2 folds) against
fungal isolates, and this activity may be related to sulfur that
has higher electronegativity and, therefore, a lesser tendency to
donate its lone pair.

Moreover, it has been exploited that MBC/MFC is the lowest
concentration of antibiotic to kill a certain bacterium/fungus. It
involves adding extra steps performed aer the determination
of MIC. The antimicrobial agents are considered bactericidal/
fungicidal if the MBC or MFC ratio is not greater than four
times the MIC. The tested phosphonate compounds showed
bactericidal and fungicidal effects. In addition, both fosfomycin
and uconazole showed bactericidal and fungicidal activities
against different isolates.

2.2.3. Effect of phosphonates on time-kill curves. The time-
kill kinetics were used to monitor the growth of MDR microbial
isolates and to observe the changes in the bacterial cell counts
aer treatment of the most active phosphonate derivatives 5a,
5b, and positive controls (fosfomycin and uconazole) during
certain time intervals at 1/2MIC and MIC. As shown in Fig. 3,
the time-kill proles of 5a and 5b displayed $3log10 microbial
reduction relative to the initial inoculum with the reference
antibiotics, indicating bactericidal and fungicidal activities
against all the pathogenic isolates. The bacterial cell counts
(control) incubated with fosfomycin at MIC only showed
complete bacterial growth reduction upon incubation for 12 h
and 16 h. Except in the case of FOS-R E. coli isolates, a reduction
in the bacterial cell counts has been observed at the selected
time intervals till 12 h cultivation, followed by an increase in the
cell counts aer 18 h. Moreover, the fungal isolates showed
maximum reduction in the cell counts upon treatment with
uconazole aer 48 h. These ndings were consistent with the
resistance prole of the different bacterial and fungal isolates
tested. On the contrary, Fig. 3 shows the maximum killing rate
upon exposure to phosphonate compounds 5a and 5b aer 6 h
and 8 h; and aer 16 h and 18 h, respectively, with the bacterial
and fungal isolates. At 1/2MIC, the bacterial and fungal isolates
showed a reduction in the viable cell counts aer exposure to
phosphonates aer 24 h and 72 h, respectively.

2.2.4. Synergy testing by checkerboard microdilution. The
overuse of antibiotics increases the emergence rate of resistance
of pathogens to different antibiotics.49,50 Accordingly, the
combination therapy of clinically used antibiotics with other
© 2023 The Author(s). Published by the Royal Society of Chemistry
antimicrobial agents has been used extensively to reduce the
rate of resistance amongst microorganisms.51,52 The checker-
board microdilution assay assessed the combination of the
most potent phosphonate compounds 5a and 5b with fosfo-
mycin and uconazole to act as an add-on to induce a reduction
in their MICs against the different bacterial and fungal isolates
tested.

The synergistic activity was determined according to the
fractional inhibitory concentration index (SFICI), in which the
value of SFICI # 0.5 indicates synergism between the
compound and the antibiotic. Indeed, as shown in Table 3, both
phosphonate compounds 5a and 5b exhibited SFICI # 0.5 and
from 0.5 < FICI > 1 in the drug combinations reported (i.e., able
to re-sensitize the isolates to antibiotics), suggesting synergistic
and partial synergistic antimicrobial activities. Finally, these
phosphonate derivatives 5a and 5b considerably reduced the
MIC of fosfomycin and uconazole against all the tested clinical
isolates.

2.2.5. Effects of phosphonates on the E. coli outer
membrane (OM) structure. Our work was extended to study the
SEM analysis employed to investigate the surface microanatomy
and cellular interior. The antibacterial effect is thought to be
related to interactions between the cell membrane of the
microorganism and biocides.53,54 The fosfomycin-resistant (FO-
R) E. coliKA780 isolate was selected to determine the effect of
active phosphonates 5a and 5b on the bacterial outer
membrane integrity. The OM barrier presents bacteria with
highly selective permeability, thereby forbidding the clinical use
of various antibiotics. As described in (Fig. 4), the SEM image
revealed perturbation in the membrane and distinct ruptures of
the OM integrity on the treatment of the most active phospho-
nate derivatives 5a and 5b with E. coli compared with untreated
DMSO.

2.2.6. Fluorescent dye accumulation reduced by phospho-
nates. To evaluate the substrates' amounts accumulated on the
outer membrane (OM) integrity of E. coli, the ethidium bromide
(EtBr) dye accumulation assay was used. The amount of EtBr
dye accumulation implies the substrate efflux level by the
detected cells expressing the drug transporters. The EtBr
showed strong uorescence upon binding with the DNA and/or
in a hydrophobic environment.55 In this assay, EtBr was used to
monitor the substrate accumulation in E. coli Kam3-AcrB, and
the resistance-nodulation-division pump modulation (PAbN)
was also used as a positive control.56

As shown in Fig. 5, adding PAbN increases the accumulation
of EtBr in the E. coli strain. Similarly, the addition of phos-
phonates showed an increase in the accumulation of EtBr at
their different MIC levels. Finally, it can be concluded that the
phosphonate treatment caused a dose-dependent increase in
the EtBr uptake, indicating evidence of the dramatic effect of
phosphonates on the integrity of the outer membrane (OM)
integrity.

2.2.7. In vitro cytotoxic activity on normal cell lines. In
order to evaluate the safety of the phosphonate compounds, the
cytotoxicity of most two active compounds 5a and 5b was eval-
uated in vitro against two non-cancerous cell lines (BNL and
Vero). The ndings of the cytotoxic activity were recorded in
RSC Adv., 2023, 13, 34756–34771 | 34761
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Fig. 3 Time-kill curve of different MDR bacterial and fungal isolates (a) E. faecalisKA247, (b) S. aureusKA112, (c) E. coliKA780, (d) P. mirabilisKA320, (e) C.
albicansKA205 and (f) C. tropicalisKA205 with 5a, 5b, fosfomycin and fluconazole at the concentration of MIC.

Table 3 Combinations effects of compounds 5a and 5b with antibiotics fosfomycin and fluconazole against the different clinical isolates

Cpd. no.

Fractional inhibitory concentration index (SFICI)/effect

Bacteriaa

FungibGram +ve Gram −ve

E. faecalisKA247 S. aureusKA112 E. coliKA780 P. mirabilisKA320 C. albicansKA205 C. tropicalisKA205

5a* 0.5/S 0.25/S 0.25/S 0.5/S 0.75 0.5/S
5b** 0.5/S 0.5/S 0.25/S 0.25/S 0.75/P 0.75/P

a Combination of 5a or 5b with fosfomycin. b Combination of 5a or 5b with uconazole; FICI# 0.5 (synergism); 0.5 < FICI > 1 (partial synergism); 1
# FICI < 2 (indifference); FICI $ 2 (antagonism).

34762 | RSC Adv., 2023, 13, 34756–34771 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microscopic observation of the morphological alterations of fosfomycin-resistant E. coliKA780 treated with DMSO (1%) and with phos-
phonate compounds (a) 5a and (b) 5b for 12 h using a scanning electron microscope (SEM).

Fig. 5 EtBr accumulation in E. coli Kam3-AcrB. E. coliwas treatedwith phosphonate compounds 5a and 5b at a concentration ranging from0.06
mg mL−1 to 2 mg mL−1 or DMSO (0.1%) for 12 h, followed by the addition of EtBr to give a final conc. of 4 mg mL−1 and RFU was determined.
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Table 4. To our delight, the two compounds were found to be
non-cytotoxic with IC50 values > 100 mM to the two cell lines
compared to control (Doxorubicin). The most active
compounds 5a and 5b in addition to DOX showed IC50 values of
> 100, >100 and 14.7 mM with BNL and of >100, >100 and 0.68
mM with Vero. Moreover, the viability percentage of the two
active compounds compared with the control drug (DOX) was
also determined. The most active compound 5a revealed non-
cytotoxic activity with viability % ranged from 101.9 ± 0.58 to
94.35 ± 0.86 and from 100.2 ± 0.82 to 81.13 ± 2.6 against BNL
and Vero cell lines, respectively. Moreover, the compound 5b
showed cytotoxicity against the two cell lines with viability %
Table 4 In vitro cytotoxicity (IC50 in mM and viability %) of active compou
Doxorubicina

Tested compound

BNL

IC50 Viability %

5a >100 101.9 � 0.58 to 94.3
5b >100 99.84 � 0.6 to 73.02
DOX 14.7 99.26 � 0.9 to 7.09

a S.D.: standard deviation, each value is the mean of three values; BNL: m

© 2023 The Author(s). Published by the Royal Society of Chemistry
ranged from 99.84± 0.6 to 73.02± 1.54 in case of BNL and from
99.72 ± 2.16 to 94.5 ± 2.23 in case of Vero. In the case of the
control drug, DOX showed cytotoxicity effect against BNL cell
line with viability % (99.26 ± 0.9 to 7.09 ± 0.38) and against
Vero cell line with viability % (101 ± 2.28 to 1.34 ± 0.18).

2.2.8. MurA enzyme inhibition assay. The most active a-
aminophosphonate derivatives 5a and 5b were evaluated for
their interfering properties on the MurA enzyme. Fosfomycin
was used as a positive control. In the rst step, the residual
activity (RA) of MurA was determined in the presence of each
compound. When the compounds were tested against MurA
from E. coli without pre-incubation, the compounds (5a, 5b, and
nds 5a and 5b against normal cell lines (Vero and BNL) compared with

Vero

IC50 Viability %

5 � 0.86 >100 100.2 � 0.82 to 81.13 � 2.6
� 1.54 >100 99.72 � 2.16 to 94.5 � 2.23

� 0.38 0.68 101 � 2.28 to 1.34 � 0.18

ouse normal liver cells; and Vero: green monkey kidney.

RSC Adv., 2023, 13, 34756–34771 | 34763
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Table 5 Inhibitory effects of compounds 5a, 5b and control antibi-
otics, fosfomycin (FO) on E. coli MurA enzyme

Compound no. RAa,b % (IC50 in mM) RAa,c % (IC50 in mM)

5a 32 � 0.44 (41 � 0.25) 0 (3.8 � 0.39)
5b 39 � 0.61 (45 � 0.78) 4 � 0.55 (4.5 � 0.23)
FO 52 � 0.55 (52 � 0.33) 10 � 0.92 (12.7 � 0.27)

a RA: residual activity determined at 100 mM. b Time of preincubation at
0 min. c Time of incubation at 10 min.
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fosfomycin) showed RA values less than 60%. On the contrary,
when the enzymes were preincubated with compounds 5a and
5b, they showed RA values of 0% and 4%, respectively, as shown
in Table 5. However, the fosfomycin showed RA = 10%,
according to these ndings. In addition, the half-inhibitory
concentration (IC50) values of tested derivatives were
determined.

As given in Table 5, compound 5a displayed signicant
inhibition of MurA enzyme from E. coli, with RAs of 0% and IC50

= 3.8 mM. Compound 5b displayed a RA value of 7% with IC50

corresponding to 4.5 mM. These ndings suggested the signi-
cant inhibition of MurA derived from E. coli displaying IC50 < 5
mM. Fosfomycin (FO) showed an IC50 value of 12.7 mM.However,
these results are in accordance with the ability of these mole-
cules to inhibit the development of FOS-R E. coli cells tested in
this study, as was evidenced by the MIC values and time-kill
kinetics. The inhibitory activity of phosphonate compounds
might be attributed to the ability of active phosphonates to
affect the bacterial OM integrity and, therefore, allow the
penetration of phosphonates into the bacterial cell, as shown in
Fig. 4.

2.2.9. Effect of gamma radiation on the microbial load of
active phosphonates. The two active phosphonate compounds
5a and 5b were selected and exposed to a range of gamma
radiation doses starting from 3.0 kGy to 20.0 kGy. Aer the
irradiation process, the compounds were examined for any
physical changes (odor, color, clarity, solubility, and form), and
no changes occurred in all samples irradiated. Moreover, the
chemical assay results conrmed the stability of the chemical
structure of both compounds as determined using a UV-VIS
Table 6 Microbial counts (CFU g−1) of both non-irradiated and irra-
diated phosphonate compounds 5a and 5b at different gamma radi-
ation doses

Dose (kGy)

Total count (CFU g−1)

5a 5b

Bacteria Fungi Bacteria Fungi

Control (non-irradiated) 3 × 103 2 × 101 2 × 103 3 × 101

3.0 3 × 101 1 × 103 2 × 101 1 × 102

5.0 0 0 1 × 101 0
7.0 0 0 0 0
10.0 0 0 0 0
15.0 0 0 0 0
20.0 0 0 0 0

34764 | RSC Adv., 2023, 13, 34756–34771
spectrophotometer. In Table 6, the results indicated that the
irradiation of 7.0 kGy was enough to induce a complete eradi-
cation of the microbial load.
2.3. Computational studies

2.3.1. In silico molecular docking simulation. A docking
study was conducted to identify possible binding mechanisms
for the most active derivatives and to conrm the experimental
data. The molecular binding to the active site of UDP-N-acetyl-
glucosamine enolpyruvyl transferase (MUR A, PDB: 1UAE) that
is isolated from E. coli is shown with a resolution of 1.80 Å and
present in the complex with a co-crystallized ligand uridine-
diphosphate-N-acetylglucosamine (UD1). The 3D crystal struc-
ture has been retrieved from the protein data bank (https://
www.rcsb.org/structure/1uae). Accessed on 21/3/2023).57 The
docking simulation was achieved using Molecular Operating
Environmental (MOE) 10.2009.

The docking results indicated that the most active phos-
phonate derivatives 5a and 5b revealed binding energy S =

−23.46 and−20.11 kcal mol−1 with good binding with specied
receptor targets compared with fosfomycin, S =

−10.89 kcal mol−1. The most active phosphonate derivatives 5a
showed one hydrogen bond backbone acceptor between the
residue Val163 and oxygen of the phosphonate group with
a bond length of 1.94 Å and a strength of 17%. In addition, the
hydrogen atom of the hydroxyl group attached to the ortho
position in benzylidene phosphonate could form a hydrogen
bond sidechain acceptor with Ser162 amino acid in the receptor
target. Moreover, the diphenyl a-aminophosphonate derivatives
5a formed two arene–cation interactions between Arg91 and
Arg120 with phenyl of benzylidene and phenyl phosphonate,
respectively Fig. 6a. In addition, a hydrophobic interaction was
observed between the phenyl group at N1 of pyrazole and
phenyl of 4-nitrophenyl at C3 of pyrazole, as well as phenyl of
phenyl phosphonate and appeared as blue background in the
2D structure.

Furthermore, the a-aminophosphonate derivatives 5b
exhibited binding energy S = −20.11 kcal mol−1 through a one
arene–cation interaction between Arg120 and the phenyl group
of 4-nitrophenyl at C3 of pyrazole, in addition to a great number
of hydrophobic interactions Fig. 6b. The fosfomycin as a posi-
tive control demonstrated the lowest binding energy S =

−10.89 kcal mol−1 through two hydrogen bonds from the
sidechain (Arg91 and Ser162) and one hydrogen bond from the
backbone (Val163). The oxygen of phosphonate in fosfomycin
formed two hydrogen bond sidechains with residues Arg91 and
Ser162 with a bond length of 1.97 Å (39%) and 3.24 Å (21%). In
addition, the residue Val163 was bound to the oxygen of
ethylene oxide through hydrogen bond backbone acceptors
with a bond length of 2.06 Å and strength of 28% (all docking
gures are displayed in full size in ESI† le).

2.3.2. Quantum chemical studies. Molecular orbitals
dominate interactions among molecules in the term frontier
molecular orbital model (FMOs). A molecule's ability to donate
electrons is represented by EHOMO, whereas its ability to accept
electrons is represented by ELUMO.58,59 For developing the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Two-dimensional and three-dimensional structures of most active diphenyl a-aminophosphonate derivatives 5a and 5b inside the active
site of Mur A (PDB: 1AUE) (a) 5a/1AUE and (b) 5b/1AUE.

Fig. 7 Graph represented frontier molecular orbitals (FMOs) and their energies with molecular electrostatic potential (MEP maps) for the most
active derivatives 5a and 5b.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 34756–34771 | 34765
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concept of binding systems for drugs and receptors, the most
active amino phosphonate derivative 5a exhibited that the
HOMO is mainly localized over pyrazolo[4,3-d]thiazole nucleus
and methyl amine at C2 of pyrazolo[4,3-d]thiazole, while for
amino phosphonate derivative 5b distributed over benzylidene
derivatives and the amino group of pyrazolo[4,3-d]thiazole
moiety, indicating that these positions have high negative
charges and therefore expected to be active sites and interacted
with positively charged sites in the biological target. However,
the LUMO orbitals for most active 5a and 5b were primarily
concentrated on the pyrazole skeleton, N1-phenyl of pyrazole,
and 4-nitrol phenyl at C3 of the pyrazolo[4,3-d]thiazole fragment
slightly distributed over the thiazole core. The energies of
HOMO, LUMO, and their band gaps for most active compounds
were calculated, and are shown in Fig. 7. Moreover, the results
exhibited that most active phosphonate derivatives 5a and 5b
had energy band gaps of 3.470 and 3.137 eV.

Furthermore, the two phenyl groups of diphenyl phospho-
nates do not include both HOMOs and LUMOs. It suggested
that these hydrophobic groups regulate the properties of phys-
icochemical compounds. In addition, the HOMO and LUMO
orbitals for fosfomycin (positive control) have dispersed over all
structures, except the methyl group at the ethylene oxide ring
that does not cove in the LUMO orbital (all gures in complete
size are represented in the ESI† le).

To determine the charge distributed over the most active two
diphenyl a-aminophosphonates 5a and 5b, the molecular elec-
trostatic potential maps were generated and represented in Fig. 7.
In addition, MEP maps explained the electrostatic interaction
between the designed derivative and biological targets and the
orientation of drug candidates in terms of their activity.60,61 The
negative positions on the molecules showed the oxygen of nitro
group, oxygen of phosphonate, and nitrogen of pyrazole and
thiazole fragments and represented as red color. Furthermore,
the positive charge is represented by blue color and displayed on
the NH group at C-2 of pyrazolo[4,3-d]thiazole derivatives and
hydrogen of the hydroxyl group at 5a. In addition, the neutral
charge is distributed at all aryl groups and appears as green color.
Finally, the quantum chemical study supports the binding mode
obtained from the previous docking study.

3. Conclusion

In summary, a new series of a-aminophosphonates derivatives
containing a pyrazolo[4,3-d]thiazole pharmacophore have been
synthesized and fully characterized by 1H/13C NMR, IR, and
mass spectroscopy, as well as elemental analysis. The newly
synthesized derivatives were assessed in vitro for antimicrobial
evaluation as evidence of the concept of designing new anti-
microbial agents containing new pharmacophore moieties. A
panel of MDR clinical isolates, including Gram +ve, Gram −ve
bacteria, and fungi, were selected representing the most
common UTI microorganisms. All the synthesized derivatives
showed promising in vitro antimicrobial activity, with
compounds 5a and 5b as the most potent microbicidal
compounds, as represented by the ZOIs, MICs, MBCs and MFCs
compared with fosfomycin and uconazole in addition to the
34766 | RSC Adv., 2023, 13, 34756–34771
time-kill assay. Moreover, the most active derivatives 5a and 5b
showed synergistic activity upon their combination with fosfo-
mycin and uconazole, except in case of 5b, which showed
partial synergistic activity when combined with uconazole
against the Candida isolates. In addition, it has been shown that
the phosphonate compounds 5a and 5b act by disrupting the
OM integrity of the bacterial cell walls as evidenced by both SEM
analysis and EtBr accumulation assay. In addition, both 5a and
5b showed non-cytotoxicity against two normal cell lines, indi-
cating their safety margin to the normal cells. Furthermore,
these derivatives exhibited a potent inhibitory activity against
the E. coli MurA enzyme compared with fosfomycin. The
gamma sterilization of both compounds displayed a potent
eradication effect on the active compounds' microbial load at
7.0 kGy without affecting the physicochemical properties of the
antimicrobial agents. Finally, the molecular docking simulation
of the promising derivatives 5a and 5b revealed binding ener-
gies S = −23.46 and −20.11 kcal mol−1 with good binding with
specied receptor target compared with the fosfomycin S =

−10.89 kcal mol−1, with different types of interactions inside
the active site of MUR A (PDB: 1UAE). In addition, the FMOs,
including HOMO, LUMO, and energy band gap, as well as the
graph of MEP maps displayed the electronic distribution over
the molecules identifying positive and negative regions that
interact with the biological target. In conclusion, the designed
phosphonate moiety could be a potential non-cytotoxic anti-
microbial agent in treating UTIs as MurA inhibitors.
4. Experimental section
4.1. Materials and instrumentation

All reagents of analytical grade were purchased from Sigma-
Aldrich and used without further purication. All melting
points were measured using a Gallenkamp melting point
apparatus without corrections. The infrared spectra were
recorded using a PerkinElmer FTIR 1430 spectrophotometer by
the KBr disk technique. The 1H NMR spectra were recorded
using a Bruker AC spectrometer (500 MHz) at 25 °C in DMSO-d6
with TMS as an internal standard, and chemical shis are re-
ported in ppm as d values and 13C NMR at 126 MHz. Mass
spectra were recorded using a Finnigan MAT 8222 EX mass
spectrometer at 70 eV. The elemental analyzer was performed at
Microanalytical center at Cairo University and the values found
to be within ±0.4% of the theoretical ones unless otherwise
indicated. The reaction progress was monitored by thin-layer
chromatography (TLC) using benzene/acetone (3/1 by volume)
as eluent.
4.2. Chemistry

4.2.1. Synthesis of 3-(4-nitrophenyl)-1-phenyl-1H-pyrazolo
[4,3-d]thiazol-5-amine (2). A solution of bromine (1.28 mL)
dissolved in glacial acetic acid (5 mL) was added dropwise to
a cooled mixture of 3-(4-nitrophenyl)-1-phenyl-1H-pyrazol-5-
amine (1) (2.24 g, 8 mmol) and KSCN (6.4 g, 6.4 mmol) in
glacial acetic acid (16 mL). Aer the addition of bromine, the
solution was stirred at 0 °C for 2 h and at room temperature for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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10 h. It was allowed to stand overnight, during which period an
orange precipitate settled at the bottom, and water (6 mL) was
added, heated to 85 °C and ltered hot. The residue was treated
with glacial acetic acid (20 mL), heated again to 85 °C and
ltered hot. The ltrate was cooled and neutralized with an
ammonia solution to pH 6.0. A dark orange precipitate was
crystallized from benzene/acetone of 1 : 1 to give compound 2.

Yield: 76%; M.p.: over 360 °C; IR n/max (cm−1): 3357 (NH2),
3095 (CH–Ar), 2966 (CH–aliph), 1565 (C]N), 682 (C–S); 1H NMR
(500 MHz, DMSO-d6) d/ppm 8.56 (dd, J = 8.2, 1.4 Hz, 1H, Ar–H),
8.25 (t, J= 9.0 Hz, 1H, Ar–H), 7.88 (t, J= 10.5 Hz, 1H, Ar–H), 7.68
(d, J = 10.5 Hz, 1H, Ar–H), 7.63–7.61 (m, 1H, Ar–H), 7.59 (d, J =
2.5 Hz, 1H, Ar–H), 7.58 (t, J = 2.5 Hz, 1H, Ar–H), 7.55 (d, J =
3.0 Hz, 1H, Ar–H), 7.53 (d, J= 3.5 Hz, 1H, Ar–H), 7.41 (s, 2H, NH2

exchangeable with D2O);
13C NMR (126 MHz, DMSO-d6) d/ppm

158.28 (C–NH2), 148.96 (C]N), 143.01, 140.73, 135.82, 130.97,
130.33, 130.24, 129.67, 129.48, 129.17, 127.59, 127.42, 127.26,
117.44, 116.38 (Ar–Cs); MS (EI) m/z: calcd for C16H11N5O2S [M]+,
337.06; found, 337.75; Anal. Calcd. for C16H11N5O2S (337.063):
C, 56.96; H, 3.29; N, 20.76; found: C, 56.75; H, 3.42; N, 20.58.

4.2.2. Synthesis of a-amino phosphonate derivatives. To
a stirred solution of 3-(4-nitrophenyl)-1-phenyl-1H-pyrazolo[4,3-
d]thiazol-5-amine (2) (0.001 mol, 0.337 g) in dry dichloro-
methane CH2Cl2 (5 mL), triphenyl phosphite and/or triethyl
phosphite (0.01 mol), appropriate aldehyde (0.001 mol) and
anhydrous lithium perchlorate LiClO4 (10 mol%) were added.
The reaction mixture was stirred at room temperature (48 h)
until completion of the reaction, as indicated by TLC. Then,
CH2Cl2 was evaporated, and the a-amino phosphonates were
precipitated using methanol. The precipitate was ltered off
and new a-aminophosphonates were obtained in excellent
yields.

4.2.3. Diethyl((4-chlorophenyl)((3-(4-nitrophenyl)-1-
phenyl-1H-pyrazolo[4,3-d]thiazol-5-yl)amino)methyl)
phosphonate (3). Yield: 82%; M.p.= 298–300 °C; IR: n/cm−1: IR:
n/cm−1: 3345 (NH), 3059 (CH–Arom.), 2998 (CH–Aliph.), 1555
(C]N), 1252 (P]O); 1061 (P–O–C), 769 (P–CH); 1H NMR (500
MHz, DMSO-d6) d/ppm 9.72 (s, 1H, NH exchangeable with D2O),
8.13 (d, 4H, Ar–H), 7.83 (d, 2H, Ar–H), 7.64 (s, 1H, CH-methane),
7.44 (d, 4H, Ar–H), 6.96 (t, 3H, Ar–H), 3.85 (q, 4H,
2O� CH2CH3), 1.05 (t, 6H, 2O� CH2CH3);

13C NMR (126 MHz,
DMSO-d6) d/ppm 145.52, 144.19 (2C = N), 138.65, 137.16,
135.85, 132.21, 130.28, 130.07, 128.92, 128.46, 125.39, 122.55,
120.27, 119.74, 119.37, 117.43, 112.53, 108.90 (Ar–Cs), 66.80
(2O� CH2CH3), 59.58 (CH), 12.23 (2O� CH2CH3); MS (EI) m/z:
calcd for C27H25ClN5O5PS [M+], 598.01; found, 598.56; Anal.
Calcd. for C27H25ClN5O5PS (702.73): C, 54.23; H, 4.21; N, 11.71;
found: C, 54.34; H, 4.19; N, 11.83.

4.2.4. Diethyl((4-(dimethylamino)phenyl)((3-(4-nitro-
phenyl)-1-phenyl-1H-pyrazolo[4,3-d]thiazol-5-yl)amino)methyl)
phosphonate (4). Yield: 77%; M.p.= 352–354 °C; IR: n/cm−1: IR:
n/cm−1: 3378 (NH), 3067 (CH–Arom.), 2954 (CH–Aliph.), 1568
(C]N), 1277 (P]O); 1095 (P–O–C), 776 (P–CH); 1H NMR (500
MHz, DMSO-d6) d/ppm 9.53 (s, 1H, NH exchangeable with D2O),
8.21 (d, J= 8.5 Hz, 2H, Ar–H), 8.07 (d, J= 9.0 Hz, 1H, Ar–H), 7.57
(d, J = 9.0 Hz, 3H, Ar–H), 7.53 (d, J = 6.5 Hz, 1H, Ar–H), 7.45 (t, J
= 7.75 Hz, 3H, Ar–H), 6.90 (s, 1H, CH-methane), 6.66 (d, J =
© 2023 The Author(s). Published by the Royal Society of Chemistry
9.0 Hz, 3H, Ar–H), 3.85 (q, J = 6.5 Hz, 4H, 2O� CH2CH3), 2.91
(s, 6H, 2CH3), 1.19 (t, J = 7.0 Hz, 3H, O� CH2CH3), 1.13 (t, J =
7.0 Hz, 3H, O� CH2CH3);

13C NMR (126 MHz, DMSO-d6) d/ppm
146.41, 143.75 (2C = N), 139.31, 137.87, 133.88, 133.11, 130.64,
129.18, 129.00, 128.57, 124.81, 122.97, 122.73, 121.94, 119.98,
119.71 (Ar–Cs), 66.81 (2O� CH2CH3), 64.00 (CH), 35.33 (2CH3),
22.05 (2O� CH2CH3); MS (EI)m/z: calcd for C29H31N6O5PS [M

+],
606.63; found, 606.98; Anal. Calcd. for C29H31N6O5PS (606.638):
C, 57.42; H, 5.15; N, 13.85; found: C, 57.55; H, 5.09; N, 13.76.

4.2.5. Diphenyl((2-hydroxyphenyl)((3-(4-nitrophenyl)-1-
phenyl-1H-pyrazolo[4,3-d]thiazol-5-yl)amino)methyl)
phosphonate (5a). Yield: 80%;M.p.= 210–212 °C; IR: n/cm−1: IR
(KBr, v, cm−1): 3366 (NH), 3091 (CH–Arom.), 2997 (CH–Aliph.),
1563 (C]N), 1251 (P]O); 1077 (P–O–C), 778 (P–CH); 1H NMR
(500 MHz, DMSO-d6) d/ppm 9.98 (s, 1H, OH exchangeable with
D2O), 9.67 (s, 1H, NH exchangeable with D2O), 8.15 (d, J =

7.5 Hz, 2H, Ar–H), 8.03 (d, J = 8.5 Hz, 2H, Ar–H), 7.48 (d, J =
7.0 Hz, 3H, Ar–H), 7.23 (d, J = 8.0 Hz, 3H, Ar–H), 7.16 (d, J =
8.0 Hz, 2H, Ar–H), 7.10 (t, J = 8.0 Hz, 6H, Ar–H), 6.99 (t, J =
7.5 Hz, 4H, Ar–H), 6.62 (t, J = 8.25 Hz, 1H, Ar–H), 5.97 (s, 1H,
CH-methane); 13C NMR (126 MHz, DMSO-d6) d/ppm 149.86 (C–
OH), 148.61, 147.16 (2C = N), 140.60, 139.50, 134.76, 132.87,
130.98, 130.12, 129.88, 129.54, 129.38, 129.07, 129.00, 128.86,
125.77, 120.59, 118.34, 115.05 (Ar–Cs), 66.81 (CH); MS (EI) m/z:
calcd for C35H26N5O6PS [M+], 675.65; found, 675.80; Anal.
Calcd. for C35H26N5O6PS (675.65): C, 62.22; H, 3.88; N, 10.37;
found: C, 62.45; H, 3.64; N, 10.12.

4.2.6. Diphenyl((4-(dimethylamino)phenyl)((3-(4-nitro-
phenyl)-1-phenyl-1H-pyrazolo[4,3-d]thiazol-5-yl)amino)methyl)
phosphonate (5b). Yield: 79%; M.p. = 190–192 °C; IR: n/cm−1:
3324 (NH), 3059 (CH–Arom.), 2988 (CH–Aliph.), 1565 (C]N),
1237 (P]O); 1067 (P–O–C), 779 (P–CH); 1H NMR (500 MHz,
DMSO-d6) d/ppm 9.52 (s, 1H, NH exchangeable with D2O), 8.16
(d, J= 8.5 Hz, 2H, Ar–H), 8.06 (d, J= 8.5 Hz, 2H, Ar–H), 7.58 (d, J
= 7.5 Hz, 3H, Ar–H), 7.52 (d, J = 7.5 Hz, 1H, Ar–H), 7.41 (t, J =
8.5 Hz, 3H, Ar–H), 7.27 (d, J = 6.5 Hz, 3H, Ar–H), 7.13 (t, J =
6.5 Hz, 3H, Ar–H), 6.99 (t, J = 6.75 Hz, 2H, Ar–H), 6.86 (s, 1H,
CH-methane), 6.72 (d, J = 7.0 Hz, 3H, Ar–H), 6.65 (t, J = 7.0 Hz,
1H, Ar–H), 2.91 (s, 6H, 2CH3);

13C NMR (126 MHz, DMSO-d6) d/
ppm 146.41, 143.75 (2C = N), 139.31, 137.87, 133.88, 133.11,
130.64, 129.18, 129.00, 128.57, 124.81, 122.97, 122.73, 121.94,
119.98, 119.71 (Ar–Cs), 64.00 (CH), 35.33 (2CH3); MS (EI) m/z:
calcd for C37H31N6O5PS [M] +, 702.73; found, 702.99; Anal.
Calcd. for C37H31N6O5PS (702.73): C, 63.24; H, 4.45; N, 11.96;
found: C, 63.09; H, 4.74; N, 11.71.

4.2.7. Diphenyl(((3-(4-nitrophenyl)-1-phenyl-1H-pyrazolo
[4,3-d]thiazol-5-yl)amino)(thiophen-2-yl)methyl)phosphonate
(6a). Yield: 75.7%; M.p. = 162–163 °C; IR: n/cm−1; 3320 (NH),
3058 (CH–Arom.), 2998 (CH–Aliph.), 1556 (C]N), 1255 (P]O);
1076 (P–O–C), 776 (P–CH);1H NMR (500 MHz, DMSO-d6) d/ppm
9.72 (s, 1H, NH exchangeable with D2O), 8.17 (d, J = 7.5 Hz, 2H,
Ar–H), 8.05 (d, J= 6.0 Hz, 2H, Ar–H), 7.86 (t, J= 7.75 Hz, 1H, Ar–
H), 7.70 (d, J = 8.0 Hz, 2H, Ar–H), 7.50 (d, J = 7.5 Hz, 2H, Ar–H),
7.40 (t, J = 7.75 Hz, 3H, Ar–H), 7.27 (t, d, J = 7.5 Hz, 3H, Ar–H),
7.12 (d, J = 7.5 Hz, 2H, Ar–H), 7.00 (t, d, J = 7.75 Hz, 3H, Ar–H),
6.64 (d, J = 7.5 Hz, 2H, Ar–H), 5.99 (s, 1H, CH-methane); 13C
NMR (126 MHz, DMSO-d6) d/ppm 149.35, 147.92 (2C = N),
RSC Adv., 2023, 13, 34756–34771 | 34767
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146.50, 144.83, 140.62, 138.62, 136.99, 134.20, 129.49, 128.88,
128.03, 121.95, 121.18, 120.65, 114.41, 66.84 (CH); MS (EI) m/z:
calcd for C33H24N5O5PS2 [M+], 665.67; found, 665.74; Anal.
Calcd. for C33H24N5O5PS2 (665.67): C, 59.54; H, 3.63; N, 10.52;
found: C, 59.49; H, 3.71; N, 10.52.

4.2.8. Diphenyl(((3-(4-nitrophenyl)-1-phenyl-1H-pyrazolo
[4,3-d]thiazol-5-yl)amino)(1H-pyrrol-2-yl)methyl)phosphonate
(6b). Yield: 81%; M.p. = 112–113 °C; IR: n/cm−1: 3377 (NH),
3076 (CH–Arom.), 2978 (CH–Aliph.), 1644 (C]N), 1264 (P]O);
1069 (P–O–C), 776 (P–CH); 1H NMR (500 MHz, DMSO-d6) d/ppm
9.29 (s, 1H, NH exchangeable with D2O), 7.42 (t, J= 7.75 Hz, 1H,
Ar–H), 7.33 (s, 1H, NH exchangeable with D2O), 7.28 (d, J =

8.5 Hz, 2H, Ar–H), 7.25 (d, J = 8.0 Hz, 2H, Ar–H), 7.20 (t, J =
7.0 Hz, 3H, Ar–H), 7.13 (t, J = 8.25 Hz, 6H, Ar–H), 7.08 (d, J =
7.5 Hz, 2H, Ar–H), 7.02 (d, J = 8.0 Hz, 2H, Ar–H), 6.99 (d, J =
9.5 Hz, 2H, Ar–H), 6.64 (d, J= 7.5 Hz, 2H, Ar–H), 6.00 (s, 1H, CH-
methane); 13C NMR (126 MHz, DMSO-d6) d/ppm 149.86, 148.61
(2C = N), 147.16, 140.60, 139.50, 134.76, 132.87, 131.92, 131.51,
130.98, 130.12, 129.88, 129.54, 129.44, 129.38, 129.07, 129.00,
128.86, 125.77, 120.59, 118.34, 115.05, 66.81 (CH); MS (EI) m/z:
calcd for C33H25N6O5PS [M+], 648.63; found, 648.73; Anal.
Calcd. for C33H25N6O5PS (648.63): C, 61.11; H, 3.89; N, 12.96;
found: C, 61.25; H, 3.91; N, 12.86.
4.3. Biological evaluation

4.3.1. Microorganisms, constructs, media and chemicals.
A panel of multidrug-resistant bacterial isolates were identied
as Gram-positive bacteria (Enterococcus faecalisKA247 and Staph-
ylococcus aureusKA112), Gram-negative bacteria (Escherichia
coliKA780 and Proteus mirabilisKA320) as well as two fungal isolates
identied as Candida albicansKA205 and Candida tropicalis KA205.
The microbes were isolated from clinical samples from patients
admitted with complicated urinary tract infections (cUTIs), at
Central Laboratories, El-Kasr El-Aini Hospital, Cairo University,
Cairo, Egypt. They were identied as multi-drug resistant
isolates, i.e., resistant to at least one antibiotic in three or more
antimicrobial agents. In addition, a standard E. coli strain
harboring the pSYC plasmid encoding AcrB (Kam3-AcrB) was
used for the EtBr accumulation assay.

4.3.2. Antimicrobial screening. The preliminary in vitro
antimicrobial activity of all synthesized compounds was
screened against two broad-spectrum antibiotics (fosfomycin
and uconazole) used as positive controls, while DMSO was
used as a negative control in this study. The agar well-diffusion
method determined the antimicrobial activity in terms of zones
of inhibition's diameters in millimeter according to the guide-
lines by Clinical Laboratory Standards Institute.62,63 The
microbial suspensions were prepared in Tryptic Soya and Sab-
ouraud broths from test organisms sub-cultured on Tryptic Soya
agar and Sabouraud agar plates. The experiments were carried
out in triplicates.

4.3.3. MICs, MBCs, and MFCs. For further investigation,
the antimicrobial activity of the synthesized phosphonates was
screened against the tested MDR microbes via a broth micro-
dilution method on 96-well polystyrene atbottom microtiter
plates (Sarstedt, Germany) according to the CLSI62,63 guidelines.
34768 | RSC Adv., 2023, 13, 34756–34771
The 24 h culture of the tested isolates was standardized to 0.5
McFarland units at 625 nm. The stock solutions of the synthe-
sized compounds were prepared in DMSO followed by 2-fold
serial dilution to give a concentration ranging from 0.06 mg
mL−1 to 256 mg mL−1. Each compound-containing well and the
antibiotics were inoculated with 1 × 108 CFU mL−1 and 1 × 106

CFU mL−1 for bacterial and fungal isolates, respectively. Each
plate included the positive control (the microorganism without
the antimicrobial) and the negative control (medium only). MIC
was recorded as the lowest concentration of the compound that
did not result in an absorbance at 595 nm that was higher than
its respective control with the compound aer 24 h of incuba-
tion at 37 °C. Aer 24 h incubation, a spotting assay was per-
formed in order to determine the MBC and MFC. The plates of
tryptic soya agar and Sabouraud dextrose agar were prepared
and inoculated with 5 mL of the content of each microtiter pit.
Plates were then incubated under the appropriate condition for
CFU counting. MBC and MFC were recorded as the lowest
concentration that did not result in an eye-observable culture in
the solid medium aer incubation. Each assay was also per-
formed in triplicates.

4.3.4. Effect of phosphonates on time-kill curves. The time-
kill experiments were carried out according to the previous
studies,64 with minor modications. The time-kill study of active
phosphonates and controls at 1/2MIC andMIC was performed in
50 mL volume conical asks containing 20 mL of each isolate in
the log phase growth (1× 105 CFUmL−1 for bacteria and 1× 104

CFUmL−1 for fungi). Aliquots of onemL of the testedmedia were
taken at time intervals of 0, 2, 4, 6, 8, 12, 18, and 24 h; and of 0, 2,
4, 6, 8, 18, 24 and 48 h for bacterial and fungal isolates, respec-
tively. The organisms without treatment were used as controls.
The cell counts at each time point was determined using the plate
counts. Data were analyzed as killing curves by plotting log10CFU
mL−1 vs. time (h), as described previously.

4.3.5. Synergistic effect of active phosphonates on other
antibiotics. The synergistic effect of active phosphonate
compounds in vitro in combination with fosfomycin and u-
conazole against the tested clinical isolates was determined by
a standard checkerboard assay65,66 represented as the fractional
inhibitory concentration index (SFICI), using the pre-
determined MICs of each compound. In brief, suspensions of
bacteria and fungi were prepared in PBS equivalent to 0.5
McFarland followed by dilution in TSB to achieve the density of
1 × 105 and 1 × 104 CFU mL−1, respectively. The MIC of each
test compound in combination with each antibiotic studied was
determined as the lowest concentration of each combination in
which no visible growth was observed. The fractional inhibitory
concentration index (SFICI) was calculated according to the
following formula:

SFICI= (MIC of drug A in combinstion/MIC of drug A) + (MIC

of drug B in combination/MIC of drug B)

In which, drug A is the antibiotic and drug B is the target
compound; FICI # 0.5 (synergism); 0.5 < FICI > 1 (partial
synergism); 1 # FICI < 2 (indifference); FICI $ 2 (antagonism).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.3.6. Scanning electron microscope. DMSO or active
phosphonate compounds at their MICs were added to E. coli
cultures immediately aer inoculation. Cells were incubated for
24 h, collected and washed three times using a sterile PBS
solution. Fixation, dehydration, mounting and coating were
performed as described previously.67 Imaging was carried out
using a scanning electron microscope at a magnifying power of
x7.00kx (ZEISS EVO LS, UK).

4.3.7. In vitro accumulation assay of ethidium bromide
(EtBr). To further determine the effect of phosphonate
compounds on the outer membrane (OM) integrity of E. coli, the
permeability of EtBr which cannot penetrate an intact OM was
analysed. The EtBr accumulation assay was performed accord-
ing to previous studies55,68 with some modications. The E. coli
Kam3-AcrB cells were grown to a mid-log phase in a TS broth
and then collected by centrifugation (5000×g for 5 min. at 4 °C).
The collected cells were resuspended two times in a PBS solu-
tion containing 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.5 mM
MgCl2, 1 mM CaCl2, 2.7 mM KCl, and 137 mM NaCl at pH 7.4
and diluted in PBS till reaching an approximate of 0.5 at OD600.
The cell suspension (150 mL) was incubated in a 96-well
microtiter plate with a lter sterilized glucose to a nal
concentration of 25 mM, EtBr (2 mM), the phosphonate
compounds at MIC of 0.06 mg mL−1 to 2 mg mL−1, and PabN (20
mg mL−1). The relative uorescence intensity was measured over
38 min using a uorescence plate reader (PerkinElmer Enspire
300®2300, USA). The emission and excitation wavelengths were
520 and 600 nm, respectively.

4.3.8. Cell culture. The cytotoxicity activity of the two most
active compounds (5a and 5b) was determined in vitro against
two normal non-cancerous cell lines (BNL: mouse normal liver
cell line and Vero: greenmonkey kidney cell line). Both cell lines
were obtained from Nawah Scientic Inc. (Mokatam, Cairo,
Egypt). DMEM media were supplemented with 100 mg mL−1

streptomycin, 100 units per mL penicillin, and 10% heat-
inactivated fetal bovine serum in a humidied 5% (v/v) CO2

atmosphere at 37 °C.
4.3.9. Cytotoxicity assay. A colorimetric SulphoRhodamine-

B (SRB) assay was used to assess the cell viability. In brief,
aliquots of 100 mL cell suspension (5 × 103 cells) were seeded in
96-well plates followed by incubation in complete media for
24 h. Cells were treated with another aliquot of 100 mL of media
containing the tested derivatives and the control drug (Doxo-
rubicin) at various concentrations (0.01, 0.1, 1.10 and 100 mM).
Aer drug exposure, the treated cells were xed by replacing
media with 150 mL 10% triacetic acid (TCA) and then re-
incubated at 4 °C for 1 h. The TCA solution was removed and
the cells were washed 5 times with distilled water. Aliquots of 70
mL SRB solution (0.4% w/v) were added and incubated in a dark
place at room temperature for 10 min. Plates were washed 3
times with 1% acetic acid and le to air-dry overnight. Then,
150 mL of TRIS (10 mM) was added to dissolve the protein-
bound SRB stain; the absorbance was measured at 540 nm
using an Innite F50 microplate reader (TECAN, Switzerland).

4.3.10. Inhibitory activity of phosphonates on MurA
enzyme. MurA inhibition was determined by the colorimetric
© 2023 The Author(s). Published by the Royal Society of Chemistry
malachite green method upon measuring the concentration of
orthophosphate released during the reaction.69,70 In brief, 2.5 mL
of each tested compound dissolved in DMSO at a concentration
of 100 mM was added in duplicates to the reaction mixture (50
mL) containing 50 mMHEPES, pH 7.8, 0.005% Triton X-114, 200
mM UDP-GlcNAc, 100 mM PEP and 200 nM puried MurA
diluted in 50 mM HEPES. The 50 mL time-dependent inhibition
assays were also performed. The MurA was preincubated with
a UDP-GlcNAc substrate and the target compounds at 37 °C for
10 min, followed by the addition of the second substrate PEP to
give a mixture with a nal concentration of 50 mL, as described
above. In both experiments, aer 15 min incubation at 37 °C,
the reaction was stopped by adding Biomol® reagent (100 mL,
Enzo Life Sciences Inc., NY, USA). The absorbance was
measured at 650 nm aer 5 min using a microplate reader.
Fosfomycin was used as a reference in the MurA assay. The
percentage of residual activity (RA) was calculated in compar-
ison to negative controls containing 5% DMSO (v/v). The IC50

values, the concentration of the compound at which the RA was
50%, were determined by measuring the residual activities at
different concentrations. The results were recorded as mean ±

standard error.
4.3.11. Effect of gamma radiation on the microbial load of

the active phosphonate compounds. Gamma radiation has
been extensively used as an advantageous method for the ster-
ilization of different pharmaceutical products.71,72 The active
phosphonate compounds were subjected to different irradia-
tion doses (3.0, 5.0, 7.0, 10.0, 15.0, and 20.0 kGy) using
a radioactive source of 60-Cobalt (60Co) located in the National
Center of Research and Radiation Technology (NCRRT), Egyp-
tian Atomic Energy Authority, Egypt. The radiation dose at the
time of the experiment was 0.9 kGy h−1. They were all in powder
form and were transferred into sterile Eppendorf tubes for the
irradiation process. The changes in the physical and chemical
properties of both non-irradiated and irradiated compounds
were observed and detected using a UV-VIS spectrophotometer
at 560 nm. Aer that, a microbiological sterility assay was per-
formed. An aliquot of 0.05 g of each sample, either irradiated or
non-irradiated, was added under aseptic conditions to test
tubes containing 4.5 mL sterile saline. The test tubes were well-
shaken and then 100 mL from each tube was transferred onto
plates of Tryptic Soya agar and Sabouraud agar. Two plates were
used for each dose. The plates were then incubated under
ambient conditions, and then, the microbial count was recor-
ded in CFU g−1. The irradiated samples were used as controls in
the assay.73,74
4.4. Molecular docking simulation

The molecular docking study for the most active diphenyl a-
aminophosphonate derivatives 5a, 5b and fosfomycin (as posi-
tive control) was carried out inside the active site of UDP-N-
acetylglucosamine enolpyruvyl transferase (MUR A, PDB:
1UAE). The 3D crystal structure has been retrieved from the
protein data bank (https://www.rcsb.org/structure/1uae.
Accessed on 21/3/2023),57 where this protein is isolated from
E. coli with resolution =1.80 Å and present in the complex
RSC Adv., 2023, 13, 34756–34771 | 34769
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with a co-crystallized ligand uridine-diphosphate-n-acetylglu-
cosamine (UD1). The docking simulation was performed using
the Molecular Operating Environmental (MOE) soware75–77

version 10.2009. The validation process was performed using
the triangle matcher placement, and London dG as rescoring 1
with renement known as forceeld and retain thirty pose, as
well as removing the duplication according to the reported
method.78 The validation process exhibited that the co-
crystallized ligand showed binding energy S
=−17.69 kcal mol−1 with RMSD = 1.53 Å, where the superim-
position of the co-crystallized ligand (turquoise) and the re-
docked co-crystallized (green) are described in the ESI† le.
The co-crystallized ligand (UD1) exhibited ve hydrogen bond
sidechain acceptors with bond lengths as Arg91 (1.75 Å, 84%),
ser162 (1.92 Å, 45%), Lys160 (1.74 Å, 62%), and Arg120 (1.97 Å
with 51% and 2.07 Å with 23%). Moreover, the UD1 displayed
two sidechain donors with residues Asp305 (1.90 Å, 35%) and
Asp123 (1.73 Å, 24%) and three hydrogen bond backbone
acceptor with residues Gly164 (1.99 Å, 43%), Val163 (1.84 Å,
63%), and Val327 (1.81 Å, 18%). The structure of the diphenyl a-
aminophosphonate derivatives 5a, 5b and fosfomycin was built
using ChemBioDraw 2014, and the structures were exported to
MOE; then, the structures were subjected to protonated 3D, and
energy was minimized using gradient 0.0001, as described
previously.79,80
4.5. Quantum chemical studies

The quantum chemical studies, including frontier molecular
orbital model (FMOs) and electrostatic potential, were calcu-
lated using density functional theory (DFT) in Gaussian 09W
and visualized using Gaussian View 6.0. In addition, the mole-
cules were optimized using hybrid functional B3LYP and basis
set 6-31G(d), as described previously.81–83
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