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ABSTRACT: The antibiotic resistance problems constitute a considerable threat to
human health worldwide; thus, the discovery of new antimicrobial candidates to conquer
this issue is an imperative requirement. From this view, new thiophenyl-pyrazolyl-
thiazole hybrids 3−10 were synthesized and screened for their antibacterial efficiency
versus Gram − and Gram + bacterial strains compared to the reference drug amoxicillin.
It was noticed that the new hybrids displayed significant antibacterial efficacy versus
Gram − bacteria, especially against Pseudomonas aeruginosa. Also, all the screened
candidates demonstrated a noticeable antifungal effect against Candida albicans (MICs =
3.9−125 μg/mL) relative to fluconazole (MIC = 250 μg/mL). Moreover, the new
hybrids were investigated for their antituberculosis potency against Mycobacterium
tuberculosis (RCMB 010126). Derivatives 4c, 6b, 8b, 9b, and 10b demonstrated
prominent antituberculosis efficiency (MICs = 0.12−1.95 μg/mL) compared with the
reference drug isoniazid (MIC = 0.12 μg/mL). The latter derivatives were further
assessed for their inhibitory potency versus M. tuberculosis DHFR enzyme. The compounds 4c, 6b and 10b presented a remarkable
suppression effect with IC50 values of 4.21, 5.70, and 10.59 μM, respectively, compared to that of trimethoprim (IC50 = 6.23 μM).
Furthermore, biodistribution profile using radiolabeling way revealed a perceived uptake of 131I-compound 6b into infection induced
models. The docking study for the new hybrids 4c, 6b, 8b, 9b and 10b was performed to illustrate the various binding modes with
Mtb DHFR enzyme. In silico ADMET studies for the most potent inhibitors 4c, 6b and 10b were also accomplished to predict their
pharmacokinetic and physicochemical features.

1. INTRODUCTION
Antimicrobial-resistant infections are deemed to be a
significant threat to human health in this century,1,2 and this
is attributed to the alteration of the characteristics of the
infectious microbes and incorrect diagnosis as well as the
misuse of the antimicrobial agents.3 It is predicated that the
drug−resistant microbes will increase the mortality in the
coming years.4 Hence, the discovery of novel antimicrobial
agents that overcome the increasing risks of the drug−resistant
infectious microbes is an urgent requirement.

The antifolates are a class of therapeutics that have received
extensive attention for their antimicrobial efficiency5 targeting
Mycobacterium tuberculosis (Mtb).6−9 Antifolates suppress the
dihydrofolate reductase enzyme (DHFR), which plays a crucial
role in the folate metabolism by stimulation of the reduction of
dihydrofolate to tetrahydrofolate utilizing nicotinamide
adenine dinucleotide phosphate as a coenzyme factor in
many pathogens inclusive Mtb.6−10 Tetrahydrofolate is a
pivotal precursor for the synthesis of thymidylate, purine
nucleotides, and various amino acids that are essential for
DNA, RNA, and protein synthesis.5,11,12 Therefore, the
suppression of DHFR enzyme results in an imbalance in the
synthetic pathway of active thymidylate, causing the disruption

of DNA replication, which in turn leads to cell death.13 Lately,
DHFR structures of organisms like Mtb have been
disclosed.6−10 So, the discovery of new molecules as DHFR
inhibitors especially against Mtb is a promising goal in the
treatment of tuberculosis.

Thiophene scaffold has drawn attention in the medicinal
field due to its significant variation in the pharmacological
activities,14−17 mostly as antimicrobial agents.6,18−21 The
thiophene moiety was found to be the basic skeleton of
various antibiotics such as cephalothin and cefoxitin and
different antifungal agents such as sertaconazole and
tioconazole22 (Figure 1). Moreover, thiophene-pyrazolone
hybrids I and II were reported as potent antibacterial agents
versus Pseudomonas aeruginosa, Bacillus subtilis, and Staph-
ylococcus aureus strains and antifungal agents versus C. albicans
and A. fumigates23 (Figure 2). Furthermore, Asiri and Khan24
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Figure 1. Various antimicrobial drugs containing thiophene, pyrazole, and thiazole moieties.

Figure 2. Various antimicrobial compounds bearing thiophene, pyrazole, and thiazole moieties.
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showed that the pyrazoline derivative conjugated with
thiophene moiety III revealed significant antibacterial potency
against Escherichia coli and S. aureus (Figure 2). In addition, the
pyrazole motif is an integral portion of some antibiotics like
sulphaphenazole and PNU-17257625 (Figure 1). Moreover,
various thiophene and pyrazole based derivatives IV−VI
exhibited remarkable antituberculosis efficiency26−28 (Figure
2). The thiazole moiety is a core structural component of
varied bioactive molecules including antimicrobial drugs like
sulfathiazole and antifungal drugs such as abafungin29,30

(Figure 1). Moreover, various market antibiotics bear a
thiazole ring such as aztreonam, cefotaxime, and amoxicil-
lin30−32 (Figure 1). Additionally, thiazolylpyrazoline hybrids
VII−XI have been introduced by many research groups as
potent antibacterial, antifungal, and antituberculosis
agents33−37 (Figure 2).

Lately, Mohamed et al.38 detected that the hybridization of
pyrazole scaffold with thiazole or thiophene subunits such as
compounds XII and XIII has a noticeable effect on the
suppression of DHFR enzyme. Furthermore, the thiazole
derivative XIV demonstrated prominent efficacy as a DHFR
inhibitor.39 In addition, bis-pyrazolyl thiazole candidates XV
and XVI were identified by Ibrahim et al. as eminent DHFR
suppressors (Figure 3).40

Molecular hybridization has stood out as a substantial
approach in the discovery of new bioactive entities, which was
attained via the conjugation of various nuclei in a single
structure to enhance the biological efficacy. The design
strategy for the synthesizing and screening of the new
thiophenyl-pyrazolyl-thiazole hybrids 3−10 as antimicrobial
agents targeting DHFR enzyme relied on the above-mentioned
facts and considering the efficiency of thiophene scaffold as
well as the pyrazole and thiazole moieties as antimicrobial
candidates and DHFR inhibitors (Figure 4).

2. RESULTS AND DISCUSSION
2.1. Chemistry. The synthetic procedures for the

preparation of various thiophenyl-pyrazolyl-thiazole hybrids
are depicted in Schemes 1 and 2. Thiopenylpyrazole-1-
carbothioamide derivatives 2a,b were synthesized via con-
densation of chalcones 1a,b with thiosemicabazide in ethanol

containing potassium hydroxide as a basic medium. The
compounds 2a,b were utilized as beneficial intermediates for
the synthesis of varied bioactive heterocyclic derivatives. The
1H NMR spectrum of 2b detected a set of three doublets of
doublet at 2.96, 3.85, and 6.02 ppm due to the methylene and
methine protons of the pyrazoline moiety, respectively, and
two singlets at 3.64 and 3.79 ppm assignable to the dimethoxy
groups and two D2O exchangeable singlets at 7.61 and 8.03
ppm, attributed to the NH2 functional group. Furthermore, the
heterocyclization of thiophenylpyrazole-1-carbothioamide de-
rivatives 2a,b with diversified halogenated ketones, viz.,
chloroacetone, phenacyl bromide, and 4-bromophenacyl bro-
mide in absolute ethanol in the presence of anhydrous sodium
acetate conferred the diverse substituted thiazoles 3a,b and
4a−c, respectively. In an identical way, the reaction of the

Figure 3. Some thiophene, pyrazole, and thiazole derivatives as potent DHFR inhibitors.

Figure 4. Design strategy of the new thiophenyl-pyrazolyl-thiazole
hybrids 3−10.
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intermediates 2a,b with ethyl-2-chloroacetoacetate gave 4-
methylthiazole-5-ethylcarboxylates 5a,b, respectively. The 1H
NMR spectra of the new thiophenylpyrazolyl-thiazole hybrids
3−10 represented three doublets of doublet at the zones of
2.95−3.70, 3.81−4.14, and 5.60−6.27 ppm, referring to the
methylene (H4, H4′) and methine protons (H5) of the
pyrazoline moiety, respectively. Furthermore, 1H NMR spectra
of 3a,b and 4a−c disclosed a singlet signal at the zone of 6.44−
7.44 ppm, referring to H5 of the thiazole ring. The noticeable
features of 1H NMR spectra of 5a,b are the apparition of triplet
and quartet signals at 1.26 and 4.17−4.19 ppm, respectively,
assignable to the ethyl protons. 13C NMR spectra of the new
thiophenyl-pyrazolyl-thiazole hybrids detected signals at
43.42−44.29 ppm and 59.48−60.29 ppm for the methylene
and methine carbons of the pyrazoline moiety, respectively,
along with a signal related to the methyl carbon of the thiazole
revealed at 17.81 ppm for compound 3b. On the other hand, a
significant increment in the number of signals was noticed in
the aromatic zone at 105.18−164.66 ppm, due to the presence
of the phenyl ring for compound 4a. Otherwise, signals
representing the ethyl carbon were detected at 14.72−14.73
and 60.63−60.69 ppm, besides the carbonyl ester at 164.87−
164.97 ppm for compounds 5a,b (Scheme 1).

The thiazolidinone derivatives 6a,b were synthesized via
reaction of thiophenylpyrazole-1-carbothioamide derivatives
2a,b with ethyl bromoacetate in ethanolic solution in the
existence of piperidine as a catalyst. However, refluxing the
thiophenylpyrazole-1-carbothioamide derivatives 2a,b with
ethyl-2-bromopropionate in ethanolic solution employing
anhydrous sodium acetate conferred the corresponding 5-
methylthiazolidinones 7a,b. The 1H NMR spectra of 6a,b
demonstrated the methylene protons of the thiazolidinone as a

singlet signal at 3.95−3.96 ppm, whereas 1H NMR spectra of
7a,b displayed quartet signals at 4.16−4.18 ppm due to the
methine protons of the thiazolidinone. The 13C NMR
spectrum of 7a demonstrated two signals related to the
methine carbon of the thiazole and the carbonyl group at 49.49
and 189.91 ppm, respectively. Moreover, the multicomponent
condensation of the intermediates 2a,b with ethyl bromoace-
tate and substituted aromatic aldehydes in glacial acetic acid
via employing an anhydrous sodium acetate afforded the
corresponding 5-substituted benzylidene thiazolidinone deriv-
atives 8a−d. Also, 5-indolin-2-one thiazolidinone derivatives
9a,b were achieved via refluxing of the intermediates 2a,b with
ethyl bromoacetate and isatin under the same reaction
conditions. 1H NMR spectra of 8a−d exhibited the existence
of a singlet signal at 7.65−7.86 ppm attributed to the olefinic
protons. Moreover, the 13C NMR spectrum of 8c displayed
three signals at 56.04, 56.60, and 179.34 ppm, referring to the
two methoxy and carbonyl groups, respectively, alongside the
increment of the number of the signals in the aromatic zone at
113.37−170.45 ppm, indicating the presence of the phenyl
moiety. However, 1H NMR spectra of 9a,b revealed D2O
exchangeable singlets at 11.17 and 11.20 pm assignable to the
NH groups of indolin-2-one moiety. The 13C NMR spectrum
of compound 9a revealed the existence of two signals at 173.13
and 179.33 due to two carbonyl groups. The reaction of
thiopenylpyrazole-1-carbothioamide derivatives 2a,b with 3-
bromopropanoic acid yielded the corresponding 1,3-thiazin-4-
one derivatives 10a,b. 1H NMR spectra of 10a,b presented
multiplet signals at 3.18−3.25 ppm due to two methylene
groups of the thiazine rings (Scheme 2). The IR and mass
spectra of the new thiophenylpyrazolyl-thiazole hybrids were
proportionate with their structures.
2.2. Antimicrobial Activities. 2.2.1. Antibacterial Effi-

ciency. In vitro estimation of the antibacterial efficacy of the
new thiophenyl-pyrazolyl-thiazole hybrids was accomplished
utilizing broth microdilution assay versus two Gram − bacterial
strains, viz., P. aeruginosa (ATCC 29853) and E. coli (ATCC
25922) and two Gram + bacterial strains, viz., S. aureus
(ATCC 25923) and B. subtilis (ATCC 9372), comparative to
the reference drug amoxicillin. The minimum inhibitory
concentration (MIC, μg/mL) and minimum bactericidal
concentration (MBC, μg/mL) for the screened derivatives
are depicted in Tables 1 and 2.

The antibacterial assessment displayed the significant
sensitivity of the Gram − bacteria P. aeruginosa toward all of
the screened candidates except for compounds (3a, 5a, and
7a) with MICs values ranging from 3.9 to 125 μg/mL
compared to amoxicillin with MIC > 500 μg/mL. It has been
noticed that the 5-(2,5-dimethoxyphenyl)-3-thiophenylpyra-
zolyl-thiazolone hybrid 6b demonstrated the most prominent
antibacterial efficiency with MIC = 3.9 μg/mL against P.
aeruginosa. On the other hand, compounds 3b and 4b were
approximately 32-fold more efficient as antibacterial agents
against P. aeruginosa (MIC = 15.625 μg/mL) than amoxicillin,
while compounds 4c, 5b, 8a, 8c, 9a, and 10a were almost 16-
fold more efficacious (MIC = 31.25 μg/mL) than amoxicillin.

However, the rest of the investigated hybrids represented 8−
4-fold more antibacterial effectiveness (MICs = 62.25−125
μg/mL) than that exerted by amoxicillin. Otherwise, most of
the investigated analogs exhibited reasonable antibacterial
efficacy against E. coli with MICs of 62.5−125 μg/mL relative
to amoxicillin (MIC = 62.5 μg/mL). The pyrazole-1-
carbothioamide derivative 2b is equipotent to amoxicillin

Scheme 1. Synthesis of New Thiophenyl-pyrazolyl-thiazole
Hybrids 3−5a

aReagents and conditions: (i) NH2CSNHNH2, EtOH, KOH. reflux
for 8 h; (ii) H3CCOCH2Cl. CH3COONa, EtOH, reflux for 6−8 h;
(iii) PhCOCH2Br/4-BrPhCOCH2Br, CH3COONa, EtOH, reflux for
6−8 h; (iv) CH3COCH(Cl)COOC2H5, CH3COONa, EtOH, reflux
for 6−8 h.
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with an MIC value of 62.5 μg/mL. It was distinctly observed
that the majority of the screened hybrids were 2-fold less
efficient compared to amoxicillin against E. coli with MIC =
125 μg/mL. On the contrary, the examined hybrids appeared
to be inactive as antibacterial candidates versus Gram +
bacterial strain S. aureus, with MICs ranging from 62.5 to >
500 μg/mL compared to amoxicillin (MIC = 7.8 μg/mL). The
antibacterial efficiency was slightly enhanced against B. subtilis
with MICs = 3.9−250 μg/mL compared to amoxicillin (MIC
= 31.25 μg/mL). It is worth mentioning that the conjugation
of 3,5-dithiophenylpyrazolyl scaffold with 4-phenylthiazole 4a
or 4-methylthiazole-5-ethyl carboxylate 5a revealed 2−8-fold
more antibacterial efficiency against B. subtilis (MICs = 15.625
and 3.9 μg/mL, respectively) than that achieved by amoxicillin
(MIC = 31.25 μg/mL). However, the other screened hybrids
disclosed 2−8-fold less potency (MICs = 62.5−250 μg/mL)
than amoxicillin against B. subtilis.

It could be deduced from the attained results that most of
the investigated analogs 4a, 4c, 5b, 6a, 6b, 7b, 8d, 9a, 9b, 10a,
and 10b displayed bactericidal effects against P. aeruginosa as
the ratio of MBC/MIC ≤ 4. The other derivatives demonstrate
bacteriostatic potential (Table 2). It was noticeably apparent
that the new thiophenyl-pyrazolyl-thiazole hybrids displayed

significant antibacterial efficacy versus Gram − bacteria
especially against P. aeruginosa more than Gram + bacteria.

A summarized discussion of the structure−activity relation-
ships against P. aeruginosa displayed that 5-(2,5-dimethox-
yphenyl)-3-(thiophenyl)pyrazolyl-carbothioamide derivative
2b revealed significant antibacterial efficiency (MIC = 62.25
μg/mL). The hybridization of 5-(2,5-dimethoxyphenyl)-3-
(thiophen-2-yl) pyrazolyl scaffold with 4-methyl/phenylthia-
zole such as compounds 3b and 4b enhanced the antibacterial
efficacy (MIC = 15.625 μg/mL). On the other hand, the
activity declined 2-fold upon the substitution of the thiazole
ring with an ethyl carboxylate group as compound 5b (MIC =
31.25 μg/mL). Otherwise, a remarkable antibacterial effect was
achieved via the hybridization of the 5-(2,5-dimethoxyphenyl)-
3-(thiophen-2-yl) pyrazolyl scaffold with the unsubstituted
thiazolidinone ring 6b (MIC = 3.9 μg/mL), while a noticeable
decrease in the antibacterial efficiency was detected by the
introduction of 5-methyl group 7b to the thiazolidinone
moiety (MIC = 125 μg/mL), but it is still more efficient than
amoxicillin. Conversely, the replacement of the methyl group
with substituted benzylidene groups 8b and 8d significantly
enhanced the antibacterial effect (MIC = 62.25 μg/mL).
Furthermore, the remarkable antibacterial efficiency was

Scheme 2. Synthesis of New Thiophenyl-pyrazolyl-thiazolone/thiazinone Hybrids 6−10a

aReagents and conditions: (i) CH3CH2COOCH2Br, EtOH, piperidine, reflux for 3 h; (ii) BrCH(CH3)COOC2H5, CH3COONa, EtOH, reflux for
8−10 h; (iii) CH3CH2COOCH2Br, ArCHO, CH3COONa, AcOH, reflux for 3−5 h; (iv) CH3CH2COOCH2Br, isatin, CH3COONa, AcOH, reflux
for 3−5 h; (v) BrCH2CH2COOH, CH3COONa, AcOH, reflux for 6 h.
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conserved upon replacement of the substituted benzylidene
group with indolinone ring 9b (MIC = 62.25 μg/mL); in a
similar way, the conjugation of the 5-(2,5-dimethoxyphenyl)-3-
(thiophen-2-yl) pyrazolyl scaffold with thiazinone ring 10b

promoted the antibacterial efficacy (MIC = 62.25 μg/mL). On
the other hand, the antibacterial efficiency was reduced by the
3,5-di(thiophen-2-yl)pyrazolyl analogs but was still more
effective than amoxicillin except for compounds 4c, 8a, 8c,
9a, and 10a, which exerted eminent antibacterial potency
(Figure 5).
2.2.2. Antifungal Efficiency. The new thiophenyl-pyrazolyl-

thiazole hybrids were assessed for their antifungal efficiency
against Candida albicans (ATCC 10231) utilizing fluconazole
as a reference drug (Table 1). All the screened candidates
represented outstanding antifungal efficacy with MICs (3.9−
125 μg/mL) relative to fluconazole (MIC = 250 μg/mL).
Among the investigated compounds, 4c and 6b disclosed
eminent antifungal efficiency (MIC = 3.9 μg/mL) compared to
fluconazole (MIC = 250 μg/mL). However, the other analogs
demonstrated 16−2-fold more antifungal efficacy (MICs =
15.625−125 μg/mL) than fluconazole (MIC = 250 μg/mL).
Furthermore, a fungicidal behavior was exerted by all screened
candidates except compounds 3a, 3b, 4b, 4c, 7b, and 9b as the
ratio of MFC/MIC > 4, indicating their promising fungistatic
potential (Table 2).
2.2.3. Antituberculosis Efficiency. Furthermore, the new

thiophenyl-pyrazolyl-thiazole hybrids were subjected to the in
vitro evaluation for their antituberculosis effect against M.
tuberculosis (RCMB 010126) through applying microplate
alamar blue assay, where isoniazid is employed as a reference
drug (Table 3). The derivatives 4c and 6b presented
outstanding antituberculosis efficiency equipotent to that
obtained by isoniazid (MIC = 0.12 μg/mL). In addition, the
derivatives 8b, 9b and 10b displayed an eminent antitubercu-
losis effect (MICs = 1.95, 1.95, and 0.98 μg/mL, respectively),
whereas compounds 2b, 3b, 8c and 9a revealed modest
efficiency (MICs = 15.6, 7.81, 7.81, and 15.6 μg/mL,
respectively). However, the antituberculosis efficiency was
significantly decreased by the other investigated candidates. It

Table 1. Minimum Inhibitory Concentration (μg/mL) of the New Thiophenyl-pyrazolyl-thiazole Hybrids against Tested
Microbes

compound Gram-negative bacteria Gram-positive bacteria fungi

E. coli (ATCC25922) P. aeruginosa (ATCC 29853) S. aureus (ATCC 25923) B. subtilis (ATCC 9372) C. albicans (ATCC 10231)

2b 62.5 62.25 250 125 62.5
3a 500 >500 250 62.5 125
3b 125 15.625 250 125 31.25
4a 125 125 250 15.625 125
4b 125 15.625 250 250 62.5
4c >500 31.25 62.5 125 3.9
5a >500 >500 62.5 3.9 125
5b 125 31.25 62.5 125 62.5
6a 125 62.5 250 125 62.5
6b 125 3.9 62.5 125 3.9
7a 125 >500 >500 125 62.5
7b 125 125 250 125 62.5
8a 125 31.25 250 125 62.5
8b >500 62.25 62.5 62.5 31.25
8c 125 31.25 62.5 125 31.25
8d 125 62.25 62.5 125 62.5
9a 125 31.25 62.5 125 125
9b 125 62.25 62.5 125 31.25
10a 125 31.25 125 62.5 62.5
10b 125 62.25 250 62.5 15.625
amoxicillin 62.5 >500 7.8 31.25
fluconazole 250

Table 2. Ratios (MBC/MIC or MFC/MIC) of the
Thiophenyl-pyrazolyl-thiazole Hybrids and Positive
Controls against P. aeruginosa and C. albicans

compound Gram-negative bacteria fungi

P. aeruginosa (ATCC
29853) C. albicans (ATCC 10231)

MIC MBC ratio MIC MFC ratio

2b 62.25 500 8 62.5 250 4
3a >500 >500 >1 125 >500 >4
3b 15.625 125 8 31.25 250 8
4a 125 500 4 125 500 4
4b 15.625 250 16 62.5 500 8
4c 31.25 125 4 3.9 31.25 8
5a >500 >500 >1 125 500 4
5b 31.25 62.25 2 62.5 125 2
6a 62.5 250 4 62.5 250 4
6b 3.9 15.625 4 3.9 15.625 4
7a >500 >500 >1 62.5 250 4
7b 125 250 2 62.5 500 8
8a 31.25 250 8 62.5 125 2
8b 62.25 500 8 31.25 125 4
8c 31.25 250 8 31.25 62.25 2
8d 62.25 125 2 62.5 125 2
9a 31.25 62.25 2 125 250 2
9b 62.25 125 2 31.25 500 16
10a 31.25 125 4 62.5 250 4
10b 62.25 250 4 15.625 31.25 2
amoxicillin >500 >500 >1
fluconazole 250 250 1
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could be observed that the hybridization of 5-(2,5-dimethox-
yphenyl)-3-(thiophen-2-yl) pyrazolyl scaffold with 4-methyl
thiazole 3b resulted in a promising antituberculosis efficiency
(MIC = 7.81 μg/mL); however, the activity remarkably

declined by approximately 4-fold upon the replacement of
methyl with a bulky phenyl substituent as compound 4b (MIC
= 31.25 μg/mL), and also via the substitution of thiazole with
an ethyl carboxylate functional group as compound 5b (MIC =
31.25 μg/mL).

On the other hand, the hybridization of 5-(2,5-dimethox-
yphenyl)-3-(thiophen-2-yl) pyrazolyl scaffold with unsubsti-
tuted thiazolidinone as compound 6b afforded a prominent
antituberculosis efficacy (MIC = 0.12 μg/mL) equipotent to
isoniazid impact. However, the introduction of the 5-methyl
group as compound 7b led to a total loss of the
antituberculosis efficiency. Conversely, the replacement of
the methyl group with the 4-methoxybenzylidene group 8b
remarkably enhanced the antituberculosis effect (MIC = 1.95
μg/mL); however, the dimethoxy analog 8d produced weak
antituberculosis potency (MIC = 31.25 μg/mL). Moreover,
replacing the 4-methoxybenzylidene group with indolinone
scaffold as compound 9b resulted in retaining the remarkable
antituberculosis efficacy (MIC = 1.95 μg/mL). In addition, it
was observed that the conjugation of 5-(2,5-dimethoxyphen-
yl)-3-(thiophen-2-yl) pyrazolyl scaffold with thiazinone ring
10b has a prominent effect in increasing the antituberculosis
efficiency (MIC = 0.98 μg/mL). On the other hand, the
antituberculosis effect was lost by the 3,5-di(thiophen-2-
yl)pyrazolyl analogs except 4c, 8c, and 9a (Figure 5).
2.2.4. DHFR Inhibitory Efficiency. The most efficient

antituberculosis agents 4c, 6b, 8b, 9b, and 10b have been
elected to investigate their inhibitory potency versus M.
tuberculosis DHFR enzyme. The results compared with
trimethoprim are depicted as IC50 values in μM in Table 4.

Figure 5. SAR study of the new thiophenyl-pyrazolyl-thiazole hybrids 3−10 vs P. aeruginosa and Mycobacterium tuberculosis.

Table 3. Minimum Inhibitory Concentration (μg/mL) of
the New Thiophenyl-pyrazolyl-thiazole Hybrids against
Sensitive Mycobacterium tuberculosis

compound MIC (μg/mL)

2b 15.6
3a 62.5
3b 7.81
4a 62.5
4b 31.25
4c 0.12
5a 31.25
5b 31.25
6a 31.25
6b 0.12
7a 62.5
7b 62.5
8a 31.25
8b 1.95
8c 7.81
8d 31.25
9a 15.6
9b 1.95
10a 31.25
10b 0.98
isoniazid 0.12
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The thiophenyl-pyrazolyl-thiazole derivatives 4c and 6b
exhibited a promising inhibitory efficiency against Mtb
DHFR enzyme with IC 50 values 4.21 and 5.70 μM,
respectively, exceeding that of trimethoprim (IC50 = 6.23
μM). Furthermore, compound 10b displayed significant
inhibitory efficiency (IC50 = 10.59 μM) relative to
trimethoprim. However, the inhibitory potency was declined
by compounds 8b and 9b (IC50 = 18.45 and 22.73 μM,
respectively).
2.3. Biodistribution Study. Biodistribution studies are

considered a powerful step for investigating the new synthetic
compounds.41 The most applicable technique for the
biodistribution analysis is to radiolabel these compounds
with an appropriate radionuclide. At different time intervals,
the radioactivity uptake of tissues and/or organs is
calculated.42 The radiolabeling of these carriers must be
applied and executed under suitable conditions which cause
comparatively low or negligible changes in the carrier’s
structure.43

A biodistribution study was rendered for one of the hopeful
antimicrobial candidates 6b as a representative example to
explore its in vivo pharmacokinetic behavior and body organ
uptakes, besides its elimination pathway via radiolabeling with
131I.44,45

2.3.1. Radiolabeling of the Compound 6b. 131I-compound
6b was simply and rapidly obtained using the oxidizing agent
Chloramine-T (CAT) by electrophilic substitution. It is
substantial to focus that Chloramine-T is a water-soluble
reagent with strong oxidizing properties requiring a briefer
reaction time, simplifying the process in nuclear medicine.46

So, we prepared 131I-6b compound with maximum radio-
chemical efficiency (RE) (95.1 ± 1.53%) that was accom-
plished using 150 μg of compound 6b and 150 μg Chloramine-
T at pH 7 and 25 °C for 30 min reaction time. The
radiolabeling factors were studied in a range of compound 6b
amount (50−250 μg), reaction temperature (25−100 °C),
Chloramine-T amount (50−250 μg), reaction time (15−120
min), and pH (2−11) (Figure 6). One-way ANOVA was used
as statistical test to evaluate data differences (level of
significance set at P < 0.05). The radiolabeled compound 6b
showed good in vitro stability up to 24 h.
2.3.2. Biodistribution Study of 131I-Compound 6b in

Healthy and Infected Induced Mice. The in vivo distribution
of 131I-compound 6b was investigated in healthy mice, and the
results are presented in (Figure 7a). The resulting 131I-
compound 6b upon using the oxidizing agent Chloramine-T in
the existent radiolabeling process showed high renal excretion
and rapid blood clearance in all groups (Figure 7a). In healthy
mice, the activity eliminated by urine reached 20.2% ± 1.2
represented as % injected dose/gram organ (% ID/g) at 4 h
post injection so we concluded that the main excretion
pathway of the 131I-compound 6b is through the renal route. It

is considerable to indicate that the very low radioactivity in the
thyroid glands proved the in vivo stability of 131I-compound
6b.

Additionally, we studied the infection targeting ability of
131I-compound 6b in vivo in the infected Albino mice model,
as illustrated in Figure 7b. Target/non-target ratios (T/NT)
are the key factors to evaluate the targeting of 131I-compound
6b to the infection. T/NT ratios are presented in Table 5. The
results showed specific and high localization in the infection-
site, represented by the right thigh muscle, when compared
with the normal tissue, represented by left thigh muscle of the
same animal, with a T/NT ratio of 7.8 ± 1.1 within 1 h of
introduction into circulation, maintaining values higher than 4
for up to 2 h. Furthermore, it did not exhibit any high
accumulation in other body organs.
2.4. Molecular Docking Study. In order to elucidate the

difference between the in vitro inhibitory potencies of the
screened thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, 8b, 9b,
and 10b against M. tuberculosis dihydrofolate reductase
enzyme, the docking simulation was employed via the software
of Molecular Operating Environment (MOE-Dock) version
2014.0901.47,48 The original cocrystallized ligand trimethoprim
was first redocked within the active binding site of M.
tuberculosis DHFR enzyme (PDB code: 1DG5)49 to confirm
the docking process. The obtained energy score of −10.62
kcal/mol at the root-mean-square deviation (rmsd) value equal
to 0.79 Å indicates that the docking process was certified. As
shown in Figure 8A, the two amino groups at positions 2 and 4
of pyrimidine moiety formed three H-bonds with the
backbones of Ile5 and Ile94 and the side chain of Asp27
(distance: 2.76, 2.85, and 2.81 Å, respectively). Also, the C2 of
trimethoxybenzyl displayed arene−H interaction with the
centroid of Phe31.

After that, our thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b,
8b, 9b, and 10b were docked, and the obtained results are
illustrated in Figures 8 and 9.

As demonstrated in the 2D view (Figure 8) and 3D (Figure
S1), the highly promising inhibitory thiophenyl-pyrazolyl-
thiazole hybrids 4c, 6b, and 10b were enclosed within the
active pocket of M. tuberculosis DHFR with favorable energy
scores of −11.26, −11.08, and −10.13 kcal/mol, respectively.
It was well-known that the sulfur atom of thiazole moiety in 4c
and 6b and thiazinone in 10b afforded H-bond donors with
the backbone of the key amino acid Ile94 (distance: 4.09, 3.60,
and 3.42 Å, respectively). Moreover, the existence of thiophene
ring at p-5 of pyrazoline scaffold potentiates the inhibitory
potency of 4c through formation of arene−H interaction with
Ile14.

On the other hand, the lower inhibitory potency of the 8b
and 9b was illustrated by inspection of the 2D view (Figure 9)
and 3D (Figure S2), which displayed the binding within the
active pocket of M. tuberculosis DHFR with adequate energy
scores of −9.22 and −9.17 kcal/mol, respectively. The
presence of 4-methoxybenzylidene in 8b and 2-oxoindolin-3-
ylidene in 9b at p-5 of thiazole scaffold pushed the thiazolone
moiety away from binding with Ile94 and facilitated the chance
for binding with Phe31 through arene−arene interactions.
Furthermore, the 4-methoxybenzylidene in 8b exhibited
arene−H interaction with Trp6, while the nitrogen of 2-
oxoindolin-3-ylidene in 9b revealed the H-bond donor with
the backbone of Ala7 (distance: 3.58 Å).

As concluded from the previous data, the existence of the
pyrazoline core substituted at p-1 with thiazole bearing 4-

Table 4. Inhibitory Efficiency of Some Potent Thiophenyl-
pyrazolyl-thiazole Hybrids against Mtb DHFR Enzyme

compound IC50 (μM)

4c 4.21 ± 0.13
6b 5.70 ± 0.28
8b 18.45 ± 0.61
9b 22.73 ± 0.55
10b 10.59 ± 0.31
trimethoprim 6.23 ± 0.05
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bromophenyl (i.e., electron-withdrawing group) in 4c,
unsubstituted thiazolone in 6b, or thiazinone in 10b promoted
favorable hydrogen bonding with the key amino acid Ile94 and
gave the chance for more fitting within the active pocket of M.
tuberculosis DHFR. Conversely, substitution of the thiazolone
ring at p-5 with 4-methoxybenzylidene in 8b and 2-oxoindolin-
3-ylidene in 9b devoted them from the valuable binding with
Ile94 and that could be the reason for their lower inhibitory
potencies with M. tuberculosis DHFR.

2.5. In Silico ADMET Prediction Study. Examination of
absorption, distribution, metabolism, and excretion (ADME)
for the targeted substances can provide significant details about
the best drug choice. This anticipated study was facilitated by
the use of SwissADME, a free online tool.50,51

The Veber rule (TPSA ≤ 140 Å2, number of rotatable bonds
≤10) and Lipinski’s rule (MW ≤ 500, number of H-bond
donors ≤5, number of hydrogen bond acceptors ≤10 and
MLog P ≤ 4.15) govern the optimal medication for oral

Figure 6. Variation of % RE of 131I-compound 6b as a function of (a) compound 6b amount, μg; (b) temp (c) Chloramine-T amount, μg; (d)
reaction time, min; (e) pH.
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administration (Table 6). With the exception of 4c, which
demonstrated MLog P > 4.15 and one violation, the screened
thiophenylpyrazolyl-thiazole hybrids 6b and 10b were
identified to be in accordance with the previous rules.

According to the bioavailability radar chart, the screened
thiophenyl-pyrazolyl-thiazole hybrids 6b and 10b are located
in the ideal range (pink area) in relation to all six key variables
(lipophilicity, size, polarity, solubility, saturation, and flexi-
bility), which supplied a good expectation for their oral
bioavailability (Figure 10). The derivative 4c, on the other
hand, stayed far from the ideal regions of lipophilicity,
solubility, saturation, and flexibility, and it was anticipated
that it would not be orally bioavailable.

Table S1 in Supporting Information and Figure 11 provide
an analysis of the pharmacokinetic properties concerning the
potential thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, and
10b. The Boiled-Egg chart’s white region and away from the
yellow one is where the thiophenyl-pyrazolyl-thiazole hybrids
6b and 10b were found, suggesting that there was no BBB
penetration along with an elevated probability of gastro-
intestinal absorption. The derivative 4c, on the other hand, was
far from both regions, resulting in weak predicted gut
absorption. As a result, they are restricted to treating peripheral
infections and are not anticipated to have any negative impacts
on the central nervous system. These targets also had a high
bioavailability value of 0.55 and are not predicted to set off a
PAIN alarm.

The drug efflux transporter P-glycoprotein (P-gp), which is
known to move drugs out of cells, may be one of the reasons of
drug tolerance. The screened derivatives 6b and 10b are P-gp
nonsubstrates, as forecasted from the SwissADME Web site

(red dots in Figure 11), suggesting little chance of their efflux
out of the cell with a maximal activity other than compound 4c
(blue dot, P-gp substrate).

The expected toxicity characteristics of the potent
thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, and 10b set in
Table 7 displayed no inhibition of human ether-a-go-go-related
gene (hERG) potassium channel, indicating no danger of
cardiotoxicity and no cardiac adverse effects that constitute
significant issues in clinical investigations of drug applicants.
Additionally, all screened targets achieved no Ames toxicity,
which should be assessed in the early phases of drug discovery
to gauge the possibility of genotoxicity for the investigated
molecule. According to calculations of the acute oral toxicity,
the thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, and 10b
afforded the values of 567.2, 517.8, and 582.2 mg kg−1,
respectively, that fall in the third category (500 mg kg−1 <
LD50 ≤ 5000 mg kg−1) and hence create them nontoxic
molecules. Furthermore, the carcinogenicity descriptor
(CARC) values of 526.1, 569, and 530 mg kg−1 body weight
per day suggested that these molecules could be classified as
noncarcinogenic and nonrequired. Concerning biodegradation
assessment in the environment, it was supposed that all
derivatives could be identified for not-ready biodegradable
chemicals.

3. CONCLUSIONS
New thiophenyl-pyrazolyl-thiazole hybrids 3−10 were de-
signed, synthesized, and screened for their antibacterial
efficiency against Gram − and Gram + bacterial strains. It
was clearly apparent that new thiophenyl-pyrazolyl-thiazole
hybrids demonstrated remarkable antibacterial efficacy versus
Gram − bacteria more than Gram + bacteria compared to the
reference drug amoxicillin. The antibacterial evaluation
displayed the significant sensitivity of the Gram − bacteria P.
aeruginosa toward all of the screened candidates except for
compounds (3a, 5a, and 7a) with MICs values ranging from
3.9 to 125 μg/mL comparing to amoxicillin with MIC > 500
μg/mL. Also, most of the investigated analogs exhibited

Figure 7. In vivo biodistribution of 131I-compound 6b in healthy mice (a) and infection-induced models (b) following I.V. injection at different
time intervals.

Table 5. Infection Targeting Ability of 131I-Compound 6b
Following I.V. Injection at Different Time Intervals

time p.i.,h T/NT uptake ratio

0.5 6.5 ± 1.1
1 7.8 ± 1.1
2 4.5 ± 1.2
4 3.4 ± 0.8
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reasonable antibacterial efficacy against E. coli with MICs of
62.5−125 μg/mL relative to amoxicillin (MIC = 62.5 μg/mL).

However, the examined hybrids appeared to be inactive as
antibacterial candidates versus Gram + bacterial strain S.
aureus. While compounds 4a and 5a presented prominent
antibacterial efficiency against B. subtilis with MICs = 15.625
and 3.9 μg/mL, respectively, compared to amoxicillin (MIC =
31.25 μg/mL). In addition, all the examined analogs revealed
noticeable antifungal efficacy with MICs (3.9−125 μg/mL)
relative to fluconazole (MIC = 250 μg/mL). Moreover,
compounds 4c, 6b, 8b, 9b, and 10b displayed remarkable
antituberculosis efficiency (MICs = 0.12−1.95 μg/mL)
compared with the reference drug isoniazid (MIC = 0.12

μg/mL). The former derivatives were assessed for their
suppression potency versus M. tuberculosis DHFR enzyme,
compounds 4c, 6b, and 10b demonstrated outstanding
suppression effect with IC50 values of 4.21, 5.70, and 10.59
μM, respectively, compared to that of trimethoprim (IC50 =
6.23 μM).

The pharmacokinetic pattern of compound 6b (selected as a
representative example) was studied by radiosynthesis of the
131I- compound 6b and optimized with a radiochemical
efficiency of 95.1% at pH 7, 150 μg Chloramine-T amount,
150 μg compound 6b amount, and 30 min reaction time. The
biodistribution pattern showed a notable accumulation of
radioactivity in infected muscle compared to normal muscle

Figure 8. A, B, C, and D patterns clarifying the 2D binding poses of trimethoprim and the promising thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b,
and 10b into the active pocket of M. tuberculosis DHFR, respectively (PDB code: 1DG5).
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(high T/NT) of the infected mice. The docking study for the
new hybrids 4c, 6b, 8b, 9b, and 10b was carried out to identify
the various binding interactions with Mtb DHFR enzyme and
reflected their well-fitting within the active pocket with
promising energy scores ranging from −9.17 to −11.26 kcal/
mol in comparison with native ligand trimethoprim (−10.62
kcal/mol). In silico ADMET studies revealed that the potent
inhibitors 4c, 6b, and 10b attained the criterion of the drug
likeness approach.

4. EXPERIMENTAL SECTION
4.1. Chemistry. All melting points are uncorrected and

were taken in open capillary tubes using Electrothermal
apparatus 9100. Elemental microanalyses were carried out at
Microanalytical Unit, Central Services Laboratory, National
Research Centre, Dokki, Cairo, Egypt, using Vario Elementar.
Infrared spectra were recorded on a Schimadzu FT-IR Affinity-
1 Spectrometer, Infrared spectrometer at cm−1 scale using KBr
disc technique. 1H NMR and 13C NMR spectra were
determined by using a Bruker High Performance Digital FT-
NMR Spectrometer Avance III 400 MHz. Chemical shifts were
expressed in δ (ppm) downfield from TMS as an internal
standard. The mass spectra were measured with a Finnigan
MATSSQ-7000 mass spectrometer. The reactions were
pursued by TLC (aluminum sheets, Merck), and the spots
were disclosed by exposure to UV lamp. Compound 2a52 were
prepared as previously described in Literature.
4.1.1. General Procedure for the Synthesis of Derivatives

2a,b. A mixture of the appropriate chalcones 1a,b (0.01 mol)
and thiosemicarbazide (0.01 mol, 0.91gm) and potassium

hydroxide (1.12 g, 0.02 mol) in absolute ethanol (20 mL) was
heated under reflux for 8 h. The reaction mixture was cooled
and poured onto ice/water. The formed precipitate was
filtered, dried, and recrystallized from ethanol to afford the
corresponding compound 2a,b, respectively.
4.1.1.1. 4,5-Dihydro-5-(2,5-dimethoxyphenyl)-3-(thio-

phen-2-yl)pyrazole-1-carbothioamide (2b). Colorless crys-
tals; mp: 270−272 °C; yield: 80%. IR (cm−1): 3388, 3219
(NH2), 1225 (C�S), 1598 (C�N). 1H NMR (DMSO-d6): δ
2.96 (dd, J = 17.6, 2.8 Hz, 1H, pyrazoline-H4), 3.64 (s, 3H,
OCH3), 3.79 (s, 3H, OCH3), 3.85 (dd, J = 17.6, 11.2 Hz, 1H,
pyrazoline-H4′), 6.02 (dd, J = 10.8, 2.8 Hz, 1H, pyrazoline-
H5), 6.34 (d, J = 2.4 Hz, 1H, Ar−H), 6.79 (d, J = 8.8 Hz, 1H,
Ar−H), 6.95 (s, 1H, Ar−H), 7.12 (d, J = 8.4 Hz, 1H, Ar−H),
7.47(d, J = 3.6 Hz, 1H, Ar−H), 7.61 (s, 1H, NH, exchangeable
with D2O), 7.76 (d, J = 5.2 Hz, 1H, Ar−H), 8.03 (s, 1H, NH,
exchangeable with D2O). MS: m/z (%) 347 (M+, 46.17). Anal.
Calcd for C16H17N3O2S2 (347.46): C, 55.31; H, 4.93; N,
12.09. Found: C, 55.48; H, 4.80; N, 12.23.
4.1.2. General Procedure for the Synthesis of Derivatives

3a,b, 4a−c, and 5a,b. A mixture of the pyrazole-1-
carbothioamides 2a,b (0.01 mol) and the appropriate α-
haloketones, chloroacetone, phenacyl bromide, 4-bromo
phenacyl bromide, and/or ethyl-2-chloroacetoacetate (0.01
mol) in absolute ethanol (30 mL) in the presence of
anhydrous sodium acetate (1.64 g, 0.02 mol) was refluxed
for 6−8 h. The precipitate formed after cooling, was filtered,
washed with water, dried, and crystallized from ethanol to give
the title compounds 3a,b, 4a−c, and 5a,b, respectively.
4.1.2.1. 4,5-Dihydro-1-(4-methylthiazol-2-yl)-3,5-di-

(thiophen-2-yl)-1H-pyrazole (3a). Brown crystals; mp 110−

Figure 9. A and B patterns clarifying the 2D binding poses of the lower inhibitory potency thiophenyl-pyrazolyl-thiazole hybrids 8b and 9b into the
active pocket of M. tuberculosis DHFR, respectively (PDB code: 1DG5).

Table 6. Anticipated Physicochemical Features of the Potent Thiophenyl-pyrazolyl-thiazole Hybrids 4c, 6b and 10b

compd. MWa TPSA (Å2)b nRBc nHBAd nHBDe MLog Pf violationsg

4c 472.44 113.21 4 2 0 4.26 1
6b 387.48 117.03 5 5 0 2.00 0
10b 401.50 117.03 5 5 0 2.24 0

aMolecular weight. bCalculated lipophilicity (MLog Po/w).
cNumber of the rotatable bond. dNumber of the hydrogen bond acceptor. eNumber of

the hydrogen bond donor. fTopological polar surface area. gViolations from Lipinski and Veber rules.
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112 °C; yield: 73%. IR (cm−1): 1602 (C�N). 1H NMR
(DMSO-d6): δ 2.13 (s, 3H, CH3), 3.41 (dd, J = 17.8, 4.2 Hz,
1H, pyrazoline-H4), 3.96 (dd, J = 17.0, 11.8 Hz, 1H,
pyrazoline-H4′), 5.90 (dd, J = 10.2, 4.2 Hz, 1H, pyrazoline-
H5), 6.48 (s, 1H, thiazole-H5), 6.98 (br s, 1H, Ar−H), 7.12 (br
s, 1H, Ar−H), 7.17 (br s, 1H, Ar−H), 7.41(d, J = 3.6 Hz, 1H,
Ar−H), 7.46 (br s, 1H, Ar−H), 7.72 (d, J = 3.6 Hz, 1H, Ar−
H). MS: m/z (%) 331 (M+, 30.91). Anal. Calcd for
C15H13N3S3 (331.48): C, 54.35; H, 3.95; N, 12.68. Found:
C, 54.55; H, 4.07; N, 12.52.
4.1.2.2. 4,5-Dihydro-5-(2,5-dimethoxyphenyl)-1-(4-meth-

ylthiazol-2-yl)-3-(thiophen-2-yl)-1H-pyrazole (3b). Brown
crystals; mp 119−121 °C; yield: 79%. IR (cm−1): 1608
(C�N). 1H NMR (DMSO-d6): δ 2.06 (s, 3H, CH3), 3.06
(dd, J = 17.6, 5.2 Hz, 1H, pyrazoline-H4), 3.62 (s, 3H, OCH3),
3.81(s, 3H, OCH3), 3.94 (dd, J = 17.4, 11.8 Hz, 1H,
pyrazoline-H4′), 5.68 (dd, J = 11.8, 5.4 Hz, 1H, pyrazoline-
H5), 6.44 (s, 1H, thiazole-H5), 6.49 (d, J = 3.2 Hz, 1H, Ar−H),
6.81 (d, J = 8.8 Hz, 1H, Ar−H), 6.99 (s, 1H, Ar−H), 7.11 (d, J
= 8.8 Hz, 1H, Ar−H), 7.37 (d, J = 2.8 Hz, 1H, Ar−H), 7.68 (d,
J = 4.8 Hz, 1H, Ar−H). 13C NMR (DMSO-d6): δ 17.81, 43.42,
55.72, 56.53, 60.03, 104.22, 112.40, 112.91, 113.19, 128.47,
129.38, 129.90, 130.60, 134.64, 149.06, 149.21, 150.61, 153.45,

164.50. MS: m/z (%) 385 (M+, 26.11). Anal. Calcd for
C19H19N3O2S2 (385.5): C, 59.20; H, 4.97; N, 10.90. Found: C,
59.41; H, 4.85; N, 10.99.
4.1.2.3. 4,5-Dihydro-1-(4-phenylthiazol-2-yl)-3,5-di-

(thiophen-2-yl)-1H-pyrazole (4a). Brown crystals; mp 148−
150 °C; yield: 80%. IR (cm−1): 1610 (C�N). 1H NMR
(DMSO-d6): δ 3.54 (dd, J = 16.6, 6.6 Hz, 1H, pyrazoline-H4),
4.03 (dd, J = 17.2, 11.6 Hz, 1H, pyrazoline-H4′), 6.00 (dd, J =
11.4, 5.4 Hz, 1H, pyrazoline-H5), 7.01 (t, J = 3.6 Hz, 1H, Ar−
H), 7.19 (t, J = 3.8 Hz, 1H, Ar−H), 7.26−7.41(m, 5H, Ar−H
and thiazole-H5), 7.45 (d, J = 4.8 Hz, 1H, Ar−H), 7.51 (d, J =
2.8 Hz, 1H, Ar−H), 7.75 (d, J = 4.8 Hz, 1H, Ar−H), 7.83 (d, J
= 7.6 Hz, 2H, Ar−H). 13C NMR (DMSO-d6): δ 43.97, 60.29,
105.18, 126.05, 126.13, 126.37, 127.22, 128.07, 128.59, 129.02,
129.86, 130.42, 134.32, 134.93, 144.17, 149.55, 150.96, 164.66.
MS: m/z (%) 393 (M+, 55.20). Anal. Calcd for C20H15N3S3
(393.55): C, 61.04; H, 3.84; N, 10.68. Found: C, 61.22; H,
3.77; N, 10.55.
4.1.2.4. 4,5-Dihydro-5-(2,5-dimethoxyphenyl)-1-(4-phe-

nylthiazol-2-yl)-3-(thiophen-2-yl)-1H-pyrazole (4b). Brown
crystals; mp 170−172 °C; yield: 78%. IR (cm−1): 1612
(C�N). 1H NMR (DMSO-d6): δ 3.23 (dd, J = 17.6, 6.0 Hz,
1H, pyrazoline-H4), 3.66 (s, 3H, OCH3), 3.79 (s, 3H, OCH3),

Figure 10. Bioavailability radar chart of the potent thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, and 10b. The ideal value for each oral
bioavailability factor was shown in the pink region, and the expected ones for the assessed molecules were shown as red lines.
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3.95 (dd, J = 17.2, 12.0 Hz, 1H, pyrazoline-H4′), 5.79 (dd, J =
12.2, 6.2 Hz, 1H, pyrazoline-H5), 6.74 (d, J = 3.2 Hz, 1H, Ar−
H), 6.82 (d, J = 8.8 Hz, 1H, Ar−H), 6.99 (s, 1H, Ar−H), 7.14
(d, J = 8.4 Hz, 1H, Ar−H), 7.25 (t, J = 7.4 Hz, 1H, Ar−H),
7.31 (s, 1H, thiazole-H5), 7.34 (t, J = 7.4 Hz, 2H, Ar−H), 7.41
(d, J = 3.6 Hz, 1H, Ar−H), 7.70−7.73 (m, 3H, Ar−H). MS:
m/z (%) 447 (M+, 48.33). Anal. Calcd for C24H21N3O2S2
(447.57): C, 64.40; H, 4.73; N, 9.39. Found: C, 64.29; H, 4.79;
N, 9.51.
4.1.2.5. 1-(4-(4-Bromophenyl)thiazol-2-yl)-4,5-dihydro-

3,5-di(thiophen-2-yl)-1H-pyrazole (4c). Brown crystals; mp
188−190 °C; yield: 87%. IR (cm−1): 1602 (C�N). 1H NMR
(DMSO-d6): δ 3.58 (dd, J = 15.4, 7.8 Hz, 1H, pyrazoline-H4),
4.03 (dd, J = 17.6, 11.2 Hz, 1H, pyrazoline-H4′), 6.00 (dd, J =
11.2, 5.6 Hz, 1H, pyrazoline-H5), 6.98 (d, J = 3.6 Hz, 1H, Ar−
H), 7.18 (d, J = 3.6 Hz, 1H, Ar−H), 7.24 (d, J = 3.2 Hz, 1H,
Ar−H), 7.44 (s, 1H, thiazole-H5), 7.52 (d, J = 4.4 Hz, 1H, Ar−
H), 7.58 (d, J = 8.4 Hz, 2H, Ar−H), 7.75−7.79 (m, 2H, Ar−
H), 7.85 (d, J = 8.4 Hz, 1H, Ar−H), 7.99 (d, J = 8.4 Hz, 1H,
Ar−H). MS: m/z (%) 472 (M+, 100). Anal. Calcd for C20H14
BrN3S3 (472.44): C, 50.84; H, 2.99; N, 8.89. Found: C, 50.77;
H, 3.07; N, 8.95.

4.1.2.6. Ethyl 2-(4,5-dihydro-3,5-di(thiophen-2-yl)pyrazol-
1-yl)-4-methylthiazole-5-carboxylate (5a). Yellow crystals;
mp 124−126 °C; yield: 84%. IR (cm−1): 1727 (C�O), 1605
(C�N). 1H NMR (DMSO-d6): δ 1.26 (t, J = 6.8 Hz, 3H,
CH3), 2.43 (s, 3H, CH3), 3.53 (dd, J = 17.4, 3.0 Hz, 1H,
pyrazoline-H4), 4.01 (dd, J = 17.8, 11.4 Hz, 1H, pyrazoline-
H4′), 4.19 (q, J = 6.6 Hz, 2H, CH2), 6.03 (dd, J = 11.0, 3.0 Hz,
1H, pyrazoline-H5), 6.98 (d, J = 3.6 Hz, 1H, Ar−H), 7.13 (br
s, 1H, Ar−H), 7.20 (br s, 1H, Ar−H), 7.44 (d, J = 4.4 Hz, 1H,
Ar−H), 7.57 (d, J = 3.6 Hz, 1H, Ar−H), 7.80 (d, J = 4.4 Hz,
1H, Ar−H). 13C NMR (DMSO-d6): δ 14.72, 17.91, 44.29,
59.48, 60.69, 111.20, 126.15, 127.37, 128.72, 130.79, 131.44,
133.75, 143.58, 151.79, 159.49, 162.23, 164.97. MS: m/z (%)
403 (M+, 23.81). Anal. Calcd for C18H17N3O2S3 (403.54): C,
53.57; H, 4.25; N, 10.41. Found: C, 53.48; H, 4.33; N, 10.50.
4.1.2.7. Ethyl 2-(4,5-dihydro-5-(2,5-dimethoxyphenyl)-3-

(thiophen-2-yl)pyrazol-1-yl)-4-methylthiazole-5-carboxylate
(5b). Brown crystals; mp 95−97 °C; yield: 87%. IR (cm−1):
1728 (C�O), 1610 (C�N). 1H NMR (DMSO-d6): δ 1.26 (t,
J = 7.0 Hz, 3H, CH3), 2.36 (s, 3H, CH3), 3.17 (dd, J = 17.6,
4.4 Hz, 1H, pyrazoline-H4), 3.63 (s, 3H, OCH3), 3.79 (s, 3H,
OCH3), 3.98 (dd, J = 17.6, 11.6 Hz, 1H, pyrazoline-H4′),4.17
(q, J = 6.9 Hz, 2H, CH2), 5.77 (dd, J = 11.8, 4.6 Hz, 1H,

Figure 11. Image of a Boiled-Egg showing the capacity of the potent thiophenyl-pyrazolyl-thiazole hybrids 4c, 6b, and 10b to penetrate the blood−
brain barrier and be absorbed by the gastrointestinal tract; PGP+: P-glycoprotein substrate; PGP-: P-glycoprotein nonsubstrate.

Table 7. Anticipated Toxicity Properties of the Thiophenyl-pyrazolyl-thiazole Hybrids 4c, 6b, and 10b

probability

toxicity 4c 6b 10b

hERG inhibition T_hERG_I 0.9402 (weak inhibitor) 0.9831 (weak inhibitor) 0.9565 (weak inhibitor)
hERG inhibition T_hERG_II 0.8971 (noninhibitor) 0.8622 (noninhibitor) 0.6759 (noninhibitor)
AMES toxicity 0.5156 (non AMES toxic) 0.5175 (non AMES toxic) 0.5120 (non AMES toxic)
carcinogens 0.8017 (noncarcinogens) 0.8218 (noncarcinogens) 0.8701 (noncarcinogens)
acute oral toxicity (AO) 0.5672 (III) 0.5178 (III) 0.5822(III)
carcinogenicity (three-class) 0.5261 (nonrequired) 0.5690 (nonrequired) 0.5300 (nonrequired)
biodegradation 1.0000 (not-ready biodegradable) 0.6472 (not-ready biodegradable) 0.7923 (not-ready biodegradable)
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pyrazoline-H5), 6.47 (d, J = 2.8 Hz, 1H, Ar−H), 6.83 (d, J =
8.8 Hz, 1H, Ar−H), 6.99 (s, 1H, Ar−H), 7.14 (d, J = 8.8 Hz,
1H, Ar−H), 7.47 (d, J = 3.6 Hz, 1H, Ar−H), 7.77(d, J = 4.8
Hz, 1H, Ar−H). 13C NMR (DMSO-d6): δ 14.73, 17.90, 43.59,
55.77, 56.58, 59.75, 60.63, 110.71, 112.83, 113.13, 113.26,
128.64, 129.73, 130.50, 131.10, 133.97, 150.62, 152.14, 153.47,
159.71, 162.27, 164.87. MS: m/z (%) 457 (M+, 66.38). Anal.
Calcd for C22H23N3O4S2 (457.57): C, 57.75; H, 5.07; N, 9.18.
Found: C, 57.66; H, 5.18; N, 9.10.
4.1.3. General Procedure for the Synthesis of Derivatives

6a,b. A mixture of the pyrazole-1-carbothioamides 2a,b (0.01
mol) and ethyl bromoacetate (1.67 mL, 0.01 mol) was
dissolved in absolute ethanol (30 mL) containing a few drops
of piperidine and the reaction mixture was refluxed for 3 h.
The formed precipitate was filtered, dried, and crystallized
from ethanol to give the title compounds 6a,b, respectively.
4.1.3.1. 2-(4,5-Dihydro-3,5-di(thiophen-2-yl)pyrazol-1-yl)-

thiazol-4(5H)-one (6a). Brown crystals; mp 170−172 °C;
yield: 75%. IR (cm−1): 1675 (C�O), 1602 (C�N). 1H NMR
(DMSO-d6): δ 3.60 (dd, J = 18.0, 3.6 Hz, 1H, pyrazoline-H4),
3.96 (s, 2H, CH2), 4.07 (dd, J = 18.0, 10.8 Hz, 1H, pyrazoline-
H4′), 6.10 (dd, J = 10.8, 3.2 Hz, 1H, pyrazoline-H5), 7.00 (t, J
= 4.2 Hz, 1H, Ar−H), 7.12 (d, J = 3.6 Hz, 1H, Ar−H), 7.24 (t,
J = 4.2 Hz, 1H, Ar−H), 7.48 (d, J = 4.8 Hz, 1H, Ar−H), 7.69
(d, J = 3.6 Hz, 1H, Ar−H), 7.89 (d, J = 4.8 Hz, 1H, Ar−H).
MS: m/z (%) 333 (M+, 100). Anal. Calcd for C14H11N3OS3
(333.45): C, 50.43; H, 3.33; N, 12.60. Found: C, 50.55; H,
3.20; N, 12.70.
4.1.3.2. 2-(4,5-Dihydro-5-(2,5-dimethoxyphenyl)-3-(thio-

phen-2-yl)pyrazol-1-yl)thiazol-4(5H)-one (6b). Buff crystals;
mp 168−170 °C; yield: 79%. IR (cm−1): 1679 (C�O), 1605
(C�N). 1H NMR (DMSO-d6): δ 3.25 (dd, J = 18.0, 4.0 Hz,
1H, pyrazoline-H4), 3.66 (s, 3H, OCH3), 3.76 (s, 3H, OCH3),
3.95 (s, 2H, CH2), 4.03 (dd, J = 17.8, 11.4 Hz, 1H, pyrazoline-
H4′), 5.80 (dd, J = 11.2, 4.0 Hz, 1H, pyrazoline-H5), 6.45 (d, J
= 2.8 Hz, 1H, Ar−H), 6.87 (d, J = 8.8 Hz, 1H, Ar−H), 7.00 (s,
1H, Ar−H), 7.19 (d, J = 8.8 Hz, 1H, Ar−H), 7.59 (d, J = 3.6
Hz, 1H, Ar−H), 7.85 (d, J = 5.2 Hz, 1H, Ar−H). MS: m/z (%)
387 (M+, 42.50). Anal. Calcd for C18H17N3O3S2 (387.48): C,
55.80; H, 4.42; N, 10.84. Found: C, 55.90; H, 4.34; N, 10.60.
4.1.4. General Procedure for the Synthesis of Derivatives

7a,b. A mixture of the pyrazole-1-carbothioamides 2a,b (0.01
mol), ethyl-2-bromopropionate (1.81 mL, 0.01 mol) and
catalytic sodium acetate anhydrous (1.64 g, 0.02 mol) in
absolute ethanol (20 mL) was refluxed for 8−10 h. After
cooling, the precipitate was filtered, washed with water, dried,
and recrystallized from ethanol to give the target compounds
7a,b.
4.1.4.1. 2-(4,5-Dihydro-3,5-di(thiophen-2-yl)pyrazol-1-yl)-

5-methylthiazol-4(5H)-one (7a). Yellow crystals; mp 158−
160 °C; yield: 84%. IR (cm−1): 1720 (C�O), 1595 (C�N).
1H NMR (DMSO-d6): δ 1.48 (d, J = 7.6 Hz, 3H, CH3), 3.61
(dd, J = 18.0, 3.6 Hz, 1H, pyrazoline-H4), 4.06 (dd, J = 18.0,
10.8 Hz, 1H, pyrazoline-H4′), 4.18 (q, J = 7.2 Hz, 1H, CH),
6.11 (dd, J = 10.8, 3.2 Hz, 1H, pyrazoline-H5), 7.00 (br s, 1H,
Ar−H), 7.12 (d, J = 2.4 Hz, 1H, Ar−H), 7.24 (t, J = 4.2 Hz,
1H, Ar−H), 7.48 (d, J = 4.4 Hz, 1H, Ar−H), 7.69 (d, J = 2.8
Hz, 1H, Ar−H), 7.89 (d, J = 4.8 Hz, 1H, Ar−H). 13C NMR
(DMSO-d6): δ 19.09, 44.06, 49.49, 59.80, 126.24, 126.46,
127.46, 128.96, 132.23, 132.92, 133.15, 142.56, 156.52, 175.99,
189.91. MS: m/z (%) 347 (M+, 40.47). Anal. Calcd for
C15H13N3OS3 (347.48): C, 51.85; H, 3.77; N, 12.09. Found:
C, 51.94; H, 3.64; N, 12.22.

4.1.4.2. 2-(4,5-Dihydro-5-(2,5-dimethoxyphenyl)-3-(thio-
phen-2-yl)pyrazol-1-yl)-5-methylthiazol-4(5H)-one (7b).
Buff crystals; mp 138−140 °C; yield: 85%. IR (cm−1): 1728
(C�O), 1600 (C�N). 1H NMR (DMSO-d6): δ 1.47 (d, J =
7.6 Hz, 3H, CH3), 3.25 (dd, J = 18.0, 4.0 Hz, 1H, pyrazoline-
H4), 3.66 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 4.02 (dd, J =
16.6, 11.4 Hz, 1H, pyrazoline-H4′), 4.16 (q, J = 8.0 Hz, 1H,
CH), 5.81 (dd, J = 11.2, 4.0 Hz, 1H, pyrazoline-H5), 6.45 (br s,
1H, Ar−H), 6.87 (d, J = 7.2 Hz, 1H, Ar−H), 7.00 (d, J = 8.4
Hz, 1H, Ar−H), 7.20 (s, 1H, Ar−H), 7.59 (br s, 1H, Ar−H),
7.85 (d, J = 4.4 Hz, 1H, Ar−H). MS: m/z (%) 401 (M+,
10.34). Anal. Calcd for C19H19N3O3S2 (401.50): C, 56.84; H,
4.77; N, 10.47. Found: C, 56.72; H, 4.89; N, 10.58.
4.1.5. General Procedure for the Synthesis of Derivatives

8a−d. To a mixture of pyrazole-1-carbothioamides 2a,b (0.01
mol), ethyl bromoacetate (1.67 mL, 0.01 mol), and the
appropriate aldehyde, namely, 4-methoxybenzaldehyde or 2,5-
dimethoxy benzaldehyde (0.01 mol), in glacial acetic acid (30
mL), a catalytic amount of anhydrous sodium acetate (1.64 g,
0.02 mol) was added and the reaction mixture was refluxed for
3−5 h; then, after the solution was cooled, it was poured into
cold water. The solid formed was collected by filtration, dried,
and crystallized from acetic acid to give the title compounds
8a−d.
4.1.5.1. 5-(4-Methoxybenzylidene)-2-(4,5-dihydro-3,5-di-

(thiophen-2-yl)pyrazol-1-yl)thiazol-4(5H)-one (8a). Brown
crystals; mp 244−246 °C; yield: 77%. IR (cm−1): 1695
(C�O), 1602 (C�N). 1H NMR (DMSO-d6): δ 3.68 (dd, J =
18.0, 3.2 Hz, 1H, pyrazoline-H4), 3.84 (s, 3H, OCH3), 4.13
(dd, J = 18.2, 11.0 Hz, 1H, pyrazoline-H4′), 6.22 (dd, J = 10.6,
3.0 Hz, 1H, pyrazoline-H5), 7.02 (t, J = 2.6 Hz, 1H, Ar−H),
7.12 (d, J = 8.8 Hz, 2H, Ar−H), 7.18 (d, J = 3.2 Hz, 1H, Ar−
H), 7.27 (t, J = 4.4 Hz, 1H, Ar−H), 7.50 (d, J = 4.8 Hz, 1H,
Ar−H), 7.61 (d, J = 8.4 Hz, 2H, Ar−H), 7.65 (s, 1H, �CH),
7.74 (d, J = 3.2 Hz, 1H, Ar−H), 7.94 (d, J = 4.8 Hz, 1H, Ar−
H). MS: m/z (%) 451 (M+, 27.12). Anal. Calcd for
C22H17N3O2S3 (451.58): C, 58.51; H, 3.79; N, 9.31. Found:
C, 58.63; H, 3.90; N, 9.44.
4.1.5.2. 5-(4-Methoxybenzylidene)-2-(4,5-dihydro-5-(2,5-

dimethoxyphenyl)-3-(thiophen-2-yl)pyrazol-1-yl)thiazol-
4(5H)-one (8b). Brown crystals; mp 173−175 °C; yield: 75%.
IR (cm−1): 1698 (C�O), 1605 (C�N). 1H NMR (DMSO-
d6): δ 2.95 (dd, J = 17.4, 4.6 Hz, 1H, pyrazoline-H4), 3.66 (s,
3H, OCH3), 3.76 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 4.08
(dd, J = 18.0, 11.2 Hz, 1H, pyrazoline-H4′), 5.91 (dd, J = 11.2,
4.0 Hz, 1H, pyrazoline-H5), 6.55 (d, J = 2.8 Hz, 1H, Ar−H),
6.88 (d, J = 8.8 Hz, 1H, Ar−H), 7.02 (s, 1H, Ar−H), 7.12 (d, J
= 8.4 Hz, 2H, Ar−H), 7.23 (t, J = 4.2 Hz, 1H, Ar−H), 7.62 (d,
J = 8.8 Hz, 2H, Ar−H), 7.65 (s, 1H, �CH), 7.87 (d, J = 8.8
Hz, 1H, Ar−H), 7.90 (d, J = 4.8 Hz, 1H, Ar−H). MS: m/z (%)
505 (M+, 9.27). Anal. Calcd for C26H23N3O4S2 (505.61): C,
61.76; H, 4.59; N, 8.31. Found: C, 61.84; H, 4.80; N, 8.40.
4.1.5.3. 5-(2,5-Dimethoxybenzylidene)-2-(4,5-dihydro-3,5-

di(thiophen-2-yl)pyrazol-1-yl)thiazol-4(5H)-one (8c). Brown
crystals; mp 220−222 °C; yield: 72%. IR (cm−1): 1675 (C�
O), 1600 (C�N). 1H NMR (DMSO-d6): δ 3.68 (dd, J = 18.0,
3.2 Hz, 1H, pyrazoline-H4), 3.80 (s, 3H, OCH3), 3.84 (s, 3H,
OCH3), 4.13 (dd, J = 18.0, 10.8 Hz, 1H, pyrazoline-H4′), 6.22
(dd, J = 10.8, 3.2 Hz, 1H, pyrazoline-H5), 7.01−7.09 (m, 4H,
Ar−H), 7.19 (d, J = 3.2 Hz, 1H, Ar−H), 7.26 (t, J = 4.2 Hz,
1H, Ar−H), 7.50 (d, J = 5.2 Hz, 1H, Ar−H), 7.75 (d, J = 3.2
Hz, 1H, Ar−H), 7.86 (s, 1H, �CH), 7.93 (d, J = 5.2 Hz, 1H,
Ar−H). 13C NMR (DMSO-d6): δ 44.21, 56.04, 56.60, 59.96,
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113.37, 114.25, 116.81, 123.56, 126.02, 126.68, 127.51, 128.85,
129.08, 132.63, 132.67, 133.59, 142.15, 152.76, 153.59, 157.39,
170.45, 179.34. MS: m/z (%) 481 (M+, 9.45). Anal. Calcd for
C23H19N3O3S3 (481.61): C, 57.36; H, 3.98; N, 8.72. Found: C,
57.30; H, 3.90; N, 8.90.
4.1.5.4. 5-(2,5-Dimethoxybenzylidene)-2-(4,5-dihydro-5-

(2,5-dimethoxyphenyl)-3-(thiophen-2-yl)pyrazol-1-yl)-
thiazol-4(5H)-one (8d). Yellow crystals; mp 101−103 °C;
yield: 76%. IR (cm−1): 1698 (C�O), 1610 (C�N). 1H NMR
(DMSO-d6): δ 3.06 (dd, J = 17.6, 5.2 Hz, 1H, pyrazoline-H4),
3.67 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.81 (s, 3H, OCH3),
3.84 (s, 3H, OCH3), 4.08 (dd, J = 17.8, 11.4 Hz, 1H,
pyrazoline-H4′), 5.90 (dd, J = 11.4, 4.2 Hz, 1H, pyrazoline-
H5), 6.55 (d, J = 2.8 Hz, 1H, Ar−H), 6.88 (d, J = 8.8 Hz, 1H,
Ar−H), 7.02−7.09 (m, 4H, Ar−H), 7.21 (d, J = 8.8 Hz, 1H,
Ar−H), 7.65 (d, J = 3.2 Hz, 1H, Ar−H), 7.83 (s, 1H, �CH),
7.89 (d, J = 4.8 Hz, 1H, Ar−H). MS: m/z (%) 535 (M+,
16.19). Anal. Calcd for C27H25N3O5S2 (535.63): C, 60.54; H,
4.70; N, 7.84. Found: C, 60.38; H, 4.85; N, 7.93.
4.1.6. General Procedure for the Synthesis of Derivatives

9a,b. To a mixture of pyrazole-1-carbothioamides 2a,b (0.01
mol), ethyl bromoacetate (1.67 mL, 0.01 mol), and isatin (1.47
g, 0.01 mol) in glacial acetic acid (30 mL), a catalytic amount
of anhydrous sodium acetate (1.64 g, 0.02 mol) was added,
and the reaction mixture was refluxed for 3−5 h; then after the
solution was cooled, it was poured into cold water. The solid
formed was collected by filtration, dried, and crystallized from
acetic acid to give the title compounds 9a,b.
4.1.6.1. 3-(2-(4,5-Dihydro-3,5-di(thiophen-2-yl)pyrazol-1-

yl)-4-oxothiazol-5(4H)-ylidene)indolin-2-one (9a). Orange
crystals; mp 284−286 °C; yield: 75%. IR (cm−1): 3198
(NH), 1728 (C�O), 1695 (C�O), 1598 (C�N). 1H NMR
(DMSO-d6): δ 3.70 (dd, J = 18.2, 3.4 Hz, 1H, pyrazoline-H4),
4.14 (dd, J = 18.0, 10.8 Hz, 1H, pyrazoline-H4′), 6.27 (dd, J =
10.4, 3.2 Hz, 1H, pyrazoline-H5), 6.93 (d, J = 7.6 Hz, 1H, Ar−
H), 7.02 (t, J = 4.4 Hz, 1H, Ar−H), 7.06 (t, J = 8.0 Hz, 1H,
Ar−H), 7.20 (d, J = 2.8 Hz, 1H, Ar−H), 7.28 (t, J = 4.4 Hz,
1H, Ar−H), 7.36 (t, J = 7.6 Hz, 1H, Ar−H),7.50 (d, J = 5.2
Hz, 1H, Ar−H), 7.77 (d, J = 4.0 Hz, 1H, Ar−H), 7.97 (d, J =
5.2 Hz, 1H, Ar−H), 8.93 (d, J = 8.0 Hz, 1H, Ar−H), 11.17 (s,
1H, NH, exchangeable with D2O). 13C NMR (DMSO-d6): δ
44.07, 60.03, 110.66, 120.81, 122.35, 126.67, 126.71, 127.52,
128.51, 129.13, 132.32, 132.66, 132.69, 132.90, 133.87, 137.15,
142.09, 143.69, 158.08, 169.44, 173.13, 179.33. MS: m/z (%)
462 (M+, 23.71). Anal. Calcd for C22H14N4O2S3 (462.57): C,
57.12; H, 3.05; N, 12.11. Found: C, 57.33; H, 3.11; N, 12.22.
4.1.6.2. 3-(2-(4,5-Dihydro-5-(2,5-dimethoxyphenyl)-3-(thi-

ophen-2-yl)pyrazol-1-yl)-4-oxothiazol-5(4H)-ylidene)-
indolin-2-one (9b). Orange crystals; mp 190−192 °C; yield:
70%. IR (cm−1): 3170 (NH), 1725 (C�O), 1676 (C�O),
1600 (C�N). 1H NMR (DMSO-d6): δ 3.25 (dd, J = 18.0, 4.0
Hz, 1H, pyrazoline-H4), 3.66 (s, 3H, OCH3), 3.76 (s, 3H,
OCH3), 4.03 (dd, J = 17.8, 11.4 Hz, 1H, pyrazoline-H4′), 5.80
(dd, J = 11.2, 4.0 Hz, 1H, pyrazoline-H5), 6.45 (d, J = 2.8 Hz,
1H, Ar−H), 6.83 (d, J = 8.8 Hz, 1H, Ar−H), 6.92 (d, J = 7.6
Hz, 1H, Ar−H), 7.00 (s, 1H, Ar−H), 7.10 (t, J = 8.0 Hz, 1H,
Ar−H), 7.23 (d, J = 8.8 Hz, 1H, Ar−H), 7.40 (t, J = 7.6 Hz,
1H, Ar−H), 7.61 (d, J = 3.6 Hz, 1H, Ar−H), 7.85 (d, J = 5.2
Hz, 1H, Ar−H), 8.79 (d, J = 8.0 Hz, 1H, Ar−H), 11.20 (s, 1H,
NH, exchangeable with D2O). MS: m/z (%) 516 (M+, 7.64).
Anal. Calcd for C26H20N4O4S2 (516.59): C, 60.45; H, 3.90; N,
10.85. Found: C, 60.51; H, 3.78; N, 10.97.

4.1.7. General Procedure for the Synthesis of Derivatives
10a,b. A mixture of pyrimidin-2-thione derivatives 2a, 2b
(0.01 mol), 3-bromopropanoic acid (1.54 g, 0.01 mol), and
anhydrous sodium acetate (1.64 g, 0.02 mol) in glacial acetic
acid (20 mL) was refluxed for 6 h. The reaction mixture was
cooled and poured into cold water, and the solid formed was
collected and crystallized from acetic acid to give compounds
10a,b.
4.1.7.1. 5,6-Dihydro-2-(4,5-dihydro-3,5-di(thiophen-2-yl)-

pyrazol-1-yl)-1,3-thiazin-4-one (10a). Brown crystals; mp
149−151 °C; yield: 73%. IR (cm−1): 1692 (C�O), 1590
(C�N). 1H NMR (DMSO-d6): δ 3.18−3.23 (m, 4H, 2CH2),
3.53 (dd, J = 18.0, 2.8 Hz, 1H, pyrazoline-H4), 3.81 (dd, J =
17.6, 11.2 Hz, 1H, pyrazoline-H4′), 5.84 (dd, J = 11.4, 3.8 Hz,
1H, pyrazoline-H5), 6.94 (d, J = 3.6 Hz, 1H, Ar−H), 7.02 (d, J
= 3.2 Hz, 1H, Ar−H), 7.16 (d, J = 3.6 Hz, 1H, Ar−H), 7.40 (d,
J = 4.8 Hz, 1H, Ar−H), 7.52 (d, J = 3.6 Hz, 1H, Ar−H), 7.75
(d, J = 5.2 Hz, 1H, Ar−H). MS: m/z (%) 347 (M+, 34.08).
Anal. Calcd for C15H13N3OS3 (347.48): C, 51.85; H, 3.77; N,
12.09. Found: C, 51.99; H, 3.68; N, 12.17.
4.1.7.2. 5,6-Dihydro-2-(4,5-dihydro-5-(2,5-dimethoxy-

phenyl)-3-(thiophen-2-yl)pyrazol-1-yl)-1,3-thiazin-4-one
(10b). Brown crystals; mp: 168−170 °C; yield: 69%. IR
(cm−1): 1690 (C�O), 1595 (C�N). 1H NMR (DMSO-d6):
δ 2.95 (dd, J = 17.6, 4.4 Hz, 1H, pyrazoline-H4), 3.18−3.25
(m, 4H, 2 CH2), 3.77 (s, 3H, OCH3), 3.79 (s, 3H, OCH3),
3.91 (dd, J = 18.0, 10.8 Hz, 1H, pyrazoline-H4′), 5.60 (dd, J =
11.6, 4.4 Hz, 1H, pyrazoline-H5), 6.36 (d, J = 2.8 Hz, 1H, Ar−
H), 6.80 (d, J = 8.8 Hz, 1H, Ar−H), 6.96 (s, 1H, Ar−H), 7.12
(d, J = 8.8 Hz, 1H, Ar−H), 7.42 (d, J = 3.2 Hz, 1H, Ar−H),
7.71 (d, J = 4.8 Hz, 1H, Ar−H). MS: m/z (%) 401 (M+, 8.45).
Anal. Calcd for C19H19N3O3S2 (401.5): C, 56.84; H, 4.77; N,
10.47. Found: C, 56.95; H, 4.66; N, 10.69.
4.2. Antimicrobial Activity. 4.2.1. Antibacterial and

Antifungal Activity. The antimicrobial property was achieved
using broth microdilution assay. The minimum inhibitory
concentrations (MICs) were determined in 96-well plates (the
experiment is displayed in Supporting Information).
4.2.2. Antituberculosis Activity. Antituberculosis activity

was estimated using the Microplate alamar blue assay (MABA)
method. MICs of the examined compounds were calculated
using isoniazid as a reference drug against M. tuberculosis
(RCMB 010126) that was gotten from the Regional Center for
Mycology and Biotechnology (RCMB), Al-Azhar University,
Cairo, Egypt (the experiment is displayed in Supporting
Information).
4.2.3. In Vitro Assay for Mtb DHFR. The experiment is

displayed in Supporting Information.
4.3. Biodistribution Study of Compound 6b. Com-

pound 6b was further selected for biodistribution study via
radiolabeling with 131I.
4.3.1. Radiolabeling of Compound 6b. The radioiodina-

tion process of compound 6b was achieved using oxidizing
agents, Chloramine-T. Briefly, adequate quantity of the
compound 6b was dissolved in DMSO 10 μL of sodium 131I
iodide (50 μCi) was added to this solution, followed by
adequate quantity of Chloramine-T solution in 0.05 M
phosphate buffer (pH 7.4). After adjusting the mixture pH
to be the optimum one (pH 7), the resulting admixture was
incubated at several temperatures (25, 40, 60, 80, and 100 °C)
for several time periods (10, 15, 30, 45, and 60 min). The
radiolabeling efficiency (RE) of labeled compound was
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checked by TLC chromatographic method and paper electro-
phoresis.

The influence of various amounts of both compound 6b (50,
100,150, 200, and 250 μg) and Chloramine-T (50, 100, 150,
200, and 250 μg) were investigated to obtain the optimum
amounts for maximum radiolabeling efficiency. Each trial was
repeated thrice (n = 3), and the data was expressed as mean ±
SD. Certainly,% RE was calculated from eq 1.

% RE
radio activity of radiolabeled compound

total activity
100= ×

(1)

4.3.2. In Vitro Stability. Post radiolabeling, the same
procedures which used for % RE determination were
conducted to investigate in vitro stability of the optimum
radiolabeled compound and the data was recorded at
predetermined time intervals for up to 36 h.
4.3.3. Infection Induction in Mice. Swiss Albino male mice,

20−25 g were used. Infection was induced by inoculation of
0.1 mL of P. aeruginosa (1.2 × 109 cfu/mL) in the left upper
thigh muscle (left as target, right as control).53

4.3.4. Tissue Distribution Study of Radiolabeled Com-
pound 6b in Healthy Mice and Infected Models. For
inspecting the biological behavior of radiolabeled compound
6b in vivo, two groups of mice (Swiss Albino mice weighing
20−25 g) each comprise 12 mice; 1 is healthy and the others
are infected models (n = 3 for each set of experiment).

In this study, 0.2 mL (15.6 MBq) of radiolabeled compound
6b dispersed in normal saline (0.9% NaCl) was intravenously
injected to the tail vein of each mouse. The mice were
sacrificed at 30 min, 60 min, 2 h, and 4 h time points. Various
body organs such as the heart, liver, kidney, lung, heart, and
right and left thigh muscles (normal and infected) were
isolated and washed with saline and weighed and counted for
their radioactivity content using gamma counter. The blood
sample was collected by cardiac-puncture and radioactivity in
blood, muscles and bones calculated as 7, 40, and 10% of total
animal body-weight, respectively.54 The data of tissue
distribution study were represented as % injected dose/gram
organ (% ID/g).
4.3.5. Target to Nontarget Uptake Ratio of Radiolabeled

Compound 6b. Target/non-target ratios are the key factors to
evaluate the selectivity and targeting of 131I-6b compound to
the infection.55

Radiolabeled compound 6b must be localized in the infected
muscle (the target) in a high ratio when compared to the
normal muscle (the nontarget). In this regard, the infected/
normal-muscle (T/NT) ratio was determined using eq 2.

T/NT
% ID/g of infected muscle
% ID/g of normal muscle

=
(2)

4.4. Molecular Docking. The molecular docking simu-
lation of the in vitro inhibitory thiophenyl-pyrazolyl-thiazole
hybrids 4c, 6b, 8b, 9b, and 10b against M. tuberculosis
dihydrofolate reductase enzyme was applied using the
Molecular Operating Environment software (MOE-Dock)
version 2014.0901.47,48 The cocrystallized structure of M.
tuberculosis DHFR complexed with its original ligand,
trimethoprim, was downloaded from the protein data bank
(PDB code: 1DG5).49 Initially, the original ligands were
redocked into the active binding site of M. tuberculosis DHFR
to estimate the root-mean-square deviation value. After that,

the docking studies of the newly synthesized thiophenyl-
pyrazolyl-thiazole hybrids were assessed regarding to the
previously cited procedure.56

4.5. ADMET Prediction Study. The promising thiophen-
yl-pyrazolyl-thiazole hybrids 4c, 6b, and 10b were further
examined for their anticipated physicochemical and pharma-
cokinetic features utilizing the free available web tool,
SwissADME, in accordance with the outlined procedure.50,51

Additionally, their toxicity was calculated using the online
server admetSAR 1.0 (http://lmmd.ecust .edu.cn/
admetsar1),57 which forecasts the values of the studied
molecule’s carcinogenicity, the acute oral toxicity, Ames
toxicity, and inhibition of the human Ether-a-go-go-related
gene.
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