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Thirty thiazole compounds bearing chemotherapeutically-active pharmacophores were synthesized and
evaluated for their preliminary in vitro antimicrobial and anticancer activities. Nineteen compounds
displayed obvious antibacterial potential, with special bactericidal activity against Gram positive bacteria,
whereas, nine analogs showed moderate to weak antifungal activity against Candida albicans. The analog
12f proved to be the most active antimicrobial member identified in this study being comparable to
ampicillin and gentamicin sulfate against Staphylococcus aureus and Bacillus subtilis, together with a
moderate antifungal activity. Additionally, nine derivatives were tested for their preliminary in vitro
anticancer activity according to the current one-dose protocol of the NCI. Compound 9b revealed a broad
spectrum of anticancer activity against 29 out of the tested 60 subpanel tumor cell lines. Collectively,
compounds 4, 9b, 10b and 12f could be considered as promising dual anticancer antibiotics.

� 2014 Elsevier Masson SAS. All rights reserved.
1. Introduction

Human struggle against life-threatening infectious diseases
brought about by multi-drug resistant (MDR) Gram-positive and
Gram-negative pathogenic bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant Entero-
coccus faecium (VRE), is becoming a serious global dilemma [1]. In
addition, the frequent occurrence of primary and opportunistic
mycotic infections (particularly Candida albicans) is well docu-
mented especially among immuno-compromised patients experi-
encing AIDS, cancer and organ transplantation [2]. Consequently,
such types of infections have spurred interest in the discovery of
novel non-traditional antimicrobial agents that would not induce
cross-resistance with classical antibiotics. On the other hand, the
high mortality rates engaged with the rising number of diverse
types of cancers, have triggered an unrivaled level of research
aiming at finding out new unconventional lead structures that
might be beneficial in designing novel antitumor agents [3]. It is
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self-evident that patients with neoplastic disorders who are sub-
jected to chemotherapeutic treatment are mostly susceptible to
microbial infections due to the subsequent drop of immunity.
Therefore, co-administration of multiple drugs for treating patients
suffering from cancer disease accompanied with microbial in-
fections might inflect some added health problems especially in
patients with impaired liver and/or kidney functions. Therefore, the
concept of monotherapy by a single drug which would possess dual
utility might be advantageous from both therapeutic and cost-
effective stand points.

Over the past few years, the conspicuous role of thiazole de-
rivatives in the field of chemotherapy is unmistakable, owing to
their reported distinctive antimicrobial [4e7], antifungal [8,9],
antitubercular [10,11] activities. Moreover, several thiazole-
containing compounds were documented to contribute to a vari-
ety of antineoplastic potentials being employed as anticancer [12e
14], cytotoxic [15,16], antiproliferative [17,18], DNA-cleaving [19],
anti-angiogenic [20] and tubulin polymerization inhibiting [21]
agents. Recently, it has been reported that some thiazoles were
stemmed as novel inhibitors of metastatic cancer cell migration and
invasion [22]. Interest in the chemotherapeutic activity of thiazoles
was augmented by the discovery of the natural antineoplastic
antibiotic tiazofurin (A; Fig. 1) [23], the documented DNA minor
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Fig. 1. Structures of tiazofurin (A), thiazoleenetropsin (B), thiazotropsin A (C) and dasatinib (D).
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groove binding property of thiazoleenetropsin and thiazotropsin A
(B and C; Fig. 1) [24,25], and the evidenced clinical antitumor
effectiveness of bleomycin and leinamycin [26]. Furthermore,
another thiazole derivative; dasatinib (D; Fig. 1) was reported to
possess potential tyrosine kinase inhibitory activity, and proved to
be efficient in the treatment of imatinib-resistant mutants [27].
Most of the previously-described compounds are distinguished by
encountering, as a prevalent character, a substituted carboxamido
functional group(s) linked to a thiazole ring.

In view of the above mentioned facts, and inspired by the
promising antimicrobial and anticancer activities associated with
some thiazole-containing compounds reported in our previous
publications [28e38], we report herein the synthesis, in vitro
antimicrobial and anticancer evaluation of some novel bifunctional
ethyl 2-amino-4-methylthiazole-5-carboxylate derivatives. The
thrust of efforts in structure modification of such type of com-
pounds focussed mainly on derivatization of the amino group at
position-2 of the thiazole ring into the chemotherapeutically-active
azomethine, N-formyl, N-acyl, sulfonamido, ureido and thioureido
functionalities. In addition, the conversion of the ester function at
position-5 to the carboxamido and acid hydrazide groups was
taken into consideration based on the reported facts about their
effective contribution in many potential chemotherapeutic activ-
ities [39,40]. The variability in the nature of substituents at such
functionalities was attempted to represent different electronic,
lipophilic and steric environment that would influence the targeted
biological activities. Agar-diffusion method was used for the eval-
uation of the antimicrobial activity, and the minimal inhibitory
(MIC, mg/mL) and minimal bactericidal (MBC, mg/mL) concentra-
tions for the active compounds were determined [41e43]. On the
other hand, the anticancer activity was evaluated according to the
current protocol of the National Cancer Institute (NCI) in vitro
disease-oriented human cells screening panel assay [44e46].

2. Results and discussion

2.1. Chemistry

Synthesis of the intermediate and target compounds 2e13 was
performed according to the reactions illustrated in Schemes 1 and
2. The key intermediate in this study is ethyl 2-amino-4-
methylthiazole-5-carboxylate 1 [47]. Condensing 1 with the
appropriate heterocyclic aldehyde in acetic acid medium afforded
the corresponding azomethines 2aec in good yields. Heating of the
starting compound 1 with formic acid furnished the N-formyl de-
rivative 3. Its IR spectrum revealed an additional carbonyl band at
1650 cm�1 attributed to the new aldehyde (C]O) function,
whereas the 1H NMR spectrum (d-ppm) exhibited a new singlet at
d 8.63 ppm due to the aldehydic proton. Furthermore, acylation of
the thiazole 1 with 3,4,5-trimethoxybenzoyl chloride gave rise to
the expected ethyl N-(3,4,5-trimethoxybenzoyl)-2-amino-4-
methylthiazole-5-carboxylate 4. Analogously, reacting 1 with
benzenesulfonyl chloride or p-toluenesulfonyl chloride led to the
introduction of a substituted phenylsulfonyl moiety at position-2
with the formation of the N-(5-ethoxycarbonyl-4-methylthiazol-
2-yl)-4-substituted benzenesulfonamides 5a,b. Their IR spectra
showed additional bands at 1017e1110 cm�1 attributed to the (SO2)
function. Moreover, the 2-trifluoroacetylamino derivative 6 was
successfully prepared by warming the start 1 with trifluoroacetic
anhydride. On the other hand, the 2-amino function of the start 1
was alkylated with chloroacetyl chloride in dry toluene to produce
the intermediate 7. The chlorine atom of the latter was displaced by
either morpholine or N-methyl piperazine to produce the target
compounds 8a,b (Scheme 1).

At this stage, some 1-(5-ethoxycarbonyl-4-methylthiazol-2-yl)-
3-substituted ureas 9a,bwere successfully prepared by condensing
the key intermediate thiazole 1 with the appropriate isocyanates
in pyridine as alkaline medium. Their IR spectra showed new
bands at 1645e1650 cm�1 corresponding to the ureido carbonyl
group. In their turn, when 9a,b were reacted with hydrazine hy-
drate, the corresponding targeted 4-methyl-2-(N-substituted ure-
ido)-thiazole-5-carboxylic acid hydrazides 10a,b were obtained. In
an analogous fashion, when the thiazole 1was condensed with the
appropriate isothiocyanates in pyridine, the corresponding thio-
ureas 11aef were achieved. The IR spectra of these thioureido
derivatives revealed the characteristic C]S band at 982e958 cm�1

beside the absorption bands of the ester C]O group at 1730e
1718 cm�1. Similarly, the targeted 4-methyl-2-(N-substituted thi-
oureido)-thiazole-5-carboxylic acid hydrazides 12aef were ob-
tained by heating 11aef with hydrazine hydrate. The 1H NMR
spectra (d-ppm) of the acid hydrazides 10a,b and 12a,b were
characterized by the disappearance of the triplets and quartets of
the ethyl ester and the appearance of new singlets attributed to
the amides NH proton at their respective chemical shifts. Finally,
refluxing the thiazole ester 1 with the appropriate amine in
ethanol resulted in the formation of the corresponding
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carboxamides 13aec. Their 1H NMR spectra (d-ppm) were char-
acterized by the disappearance of the triplet and quartet of the
ethyl ester group and the appearance of a new singlet attributed to
the amide NH proton at d 8.08e8.16 ppm (Scheme 2).

2.2. In vitro antibacterial and antifungal screening

All the newly synthesized compounds were evaluated for their
in vitro antibacterial activity against S. aureus (ATCC 6538), Bacillus
subtilis (ATCC 6633) as examples of Gram positive bacteria and
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Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC
27853) as examples of Gram negative bacteria. They were also
evaluated for their in vitro antifungal potential against C. albicans
(ATCC 10231) and Aspergillus niger (recultured) fungal strains. Agar-
diffusion method was used for determination of preliminary anti-
bacterial and antifungal activity. Ampicillin trihydrate and genta-
micin sulfate were employed as standard antibacterial agents,
whereas clotrimazole and amphotericin B were used as antifungal
reference drugs [41]. Dimethylsulfoxide (DMSO) was used as a
blank and showed no antimicrobial activity. The results were
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recorded for each tested compound as the average of three mea-
surements of the diameter of inhibition zones (IZ) of bacterial or
fungal growth around the cups in mm. The minimum inhibitory
concentration (MIC, mg/mL) and minimum bactericidal concentra-
tion (MBC, mg/mL) measurements were determined for compounds
that showed significant growth inhibition zones (�13 mm) using
the two-fold serial dilution method [42] (Table 1).

Concerning the antibacterial activity, the results revealed that 19
out of the tested 30 compounds displayed variable inhibitory ef-
fects on the growth of the tested Gram positive and Gram negative
bacterial strains. In general, most of the tested compounds revealed
better antibacterial activity against the Gram positive rather than
the Gram negative bacteria. Among the tested Gram positive bac-
teria, S. aureus showed relative high sensitivity towards the tested
compounds. In particular, compounds 4 and 12fwere equipotent to
ampicillin (MIC 6.25 mg/mL) and 50% of the activity of gentamicin
sulfate (MIC 3.12 mg/mL), whereas the analogs 10b,11f and 13c (MIC
12.5 mg/mL) showed half the activity of ampicillin. Moreover,
compounds 5a, 9b, 10a and 12e (MIC 25 mg/mL) showed 25% of the
activity of ampicillin. With regard to the activity against B. subtilis,
compound 12f proved to be equipotent to both ampicillin and
gentamicin sulfate (MIC 12.5 mg/mL), whereas, the analogs 4, 10b,
11f and 13c (MIC 25 mg/mL) displayed half the potency of ampicillin.
Meanwhile, compounds 9b and 12e (MIC 50 mg/mL) showed 25% of
the potency of ampicillin against the same organism.

On the other hand, investigation of the antibacterial efficiency of
the active compounds against the Gram negative strains revealed
that three analogs namely 4, 10b and 12f were able to produce
noticeable growth inhibitory activity against E. coli (MIC 12.5 mg/
mL) which represents 50% of the activity of ampicillin (MIC 6.25 mg/
mL) and 25% of the activity of gentamicin sulfate (MIC 3.12 mg/mL).
Whereas, compounds 2a, 9b and 11f (MIC 25 mg/mL), exhibited
Table 1
Minimal inhibitory concentrations (MIC, mg/mL) and minimal bactericidal concentration

Cpd. no. Gram positive bacteria Gram

S. aureus
ATCC 6538

B. subtilis
ATCC 6633

E. coli
ATCC

MIC MBC MIC MBC MIC

2a 50 100 100 200 25
2b 100 200 100 200 50
3 100 200 100 200 e

4 6.25 6.25 25 50 12.5
5a 25 25 100 100 50
6 100 100 100 100 100
8a 50 50 100 100 e

9a 50 50 100 100 50
9b 25 25 50 50 25
10a 25 50 100 100 50
10b 12.5 12.5 25 25 12.5
11b 50 100 100 200 50
11e 50 50 100 100 50
11f 12.5 12.5 25 25 25
12b 100 100 100 100 50
12d 50 100 100 200 100
12e 25 25 50 50 100
12f 6.25 6.25 12.5 12.5 12.5
13c 12.5 25 25 50 50
Ac 6.25 e 12.5 e 6.25
Gd 3.12 e 12.5 e 3.12
Ce e e e e e

ABf e e e e e

a (�): totally inactive (MIC � 200 mg/mL).
b NT: not tested.
c A: Ampicillin trihydrate (Standard broad spectrum antibiotic).
d G: Gentamycin (Standard broad spectrum antibiotic).
e C: Clotrimazole (Standard broad spectrum antifungal agent).
f AB: Amphotericin-B (Standard broad spectrum antifungal agent).
moderate activity against the same organismwhen compared with
ampicillin and gentamicin sulfate. On the contrary, the tested
P. aeruginosa strain revealed moderate to weak sensitivity towards
most of the active compounds (MIC range 50e100 mg/mL).

Concerning the antifungal activity of the tested compounds,
only nine compounds 6, 8a, 9b, 10a, 10b, 11f, 12e, 12f and 13c were
able to induce appreciable growth inhibitory activity against
C. albicans (MIC values 12.5e100 mg/mL, respectively) when
compared with clotrimazole (MIC 6.25 mg/mL) and amphotericin B
(MIC range 1.56 mg/mL), the standard antifungal agent utilized in
this assay. Among these, the analog 12f exhibited the best anti-
fungal activity (MIC 12.5 mg/mL) that represents 50% of clotrimazole
and one-eighth of that of amphotericin B. It is to be noted down
that all the tested compounds lacked any antifungal activity against
A. niger.

According to the MIC and MBC specifications of the latest Na-
tional Committee on Clinical Laboratory Standards (NCCLS), it could
be deduced whether the test compounds are bactericidal or
bacteriostatic to the test organism [43]. In this view, as revealed
from Table 1, most of the active compounds displayed bactericidal
activity against most of the tested microorganisms. Concerning the
Gram-positive bacteria, compounds 4, 10b, 11f and 12fwere highly
bactericidal against S. aureus, among which 4 and 12f were equi-
potent to ampicillin. Compounds 10b, 11f and 12f showed accept-
able bactericidal activity against B. subtilis, especially 12f.
Meanwhile, most of the active compounds showed moderate to
weak bactericidal activity against the Gram-negative E. coli strain,
with the exception of compounds 4,10b and 12fwhich showed the
highest bactericidal potential (50% of the activity of ampicillin).
Collectively, the 1-(4-fluorophenyl)-3-(5-(hydrazinecarbonyl)-4-
methylthiazol-2-yl)thiourea 12f proved to be the most active
antimicrobial member identified in this study with an activity
s (MBC, mg/mL) of the active newly synthesized compounds.

negative bacteria Fungus

25922
P. aeruginosa
ATCC 27853

C. albicans
ATCC 10231

MBC MIC MBC MIC MBC

50 ea NTb e NT
100 e NT e NT
NT e NT e NT
12.5 50 100 e NT
50 100 200 e NT
100 e NT 100 100
NT e NT 100 100
100 e NT e NT
25 50 100 25 25
100 100 200 50 100
12.5 50 100 25 25
100 e NT e NT
100 100 200 e NT
25 100 100 25 50
100 100 200 e NT
100 e NT e NT
100 50 100 100 100
12.5 50 50 12.5 12.5
100 e NT 100 100
e 12.5 e e e

e 12.5 e e e

e e e 6.25 e

e e e 1.56 e
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equivalent to ampicillin and 50% of gentamicin sulfate against
S. aureus, in addition to being equipotent to both ampicillin and
gentamicin against B. subtilis together with a moderate antifungal
activity comparable with clotrimazole and amphotericin B.

2.3. In vitro anticancer screening

2.3.1. Primary in vitro one-dose assay
Out of the newly synthesized compounds, nine derivatives 4, 5a,

9a,b, 10a,b, 12f and 13a,c; were selected by the National Cancer
Institute (NCI) in vitro disease-oriented human cells screening
panel assay to be evaluated for their in vitro antitumor activity.
Effective one-dose assay has been added to the NCI 60 Cell screen in
order to increase compound throughput and reduce data turn-
around time to suppliers while maintaining efficient identification
of active compounds [44e46]. All compounds submitted to the NCI
60 Cell screen, are now tested initially at a single high dose (10 mM)
in the full NCI 60 cell panel including leukemia, non-small cell lung,
colon, CNS, melanoma, ovarian, renal, prostate and breast cancer
cell lines. Only compounds which satisfy pre-determined threshold
inhibition criteria would progress to the 5-dose screen. The
threshold inhibition criteria for progression to the 5-dose screen
were designed to efficiently capture compounds with anti-
proliferative activity and is based on careful analysis of historical
Table 2
In vitro growth inhibitory percentage (GI%) caused by the tested compounds against som

Cell lines 4 5a 9a 9b

NSCLCb

HOP-92 53.1 ec 53.9 64.2
NCI-H226 12.0 e 9.89 11.3
NCI-H322M e e e e

NCI-H522 32.6 e e 2.64
Colon cancer
HCC-2998 42.7 72.5 e 27.4
HCT-116 4.01 43.1 14.2 16.3
HCT-15 5.30 e 14.3 e

HT29 e e 15.5 24.1
SW-620 e e 7.50 2.85
Breast cancer
HS 578T 11.2 e 8.40 6.40
MCF7 12.5 e 12.7 7.17
NCI/ADR-RES 4.66 e 8.96 13.9
MDA-MB-468 8.82 e e 18.4
T-47D e e 4.11 12.6
Ovarian cancer
IGROV1 e 93.1 43.7 72.9
Leukemia
CCRF-CEM 11.7 e 6.76 22.0
K-562 49.0 e 9.69 39.0
MOLT-4 12.4 24.4 12.3 23.7
RPMI-8226 17.0 e 4.13 22.8
SR 21.0 e 35.3 14.3
Renal cancer
A 498 11.4 11.6 15.3 28.9
SN 12C 7.38 e 5.62 4.19
UO-31 24.3 13.0 10.6 16.1
Melanoma
LOX IMVI 3.70 e 13.0 4.13
SK-MEL-2 69.1 97.5 64.1 77.6
SK-MEL-5 5.59 e 8.95 4.58
UACC-62 11.5 e 26.0 20.0
Prostate cancer
PC-3 35.0 e e 4.18
CNS cancer
SF-268 3.75 e 12.6 4.88
SNB-75 2.51 3.91 e 47.2
U251 e e e 9.58

a The data obtained from NCI’s in vitro disease-oriented human tumor cell screen at 1
b NSCLC: non-small cell lung cancer.
c Not active (GI% < 10).
Development Therapeutic Program (DTP) screening data. The data
are reported as a mean graph of the percent growth of treated cells,
and presented as percentage growth inhibition (GI%) caused by the
test compounds (Table 2).

The obtained data revealed that, some of the tested subpanel
tumor cell lines exhibited pronounced sensitivity profiles against
most of the tested compounds. Among the non-small cell lung
cancer subpanel, the Hop-92 cell line exhibited a variable degree of
sensitivity towards six compounds (4, 9a, 9b,10a,12f and 13a), with
special emphasis on compounds 10a and 13a which displayed
percentage growth inhibition (GI%) of 82.8 and 82.1, respectively.
Within the same subpanel, the growth of the NCI-H522 cell line
was affected by the presence of six compounds (4, 9b, 10a, 10b, 13a
and 13c), among which compounds 10a, 10b and 13a showed the
highest growth inhibitory potential (99.5, 63.4 and 65.4%, respec-
tively). Furthermore, among themelanoma subpanel, the growth of
the SK-MEL-2 cell line proved to be noticeably affected by the
presence of the active nine tested compounds, with particular
sensitivity to the analogs 5a and 13a which displayed remarkably
high GI% (97.5 and 87.4, respectively). Moreover, the growth of the
ovarian cancer IGROV1 cell line was found to be inhibited by five
out of the tested compounds, with an obvious sensitivity towards
compounds 5a and 9b (GI% 93.1 and 72.9%, respectively). Referring
to the colon cancer subpanel, compounds 4 and 5a showed a
e selected tumor cell lines at the single-dose assay.a

10a 10b 12f 13a 13c

82.8 e 33.7 82.1 e

e 2.53 5.35 3.91 5.62
e 22.0 15.1 e 2.56
99.5 63.4 e 65.4 9.55

e 6.85 10.5 e 11.8
16.3 10.5 7.87 2.49 e

9.55 9.63 e e e

5.51 e e e e

e e 6.48 e e

e 2.83 2.23 e 14.2
e 2.96 e 2.13 2.21
3.01 6.43 10.0 e 2.36
3.73 e 5.50 3.17 9.63
e e 2.52 e e

28.0 e 6.51 e e

e e e 40.0 e

e e e e e

e e e e e

e e e e e

e 25.8 e e e

e 3.17 e e 3.67
e e 2.43 e 3.01
16.0 28.0 11.0 20.0 11.8

7.54 10.1 6.73 e e

29.3 37.8 30.0 87.4 67.3
e 2.35 5.01 e 6.65
10.2 11.9 10.8 7.33 3.24

e e 2.36 e e

e e e 2.48 e

e e 7.19 e 5.40
2.59 e 5.41 e 5.77

0�5 mM concentration.
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noticeable growth inhibitory activity against the HCC-2998 cell line
(GI% of 42.7 and 72.5, respectively). Although all of the tested
compounds were able to inhibit the growth of the renal UO-31 cell
line, yet their potential was clearly low (GI% range 10.6e28.0). On
the contrary, most of the breast, prostate and CNS cancer cell lines
utilized were resistant to the nine active compounds.

Further interpretation of the results revealed that, compound 9b
proved to possess a broad spectrum of anticancer activity against
29 of the tested 60 subpanel tumor cell lines, with particular
effectiveness against the non-small cell lung cancer Hop-92,
ovarian cancer IGROV1 and melanoma SK-MEL-2 cell lines (GI%
64.2, 72.9 and 77.6, respectively). Here it should be pointed out that,
although the antitumor spectrum of analog 5a is relatively narrow
when compared with its congeners 4, 9a,b,10a,b,12f and 13a,c, yet
it revealed remarkable growth inhibitory potentials against colon
cancer HCC-2998, ovarian cancer IGROV1 andmelanoma SK-MEL-2
cell lines (GI% 72.5, 93.5 and 97.5, respectively). However, the afore-
mentioned compounds displayed a promising broad spectrum
antitumor profile against some of the tested subpanel tumor cell
lines that would deserve further derivatization and investigation.

2.4. Structureeactivity correlation

A close examination of the structures of the active antimicrobial
compounds revealed that, their antimicrobial activity (Table 1) is
strongly bound to the nature of the substituent at the thiazole-C2. In
Scheme 1, the azomethins 2aec showed moderate to weak antimi-
crobial activity against S. aureus and E. coli, among which compound
2a (R ¼ 2-furyl) was the most active member. Formylation of the
amino group as in compound 3 led to a great reduction of the anti-
microbial activity. However, increasing the lipophilicity through the
formation of the 3,4,5-trimethoxybenzoylamino analog 4 resulted in
a remarkable enhancement in both the potency and spectrum of the
antibacterial activity, especially against S. aureus (MIC 6.25 mg/mL,
equipotent to ampicillin). Whereas, introduction of a benzene-
sulfonyl moiety (5a; R¼H) led to an obvious reduction of the overall
activity (compared with the analog 4). Acylation of the 2-amino
group with either a trifluoroacetyl group or a 2-substituted acetyl
moiety (as in 6 and 8a, respectively) did not offer a significant
advantage to the antimicrobial efficiency. Shifting to target com-
pounds 9e13 presented in Scheme 2, derivatization of the key in-
termediate 1 into the 2-(3-substituted)ureido derivatives gave rise to
two active compounds 9a,b, among which the aromatic analog 9b
(R ¼ C6H5) exhibited a noticeable broad spectrum antibacterial effi-
ciency against both Gram positive and negative bacteria, in addition
to a recognizable antifungal activity. Converting the latter ureido
analog 9b into its corresponding carboxylic acid hydrazide 10b
resulted in a remarkable improvement in the overall antimicrobial
potential especially against S. aureus, B. subtilis and E. coli. On the
other hand, bioisosteric replacement of the ureido with a thioureido
functionality substituted with a variety of alkyl, aralkyl and aryl
moieties, resulted in compounds 11aef, among which, the analogs
11e,f with aryl substituents (R ¼ 4-CH3eC6H4 and 4-FeC6H4,
respectively) exhibited better antimicrobial activity than the
aliphatic-substituted analog 11b (R ¼ cyclo-C6H11). Further derivati-
zation of the latter compounds into the targeted carboxylic acid hy-
drazides 12aef led to an obvious increase in the antimicrobial
potential and spectrum. The 4-fluorophenyl moiety (12f; R ¼ 4-Fe
C6H4) proved to be the most favorable substituent among this series
as it exhibited broad spectrum antibacterial potential against all the
tested Gram positive and negative strains, with special efficacy
against S. aureus andB. subtilis (MIC6.25and12.5mg/mL, respectively)
equivalent to ampicillin, in addition to a remarkable antifungal ac-
tivity against C. albicans (MIC 12.5 mg/mL) comparable to that of
clotrimazole (MIC 6.25 mg/mL). On the other hand, compounds 12d
(R ¼ C6H5) and 12e (R ¼ 4-CH3eC6H4) showed promising antibac-
terial activity against S. aureus togetherwith aweak antifungal effect,
when compared with 12f. Finally, derivatization of the ethyl
carboxylate group at C5 into the substituted carboxamido function-
ality afforded one moderately active compound 13c (R¼ 4-FeC6H4),
especially against S. aureus and B. subtilis.

On the other hand, taking the spectrum of antitumor activity
(Table 2) as a reliable criterion for comparison of the active anti-
cancer analogs in the present study, it could be clearly recognized
that better cell growth inhibitory activity could be correlated with
derivatization of the 2-amino group, rather than the conversion of
the ester function into carboxamido and acid hydrazide moieties. In
this context, the trimethoxybenzamido compound 4 exhibited a
reliable anticancer spectrum with a special potency against mela-
noma SK-MEL-2 cell line (GI% 69.1). Introduction of a sulfonamide
function as in 5a resulted in an obvious reduction in the overall ac-
tivity, nevertheless, it proved prominently active against some in-
dividual cell lines such as the colon HCC-2998, ovarian IGROV1 and
melanomaSK-MEL-2 cell lines (GI%72.5, 93.1 and97.5, respectively).
Furthermore, derivatization of the 2-amino group into a substituted
ureido functionality as in 9a and 9b showed remarkable enhance-
ment in activity against a wide range of subpanel tumor cell lines
especially leukemia and melanoma subpanels. However, further
derivatization of compounds 9a,b into their corresponding acid
hydrazides 10a,b led to a noticeable reduction in the overall anti-
cancer spectrum, with exceptional distinctive growth inhibitory
activity for 10a against NSCLC HOP-92 and NCI-H522 cell lines (GI%
82.8 and 99.5, respectively). Bioisosteric replacement of the ureido
group with a thioureido one as in 12f led to an obvious reduction in
the anticancer potency. Finally, conversion of the ester function into
a substituted carboxamido group as in 13a and 13c, led to an overall
remarkable reduction in activity. These findings are in line with
literature reports which have discussed the anticancer activity of
structurally relevant polysubstituted thiazoles [48e51].

A thorough literature survey revealed that the exact mechanism
of anticancer activity of thiazole carboxamide derivatives is still
uncertain. In addition to the previously-mentioned DNA minor
groove binding property of thiazoleenetropsin, thiazotropsin
bleomycin and leinamycin [24e26] and the potential tyrosine ki-
nase inhibitory activity of dasatinib [27], it was reported that the
anticancer potential of such type of thiazoles might be attributed to
their ability to inhibit necroptosis [52], induce apoptosis [53] and
inhibit dihydrofolic acid reductase (DHFR) enzyme [54]. Moreover,
some thiazole carboxamide derivatives have displayed different
affinities for many cancer biotargets including non-membrane
protein tyrosine phosphatase (SHP-2) [55] and JNK-stimulating
phosphatase-1 (JSP-1) [56].

3. Conclusion

In conclusion, the aim of the present investigation was to synthe-
size novel bifunctional thiazole lead compounds as potential anti-
cancerantibiotics. Suchobjectivehasbeenachievedby thesynthesisof
thirty compounds derived from ethyl 2-amino-4-methylthiazole-5-
carboxylate supported with chemotherapeutically-active pharmaco-
phores such as the azomethine,N-formyl,N-acyl, sulfonamido, ureido,
thioureido, carboxamidoandacidhydrazide functionalities. Ingeneral,
betterbiological activity seemedtobeassociatedwithderivatizationof
the 2-amino group, rather than the conversion of the ester function
into carboxamido and acid hydrazide moieties. The results of the
antimicrobial screening revealed that nineteen derivatives displayed
an obvious antibacterial activity, with special bactericidal effect on the
Gram positive bacteria. Among these, compounds 4, 9b, 10b, 11f and
12f revealed remarkable broad spectrum antibacterial profiles.
Meanwhile, nine compounds were able to exhibit moderate to weak
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antifungal activity against C. albicans, especially compounds 9b, 10b,
11f and 12f. The thioureido analog 12f stemmed as the most active
antimicrobial member identified in this study with an activity equiv-
alent to ampicillin and 50% of gentamicin sulfate against S. aureus, in
addition tobeingequipotent tobothampicillin andgentamicin against
B. subtilis, together with a moderate antifungal activity comparable
with clotrimazole and amphotericin B.

On the other hand, nine derivatives 4, 5a, 9a,b, 10a,b, 12f and
13a,c were subjected for preliminary in vitro anticancer screening
according to the current one-dose protocol of the NCI. Five cell lines
namely; the non-small cell lung cancer Hop-92, NCI-H522, ovarian
cancer IGROV1, colon cancer HCC-2998 and melanoma SK-MEL-2
exhibited remarkable sensitivity against most of the tested com-
pounds. Compound 9b proved to possess a broad spectrum of
anticancer activity against 29 of the tested 60 subpanel tumor cell
lines. Whereas, compounds 4, 5a, 9a, 10a,b, 13a and 13c displayed
promising antitumor profiles against particular subpanel tumor cell
lines. Collectively, compounds 4, 9b, 10b and 12f (Fig. 2) could be
considered as promising dual anticancer antibiotics that deserve
further investigation and derivatization in order to explore the
scope and limitation of their biological activities.

4. Experimental

4.1. Chemistry

Melting points were determined in open glass capillaries on a
Gallenkamp melting point apparatus and were uncorrected. The
infrared (IR) spectra were recorded on PerkineElmer 297 infrared
spectrophotometer using the NaCl plate technique. 1H NMR and 13C
NMR spectra were recorded on a Varian EM 360 spectrometer using
tetramethylsilane as the internal standard and DMSO-d6 as the sol-
vent (Chemical shifts in d, ppm). Splitting patterns were designated
as follows: s: singlet; d: doublet; m: multiplet. Elemental analyses
were performed at the Microanalytical Unit, Faculty of Science, King
Abdul-Aziz University, Jeddah, Saudi Arabia, and the found values
were within �0.4% of the theoretical values. Follow up of the re-
actions and checking thehomogeneity of the compoundsweremade
by TLC on silica gel-protected aluminum sheets (Type 60 F254,
Merck) and the spotswere detected byexposure toUV-lampat l254.
The synthesis of ethyl 2-amino-4-methylthiazole-5-carboxylate 1
was performed according to a reported literature procedure [47].

4.1.1. Ethyl 2-(2-arylideneamino)-4-methylthiazole-5-carboxylates
(2aec)

A solution of 1 (0.93 g, 5 mmol) and the appropriate aldehyde
(5 mmol) in gl. acetic acid (15 mL) was refluxed for 6e8 h. The solid
Fig. 2. Structures of the most active
product separated upon cooling was filtered, washed with cold
ethanol, dried and recrystallized. Physicochemical and analytical
data are recorded in Table 3. IR (cm�1): 1690e1675 (C]O), 1640e
1630 (C]N).

4.1.1.1. Ethyl 2-((furan-2-ylmethylene)amino)-4-methylthiazole-5-
carboxylate (2a). 1H NMR (d-ppm): 1.34 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.53 (s, 3H, thiazoleC4eCH3), 4.28 (q, J ¼ 9 Hz, 2H, estere
CH2), 6.49e6.75 (m, 3H, furane3H), 8.01 (s,1H, CH]N). 13C NMR (d-
ppm): 6.9 (CH3), 13.6 (CH3), 59.1 (CH2), 110.5, 143.6 (Furan C), 103.2,
149.3, 171.2 (Thiazole C), 167.3 (CO), 163.4 (C]N).

4.1.1.2. Ethyl 4-methyl-2-((thiophen-2-ylmethylene)amino)thiazole-
5-carboxylate (2b). 1H NMR (d-ppm): 1.36 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.56 (s, 3H, thiazoleC4eCH3), 4.32 (q, J ¼ 9 Hz, 2H, ester-e
CH2), 7.20e7.44 (m, 3H, thiophene3H), 8.12 (s,1H, CH]N). 13C NMR
(d-ppm): 6.9 (CH3), 13.6 (CH3), 59.2 (CH2), 126.4, 128.3 (Thiophene
C), 103.1, 149.2, 171.3 (Thiazole C), 167.2 (CO), 163.3 (C]N).

4.1.1.3. Ethyl 4-methyl-2-(((1-methyl-1H-pyrrol-2-yl)methylene)
amino)thiazole-5-carboxylate (2c). 1H NMR (d-ppm): 1.31 (t,
J ¼ 9 Hz, 3H, estereCH3), 2.49 (s, 3H, thiazoleC4eCH3), 3.54 (s, 3H,
PyrroleCH3), 4.23 (q, J ¼ 9 Hz, 2H, estereCH2), 6.17e6.46 (m, 3H,
Pyrrole3H), 8.06 (s, 1H, CH]N). 13C NMR (d-ppm): 6.8 (CH3), 13.4
(CH3), 32.3 (NeCH3), 59.0 (CH2), 108.8, 123.1 (Pyrrole C), 103.2,
149.4, 171.5 (Thiazole C), 167.0 (CO), 163.5 (C]N).

4.1.2. Ethyl 2-formamido-4-methylthiazole-5-carboxylate (3)
A solution of the thiazole 1 (0.93 g, 5 mmol) in formic acid

(5 mL) was heated under reflux for 1 h, during which a solid
product was partially crystallized out. After being cooled to
room temperature, the product was filtered, washed with water,
dried and recrystallized. Physicochemical and analytical data
are recorded in Table 3. IR (cm�1): 3145 (NH), 1690 (C]O), 1650
(C]O). 1H NMR (d-ppm): 1.41 (t, J ¼ 9 Hz, 3H, estereCH3), 2.59
(s, 3H, thiazoleC4eCH3), 4.33 (q, J ¼ 9 Hz, 2H, estereCH2), 8.12
(brs, 1H, NH), 8.63 (s, 1H, CHO). 13C NMR (d-ppm): 6.9 (CH3), 13.7
(CH3), 59.1 (CH2), 103.3, 149.1, 172.0 (Thiazole C), 160.5 (CO),
167.1 (CO).

4.1.3. Ethyl 4-methyl-2-(3,4,5-trimethoxybenzamido)thiazole-5-
carboxylate (4)

A mixture of 1 (0.93 g, 5 mmol) and 3,4,5-trimethoxybenzoyl
chloride (1.15 g, 5 mmol) in pyridine (10 mL) was heated under
reflux for 4 h. The reaction mixture was left to attain room tem-
perature, poured onto crushed ice and the separated solid product
was filtered, washed with water, dried and recrystallized.
compounds 4, 9b, 10b and 12f.



Table 3
Physicochemical and analytical data for compounds 2e13.

Cpd no. X or R Yield (%) M.p. (�C) (Cryst. solv.)a Mol. form. (M. wt.) Analysisb

C H N

2a O 76 201e3 (E) C12H12N2O3S (264.3) C
F

54.53
54.42

4.58
4.73

10.60
10.38

2b S 89 217e8 (E) C12H12N2O2S2 (280.37) C
F

51.41
51.66

4.31
4.12

9.99
10.08

2c NeCH3 68 182e4 (E) C13H15N3O2S (277.34) C
F

56.30
56.57

5.45
5.33

15.15
14.91

3 e 37 175e7 (M) C8H10N2O3S (214.24) C
F

44.85
44.62

4.70
4.97

13.08
13.32

4 e 43 142e4 (E/PE) C17H20N2O6S (380.42) C
F

53.67
53.34

5.30
5.41

7.36
7.47

5a H 48 177e9 (DMF/E) C13H14N2O4S2 (326.39) C
F

47.84
47.63

4.32
4.40

8.58
8.27

5b CH3 37 160e2 (DMF/E) C14H16N2O4S2 (340.42) C
F

49.40
49.31

4.74
4.96

8.23
8.46

6 e 78 231e3 (E/PE) C9H9F3N2O3S (282.24) C
F

38.30
38.09

3.21
3.38

9.93
10.11

7 e 84 102e4 (E/W) C9H11ClN2O3S (262.71) C
F

41.15
40.91

4.22
4.43

10.66
10.75

8a O 59 122e4 (E) C13H19N3O4S (313.37) C
F

49.83
49.97

6.11
6.03

13.41
13.78

8b NeCH3 48 147e9 (E) C14H22N4O3S (326.41) C
F

51.51
51.74

6.79
6.88

17.16
16.98

9a Cyclo-C6H11 86 163e5 (E) C14H21N3O3S (311.40) C
F

54.00
54.31

6.80
6.63

13.49
13.37

9b C6H5 76 254e6 (E) C14H15N3O3S (305.35) C
F

55.07
54.83

4.95
5.09

13.76
13.53

10a Cyclo-C6H11 53 170e1 (E) C12H19N5O2S (297.38) C
F

48.47
48.26

6.44
6.61

23.55
23.72

10b C6H5 41 230e2 (E) C12H13N5O2S (291.33) C
F

49.47
49.56

4.50
4.42

24.04
23.89

11a CH3 37 158e9 (E) C9H13N3O2S2 (259.35) C
F

41.68
41.46

5.05
5.30

16.20
16.47

11b Cyclo-C6H11 62 166e7 (E) C14H21N3O2S2 (327.47) C
F

51.35
51.47

6.46
6.60

12.83
12.96

11c C6H5e CH2 60 141e3 (E/W) C15H17N3O2S2 (335.44) C
F

53.71
53.59

5.11
5.43

12.53
12.77

11d C6H5 50 164e6 (E) C14H15N3O2S2 (321.42) C
F

52.32
52.54

4.70
4.51

13.07
12.91

11e 4-CH3-C6H4 80 170e2 (E) C15H17N3O2S2 (335.45) C
F

53.71
53.46

5.11
5.49

12.53
12.71

11f 4-F-C6H4 78 178e0 (E) C14H14FN3O2S2 (339.41) C
F

49.54
49.80

4.16
4.03

12.38
12.27

12a CH3 19 186e8 (E/PE) C7H11N5OS2 (245.33) C
F

34.27
34.13

4.52
4.64

28.55
28.31

12b Cyclo-C6H11 27 197e9 (E) C12H19N5OS2 (313.44) C
F

45.98
46.11

6.11
6.03

22.34
22.46

12c C6H5e CH2 21 146e8 (E/W) C13H15N5OS2 (321.42) C
F

48.58
48.69

4.70
4.43

21.79
21.56

12d C6H5 34 264e6 (E) C12H13N5OS2 (307.39) C
F

46.89
47.04

4.26
4.13

22.78
22.91

12e 4-CH3-C6H4 28 284e6 (E) C13H15N5OS2 (321.43) C
F

48.58
48.64

4.70
4.51

21.79
21.61

12f 4-F-C6H4 27 297e9 (E/W) C12H12FN5OS2 (325.38) C
F

44.29
44.36

3.72
3.63

21.52
21.27

13a CH2CH2OH 31 191e3 (D/W) C7H11N3O2S (201.25) C
F

41.78
41.90

5.51
5.38

20.88
20.61

13b 4-CH3OeC6H4 25 148e2 (E) C12H13N3O2S (263.32) C
F

54.74
54.81

4.98
5.02

15.96
15.74

13c 4-F-C6H4 27 176e7 (E) C11H10FN3OS (251.28) C
F

52.58
52.70

4.01
3.88

16.72
16.91

a Crystallization solvent(s): A: acetic acid, D: dioxane, DMF: N,N-dimethylformamide, E: ethanol, M: methanol, PE: petroleum ether (60:80), W: water.
b The found values (F) are within �0.4% of the calculated (C) values.
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Physicochemical and analytical data are recorded in Table 3. IR
(cm�1): 3225 (NH),1715 (C]O),1680 (C]O). 1H NMR (d-ppm): 1.37
(t, J ¼ 9 Hz, 3H, estereCH3), 2.49 (s, 3H, ThiazoleC4eCH3), 3.89 (s,
6H, 2OCH3), 4.06 (s, 3H, OCH3), 4.28 (q, J ¼ 9 Hz, 2H, estereCH2),
6.79 (s, 1H, AreH), 6.90 (s, 1H, AreH), 8.11 (brs,1H, NH). 13C NMR (d-
ppm): 6.8 (CH3), 13.6 (CH3), 56.3 (CH3O), 56.6 (CH3O), 59.0 (CH2),
103.2,149.0,171.7 (Thiazole C),106.2,127.8,136.5,148.6 (Ar C),165.2
(CO), 167.0 (CO).
4.1.4. Ethyl 4-methyl-2-(4-substituted phenylsulfonamido)thiazole-
5-carboxylates (5a,b)

A mixture of the start 1 (0.93 g, 5 mmol) and benzenesulfonyl
chloride or tosyl chloride (5 mmol) in pyridine (10 mL) was heated
under reflux for 3 h. Working up of the reaction mixture was car-
ried out as described under 4. Physicochemical and analytical data
are recorded in Table 3. IR (cm�1): 3380e3125 (NH), 1690e1680
(C]O), 1110e1017 (SO2).
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4.1.4.1. Ethyl 4-methyl-2-(phenylsulfonamido)thiazole-5-carboxylate
(5a). 1H NMR (d-ppm): 1.31 (t, J ¼ 9 Hz, 3H, estereCH3), 2.51 (s,
3H, ThiazoleC4eCH3), 4.26 (q, J ¼ 9 Hz, 2H, estereCH2), 7.42e7.71
(m, 5H, AreH), 8.13 (brs, 1H, NH). 13C NMR (d-ppm): 6.9 (CH3), 13.1
(CH3), 59.0 (CH2), 103.8, 149.2, 171.9 (Thiazole C), 125.5, 128.8, 131.6,
139.3 (Ar C), 165.1 (CO), 167.2 (CO).

4.1.4.2. Ethyl 4-methyl-2-(4-methylphenylsulfonamido)thiazole-5-
carboxylate (5b). 1H NMR (d-ppm): 1.29 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.36 (s, 3H, tolyleCH3), 2.47 (s, 3H, ThiazoleC4eCH3), 4.24 (q,
J ¼ 9 Hz, 2H, estereCH2), 7.23e7.70 (m, 4H, AreH), 7.86 (brs, 1H,
NH). 13C NMR (d-ppm): 6.9 (CH3), 13.5 (CH3), 20.9 (CH3), 59.0 (CH2),
104.0,149.3,172.1 (Thiazole C),125.4,129.3,136.2,141.0 (Ar C),165.2
(CO), 167.0 (CO).

4.1.5. Ethyl 4-methyl-2-(2,2,2-trifluoroacetamido)thiazole-5-
carboxylate (6)

The thiazole 1 (0.93 g, 5 mmol) was warmed with trifluoroacetic
anhydride (6 mL) on a water bath for 1 h, then the mixture was
allowed to attain room temperature. The deposited solid was
filtered, washed with petroleum ether (60e80 �C), dried and
recrystallized. Physicochemical and analytical data are recorded in
Table 3. IR (cm�1): 3330 (NH), 1730 (C]O), 1670 (C]O). 1H NMR (d-
ppm): 1.37 (t, J ¼ 9 Hz, 3H, estereCH3), 2.59 (s, 3H, ThiazoleC4e

CH3), 4.27 (q, J ¼ 9 Hz, 2H, estereCH2), 8.08 (brs, 1H, NH). 13C NMR
(d-ppm): 6.9 (CH3), 13.3 (CH3), 59.4 (CH2), 124.9 (CF3), 103.6, 149.3,
172.1 (Thiazole C), 160.4 (CO), 167.0 (CO).

4.1.6. Ethyl 2-(2-chloroacetamido)-4-methylthiazole-5-carboxylate
(7)

Chloroacetyl chloride (0.85 g, 7.5 mmol) was added dropwise to
a stirred solution of the thiazole 1 (0.93 g, 5 mmol) in dry toluene
(15 mL) at room temperature. The reaction mixture was heated
under reflux for 6 h, then the solvent was removed under reduced
pressure and the remaining pale yellow residue was treated with
water, filtered, dried and recrystallized. Physicochemical and
analytical data are recorded in Table 3. IR (cm�1): 3215 (NH), 1690
(C]O), 1645 (C]O). 1H NMR (d-ppm): 1.34 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.61 (s, 3H, ThiazoleC4eCH3), 4.29 (q, J ¼ 9 Hz, 2H, estere
CH2), 4.41 (s, 2H, CH2eCl), 8.12 (brs, 1H, NH). 13C NMR (d-ppm): 6.8
(CH3), 13.4 (CH3), 48.8 (CH2Cl), 59.0 (CH2), 104.0, 149.3, 172.1
(Thiazole C), 163.2 (CO), 168.1 (CO).

4.1.7. Ethyl 4-methyl-2-(2-(substituted amino)acetamido)thiazole-
5-carboxylates (8a,b)

To a stirred solution of 7 (1 g, 4 mmol) in dry toluene (20 mL),
the appropriate secondary amine (8 mmol) was added dropwise.
The reaction mixture was heated under reflux for 5e8 h and the
solvent was removed under reduced pressure. The obtained residue
was treated with ice-cold water, filtered, dried and recrystallized.
Physicochemical and analytical data are recorded in Table 3. IR
(cm�1): 3430e3175 (NH), 1690e1681 (C]O), 1655e1650 (C]O).

4.1.7.1. Ethyl 4-methyl-2-(2-morpholinoacetamido)thiazole-5-
carboxylate (8a). 1H NMR (d-ppm): 1.36 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.34e2.53 (m, 4H, morpholineeH), 2.64 (s, 3H, ThiazoleC4e

CH3), 3.46e3.67 (m, 4H, morpholineeH), 4.36 (q, J ¼ 9 Hz, 2H,
estereCH2), 4.46 (s, 2H, CH2), 8.09 (brs, 1H, NH). 13C NMR (d-ppm):
7.0 (CH3), 13.6 (CH3), 59.1 (CH2), 55.9 (morpholine a-C), 71.1
(morpholine b-C), 103.6, 149.5, 172.0 (Thiazole C), 167.1 (CO), 168.2
(CO).

4.1.7.2. Ethyl 4-methyl-2-(2-(4-methylpiperazin-1-yl)acetamido)
thiazole-5-carboxylate (8b). 1H NMR (d-ppm): 1.38 (t, J ¼ 9 Hz, 3H,
estereCH3), 2.19 (s, 3H, NeCH3), 2.29e2.63 (m, 8H, piperazineeH),
2.61 (s, 3H, ThiazoleC4eCH3), 4.37 (q, J¼ 9 Hz, 2H, estereCH2), 4.48
(s, 2H, CH2), 8.10 (brs, 1H, NH). 13C NMR (d-ppm): 6.9 (CH3), 13.5
(CH3), 59.0 (CH2), 54.6 (piperazine a-C), 57.3 (piperazine b-C), 103.5,
149.3, 172.2 (Thiazole C), 167.2 (CO), 168.1 (CO).

4.1.8. Ethyl 2-(3-substituted ureido)-4-methylthiazole-5-
carboxylates (9a,b)

A solution of the thiazole 1 (0.93 g, 5 mmol) and the appropriate
isocyanate (6 mmol) in pyridine (10 mL), was heated under reflux
for 6e8 h. After cooling to room temperature, the reaction mixture
was poured onto crushed ice and the separated solid product was
filtered, washed with water, dried and recrystallized. Physico-
chemical and analytical data are recorded in Table 3. IR (cm�1):
3370e3265 (NH2), 1729 (C]O), 1650e1645 (C]O).

4.1.8.1. Ethyl 2-(3-cyclohexylureido)-4-methylthiazole-5-carboxylate
(9a). 1H NMR (d-ppm): 1.34 (t, J ¼ 9 Hz, 3H, estereCH3), 1.48e
1.73 (m, 10H, cyclohexyleH), 2.29 (m, 1H, cyclohexyleH), 2.57 (s,
3H, ThiazoleC4eCH3), 4.29 (q, J ¼ 9 Hz, 2H, estereCH2), 8.16 (brs,
2H, 2 NH). 13C NMR (d-ppm): 6.9 (CH3), 13.7 (CH3), 21.6, 27.2, 32.6,
47.4 (cyclohexyl C) 59.1 (CH2), 103.1, 148.9, 171.8 (Thiazole C), 157.5
(CO), 167.1 (CO).

4.1.8.2. Ethyl 4-methyl-2-(3-phenylureido)thiazole-5-carboxylate
(9b). 1H NMR (d-ppm): 1.36 (t, J ¼ 9 Hz, 3H, estereCH3), 2.59 (s,
3H, ThiazoleC4eCH3), 4.26 (q, J ¼ 9 Hz, 2H, estereCH2), 6.98e7.47
(m, 5H, AreH), 8.2 (brs, 2H, 2 NH). 13C NMR (d-ppm): 6.8 (CH3), 13.6
(CH3), 59.2 (CH2), 103.6, 149.4, 172.3 (Thiazole C), 120.4, 124.1, 128.6,
138.4 (Ar C), 152.5 (CO), 167.0 (CO).

4.1.9. 3-(5-(Hydrazinecarbonyl)-1-substituted-4-methylthiazol-2-
yl)urea (10a,b)

A solution of the appropriate ureido derivative 9 (5 mmol) in
ethanol (15 mL) was treated with hydrazine hydrate 99% (0.75 g,
15 mmol) and the reaction mixturewas heated under reflux for 4 h.
The obtained precipitate, upon cooling, was filtered, washed with
cold ethanol, dried and recrystallized. Physicochemical and
analytical data are recorded in Table 3. IR (cm�1): 3340e3198 (NH),
1678e1670 (C]O), 1664e1657 (C]O).

4.1.9.1. 1-Cyclohexyl-3-(5-(hydrazinecarbonyl)-4-methylthiazol-2-yl)
urea (10a). 1H NMR (d-ppm): 1.44e1.71 (m, 10H, cyclohexyleH),
2.32 (m,1H, cyclohexyleH), 2.49 (s, 3H, ThiazoleC4eCH3), 6.08 (brs,
1H, NH), 8.15 (brs, 1H, NH), 8.29 (brs, 1H, NH). 13C NMR (d-ppm): 6.7
(CH3), 21.5, 27.1, 32.7, 47.2 (cyclohexyl C), 103.5, 148.7, 171.6 (Thia-
zole C), 157.3 (CO), 167.2 (CO).

4.1.9.2. 1-(5-(Hydrazinecarbonyl)-4-methylthiazol-2-yl)-3-
phenylurea (10b). 1H NMR (d-ppm): 2.48 (s, 3H, ThiazoleC4eCH3),
5.97 (brs, 1H, NH), 7.05e7.72 (m, 5H, AreH), 8.06 (brs, 1H, NH), 8.21
(brs, 1H, NH). 13C NMR (d-ppm): 7.0 (CH3), 103.4, 149.1, 172.0
(Thiazole C), 120.3, 124.2, 128.8, 138.6 (Ar C), 152.5 (CO), 167.3 (CO).

4.1.10. Ethyl 2-(3-substituted thioureido)-4-methylthiazole-5-
carboxylates (11aef)

To a solution of the thiazole 1 (0.93 g, 5 mmol) in pyridine
(10 mL) was added the appropriate isothiocyanate (6 mmol). The
reactionmixturewas heated under reflux for 5e6 h then allowed to
attain room temperature. Working up of the reaction mixture was
carried out as described under 9a,b. Physicochemical and analytical
data are recorded in Table 3. IR (cm�1): 3470e2935 (NH), 1730e
1718 (C]O), 982e958 (NCS).

4.1.10.1. Ethyl 4-methyl-2-(3-methylthioureido)thiazole-5-
carboxylate (11a). 1H NMR (d-ppm): 1.36 (t, J ¼ 9 Hz, 3H, estere
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CH3), 2.52 (s, 3H, ThiazoleC4eCH3), 3.22 (s, 3H, NeCH3), 4.27 (q,
J¼ 9 Hz, 2H, estereCH2), 6.21 (brs, 2H, 2 NH). 13C NMR (d-ppm): 6.8
(CH3), 13.7 (CH3), 34.0 (NeCH3), 59.1 (CH2), 103.2, 149.1, 172.0
(Thiazole C), 167.0 (CO), 179.6 (CS).

4.1.10.2. Ethyl 2-(3-cyclohexylthioureido)-4-methylthiazole-5-
carboxylate (11b). 1H NMR (d-ppm): 1.32 (t, J ¼ 9 Hz, 3H, estere
CH3), 1.52e1.69 (m, 10H, cyclohexyleH), 2.26 (m, 1H, cyclohexyle
H), 2.52 (s, 3H, ThiazoleC4eCH3), 4.29 (q, J ¼ 9 Hz, 2H, estereCH2),
6.1 (brs, 2H, 2 NH). 13C NMR (d-ppm): 6.8 (CH3), 13.6 (CH3), 22.5,
27.1, 33.5, 52.2 (cyclohexyl C) 59.2 (CH2), 105.0, 148.9, 172.4 (Thia-
zole C), 167.3 (CO), 179.6 (CS).

4.1.10.3. Ethyl 2-(3-benzylthioureido)-4-methylthiazole-5-
carboxylate (11c). 1H NMR (d-ppm): 1.35 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.53 (s, 3H, ThiazoleC4eCH3), 2.64 (s, 2H, benzyleCH2), 4.34
(q, J ¼ 9 Hz, 2H, estereCH2), 6.35 (brs, 2H, 2 NH), 7.09e7.36 (m, 5H,
AreH). 13C NMR (d-ppm): 6.9 (CH3), 13.7 (CH3), 55.8 (CH2), 59.2
(CH2), 103.2, 148.8, 171.7 (Thiazole C), 126.5, 127.2, 128.4, 142.6 (Ar
C), 167.1 (CO), 180.1 (CS).

4.1.10.4. Ethyl 4-methyl-2-(3-phenylthioureido)thiazole-5-
carboxylate (11d). 1H NMR (d-ppm): 1.34 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.53 (s, 3H, ThiazoleC4eCH3), 4.31 (q, J ¼ 9 Hz, 2H, estere
CH2), 6.29 (brs, 2H, 2 NH), 7.12e7.41 (m, 5H, AreH). 13C NMR (d-
ppm): 6.9 (CH3), 13.6 (CH3), 59.0 (CH2), 103.4, 149.1, 172.0 (Thiazole
C), 124.3, 125.2, 128.8, 139.6 (Ar C), 167.0 (CO), 179.9 (CS).

4.1.10.5. Ethyl 4-methyl-2-(3-(p-tolyl)thioureido)thiazole-5-
carboxylate (11e). 1H NMR (d-ppm): 1.35 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.27 (s, 3H, tolyleCH3), 2.50 (s, 3H, ThiazoleC4eCH3), 4.33 (q,
J¼ 9 Hz, 2H, estereCH2), 6.45 (brs, 2H, 2NH), 6.98e7.23 (m, 4H, Are
H). 13C NMR (d-ppm): 6.7 (CH3), 13.6 (CH3), 20.9 (CH3), 59.1 (CH2),
104.1, 149.3, 172.1 (Thiazole C), 125.2,129.5, 133.6, 136.4 (Ar C), 167.0
(CO), 180.3 (CS).

4.1.10.6. Ethyl 2-(3-(4-fluorophenyl)thioureido)-4-methylthiazole-5-
carboxylate (11f). 1H NMR (d-ppm): 1.37 (t, J ¼ 9 Hz, 3H, estere
CH3), 2.49 (s, 3H, ThiazoleC4eCH3), 4.3 (q, J¼ 9 Hz, 2H, estereCH2),
6.32 (brs, 2H, 2NH), 6.97e7.19 (m, 4H, AreH). 13C NMR (d-ppm): 6.9
(CH3), 13.5 (CH3), 59.2 (CH2), 103.3, 149.2, 172.3 (Thiazole C), 115.9,
126.8, 135.1, 158.3 (Ar C), 167.0 (CO), 180.2 (CS).

4.1.11. 1-(5-(Hydrazinecarbonyl)-4-methylthiazol-2-yl)-3-
(substituted)thiourea (12aef)

To a solution of the appropriate thioureido derivative 11
(5 mmol) in ethanol (15 mL) was added hydrazine hydrate (0.75 g,
15mmol), and the reactionmixturewas heated under reflux for 6 h.
The obtained precipitate, upon cooling, was filtered, washed with
cold water, dried and recrystallized. Physicochemical and analytical
data are recorded in Table 2. IR (cm�1): 3540e2920 (NH), 1670e
1665 (C]O), 990e953 (NCS).

4.1.11.1. 1-(5-(Hydrazinecarbonyl)-4-methylthiazol-2-yl)-3-
methylthiourea (12a). 1H NMR (d-ppm): 2.55 (s, 3H, ThiazoleC4e

CH3), 3.25 (s, 3H, NeCH3), 5.58 (brs, 1H, NH), 6.19 (brs, 1H, NH), 8.12
(brs, 1H, NH). 13C NMR (d-ppm): 7.4 (CH3), 34.2 (NeCH3), 104.4,
149.2, 171.9 (Thiazole C), 167.4 (CO), 179.9 (CS).

4.1.11.2. 1-Cyclohexyl-3-(5-(hydrazinecarbonyl)-4-methylthiazol-2-
yl)thiourea (12b). 1H NMR (d-ppm): 1.49e1.58 (m, 10H, cyclo-
hexyleH), 2.17 (m, 1H, cyclohexyleH), 2.59 (s, 3H, ThiazoleC4e

CH3), 6.16 (brs, 1H, NH), 8.09 (brs, 1H, NH). 13C NMR (d-ppm): 7.6
(CH3), 22.3, 27.3, 32.9, 51.2 (cyclohexyl C), 104.6, 148.7, 172.0
(Thiazole C), 167.4 (CO), 179.8 (CS).
4.1.11.3. 1-Benzyl-3-(5-(hydrazinecarbonyl)-4-methylthiazol-2-yl)
thiourea (12c). 1H NMR (d-ppm): 2.61 (s, 3H, ThiazoleC4eCH3),
4.93 (s, 2H, CH2), 5.54 (brs, 1H, NH), 6.14 (brs,1H, NH), 7.21e7.78 (m,
5H, AreH), 8.06 (brs, 1H, NH). 13C NMR (d-ppm): 7.5 (CH3), 55.9
(CH2), 103.2, 148.8, 171.7 (Thiazole C), 126.5, 127.2, 128.4, 142.6 (Ar
C), 167.1 (CO), 180.1 (CS).

4.1.11.4. 1-(5-(Hydrazinecarbonyl)-4-methylthiazol-2-yl)-3-
phenylthiourea (12d). 1H NMR (d-ppm): 2.48 (s, 3H, ThiazoleC4e

CH3), 5.66 (brs, 1H, NH), 5.98 (brs, 1H, NH), 7.34e7.84 (m, 5H, Are
H), 8.10 (brs, 1H, NH). 13C NMR (d-ppm): 7.5 (CH3), 103.4, 149.1, 172.0
(Thiazole C), 124.6, 125.8, 128.8, 139.4 (Ar C), 167.2 (CO), 179.8 (CS).

4.1.11.5. 1-(5-(Hydrazinecarbonyl)-4-methylthiazol-2-yl)-3-(p-tolyl)
thiourea (12e). 1H NMR (d-ppm): 2.32 (s, 3H, tolyleCH3), 2.51 (s, 3H,
ThiazoleC4eCH3), 4.45 (brs,1H, NH), 5.8 (brs,1H, NH), 7.11e7.48 (m,
4H, AreH), 8.11 (brs, 1H, NH). 13C NMR (d-ppm): 6.7 (CH3), 20.9
(CH3), 103.8, 149.2, 172.0 (Thiazole C), 125.4, 129.7, 133.7, 136.8 (Ar
C), 167.6 (CO), 180.1 (CS).

4.1.11.6. 1-(4-Fluorophenyl)-3-(5-(hydrazinecarbonyl)-4-
methylthiazol-2-yl)thiourea (12f). 1H NMR (d-ppm): 2.45 (s, 3H,
ThiazoleC4eCH3), 4.05 (brs, 1H, NH), 5.14 (brs, 1H, NH), 7.12e7.62
(m, 4H, AreH), 7.99 (brs,1H, NH). 13C NMR (d-ppm): 6.9 (CH3),103.7,
148.2, 171.7 (Thiazole C), 115.7, 126.6, 135.3, 158.4 (Ar C), 167.5 (CO),
180.0 (CS).

4.1.12. 2-Amino-4-methyl-N-substituted-thiazole-5-carboxamides
(13aec)

To a solution of the thiazole 1 (0.93 g, 5 mmol) in ethanol
(15 mL), the appropriate amine was added and the mixture was
heated under reflux for 10e12 h. After being cooled to room tem-
perature, the separated solid was filtered, washed with cold
ethanol, dried and recrystallized. Physicochemical and analytical
data are recorded in Table 3. IR (cm�1): 3540e2775 (NH, OH),
1685e1645 (C]O).

4.1.12.1. 2-Amino-N-(4-hydroxyethyl)-4-methylthiazole-5-
carboxamide (13a). 1H NMR (d-ppm): 2.51 (s, 3H, ThiazoleC4eCH3),
2.90 (m, 2H, CH2), 3.46 (m, 2H, CH2), 3.85 (brs, 1H, OH), 6.13 (brs,
2H, NH2), 8.16 (brs, 1H, NH). 13C NMR (d-ppm): 6.5 (CH3), 103.5,
149.2, 172.2 (Thiazole C), 45.4 (CH2eN), 64.5 (CH2eOH), 167.9 (CO).

4.1.12.2. 2-Amino-N-(4-methoxyphenyl)-4-methylthiazole-5-
carboxamide (13b). 1H NMR (d-ppm): 2.43 (s, 3H, ThiazoleC4eCH3),
3.51 (s, 3H, OCH3), 6.48 (brs, 2H, NH2), 7.14e7.72 (m, 4H, AreH), 8.12
(brs, 1H, NH). 13C NMR (d-ppm): 6.6 (CH3), 56.0 (CH3O), 103.7, 149.0,
172.3 (Thiazole C), 114.3, 121.4, 130.5, 157.5 (Ar C), 165.4 (CO).

4.1.12.3. 2-Amino-N-(4-fluorophenyl)-4-methylthiazole-5-carbox-
amide (13c). 1H NMR (d-ppm): 2.48 (s, 3H, ThiazoleC4eCH3), 6.09
(brs, 2H, NH2), 6.88e7.52 (m, 4H, AreH), 8.08 (brs,1H, NH). 13C NMR
(d-ppm): 6.5 (CH3), 103.5, 149.3, 172.1 (Thiazole C), 115.6, 122.2,
133.5, 157.7 (Ar C), 165.2 (CO).

4.2. In vitro antibacterial and antifungal screening

4.2.1. Inhibition-zone (IZ) measurements
All the synthesized compounds were evaluated by the agar cup

diffusion technique [41] using a 1 mg/mL solution in DMSO. The
test organisms utilized were S. aureus (ATCC 6538), B. subtilis (ATCC
6633) as examples of Gram positive bacteria and E. coli (ATCC
25922), P. aeruginosa (ATCC 27853) as examples of Gram negative
bacteria. They were also evaluated for their in vitro antifungal po-
tential against C. albicans (ATCC 10231) and A. niger (recultured)
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fungal strains. Each 100mL of sterile molten agar (at 45 �C) received
1 mL of 6 h-broth culture and then the seeded agar was poured into
sterile Petri dishes. Cups (8 mm in diameter) were cut in the agar.
Each cup received 0.1 mL of the 1 mg/mL solution of the test
compounds. The plates were then incubated at 37 �C for 24 h or, in
case of C. albicans, for 48 h. A control using DMSO without the test
compound was included for each organism. Ampicillin trihydrate
and gentamicin sulfate were used as standard antibacterial agents,
whereas clotrimazole and amphotericin B were used as antifungal
reference drugs. The results were recorded for each tested com-
pound as the average of three measurements of the diameter of
inhibition zones (IZ) of bacterial or fungal growth around the discs
in mm. The minimum inhibitory concentration (MIC, mg/mL) and
minimum bacterial concentration (MBC, mg/mL) measurements
were determined for compounds that showed significant growth
inhibition zones (�13 mm) using the two-fold serial dilution
method [42].

4.2.2. Minimal inhibitory concentration (MIC) measurement
The minimal inhibitory concentrations (MIC) of the most active

compounds were measured using the twofold serial broth dilution
method [42]. The test organisms were grown in their suitable
broth: 24 h for bacteria and 48 h for fungi at 37 �C. Twofold serial
dilutions of solutions of the test compounds were prepared using
200, 100, 50, 25, 12.5 and 6.25 mg/mL. The tubes were then inocu-
lated with the test organisms; each 5 mL received 0.1 mL of the
above inoculum and were incubated at 37 �C for 48 h. Then, the
tubes were observed for the presence or absence of microbial
growth. The MIC values of the prepared compounds are listed in
Table 1.

4.2.3. Minimal bactericidal concentration (MBC) measurement
MIC tests were always extended to measure the MBC [43] as

follows: A loop-full from the tube not showing visible growth (MIC)
was spread over a quarter of MüllereHinton agar plate. After 18 h of
incubation, the plates were examined for growth. Again, the tube
containing the lowest concentration of the test compound that
failed to yield growth on subculture plates was judged to contain
the MBC of that compound for the respective test organism
(Table 1).

4.3. Preliminary in vitro anticancer screening

4.3.1. Primary in vitro one-dose assay
Out of the newly synthesized compounds, nine derivatives 4, 5a,

9a,b, 10a,b, 12f and 13a,c were selected by the National Cancer
Institute (NCI) in vitro disease-oriented human cells screening
panel assay to be evaluated for their in vitro antitumor activity.
Primary in vitro one dose anticancer assay was performed using the
full NCI 60 cell panel in accordance with the current protocol of the
Drug Evaluation Branch, NCI, Bethesda [44e46]. These cell lines
were incubated with one concentration (10 mM) for each tested
compound. A 48 h continuous drug exposure protocol was used,
and a sulphorhodamine B (SRB) protein assay was employed to
estimate cell viability or growth (Table 2).
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