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ABSTRACT

The 2-acylamino-5-nitro-1,3-thiazole derivatives (1-14) were prepared using a one step reaction. All
compounds were tested in vitro against four neglected protozoan parasites (Giardia intestinalis,
Trichomonas vaginalis, Leishmania amazonensis and Trypanosoma cruzi). Acetamide (9), valeroylamide
(10), benzamide (12), methylcarbamate (13) and ethyloxamate (14) derivatives were the most active
compounds against G. intestinalis and T. vaginalis, showing nanomolar inhibition. Compound 13
(ICs0 = 10 nM), was 536-times more active than metronidazole, and 121-fold more effective than nitazox-
anide against G. intestinalis. Compound 14 was 29-times more active than metronidazole and 6.5-fold
more potent than nitazoxanide against T. vaginalis. Ureic derivatives 2, 3 and 5 showed moderate activity
against L. amazonensis. None of them were active against T. cruzi. Ligand efficiency indexes analysis
revealed higher intrinsic quality of the most active 2-acylamino derivatives than nitazoxanide and met-
ronidazole. In silico toxicity profile was also computed for the most active compounds. A very low in vitro
mammalian cytotoxicity was obtained for 13 and 14, showing selectivity indexes (SI) of 246,300 and
141,500, respectively. Nitazoxanide showed an excellent leishmanicidal and trypanocidal effect, repur-
posing this drug as potential new antikinetoplastid parasite compound

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Giardia intestinalis (syn. Giardia duodenalis, Giardia lamblia) is a
neglected intestinal protozoan parasite infecting humans and var-

The neglected protozoan diseases are a group of tropical infec-
tions which are especially endemic in low-income populations,
affecting hundreds of million people and animals.! However, these
infections are also present in the United States and more developed
countries. According to the Centers for Disease Control and Preven-
tion (CDC),? the major neglected protozoan infections identified at
this time for further action include the agents that cause Chagas
disease, leishmaniasis, trichomoniasis and giardiasis.>™* These
infections are considered neglected because relatively little atten-
tion has been devoted to their surveillance, prevention, and/or
treatment.?

* Taken in part from the Ph.D. thesis of C. Nava-Zuazo.
* Corresponding author. Tel./fax: +52 777 329 7089.
E-mail address: gabriel_navarrete@uaem.mx (G. Navarrete-Vazquez).

http://dx.doi.org/10.1016/j.bmc.2014.01.029
0968-0896/© 2014 Elsevier Ltd. All rights reserved.

ious other mammalian hosts.>

It is one of the most commonly diagnosed protozoal causes of
diarrhea worldwide. Clinical resistance has been reported for cur-
rent chemotherapeutics.>®

Trichomonas vaginalis is the causative agent of trichomoniasis, a
common sexually-transmitted disease in humans.” The Leishmania
species causes a variety of diseases from self-healing cutaneous
lesions to life-threatening visceral infections. Clinical manifesta-
tions depend on the infecting parasites species. There is an esti-
mated annual 1.5-2.0 million new cases of leishmaniasis, from
which approximately 500,000 belong to the visceral form, which
is potentially fatal.® American trypanosomiasis or Chagas’ disease,
caused by its etiological agent Trypanosoma cruzi, is still one of the
major causes of morbidity and mortality due to cardiovascular dis-
eases in Latin America.®
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Chemotherapy against parasitic neglected diseases is limited by
the existence of few drugs in the market, most of which are of low
efficacy, showing toxic side effects, and frequently lead to the
appearance of resistant strains.” This reflects the need to continue
searching for better antiprotozoal drugs.

On the other hand, nitazoxanide is a broad-spectrum antipara-
sitic compound that belongs to a nitroheterocyclic class named
thiazolides.? Detailed in vitro and in vivo studies have currently
been conducted on the efficacy of nitazoxanide and other thiazo-
lide drugs against intracellular parasites,® extracellular anaerobic
bacteria,'® and virus such as hepatitis C'' and AH;N;."?

As a part of our search for basic information about the structural
requirements for new antiprotozoal molecules, we have synthesized
fourteen 2-acylamino-5-nitrothiazole derivatives (Table 1). The
in vitro antiparasitic activities of these compounds on intestinal uni-
cellular parasite Giardia intestinalis, the urogenital tract parasite Trich-
omonas vaginalis, and the kinetoplastid parasites such as Trypanosoma
cruzi and Leishmania amazonensis are reported in this work.

2. Results and discussion
2.1. Drug design of derivates 1-14

Compounds 1-14 were designed on the basis of the structure of
the antiprotozoal drug nitazoxanide, maintaining the 5-nitrothiazole

Table 1
In vitro antiprotozoal and cytotoxic activities of 2-acylamino-5-nitrotiazole derivatives

1627

core, in addition to the acylamino substituent at position 2. Due to a
number of aryl derivatives has been synthesized and tested as anti-
bacterial agents,'® we decided to explore the contribution to the anti-
protozoal spectrum of diverse acyl analogues such as: aliphatic and
aromatic ureas, homologous aliphatic amides, as well as carbamate
and oxamate derivatives. Each one of the substituents mentioned be-
fore has been reported with antiprotozoal properties, but joined with
different heterocycles: ureas and quinolines,'> amides and imidaz-
ole,' and carbamate and benzimidazole.'®

To the best of our knowledge, this is the first study reporting
these kinds of groups connected with 5-nitrothiazole nucleus with
demonstrated broad antiprotozoal spectrum. Recently, Soria-
Arteche et al. reported hybridization between parasitophoric 5-
nitrothiazole and N-methylbenzimidazole derivatives with high
antiprotozoal activity.'® However, these derivatives bear two
heterocycles coupled by an amide bond, totally different from
compounds presented in the current work.

2.2. Chemistry

Ureic compounds 1-8 were synthesized starting from 2-amino-
5-nitro-1,3-thiazole (15), through an addition reaction with isocy-
anate derivatives 15-23 under inert atmosphere, triethylamine
and toluene as a solvent. Amide compounds 9 and 10 were ob-
tained from the reaction of 15 with acetic anhydride or benzoyl

o]

I:\%u*z

O,N
Compd z MW  Mp (°C) Yield ICs0 (UM) CCso (ULM)
(%) G. intestinalis T. vaginalis L. amazonensis  T. cruzi VERO cell line
1 Cyclohexylamine 270 200-203 86 0.359 + 0.063 1.650+£0.248  >50 >50 >1000
2 Phenylamine 264 207-212 72 2.570+0.152 NT 38.48 +1.59 >50 >1000
3 4-Chlorophenylamine 298 243 (dec) 55 0.577 £ 0.044 1.026 +£0.128 37.18+1.92 >50 >1000
4 4-Fluorophenylamine 282 211-214 94 7.826+ 1.418 1.226 £ 0.019 >50 >50 >1000
5 4-Methoxyphenylamine 294 212-214 46 29.11 +7.959 1.300 + 0.041 32.24 +2.12 >50 NT
6 4-Ethoxyphenylamine 308 204-208 72 3.747 £ 0.892 0.282 +0.003 >50 >50 >1000
7 4-Butoxyphenylamine 336 148-153 87 1.800 £ 0.167 0.387 +0.101 >50 >50 58 +5.63
8 4-Nitrophenylamine 309 259 (dec) 80 15.34 £3.981 0.958 +0.068 >50 >50 NT
9 Methyl 187 267-270 91 0.490 +0.105 0.022+0.007  >50 >50 >1000
10 Phenyl 249 258-261 87 0.481 +0.098 0.124+0.065 >50 >50 >1000
11 Butyl 229 155 (dec) 67 0.398 +0.023 0.305+0.037 >50 >50 >1000
12 Pentadecyl 383 132 (dec) 91 1.634+0.894 2.584+0.889 >50 >50 >1000
13 Methoxy 203 249-252 82 0.010 £ 0.001 0.081+0.008 >50 >50 >1000 (2463)
14 Ethoxycarbonyl 245 252-255 90 6.410+1.162 0.010 + 0.003 >50 >50 >1000 (1415)
Nitazoxanide 2-Acetoxyphenyl 307 - — 1.214+£0.012 0.068 £0.004 7.23+1.73 18.73+0.762 833+ 1.68
I\
15 OzN/Q)\NHz 145 - — 29.57 +4.152 52.85+7.452 >50 >50 441 +8.25
N
3
Metronidazole ~ O2N N 171 - — 5.360 + 0.231 0.290+0.024 >50 >50 387 £10.22
o
NH
Pentamidine H,N 340 - - 4.079 £ 0.343 3.815+0.368 1432 £2.37 >50 47 £5.75
0/\];CH2
B
{3
260 - — 22.58+2.283 18.62+2.253  >50 3438+1.584 14+1.14

O,
Benznidazole kﬂ/n\/@
o]

NT: Not tested.
dec: decomposition.
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chloride, respectively. Amides 11 and 12 were achieved using a
Schotten-Baumann reaction between 15 and valeroyl and palmi-
toyl chlorides, respectively. Carbamate compound 13 was prepared
from 15 and methylchloroformate (24) under basic conditions,
using dimethoxyethane as a solvent. The last compound (oxamate
14) was synthesized via a coupling reaction of 15 with ethyl chlo-
rooxoacetate (25), in the presence of triethylamine (Scheme 1). Ti-
tle compounds were recovered with 46-94% yields and purified by
recrystallization or by column chromatography. The chemical
structures of the synthesized compounds were confirmed on the
basis of their spectral data (NMR and mass spectra), and their pur-
ity ascertained by microanalysis. Physical constants of the title
compounds are shown in Table 1.

In the nuclear magnetic resonance spectra (‘H NMR; é ppm),
the signals of the respective protons of the compounds were veri-
fied on the basis of their chemical shifts, multiplicities, and cou-
pling constants. All compounds showed a single signal ranging
from & 7.86 to 9.30 ppm, attributed to H-4 of the thiazole ring.
For compound 1, aliphatic signals at upfield shifts were found in
displacements 1.15 to 3.45 ppm. Compounds 2 and 12 displayed
characteristic signals of monosubstituted benzene. The aromatic
region of the 'H NMR spectrum of compounds 3-8 contained an
A,B, pattern signals ranging from 6 7.31 to 7.73 ppm (d,
Jortho = 8.0-9.2 Hz) and 6.86 to 8.19 ppm (d, Jortho = 8.4-10 Hz)
attributed to the equivalents H-2', H-6’ and H-3’, H-5’, respectively
of the benzene-4-substituted ring. Compounds 9-11 showed sev-
eral displacements consistent with aliphatic chains. The displace-
ment for methoxy group in 13 was found in 3.80 ppm (singlet).
In the last compound (14), the signals for ethyl oxamate were
found in 6 4.32 ppm assignable to CH, (quadruplet), and 1.31
attributed to CHs (triplet),

For the '3C nuclear magnetic resonance spectra, constant sig-
nals were found for the nitrothiazole nucleus:

One signal ranging from 6c 142.7 to 165.3 ppm, attributed to
C-2, and two signals ranging from J¢ 138.9 to 151.5 and 124.0 to
142.9 ppm, assigned to C-4 and C-5, respectively. Another frequent
signal was found in downfield shifts from §c 150.8 to 173.2 ppm
endorsed to carbonyl group, founded in the fourteen compounds.

2.3. In vitro antiprotozoal assays

Compounds 1-14 were tested in vitro as antiprotozoal agents.
Biological assays results against the four protozoa tested are
summarized in Table 1. A comparison was made among new com-

pounds and the antiprotozoal drugs of choice: nitazoxanide and
metronidazole, against G. intestinalis, and T. vaginalis. In order to

O,N

o]
N H N H
N o N—N
Cres e
o) OyN (o]
13 14
‘\ § /
ozn/(s>\NH2
N
N H N H
N—N NH-{Ar N Ar
Ly e
9-12

O,N 18 © O,N

Scheme 1. Reagents and conditions: (i) R(Ar)—=N=C=O0, Et3N, toluene; (ii) acetic
anhydride or acyl chlorides, CH,Cl,, EtsN; (iii) methylchloroformate, Et3N, dime-
thoxyethane; (iv) ethyl chlorooxoacetate, EtsN, CH,Cls, rt.

compare bioactivities, pentamidine (leishmanicidal drug), benzni-
dazole (Trypanocidal drug of choice) and precursor 15 were also
tested. In vitro susceptibility assays were performed using meth-
ods previously described.®*!3

In general, all the screened compounds showed high giardicidal
bioactivity. It is interesting to note that compound 13 (methylcar-
bamate), was the most potent of the series (ICso = 10 nM) against G.
intestinalis. 1t was 536-times more potent than metronidazole.
Compound 13 was also 121-fold more active than nitazoxanide.

On the other hand, ureic derivatives 1, 3 and amides 9-11 were
two to three-times stronger than nitazoxanide and eleven to thir-
teen-fold more potent than metronidazole, showing ICsqy’s in the
nanomolar range. Moreover, ureas 2, 6, 8, valeroylamide 12 and
ethyloxamate 14, had potencies in the low micromolar range
(<8 uM). The remaining compounds were less active than nitazox-
anide and metronidazole, with ICs¢’s >10 pM.

Compound 14 (ethyloxamate) showed nanomolar trichomoni-
cidal potency (ICso=10nM). It was 6.8-fold more active than
nitazoxanide (ICso = 68 nM), and 29-times more active than metro-
nidazole. Acetylamide 9 was the second most active compound,
three-times more potent than nitazoxanide and 13-fold more ac-
tive than metronidazole. Compound 9 was previously synthesized,
tested as tricomonicidal drug,'” and formulated in pharmaceutical
preparation for oral administration.'® In the current work, we ex-
panded the antiprotozoal spectrum of 9, testing it against Giardia
intestinalis, Leishmania mexicana and Trypanosoma cruzi.

Methylcarbamate 13 and benzoylamide 10 also showed nano-
molar potencies against T. vaginalis (ICso=81nM and 124 nM,
respectively). However, they were less active than nitazoxanide,
but four-times more potent than metronidazole (the trichomonia-
sis drug of choice). Compound 10 has already been described in the
literature as antibacterial agent against Helicobacter pylori,
Campylobacter jejuni, and Clostridium difficile.'® The antiparasitic
activity against the panel of four protozoa tested in the current re-
search has not been reported until this work. Compound 10 struc-
turally resembles nitazoxanide, but it lacks of 2-acetoxy
substituent in the phenyl ring. This compound showed excellent
giardicidal activity, being two times stronger than drug of choice.

Compounds 1, 3-8 and 12 revealed trichomonicidal activities in
the low micromolar range (<3 pM). Starting material 2-amino-5-
nitrothiazole (15), exposed very low effect against G. intestinalis
and T. vaginalis, although this compound was also claimed before
as a trichomonicidal drug.'” SAR analysis revealed that small sub-
stituents such as methyl, methoxy and ethoxycarbonyl derivatives,
improve the antiprotozoal activity against G. intestinalis and T.
vaginalis.

Antileishmanial assay was carried out using a method previ-
ously described.® ' Ureic derivatives 2, 3 and 5 revealed moderate
activity against L. amazonensis (<39 uM). However, they were al-
most 2-fold less active than pentamidine (second-line antileishma-
nial drug). The remaining compounds were inactive.

In vitro trypanocidal assay showed that compounds 1-15 were
unable to damage this protozoon at concentration below 50 pM. It
is important to emphasize that nitazoxanide had an excellent
activity against both kinetoplastid protozoa. It was two-times
more active than pentamidine against L. amazonensis, as well as
benznidazole against T. cruzi. This is according with data previ-
ously reported by our group,® repurposing nitazoxanide as poten-
tial new antikinetoplastid parasite drug.

2.4. In vitro cytotoxicity assays

All compounds, including the most active compounds 13 and
14, were evaluated for their cytotoxicity against mammalian VERO
cell line (Table 1),'*> showing a median cytotoxic concentration
(CCsp) of 500 and 346 pg/mL (2463 and 1415 pM, respectively).
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Table 2 Table 4
Selectivity indexes of 13, 14 and nitazoxanide Ligand Efficiencies analysis for compounds 1-14 (G. intestinalis)
Selectivity index (SI = CCso/ICs) Compd plCso G. LogP  # Heavy MW LE LiPE BEI>27
Compd Giardia intestinalis Trichomonas vaginalis intestinalis <3 atoms <300 >036 >5-7
1 6.44 248 18 270 035 39 238
:i 246;28 13?;‘83 2 5.59 228 18 264 031 33 211
Nitazoxanide 686 12250 3 6.23 295 19 298 032 32 209
4 5.10 244 19 282 026 26 180
5 453 233 20 294 022 22 154
6 5.42 271 21 308 025 2.7 176
7 5.74 377 23 336 025 19 170
Nitazoxanide also showed a low cytotoxicity, meanwhile metroni- 8 4.81 223 21 309 022 25 155
dazole displayed a moderated toxicity against VERO cell line, 9 630 029 12 187 052 60 336
compared to 13, 14 and nitazoxanide. It is interesting to remark 10 631 19617 249 037 43 253
p ' ! . & : 1 6.40 219 15 229 042 42 279
that the most cytotoxic compounds were drugs of choice benzni- 12 578 775 26 383 022 20 150
dazole, pentamidine and urea 7, with CCsos of 14, 47 and 58 puM, 13 8.00 078 13 203 0.61 72 394
respectively. 14 5.19 049 16 245 0.24 4.6 21.1
The selectivity index (SI) of the compounds, defined as the ratio 1N5T z 451'2(]5 3'2; 2; ?g; g'ég i'g ;?i
of cytotoxicity to biological activity (SI = CCsoVERO cells/ICsq para- MNZ 527 046 12 171 043 57 308
sites) was calculated (Table 2).
It is generally considered that biological efficacy is not due to
in vitro cytotoxicity when SI > 10.°!> Compounds 13 and 14
showed nanomolar giardicidal and trichomonicidal activities, and Table 5
very low cytotoxic effects (>1000 uM), having selectivity indexes Ligand Efficiencies analysis for compounds 1-14 (T. vaginalis)
of 246,300 and 141,500, respectively. The SI ce.ilculatgd fo.r these Compd pICso T. vaginalis LE >0.36 LiPE 5-7 BEI 27
compounds versus both protozoa was 200, this fact implies that =7 032 33 a4
13 a.nd 14 are selectively toxic against the protozoa than the mam- 3 59 031 3.0 20.1
malian cells. 4 5.9 0.31 34 20.9
5 5.8 0.29 3.5 20.0
2.5. In silico toxicology profile 6 6.5 0.31 38 212
7 6.4 0.27 26 19.1
. e L . 8 6.0 0.28 3.7 19.4
Computational prediction of toxicity has been performed in 9 7.6 0.63 7.3 40.9
drug design and development in order to avoid the experimental 10 6.9 0.40 4.9 27.7
study of potentially harmful substances.'® The toxicity parameters 1 6.5 0.43 4.3 28.3
of the most active compounds, nitazoxanide and metronidazole g 33 g'él ’(23; ;2'3
were calculated through the ACD/ToxSuite software, v. 2.95 14 30 0.50 75 326
(Table 3). NTZ 7.1 0.33 5.0 23.1
Cytochrome P450 isoform CYP3A4 is the major enzyme respon- 15 42 0.47 37 294
MNZ 6.5 0.54 6.9 38.1

sible for xenobiotic metabolism in human organism. Inhibition of
CYP3A4 at a clinically relevant concentration (ICso <10 pM) can
lead to drug-drug interactions and undesirable adverse effects.?’
All compounds showed satisfactory toxicity profiles, and the pre-
dictions of inhibition for the three isoforms of CYP450 were com-
parable to the reference antiprotozoal drugs.

Cardiotoxicity of drug-like compounds associated with human
ether-a-go-go (hERG) channel inhibition is becoming a more com-
mon cause of drug candidates’ attrition.?! All compounds showed
low prediction of hERG channel blockage at clinically relevant con-
centrations (K; <10 puM).

The acute toxicity of the chemical is defined as a dose that is
lethal to 50% of the treated animals (LDsp). The acute toxicity can
be viewed as a ‘cumulative potential’ to cause various acute effects
and death of animals.?? In these predictions, compounds 13 and 14

Table 3

demonstrated similar calculated LDso than nitazoxanide and met-
ronidazole by different administration routes, showing very low
toxicity profiles.

2.6. Ligand efficiency indexes analysis

In recent years the concept of Ligand Efficiency Indexes (LEI),
which combines potency (pICsg), lipophilicity (log P), molecular
weight (MW) and heavy atom count (HAC), have been shown to
be useful tools in the lead optimization process.?> %> To assist in
the optimization of drug-like molecules, multiple efficiency
indexes have been proposed:

Toxicity profiles predicted for the most active compounds 9, 10, 12-14 and antiprotozoal drugs of choice

Compd LDso (mg/Kg) Probability of inhibition (ICso or K; <10 pM)

Mouse Rat CYP450 isoform

ip p.o. ip p.o. 3A4 2D6 1A2 hERG
9 280 1100 490 950 0.00 0.01 0.03 0.01
10 270 1200 550 1200 0.02 0.00 0.09 0.02
12 280 1200 670 110 0.02 0.03 0.23 0.04
13 550 1600 890 990 0.01 0.02 0.36 0.01
14 740 1200 980 3900 0.00 0.03 0.03 0.27
Nitazoxanide 500 1600 810 1600 0.22 0.05 0.02 0.01
Metronizadole 870 1660 850 1200 0.01 0.03 0.04 0.02
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Scheme 3. Plot of cLogP versus T. vaginalis pICso for compounds 1-14. Diagonal
lines represent areas of equal LipE.

Ligand efficiency (LE = pICso/HAC), lipophilic efficiency (LiPE =
pICso — logP), binding efficiency index (BEI=plCso/MW), and
ligand efficiency-dependent lipophilicity index (LELP = log P/LE).%®
These parameters were calculated for compounds 1-14, using bio-
logical data obtained against G. intestinalis (Table 4) and T. vaginalis
(Table 5).

The calculated ligand efficiency (LE) values of 1-8 were all low-
er than 0.3 (acceptable levels of LE > 0.36),%° whereas 9, 11, and 13
showed LE values higher than 0.4.

In order to compare their binding efficiencies, the LE and BEI
values of the reference compounds nitazoxanide (NTZ) and
metronidazole (MNZ), and compounds 1-14 were calculated
(Table 2). From BEI results, in particular from 9, 11 and 13, it be-
came clear that these 2-acylamino-5-nitro-1,3-thiazoles incorpo-
rate a very efficient binding index (acceptable levels of
BEI > 27)**% as well as a great ligand efficiency (LE >0.4), having
better scores than reference compound nitazoxanide (BEI= 19,
LE = 0.28).

Compounds 9-11, 13-15 showed LE values higher than 0.4,
using biological data provided by T. vaginalis test (Table 5). LiPE
and BEI scores are within the range appropriate for leadlike and
druglike compounds. In the same way that in the analysis per-
formed with G. intestinalis, compounds 9, 13 and 14 emerged as
promising candidates for further optimization in future projects.
Conversely, compounds that show lead-like properties and efficacy
must have LipE values between 5 and 7.2° Quality drug candidates
have the highest, or near highest LiPE for the series. In this case,
compounds 9 and 13 showed the highest LiPE scores in Giardia
analysis, whereas compound 14 appeared in the Trichomonas anal-
ysis (Schemes 2 and 3, respectively).

LiPE describes the contribution of lipophilicity (logP) to the po-
tency. However, the LiPE index is not useful for very small and po-
lar molecules. In order to overcome this limitation LELP index
describes the price of ligand efficiency paid for increasing the po-
tency by increasing the lipophilicity.?” The lower limit of LE is
0.3 and the lipophilicity range is —3 <logP < 3, which defines a
range of optimal LELP scores as —10 < LELP < 10.?® LELP scores for
compounds 9, 13 and 14 are within the range appropriate for drug
candidates (0.56, 1.28, and 2.04, respectively). From these analyses,
we can conclude that nitrothiazoles 9, 13 and 14 are lead com-
pounds with optimal combinations of physicochemical and anti-
protozoal properties.

On the other hand, the presence of nitro group in approved
drugs has raised controversy. Nitroheterocyclic compounds such
as metronidazole and benznidazole, generally function as prodrugs
and must undergo bioreduction to mediate their antiparasitic
effects.?® A key step in this process is the reduction of the nitro
group, which is attached to the imidazole, producing a nitro anion
radical, a nitroso and hydroxylamine reactive intermediates, which
could be cytotoxic.>° The enzymes involved in catalytic reduction
are nitroreductases,®' and the pyruvate ferredoxin oxidoreductase
(PFOR). In the case of nitazoxanide it has been reported that the
mode of action is by specific inhibition of PFOR.'® Although the ni-
tro reduction is crucial for any biological activity, there are still no
conclusive results about the incidence of the nitro position in the
antiparasitic activity of thiazolides.

3. Conclusion

We report the synthesis of fourteen 2-acylamino-5-nitro-1,3-
thiazole derivatives which were obtained with modest yields,
and screened for the in vitro antiprotozoal effect against four ne-
glected parasites. Several compounds of this series have shown sig-
nificant inhibitory activity in the nano-molar range. Compounds 13
and 14 exhibited the most promising activities as giardicidal and
trichomonicidal drugs, respectively. The findings of this study have
a number of important implications for future practice, since many
of the compounds displayed very low cytotoxicity and also showed
activity comparable or higher than the current used antiprotozoal
drugs metronidazole and nitazoxanide. Analysis of the ligand
efficiency indexes of the compounds provided new insights for
the design of potent and selective antiparasitic drugs. Further opti-
mization and pharmacokinetic characterization of this series are in
progress in our laboratory.
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4. Experimental
4.1. Chemistry

Melting points were determined on an EZ-Melt MPA120 auto-
mated melting point apparatus from Stanford Research Systems
and are uncorrected. Reactions were monitored by TLC on
0.2 mm precoated silica gel 60 F254 plates (E. Merck). '"H NMR
spectra were recorded on Varian Oxford (400 MHz) and 3C NMR
(100 MHz), as well as Varian Mercury (200 MHz) and '*C NMR
(50 MHz) instruments. Chemical shifts are given in ppm relative
to tetramethylsilane (Me4Si, é = 0) in DMSO-dg; ] values are given
in Hz. The following abbreviations are used: s, singlet; d, doublet;
g, quartet; dd, doublet of doublet; t, triplet; m, multiplet; br s,
broad signal. MS were recorded on a JEOL JMS-700 spectrometer
by Fast Atom Bombarded [FAB (+)]. Starting materials were com-
mercially available from Aldrich and used without purification.

4.1.1. General method of synthesis of ureas (1-8)

To a solution of 2-amino-5-nitro-1,3-thiazole (0.3 g,
0.0020 mol) in toluene (5 mL), was added dropwise the appropri-
ate isocyanate (0.0031 mol, 1.5 equiv) at 25 °C. The mixture was
stirred at reflux under nitrogen atmosphere for 12 h. Solvent was
removed in vacuo, and the residue was suspended in water. The
precipitates were filtered and dried. Crude compounds were
recrystallized from a ethanol or purified by column
chromatography.

4.1.1.1. N-Cyclohexyl-N-(5-nitro-1,3-thiazol-2-yl)urea
(1). Yield 86%, after recrystallization from ethanol. Mp: 200-
203 °C. 'H NMR (400 MHz, DMSO-dg) &: 8.47 (1H, s, H-4), 3.45
(1H, d, J=7.9 Hz, H-1"), 1.15-1.80 (10H, m, H-2'-6') ppm; '3C
NMR (100 MHz, DMSO-dg) : 164.5 (C-2), 152.8 (CO), 143.8 (C-4),
141.2 (C-5), 48.8 (C-1'), 32.7 (C-2'-6'), 25.5 (C-4’), 24.5 (C-3'-5')
ppm; MS (FAB") m/z 271 (M+H"). Anal. Calcd for C;0H;4N403S: C,
44.43; H, 5.22; N, 20.73. Found: C, 44.47; H, 5.30; N, 20.79.

4.1.1.2. N-(5-Nitro-1,3-thiazol-2-yl)-N-phenylurea (2). Yield
72%, after recrystallization from ethanol. Mp: 207-212 °C. 'H NMR
(400 MHz, DMSO-dg) é: 8.52 (1H, s, H-4), 7.65 (2H, dd, J, = 8.8,
Jo=2.0Hz, H-2'-6"), 7.32 (2H, t, J,=8 Hz, H-3'-5"), 7.07 (1H, ¢,
Jo=7.6Hz, J,=7.2 Hz, H-4) ppm; '>C NMR (100 MHz, DMSO-dg)
5:163.9 (C-2), 152.9 (CO), 140.1 (C-4), 138.1 (C-5), 129.4 (C-3'-5'),
129.2 (C-1"), 124.0 (C-4'), 119.5 (C-2'-6') ppm; MS (FAB*) m/z 265
(M+H"). Anal. Calcd for C;0HgN40sS: C, 45.45; H, 3.05; N, 21.20.
Found: C, 45.50; H, 3.10; N, 21.32.

4.1.1.3. N-(4-Chlorophenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(3). Yield 55%, after recrystallization from ethanol. Mp: 243
(dec) °C. "H NMR (400 MHz, DMSO-dg) 4: 8.55 (1H, s, H-4), 7.51
(2H, d, J, = 8.8 Hz, H-2'-6'), 7.37 (2H, d, J, = 8.8 Hz, H-3'-5') ppm;
13C NMR (100 MHz, DMSO-dg) é: 163.9 (C-2), 152.7 (CO), 138.9
(C-4), 137.2 (C-5), 129.2 (C-3'-5'), 127.6 (C-1"), 125.9 (C-4'), 120.2
(C-2'-6") ppm; MS (FAB*) m/z 298 (M+H"). Anal. Calcd for C;oH.
CIN4O5S: C, 40.21; H, 2.36; N, 18.76. Found: C, 40.01; H, 2.30; N,
18.60.

41.14. N-(4-Fluorophenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(4). Yield: 94%, after recrystallization from ethanol. Mp:
211-214°C. 'TH NMR (400 MHz, DMSO-dg) d: 9.30 (1H, s, H-4),
7.48 (2H, m, J, = 8.4 Hz, H-2'-6'), 7.17 (2H, m, J, = 8.4 Hz, H-3'-5')
ppm; >C NMR (100 MHz, DMSO-dg) 6: 159.8 (J = 130.5 Hz, C-4),
156.8 (CO), 151.4 (C-2), 134.5 (J=21.1 Hz, C-3'-5'), 115.6 (J=9.1,
C-2'-6') ppm; MS (FAB*) m/z 283 (M+H"). Anal Calcd for C;oH;FN4.
05S: C, 42.55; H, 2.50; N, 19.85. Found: C, 42.65; H, 2.46; N, 19.72.

4.1.1.5. N-(4-Methoxyphenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(5). Yield: 46%, after recrystallization from ethanol. Mp:
212-214°C. '"H NMR (400 MHz, DMSO-dg) o: 8.52 (1H, s, H-4),
7.31 (2H, d, J,=9.2 Hz, H-2'-6'), 6.86 (2H, d, J, =10 Hz, H-3'-5’),
3.70 (3H, s, O-CH5) ppm; *C NMR (100 MHz, DMSO-dg) 5: 162.1
(C-2), 155.1 (C-4"), 150.8 (CO), 142.4 (C-4), 132.4 (C-5), 129.9
(C-1"), 120.5 (C-2'-6'), 113.5 (C-3'-5"), 54.6 (0-CH3) ppm. MS (CI")
m/z 295 (M+1). Anal. Calcd for C;1H;oN404S: C, 44.89; H, 3.43; N,
19.04. Found: C, 44.77; H, 3.56; N, 19.85.

4.1.1.6. N-(4-Ethoxyphenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(6). Yield: 72%, after recrystallization from ethanol. Mp:
204-208 °C. 'H NMR (400 MHz, DMSO-dg) 6: 8. 33 (1H, s, H-4),
7.39 (2H, d, J, = 8 Hz, H-2'-6'), 6.88 (2H, d, J, = 8 Hz, H-3'-5"), 3.95
(2H, q, J=7Hz, 0-CH), 1.29 (3H, t, J=6.8 Hz, CH3) ppm; '3C
NMR (100 MHz, DMSO-dg) 6: 165.3 (C-2), 155.20 (C-4'), 154.1
(CO), 142.8 (C-4), 133. 3 (C-5), 131.3 (C-1"), 121.4 (C-2'-6'), 115.1
(C-3-5'), 63.6 (0-CHy), 15.1 (CH3) ppm; MS (FAB*) m/z 309
(M+H"). Anal. Calcd for C;,H15,N404S: C, 46.75; H, 3.92; N, 18.17.
Found: C, 46.60; H, 3.96; N, 18.23.

41.1.7. N-(4-Butoxyphenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(7). Yield 87%, mp: 148-153 °C. H NMR (200 MHz, DMSO-
dg) 6: 8.54 (1H, s, H-4), 7.37 (2H, d, J, = 9 Hz, H-2'-6"), 6.89 (2H, d,
Jo=9Hz, H-3'-5), 392 (2H, t, J=6.4Hz, H-1"), 1.65 (2H, q,
J=6.7Hz, J=7.9Hz, H-2"), 141 (2H, q, J=7.4Hz, J=7.6 Hz, H-
3"), 0.92 (3H, t, J= 7.3 Hz, H-4") ppm; >C NMR (50 MHz, DMSO-
dg) 6: 163.9 (C-2), 155.1 (C-4'), 151.6 (CO), 143.0 (C-4), 130.5 (C-
1), 121.0 (C-2'-6), 114.7 (C-3'-5"), 67.3 (C-1"), 30.8 (C-2"), 18.7
(C-3"), 13.6 (C-4") ppm; MS (FAB*) m/z 337 (M+H"). Anal. Calcd
for C14H16N404S: C, 49.99; H, 4.79; N, 16.66. Found: C, 49.87; H,
4.79; N, 16.62.

4.1.1.8. N-(4-Nitrophenyl)-N-(5-nitro-1,3-thiazol-2-yl)urea
(8). Yield: 80%, after recrystallization from ethanol. Mp:
259-desc °C. 'H NMR (400 MHz, DMSO-dg) &: 8.58 (1H, s, H-4),
8.19 (2H, d, J,=8.8 Hz, H-3'-5"), 7.73 (2H, d, J, = 8.8 Hz, H-2'-6")
ppm; '>C NMR (100 MHz, DMSO-dg) d: 164.2 (C-2), 152.8 (CO),
151.5 (C-4), 144.6 (C-1"), 142.1 (C-4’), 125.0 (C-3'-5'), 117.9 (C-2'-
6-") ppm; MS (FAB*) m/z 310 (M+H"). Anal. Calcd for C;oH;N50sS:
C, 38.84; H, 2.28; N, 22.65. Found: C, 38.80; H, 2.35; N, 22.79.

4.1.2. General method of synthesis of amides (9-12)

To a solution of 2-amino-5-nitrothiazole (0.3 g, 0.0020 mol) in
dichloromethane was added 1.2 molar equiv of triethylamine
(TEA). After the reaction mixture was stirred at 5 °C for 15 min,
acetic anhydride (0.0100 mol, 5 equiv), or respectively acyl chlo-
rides (0.0022 mol, 1.1 equiv) were added drop-wise. The reaction
mixture was stirred at room temperature for 4-24 h. After com-
plete conversion, the solvent was removed in vacuo and the resi-
due was neutralized with saturated NaHCOs; solution. The
precipitated solids were recrystallized from a mixture of solvents.

4.1.2.1. N-(5-Nitro-1,3-thiazol-2-yl)acetamide (9). Yield:
91%, after recrystallization from acetonitrile/methanol 75:25. Mp:
267-270°C. 'TH NMR (400 MHz, DMSO-dg) o: 8.55 (1H, s, H-4),
2.21 (3H, s, CH3) ppm; '*C NMR (100 MHz, DMSO-dg) &: 170.65
(CO), 162.15 (C-2), 142.93 (C-5), 142.11 (C-4), 22.87 (CH;) ppm;
MS (FAB*) m/z 188 (M+H). Anal. Calcd for CsHsN303S: C, 32.08;
H, 2.69; N, 22.45. Found: C, 32.13; H, 2.73; N, 22.53.

4.1.2.2. N-(5-Nitro-1,3-thiazol-2-yl)benzamide (10). Yield
87%, after recrystallization from ethanol. Mp 258-261 °C 'H NMR
(200 MHz, DMSO-dg) 7.34-7.60 (3H, m, H-3/, H-4", H-5'), 8.09
(2H, dd, H-2', H-6', J, = 8.4, ], = 1.6 Hz), 8.33 (1H s, H-4) ppm; !3C
NMR (50 MHz, DMSO-dg) 128.5 (2C, C-3'-5'), 128.7 (2C, C-2'-6"),
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130.7 (C-5), 142.0 (C-1"), 142.5 (C-4), 162.4 (C-2), 166.3 (CO) ppm;
MS (FAB+): m/z 250 (M+H"). HRMS (FAB+) Cald for: C;oH;N305S
[M+H*] 250.0247, Found: 250.0271. Anal. Calcd for C;oH;N305S:
C, 48.19; H, 2.83; N, 16.86. Found: C, 48.20; H, 2.83; N, 16.96.

4.1.2.3. N-(5-Nitro-1,3-thiazol-2-yl)pentanamide (11). Yield
67%, after recrystallization from ethanol. Mp 155 (dec) °C. '"H NMR
(200 MHz, CDCI3-DMSO-dg) §: 12.33 (1H, s, NH), 8.19 (1H, s, H-4),
2.42-2.46 (2H, m, H-2') 1.58-1.67 (2H, m, H-3'), 1.17-1.27 (2H, m,
H-4'), 0.72-0.84 (3H, m, H-5") ppm. *C NMR (50 MHz, CDCls-
DMSO-dg) &: 173.2 (CO), 162.4 (C-2), 142. 7 (C-5), 141.7 (C-4),
35.6 (C-1'), 27.1 (C-2'), 22.4 (C-3'), 13.9 (C-4’) ppm. MS/FAB*: m/z
230 (M+H"). Anal. Calcd for CgH;1N305S: C, 41.91; H, 4.84; N,
18.33. Found: C, 41.62; H, 4.78; N, 17.95.

41.24. N-(5-Nitro-1,3-thiazol-2-yl)hexadecanamide
(12). Yield 91%, after recrystallization from acetone/ethanol
50:50. Mp 132 (dec) °C 'H NMR (200 MHz, DMSO-ds). 12.29 (s,
1H, NH), 7.86 (1H, s, H-4), 2.06 (2H, t, J= 7.6 Hz, H-2'), 1.23 (2H,
t, ] = 6.4 Hz, H-3'), 0.78 (24H, bs, H-3’-15’), 0.41 (3H, t, J=6.2 Hz,
H-16') ppm; 3C NMR (50 MHz, CDCl;-DMSO-dg) d: 172.6 (CO),
161.7 (C-2), 140.9 (C-4), 124.0 (C-5), 13. 7 (C-16), 22.1, 24.3,
28.5, 28.7, 29.1, 31.3, 35.0, 38.7, 39.1, 140.9, 172.6 ppm; MS/
FAB*: m/z 384 (M+H"). Anal. Calcd for C;gH33N303S: C, 59.50; H,
8.67; N, 10.96. Found: C, 59.87; H, 8.57; N, 11.12.

4.1.3. Synthesis of methyl 5-nitro-1,3-thiazol-2-ylcarbamate
(13)

To a solution of 2-amino-5-nitro-1,3-thiazole (0.0027 mol) in
ethyleneglycol  dimethyleter, was added triethylamine
(0.0034 mol, 1.25equiv). The reaction mixture was stirred at
5°C for 30 min. After that, methyl chloroformiate (0.0034 mol,
1.25 equiv) was added droopingly. The reaction mixture was stir-
red at reflux for 5 h. After complete conversion as indicated by
TLC, the solvent was removed in vacuo, the residue was neutral-
ized with saturated NaHCO; solution, and the aqueous layer was
extracted with ethyl acetate (3 x 15 mL), washed with water and
dried over anhydrous Na,;SO4. The solvent was evaporated in va-
cuo and the precipitated solids were recrystallized from ethanol.
Yield: 82%, mp: 243-244°C. 'H NMR (200 MHz, DMSO-dg) &:
8.53 (1H, s, H-5), 3.80 (3H, s, OCH3;) ppm; *C NMR (50 MHz,
DMSO-dg) §: 164.9 (C-2), 154.9 (CO) 143.8 (C-4), 142.5 (C-5),
54.3 (OCHs3) ppm; MS (FAB*) m/z 204 (M+H"). Anal. Calcd for
CsHsN30,4S: C, 29.56; H, 2.48; N, 20.68. Found: C, 29.49; H,
2.53; N, 20.79.

4.1.4. Synthesis of ethyl [(5-nitro-1,3-thiazol-2-
yl)Jamino](oxo)acetate (14)

To a solution of 2-amino-5-nitro-1,3-thiazole (0.0015 mol) in
dichloromethane, was added triethylamine (1.2 equiv). The reac-
tion mixture was stirred at 5 °C for 15 min. After that, a solution
of ethyl chlorooxoacetate (0.0018 mol, 1.2 equiv) was added
droopingly. The reaction mixture was stirred at room temperature
for 6 h. After complete conversion as indicated by TLC, the solvent
was removed in vacuo, the residue was neutralized with saturated
NaHCOs; solution, and the aqueous layer was extracted with ethyl
acetate (3 x 15 mL), washed with water (3 x 20 mL), and dried
over anhydrous Na,;SO,4. The solvent was evaporated in vacuo
and the precipitated solids were recrystallized from a mixture of
acetonitrile/methanol. Yield: 90%, mp: 252-255°C. 'H NMR
(400 MHz, DMSO-dg) o: 8.67 (1H, s, H4), 4.32 (2H, q, O-CH,)
1.31 (3H, t, CH;) ppm; >C NMR (100 MHz, DMSO-dg) &: 161.7
(C-2), 158.4 (CO-0OR), 157.7 (RNH-CO), 143.3 (C-5), 142.7 (C-4),
63.4 (0O-CH,), 14.1 (CH3) ppm; MS (FAB*) m/z 246 (M+H"). Anal.
Calcd for C;H7N30sS: C, 34.29; H, 2.88; N, 17.14. Found: C, 34.19;
H, 2.83; N, 17.09.

4.2. Biological assays

4.2.1. In vitro giardicidal and trichomonicidal assay

G. intestinalis strain IMSS:0696:1 was cultured in TYI-S-33
modified medium, supplemented with 10% calf serum and bovine
bile, T. vaginalis strain GT3 was cultured in TYI-S-33 medium, sup-
plemented with 10% bovine serum. In vitro susceptibility assays
were performed using a method previously described.”!® Briefly:
4 x 10* trophozoites of G. lamblia or T. vaginalis were incubated
for 48 h at 37 °C with increasing concentrations of synthesized
compounds, nitazoxanide and metronidazole. As the negative con-
trol, trophozoites were incubated in culture medium with DMSO
used in the experiments. After the incubation, trophozoites were
washed and subcultured for another 48 h in fresh medium alone.
At the end of this period, trophozoites were counted and the 50%
inhibitory concentration (ICsg) was calculated by Probit analysis.
Experiments were carried out in triplicate and repeated at least
twice.

4.2.2. In vitro antileishmanial and trypanocidal assay

The growth inhibition test was performed on promastigotes of
L. amazonensis (IFLA/BR/67/PH-8; clinical strain originally isolated
from a patient with diffuse cutaneous leishmaniasis) and epim-
astigotes of T. cruzi (MHOM/MX/1994/Ninoa; clinical strain origi-
nally isolated from a patient with the disease in acute phase).®
Parasites were cultivated at 26 °C in Schneider’s drosophila med-
ium, supplemented with 10% fetal bovine serum, penicillin
(100 IU/mL) and streptomycin (100 pg/mL). Biological assays were
performed in 96-well plates and all compounds were evaluated in
duplicate. Compounds were solubilized in DMSO and diluted in a
liquid medium. A mixture of 100 puL of compounds solution and
100 pL of culture medium containing 10,000 Leishmania prom-
astigotes or 20,000 T. cruzi epimastigotes was added to obtain con-
centrations of 10, 5, 2.5, 1.25 pg/mL. Benznidazole (first-line
antichagasic drug) and pentamidine (second-line antileishmanial
drug) were used as positive controls. Cultures containing parasites
without compound solution were also included. The plate was
incubated at 26 °C for 72 h and the leishmanicidal and trypanocidal
activity of compounds were determined by direct count of para-
sites in a Neubauer chamber.>? The concentration required to inhi-
bit 50% of the parasites grow (ICsg) was calculated by probit
analysis.

4.2.3. Cytotoxicity on VERO cell line

The cytotoxicity assay was performed as reported previously,'*
where 1.5 x 10* viable cells from the VERO cell line were seeded in
a 96-well plate and incubated for 24-48 h. VERO cells were grown
in DMEM media supplemented with 10% (v/v) Fetal Bovine Serum
with 100 UI/mL penicillin and 100 mg/mL streptomycin and main-
tained at 37 °C in a 5% CO, atmosphere with 95% humidity. When
cells reached >80% confluence, the medium was replaced and the
cells were treated with the compounds at 0.097-100 pg/mL dis-
solved in DMSO at a maximum concentration of 0.05%. After 48 h
of incubation, viability of the cell lines was evaluated by the sulfo-
rhodamine B (SRB) method.>>>* Metronidazole was used as a posi-
tive control, whereas untreated cells were used as negative
controls. The concentration of the extract that killed 50% of the
cells (CCsp) was calculated by nonlinear fit (GraphPad Prism 4 soft-
ware). All concentrations were evaluated in duplicate, and each
experiment was performed in triplicate.
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