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A series of eleven 3,4-methylenedioxyde-6-X-benzaldehyde-thiosemicarbazones (16—27) was syn-
thesised as part of a study to search for potential new drugs with a leishmanicidal effect. The thio-
semicarbazones, ten of which are new compounds, were prepared in good yields (85—98%) by the
reaction of 3,4-methylenedioxyde-6-benzaldehydes (6-X-piperonal), previously synthesised for this
work by several methodologies, and thiosemicarbazide in ethanol with a few drops of HSO4. These
compounds were evaluated against Leishmania amazonensis promastigotes, and derivatives where X = |
(22) and X = CN (23) moieties showed impressive results, having ICso = 20.74 pM and 16.40 pM,
respectively. The intracellular amastigotes assays showed ICs9 = 22.00 uM (22) and 17.00 pM (23), and
selectivity index >5.7 and >7.4, respectively, with a lower toxicity compared to pentamidine (positive
control, SI = 4.5). The results obtained from the preliminary QSAR study indicated the hydrophobicity
(log P) as a fundamental parameter for the 2D-QSAR linear model. A molecular docking study demon-
strated that both compounds interact with flavin mononucleotide (FMN), important binding site of NO

synthase.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Leishmaniasis is a group of diseases caused by protozoan para-
sites of the Leishmania genus transmitted by infected sand-flies.
These diseases can manifest in three forms depending on the
parasite species and the immune system of the patient: cutaneous,
mucocutaneous and visceral. This disease is endemic in several
tropical and sub-tropical countries and has been recognised as an
increasing public health problem by the World Health Organization
(WHO) [1-3].

The first choice treatments for leishmaniasis involve the use of
pentavalent antimonial derivatives (sodium stibogluconate and
meglumine antimoniate) that are highly toxic with serious side
effects and a prolonged treatment regimen [4]. Alternatives include
pentamidine, paromomycin, amphotericin B and miltefosine, but
these drugs have not found extensive use because of severe
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toxicities and difficulties with parenteral administration and drug
resistance [5—8]. The search of new, safe and efficient antiparasitic
agents for the treatment of leishmaniasis is an urgent need and a
pressing concern for global health programs.

Thiosemicarbazones have remarkable biological activities,
including anticancer [9,10], antibacterial [11,12], antiviral [13] and
antiparasitic properties [14,15]. Recently, we reported the anti-
Trypanosoma cruzi activity of some thiosemicarbazones that
demonstrated a good trypanocidal effect [16,17]. Furthermore, a
significant decrease in nitric oxide synthase enzyme activity was
observed along with the absence of macrophage toxicity for any of
the assayed compounds [16]. These results motivated us to prepare
a new series of thiosemicarbazones containing 3,4-dimethylene
dioxyde substituted moieties, an important chemical group found
in several molecules with biological activity.

Thus, in an effort to obtain thiosemicarbazones with high
leishmanicidal activity and low toxicity, we present the synthesis of
eleven compounds, 3,4-methylenedioxyde-6-X-benzaldehyde-thi-
osemicarbazones (16—27), where X = H (16), NO, (17), NH; (18), F
(19), C1 (20), Br (21), I (22), CN (23), OH (24), OCH3 (25) and
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NHCOCHCI (26). The in vitro experiments using Leishmania ama-
zonensis were carried out to ten compounds against cultured pro-
mastigotes. Furthermore, the effect of most active compounds was
evaluated against amastigote-infected peritoneal mouse
macrophages.

2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis of 3,4-methylenedioxyde-6-X-benzaldehydes

A series of twelve 3,4-methylenedioxyde-6-X-benzaldehyde-
thiosemicarbazones, including eleven new compounds, was pre-
pared starting from 3,4-methylenedioxyde-6-X-benzaldehydes (6-
X-piperonal). The preparation of aldehydes was carried out by
several methodologies according to the electronic characteristics of
specific moieties. Scheme 1 shows the methods used to prepare the
eleven 3,4-methylenedioxyde-6-X-benzaldehydes. Only the
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piperonal (1) was commercially available. The aldehyde 2 was
prepared by nitration with concentrated nitric acid as previously
described [18] in 76% yield; 3 was obtained by treatment of 2 with
FeSO,4 in the presence of ammonium [19] in 65% yield. Compounds
4 [20] and 5 [21] were obtained by treatment of the diazonium salt
of 3 with HBF4; and slowly stirred at room temperature under
Sandmayer reaction conditions in 62% and 58% yields, respectively.
The aldehyde 6 was obtained by reaction of 5 with dimethylsul-
phate in anhydrous benzene in 93% yield [22]. The aldehyde 7 was
obtained by treatment of 3 with CICH,COCI in 84% yield. Haloge-
nated piperonals where X = Cl (8) or Br (9) were prepared directly
from the piperonal using trichloroisocianuric acid in pyridine, as a
Lewis base, and ethanol in 96% yield for 8 [23] and bromine in
acetic acid and ethanol to afford 9 in 70% yield [24]. Compound 9
was protected with ethylene glycol and reacted with CuCN in
anhydrous dimethylformamide [25], followed by an acidic hydro-
lysis to yield the aldehyde 10 in 67% yield. Finally, the aldehyde 13
was prepared by treating reduced piperonal (piperonol, 11, by
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*a: HNOs, 1t, 30 min; b: FeSOj4 in hot H,O, NH4OH, 10 min; c: i) HCI, NaNO,, H,0, 5° C, ii)
HBF, (48%), 60-70 °C, 8 h; d: 1) H,SO4 drops, NaNO,, H,O, 5 °C, ii) CuSO4, H,O, 100° C, 8
h; e: anhydrous K,COs, benzene, dimethylsulfphate, reflux, 48 h; f: anhydrous pyridine,
chloroacetic anhydride, ether, 3 h; g: bromine, CH3;0H, acetic acid drops, rt, until complete
consumption of piperonal, NaHSO,. (1 mol.L™"); h: i) HOCH,CH,OH, p-toluenesulphonic
acid, toluene, reflux, 20 h, ii) CuCN, DMF, reflux, 3 h, iii) aq. HCI (5%), 50-60 °C, 15 min; i:
trichlorocianuric acid, ethanol, 50 °C, 3 h; j: i) NaBHy4 (10%), MeOH, NaOH (0.05 mol.L™)
rt, 50 min, ii) HCI (6 mol.L'l); k: 1) iodine, MeOH, AgNOs, trifluoroacetic acid, rt, 2 h, ii)
sodium thiosulphate; 1: i) PCC, CH,Cl,, 50 °C, 40 min, ii) NaOH (1 mol.L"').

Scheme 1. Syntheses of 6-X-piperonal (2—11 and 14) and the intermediates 12 and 13.
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1 X=H 7 X =NHCOCH,Cl
2 X=NO, 8 X=NHCOCF;
3 X=NH, 9 X=dl

4 X=F 10 X=Br
5X=0H 11 X=CN

6 X=0CH; 14 X=I

a: few drops H,SO,, ethanol, 40 °C, 4 h

16 X=H 22 X=1

17 X=NO, 23 X=CN

18 X=NH, 24 X=OH

19 X=F 25 X=O0CH;

20 X =Cl 26 X =NHCOCH,CI
21 X=Br

Scheme 2. Synthesis of 6-X-piperonal thiosemicarbazones (16—26).

reaction with NaBHg4, 97%) with iodine in the presence of silver
trifluoroacetate in methanol [26] to afford 12 in 97% yield. Com-
pound 12 was subsequently submitted to an oxidation reaction
with PCC (pyridinium chlorochromate) in dichloromethane [27] to
afford the aldehyde 13 in 70% yield.

The aldehydes were characterised by routine spectroscopic
techniques, which verified that the infrared absorption of the
carbonyl group was in the range of 1652—1683 cm™, the values of
the H—CO chemical shifts were between § 9.57—10.20 and the
values for the HCO shifts were between 8 188.6—194.5, in accor-
dance with expected values. The shifts chemicals were registered
by Bruker NMR 400 MHz or 500 MHz spectrometers (see
Supplementary Data).

2.1.2. Synthesis of 3,4-methylenedioxyde-6-X-benzaldehyde-
thiosemicarbazones

A series of twelve 3,4-methylenedioxyde-6-X-benzaldehyde-
thiosemicarbazones (16—26), ten of which are described here for
the first time, was prepared from the previously synthesised 3,4-
methylenedioxyde-6-X-benzaldehydes (1-11 and 14) and thio-
semicarbazide (15) using a few drops of H,SO4 and ethanol as
solvent at 60 °C within 240 min (Scheme 2). The products were
recrystallised from methanol in 85—98% yield.

The infrared spectra shows the disappearance of the carbonyl
band at 1652 to 1683 cm~!, and new v (C=N) bands at 1541 and
1500 cm !, and a v (C=S) band at 1043 to 1103 cm™! resulting from
the presence of thiosemicarbazone, as reported in the literature
[28].

H and '¥C NMR spectra (supplementary data) permitted the full
characterisation of all thiosemicarbazones. The 'H NMR chemical
shifts of the NH; group presented two distinct shifts, a hydrogen

Table 1

shift at downfield, probably due to an intramolecular hydrogen
bond with the azomethine nitrogen, as characterized by theoretical
and experimental data [29,30]. It was possible to observe on the 3C
NMR spectra chemical shifts at 8 177—179 and & 139—149 corre-
sponding to C=S and C=N, respectively, according to the literature
[29,30] (see Supplementary Data). Furthermore, the doublet with
chemical shifts centred at 3 158.3 with a coupling constant of
353 Hz confirmed the F—C6’ for compound 19.

2.2. In vitro antileishmanial assays

2.2.1. Antileishmanial assays against L. amazonensis promastigotes

The treatment of the parasites with the thiosemicarbazones
16—24 and 26 resulted in the dose-dependent growth inhibition of
L. amazonensis promastigotes. The 50% growth inhibitory activity
value, ICsg, after 72 h of culture of each compound was assessed by
the MTT assay [31], and the values were determined by linear
regression, relating percentage and log of drug concentration in
uM, as shown in Table 1. The observed results revealed thio-
semicarbazones 22, 23 and 24 as the most active compounds, with
ICs50 values of 20.7,16.4 and 53.0 uM, respectively. The pentamidine
was used as a positive control in the same assay conditions, with an
IC50 of 4.8 HM.

2.2.2. Antileishmanial assays against L. amazonensis intracellular
amastigotes

After demonstrating activity against extracellular promasti-
gotes, the next step was to investigate the effect against intracel-
lular amastigotes, the form of the parasite responsible for the
mammalian infection. We determined that the most active com-
pounds against promastigotes, 22 and 23, were able to target the

In vitro anti-leishmanial activity of new 6-X-piperonal thiosemicarbazones against promastigotes, intracellular amastigotes of L. amazonensis after 72 h of culture, and their

cytotoxicity.

Compound X Promastigotes ICsg (1tM) Amastigotes® ICso (LM) Macrophages” LDsg (1tM) Selectivity index (SI)¢
16 H 79.7 £ 5.5 nd? nd -
17 NO, 2708 + 2.7 nd nd —
18 NH> 1188 £ 54 nd nd -
19 F 1973 +49 nd nd —
20 Cl 2439 + 0.7 nd nd —
21 Br 2023 + 09 nd nd -
22 1 20.74 + 0.5 22.0+0.1 >125.0 >5.7
23 CN 164 + 1.1 170+ 11 >125.0 >7.4
24 OH 53 +5.1 nd nd -
26 NHCOCH,CI 2563 +2.0 nd nd -
Pentamidine 48 + 0.1 1.9+0.1 85+13 4.5

a
b
c
d

Intracellular amastigotes.

Murine peritoneal macrophages.

SI = LDs0/ICsp intracellular amastigotes.
nd: not determined.
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Leishmania parasites inside of mouse peritoneal macrophages,
without interfering with the viability of the host cells, with an ICsq
of 22.0 and 17.0 pM, respectively. In similar conditions, pentami-
dine exhibited an IC5qg of 1.9 uM.

These compounds were assayed against uninfected murine
intraperitoneal macrophages to evaluate the cytotoxicity exhibiting
LDs5g > 125.0 uM (higher dose assayed) for both 22 and 23 and
8.5 uM of pentamidine.

Thus, the selectivity index (SI = LDsq/ICsq intracellular amasti-
gotes) showed values of SI > 5.7 and SI > 7.3 for 22 and 23,
respectively, whereas SI = 4.5 for pentamidine, indicating the lower
toxicity of the thiosemicarbazones. It is worth noting that due to
experimental issues, it was not possible to evaluate concentrations
higher than 125.0 uM. Therefore, the selectivity index of 22 and 23
may be even higher.

Samples of the amastigote-infected macrophages treated with
thiosemicarbazones 22 and 23 and without treatment (negative
control) were observed by microphotography and revealed that the
parasites were killed but that the host cells remained unaffected
(Fig. 1).
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2.3. 2D-QSAR model

To understand the role of parameters involved in the anti-
leishmanial activity presented by 6-X-piperonal-derived thio-
semicarbazones, the electronic, steric and lipophilicity properties
represented by polarizability (POLZ), superficial tension (ST), vol-
ume molar (VM), molar refractivity (MR) and log P descriptors
(Table 2) were calculated. These parameters were all calculated
with the ACDLabs software package (version 12.0), as Spessard [32]
demonstrated its ability to simulate these parameters. From the
results, the Hansh model was established [33,34]. The 2D-QSAR
models were obtained via linear regression (LR) utilizing BuildQ-
SAR software [35].

After analysing the generated models, it was possible to indicate
a preliminary linear log P dependent model. This model of statistic
parameters expressed the quality of the adjustment of the data in
the model (r*> = 0.80; F = 26.29) as well as the predictability
(q? = 0.72), while considering compound 22 as an outlier and the
CN moiety after hydrolysis at the pH of the performed assays
(CONH3), as shown in equation (1). However, when 22 and 24 were

| C
*

-~
-

1000X

Fig. 1. Microphotographs of the L. amazonensis-infected macrophages treated with thiosemicarbazones 22 and 23 and those without treatment. After 72 h of culture, the slides were
stained and parasites quantified by optical microscopy. (A) negative control; (B) 12.5 uM; (C) 25 uM; (D) 50 uM; (E) 100 uM; (F) no infected macrophages.
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Table 2
Table of descriptors: log P, molecular refractivity (MR), molecular volume (MV),
polarizability (POLZ), Hammett constant (6y,), and Hansh constant (7y,).

Compound log P* MR? Mv? POLZ* Om” T’
16 1.40 57.00 1483 22.61 0 0
17 1.91 62.70 153.7 24.85 0.71 0.11
18 1.05 58.96 145.1 23.37 —-0.16 -1.29
19 1.68 56.91 151.2 22.56 0.34 0.13
20 222 61.64 157.6 24.43 0.37 0.76
21 2.40 64.60 160.9 25.61 0.39 0.94
22 2.66 69.70 165.9 27.63 035 1.15
23 -1.08 64.42 158.5 25.30 0.28 0.0
24 1.54 57.90 145.6 22.95 0.12 -0.49
26 2.00 74.77 191.9 29.64 0.17 0.72

2 ACDLabs software package version 12.0.
b Reference [34].
¢ Reference [36].

considered as outliers, the obtained model, also linear log P
dependent, showed a higher quality setting of parameters than the
2D-QSAR model (Equation (2)).

log A = +0.3483(+0.1607) log P + 1.5700(+0.2822)
(n=09; r> = 0.81; s =0.200; F = 26.289; p = 0.0014; 1
q? = 0.717)

log A = +0.3525(+ 0.1132) log P + 1.6123(+0.2017)
(n =8; = 0.92; s =0.136; F =58.039; p = 0.0003; 2
q? = 0.846)

The 2D-QSAR model demonstrates a linear relationship with log
P, indicating the significance of lipophilicity.

2.4. Molecular docking

Compounds 22 and 23 are the most active compounds, with
similar activities, but they also present very different ClogP values,
which make it difficult a direct structure—activity relationship
interpretation of the results. In a previous study from our group
reporting the synthesis and activity of a series of thio-
semicarbazones and semicarbazones against another trypanoso-
matid, Trypanosoma cruzi, it was shown that the most active
compound was also able to significantly reduce the activity of NO
synthase [16]. Based on these results, we decided to explore the
corresponding enzyme in Leishmania with the molecular docking
approach in order to obtain details at the molecular level of the
ligands’ interactions.

The best template that could be found with the Swiss-Model
server was the 1TLL crystal structure from RCSB PDB, but the
identity level between both sequences, 26.13%, was slightly below
the homology modelling threshold [37]. The resulting model,
however, presented an acceptable quality, with 93.2% of its residues
in the favoured/allowed regions of the Ramachandran plot gener-
ated with the Rampage server [38], and a GMQE (Global Model
Quality Estimation) value, which is a quality estimation expressed
as a number between zero and one reflecting the expected accuracy
of a model built with that alignment and its template [39], equal to
0.57.

This model was then used in a “blind” docking procedure with
SwissDock, because NO synthase has many possible interaction
sites for the ligands: NO synthase has at least binding sites for flavin
adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme,
tetrahydrobiopterin (BH4) and calmodulin. Besides compounds 22
and 23A, we also included in the docking procedure the less active

compound, 17, for a comparison.

The Gibbs free energy values calculated for the interaction
(AGijpt) between compounds 17, 22, 23A and the LiNOS model were,
respectively, —6.83 kJ/mol, —8.03 kJ/mol and —8.33 kJ/mol, in the
same order of the observed activities. More importantly, no stable
interaction modes could be found for compound 17 in the same
binding site where compounds 22 and 23A have their best AGjy¢, as
can be seen in Fig. 2 and this could be the main reason for the low
activity of this compound. In fact, as can be observed in Fig. 2B and
C, although compounds 22 and 23A have similar AGiy,, they do not
interact exactly in the same binding site. This is not surprising,
because of the difference in properties of these compounds, as
evidenced by the physicochemical descriptors presented in Table 2.

A superposition of the best binding modes of compounds 22 and
23A with the template crystal structure (1TLL) (Fig. 3) reveals that
compound 22 occupies partially the binding site containing a co-
crystallized FMN molecule. Although compound 23A does not
occupy the same site, it is located in the gorge leading to the FMN
binding site. So, we propose that both compounds interfere with
the FMN binding, which is an essential prosthetic group of NO
synthase.

3. Conclusion

In conclusion, a series of eleven 3,4-methylenedioxyde-6-X-
benzaldehyde-thiosemicarbazones with various electronic fea-
tures, ten of which are described for the first time, were prepared in
good yields. Among all compounds tested against L. amazonensis,
the 6-1 and 6-CN substituted thiosemicarbazones showed signifi-
cant antileishmanial activity and selectivity indices higher than
pentamidine, from molecular docking can been observed both
compounds interacting binding site FMI, important site of NO
synthase. The results suggest that these compounds can be used as
promising novel prototypes for drug development against
leishmaniasis.

4. Experimental section
4.1. General methods

The melting points were recorded on a Mel-Temp II capillary
meting point apparatus and are uncorrected. The IR spectra were
recorded on a Bruker Vertex 70 spectrophotometer using potas-
sium bromide tablets. 'H and >C NMR spectra were obtained in
Bruker NMR Ultrashield 400 MHz and 500 MHz spectrometers,
with tetramethysilane as the internal reference and DMSO-dg as
the solvent; the chemical shifts are reported in ppm. Mass spec-
trums were recorded using a Saturn GC—MS - CP-SIL8CB
(30 m x 25 mm x 25 mm). Reactions were monitored by TLC on
Merck silica gel 60 F254 aluminium sheets. TLC spots were
visualised by inspection of the plates under UV light (254 and
365 mm). All commercial reagents were obtained from Aldrich or
Merck Co. and used without any further purification.

4.1.1. Synthesis

4.1.1.1. General procedure to synthesis of 3,4-methylenedioxyde-6-X-
benzaldehyde-thiosemicarbazones (16—26). To a solution of 3,4-
methylenedioxyde-6-X-benzaldehyde (0.01 mol), previously
crushed, in hot ethanol (30 mL) was added two drops of concen-
trated sulphuric acid and thiosemicarbazide (0.01 mol). The reac-
tion mixture was stirred at 40 °C for 4 h, and monitored by TLC. The
precipitate was filtered off and recrystallised from ethanol.
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Fig. 2. Comparison of interaction modes obtained with the “blind” docking of Swiss-
Dock for selected compounds: (A) superposition of all clusters obtained for com-
pound 17; (B) best interaction mode for compound 22; (C) best interaction mode for
compound 23A. Protein in cartoon representation; ligands in stick representation.
Colour code: carbon, grey; oxygen, red; nitrogen, blue; hydrogen, white; sulphur,
yellow; iodine, purple. Figure generated with Chimera 1.10.1 software. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

v H 4
27 s
03 U DG
8'< ¢ ! ‘g
o7y g X

Fig. 3. (A) Superposition of the best binding modes of compounds 22 (carbon atoms in
magenta, stick representation) and 23A (carbon atoms in pink, stick representation)
with the template crystal structure (PDB code 1TLL) (carbon atoms in green) con-
taining a FMN molecule (carbon atoms in yellow, stick representation). In (B) it is
presented the molecular surface of the parasite NO synthase showing the gorge
leading to the FMN binding site. Colour code for the remaining atoms: oxygen, red;
nitrogen, blue; hydrogen, white; sulphur, yellow; iodine, purple. Figures generated
with PyMOL software. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

4.1.1.2. 3,4-Methylenedioxydebenzaldehyde-thiosemicarbazone (16).
White crystals; yield: 98%; m.p. 189 °C (literature 189 °C [40]). IR
(KBr, cm™1): 3464, 3323, 3134 (NH), 2966 (CH,), 1541 (C=N), 1253
(C—0—C), 1082 (C=S). '"H NMR (400 MHz, DMSO-dg) d: 11.34 (s, 1H,
NH), 8.13, 8.05 (broad s, 2H, NH), 7.97 (s,1H, H7'), 7.64 (dd,
*Jue—ns = 8.5 Hz, Yug_mr = 18 Hz, 1H, H6'), 7.05 (d,
Yz —ne = 1.8 Hz, 1H, H2'), 6.90 (d, ®Jus'—_ne = 8.5 Hz, 1H, H5'), 6.05
(s, 2H, H8'). 3C NMR (DMSO-dg, 100 MHz) 3: 178.3 (C3), 149.6 (C3'),
148.4 (C4'), 142.8 (C7'), 129.4 (C1"), 124.5 (C6'), 108.8 (C2'), 105.9
(C5'),101.9 (C8").

4.1.1.3. 3,4-Methylenedioxyde-6-nitro-benzaldehyde-thio-
semicarbazone (17). Yellow crystals; yield: 96%; m.p. 238 °C. IR
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(KBr, cm™1): 3417, 3234 (NH>), 3155 (NH), 2952(CH3), 1541 (C=N),
1519, 1325 (NO,), 1267 (C—0—C), 1033 (C=S). '"H NMR (400 MHz,
DMSO-dg) 8: 11.65 (s, 1H, H2), 8.46 (s, 1H, H7'), 8.32 and 8.24 (broad
s, 2H, H4 and H5), 7.99 (s, 1H, H5'), 7.54 (s, 1H, H2'), 6.25 (s, 2H, H8').
13C NMR (DMSO-dg, 100 MHz) 3: 178.8 (C3),152.2 (C3'), 149.0 (C6'),
143.6 (C4'), 137.9 (C7’), 126.1 (C1’), 106.3 (C2'), 105.1 (C5’), 104.1
(C8). Anal. Calcd. for CgHgN404S: C, 40.30, H, 3.01, N, 20.89. Found:
C, 40.15, H, 2.97, N, 20.97.

4.1.1.4. 3,4-Methylenedioxyde-6-amino-benzaldehyde-thio-
semicarbazone (18). Greenish-yellow crystals; yield: 93%; m.p.
201 °C. IR (KBr, cm™'): 3402, 3275 (NH,), 3167 (NH), 2966 (CH,),
1541 (C=N), 1259 (C—0—C), 1076 (C=S). '"H NMR (400 MHz, DMSO-
de) 8: 10.94 (s, 1H, H2), 8.06 (s, 1H, H7'), 7.96 and 7.72 (broad s, 2H,
H4 and H5), 6.68 (s, 1H, H2'), 6.38 (s, 1H, H5), 6.25 (broad s, 2H, H6')
5.89 (s, 2H, H8'). 13C NMR (DMSO-dg, 100 MHz) 3: 176.7 (C3), 150.2
(C3"), 147.5 (C7’), 145.4 (C4'), 138.5 (C6'), 110.0 (C2’), 107.0 (C1’),
101.1 (C8’), 96.5 (C5'). Anal. Calcd. for CoH19N40,S: C, 45.37, H, 4.23,
N, 23.51. Found: C, 45.42, H, 4.19, N, 23.47.

4.1.1.5. 3,4-Methylenedioxyde-6-fluoro-benzaldehyde-thio-
semicarbazone (19). White crystals; yield: 95%; m.p. 205 °C. IR (KBr,
cm™1): 3417, 3228 (NHy), 3145 (NH), 2977 (CHy), 1535 (C=N), 1325
(C—F), 1240 (C—0—C), 1097 (C=S). 'H NMR (400 MHz, DMSO-dg) 3:
11.50 (s, 1H, H2), 8.09 (broad s, 1H, H4), 8.02 (s, 1H, H7'), 7.77 (d, 1H
Yus—ny = 1.5 Hz, H5'), 7.59 (d, 1H, 4o _ns = 1.5 Hz, H2'), 7.36
(broad s,1H, H5), 6.12 (s, 2H, H8'). 13C NMR (DMSO-dg, 100 MHz) 3:
177.7 (C3), 158.3 (C6'), 150.2 (C4'), 147.8 (C3'), 142.3 (C7'), 122.2
(C1"),116.3 (C2'),102.1 (C8'), 97.1 (C5'). Anal. Calcd. for CgHgFN30,S:
C, 44.81, H, 3.34, N, 17.42. Found: C, 44.87, H, 3.29, N, 17.51.

4.1.1.6. 3,4-Methylenedioxyde-6-chloro-benzaldehyde-thio-
semicarbazone (20). Greenish crystals; yield: 98%; m.p. 208 °C. IR
(KBr, cm~1): 3477, 3332 (NHy), 3143 (NH), 2970 (CH3), 1539 (C=N),
1245 (C—0—C), 1089 (C=S), 667 (C—Cl). TH NMR (400 MHz, DMSO-
dg) d: 11.51 (s, 1H, H2), 8.37 (s, 1H, H7’), 8.23 and 8.19 (broad s, 2H,
H4 and H5), 7.92 (s, 1H, H5'), 7.10 (s, 1H, H2'), 6.12 (s, 2H, H8'). °C
NMR (DMSO-dg, 100 MHz) 3: 178.4 (C3), 1450.0 (C4’), 147.8 (C3’),
138.7 (C7’), 126.9 (C1’), 125.7 (C6'), 109.9 (C2’), 106.3 (C5'), 102.9
(C8). Anal. Calcd. for CgHgCIN30,S: C, 41.95, H, 3.13, N, 16.31. Found:
C, 41.81, H, 3.07, N, 16.42.

4.1.1.7. 3,4-Methylenedioxyde-6-bromo-benzaldehyde-thio-
semicarbazone (21). White crystals; yield: 97%; m.p. 216 °C. IR (KBr,
cm™1): 3477, 3323 (NHy), 3151 (NH), 2972 (CH,), 1535 (C=N), 1245
(C—0—C), 1093 (C=S), 568 (C—Br). 'H NMR (400 MHz, DMSO-dg) 5:
11.53 (s,1H, H2’),8.34 (s,1H, H7’), 8.21 and 8.18 (broad s, 2H, H4 and
H5), 7.91 (s, 1H, H5'), 7.22 (s, 1H, H2'), 6.12 (s, 2H, H8'). 13C NMR
(DMSO-dg, 100 MHz) 3: 178.5 (C3), 150.2 (C4'), 148.3 (C3'), 141.2
(C7"), 127.2 (C1'), 116.1 (C6'), 112.8 (C2'), 106.9 (C5’), 102.9 (C8’).
Anal. Calcd. for CgHgBrN30,S: C, 35.78, H, 2.67, N, 13.91. Found: C,
35.82, H, 2.61, N, 14.02.

4.1.1.8. 3,4-Methylenedioxyde-6-iodo-benzaldehyde-thio-
semicarbazone (22). White crystals; yield: 99%; m.p. 213 °C. IR (KBr,
cm™1): 3417, 3228 (NH3), 3145 (NH), 2977 (CHy), 1535 (C=N), 1240
(C—0—C), 1097 (C=S), 561 (C—I). TH NMR (400 MHz, DMSO-ds) d:
11.56 (s, 1H, H2), 8.25 (s, 1H, H7’), 8.19 and 8.15 (broad s, 2H, H4 and
H5), 7.87 (s, 1H, H5'), 7.39 (s, 1H, H2'), 6.10 (s, 2H, H8'). 3C NMR
(DMSO-dg, 100 MHz) &: 178.3 (C3), 150.2 (C4'), 149.0 (C3’), 145.8
(C7'),130.1 (C1'),118.6 (C6’), 107.2 (C2'), 102.6 (C8'), 90.7 (C5’). Anal.
Calcd. for CgHgIN30,S: C, 30.96, H, 2.31, N, 12.04. Found: C, 30.90, H,
2.38, N, 12.11.

4.1.1.9. 3,4-Methylenedioxyde-6-cyano-benzaldehyde-thio-
semicarbazone (23). White crystals; yield: 93%; m.p. 210 °C. IR (KBr,
cm™1): 3477,3332 (NH ), 3143 (NH); 2976 (CH3), 2230 (C=N), 1539
(C=N), 1240 (C—0—C), 1089 (C=S). 'H NMR (400 MHz, DMSO-dg)
d: 11.45 (s, 1H, H2), 8.35 (s, 1H, H7’), 8.21 and 8.17 (broad s, 2H, H4
and H5), 7.52 (s, 1H, H5"), 7.19 (s, 1H, H2'), 6.12 (s, 2H, H8'). 3*C NMR
(DMSO-dg, 100 MHz) d: 178.9 (C3), 154.6 (C3'), 151.7 (C4’), 144.5
(C7'),131.9(C1"), 116.1 (C9), 114.6 (C5’), 111.5 (C2’), 1085 (C6’), 101.6
(C8). Anal. Calcd. for C;9gHgN40,S: C, 48.38, H, 3.25, N, 22.57. Found:
C, 4842, H, 3.31, N, 22.64.

4.1.1.10. 3,4-Methylenedioxyde-6-hydroxy-benzaldehyde-thio-
semicarbazone (24). White crystals; yield: 93%; m.p. 212 °C. IR (KBr,
cm™'): 3446, 3330 (NH,), 3134 (NH), 2947 (CH,), 2966 (0—H), 1541
(C=N), 1269 (C—0—C), 1064 (C=S). 'H NMR (400 MHz, DMSO-dg)
3: 11.25 (s,1H, H2), 9,84 (broad s,1H, H6'), 8.27 (s, 1H, H7'), 7.98 and
7.95 (broad s, 2H, H4 and H5), 7.55 (s,1H, H2'), 6.45 (s,1H, H5'), 5.96
(s, 2H, H8). 13C NMR (DMSO-dg, 100 MHz) §: 177.7 (C3), 153.2 (C6'),
150.1 (C4'), 141.3 (C3'), 140.0 (C7'), 113.3 (C1’), 105.0 (C2'), 101.7
(C8'), 98.0 (C5'). Anal. Calcd. for CgHgN305S: C, 45.18, H, 3.79, N,
17.56. Found: C, 45.23, H, 3.82, N, 17.66.

4.1.1.11. 3,4-Methylenedioxyde-6-methoxy-benzaldehyde-thio-
semicarbazone (25). White crystals; yield: 91%; m.p. 207 °C. IR (KBr,
cm™!): 3446, 3359 (NHy), 3174 (NH), 2976 (CHy), 2929 (C—H), 1539
(C=N), 1244 (C—0), 1082 (C=S). '"H NMR (400 MHz, DMSO-dg) 3:
11.45 (s, 1H, H2), 8.22 (s, 1H, H7'), 8.05 and 7.98 (broad s, 2H, H4 and
H5), 7.65 (s, 1H, H5'), 6.45 (s, 1H, H2’), 5.99 (s, 2H, H8'), 3.86 (s, 3H,
H9'). 3C NMR (DMSO-dg, 100 MHz) 3: 177.5 (C3), 151.8 (C6'), 149.1
(C4'),144.8 (C3'),141.2 (C7"),119.1 (C1’),110.2 (C2'),102.9 (C8'), 92.9
(C5"), 55.9 (C9).

4.1.1.12. 3,4-Methylenedioxyde-6-aminochloroacetyl-benzaldehyde-
thiosemicarbazone (26). White-Greenish crystals; yield: 95%; m.p.
257 °C. IR (KBr, cm™): 3473, 3352 (NH,), 3168 (NH), 2974 (CH,),
1652 (C=0), 1506 (C=N), 1238 (C—0—C), 1099 (C=S), 667 (C—Cl).
'H NMR (400 MHz, DMSO-dg) 8: 11.60 (broad s, 1H, H6'); 10,66 (s,
1H, H2); 8,38 (s, 1H, H5'); 8,12 (s, 1H, H7'); 7,99 e 7,72 (broad s, 2H,
H4 and H5), 6.60 (s, 1H, H2'), 5.92 (s, 2H, H8'), 4.21 (s, 2H, HY'). 3C
NMR (DMSO-dgs, 100 MHz) &: 178.1 (C3), 165.9 (C9’), 151.9 (C4’),
148.9 (C7'), 145.8 (C3'), 132.8 (C6'), 125.8 (C1’), 113.1 (C2'), 102.5
(C8'),91.6 (C5'), 43.1 (C10’). Anal. Calcd. for C11H11CIN4O3S: C, 41.98,
H, 3.52, N, 17.80. Found: C, 41.90, H, 3.48, N, 17.88.

4.2. Biological assays

4.2.1. Parasites

L. amazonensis (strain: MHOM/BR/77/LTB0016) was maintained
as promastigotes at 26 °C in Schneider's insect medium (Sigma-
—Aldrich, St Louis, MO, USA) with 10% serum, 100 mg/mL strepto-
mycin and 100 U/mL penicillin. Parasites were maintained until the
10th passage; subsequently, new cultures were obtained from
infected animals. The Animal Ethics Committee of the Oswaldo
Cruz Foundation (license number LW07/2010) approved this study.

4.2.2. Promastigote inhibition growth assay

Promastigotes of L. amazonensis (LTB0016, 1 x 108/mL) were
incubated with thiosemicarbazones up to 400 uM for 72 h at 26 °C
in Schneider's medium supplemented with 10% FBS, penicillin (100
Ul/mL) and streptomycin (100 pg/mL). The assays were performed
in triplicate in 96-well plates (Costar, New York, USA). The inhibi-
tion growth assay was evaluated by adding 22 pL of MTT (5 mg/mL,
Sigma, Saint Louis, USA) per well. After 2 h, 80 pL of DMSO (Vetec,
Rio de Janeiro, Brazil) was added to each well, and the optical
density was measured at 570 nm using a spectrometer (Bio-Tek
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Instruments, Winooski, USA). Alternatively, for samples where
colour interfered with the spectrometer measurement, the para-
sites were quantified by light microscopy. The 50% inhibitory con-
centration (ICsp) was determined by logarithmic regression
analysis in GraphPad Prism 5.0. All assays were performed in
triplicate in three independent experiments. The final concentra-
tion of DMSO (Sigma) used to solve the thiosemicarbazones did not
exceed 1% in the cultures.

4.2.3. Antiamastigote assay

To evaluate the activity against intracellular amastigotes, resi-
dent macrophages from BALB/c mice were obtained by peritoneal
lavage with 5 mL of cold RPMI medium (Sigma). The cell suspension
was adjusted to a concentration of 2 x 10%/mL and plated in Lab-tek
chambers (Nunc). After 1 h, the cultures were washed with
phosphate-buffered saline (PBS) at 37 °C to remove non-adherent
cells. The remaining cells were incubated at 37 °C/5% CO, with
promastigotes of L. amazonensis at a ratio of 3:1. After 3 h, the
chambers were washed again to remove free parasites. The
monolayers were incubated with thiosemicarbazones up to 100 uM
for 72 h at 37 °C/5% CO,. The antiamastigote activity was evaluated
microscopically after staining the chambers with the Instant Prov
haematological dye system (Newprov, Curitiba, Brazil); at least 200
macrophages were counted per sample. The results are expressed
as the infection index (IF) using the following formula: IF = %
infected cells x number of amastigotes/total macrophages. The
calculation of the ICs9 was performed by logarithmic regression,
and the statistical analysis was performed using Student's t test in
GraphPad Prism 5.0 software.

4.2.4. Cytotoxicity

BALB/c mice macrophages were obtained by peritoneal lavage
with cold RPMI medium (Sigma®). The macrophages at 2 x 108
cells/well in RPMI culture medium (pH 7.2, supplemented with 10%
foetal bovine serum) were incubated with prototypes (0—125 uM)
for 72 h at 37 °C under 5% CO; in 96-well plates. After removing the
supernatant, viable cells were quantified by adding Resazurin so-
lution in phosphate buffer saline. The fluorescence was measured
using a Spectra Max M2 spectrofluorometer (Molecular Devices,
Silicon Valley, USA) at excitation and emission wavelengths of
560 nm and 590 nm, respectively. The percentage of viable cells
was calculated relative to the control cells. The tests were carried
out in triplicate.

4.2.5. Molecular docking

There is no crystallographic structure available for the NO syn-
thase from any Leishmania species, so it was necessary the con-
struction of a homology model for the enzyme. Unfortunately, there
is a paucity of sequencing data for L. amazonensis proteins in the
literature, so it was necessary to select the NO synthase sequence
from another Leishmania species to apply the homology modelling
procedure. In fact, there is only one NO synthase sequence from a
Leishmania species available in the UniProtKB/Swiss-Prot database,
that from Leishmania infantum (code A4HYH5), which is a member
of the same subgenus of L. amazonensis, Leishmania (the more ac-
curate definition of this species is Leishmania Leishmania ama-
zonensis). The L. infantum NO synthase (LiNOS) model was
constructed with the automated mode of the Swiss-Model protein
structure homology-modelling server [39].

The ligands' structures were constructed and energy-minimized
with the PM6 method [41] available in the Spartan'14 software
(Wavefunction, Inc.). For compound 23, we modelled its hydrolysis
product, were the cyano group was replaced by an amide group,
defined as compound 23A. Docking studies were implemented
with the SwissDock server [42]. SwissDock is based on the docking

software EADock DSS [43], whose algorithm consists of the gen-
eration of many binding modes either in a box (local docking) or in
the vicinity of all target cavities (blind docking), followed by the
estimation of their energies on a grid with CHARMM [44]. The
binding modes with the most favourable energies are evaluated
with the FACTS solvation model [45], and then clustered.
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