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The reaction of 5-bromo-4-nitrofuraldehyde (4-NO3) with (1°-CsH4NH;)Fe(n°-CsHs) produces the Schiff
base [(n5—C5H4)—N:CH—(Br—N02—2—C4HO)]Fe(n5—C5H5) (1a) as a condensation product and the amine
complex [(n5—C5H4)—NH—(CHO—NOZ—Z—C4HO)]Fe(nS—C5H5) (1b) as a substitution product in a 1:4 ratio,
whereas the reaction between 4-bromo-5-nitrofuraldehyde (5-NO,) and (n°-CsH4NH;)Fe(n°-CsHs)
generates only the iminic derivative (2a). The structures of all the complexes were inferred from their FT-
IR, 'H NMR, *C NMR and mass spectra. The molecular structure of the ferrocenylamine (1b) determined
by X-ray crystallography showed an unusual intramolecular H-bond (N-H- - - 0), an [(1°-CsH4)-NH-(CHO-
C4HO-NO,)] planar system, and an sp?-type hybridization on the amine nitrogen. Cyclic voltammetry
study of 5-nitrofuran derivative 2a, exhibits a more anodic reduction potential (E,, = —0.60 V) compared
with those registered for 1a (E,,= —1.03V) and 1b (E,, = —1.14 V). All compounds were tested for their
anti-parasitic activity against the tripomastigote form of the Dm28c strain of T. cruzi.

anti-T.cruzi

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Nitrofuran is one of the most important nitroheterocyclic
compound-containing drugs used in chemotherapy [1]. Nitro-
furazone, furazolidone and nitrofurantoin are remarkable examples
of antibacterial agents that contain a 5-nitrofuran ring and have
been used for more than 60 years [2,3]. Nifurtimox is another
example of a 5-nitrofuran derivative that is currently used as an
antiprotozoal drug for the treatment of American trypanosomiasis
(Chagas disease) and human African trypanosomiasis (HAT,
sleeping sickness) [2,4]. Despite their clinical use, most of the
abovementioned compounds have shown several undesirable side
effects in humans. Thus, there is an urgent need to search for more
effective and less toxic antibacterial and anti-parasitic drugs based
on nitrofurans.

* Corresponding author.
E-mail address: hugo.klahn@pucv.cl (H. Klahn).

https://doi.org/10.1016/j.jorganchem.2019.120946
0022-328X/© 2019 Elsevier B.V. All rights reserved.

Considering that Chagas disease, caused by the Trypanosoma
cruzi parasite (T. cruzi), continues to be a relevant social and eco-
nomic problem in many Latin American countries [5] and is
therefore considered by the WHO to be a neglected tropical disease
(NTD) [6,7], many research groups have focused their efforts on the
design of new antichagasic agents analogous to nifurtimox, main-
taining the bioactive fragment of the drug and modifying its side
chain with bioactive ligands [8], pharmacologically active metals
[9] and organometallic cores [10,11]. With regard to the latter
approach, our research group has designed and synthesized a series
of nifurtimox analogues containing organometallic fragments, such
as electron-donating ferrocenyl and electron-withdrawing cyrhe-
trenyl groups connected to 5-nitrofuran and 5-nitrothiophene
moieties through imine [10,11], phenylimine [12] and azine
bridges [13]. The biological evaluation of these derivatives against
Trypanosoma cruzi and Trypanosoma brucei has also been achieved
[10—13].

In view of the large number of organic and inorganic com-
pounds containing 5-nitrofuran and 5-nitrothiophene moieties and
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possessing anti-parasitic properties that have been described in the
literature [8a,8¢,9a,9d,10—13], it is surprising that potentially bio-
logically active compounds containing furan with a NO; group in a
different position have not yet been explored. Presumably, the
synthetic difficulties associated with appropriated precursors of 3-
and 4-nitrofurans are the major drawback. In our hands, several
attempts to prepare 4-nitro-2-furaldehyde according to the pro-
cedure described by Shibamoto were unsuccessful [14].

On the basis of these observations, in this work we present the
synthesis and characterization of the ferrocenylimines and ferro-
cenilamine those containing bromo-nitrofuraldehydes isomers. In
addition, we include cyclic voltammetry studies and the anti-
T. cruzi evaluation of the new compounds.

2. Results and discussion
2.1. Design and synthesis

With the aim to compare the physicochemical properties and
the anti-T. cruzi activity of 4- and 5-nitrofuran derivatives, we
decided to carry out the direct nitration of the commercially
available 4- and 5-bromo-2-furaldehydes to form 5-bromo-4-nitro-
2-furaldehyde, which, according to our knowledge, remains unre-
ported, whereas 4-bromo-5-nitro-2-furaldehyde was described by
Tarasova in 1965 and characterized only by melting point and
elemental analysis [15]. Both bromo-nitro-furaldehyde isomers
were obtained in low yield and characterized by 'H and >C NMR
and EI-MS (see Supplementary Material).

Further reaction of 5-bromo-4-nitrofuraldehyde (4-NO3) or 4-
bromo-5-nitrofuraldehyde (5-NO) with ferrocenylamine was
then explored (Scheme 1). All these new complexes are air- and
thermostable in the solid state and are soluble in most polar
organic solvents.

Depending on the position of the substituents on the furan ring,
condensation and/or substitution products were formed. Two
products could be obtained in the reaction of the organometallic
amine and 5-bromo-4-nitro-furaldehyde (4-NO3) (Scheme 1): the
condensation product (1a) and the substitution product (1b) in a
1a/1b ratio of 1/4. Similar products were obtained by Novikov et al.
in the reaction of 5-bromo-2-carbonyl furan derivatives with
organic amines [16]. Nevertheless, the reaction of ferrocenylamine
with 4-bromo-5-nitro-furaldehyde (5-NO3) leads only to the
condensation product (2a) (Scheme 1). An explanation for this
finding is that the presence of a good leaving group, such as
bromine in the 5-position of the furan ring (compound 4-NOy),
makes possible two parallel pathways of nucleophilic attack from
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the organometallic amine, i.e., at the carbonyl group and at the 5-
position of the furan ring [2,16]. In contrast, the electron-
withdrawing capability of the nitro group in 5-NO; acts mainly as
an activator of nucleophilic attack of the organometallic amine at
the aldehyde in the 2-position.

Compounds 1a and 1b were isolated as pure materials (by NMR)
after purification by column chromatography and crystallization,
while imine 2a was purified only by crystallization. The authen-
ticity of the organometallic products was unequivocally established
by 'H and 3C NMR spectroscopies.

2.2. Characterization

The IR spectra in solid state (KBr), of 1a and 2a exhibited the
iminic stretching ¥(C=N) in the range of 1643 — 1634 cm ™. Similar
frequency values have been reported for organometallic Schiff ba-
ses derived from 5-nitrothiophene [11]. As expected, the compound
1b (in solid state) showed absorption bands for »(C=0) and »(N-H)
stretches at 1632 cm~! and 3272 cm™, respectively.

The 'H NMR spectra for all complexes indicated the presence of a
single compound. The Schiff bases 1a and 2a showed a sharp singlet
at d 8.30 and 8.43, respectively, which was assigned to the iminic
proton. For amine 1b, a broad singlet at 8.91 ppm was observed due
to the NH group. The low-field resonance for this group did not agree
with the values reported for aromatic ferrocenylamines [17,18] (3
ranged between 4.9 and 5.6) but resembled the value reported for N-
ferrocenyl-2-nitrobenzenamine [19]. This finding can be associated
with an intramolecular hydrogen bond (see below). The signal at
9.43 ppm observed in the 'H NMR spectrum of 1b was attributed to
the presence of a CHO group attached to the nitrofuran ring.

As expected, in the spectra of the ferrocenyl derivates (1a, 1b
and 2a), the resonance assigned to the protons of the unsubstituted
cyclopentadienyl group appeared as a singlet at approximately
0 4.2, while two resonances attributed to the nonequivalent
hydrogen nuclei of the substituted C5 ring were observed between
4.20 and 4.67 ppm. For all cases, a singlet observed between & 7.22
and 7.62 was assigned to the hydrogen atom of the furan ring. The
correct assignments of the resonances were corroborated by a
TH—13C HMQC experiment (see Supplementary Material).

The 3C NMR data are also in agreement with the proposed
structures, since the amine and the imines showed the carbon
nuclei of the furan groups and the ferrocenyl fragment. The most
important feature of the spectra of the ferrocenyl imines (1a and
2a) is the presence of a low-field resonance (142 ppm) assigned to
the iminic carbon. This resonance is similar to that reported for
other organometallic Schiff bases derived from 5-nitrofuran [10].

"HO
(1a) (1b)

(2a)

Scheme 1. Synthesis of amine (1b) and organometallic imines (1a and 2a) derived from isomeric bromo-nitrofuraldehydes (4-NO and 5-NO;).
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On the other hand, the presence of the CHO group in amine com-
pound (1b) was registered at a low field (3 174.9).

Despite the fact that imines can adopt two different isomeric
forms (E- or Z-), the 'H and >C NMR spectra of 1a and 2a were
consistent with the presence of only one isomer in solution (E-
isomer). This finding is in good agreement with previously reported
ferrocenyl and cyrhetrenyl Schiff bases [20,21].

The results from electron impact mass spectra confirmed the
integrity of both amine and imines possessing the ferrocenyl unit.
All the complexes exhibited a peak with an m/z value that corre-
sponded to their molecular weight.

2.3. X-ray structure analysis

In addition to the spectroscopic data, single-crystal X-ray
diffraction studies have been successfully carried out for the fer-
rocenylamine (1b). A summary of the structural refinement data,
bond lengths and bond angles, are included in the Supplementary
Materials (Tables S1—S2). Fig. 1 shows an ORTEP drawing of the
structure of 1b with the corresponding atom-labelling scheme and
includes some selected bond distances and angles.

The structure confirms the presence of the aminoferrocenyl core
at the 2-position, as well as the aldehyde and nitro groups at the 5-
and 3-positions, respectively. The ferrocenyl fragment in 1b did not
show any remarkable differences with other monosubstituted fer-
rocenes; i.e., it is undistorted, has bond distances and angles in line
with expectations and adopts an eclipsed conformation of the two
cyclopentadienyl rings [22].

The most relevant features of the structure are (a) a short
intramolecular hydrogen bond between the amino and nitro
groups N-H---O (average value of 2.243 A) and (b) some degree of
conjugation between the m°-CsHs moiety and the furan ring
through the amine bridge, as indicated by (i) short C1-N1 and N1-
C6 distances [1.412(2) and 1.320(2) A, respectively] (ii) a high de-
gree of planarity of the [(n°-CsH4)-NH-(C4HO)] system of 0.13(8)°,
which contrasts with other ferrocenyl-bearing aminophenyl or
heterocyclic substituents in which the plane of the (n°-CsHa)
moiety is tilted with respect to the plane of the substituent [23],
and (iii) an amine moiety that adopts a trigonal planar geometry
(sum of angles 360°) with an sp?-type hybridization at N1 [24].

2.4. Electrochemical measurements
In order to correlate the trypanocidal activity with the E,,, we

Ccl2

Cl1i

c1i3

Cl4

Fig. 1. Molecular structure of 1b drawn with 30% probability displacement ellipsoids.
Selected bond lengths (A) and bond angles (°): CsHy(centroid)-Fe 1.6476(12);
CsHs(centroid)-Fe 1.6490(10); N1-C1 1.409(3); N1-C6 1.320(3); C6-C7 1.403(3); N1-
H:---02 2.243. C1-N1-C6 128.3(2); N1-C6-C7 131.2(2).

determined the reduction potentials of nitro group by cyclic vol-
tammetry for all compounds. Electrochemical characterization was
performed under recommended experimental conditions [25].
Voltammograms were recorded at room temperature in DMSO
using TBAP as a supporting electrolyte with a scan rate of
50—2500 mV/s (Fig. 2). Electrochemical parameters obtained for all
complexes are detailed in the Supplementary Material (Table S5).

Voltammograms obtained for the compounds derived from 5-
bromo-4-nitro-2-furaldehyde (1a and 1b) show only a reduction
peak attributable to the formation of nitro radical anion (1a: —1.08 V
and 1b: —1.22V). According to the Nicholson diagnostic criteria, a
quasi-reversible reduction process should be involved [26,27]. Both
voltammograms can be correlated with similar results described for
organometallic phenylimines derived from 4-nitrothiophene [12].
Nevertheless, the more negative reduction potential of 1b
(compared to 1a), may indicate that the electron-donor effect of the
ferrocenyl fragment is more efficiently transferred to the nitro
group through the conjugated planar [(1°-CsH4)-NH-(C4HO)] sys-
tem, in agreement with the crystallographic results.

On the other hand, voltammogram obtained for compound 2b
(derived from 5-NO2), showed two reduction peaks. The first
reduction wave occurred at potential close to —0.74 V (comparatively
lower than those obtained for 1a and 1b), was attributed to the
formation of nitro radical anion, in a quasi-reversible process
controlled by diffusion. The second irreversible peak observed a
more negative reduction potential (—1.28V), was assigned to
reduction of nitro radical anion to the hydroxylamine derivative (this
reduction wave is not observed in 1a and 1b in the potential range
used). Similar behaviors have been observed for a large number of 5-
nitrofurane and 5-nitrothiophene containing compounds [10,11,13].

Based on these results, which are included in Table S5, we
confirm our previous observations that the organometallic con-
taining 5-nitrofuran derivatives, exhibited lower E., values than
nifurtimox and much lower than their 4-nitro analogues, under the
same conditions, indicating that these compounds had a better
ability to generate radical species [12].

2.5. In vitro anti-T. cruzi activity

To evaluate the anti-trypanosomal activity by modifying the
position of the nitro group attached to the furfuryl entity (4-NO,
and 5-NO.), we perform an in vitro growth inhibitory study of all
the complexes against the T. cruzi tripomastigotes (Dm28c strain)
and Vero cells. Parasites were incubated at variable concentrations
of compounds to obtain a dose—response curve (cell viability (%) vs
Log [M]) that allowed calculation of ICs¢ values (concentration that
inhibits fifty percent of growth, with respect to an untreated con-
trol), including the nifurtimox drug as a positive control.

The results found on the tripomastigote form of T. cruzi (Table 1)
indicated that there was not a linear correlation between nitro
reduction potential (E,,) with the trypanocidal activity (IC5q). This
finding is in good agreement with other nitro-heterocyclic com-
pounds with anti-parasitic activity previously reported [11,12].
Nevertheless, a trend could be established between of the nitro
group position bound to the furan ring and the ICsg values. The
compound 2a derived from 5-NO3 is more efficient anti-T. cruzi
agent (IC5o=75.8uM) than their analogues, 1a and 1b
(IC50=88.6 uM for 1a and >100puM for 1b). These results are
probably related to the easier generation (in agreement with the
electrochemical results) and a better stabilization of the nitro anion
radical (NO37) in the biological target [12].

Despite the fact that complexes 1a and 1b are the less active
compounds against to T. cruzi parasites, they showed cytotoxicity
comparable to that of nifurtimox. Indicating that the compounds
derived from 4-NO; are less cytotoxic than the imine 2a.
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Fig. 2. Cyclic voltammograms of compounds (A) 1b and (B) 2a in DMSO of 50—2500 mV/s.

Table 1
In vitro anti-T. cruzi activity (tripomastigotes Dm28c), cytotoxicity in Vero cells and
reduction potentials of ferrocenyl compounds.

Compound Structrure ICso (uM)? + SEP for: Eqj2 (V) (NO; group)
T. cruzi Vero cells

1a 4-NO, 88.6+5.1 >100 -1.03

1b 4-NO, >100 >100 -1.14

2a 5-NO, 75.8+4.0 80+18 —0.60

Nfx 5-NO, 20.0+0.3 >100 -0.884

2 1Cso: concentration that inhibits 50% of growth. Values shown are the average of
three experiments. b Standard error (SE). € E1j2: (Epc + Epa)/2. d Data from Ref. [25].
Nfx: nifurtimox.

3. Conclusions

To summarize the results presented, a new ferrocenyl com-
plexes based on isomeric bromo-nitrofuraldehydes (4-nitro and 5-
nitro) were synthesized. The reaction between 5-bromo-4-nitro-
furaldehyde (4-NO-) and ferrocenylamine led to two products in a
1:4 ratio an iminic complex (1a) and an amine complex (1b).
However, the reaction of the 4-bromo-5-nitro-furaldehyde isomer
(5-NOy) with ferrocenylamine led to only the iminic product (2a).
All ferrocenyl derivatives were successfully isolated and charac-
terized using standard techniques (IR, 'H NMR, *C NMR, MS).
Compound 1b was determined by single-crystal X-ray diffraction.
This compound (1b) shows a high degree of planarity of the [(1’-
Cs5Hy4)-NH-(C4HO)] system, which is stabilized by an intramolecular
hydrogen bond, in contrast with other ferrocenyl-bearing amino-
phenyl or heterocyclic substituents.

Cyclic voltammetry studies and the evaluation of the in vitro
activity against Trypanosoma cruzi, allowed us to confirm our pre-
vious results found in 4- and 5-nitrothiophene containing organ-
ometallic moieties, that the position of the nitro group in furan
rings also affects the reduction potential of the nitro group (E.,) and
the anti-parasitic activity (ICsp).

4. Experimental section
4.1. Materials

All manipulations were conducted under a N, atmosphere using
Schlenk techniques. The ferrocenylamine complex [28] was syn-
thesized according to the literature procedure. 4-bromo- and 5-
bromo-2-furaldehydes, ferrocenecarboxylic acid (97%), n-BuLi

solution (1.6 M in cyclohexane), and KNO3 (99%) were purchased
from Aldrich and used as received. The solvents were obtained
commercially and purified using standard methods. Infrared
spectra were recorded in solid state (KBr) on a Perkin Elmer
Spectrum II or Thermo Scientific, model Nicolet FT-IR spectropho-
tometers, in the range of 4000-500 cm~". 'H and 3C NMR spectra
were acquired on a Bruker Advance 300 spectrometer using tet-
ramethylsilane (TMS) as the internal standard and CDCl; as the
solvent. The mass spectra were obtained on a Shimadzu model
QP5050A GC-MS at the Laboratorio de Servicios Analiticos, Pontif-
icia Universidad Catélica de Valparaiso.

4.2. Synthesis of organic precursors

4.2.1. 5-bromo-4-nitro-2-furaldehyde (4-NOz)

5-bromo-2-furaldehyde (525 mg, 3.0 mmol) was slowly added
to concentrated H,SO4 (4.0 mL, 98%) under vigorous stirring, and
the reaction system was maintained in a water bath at approxi-
mately 0°C. Then, ground potassium nitrate (394 mg, 3.9 mmol)
was gradually added. After stirring for 1 h, the resulting solution
was poured into ice and then extracted with dichloromethane
(3 x 15 mL). The organic phase was dried over Na;SO4 and evapo-
rated under vacuum. The residue was purified by column chro-
matography on silica gel by using a mixture of ethyl acetate/hexane
(1:4) as the eluent. After solvent evaporation, a light brown solid
containing 5-bromo-4-nitro-2-furaldehyde (4-NO,) was obtained
from the second band. Yield: 18% (119 mg, 0.54 mmol). TH NMR
(CDCl3): 3 7.70 (s, 1H, C4HO); 9.64 (s, 1H, CHO). 13C NMR (CDCl3):
0 115.6 (C4HO); 131.9 (C4HOipso); 152.1 (C4HOjps0); 176.4 (CO). Mass
spectrum (based on 7°Br) (m/z): 219 [M*].

4.2.2. 4-bromo-5-nitro-2-furaldehyde (5-NO3)

The synthesis of 4-bromo-5-nitro-2-furaldehyde (5-NO3) was
similar to that described for the 4-NO; analogue. 5-NO, was ob-
tained as a light brown solid. Yield: 15% (99.0 mg, 0.45 mmol). 'H
NMR (CDCls): & 7.40 (s, 1H, C4HO); 9.81 (s, 1H, CHO). >°C NMR
(CDCl3): & 103.3 (C4HOipso); 122.5 (C4HO); 149.0 (C4HOjpso); 177.9
(CO). Mass spectrum (based on 7°Br) m/z: 219 [M*].

4.3. Synthesis of imines (1a and 2a) and ferrocenylamine (1b)
4.3.1. Reaction of ferrocenylamine with 5-bromo-4-nitro-2-

furaldehyde (4-NO3). General procedure
Ferrocenylamine (1 eq.) and 5-bromo-4-nitro-2-furaldehyde (4-
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NO-) (1 eq.) were dissolved in dry toluene (15 mL) and refluxed for
6 h under a nitrogen atmosphere. After this time, the solvent was
removed under vacuum. The solid obtained contains a mixture of
imine (1a) and amine (1b) (by TLC and 'H NMR). These complexes
were separated by column chromatography on silica gel using
CH,Cl; as the eluent. The first (red) band contained complex 1b,
and the second (purple) band contained complex 1a. Finally, both
solids obtained after solvent evaporation were purified by crystal-
lization from CH,Cl,/hexane (1:5) at —18 °C.

4.3.1.1. [(°-CsHy)-N=CH-(5-Br-4-N0»-2-C4HO)]Fe(’-CsHs)  (1a).
Purple solid, yield 16%. FT-IR (cm™!): 1634 (w) (vC=N). 'H NMR
(CDCl3): & 4.21 (s, 5H, CsHs); 4.38 (t, 2H, J = 1.9 Hz, CsH,); 4.64 (t,
2H, J=1.9Hz, CsHy); 7.34 (s, 1H, C4HO); 8.30 (s, 1H, CH=N). 13C
NMR (CDCl3): & 63.5 (CsHa); 68.7 (CsHg); 70.2 (CsHs); 103.0
(CsHaipso); 109.0 (C4HO); 127.7 (C4HOipso); 142.4 (C=N); 153.7
(C4HOipso). MS (based on 7Br) m/z: 402 [M*].

4.3.1.2. [(1°-CsHg)-NH-(CHO-NO,-2-C4HO)]Fe(°-CsHs) (1b).
Dark red crystalline solid, yield 64%. A suitable crystal of this crop
was used for X-ray crystal structure determination. FT-IR (cm™'):
3272 (VNH); 1632(vCO). "H NMR (CDCl3): & 4.20 (s, 2H, CsHy); 4.23
(s, 5H, CsHs); 4.66 (s, 2H, CsHy); 7.62 (s, 1H, C4HO); 8.91 (s, 1H, NH);
9.43 (s, 1H, CHO). 13C NMR (CDCl3): & 62.2 (CsHa); 66.3 (CsHa); 70.0
(CsHs); 91.7 (CsHaipso); 1171 (C4HOipso); 118.7 (C4HO); 142.1
(C4HOipso); 156.0 (C4HOipso); 174.9 (CHO). MS my/z: 340 [M*].

4.3.2. Reaction of ferrocenylamine with 4-bromo-5-nitro-2-
furaldehyde (5-NO3). General procedure

Ferrocenylamine (1 eq.) and 4-bromo-5-nitro-2-furaldehyde (5-
NO7) (1 eq.) were dissolved in anhydrous toluene (15 mL) and
refluxed for 6 h in a nitrogen atmosphere. Then, the solvent was
evaporated under vacuum, and the blue solid obtained was crys-
tallized with CH,Cl,/hexane (1:5) at —18 °C.

4.3.2.1. [(7°-CsHy)-N=CH-(4-Br-5-N03-2-C4HO)]Fe(r’-CsHs)  (2a).
Blue crystalline solid, yield 73%. FT-IR (cm™!): 1643 (w) (vC =N).'H
NMR (CDCl3): 3 4.22 (s, 5H, CsHs); 4.47 (t, 2H, ] = 1.9 Hz, CsHy); 4.67
(t, 2H, J = 2.0 Hz, CsH4); 7.22 (s, 1H, C4HO); 8.43 (s, 1H, CH=N). 3C
NMR (CDCl3): & 64.1 (CsH4); 69.6 (CsH4); 704 (CsHs); 102.4
(CsHaipso); 105.3 (C4HO); 116.6 (C4HOipso); 142.4 (C=N); 153.2
(C4HOipso). MS (based on 7Br) m/z: 402 [M*].

4.4. Crystal structure determination

Some suitable crystals of compounds 1b were measured, and
their diffraction data were collected at 296.81 K on a D8 Venture
diffractometer equipped with a bidimensional CMOS Photon 100
detector, using graphite monochromated Mo-Ka (1=0.71073 A)
radiation. The diffraction frames were integrated using the APEX3
package [29] and were corrected for absorption with SADABS. The
structure of 1b was solved by intrinsic phasing [30] using the OLEX
2 program [31]. The structure was then refined with the full-matrix
least-square methods based on F? (SHELXL-2014) [30]. For the 1b
complex, non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were included in
their calculated positions, assigned fixed isotropic thermal pa-
rameters and constrained to their parent atoms. The -NO; and -CHO
groups and m°-CsHs fragment were restrained using Rigid body
(RIGU) and SADI restraints. Sigma values for 1-2 and 13 distances
were set to 0.002. Finally, disordered fragments were treated with
fixed occupancies of 1/3 for -NO, and -CHO groups and 1/2 for the
1°-CsHs fragment and were anisotropically modelled. Bond dis-
tances and angles of the disordered fragments were analysed ac-
cording to the average values between both parts. A summary of

the crystal data, collection parameters and refinement are docu-
mented in Table 1, and additional crystallographic details are
available in the CIF files. ORTEP views were drawn using OLEX2
software [31].

4.5. Cyclic voltammetry (CV)

DMSO (spectroscopy grade, Aldrich) was used as a solvent and
tetrabutylammonium perchlorate (TBAP), obtained from Fluka, as
supporting electrolyte. CV measurements were obtained using a
Metrohm 693 VA instrument with a 694 VA Stand convertor and a
693 VA Processor. The reduction potentials of the complexes were
measured using DMSO solutions, which were ca. .0 mM in the
sample and contained tetrabutylammonium perchlorate (TBAP, ca.
0.1 M) as the supporting electrolyte in a three-electrode cell (a
hanging mercury drop was used as the working electrode (HMDE),
a platinum wire as the auxiliary electrode and a saturated calomel
electrode (SCE) as the reference). All solutions were purged with
nitrogen, and voltammograms were recorded under a blanket of
nitrogen, at room temperature.

4.6. Biological assays: in vitro anti-trypanosomal activities

4.6.1. Cell culture

Mammalians cell: Vero cells (Kidney epithelial, ATCC number:
CCL-81), were maintained in culture medium RPMI 1640, supple-
mented with 5% foetal bovine serum (FBS) and 100 UmL"! peni-
cillin, 100 mg L' streptomycin and incubated under humidified air
with 5% CO,, at 37 °C.

Parasites (T. cruzi): Trypomastigotes (Dm28c strain) were ob-
tained from infected VERO cells (kidney epithelial, ATCC number:
CCL-81). Cells were exposed to trypomastigotes (Dm28c strain) in a
ratio, Trypomastigote:cell (3:1) in RPMI 1640 medium supple-
mented with 10% (v/v) FBS inactive. Trypomastigotes were allowed
to infect cells for 24 h, after that, the supernatant was extracted. The
infected cells were incubated for 3 days to spread the infection. The
parasites were harvested by centrifugation at 3500 rpm for 10 min
and collected for viability assay.

4.6.2. Viability assays

All compounds dissolved in DMSO (final concentration was less
than 0.5% v/v) at a concentration range (1—100 uM), were added to
a suspension of Trypomastigotes (1.0 x 107 parasites per mL) or
Vero cells cultures (5.0 x 10° cell per mL) and incubated for 24 h at
37 °C. Nifurtimox was added as a positive control. After that, MTT
[32] was added at a final concentration of 0.5mgmL™' with
phenazine methosulfate (0.22 mg mL™") and incubated at 37 °C for
4h. The parasites were solubilized in 10% sodium dodecyl
sulfate—0.01 M HCI and incubated overnight. The optical density
(OD) was determined using a microplate reader (Asys Expert Plus©,
Austria) at 570 nm. Under these conditions, the OD is directly
proportional to the viable cell number in each well. All experiments
were performed in triplicate and data are shown as the means and
their standard deviations from triplicate cultures. The ICsq values
were obtained using non-linear dose—response curve fitting anal-
ysis (log of concentration vs. percentage of viable cells) by Graph
Pad Prism 5 software [33].
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