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Abstract

Four N-acylhydrazones of general formulae [R*-C(0)-NH-N=C(R?)(5-nitrofuryl)] with (R* =
ferrocenyl or cyrhetrenyl and R? = H or Me) are synthesized and characterized in solution and
in the solid-state. Comparative studies of their stability in solution under different experimental
conditions and their electrochemical properties are reported. NMR studies reveal that the four
compounds are stable in DMSO-de and complementary UV-Vis studies confirm that they also
exhibit high stability in mixtures DMSO:H,0 at 37 °C. Electrochemical studies show that the
half-wave potential of the nitro group of the N-acylhydrazones is smaller than that of the
standard drug nifurtimox and the reduction process follows a self-protonation mechanism. In
vitro studies on the antiparasitic activities of the four complexes and the Nfx against
Trypanosoma cruzi and Trypanosoma brucei reveal that: i) the N-acylhydrazones have a potent
inhibitory growth activity against both parasites [ECso in the low micromolar (in T. cruzi) or
even in the nanomolar (in T. brucei) range] and ii) cyrhetrenyl derivatives are more effective
than their ferrocenyl analogs. Parallel studies on the L rat skeletal myoblast cell line have also
been conducted, and the selectivity indexes determined. Three of the four N-acylhydrazones
showed higher selectivity towards T. brucei than the standard drug nifurtimox. Additional
studies suggest that the organometallic compounds are bioactivated by type | nitroreductase

enzymes.

Keywords: Ferrocenyl N-acylhydrazones; cyrhetrenyl N-acylhydrazones; cyclic voltammetry;

trypanocidal compounds; Type I nitroreductase.



1. Introduction

American trypanosomiasis (Chagas disease, CD) and Human African trypanosomiasis
(HAT) are zoonotic, blood-borne, insect-transmitted infections caused by Trypanosoma cruzi
(T. cruzi) and Trypanosoma brucei (T. brucei) parasites, respectively. Recent public health
measures have substantially reduced the incidence and mortality of these diseases, but they still
have a significant socio-economic impact on poor rural communities in Latin America and sub-
Saharan Africa [1-6]. Treatments for CD and HAT are based on the use of drugs with potent
trypanocidal activity [7-18], like nifurtimox (Nfx) [12], benznidazole [13] and megazol [14],
(Fig. 1, A-C, respectively) for CD; pentamidine [15], melarsoprol (MelB) [16] (D and E in Fig.
1) or Nfx-eflornithine combination therapy for HAT [17]. Fexinidazole (Fig. 1, F), recently
incorporated for HAT treatment, is now being tried against CD [18].

A
_N=CH 1
N
K\ HoN \{ 7/&
0,8 NOZ
Me N—N
Nifurtimox (Nfx) Benznidazole Megazol
E
I /S'>—\
)\ As
N| 7 /Q R
)\
Pentamidine Melarsoprol (MelB)

-

Fexinidazole

Figure 1. A selection of chemotherapeutic agents used for CD and HAT treatments [12 — 18].

Unfortunately, most of the chemotherapeutic agents shown in Fig. 1 cause severe and
undesirable side effects and other problems arising from the lack of efficacy, sub-species
specificity, drug resistance, cost, and administration [7-11,13,16,19,20]. Effective treatments
for all the stages of CD and HAT are still unknown. The search for new drugs or prodrugs with

improved activities and fewer side effects than those used nowadays is required and a top
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priority in medicinal chemistry research [1-11]. Among the variety of strategies used to achieve
more efficient chemotherapeutic agents, one better future expectations is based on new small
molecules [21] combining bioactive cores or privileged scaffolds (i.e. thiosemicarbazone,
hydrazine, N-acylhydrazone, heterocycles), relevant functional groups (as the -NO) or
transition metal ions [22-33]. This strategy improves the absorption, distribution, metabolism,
elimination, toxicity (ADMET properties [34]) of the drug and/or enhances its capability to
block, inhibit or, in general, modify the action of key species (i.e. enzymes, proteins) that
participate in the disease’s progress.

Although the mechanism of action of most of the drugs presented in Fig. 1 has not been
described in detail; it is widely accepted that the Nfx and other potent anti-CD or anti-HAT
agents with a -NO- group are bioactivated by nitroreductases (NTRs) producing free radicals
and/or cytotoxic metabolites that cause the cellular damage [35-37]. For these systems, the
substituent’s nature and location affect the proclivity of the -NO> group to be reduced and other
properties relevant in biological media (i.e. lipophilicity and acidity) [38-40]. The selection and
incorporation of the “adequate” substituents [privileged scaffolds, transition metal ions (M™*
and/or “M(ligand),” units or both simultaneously] on these heterocycles is one of the most
promising paths to get new and more effective drugs for CD and HAT.

N-acylhydrazones (NAHSs) are important scaffolds in drug design [22]. Potent anticancer,
antiviral, antifungal, antiparasitic agents [41-47], and inhibitors of the action of biomolecules
are known. The incorporation of the NAH unit in the backbones of drugs or biologically
relevant scaffolds (i.e. heterocycles) and/or functionalities (i.e. the -NO2) may produce
compounds with varied biological properties and even different mechanisms of action.
Examples of NAHs are shown in Fig. 2, of which A-C are used to treat severe infections [48-

50]; while D is a potent anti-Trichomonas vaginalis agent [51].
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Figure 2. Small NAH molecules with the 5-nitrofuryl unit. Compounds A-C have been approved as topical
antibacterial agents for treatments of genitourinary infections, diarrhea, and colitis (B and C) [48-50], and D

reported recently is relevant for its outstanding anti-trichomoniasis potency [51].

It is well known that the binding of M™ or “M(ligands),” units to bioactive molecules
introduces significant changes in their conformation, structures, electronic distribution, and
other properties important in drug design [29-33]. Complexes derived from mixed
thiosemicarbazones-nitrofuryl ligands with relevant antiparasitic activities are known [52-54]
and, those with NAH ligands are attractive due to their varied biological activities [55-57].
Among the wide variety of “M(ligands)n” units available, organometallic arrays, especially
those derived from ferrocene and cyrhetrene, are promising drug candidates to treat infective
diseases, including trypanosomiasis [58-63].

For several years, we have reported ferrocenyl- and cyrhetrenyl- imines, amines, azines,
benzoxazines, hydrazones, and sulfonamides, some of them with anticancer, antiparasitic, or
antitubercular activities and low toxicity [62-71]. More recently, and mainly pushed by the
necessity of new drugs for CD and HAT, we have focused our attention on small molecules
(A-D in Fig. 3) combining the ferrocenyl/cyrhetrenyl array and the nitrofuryl (or thienyl) group
[63-68]. Most of these products showed: i) anti-T. cruzi or anti-T. brucei activities similar to,
or higher than, Nfx, and ii) even higher selectivity indexes. Thus, small molecules with the 5-
nitrofuryl and ferrocenyl/cyrhetrenyl units are viewed as promising candidates to develop more
potent and effective antiparasitic agents. NAHs with ferrocenyl units are scarce, and those with
cyrhetrenyl groups are even less common [72]. Pyrazolyl, pyridinyl, aminobenzyl
acylhydrazones with antibacterial, antitubercular, or antioxidant activities are known [73-76].
Carbonic anhydrase inhibitors based on ferrocenyl, cyrhetrenyl, and cymantrenyl
acylhydrazones have been described recently [77].

Despite the ongoing interest in novel small molecules with i) 5-nitrofuryl units, ii) N-
acylhydrazone arrays, and iii) metallocene derived moieties for new drug’s design; their
potential synergic effect has not been investigated so far and could lead to new and more
effective anti-CD and anti-HAT agents.
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Figure 3. A selection of ferrocenyl and cyrhetrenyl imines (A-C) and azines (D) with potent antiparasitic activities

reported recently [63-68], and the N-acylhydrazones (E) presented in this work.

In view of this, we focused our attention on ferrocenyl and cyrhetrenyl N-acylhydrazones E
(Fig. 3), which can be visualized as derived from imines B by insertion of the -C(O)-NH- unit
into the RY-N bond. Here, we present a general procedure for preparing four type E compounds
and a comparative study of their stability, electrochemical properties, biological activities
against T. cruzi and T. brucei, their inhibitory growth effect on mammalian cells, and their

bioactivation by type | NTR.

2.  Experimental
2.1. Reagents and methods

All preparations were carried out using Schlenk techniques. The solvents were dried and
distilled before use according to standard procedures [78]. 2-Acetylfuran (99%), 2-formyl-5-
nitrofuran (99%) (3a), and trifluoroacetic acid (CF:COOH, 99%) were obtained from Sigma
Aldrich. The hydrazides [Fe(n’-CsHs){(n’-CsH4)-C(O)-NH-NH2}] (1) and [Re{(n’-CsHa)-
C(O)-NH-NH2}(CO)z] (2) were prepared as reported previously [75,79], and a detailed
description of the synthetic procedure used for 2-acetyl-5-nitrofuran (3b) [67] is included in the
Electronic Supporting Information (ESI). Despite the synthesis of compounds 4a and 4b were
briefly reported long ago, the procedure described in section 2.2., based on the use of catalytic
amounts of CF3COOH, allows us to achieve the four N-acylhydrazones as crystalline materials
and 4a in shorter reaction periods (8 h versus 24 h) [72]. Infrared spectra (KBr disc) were
recorded with a Jasco FT-IR 4600 spectrophotometer in the range of 4000 — 500 cmt. *H NMR

spectra were recorded at room temperature on a Bruker Advance 300 spectrometer using
6



DMSO-ds (99.9%) as the solvent. Chemical shifts (5), referenced to the deuterated residual
solvent peaks, presented in ppm and the coupling constants (J) reported in Hertz (Hz). The
electron impact mass spectra (EI-MS) were obtained on a Shimadzu QP5050A GC-MS mass
spectrometer at the Laboratorio de Servicios Analiticos, Pontificia Universidad Catolica de
Valparaiso. Elemental analyses were obtained from Flash 2000 (Thermo Scientific) at the
Laboratorio Instrumental DCQ-Vifia of Universidad Andrés Bello. The stability studies were
performed using a Agilent Cary 8454 Diode-Array Spectrophotometer in the range 250 — 650
nm. Each sample was prepared in concentration of 1 x 10~4 M in DMSO:H20 (100:3). UV-Vis
spectra were recorded at different times (t), keeping the sample at 37 °C by TC1 Temperature
Controller for Quantum Northwest Peltier-Controlled Cuvette Holders.

2.2. Synthesis of ferrocenyl and cyrhetrenyl N-acylhydrazones (4a,b and 5a,b). General
procedure

A few drops of CFsCOOH were added to a mixture formed by 1.0 mmol amount of [Fe(n°-
CsHs){(n°-CsH4)-C(0)-NH-NH2}] (1) (244 mg) or [Re{(n°-CsH4)-C(0)-NH-NH2}(CO)3] (2)
(309 mg), and the equimolar amount of the appropriate 5-nitrofuran [3a (141 mg) or 3b (155
mg)], and 15 mL of anhydrous ethanol (Scheme 1). The reaction mixture was then stirred under
N2 atmosphere at 80 °C for 5 h. After this period, the solid formed was separated by filtration,
washed with ethanol, and dried in vacuum. These products were later purified at room
temperature by crystallization in THF/hexane (1:5) mixtures.

Characterization data for [Fe(n°-CsHs){(n°-CsHa)-C(0)-NH-N=CH-(2-C4H,0-5-NO2)}] (4a):
Purple microcrystals. Yield: 77% (283 mg; 0.77 mmol). FT-IR (KBr, cm): 3394 v(NH); 1648
v(CO); not observed v(C=N). 'H NMR (DMSO-de): & 4.23 (s, 5H, Cp); 4.51 (s, 2H, H® and
H%); 4.97 (s, 2H, H2 and H®); 7.24 (s, 1H, HE); 7.81 (s, 1H, H); 8.40 (s, 1H, CH=N); 11.6 (s,
1H, NH). EI-MS (m/z): 367 [M]*; 302 [M — Cp]*; 213 [M — (NH-N=CH-C4H,0)-(NO2)]*; 185
[M — (CO-NH-N=CH-C4H20)-(NO2)]*. Anal. (%) Calc. for C16H13NzOsFe: C, 52.34; H, 3.57
and N, 11.45; found: C, 52.59; H, 3.58 and N, 11.42. UV-Vis (for = 0 h) Amax = 385 nm;
extinction coefficient ¢ = 4.2 M~tcm=.

Characterization data for [Fe(n®-CsHs){(n°®-CsH4)-C(O)-NH-N=C(Me)-(2-C4H20-5-NO,)}]
(4b): Dark red crystals. Yield: 67% (255 mg; 0.67 mmol). FT-IR (KBr, cm™): 3421 v(NH);
1634 v(CO); 1594 v(C=N). *H NMR (DMSO-ds): § 2.31 (s, 3H, Me); 4.22 (s, 5H, Cp); 4.50 (s,
2H, H3 and H*); 5.08 (s, 2H, H? and H%); 7.26 (s, 1H, H®); 7.80 (s, 1H, H"); 10.5 (s, 1H, NH).



EI-MS (m/z): 381 [M]*; 316 [M — Cp]*; 213 [M — (NH-N=C(Me)-C4H20)-(NO2)]*; 185 [M —
(CO-NH-N=C(Me)-CsH20)-(NO2)]*. Anal. (%) Calc. for C17H1sN3O4Fe: C, 53.57; H, 3.97 and
N, 11.02; found: C, 53.38; H, 3.95 and N, 11.02. UV-Vis (for = 0 h) Amax =385 nm; extinction
coefficiente = 4.1 Mtcm™,

Characterization data for [Re{(n°-CsH4)-C(O)-NH-N=CH-(2-C4H20-5-NO,)}(CO)s] (5a):
Light brown solid. Yield: 63% (325 mg; 0.63 mmol). FT-IR (KBr, cm1): 3430 v(NH); 2026
v(CO)re; 1926 v(CO)re; 1654 v(CO); not observed v(C=N). *H NMR (DMSO-ds): & 5.82 (t,
2H, H3 and H*); 6.45 (s, 2H, H? and H®); 7.29 (d, 1H, J = 4.0, H®); 7.81 (d, 1H, J = 4.0, H');
8.32 (s, 1H, CH=N); 11.9 (s, 1H, NH). EI-MS (m/z) (based on ‘8’Re): 517 [M]*; 489 [M — COJ";
433 [M — 3CQOJ*; 363 [M — (NH-N=CH-C4H20)-(NO2)]*; 335 [M — (CO-NH-N=CH-C4H-0)-
(NO2)]". Anal. (%) Calc. for C1sHgN3O7Re: C, 32.56; H, 1.56; and N, 8.14; found: C, 32.47; H,
1.55; and N, 8.17. UV-Vis (for = 0 h) Amax= 380 nm; extinction coefficient ¢ = 4.1 M~tcm™.
Characterization data for [Re{(n’-CsH4)-C(O)-NH-N=C(Me)-(2-C4H20-5-NO2)}(CO)s] (5b):
Yellow crystals. Yield: 53% (281 mg; 0.53 mmol). FT-IR (KBr, cm™): 3433 v(NH); 2027
v(CO)re; 1652 v(CO); 1608 v(C=N). *H NMR (DMSO-ds): & 2.26 (s, 3H, Me); 5.81 (s, 2H, J
= 2.4, H3 and H%); 6.57 (s, 2H, H? and H®); 7.28 (d, 1H, J = 4.0, H®); 7.79 (d, 1H, J = 4.0, H");
11.3 (s, 1H, NH). EI-MS (m/z) (based on ¥’Re): 531 [M]*; 503 [M — CQO]J*; 447 [M — 3CO]*;
363 [M — (NH-N=C(Me)-C4H20)-(NO2)]*; 335 [M — (CO-NH-N=C(Me)-C4H20)-(NO2)]".
Anal. (%) Calc. for C1sH10N30O7Re: C, 33.96; H, 1.90; and N, 7.92; found: C, 34.05; H, 1.90;
and N, 7.95. UV-Vis (for = 0 h) Amax= 380 nm; extinction coefficient ¢ = 4.1 M~tcm™,

2.3. Crystal structure determination

Crystallographic data for 2 and 4b were collected on a D8 Venture diffractometer equipped
with a bidimensional CMOS Photon 100 detector, using graphite monochromated Mo-Ka (4 =
0.71073 A) radiation. The diffraction frames were integrated using the APEX3 package [80]
and were corrected for absorptions with SADABS [81]. The structures of 2 and 4b were solved
by intrinsic phasing [82] using the OLEX2 [83]. Both structures were then refined with full-
matrix least-squares methods based on F? (SHELXL-2014) [82]. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All H-atoms were positioned geometrically
with C-H = 0.93, N-H = 0.86, -NH2 = 0.89 A and refined using a riding model with Uiso(H) =

1.2Ueq(C,N). A summary of crystal data, collection parameters, and refinement are presented



in Table S1; additional crystallographic details are included in the CIF files and ORTEP views
were drawn using OLEX2 software [83].

2.4. Electrochemical Studies

Electrochemical characterization was performed under recommended experimental
conditions with slight modification [84]. Cyclic voltammetry studies were carried out at room
temperature using a 693 VA Metrohm instrument equipped with a 694 VA Stand converter and
693 VA processor in a three-electrode cell. A hanging drop of mercury (HMDE) working
electrode, a platinum auxiliary electrode, and a non-aqueous Ag/AgCl reference electrode were
used. Each complex was dissolved in DMSO containing 0.1 mol L-* of tetrabutylammonium
perchlorate (TBAP) as a supporting electrolyte to generate 1.0 x 10> mol L final
concentration. All electrolyte solutions were thoroughly pre-purged using purified nitrogen gas
before use. Cyclic voltammograms (CVs) of the ferrocene under identical conditions were
performed before and after each experiment to check the non-aqueous Ag/AgCl stability of the
electrode. The measurements were performed at scan rates v = 0.10, 0.25, 0.50, 1.00, 1.50 and
200Vst

2.5. Biological Studies
2.5.1. Cell culturing

Trypanosoma cruzi CI-Brener epimastigotes were grown at 25 °C in RPMI-1640 (Roswell
Park Memorial Institute medium) medium supplemented with 4.9 mg mL trypticase, 20 mM
HEPES [4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid] pH 7.4, 2.0 mM sodium
glutamate, 2.0 mM sodium pyruvate, 2.5 U mL~! penicillin, 2.5 pg mL~! streptomycin and 10%
(v/v) heat-inactivated fetal calf serum [85,86].

Trypanosoma brucei [MITat 427 strain; clone 221a, and a derivative (2T1) that
constitutively expresses the tetracycline repressor protein] bloodstream form (BSF)
trypomastigotes were grown at 37 °C under a humid 5.0% (v/v) CO2 atmosphere and in
Hirumis’ modified Iscoves’ 9 medium as previously described [87,88]. 2T1 and a recombinant
version that can be tetracycline (1 pg mL-?) induced to overexpress T. brucei NTR1 (TbNTR1)
were maintained in this medium, supplemented with 1 ug mL-* phleomycin and/or 2.5 pg mL!

hygromycin [20].



Rat skeletal myoblast cells (Le) were grown at 37 °C under a 5.0% (v/v) CO2 atmosphere in
RPMI-1640 medium supplemented with 20 mM HEPES pH 7.4, 2.0 mM sodium glutamate,
2.0 mM sodium pyruvate, 2.5 U mL-* penicillin, 2.5 mg mL! streptomycin and 10% (v/v) fetal
calf serum (Pan Biotech UK Ltd).

2.5.2.  Anti-proliferative assays

The following growth inhibition assays were carried out in a 96-well plate format. T. cruzi
epimastigotes, T. brucei BSF trypomastigotes, or Le rat skeletal myoblasts were seeded at 5 x
10°, 1 x 10% or 1 x 10* cells mL2, respectively, in 200 pL growth medium containing different
compound concentrations. Compounds were prepared as 10 mM stock solutions in 100% (v/v)
DMSO and stored at —20 °C before use. Then, serial dilutions were carried and the final
concentration of DMSO in the culture medium never exceed 1%. After incubation, at 25 °C for
10 days (T. cruzi), or 37 °C for 3 (T. brucei), or 6 days (Ls cells), resazurin (Sigma Aldrich)
was added to each well to a final concentration of 12.5 mg mL~ (or 2.5 mg per well). The plates
were further incubated at 25 °C for 16 h (T. cruzi), or 37 °C for 8 h (T. brucei and Ls cells)
before measuring the fluorescence of each culture using a Gemini Fluorescent Plate reader
(Molecular Devices) set at Aex = 530 nm, and Aem = 585 nm with a filter cut off at 550 nm. The
change in fluorescence resulting from the reduction of resazurin was proportional to the number
of live cells. The compound concentration of each compound that inhibits cell growth by 50%
(ECso0) was determined using the non-linear regression tool on GraphPad Prism (GraphPad
Software Inc.), and the statistical significance of any differences in parasite susceptibilities was
assessed using the Student's t-test calculator [89].

3. Results and discussion

3.1. Synthesis and characterization

The N-acylhydrazones were prepared by a condensation reaction and following the
previously described procedure for [Re{(n®-CsH4)-C(O)-NH-N=C(Me)-(2-C4H2S)}(CO)s]
[79], but using the hydrazides (1 or 2) and the corresponding 2-formyl- or 2-acetyl-5-nitrofuran
(3a and 3b, respectively). The reactions were performed in ethanol and in the presence of
catalytic amounts of CFsCOOH (Scheme 1). The N-acylhydrazones are air-stable solids at room
temperature and exhibit moderate solubility in THF and DMSO, but they are practically

insoluble in hexane.
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Scheme 1. Synthesis of the compounds. Reagents and conditions: for steps i) and ii): equimolar amounts of the
reagents, in absolute ethanol at 80 °C for 5 h, and in the presence of CF;COOH catalytic amounts. Labels refer to

the numbering pattern used for the assignment of NMR data.

Elemental analyses of compounds 4a, 4b, 5a, and 5b are consistent with the proposed
formulae (see section 2.2.). Their mass spectra (Figs. S1 — S4) displayed molecular ion peak at
m/z 367, 381, 517, and 531, respectively, in agreement with the calculated values for the
corresponding molecular cations [M]*. A common fractionation pattern, with loss of the
fragments [-NH-N=C(R?)-C4H20-NO;] and [-C(0)-NH-N=C(R?)-C4H.0-NO2] (R? = H, Me)
was evident in all cases. In the MS spectra of the cyrhetrenyl compounds 5a and 5b, additional
peaks arising from loss of the CO ligands attached to the Re(l) atoms were also detected.

The compounds were also characterized in solution by *H NMR. Since the solvent used for
the electrochemical studies and preparing stock solutions of the compounds for the biological
studies (see below) was DMSO, the *H NMR studies were carried out in DMSO-ds. In all cases,
the 'H-NMR spectra (Figs. S5 — S8) exhibited a rather broad singlet in the low-field region
(10.5 - 11.9 ppm) assigned to the -NH proton [74,90]. Based on this peak, the influence of the
opposite electronic effects of the organometallic fragments could be established. In cyrhetrene
derivatives (electron-withdrawing), this signal is low-field shifted relative to their ferrocenyl
analogs (electron-donating). For 4a and 5a (Figs. S5 and S7), the singlets at 6 = 8.40 and 8.32
are due to the imine proton, respectively, while for 4b and 5b, the resonance of the methyl

protons appeared nearby 2.30 ppm. The position of these signals agrees with those reported for
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azines D (shown in Fig. 3) [91]. All these findings confirm the existence of the -NH-N=C(R?)-
arrays (R? = H or Me) in the new products.

NMR studies provided conclusive evidence of the presence of only one isomer in the
DMSO-ds solution at room temperature. The chemical shift of the imine proton agrees with
those reported for related ferrocenyl and cyrhetrenyl Schiff bases that adopt the E-form in
solution [70]. Besides, when models of the Z-form of the compounds were built using a
molecular model kit, it became evident that the cis-disposition of the substituents on the -
N=CH- unit introduces significant steric effects. For a coplanar arrangement between the furyl
unit and the -N-N=C- array, the amine hydrogen is very close to either one of the heterocycle’s
hydrogen atoms or the oxygen atom. On these bases, we assume that the compounds also adopt
the E-form in DMSO-ds.

In all cases, two resonances observed in the range 7.4 < & < 7.8 ppm were assigned to protons
on the 5-nitrofuryl ring (H®, H"). Their chemical shifts are similar to those reported for imines
and azines A-D (shown in Fig. 3) [65,91]. As expected, the spectra of 4a and 4b showed a set
of three signals in the range 4.22 — 5.08 ppm of relative intensities 5:2:2 that correspond to the
three types of protons [Cp and the pairs (H?, H®) and (H3, H*)] of the ferrocenyl unit; while for
their Re(l) analogs (5a and 5b), two signals were observed in the range 5.81 — 6.57 ppm
attributed to the resonances of the cyrhetrenyl unit [62,77,92]. Due to the low definition of the
signals detected in the spectra, some resonances of the protons of the CsHa4 unit appeared as
singlets. It should be noted that the magnitude of coupling constants is small [3J(H,H) < 2.3
ppm] [65-67]. Unfortunately, the low solubility of all the compounds in deuterated solvents
precluded us from measuring their *C NMR spectra to fulfill their characterization.

It is widely accepted that the stability of compounds (in the solid-state and solution) is
important in view of their potential utility as candidates for new drugs. As mentioned in the
preceding sections, the complexes 4 and 5 are highly stable in the solid-state. In order to check
their stability in solution, we first compared the *H NMR spectra of freshly prepared solutions
of the compounds in DMSO-des with those registered after several periods of storage at 0 °C
(Figures S9 and S10). For 4b and 5b, no significant changes in their NMR spectra were detected
after several weeks of storage, indicating that these compounds are stable under these
experimental conditions.

In view of the problems arising from the moderate solubility of the compounds in DMSO-
ds, the low definition of the *H NMR spectra, and in order to get further information of their

stability in solution, additional studies based on UV-Vis spectroscopy were carried out. In all
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cases, UV-Vis spectra of the complexes in DMSO:H>0 (100:3) mixtures were registered at the
same temperature (37 °C) used during incubation of the samples with T. cruzi parasites and Le
cells (see section 2.5.2.). The absorption spectrum of the initial solution (t = 0) was then
compared with those obtained every 3 h after storage at 37 °C. All spectra (Figs. S11 — S14)
show an intense band (log € ~ 4.1) in the range 380 < A1 < 385 nm. For compounds 4a and 4b
the intensity of this band decreases gradually [log e1 = 4.1 (t =0) and 4.0 (t = 24 h) Figs. S11 —
S12]; while for compounds 5a and 5b, no significant change was observed in their UV-Vis
spectra as the storage time increased from t = 0 to 24 h (Figs. S13 — S14). These results indicate
that the Re(l) compounds (5a and 5b) are more stable than their ferrocenyl analogs (4a and 4b)
under these experimental conditions.

The IR spectra of compounds 4a,b and 5a,b are shown in Figs. S15 — S18, and a summary
of the most relevant bands detected are presented in section 2.2. The IR spectra of 4b and 5b
(in solid-state) exhibited a narrow absorption due to the v(C=N) bond at 1594 and 1608 cm,
respectively. This absorption was not observed in compounds 4a and 5a; apparently, the
v(C=N) band is overlapped with that of the N-acyl unit’s CO group. This was also observed
related compounds derived from 2-acetyl-5-nitrothiophene [79]. As expected, the additional
absorption band detected at ca. 1654 — 1634 cm~* (for 4a and 4b) and around 1653 cm™ (for 5a
and 5b) is assigned to the -C(O)- unit of the N-acylhydrazone. This band’s position is similar
to those reported for other ferrocenyl and cyrhetrenyl derivatives [79,90]. Another common
feature of all spectra is a medium intensity band in the range 3433 — 3394 cm~!, due to the -
NH- unit’s stretching. The two absorption bands detected in the IR spectra of compounds 5a

and 5b in the range 2027 — 1926 cmare due to the CO ligands bound to the Re(l) center.

3.2. X-ray crystal structure of 4b

As mentioned above, the synthesis and NMR spectra of cyrhetrenyl hydrazide (2) was
recently reported by our group [79]. Despite the importance of intermolecular contacts in
hydrazides and acylhydrazones, the crystalline structure of 2 remained unknown. In order to
fill this gap, monocrystals of 2 were obtained. The crystal structures of compounds 2 and 4b
were determined by X-ray diffraction (Tables S2 — S5). A detailed description of the crystalline
structure of compound 2 is included in the ESI.

In the molecular structure of compound 4b, the relative arrangement of the substituents on

the -CH=N- is trans, and therefore its configuration is E (Fig. 4). The ferrocenyl fragment
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adopted an eclipsed conformation, similar to that found in [Fe(n°-CsHs){(n>-CsHa)-CH=N-NH-
C(0)-(2-C4H30)}] [90]. The distances Fe-centroid of the “CsH4” and “CsHs” rings fall in the
range expected for related ferrocenyl N-acylhydrazones [74,90].

Figure 4. View of the molecular structure of compound 4b with atomic numbering scheme. Thermal ellipsoids
are drawn at 30% probability. Selected bond lengths (A), bond angles (°), and torsion angles (°): CsHa(centroid)—Fe
1.6432(11); CsHs(centroid)—Fe 1.6503(14); C(1)-C(6) 1.480(3); C(6)-O(1) 1.232(3); C(6)-N(1) 1.360(3);
N(1)-N(2) 1.363(3); N(2)-C(7) 1.284(3); C(7)-C(8) 1.453(3); C(8)—-0O(2) 1.370(2); C(2)-C(1)-C(6) 120.4(2);
C(1)-C(6)-0(1) 120.2(19); C(1)—C(6)-N(1) 121.2(17); C(6)-N(1)-N(2) 120.5(17); N(1)-N(2)—C(7) 118.2(17);
N(2)-C(7)—-C(8) 115.8(18); C(5)-C(1)-C(6)-O(1) 28.3(2); C(5)-C(1)-C(6)-N(1) 26.8(4); C(6)-N(1)-N(2)-C(7)
1.7(2) and N(2)-C(7)-C(8)-0O(2) 3.0(3).

The furyl ring is nearly coplanar with the Cp ring, and their planes form a dihedral angle of
11.5(11)°. The value of torsion angle C(5)-C(1)-C(6)-O(1) [28.3(3)°] supports the preceding
observation. The C(6)-N(1) bond length [1.360(3) A] is smaller than the typical value for a C-
N bond (1.469 A). This could be indicative of the existence of electronic delocalization through
the atoms O(1)-C(6)-N(1) [90]. The other bond lengths and angles are in the normal range
[73,74].

In the crystal, a molecule sited at (x,y,z) is connected by a proximal one at (x, ¥,1-z) by
intermolecular N-H--O interactions through an R§(8) graph set motif [93] forming dimers
(Table S5 and Fig. S19). As a consequence of the relative arrangement of these structural units
in the crystals, the O(3) atom of the two molecules of the dimers is close to the C(17)-H(17)
bond of other units belonging to two different vicinal dimers. The distance O(3)---H(17) [2.56(3)
A] is consistent with the existence of weak intermolecular hydrogen bonds [94]. These short

contacts result in a 1D chain along the [010] direction.
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3.3. Study of the electrochemical properties of N-acylhydrazones (4a,b and 5a,b)

We studied the electrochemical properties of the compounds (4a,b and 5a,b) at room
temperature by cyclic voltammetry in DMSO solutions. When CVs were registered at 0.10 Vst
(Fig. 5), three cathodic peaks were detected in the range —1.7 V < Ec < —0.8 V. These peaks
were rather broad, especially for 4b, and this precluded to determine their position with
accuracy. In the reverse scan, the resolution of the CV was even lower. However, when the scan
rate was increased gradually from 0.1 to 2.0 Vs, the quality of the voltammograms improved
considerably for all compounds, as shown in Fig. 6 for 4a (in Figs S20 — S22 for 4b, 5a, and

5b). A summary of the electrochemical data obtained at 2.0 Vs~ is presented in Table 1.
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Figure 5. Cyclic voltammograms for all compounds at 0.10 Vs DMSO (TBAP 0.1 M, HMDE, Pt, non-aqueous
Ag/AgCI).
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E (V) vs Ag/AgCl

Figure 6. Cyclic voltammogram of compound 4a at different scan rates varying from 0.1 — 2.00 Vs in DMSO
(TBAP 0.1 M, HMDE, Pt, non-aqueous Ag/AgCl).

Table 1. Relevant electrochemical data for the organometallic N-acylhydrazones and for the drug nifurtimox?®

E(poa) Epic) Eepla) Eirg Epiay Eeie AE® Earf
4da -0.44 -0.85 - -0.99 -0.87 -1.43 0.12 -0.93
4b -0.44 -0.86 - -1.03 -0.90 -1.50 0.13 -0.97
5a -0.33 -0.81 - -0.99 -0.92 -1.39 0.07 -0.96
5b -0.53 -0.84 - -1.01 -1.12 -1.70 0.11 -1.07
Nfx -0.75 -0.70 0.05 -0.73

@ Measured in DMSO at a scan rate of 2.0 Vs™ [V vs non-aqueous Ag/AgCl(sat)].
b AE = Epe - Epa (V).

¢ E1/2 = (Epc+ Epa)/Z (V)

The comparison of results reveals that the compounds (4a,b and 5a,b) exhibit similar
electrochemical behaviors. Their CVs showed three peaks (Fig. 6 and Figs. S20 — S22). The
first reduction peak (labeled as Ic) was observed at around —0.84 V, and it was attributed to the

irreversible one-electron reduction of the group NO- to generate the nitro anion radical, shown

in the following equation:

" / \ NO, I, / \ NO3*
.

0]
R|JJ\N/N‘_ 0 R1)1\1\,/1\]_ Y
|

| R? +e R?
H H

The incorporation of the fragment [-CO-NH-] between the organometallic rings and the 5-

nitrofuryl modifies the potential of this step (= —0.84 V). Higher reduction potentials (between
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—0.6 and —0.7 V) have been observed for analogous complexes, where the organometallic unit
joins to heterocycle fragment through a bridge [-N=C-] [66]. The difference in the reduction
potential (lc) indicates that these acylhydrazones have a lower ability to generate nitro anion-
radical species, which could have effects on its bioactivation in biological media.

The nitro anion radical formed in this first stage can undergo a multi-step reduction to
generate the corresponding hydroxylamine finally. This may occur through different paths
depending on the nature of the initial nitro compounds and the reaction media [95]. Previous
electrochemical studies on nitro compounds derived from thiosemicarbazones, carbamates, and
quinoxaline with fragments prone to undergo deprotonation, have postulated that after the
reduction of the NOz group of the initial compound, the nitro anion radical formed may be basic
enough as to extract an electron from another molecule (known as self-protonation reaction)

and generate the protonated and deprotonated species [84,96].

Reduction of the NO, group 0 / \ NO, I, Q / 7 NO,
and formation of nitroanion R])K\I/\_ 8] RLJJ\I\/N4 0
—_— R
| A R2

radical R? +e
H H

Hydrogen transfer \ \ \
- ) +
i ﬁ\-“‘ 't ﬁ NO, 0 /) NO, /‘IL ‘[)'NU‘H
N= 8] N= O N=e - N= o)
RIJK’\/ , + R‘J\I\'/ —_— R')k{]/ O + R V/ |
[ R* I R? ! R2 ) R2
H H H
\ II 0 / \ -
Generation of the O / NO N ¢ NO
ianion-radi _ _N= 0 e | - _N= (o)
dianion-radical R! -~ - = R N
N 5 -— I R2
R +e
1,
: - / \ - o] / \ NHOH
Formation of the O . NO, l[lL N= - © 4o
hydroxylamine derivative | - N= O —‘- R! N ,
R N ) +e +4H R?

Riz Fe o / \ NHOH 0, 0 / \ NO

: O
.Re .

&> oy aA . N=(" 0 — A n=(" 0
co ©© N R N k2

R?=H (a)or Me (b)

Scheme 2. Proposed self-protonation mechanism for N-acylhydrazones 4a,b and 5a,b.

Additional experiments were performed to investigate whether compounds under study also
undergo a chemical reaction coupled with the electrochemical process. It is well known that the
comparison of the CVs evolution of CVs of freshly prepared compound-solutions and those

registered after the successive addition of base aliquots can provide valuable information. Based
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on this, and due to the similarity between the electrochemical behavior of the four compounds,
we selected complex 4b as a representative example and compared the CV of the freshly
prepared solution with those registered after the addition of NaOH (0.1 M) at a scan rate of 2.0
Vs, The results presented in Fig. S23 reveal that upon the addition of the base, the current
intensity of the first peaks Ic/la decreases, and that of the second pair increases. Thus, a labile
proton from a new acylhydrazone molecule is transferred to the nitro anion radical —generated
in the first stage— forming the protonated nitro radical and the deprotonated derivative (process
identified as hydrogen transfer). The self-protonation mechanism proposed here is illustrated in
Scheme 2. This trend is similar to those reported for other nitro-derivatives for which the
hydrogen transfer step has been proposed [84,97]

The next couple ll¢/ll,, observed in the range —0.87 to —1.12 V, corresponds to the
electrochemical reduction of the deprotonated derivative —species formed in the self-
protonation reaction— with the consequent formation of the dianion radical. The third peak at
ca. -1.51 V (lll¢) is assigned —according to the bibliography— to the production of
hydroxylamine derivative [63,65,68]. Besides, the CVs exhibit an anodic peak in the range
—0.33 and —0.53 V (labelled as 0,), attributed to the re-oxidation process of hydroxylamine to
the nitroso derivative [84].

Moreover, we calculated the half-wave reduction potentials (E12), which are included in
Table 1. The N-acylhydrazones 4a,b and 5a,b exhibited more cathodic half-wave reduction
potentials (E12 = —0.98 V) than the Nfx (—0.73 V). The acylhydrazone linker (-CO-NH-N=C-)
is probably associated with the similarity in the E1/2 values between the complexes, which would
prevent an effective conjugation through the molecule, blocking electronic communication
between the two rings and hindering the reduction of the nitro group due to its electron-
withdrawing effects. In previous reports, we have observed that the imines containing an alkyl
group between the organometallic moiety and the [-N=CH-] bridge exhibit close reduction
potentials values [-0.75 and —0.74 V for {R-CH>-N=CH-(5 nitrofuryl)} with R* = ferrocenyl
or cyrhetrenyl, respectively and —0.68 and —0.65 V for their 5-nitrothienyl partners] [66].
Besides, several thiosemicarbazones and carbamates also based on nitrofuran have shown
similar behavior between each series [84,98].

Additionally, small variations in the E1» values could influence the compound’s biological
activity and, in particular, the antiparasitic one, since a correlation between the potential values
(E12) of nitro-compounds and their efficiency as trypanocidal agents has been reported. We

will return to this point later on.
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3.4. Biological results
3.4.1. Antiparasitic activity

It is a well-documented fact that organometallic scaffolds are excellent candidates for
developing new drugs, although only a limited number of them have been evaluated as
chemotherapeutic agents targeting neglected tropical diseases [33,54,58,61,62]. Because of
this, we decided to explore the antiparasitic activities of the complexes (4a,b and 5a,b) against
T. cruzi and T. brucei and compared their effectiveness to that of the control prodrug, Nfx
(Table 2 and Figure 7).

Table 2. Susceptibility of T. cruzi epimastigotes, T. brucei trypomastigotes, and mammalian cells (Lg) towards
organometallic N-acylhydrazones and drug nifurtimox.

ECso (uM)? £ SEP for: Selectivity Index®
R T. cruzi T. brucei Le Le/T. cruzi Le/T. brucei
4a H 11.2+0.49 242 +£0.08 64.86 £5.11 5.80 26.8
4b Me 4.98+0.17 5.08 +0.38 26.68 + 0.81 5.36 5.25
5a H 3.54+0.13 0.78 £0.02 24.34 £ 3.27 6.88 31.2
5b Me 2.76+0.50 0.28+0.01 <6.25 >2.26 >22.3
Nfx 4.22+£0.17 3.56+0.16 88.7+£3.49 21.0 24.9

2 ECsp: concentration that inhibits 50% of growth. Values shown are the average of four or more experiments.
® SE: standard error.
¢ The Selectivity Index (SI) was calculated as a ratio of the ECs, value against Lg cells to the ECs, value against the parasite.

All tested acylhydrazones are active against T. cruzi epimastigotes with ECso values ranging
from 2.76 to 11.2 uM. Even though the complex 4a is approximately 3-times less active than
Nfx (4.22 uM), the derivatives 4b (4.98 uM) and 5a (3.54 uM) exhibit an interesting activity
comparable to the standard drug. While the ferrocenyl analog 5b with an ECso of 2.76 uM
turned out to be the best anti-T. cruzi agent of the series compounds. The antichagasic potency
increases according to the following sequence 4a < 4b < Nfx < 5a < 5b, indicating that the
nature of the organometallic array modifies the activity of these compounds, being the Re(l)
derivatives (5a,b) more potent than their ferrocenyl counterpart (4a,b). The introduction of a
methyl group into iminic carbon (4b = 4.98 uM, and 5b = 2.76 uM) has a slight influence on
the biological properties when compared respectively with analogs 4a (11.2 uM) and 5a (3.54

uM).
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Figure 7. A comparative plot of the ECso values (uM) of ferrocenyl (4a,b), and cyrhetrenyl (5a,b) N-

acylhydrazones, and Nfx against the T. cruzi epimastigotes and T. brucei trypomastigotes.

The four compounds display activity against T. brucei, according to the following sequence
4b < Nfx < 4a < 5a < 5b, evidencing a similar trend to that observed in the evaluation against
T. cruzi. Thus, this confirms that organometallic fragments perform an important role in
biological activities, being cyrhetrenyl complexes more active than ferrocenyl analogs.
Ferrocenyl derivative 4a shows a significant activity (ECso = 2.42 uM), and cyrhetrenyl analogs
5a and 5b with ECsp values in the submicromolar range (0.78 and 0.28 uM, respectively) are
4.5- and 13-fold more potent anti-T. brucei agents, respectively, in comparison with Nfx. The
structure-activity relationship of the imine linker reveals no significant difference in the activity
anti-T. brucei when a methyl group is incorporated into the iminic carbon (ECso = 2.42 and 0.78
uM for 4a and 5a, respectively, versus 5.08 (for 4b) and 0.28 uM (for 5b) [67]. However, more
derivatives are required to determine the relevance of the R group of [N=C(R)] unit in the
biological response and, therefore, in the design of other bioorganometallic compounds.

Based on the results obtained from these in vitro studies, it can be seen that all organometallic
N-acylhydrazones display growth inhibitory properties against both the tested parasite species,
with T. brucei generally being more sensitive than T. cruzi. T. brucei is shown to be 4-times
more susceptible than T. cruzi to 4a and 5a; a 10-fold difference in sensitivity is noted towards
5b while the two trypanosomal species are equally susceptible to 4b and the control Nfx. In
addition, it has been suggested that the Nfx —and 5-nitrofuran derivatives— mediated their
cytotoxic activity through induction of oxidative stress in reactions catalyzed by type Il NTRs
[35,99]. This process begins with the bioreduction of the nitro group to form a nitro anion
radical that stimulates the production of superoxide anions and, subsequently, induces oxidative

stress in the target cell. In this sense, the NO> reduction potential (NO2to NO2°* ~) could predict
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how easy this in vitro reduction process would be. According to our electrochemical results
(described above), the reduction potential (E12) does not directly correlate to antiparasitic
activity (ECsp) (Table 1 and 2), suggesting a lower capacity to generate toxic radical species for
the parasite from the one-electron transfer process. In this context, these complexes (4-5a,b)
could use more than one mechanism to mediate their cytotoxic effects. Several trypanosomal
enzymes have been implicated in the metabolism of nifurtimox through 2 electrons reduction,
including Type I NTR [20,100]. We will return to this point later on.

It is well known that in new therapeutic agent’s design and development, the potency of the
drugs or prodrugs is essential. Still, other more subtle factors, i.e. their effect on normal cells
selectivity and ADMET properties, among others, should also be considered. In view of this,
we also studied ferrocenyl/cyrhetrenyl compounds (4a,b and 5a,b) on rat skeletal cells Le, with
all of them tested displaying cytotoxicity (Table 2). The cells L are standard mammalian lines
commonly used as host cells for T. cruzi [9]. The Selectivity Index (SI) (calculated as a ratio of
ECso against the mammalian line relative to the ECsg against parasite) was determined as an
indication of each agent selectivity.

In this regard, the compound 4a is the less cytotoxic of the series and shows a moderate
selectivity (ECsoLs = 64.9 uM, SI = 26.8) towards the T. brucei with respect to the parent
nifurtimox (ECsoLe = 88.7 uM and SI = 24.9). Although the cyrhetrenyl derivatives 5a and 5b
are more toxic to Le cell than the Nfx, their trypanocidal potency (ECso = 0.78 and 0.28 uM,
respectively) and their moderate selectivity (SI = 31.2 and >22.3, respectively) towards the T.
brucei, compared with the nifurtimox (ECso = 4.22 uM), enhance the potential interest of these

two compounds towards the parasite.

3.4.2. Additional studies to elucidate the action mechanism of N-acylhydrazones (4b and 5b)

In T. brucei, many nitroheterocycles must undergo activation before mediating their
trypanocidal effects, a reaction catalyzed by the type I nitroreductase TONTR1. To test whether
this extends to the cyrhetrenyl/ferrocenyl complexes reported here, the susceptibility of BSF
trypanosomes induced to overexpress this enzyme was investigated (Table 3). The ratio
between —tet and +tet values determines if nitrofurans were metabolized by TONTR1 in the
parasite itself. For 4b and 5b, parasites with elevated levels of TONTR1 (+tet) were shown to
be 30- and 15-fold more sensitive to the metallorganic compound than controls (-tet),

respectively. This phenotype was shown to be structure dependent as cells overexpressing this
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nitroreductase had the same susceptibility as controls to the non-nitroheterocyclic compound
MelB (see comparative Figure S24 in ESI).

Based on these results and as has been observed for other nitroheterocycles [38,67], we
suggest that the predominant reaction of the nitrofuryl acylhydrazones catalyzed by TONTR1
leads to the opening of the furan ring to form unsaturated and then saturated open-chain nitriles
[35]. The unsaturated form can function as a Michael acceptor and could react non-specifically
with various cellular components. This may then target several unrelated pathways/systems and
is believed to account for the multiple effects nifurtimox has on trypanosomes, where treatment
has been reported to inhibit various enzyme activities, modify thiol levels, and cause DNA
damage [101,102].

Table 3. Susceptibilities of T. brucei bloodstream-form trypomastigotes with elevated levels of TONTR1 to

organometallic N-acylhydrazones?.

T. brucei ECso (uM)P Ratio
TbNTRL (~tet) TbNTRI (+tet) —tet/+tet
4b 5.70+£0.21 0.19+0.01 30
5b 0.30£0.02 0.02 £ 0.00 15
Nfx¢ 3.00+£0.22 0.27 £ 0.03 11
MelB®d 40+01 34+0.1 1

2 Growth-inhibitory effect as judged by the ECs, values (in uM) of all nitrofuran compounds
on T. brucei bloodstream-form control (—tet) and TONTR1-overexpressing (+tet) cells.

® Data shown are means over four experiments =+ standard deviations.
¢Nifurtimox (Nfx) and melarsoprol (MelB) were used as control drugs.

9 ECs values for MelB are in nM.

4.  Conclusion

Four ferrocenyl/cyrhetrenyl complexes of general formula [R!-C(O)-NH-N=C(R?)(5-
nitrofuryl)] with [R! = ferrocenyl (4) or cyrhetrenyl (5); and R? = H (a) or Me (b)], were
synthesized and characterized in the solid-state and solution. Electrochemical studies revealed
that acylhydrazones involve a self-protonation process, and reduction potentials (E12) of the
Ar-NO: group were close to —0.98 V are more prone to reduction than Nfx (Ez2=-0.73 V).

The results obtained from the biological studies demonstrate that the N-acylhydrazones were
active in vitro against both parasites, exhibiting a higher level of potency towards T. brucei with
respect to T. cruzi. The ferrocenyl analog 4a, with equivalent activity to the Nfx, showed
moderate toxicity and selectivity concerning the selected mammalian cell model, being the most
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successful anti-HAT agent. Cyrhetrenyl derivatives 5a and 5b proved had low ECso values
(0.78 and 0.28 uM, respectively) along with moderate selectivity to T. brucei (31.2 and >22.3,
respectively), although they were toxic against Le cells. N-acylhydrazones 4b and 5b induced
elevated levels of TONTR1 (+tet) in trypanosomes, up to 30- and 15-fold more sensitive to
organometallic compound than controls (—tet), indicating that both acylhydrazones are a
substrate for TONTR1 (—tet/+tet) within the parasite.

In conclusion, we have proved that the compounds 4a,b and 5a,b have high stability (in the
solid-state and solution), exhibit interesting redox properties, outstanding anti-CD, and anti-
HAT activities (moderate or low) toxicity Le cells and, are capable of targeting type | NTR.
These findings, together with the presence of the organometallic array, the N-acylhydrazone
bridge, and the 5-nitrofuryl unit in the single small molecules of 4a,b and 5a,b —especially of
5a and 5b due to their higher stability in solution at 37 °C— have an added value and open up a
wide range of further studies. Including not only the investigation of their potential antiparasitic
activity against other diseases with high incidence like leishmaniasis, where the NTR also play
an essential role; or trichomoniasis, one of the most common sexually transmitted diseases
worldwide caused by the Trichomonas vaginalis parasite; but also, other biological activities,
typically displayed by nitro-based drugs and especially those holding 5-nitrofuryl cores.
Finally, it should be noted that the structures of the compounds can be developed to generate
new nitroheterocycle-based prodrug treatments that exploit activation mechanisms that are

present in and essential to the parasite with such activities absent from the mammalian host.
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ABBREVIATIONS

ADMET: Absorption, Distribution, Metabolism, Excretion and Toxicity
BSF: bloodstream form

CD: Chagas disease

CV: Cyclic voltammogram

DMSO: Dimethylsulfoxide

E1p: Half-wave reduction potential

ECso: Half maximal effective concentration
EI-MS: Electron impact mass spectra

FT-IR: Fourier-transformed infrared spectroscopy
HAT: Human African Trypanosomiasis

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HMDE: Hanging mercury drop electrode

MELB: Melarsoprol

NAH: N-acylhydrazone

NFX: Nifurtimox

NMR: Nuclear magnetic resonance

NTR: Nitroreductase

RPMI: Roswell Park Memorial Institute medium
Sl: Selectivity index

TBAP: Tetrabutylammonium perchlorate

TET: Tetracycline

THF: Tetrahydrofuran

UV-Vis: Ultraviolet-visible
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