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Abstract—Benzofuroxan derivatives have been shown to inhibit the growth of Trypanosoma cruzi, the etiological agent of Chagas’
disease. Therefore, 2D- and 3D-QSAR models of their in vitro antichagasic activity were developed. Six new derivatives were syn-
thesized to complete a final set of 26 structurally diverse benzofuroxans. The 2D-QSAR model (» = 0.939, ridj = 0.849) was gener-
ated using multiple regression analysis of tabulated substituents’ physicochemical properties and indicator variables. In addition, a
3D-QSAR model (+* = 0.997, ¢* = 0.802) was obtained using a comparative molecular field analysis (COMFA). Due to the well-
known benzofuroxan tautomerism, in both approaches (2D- and 3D-QSAR) it was necessary to include an indicator variable to
consider the N-oxide position (/g). This parameter was established using low-temperature NMR experiments. Both QSAR models
identified the electrophilic character of the substituent a-atom as a requirement for activity. Further support was found using a den-

sity functional theory (DFT) approach.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Chagas’ disease (CD) or American trypanosomiasis rep-
resents a serious public health problem in the countries
and zones where it is endemic (21 countries, in Central
and South America) because there are no effective meth-
ods of immunoprophylaxis or chemotherapy.! CD is the
illness involving a protozoan organism (7rypanosoma
cruzi) that maintains 16-18 million people infected and
another 100 million at risk. Besides, trypanosomiasis is
often the ultimate cause of morbidity for immunocom-
promised individuals.> The current chemotherapy
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against CD, represented by Nifurtimox® (Nfx) and
Benznidazole®, is still inadequate.’

These drugs have undesirable side effects and are ineffi-
cient in treating chronic CD. So, development of safe
and efficient anti-CD drugs c\ontinues to be an active area
of research. In light of the preceding considerations, our
group has been searching for new anti-trypanosomal
(against T. cruzi) compounds* and has previously de-
scribed a series of benzo[l,2-¢]1,2,5-oxadiazole N-oxide
(benzofuroxan) derivatives that displayed good in vitro
activity.’ In addition, some aspects related to the mecha-
nism of trypanocidal action of this family of compounds
were studied and preliminary structural requirements
for adequate activity were established.® To gain further
insight into the SARof benzofuroxan derivatives, herein


mailto:hcerecet@fq.edu.uy
mailto:megonzal@fq.edu.uy

G. Aguirre et al. | Bioorg. Med. Chem. 13 (2005) 63366346 6337

we have developed QSARstudies using a conventional
methodology as well as a comparative molecular field
analysis (COMFA).” This method, based on ligand—recep-
tor interaction, can be a powerful tool for three-dimen-
sional design of ligand when the receptor site is
unrecognized. It was, therefore, expected that QSAR
studies might help to delineate the structural requirements
for enhanced anti-parasitic activity and thus guide the ra-
tional design of new trypanocidal compounds.

To complete a structurally diverse dataset, six new
derivatives were synthesized (Chart 1). The biological
activity was evaluated in vitro against Tulahuen 2 strain
of T. cruzi and some potent compounds were obtained.

It is well established that benzofuroxan derivatives exist
at room temperature as a mixture of tautomers
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Chart 1. Parent benzofuroxans and structural modifications.
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(Fig. 1A). The benzo substituent could occupy the 5-
or 6-position and the proportion of both tautomers in
the equilibrium depends on the electronic characteristics
of the substituent.® In the QSAR studies, we have used
the most stable tautomer. To determine the preferential
position of the N-oxide moiety, temperature-variable
NMR studies were carried out.’

2. Methods and results
2.1. Synthesis

The aza analogue of derivative 1 (Chart 1), compound 4
(Scheme 1), was prepared as previously described by
thermal decomposition of the pyrido[l,2-d|tetrazole
intermediate.!® Attempts were made to obtain the amino
benzofuroxan 9 to include into the study other meso-
meric electron-donor substituents (i.e., NH,, NHR,
Scheme 1).!! Accordingly, the carbamate 8 was synthe-
sized from the acid 5 via the isocyanate 7. Different reac-
tion conditions were assayed in the deprotection of 8 but
none of them afforded the aminobenzofuroxan 9. So,
only compound 8 was obtained as a new derivative pos-
sessing a mesomeric electron-donor substituent. Proba-
bly, derivative 9 was obtained but in the reaction
medium it auto-condensed to produce hydrazine-like
compounds, as previously reported.'?> Since olefin 3
(Chart 1) was one of the most potent derivatives previous-
ly described, we developed analogues 11-14 using the
Bodens-Wittig methodology depicted in Scheme 2.'3
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Figure 1. (A) Tautomeric equilibrium of derivative 16. (B)'H and '>*C NMR spectra of 16 in acetone-dg at 303 K. (C) '"H NMR, COSY, and HMQC

spectra of 16 in acetone-dg at 230 K.
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Scheme 1. Synthesis of aza-analogue 4 and attempts to synthesize
derivative 9 with mesomeric electron-donor substituent.

Derivatives 12 and 13 were obtained as a 50:50 mixture of
E and Z isomers. While, the reaction between 10 and
4- nitrobenzyltriphenylphosphonium bromide yielded
only the Z isomer, namely 14. The stereochemlstry
around the olefinic system was established using the 'H
NMR coupling constants. To study the effect of the N-ox-
ide moiety on the activity displayed by these derivatives,
we synthesized derivative 15, the deoxygenated derivative
of one of the most active compounds (14). Derivative 15
was prepared by reaction of 14 with triphenylphosphine
in boiling ethanol (Scheme 2).'4

At room temperature (303 K) 'H and '*C NMR spectra
of the benzofuroxans showed broad signals due to tau-
tomeric equilibrium (i.e., Fig. 1A). When NMR experi-
ments were carried out at low temperature (e.g., 233 K),
the aromatic region showed narrow peaks correspond-
ing to both tautomers (Figs. 1B and C).° In acetone
solution, (approximately 10% w/v) at 303 K, compound
16 shows broad resonance signals due to incomplete
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Scheme 2. Synthesis of analogues of benzofuroxan 3 and deoxy
derivative 15.

coalescence (Fig. 1B). While, on cooling, the broad sig-
nals were resolved below 263 and at 230 K it was possi-
ble to record the complete series of spectra (‘H, '*C
NMR, and HMQC, HMBC, and COSY experiments,
Fig. 1C). Hence, the ratio of 5- and 6-isomers was deter-
mined at low temperature (Table 1).

All new compounds were identified by IR, MS,
NMR, '*C NMR, COSY, and HETCOR experlments
and their purity establlshed by TLC and microanalysis.

2.2. Biological characterization

2.2.1. Anti-trypanosomal activities. All compounds were
tested in vitro against 7. cruzi. Epimastigote forms of
T. cruzi, Tulahuen 2 strain, were grown in axenic med-
ia as described in Section 5. The compounds were
incorporated into the media at 25 uM and their ability
to inhibit the parasite growth was evaluated in compar-
ison to the control (no drug added) (Table 2). Nfx was
used as the reference trypanocidal drug. Growth of the
parasite was followed by measuring the increase in
absorbance at 600 nm, which had previously been
shown to be proportional to the number of cells pres-
ent.'!> The percentage of inhibition was calculated as
follows: % = {1—[(4p — Aop)/(Ac — Aoc)]} x 100, where
A, is Agoo of the culture containing the drug at day
5; Aop is Ao of the culture containing the drug right
after addition of the inocula (day 0); 4. is Agyy of
the culture in the absence of any drug (control) at
day 5; Ag. 1s Aggo in the absence of the drug at day
0. The ICsy concentration (50% inhibitory concentra-
tion) was determined for compounds presenting high
trypanocidal activity (Fig. 2).

2.3. Quantitative structure—activity relationship studies

The 21 benzofuroxans used inthe 2D-QSAR study were
8 and the previously described derivatives 1-3, 5, 10, and

Table 1. '"H NMR data at low temperature

R (o]
\N/

Temperature

Compound -R 6-Tautomer/

(K)*/solvent S-tautomer

ratio

16 —E-CH=CHNO, 230/CD;COCD; 2.90
17 -NO, 233/CDCl, 2.70
10 —~CHO 233/CDCly 1.90
18 —CH=NOH 233/CD;COCD;  1.60
3 _E-CH=CHPh  233/CDCl, 1.38
19 ~CH,I 233/CDCl, 1.33
20 ~CH,Cl 233/CDCls 1.02

21 —~CH,OH 263/CD5COCD5® 1.00°
22 —Ph 243/CDCls 0.95°

23 —CH; 227/CDCl¢ 0.92¢
24 —~OCH;,4 248/CDCls 0.56

# Conditions used in NMR experiments.

®Data taken from Ref. 9a.

¢ Ratio was estimated since signals were not resolved.
4 Data taken from Ref. 8c.
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Table 2. In vitro activity of benzofuroxan derivatives and Nfx on 7.
cruzi (Tulahuen strain) at 25 pM

Compound Growth inhibition (%6)*®
Nfx 100.0
4 53.0
6 34.0
7 8.0
8 18.0
11 31.0
12 100.0
13 89.0
14 96.0
15 18.0

#Growth inhibition of epimastigotes at day 5.
®The results are means of three different experiments with a SD less
than 10% in all cases.
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Figure 2. Dose-response of selected benzofuroxan derivatives as anti-
T. cruzi agents, Z-3 (V), 12 (), 13 (A), 16 (O), and Nfx (H). 50%
Inhibitory dose (ICsy, uM) for selected derivatives.

16-30 (Table 3).> Compounds 4 and 11-14 were not
included since their substituent physicochemical proper-
ties are not tabulated.!®

Twenty-six benzofuroxans, 1-5, 8, 10-14, and 16-30,
were employed in the CoMFA study. The dataset was
divided into a training set and a test set.

Taking into account the tautomeric equilibrium of the
benzofuroxan system, an indicator variable (fg) was
introduced that showed the preferential position of the
N-oxide moiety (Fig. 1). The Is variable was estimated
from low-temperature NMR experiments (Table 1). It
takes a value of 1.0 when the substituent is preferentially
6-positioned (6-tautomer/5-tautomer ratio < 1.50), it
takes a value of 0.0 when it is preferentially 5-positioned
(6-tautomer/S-tautomer ratio < 1.00), and it takes a val-
ue of 0.5 when in the equilibrium exists similar quanti-
ties of both tautomers (1.50 > 6-tautomer/5-tautomer
ratio > 1.00) (Table 1).

For derivatives not examined by NMR experiments, the
I variable was assigned according to electronic charac-
teristics of substituents (Table 3). For derivative 4 it
took the value of 1.0'° and for derivatives 11-14 it took
the value of 0.5 as the parent compound 3 (Chart 1). The

biological activity was expressed as the percentage of
growth inhibition (% GI) at day 5 and at 25 uM with re-
spect to untreated control. The benzofuroxans were
carefully selected to avoid the introduction of artifact
in the correlations (we exclude absolute 0% and absolute
100%). As the dependent variable in the linearization
procedure, we used logio (% GI) values, shown in Table
3.7 In the equations and models, n represents the num-
ber of data points, 7 is the correlation coefficient, sis the
standard deviation of the regression equation, and r;
defines the cross-validated correlation coefficient. For
the CoMFA models, ¢ represents the leave-one-out
cross-validated r? value, SEE defines the standard error
of estimate, SEP defines the standard error of predic-
tion, and the F value is related to the F statistic analysis
(Fischer test).

In the 2D-QSAR analysis, we used the previously tabu-
lated substituents constants related to the electronic, the
lipophilic, and the steric properties (Hammett constants
Om, Op, and ¢~, Swain-Lupton’s constants % and %,
lipophilic constant m, and molar refractivity MR).!¢
Two indicator variables, Igpp (hydrogen bond donor)
and Igga (hydrogen bond acceptor), were also included
to account for hydrogen bonding ability of the substitu-
ent. Iypp or Igyga takes a value of 1 if the substituent
acts as hydrogen bond donor or acceptor and zero
otherwise.'®

One-variable and multivariable regressions between the
activity and the physicochemical descriptors were stud-
ied and the best equation was obtained with the inde-
pendent variables %, MR, Iypp, and Is (r = 0.879,
1 = 0.711, and s=0.254). However, the activity of
derivative 26 was poorly predicted by this correlation
(predicted log;y (% GI) = 1.57). This fact could be indi-
cating that these independent variables did not correct-
ly describe the biological behavior of this compound,
so it was omitted from the study. Hence, by omitting
derivative 26 a best correlation was obtained, with an
improvement in the statistical parameters (Eq. (1),
Fig. 3).

log,(% GI) = 1.31(£0.10) + 1.0(£0.1)7,
+0.15(£0.04)MR — 1.31(0.24)F
—0.51(20.09)Ty1p (1)

n =20, r=0.939, rﬁdj = 0.849, s = 0.184, and p < 0.0001

Besides, the correlation matrix for the used physico-
chemical descriptors was performed and cross-correla-
tions between the descriptors were not obtained.!'®
Thus, these parameters are orthogonal, allowing its safe
use in the multilinear regression.'®

3D-QSAR analysis was performed using the CoMFA
module implemented in SYBYL 6.9 package.?’ Mole-
cules were built using crystallographic data of deriva-
tive 18 (Fig. 4A) to constrain furoxan ring bond
lengths and angles. For systems in which no informa-
tion exists about the binding site, it is a well-established
assumption to consider that a similar class of molecules
(congeneric series) binds to the putative receptor site
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Table 3. Benzofuroxan derivatives and substituent descriptors used to derive Eq. (1) of the 2D-QSAR model

o
R V
\C[\ /O
N

Compound -R logo (% GI)* I MR* F Iysp
1 -H 1.54 0 0.10 0.00 0
2 _N(CH), 1.41 0 1.56 0.15 0
3 —E-CH=CH-Ph 1.99 0.5 342 0.10 0
5 -CO,H 0.70 0.5 0.69 0.34 1
8 ~NHCO,C(CH3)s 1.26 0 3.05° 0.13 1

10 -CHO 1.83 1 0.69 0.33 0

16 —-E-CH=CH-NO, 1.96 1 1.64 0.35 0

17 -NO, 1.95 1 0.74 0.65 0

18 —~CH=NOH 1.58 1 1.03 0.28 1

19 -CH,I 1.97 0.5 1.86 0.12 0

20 ~CH,(C1 1.99 0.5 1.05 0.13 0

21 -CH,OH 1.32 0.5 0.72 0.03 1

22 -Ph 1.49 0 2.54 0.12 0

23 ~CH; 1.34 0 0.56 0.01 0

24 ~OCH; 1.00 0 0.79 0.29 0

25 ~CH=C(CN), 1.82 1 1.97 0.57 0

26 -CN 0.95 1 0.63 0.51 0

27 ~CH=NNHC(S)NH, 1.23 0.5 2.96 0.46 1

28 -SO,NH, 0.85 0.5 1.23 0.49 1

29 -Cl 0.70 0 0.60 0.42 0

30 -Br 0.70 0 0.89 0.45 0

% GI: percentage of T. cruzi growth inhibition at 25 pM.

®Js: indicator variable that takes value 1 when the substituent is preferentially 6-positioned with respect to N-oxide moiety, value 0 when it is
preferentially 5-positioned and value 0.5 when in equilibrium there exists an equal quantity of 5- and 6-positioned tautomers at low temperature.
°To autoscale the independent variables, the MR reported is MR;;/10, being MRj;, the value taken from Ref. 16b.
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Figure 3. Actual versus calculated activity from the 2D-QSAR model
(Eq. (1)).

adopting a similar geometry and orientation. This was
done by RMS fitting of the atoms to the template mol-
ecule compound 23, a 6-alkyl derivative, as indicated in
Figure 4B. For the complete CoMFA details, see Sec-
tion 5. Lipophilic properties of the compounds were
included into the analyses, as cLog P (Log P calculated
by Ghose-Crippen method).?! Only models having a
value of ¢* above 0.5 were considered (Table 4). It is
widely accepted that a correlation with a ¢* value
greater than 0.5-0.6 is useful for the prediction of
new biologically active molecules.??
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Figure 4. (A) ORTEP* molecular plot of derivative 18 at 120 K
showing the labeling of the non-H atoms and their displacement
ellipsoids at the 30% probability level. (B) Molecule 23, used as
template molecule in the CoMFA studies. Starred atoms were the ones
used for superimposition.

It is remarkable that no 3D-QSAR model could be de-
rived without using the indicator variable of localization
of the N-oxide moiety (Ig), something previously seen in
the 2D-QSAR study. Model I (1-3, 5, 10, 16, 18-21, and
23-30) is the only one that includes a lipophilicity
parameter (c Log P), but with a very low contribution.
This is in agreement with 2D-QSAR where no contribu-
tion of the m parameter was found. Model II was ob-
tained when halide derivatives 19 and 20 were
excluded, a subject that would be discussed further be-
low, and voluminous compounds 8 and 22 incorporated.
Models II-VII were quite similar, being the electrostatic
term always the most important. The best model (model
1V), according to the number of components (5) and the
number of data points used (22), presented similar steric,
electrostatic, and indicator variable (/g) contributions as
the model with the best r* and ¢ (model VII). The mod-
el VII, generated using 20 molecules (1-5, 11-12, 14, 16,
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Table 4. Summary of COMFA results
CoMFA model PLS analysis Contribution n
7 Components SEP P SEE F value Steric Electrostatic Other
variables
I cLogP
| 0.559 6 0.392 0.974 0.096 69.44 — 65% 26 9 18
1 0.620 6 0.329 0989  0.055  169.34 26° 57° | - 18
1 0.667 6 0.310 0.991 0.055 215.79 25¢ 63°¢ 12 — 19¢
v 0.680 5 0.286 0981  0.070  164.92 33¢ 57 10— 20f
\Y 0.712 6 0.289 0.992 0.049 279.18 31¢ 57¢ 12 — 21¢
VI 0.753 6 0.271 0.994 0.040 343.21 32¢ 58¢ 10 — 20}f
VII 0.802 8 0.266 0.997 0.031 492.45 30°¢ 59¢ 11 — 20'
# Contribution truncated to: * 5 kcal/mol.
® Contribution truncated to: * 10 kcal/mol.

¢ Contribution truncated to: * 30 kcal/mol.

4 Contribution truncated to: * 20 kcal/mol.

¢ Compounds used in model II (see text) and derivative 4.
fCompounds used in model I1I and derivatives 11-13.

€ Compounds used in model IV without derivative 8.

" Compounds used in model V without derivative 10.

! Compounds used in model VI without derivative 13 and with derivative 14.

Table 5. Test set predicted log;o (% GI) from CoMFA model VII

Compound  Observed log;g (% GI)  Predicted log;o (% GI)*
8 1.26 0.70

10 1.83 1.39

17 1.95 1.06

19 1.97 1.14

20 1.99 1.31

# CoMFA predicted biological activity (r = 0.800, s = 0.186).

18, and 21-30) with lower SEE (0.031) and SEP (0.266),
was selected as the best model to explain the SAR and to
carry out further analysis. The steric, electrostatic, and
indicator variable (/) contributions to model VII were
30:59:11. The model VII predicted activities for the test
set (derivatives 8, 10, 17, 19, and 20) are shown in Table
5. To visualize the CoMFA results, the CoMFA contour
maps were created by using the data from the PLS anal-
ysis of model VII. The steric contour maps are shown as
green and yellow polyhedra in Figure 5A, with the green
ones sterically favored regions and the yellow ones indi-
cating sterically disfavored regions. The green polyhedra
may be envisioned as hydrophobic cavities in some
receptor, which can accommodate hydrophobic groups.
In contrast, the yellow polyhedra may represent areas
already occupied by the receptor. The electrostatic con-
tour maps (Fig. 5B) also illustrate with red polyhedra

the areas in which groups with increased negative charge
are associated with increased biological activities. This
can be envisioned as electropositive groups within the
active pocket of some biological receptor. In contrast,
the blue contours can be visualized as the electronega-
tive groups in the active pocket of the biological recep-
tor and indicate where positively charged groups in the
benzofuroxans could improve biological activity.

The CoMFA electrostatic map superimposed on the
structure of one of the most active compounds (3,
Fig. 5B) shows a positive electrostatic contour plot
around the substituent’s a-atom, pointing to this atom
as a possible electrophilic center. These facts, along with
the important electrostatic contribution in all the CoM-
FA models (ca. 60%), prompted us to study the possible
participation of this center in a biochemical reaction
such as that shown in Figure 6. If this center acts as
an electrophilic reactant, then a biological nucleophile,
i.e., thiol group, could be covalently bonded to it and
this reaction could be implicated in cellular toxic effects.

To further assess this possibility, the LUMO energy
(ELumo), global hardness (m) ((ELumo — Enomo)/2),
electrostatic-fit atomic charges (EP) on substituent a-at-
om, and substituent a-atomic orbital coefficients of the
LUMO (LUMO,,.q)** were determined using the densi-

Figure 5. (A) CoMFA steric map superimposed on the structure of compound 3 (model VII contoured at 0.075 and —0.075 levels). (B) CoMFA
electrostatic map superimposed on the structure of compounds 3 and 16 (model VII contoured at 0.075 and —0.075 levels).



6342 G. Aguirre et al. | Bioorg. Med. Chem. 13 (2005) 6336-6346
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Figure 6. Speculative mechanism of action for the most active
benzofuroxans.

ty functional theory (DFT). The selected molecules were
built as indicated above and geometries were optimized
with the semi-empirical molecular orbital method,
MNDO, as implemented in the Spartan’04, 1.0.1 ver-
sion, suite of programs.?! The orbital population analy-
sis was obtained through a single point calculation using
the density functional methodology B3LYP/6-31G*.?>
Compounds were divided into two groups, actives (%
GI > 50) and inactives (% GI < 50), according to bio-
logical activity. The difference in electronic properties
between groups was analyzed using a nonparametric test
(Mann—Whitney U test) (Table 6). The LUMO energy
was the only variable statistically different at the 0.01 le-
vel (Fig. 7A). While the LUMO,. of substituent o-at-
om were not statistically different, some clustering may
be envisaged (Fig. 7B). The other two studied variables
(EP charge and n) became not significantly different, at
the 0.01 level, for both pre-defined populations of
compounds.

3. Discussion

The new analogues of compound 3 (12-14) showed
excellent anti-trypanosomal activity, being derivative
12 the best one. The absence of a phenyl moiety, deriv-
ative 11, led to a complete loss of activity. The aza ana-
logue 4 resulted in being more active than the parent
compound 1 (53% growth inhibition at 25 pM for 4 ver-
sus 35% for 1). The aza substitution could be a structur-
al motif to include in future chemical modifications.

Derivative 8 confirmed previous results from other inac-
tive benzofuroxans with mesomeric electron—donor sub-
stituents. Such as in previous reports,>2° the absence of
the N-oxide moiety led to inactive compounds, confirm-
ing that this group is playing a role in the mechanism of
benzofuroxans’ trypanosomal toxicity (compare the
activity of derivative 14 with that of deoxy-derivative
15, Table 2).

The 2D- and 3D-QSAR developed models were com-
pletely coincident regarding benzofuroxan structural
requirements for an adequate activity. Besides, both
analyses resulted in becoming complementary. It is
clear that the position of the N-oxide moiety in ben-
zofuroxans plays an important role in the activity,
since all QSAR models included the indicator variable
(16). Moreover, 2D-QSAR results indicate the relevance
of substituent volume in the bio-response and 3D-
QSAR data showed favorable contour maps at the
end of the substituent. A negative-charge-favored re-
gion over the substituent’s end, in the active com-
pounds (3, and 12-14) a phenyl group, could be
interpreted as a m interaction with an electropositive
group in a possible receptor, such as a m-stacking or
cation-7 interaction. These negative regions generated
by CoMFA overlapped with the nitro moiety in deriv-
ative 16 (red zone in Fig. 5B), one of the most active
benzofuroxans developed at the moment. The blue
contour (positive-charge-favored region), occurring on
the substituent’s a-carbon, could be indicative of a
mechanism of action related to a covalent bond forma-
tion process (nucleophile—electrophile interaction).
Complementary information was obtained from 2D-
QSAR studies, where the substituent’s electronic effect
was related to the activity. An inductive electron-with-
drawing group decreased activity (see derivative 26
with / =0.51), whereas an inductive electron-donor
group increased activity (see derivative 3 with
# = 0.10). Finally, according to 2D-QSAR substituents
able to act as hydrogen bond donors lead to activity
loss (see derivatives 5, 8, 18, 21, 27, and 28).

Table 6. Electronic properties and statistical analysis of two populations of benzofuroxans (actives, upper side and inactive, lower side)

Compound log (% GI) ErymoleV) n? (eV) EP charge *° LUMO, o4
3 1.99 —2.45 1.6 —0.251 0.016
20 1.99 —2.57 1.8 0.022 0.006
19 1.97 —2.55 1.8 —0.960 0.028
16 1.96 Mean = 1.93, p <0.01 -3.31 Mean = —3.01, p <0.01 1.6 —0.119 0.077
17 1.95 —-341 1.7 1.018 —
10 1.83 -3.10 1.7 0.635 0.061
25 1.82 —3.67 1.6 —0.254 0.124
18 1.58 —-2.42 1.7 0.132 0.008
22 1.49 —2.44 1.7 0.096 —
11 1.49 Mean = 1.27, p < 0.01 —2.43 Mean = —2.37, p <0.01 1.7 —0.188 0.006
21 1.32 —2.32 1.8 —-0.075 0.005
31 1.00 —2.34 1.8 -0.173 0.026
5 0.70 —-2.29 1.7 0.980 0.029

% At the 0.01 level, the two means are not significantly different.
® Substituent a-atom EP charge in atomic units.
¢ Substituent a-atom LUMOcoeff in atomic units.

9The means of the two datasets of activities at the 0.105 level are significantly different (¢ test, meanyegve = 0.052, meaninaeive = 0.015, £ = —1.81,

p=0.1046).
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Figure 7. (A) Distribution of E} ymo and activity for the benzofuroxan derivatives selected for 7 test analysis. (B) Distribution of LUMO,.t and

activity for the benzofuroxan derivatives selected for ¢ test analysis.

The two-population analysis gave further support to the
tentative mechanism depicted in Figure 6. For the stud-
ied compounds, active derivatives had lower Ejymo
(ELumo means = —3.01 eV) values than the correspond-
ing energies for the studied inactive compounds (ELymo
means = —2.37 eV), implying that reaction with a nucle-
ophile would be kinetically more favorable for the first
group. While, atomic contribution at the substituent o-
atom to the LUMO points in the same direction, no sta-
tistically relevant difference between groups was found.
Evidently, as it was demonstrated by the 2D- and 3D-
QSAR models, other characteristics of the molecules
are relevant for activity (donor hydrogen bond capacity,
volume, and presence of N-oxide moiety) apart from
electrophilicity.

Overall, we have developed robust 2D- and 3D-QSAR
models that not only explain the variance in biological
activities of a set of specific benzofuroxan inhibitors of
growth of T. cruzi but also correlate between each
other.

4. Conclusions

New benzofuroxan derivatives with potent inhibitory
activity in vitro against 7. cruzi are described. Statisti-
cally valid 2D- and 3D-QSAR models were developed
using a set of twenty-six antitrypanosomal benzofurox-
ans. Both models showed the importance of electronic
properties and more specifically of the electrophilic
character of the molecules for the anti-7.cruzi activity.
Active compounds are good electrophiles and the substi-
tuent a-carbon may be considered a possible center of
reaction. While lipophilicity was not related to activity,
the volume of the substituent was relevant. This volume
was also associated with negative electrostatic regions
7-10 A away from the N-oxide moiety which could be
related to aromatic m interactions.

In the absence of any knowledge about the target of
these benzofuroxans, the final 2D-QSAR and CoMFA
models provide a guide for the design of potentially
more active and potent analogues.

5. Experimental
5.1. Chemistry

All starting materials were commercially available re-
search-grade chemicals and used without further purifi-
cation. Compounds 4-8 and 10 were prepared according
to the literature.'®!! All solvents were dried and distilled
prior to use. All the reactions were carried out in a nitro-
gen atmosphere. The typical work-up included washing
with brine and drying the organic layer with sodium sul-
fate. Melting points were determined with a Leitz
Microscope Heating Stage Model 350 apparatus and
are uncorrected. Elemental analyses were obtained from
vacuum-dried samples (over phosphorous pentoxide at
34 mmHg, 24 h at room temperature) and performed
on a Fisons EA 1108 CHNS-O analyzer and were within
+0.4% of theoretical values. Infrared spectra were
recorded on a Perkin-Elmer 1310 apparatus, using
potassium bromide tablets for solid and oil products;
the frequencies are expressed in cm~'. '"H NMR and
13C NMR spectra were recorded on a Bruker DPX-
400 (at 400 and 100 MHz) instrument, with tetrameth-
ylsilane as the internal reference and in the indicated
solvent; the chemical shifts are reported in ppm. The
'"H and '*C NMR signals reported were obtained at
room temperature. Bruker software was used to perform
NOE, COSY, HMQC, and HMBC experiments. Mass
spectra were recorded on a Shimadzu GC-MS QP
1100 EX instrument, for electronic impact at 70 eV
and 20 eV or chemically ionized with methane.

5.1.1. N'-Oxidepyrido[2,3-c|1,2,5-0xadiazole (4). 'H
NMR (acetone-dg, 400 MHz): 6 7.48 (m, 1H), 8.07 (m,
1H), 8.90 (m, 1H); '*C NMR (acetone-ds, 100 MHz): 6
122.83, 125.52, 129.37, 161.07; MS, m/z (abundance):
137 (M*, 63%), 121 (5%), 107 (49%). Anal
(CsH3N50,) C, H, N.

5.1.2. General procedure for the synthesis of derivatives
11-14.. A mixture of aldehyde 10 (100 mg, 1 equiv), the
corresponding phosphonium salt (methyltriphenylphos-
phonium iodide, 4-chlorobenzyltriphenylphosphonium
chloride, 4-trifluoromethylbenzyltriphenylphosphonium
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chloride, and 4-nitrobenzyltriphenylphosphonium bro-
mide) (1.1 equiv), K,CO;3 (1.1 equiv), 18-crown-6 (0.01
equiv), and THF (3.0 mL) as solvent was stirred at re-
flux until the carbonyl compounds were not present
(SiO,, petroleum ether/EtOAc (8:2)). The solvent was
evaporated in vacuo, the residue was treated with brine
(5.0 mL) and extracted with EtOAc (3x 10.0 mL). After
the work-up, the organic solvent was evaporated under
reduced pressure. The residue was purified by column
chromatography (SiO,, petroleum ether/EtOAc (9:1)).

5.1.2.1. 5-(Ethenyl)-N‘-oxidebenzo[l,Z-c]l,Z,S-
oxadiazole (11). Brown solid (58 mg, 60%); mp 55.9—
58.5°C; IR vmayx 3090, 1616, 1576, 990, 926 cm™'; 'H
NMR (CDCl;, 400 MHz): 6 5.52 (m, 1H), 5.59 (m,
1H), 6.75 (m, 1H), 7.50 (br s, 3H); MS, m/z (abundance):
162 (M™, 100%), 146 (18%), 116 (8%), 102 (71%). Anal.
(CgHgN,O,) C, H, N.

5.1.2.2.  5-[2ElZ-(4-Chlorophenyl)ethenyl]- V'-oxide-
benzo[1,2-c]1,2,5-0xadiazole (12). Yellow solid (98 mg,
60%); mp 96.6-98.0 °C; IR v, 1611, 1522, 957, 843,
689 cm '; '"H NMR (CDCl;, 400 MHz):  6.79 (d,
J=12.0Hz, 0.5H), 6.90 (d, J=12.0Hz, 0.5H), 7.19
(br s, 0.5H), 7.34 (s, 2H), 7.43 (d, J=16.0 Hz, 0.5H),
7.46 (d, J=8.5Hz, 1H), 7.40-7.50 (br s, 2H), 7.54 (d,
J=16.0 Hz, 0.5H), 7.70 (d, J = 8.5 Hz, 1H), 7.88 (br s,
0.5H); MS, m/z (abundance), 2E: 272 (M*, 100%), 256
(24%), 226 (8%), 212 (64%), 177 (46%), 149 (9%); 2Z:
272 (M™, 100%), 256 (21%), 226 (9%), 212 (77%), 177
(63%), 149 (24%). Anal. (C14H9CIN,0,) C, H, N.

5.1.2.3.  5-[2ElZ-(4-Trifluoromethylphenyl)ethenyl]-
N'-oxidebenzo[1,2-¢|1,2,5-0xadiazole (13). Orange solid
(95 mg, 52%); mp 58.0-59.5°C; IR vy, 1612, 1574,
1525, 1323, 960, 848, 700cm™'; '"H NMR (CDCl;,
400 MHz): ¢ 6.70 (d, J=12.2Hz, 0.5H), 6.87 (d,
J=122Hz, 0.5H), 7.01 (br s, 0.5H), 7.18 (d,
J=16.0Hz, 0.5H), 7.25 (d, J=16.0 Hz, 0.5H), 7.30—
740 (br s, 2H), 7.35 (d, J=8.0Hz, 1H), 7.57 (d,
J=28.0 Hz, 1H), 7.60 (br s, 0.5H), 7.65 (d, J=19.0 Hz,
1H), 7.68 (d, J=9.0 Hz, 1H); MS, m/z (abundance),
2E2Z: 306 (M", 100%), 287 (17%), 271 (13%), 246
(74%), 228 (40%), 208 (31%), 196 (65%), 149 (4%). Anal.
(C15H9F3N202) C, H, N.

5.1.24. 5-[2Z-(4-Nitrophenyl)ethenyl]- V'-oxide-
benzo[1,2-c]1,2,5-0xadiazole (14). Yellow solid (78 mg,
46%); mp 126.0-128.5°C; IR vpax 1613, 1525, 1343,
858, 613 cm~'; 'H NMR (CDCl,, 400 MHz): § 6.99 (d,
J=12.3Hz, 1H), 7.05 (d, J = 12.3 Hz, 1H), 7.19 (br s,
1H), 7.49 (br s, 2H), 7.61 (d, J = 8.6 Hz, 2H), 8.18 (d,
J=8.6Hz, 2H); *C NMR (CDCl;, 100 MHz): ¢
124.29, 130.57, 131.29, 132.14, 143.43, 147.57; MS, mlz
(abundance), 2Z: 283 (M, 100%), 267 (4%), 223 (32%),
179 (12%), 149 (3%). Anal. (C;4HoN;O,) C, H, N.

5.1.2.5. 5-|2Z-(4-Nitrophenyl)ethenyl]benzo|1,2-
c]1,2,5-o0xadiazole (15). A mixture of 14 (100 mg,
0.4 mmol), Ph;P (93 mg, 0.4 mmol), and EtOH
(30.0 mL) as solvent was heated at reflux for 2 h. The
EtOH was evaporated under reduced pressure. The resi-
due was washed with petroleum ether to eliminate the

non-reacted Ph;P and then purified by column chroma-
tography (SiO,, petroleum ether/EtOAc (0-10%)), yield-
ing derivative 15 as a yellow solid (88 mg, 82%); mp
143.6-145.1 °C; IR vy 1593, 1537, 1342, 856,
625cm™'. 'H NMR (CDCl;, 400 MHz): § 6.88 (d,
J=124Hz, 1H), 692 (d, J=12.4Hz, 1H), 7.15 (d,
J=93Hz, 1H), 7.41 (d, J=8.6 Hz, 2H), 7.69 (d,
J=9.0Hz, 1H), 7.71 (s, 1H), 8.15 (d, J = 8.6 Hz, 2H);
13C NMR (CDCl;, 100 MHz): § 116.24, 116.80, 124.30,
130.18, 131.72, 132.15, 133.33, 140.01, 143.09, 147.67,
148.75, 149.69; MS, m/z (abundance): 267 (M, 26%),
250 (54%), 220 (17%), 190 (100%), 176 (6%). Anal.
(C14HoN;05) C, H, N.

5.2. Biology

Trypanosoma cruzi epimastigotes (Tulahuen 2 strain)
were grown at 28 °C in an axenic medium (BHI-Tryp-
tose) as previously described,'® complemented with 5%
fetal calf serum. Cells from a 10-day-old culture (sta-
tionary phase) were inoculated into 50 mL of fresh cul-
ture medium to give an initial concentration of
1 x 10° cells/mL. Cell growth was followed by measuring
everyday the absorbance of the culture at 600 nm. Be-
fore inoculation, the media were supplemented with
the indicated amount of the drug from a stock solution
in DMSO. The final concentration of DMSO in the cul-
ture media never exceeded 0.4% and the control was run
in the presence of 0.4% DMSO and in the absence of any
drug. No effect on epimastigote growth was observed by
the presence of up to 1% DMSO in the culture media.
To determine ICsq values, 50% inhibitory concentra-
tions, parasite growth was followed in the absence (con-
trol) and presence of increasing concentrations of the
corresponding drug. At day 5, the absorbance of the cul-
ture was measured and related to the control. The ICs
value was taken as the concentration of drug needed to
reduce the absorbance ratio to 50%.

5.3. Crystallography study

The molecular structure of derivative 18, C;HsN3Os3,
was determined by X-ray diffraction methods. The dif-
fraction pattern was collected at 120 K on an Enraf-
Nonius KappaCCD diffractometer employing graphite
mono-chromate MoKa radiation, and ¢ and o scans
to explore the reciprocal space. Data were collected with
the program COLLECT?’? and reduced with DENZO
and SCALEPACK.?’® The compound crystallizes in
the monoclinic P21/c space group, with a=7.012(1),
b=15812(1), c¢=7453(1)A, p=112.851)°, and
Z = 4. The structure was solved by direct?’ and Fouri-
er?’d methods from 1517 reflections with 1> 2c(/) and
refined to an agreement R1-factor of 0.051. All hydro-
gen atoms, except for the hydroxyl one, were positioned
stereo-chemically and refined with the riding model. The
hydroxyl H-atom was refined isotopically with the O-H
bond distance restrained to a target value of 0.82(1) A.
Intra-molecular bond distances and angles, along with
other crystallographic data, are given as Supporting
Information. The structure of compound 18 has been
deposited in the Cambridge Crystallographic Data Cen-
tre, reference number CCDC-245371.
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5.4. Structure-activity studies

5.4.1. 3D-QSAR. All CoMFA studies were performed
on a Silicon Graphics O2 workstation. Structural
manipulations were performed using SYBYL 6.9 with
standard Tripos force field.?* Three-dimensional struc-
tures used in the study were built using crystallographic
data of derivative 18 (see Supporting Information) 23
and geometry was minimized using the Powell method
until a root mean square (rms) gradient of 0.001 kcal/
mol A was obtained. All the compounds were built as
the 6-substituted tautomers and as E-isomers (except
for derivative 14). Minimum energy geometries were ob-
tained using the Powell method until a rms deviation of
0.001 kcal/mol A was achieved. Partial atomic charges
required for calculation of the electrostatic interaction
were computed by the semi-empirical molecular orbital
method?® using the MOPAC program.?’ Charges were
computed using the MNDO method. The net charge
of derivatives was assigned as 0 e.u. Derivative 23 was
used as template molecule. The steric and electrostatic
potential fields for COMFA were calculated at each lat-
tice intersection of a regularly spaced grid of 2.0 A. The
lattice was defined automatically and is extended 4 A
units past van der Waals volume of all the molecules
in X, Y, and Z directions. The van der Waals potential
(Lennard-Jones) and columbic term, which represent,
respectively, steric and electrostatic fields, were calculat-
ed using the Tripos force field. An sp> carbon atom with
van der Waals radius of 1.52 A and +1.0 charge served
as the probe atom to calculate steric and electrostatic
fields. The steric and electrostatic contributions were
truncated as indicated in Table 4, and the electrostatic
contributions were ignored at lattice intersections with
maximum steric interactions. Indicator variables and
cLogP were used with the column filtering value (o)
of 2.0. The partial-least-squares (PLS)?*° method was
used to derive a linear relationship between the biologi-
cal activities and the molecular fields. Leave-one-out
cross-validation with 2 kcal/mol column filtering was
performed by omitting from the analysis those columns
(lattice points) with an energy variance less than
2.0 kcal/mol. This allowed the determination of the opti-
mum number of components associated with the lowest
standard error of prediction. Lipophilic properties of the
compounds were included into the analyses, as cLog P
(Log P calculated by Ghose-Crippen method).?!

5.4.2. Study of substituent a-atom. The compounds were
built with standard bond lengths and angles using the
Spartan’04, 1.0.1 version, suite of programs and ener-
gy-minimized by the molecular mechanics (MM) meth-
ods (using SYBYL molecular mechanics force fields
implemented in Spartan’04 package).?! On the more
flexible molecules we performed the corresponding con-
formational analysis using the MM methods (Confor-
mational Distribution module implemented in
Spartan’04 package). All the compounds were built as
the 6-substituted tautomers and as E-isomers (except
for derivative 11). The geometry of the more stable con-
formations obtained by MM was fully optimized at the
RHF level using MNDO semiempirical hamiltonian in
the gas phase. Angles and bond lengths of compound

18 were compared with crystallographic data of 18 to
validate the geometries optimization. The orbital popu-
lation analysis was obtained through a single point cal-
culation using the density functional methodology
(Becke’s exchange functional (B) and Becke’s three-pa-
rameter adiabatic connection (B3) hybrid exchange
functional were used in combination with the Lee-
Yang-Parr correlation functional).?’> The standard 6-
31G* basis set of DZP quality was used for orbital
expansion to solve the Kohn-Sham equations for first-
and second-row elements. For heavier atoms a pseudo-
potential base (LACVP*) was used.
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