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Fifteen pyridazino-pyrrolo-quinoxalinium salts were synthesized and tested for their antiprotozoal ac-
tivity against Leishmania infantum amastigotes. Eleven of them turned out to be leishmanicidal, with ECsg
values in the nanomolar range, and displayed low toxicity against the human THP-1 cell line. Selectivity
indices for these compounds range from 10 to more than 1000. Compounds 3b and 3f behave as potent
inhibitors of the oxidoreductase activity of the essential enzyme trypanothione disulfide reductase
(TryR). Interestingly, binding of 3f is not affected by high trypanothione concentrations, as revealed by
the noncompetitive pattern of inhibition observed when tested in the presence of increasing concen-
trations of this substrate. Furthermore, when analyzed at varying NADPH concentrations, the charac-
teristic pattern of hyperbolic uncompetitive inhibition supports the view that binding of NADPH to TryR
is a prerequisite for inhibitor-protein association. Similar to other TryR uncompetitive inhibitors for
NADPH, 3f is responsible for TryR-dependent reduction of cytochrome c in a reaction that is typically
inhibited by superoxide dismutase.

© 2021 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parasites of the genus Leishmania are the causative agents of
leishmaniasis, a neglected tropical disease transmitted by dipterous
insects from the Psychodidae family. It is endemic in 98 countries
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and approximately 15 million of new cases are diagnosed every
year, leading to high rates of morbidity and mortality. The most
lethal form of the disease is visceral leishmaniasis (VL —also known
as kala-azar—), predominantly caused by Leishmania donovani and
Leishmania infantum species, which inevitably leads to death if left
untreated [1]. Unfortunately, despite being one of the major
neglected tropical diseases in terms of number of cases and death
rate, there is still no effective vaccine for leishmaniasis. Further-
more, none of the drugs currently in use can be considered ideal
due to their high toxicity, numerous side effects and the need for
long treatments. The sum of these caveats leads to frequent ther-
apeutic noncompliance [2,3].

The pyrroloquinoxaline heterocyclic framework makes up the
basis of an important class of compounds possessing interesting
biological activities. Derivatives of this tricyclic system have been
studied as ligands of pharmacological membrane receptors [4],
inhibitors of protein kinases [5] and phosphatases [6], and also as
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antifungal [7] and antiparasitic (antimalarial, antileishmanial)
agents [8—12]. 4-Substituted pyrrolo[1,2-a]quinoxaline derivatives
were designed and tested against Leishmania amazonensis and
Leishmania infantum promastigotes [8].

Because of our previous experience in the synthesis of protein
tyrosine phosphatase 1B (PTP1B) inhibitors containing a pyrrolo-
quinoxaline scaffold [6,13,14], we started a program based on this
chemotype for the design of new molecules possibly endowed with
leishmanicidal activity. Initially we found the pyridazino[2,3-a]
pyrrolo[2,1-c]quinoxal-13-inium scaffold as a hit and then we car-
ried out the synthesis of a library of 15 compounds that were tested
against axenic and intracellular L. infantum amastigotes. The most
active molecules were also tested for their inhibitory activity
against L. infantum trypanothione disulfide reductase (LiTryR), one
of the most widely studied targets in these parasites. This enzyme
catalyzes electron transfer from NADPH to oxidized trypanothione
(TSy) to yield reduced trypanothione (T(SH);), a thiol-containing
molecule essential for redox homeostasis in all trypanosomatids.

Herein we report the synthesis and structure-activity relation-
ship (SAR) studies of novel pyridazino-pyrrolo-quinoxalinium salts
of general formulae 3 (Scheme 1) and demonstrate the potential of
this novel chemotype for LiTryR inhibition and leishmanicidal ac-
tivity against L. infantum parasites. A whole set of 15 pyridazino-
pyrrolo-quinoxalinium-based compounds modified at four
different positions in a new scaffold was prepared and evaluated.
Eleven of these molecules display submicromolar activity against
axenic amastigotes and two of them show ECsq values of 1-2 uM in
intracellular infection assays. This potent leishmanicidal activity is
associated with very low toxicity against human THP-1 cells, thus
giving rise to very good selectivity indices that, for two compounds,
are greater than 300. Compound 3f, selected as the most active
molecule against the intracellular parasites, behaves as a
noncompetitive hyperbolic inhibitor of LiTryR when tested against
increasing concentrations of TS, as substrate and as an uncom-
petitive hyperbolic inhibitor when assayed against increasing
concentrations of NADPH.

2a-i

a H H H
b H Cl H
c H Cl Br
d Me H H
e Me Me H
f Me Me Br
g MeO H H
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2. Results and discussion
2.1. Chemistry

4-Substituted pyrrolo[1,2-a]quinoxaline derivatives have pre-
viously been reported as active against Leishmania amazonensis and
Leishmania infantum promastigotes [8,11]. Our former experience in
the synthesis of enzyme inhibitors containing a pyrroloquinoxaline
scaffold [6,13,14] drove us to conduct a preliminary screening of
pyrroloquinoxalines against L. infantum axenic amastigotes. Pyr-
roloquinoxalines 1 were prepared by classical synthesis using
commercially available 2-nitroanilines, thus limiting the possible
combinations of R; and Ry substituents to the pyrroloquinoxaline
derivatives 1a-i (Scheme 1) [6]. The synthetic procedure involves
four steps: acetylation of o-nitroanilines; reduction of the nitro
group to amine; Clauson-Kaas pyrrole synthesis; and finally cycli-
zation using POCls. However, the assayed compounds 1 showed
low activity against Leishmania axenic amastigotes (see next sec-
tion, Biological evaluation). In view of these results and considering
our former experience on cationic polycyclic heterocycles as cyto-
toxic and DNA-intercalator compounds [15,16], for the next round
of modifications, we decided to introduce a new heterocyclic ring
with a quaternary nitrogen atom, the pyridazinium ring. Thus, once
prepared, compounds of series 1 were treated with O-(mesityle-
nesulfonyl)hydroxylamine (MSH, CAUTION! This reagent may
produce explosions if excess of perchloric acid is not thoroughly
washed out with plenty of water) to give N-aminoquinoxalinium
salt 2 intermediates in medium to high yield (see Supporting In-
formation). Thereafter, a Westphal condensation reaction was
performed between series 2 intermediates and a symmetrical 1,2-
diketone in the presence of a base. The best conditions were
explored for each diketone and five methods were set up to give
pyridazino-pyrrolo-quinoxalinium salts 3 in moderate to high yield
(Table 1). Unexpectedly, during the reactions of 2b and 2c with
hexane-3,4-dione under Westphal conditions, the ylides 4b and 4c
were obtained. These ylides were then treated with hydrobromic
acid to provide pyridazino-pyrrolo-quinoxalinium salts 3e and 3f,
respectively (Table 1). All in all, we carried out the synthesis of a
library of 15 new compounds containing the pyridazino[2,3-a]

o O R3

—
CH, b methods A-D R, + N7

. +
1a-i MSTS - NH,

|
X N

b, method E 3a-0 Ry ./

(2b and 2c) / o

O
X
4b (R3 =H)
4c (R3 = Br)

Scheme 1. Synthesis of pyridazino-pyrrolo-quinoxalinium salts 3. Conditions: a. MSH [(mesitylenesulfonyl)hydroxylamine], CH,Cl,; b. Methods (1,2-diketone, base, solvent, temp):
A (butane-2,3-dione, Et3N, ethanol, r.t.); B (dioxane-2,3-diol, Et3N, ethanol, reflux); C (acenaphthoquinone, AcONa, acetone, reflux); D (hexane-3,4-dione, Et3N, methanol, reflux); E

(hexane-3,4-dione —2 equiv-, EtsN, methanol, reflux); c. 46% HBr.
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Table 1
Synthesized compounds 3 and yields obtained. Structure for 3b (4H-acenaphtho
[1",2:3,4]pyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-9-inium) is also drawn.

3 R, Rz R3 R4 Yield (%) Method*
a H H H Me 34 A
b H H H acenaphtho-1,8-diyl 62 C
c H Cl H H 47 B
d H Cl H Me 42 A
e H Cl H Et 11 E
f H Cl Br Et 97 E
g Me H H Me 46 A
h Me Me H H 58 B
i Me Me H Me 56 A
j Me Me H Et 68 D
k Me Me Br H 59 B
1 Me Me Br Me 91 A
m MeO H H Me 38 A
n FsC H H Me 48 B
o Cl Cl H Me 35 A

2 Conditions and procedures are detailed in Scheme 1 and Experimental Section.
For compounds 3, X~ is mesitylenesulfonate (MSTS ) except for 3e and 3f, where X~
is bromide.

pyrrolo[2,1-c]quinoxal-13-inium scaffold for testing against Leish-
mania parasites.

2.2. Biological evaluation

A subset of pyrroloquinoxalines 1 (1a, 1b and 1f) were tested for
their ability to kill Leishmania infantum axenic amastigotes. The
results obtained in this preliminary screening revealed a low
leishmanicidal activity of these compounds. In fact, the ECsg values
obtained for the three pyrroloquinoxalines assayed are well above
25 uM.

To improve the antileishmanial activity of these derivatives, a
novel pyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-13-inium scaffold
was designed by introducing a pyridazinium ring with a quaternary
nitrogen atom. Then, the 15 pyridazino-pyrrolo-quinoxalinium
salts (3a-0) were tested for their antiprotozoal activity against
L. infantum axenic amastigotes using miltefosine as the reference
drug. Cytotoxicity was assayed on the human monocytic cell line
THP-1. According to the results shown in Table 2, the ECsg values
obtained for eleven of these compounds against axenic amastigotes
are in the nanomolar range. Indeed, compounds 3b, 3c, 3e, 3f and 3j
show ECsg values below 100 nM. In spite of these promising results,
we could only establish weak structure-activity relationships.
Notably, with the exception of 3j, all the compounds bearing any
substituent at Ry show higher ECsg values against L. infantum axenic
amastigotes ranging from 0.3 to 3.8 pM. We also observed that,
with the exception of 3d and 30 with a methyl group in Ry, all the
compounds bearing a chloro atom in Ry (3¢, 3e and 3f) show a
potent and selective antileishmanial activity. Regarding the R4
substituent, the presence of an ethyl group in compounds 3e, 3f and
3j is another common feature of three of the best leishmanicidal
agents. Interestingly, the octacyclic 9-inium cation 3b, which was
synthesized to explore the effect of having more than one ring
condensed to the intermediate salt 2a, exhibits a potent leishma-
nicidal and cytotoxic activity.

On the other hand, LCsg values on THP-1 cells are in most cases
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Table 2
Leishmanicidal and cytotoxic activity for pyridazino-pyrrolo-quinoxalinium salts 3
on L. infantum axenic amastigotes and THP-1 monocytes, respectively.

Compound ECso (uM) Amastigotes® LCso (uM) THP-1° SI¢

3a 0.90 + 0.24 >25 >27.78
3b 0.04 + 0.00 1.02 + 0.04 255
3c 0.02 + 0.01 20.23 + 1.59 1011.5
3d 0.24 + 0.04 15.56 + 0.29 64.8
3e 0.08 + 0.01 2432 + 2.16 304

3f 0.08 + 0.01 6.85 + 1.80 85.62
3g 3.82 +0.20 17.62 + 0.46 461
3h 1.80 + 0.30 17.33 £ 1.77 9.63
3i 0.51 + 0.02 >25 >49.02
3j 0.08 + 0.01 8.00 + 1.06 100
3k 0.63 + 0.05 6.20 + 1.19 9.84
31 0.34 + 0.04 >25 >73.53
3m 0.82 + 0.03 >25 >30.49
3n 3.15+0.21 18.41 + 1.66 5.84
30 3.82 +0.20 17.62 + 0.46 4.61
Miltefosine 0.52 + 0.004 7.69 + 0.63 14.79

2 The half-maximal effective concentration (ECsp) is defined as that causing a 50%
reduction of proliferation in L. infantum amastigotes or human THP-1 cells. Dead
parasites were identified by their increased permeability to propidium iodide.

b The half-maximal lethal concentration (LCs) is defined as that causing a 50%
reduction of proliferation in THP-1 monocytes. Dead cells were identified by their
increased permeability to propidium iodide.

¢ Selectivity index (SI) is the ratio of LCsg values of compounds against THP-1 cells
relative to ECsq valuesagainst L. infantum amastigotes.

over 10 uM. This low toxicity, together with their excellent activity
against axenic amastigotes, gives rise to selectivity indices (SI) > 20
for 10 compounds and >300 for two of them (3c and 3e). Compared
to previously reported 4-substituted pyrrolo[1,2-a]quinoxaline
derivatives 8], the ECs5q values obtained for most of the pyridazino-
pyrrolo-quinoxalinium salts against the parasites are 10-fold lower
and, importantly, their SI values are increased up to a hundred
times.

2.2.1. Activity in infected macrophages

The four compounds showing ECsq values against L. infantum
axenic amastigotes below 0.2 uM and SI values over 50 were
selected for their analysis against intracellular amastigotes. As
shown in Table 3, the ECsq values obtained for compounds 3c, 3e, 3f
and 3j are all in the low micromolar range with the highest activity
seen for 3f (ECs¢o = 1.23 pM). The ECsq value obtained for miltefo-
sine was 0.55 uM. These values are 15—40 times higher than those
observed for axenic amastigotes except for 3¢ whose ECsq value is
200 times higher in intracellular amastigotes. This diminished
leishmanicidal activity against intracellular amastigotes compared
to that observed against axenic amastigotes has been reported by
other groups. These different susceptibilities might be explained by
a reduced capacity of these compounds to cross host cell mem-
branes or as a consequence of being metabolized by the macro-
phages [17]. In addition, the higher replication rate of axenic
amastigotes compared to that of intracellular amastigotes and their
inherent differences in the gene expression profile could also

Table 3

Leishmanicidal activity for selected compounds from
series 3 in L infantum amastigote-infected THP-1-
derived macrophages.

Compound ECso (LM)

3c 4.02 + 1.03
3e 3.10 + 0.76
3f 1.23 +0.17
3 1.78 + 0.29
Miltefosine 0.55 + 0.06
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contribute to the different antileishmanial activities obtained in
both amastigote models [18].

2.2.2. Inhibition of LiTryR

In an attempt to investigate a possible mechanism of action, the
ability of all series 3 compounds to inhibit LiTryR was evaluated at a
fixed drug concentration of 25 pM. Those molecules that showed
inhibitory activity at this concentration and also good ECsqg values
against axenic amastigotes were selected for determination of their
IC50 in an oxidoreductase assay catalyzed by recombinant LiTryR
(Table 4). The best ICsq values were obtained for compounds 3b and
3f (1.85 uM and 2.98 pM, respectively).

Because of its good ECsg (amastigote infection assay) and ICsq
(LiTryR activity assay) values, compound 3f was selected for further
characterization of its mode of inhibition. Initial reaction rates were
plotted against increasing concentrations of oxidized trypano-
thione (TS;) in the presence of 3f concentrations ranging from
1.25 uM to 20 pM (Fig. 1).

The data obtained could be fitted neither to a linear competitive
nor to a linear mixed inhibition model. On the contrary, our data
nicely fit to a hyperbolic noncompetitive inhibition model (Fig. 1),
in which a partially productive enzyme/substrate/inhibitor com-
plex (ESI complex) is formed. The inhibition constant (K;) for the
binding of compound 3f to the TS,-depleted enzyme has a value of
2.83 + 0.70 pM. The inhibitor may also bind to the enzyme/sub-
strate (ES) complex showing a slightly higher dissociation constant
(o0 = 1.27 + 0.37; Scheme 2). The nonlinear behavior of this inhi-
bition is due to the ability of the ESI complex to generate reduced
trypanothione (T(SH);) but with a highly reduced catalytic effi-
ciency compared to ES (B = 0.23 + 0.03; Scheme 2).

As shown in Scheme 2, LiTryR can form a ternary complex with
TS, and 3f that can yield T(SH), much less readily than the binary
LiTryR/TS, complex does. Contrary to classical inhibitions in which
the ternary complex is unable to yield product (f = 0), in the in-
hibition caused by 3f the apparent values of Ki,/VilX (slope in the
double reciprocal plots) and 1/VaE (intercept in the double recip-
rocal plots) display a nonlinear dependence on the inhibitor con-
centration which is described by a hyperbolic function (Fig. 2) [19].

Since the enzymatic reaction catalyzed by LiTryR is a bi—bi re-
action, the effect of varying NADPH concentration (at a saturating
TS, concentration) on 3f inhibition was also evaluated. Initial re-
action rates were plotted against increasing NADPH concentrations
in the presence of different 3f concentrations (Fig. 3A). Our data
nicely fit to a hyperbolic uncompetitive inhibition, in which the
inhibitor binds only to the enzyme/substrate complex (LiTryR/
NADPH) (Scheme 3). Accordingly, the K; for the binding of

Table 4

Activity of selected compounds from series 3 against

LiTryR.
Compound IC50” (M)
3b 1.85 +0.23
3d 7.92 +0.28
3e 25.66 + 2.33
3f 2.98 +0.71
3k 1391 £ 149
31 6.90 + 1.33
30 23.60 + 0.81
Mepacrine” 13.53 + 1.18

2 Half-maximal inhibitory concentration
(ICs0) + standard error (SE) values for selected com-
pounds from series 3 in the LiTryR oxidoreductase ac-
tivity assay. Results are representative of three
independent experiments.

b Mepacrine was included as the reference compound.
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compound 3f to the enzyme/substrate complex has a value of
1.37 + 0.16 puM. The series of lines observed in the Lineweaver-Burk
double-reciprocal plot are not completely parallel because of the
slight activity of the ESI complex that is characteristic of hyperbolic
inhibition. As expected for an uncompetitive mode of inhibition,
their intercepts with the y- and x-axis indicate that the apparent
values of Vi« and K, decrease with increasing inhibitor concen-
trations (Fig. 3B).

Only a few cases uncompetitive inhibitors versus NADPH have
been described for TryR [20,21]. In enzymes, such as this one, that
obey a bi-bi reaction mechanism, an uncompetitive pattern can
arise due to competition of the inhibitor for the second indepen-
dent substrate-binding site, TS, site in this case. However, the
noncompetitive inhibition pattern that was observed when the
concentration of TS, was varied in the presence of a fixed con-
centration of NADPH suggests that either 3f is able to bind to the
TS, site in the presence of TS; or it binds to a site that is different
from any of the two substrate-binding sites. A disruption of the
orientation or even displacement of FAD has been proposed for
NADPH uncompetitive inhibitors of TryR containing a pyr-
imidopyridazine scaffold [21]. Alternatively, binding to the inter-
face between both subunits of TryR was suggested for some
nitrofurans that also behave as uncompetitive inhibitors for NADPH
[20]. Similar to 3f in LiTryR, nitrofurans with aromatic and het-
erocyclic substituents have been shown to inhibit TryR from Try-
panosoma congolense acting as uncompetitive inhibitors versus
NADPH and noncompetitive inhibitors versus TS,. Moreover, these
compounds are responsible for the TryR-dependent reduction of
cytochrome c in a reaction that may be inhibited by superoxide
dismutase, a finding that points to generation of superoxide anion
during the process [20]. Based on the similar kinetic behavior of 3f
to that described for nitrofurans, we evaluated the putative
reduction of cytochrome c by LiTryR in the presence of 3f using
menadione as a positive control either in the presence or in the
absence of superoxide dismutase. The results shown in Fig. 4 reveal
a much higher capacity of 3f for cytochrome c reduction than that
observed for menadione. This reduction is mediated by superoxide
anion generation in the LiTryR-catalyzed enzymatic reaction, as
demonstrated by the strong decrease in the concentration of
reduced cytochrome c in the presence of superoxide dismutase
(filled diamonds vs empty diamonds).

The introduction of different substituents onto the m-deficient
pyridazino-pyrrolo-quinoxalinium aromatic scaffold is shown to
modulate the disulfide reduction inhibitory properties of the pre-
sent compounds. Menadione and other related 14-
naphthoquinones are known to behave as redox cyclers or “sub-
versive substrates” for several NADPH-dependent disulfide re-
ductases, including TryR [22]. In the presence of oxygen,
reoxidation of the reduced molecule following one- or two-
electron transfer reactions leads to both a steady flux of reactive
oxygen species and NADPH consumption [22,23]. For these reasons,
we thought of interest to compare the energies of the lowest-un-
occupied molecular orbitals of menadione and 3f, as well as their
atomic contributions. The finding that the respective LUMO en-
ergies are —3.108 eV and —3.071 eV strongly suggests that both
electron-deficient molecules display similar electron-accepting
properties. Furthermore, it can be seen that the largest contribu-
tions to the LUMO of 3f (Fig. 5) arise from the quinone system and
pyridazine ring atoms, respectively. In addition, the predicted redox
potential for 3f (—0.681 V) using the web server available on http://
infochim.u-strasbg.fr/cgi-bin/predictor.cgi compares favorably to
that calculated for menadione (—0.604 V). Taken together, these
results support the view that 3f also behaves as a “subversive
substrate” for LiTryR.
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the enzyme. The ESI complex is able to catalyze TS, reduction but at a much slower rate than the ES complex does.
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Fig. 2. Nonlinear dependence of the apparent values of K,,/Vabh and 1/ViPh, functions on 3f concentration. (A) Replot of slopes (K,/VaP) from Fig. 1B as a function of increasing
3f concentrations. (B) Replot of y-intercepts (1/Vahk) from Fig. 1B as a function of increasing 3f concentrations. The theoretical plot for a linear inhibitor (B = 0) is included.
Experimental values fit to a hyperbolic inhibition with a B value of 0.23 (Equations (5) and (6)). Data are the results obtained in a representative assay from three independent
experiments.
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Fig. 3. Uncompetitive hyperbolic inhibition of LiTryR by 3f. (A) Plot of the initial velocities as a function of NADPH concentration at four different 3f concentrations: 0 (O ), 0.625
(@),1.25(0), and 2.5 (M) M. TNB production was monitored by the increase in absorbance at 412 nm. Curves were fitted using Equation 4. (B) Double-reciprocal plot. Data are the

results obtained in a representative assay from three independent experiments.
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Scheme 3. Hyperbolic uncompetitive inhibition of LiTryR by 3f in the presence of saturating concentrations of TS,. The inhibitor only binds to the NADPH-bound (ES) form of the
enzyme. The ESI complex is able to catalyze TS, reduction but at a much slower rate than the ES complex does.

3. Conclusions

Based on our previous experience in the synthesis of pyrrolo-
quinoxaline derivatives, fifteen compounds modified at four
different positions on the pyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-
13-inium scaffold were prepared and evaluated as leishmanicidal
agents. Eleven of them display submicromolar activity against
axenic amastigotes and low cytotoxicity against THP-1 cells, which
gives rise to a four-digit SI value for compound 3c. Highly relevant is
the potent leishmanicidal activity exhibited by compound 3f on
intracellular amastigotes, which is very close to that observed for
the reference drug miltefosine. This compound potently inhibits
LiTryR and thereby targets the trypanothione-based antioxidant
system that is essential for these parasites. It displays a hyperbolic
noncompetitive behavior versus TS, and a hyperbolic uncompeti-
tive behavior versus NADPH. Similar to other uncompetitive TryR
inhibitors, compound 3f behaves as a “subversive substrate” for
LiTryR that not only alters the physiological reduction of TS,, but
also converts this antioxidant oxidoreductase in a prooxidant
enzyme that produces superoxide anion through a futile con-
sumption of NADPH and O,. These two activities are highly relevant

for inducing severe alterations in the redox homeostasis of Leish-
mania parasites and causing cell death.

Altogether, these results reveal that pyridazino-pyrrolo-
quinoxalinium salts may be considered as promising candidates
for further development of leishmanicidal drugs targeting TryR.
Furthermore, our results provide the first evidence of a pyridazino-
pyrrolo-quinoxalinium salt that behaves as a “subversive substrate”
for TryR. As already described for other TryR subversive substrates,
the precise binding site of compound 3f in LiTryR has not yet been
defined and additional experiments are in course to allocate it.

4. Experimental
4.1. Chemistry

Solvents (HPLC quality, Scharlau) were dried in a Solvent Puri-
fication System (MBraun) by passing through a pre-activated
alumina column or were purchased as anhydrous quality. Re-
agents were purchased from Sigma-Aldrich or Acros and were used
as received. The reactions in which moisture-sensitive compounds
were handled were performed under an atmosphere of dry argon.
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Fig. 4. LiTryR-mediated cytochrome c reduction. The increase in the reduced cytochrome c concentration as a consequence of LiTryR activity was evaluated in the presence of
DMSO as vehicle (triangles), 10 uM menadione (squares) and 10 uM 3f (diamonds) and in the absence (filled symbols) or in the presence (empty symbols) of L. infantum superoxide

dismutase A (4 pM).

Fig. 5. Optimized geometries and lowest unoccupied molecular orbitals of (A) neutral menadione and (B) positively charged 3f.

The reactions performed at low temperature were carried out using
a cryostat Haake EK 101. The reactions were monitored by thin-
layer chromatography (TLC) on silica-coated aluminum sheets
(Alugram silica gel 60 F»54). The compounds were visualized by UV
light (254 nm). Column chromatography was carried out with
Merck silica gel (0.030—0.075 mm) and the solvents were used as
received (Scharlau). Infrared spectra (IR, NaCl windows or KBr
pellets) were recorded on a PerkinElmer FTIR 1725X instrument.
The frequencies (v) of the more intense bands are given in cm™L.
Nuclear magnetic resonance spectra ('H and '3C NMR) were
recorded using a Varian Gemini 200 (200 and 50 MHz, respec-
tively), a Varian UNITY-300 (300 and 75 MHz, respectively); a
Varian Mercury-VX-300 MHz and a Varian-UNITY"'YS-500 (500
and 125 MHz, respectively) instrument. Chemical shifts (6) are
given in ppm and are referenced to the residual signal of the non-

deuterated solvent. Coupling constants (J) are given in Hz. Final
compounds were purified by crystallization and melting points
values were within 1 °C to 2 °C range. Compounds were pure by H
NMR. High-resolution mass spectra were recorded on an Agilent
6210 LC/MS TOF mass spectrometer.

4.1.1. Synthesis of pyridazino[2,3-a]pyrrolo[2,1-c]quinoxalinium
salts

Method A: To a solution of 2 (0.19—0.37 eq.) in ethanol (0.1 mL/
mmol), butane-2,3-dione (1 equiv) and Et3N (1 equiv) were added,
and the reaction mixture was stirred at room temperature. The
solvent was removed under reduced pressure and the residue was
treated with Et,0 to give a solid. After filtration, the solid was
crystallized in EtOH/AcOEt.

Method B: To a solution of 2 (0.19—0.3 mmol) in ethanol (0.1 mL/
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mmol), 1,4-dioxane-2,3-diol (1.1 equiv) and Et3N (1.1 equiv) were
added. The reaction mixture was heated at reflux temperature. The
solvent was removed under reduced pressure and the residue was
treated with Et;0 to give a solid. After filtration, the solid was
crystallized in EtOH/AcOEt.

Method C: To a solution of 2 (0.18 mmol) in acetone (0.1 mL/
mmol), acenaphthoquinone (1.1 equiv) and AcONa (1.1 equiv) were
added. The reaction mixture was heated at reflux temperature for
4 h. The solvent was removed under reduced pressure and the
residue was treated with Et,0 to give a solid. After filtration, the
solid was crystallized in EtOH/AcOEt.

Method D: To a solution of 2 (0.23 mmol) in MeOH (0.42 mL/
mmol), hexane-3,4-dione (1.1 equiv) and Et3N (1.1 equiv) were
added. The reaction mixture was heated at reflux temperature for
3 h. The solvent was removed under reduced pressure and the
residue was treated with Et,0 to give a solid. After filtration, the
solid was crystallized in MeOH/Et,0.

Method E: To a solution of 2 (0.23—0.36 mmol) in MeOH (30 mL/
mmol), hexane-3,4-dione (2 equiv) and Et3N (1 equiv) were added.
The reaction mixture was heated at reflux temperature. The pre-
cipitate obtained was filtered off and washed with MeOH.

4.1.2. 8H-2,3-Dimethylpyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-13-
inium mesitylenesulfonate (3a)

Method A from 2a (145 mg; 0.37 mmol) for 20 min. Yield:
59.7 mg (0.13 mmol, 34%); Greenish solid; mp: 215-216 °C; 'H
NMR (300 MHz, CD30D) ¢ 8.90 (dd, 1H, J = 8.5 Hz, ] = 1.2 Hz), 8.79
(s, 1H), 8.65 (dd, 1H, ] = 2.6 Hz, | = 1.2 Hz), 8.36 (d, 1H, | = 8.5 Hz),
8.00—7.83 (m, 2H), 7.75 (dt, 1H, ] = 8.5 Hz, ] = 1.2 Hz), 7.21 (dd, 1H,
J=4.4Hz,] =2.6Hz), 6.69 (s, 2H), 2.84 (s, 3H), 2.70 (s, 3H), 2.53 (s,
6H), 2.12 (s, 3H) ppm; °C NMR (75 MHz, CD30D) § 161.4, 147.9,
140.8, 139.8, 139.4, 138.0, 133.4, 131.5 (2C), 128.9 (2C), 128.8, 128.5,
128.1, 1234, 121.5, 121.4, 118.3, 117.5, 116.6, 23.3 (2C), 20.8, 20.6,
19.5 ppm; IR (KBr) » 3448.1, 3080.7, 1732.7, 1629.4, 1606.0, 1555.7,
1499.0, 1483.4, 1395.9, 1335.5, 1250.6, 1190.8, 1083.5, 1014.1, 918.7,
876.7, 848.7, 764.9, 676.1, 640.2, 579.8, 547.8, 527.5, 482.2 cm ™ ;
HRMS (ESI*): m/z calcd. for CigH14N3, 248.1188; found, 248.1163.

4.1.3. 4H-Acenaphtho[1',2’:3,4]pyridazino[2,3-a]pyrrolo[2,1-c]
quinoxal-9-inium mesitylenesulfonate (3b)

Method C from 2a (73.6 mg; 0.18 mmol). Yield: 61.3 mg
(0.11 mmol, 62%); Orange solid; mp: 327—-328 °C. 'H NMR
(300 MHz, CD30D) 6 9.49 (s, 1H), 9.02 (d, 1H, J = 8.9 Hz), 8.72 (bs,
1H), 8.56 (d, 1H, ] = 6.9 Hz), 8.52 (d, 1H, J = 7.2 Hz), 8.38 (d, 1H,
J=79Hz),8.26(t,2H,] =74 Hz), 8.12 (d, 1H, J = 3.9 Hz), 8.05—7.85
(m, 3H), 7.79 (t, 1H, ] = 79 Hz), 7.31 (q, 1H, ] = 3.4 Hz), 6.85 (s, 2H),
2.62 (s, 6H), 2.24 (s, 3H) ppm; >C NMR (75 MHz, CD30D) § 157.8,
140.8, 140.1, 138.5, 138.2 (2C), 133.7, 133.4, 133.0, 131.6 (2C), 1314,
130.8,130.6,130.1, 129.5, 128.9 (2C), 128.7, 128.5,127.9,125.4, 123.9,
123.0,121.4,120.4, 118.9, 117.6, 117.2, 23.3 (2C), 20.8 ppm; IR (KBr) »
3424.3,3090.9,1631.0, 1605.4, 1543.7,1482.2, 1445.6, 1419.3,1212.0,
1196.2,1085.4,1017.0, 951.9, 852.2, 833.8, 781.2, 768.5, 675.8, 585.2,
550.3 cm~!; HRMS (ESI-TOF): m/z calcd. for Co4Hi4N3, 344.1182;
found, 344.1197.

4.1.4. 10-Chloro-8H-pyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-13-
inium mesitylenesulfonate (3c)

Method B from 2b (122.0 mg; 0.28 mmol) for 20 min. Yield:
60.3 mg (0.132 mmol, 47%); Dark-green solid; mp: 275—276 °C. 'H
NMR (300 MHz, CD30D) 6 9.26 (dd, 1H, ] = 4.2 Hz, ] = 1.3 Hz, H-2),
9.15(dd, 1H, ] = 8.9 Hz, | = 1.3 Hz, H-4), 8.97 (d, 1H, ] = 9.4 Hz, H-12),
8.85 (d, 1H, J = 2.5 Hz, H-7), 8.66 (d, 1H, J = 2.1 Hz, H-9), 8.27 (dd,
1H,J = 8.9 Hz, ] = 4.7 Hz, H-3), 8.16 (d, 1H, ] = 4.2 Hz, H-5), 7.84 (dd,
1H,J = 9.4 Hz, ] = 2.1 Hz, H-11), 7.35 (tapp, 1H,] = 3.6 Hz, H-6), 6.85
(s, 2H, Harmsts), 2.61 (s, 6H, CH3-msts), 2.24 (s, 3H, CH3_msts) ppm;
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13C NMR (75 MHz, CD30D) 6 150.5, 141.1, 140.8, 140.1, 140.0, 138.2,
133.4, 131.8, 131.6 (2C), 130.1, 129.1 (2C), 127.6, 124.9, 123.5, 122.5,
119.2, 118.1, 117.9, 23.3 (2C), 20.8 ppm; IR (KBr) » 3422.3, 3091.1,
1623.3, 1605.6, 1557.7, 1535.0, 1497.0, 1472.9, 1431.8, 1189.2, 1086.1,
1016.0, 848.7, 810.3, 752.4, 678.8, 851.4 cm™~!; HRMS (ESIT): m/z
calcd. for C14HgCIN3, 254.0480; found, 254.0479.

4.1.5. 10-Chloro-8H-2,3-dimethylpyridazino[2,3-a]pyrrolo[2,1-c]
quinoxal-13-inium mesitylenesulfonate (3d)

Method A from 2b (116.9 mg; 0.27 mmol) for 30 min. Yield:
54.5 mg (0.11 mmol, 42%); Black solid; mp: 231-232 °C; 'H NMR
(300 MHz, CD30D) 6 8.90 (d, 1H, J = 9.2 Hz, H-12), 8.83 (s, 1H, H-4),
8.68 (dd, 1H, ] = 2.6 Hz, ] = 1.3 Hz, H-7), 8.53 (s, 1H, H-9), 7.99 (d, 1H,
J=43Hz,H-5),7.75 (dd, 1H,] = 9.2 Hz,] = 1.6 Hz, H-11), 7,24 (tapp,
1H, J = 3.4 Hz, H-6), 6.72 (s, 2H, Har-msts), 2.87 (s, 3H, CH3), 2.73 (s,
3H, CH3), 2.62 (s, 6H, CH3_ms1s), 2.24 (s, 3H, CH3_Msts) ppm; 2C NMR
(75 MHz, CD30D) ¢ 161.6, 148.2, 140.8, 139.8, 139.5, 139.3, 138.1,
131.5 (2C), 129.7, 129.1, 128.7 (2C), 127.0, 123.9, 123.2, 121.9, 118.6,
117.6,117.0,23.3 (2C), 20.8, 20.5, 19.5 ppm; IR (KBr) » 3422.4, 3076.1,
1735.1,1602.8, 1556.7, 1472.4, 1432.1, 1248.6, 1178.3, 1084.2, 1013.0,
8434, 827.1, 769.1, 676.8, 606.9, 578.9 cm~!; HRMS (ESI*): m/z
calcd. for C1gH13CIN3, 282.0793; found, 282.0795.

4.1.6. Ylide 4b and 10-chloro-2,3-diethyl-8H-pyridazino[2,3-a]
pyrrolo[2,1-c]quinoxal-13-inium bromide (3e)

Method E from 2b (0.36 g; 0.84 mmol) for 4 h. Then, 46% HBr
(47 pL, 0.42 mmol) was added on a slurry of 4b (0.13 g; 0.42 mmol)
in H>0 (9 mL) at 0 °C and the mixture was stirred for 10 min. Next,
the mixture was stirred at room temperature for 3.75 h to give a
precipitate which was filtered off. Finally, the filtrate was
lyophilized.

Compound 4b: Yield: 0.16 g (0.51 mmol, 61%); Ochre solid; mp:
157—158 °C; 'H NMR (300 MHz, CDCl5): 6 7.85 (d, 1H, J = 8.8 Hz, H-
12),7.36 (d, 1H, ] = 2.0 Hz, H-9), 7.26 (bs, 2H, H-4, H-7), 7.09 (dd, 1H,
J=91Hz,]J = 2.0 Hz, H-11), 6.61 (d, 1H, ] = 3.8 Hz, H-5), 6.49 (tapp,
1H,J = 3.8 Hz, ] = 2.9 Hz, H-6), 4.99 (g, 1H, ] = 7.3 Hz, CH), 2.43 (q,
2H, J = 7.3 Hz, CHa), 1.71 (d, 3H, J = 7.2 Hz, CH—CH3), 1.26 (t, 3H,
J = 7.5 Hz, CH,—CH3) ppm; *C NMR (75 MHz, CDCl3) 6 169.5, 162.0,
138.5,132.5,126.8,126.1,125.5,120.8, 119.7, 117.2,116.8, 114.8, 114.7,
110.2, 105.0, 29.7, 23.9, 10.4 ppm; IR (KBr) » 3419.0, 3108.4, 2970.9,
2359.6,1606.7,1503.4, 1434.4, 1363.9, 1305.4, 1154.9, 1100.1, 1034.6,
843.5, 810.2 cm~'; HRMS (ESI-TOF): m/z calcd. for CigH17CIN3,
310.1106; found, 310.1089.

Compound 3e: Yield: 68.5 mg (0.175 mmol, 41%); Orange solid;
mp: 251-252 °C; 'H NMR (200 MHz, CDs0D): ¢ 9.00 (d, 1H,
J=9.3Hz, H-12), 8.81 (s, 1H, H-4), 8.78 (d, 1H, ] = 2.5 Hz, H-7), 8.65
(d, 1H, J = 2,1 Hz, H-9), 8.17 (d, 1H, J = 4.2 Hz, H-5), 7.83 (dd, 1H,
J=9.3Hz,] = 1.7 Hz, H-11), 7.30 (tapp, 1H,J = 3.4 Hz, H-6), 3.25 (q,
2H, J = 7.2 Hz, CHa), 3.09 (q, 2H, ] = 7.6 Hz, CHy), 1.61 (t, 3H,
J =72 Hz, CHs),1.53 (t, 3H, J = 7.6 Hz, CH3) ppm; >C NMR (75 MHz,
CD30D): 6 144.4,140.8, 139.9, 138.7, 138.1, 131.6, 128.9, 126.8, 126.1,
122.8,121.1,118.1, 117.6, 115.8, 20.8, 20.5, 20.2, 20.0 ppm; IR (KBr) v
3415.1,3025.2, 2970.4, 2932.4,1619.7,1601.5, 1551.3, 1473.8, 1428.5,
1375.7, 1246.7, 1160.7, 1101.8, 1051.1, 911.9, 886.6, 777.9, 698.3,
650.7 cm™!; HRMS (ESI-TOF): m/z calcd. for C1gH;7CIN3, 310.1106;
found, 310,1093.

4.1.7. Ylide 4c and 7-bromo-10-chloro-2,3-diethyl-8H-pyridazino
[2,3-a]pyrrolo[2,1-c]quinoxal-13-inium bromide (3f)

Method E from 2c (0.23 g, 0.45 mmol) for 3 h. Next, 46% HBr
(15 pL, 0.42 mmol) was added on a solution of 4¢ (52.3 mg,
0.13 mmol) in CH,Cl; (12 mL) at 0 °C and the reaction mixture was
stirred for 10 min. Then, the mixture was stirred at room temper-
ature for 6.5 h and the solvents were evaporated to dryness. The
residue was treated with Et,0 to give a solid which was filtered off.
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Compound 4c: Yield: 0.14 g (0.36 mmol, 80%); Yellow solid; mp:
211-212 °C; 'H NMR (200 MHz, CDCls): 6 8.75 (s, 1H), 7.85 (d, 1H,
J =8.9Hz), 711 (d, 1H, ] = 8.9 Hz), 6.58 (d, 1H, J = 3.8 Hz), 6.48 (d,
1H, J = 3.4 Hz), 5.88 (s, 1H), 4.98 (q, 1H, ] = 7.2 Hz), 2.40 (q, 2H,
J =7.0Hz),1.69 (d, 3H, ] = 7.2 Hz), 1.24 (t, 3H, J = 7.0 Hz) ppm; >C
NMR (50 MHz, CDCl3): 6 154.9,126.7,126.0,125.9,125.7,124.7,118.6,
115.9, 115.6, 110.5, 106.2, 104.8, 103.9, 97.8, 93.6, 25.5, 12.6,
10.2 ppm; IR (KBr) v 3424.0, 2971.6, 2908.9, 2348.3, 1639.1, 1493 4,
1387.4, 1311.8, 1104.8, 1041.9, 977.8, 847.2, 818.2, 802.2, 764.9,
749,2 cm~!; HRMS (ESI-TOF): m/z calcd. for C1gHIgBrCIN; [M+1]",
388.0211; found 388.0170.

Compound 3f: Yield: 61.1 mg (0.13 mmol, 97%); Yellow solid; mp:
200-202 °C; '"H NMR (300 MHz, CD30D): 6 9.61 (d, 1H, J = 2.0 Hz,
H-9), 9.11 (d, 1H, J = 9.4 Hz, H-12), 8.82 (s, 1H, H-4), 8.26 (d, 1H,
J=4.7 Hz, H-5/H-6), 7.92 (dd, 1H, ] = 9.4 Hz, ] = 2.0 Hz, H-11), 7.41
(d, 1H, ] = 4.7 Hz, H-6/H-5), 3.27 (q, 2H, | = 7.3 Hz, CH>), 3.09 (q, 2H,
J = 7.3 Hz, CHy), 1.60 (t, 3H, J = 7.3 Hz, CH3), 1.53 (t, 3H, ] = 7.3 Hz,
CHs) ppm; 3C NMR (75 MHz, CD30D): ¢ 164.3, 153.0, 138.9, 137.9,
130.9,129.2,128.3,126.7,124.7,124.3,123.3,118.0, 117.8, 109.5, 27.4,
26.0, 12.3, 10.9 ppm; IR (KBr) v 3422.5, 3022.7, 2930.5, 2363.5,
1623.8,1599.8, 1552.0, 1471.8,1397.3, 1373.0, 1253.4,1100.3, 1053.0,
975.8, 932.1, 849.6, 840.5, 799.8, 780.4, 652.4 cm™!; HRMS (ESI-
TOF): m/z calcd. for CigH$LBrCIN; [M+2], 390.0189: found,
390.0185.

4.1.8. 8H-2,3,11-Trimethylpyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-
13-inium mesitylenesulfonate (3g)

Method A from 2d (124.0 mg, 0.30 mmol) for 20 min. Yield:
68 mg (0.139 mmol, 46%); Greenish solid; mp: 146—147 °C; 'H NMR
(300 MHz, CD30D): 6 8.79 (s, 1H), 8.72 (s, 1H), 8.62 (s, 1H), 8.25 (d,
1H,J = 8.6 Hz), 7.94 (d, 1H, ] = 4.3 Hz), 7.75 (d, 1H, ] = 8.6 Hz), 7.21 (t,
1H, ] = 2.9 Hz), 6.73 (s, 2H), 2.85 (s, 3H), 2.71 (s, 3H), 2.63 (s, 3H),
2.55 (s, 6H), 2.15 (s, 3H) ppm; *C NMR (75 MHz, CDs0D): 4 161.2,
147.6, 140.8, 139.9, 139.5, 139.3, 138.1, 134.4, 131.5 (2C), 128.9 (20),
1279, 126.7, 123.1, 1214, 120.9, 118.2, 117.3, 116.2, 23.3 (2C), 214,
20.8, 20.5, 19.5 ppm; IR (KBr) v 3432.4, 2918.0, 1735.9, 1629.9,
1603.5, 1553.6, 1509.0, 1459.1, 1393.4, 1317.7, 1188.4, 1083.8, 1014.1,
676.2, 581.2 cm~!; HRMS (ESI™): m/z calcd. for C17H1gN3, 262.1339;
found, 262.1339.

4.1.9. 8H-10,11-Dimethylpyridazino[2,3-a]pyrrolo[2,1-c]quinoxal-
13-inium mesitylenesulfonate (3h)

Method B from 2e (130.0 mg, 0.30 mmol) for 20 min. Yield:
78.9 mg (0.176 mmol, 58%); Black solid; mp: 279—280 °C; '"H NMR
(300 MHz, CD30D): ¢ 9.22 (s, 1H), 9.11 (d, 1H, J = 8.8 Hz), 8.77 (bs,
2H), 8.31 (s, 1H), 8.21 (dd, 1H, J = 8.8 Hz, ] = 3.6 Hz), 8.09 (d, 1H,
J = 4.1 Hz), 7.32 (m,1H), 6.87 (s, 2H, Har-msts), 2.64 (s, 6H, 2 CHs.
MsTs), 2.63 (s, 3H), 2.58 (s, 3H), 2.25 (s, 3H, CHa_msts) ppm; >C
NMR (75 MHz, CD30D): 6 15.1,145.2, 140.8, 140.2, 140.0, 139.1,138.2,
132.4, 131.7, 131.6 (2C), 127.2 (2C), 126.5, 123.7, 122.1, 121.3, 118.7,
117.8,116.9, 23.3 (2C), 20.8, 20.3, 20.0 ppm; IR (KBr) » 3393.8, 3114.7,
3044.0,1620.4,1553.6,1528.6,1500.3, 1476.8, 1448.5,1389.1, 1346.1,
1288.5, 1246.3, 1211.3, 1166.2, 1084.7, 1012.3, 911.5, 859.3, 844.6,
830.7, 754.3, 6771, 583.5 cm~!; HRMS (ESI-TOF): m/z calcd. for
C16H14N3, 248.1182; found, 248.1179.

4.1.10. 8H-2,3,10,11-Tetramethylpyridazino|[2,3-a]pyrrolo[2,1-c]
quinoxal-13-inium mesitylenesulfonate (3i)

Method A from 2e (96.1 mg, 0.22 mmol) for 30 min. Yield: 59 mg
(0.12 mmol, 56%); Greenish solid; mp: 242—243 °C; 'H NMR
(300 MHz, CD30D): 6 8.83 (s, 1H, H-4), 8,72 (s, 1H, H-12), 8.65 (s, 1H,
H-7),8.23 (s, 1H, H-9), 7.96 (d, 1H, ] = 3.2 Hz, H-5), 7.23 (bs, 1H, H-6),
6.82 (s, 2H, Har-msts), 2.86 (s, 3H, CH3), 2.71 (s, 3H, CH3), 2.60 (s, 6H,
CHs.msTs), 2.56 (s, 3H, CH3), 2.21 (s, 3H, CH3.msts) ppm; >C NMR
(75 MHz, CD30D): 6 161.1, 147.0, 144.4, 140.8, 139.9, 138.8, 138.7,
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138.1, 131.6 (2C), 128.9 (2C), 126.8, 126.1, 122.8, 121.5, 121.1, 118,
117.6, 115.8, 23.2 (2C), 20.8, 20.5, 20.2, 20.0, 19.4 ppm; IR (KBr) v
3430.8,3080.8, 2927.6,1626.7,1603.2, 1553.6, 1500.1, 1474.0, 1457.2,
1394.1, 1256.5, 1173.6, 1084.4, 1012.2, 878.7, 854.3, 767.2, 678.1,
580.4, 549.4, 527.6 cm™'; HRMS (ESI-TOF): m/z calcd. for C1gH1gN3,
276.1495; found, 276.1494.

4.1.11. 2,3-Diethyl-8H-10,11-dimethylpyridazino[2,3-a]pyrrolo[2,1-
cJquinoxal-13-inium mesitylenesulfonate (3j)

Method D from 2e (101.6 mg, 0.23 mmol). Yield: 78.7 mg
(0.156 mmol, 68%); Orange solid; mp: 224—226 °C; 'H NMR
(300 MHz, CD3;0D): 6 8.71 (s, 1H, H-12), 8.70 (s, 1H, H-4), 8.8—8.6
(m, 1H, H-7), 8.24 (s, 1H, H-9), 8.06 (d, 1H, ] = 4.1 Hz, H-5), 7.24 (dd,
1H, J = 4.1 Hz, ] = 2.6 Hz, H-6), 6.80 (s, 2H, Har-msts), 3.28 (q, 2H,
J = 7.3 Hz, CHa), 3.06 (q, 2H, ] = 7.3 Hz, CH,), 2.60 (s, 3H, CH3), 2.58
(s, 6H, 2 CH3_vsts), 2.57 (s, 3H, CH3), 2.20 (s, 3H, CH3_msts), 1.59 (t,
3H, J = 7.3 Hz, CH3), 1.52 (t, 3H, J = 7,3 Hz, CH3) ppm; “C NMR
(75 MHz, CD30D): ¢ 151.4, 144.4, 139.9, 138.9, 138.6, 138.2, 131.6
(20), 1271 (20), 126.9, 126.4, 122.8, 121.4, 121.1, 119.1, 118.1, 117.8,
117.7, 116.0, 274, 25.8, 23.3 (2C), 20.8, 20.3, 20.1, 12.3, 11.1 ppm; IR
(KBr) v 3435.9, 3090.6, 2970.2, 2918.8, 2358.9, 2341.6, 1624.4,
1552.1, 1455.0, 1386.7, 1190.1, 1084.3, 1016.4, 879.8, 849.5, 765.7,
675.7 cm~'; HRMS (ESI-TOF): m/z calcd. for CyoH2,N3, 304.1808;
found, 304.1820.

4.1.12. 7-Bromo-8H-10,11-dimethylpyridazino[2,3-a]pyrrolo[2,1-c]
quinoxal-13-inium mesitylenesulfonate (3k)

Method B from 2f (94.7 mg, 0.19 mmol) for 10 min. Yield:
59.4 mg (0.112 mmol, 59%); Green solid; mp: 205—206 °C; '"H NMR
(300 MHz, CD30D): 6 9.36 (s, 1H, H-12), 9.23 (dd, 1H, J = 4.4 Hz,
J =12 Hz, H-2),9.09 (dd, ] = 9.1 Hz, ] = 1.2 Hz, H-4), 8.85 (s, 1H, H-
9),8,22(q, 1H, ] = 4.4 Hz, H-3), 8.15 (d, 1H, ] = 4.4 Hz, H-6/H-5), 7.39
(d, 1H, J = 4.7 Hz, H-5/H-6), 6.84 (s, 2H, Har-msts), 2.62 (s, 3H, CH3),
2.59 (S, 6H, 2 CHB-MSTS). 2.58 (S, 3H, CHg), 2.23 (S, 3H, CH3-MSTS)
ppm; 3C NMR (75 MHz, CD30D): § 150.3, 143.7, 140.0, 139.6, 139.4,
138.8, 138.1, 132.8, 131.6 (2C), 131.3, 128.4 (2C), 127.3, 124.5, 124.3,
121.6, 118.4, 117.6, 109.6, 23.2 (2C), 20.8, 20.6, 19.9 ppm; IR (KBr) »
3423.8,3061.2,2971.5, 2927.5,1621.6,1536.9, 1477.6; 1417.6, 1388.7,
1255.8, 1220.6, 1183.6, 1084.6, 1013.7, 902.8, 876.9, 848.3, 792.9,
677.6 cm~'; HRMS (ESI-TOF): m/z caled. for CiH{3BrNs [M]™,
326.0287; found, 326.0289.

4.1.13. 7-Bromo-8H-2,3,10,11-tetramethylpyridazino[2,3-a]pyrrolo
[2,1-c]quinoxal-13-inium mesitylenesulfonate (31)

Method A from 2f (96.4 mg, 0.19 mmol) for 10 min. Yield:
96.1 mg (0.17 mmol, 91%); Greenish solid; mp: 211—213 °C; 'H NMR
(300 MHz, CDs0D): 6 9.30 (s, 1H, H-12), 8.83 (s, 1H, H-9/H-4), 8.82
(s, 1H, H-4/H-9), 8.02 (d, 1H, ] = 4.7 Hz, H-5), 7.30 (d, 1H, J = 4.4 Hz,
H-6), 6.81 (s, 2H, Har-msts), 2.86 (s, 3H, CH3), 2.71 (s, 3H, CH3), 2.59
(s, 3H, CH3), 2.58 (s, 6H, CH3_msts), 2.21 (s, 3H, CH3.msts) ppm; 2C
NMR (75 MHz, CD30D): ¢ 161.5, 147.4, 142.8, 139.9, 139.2, 138.],
138.0, 131.6 (2C), 128.5 (2C), 128.1, 126.9, 124.0, 123.7, 121.4, 118.3,
116.6,108.3,101.4, 23.2 (2C), 20.8, 20.6, 20.5,19.9,19.4 ppm; IR (KBr)
v 3413.9, 3072.9, 2918.5, 2360.0, 2314.6, 1626.0, 1594.8, 1552.7,
1478.3, 1393.4, 1262.3, 1187.6, 1083.4, 1013.0, 912.8, 884.5, 848.9,
802.1, 676 cm™'; HRMS (ESI-TOF): m/z calcd. for C1gH77BrN3 [M]™,
354.0600; found, 354.0603.

4.1.14. 8H-2,3-dimethyl-11-methoxypyridazino|2,3-a]pyrrolo[2,1-c]
quinoxal-13-inium mesitylenesulfonate (3m)

Method A from 2g (117.2 mg; 0.27 mmol) for 30 min. Yield:
49.9 mg (0.104 mmol, 38%); Dark-green solid; mp: 273—274 °C; 'H
NMR (200 MHz, CD30D): 6 8.87 (s, 1H, H-4), 8.66 (bs, 1H, H-7), 8.43
(d, 1H, J = 2.5 Hz, H-12), 8.38 (d, 1H, J = 9,3 Hz, H-9), 7.98 (d, 1H,
J =42 Hz,H-5),7.58 (dd, 1H, ] = 9,3 Hz, ] = 2.5 Hz, H-10). 7,25 (tapp,
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1H,J = 3.4 Hz, H-6), 6.85 (s, 2H, Har-msTs), 4.06 (s, 3H, CH30), 2.87 (s,
3H, CH3), 2.73 (S, 3H, CH3). 2.62 (S, 6H, CH3—MSTS)v 2.23 (S, 3H, CH3_
MSTS) Ppm; 13C NMR (75 MHz, CD30D): ¢ 161.1, 160.2, 147.5, 140.8,
139.9, 139.5, 138.1, 131.6 (2C), 129.2; 128.9 (2C), 123.0, 122.9, 1214,
121.3,118.9, 118.1, 115.7, 103.9, 56.8, 23.3 (2C), 20.8, 20.5, 19.5 ppm;
IR (KBr) » 3468.5, 2930.4, 1623.4, 1555.6, 1535.5, 1508.8, 1458.7,
1396.6, 1318.0, 1257.0, 1085.9, 1016.1, 853.0, 842.7, 750.6, 677.1,
609.5, 579.6, 548.1 cm™!; HRMS (ESI*): m/z calcd. for C17H1gN30,
278.1288; found, 278.1291.

4.1.15. 11-Trifluoromethyl-8H-2,3-dimethylpyridazino[2,3-a]
pyrrolo[2,1-c]quinoxal-13-inium mesitylenesulfonate (3n)

Method B from 2h (103.1 mg, 0.22 mmol) for 10 min. Yield:
54.4 mg (0.106 mmol, 48%); Black solid; mp: 288—290 °C; 'H NMR
(300 MHz, CD30D): 6 9.23 (s, 1H), 8.93 (s, 1H), 8.80 (dd, 1H,
J=2.6Hz,J=13Hz),8.63(d,1H,J = 8.8 Hz),8.24(d, 1H, ] = 8.8 Hz),
8.09 (dd, 1H, J = 4,1 Hz, | = 1.3 Hz), 7.32 (dd, 1H, J = 4.1 Hz;
J=2.9Hz),6.77 (s, 2H), 2.89 (s, 3H), 2.75 (s, 3H), 2.55 (s, 6H), 2.19 (s,
3H) ppm; '°C NMR (75 MHz, CD30D): 6 161.9, 149.1, 140.8, 140.5,
139.9, 138.1, 131.6 (2C), 129.6, 129.1 (2C), 124.4, 122.1, 119.1, 119.0,
117.6, 23.2 (2C), 20.8, 20.5, 19.3 ppm; IR (KBr): v 3448.2, 3105.8,
2360.9, 1629.5, 1458.0, 1335.0, 1317.7, 1126.4, 1074.8, 1014.9, 832.3,
8072, 677.3, 578.8, 549.0 cm~!; HRMS (ESI*): m/z calcd. for
C]7H13F3N3, 316.1056; found, 316.1051.

4.1.16. 10,11-Dichloro-8H-2,3-dimethylpyridazino[2,3-a]pyrrolo
[2,1-c]quinoxal-13-inium mesitylenesulfonate (30)

Method A from 2i (132.2 mg, 0.28 mmol) y for 20 min. Yield:
51.6 mg (0.1 mmol, 35%); Black solid; mp: 289—290 °C; 'H NMR
(200 MHz, CD30D): 6 9.3 (s, 1H, H-12), 8.92 (s, 1H, H-9), 8.82 (s, 1H,
H-4), 8.76 (d, 1H, ] = 2,5 Hz, H-7), 8.06 (d, 1H, ] = 4,2 Hz, H-5), 7.29
(tapp, 1H, J = 3.6 Hz, H-6), 6.82 (s, 2H, Harmsts), 2.88 (s, 3H, CH3),
2.74 (S, 3H, CH3). 2.61 (S, 6H, CH3_M5T5), 2.25 (S, 3H, CH3_M5T5) ppm;
13C NMR (75 MHz, CD30D): 6 149.3, 143.7, 140.7, 140.1, 140.0, 138.1,
137.9, 137.5, 136.2, 132.3, 131.6 (2C), 129.0, 128.3 (2C), 124.4, 123.0,
119.6, 118.9, 117.4, 23.2 (2C), 20.8, 20.4, 19.5 ppm; IR (KBr): » 3422.3,
3080.6, 1603.1, 1499.3, 1372.1, 1288.6, 1188.2, 1084.7, 1015.4, 885.7,
848.6, 762.8, 677.7, 581.7 cm~'; HRMS (ESI*): m/z caled. for
C16H12CIxN3, 316.0403; found, 316.0401.

4.2. Biological activity

4.2.1. Materials and reagents

All reagents for the LiTryR and “in cellulo” assays were obtained
from Sigma-Aldrich (Saint Louis, MO, USA) except for TS;, M199
and RPMI-1640 mediums, which were purchased from Bachem
(Bubendorf, Switzerland), Gibco (Leiden, The Netherlands) and
Lonza (Basel, Switzerland), respectively.

4.2.2. Leishmania cell lines and culture

L. infantum promastigotes (MCAN/ES/89/1PZ229/1/89) were
grown in RPMI-1640 medium with r-glutamine (Lonza, Basel,
Switzerland) supplemented with 10% heat-inactivated fetal calf
serum (FCS), antibiotics, and 25 mM HEPES (pH 7.2) at 26 °C.
L. infantum axenic amastigotes (MCAN/ES/89/IPZ229/1/89) were
grown in M199 medium (Gibco, Leiden, The Netherlands) supple-
mented with 10% heat-inactivated FCS, 1 g/L B-alanine, 100 mg/L L-
asparagine, 200 mg/L sucrose, 50 mg/L sodium pyruvate, 320 mg/L
malic acid, 40 mg/L fumaric acid, 70 mg/L succinic acid, 200 mg/L -
ketoglutaric acid, 300 mg/L citric acid, 1.1 g/L sodium bicarbonate,
5 g/L MES, 0.4 mg/L hemin, and 10 mg/L gentamicine, pH 5.4, at
37 °C.

4.2.3. Axenization of L. infantum promastigotes
Axenization was performed by diluting 0.5 mL of a 7-day
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stationary phase culture of L. infantum promastigotes (approxi-
mately 2-3 x 107 parasites/mL) in 4.5 mL of amastigotes medium
and incubating the culture at 37 °C for 3 days. Promastigote to
amastigote differentiation was followed daily by phase-contrast
microscopy in an Eclipse Ti inverted microscope (Nikon, Tokyo,
Japan).

4.24. Leishmanicidal activity

L. infantum axenic amastigotes were treated during the loga-
rithmic growth phase at a concentration of 10® parasites/mL at
37 °C for 24 h. EC5p was assessed by flow cytometry by the propi-
dium iodide (PI) exclusion method. Briefly, after selection of the
parasites population based on their forward scatter (FSC) and side
scatter (SSC) values, live and dead parasite cells were identified by
their different permeability to propidium iodide (PI). All the assays
were performed in triplicate in three independent experiments.
Data were analyzed using a nonlinear regression model with the
GraFit 6 software (Erithacus, Horley, Surrey, UK).

4.2.5. THP-1 cell line and culture

THP-1 cells were grown in RPMI-1640 medium with r-gluta-
mine (Lonza, Basel, Switzerland) supplemented with 10% heat
inactivated FCS, antibiotics, 10 mM HEPES and 1 mM sodium py-
ruvate, pH 7.2, at 37 °C and 5% CO,.

4.2.6. Cytotoxicity assays

Drug treatment of THP-1 cells was performed during the loga-
rithmic growth phase at a concentration of 4 x 10° cells/mL at 37 °C
and 5% CO, for 24 h. EC5g was evaluated by flow cytometry by PI
exclusion method. All the assays were conducted in triplicate in
three independent experiments. Data were analyzed using a
nonlinear regression model with the GraFit 6 software (Erithacus,
Horley, Surrey, UK).

4.2.7. In vitro infection of THP-1 derived macrophages with GFP-
expressing L. infantum axenic amastigotes

THP-1 monocytes were seeded in a 24-well plate (Nunc, Ros-
kilde, Denmark) at a concentration of 120,000 cells/mL (1 mL/well)
in RPMI complete medium supplemented with phorbol 12-
myristate 13-acetate (100 ng/mL). Differentiation of THP-1 mono-
cytes to macrophages was achieved after 24 h at 37 °C and 5% CO,.
Following removal of the medium, THP-1 derived macrophages
were infected with GFP-expressing axenic amastigotes at 1.2 x 108
parasites/mL in RPMI complete medium for 4 h (1 mL/well) at 37 °C
and 5% CO,. Extracellular amastigotes were subsequently removed,
and THP-1 derived macrophages were washed three times with
PBS. Treatments were performed in 1 mL of fresh RPMI complete
medium during 48 h at 37 °C and 5% CO,. Afterwards, treatments
were removed by three PBS washes. Detachment of THP-1 derived
macrophages was performed with TrypLE Express (Invitrogen,
Leiden, The Netherlands) following a slightly modified version of
the manufacturer's instructions (200 pL/well). Briefly, after a
30 min incubation at 37 °C and 5% CO,, the cell detachment reac-
tion was stopped by adding RPMI complete medium (1 mL/well).
Then, detached THP-1 derived macrophages were gently resus-
pended, transferred to 1.5 mL-microtubes and centrifuged for 5 min
at 1000xg and room temperature. The supernatants were dis-
carded, and the cell pellets were gently resuspended in PBS con-
taining 10 pg/mL PI (400 pL/well). THP-1 derived macrophages
were acquired by a Beckman Coulter FC500 flow cytometer (Brea,
CA, USA) and each sample (100 pL) was acquired for 20 s. After
selection of the THP-1 derived macrophages population based on
their FSC and SSC values, live and amastigote-infected macrophages
were identified by their PI exclusion and the green fluorescence
from the intracellular GFP-expressing amastigotes, respectively. All
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the assays were performed in three independent experiments. Data
were analyzed using a nonlinear regression model with the GraFit 6
software (Erithacus, Horley, Surrey, UK).

4.2.8. LiTryR purification

Recombinant Leishmania infantum TryR (LiTryR) was purified
from Escherichia coli as previously described (Toro et al., 2013).
Briefly, a pRSETA-HIS-LiTryR construct was transformed into BL21
(DE3) Rossetta E. coli strain. An overnight E. coli culture grown at
37 °C in LB medium with suitable antibiotics and vigorous shaking
was diluted (1:100) in the same medium and allowed to grow in the
same conditions until the ODgypg was 0.5. At that point, LiTryR
expression was induced by addition of 1 mM isopropyl-beta-p-1-
thiogalactopyranoside (IPTG) during 16 h at 26 °C. The cell cul-
ture was centrifuged for 5 min at 9000xg and 4 °C and the wet
pellet resuspended in a lysis buffer containing 50 mM Tris pH 7,
300 mM Na(l, 25 mM imidazole, 1 mg/mL lysozyme and a protease
inhibitor cocktail. After a 30 min incubation on ice, the lysate was
sonicated on ice (50% pulses, potency 7) for 30 min using a Sonifier
Cell Disruptor B15 (Branson, Danbury, CT, USA) and centrifuged
during 1 h at 50,000xg and 4 °C. The supernatant was sonicated
again as previously described for 10 min and continuously loaded
onto a HisTrap column (GE Healthcare, Chicago, IL, USA) during 16 h
at 4 °C using a peristaltic pump P-1 (GE Healthcare, Chicago, IL,
USA). The HisTrap column was subsequently connected to an
AKTApurifier UPC 10 (GE Healthcare, Chicago, IL, USA) and exten-
sively washed using a 10% gradient between buffers A (50 mM Tris
pH 7 and 300 mM NaCl) and B (50 mM Tris pH 7, 300 mM NaCl and
500 mM imidazole). LiTryR was eluted using a 40% gradient be-
tween buffer A and B. Fractions containing recombinant LiTryR
were pooled and loaded onto a HiPrep™ 26/10 Desalting column
(GE Healthcare, Chicago, IL, USA) to remove the imidazole. Finally,
LiTryR was concentrated to 2 mg/mL using an Amicon® Ultra-15
50K (Merck Millipore, Burlington, MA, USA) and an equal volume
of glycerol was added before its storage at —20 °C.

4.2.9. LiTryR oxidoreductase activity

LiTryR oxidoreductase activity was measured spectrophoto-
metrically using a modified version of the standard DTNB-coupled
assay described by Hamilton et al. (2003). Briefly, reactions (250 pL)
were performed at 26 °C in HEPES buffer (pH 7.5, 40 mM) con-
taining EDTA (1 mM), NADPH (150 uM), NADP* (30 uM), DTNB
(25 uM), TS, (1 uM), glycerol (0.02%), DMSO (1.7%) and recombinant
LiTryR (7 nM). LiTryR oxidoreductase activity was monitored at
26 °C by the increase in absorbance at 412 nm in an EnSpire
Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). All as-
says were performed in three independent experiments. Data were
analyzed using a nonlinear regression model with the GraFit 6
software (Erithacus, Horley, Surrey, UK).

4.2.10. Determination of 3f inhibition constant with NADPH as fixed
substrate

The 3f inhibition constant (Kj) with NADPH as fixed substrate
was calculated following a slightly modified version of the standard
DTNB-coupled assay developed by Hamilton et al. (2003). TS, was
serially diluted in a buffer containing 40 mM HEPES (pH 7.5) and
1 mM EDTA to produce a 5-point range from 1666.6 uM to
104.2 uM. The different TS; solutions were added (15 pL) to a 96-
well microplate. 3f was serially diluted in DMSO to produce a 5-
point range from 2000 uM to 125 puM. The different aliquots of 3f
and the equivalent amount of the vehicle (DMSO) were added to a
pre-assay mixture yielding different mixtures containing 40 mM
HEPES (pH 7.5),1 mM EDTA, 416.7 uM NADPH, 208.3 uM DTNB, 1.5%
DMSO and, in certain cases, different concentrations of 3f ranging
from 27.8 uM to 1.7 pM. These mixtures (180 puL) were subsequently
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added to the appropriate wells previously filled with different TS,
solutions. The assay was initiated by addition of 55 pL of a buffer
containing 40 mM HEPES (pH 7.5), 1 mM EDTA, 272.7 uM NADP™,
0.01% glycerol and 3.2 nM recombinant LiTryR using an automated
dispensing system (PerkinElmer, Waltham, MA, USA). The order of
addition was essential to avoid enzyme preincubation with the
inhibitor or the substrates. The final assay mixtures contained
250 pL of 40 mM HEPES buffer (pH 7.5) 1 mM EDTA, 300 pM
NADPH, 60 pM NADP™, 150 pM, 100—6.2 uM TSy, 1% DMSO, 0.002%
glycerol and 0.7 nM recombinant LiTryR. Oxidoreductase activity of
LiTryR was monitored at 26 °C by the increase in absorbance at
412 nm in an EnSpire Multimode Plate Reader (PerkinElmer, Wal-
tham, MA, USA).

4.2.11. Determination of 3f inhibition constant with TS, as fixed
substrate

The K; for 3f with TS; as fixed substrate was calculated following
a slightly modified version of the protocol described above. NADPH
was serially diluted in a buffer containing 40 mM HEPES (pH 7.5)
and 1 mM EDTA to produce a 7-point range from 5000 puM to
78.1 uM. The different NADPH solutions were added (15 pL) to a 96-
well microplate. 3f was serially diluted in DMSO to produce a 3-
point range from 250 uM to 62.5 pM. The different aliquots of 3f
and the equivalent amount of the vehicle (DMSO) were added to a
pre-assay mixture yielding different mixtures containing 40 mM
HEPES (pH 7.5), 1 mM EDTA, 138.9 uM TS;, 208.3 uM DTNB, 1.5%
DMSO and, in certain cases, different concentrations of 3f ranging
from 3.5 pM to 0.9 uM. These mixtures (180 puL) were subsequently
added to the appropriate wells previously filled with different
NADPH solutions. The assay was initiated by addition of 55 pL of a
buffer containing 40 mM HEPES (pH 7.5), 1 mM EDTA, 272.7 uM
NADPT, 0.01% glycerol and 3.2 nM recombinant LiTryR using an
automated dispensing system (PerkinElmer, Waltham, MA, USA).
The final assay mixture contained 250 pL of 40 mM HEPES buffer
(pH 7.5) 1 mM EDTA, 75—4.7 uM NADPH, 60 uM NADP*, 150 uM,
100 uM TS,, 1% DMSO, 0.002% glycerol and 0.7 nM recombinant
LiTryR.

4.2.12. LiTryR-mediated cytochrome c reduction

The ability of 3f to induce LiTryR-mediated cytochrome c
reduction was measured spectrophotometrically using a modified
version of the protocol previously described by Blumenstiel et al.
[24]. Briefly, reactions (250 pL/well) were performed at 26 °C in
potassium phosphate buffer (50 mM, pH 7.8) containing EDTA
(1 mM), NADPH (150 pM), cytochrome c (40 uM), glycerol (2.8%),
DMSO (1%), catalase from bovine liver (0.8 pM) and recombinant
LiTryR (1 pM). Reactions were started by addition of NADPH (50 pL/
well). In order to distinguish between the superoxide-mediated
and direct reduction of cytochrome c, the oxidase reactions were
followed in the absence and in the presence of 4 uM of L. infantum
superoxide dismutase A. Menadione was used as positive control
given its proven ability to induce the oxidase activity of T. cruzi TryR
[18]. LiTryR-mediated cytochrome c reduction was monitored at
26 °C by the increase in absorbance at 550 nm in an EnSpire
Multimode Plate Reader (PerkinElmer, Waltham, MA, USA). All as-
says were performed in three independent experiments.

4.2.13. Data analysis

GraFit 6.0 software (Erithacus, Horley, SRY, UK) was used to
perform linear and nonlinear regressions. All experiments were
performed in triplicate to ensure the reliability of single values.

The initial reaction rates of the progress curves at different 3f
and substrate concentrations were fitted to the linear rate equa-
tions that describe the reversible modes of inhibitor interactions
with enzymes. Equations (1)—(3) are the velocity equations for
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competitive, noncompetitive and uncompetitive inhibitors,

respectively:

b VmaxlS] 1)
[S] + Km (1 + %)

. Vinax|S] @)
] <1 +%) +Km (1 +%)

e Venax[S] 3)

[S] <1 +%) + Km

The initial reaction rates of the progress curves at different 3f
and substrate concentrations were fitted to the nonlinear rate
Equation (4) for inhibitors whose apparent values of 1/Vpax or K/
Vmax display a nonlinear dependence on their concentration [15]:

Vimax|[S]

(4)

Tg L) T4
1+ 1+

Km

Dependency of the apparent values of Ki,/Vimax (slope) or 1/Viax
(intercept) functions on inhibitor concentration was analyzed
graphically using the following the equations [15]:

oKm [ K+

Slope= Vmax <m) )
1 (oK £

Intercept = — (WB[I]) ;

4.3. Computational chemistry

Ab initio geometry optimizations and molecular orbital calcu-
lations for menadione and 3f were achieved using a 6-31G* basis
set and the density functional B3LYP method, as implemented in
program Gaussian 09 (Revision D.01) [25]. Water effects were taken
into account by means of the IEF-SCRF continuum solvent method
[26]. Molecular orbitals were visualized with the aid of program
Gabedit 2.5.0 [27].
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