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ABSTRACT: Chagas disease (CD) is a parasitic neglected tropical
disease (NTD) caused by the protozoan Trypanosoma cruzi that
affects 6 million people worldwide, often resulting in financial
burden, morbidity, and mortality in endemic regions. Given a lack
of highly efficient and safe treatments, new, affordable, and fit-for-
purpose drugs for CD are urgently needed. In this work, we present
a hit-to-lead campaign for novel cyanopyridine analogues as
antichagasic agents. In a phenotypic screening against intracellular
T. cruzi, hits 1 and 2 were identified and displayed promising
potency combined with balanced physicochemical properties. As
part of the Lead Optimization Latin America consortium, a set of
40 compounds was designed, synthesized, and tested against T.
cruzi intracellular amastigotes and relevant human cell lines. The structural modifications were focused on three positions:
cyanopyridine core, linker, and right-hand side. The ADME properties of selected compounds, lipophilicity, kinetic solubility,
permeability, and liver microsomal stability, were evaluated. Compounds 1−9 displayed good potency (EC50 T. cruzi amastigote <1
μM), and most compounds did not present significant cytotoxicity (CC50 MRC-5 = 32−64 μM). Despite the good balance between
potency and selectivity, the antiparasitic activity of the series appeared to be driven by lipophilicity, making the progression of the
series unfeasible due to poor ADME properties and potential promiscuity issues.

■ INTRODUCTION
Chagas disease (CD), caused by the kinetoplastid parasite
Trypanosoma cruzi, is endemic in twenty-one countries in Latin
America and is a major cause of chronic morbidity and
mortality.1 This disease is a serious public health burden in the
region, and the Pan-American Health Organization (PAHO)
estimates that 6 million people are infected and 70 million are
at risk worldwide.2 Due to the increasing movement of people
between Latin America and other continents, CD is no longer
confined to the Americas and can also be found in the USA,
Europe, and some African, Eastern Mediterranean, and
Western Pacific countries.1 The disease evolves in two phases:
the acute and the chronic; and although most infected people
will remain asymptomatic, 20−30% will progress to the
chronic stage and develop severe damage to the heart,
digestive, and/or nervous systems.2

Only two antiparasitic treatments are currently available, the
nitro-heterocyclic drugs benznidazole and nifurtimox.3 Both
drugs require long administration (30−60 days) and are poorly
tolerated, limiting patients’ adherence to the treatment and
their broader use.4 Fortunately, the recent success of the
BENDITA trial,5 reported a shorter benznidazole regimen
being as efficacious as the standard treatment and possibly

having a safer profile. Nevertheless, regarding drug discovery
campaigns, all new chemical entities (NCEs) that have
progressed for clinical trials in CD patients in recent years
have failed.6−8 These include promising CYP51 inhibitors
posaconazole and fosravuconazole, which act by targeting the
ergosterol biosynthesis pathway.9 Thus, discovering and
developing novel and chemically diverse NCEs that might
act through novel mechanisms of action is imperative for
controlling the infection.

Herein, we describe the hit-to-lead optimization of a novel
cyanopyridine series. Initial hits TDR30139 and TDR26631
showed good potency and balanced properties for the hit
identification stage, including no clear CYP51 inhibition
(Figure 1). These hits were originated from the screening of
10,000 compounds at the University of Antwerp as part of the
Lead Discovery for Infectious Tropical Diseases project by the
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World Health Organization’s (WHO) Special Programme for
Research and Training in Tropical Diseases (TDR).10 The
main goal of this program was to contribute to reduce the
translational and innovation gaps in disease endemic countries.
The collaboration between the laboratory of Luiz Carlos Dias
and TDR was first established in 2008. Later, Dias also joined
forces with the Drugs for Neglected Diseases initiative
(DNDi), a not-for-profit research and development global
organization, to establish the LOLA consortium.11 Coinciden-
tally, DNDi also had a cyanopyridine series (hit PCBRO01-
2472, Figure 1) derived from the HTS campaign performed by
the Broad Institute using the NIH library (>300,000
compounds) against intracellular T. cruzi parasites.12 While
the optimization of all these series was done under the LOLA
consortium, only the optimization of TDR30139 (1) will be
shown here.

■ RESULTS AND DISCUSSION
After resynthesis of the initial hit TDR30139 (1), potency
against intracellular T. cruzi amastigotes was reconfirmed
(EC50 1 μM), with good selectivity over MRC-5 cells (Table
1). In terms of chemical tractability, the synthesis of
cyanopyridine derivatives is straightforward and economically
feasible.13−15 Considering this, a systematic structure−activity
relationship (SAR) exploration was conducted to improve in
vitro potency and selectivity and balance these with other in
vitro ADME and physicochemical properties. To build this
SAR, modifications were done in three main parts of the
cyanopyridine series: the cyanopyridine core, linker, and right-
hand side (RHS) substituents (Figure 1). Ultimately, 40
compounds, including the original hit, were designed,
synthesized, and successfully tested using a structured
screening cascade and relevant progression criteria.16 Com-
pounds were also screened against the other kinetoplastid
parasites Trypanosoma brucei, T.b. rhodesiense, and Leishmania
infantum (Table S1, Supporting Information).

The general strategy for synthesizing 3-cyanopyridines was
to react thiopyridones and pyridones (Ia−g) with a variety of

electrophiles (II) to afford the desired 2-thio-3-cyanopyridines
1−21, 26−31 and 2-oxo-3-cyanopiridines 23 and 24,
respectively (Scheme 1). Phenol derivative 13 was obtained
by hydrolysis of 12 using p-toluene sulfonic acid, while the 3-
phenylamino analogue 22 was obtained by reduction of the
corresponding 3-phenyl nitro precursor. Alkylation of I-a with
2-bromo-1-(3-methoxyphenyl)ethan-1-one followed by oxida-
tion with m-chloroperoxybenzoic acid (mCPBA) led to
sulfoxide 25. Michael-like addition of the dimethylated
thiopyridone (I-a) with enones (III) led to linker homologues
32 and 33.

To further study linker modifications, a different strategy
was followed for the synthesis of the 2-aza analogue 35.
Compound 34 was obtained through an aromatic nucleophilic
substitution reaction on bromide I-h with 2-hydroxy-2-(4-
fluorophenyl)ethylamine, followed by oxidation of the
intermediate alcohol (34) to the ketone 35 (Scheme 2A).
Replacement of the carbonyl group by a free amine (37) was
achieved by nucleophilic addition of the bromoalkylazide to
intermediate I-a, followed by reduction of the azide 36
(Scheme 2B). Compounds 38 and 39, both bearing an amide
group at position 3, were synthesized by condensing
acetylacetone with 3-amino-3-thioxopropanamide, followed
by alkylation of the resulting intermediate I-i with the
respective chloroalkyl ketones (Scheme 2C). Compound 42,
bearing a tetrazole at position 3, was obtained through a [2 +
3] cycloaddition of the cyano intermediate 40 with sodium
azide, followed by tetrazole alkylation and oxidation of the
intermediate alcohol (41) to the corresponding ketone 42
(Scheme 2E). Finally, S-alkylation of pyrimidinethione I−j
furnished an analogue lacking the cyano function at position 3
(43, Scheme 2E)

Initially, we focused our modifications on the RHS (Table
1). We found that replacing the 2-thiophene, present in 1, with
a phenyl (2) and the 3-regioisomer (3) did not impact hugely
on potency. Alkylated phenyl substituents (4, 5) were well
tolerated, providing a potency boost at the expense of
increasing lipophilicity (EC50 0.08 and 0.29 μM, respectively).

Figure 1. Chemical structures, biological data, and early ADME profiling of initial cyanopyridine hit compounds. Regions selected for SAR
exploration, core: orange, linker: blue, RHS: magenta.
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Table 1. Exploration of Right-Hand-Side SAR

aEC50 values against T. cruzi represent the mean of two individual experiments. EC50 of benznidazole (positive control) was 3.1 μM. bCC50 values
represent the mean of two individual experiments. cSelectivity index (SI) = CC50 MRC-5/EC50 T. cruzi. dc log P values were calculated by
StarDrop V7.5.0.38968 (www.optibrium.com).
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We also explored fluorinated derivatives since this moiety is
well-known to successfully improve metabolic stability due to
its electron-withdrawing property, reducing its propensity to
oxidative metabolism.17 The 4-fluorophenyl (6) and 2,4-
difluorophenyl (7) analogues showed a slight increase in
potency at the expense of adding 0.5 c log P, and the latter
compound started to show some cytotoxicity toward MRC-5
cells (CC50 36.2 μM). Other halogens were also explored, with
2- and 2,4-dichlorophenyl substituted derivatives (8, 9)
showing submicromolar anti-T. cruzi activity (EC50 0.33 and
0.14 μM, respectively). Isosteric replacements for the phenyl
ring using 2-pyridyl (14) did not affect the potency (EC50 2.08
μM), but the 4-pyridyl (15) analogue was completely inactive.

Aiming to reduce lipophilicity, we investigated the effects of
polar substituents at the RHS, such as methoxy (10, 11) and
amino groups (22).18 However, none of the modifications
showed any potency improvement compared to the initial hit 2
(EC50 0.74 μM). Although acetoxy substituted 12 was
moderately potent (EC50 1.50 μM), it was discarded due to
its inherent instability in biological media; in fact, its hydrolysis

product, phenol 13, was slightly less potent (EC50 3.10 μM). A
further modification in the RHS explored the replacement of
aromatic rings for sp3-saturated rings.19 Both the morpholine
(16) and N-methyl piperazine (17) derivatives were inactive.
Additionally, 16 was slightly more cytotoxic (CC50 29.5 μM)
than initial hits (1, 2). These results corroborate the previous
aromatic SAR exploration, which suggested that only hydro-
phobic substituents are tolerated and polar substituents at the
RHS lead to inactive compounds.

To analyze the importance of the linker region for anti-T.
cruzi activity, analogues with modifications focusing on the
carbonyl function, the methylene spacer, and the heteroatom
were planned and synthesized (Table 2). Molecular
simplification showed that the carbonyl group is key for
activity since its removal abolished activity (18, EC50 36.8
μM). Additionally, replacing the carbonyl group with polar
functionalities, as in compounds 19, 34, and 37, reduced
lipophilicity (c log P 1.95−2.9) but compromised trypanocidal
activity.

Scheme 1. Synthesis of Cyanopyridine Derivatives 1−33a

aReagents and conditions: (a) X = S, Et3N, DCM, 0 °C, 2 h; (b) X = O, K2CO3, DCM, TBA-Br, H2O, 45 °C, 20 min; (c) Et3N, AcOH, THF, rt,
20 min; (d) Fe, AcOH, HCl, EtOH, reflux, 2 h; (e) p-TsOH, MeOH, rt, 2 h. For the synthesis of compounds Ia−Ig, see Supporting Information.
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Branching the linker with a methyl group (20) or
homologation with methylene in the spacer (32, 33) reduced
potency, but a conformationally restricted analogue (21) was
tolerated, but increased toxicity toward host cells (CC50 12.7
μM) was observed. Sulfur was found to be essential for
bioactivity since its replacement with classical and nonclassical
isosteres oxygen (23, 24) or nitrogen (35) (EC50 20.7, 21.9,
and >64.0 μM respectively) resulted in a significant potency
drop. Oxidation to sulfoxide (25) preserved the activity but
induced toxicity (EC50 1.17, CC50 18.9 μM). These results
showed that only minor modifications are acceptable in this
region without affecting the potency and toxicity profile.

After establishing the SAR around the linker and RHS
regions, we explored modifications to the core (Table 3).
Methyl groups at 4 and 6 positions were shown to be
important for trypanocidal activity since the demethylated
analogue 26 (EC50 5.51 μM) was less potent compared with its
corresponding match pair 6 (EC50 0.63 μM). Incorporation of
electron-donating groups into the 2 and 4-positions in the

cyanopyridine core, such as methoxy (27, 28) or methylamine
(29) groups, was also tolerated (EC50 5.39, 5.05, and 1.91 μM
respectively); the methylamine was more potent and selective
toward human cells compared to the methoxy derivatives
(CC50 52.9, 24.9, and >64 μM, respectively). Since the methyl
groups provide benzylic positions, which are prone to oxidative
metabolism, we sought to replace one of them with a trifluoro
methyl group (30); this was detrimental to potency (EC50 7.83
μM). Additionally, the concomitant introduction of the
trifluoro methyl group and the pyridone function in compound
31 had an even more deleterious effect on potency (EC50 15.4
μM).

We also synthesized carboxamides 38 and 39, which have an
alternative site for polar interactions at position 3. Both protic
analogues showed reduced activity when compared to the
original cyano compounds (EC50 18.3 and 12.0 μM,
respectively). Similarly, we replaced the original nitrile at
position 3 with a methylated tetrazole group (42), which was
completely devoid of antiparasitic activity. Abstracting the

Scheme 2. Synthesis of Cyanopyridine Derivatives 34−43a

aReagents and conditions: (A): (a) DIPEA, EtOH, reflux, 48 h; (b) PCC, DCM, rt, 5 h; (B): (a) THF, pyridine, KOH, 40 °C, 20 h; (b) PtO2,
H2(g), NaHCO3, MeOH, THF, rt, 7 h; (C): (a) Et3N, MeOH, rt, 2 h; (D) (a) DBU, THF, reflux, overnight; (b) NaN3, TEA·HCl, toluene, reflux, 8
h; then (CH3O)2SO2, K2CO3, acetone, rt, 2 h; (c) PCC, DCM, rt, 5 h. (E): (a) Et3N, EtOH, 0 °C, 2 h. For the synthesis of compounds I−h to I−j,
see Supporting Information.
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cyano group and replacing the pyridyl with a pyrimidine core
(43) also resulted in inactivity. These results led us to
conclude that only a few substituents and modifications on the
core can be tolerated, with the cyano group and the sulfur
atom being essential for activity. Furthermore, the addition of
methyl groups provided a moderate increment in activity, most
likely by increasing the lipophilicity of the molecules.

After analyzing potency and cytotoxicity, we selected 13
representative compounds for in vitro ADME profiling (Table
4). Most of the compounds had good passive permeability
values; however, both human and mouse liver microsomal
clearance (HLM/MLM) data showed that all compounds are
metabolically unstable and contrary to the initial data, and they
also have poor solubility. All compounds bearing aromatic
substituents at the RHS suffered from extensive metabolism
compared to the sp3-ring morpholinyl (16) (HLM 32, MLM
73.9 μL/min/mg). This data is consistent with in silico

calculations using the StarDrop P450 module, which pointed
out possible soft spots, mainly on the core benzylic positions,
sulfur linker, and aromatic RHS, as shown in Figure S1
(Supporting Information). This lower metabolic stability
would almost certainly limit their oral exposure in animal
models, so at this point, it was decided not to pursue in vivo
studies, i.e., pharmacokinetic, exploratory toxicology, or an
efficacy model.

In summary, we found that aromatic substituents in the RHS
are preferred while insertion of saturated heterocycles leads to
inactive compounds. When exploring the linker, a better
potency profile was observed when sulfur was present rather
than oxygen or nitrogen, whereas no potency improvement
was observed branching the linker or homologating. Addition-
ally, the carbonyl group in the linker was essential for activity
since its replacement or removal significantly reduced the
potency. Furthermore, exploration of the core showed that the

Table 2. Exploration of the Linker SAR

aEC50 values against T. cruzi represent the mean of two individual experiments. EC50 of benznidazole (positive control) was 3.1 μM. bCC50 values
represent the mean of two individual experiments. cSelectivity index (SI) = CC50 MRC-5/EC50 T. cruzi. dc log P values were calculated by
StarDrop V7.5.0.38968 (www.optibrium.com).
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cyanopyridine substituent was essential for antiparasitic
activity, and its replacement by a carboxamide or tetrazole
did not improve potency, neither did replacement of the 3-
cyanopyridine by a pyrimidine. Different substitution patterns
on the pyridine were tolerated, but none of them had better
potency than the initial hits. A comprehensive representation
of the SAR is illustrated in Figure 2.

To help understand the SAR, we built a qualitative
structure−activity relationship model using the Activity Atlas
module available in Forge V10.6.0 (details in Supporting

Information).20 The regions explored are illustrated with
negative and positive electrostatic fields, hydrophobicity, and
shape (Figure 3A,B). Moving to active molecules, the
proposed model highlights the regions, which were considered
critical for potency (Figure 3C), in consonance with our
previous SAR analysis. The key negative electrostatics took
place in the nitrile of the core and the carbonyl group in the
linker. Favorable hydrophobicity appeared at sulfur in the
linker. In the RHS part, the model suggested that positive
electrostatics and hydrophobicity were essential for activity and

Table 3. Exploration of the Core Scaffold SAR

aEC50 values against T. cruzi represent the mean of two individual experiments. EC50 of benznidazole (positive control) was 3.1 μM. bCC50 values
represent the mean of two individual experiments. cSelectivity index (SI) = CC50 MRC-5/EC50 T. cruzi. dc log P values were calculated by
StarDrop V7.5.0.38968 (www.optibrium.com).
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Table 4. ADME Properties of Representative 3-Cyanopyridines Synthesized

aHLM: Human liver microsome intrinsic clearance (μL/min/mg). bMLM: Mouse liver microsome intrinsic clearance (μL/min/mg). cParallel
artificial membrane permeability assay (PAMPA) effective permeability: 10−6 cm/s. dND = not determined.
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Figure 2. Structure−activity relationship of 3-cyanopyridine derivatives.

Figure 3. 3D-qualitative structure−activity relationship model using Activity Atlas in Forge 10.6.0. (A) Field regions explored in the data set. (B)
Hydrophobicity and shape explored regions. (C) Summary of field regions of active compounds. (D) LLE plot of 3-cyanopyrdine derivatives.
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led to initial predictions about correlations between potency
and lipophilicity. To further understand this correlation, we
analyzed the ligand lipophilicity efficiency (LLE, pEC50-c
log P), which is represented by the parallel lines in Figure 3D.
This parameter correlates the potency to the lipophilicity of a
compound. High-quality compounds, i.e., those with a potency
not driven mainly by nonspecific hydrophobic interactions,
should be in the upper left of the graphic.21 The set of
compounds synthesized for the cyanopyridine series showed
LLE values that could not be improved above 4 during the
optimization process: it was not possible to improve the
potency and, at the same time, lower the lipophilicity. This
outcome corroborated the initial prediction that potency is
mainly driven by lipophilicity within this set of compounds.
Additionally, lipophilicity negatively impacts metabolic stability
and solubility, which made further optimization of the series
more difficult.

■ CONCLUSIONS
In conclusion, a series of cyanopyridine derivatives was
synthesized and its anti-T. cruzi activity was established. For
selected compounds, additional physicochemical and ADME
properties were experimentally determined. A detailed SAR
analysis revealed that the nitrile group in the core scaffold is
crucial for potency, and variation in the thioether linker is not
tolerated. Additionally, the presence of an acetophenone-like
carbonyl group in the RHS is mandatory for potency. This
series showed good potency and selectivity against T. cruzi and
may represent a new class of compounds useful in the search
for a new antiparasitic drug candidate. Unfortunately, we could
not achieve balanced potency and physicochemical properties.
Despite our efforts to optimize hit compounds, it proved
difficult to make compounds with LLE above 4, since, within
this series, potency is driven mainly by lipophilicity and higher
log P values are usually associated with poor metabolic stability
and solubility. Thus, it was decided to stop further work on this
series. This study could provide new insights about high-
quality hit compounds for Chagas disease that could be used as
probes to identify new drug targets in T. cruzi.
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