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Identification of potent and reversible cruzipain inhibitors for the treatment of Chagas disease is described.
The identified inhibitors bearing an amino nitrile warhead in P1 exhibit low nanomolar in vitro potency
against cruzipain. Further SAR in P2 portion led to the identification of compounds, such as 26, that have
a unique selectivity profile against other cysteine proteases and offering new opportunities for safer treat-
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Chagas disease is a parasitic trypanozomial infection endemic
to South America where an estimated 10-12 million individuals
are afflicted and over 15,000 deaths are incurred each year.! The
causative agent, Trypanosoma cruzi, is transmitted by an insect
vector, blood transfusions, maternal vertical transmission and,
rarely, oral infection. There are currently no FDA-approved drugs
for the treatment of Chagas infections and development of
effective therapies is currently a major focus of organizations such
as the Drugs for Neglected Diseases initiative (DNDi) and
OneWorld Health (iOWH).'3

While numerous approaches for the treatment of Chagas are
under consideration, one family of enzymes, cysteine proteases
of the cruzipain family, is considered to be a promising target.*®
The cruzipain enzymes have been identified as critical to the viabil-
ity of the parasite,’ and the ability of the trypanosomal form to
invade tissues®® and evade the host immune response.!®!! For
these reasons, cruzipain inhibitors have been proposed as potential
therapies for T. cruzi infection. Elegant studies with the irreversible
inhibitor K-777 (1, Fig. 1) have demonstrated the anti-parasitic
activity of a cruzipain inhibitor.'? K-777 has also shown efficacy
in pre-clinical models of Chagas disease.!>'* Other efforts toward
identifying irreversible covalent inhibitors have also been reported
by several research groups in recent years.'>"'® These inhibitors
contain electrophilic groups (e.g., vinyl sulfonate, tetrafluorophen-
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oxymethyl ketone, epoxy ketone) that serve as a ‘warhead’ that
binds to cruzipain through a covalent bond to the active site
cysteine. Unfortunately, irreversible inhibitors may also inhibit
host protease enzymes and possibly cause unacceptable side
effects due to off-target activity and/or autoimmune and inflam-
matory phenomena associated with protein covalent binding.”!®
Thus, the identification of reversible and specific inhibitors of
cruzipain would be of particular interest for the development of
a safer therapeutic agent for Chagas disease. However, only rare
examples of reversible covalent inhibitors of cruzipain have been
reported'® and specificity, if reported at all, is poor.

Cruzipain is a cysteine protease enzyme, closely related to the
cathepsin family of enzymes.?° Recently, the discovery of revers-
ible cathepsin K (Cat K) inhibitors has been reported. Odanacatib
(2) (Fig. 2), a cathepsin K inhibitor having an amino nitrile
warhead,?! is currently in Phase III clinical studies.?? This nitrile
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Figure 1. Structure of K-777 (1).


http://dx.doi.org/10.1016/j.bmcl.2010.10.015
mailto:beaulieu.ch@videotron.ca
http://dx.doi.org/10.1016/j.bmcl.2010.10.015
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

C. Beaulieu et al./Bioorg. Med. Chem. Lett. 20 (2010) 7444-7449 7445

L

Figure 2. Structure of odonacatib (2) and of basic cruzipain inhibitor 3.

P2 moiety forms a reversible thioimidate?! with the active site
cysteine of cathepsin K. Given the structural similarities between
cruzipain and the cathepsins, a drug discovery effort was mounted
to identify an amino nitrile-containing cruzipain inhibitor.

~CN Focused screening of our cysteine protease inhibitors collection

identified compound 323 (Fig. 2) as a potent cruzipain inhibitor

with an ICsq of 1.8 nM. In vitro studies with T. cruzi and a prelimin-
ary in vivo proof-of-concept study in mice demonstrated that this
basic cruzipain inhibitor significantly reduces the blood parasite-
mia in mice infected with the Brazilian strain of T. cruzi without

4 any evidence of toxicity.>* However the basic nature of 3 is likely

associated with lysosomotropism in which the accumulation of

Figure 3. Structure of non-basic cruzipain inhibitor 4. the compound in lysosomes could lead to unexpected activity

Table 1
P1 SAR: ICsq values for 4-11
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2 ICso values represent an average of at least three titrations. Standard deviations for these assays were typically within 35% of the ICsq values. See Refs. 28,29 for assay
conditions.
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against human cathepsins such as Cat B, L, and F.2> This prompted
us to develop a non-basic inhibitor of cruzipain for safer treatment
of Chagas disease. Fortunately, among the compounds tested in our
screening campaign we also identified the non-basic inhibitor 4
(Fig. 3) as a potent inhibitor of cruzipain. However, the potency,
selectivity profile against human cathepsins and pharmacokinetic
profile in mice (T;2 <30 min) of 4 were sub-optimal and optimiza-
tion of these parameters became the main objective of the SAR
studies conducted with this new series of compounds.

The scaffold of this series was divided into three portions that
we identified as P1, P2, and P3 (Fig. 3). SAR effort around the P1
portion highlighted the importance of this substituent for potency
against cruzipain (Table 1). Presence of the phenylalanine-like
motif in P1, was clearly important. Indeed, the absence of P1 group
or its replacement by a group smaller than phenylalanine, as in 5
and 6, resulted in a >10-fold loss of potency against cruzipain.
Homologation of the phenylalanine moiety in compound 7 was
also found to be detrimental for potency, and attempts to further
functionalize the phenylanine’s methylene (8) were also unsuc-
cessful. Interestingly, heterocycles were found to be tolerated in
P1, but did not contribute to additional potency or selectivity as
observed with compound 9. Further exploration of the substitution
pattern on the phenylalanine moiety led to the discovery of the
4-cyano-2-fluoro-phenylalanine 10 which exhibited an eightfold
increase in potency over the unsubstituted phenylalanine 4. In
addition, the synthesis of the R isomer (11) demonstrated the
importance of having the S stereochemistry in P1 for potency.

Table 2
P3 SAR: ICsq values for 12-16

Given the minimal effect that P1 modifications had on the selec-
tivity of cruzipain inhibitors over human cathepsins, we evaluated
the SAR in P3 to explore the potential to improve the selectivity
profile of our compounds. The ease of the chemistry in this region
allowed the evaluation of a wide range of moieties in P3. The most
potent analogs were found to share a common para-substituted
biphenyl motif in P3. As shown in Table 2, most of the P3 groups
introduced were well tolerated (12-16). However, none of these
changes contributed to a significant gain of potency or selectivity
compared to the 4-methanesulfonyl biphenyl moiety starting
point. Nonetheless, the variety of functional groups being accepted
in P3 could be very useful to modulate the physicochemical
properties and the metabolic stability of inhibitors.

At this point, we knew very little about the SAR around the P2
portion of the series. However, previous studies in the Cat K
program had indicated that this region was instrumental in achiev-
ing selectivity amongst the cathepsins.?! Indeed, this synthetically
more demanding portion represented our last option to improve
the selectivity of this series. Replacement of the fluoroleucine in
4 by a simple leucine (17) resulted in a 16-fold increase in potency
(Table 3). However, inhibitor 17 was found to be almost equipotent
on Cat F and was metabolically unstable due to methine oxidation
of the leucine.?! The cyclopropylalanine analog 18 and phenylala-
nine analog 20 were found to be equipotent to 4, but did not pro-
vide additional selectivity. To improve the metabolic stability of
leucine analog 17, the dichloro alanine analog 19 was prepared.
This halogenated derivative exhibited sub-nanomolar potency

el
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conditions.
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P2 SAR: ICsq values for 17-23
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Compds R Cruz. ICs¢* (nM) Cat L IC5¢* (nM) Cat B IC5¢* (nM) Cat F IC5¢* (nM)
F
4 8 966 122 67
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Cl
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[Va¥a¥ave
20 7 458 577 769
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@ ICso values represent an average of at least three titrations. Standard deviations for these assays were typically within 35% of the ICso values. See Refs. 28,29 for assay

conditions.
Table 4
Best P1, P2, and P3 matches: ICsq values for 24-26
Compds Cruz. ICsp®  CatLICsp®  CatBICse® CatFICso®  CatSICsp®  Cat KICsp*  Cat V ICse?
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2 1Csp values represent an average of at least three titrations. Standard deviations for these assays were typically within 35% of the IC5q values. See Refs. 28,29 for assay

conditions.
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Scheme 1. General synthesis of compounds. Reagents and conditions: (a) K,CO3, MeOH, 50 °C; (b) Zn(BH,4),, MeCN, —40 °C; (c) 1 N HCl; (d) NaH, DMF, 0 °C; (e) AcOH, H,0,
THF, 40 °C; (f) HPLC chiral resolution; (g) HATU, 2,6-lutidine, DMF, 0 °C; (h) ArB(OH),, Pd(dppf)Cl,, Na,CO3, DMF, 90 °C

against cruzipain (17), but exhibited poor selectivity against Cat F.
This unnatural amino acid also represented a synthetic challenge,
especially for large scale synthesis. Fortunately, the replacement
of the fluoroleucine in P2 by a valine afforded the potent and selec-
tive compound 21. With a potency of 2 nM and an encouraging
selectivity profile of >80-fold against human cathepsins L, B, and
F, the identification of 21 confirmed the potential of P2 SAR to
modulate the selectivity against human cathepsins. However, the
SAR around the valine in P2 was found to be very tight: replacing
the isopropyl with a cyclopropyl (22) or a t-butyl group (23) re-
sulted in compounds significantly less potent and/or less selective
than 21.

Due to its unique potency and selectivity profile, valine was
judged the optimal P2 substituent and the compounds combining
the best P1 and P3 portions were prepared. From this exercise,
three compounds (24-26, Table 4) were found to show an
excellent profile with sub-nanomolar potency on cruzipain and
selectivity >80-fold against Cat L, B, F, S, and V. The low selectivity
of these compounds against Cat K was not judged to be a signifi-
cant development issue, as a selective Cat K inhibitor in clinical
trials has shown an excellent safety profile.?? The pharmacokinetic
profile of compounds 24-26 was evaluated and 26 was determined
to have the best profile with moderate bioavailability in rats and
dogs (F=20% and 30%, respectively) and good half-lives in both
species (5.2 and 4.6 h, respectively). In addition, the difluorometh-
ylcarbinol moiety enclosed within the P3 portion of compound 26
has demonstrated its potential to deliver compounds with suitable
profile for drug development.2® The overall profile of 26 is superior
to any other known inhibitor of cruzipain and represents a great
opportunity to evaluate a selective and reversible cruzipain inhib-
itor for the treatment of Chagas disease.

The general synthetic route to prepare compounds is outlined in
Scheme 1. The P2 portion was first prepared through a stereoselec-
tive reductive amination?’” of the amino ester (28) with
1-(4-bromophenyl)-2,2,2-trifluoroethanone (27) to yield acid 29
with diastereomeric ratio >10:1 in favor of the desired diastereo-
mer. The P1 aminonitrile was prepared by the alkylation of (diph-
enylmethylidene)amino acetonitrile with the substituted benzylic
bromide (30). Hydrolysis of the resulting imine 32 yielded the
racemic amino nitrile which was then resolved by chiral HPLC to
yield the desired pure S isomer (33). Both P1 and P2 portions were
then coupled to afford the bromophenyl intermediate 34. The use
of a Suzuki reaction with an appropriate aryl boronic acid allowed
introduction of the P3 group to provide the final compounds.

In conclusion, a new and unique series of potent, selective, and
reversible cruzipain inhibitors has been identified. Compound 26
has a good selectivity profile (>100-fold) against human cathepsins
L, B, S, and F and its pharmacokinetic profile is suitable for further
evaluation in the search for a safe and effective treatment of
Chagas disease.
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