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Abstract—A series of constrained ketone-based inhibitors has been developed that show low nanomolar K; values. These ketone
inhibitors showed promising activity towards cruzain, the cysteine protease implicated in Chagas’ disease. This series of constrained
inhibitors, which can be accessed quickly and efficiently using a solid-phase combinatorial strategy, should be applicable to other

members of the cysteine protease class.
© 2002 Elsevier Science Ltd. All rights reserved.

Cysteine proteases, which are characterized by an
active-site cysteine thiol that attacks the carbonyl of an
amide bond,! are essential to many biological processes.
This class of proteases includes the calpains, which have
been implicated in neurodegenerative disorders, cathepsin
K, which has been linked to osteoporosis,? and the caspase
family of proteases, which is involved in programmed
cell death.’ In addition, cysteine proteases are also crucial
to the life cycles of many pathogenic protozoa.*> The
clear therapeutic relevance of cysteine proteases has
resulted in substantial effort to develop novel and
selective inhibitors of these enzymes.®

A common feature of virtually all cysteine protease
inhibitors is an electrophilic functionality, such as a
carbonyl or Michael acceptor, which is attacked by the
cysteine thiol (Fig. 1).” The first class of reversible inhib-
itors to be reported was peptidyl aldehydes. However,
the inherent reactivity of the aldehyde pharmacophore
to nucleophilic attack and oxidation are considerable
liabilities for achieving good pharmacokinetics and
might result in toxicity. In addition, aldehyde-based
inhibitors only allow display of functionality on one side
of the carbonyl. In contrast, ketone-based pharmaco-
phores are chemically more stable, and enable the display
of functionality on both sides of the carbonyl to poten-
tially achieve enhanced specificity through multiple
interactions with the active site.

*Corresponding author. Fax: +1-510-642-8369; e-mail: jellman@
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Highly potent and sclective ketone-based reversible
inhibitors have been identified for a variety of cysteine
proteases.!»8 In particular, Veber and co-workers have
identified potent and highly selective reversible ketone-
based inhibitors of cathepsin K. such as 1 and 2 (Chart 1),
which are efficacious in the treatment of osteoporosis in
animal models of this disease. We have recently described
the identification of potent and selective mercapto-
methyl ketones, such as 3, towards cruzain,'© the
cysteine protease implicated in Chagas’ disease. Efforts
in our laboratory have focused on cruzain since
McKerrow and co-workers have demonstrated the
therapeutic promise of inhibitors of cruzain for the
treatment of Chagas’ disease.'!

We have previously reported the design and synthesis of
a series of ketone-based inhibitors using solid-phase
synthesis. Herein we expand that methodology to provide
a series of constrained ketone-based cysteine protease
inhibitors. Constrained ketone-based inhibitors, such as
1, have previously been shown to be potent and selective
inhibitors of cathepsin K by Veber and co-workers.!?

The synthesis of constrained inhibitors 4 is detailed in
Scheme 1. The scaffold is derived from N-allyloxy-
carbonyl (Alloc)-aspartic acid (B-benzyl ester) chloro-
methyl ketone, which is synthesized in a one-pot
procedure'?® from the corresponding N-Alloc amino
acid. The chloromethyl ketone scaffold 6 is attached to
support using a hydrazine linker 5 to provide support-
bound hydrazone 7. The hydrazone not only provides
the site of attachment to the solid support but also protects
the carbonyl from nucleophilic attack. Displacement of
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Figure 1. Cysteine protease pharmacophores.

the chloride with primary amines introduces the R! side
chain. The resulting secondary amine 8 cyclizes upon
heating at 60 °C for 24 h. Further functionalization can
be achieved by removal of the Alloc protecting group
from 9 followed by acylation with a carboxylic acid.
The compounds were cleaved off support under mild
acidic conditions to give the constrained inhibitors 4.
After column chromatography, the inhibitors were iso-
lated in 20-55% overall yield for the six-step sequence.

In contrast to the isolation of acyclic amidomethyl
ketones and mercaptomethyl ketones where no epimer-
ization is observed, the constrained cyclic ketones are
obtained with >20% epimerization. This is consistent
with the observations of Marquis that cyclic ketone
inhibitors of cathepsin K (e.g., 1 in Chart 1) are not
configurationally stable and readily epimerize.!?

A series of fully functionalized ketones was synthesized
using the sequence outlined in Scheme 1. Cbz was
incorporated in the P; and Phe in the P, position based
upon SAR from prior inhibitor efforts.!®!4=17 A collection
of side chains at R! were chosen based on the previous
SAR obtained from both mercaptomethyl ketone
libraries!® and amidomethyl ketone libraries'® synthe-
sized in this laboratory. These compounds were
screened against cruzain and the results are summarized
in Table 1. Interestingly, the most active cyclic inhibitors,
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Scheme 1. (i) THF, 45-50°C; (ii) NH,R!, DMF; (iii) DMF, 60°C, 24 k; (iv) 8:3 TMSN3/TBAF, Pd(PPhs),, CH,Cly; (v) Cbz-L-Phe-OH, PyBOP,

HOA, i-Pr,EtN, DMF; (vi) TFA, H,0, CF;CH,OH.
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Table 1. Cyclized ketone inhibitors

Inhibitor R! % Yield® Diastereomer ratio® Cruzain K; (nM)°© Cathepsin B K; (nM)°© Cathepsin L K; (nM)°©
4a —CH,CH,CHj3; 38 2.1:1 366+30 10,510+ 1000 232415

4b —~CH(CHs;), 20 4.3:1 384+20 12,920+ 1500 597+31

4c —(CH,),OCHj3; 55 2.9:1 983+90 > 10,000 865+53

4d —~CH,CH(CH3), 41 1.5:1 274420 4550+400 299.4+25

4e —(CH,);Ph 37 1.1:1 16+0.4 693+37 19+1

af —(CH,),Ph 39 1.1:1 53+2 6170290 93+3

4g ~CH,Ph 55 2.4:1 202+8 13,220+£730 377420

2Qverall yield of purified product for six steps.
®Diastereomer ratio determined by 'H NMR analysis.

¢K; values determined at four to eight concentrations in duplicate using the linear regression analysis of Williams and Morrison.!

4e-4g,?° incorporated the side chains present in the most
potent mercaptomethyl ketones. In addition, the SAR
of the side chains was consistent with the SAR of the
previously reported mercaptomethyl ketones (Table 2).
For example, the most potent cyclized ketone
[R!=—(CH,);Ph, K;=16.3 nM] contained the same side
chain as the most potent mercaptomethyl ketone
[R!=—(CH,);Ph, K;=2.0 nM].

To probe the selectivity of these inhibitors for cruzain
over human cysteine proteases, the cyclized inhibitors
were screened against human cathepsin B and human
cathepsin L. These compounds were especially poor
inhibitors of cathepsin B (Table 1), with most com-
pounds having K; values in the M range. For cathepsin
L, the cyclized inhibitors shared similar K; values with
cruzain, with the most potent inhibitor again containing
the phenylpropyl side chain.

The potency and selectivity of these inhibitors is quite
promising, since in contrast to the acyclic mercapto-
methyl ketone inhibitors, the constrained inhibitors do
not display functionality that would interact with the S,
pocket of the enzyme. Indeed, substrate specificity
studies indicate that small amino acids, such as glycine,
alanine and threonine, are least preferred at the P,
position, while the basic amino acids, arginine and
lysine, are most preferred.?! In addition, inhibitor
design studies have demonstrated that quite large sub-
stituents, such as the hPhe and Phe side chains, are well
accommodated by the enzyme in the S; pocket.!® Further
efforts to improve the potency and selectivity of the
inhibitors, in particular by introducing functionality on

Table 2. SAR of mercaptomethyl ketones and cyclized ketones

Ph
PhH o 4 o
CbzHN NJJ\/ SR!  CbzHN No
o - 0 N. gt
0

R! Cruzain K; (nM)? Cruzain K; (nM)?
_(CH,);Ph 2.040.2 16.340.4
—(CH,),Ph 4240.2 532+1.7
—CH,Ph 44.0+2.6 20248

2K; values determined at 4-8 concentrations in duplicate using the
linear regression analysis of Williams and Morrison.'?

9

the piperidone ring to interact with the S; pocket, is
currently in progress.

In this paper we have disclosed a new series of con-
strained inhibitors of the cysteine protease cruzain that
have low nanomolar K; values. This series of con-
strained inhibitors, which can be accessed quickly and
efficiently using a solid-phase combinatorial strategy,
should be applicable to other members of the cysteine
protease class.
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