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Abstract—The synthesis of a series of highly potent and selective inhibitors of cathepsin K based on the 3,4-disubstituted azetidin-2-
one warhead is reported. A high degree of potency and selectivity was achieved by introducing a basic nitrogen into the distal part of
the P3 element of the molecule. Data from kinetic and mass spectrometry experiments are consistent with the interpretation that
compounds of this series transiently acylate the sulfhydrile of cathepsin K.

© 2005 Elsevier Ltd. All rights reserved.

Bone is a living tissue whose healthy structure depends
on the maintenance of an adequate balance between
the formation of the bone matrix by osteoblasts and
the degradation of bone matrix by osteoclasts. Osteo-
porosis is a disease that results from an imbalance in
activity between osteoblasts and osteoclasts and is char-
acterized by a progressive decrease in bone density.
There is mounting evidence that, at their site of at-
tachment, osteoclasts release cathepsin K (cat K) and
generate an acidic environment that facilitates
demineralization and matrix degradation.! The fact that
cat K has been shown to be highly and selectively ex-
pressed in osteoclasts? suggests that this specific protease
may play a crucial role in bone resorption and may be a
relevant target for therapeutic intervention to treat osteo-
porosis and related diseases.

Several chemotypes have been described as active-site
directed inhibitors of cat K. Whereas epoxides,* vinyl
sulfones,* chloromethyl,> and acyloxymethyl ketones®
are reported to be irreversible inhibitors, nitriles,” alde-
hydes,® and ketones® are known to bind via a reversible
covalent bond to the catalytic Cys-25. Recently, Zhou
et.al.!® have reported the synthesis of a series of 3-acyl-
amino-azetidin-2-one derivatives as non selective
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cathepsin inhibitors. In a previous publication, we have
shown that structures containing cyclic moieties as P2
elements and a 3,4-disubstituted azetidin-2-ones war-
heads, give rise to molecules that behave as selective
and potent inhibitors of cat K.!' In our continuing stud-
ies on the development of novel therapeutic agents to
treat osteoporosis, we have synthesized a new series of
3,4-disubstituted azetidin-2-ones with the aim of identi-
fying inhibitors with increased potency and selectivity, a
good PK profile and suitability for in vivo evaluation.

Having identified the Ac6'? moiety as the best P2 residue
for selectivity, we decided to incorporate this structural
motif into our inhibitors and, in an effort to further in-
crease the binding affinity for cat K, to exploit known
structural residues present in the S3 pocket of the
enzyme. The possibility of designing P3 elements tai-
lored to interact with Asp-61 has been one of our most
promising approaches to obtain improved potency. This
residue, located in the S3 subsite of the enzyme, is
known to form ionic interactions with positively charged
P3 moieties.!?

In this article, we report the synthesis and inhibitory
activity of a new series of highly potent and selective
cat K inhibitors based on 3,4-disubstituted azetidin-2-
ones. We also present data to assess the potential of this
warhead in the development of new therapeutic agents
to treat osteoporosis.
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The overall general strategy used for the synthesis of the
compounds presented in Table 1 was based on the re-
moval of the Cbz protecting group'# of intermediate 2
and coupling the free amine to the corresponding acids,
using HATU as an activating agent and diisopropyleth-
ylamine (DIPEA) as a base'> (see Scheme 1). The inter-
mediate 1 was obtained from the 6-aminopenicillanic
acid (6-APA) according to procedures reported
elsewhere.'®

While the intermediate acids used in the synthesis of the
biaryl analogues 24 and 25 were obtained from 4-fluoro-
benzonitrile (3) in two steps according to the sequence
described in Scheme 2, the corresponding acid used in
the synthesis of 27 was made following the synthetic
sequence shown in Scheme 3. The intermediate acids
required for the synthesis of the triaryl analogues 26,
13, 32, 33, and 34 were obtained according to reaction
conditions depicted in Schemes 4-6, respectively.

Cat K inhibition and selectivity data are presented in
Table 1.17 As can be seen in these Tables, there was a
significant improvement in selectivity profile, specially
against cat S and cat L, when a basic nitrogen was intro-
duced into the distal part of the P3 region of the mole-
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cule (see compounds 23, 25, 27, 28, 29, and 32).
Potency against cat K was also increased specially when
the basic nitrogen was incorporated into a large substi-
tuent, particularly evident in 29 and 32 since these inhibi-
tors exhibited subnanomolar potency against cat K. The
increased affinity of these two compounds toward cat K
is believed to be the result of the presence of a positive
charge combined with the particular shape of the P3 res-
idue. This moiety presumably allows the positive charge
of the nitrogen to perform an effective ionic binding
interaction with the Asp-61 residue of the S3 pocket.
Our assumption is based on the fact that crystallo-
graphic data obtained from compounds having the same
P3-P2 moieties as compounds 23, 28, and 27, attached
to a nitrile based warhead,’® have shown that the distal
nitrogen at the P3 elements is indeed interacting with the
Asp-61 of the S3 region of the enzyme.'® Unfortunately,
attempts to crystallize the complex of cat K with any of
the most soluble compounds of the azetidinone-based
series have failed.

B-Lactams are well known inhibitors of serine proteases.
Enzymes such as tryptase and elastase have been tar-
geted for inhibition with compounds based upon this
warhead.!® This class of compounds exerts its mecha-
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Scheme 1. Reagents: (a) Ref. 16a,b; (b) Ref. 11; (¢c) Pd/C*/H,, EtOAc; (d) R{CO,H, HATU, DIPEA, DMF.
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Scheme 2. Reagents and conditions: (a) N-methylpiperazine or morpholine, DMF, 100 °C; (b) HCI, 100 °C.
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Scheme 3. Reagents and conditions: (a) AcOH, Br,, 60 °C; (b) Me,NCSNH,, EtOH, 70 °C.
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Scheme 4. Reagents and conditions: (a) pyridine, H,S; (b) 8, EtOH, 70 °C.

S

CO,H
®) N ]
(_N/—< 1

o 12



E. L. Setti et al. | Bioorg. Med. Chem. Lett. 15 (2005) 1529-1534 1531

s COzH
(\N‘H (@) (\NJ\NH2 © M/ N
N\) — > — —N N{/ |
- b - — s
13 14 15

Scheme 5. Reagents and conditions: (a) thiophosgene, TEA, THF; (b) NH,;OH/MeOH; (c) 8, EtOH, 70 °C.
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Scheme 6. Reagents and conditions: (a) thiophosgene, TEA, THF; (b) NH,OH/MeOH; (c) 8, EtOH, 70 °C.

Table 1. Cat K, B, S, and L inhibitory activity and selectivity

R, R, Cat K, K} (um) Cat B, K} (um) Cat S, K| (uM) Cat L, K| (uM)
(B/K) (SIK) (LK)
~ O
@O N 0.057 43 0.95 6.8
19 0 (75) (16) (119)
NS
/©/ N 0.092 21 34 8.2
Cl 20 O (23) (36) (89)
2O
Q/ N 0.063 1.2 0.52 26
L 21 0 (19) 82) 1)
=0
s/©/ N 0.012 1.2 35 6.4
| 2 0 (100) (291) (533)
N\
\N/©/ N 0.0031 0.53 258 2.1
| 23 0 (171) (903) (677)
N\
(\N@/ N 0.005 0.98 14 19
o 0 (196) (2800) (3800)
NS
ﬁN/U N 0.0011 0.49 8.8 1.4
N e 0 (445) (8000) (1273)
N\
—~ /\(N/ N 0.0075 1.7 12 1
Ny 0 (227) (1600) (1467)
26
\ N\
N\</N N 0.0026 1.4 77 0.39
7 I 27 0 (538) (2962) (150)

(continued on next page)
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Table 1 (continued)

R, R, Cat K, K/ (um) Cat B, K] (um) Cat S, K/ (uM) Cat L, K (uM)
(B/K) (S/K) (L/K)
- O
N\\/N\(N N 0.0011 0.94 8.5 33
S I " o) (85) (1636) (3000)
\
)
O
&N "N 0.00025 0.091 8.8 2.1
Ny N o) (364) (35,200) (8400)
N
WX 29
S
\ N
N~¢ WOPh 0.018 25 10.0 0.089
7 S / " (1389) (556) )
\N/\\N OPh 0.0036 6.0 51.0 1.1
; R . . . .
v \<s J ' (1667) (14,167) (306)
31
\
)
<\N N\OPh 0.00026 6.0 140 0.31
v N (230,774) (538,461) (1192)
N ;
WX »
S
\N\\/N\(N _4OPh 0.0048 0.34 17.0 24
J (1) (3542) (500)
S
33
\
»
<\N ’OPh 0.0082 5.2 150 8.2
NN (634) (18,292) (1000)
Ho X
S 34
nism of inhibition through direct interaction of Ser-195 CRA-13427, a fully inhibited species could be

with the C-2 carbonyl of the B-lactam. The covalent par-
ticipation of cathepsin K through Cys-25 should result
in transient acylation of the enzyme as in Scheme 7.
We examined the kinetics of inhibition of cathepsin K
by CRA-13427 (Fig. 1) and representative compounds
from Table 1. We typically observed slow on-set of inhi-
bition consistent with a covalent mode of inhibition
rather than simple rapid-equilibrium competitive
inhibition. When cathepsin K was preincubated with
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generated.!” Following gel filtration chromatography,
the inhibited species was isolated and the recovery of
activity was monitored. We observed complete, time
dependent recovery of cathepsin K activity. The reco-
very of activity was a first order process and in the case
of CRA-13427 the ¢, was 26 min. This presumably
corresponds to the rate of hydrolysis of the Cys-25
thioacyl enzyme intermediate to yield free cathepsin K
(see Scheme 7).

+ H,0
= NH —> 0%/
\/Enzyme Enzyme

Scheme 7. Proposed mechanism of inhibition of cat K by 3,4-disubstituted azetidin-2-ones.
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Figure 1.

To further substantiate whether CRA-13427 and
cathepsin K formed a covalent adduct, we used mass
spectrometry to measure the molecular weight of the
enzyme before and after reaction with CRA-13427.2°
Untreated cathepsin K consisted of two species of
approximate equal proportion with molecular weights
of 23,711 and 23,768 Da. After incubation with CRA-
13427, there were two additional species with molecular
weights of 24,043 and 24,100 Da. This shift in molecular
weight of 332 Da is consistent with the covalent attach-
ment of one molecule of CRA-13427 to cathepsin K
with the subsequent loss of acetic acid as outlined in
Scheme 7. Approximately two-thirds of the cathepsin
K was modified by CRA-13427 under these conditions.
These results confirm that CRA-13427 forms a covalent
bond with cathepsin K likely through transient acylation
of Cys-25 during hydrolysis of the B-lactam.

Having identified several potent and selective cat K
inhibitors, we decided to modify their structures in order
to obtain molecules with potentially improved PK prop-
erties. To achieve this goal, we pursued the replacement
of the acetyl group in the 4 position of the azetidin-2-one
with a phenoxy group. In average, this structural change
produced compounds with reduced cat K potency (com-
pare compounds 27 and 30, and 28 and 31), being this
change more noticeable in B (cis)-4-substituted ana-
logues (compare compounds 28 and 33, and 29 and
34). This finding is opposite to what was reported by
other researchers where the B-phenoxy-4-substituted
analogues were more potent than their a-isomers.'? Pre-
liminary rat plasma stability studies showed that 4B-iso-
mers were far more stable than the corresponding
4o-isomer. Therefore, rat pharmacokinetic parameters
were measured for 33. This compound when given intra-
venously, possessed high clearance (92 mL/min/kg),
moderate volume of distribution (1.6 L/kg) and a short
MRT (17 min) with a B #;,, (50%) of 21 min and o ¢,
(50%) of 2 min. Consequently, considering their sub-
strate-like mode of inhibition along with their poor
PK profiles, we believe that 3,4-azetidin-2-ones moieties
are unlikely to be suitable electrophiles to develop new
therapeutic agents to treat osteoporosis.

In summary, the synthesis and evaluation of a novel ser-
ies of potent and selective cat K inhibitors based on 3,4-
azetidin-2-ones as warheads have been described. Com-
bination of an Ac6 moiety in P2 and the presence of a
basic nitrogen in the distal portion of the P3 of the mole-
cule are essential to achieve a high degree of selectivity
and potency. Initial data indicates that this class of com-
pounds binds reversibly to the catalytic Cys-25 of cat K.
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Recombinant rabbit cathepsin K (16 pg) was denatured
with 2.5 M guanadinium HCI and purified by standard
reversed-phase HPLC on a Phenomenex Jupiter CS5
column in water/acetonitrile plus 0.1% TFA. There was
a single peak of absorbance at 280 nm that was collected.
The molecular weight was measured by direct injection at
300 nL/min into an ABI QStar mass spectrometer. Data
acquisition was performed in the multiple channel aver-
aging (MCA) mode for 15-30 min. Rabbit cathepsin K
that had been inhibited with CRA-13427 was treated
exactly the same way and reversed-phase purification was
carried out within 10 min of quenching the incubation
with the addition of guanadinium HCI. The standard
deviation among the charge species for the molecular
weight measurements was 10 ppm. The difference in
mass for the two species in untreated cathepsin K is likely
due to differential proteolytic processing that occurs
during purification.
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