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Novel scaffold for cathepsin K inhibitors
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Abstract—Pyrrolopyrimidine, a novel scaffold, allows to adjust interactions within the S3 subsite of cathepsin K. The core interme-
diate 10 facilitated the P3 optimization and identified highly potent and selective cathepsin K inhibitors 11–20.
� 2007 Elsevier Ltd. All rights reserved.
A healthy bone metabolism depends on an appropriate
balance between osteoclast-mediated bone resorption
and osteoblast-mediated bone formation. If the bone
resorption is exceeding the bone formation, bone mass
is reduced and leads to disease conditions like post-men-
opausal osteoporosis and tumor-induced osteolysis. A
reduction of the bone formation rate, which is observed
in senile-osteoporosis, also reduces bone mass and
finally induces bone fractures. In the 1980s bisphospho-
nates were found to act as bone resorption inhibitors
(likely through inhibition of farnesyl diphosphate
synthase in osteoclasts), and today, bisphosphonates
are widely used for the treatment of osteoporosis and
tumor-induced osteolysis.1,2

In the 1990s three independent groups have reported on
cathepsin K, a cysteine protease predominantly
expressed in osteoclasts.3–5 In the meantime, the role
of cathepsin K in degradation of bone matrix was estab-
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lished, and its inhibition is now perceived as a promising
new principle for a treatment of the diseases caused by
increased bone resorption.6

The sugar derivative 1 was identified in a high through-
put screening as a potent inhibitor of cathepsin K
[IC50 = 14 nM].7 Surprisingly, removal of the hydro-
philic sugar moiety and also simplification of the ring
system to the pyrimidine 2 resulted with retained
potency [IC50 = 170 nM].8 A molecular modeling with
the nitrile group covalently bound to the active site cys-
teine suggests that the cyclohexyl group occupies the S2
subsite while the S3 is unoccupied. Therefore, the small
molecule 2 was a good starting point for further optimi-
zation. We expected to make further increase in the
potency by extending into the S3. In addition, due to
differences in the corresponding S3 subsites, higher
selectivity over related proteases, such as cathepsin L
and cathepsin S, was anticipated.

Three attachment sites for the P3 moiety were consid-
ered (A,7 B9, and C in Fig. 1). For scaffold C, the mod-
eling suggested acetylenes as rigid linkers between the
pyrimidine and S3 (scaffold D in Fig. 2). Indeed, the
compounds with high potency and good selectivity
against related proteases could be identified in this series
as reported elsewhere.9

Depending on the structure of R2 (in the case of R2 with
benzyl propargyl moiety) in Figure 2, the direct product
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Figure 1. Design of new pyrimidine scaffolds, based on a HTS hit,

reaching the S3.
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Figure 2. Design of new chemotypes based on the pyrimidine scaffold C.

Table 1. Inhibition of human cathepsins K, L, and S by compounds

5a–g

N

N

N
N

R

Compound R IC50
a (nM)

Cat K Cat L Cat S

5a H 15 120 390

5b Cl 2.3 82 490

5c 47 >1000 >1000

5d
O

N 3.4 >1000 980

5e
N

N <1 410 460

5f N 4.7 260 >1000

5g N
N

1.5 110 730

a Inhibition of recombinant human cathepsins K, L, and S in a fluo-

rescence assay.7
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of the coupling could not be obtained but the product
immediately rearranged to form a substituted pyrrolo-
pyrimidine E. These pyrrolopyrimidine compounds also
inhibited cathepsin K with comparable potency as to the
acetylene derivatives. In this paper we report on the syn-
thetic methods and the biological activity of cathepsin K
inhibitors.

The synthesis of pyrrolopyrimidine 5a is outlined in
Scheme 1. Regioselective substitution of the chloride
at the 4- position of 5-bromo-2,4-dichloropyrimidine
gave the intermediate 3. The second chloride was ex-
changed with cyanide to give the pyrimidine 4. Cas-
tro-Stephens type cyclization10,11 followed by
immediate ring closure afforded the pyrrolopyrimidine
5a. The new inhibitor 5a exhibited an IC50 value of
15 nM against cathepsin K but with poor selectivity
against cathepsins S and L (Table 1). Compounds
5b–5g were prepared by an analogous procedure to
5a, and their inhibitory activity against cathepsins
N

N
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Scheme 1. Reagents and conditions: (a) Cyclohexylamine, NaHCO3,

MeOH, rt, 6 h, 54%; (b) KCN, 1,4-diazabicyclo[2.2.2]octane, DMSO-

H2O, 60 �C, 6 h, 84%; (c) prop-2-ynyl-benzene, Pd(PPh3)2Cl2, CuI,

Et3N, DMF, 80 �C, 12 h, 15%.
was tested. The compounds 5f and 5g with a negative
charge in the P3 moiety showed inhibitory activity
for cathepsin K at single digit nM range, but not high
selectivity against both cathepsins S and L simulta-
neously, while 5c and 5d revealed the countertrend.
The methylpiperizine derivative 5e was found to show
sub nM potency and the selectivity against cathepsins
L and S was obtained in more than 400-folds.

A co-crystal structure of the compound 5e with cathep-
sin K showed that the benzyl group is pointing toward
the S3 subsite (Fig. 3). The aromatic ring is involved
in an edge-to-face interaction with the side chain of
Tyr67. The co-crystal structure further indicated that
the para-substituents on the compound 5a are posi-
tioned between the Asp61 and Tyr67, as seen for 5e.
The cyclohexyl group of 5e occupies the lipophilic S2
subsite.

On the basis of the results from a quenched fluorogenic
substrate library for cathepsin K12, the neopentyl moiety
having a branched alkyl group was introduced instead
of the cyclohexyl group of 5a. Introduction of the neo-
pentyl P2 group provided a potent cathepsin K inhibitor
5h [IC50 (cathepsin K) = 1.2 nM] (Table 2), which was
prepared in the same way as for 5a shown in Scheme
1. The compound, however, still had moderate inhibi-
tory activity toward cathepsins S and L. [IC50 (cathepsin
S) = 100 nM, IC50 (cathepsin L) = 380 nM]. It should be
noted that an increase in inhibitory activity for cathep-
sin K is caused by a suitable interaction between the
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Figure 3. Co-crystal structure of compound 5e with cathepsin K

inhibitor is extending into S3 between Asp61 and Tyr67 (PDB code:

2R6N).

Table 2. Inhibition of human cathepsins K, L, and S by compounds

5h–w

N

N

N
N

R

Compound R IC50
a (nM)

Cat K Cat L Cat S

5h H 1.2 380 100

5i CH3 <1 170 930

5j Cl <1 96 460

5k O <1 540 820

5l
O

O
1.1 110 >1000

5m N <1 970 >1000

5n N
H

O
<1 >1000 320

5o N
O

<1 >1000 >1000

5p N
N

<1 140 >1000

5q N
H

S
O

O
<1 >1000 160

5r N
H

SNH2

O

O
<1 >1000 220

5s N
H

S
O

O

F
FF

1.1 >1000 440

5t N <1 >1000 >1000

5u N
N

<1 430 >1000

5v
O

N
<1 >1000 >1000

5w <1 520 >1000

a Inhibition of recombinant human cathepsins K, L, and S in a fluo-

rescence assay.7
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neopentyl group and the S2 subsite. The observation is
consistent with that of the previous report.8

Another promising result was observed for compounds
5i–5w.13 As the preparation of 5q depicted in Scheme
2, the P3 with benzyl propargyl group was coupled with
5-bromo-4-(2,2-dimethyl-propylamino)-pyrimidine-2-
carbonitrile (6), which was prepared in the same way as
for 4 shown in Scheme 1. As listed in Table 2, the com-
pounds 5m, 5o, 5t, and 5v were considered satisfactory
in terms of the potency for the target enzyme and the
selectivity against other cysteine protease, cathepsins S
and L.

As shown in Scheme 3, we designed and prepared a use-
ful intermediate 10 which can be used to introduce a
wide variety of P3 moieties at the late stage of the com-
pound preparation. Bromide 6 was coupled with 2-prop-
2-ynyloxy-tetrahydro-pyran14 by using Pd(PPh3)2Cl2
and CuI as catalysts to afford 7. Formation of the pyr-
rolopyrimidine ring was carried out by DBU15, followed
by tetrahydropyran removal using TsOH-H2O. Alcohol
9 was converted to the bromine 10 and the P3 optimiza-
tion using a parallel synthesis became feasible as
depicted in Figure 4.

The parallel synthesis approach allowed us to access
compounds with structural diversity by using an almost
unlimited choice of commercially available nucleophiles
with the functional groups (amine, hydroxyl, thiol). By
this approach, structurally diverse P3 moieties can be
introduced using the common intermediate 10. In addi-
tion, we will be able to control the lipophilicity of the
inhibitor by modifying P3 moiety, leading to improving
physicochemical properties.

Various P3 parts (R in Table 3) were coupled with 10 in
polar solvent (e.g., DMF, DMSO, or acetone) in the
presence of a base (K2CO3, NaH, or diisopropylethy-
amine).13,16 Representative inhibitors in this series are
listed in Table 3. Unlike the purine derivatives7 and
2-cyano-pyrimidine inhibitors,8 the inhibitors 11–20 dis-
played highly potent cathepsin K inhibition combined
with significant selectivity for cathepsin K over cathep-
sins L and S.

In summary, a novel pyrrolopyrimidine scaffold E
derived from the pyrimidine derivative contributed to
the discovery of new and specific cathepsin K inhibitors.
The use of a key intermediate 10 has facilitated the P3
optimization and identified novel cathepsin K inhibitors
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Figure 4. Exploring the P3 moiety by a parallel synthesis.

Table 3. Inhibitory activity of new chemotype with azole, heterocyclic

or spirohydantoin group against cathepsins K, L, and S

N

N

N
N

R

Compound R IC50
a (nM)

Cat K Cat L Cat S

11 N

N
6 >1000 >1000

12 N

NCl

Cl

4 >1000 >1000

13 N
N

N
5 >1000 >1000

14
N

O
3 >1000 >1000

15 N

O O

O

4 >1000 >1000

16 N NF 1 >1000 >1000

17

N

N
H N

O
O

<1 >1000 >1000

18
N

N

N
H

O

O <1 770 >1000

19
NH

N
O

O
<1 >1000 >1000

20 NH

N
O

F

1.7 >1000 930

a Inhibition of recombinant human cathepsins K, L, and S in a fluo-

rescence assay.7
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with nM potency with excellent selectivity against
cathepsins L and S. The structure activity relationships
and the pharmacokinetic properties of this series
reported here will be covered in future publications.
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