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Identification of a selective inhibitor for a particular protein kinase without inhibition of other
kinases is critical for use as a biological tool or drug. However, this is very difficult because
there are hundreds of homologous kinases and their kinase domains including the ATP binding
pocket have a common folding pattern. To address this issue, we applied the following structure-
based approach for designing selective Cdk4 inhibitors: (1) identification of specifically altered
amino acid residues around the ATP binding pocket in Cdk4 by comparison of 390 representative
kinases, (2) prediction of appropriate positions to introduce substituents in lead compounds
based on the locations of the altered amino acid residues and the binding modes of lead
compounds, and (3) library design to interact with the altered amino acid residues supported
by de novo design programs. Accordingly, Asp99, Thr102, and GIn98 of Cdk4, which are located
in the p16 binding region, were selected as first target residues for specific interactions with
Cdk4. Subsequently, the 5-position of the pyrazole ring in the pyrazol-3-ylurea class of lead
compound (2a) was predicted to be a suitable position to introduce substituents. We then
designed a chemical library of pyrazol-3-ylurea substituted with alkylaminomethyl groups based
on the output structures of de novo design programs. Thus we identified a highly selective and
potent Cdk4 inhibitor, 15b, substituted with a 5-chloroindan-2-ylaminomethyl group. Compound
15b showed higher selectivity on Cdk4 over those on not only Cdk1/2 (780-fold/190-fold) but
also many other kinases (>430-fold) that have been tested thus far. The structural basis for
Cdk4 selective inhibition by 15b was analyzed by combining molecular modeling and the X-ray
analysis of the Cdk4 mimic Cdk2—inhibitor complex. The results suggest that the hydrogen
bond with the carboxyl group of Asp99 and hydrophobic van der Waals contact with the side
chains of Thr102 and GIn98 are important. Compound 15b was found to cause cell cycle arrest

of the Rb(+) cancer cell line in the G; phase, indicating that it is a good biological tool.

Introduction

Cyclins and cyclin-dependent kinases (Cdks) play
important roles in regulation of the cell cycle.l In
particular, D-type cyclins, which have been shown to
be amplified or overexpressed in several tumor cells,?
associate with Cdk4/6 to activate their phosphorylation
activity. Cyclin D—Cdk4/6 complexes phosphorylate the
retinoblastoma protein (pRB) and regulate the cell cycle
during G4/S transition.3 Loss of function or deletion of
pi6ink4a (endogenous Cdk4/6 specific inhibitor protein)
frequently occurs in clinical cancer cells.* Thus, selective
Cdk4/6 inhibitors should be useful as a new class of
cytostatic antitumor agents.®

In the previous paper, we reported the structure-
based lead generation of a novel diarylurea class of
potent Cdk4 inhibitors.® The Cdk4 homology model was
constructed according to X-ray analysis of the activated
form of Cdk2.” Using this model, we applied a new de
novo design strategy® to generate new scaffold candi-
dates. As a result, a diarylurea class of scaffold was
identified, and a potent compound 1 (ICso = 0.042 uM)
was obtained through modifications based on the pre-
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dicted binding mode. The predicted binding mode was
validated by the X-ray analysis of the Cdk2—1 complex
(PDB ID: 1GIH)® and the structure—activity relation-
ship (SAR) (Figure 1).

Compound 1 showed good Cdk4 inhibitory activity
and moderate selectivity (>50-fold) over other kinases
except the Cdk family (Table 1). However, 1 also
inhibited Cdk family kinases in addition to Cdk4/6,
namely Cdkl and Cdk2, with comparable ICsy values.
In the predicted binding mode, compound 1 appeared
to form hydrogen bonds with the main chain of Val96
and the side chain amino group of Lys35. Although
Val96 in Cdk4 is replaced by Leu in Cdk1/2, the main
chain atoms are located in the same position. Lys35 is
conserved in Cdk4 and Cdk1/2. Additionally, since the
sequence identities between Cdk4 and Cdk1/2 are high
(43%/45%), the shapes of their ATP binding pockets
were predicted to be very similar. Therefore, it was
assumed that compound 1 does not achieve any specific
interactions with Cdk4 against Cdk1/2. The selectivity
of Cdk4(/6) over Cdk1/2 is thought to be critical for the
arrest of the cell cycle in the G; phase because Cdkl
and Cdk2 regulate the transition to other phases of the
cell cycle.’® To suppress tumor growth, G; arrest is
expected to reduce the stress of normal cells other than
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Figure 1. Structure and binding mode of compound 1. A:
structure of compound 1. B: the binding mode of 1 in the Cdk4
homology model based on X-ray analysis of the Cdk2—-1
complex (PDB ID: 1GIH).° Green residues: residues conserved
in Cdk4 and Cdk1/2. Red residues: residues altered in Cdk1/
2. Broken lines: predicted hydrogen bonds.

Table 1. Potency and Cdk4 Selectivity of Compound 1 for Representative Kinases
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arrest in other phases because normal cells are usually
resting in the Go-G; phase.!! In this report, we tried to
design Cdk4 selective inhibitors with effects over both
Cdk1/2 and other kinases.

Enhancement of selectivity for the target protein over
its highly homologous counterparts is not feasible
because there are few differences in the protein surface
of the ligand binding sites. Recently, successful ex-
amples of the development of such selective compounds
have been reported; these processes used structural
information about critical differences in amino acid
residues and/or conformations between the target pro-
teins (MMP-13, PTP1B, and COX-2) and their counter-
parts.’2 However, in the case of protein kinases, it is
more difficult to improve selectivity for a target protein
because there are hundreds of homologous kinases in
the superfamily.1® To overcome this problem, we initially
identified specific amino acid residues around the ATP
binding pocket of Cdk4 by comparing the amino acid
sequences of 390 representative kinases. Subsequently,
a chemical library was designed using this information
about the locations of these amino acid residues and the
binding mode of compound 1 to achieve specific interac-
tions with Cdk4, discriminating against interactions
with other Kinases.

Results and Discussion

Identification of Specifically Altered Amino
Acid Residues around the ATP Binding Pocket of
Cdk4. First, we performed a 3D superposition of the
structural model of Cdk4 bound with compound 1 and
the X-ray structure of Thr160 phosphorylated Cdk2—
cyclin A—ATPyS reported by A. A. Russo et al.” We then
chose 39 amino acid residues in the Cdk4 model which
are located within 7 A of the ATPyS molecule in the
Cdk2 (these residues are shown in Figure 2).

Hanks' Kinase ICso (LM) Cdk4 selectivity
classification (-fold)
[ cMac cyclin D-Cdk4 0.042 1.0
cyclin D-Cdké 0.071° 1.7¢
cyclin B-Cdk1 0.120 2.9
cyclin A-Cdk2 0.078 1.9
Ser/Thr kinase AGC PKA >20 >480
PKC >20 >480
PKBa (Aktl) >10 >240
CaMK CaMK 11 >10 >240
CMGC p38a >10 >240
ERK1 >10 >240
| OPK MEK1 >10 >240
F PTK Sre >5.0" >120¢
Lck 237 55¢
Flt-1 2.8¢ 67°
Tyrosine kinase ZAP >10¢ >240°
EGFR >20¢ >480°
FGFR1 6.7¢ 160°
PDGFRB 5.0° 120°

a2 These data are based on racemic 1.
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no. in Cdk4 112 13 14 15 16 17|18 192021 32|33 |34 |35|56|72|73 92|93 94
Cdk4 E(I G V G A Y|(G T|(V|Y V|A|L|K|(E|V|R V|F E
Cdko E(I G E G A Y|(G K|V|F V|A|L|K|(E|V|R V|F E
Cdk2 K|I ¢ E G T Y|G V|V|Y VIA|L|K|E|V|K V|F E
Cdk1 K|II G EGT Y|G V|V|Y VIA|MK| E|V|S I|F E
AGC group ( 71 kinases ) Of 18 99 4 100 6 8 94 6| 99 18 1] 99| 10| 100f(100) 58| 11 70/ 3 68
CaMK group ( 42 kinases ) 211 21 100 7 100 24 12| 55 7| 81| 12 33| 93] 7|100|100| 40] 36 69| 26 71
CMGC group ( 81 kinases ) 5] 51 98 1 100 30 700 77 14]|100f 33 79| 86| 32| 100| 99| 47| 16 67| 58 86
PTK group ( 104 kinases ) 16 25 99 2 98 24 5|100 7| 971 29 91| 96| 1|100f 98] 58| 31 42 9 82
OPK group (92 kinases ) 11] 48 88 0 97 13 13| 78 15| 84| 47 55| 91| 8| 99 93| 51| 16 43| 0 64
all ( 390 kinases ) 10 34 9 2 99 19 22| 84 10[ 93] 30 58] 93| 11|100f 98] 52| 21 56| I8 75
® ¢ ¢ O El =]
no. in Cdk4 95 96 97 98 99 102 140 142|143 (144 145|146]147 157 158|159 160[161 Y%ATP* Yfull ®
Cdk4 HVDQDTUDI I K|PIEN|IIL AD|F G|L 100 100
Cdk6 HVDOQDTUDI K|PIQ NII|L AD|F G|L 90 70
Cdk2 F L HQ DX KD I K|PIQ NIL|L A D|F G|L 7 45
Cdkl FLSMDZE KT DIEK|P|IQ N|L|L A D|F G|L 64 43
AGC group ( 71 kinases ) 0 41 0 0 59 24 100 100] 69| 65 100f 46| 85 24 100 82 90| 49
CaMK group ( 42 kinases ) 0 38 10 0 7 0O 100 98 79| 93 100f 38| 86 48 98|100 100| 62
CMGC group ( 81 kinases ) 9 17 41 14 74 6 100 99| 94| 15 100f 22| B3 35 98| 85 99| 79
PTK group ( 104 kinases ) 2 10 2 3 32 5 9 0f 0] 0 100f 37| 88 40 98] 95 97 82
OPK group ( 92 kinases ) 3 7 13 1 14 2 99 95| 45| 10 100] 63| 72 22 9| 89 99| 59
all ( 390 kinases ) 3 19 13 4 39 7 99 72| 51| 27 100f 42| 82 33 99| 90 97| 68

Figure 2. Amino acid residues around the ATP binding pocket. Numbers in rows of AGC-OPK groups and 390 kinases show
conserved ratios. Red cells: residues that are replaced in Cdk1/2/6 or <40% conserved in 390 kinases. Box: residues in contact
with or accessible to ATPyS or compound 1. Yellow circles: residues that are <40% conserved and are in contact with or are
accessible to either ATPyS or compound 1. Red circles: residues that are replaced in both Cdk1 and Cdk2 and are in contact with
or accessible to either ATPyS or compound 1. Red open circle: residues that are replaced in Cdkl and are in contact with or
accessible to either ATPyS or compound 1. @8Sequence identity confined to around the ATP binding pocket of Cdk4. "Sequence

identity based on full sequences.

The multiple alignment of 390 representative kinase
sequences by S. K. Hanks and A. M. Quinn was pub-
lished on the Internet.’* Using the multiple alignment,
we calculated (1) the conserved ratios for each of the
39 residues of Cdk4 in the 390 kinases and (2) the amino
acid identities in the region confined to the 39 residues
around the ATP binding pocket. The multiple alignment
among Cdk4, Cdk6, Cdk1, and Cdk2 and the results of
the calculations are summarized in Figure 2. From these
data, we were able to identify frequently altered amino
acid residues in the 390 kinases and altered amino acid
residues in Cdkl/2. Among the frequently altered
residues, those with side chains not facing inhibitors
are not useful for the design of new inhibitors. We must
use the differences of chemical properties and/or shape
of the residues' side chains that faced compound 1 to
improve Cdk4 selectivity. For this purpose, 26 residues
that were directly in contact with or accessible to ATPyS
or compound 1 were selected by considering the 3D
structures of the complexes. These residues are enclosed
in the boxes in Figure 2. Thirteen residues (lle12, Val14,
Alal6, Tyrl7, Phe93, His95, Val96, Asp97, GIn9s,
Asp99, Thr102, Glul44, and Alal57), which are <40%
conserved in 390 kinases and in contact with or acces-
sible to ATPyS or compound 1, are shown by yellow
circles in Figure 2. Among the 13 residues, lle12, Tyrl7,
Phe93, and Asp99 are highly conserved in the CMGC
group (Hanks' classification of kinases!?), which includes
Cdk4. Tyrl7 is thought to be involved in regulation of

phosphorylation activity of the Cdks and related ki-
nases.'® The side chains of Phe93, His95, Val96, and
Alal57 were already predicted to have contact with
compound 1 from X-ray analysis of the Cdk2—1 complex.
The moderately higher selectivity of compound 1 for
Cdk4 over other kinases is likely to be due to specific
interactions with these residues.

Subsequently, we tried to identify altered amino acid
residues in Cdk4 and Cdk1/2. In the region of the ATP
binding pocket of Cdk4, residue identities were found
to be very high with respect to Cdk1/2 (64%/72%), while
the identities throughout the full sequence were not as
high (43%/45%). Among the residues around the ATP
binding pocket, we identified eight residues (Vall4,
Alale, His95, Val96, Asp97, GIn98, Thri102, and Glul44)
which are altered in Cdk1/2 and have contact or are
accessible to ATPyS or compound 1 (these residues are
shown by red circles and a red open circle in Figure 2).
Except for GIn98, all of these residues are altered in
both Cdk1 and Cdk2. Interestingly, GIn98 is conserved
in Cdk2 as shown in Figure 3C. It is noteworthy that
five of eight residues are distributed on one side of the
ATP binding pocket. According to X-ray analyses of
Cdk6—p16/p19 complexes, this side is the p16 binding
region (Figure 3B).16 p16 is a Cdk4/6-specific, endog-
enous inhibitor protein that is thought to suppress
carcinogenesis.!” Therefore, the amino acid residues in
the pl16 binding region of Cdk4 are likely to interact
with p16 in a specific way.
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0| Cdk1/2: Asp/Asp
1390 kinases: 39% conserved

Cdk1/2: Phe/Phe
390 kinases: 3% conserved

Cdk1/2: Lys/Lys
390 kinases: 7% conserved

Cdkl1/2: Met/Gln
390 kinases: 4% conserved

Cdk1/2: Ser/His
390 kinases: 13% conserved

Figure 3. Locations of altered residues and the binding mode of 1. A: locations of altered/frequently altered residues around the
ATP binding pocket of Cdk4. Yellow residues: residues that are <40% conserved in 390 kinases and are in contact with or accessible
to either ATPyS or compound 1. Red residues: residues that are replaced in Cdkl or Cdk2, <40% conserved in 390 kinases, and
are in contact with or accessible to either ATPyS or compound 1. B: superimposed model of the Cdk4—ATPyS—p16 complex.
Green ribbon: Cdk4 model. Cyan ribbon: pl16. CPK representation: ATPyS. The location of ATPyS and p16 were predicted by
superposition of the Cdk4 homology model, Thr160 phosphorylated Cdk2—cyclinA—ATPyS (PDB ID: 1JST), and Cdk6—p16 (PDB
ID: 1BI7). C: the binding mode of compound 1 in the Cdk4 homology model and altered/frequently altered residues in the p16
binding region. The Cdk4 homology model: solvent accessible surface (probe: 1.4 A) representation (colored by partial charge).

Compound 1: stick representation.

By analyzing the binding mode of compound 1, we
found that the pyridine ring of compound 1 is directed
toward the amino acid residues in the pl16 binding
region (Figure 3C). The terminal of the side chain of
Val96 cannot come in contact with the inhibitor because
it is hidden by the side chain of Leul47. l1le12 is replaced
by Leu in most kinases, including Cdk1/2; this causes
only small changes in the protein surface. For these
reasons, we removed Val96 and llel2 from target
residues. On the other hand, Asp97 is replaced by His
(Cdk?2) or Ser (Cdkl), and Thrl102 is replaced by Lys
(Cdk1/2). These alterations cause dramatic changes of
the chemical properties and shape of the protein surface.
Amino acid residues such as Asp99, GIn98, and His95
are also useful. Asp99 is replaced by Ala, Ser, Asn, Pro,
or Cys in most tyrosine kinases. GIn98 is replaced by
Met in Cdkl and by various other residues in other
kinases. His95 is replaced by Phe in Cdk1/2 and by Phe
or Tyr in most Kinases. In this regard, in order to

enhance Cdk4 selectivity against Cdk1/2 and other
kinases, the introduction of substituents that face the
side chains of these residues was expected to be effec-
tive.

Library Design Based on Structural Informa-
tion. To select first target residues to interact with
substituents on our lead compounds, we calculated the
shortest distances between the substitutable positions
of the inhibitors and the side chain of each residue in
the pl6 binding region (Figure 4B). We found that
compounds 2a and 2b, which have a five-membered
pyrazole ring, are useful as leads in addition to com-
pound 1 in order to approach these residues from
various directions. The structures and inhibitory activi-
ties for Cdk4 of 2a and 2b are shown in Figure 4A, and
the binding mode of 2a predicted by a docking study is
shown in Figure 4B. Asp99, Thr102, and GIn98 were
more accessible than the other residues. On the basis
of the binding modes, the 5-position of the pyrazole ring
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Figure 4. Predicted suitable substitution positions and substituents. A: structures of 2a and 2b and their 1Cso (Cdk4) values.
B: predicted binding modes of compound 1/2a and suitable positions to introduce substituents. Green stick: compound 1. Blue
stick: compound 2a. Left numbers: shortest distances between substitutable positions of the pyridine ring in compound 1 and
the side chain of each residue. Right numbers: shortest distances between substitutable positions of the pyrazole ring in compound
2a and the side chain of each residue. Arrows: directions of substituents on the pyridine ring and pyrazole ring. Bold arrow:
predicted most appropriate direction toward Asp99, Thr102, and Glu98. C: schematic figure of binding mode of compound 2a
and appropriate substituent candidates. Bold line: a typical output structure interacted with Asp99, Thr102, and Glu98 that
was proposed by de novo design programs (LUDI and LeapFrog).

in compound 2a (blue bold arrow in Figure 4B) was
predicted to be the most appropriate position and
direction to contact with the side chains of the three
residues. Therefore, we constructed a 5-substituted
pyrazol-3-yl urea library to enhance Cdk4 selectivity.

To design suitable substituents, we employed the de
novo design programs,’® LUDI® and LeapFrog.?° Al-
though output structures from de novo design programs
are often not synthetically feasible, these structures
suggest suitable properties such as a hydrogen-bonding
donor, acceptor, and hydrophobicity and appropriate
lengths of substituents. The aminomethyl groups and
their cyclized groups were provided as typical structures
by both LUDI and LeapFrog (Figure 4C). The NHs of
these amino groups were predicted to interact with the
carboxyl group of Asp99 and/or the side chain OH of
Thr102. The OH of Thr usually functions as both a
hydrogen-bonding donor and acceptor. However, in this
case, the OH of Thr102 was already predicted to make
a hydrogen bond with the carboxyl group of Asp99, and
the side chain of Thrl102 was expected to work as a
hydrogen-bonding acceptor and hydrophobic portion for
our lead compounds. As alkyl groups via the amino-
methyl group, hydrophobic substituents were thought
to be appropriate considering the hydrophobic environ-
ment surrounded by the side chain methyl group of
Thr102 and the side chain methylene group of GIn98.
These alkylamino groups can be easily introduced by

reductive amination with the corresponding aldehyde
of compound 2a. Thus we constructed a chemical library
of 2a featuring a pyrazole ring with alkylaminomethyl
substituents at the 5-position.

The synthetic routes of alkylaminomethyl library 9
and the cyclized amino substituted compound 14 are
summarized in Scheme 1. Compound 4 was prepared
by the sequential coupling of 3, acetonitrile, and hydra-
zine.?! Protection of 4 by the Boc group followed by a
coupling reaction with 9-amino-1,2,3,9b-tetrahydro-5H-
pyrrolo[2,1-a]isoindol-5-one® provided the diarylurea
compound 6 as a racemate. Deprotection and oxidation
by MnO; gave aldehyde 8, which was a substrate for
reductive amination. The imine formation of 8 by
treatment with alkylamines and MS3A followed by a
reduction provided the alkylamino library 9. Synthesis
of the cyclized amino substituted compound 14 was
initiated from the optically active (S)-proline derivative.
The diarylurea compound 13 was prepared by a proce-
dure similar to that for synthesis of 6. Deprotection of
13 gave compound 14.

SAR Profiles and Structural Basis for Selective
Cdk4 Inhibition. Compounds in the first alkylamino
library (64 compounds) were tested by both cyclin
D—Cdk4 and cyclin A—Cdk2 inhibitory assay. The
potencies and Cdk4 selectivities over Cdk2 of the
representative compounds are summarized in Table 2.
Interestingly, introduction of the amino groups caused
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Scheme 1. Synthetic Routes of 5-Substituted Pyrazole-3-yl Urea Derivatives?
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a Reagents: (a) (1) BuLi, CH3CN, tetrahydrofuran; (2) NH2NH;, EtOH, 40% (for 4), 81% (for 11); (b) NaH, (Boc),0, tetrahydrofuran,
53% (for 5), 61% (for 12); (c) (1) 4-(dimethylamino)pyridine, p-nitrophenyl chloroformate, CHClIs; (2) amine;?® (3) 4 N HCI, MeOH, 19%;
(d) Pd(OH),/C, H,, 2 N HCI, MeOH—tetrahydrofuran, 93%; (e) MnO,, CHClz—dimethylformamide, 59%; (f) (1) alkylamine, MS3A,
chloroform—MeOH; (2) NaBH4, 20—50%; (g) (1) NaH, 4-nitrophenyl chloroformate, tetrahydrofuran; (2) amine,? 4-(dimethylamino)pyridine,

42%; (3) 6 N HCI, MeOH, 21%; (h) Pd/C, H,, 4 N HCI, MeOH, 51%.

Table 2. I1Csp Values and Cdk4 Selectivity over Cdk2 of
5-Alkylaminomethyl-pyrazole-3-yl Urea Derivatives

HN
N N‘\
O “ NH
g
o]
Inhibitory activity Selectivity
(ICsp, UM) (-fold)
no. R D-Cdk4 A-Cdk2  Cdk2/Cdk4
9a *”\u/ 0.29 14 48
9b A~ 0.16 12 75
H
9 K\NJ\ 0.13 17 130
H
9d K\NJ< 0.056 9.8 180
H
9e K\N/O 0.065 9.7 150
H
of f\NO 0.72 20 27
H
9g *’J\D 0.47 75 16
A
9h “O 0.25 12 48

a 100—200-fold decrease in Cdk2 inhibitory activity as
compared to that of compound 1 (ICs, (Cdk2) = 0.078
uM). Although addition of these amino groups also

caused reduction of Cdk4 inhibitory activity in general,
the compounds substituted with tert-butyl (9d) and
cyclopentyl (9e) had almost comparable inhibition po-
tencies to that of compound 1. Consequently, 9d and
9e showed better Cdk4 selectivities over Cdk2 (180-fold
and 150-fold, respectively). These SARs and structural
information around the p16 binding region suggested
that (1) NH,*"s on the alkylamino groups formed a
hydrogen bond with the carboxyl group of Asp99 (Asp86
in Cdk2), (2) in Cdk2, the alkylamino groups con-
strained by the hydrogen bond with Asp86, caused
electrostatic and/or steric repulsion with the side
chain of Lys89, and (3) in Cdk4, the hydrophobic and
bulky substituents of 9d and 9e fit into the hydrophobic
region surrounded by the side chains of Thr102 and
GIn9s8.

From these facts, we designed 14a and 14b with a
pyrrolidine ring to restrict the substituent, and 15a and
15b with a 5-chloroindan-2-ylaminomethyl group to
enhance the hydrophobic interaction with Cdk4, while
maintaining selectivity over Cdk2. Each compound was
prepared as a single diastereomer?? by chiral HPLC
separation. The potency and Cdk4 selectivity over
Cdk1/2 of each compound are summarized in Table 3.
Compound 14a and 14b showed comparable selectivities
over Cdk2 (110-fold/120-fold) to that of 9d and 9e. We
successfully completed X-ray analysis of the mutant
Cdk2 (Cdk4 mimic Cdk2, having F82H, L83V, and
K89T) —14b complex (PDB ID: 1GIJ) using the soaking
method (Figure 5A).° In this X-ray structure, the NH,™"
group of pyrrolidine in 14b formed a salt bridge with
the carboxyl group of Asp86, which proved our hypoth-
esis. On the other hand, 15a/15b showed 30—40-fold
enhancement of Cdk4 inhibitory activity (0.0016 «M/
0.0023 uM) compared to that of 9e with good selectivity
over Cdk2. The docking studies?® between Cdk4/Cdk2
and 15b predicted steric repulsion between the large
chloroindanyl group constrained by the hydrogen bond
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Table 3. 1Csp Values and Cdk4 Selectivity over Cdk1/2 of Designed Compounds

R,
HN
Ny
“ NH
R{” hd
o]
Inhibitory activity (ICsg, uM) Selectivity (-fold)
no. Ry R; D-Cdk4 A-Cdk2  B-Cdk1 Cdk2/Cdk4  Cdk1/Cdk4
O "
\ H
14a o%(a E/Q 022 25 31 110 140
N HN
14b o%/g \ ,Q 0.21 25 28 120 130
(\ cl
N &
15%a o Y 0.0016 0.18 0.54 110 340
N
H
Cl
N
15b o > 0.0023 0.44 1.80 190 780
N

with Asp86 and the side chain of Lys89 in Cdk2 (Figure
5C). In addition, it was predicted that the chloroindanyl
group in 15b will make good van der Waals contact with
the side chains of Thr102 and GIn98 in the Cdk4 model.
This contact between hydrophobic surfaces possibly
contributes to the enhanced binding affinity of 15b with
Cdk4. Interestingly, 15b showed higher selectivity over
Cdk1 (780-fold) than over Cdk2 (190-fold), while 14a
showed almost equal selectivity over both Cdk1 (130-
fold) and Cdk2 (120-fold). As already shown in Figure
3C, GIn98 in Cdk4 is replaced by Met in Cdkl but is
conserved in Cdk2. This difference between Cdkl and
Cdk2 may cause different inhibitory activities between
Cdk1 (0.44 uM) and Cdk2 (1.8 uM).

Finally, we investigated the Cdk4 selectivity of 15b
over other representative kinases. Schematic figures of
the binding modes of the key compounds 1 and 15b,
their Cdk4 selectivity over representative kinases, and
the sequence alignment (Asp99, Thr102, and GIn98) are
summarized in Figure 6. The selectivity of 15b over
Cdk1/2 was remarkably higher than that of compound
1, while the selectivity of 15b over other Ser/Thr kinases
and Tyr kinases remained the same or were enhanced.
The NH,*t of 15b, which is assumed to interact with
Asp99, is critical for the higher Cdk4 selectivity not only
over Cdk1/2 but also over other kinases. As shown in
Figure 6, this Asp99 is replaced by the nonacidic
residues in most tyrosine kinases. Thr102 and GIn98
are also frequently replaced by other residues in both
Ser/Thr kinases and tyrosine kinases. The interactions
between the three residues and 15b were supposed
to contribute to the improvement in Cdk4 selectivity
over Lck (3000-fold), FIt-1 (480-fold), FGFR1 (7000-fold),
and PDGFRf (1500-fold) compared with those of com-
pound 1.

Conclusion

We developed a highly selective and potent Cdk4
inhibitor 15b by structure-based drug design. Com-
pound 15b showed excellent selectivity not only over
Cdk1/2 (780-fold/190-fold) but also over many other
kinases (>430-fold) so far investigated. Cell-based stud-
ies revealed that 15b of between 0.1 and 0.5 uM
concentration causes G; arrest in the Rb(+) cancer cell
line (Molt-4). Further details regarding the cellular
profiles of these Cdk4 selective inhibitors will be re-
ported in a following manuscript.23

Identification of altered residues in Cdk1/2 and in 390
other kinases in their ATP binding pockets allowed us
to focus on target residues to interact with substituents
on lead compounds. Library design based on the loca-
tions of these residues and the binding modes of lead
compounds enabled us to develop potent and selective
compounds efficiently.

The kinase superfamily consists of numerous kinases
that have a common folding pattern. Therefore, in
general it is difficult to improve target kinase selectivity
with respect to all the other kinases at the same time.
Our approach should be helpful for the development of
specific kinase inhibitors more systematically and ef-
ficiently.

Experimental Section

Materials and Methods. All reagents and solvents were
of commercial quality and were used without further purifica-
tion unless otherwise noted. Melting points were determined
with a Yanaco MP micromelting point apparatus (Yanagimoto
Seisakusho Co., Ltd., Japan) and were not corrected. *H NMR
spectra were obtained on a Varian Gemini-300 (300 MHz) or
Gemini-200 (200 MHz) with tetramethylsilane as an internal
standard. Mass spectrometry was performed with a JEOL
JMS-SX 102A (FAB positive) or micromass QUATTRO 11 (ESI
positive). High-resolution mass spectra (HR-MS) were deter-
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His82
(F82H)
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Figure 5. Structural basis of selective Cdk4 inhibition by compound 15b. A: binding mode of 14b in Cdk4 mimic Cdk2 (X-ray,
PDB ID: 1GI1J). ° B: binding mode of 15b in Cdk4 (model). C: steric repulsion between chloroindane in 15b and the side chain
of Lys89 (stereoview). Dark blue stick: the side chain of Lys89, whose conformation originated from X-ray analysis of Thr160
phosphorylated Cdk2-cyclin A-ATPyS complex (PDB ID: 1JST). The location of Lys89 was determined by superposition of the
Cdk4 homology model and 1JST. Cyan cloud: van der Waals surface representation of chloroindane. Dark blue cloud: van der

Waals surface representation of Lys89 in Cdk2.

mined with a micromass Q-TOF2 (ESI positive). Optical
rotations were measured with a Jasco DIP-370 polarimeter.
Thin-layer chromatography (TLC) analysis was performed on
Merck Kieselgel Fiss precoated plates. Silica gel column
chromatography was carried out on Wako gel C-300 (Wako
Pure Chemicals Industries, Ltd., Japan).
N-[(9bR)-5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]-
isoindol-9-yl]-N'-(1H-pyrazol-3-yl)urea (2a). To a stirred
solution of 1-benzyl-3-aminopyrazole?* (150 mg, 0.74 mmol) in
CHCI3; (10 mL) were added 4-(dimethylamino)pyridine (139
mg, 1.63 mmol) and 4-nitrophenyl chloroformate (143 mg, 0.74
mmol). After the solution was stirred for 30 min at 70 °C,
(9bR)-9-amino-1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]isoindol-
5-one’ (70 mg, 0.37 mmol) was added, and the reaction mixture
was stirred for 10 h at the same temperature. The solvent was
removed in vacuo, and the residue was purified by silica gel
column chromatography (3% MeOH in CHCIs;) to give crude
N-(1-benzyl-1H-pyrazol-3-yl)-N'-[(9bR)-5-0x0-2,3,5,9b-tetrahy-
dro-1H-pyrrolo[2,1-a]isoindol-9-ylJurea (136 mg). The solu-
tion of crude N-(1-benzyl-1H-pyrazol-3-yl)-N'-[(9bR)-5-0xo0-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yllurea (136
mg) in MeOH—tetrahydrofuran (1:1) was mixed with pal-
ladium hydroxide (on carbon, 100 mg) and 2 N HCI (100 uL).

The mixture was stirred for 10 h at 50 °C under an atmo-
spheric pressure of hydrogen. The catalyst was removed by
filtration and concentrated in vacuo. The residue was purified
by silica gel column chromatography (3% MeOH in CHCI3) and
recrystalized from EtOAc to yield 2a (58 mg, 53%, two steps)
as a white solid. mp 248—249 °C. *H NMR (300 MHz, DMSO-
de): 6 1.02—1.09 (1H, m), 2.26—2.37 (2H, m), 2.59—-2.64 (1H,
m), 3.26—3.33 (1H, m), 3.52—3.56 (1H, m), 4.70 (1H, dd, J, =
10.4 Hz, J, = 5.7 Hz), 6.14 (1H, brs), 7.27 (1H, d, 3 = 8.0 Hz),
7.43 (1H,t,J = 8.0 Hz), 7.64 (1H, s), 8.25 (1H, d, J = 8.0 Hz),
8.40—9.60 (1H, br), 9.47 (1H, s), 12.39 (1H, brs). MS (ESI+):
m/z 298 (M+H)*. HR-MS calcd for CisHigNsO, (M+H)*:
298.1304, found 298.1300. [a]p?® 115.8° (¢ 1.0, CHClI3). Anal.
(C15H15N502'0.1EtOAC) C, H, N.
N-[(9bS)-5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]-
isoindol-9-yl]-N'-(1H-pyrazol-3-yl)urea (2b). To a stirred
solution of 1-benzyl-3-aminopyrazole?* (150 mg, 0.74 mmol)
in CHCI; (10 mL) were added 4-(dimethylamino)pyridine
(239 mg, 1.63 mmol) and 4-nitrophenyl chloroformate (143 mg,
0.74 mmol). After the solution was stirred for 30 min at 70
°C, (9bS)-9-amino-1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]isoin-
dol-5-0ne® (70 mg, 0.37 mmol) was added, and the reaction
mixture was stirred for 10 h at the same temperature. The
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Figure 6. Cdk4 selectivity of key compounds 1 and 15b over Cdk1/2 and other representative kinases, and sequence alignment

(Asp99, Thr102, and GIn98).

solvent was removed in vacuo, and the residue was purified
by silica gel column chromatography (3% MeOH in CHCIs) to
give crude N-(1-benzyl-1H-pyrazol-3-yl)-N'-[(9bS)-5-0x0-2,3,5,-
9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yllurea (149 mg).
The solution of crude N-(1-benzyl-1H-pyrazol-3-yl)-N'-[(9bS)-
5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-ylJurea
(149 mg) in MeOH—tetrahydrofuran (1:1) was mixed with
palladium hydroxide (on carbon, 100 mg) and 2 N HCI (100
uL). The mixture was stirred for 10 h at 50 °C under an
atmospheric pressure of hydrogen. The catalyst was removed
by filtration and concentrated in vacuo. The residue was
purified by silica gel column chromatography (3% MeOH in
CHCls) and recrystalized from EtOAc to yield 2b (63 mg, 57%,
two steps) as a white solid. mp 248—249 °C. *H NMR (300
MHz, DMSO-dg): 6 1.02—1.09 (1H, m), 2.26—2.37 (2H, m),
2.59-2.64 (1H, m), 3.26—3.33 (1H, m), 3.52—3.56 (1H, m), 4.70

(1H, dd, J; = 10.4 Hz, J, = 5.7 Hz), 6.14 (1H, brs), 7.27 (1H,
d, J=8.0Hz), 7.43 (1H, t, J = 8.0 Hz), 7.64 (1H, s), 8.25 (1H,
d, J = 8.0 Hz), 8.40—9.60 (1H, br), 9.47 (1H, s), 12.39 (1H,
brs). MS (ESI+): m/z 298 (M+H)*. HR-MS calcd for C15sH16Ns0-
(M+H)*: 298.1304, found 298.1304. [a]p®—115.4° (¢ 1.0,
CHC|3) Anal. (ClsH15N502-0.1EtOAc) C, H, N.
5-[(Benzyloxy)methyl]-1H-pyrazol-3-amine (4). To a
stirred solution of acetonitrile (10.2 mL, 195 mmol) in tet-
rahydrofuran (500 mL) was added butyllithium (130 mL, 1.5
M solution of hexane, 196 mmol) at —78 °C. After the solution
was stirred for 30 min at the same temperature, ethyl benzyl-
oxyacetate (3)?° (34.0 g, 178 mmol) was added. The reaction
mixture was stirred at room temperature for 2 h and then
poured into water. The solution was acidified with 1 N HCI
and extracted with EtOAc. The organic layer was concentrated
in vacuo. A solution of the residue (17.3 g) in ethanol (200 mL)
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was mixed with hydrazine monohydrate (26 mL, 536 mmol)
and refluxed for 10 h. The reaction mixture was evaporated
in vacuo, and the residue was diluted with CHCIs; and washed
with brine. The organic layer was concentrated in vacuo, and
the residue was purified by silica gel column chromatography
(2% MeOH in CHCIy) to give 4 (14.5 g, 40%, two steps). 'H
NMR (200 MHz, CDCls): 6 3.48 (2H, s), 4.47 (2H, s), 4.53 (2H,
s), 5.58 (1H, s), 7.20—7.44 (6H, m). MS (ESI+): m/z 204
(M+H)*.
tert-Butyl 3-Amino-5-[(benzyloxy)methyl]-1H-pyrazole-
1-carboxylate (5). To a stirred solution of 4 (145 g, 71.3
mmol) in tetrahydrofuran—dimethylformamide (3:2, 250 mL)
was added sodium hydride (3.1 g, 60 wt % in mineral oil, 78.4
mmol) at 0 °C. After the solution was stirred for 30 min, di-
tert-butyl dicarbonate (17.1 g, 78.4 mmol) was added. The
resultant mixture was stirred for 2 h at room temperature,
poured into saturated aqueous NH,Cl, and extracted with
CHClI3. The organic layer was washed with brine, dried over
MgSQ,, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (2% MeOH in CHCIs) to
yield 5 (11.5 g, 53%). 'H NMR (300 MHz, CDCls): ¢ 1.68 (9H,
s), 3.49 (1H, d, J = 5.6 Hz), 4.52 (2H, s), 4.58 (2H, s), 5.34
(2H, br), 5.54 (1H, s), 7.28—7.40 (5H, m). MS (ESI+): m/z 304
(M+H)*.
N-{5-[(Benzyloxy)methyl]-1H-pyrazol-3-yl}-N'-(5-oxo-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]lisoindol-9-yl)urea
(6). To a stirred solution of 5 (5.0 g, 16 mmol) in CHCI; (50
mL) were added 4-(dimethylamino)pyridine (2.2 g, 18 mmol)
and 4-nitrophenyl chloroformate (3.65 g, 17 mmol). After the
solution was stirred for 30 min at 70 °C, 9-amino-1,2,3,9b-
tetrahydro-5H-pyrrolo[2,1-a]isoindol-5-one® (3.4 g, 17 mmol)
was added. The reaction mixture was stirred for 2 h at the
same temperature. The solvent was removed in vacuo, and the
residue was purified by silica gel column chromatography (2%
MeOH in CHCIs) to give crude tert-butyl 5-[(benzyloxy)methyl]-
3-({[(5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)-
amino]carbonyl}amino)-1H-pyrazole-1-carboxylate (2.5 g). A
solution of crude tert-butyl 5-[(benzyloxy)methyl]-3-({[(5-0x0-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)amino]-
carbonyl}amino)-1H-pyrazole-1-carboxylate (2.5 g) in MeOH
was mixed with 4 N HCI (5 mL, dioxane solution). After the
solution was stirred for 30 min at room temperature, the
reaction mixture was diluted with CHCI;, and the organic layer
was washed with brine, dried over MgSO,, and concentrated
in vacuo. The residue was purified by silica gel column
chromatography (5% MeOH in CHCI;) to yield 6 (1.3 g, 19%,
two steps) as a white solid. *H NMR (300 MHz, DMSO-dg): 6
1.01-1.10 (1H, m), 2.28—-2.33 (2H, m), 2.59—2.65 (1H, m),
3.25—-3.31 (1H, m), 3.51 (1H, d, J = 8.2 Hz), 4.50 (2H, s), 4.70
(1H, dd, J; = 10.5 Hz, J, = 5.9 Hz), 6.15 (1H, brs), 7.26—7.46
(8H, m), 8.25 (1H, d, J = 8.2 Hz), 9.46 (1H, s), 12.50 (1H, brs).
MS (ESI+): m/z 418 (M+H)™.
N-[5-(Hydroxymethyl)-1H-pyrazol-3-yl]-N'-(5-0x0-2,3,5,-
9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)urea (7). To
a stirred solution of 6 (1.3 g, 3.1 mmol) in MeOH—tetrahy-
drofuran (1:1, 100 mL) were added palladium hydroxide (on
carbon, 500 mg) and 2 N HCI (1.0 mL), and the mixture was
stirred for 10 h at 50 °C under an atmospheric pressure of
hydrogen. The catalyst was removed by filtration and concen-
trated in vacuo. The residue was precipitated from EtOAc—
hexane to yield 7 (0.94 g, 93%) as a white solid. *H NMR (300
MHz, DMSO-dg): ¢ 1.01-1.08 (1H, m), 2.30—2.33 (2H, m),
2.63—2.66 (1H, m), 3.16 (1H, d, J = 5.2 Hz), 3.47-3.53 (1H,
m), 4.64 (2H, d, J = 5.6 Hz), 4.70 (1H, dd, J; = 10.3 Hz, J, =
5.7 Hz), 5.30 (1H, d, J = 5.4 Hz), 6.02 (1H, brs), 7.26 (1H, d,
J =6.6 Hz), 7.43 (1H, t, J = 6.6 Hz), 8.27 (1H, d, J = 6.6 Hz),
9.44 (1H, s), 12.30 (1H, brs). MS (ESI+): m/z 328 (M+H)*.
N-(5-Formyl-1H-pyrazol-3-yl)-N'-(5-0x0-2,3,5,9b-tetrahy-
dro-1H-pyrrolo[2,1-a]isoindol-9-yl)urea (8). To a stirred
solution of 7 (0.94 g, 2.9 mmol) in CHCIl;—dimethylformamide
(1:2, 15 mL) was added MnO, (1.5 g, 17.3 mmol). After the
solution was stirred for 1 h at 50 °C, the reaction mixture was
filtered. The filtrate was concentrated in vacuo, and the
residue was purified by silica gel column chromatography (10%
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MeOH in CHCI;) to yield 8 (0.56 g, 59%) as a white solid. mp
230 °C, dec *H NMR (300 MHz, DMSO-dg): ¢ 0.98—1.09 (1H,
m), 2.25—2.36 (2H, m), 2.48—3.36 (2H, m), 3.49—3.53 (1H, m),
4.74 (1H, dd, J; = 10.4 Hz, J, = 5.7 Hz), 7.14 (1H, s), 7.32
(AH, d, J = 8.0 Hz), 7.46 (1H, t, J = 8.0 Hz), 8.14 (1H,d, J =
8.0 Hz), 8.42 (1H, brs), 9.68 (1H, br), 9.79 (1H, brs), 10.26 (1H,
s). MS (ESI+): m/z 326 (M+H)*. HR-MS calcd for C16H16Ns03
(M+H)*: 326.1253, found 326.1262.

General Procedure for Preparation of Alkylaminom-
ethyl Library (9). To a stirred solution of 8 (30 mg, 0.092
mmol) and MS3A (30 mg) in MeOH (3 mL) was added 3.0 equiv
of amine at room temperature. After the solution was stirred
for 12 h at the same temperature, NaBH, (100 mg, 2.64 mmol)
was added. The resultant mixture was stirred for 1 h, poured
into 1 N HCI, neutralized with saturated aqueous NaHCOg,
and extracted with CHCIs. The organic layer was washed with
brine, dried over MgSO,, and concentrated in vacuo. The
residue was purified by preparative silica gel chromatography
(20% MeOH in CHCI3) to yield 9. Yields ranged from 20 to
50%.

The following compounds (9a, 9b, 9c, 9d, 9e, 9f, 9g, 9h,
15a, and 15b) were prepared from the appropriate amines and
8 by the same procedure.

N-{5-[(Methylamino)methyl]-1H-pyrazol-3-yl}-N'-(5-
0xo0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)-
urea (9a). *H NMR (300 MHz, DMSO-ds): 6 0.95—1.10 (1H,
m), 2.49 (3H, s), 2.20—2.80 (3H, m), 3.20—3.60 (2H, m), 4.12
(2H, m), 4.79 (1H, dd, J; = 10.2 Hz, J; = 5.3 Hz), 6.41 (1H, s),
729 (1H,d, 3 =7.9Hz), 7.44 (1H, t, I = 7.9 Hz), 8.21 (1H, d,
J=7.9Hz),9.12 (2H, br), 9.90 (1H, brs). MS (ESI+): m/z 341
(M+H)*. HR-MS calcd for Ci7H21NgO, (M+H)*: 341.1726,
found 341.1726.

N-(5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-y1)-N'-{5-[(propylamino)methyl]-1H-pyrazol-3-yl}-
urea (9b). *H NMR (300 MHz, DMSO-ds): 4 0.91 (1H,t,J =
7.5 Hz), 0.90—1.22 (1H, m), 1.60—1.75 (1H, m), 2.22—2.40 (2H,
m), 2.65—2.77 (1H, m), 2.80—2.82 (2H, m), 3.25—3.35 (1H,m),
3.45—3.60 (1H, m), 4.13 (1H, m), 4.80 (1H, dd, J; = 10.4 Hz,
J, =5.9 Hz), 6.43 (1H, s), 7.28 (1H, d, 3 = 7.3 Hz), 7.44 (1H,
t, J = 7.3 Hz), 8.21 (1H, d, J = 7.3 Hz), 9.23 (2H, br), 9.95
(AH, s). MS (ESI+): m/z 369 (M+H)". HR-MS calcd for
C19H25N6O2 (M+H)*: 369.2039, found 369.2036.

N-{5-[(Isopropylamino)methyl]-1H-pyrazol-3-yl}-N'-(5-
0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)-
urea (9c). *H NMR (300 MHz, DMSO-dg): 6 0.91 (1H,t,J =
7.5 Hz), 0.98—1.15 (1H, m), 1.27 (6H, d, J = 6.4 Hz), 2.25—
2.42 (2H, m), 2.40—2.60 (1H, m), 2.66—2.78 (1H, m), 3.25—
3.42 (2H, m), 3.45—3.62 (1H, m), 4.13 (2H, m), 4.80 (1H, dd,
J, =104 Hz, 3, = 5.9 Hz), 6.44 (1H, s), 7.43 (1H,d, I = 7.7
Hz), 8.20 (1H, d, J = 7.7 Hz), 9.15 (2H, br), 9.91 (1H, s). MS
(ESI+): m/z 369 (M+H)". HR-MS calcd for CioH25NeO2
(M+H)*: 369.2039, found 369.2039.

N-{5-[(tert-Butylamino)methyl]-1H-pyrazol-3-yl}-N'-(5-
0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)-
urea (9d). *H NMR (300 MHz, DMSO-dg): ¢ 0.91 (1H,t,J =
7.5 Hz), 0.95—-1.12 (1H, m), 1.35 (9H, s), 2.22—2.38 (2H, m),
2.62—2.75 (1H, m), 3.32—3.37 (1H, m), 3.42—3.60 (1H, m), 4.10
(2H, m), 4.79 (1H, dd, J; = 10.4 Hz, J; = 5.9 Hz), 6.47 (1H, s),
7.29 (1H,d, 3 =7.3 Hz), 7.45 (1H, t, I = 7.3 Hz), 8.22 (1H, d,
J = 7.3 Hz), 9.09 (2H, br), 9.91 (1H, s). MS (ESI+): m/z 383
(M+H)*. HR-MS calcd for CyH27NgO, (M+H)*: 383.2195,
found 383.2200.

N-{5-[(Cyclopentylamino)methyl]-1H-pyrazol-3-yl}-N'-
(5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-
ylurea (9e). *H NMR (300 MHz, DMSO-dg): ¢ 0.90—1.20 (1H,
m), 1.20—2.00 (8H, m), 2.20—2.70 (4H, m), 3.00—3.40 (1H, m),
3.40—3.60 (1H, m), 3.74 (2H, m), 4.69 (1H, m), 7.25 (1H, d, J
=79 Hz), 741 (1H, t, I = 7.9 Hz), 8.21 (1H, d, J = 7.9 Hz),
9.44 (1H, br), 12.20 (1H, br). MS (ESI+): m/z 395 (M+H)*.
HR-MS calcd for Cy;H27NgO, (M+H)*™: 395.2195, found
395.2205.

N-{5-[(Cyclohexylamino)methyl]-1H-pyrazol-3-yl}-N'-
(5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-
ylhurea (9f). *H NMR (300 MHz, DMSO-dg): 6 0.80—1.45 (6H,
m), 1.58—1.69 (1H, m), 1.70—1.85 (2H, m), 2.05—2.15 (2H, m),
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2.20—2.40 (2H, m), 2.65—2.75 (1H, m), 2.92-3.07 (1H, m),
3.24—3.38 (1H, m), 3.45—3.60 (1H, m), 4.17 (1H, m), 4.79 (1H,
dd, J;, = 10.4 Hz, J, = 5.9 Hz), 6.45 (1H, s), 7.29 (1H, d, J =
7.5Hz), 7.45 (1H,t,J =7.5Hz),8.26 (1H,d, J=7.5Hz), 9.14
(2H, br), 9.89 (1H, s). MS (ESI+): m/z 409 (M+H)*. HR-MS
calcd for CaoH29N6O2 (M+H)*™: 409.2352, found 409.2344.

N-(5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-yI)-N'-[5-(pyrrolidin-1-ylmethyl)-1H-pyrazol-3-yl]-
urea (99g). *H NMR (300 MHz, DMSO-dg): ¢ 0.95-1.10 (1H,
m), 1.75—-2.10 (4H, m), 2.15—-2.40 (2H, m), 2.66—2.78 (1H, m),
3.00—3.20 (2H, m), 3.20—3.65 (4H, m), 4.32 (2H, m), 4.79 (1H,
dd, J, = 10.3 Hz, J, = 5.3 Hz), 6.43 (1H, s), 7.28 (1H, d, J =
7.9 Hz), 7.43 (1H, t, J = 7.9 Hz), 8.19 (1H, d, J = 7.9 Hz), 9.10
(1H, br), 9.90 (1H, br), 10.63 (1H, br). MS (ESI+): m/z 381
(M+H)+. HR-MS calcd for CyoH2sNgO- (M+H)+: 381.2039,
found 381.2044.

N-(5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-yI)-N'-[5-(piperidin-1-ylmethyl)-1H-pyrazol-3-ylJurea
(9h). *H NMR (300 MHz, DMSO-dg): ¢ 0.80—2.00 (7H, m),
2.15-2.95 (3h, m), 3.20—3.70 (6H, m), 4.25 (2H, m), 4.74 (1H,
dd, J; = 10.3 Hz, J, = 5.3 Hz), 6.43 (1H, s), 7.27 (1H, d, J =
7.9 Hz), 7.42 (1H, t, I = 7.9 Hz), 8.17 (1H, d, J = 7.9 Hz), 8.90
(1H, br), 9.75 (1H, br). MS (ESI+): m/z 395 (M+H)". HR-MS
calcd for Cz1H27N6O2 (M+H)*: 395.2195, found 395.2196.

5-[(2S)-1-Benzylpyrrolidin-2-yl]-1H-pyrazol-3-amine
(11). To a stirred solution of acetonitrile (0.784 mL, 15.0 mmol)
in tetrahydrofuran (25 mL) was added butyllithium (9.6 mL,
1.56 M solution of hexane, 15.0 mmol) at —78 °C. After the
solution was stirred for 30 min at the same temperature,
N-benzyl-L-proline ethyl ester (10) (3.18 g, 13.6 mmol) was
added. The reaction mixture was stirred at room temperature
for 2 h and then poured into water. The solution was acidified
by 1 N HCI, neutralized by saturated aqueous NaHCO3, and
extracted with EtOAc. The organic layer was concentrated in
vacuo. A solution of the residue (2.73 g) in ethanol (30 mL)
was mixed with hydrazine monohydrate (3.0 mL, 61.8 mmol),
and the resultant mixture was refluxed for 24 h. The reaction
mixture was evaporated in vacuo, and the residue was diluted
with CHCI; and washed with brine. The organic layer was
concentrated in vacuo, and the residue was purified by silica
gel column chromatography (5% MeOH in CHCIs) to give 11
(2.65 g, 81%) as a colorless foam. *H NMR (300 MHz, CDCl5):
0 1.98-2.08 (3H, m), 2.36—2.50 (2H, m), 3.24—3.30 (1H, m),
3.46 (1H, d, J = 12.9 Hz), 3.80 (1H, t, J = 7.3 Hz), 3.70—4.00
(2H, br), 4.15 (1H, d, J = 12.9 Hz), 5.83 (1H, s), 7.48—7.57
(5H, m). MS (ESI+): m/z 243 (M+H)*. [a]p?® —70.2° (c 1.0,
dimethylformamide).

tert-Butyl 3-Amino-5-[(2S)-1-benzylpyrrolidin-2-yl]-1H-
pyrazole-1-carboxylate (12). To a stirred solution of 11 (2.65
g, 10.9 mmol) in dimethylformamide (40 mL) was added NaH
(60 wt % in mineral oil, 0.52 g, 13.0 mmol). After the solution
was stirred for 30 min at room temperature, di-tert-butyl
dicarbonate (3.0 mL, 13.1 mmol) was added. The reaction
mixture was stirred for 30 min, poured into saturated aqueous
NH,CI, and extracted with EtOAc. The organic layer was
washed with water and brine, dried over MgSO,, and concen-
trated in vacuo. The residue was purified by silica gel column
chromatography (EtOAc 100%) to give 12 (2.26 g, 61%) as a
colorless foam. 'H NMR (300 MHz, CDClz): 6 1.65 (9H, s),
1.74-1.86 (3H, m), 2.12—2.20 (2H, m), 2.86—3.02 (1H, m), 3.13
(1H, d, J =13.1 Hz), 3.47 (1H, t, J = 7.9 Hz), 3.93 (1H, d, J =
12.9 Hz), 5.24 (2H, brs), 5.57 (1H, s), 7.19—7.31 (5H, m). MS
(ESI+): m/z 343 (M+H)". [a]p?® —21.8° (c 1.0, dimethylfor-
mamide).

tert-Butyl 5-[(2S)-1-Benzylpyrrolidin-2-yl]-3-({ [(5-0xo0-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl)amino]-
carbonyl}amino)-1H-pyrazole-1-carboxylate. To a stirred
solution of 12 (2.26 g, 6.6 mmol) in tetrahydrofuran (30 mL)
was added NaH (60 wt % in mineral oil, 344 mg, 8.6 mmol).
After the solution was stirred for 30 min at room temperature,
4-nitrophenyl chloroformate (1.73 g, 8.6 mmol) was added and
stirred for an additional 30 min; subsequently, 4-(dimethy-
lamino)pyridine (960 mg, 7.9 mmol) and 9-amino-1,2,3,9b-
tetrahydro-5H-pyrrolo[2,1-a]isoindol-5-one® (1.62 g, 8.6 mmol)

Honma et al.

was added. The reaction mixture was stirred for 12 h at 60
°C, poured into 1 N NaOH, and extracted with CHCIs. The
organic layer was washed with brine, dried over MgSQO,, and
concentrated in vacuo. The residue was purified by silica gel
chromatography (1.5% MeOH in CHCIz) to give tert-butyl
5-[(2S)-1-benzylpyrrolidin-2-yl]-3-({ [(5-0x0-2,3,5,9b-tetrahydro-
1H-pyrrolo[2,1-a]isoindol-9-yl)amino]carbonyl} amino)-1H-pyra-
zole-1-carboxylate (1.55 g, 42%). *H NMR (300 MHz, DMSO-
de): 0 1.01-1.23 (1H, m), 1.64—1.80 (3H, m), 1.65 and 1.69
(each 4.5H, s), 2.00—2.58 (5H, m), 2.59—2.90 (1H, m), 3.17 (1H,
d, J = 13.0 Hz), 3.43-3.62 (3H, m), 3.78 (1H, d, J = 13.0 Hz),
4.64—4.70 (1H, m), 6.43 (1H, brs), 7.20—7.36 (6H, m), 7.43 (1H,
t, J = 8.0 Hz), 7.55 (1H, d, J = 8.0 Hz), 8.35 (1H, d, J = 8.0
Hz), 8.70—9.04 (1H, m), 9.96—10.51 (1H, m). MS (ESI+): m/z
557 (M+H)*.
N-{5-[(2S)-1-Benzylpyrrolidin-2-yl]-1H-pyrazol-3-yl}-
N'-(5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-ylurea (13). tert-Butyl 5-[(2S)-1-benzylpyrrolidin-2-yl]-3-
({[(5-0x0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-
yl)amino]carbonyl} amino)-1H-pyrazole-1-carboxylate (1.55 g,
2.8 mmol) was diluted with 4 N HCI (MeOH solution, 20 mL),
and the resultant solution was stirred for 10 h at room
temperature. The mixture was poured into saturated aqueous
NaHCOs3, extracted with CHCI3, washed with brine, dried over
MgSO,, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (1.5% MeOH in CHCls)
to yield 13 (623 mg, 21%). *H NMR (300 MHz, DMSO-dg): ¢
0.98-1.04 (1H, m), 1.64-1.80 (3H, m), 2.04—2.40 (4H, m),
2.59—2.90 (2H, m), 3.16 (1H, d, J = 13.2 Hz), 3.42—3.60 (3H,
m), 3.76 (1H, d, J = 13.2 Hz), 4.62—4.68 (1H, m), 6.09 (1H,
brs), 7.20—7.36 (6H, m), 7.42 (1H, t, J = 7.9 Hz), 8.26 (1H, d,
J = 7.9 Hz), 9.43 (1H, s), 12.40 (1H, s). MS (ESI+): m/z 457
(M+H)+. HR-MS calcd for CzeHngeOz (M+H)+: 4572352,
found 457.2352. [0]p?° —46.8° (¢ 1.0, dimethylformamide).
N-[(9bR)-5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]i-
soindol-9-yl]-N'-{5-[(2S)-pyrrolidin-2-yl]-1H-pyrazol-3-
yl}urea (14a) and N-[(9bS)-5-Ox0-2,3,5,9b-tetrahydro-1H-
pyrrolo[2,1-a]isoindol-9-yl]-N'-{5-[(2S)-pyrrolidin-2-yl]-
1H-pyrazol-3-yl}urea (14b). To a stirred solution of 13 (620
mg, 1.4 mmol) in MeOH (5.0 mL) were added 4 N HCI (MeOH
solution, 0.5 mL) and 10% Pd/C (250 mg). The mixture was
stirred at room temperature for 3 days under an atmospheric
pressure of hydrogen. The catalyst was removed by filtration,
and the filtrate was concentrated in vacuo. The residue was
recrystalized from EtOAc—MeOH to give a diastereomeric
mixture 14 (264 mg, 51%). A sample of 14 (169 mg) was
separated by chiral HPLC (CHIRALPAK AD, 20¢ x 250 mm,
ethyl alcohol—ethylamine (1000:1), flow rate 10 mL/min) to
give 14a (retention time 10 min, 45 mg, 99% de) and 14b
(retention time 9 min, 28 mg, 99% de) as white solids. 14a:
mp 223-225 °C. IH NMR (300 MHz, DMSO-dg): 6 0.98—1.18
(1H, m), 1.59—1.80 (3H, m), 2.00—2.10 (1H, m), 2.22—2.40 (2H,
m), 2.60—2.77 (1H, m), 2.80—2.98 (2H, m), 3.42—3.48 (1H, m),
4.09 (1H, t, J = 7.2 Hz), 4.64—-4.79 (1H, m), 5.86 (1H, s), 7.26
(1H, d, 3 = 6.7 Hz), 7.42 (1H, dd, J; = 8.0 Hz, J, = 6.7 Hz),
8.27 (1H, d, J = 8.0 Hz), 9.41 (1H, s), 12.19 (1H, s). MS
(ESI+): m/z 367 (M+H)". HR-MS calcd for CioH23NgO2
(M+H)*: 367.1882, found 367.1895. [a]p?° 53.2° (¢ 0.5, dim-
ethylformamide). 14b: mp 229-231 °C. 'H NMR (300 MHz,
DMSO-dg): 6 0.98—1.18 (1H, m), 1.59—1.80 (3H, m), 2.00—
2.10 (1H, m), 2.22—2.40 (2H, m), 2.60—2.77 (1H, m), 2.80—
2.98 (2H, m), 3.42—3.48 (1H, m), 4.09 (1H, t, J = 7.2 Hz), 4.64—
4.79 (1H, m), 5.86 (1H, s), 7.26 (1H, d, I = 6.7 Hz), 7.42 (1H,
dd, J; = 8.0 Hz, J, = 6.7 Hz), 8.27 (1H, d, J = 8.0 Hz), 9.41
(1H, s), 12.19 (1H, s). MS (ESI+): m/z 367 (M+H)*. HR-MS
calcd for C19H23NgO2 (M+H)+: 367.1882, found 367.1892. [(X]D20
—78.4° (c 0.5, dimethylformamide).
(+)-N-[(2S)-5-Chloro-2,3-dihydro-1H-inden-2-yl]-4-ni-
trobenzamide and (—)-N-[(2R)-5-Chloro-2,3-dihydro-1H-
inden-2-yl]-4-nitrobenzamide. To a solution of 2-aminoin-
dan (14.8 g, 111 mmol) in acetic acid (200 mL) was added Cl,
gas by bubbling for 5 min at room temperature. After the
solution was stirred for 15 min, Cl, was removed by the
bubbling of N, gas. The solution was concentrated in vacuo,
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and the residue was washed with hexane—EtOAc (2:1) to yield
crude 5-chloro-2,3-dihydro-1H-inden-2-ylamine (23 g). To a
solution of the crude 5-chloro-2,3-dihydro-1H-inden-2-ylamine
(23 g) in CHCI3 was added triethylamine (31 mL, 220 mmol)
at room temperature. Subsequently, p-nitrobenzoyl chloride
(22 g, 120 mmol) was added. After the solution was stirred
for 2 h, the reaction mixture was poured into saturated
aqueous NaHCOg; solution. The aqueous layer was extracted
with CHCI;. The combined organic layer was washed with
brine, dried over MgSO,, and concentrated in vacuo. The
residue was purified by HPLC (Senshu Pak PEGASIL Silica
60-5, 30¢ x 250 mm, hexane—EtOAc (1:1), flow rate 15 mL/
min) to give the racemate N-(5-chloro-2,3-dihydro-1H-inden-
2-yl)-4-nitrobenzamide (retention time 13 min, 7.8 g, 22%).
N-(5-chloro-2,3-dihydro-1H-inden-2-yl)-4-nitrobenzamide (7.8
g) was separated by chiral HPLC (CHIRALCEL OD, 20¢ x
250 mm, hexane—isopropyl alcohol (2:3), flow rate 10 mL/min)
to yield (+)-N-[(2S)-5-chloro-2,3-dihydro-1H-inden-2-yl]-4-ni-
trobenzamide (retention time 17 min, 3.63 g, 99% ee) and (—)-
N-[(2R)-5-chloro-2,3-dihydro-1H-inden-2-yl]-4-nitrobenza-
mide (retention time 14 min, 3.76 g, 99% ee) as white solids.
(+)-N-[(2S)-5-Chloro-2,3-dihydro-1H-inden-2-yl]-4-ni-
trobenzamide: mp 168—170 °C. 'H NMR (300 MHz, DMSO-
de): 0 2.88 (1H, t, J = 5.2 Hz), 2.97 (1H, t, J = 5.2 Hz), 3.39
(1H, dd, J; = 6.0 Hz, J, = 5.2 Hz), 3.47 (1H, dd, J; = 6.0 Hz,
J, = 5.2 Hz), 4.88-5.05 (1H, m), 6.29—6.42 (1H, m), 7.17—
7.31 (3H, m), 7.89 (1H, d, J = 8.6 Hz), 8.27 (1H, d, J = 8.6
Hz). HR-MS calcd for Ci6H14N,03%°Cl (M+H)*: 317.0693,
found 317.0696. [a]p?° 52.4° (c 1.0, CHCly).
(—)-N-[(2R)-5-Chloro-2,3-dihydro-1H-inden-2-yl]-4-ni-
trobenzamide: mp 168—170 °C. *H NMR (300 MHz, DMSO-
de): 0 2.88 (1H, t, J =5.2 Hz), 2.97 (1H, t, J = 5.2 Hz), 3.39
(1H, dd, 3, = 6.0 Hz, J, = 5.2 Hz), 3.47 (1H, dd, J; = 6.0 Hz,
J, = 5.2 Hz), 4.88—5.05 (1H, m), 6.29-6.42 (1H, m), 7.17—
7.31 (3H, m), 7.89 (1H, d, J = 8.6 Hz), 8.27 (1H,d, J = 8.6
Hz). HR-MS calcd for Ci6H14N203%°Cl (M+H)*: 317.0693,
found 317.0698. [a]p?® —50.2° (c 1.0, CHCls).
N-[(9bR)-5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]-
isoindol-9-yl]-N'-[5-({[(2S)-5-chloro-2,3-dihydro-1H-
inden-2-ylJamino} methyl)-1H-pyrazol-3-yl]urea (15a) and
N-[(9bS)-5-Oxo0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]-
isoindol-9-yl]-N'-[5-({ [(2S)-5-chloro-2,3-dihydro-1H-inden-
2-yllamino} methyl)-1H-pyrazol-3-ylJurea (15b). To a solu-
tion of (+)-N-[(2S)-5-chloro-2,3-dihydro-1H-inden-2-yl]-4-ni-
trobenzamide (1.52 g, 4.79 mmol) in 12 N HCI (160 mL) was
added acetic acid (30 mL). The resultant mixture was refluxed
for 10 h. After cooling to room temperature, the reaction
mixture was diluted with CHCI; and extracted with water.
The combined aqueous layer was made alkaline with 12 N
NaOH to pH 11 and extracted with CHCI;. The combined
organic layer was washed by brine, dried over MgSO,, and
concentrated in vacuo to produce crude (2S)-5-chloro-2,3-
dihydro-1H-inden-2-amine (0.29 g, 36%). A solution of 8 (0.50
g, 1.5 mmol) in CHCI;—MeOH (1:1, 10 mL) was mixed with
crude (2S)-5-chloro-2,3-dihydro-1H-inden-2-amine (0.29 g, 1.7
mmol). The resultant mixture was stirred for 10 h at 50 °C.
After the solution was cooled to room temperature, NaBH, (87
mg, 2.3 mmol) was added, and the mixture was stirred for 1
h. The mixture was poured into saturated aqueous NH,CIl and
extracted with CHCI;. The combined organic layer was washed
with brine, dried over MgSO,, and concentrated in vacuo. The
residue was purified by preparative silica gel chromatography
(Merck Art.5744, 10% MeOH in CHCI;) to give a diastereo-
meric mixture of N-(5-o0xo0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-
alisoindol-9-yl)-N'-[5-({[(2S)-5-chloro-2,3-dihydro-1H-inden-2-
ylJamino} methyl)-1H-pyrazol-3-ylJurea (0.25 g, 34%) as a white
solid. N-(5-Ox0-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-y)-N'-[5-({[(2S)-5-chloro-2,3-dihydro-1H-inden-2-yllamino} -
methyl)-1H-pyrazol-3-ylJurea (0.25 g) was separated by chiral
HPLC (CHIRALPAK AD, 20¢ x 250 mm, ethyl alcohol 100%,
flow rate 15 mL/min) to yield 15a (retention time 15 min, 109
mg, 100% de) and 15b (retention time 22 min, 113 mg, 100%
de) as white solids. 15a: mp 214—-215 °C. *H NMR (300 MHz,
DMSO-dg): ¢ 0.98—1.14 (1H, m), 2.23—2.40 (1H, m), 2.59—
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2.80 (3H, m), 2.98—3.18 (2H, m), 3.22—3.60 (3H, m), 3.71 (2H,
s), 4.63—4.78 (1H, m), 6.08 (1H, s), 7.08—7.22 (3H, m), 7.24
(1H, d, 3 = 6.5 Hz), 7.44 (1H, dd, J, = 7.9 Hz, J, = 6.5 Hz),
8.27 (1H, d, J = 7.9 Hz), 9.43 (1H, s), 12.22 (1H, s). MS
(ESI+): m/z 477 (M+H)*. HR-MS calcd for CasH2sNsO2Cl
(M+H)*: 477.1806, found 477.1800. [o]p?° 72.2° (c 1.0, dim-
ethylformamide). Anal. (CasH2sNsO.Cl-1H,0) C, H, N. 15b: mp
215—217 °C. *H NMR (300 MHz, DMSO-dg): 6 0.98—1.14 (1H,
m), 2.23—2.40 (1H, m), 2.59—2.80 (3H, m), 2.98—3.18 (2H, m),
3.22—-3.60 (3H, m), 3.71 (2H, s), 4.63—4.78 (1H, m), 6.08 (1H,
s), 7.08—7.22 (3H, m), 7.24 (1H, d, J = 6.5 Hz), 7.44 (1H, dd,
Ji. =79 Hz, J, = 6.5 Hz), 8.27 (1H, d, 3 = 7.9 Hz), 9.43 (1H,
s), 12.22 (1H, s). MS (ESI+): m/z 477 (M+H)*. HR-MS calcd
for CysH26N6O-Cl (M+H)*™: 477.1806, found 477.1805. [a]p®
—62.4° (¢ 1.0, dimethylformamide). Anal. (CzsH2sN6O2Cl-1H,0)
C, H, N.

Molecular Modeling. Computer calculations were per-
formed on a Silicon Graphics Octane. Molecular mechanics
calculations were carried out using the CHARMmM force field.
The distance-dependent dielectric constant ¢ = 1 was used.
The Docking studies were performed using modeling software
QUANTA (QUANTA Modeling Environment, December 1998,
San Diego: Molecular Simulations Inc., 1998). Initial docking
models between the Cdk2/4 and inhibitors (1, 2a, 9d, and 15b)
were achieved by manual docking based on the X-ray struc-
tures of Cdk2—1 complex and Cdk4 mimic Cdk2—14b com-
plex.® Subsequently, 200—400 conformations were generated
using random sampling, following minimization for each initial
model. These conformations were clustered using the RMSD
of atomic coordinates (ca. 15—30 clusters). The most preferable
conformations were selected by considering energy, status of
hydrogen-bonds, and van der Waals contacts between hydro-
phobic surfaces. Candidates of the substituent on the pyrazole
ring of 2a were generated by the de novo design programs,
LUDI®* and LeapFrog.?° The docking model of Cdk4—2a was
used as a seed structure for de novo design, and the 5-position
of the pyrazole ring in 2a was selected as a substitution point.

Cdk Assays (Cyclin D,—Cdk4, Cyclin D;—Cdk6, Cyclin
A—Cdk2, and Cyclin B—Cdk1). In vitro Cdk assays were
performed as previously described?® with some modifications.
A recombinant human cyclin D,—Cdk4, cyclin D;—Cdk®6, or
cyclin A-Cdk2 complexes were expressed in Sf9 cells with a
baculovirus expression system and purified using HPLC.
Recombinant human cyclin B—Cdkl was purchased from
Promega Corporation (USA). The purified Cdks were incubated
with 50 uM ATP (0.5—1.5 uCi of [**P]-ATP (3000 Ci/mmol)),
100 uM or 400 uM G1 peptide (for Cdk4/6) or 10 mg/mL of S1
peptide (for Cdk1/2), R buffer (20 mM Tris-HCI pH 7.4, 10 mM
MgCly, 4.5 mM 2-mercaptoethanol, 1 mM EGTA), and diluted
compounds at 30 °C for 20 min (for Cdk6) or 45 min (for Cdk1/
2/4). The reactions were terminated by the addition of 350 mM
HsPO,. Peptides were trapped and washed using P81 paper
filter 96-well plates (Millipore) and 75 mM H3PO,. %3P incor-
poration was measured with a Top Count (Packard).

Other Ser/Thr Kinase Assays. PKA, PKC, PKBa, CaMK
11, p38a, ERK1, and MEK1 were assayed in MDS pharma
Services.?”

Tyr Kinase Assays. Src, Lck, Flt-1, ZAP, EGFR, FGFR1,
and PFGFRp were assayed in the Merck research laboratory.?
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