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As a first step in structure-based design of highly selective and potent Cdk4 inhibitors, we
performed structure-based generation of a novel series of Cdk4 inhibitors. A Cdk4 homology
model was constructed according to X-ray analysis of an activated form of Cdk2. Using this
model, we applied a new de novo design strategy which combined the de novo design program
LEGEND with our in-house structure selection supporting system SEEDS to generate new
scaffold candidates. In this way, four classes of scaffold candidates including diarylurea were
identified. By constructing diarylurea informer libraries based on the structural requirements
of Cdk inhibitors in the ATP binding pocket of the Cdk4 model, we were able to identify a
potent Cdk4 inhibitor N-(9-oxo-9H-fluoren-4-yl)-N′-pyridin-2-ylurea 15 (IC50 ) 0.10 µM),
together with preliminary SAR. We performed a docking study between 15 and the Cdk4 model
and selected a reasonable binding mode which is consistent with the SAR. Further modification
based on the proposed binding mode provided a more potent compound, N-[(9bR)-5-oxo-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl]-N′-pyridin-2-ylurea 26a (IC50 ) 0.042 µM),
X-ray analysis of which was accomplished by the soaking method. The predicted binding mode
of 15 in Cdk4 was validated by X-ray analysis of the Cdk2-26a complex.

Introduction
Cyclins and cyclin-dependent kinases (Cdks) play

important roles in regulation of the cell cycle.1 In
particular, D-type cyclins, which are activated by rear-
rangement or amplification in several tumors,2 associate
with Cdk4/6. Cyclin D-Cdk4/6 complexes phosphorylate
the retinoblastoma protein (pRB) and regulate the cell
cycle during G1/S transition.3 Loss of function or deletion
of p16ink4a (an endogenous Cdk4/6 specific inhibitor
protein) frequently occurs in clinical cancer cells.4

Several Cdk inhibitors such as UCN-01,5 flavopiridol,6
purvalanol B,7 pyrido[2,3-d]pyrimidin-7-one,8 and in-
denopyrazole9 have been reported. Among these, non-
specific Cdk inhibitors, UCN-01 and flavopiridol, have
entered clinical trials. As a next generation of Cdk
inhibitors, selective inhibitors of only one target Cdk
are expected to cause cell cycle arrest specifically.10

Suppression of tumor growth by G1 arrest is thought to
reduce the stress for normal cells more than in other
phases, because normal cells are usually resting in the
G0-G1 phase. Therefore, we tried to design Cdk4 selec-
tive inhibitors that cause cell cycle arrest in the G1
phase.

To obtain highly selective and potent Cdk4 inhibitors,
we performed a structure-based design consisting of the
following two steps: (1) lead generation of a new class
of Cdk4 inhibitors based on a Cdk4 homology model and
(2) enhancement of Cdk4 selectivity of lead compounds
over Cdk1/2 and the other kinases based on the binding
modes and structural differences between Cdk4 and
other kinases. In this paper, we describe structure-based

lead generation as a first step. The results of lead
optimization to improve Cdk4 selectivity will be reported
in an accompanying article.

Recently, several successful examples of structure-
based lead generation such as the HIV-1 integrase
inhibitor, FKBP-12 ligand, Factor Xa inhibitor, COX-2
inhibitor, and DNA gyrase inhibitor have been re-
ported.11 In most cases, methods for structure-based
lead generation were based on computational descrip-
tions of a binding site, as in the coordinates of atoms or
pharmacophores, and also based on techniques to search
for the configurational and conformational space of a
candidate molecule in the binding site, evaluating
potential energy and/or scoring of binding affinity. These
methods are classified into two categories: 3D database
search12 and de novo design.13 In the case of 3D database
search, programs such as DOCK,14 UNITY,15 and Cata-
lyst16 take each molecule from known compound data-
bases and attempt to position it in the active site of a
receptor or pharmacophore model. Three-dimensional
database search is more frequently used because hit
compounds are just listed in the commercial catalogues
or synthetically accessible. However, most 3D database
search programs have one or more of the following
critical problems: (1) the number of considered confor-
mations for each ligand is often not sufficient, (2) some
functional groups work as the ionic form in a physi-
ological condition (pH 7.4), whereas 3D database search
programs often use their neutral forms, and (3) novel
structures cannot be obtained. On the other hand, de
novo design programs such as LEGEND,17 LeapFrog,18

CONCERTS,19 PRO-LIGAND,20 and LUDI21 sequen-
tially build up structures which are predicted to fit the
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active site of the receptor. In the case of de novo design,
considering conformations and forms of functional groups
would not be critical problems, because de novo design
programs generate functional groups in suitable forms
and suitable conformations to interact with the protein
surface. Furthermore, de novo design programs can also
construct structures including novel skeletons. We
applied this de novo design strategy to discover novel
lead compounds. However, in contrast to structures
obtained from 3D database search programs, output
structures obtained from de novo design programs
usually have greater difficulty in commercial avail-
ability and synthetic feasibility.

To overcome these problems in the conventional de
novo design strategies, we constructed the chemical
structure selection supporting system, SEEDS (system
for evaluation of availability of essential structures
generated by de novo ligand design programs),22 taking
advantage of database searches. The program SEEDS
automatically extracts an essential part of each struc-
ture by the de novo design program, and searches for
commercially available and/or synthetically accessible
derivatives of the essential parts. In this study, we used
the de novo design program LEGEND with this SEEDS
to generate novel scaffold candidates with molecular
weights of less than 350.

After the discovery of some promising scaffold can-
didates, it is important to validate whether the scaffold
candidates bind to Cdk4 in desired ways. Recently,
efficient validation methods based on NMR analysis
have been reported (SAR by NMR11c and needle
screening11f). However, the molecular weight of Cdk4
(44 kDa) is so large that measurement of its NMR is
not feasible. Thus, we synthesized several informer
libraries of a scaffold and, using the preliminary struc-
ture-activity relationship (SAR), validated the binding
mode by molecular modeling methods. Then modifica-
tions based on the predicted binding mode were per-
formed to discover more potent lead compounds.

Results and Discussion

Homology Modeling of Cdk4 Based on the X-ray
Structure of Cdk2. X-ray analyses of the Cdk family
are summarized in Table 1. In 1993, the first X-ray

analysis of monomeric Cdk2 was reported by H. L. De
Bondt et al.23 In 1996, the structure of the Thr160
phosphorylated Cdk2-cyclin A-ATPγS complex, a final
activated form of Cdk2, was solved by A. A. Russo et
al.24 They revealed the activation mechanism of Cdk2
by analyzing conformational changes with cyclin A and
phosphorylation of Thr160. Although the structures of
the Cdk6-p16 complex and Cdk6-p19 complex were
already known, their cyclin binding region and the ATP
binding pocket in Cdk6 were both largely altered by the
endogenous inhibitors, p16 or p19.25 Therefore, despite
a very high sequence identity between Cdk4 and Cdk6
(70%), we could not use these structural data for
designing Cdk4 inhibitors. On the other hand, the level
of sequence homology between Cdk4 and Cdk2 is quite
high (45%) so that it seemed appropriate to construct a
Cdk4 model based on the final activated form of Cdk2
(Protein Data Bank (PDB) ID: 1JST).

According to the sequence alignments by S. K. Hanks
et al.,26 we constructed an initial Cdk4 model using the
modeling software BIOCES[E].27 The model was mini-
mized with the CHARMm (Chemistry at Harvard
Molecular mechanics) force field28 with the exception
of the conserved region in Cdk4 and Cdk2. This mini-
mized structure was used for scaffold design in the de
novo design strategy.

Structure-Based Generation of New Scaffold
Candidates. According to several binding modes of
ATPγS and ATP competitive Cdk2 inhibitors deter-
mined by X-ray analysis, we examined the structural
requirements for binding of the inhibitors in the ATP
binding pocket (Table 1). In Cdk2, the main chain NH
group in Leu83 would be the most important in binding
of the inhibitors because it serves as a hydrogen-bonding
donor in every structure reported so far. The main chain
carbonyl groups of Glu81 and Leu83 also seemed to be
important because most inhibitors form a hydrogen
bond(s) with them. In addition, Lys33 NúH, Asp86 Oδ,
Glu131 Oε, and a highly conserved water molecule
(Wat74 in 1JST) are utilized by some ligands. In terms
of hydrophobicity, some areas deep in the ATP binding
pocket around Glu81 and Leu83 are occupied by flat
aromatic rings of Cdk2 inhibitors, such as flavopiridol,29

staurosporin,30 and roscovitine.31 Indeed, these areas

Table 1. Reported X-ray Analyses of the Cdk Family and Hydrogen-Bonding Sites Used by Small Ligands23-25,29-33

hydrogen-bonding sites used by small ligands

PDB ID molecule E81 CO L83 NH L83 CO K33 NúH D86 Oδ Q131 Oε D145 Oδ N132 Oδ Wat74a

1HCL Cdk2
1B39 Cdk2c-ATP NH N PO OH
1HCK Cdk2-ATP NH N PO OH OH
1FIN Cdk2-ATP-cyclin A2 NH N
1JST Cdk2c-ATPb-cyclin A2 NH N PO PO
1QMZ Cdk2c-ATPf-cyclin A2-substrated NH N PO OH OH
1DM2 Cdk2-hymenialdisine NH CO NH NH CO
1CKP Cdk2-Purvalanol B N NH

Cdk2-L828276e OH CO OH NH+,OH OH
Cdk2-isopentenyladenyne NH N N
Cdk2-olomoucine N NH OH
Cdk2-roscovitine N NH

1AQ1 Cdk2-staurosporin NH CO NH+

1BUH Cdk2-Ckshs1
1JSU Cdk2-cyclinA2-p27
1BI7 Cdk6-p16
1BI8 Cdk6-p19
1BLX Cdk6-p19

a Wat74 is a water molecule in 1JST. b ATPγS. c Thr160 phosphorylated Cdk2. d Substrate peptide (HHASPRK). e des-Chloroflavopiridol.
f AMPPNP.
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are surrounded by the hydrophobic amino acid residues
Ile10, Val18, Ala31, Val64, Phe80, Phe82, Leu134, and
Ala144 and form a narrow cavity. The binding modes
of representative Cdk2 inhibitors and the locations of
the pharmacophores are shown schematically in Figure
1A-C. In Cdk4, most of the residues that are important
for hydrogen bonds or hydrophobic interactions are
conserved according to Hanks' multiple alignment.
Among the altered amino acid residues, those between
Leu83 in Cdk2 and Val96 in Cdk4 would not be critical
since only the main chain is used for hydrogen bond(s).
Therefore, we considered that the information concern-
ing these structural requirements is also useful for
discovering a new class of Cdk4 inhibitors.

To identify new scaffolds that satisfy these structural
requirements, we applied a de novo design program,
LEGEND. This program is based on the atom-by-atom
approach34 and is suitable for generation of drug
molecules in a deep, narrow cavity just like the ATP
binding pocket. With this program, we can specify the
directions of growth, the size of the molecules that will
be generated, and the hydrogen bonds that will be
formed during calculations. Specification of the calcula-
tion performed by LEGEND and the process of scaffold
generation are shown in Scheme 1.

At a primary step, we obtained 1000 output struc-
tures; however, most of them were neither commercially

available nor synthetically feasible. This problem ap-
pears to apply to most de novo design programs that
build up structures sequentially. To overcome this
disadvantage, we developed an in-house program,
SEEDS.22 The program SEEDS automatically picks out
an essential substructure of each output from LEGEND
and uses it in search of commercially available and/or
synthetically feasible derivatives. This process is out-
lined in Figure 2 using an example. Structure I is one
of the output structures generated by LEGEND. If we
searched compound databases using structure I itself
as a query, no commercially available derivatives could
be obtained because of simple alkyl side chains which
would not form hydrogen bonds. Therefore, SEEDS
extracted rings and functional groups that were pre-
dicted to form hydrogen bonds as an essential structure
(II). Subsequently, based on structure II, several queries
for searching compound databases and reaction data-
bases were automatically made by SEEDS. Query III
is one of the examples for searching compound data-
bases. Using the queries made by SEEDS, we first
searched for commercially available derivatives. When
attractive scaffold candidates from commercially avail-
able derivatives were not identified, we searched for
synthetically feasible derivatives using reaction data-
bases. On searching the Available Chemicals Directory
(ACD),35 4884 compounds with molecular weights of less

Figure 1. Structural requirements of ATP-competitive Cdk inhibitors. A: L828276 (des-chloroflavopiridol)-Cdk2 complex.29 B:
staurosporin-Cdk2 complex (1AQ1 in PDB).30 C: roscovitine-Cdk2 complex.31 D: predicted structural requirements in the Cdk4
homology model.
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than 350 were selected. Compounds with skeletons or
functional groups that were unacceptable for the devel-
opment of lead compounds were omitted, and finally 382
commercially available compounds remained. The com-
pounds were purchased for screening in cyclin D-Cdk4
assays at concentrations up to 1 mM. We obtained 18
compounds with IC50 values of under 500 µM as hits.
Most of the hits had large, flat aromatic rings and a
couple of neighboring hydrogen-bonding donors and
acceptors. Twelve of the 18 hits were clustered into one
of the following four classes according to their structural
profile: diarylurea, cyclic urea and thiourea, 4-aryl-2-
aminopyridine and triazine, and pteridine (Figure 3).

In these four classes, our interest was directed to the
diarylurea scaffold, because there were five potent
compounds, 1, 2, 3, 4, and 5, with a diarylurea structure
that is appropriate for rapid construction of structurally
diverse libraries. Therefore, we constructed diarylurea

Figure 2. Schematic figure of the SEEDS. I: one of the output structures generated by the LEGEND. II: an essential part of
structure I. III: one of the queries for searching compound databases.

Scheme 1. Process of Structure-Based Scaffold
Generation

Figure 3. Typical classes of hit compounds and their IC50

values in cyclin D-Cdk4 assay. Bold lines represent essential
parts of output structures by LEGEND.
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informer libraries by parallel synthesis to validate the
potential of the scaffold and to obtain preliminary SAR.

Construction of Diarylurea Informer Libraries.
The data obtained through LEGEND suggested that
neighboring NH and CO in the diarylurea scaffolds form
hydrogen bond(s) with the main chain(s) of Glu94 and/
or Val96, and aromatic rings are supposed to be located
in the hydrophobic regions as shown in Figure 1.
According to these insights, we designed informer
libraries as described below.

First, we searched for substituents for the 5-chloro-
2-methylphenyl group in the diarylurea 1, leaving the
7-hydroxynaphthyl group intact. Considering the deep,
narrow shape of the ATP binding pocket, we mainly
selected flat aromatic amines as building blocks to
synthesize diarylurea derivatives. Fifty-five urea com-
pounds were synthesized from 8-isocyanato-2-naphthol
and alkylamines in moderate yields (30-70%). In ad-
dition, we prepared an amide compound 13 to confirm
the importance of the urea moiety. The resultant SAR
is summarized in Figure 4. Substitutions with 2-pyridi-
nyl (14) and 2-thiazolyl (1d) groups gave IC50 values of
7.6 µM and 23 µM, respectively, while substitutions with
3-pyridinyl (1b) and 4-pyridinyl (1c) groups showed poor
inhibitory activities. The relative position of the nitrogen
atom in the aromatic ring seemed to be important for
binding of the inhibitor. None of the compounds sub-
stituted with aliphatic amines showed enhanced po-
tency. Transformation of NH-3 (numbering of atoms is
shown in Figure 4) into CH2 (13) caused a remarkable
decrease in Cdk4 inhibition. These SAR suggested (1)
the nitrogen atom on 2-substituted pyridine and 2-sub-
stituted thiazole form a hydrogen bond with protein or
an intramolecular hydrogen-bonding site (i.e., NH-1 of
the urea moiety) and (2) the NH-3 of the urea moiety is
important as a hydrogen-bonding donor.

Next we kept the 2-pyridinyl group intact and modi-
fied the 7-hydroxynaphthyl group in compound 14. The
7-hydroxynaphthyl group was predicted to be located
in the hydrophobic, narrow, deep area of the ATP

binding pocket. Therefore, as in the case of the first
informer library, we mainly selected aromatic amines
as building blocks. Using these building blocks, 410 urea
compounds were synthesized and tested by Cdk4 inhibi-
tory assay. These compounds were provided by the
coupling reaction between alkylamines and pyridine-2-
carbonyl azide. The structures and assay results for
representative compounds are summarized in Table 2.
This area required an aromatic ring, because none of
the aliphatic substituted compounds showed inhibitory
activity (14e and 14f are representatives). The existence
of a hydrogen-bonding acceptor in the left part (14a-c
and 15) led to a significant improvement of potency, in
particular, with compound 15 (IC50 ) 0.10 µM). Com-
pound 15 was selected as the lead compound for further
modification.

Prediction of the Binding Mode of Diarylurea
15 in Cdk4. To investigate the binding mode of 15 more
comprehensively, we performed a docking study be-
tween the Cdk4 model and 15. First we made 400
conformations of the Cdk4-15 complex model by manual
docking, random sampling, and minimization with the
modeling software QUANTA.36 These conformations
were clustered by root-mean-square deviation (RMSD)
of atomic coordinates (40 clusters), and representative
conformations in each cluster with the lowest energy
in the CHARMm force field were extracted. Then, the
representative conformations were filtered by the fol-
lowing two conditions based on structural requirements
for being ATP competitive Cdk inhibitors as shown in
Figure 1: (1) the NH group of Val96 forms a hydrogen
bond with 15 and (2) the aromatic ring(s) of 15 is located
in the hydrophobic regions. Four patterns of binding
modes were suggested (Figure 5A-D).

In all candidates, formation of an intramolecular
hydrogen bond between urea NH-1 (numbering of atoms
is shown in Figure 6) and the nitrogen atom (N-5) on
the pyridine ring was predicted (Table 3), and the
fluorenone moiety was located in the hydrophobic region
in Figure 1. According to SAR of the informer libraries,

Figure 4. Diarylurea informer library (1): transformation of
5-chloro-2-methylphenyl group.

Table 2. Diarylurea Informer Library (2): Transformation of
7-Hydroxynaphthyl Group
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we were able to propose additional hypotheses for the
validation of the binding modes as follows: (1) NH-3 of
the urea moiety makes a hydrogen bond with the
protein and (2) fluorenone CO-4 makes a hydrogen bond
with the protein. Modes B and D could not satisfy these
hypotheses at the same time, whereas modes A and C
satisfied them simultaneously.

Next, we made a comparison of modes A and C. In
mode A, the neighboring CO-2 and NH-3 formed two
hydrogen bonds with the main chain of Val96, and both
fluorenone and pyridine were located in accord with

hydrophobic requirements (Figure 6). Compared to
mode A, CO-2 in mode C could not make a hydrogen
bond with any residues, and the pyridine ring
deviated from the locations for hydrophobic require-
ments. Therefore, we concluded that mode A was
preferable to mode C.

Design and Synthesis Based on the Predicted
Binding Mode. In most conformations containing the
cluster of mode A, the angle between the fluorenone and
the pyridine was rather large (>30°) even in the narrow
cavity. This suggests some degree of steric repulsion
between the pyridine ring and the terminal benzene ring
in the fluorenone. The large angle caused by the
repulsion was supposed to be unfavorable for binding
affinity. On the other hand, the terminal benzene ring

Figure 5. Four predicted binding mode candidates of 15 in the Cdk4 model. Right green ribbon: ribbon representation of the
Cdk4 model. Green residues: conserved amino acid residues in Cdk4 and Cdk2. Red residues: different amino acid residues in
Cdk4 and Cdk2. Broken lines: predicted hydrogen bonds.

Figure 6. Schematic figure of mode A.

Table 3. Predicted Hydrogen Bonds in the Binding Mode
Candidatesa

hydrogen-bonding sites
binding
mode

candidates CO-4 NH-1 CO-2 NH-3 N-5

mode A Lys35 NúH N-5 Val96 NH Val96 CO NH-1
mode B N-5 Val96 NH NH-1
mode C Val96 NH N-5 Asp99 Oδ NH-1
mode D Val96 NH N-5 Lys35 NúH NH-1

a Numbering of atoms at hydrogen-bonding sites is shown in
Figure 5. Judgment of formation of hydrogen bonds was performed
by QUANTA.

4620 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 26 Honma et al.



in the fluorenone was supposed to be important for
binding affinity in mode A since the terminal benzene
ring was appropriately located on the hydrophobic
surface of Cdk4 (Figure 7).

From these assumptions, we attempted to replace the
terminal benzene ring with various kinds of five-mem-
bered rings in order to eliminate unnecessary intramo-
lecular steric repulsion while maintaining favorable
hydrophobic interactions. Representative compounds 25,
26a, and 26b and their IC50 values are shown in Table
4, and their synthetic routes are summarized in Scheme
2. Fused pyrrole 19 was synthesized by the intramo-
lecular Heck reaction.37 Reduction of 19 by Fe/HCl
provided 23. Saturated chiral amines 21a and 21b were
obtained by hydrogenation with Pd/C and separation
using chiral HPLC. The absolute configuration of 21b
was determined by X-ray analysis of the (-)-camphanic
amide of 21b. Compounds 25, 26a, and 26b were
synthesized by coupling reactions between these amines
and pyridine-2-carbonyl azide. These modifications
provided potent compounds with IC50 values of up to
0.034 µM.

According to mode A, we also found some space for
the introduction of substituents on the aromatic rings.
We introduced substituents in the two positions shown
by arrows in Figure 7. As a result, 27 with a substituent
at the 5-position of the terminal pyrrole ring in 25
showed an IC50 value of 0.017 µM, and 28 with
2-thiophene at the 4-position of the pyridine showed an
IC50 value of 0.011 µM. We performed docking studies
between the Cdk4 model and 27/28 and recognized that
the molecules were not able to bind to Cdk4 in the way
of mode B, C, or D. This suggested that mode A would
be the best candidate.

Confirmation of the Predicted Binding Mode by
X-ray Analysis. For further validation of the binding
mode, we tried X-ray analysis of the Cdk2-15 complex
by the soaking method. However, compound 15 was so
insoluble (solubility at pH 7.4 in Tris-Cl buffer, <0.01
µg/mL) that soaking was not appropriate. During modi-
fication of 15, we obtained a relatively soluble compound

26a (solubility at pH 7.4 in Tris-Cl buffer, 7.18 µg/mL)
with potent binding affinity. By using compound 26a,
we succeeded in X-ray analysis of the Cdk2-26a
complex (PDB ID: 1GIH).38 A comparison between mode
A and the X-ray structure is shown in Figure 8. The
X-ray analysis showed that 26a formed hydrogen bonds
with the main chain NH and CO groups of Leu83
(corresponding to Val96 in Cdk4) and adopted a U-
shaped conformation in the ATP binding pocket of Cdk2.
This binding mode of 26a in Cdk2 (Figure 8B) was found
to be consistent with the predicted binding mode of 15
in Cdk4 (mode A, Figure 8A).

Supported by the results of the docking study with
the Cdk4 model, X-ray analysis of the Cdk2 complex,
and the SAR obtained by the Cdk4 inhibitory assay, we
concluded that mode A was the most preferable binding
mode of the diarylurea series of lead compounds in the
activated form of the cyclin D-Cdk4 complex.

Conclusion

We employed a structure-based lead generation ap-
proach consisting of the following steps: (1) homology
modeling of the target protein, (2) scaffold generation
by using the de novo design program LEGEND and our
in-house structure selection supporting system SEEDS,
(3) construction of informer libraries, and (4) structural
modification based on the predicted binding mode. From
the result, we developed a novel diarylurea class of
potent inhibitor, 26a (IC50 ) 0.042 µM). Combination

Figure 7. Suitable directions to introduce substituents in
mode A. Cdk4 model: solvent accessible surface (probe: 1.4
Å) representation (colored by partial charge) by WebLab
viewer. 15: stick representation.

Table 4. Designed Compounds and Their IC50 Values in Cyclin
D-Cdk4 Assay
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of the LEGEND and the SEEDS was so effective that
we were able to overcome the difficulty in utilizing
output structures from the de novo design program and
identified some promising scaffolds including diarylurea.
Construction of informer libraries, prediction of the
binding mode by molecular modeling, and modification
based on the predicted binding mode led efficiently to
potent lead compounds (0.01 µM order) from initial
compounds (10-100 µM order). Recently, high-through-
put screening (HTS) has become an essential technique
in lead identification. It is expected that it should
accelerate assay throughput and reduce assay costs.

However, the success rate of lead discovery for various
kinds of drug discovery targets is not supposed to be
changed dramatically, because the success rate depends
on whether the screening source has sufficient size and
structural diversity. When a reliable 3D structure or
model of a target protein is available, our methodology
of structure-based lead generation would be an alterna-
tive approach to development of lead compounds.

The binding mode of 15 in Cdk4 as predicted by
molecular modeling was confirmed by SAR and X-ray
analysis of the Cdk2-26a complex. Compound 26a
showed moderately higher selectivity (>50-fold) over the

Scheme 2. Synthetic Routes of Diarylurea Derivatives 25, 26a, 26b, 27, and 28a

a Reagents: (a) (1) thionyl chloride; (2) pyrrole (for 17) or 2-acetylpyrrole (for 18), triethylamine, CH2Cl2, 36% (for 17), 67% (for 18); (b)
Pd(PPh3)4, KOAc, dimethylacetamide, 81% (for 19), 62% (for 20); (c) Fe, 6 N HCl, MeOH, 83% (for 23) or Pd/C, H2, MeOH-tetrahydrofuran,
100% (for 24); (d) pyridine-2-carbonyl azide, tetrahydrofuran, 30-70%; (e) Pd/C, H2, MeOH, 99%; (f) (1) 4-tributylstannylpyridine-2-
carbonyl azide, tetrahydrofuran, 79%; (2) Pd(PPh3)4, 2-bromothiophene, dimethylformamide, 76%; (g) p-nitrobenzoyl chloride, triethylamine,
CHCl3, 83%; (h) chiral HPLC; (i) LiBH4, MeOH, tetrahydrofuran, 22% (for 21a), 34% (for 21b).

Figure 8. Comparison of modeling prediction and X-ray analysis. A: mode A of 15 in the Cdk4 model. B: X-ray analysis of the
Cdk2-26a complex (PDB ID: 1GIH).38 Green residues: conserved amino acid residues in Cdk4 and Cdk2. Red residues: different
amino acid residues in Cdk4 and Cdk2. Broken lines: predicted hydrogen bonds.
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other kinases39 with the exception of the Cdk family.
However, 26a inhibited Cdk1/2 with comparable IC50
values (0.120 µM/0.078 µM). As a next step, we designed
highly selective Cdk4 inhibitors based on this binding
mode and structural information about differences
between Cdk4 and other kinases. The results are
reported in the following article.

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., Japan) and were not corrected. 1H 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 II (ESI
positive). High-resolution mass spectra (HR-MS) were deter-
mined in 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 F254 precoated plates. Silica gel column chromatog-
raphy was carried out on Wako gel C-300 (Wako Pure
Chemicals Industries, Japan).

General Procedure for Preparation of N-Alkyl-N′-(7-
hydroxy-1-naphthyl)urea. To a stirred solution of 1-amino-
7-hydroxynaphthalene (1.59 g, 10 mmol) in pyridine (30 mL)
was added methyl chloroformate (850 mL, 11 mmol) at 0 °C.
After the mixture was stirred for 30 min, methyl chloroformate
(430 mL, 5.6 mmol) was added. After being stirred for 15 min,
the reaction mixture was poured into water. The aqueous layer
was extracted with EtOAc. The combined organic layer was
washed successively with 2 N HCl, water, and brine, dried over
MgSO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (EtOAc) to give methyl
7-hydroxy-1-naphthylcarbamate (2.20 g, 100%) as a purple oil.
1H NMR (300 MHz, CDCl3): δ 6.72 (1H, brs), 7.09 (1H, d, J )
9.6 Hz), 7.30 (1H, t, J ) 8.0 Hz), 7.63 (1H, d, J ) 8.0 Hz), 7.68
(1H, m), 7.73 (1H, d, J ) 9.6 Hz). MS (ESI+): m/z 218 (M+H)+.
HR-MS calcd for C12H12NO3 (M+H)+: 218.0817, found 218.0828.
A solution of methyl 7-hydroxy-1-naphthylcarbamate (58 mg,
0.27 mmol) in toluene (3 mL) was mixed with triethylamine
(82 mL, 0.59 mmol) and refluxed. After 10 min, B-chlorocat-
echolborane (82 mg, 0.53 mmol) was added. After 15 min, 1.2
equiv of amine was added and refluxed for 10 min. The
reaction mixture was poured into water. The aqueous layer
was extracted with EtOAc. The combined organic layer was
washed successively with saturated aqueous NaHCO3 and
brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica gel column chromatography to
give N-alkyl-N′-(7-hydroxy-1-naphthyl)urea. Yields ranged
from 30 to 70%.

The following compounds (1a, 1b, 1c, 1d, 1e, 1f, 1g, and
14) were synthesized from the appropriate amines and methyl
7-hydroxy-1-naphthylcarbamate by this method.

N-(7-Hydroxy-1-naphthyl)-N′-phenylurea (1a). 1H NMR
(200 MHz, DMSO-d6): δ 6.96 (1H, t, J ) 6.8 Hz), 7.12 (1H,
dd, J1 ) 8.9, J2 ) 1.6 Hz), 7.24 (1H, d, J ) 6.8 Hz), 7.30 (2H,
d, J ) 7.9 Hz), 7.33 (1H, m), 7.47 (2H, d, J ) 7.9 Hz), 7.51
(1H, m), 7.78 (2H, t, J ) 8.9 Hz), 8.46 (1H, s), 9.00 (1H, s),
9.98 (1H, s). MS (FAB+): m/z 279 (M+H)+. HR-MS calcd for
C17H15N2O2 (M+H)+: 279.1134, found 279.1132.

N-(7-Hydroxy-1-naphthyl)-N′-pyridin-3-ylurea (1b). 1H
NMR (300 MHz, DMSO-d6): δ 7.10 (1H, d, J ) 6.7 Hz), 7.22
(1H, t, J ) 7.8 Hz), 7.33 (2H, m), 7.55 (1H, d, J ) 7.8 Hz),
7.98 (1H, d, J ) 6.7 Hz), 8.18 (1H, d, J ) 5.6 Hz), 8.60 (2H, d,
J ) 9.6 Hz), 9.14 (1H, s), 9.80 (1H, s). MS (FAB+): m/z 280
(M+H)+. HR-MS calcd for C16H14N3O2 (M+H)+: 280.1086,
found 280.1091.

N-(7-Hydroxy-1-naphthyl)-N′-pyridin-4-ylurea (1c). 1H
NMR (300 MHz, DMSO-d6): δ 7.11 (1H, d, J ) 6.7 Hz), 7.23

(1H, t, J ) 7.8 Hz), 7.30 (1H, s), 7.46 (2H, d, J ) 5.6 Hz), 7.57
(1H, d, J ) 9.6 Hz), 7.76 (2H, t, J ) 9.6 Hz), 8.36 (2H, d, J )
5.6 Hz), 8.64 (1H, s), 9.39 (1H, s), 9.80 (1H, s). MS (FAB+):
m/z 280 (M+H)+. HR-MS calcd for C16H14N3O2 (M+H)+:
280.1086, found 280.1092.

N-(7-Hydroxy-1-naphthyl)-N′-(1,3-thiazol-2-yl)urea (1d).
1H NMR (300 MHz, DMSO-d6): δ 7.13 (2H, m), 7.24 (1H, t, J
) 7.8 Hz), 7.28 (1H, s), 7.39 (1H, d, J ) 5.6 Hz), 7.57 (1H, d,
J ) 9.6 Hz), 7.78 (2H, t, J ) 9.6 Hz), 7.83 (2H, d, J ) 5.6 Hz),
8.89 (1H, s), 9.84 (1H, s), 10.77 (1H, s). MS (FAB+): m/z 286
(M+H)+. HR-MS calcd for C14H12N3O2S (M+H)+: 286.0650,
found 286.0650.

N-Benzyl-N′-(7-hydroxy-1-naphthyl)urea (1e). 1H NMR
(300 MHz, DMSO-d6): δ 4.34 (2H, d, J ) 5.6 Hz), 6.94 (1H, t,
J ) 5.6 Hz), 7.08 (1H, d, J ) 6.7 Hz), 7.16 (1H, t, J ) 7.8 Hz),
7.21-7.38 (6H, m), 7.44 (1H, d, J ) 7.8 Hz), 7.72 (1H, d, J )
9.6 Hz), 7.80 (1H, t, J ) 7.8 Hz), 8.32 (1H, s), 9.73 (1H, s). MS
(FAB+): m/z 293 (M+H)+. HR-MS calcd for C18H17N2O2

(M+H)+: 293.1290, found 293.1293.
N-(7-Hydroxy-1-naphthyl)-N′-isopropylurea (1f). 1H

NMR (200 MHz, DMSO-d6): δ 1.12 (6H, d, J ) 7.2 Hz), 3.77
(1H, heptet, J ) 7.2 Hz) 6.38 (1H, d, J ) 7.5 Hz), 7.07 (1H, d,
J ) 8.6 Hz), 7.16 (1H, d, J ) 7.5 Hz), 7.28 (1H, s), 7.42 (1H, d,
J ) 7.5 Hz), 7.72 (1H, d, J ) 8.6 Hz), 7.80 (1H, d, J ) 7.5 Hz),
8.07 (1H, s), 9.69 (1H, s). MS (FAB+): m/z 245 (M+H)+. HR-
MS calcd for C14H17N2O2 (M+H)+: 245.1290, found 245.1298.

N-Cyclopentyl-N′-(7-hydroxy-1-naphthyl)urea (1g). 1H
NMR (300 MHz, DMSO-d6): δ 1.33-1.92 (8H, m), 3.98(1H,
m) 6.55 (1H, d, J ) 7.7 Hz), 7.08 (1H, d, J ) 9.0 Hz), 7.14 (1H,
t, J ) 7.7 Hz), 7.28 (1H, s), 7.40 (1H, d, J ) 7.7 Hz), 7.72 (1H,
d, J ) 9.0 Hz), 7.82 (1H, d, J ) 7.7 Hz), 8.06 (1H, s), 9.69 (1H,
s). MS (FAB+): m/z 271 (M+H)+. HR-MS calcd for C16H19N2O2

(M+H)+: 271.1447, found 271.1439.
N-(7-Hydroxy-1-naphthyl)-N′-pyridin-2-ylurea (14). mp

224-225 °C. 1H NMR (300 MHz, DMSO-d6): δ 7.06 (1H, t, J
) 5.6 Hz), 7.12 (1H, d, J ) 6.7 Hz), 7.24 (1H, t, J ) 7.8 Hz),
7.37 (2H, m), 7.55 (1H, d, J ) 7.8 Hz), 7.78 (2H, m), 8.00 (1H,
d, J ) 6.7 Hz), 8.40 (1H, d, J ) 5.6 Hz), 9.82 (1H, s), 9.88 (1H,
s), 11.18 (1H, brs). MS (FAB+): m/z 280 (M+H)+. HR-MS calcd
for C16H14N3O2 (M+H)+: 280.1086, found 280.1088. Anal.
(C16H13N3O2‚0.33H2O) C, H, N.

N-(7-Hydroxy-1-naphthyl)-2-phenylacetamide (13). To
a stirred solution of 1-amino-7-hydroxynaphthalene (159 mg,
1.0 mmol) in tetrahydrofuran (10 mL) were added phenylacetic
acid (164 mg, 1.0 mmol) and dicyclohexyl carbodiimide (250
mg, 1.2 mmol), and the resultant mixture was stirred at room
temperature for 10 h. The reaction mixture was concentrated
in vacuo. The residue was purified by silica gel column
chromatography (hexane-EtOAc (2:1)) and precipitated with
EtOAc to give 13 (214 mg, 77%). 1H NMR (200 MHz, DMSO-
d6): δ 3.77 (2H, s), 7.10 (1H, d, J ) 8.2 Hz), 7.17-7.44
(7H, m), 7.48 (1H, d, J ) 8.2 Hz), 7.61 (1H, d, J ) 8.2 Hz),
7.76 (1H, d, J ) 9.4 Hz), 9.79 (1H, s), 9.95 (1H, s). MS
(FAB+): m/z 278 (M+H)+. HR-MS calcd for C18H16NO2

(M+H)+: 278.1181, found 278.1183.
General Procedure for Preparation of N-Alkyl-N′-

pyridin-2-ylurea. To a stirred solution of thionyl chloride (10
mL) was added picolinic acid (2.47 g, 20 mmol) with heating
at 85 °C for 1 h. The reaction mixture was evaporated to afford
crude picolinic chloride as a dark purple solid. The crude
picolinic chloride was dissolved in water (20 mL) at 0 °C.
Sodium azide (1.84 g, 28 mmol) was added, and the resultant
mixture was stirred at room temperature for 15 min and
poured into saturated aqueous NaHCO3. The aqueous layer
was extracted with EtOAc. The combined organic layer was
washed with brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by rapid silica gel column
chromatography (hexane-EtOAc (1:1)) to yield pyridine-2-
carbonyl azide (1.06 g, 34%). 1H NMR (300 MHz, DMSO-d6):
δ 7.55 (1H, dd, J1 ) 9.0 Hz, J2 ) 6.7 Hz), 7.88 (1H, t, J ) 9.0
Hz), 8.17 (1H, d, J ) 9.0 Hz), 8.77 (1H, d, J ) 6.7 Hz). MS
(ESI+): m/z 149 (M+H)+. A solution of pyridine-2-carbonyl
azide (25 mg, 0.17 mmol) in tetrahydrofuran (2 mL) was heated
at 85 °C. After 30 min, 1.0 equiv of amine was added, and the
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resultant mixture was stirred for 2 h at the same temperature.
The reaction mixture was evaporated, and the residue was
precipitated from hexane-EtOAc (1:1) to give N-alkyl-N′-
pyridin-2-ylurea. Yields ranged from 10 to 70%.

The following compounds (14a, 14b, 14c, 14d, 14e, 14f, 15,
25, 26a, 26b, 27, and 28) were prepared from the appropriate
amines and pyridine-2-carbonyl azide by this procedure.

N-(1H-Indazol-6-yl)-N′-pyridin-2-ylurea (14a). mp 220-
221 °C. 1H NMR (300 MHz, DMSO-d6): δ 6.95-6.99 (2H, m),
7.48 (1H, d, J ) 8.2 Hz), 7.66 (1H, d, J ) 8.2 Hz), 7.75 (1H, t,
J ) 8.2 Hz), 7.95 (1H, s), 8.06 (1H, s), 8.30 (1H, d, J ) 4.7
Hz), 9.49 (1H, s), 10.73 (1h, brs). MS (ESI+): m/z 254 (M+H)+.
HR-MS calcd for C13H12N5O (M+H)+: 254.1042, found 254.1065.
Anal. (C13H11N5O‚0.25H2O) C, H, N.

N-Pyridin-2-yl-N′-quinolin-5-ylurea (14b). mp 213-215
°C. 1H NMR (300 MHz, DMSO-d6): δ 7.06 (1H, dd, J1 ) 7.3
Hz, J1 ) 5.1 Hz), 7.42 (1H, d, J ) 8.2 Hz), 7.64-7.71 (1H, m),
7.73-7.83 (3H, m), 8.23 (1H, dd, J1 ) 6.7 Hz, J1 ) 2.1 Hz),
8.41 (1H, dd, J1 ) 5.1 Hz, J1 ) 2.1 Hz), 8.54 (1H, d, J ) 8.8
Hz), 8.95 (1H, dd, J1 ) 4.1 Hz, J1 ) 1.4 Hz), 9.88 (1H, s), 11.41
(1H, brs). MS (ESI+): m/z 265 (M+H)+. HR-MS calcd
for C15H13N4O (M+H)+: 265.1089, found 265.1096. Anal.
(C15H12N4O) C, H, N.

N-(1,3-Dioxo-2,3-dihydro-1H-isoindol-4-yl)-N′-pyridin-
2-ylurea (14c). mp >300 °C. 1H NMR (300 MHz, DMSO-d6):
δ 7.04-7.10 (1H, m), 7.19 (1H, d, J ) 8.3 Hz), 7.41 (1H, d, J
) 6.9 Hz), 7.71-7.82 (2H, m), 8.35 (1H, dd, J1 ) 4.9 Hz, J1 )
1.6 Hz), 8.74 (1H, d, J ) 8.3 Hz), 10.19 (1H, s), 11.29 (1H, s),
12.57 (1H, brs). MS (ESI+): m/z 283 (M+H)+. HR-MS calcd
for C14H11N4O3 (M+H)+: 283.0831, found 283.0822. Anal.
(C14H10N4O3) C, H, N.

N-Phenyl-N′-pyridin-2-ylurea (14d). mp 186-188 °C. 1H
NMR (300 MHz, DMSO-d6): δ 6.97-7.04 (2H, m), 7.30 (1H,
d, J ) 7.4 Hz), 7.46-7.53 (3H, m), 7.71-7.76 (1H, m), 8.27
(1H, dd, J1 ) 5.0 Hz, J1 ) 1.9 Hz), 9.41 (1H, s), 10.48 (1H, s).
MS (ESI+): m/z 214. (M+H)+. HR-MS calcd for C12H12N3O
(M+H)+: 214.0980, found 214.0977. Anal. (C12H11N3O) C, H,
N.

N-Benxyl-N′-pyridin-2-ylurea (14e). mp 143-145 °C. 1H
NMR (300 MHz, CDCl3): δ 4.63 (1H, d, J ) 5.9 Hz), 6.79 (1H,
d, J ) 8.2 Hz), 6.83-6.87 (1H, m), 7.23-7.41 (5H, m), 7.56
(1H, t, J ) 8.2 Hz), 8.12 (1H, d, J ) 4.1 Hz), 8.60 (1H, s), 9.83
(1H, br). MS (ESI+): m/z 228. (M+H)+. HR-MS calcd
for C13H14N3O (M+H)+: 228.1137, found 228.1135. Anal.
(C13H13N3O‚0.1H2O) C, H, N.

N-Cyclohexyl-N′-pyridin-2-ylurea (14f). mp 122-123 °C.
1H NMR (300 MHz, CDCl3): δ 1.26-1.51 (5H, m), 1.59-1.79
(3H, m), 2.00-2.06 (2H, m), 3.82-3.86 (1H, m), 6.82 (1H, d, J
) 8.4 Hz), 6.84-6.88 (1H, m), 7.58 (1H, t, J ) 8.4 Hz), 8.18
(1H, dd, J1 ) 5.1 Hz, J1 ) 1.1 Hz), 8.27 (1H, brs), 9.32 (1H,
m). MS (ESI+): m/z 220. (M+H)+. HR-MS calcd for C12H18N3O
(M+H)+: 220.150, found 220.1450. Anal. (C12H17N3O) C, H,
N.

N-(9-Oxo-9H-fluoren-4-yl)-N′-pyridin-2-ylurea (15). mp
>300 °C. 1H NMR (300 MHz, DMSO-d6): δ 7.07 (1H, dd, J1 )
8.3 Hz, J2 ) 5.1 Hz), 7.34-7.45 (4H, m), 7.64-7.69 (2H, m),
7.78-7.84 (1H, m), 8.04 (1H, d, J ) 7.9 Hz), 8.08 (1H, d, J )
7.7 Hz), 8.29 (1H, dd, J1 ) 5.0 Hz, J2 ) 1.2 Hz), 10.03 (1H, s),
11.12 (1H, brs). MS (FAB+): m/z 316 (M+H)+. HR-MS calcd
for C19H14N3O2 (M+H)+: 316.1086, found 316.1084. Anal.
(C19H13N3O2) C, H, N.

N-(5-Oxo-5H-pyrrolo[2,1-a]isoindol-9-yl)-N′-pyridin-2-
ylurea (25). mp 268-269 °C. 1H NMR (300 MHz, DMSO-d6):
δ 6.34 (1H, t, J ) 3.1 Hz), 6.65 (1H, d, J ) 3.1 Hz), 7.08 (1H,
dd, J1 ) 6.7 Hz, J2 ) 5.6 Hz), 7.24-7.29 (3H, m), 7.38 (1H, d,
J ) 7.3 Hz), 7.77-7.83 (1H, m), 8.27 (1H, d, J ) 8.2 Hz),
8.31 (1H, dd, J1 ) 5.1 Hz, J2 ) 1.1 Hz), 10.06 (1H, brs), 10.97
(1H, brs). MS (FAB+): m/z 305 (M+H)+. HR-MS calcd for
C17H13N4O2 (M+H)+: 305.1039, found 305.1035.

N-[(9bR)-5-Oxo-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]i-
soindol-9-yl]-N′-pyridin-2-ylurea (26a). mp 213-215 °C. 1H
NMR (300 MHz, DMSO-d6): δ 1.06-1.20 (1H, m), 2.30-2.43
(2H, m), 2.52-2.57 (1H, m), 3.28-3.35 (1H, m), 3.50-3.60 (1H,
m), 4.83 (1H, dd, J1 ) 10.0 Hz, J2 ) 5.7 Hz), 7.06 (1H, dd, J1

) 7.2 Hz, J2 ) 5.1 Hz), 7.28-7.33 (2H, m), 7.46 (1H, t, J ) 7.7
Hz), 7.76-7.82 (1H, m), 8.29-8.32 (2H, m), 9.95 (1H, s), 11.19
(1H, brs). MS (FAB+): m/z 309 (M+H)+. HR-MS calcd for
C17H17N4O2 (M+H)+: 309.1352, found 309.1353. [R]D

20 162.0°
(c 1.0, CHCl3). Anal. (C17H16N4O2‚0.33H2O) C, H, N.

N-[(9bS)-5-Oxo-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]
isoindol-9-yl]-N′-pyridin-2-ylurea (26b). mp 213-215 °C.
1H NMR (300 MHz, DMSO-d6): δ 1.06-1.20 (1H, m), 2.30-
2.43 (2H, m), 2.52-2.57 (1H, m), 3.28-3.35 (1H, m), 3.50-
3.60 (1H, m), 4.83 (1H, dd, J1 ) 10.0 Hz, J2 ) 5.7 Hz), 7.06
(1H, dd, J1 ) 7.2 Hz, J2 ) 5.1 Hz), 7.28-7.33 (2H, m), 7.46
(1H, t, J ) 7.7 Hz), 7.76-7.82 (1H, m), 8.29-8.32 (2H, m),
9.95 (1H, s), 11.19 (1H, brs). MS (FAB+): m/z 309 (M+H)+.
HR-MS calcd for C17H17N4O2 (M+H)+: 309.1352, found
309.1351. [R]D

20 -156.0° (c 1.0, CHCl3). Anal. (C17H16N4O2‚
0.2H2O) C, H, N.

N-(3-(1-Hydroxyvinyl)-5-oxo-5H-pyrrolo[2,1-a]isoindol-
9-yl)-N′-pyridin-2-ylurea (27). mp >300 °C. 1H NMR (300
MHz, DMSO-d6): δ 6.32-6.35 (1H, m), 6.74 (1H, s), 7.07 (1H,
dd, J1 ) 7.2 Hz, J2 ) 5.2 Hz), 7.19 (1H, s), 7.26 (1H, s), 7.40
(1H, t, J ) 8.0 Hz), 7.47 (1H, d, J ) 8.6 Hz), 7.66 (1H, dd, J1

) 7.9 Hz, J2 ) 1.5 Hz), 7.78-7.83 (1H, m), 8.25 (1H, dd, J1 )
5.2 Hz, J2 ) 1.6 Hz), 8.47 (1H, dd, J1 ) 8.0 Hz, J2 ) 1.6 Hz),
10.06 (1H, s), 10.85 (1H, brs), 11.96 (1H, s). MS (FAB+): m/z
347 (M+H)+. HR-MS calcd for C19H15N4O3 (M+H)+: 347.1144,
found 347.1149.

N-(5-Oxo-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-
9-yl)-N′-(4-thien-2-ylpyridin-2-yl)urea (28). A solution of
4-(tributylstannyl)pyridine-2-carbonyl azide (300 mg, 0.69
mmol) in tetrahydrofuran (10 mL) was heated at 85 °C. After
30 min, 21 (150 mg, 0.79 mmol) was added, and the resultant
mixture was stirred for 2 h at the same temperature. The
reaction mixture was evaporated, and the residue was
precipitated from hexane-EtOAc (1:1) to yield N-(5-oxo-
2,3,5,9b-tetrahydo-1H-pyrrolo[2,1-a]isoindol-9-yl)-N′-[4-(tribu-
tylstannyl)pyridin-2-yl]urea (326 mg, 79%). mp 149-150 °C.
1H NMR (300 MHz, CDCl3): δ 0.89 (9H, t, J ) 8.0 Hz), 1.04-
1.20 (1H, m), 1.10-1.15 (6H, m), 1.27-1.36 (6H, m), 1.51-
1.58 (6H, m), 2.40-2.48 (2H, m), 2.64-2.68 (1H, m), 3.46-
3.50 (1H, m), 3.75-3.79 (1H, m), 4.80 (1H, dd, J1 ) 10.5 Hz,
J2 ) 5.5 Hz), 6.92 (1H, s), 7.07 (1H, d, J ) 4.9 Hz), 7.47 (1H,
t, J ) 7.9 Hz), 7.53 (1H, d, J ) 7.9 Hz), 8.01 (1H, brs), 8.09
(1H, d, J ) 4.9 Hz), 8.36 (1H, d, J ) 7.9 Hz), 12.07 (1H, brs).
HR-MS calcd for C29H43N4O2

120Sn (M+H)+: 599.2408, found
599.2418. To a solution of N-(5-oxo-2,3,5,9b-tetrahydo-1H-
pyrrolo[2,1,-a]isoindol-9-yl)-N′-[4-(tributylstannyl)pyridin-2-yl]-
urea (200 mg, 0.34 mmol) in dimethylformamide (15 mL) were
added 2-bromothiophene (164 mg, 1.0 mmol) and tetrakis-
(triphenylphosphin)palladium (100 mg, 0.086 mmol). The
resultant mixture was stirred for 10 h at 110 °C, and poured
into water. The aqueous layer was extracted with EtOAc. The
combined organic layer was washed successively with satu-
rated aqueous NH4Cl, water, and brine, dried over MgSO4, and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (3% MeOH in CHCl3) and precipitated
from EtOAc-Et2O to provide 28 (102 mg, 76%) as a white
solid. mp 245-247 °C. 1H NMR (300 MHz, DMSO-d6): δ 1.08-
1.20 (1H, m), 2.26-2.45 (2H, m), 2.48-2.61 (1H, m), 3.29-
3.39 (1H, m), 3.49-3.59 (1H, m), 4.80-4.88 (1H, m), 7.23 (1H,
t, J ) 4.0 Hz), 7.32 (1H, d, J ) 6.6 Hz), 7.38 (1H, d, J ) 4.0
Hz), 7.47 (1H, t, J ) 6.6 Hz), 7.59 (1H, brs), 7.70-7.76 (2H,
m), 8.30 (2H, d, J ) 6.6 Hz), 9.97 (1H, s), 11.03 (1H, br).
HR-MS calcd for C21H19N4O2S (M+H)+: 391.1229, found
391.1228.

1-(2-Bromo-3-nitrobenzoyl)-1H-pyrrole (17). To a stirred
solution of thionyl chloride (20 mL) was added 2-bromo-3-
nitrobenzoic acid (2.0 g, 8.1 mmol), and the resultant mixture
was heated at 80 °C for 3 h. After cooling to room temperature,
the reaction mixture was concentrated in vacuo. The residue
was dissolved in dichloromethane (20 mL). Then pyrrole (2.3
mL, 33 mmol) and triethylamine (5 mL, 36 mmol) were added.
The reaction mixture was stirred at room temperature for 10
h and poured into water. The aqueous layer was extracted with
EtOAc. The combined organic layer was washed successively
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with saturated aqueous NH4Cl, water, and brine, dried over
MgSO4, and concentrated in vacuo. The residue was purified
by silica gel column chromatography (hexane-EtOAc (2:1)) to
afford 17 (865 mg, 36%) as a colorless oil. 1H NMR (300 MHz,
CDCl3): δ 6.26 (1H, d, J ) 2.0 Hz), 6.38 (2H, t, J ) 2.3 Hz),
6.83 (1H, d, J ) 2.1 Hz), 7.63 (2H, d, J ) 5.0 Hz), 7.93 (1H, d,
J ) 4.9 Hz). MS (ESI+): m/z 296 (M+H)+.

2-Acetyl-1-(2-bromo-3-nitrobenzoyl)-1H-pyrrole (18).
To a stirred solution of thionyl chloride (30 mL) was added
2-bromo-3-nitrobenzoic acid (10 g, 41 mmol), and the resultant
mixture was heated at 80 °C for 3 h. After cooling to room
temperature, the reaction mixture was evaporated. The resi-
due was dissolved in dichloromethane (100 mL). Then
2-acetylpyrrole (8.9 g, 81 mmol) and triethylamine (20 mL, 163
mmol) were added. The resultant mixture was stirred at room
temperature for 10 h, and poured into water. The aqueous
layer was extracted with EtOAc. The combined organic layer
was washed successively with saturated aqueous NH4Cl,
water, and brine, dried over MgSO4, and concentrated in vacuo.
The residue was purified by precipitation from hexane-CHCl3

(2:1) to give 18 (9.2 g, 67%) as a white solid. mp 170-172 °C.
1H NMR (300 MHz, CDCl3): δ 2.0.27 (3H, s), 6.47 (1H, t, J )
3.3 Hz), 7.38 (1H, d, J ) 3.3 Hz), 7.49 (1H, d, J ) 7.9 Hz),
7.61-7.68 (2H, m), 8.11 (1H, d, J ) 7.9 Hz). MS (ESI+):
m/z 336 (M+H)+. HR-MS calcd for C13H10N2O4

79Br (M+H)+:
336.9824, found 336.9835.

9-Nitro-5H-pyrrolo[2,1-a]isoindol-5-one (19). To a stirred
solution of 17 (865 mg, 2.9 mmol) in dimethylacetamide (20
mL) were added potassium acetate (575 mg, 6.0 mmol) and
tetrakis(triphenylphosphin)palladium (100 mg, 0.086 mmol),
and the resultant mixture was heated at 130 °C for 10 h. After
cooling to room temperature, the reaction mixture was poured
into water. The aqueous layer was extracted with EtOAc. The
combined organic layer was washed successively with water
and brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica gel column chromatography
(hexane-EtOAc (5:1)) to yield 19 (509 mg, 81%) as a red solid.
mp 152-153 °C. 1H NMR (300 MHz, CDCl3): δ 6.33 (1H, t, J
) 3.2 Hz), 7.08 (1H, d, J ) 3.2 Hz), 7.19 (1H, d, J ) 3.2 Hz),
7.35 (1H, t, J ) 8.3 Hz), 7.92 (1H, d, J ) 8.3 Hz), 8.27 (1H, d,
J ) 8.3 Hz). MS (ESI+): m/z 215 (M+H)+.

3-(1-Hydroxyvinyl)-9-nitro-5H-pyrrolo[2,1-a]isoindol-
5-one (20). To a stirred solution of 18 (2.0 g, 5.9 mmol) in
dimethylacetamide (40 mL) were added potassium acetate
(1.16 g, 12 mmol) and tetrakis(triphenylphosphin)palladium
(700 mg, 0.61 mmol), and the resultant mixture was heated
at 110 °C for 2 h. After cooling to room temperature, the
reaction mixture was poured into water. The aqueous layer
was extracted with EtOAc. The combined organic layer was
washed successively with water and brine, dried over MgSO4,
and concentrated in vacuo. The residue was purified by silica
gel column chromatography (hexane-EtOAc (2:1)) to yield 20
(941 mg, 62%) as an yellow solid. mp 208-210 °C. 1H NMR
(300 MHz, DMSO-d6): δ 6.33-6.36 (1H, m), 6.81 (1H, s), 6.94-
6.97 (1H, m), 7.25-7.27 (1H, m), 7.61 (1H, t, J ) 7.9 Hz), 8.32
(1H, d, J ) 7.9 Hz), 8.45 (1H, d, J ) 7.9 Hz), 12.00 (1H, brs).
MS (ESI+): m/z 257 (M+H)+. HR-MS calcd for C13H9N2O4

(M+H)+: 257.0562, found 257.0560.
9-Amino-1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]isoindol-

5-one (21). To a stirred solution of 19 (50 mg, 0.23 mmol) in
MeOH (10 mL) was added 10% Pd/C (25 mg), and the mixture
was stirred at room temperature for 2 h under an atmospheric
pressure of hydrogen. The catalyst was removed by filtration,
and the filtrate was evaporated to yield racemate 21 (48 mg,
99%) as a white solid. mp 149-152 °C. 1H NMR (300 MHz,
DMSO-d6): δ 0.80-0.93 (1H, m), 2.10-2.30 (2H, m), 2.43-
2.51 (1H, m), 3.18-3.24 (1H, m), 3.38-3.47 (1H, m), 4.50 (1H,
dd, J1 ) 10.0 Hz, J1 ) 5.5 Hz), 5.34 (2H, s), 6.72 (1H, d, J )
7.9 Hz), 6.76 (1H, d, J ) 7.9 Hz), 7.11 (1H, t, J ) 7.9 Hz). MS
(ESI+): m/z 189 (M+H)+. HR-MS calcd for C11H13N2O
(M+H)+: 189.1028, found 189.1025.

4-Nitro-N-(5-oxo-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]-
isoindol-9-yl)benzamide (22). To a stirred solution of 21 (30
mg, 0.16 mmol) in CHCl3 (10 mL) were added triethylamine

(44 mL, 0.32 mmol) and p-nitrobenzoyl chloride (59 mg, 0.32
mmol). After being stirred for 3 h, the reaction mixture was
poured into a saturated NaHCO3 solution. The aqueous layer
was extracted with CHCl3. The combined organic layer was
washed with brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by silica gel column chroma-
tography (2% MeOH in CHCl3) to give racemate 22 (45 mg,
83%) as a slight yellow foam. 1H NMR (300 MHz, CDCl3): δ
1.25-1.31 (1H, m), 2.20-2.27 (1H, m), 2.33-2.42 (2H, m),
3.42-3.47 (1H, m), 3.68-3.72 (1H, m), 4.92 (1H, dd, J1 ) 11.2
Hz, J2 ) 5.9 Hz), 7.53 (1H, d, J ) 7.8 Hz), 7.68 (1H, t, J ) 7.8
Hz), 7.82 (1H, d, J ) 7.8 Hz), 8.12 (2H, d, J ) 8.8 Hz), 8.22
(1H, brs), 8.38 (2H, d, J ) 8.8 Hz). HR-MS calcd for C18H16N3O4

(M+H)+: 338.1141, found 338.1134.
N-[(9bR)-5-Oxo-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]i-

soindol-9-yl]-4-nitrobenzamide (22a) and N-[(9bS)-5-Oxo-
2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindol-9-yl]-4-ni-
trobenzamide (22b). Compound 22 (22 g, 66 mmol) was
separated by chiral HPLC (CHIRALPAK AD, 50φ × 500 mm,
hexane-EtOH (1:4), flow rate 100 mL/min) to give 22a
(retention time: 30 min, 10.1 g) and 22b (retention time: 22
min, 11.2 g) as pale yellow foams. 22a: 1H NMR (300 MHz,
CDCl3): δ 1.25-1.31 (1H, m), 2.20-2.27 (1H, m), 2.33-2.42
(2H, m), 3.42-3.47 (1H, m), 3.68-3.72 (1H, m), 4.92 (1H, dd,
J1 ) 11.2 Hz, J2 ) 5.9 Hz), 7.53 (1H, d, J ) 7.8 Hz), 7.68 (1H,
t, J ) 7.8 Hz), 7.82 (1H, d, J ) 7.8 Hz), 8.12 (2H, d, J ) 8.8
Hz), 8.22 (1H, brs), 8.38 (2H, d, J ) 8.8 Hz). HR-MS calcd for
C18H16N3O4 (M+H)+: 338.1141, found 338.1135. [R]D

20 134.4°
(c 1.0, CHCl3). 22b: 1H NMR (300 MHz, CDCl3): δ 1.25-1.31
(1H, m), 2.20-2.27 (1H, m), 2.33-2.42 (2H, m), 3.42-3.47 (1H,
m), 3.68-3.72 (1H, m), 4.92 (1H, dd, J1 ) 11.2 Hz, J2 ) 5.9
Hz), 7.53 (1H, d, J ) 7.8 Hz), 7.68 (1H, t, J ) 7.8 Hz), 7.82
(1H, d, J ) 7.8 Hz), 8.12 (2H, d, J ) 8.8 Hz), 8.22 (1H, brs),
8.38 (2H, d, J ) 8.8 Hz). HR-MS calcd for C18H16N3O4

(M+H)+: 338.1141, found 338.1128. [R]D
20 -132.8° (c 1.0,

CHCl3).
(9bR)-9-Amino-1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]

isoindol-5-one (21a). To a stirred solution of 22a (10.0 g, 29.6
mmol) in tetrahydrofuran (300 mL) was added lithium boro-
hydride (3.86 g, 177 mmol) at room temperature. Then MeOH
(9.7 mL, 237 mmol) in tetrahydrofuran (10 mL) was added in
a dropwise manner. The resultant mixture was stirred for 5 h
at room temperature and poured into 3 N HCl. The aqueous
layer was neutralized with saturated aqueous NaHCO3 and
extracted with CHCl3. The combined organic layer was washed
with brine, dried over MgSO4, and concentrated in vacuo. The
residue was purified by silica gel column chromatography (2%
MeOH in CHCl3) and recrystallized from EtOAc to give 21a
(1.2 g, 22%, 100% ee). mp 151-152 °C. 1H NMR (300 MHz,
DMSO-d6): δ 0.80-0.93 (1H, m), 2.10-2.30 (2H, m), 2.43-
2.51 (1H, m), 3.18-3.24 (1H, m), 3.38-3.47 (1H, m), 4.50 (1H,
dd, J1 ) 10.0 Hz, J1 ) 5.5 Hz), 5.34 (2H, s), 6.72 (1H, d, J )
7.9 Hz), 6.76 (1H, d, J ) 7.9 Hz), 7.11 (1H, t, J ) 7.9 Hz).
HR-MS calcd for C11H13N2O (M+H)+: 189.1028, found 189.1027.
[R]D

20 87.6° (c 1.0, CHCl3).
(9bS)-9-Amino-1,2,3,9b-tetrahydro-5H-pyrrolo[2,1-a]

isoindol-5-one (21b). To a stirred solution of 22b (11.0 g, 32.6
mmol) in tetrahydrofuran (300 mL) was added lithium boro-
hydride (4.25 g, 195 mmol) at room temperature. Then MeOH
(16.0 mL, 391 mmol) in tetrahydrofuran (10 mL) was added
in a dropwise manner. The resultant mixture was stirred for
5 h at room temperature and poured into 3 N HCl. The
aqueous layer was neutralized with saturated aqueous NaH-
CO3 and extracted with CHCl3. The combined organic layer
was washed with brine, dried over MgSO4, and concentrated
in vacuo. The residue was purified by silica gel column
chromatography (2% MeOH in CHCl3) and recrystallized from
EtOAc to give 21a (2.1 g, 34%, 100% ee). mp 151-152 °C. 1H
NMR (300 MHz, DMSO-d6): δ 0.80-0.93 (1H, m), 2.10-2.30
(2H, m), 2.43-2.51 (1H, m), 3.18-3.24 (1H, m), 3.38-3.47 (1H,
m), 4.50 (1H, dd, J1 ) 10.0 Hz, J1 ) 5.5 Hz), 5.34 (2H, s), 6.72
(1H, d, J ) 7.9 Hz), 6.76 (1H, d, J ) 7.9 Hz), 7.11 (1H, t, J )
7.9 Hz). HR-MS calcd for C11H13N2O (M+H)+: 189.1028, found
189.1034. [R]D

20-87.0° (c 1.0, CHCl3).
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(1S,4R)-N-[(9bS)-5-Oxo-2,3,5,9b-tetrahydro-1H-pyrrolo-
[2,1-a]isoindol-9-yl]-4,7,7-trimethyl-3-oxo-2-oxabicyclo-
[2,2,1]heptane-1-carboxamide. To a stirred solution of 21b
(54 mg, 0.29 mmol) in CH2Cl2 were added (1S)-(-)-camphanic
chloride (126 mg, 0.58 mmol), triethylamine (80 µL, 0.57
mmol), and 4-(dimethylamino)pyridine (3.5 mg, 0.029 mmol).
The resultant mixture was stirred for 5 h at room temperature,
poured into saturated aqueous NaHCO3, and extracted with
CHCl3. The combined organic layer was washed with brine,
dried over MgSO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane-EtOAc
(5:1)) to give (1S,4R)-N-[(9bS)-5-oxo-2,3,5,9b-tetrahydro-1H-
pyrrolo[2,1-a]isoindol-9-yl]-4,7,7-trimethyl-3-oxo-2-oxabicyclo-
[2,2,1]heptane-1-carboxamide (88 mg, 82%). mp 189 °C. 1H
NMR (300 MHz, CDCl3): δ 1.01 (3H, s), 1.17 (3H, s), 1.19 (3H,
s), 1.25-1.47 (1H, m), 1.73-1.82 (1H, m), 1.98-2.09 (2H, m),
2.22-2.33 (1H, m), 2.34-2.45 (2H, m), 2.58-2.69 (1H, m),
3.38-3.50 (1H, m), 3.66-3.78 (1H, m), 4.76 (1H, dd, J1 ) 10.2
Hz, J1 ) 5.9 Hz), 7.47 (1H, t, J ) 8.0 Hz), 7.62 (1H, t, J ) 8.0
Hz), 8.03 (1H, d, J ) 8.0 Hz), 8.08 (1H, brs). HR-MS calcd for
C21H25N2O4 (M+H)+: 369.1814, found 369.1804. [R]D

20 -92.4°
(c 1.0, CHCl3).

9-Amino-5H-pyrrolo[2,1-a]isoindol-5-one (23). To a
stirred solution of 19 (100 mg, 0.47 mmol) in methyl alcohol
(15 mL) were added Fe (powder, 200 mg) and then 6 N HCl
(500 mL). The resultant mixture was stirred at room temper-
ature for 30 min, poured into saturated aqueous NaHCO3, and
the aqueous layer was extracted with EtOAc. The combined
organic layer was washed successively with water and brine,
dried over MgSO4, and concentrated in vacuo. The residue was
purified by silica gel column chromatography (hexane-EtOAc
(5:1)) to afford 23 (71 mg, 83%) as a red solid. mp 119-120
°C. 1H NMR (300 MHz, CDCl3): δ 3.85 (2H, brs), 6.02 (1H, d,
J ) 3.1 Hz), 6.17 (1H, t, J ) 3.1 Hz), 6.78 (1H, d, J ) 8.0 Hz),
6.99-7.04 (2H, m), 7.16 (1H, d, J ) 8.0 Hz). MS (ESI+): m/z
185 (M+H)+. HR-MS calcd for C11H9N2O (M+H)+: 185.0715,
found 185.0714.

9-Amino-3-(1-hydroxyvinyl)-5H-pyrrolo[2,1-a]isoindol-
5-one (24). To a stirred solution of 20 (200 mg, 0.78 mmol) in
MeOH-tetrahydrofuran (1:1, 20 mL) was added 10% Pd/C (25
mg), and the mixture was stirred at room temperature for 10
h under an atmospheric pressure of hydrogen. The catalyst
was removed by filtration, and the filtrate was evaporated.
The residue was purified by precipitation from EtOAc to yield
24 (208 mg, 100%) as a slightly green solid. mp 198-200 °C.
1H NMR (300 MHz, DMSO-d6): δ 5.92 (2H, brs), 6.29 (1H, d,
J ) 2.9 Hz), 6.62 (1H, s), 6.95 (1H, t, J ) 5.2 Hz), 7.10 (2H, d,
J ) 5.2 Hz), 7.14 (1H, d, J ) 2.9 Hz), 7.21 (1H, brs), 12.05
(1H, brs). MS (ESI+): m/z 227 (M+H)+. HR-MS calcd for
C13H11N2O2 (M+H)+: 227.0821, found 227.0823.

Cyclin D-Cdk4 Assay. In vitro Cdk assays were per-
formed as previously described40 with some modifications. The
recombinant human cyclin D2-Cdk4 complex was expressed
in Sf9 cells with a baculovirus expression system and then
purified by HPLC. The purified cyclin D2-Cdk4 was incubated
with 50 µM ATP (0.5-1.5 µCi of [33P]-ATP (3000 Ci/mmol)),
100 µM or 400 µM G1 peptide, R buffer (20 mM Tris-HCl pH
7.4, 10 mM MgCl2, 4.5 mM 2-mercaptoethanol, 1 mM EGTA),
and diluted compounds at 30 °C for 45 min. The reactions were
terminated by addition of 350 mM H3PO4. Peptides were
trapped and washed using P81 paper filter 96-well plates
(Millipore) and 75 mM H3PO4. 33P incorporation was measured
with a Top Count (Packard).
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