DOI: 10.1002/cmdc.200700131

Novel Inhibitors of Checkpoint Kinase 1
Kenneth L. Arrington* and Vadim Y. Dudkin®

To date, DNA-damaging chemotherapeutic agents constitute a
basic tool set in the treatment of cancer. Whereas a number of
such drugs have achieved widespread use, their shortcomings
are well documented and include toxicity associated with lack
of selectivity for tumors over normal proliferating cells, as well
as efficacy limitations. Thus, widening the therapeutic window
of DNA-damaging chemotherapies would lead to significant
improvement in cancer care. Ildeally, a dividing tumor cell
would progress into mitosis after sustaining DNA damage in-
flicted by chemotherapy and subsequently undergo mitotic
catastrophe and apoptosis. However, cells have the ability to
halt the cell cycle in G1, G2, or S phases and pause to allow for
DNA repair. Temporary arrest of the progression of the cell
cycle therefore provides a survival mechanism for tumor cells
and can be mediated through both p53 and Chk1 pathway ac-
tivation. Whereas normal proliferating cells have an intact p53
pathway, it is compromised in many tumors, and for these
Chk1-mediated G2/S arrest becomes a dominant defense
mechanism from DNA-damaging chemotherapy."” Inhibition
of Chk1 in such p53-deficient tumor cells with damaged DNA
would abrogate the cell-cycle arrest and force the progression
into mitosis resulting in cell death, thus selectively sensitizing
these tumor types to chemotherapy. Accordingly, combination
therapy comprising a DNA-damaging agent with a Chk1 inhibi-
tor will potentially have a significantly higher therapeutic index
than chemotherapy alone. Such realizations have driven great
interest in the discovery of selective inhibitors of Chk1 kinase
with a number of pharmaceutical companies and academic re-
search labs contributing to the effort. This minireview will
focus on the challenges and recent progress achieved in this
area from a medicinal chemistry perspective.

In a majority of publications, inhibition of Chk1 enzymatic
activity serves as a primary assay for compound screening. This
can be followed by a number of experiments designed to eval-
uate functional activity in a cellular context, which typically
measure effects of compound administration on either check-
point abrogation or antiproliferative activity of a DNA-damag-
ing agent. Cell cycle profile (FACS) analysis has been employed
to observe changes in cell distribution from abrogation of
checkpoint arrest and apoptosis following administration of a
DNA damaging agent and Chk1 inhibitor.®! A similar observa-
tion is made in the checkpoint escape assay® which utilizes an
immunohistochemistry approach to measure the extent of mi-
totic marker expression. Antiproliferative effects of Chk1 inhibi-
tors have been investigated with inhibition of colony forma-
tion"” or cell viability (for example, MTS)"® assays demonstrat-
ing sensitization of tumor cell lines to a DNA-damaging agent.
Finally, measurement of Chk1 autophosphorylation provides a
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direct readout of a compound’s inhibitory activity at the cellu-
lar level.™ In recent years (2005-2007) both enzymatic and
functional activity data have become available for novel'?
Chk1 inhibitors belonging to a number of structurally distinct
series. Among these promising series, the diaryl ureas, fused-
pyrazoles, quinolinones, aminopyrimidines, and others, are de-
scribed below.

Diarylureas

Substituted ureas have become the most extensively investi-
gated group of Chk1 inhibitors, with many patents and publi-
cations devoted to these series. Initially originating as hits
from various high throughput screening campaigns, the cores
belonging to this class have been the focus of several compa-
nies’ Chk1 discovery efforts for some time. ICOS Corporation,
Millennium Pharmaceuticals,"” and Abbott Laboratories" pro-
duced early (2003-2005) patent applications detailing the in-
hibitory activity of disubstituted ureas with similar embodi-
ments. Each reported ICy, value is in the nanomolar range and
the preferred embodiment usually contained a functionalized
pyrazine as ringl and a disubstituted phenol as ringll
(Figure 1). ICOS corporation has disclosed its latest discoveries
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Figure 1. General ICOS, Millennium, and Abbott Diaryl Ureas.

in a series of patents®'® based on the general structure 18
(Figure 2). The most preferred configuration has W as a 4-
methyl pyrazine, X' and X* as NH, and Y as O, with varying
functionalities appended to the eastern phenyl ring. The com-
pounds represented by this combination exhibit IC;, values
~100 nm in the cell-based Chk1l assay, although some are
claimed to be <25 nm. These prototypical compounds are also
at least 20-fold more selective for Chk1 over other protein kin-
ases, including Chk2, CDK1, Akt-1, and p38MapK (some are
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Figure 2. ICOS diaryl ureas (italics indicates preferred substituent).

R® = CI, Me, CF,

claimed to have >75-fold selectivity). The synthesis of these
molecules is rather facile, with the urea core being assembled
by the displacement of the desired phenyl pyrazin-2-ylcarba-
mate with an appropriately substituted aniline. The aniline is
optimally disubstituted at R? and R®, with R® and R* being H.
R?, which is facing out toward the solvent, can tolerate a wide
variety of functionality, including, optimally, ether linked alkyl
chains of various lengths. R® is preferably halo (chloro) or alkyl
(methyl).

Abbott Laboratories scientists have also recently unveiled
new modifications to the N-aryl-N'-pyrazinylurea series. In one
publication,"” they report on extensive SAR research on the
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phenol ring involving cyclic ethers or branched aminoalkyl
moieties (Table 1), with variations accomplished via a Mitsuno-
bu reaction between the phenolic urea and the appropriate al-
cohol. A variety of substituents are tolerated at R? and X-ray
crystallography has proven that these groups occupy a more
spacious ribose pocket."? These efforts resulted in compounds
with low nanomolar intrinsic potency and significant selectivity
against a panel of serine/threonine kinases. Compounds 1 and
2 displayed IC;, values of 8 nm and 7 nwm, respectively, and
both demonstrated >200-fold selectivity over several closely
related kinases, including Chk2, Akt1, and CDK1. In an attempt
to improve the physical properties of the series, such as logP
and solubility, the substitution at R* position was also investi-
gated,” as X-ray analysis shows that attachments here point
toward the solvent exposed area. Chk1 inhibition in vitro was
evaluated initially, in a radiometric assay conducted in the
presence of 5um ATP, then in the cell based MTS and FACS
assays. This series had acceptable cellular potency, as exempli-
fied by compounds 4 in the FACS assay (ICs,=140 nm) and 5
in the MTS assay (IC;,=580 nm) (Table 1), however, much of
the class showed less than optimal cellular data, generally at-
tributed to low cell permeability. A ratio was calculated by
comparing the antiproliferative EC;, obtained when dosing
Hela cells with compound alone versus co-administration with
the DNA-damaging agent doxorubicin (150 nm). Compound 2
had an MTS EC5,=>59 pm when dosed singly, but with doxor-
ubicin the value was 2.6 £ 1.3 um, resulting in a ratio of >22. It
also had an exemplary selectivity profile, so it was evaluated in
antiproliferative studies with camptothecin and doxorubicin."”
In SW620 cells, a human colon cancer cell line, a 20-fold poten-
tiation of camptothecin was observed, registering an ECs, in-
crease from 400 nm as a single agent, to 20 nm in the presence
of 10 um 2. With doxorubicin, fivefold potentiation was ob-
served in Hela cells at the same concentration of 2, with an

ECs, increase from 490 nm to

90 nm. Compound 2 also

Table 1. Intrinsic and cellular potency of selected Abbott diaryl ureas.
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showed promise in a soft agar
colony growth assay®” aug-
menting (14-fold potentiation)
the efficacy of camptothecin in
sensitizing SW620 cells. Macrocy-
clic constrained diaryl ureas have
also been researched by this

FACS ECy, w/dox [nm] | 9roup, and have proven to be

1 ~ e} H Cl 8 400
N
Y

more potent than the acyclic
_ versions.”? The size of the mac-
rocyclic ring had only a modest
impact on Chk1 inhibition, and a

2 o&o H a 7z 2600 - . .

five-carbon linker was found to
NIy be optimal. Substitution at R*
3 MeO ~ N ooao8 440 1710 and R’ both of which lie in the
N solvent exposed region, was tol-
4 MeO a 12 760 140 erated, but was not well tolerat-
~ o ed at R® (Table 2). These mole-

5 [nd N a0 220 580 (Table 2)
- cules were active in the MTS and
6 MeO Q v H 10 4660 1450 FACS assays when dosed in com-
bination with either doxorubicin
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Table 2. Biological data of selected Abbott macrocyclic diaryl ureas.

o) gL

Agouron??® and Abbott Labo-
ratories®  disclosed pyrazoles
fused into either 3,5-disubstitut-
ed indazoles or tri- and tetra-
cyclic cores, respectively
(Figure 4). Recently, several com-

Compd. n R? R* |C50 [nm] MTS FACS cdc25A West- panies have continued to focus
E%)‘: ]+ ED%)‘(J [nm] + ern ECso [nm] on pyrazoles, and their deriva-
tives, as potential Chk1 inhibi-
7 2 H H 7 3040 2700 >400 tors. Abbott Laboratories has
8 1 H H 6 430 240 70 .
: elaborated on the fused tri and
9 2 H » 5 860 190 850 tetra-cyclic pyrazole series,®
W7 featuring new functionalities
10 2 H R 13 1400 1200 230 which improve Chk1 poten-
rg’ c [30,31] Th. . . .
y. is series was originally
1 > H H K/N\/\/O\;e _ _ _ derived from an HTS hit (IC5,=
510 nm) (Figure 5). A typical syn-
12 2 g F Me 163 - - - thesis of these inhibitors pro-
ceeds via the palladium-cata-
lyzed cross coupling of a substi-
R" R? R® L .
| | Table 3. Selected Millennium Chk1 inhibitors.
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or camptothecin in H1299 cells (Table 2). They have also 7(\“# A Ns
" 23] 14 © \[ j\
shown the ability to protect cdc25A,“" a key phosphatase pro- " N
tein which controls cell cycle progression through activation of (_7
CDK1, from degradation due to proteolysis. .
. . . . . H
Researchers at Millennium Pharmaceuticals have also investi- O\/\,Nw‘/©/
gated the diaryl urea series,” producing molecules with more .5 0 5\['\‘\]\
functionality on ring A. Of noted interest was the introduction N N
of polarity on ring A (Figure 3). Another noted difference is the [Nj
success achieved with 5-cyano pyrid-2-yl as ring D, with several b
of these analogues displaying >50% inhibition of Chk1 at a o\/\/l?\ SN
concentration of 1 um in the Chkl Flashplate” kinase assay. | 16 \E;LCN
Most of the active compounds presented in this series bear a “ —
razinyl functionality. A list of molecules which provide i AN
pyraziny’ Tunctionality . P 17 O Ny |
>50% inhibition in the aforementioned assay are shown o o ! A en
(Table 3), but no cellular or selectivity data are given.
Fused pyrazole-based
cores
Fused pyrazole-bearing systems H
have become well-recognized NN R X! N*IN R®
p ~IN o~
pharmacophores for numerous R' | NH - \2 R
Chk1 inhibitors. For example, RE R? , X x?x‘( i
aminopyrazole cores have been Ar R
rEpo.rtEd[ZS]by Agouror.1 Pharma- Agouron general structure Agouron structure Abbott general structure
ceuticals and Bristol-Myers
Squibb  Company,® whereas Figure 4. Early fused pyrazoles.
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Figure 5. Agouron tricyclic pyrazole
series.

tuted 3-iododihydroindenopyra-
zole with the desired boronic
acid (or borane ester). The evolu-
tion of the series was aided by
X-ray structural analysis, which
suggested that H-bonding to
the Glu55 residue in the hydro-
phobic region of the ATP bind-
ing cleft could be advantageous,
as evidenced by compound 22
(Table 4). Similar to some of the
SAR established by Agouron
Pharmaceuticals Inc. in the relat-
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duced kinase proteins (SGK), which regulate ionic and water
transport (Figure 6). Evaluating the SAR in this series estab-
lished that R is typically just H, and B and B’ can be independ-
ently substituted with either a nitrogen or CH, with CH being
particularly preferred. X is also optimally CH,, although some
compounds include a stereospecifically-appended methyl
group to this carbon. R' is optimal as H. Various functional

kVGOH
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Figure 6. Merck KGaA indazole squaric acid Chk1 inhibitors.

Table 4. In vitro profile of Agouron tricyclic pyrazoles.

Cys87

Glugs

groups can also be tolerated at
R? for example, halides, amines,
and amides, but OH or alkyl
ethers (for example, methoxy)
are featured in many of the ex-

. Asp59 amples provided. R* was of par-

OH ticular interest and most deriva-

S Glss tives produced displayed substi-

Compd. 6-X 7-X Chk1 ICso [nM]  MTS ECs [nM] w/dox  FACS ECs, [nM] w/dox tution at this position with dif-
O>,§ ferent amides, optimally aryl or

18 HO"'Q"NH H 6.2 1800 770 heteroaryl.  Most  abundant
oo H among the examples were the

19 H/\g 3 OH 0.74 3300 2000 benzoyl and 3-chlorobenzoyl
H moieties (Figure 6). Compounds

20 H oA 12 2500 3800 A, B, and C are representative of
Hrﬁ the series and, although no

21 Ho\«O’ 0 MeO 024 890 610 Chk1 inhibitory data was provid-
22 MeO MeO 48 1000 130 ed, these compounds exhibited

ed aminopyrazole series,” it was discovered that optimized

compounds contain a biphenyl-4-ol eastern portion and a sub-
stituted phenyl ring on the western side (Figure 5).°" Although
subnanomolar potency was achieved in vitro, only compound
22 exemplified desirable cellular potency when used in combi-
nation with doxorubicin in both the MTS assay (1 pm) with
Hela cells and the FACS assay (130 nm), with H1299 cells
(Table 4).

Indazoles represent another important series of scaffolds
containing fused pyrazoles.®>*? A recent patent application
from Merck KGaAP? presents indazole squaric acid derivatives
as inhibitors of Chk1, Chk2, and serum and glucocorticoid in-
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low nm activity against SGK.
Merck and Co., Inc. has de-
scribed indolyl indazoles as a
novel means of inhibiting Chk1. These compounds are general-
ly prepared by a palladium-catalyzed Suzuki cross-coupling re-
action between the desired indole boronic acid and the func-
tionalized 3-(indol-2-yl)indazole core.®*3¥ The lead, originally
prepared as a VEGFR2 (KDR) kinase inhibitor,*® was identified
from a direct screening campaign and contained a tetrazole at
R (Table 5), which X-ray studies demonstrated to be engaged
in an ionic interaction with Lys38 (Figure 7). SAR studies
(Table 5) identified compound 28, with R'=benzylpiperidine
and R?*=hydroxymethyl triazole as being very potent, register-
ing an ICs, value of 0.30 nm. X-ray studies further indicate that
in addition to the known hydrogen bonds to the kinase

ChemMedChem 2007, 2, 15711585
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Table 5. In vitro data on selected indolyl-indazoles.
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Figure 7. Merck ondolyl-indazoles.

domain backbone, the hydroxy group in the molecule displa-
ces one of the three highly conserved water molecules, which
may explain the enhanced potency. Many initial compounds in
this series, however, had only modest activity in the functional
checkpoint escape assay (CEA), despite showing acceptable
cellular permeability, as evidenced by low shifts in the Chk1
autophosphorylation assay. This phenomenon was explained
by strong inhibitory activity of these molecules versus the
cyclin-dependent kinase Cdk7,%*® whose inhibition would en-
force cellular arrest and counter-
act the effect of Chk1 inhibition.

N. Foloppe and colleagues at

6 N-NH
Vernalis Ltd have investigated R N A A ~g
the Chk1 ATP site by conducting RSQNH
X-ray crystallographic studies on RO ke o F.{L"

a benzimidazol-2-yl-indazole
core.® Similar cores were origi-
nally targeted by both Agouron
Pharmaceuticals® and Aventis
Pharmaceuticals“” as potential

general structure
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Figure 8. Early benzimidazolyl-indazoles.

protein kinase inhibitors (Figure 8). The synthesis of represen-
tative final molecules is completed by condensation of diami-
nobenzene on the substituted indazole-3-carbaldehyde. The X-
ray analysis predicts that a phenyl ring substituted with rela-
tively small hydrophobic groups are optimal, fitting into a
buried hydrophobic pocket believed to be unique to Chkl,
lined by Glu55, Asn59, and Val 68. This hypothesis is in conso-
nance with the SAR already established by researchers from
Pfizer/Agouron pharmaceutical on the same series.®**"" Incor-
poration of a methoxyphenol on
the indazole led to 330-fold in-
crease in potency (IC;,=42 nwm),
believed to be the result of in-
creased hydrogen bonding inter-
actions between the substituent
and Asn59, Glu55, and Asp 148
located in the aforementioned
conserved, buried pocket
through the displacement of all
three water molecules (Figure 9).
These interactions were identi-
fied by computational modeling
and confirmed by X-ray crystal-
lography.”® Based upon these
discoveries, Vernalis R&D has re-
cently introduced pyrazolo ben-

zimidazoles™ (Figure 10) as a
Gluss
Tyr86
Cys87 R !
R \ ... Asn59
N-N 0
o Q . Gluss
| OH "~
Asp148

Figure 9. Proposed binding mode of benzimidazolyl-indazole series.
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R®, R®=CI,F,H
R*R®= H, alkyl chains, small heterocycle or 5,6-membered carbo-or
hetero-cyclic ring

Figure 10. Vernalis pyrazolo benzimidazoles.
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novel means of inhibiting Chk1 and 3’-phosphoinositide pro-
tein kinase-1 (PDK1), which has been found to promote apop-
tosis through the deactivation of the prosurvival PI-3 kinase-
AKT pathway, and has also been implicated in T-cell function
and proliferation, making it a viable target for autoimmune dis-
orders. Extensive SAR has been established for this class, which
is synthesized by the oxidative cyclization mentioned previous-
ly. R' is particularly preferred to be methyl, whereas R? provides
the handle for basicity, and is currently preferred as piperidin-
4-yl. R® and R® can tolerate small halogens such as fluoro and
chloro, but is optimally substituted with just hydrogen. R* and
R> seem to tolerate a wide variety of functionality, and the pre-
ferred structures contain these positions constrained into a
five- or six-membered carbo- or hetero-cyclic ring (Table 6). All

K. L. Arrington and V. Y. Dudkin

1,2-dihydroquinoline intermediate, followed by cyclization of
the pyrazole with the appropriately substituted hydrazine. The
pyrazole N and NH need to remain unsubstituted as they pro-
vide the essential hydrogen bonding interactions to the Cys87
and Glu85 residues of the kinase backbone. The R' position
could only tolerate small moieties and was almost exclusively
methyl. The R? position allowed greater variability, but was op-
timal as either an ethyl or amino propyl. There are also exam-
ples of fluorinated ethyl chains, as well as functionalized ami-
noalkyl chains presented among the most potent compounds.
R® was optimal as either hydrogen, a halogen, a small hetero-
cycle, or an unsaturated 3-carbon chain. Most of the preferred
compounds bore either a chloro, prop-2-yn-1-amino side
chain, or an amino-substituted small heterocycle, preferably 1-
(2-thienyl)methanamino moiety.
Representative preferred com-

Compd.  Structure CHK-1 ICs [um]

Table 6. Intrinsic potency and selectivity profile of Vernalis pyrazolo-benzimidazoles.

PDK-1 ICso [pm]  AKT-1 1Csg [pum]

pounds are presented below,
with some determined to have

CDK2 IC
a0 L] ICs, values of <500 nm (Table 7).

N
N\\f/‘i‘
NH
29 @ o N 0.098 0.108

0.010 0.058

30 f/—\’>/NH Of\%
N
NH
31 F g NH
N-

0.006 0.010

32 0, = 0.006 0.074

0.004 0.143

Merck and Co., Inc has report-
ed a related pyrazoloquinolinone
series,” which includes a fourth,
often saturated, fused ring on
the western portion of the mole-
cule (Figure 11). Much of the
SAR revolved around amending
~50 454 the aminopropyl side chain
through functionalization, in-
cluding conversion to various
benzylic amines, sulfonamides,
and amides. The side chain itself
was also fluorinated and hy-
droxylated on the central (2)
carbon. The Z ring system could
be either carbocyclic or hetero-
cyclic. Merck has also released
the structurally similar imidazoyl-
quinolinone series,“® which can
be synthesized by an intramolec-
ular Heck coupling of the imida-
zolyl precursor. In all cases dis-
closed, R' was methyl and R?
was a propyl amino side chain.
The Z ring could be either a

17.07 3.30

26.84 51

>50 21.30

>50 6.24

of the examples produced exhibited selectivity for both Chk1
and PDK1 over similar serine/threonine kinases, for example,
Akt1 (>70-fold) and CDK-2 (> 15-fold). Compounds 29, 30,
and 31 also showed selectivity against a number of kinases in
wide-range kinase screening conducted at Upstate. Some com-
pounds, such as 5, were proven to be selective for Chk1 over
PDK1.

Studies on Chk1 inhibitors belonging to the tricyclic 2,5-di-
hydro-pyrazolo quinolinone class have been reported by Mil-
lennium Pharmaceuticals.***¥ These molecules are synthesized
by converting an amido-benzoate into a 4-hydroxy-3-carboxy-
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phenyl or naphthyl system, with

functional groups appended to
them. Some representative molecules from both of these
series are presented, but no biological data was provided (Fig-
ures 11 and 12).

Aminopyrimidine structures

Aminopyrimidines and related analogues have been recog-
nized as a common kinase pharmacophore, and many well-
known Chk1 inhibitors contain this motif as an essential part
of the core.*” With the elucidation of the human Chk1 kinase
domain structure, new pyrimidine-based inhibitors, such as di-

ChemMedChem 2007, 2, 15711585
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Table 7. 2,5-dihydro pyrazolo quinolinones by Millennium.

RZ
NEN N-NH
AR R? L R
n(GUTA/ =
X' N (o] l}l (¢}
W\R1 R?
Compd. R' R? R
34 Me ff\/\/NHz @
H
35 Me SN H
36 Et S NH, al
37 Me S NH, ©\ .
N
38 Me Et GN ¥
E NS
39 Me NS Ve
R N-NH i N-NH
Z R '
LO® — QoL
B N"o
R R R'

general scheme

OH N—-NH N-NH
Ox HN
o’/S
NH\O NKLO N O N e}

NH, NH,

selected Chk1 Inhibitors

Figure 11. Merck pyrazoloquinolinone series.
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Figure 12. Merck imidazolyl quinolinones.

aminopyrimidine 1 and quinazoline 2, were originally identified
by virtual screening conducted by researchers at AstraZene-
ca™® with IC5, values of 4pum and 450nm, respectively
(Figure 13). In light of recent discoveries, researchers at Vernalis
Ltd. have also disclosed efforts involving aminopyrimi-
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dines."**® Through receptor-based virtual screening,®'-*" elec-

tronic libraries containing small molecules were computational-
ly docked into a three-dimensional structure of the ATP-bind-
ing site, and molecules of interest were then confirmed by X-
ray crystallography. This effort identified ten novel Chk1 inhibi-
tors, but the fused, adenine-type structures demonstrated the
most potential,“*” with the unoptimized leads registering 1Cs,
values in the nanomolar range (Figure 14, A=31.8 nm and B=
15.6 nm). In further investigations,®™ medium throughput
screening of a commercial library identified compound C,
which, although structurally similar, was shown to bind in a
slightly different configuration. This core is synthesized
through a thermal cyclization of the derivatized 2-furylforma-
mide thereby furnishing functionalized furylpyrimidin-4-
amines. Alterations to the aniline side chain caused complete
loss of affinity, and X-ray crystallographic studies concluded
that the hydroxy-ethyl chain engaged in an intramolecular H-
bond with one of the pyrimidine nitrogens, instead of the pro-
posed interaction with Ser147 predicted by modeling. Struc-
ture-based design led to the re-
placement of the furan ring with
pyrrole, with the assumption
that the N-H would create an ad-

ditional H-bond to the kinase
H backbone. This change indeed

j)\ led to a tenfold increase in po-
“‘a/\/\” tency and also changed the
o~ binding conformation, placing
% T NH

the hydroxyl-ethyl side chain in
the vicinity of the buried pocket,
thereby allowing for derivatiza-
tion to enhance the protein-
ligand affinity. These modifica-
tions also caused a similar in-
crease in the inhibition of cyclin
dependent kinase 1 (CDK1).28
CDK1 regulates G2 arrest, and its
activation is required for DNA-
damaged cells to pass through
the G2M checkpoint (Table 8).

Recently, BioFocus Discovery
Ltd has disclosed further ad-
vancement of the novel pyrimi-
din-4-yl-indazol-5-amines  class,
formed sequentially by 1) the
amination and 2) the palladium-
catalyzed Suzuki cross couplings
of 4,6-chloropyrimidine.®*” Some
of the disclosed compounds
demonstrated potent inhibition
of Chk1 activity (ICs,=<1 um),
and the series also exhibited a
unique affinity for Chk1 over other related kinases, especially
CDK1, which was of particular importance (see above). Com-
pound A (Figure 15) is a prototypical Chk1 inhibitor from this
class, with an 1Cs; <1 pum against Chkland > 50 fold selectivity
versus CDKI1.

N=\
N

/o
1

=z

]
NH, NH,
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NC whose inhibition  sensitizes
N/j:Br O NH tumor cells to DNA damage, sim-
| ; 8,63,64] _
L9 R HN)\N/ \H o |I.ar to Chk1. A .colla.bora
RY N%Rf’ SN tion between the University of
7 |
NN N O e Auckland, New  Zealand, and
‘ Pfizer, Inc. has reported on the
HO O development of 2-amino-azaqui-
i ael6S] (Fi
carly lead Aminopyrimidine 1 Quinazoline 2 nazolines . (F.|g.ure 16) a.s a class
of Weel inhibitors which also
Figure 13. Early pyrimidine-type leads. demonstrates potency against
Chk1. Recent research efforts
85 have shifted to a new 4-phenyl-
Cys87 - pyrrolo-[3,4-clcarbazole-1,3-
. H Cys87 Glugs (2H,6H)-dione core,®® which has
N=\ S . ; proven to effectively inhibit both
HN— N 'NJ>\—/<N \ o N\YH y
Y H o} N Weel and Chk1 (Table 9). The
Nﬁ/NH NYNH ol o core of this class can be synthe-
S S O ~—/ sized by a Diels-Alder reaction
;\ ;\ with a substituted 2-vinylindole
0" NHy.. o) . . . .
0" OH * Tyr20 N diene intermediate and malei-
A B c mide, followed by aromatization
with DDQ. Selectivity for either
Figure 14. Vernalis aminopyrimidine leads. kinase could be enhanced by
cl
Table 8. SAR and biological data.
EtzN/\/O\O\ )N\/ S
NSNS0 @
H |
Figure 16. Pfizer Diarylaminopyrimidine Wee1 inhibitor.
R Chk1 ICs, [nm] CDK1 ICg [nM]
o] H >100000 > 200000 ) ) ) o )
o ;\/\OH 209 < 200000 minor manlpul.atlons to the core: Chk1 sele§t|VIty was im-
proved by the interchange of the phenyl substituent from the
o} f\/© >100000 >200000 4 to the 5 position of the central phenyl ring (compounds 42,
43), whereas Wee1 selectivity was enhan hrough the incor-
NH ;\AOH 53 5o 3), ' ereas Wee1 selectivity was e . a c'edt ough the 'c_:o
OH poration of a 2-chlorophenyl functionality at the 4 position
NH ;\/[ 14 15 (compound 45), or introduction of bulky substituents on the
oH pyrrole ring (compound 50). Low permeability (P,,,<3x

Diaryl aminopyrimidines have also been reported as having
efficacy against Weel kinase, another potential anticancer
target involved in the regulation of the G2M checkpoint,’®**?

A R%=
H N
N, /©/\//N
N HN
HN | e— N
N L2, B R’=
KN/ , N~ R
general structure
C R%’=

Figure 15. Pyrimidinyl-indazole amines by BioFocus.

1578

www.chemmedchem.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

10°cms™") and low aqueous solubility (usually less than

3 ugmL™") have hampered the ability to analyze this class
in vivo.

Medicinal chemistry efforts at Exelixis, Inc. have spawned the

3-aminopyrazine class of Chk1 inhibitors, one of the earliest,

and most advanced, series to

date.*” Of the hundreds of com-

| pounds presented in the patent,

~ more than 50 molecules were

found to have ICs, values of

<50 nm. The central pyrazine

serves as the anchor for substitu-

tion, almost exclusively at posi-

tions R' and R? (Figure 17). R?

'Tl can be a methyl amide, although

most preferred embodiments

contained small saturated het-

erocycles, such as pyrrolidine

ChemMedChem 2007, 2, 15711585
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series.

Table 9. SAR and intrinsic data of 4-phenylpyrrolo-[3,4-clcarbazole-1,3(2H,6 H)-dione dual Chk1/Wee1 inhibitors

H H
o= N0
HO = 5 N X
8 Y R
A B
Compd. Structure X Y z R Chk1 (ICs, [nMm]) Weel (ICs, [nM])
40 A 9-OH NH Ph H 47 97
11 A 8-OH NH Ph H 300 310
42 B Ph - Me H 32 9700
43 B Ph - H H 330 4000
44 A 9-OH NH 2-CIPh H 440 n
45 A 9-OH 0] 2-CIPh H >10000 33
46 B H - 2-SMePh H >50000 33
47 B H - 4-CNPh H 120 1800
48 B H - 2-Pyr H 2300 580
49 B H - 2-CIPh Et 120 50
50 B H - 2-CIPh nBu 27000 59

— 3
R" °N R
RZ

general structure

Figure 17. Exelixis aminopyrazines.

and piperidine, appended from the amide. R?> was found to
also tolerate carbonyl mimetics, and the substituted 1,2,4-tria-
zol-5-yl and 1,2,4-triazol-3-yl systems produced many potent
inhibitors. R® apparently could withstand the most derivatiza-
tion, and most often consisted of a substituted phenyl ring di-

rectly attached to the pyrazine
core by a Suzuki coupling. Func-
tionality, generally, was append-
ed at the 3 position of the
phenyl ring, and the most
potent constructs contained a
substituted benzylic amine, al-
though amide and ether-linked
side chains resulted in com-
pounds with low nanomolar po-
tency. The selectivity of some of
the best compounds was also
evaluated, and many were found
to be equipotent against Chk2
and KDR (Table 10). An undis-
closed preferred compound
(XL844) has been advancing
through clinical trials (see http://
www.exelixis.com/pipeli-
ne.shtml).

ChemMedChem 2007, 2, 15711585
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preferred embodiment

NH,

Quinolinones

Amides, both free and cyclically
constrained, have demonstrated
the ability to effectively inhibit
Chk1. Many natural products
and small molecule inhibitors,
such as debromohymenialdi-
sine,® and the heavily studied
staurosporine (as well as its
closely related derivative UCN-
01),8%%7 \which contain amides
of varying types, have been
identified (Figure 18). In addition
to ureas, carbamates,”" diazepi-
nones,”? and dihydro-diazepi-
noindoles”’¥ have also been
described, the latter series being
studied extensively by research-
ers at Pfizer (Figure 19). One pro-
totypical diazepinone inhibitor

(PF-00394691), which evolved from a similar HTS, has displayed
dose-dependent potentiation of antitumor activity in combina-
tion with gemcitabine in a Colo205 mouse xenograph model,
and has also shown efficacy when used in combination with

other known DNA damaging agents, including camptothecin,

and doxorubicin.”>’® The clinical candidate which evolved

from this series, PF477736, has been moved into phase I clini-
cal development. It has shown efficacy in its ability to potenti-
ate cells treated with docetaxel in vitro and in vivo, and signifi-

tion [78]

cantly enhanced antitumor efficacy in Colo205 xenograft
model.”” It has also proven effective in conjunction with radia-

As of late, quinolinones have garnered much attention
among pharmaceutical companies. Chiron corporation has fur-

Table 10. Biological data on selected amino pyrazines.
Compd. Structure Chk1 [nm] Chk2 [nm] KDR [nm] cdc2 [nm]
o}
51 | fku <50 <50 50<X<1000 > 10000
© N” NH,
N
A 2 L
52 N ‘N\fKN NH <50 <50 50<X<1000 >10000
H
© N” NH,
¢ P
N N NH
53 i ‘ fu <50 <50 50 <X < 1000
N” NH,
poN 240
54 SN INfLN NH o 50 <50 <50 > 10000
°© N” O NH,
55 SN ‘N\ N’V”H <50 <50 <50 1000 < X < 10000
© N” NH,

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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HN HZN\FN
HN< /"~ © HN_ /=0
) )
Br— | 7
N yNH NN -NH
o 0

RSN
ZO
O

w);"j
Staurosporine R=H
UCN-01 R = OH

Granulatimide

Isogranulatimide

Figure 18. Various amide bearing early Chk1 inhibitors.

developed  the
79,801

ther benzimidazolyl-aminoquinolinone
series, with the core being assembled by condensation of
ethyl-2-benzimidazole-acetate with PMB protected isatonic an-
hydride.®" SAR was investigated for most positions of the mol-
ecule and R? on the western phenyl ring was most often a hal-
ogen or methyl, with chloro apparently being optimal. Earlier

ha %

HTS lead (Pfizer)

Iz

/.:
Va
.
o
Iz
Iz __

PF-00394691

Figure 19. Evolution of the Pfizer dihydro-diazepinoindoles series.

early embodiment

RS RS A, B, C, and D = carbon
A=B R'=H
R? = H, Me, F, CI, Br,
I, CN, COOH, Ph, NH,
H, F, CN, substitued
pyyrole, piperidine
R RS = H, F, Cl, OH, morpholine,
general scheme methyl piperazine,
substituted pyrrolidine
R” =H, F, Cl, substituted
pyrrolidine

H R®=

Figure 20. Benimidazolyl quinolinone series by Chiron.
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work on this template incorporated a fluorine at the R' posi-
tion, but recent efforts have revealed that stereospecifically ap-
pending an amino alkyl group at R® can provide a dual benefit;
enhancement of both potency and selectivity. It is believed
that this is derived from interactions between the amine on
the chain and the Glu91 and Glu 134 residues of the earlier de-
scribed acidic patch® (Figure 20). The positions substituted on
the benzimidazole ring were R® and R’, but R® was apparently
more tolerant to derivatization (Figure 20). Compound 60 of
this series (Table 11) has demonstrated synergy with campto-

Table 11. In vitro potency of benzimidazolyl quinolinones.
Compd. R' R? ICso [NM]
N
56 H @\ 7.6
W
N
57 H @ 482
&
H
N
58 6-Me &j\ 14
E
HN
59 6-Cl O\; 05
N
60 6-Cl @\ 0.32
¥
H . T .
o NN thecin, significantly accelerating
\

cell death when co-administered

-N to MDA-MB-435 cells® In a

> recent paper,®” compound 60

has been reported to protect

and restore the level of cdc25,

which, as mentioned previously,

is normally targeted by Chk1 for

degradation  following  DNA

damage. It also abrogated the

G2M checkpoint and increased

tumor apoptosis in an orthotop-

ic breast cancer xenograft model

conducted in combination with
irinotecan.

Merck and Co., Inc, have de-
scribed 6-substituted indolylqui-
nolinones as a novel class of
potent Chk1 inhibitors.®*® Simi-
lar to the indolyl indazoles, this
series also originally developed
for the KDR kinase inhibitor pro-

N" o gram,®® and was also identified
during HTS screening. Palladium-
catalyzed Suzuki cross-coupling
of the derivatized 3-iodoquino-
lin-2(1H)-one and the appropri-
ately substituted BOC-protected-

PF-477736

— Glu91

" Glu134

ChemMedChem 2007, 2, 15711585
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indolyl boronic acid afforded the core (Figure 21). The SAR on
the quinolinone can be analyzed by Suzuki couplings with the
bromide or hydrolysis of a cyano group to the corresponding
amides (Table 12). The SAR around the indole portion was

Cys87 Glugs
. 0 &
2u—NH NH
2
NN
H
Glus5

Compound 63

Figure 21. Merck indolyl quinolinone series.

piperidine moieties, were found to have an optimal combina-
tion of biochemical potency and polarity, resulting in CEA ECg,
values <100 nm. These molecules had moderate clearance in
dog PK experiments.

Triazolinones

AstraZeneca AB, and others,
have reported on fused triazo-
lones as potential Chk1 inhibi-
tors.®® This system can be readi-
ly formed by the intramolecular
cyclization of a functionalized
acetoacetanilide with concen-
trated sulfuric acid, followed by
the condensation of the result-
ing 2-chloroquinolinone  with
ethyl carbazate. The R' position
was often a small alkyl group
(methyl), a heterocycle, or a
handle for basic amines-either
off of a methylene, carbonyl, or

phenyl ring. Positions R* and R®

Table 12. In vitro profile of selected indolyl quinolinones. were both mono- and disubsti-
. tuted, but R* seems to be the
preferred site for substitution,
Rt - !N bearing either a small aryl or
\©\/\/CH heteroaryl group, often affixed

N o with a basic amine (Figure 22).
Compd. R! R? Chk1 ICs [nM] CEA ECs [nm] PSA dog PK CI (mLmin~"kg™") (h) t,, Benzoisoquinolines have been
NH, presented by Merck and Co. in a
61 N §*NC>J 4 3700 - - - recent Chk1 inhibitor patent.”
o NH, This class also features a wide
62 HZNJ\,H‘ E”NQ—J 0.70 3900 - - array of molecules based on a
" :N\ 7 EWN/\:> 065 o 6 30 s fused, tricyclic isoquinoline core
¥ : ) which can be synthesized by nu-
/@\ merous schemes, such as an in-
64 HO W 57NC> 2 6300 - - tramolecular photochemical cyc-
HN— lization with E or Z 2-phenyl-3-
65 N\\)\\; EfN-/:}F 1 120 8 2 25| pyridin-4-ylacrylonitrile. R' was
L“Nj\ = f\/ mostly H, with a few examples
66 \\/\; NN oL 21 1142 123 23 20 | of aryl and heteroaryl substitu-
tion. R? was also typically H, al-

studied by converting the indole aldehyde into a variety of
benzyl amines. The quinolinone ring was optimally substituted
at the 6 position, and small polar substituents, like pyrazole,
were found to enhance the intrinsic potency. X-ray crystallog-
raphy and docking models indicate that interactions between
the pyrazole and water molecules in the hydrophobic pocket,
as well as Glu55, increase the affinity of these inhibitors
(Figure 21). The high intrinsic potency of this class did not fully
translate into functional cellular activity for many members.
For these compounds, polar surface area (PSA) has been iden-
tified as the most uniform predictor of cellular permeability po-
tential.® Compounds 63 and 65, both bearing pyrazole and

ChemMedChem 2007, 2, 15711585
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though a few examples con-

tained amine-bearing chains ap-
pended here. R* was heavily investigated, with numerous ex-
amples bearing esters, amides, benzylic alcohols, and benzylic
amines. The most preferred substituent was either an ethyl or
propyl amino side chain, possibly mimicking the basic side
chain shared by most active Chk1 inhibitors, which reaches out
toward the solvent. Both R* and R® could be functionalized,
but derivatization at R®> was more prominently featured among
the examples provided, with halogens, small heterocycles,
such as pyrazole, or phenyl rings substituted with benzylic
amines, being used most often (Figure 23).
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R'Im X, Y, V, and Z = carbon
\ i . R'=H, Me, COONR;R,, benzyl amine
Rﬁ [Aln /[ Im RS R R? small heterocycle, phenyl bearing
REY,X [Bln m basic amine
\I) R N R? = H, benzyl amine, phenyl bearing basic
RYZ7 Ny N amine
F‘23 : //\"NH 3 o6
NH o} RS R®=H

general scheme

R*=H, heterocycle (thiophene), aryl
bearing basic amine, thiophene with
benzyl amine

R®=H, CI, OH, OMe, aryl, phenyl bealr_i|ng

basic amine N~
_0 N O X A
N AN
O AT
: N J—NH J—NH
N O%NH - g S &
o}

selected Chk1 inhibitors

Figure 22. AstraZeneca fused triazoles.

H
O N

R* R
RS

oS
2

preferred embodiment

R'=H, aryl, substituted aryl, heteroaryl

R? = H, amide, benzyl amine

R®= ester, amide, benzyl alcohol, benzyl
amine, ethyl amino, propyl amino

R* = H, halogen, methoxy

R®= halogen, aryl, small heterocycle
(pyrazole), substituted phenyl (with
benzyl amine or amide)

K. L. Arrington and V. Y. Dudkin

shown the ability to potentiate
the efficacy of gemcitabine and
irinotecan.

AstraZeneca AB also recently
introduced another class of Chk1
inhibitors featuring fused substi-
tuted heterocycles.” The class
also shows inhibitory activity
against PDK1, a family of serine/
threonine kinases involved in
the signaling cascade which in-
fluences cell growth,®" and the
Pak family of kinases, which are
believed to play a role in cell
survival, proliferation, transfor-
mation, and cell mobility.*>*
Therefore, either one of these
targets may also prove to be a
viable chemotherapeutric area of
interest. The preferred cores
were either a 2-substituted-4-
aminothienylpyridine-7-carboxa-
mide or 2-substituted-4-amino-
1H-indole-7-carboxamide. R' was
optimal as either a substituted
amine, such as a substituted pi-
perazine, a sulfonamide, or a

H H
HN O N (\N O N I
\Ng! I I | o/ ‘ ‘
N\j(':
NH,

F

prototypical compounds

Figure 23. Benzoisoquinolines by Merck.

Thiophenes

AstraZeneca AB has recently released a patent describing a
wide range of molecules featuring 5-memberred heterocycles
as the core of a new class of Chk1 inhibitors, although all of
the featured molecules specifically contain
(Figure 24).%8 The R position is typically a substituted phenyl
ring, X is generally sulfur, and Y is usually CH. The location of
the urea and carbonyl functionalities apparently can be inter-
changed between R? and R® without much effect in potency.
The compounds presented typically inhibited Chk1 with 1Cs, or
ECs, values <100 um invitro and in the cellular abrogation
assay with HT29 cells, respectively, with two prototypical inhib-
itors shown below (Figure 24). Research in this series has cul-
minated in the discovery of AZD7762,%% a preclinical candidate
currently in Phase | development. It is reported to be a potent
and selective dual Chk1/2 inhibitor (5 nm and < 10 nm, respec-
tively) with an invivo EC;,=10n™m in HT29 cells. It has also
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Chk1 ICsp = 0.14 N

phenyl group. R? is tolerant to
substitution with a variety of
functionalities, although substi-
tuted piperidines were the most
commonly used moieties. R® is
optimally just hydrogen. Typical
compounds in this series have
achieved IC;, and/or ECs, values
of <100 um in either the intrin-
sic Chk1 assay, the in vitro Paki

R? X=NH, S, and O
YJ\¥ 3 Y=CHorN
1JI\X R R'= cyano, alkyl, aryl (substituted phenyl), heteroaryl
R R?and R® = -C(=0)NRR', -NHC(=O)NHR
general structure
thiophene Y
HN N4
Q NH
Oy NH OANH
O
S )NH, S HN'( )
(e}
(¢]]
F

Chk11Cse=0.12 M

prototypical Chk1 inhibitors

Figure 24. AstraZeneca thiophene Chk1 inhibitor class.
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A=N,CH, S, O, or NR*
D=N,CH, S, O, or NR?

forward to the emergence of a
new class of effective therapies

RZ
L L=NR% O,0rS for cancer treatment.
X XA X=NorCH
Y AQDR ¥ =N or CH
R R'= cyano, halo, aryl (phenyl), substituted phenyl, heteroaryl, alkyl, -NR'R" Keywords: cancer :
o] H R? = alkyl with basic amine, 4-7 memberred ring with at least one chemotherapeutics «+ Chk1 - DNA
nitrogen, -CO(alkyl), -CONR'R", substituted piperidine damage
general structure R®= H, benzyl, alkyl, aryl, heteroaryl
2
R RY R RENH R R®
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shown below (Figure 25).
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the target and potential that Chk1 inhibitors have for advanc-
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