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Abstract—A new class of checkpoint kinase 1 (CHK-1) inhibitors bearing a 1,4-dihydroindeno[l,2-c]pyrazole core was developed
after initial hits from high throughput screening. The efficient hit-to-lead process was facilitated by X-ray crystallography and
led to potent inhibitors (<10 nM) against CHK-1. X-ray co-crystal structures of bound inhibitors demonstrated that two sub-series
of this class of compounds, exemplified by 21 and 41, exhibit distinctive hydrogen bonding patterns in the specificity pocket of the
active site. Two compounds, 41 and 43, were capable of potentiating doxorubicin and camptothecin, both DNA-damaging agents,
in cell proliferation assays (MTS and soft agar assays) and abrogating G2/M checkpoint in a mechanism-based FACS assay.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

A common choice to combat cancer is to use treatments
with DNA-damaging potential. The effectiveness of
these cytotoxic treatments, including ionized radiation
(IR), UV radiation, and chemotherapy, however, has
been hampered by severe side effects as well as drug
resistance that patients may develop. Therefore, sensitiz-
ing the DNA-damaging treatments to make them more
potent and/or more selective toward tumor cells could
potentially offer a logical solution to this dilemma.
Recently, there have been extensive studies on the role
of checkpoint kinase 1 (CHK-1) in cell cycle in response
to genotoxic stresses. These studies have demonstrated
that inhibition of CHK-1 offers a mechanism for sensi-
tizing various DNA-damaging therapies.!

Human CHK-1 is a serine/threonine kinase with 476
amino acids.”> Upon DNA damage, the upstream ki-
nases ATR and/or ATM activate CHK-1 via phosphor-

Keywords: 1,4-Dihydroindeno[l,2-c]pyrazole; Checkpoint kinase 1

inhibitors; CHK-1; Potentiation or sensitization of DNA-damaging

agents.

* Corresponding author. Tel.: +1 847 935 1252; fax: +1 847 935
5165; e-mail: yunsong.tong@abbott.com

0968-0896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.01.012

ylation on its Ser345 and Ser317 sites.’ CHK-I1
subsequently phosphorylates Cdc25A and induces its
degradation, as a result, it inhibits the downstream cy-
clin E/Cdk?2 or cyclin B/Cdc2 kinases, leading to cell cy-
cle arrest at S phase or G2/M phase, respectively.*
Earlier studies have also suggested that CHK-1 phos-
phorylates Cdc25C on Ser216 and deactivates it, causing
binding of Cdc25C to 14-3-3 proteins. This process
inactivates cyclin B/Cdc2 and results in cells’ arresting
at G2/M checkpoint.’

Since tumor cells can arrest at different cell cycle check-
points mediated by CHK-1 under genotoxic treatments,
they have a chance to repair themselves. Thus, inhibition
of CHK-1 to abrogate S and G2/M checkpoints will
force tumor cells to undergo premature mitotic entry
leading to cell death. A major difference between tumor
cells and normal cells is that the former are often defi-
cient of p53,° which prevents them from arresting at
G1 checkpoint. Whereas, in response to DNA damage,
the normal cells are capable of arresting at G1 check-
point through the p53-mediated pathway to ensure
genomic integrity.” This bias provides a potential thera-
peutic window for sensitizing DNA-damaging treat-
ments of cancer using CHK-1 inhibitors. There have
already been extensive reports on enhanced cell death
in various cancer cell lines under genotoxic stresses by
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eliminating CHK-1 via siRNA.,® anti-sense,’ and small
molecule inhibitors.!® Here we report our discovery of
1,4-dihydroindeno[1,2-c]pyrazoles (referred to as tricy-
clic pyrazoles in this text) as a novel class of potent
CHK-1 kinase inhibitors. The expedited hit-to-lead pro-
cess was facilitated by X-ray crystallographic data,
which will be discussed in detail. We will demonstrate
that two sub-series of these inhibitors have unique inter-
actions with the kinase specificity pocket in the ATP-
binding site. Some molecules possess ICsy values below
10 nM against CHK-1 and are capable of sensitizing
doxorubicin and camptothecin, both DNA-damaging
agents, in two cancer cell lines (HeLa and SW620) and
abrogating G2/M checkpoint in H1299 cells.

A high throughput screen (HTS) resulted in hit mole-
cules with a tricyclic pyrazole core as exemplified by 1
(Chart 1), with a CHK-1 ICsy value of 510 nM. X-ray
co-crystal structure of 1 in the CHK-1 active site indi-
cates that the fluoro group resides in a region of limited
volume where extra hydrogen bonding between the
inhibitor and several polar residues of the backbone
protein may be established. Further structural details
will be addressed later in the text. Thus, our initial

NR;R,
26, 27, 41-44

optimization of 1 was focused on modifying the fluoro
group.

2. Chemistry

The synthesis is outlined in Scheme 1. A known mole-
cule, 6-bromo-1,4-dihydro-indeno[1,2-c]pyrazole (2),!!
was lithiated and treated with DMF to afford aldehyde
3. Subsequent iodonation using NIS gave 4. Reductive
amination on the formyl group of 4 provided 5, a key
intermediate leading to final compounds 7-25 and
28-40 after coupling with aryl boronic acids or aryl
pinacol borates under typical Suzuki reaction conditions
assisted by microwave. Compound 4 also was oxidized
followed by amide formation to give another key inter-
mediate 6. Final compounds 26, 27, and 41-44 were then
prepared using similar Suzuki reactions.

3. Results and discussion

In order to simplify the synthetic work by using more
commercially available reagents, the piperidylamino side
chain at the 6 position of 1 was first replaced by 4-meth-
ylcyclohexylamino (7 and 8 in Table 1). The result showed
that such replacement maintained the enzymatic potency
of 1. In addition, the cis/trans stereochemistry of 4-meth-
ylcyclohexylamino had little effect on the potency. A ser-
ies of functional groups were introduced at the 4’ position
to replace fluoro (10-21 in Table 1). The replacements
with a polar atom capped by an alkyl group (15-17) gave
poor inhibitory activity. The unsubstituted amino moiety
(11) also showed weak activity. However, the hydroxy
group (19) boosted the potency of 1 by fourfold, although
homologation (13) failed to deliver a better compound.
The best replacement of the fluoro was a carboxylic acid:
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Scheme 1. Synthesis of tricyclic pyrazoles. Reagents and conditions: (a) PhLi, s-BuLi, DMF, THF, —78 °C to rt, 68%; (b) NIS, DMF, 80 °C, 64%; (c)
i—amine salts, K,CO3, EtOH, reflux; ii—NaBH,; or i—amines, TsOH, toluene, reflux, ii—NaBH,, EtOH, THF; (d) aryl boronic acids or aryl
pinacol borates, 1 M Na,COj3, Pd(PPh3),Cl,, DME/EtOH/H,0, microwave, 150 °C; (e) KH,PO,4, H,NSO3;H, NaClO,, 1,4-dioxane, H,O, 0 °C,
quan.; (f) 1° amines, EDC, HOBt, Et;N, DMF, rt; or 2° amines, PyBOP, DIEA, DMF, rt.
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Table 1. Optimizing the para substitution (R) of Ar

H
N~y

)@'H O‘O

Compound  Stereochemistry R CHK-1 ICsy*
of cyclohexyl moiety (nM)
7 cis F 459
8 trans F 814
9 trans H 1473
10 trans Cl 481
11 trans NH, 1042
12 trans CH,COMe 497
13 trans CH,OH 790
14 trans Me 966
15 trans OEt 1600
16 trans OCF; 2044
17 trans N(Me), 5260
18 trans COOMe 602
19 trans OH 124
20 trans COOH 22
21 cis COOH 20

# Compound concentration needed to cause 50% inhibition of Cdc25C
phosphorylation in the presence of recombinant CHK-1 protein
(ATP concentration is 5 uM).

compounds 20 and 21 exhibited approximately 20 nM
inhibitory potency against CHK-1, a 25-fold improve-
ment from the original HTS hit.

The much-improved potency of 21 can be rationalized
with the help of the X-ray crystallographic structure of
this molecule bound to the CHK-1 active site as shown
in Figure la. The pyrazole, tautomer 2NH, makes two
hydrogen bonding interactions with the hinge residues
of CHK-1 by donating a H-bond to Glu85 O and
accepting an H-bond from Cys87 NH, a feature we ob-
served with compound 1. A similar hinge binding pat-
tern has been reported for other kinase inhibitors with
the same or closely related tricyclic pyrazole core.!?
However, as compared to 1, the carboxylic acid group
of 21 accepts a key extra hydrogen bond (2.7 A) from
the positively charged amino group of Lys38, which
forms a salt bridge to Glu55 (2.8 A). Methylation of
the acid of 21 to give the methyl ester 18 would eliminate
this interaction and a 30-fold potency loss is observed.
In addition, a bound water molecule, Wat 66, was ob-
served to make a well-defined set of three hydrogen
bonds between the carboxylic acid moiety and Glu55
and Asn59. The X-ray co-crystal structure further dem-
onstrates that the amino side chain at the 6 position of
these inhibitors points to the solvent-exposed area sug-
gesting that this region of the inhibitor might prove
amenable for modulation of biophysical characteristics
of the series. The small impact of this side chain on bind-
ing affinity is supported by comparing 1 with 7 or 8, 20
with 21, and evident with compounds 22-27 in Table 2.

After identifying the carboxylic acid as an important
fragment for binding in the polar region, we explored

Figure 1. (a) (Ref. 13) X-ray structure of 21, colored in orange, bound to CHK-1. Residues 38 (side chain only), 55, 59, 85, 86 (main chain only), and
87 of the protein are thick-bonded in green. The available volume in the active site is indicated with a gray surface. Protons were modeled using
standard OH or NH distances. Numbers correspond to H-bond distances between heavy atoms. (b) (Ref. 13) X-ray structure of 41, colored in pink,
bound to CHK-1 overlaid on structure of Figure la by superposition of 264 pairs of alpha carbons with rms deviation of 0.4 A. All atoms of
highlighted residues showed shifts < 0.5 A with the exception of Lys 38, whose side-chain amine shifted 0.7 A between the two structures. The frans-
aminocyclohexanol moiety of 41 is modeled as this was crystallographically disordered in the solvent accessible region.



2762 Y. Tong et al. | Bioorg. Med. Chem. 15 (2007) 2759-2767

Table 2. Further modifications of 20/21

H
N-N
“K.
. ®
R
Compound X R CHK-1
ICso (nM)
“a,
2 HOCNJ COOH 15
/N
23 d N~ COOH 7.9
s/
—~4
24 HO- N ° COOH 6.0
H
25 MR % coon 15
0
26 >~ coon 12
H
27 )QN\H/"‘ COOH 12
0
/N
28 g N~ CONH, 69
s
“a,
29 HOCNJ CONH, 29
30 g SO:NH; 535
31 NG SO,NHCH,CH,OH 8742
32 NHCOMe 4825
33 CH,NH, 1029
4
34 HO - N . CONHSO,Ph 3064
35 NG Fochen 1880
36 CH,COOH 6472

other functionalities mostly capable of accepting a
hydrogen bond to replace the carboxylic acid, resulting
in compounds 28-36 (Table 2). However, only the amide
(28 and 29) appeared to be a reasonable, but not superi-
or, substitute, while others led to much weaker
inhibitors.

Another strategy was aimed at introducing a hydrogen
bond between the inhibitor and Glu55 at the cost of

losing the carboxylic acid-Lys38 interaction 21 possess-
es. To accomplish that, an extra phenyl group was in-
stalled at the position of the carboxylic acid as a
spacer to deliver a hydrogen bonding donor, a hydroxy
group, toward Glu55. As a result, we discovered a new
series of potent CHK-1 inhibitors shown in Table 3 fea-
turing a bi-aryl phenol unit. These compounds (37-44)
in general had higher binding affinity than the first gen-
eration inhibitors carrying the carboxylic acid. The most
potent compound, 37, had an 1Csq of 2.0 nM. Again, the
left hand side chains at the 6 position showed little influ-
ence on enzyme inhibitory activity. X-ray co-crystal
structure (Fig. 1b) of inhibitor 41 indicates that the hy-
droxy group replaces Wat 66 and forms its own hydro-
gen bonds to Glu55 (~2.9A) and Asn59 (~3.0 A).
Overlaying the crystal structures of 21 and 41 shown
in Figure 1b revealed that the atomic position shifts in
nearby protein residues were modest, typically <0.5 A.
The most dramatic structural changes observed for 41,
relative to 21, were (1) an approximately 1 A shift of
the core tricyclic pyrazole unit to avoid clashing its
extended right hand side with the polar residues, and
(2) the above-mentioned Wat 66 replacement. The shift
of the core unit is most evident in the hinge hydrogen
bonding with the optimal distance of the H-bond dona-
tion to Glu85 O of 2.9 A exhibited by 21 expanded to
the much less optimal distance of 3.8 A for 41. The mod-
est enhancement of potency of 41, relative to 21, sug-
gests that whatever loss in binding energy caused by
the decrease in hinge interaction may be compensated
by some combination of additional hydrophobic bind-
ing by burial of the phenol aromatic unit and/or hydro-
gen bonding of the phenol hydroxy group. The hydroxyl
group of the terminal phenol appeared to be optimal for
interacting with CHK-1 since other polar replacements
with H-bond donating capability and alkoxy groups
led to either deteriorative or complete loss of potency
(data not shown).

The compounds active in the enzymatic inhibition assay
were further tested in two routine cellular assays. A cell
proliferation assay (MTS assay) in HeLa cells (a human
cervical cancer cell line) was used to measure the ability
of CHK-1 inhibitors to sensitize a DNA-damaging
agent, doxorubicin. An ECsq was determined for the
inhibitor as a single agent and the inhibitor in combina-
tion with doxorubicin (150 nM) with the ratio being a
relative scale of an inhibitor’s function to potentiate
the DNA-damaging agent.'* In addition, a cell cycle
analysis (FACS assay) in H1299 cells'® (a human lung
cancer cell line) was carried out to determine if the
mechanism of an inhibitor’s ability to sensitize doxoru-
bicin is through abrogation of G2/M checkpoint. In this
assay, the ECsy was either the concentration of a CHK-1
inhibitor that reduces doxorubicin (500 nM)-induced
G2/M cell population by half, or it was measured in
the absence of doxorubicin. As shown in Table 4, the
CHK-1 inhibitors with carboxylic acid (22-24, 26) or
amide (28) moieties do not potentiate doxorubicin in
the MTS assay. On the other hand, the inhibitors featur-
ing the bi-aryl phenol unit (37-44) are active in the com-
bination study in the MTS assay. Noticeably, some of
those compounds (37-40) also show cyto-toxicity by
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Table 3. A second series of potent inhibitors
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Table 4. Cellular activity of CHK-1 inhibitors

Compound MTS assay ECs, FACS assay ECs,

(uM) (uM)
Single With Dox* Single With Dox

22 >59 >59 NT® NT

23 >59 >59 NT NT

24 >59 >59 NT NT

26 >59 >59 NT NT

28 >59 >59 NT NT

37 4.7 0.81 >10 1.1

39 2.3 2.0 >10 0.83

40 4.0 2.9 NT NT

41 >59 1.8 >10 0.77

43 >59 1.1 >10 0.98

44 25 14 >10 2.7

4 Doxorubicin.

® Not tested.

themselves, an indication of possible off-target activities.
Importantly, compounds 41 and 43 do demonstrate the
desired cell proliferation profile, that is, non-toxic by
themselves (ECso > 59 uM), but potent in combination
with doxorubicin (ECsy between 1 and 2 uM). The
bi-aryl phenol compounds tested in the FACS assay also
exhibit desirable behaviors, as they are able to abrogate
G2/M checkpoint in combination with doxorubicin pos-
sessing ECs, values below 1 uM (41 and 43). Meanwhile,

these compounds alone do not perturb normal cell cycle
in the same assay (ECs> 10 uM).!® The overall lack
of activity of the carboxylic acid bearing compounds
(22-24, 26) in the combination study of the cell prolifer-
ation assay may be attributed to their poor cellular
permeability since Clog P values of these molecules are
below 2. In contrast, the bi-aryl phenol inhibitors are
active in this assay and have more favorable ClogP
values of approximately 4.

To further demonstrate our CHK-1 inhibitors’ ability to
sensitize a DNA-damaging agent, we chose to measure
the anti-proliferative ECsy of camptothecin, a topoiso-
merase | inhibitor used in clinical practice, in the pres-
ence of a fixed concentration (3 and 10 uM) of
compound 41 or 43 in a soft agar colony growth assay.
The assay was run in SW620 cells (a human colon carci-
noma cell line suitable for fast colony growth) with
ECsps determined for compound alone, camptothecin
alone, and compound/camptothecin combo. The ratio
of the EC5y for camptothecin alone and the ECsy for
compound/camptothecin combo (referred to as the
potentiation ratio) reflects the potentiation capability
of the compounds. As shown in Table 5, both 41 and
43 display weak ECsos (>25 uM) when tested alone, a
sign of weak cyto-toxicity by themselves in line with
the results from the corresponding MTS and FACS as-
says. Meanwhile, both compounds are able to sensitize
the anti-proliferative activity of camptothecin with
potentiation ratio being 4.9 for 41 and 2.0 for 43 when

Table 5. Potentiation of camptothecin (Cpt) by 41 and 43 in soft agar
assay”

ECsp (uM) Potentiation
- b
Compound Cpt alone  Compd + Cpt ratio
alone
25.2 0.0021 0.00045 (3 uM 41) 4.9
<0.00033 (10 uM 41) >6.7
28.2 0.0024 0.00012 (3 uM 43) 2.0

0.00033 (10 uM 43) 6.5

#See raw data displayed by error bars in Supplementary Information.
® Potentiation ratio, ECso(Cpt alone)/ECso(compd + Cpt).

Table 6. Kinase selectivity profiles of 41 and 43

Ser/Thr kinases ICso (nM)*

41 43
CHK-1 6.2 13
CHK-2 >50,000 10,300
Aurl 8090 NT®
CK2 41,000 NT
PKA >50,000 >50,000
PKCS >50,000 >50,000
PKCy >33,000 4900
EMK >50,000 4590
ERK2 >50,000 >50,000
SGK 1320 15,000
SRC >50,000 >50,000
MARKAP2 >50,000 NT
AKT 4430 1580
CDC2 >50,000 >50,000

#Radiometric assay (ATP concentration is 5 pM).
®Not tested.



2764 Y. Tong et al. | Bioorg. Med. Chem. 15 (2007) 2759-2767

compound concentration is 3 uM. A dose-responsive
enhancement of activity is also observed in the presence
of 10 uM of inhibitor. In this case, the potentiation ratio
is increased to more than 6.7 for 41 and 6.5 for 43.!7

Compounds 41 and 43 were tested against a panel of
thirteen other serine/threonine kinases to evaluate their
selectivity profile (Table 6). Both molecules exhibit good
selectivity as 41 and 43 are at least 213- and 122-fold
more active against CHK-1 than any other kinase,
respectively. This feature may be attributed to the
hydrogen-bonding pattern these inhibitors display in
the specificity pocket (i.e. the polar region) of the kinase
active site.

4. Conclusions

In summary, starting from the HTS hit 1 with ICs, val-
ue at 510 nM, we have discovered 1,4-dihydroinde-
no[l,2-c]pyrazoles as a new class of potent CHK-1
inhibitors (ICso =2 nM for 37). The hit-to-lead process
was accomplished in an efficient fashion with the
bound X-ray crystallographic data playing a key role.
The compounds with carboxylic acid and bi-aryl phe-
nol moieties show distinctive hydrogen bonding pat-
terns in the polar region of the ATP binding site, yet
they both demonstrate potent inhibition against
CHK-1. The left hand side chains at the 6 position
have a minimal impact on enzymatic potency and are
designed to boost the solubility of the inhibitors. Most
of the carboxylic acid bearing compounds have ICs,
values below 20 nM, meanwhile, the bi-aryl phenol
compounds generally show ICsq values below 10 nM.
However, the former do not have potentiation activity
in the MTS assay presumably due to their inadequate
physical properties. The bi-aryl phenol inhibitors, rep-
resented by 41 and 43, are selective against other ser-
ine/threonine kinases and exhibit profiles in both cell
proliferation and cell cycle assays in the right direction,
providing extra support to the notion that CHK-I
inhibitors may have potential therapeutic application
in sensitizing DNA-damaging agents to combat cancer.
Our findings warrant further optimization and investi-
gation of this class of inhibitors.

5. Experimental

All commercially available chemical reagents were used
without further purification unless otherwise noted. Flash
chromatography was carried out using E. Merck silica gel
60 (230-400 mesh). Proton NMR data were recorded
using a Varian Mercury 300 spectrometer or a Varian
UNITY 400/500 spectrometer. Mass spectral data were
collected using a Finnigan SSQ7000 GC/MS (ESI), or a
Finnigan DCI/MS SSQ7000, or a JEOL SX102A HR/
MS (FAB). Elemental analyses were performed by Rob-
ertson Microlit Laboratories or Quantitative Technolo-
gies, Inc. Preparative HPLC was performed on a
Waters Novapak C18 column (100 x 25 mm, 7 pm parti-
cle size) using a gradient of 10-100% acetonitrile: 0.1%
aqueous TFA over 10 min at a flow rate of 40 mL/min,

or a Phenomenex® Luna C18 (250 x 21.2 mm) column
with the same mobile phases (45 min run time). LC/MS
was run on an Agilent 1100/Finnigan Navigator system
with a YMC C18 column (50 x 4.6 mm).

5.1. 1,4-Dihydro-indeno|[1,2-c|pyrazole-6-carbaldehyde (3)

To a solution of 6-bromo-1,4-dihydro-indeno[1,2-c]pyr-
azole 2'' (0.100 g, 0.425mmol) in THF (3mL) at
— 78°C was added 1.8 M PhLi in cyclohexane/ether
(0.71 mL, 1.28 mmol) followed by 1.3 M s-BuLi in
cyclohexane (0.98 mL, 1.28 mmol) 30 minutes later.
The reaction mixture was stirred at —78 °C for 60 min
and DMF (0.33 mL, 4.25 mmol) was added. The dry
ice bath was removed after 30 min. After an additional
30 min, the reaction was quenched with water and
extracted with EtOAc. The organic layer was washed
with 50% brine, dried over MgSQy, filtered, and concen-
trated. The concentrate was purified by flash chroma-
tography eluted with EtOAc/hexane (7:3 to 8:2) to give
0.053 g (68%) of the desired product as brown solid.
'"H NMR (300 MHz, CD;0D) 6 3.76 (s, 2H), 7.63 (s,
1H), 7.62-7.97 (m, 2H), 8.04 (s, 1H), 10.00 (s, 1H);
MS (DCI/NH3) m/z: 185.0 (M+H)™.

5.2. 3-lIodo-1,4-dihydro-indeno[1,2-c]pyrazole-6-carbalde-
hyde (4)

A suspension of 3 (7.90 g, 0.0429 mol) and N-iodosuc-
cinimide (11.6 g, 0.0515 mol) in DMF (150 mL) was
heated at 80 °C for 5.5h. The reaction mixture was
cooled and the solvent was evaporated. The concentrate
was triturated with EtOAc and ether to give 7.20 g of
brown solid as the desired product. The filtrate was con-
centrated and purified by flash chromatography eluted
with EtOAc/hexane (7:3) to give 1.30 g of the desired
product (combined yield: 64%). '"H NMR (300 MHz,
DMSO-dg) 6 3.63 (s, 0.8H), 3.68 (s, 1.2H), 7.72 (d,
J=746Hz, 0.5H), 7.83 (d, J=7.80 Hz, 0.5H), 7.96
(m, 1 H), 8.07 (m, 1H), 10.03 (s, 1H), 13.45 (s, 0.6H),
13.72 (s, 0.4H); MS (DCI/NH3) m/z: 310.9 (M+H)™.

5.3. General procedure for preparing intermediates 5

Method A. To a suspension of 4 (0.0232 mol) in EtOH
(500 mL) were added amine in the form of HCI salt
(0.0579 mol) and potassium carbonate (0.0348 mol).
The mixture was heated to refluxing overnight and cooled
to room temperature. To the above yellow suspension
was added NaBH, (0.0464 mol) in two portions and the
reaction mixture was stirred overnight. The solid was fil-
tered and washed with EtOH. The filtrate was concentrat-
ed and purified by flash chromatography to give the
desired product. Method B. a mixture of 4 (3.22 mmol),
free amine (9.66 mmol), and TsOH-H,O (0.322 mmol)
in toluene (50 mL) was heated to refluxing overnight.
The solvent was evaporated. To the resulting residue were
added EtOH (40 mL), THF (10 mL), and NaBH,
(4.83 mmol) at room temperature. The mixture was stir-
red overnight and the resulting solid was filtered. The fil-
trate was concentrated, treated with 1 N HCI, and
extracted with EtOAc. The aqueous layer was basified
using 3 N NaOH and extracted with EtOAc. The organic
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layer was dried over MgSQOy, filtered, and concentrated.
The residue was purified by flash chromatography to give
the desired product.

5.4. General procedure for preparing intermediates 6

A mixture of 4 (3.00 g, 9.67 mmol), KH,PO, (5.26 g,
0.0387 mol), and H,NSO;H (1.41 g, 0.0145 mol) in
1,4-dioxane/H,O (100/30 mL) was stirred at 0°C for
15 min. To this mixture was added NaClO, (1.14 g,
0.0126 mol) in H,O (15mL) dropwise. The reaction
mixture was stirred for 15 min at 0 °C followed by the
addition of NaHSOj; (1.11 g, 0.0106 mol). The resulting
suspension was warmed to room temperature and stir-
red for 1h. The reaction mixture was treated with
Na,»S,0;5 solution and concentrated to remove most of
the solvents. Water was added to the resulting slurry
and the suspension was stirred for 1 h. The solid materi-
al was filtered, rinsed with water, and dried in a vacuum
oven to give 3.49 g of the desired product as yellow sol-
id. This product was used in the following step without
further purification. "H NMR (300 MHz, DMSO-d;) ¢
3.57 (s, 2H), 7.67 (m, 1H), 7.98 (d, J=7.80 Hz, 1H),
8.10 (s, 1H); MS (DCI/NH3) m/z: 327.0 (M+H)". The
subsequent amide formation was carried out using two
different methods. Method A. a mixture of the above
carboxylic acid intermediate (0.150 mmol), HOBt
(0.180 mmol), EDC (0.180 mmol), primary amine
(0.180 mmol), and Et;N (0.225 mmol) in DMF (3 mL)
in a capped flask was stirred at room temperature for
24 h. The reaction mixture was diluted with EtOAc
and washed with NaHCO; and brine. The organic layer
was dried over MgSQy, filtered, concentrated, and tritu-
rated or purified by flash chromatography to give the de-
sired product. Method B. a mixture of the above
carboxylic acid intermediate (0.644 mmol), PyBOP
(0.966 mmol), secondary amine (0.966 mmol), and diiso-
propylethylamine (2.25 mmol) in DMF (5 mL) was stir-
red at room temperature overnight. The reaction
mixture was diluted with EtOAc and washed with water
and NaHCO;. The organic layer was dried over MgSQy,
filtered, concentrated, and purified by flash chromatog-
raphy to give the desired product.

5.5. [3-(4-Fluoro-phenyl)-1,4-dihydro-indeno[1,2-c]pyra-
zol-6-ylmethyl]-(cis-4-methyl-cyclohexyl)-amine (7) TFA
salt

A mixture of the corresponding intermediate 5 (30.0 mg,
0.0737 mmol), 4-fluorobenzene boronic acid (11.3 mg,
0.0811 mmol), Na,CO5; (1 M, 0.088 mL, 0.088 mmol),
and Pd(PPh;),Cl, (5.20 mg, 0.00737 mmol) in DME/
EtOH/H,O (7:2:3, 1.0 mL) in a capped 2 mL vial was
heated to 150°C for 300s in a Smith Synthesizer
(300 W). The reaction mixture was cooled using 40 psi
pressurized air. Solvents were evaporated and the crude
product was purified using preparative HPLC to give
3.0mg of the desired product. '"H NMR (300 MHz,
CD;0D) ¢ 1.03 (d, J=6.78 Hz, 3H), 1.47-2.00 (m,
9H), 3.17-3.28 (m, 1H), 3.92 (s, 2H), 4.31 (s, 2H),
7.20-7.30 (m, 2H), 7.48-7.55 (m, 1H), 7.71 (s, 1H),
7.78-7.87 (m, 3H). HR/MS (FAB) calcd for
C24H26FN3 (M‘l‘H)+ 3762189, found 376.2177.

The remainders of the final products were synthesized
via a Suzuki coupling reaction in the same manner.
The microwave reactions were carried out with temper-
ature and time in a range of 150-180 °C and 300-600 s,
respectively. The reaction yields varied. To convert TFA
salts of the final products into HCI salts, the TFA salts
were dissolved in MeOH and treated with 1 M HCI/
ether. Concentration of the suspension gave the desired
product as an HCI salt.

5.6. 4-{6-|(trans-4-Methyl-cyclohexylamino)-methyl]-1,4-
dihydro-indeno[1,2-c]pyrazol-3- yl}-benzoic acid (20) TFA
salt

'H NMR (300 MHz, CD;OD) § 0.95 (d, J = 6.44 Hz,
3H), 1.00-1.20 (m, 2H), 1.33-1.60 (m, 3H), 1.81-1.98
(m, 2H), 2.15-2.30 (m, 2H), 3.15 (m, 1H), 3.96 (s, 2H),
431 (s, 2H), 7.52 (m, 1H), 7.71 (m, 1H), 7.81 (d,
J=17.80 Hz, 1H), 7.90 (d, J=8.81 Hz, 2H), 8.15 (d,
J =8.48 Hz, 2H). HR/MS (FAB) caled for ChsH7N;
0, (M+H)* 402.2182; found 402.2185.

5.7. 4-{6-|(cis-4-Methyl-cyclohexylamino)-methyl]-1,4-
dihydro-indeno[1,2-c]pyrazol-3-yl}-benzoic acid (21)
TFA salt

'H NMR (300 MHz, CD;OD) § 1.04 (d, J=7.12 Hz,
3H), 1.50-1.98 (m, 9H), 3.23 (m, 1H), 3.98 (s, 2H), 4.31
(s, 2H), 7.53 (d, J=9.15 Hz, 1H), 7.73 (s, 1H), 7.82 (d,
J=7.80Hz, 1H), 791 (d, J=8.81 Hz, 2H), 8.15 (d,
J = 8.48 Hz, 2H). MS (DCINH;) m/z: 402.2 (M+H)*.
Anal. (CysH,,N30,1.35TFA-0.45H,0) C, H, N.

5.8. 4-{6-|(trans-4-Hydroxy-cyclohexylamino)-methyl]-
1,4-dihydro-indeno[1,2-c]pyrazol-3-yl}-benzoic acid (24)
HCIl salt

'H NMR (300 MHz, CD:0OD) 6 1.27-1.61 (m, 4H), 2.02—
2.16 (m, 2H), 2.18-2.32 (m, 2H), 3.07-3.25 (m. 1H), 3.50-
3.66 (m. 1H). 3.97 (s, 2H), 4.30 (s, 2H), 7.51 (dd, J = 7.80,
136 Hz, 1H), 7.71 (s, 1H), 7.81 (d. J = 7.80 Hz, 1H), 7.91
(d, J=8.48 Hz, 2H), 8.15 (d, J = 8.48 Hz, 2H). HR/MS
(FAB) calcd for C24H25N303 (M+H)+ 4041974, found
404.1987. Anal. (CaqH,sN:052HCI1.4H,0) C, H, N.

5.9. 4'-|6-(4-Hydroxy-cyclohexylmethyl)-1,4-dihydro-
indeno[1,2-c]pyrazol-3-yl]-biphenyl-4-o0l (37) TFA salt

'H NMR (300 MHz, DMSO-dg)s 1.57 (m, 1H), 1.71—
1.90 (m, 2H), 1.99 (m, 1H), 3.00 (m, 1H), 3.22 (s, br d,
2H), 3.34-3.45 (m, 2H), 3.96 (s, 2H), 4.38 (dd,
J=1526, 4.75Hz, 2H), 6.88 (d, J=848 Hz, 2H),
748759 (m, 3H), 7.70-7.78 (m, 4H), 7.87 (d,
J = 8.48 Hz, 2H), 9.35 (s, br d, 1H), 9.61 (s, br d, 1H).
MS (DCI/NH;) mlz: 4382 (M+H)*. Anal.
(C25H,7N30,2.85TFA- 0.5H,0) C, H, N.

5.10. 4'-{6-|(trans-4-Hydroxy-cyclohexylamino)-methyl]-
1,4-dihydro-indeno[1,2-c]pyrazol-3-yl}-biphenyl-4-ol (39)
TFA salt

'H NMR (300 MHz, CD;OD) § 1.24-1.63 (m, 4H),
1.99-2.16 (m, 2H), 2.17-2.34 (m, 2H), 3.06-3.25 (m,
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1H), 3.49-3.67 (m, 1H), 3.93 (s, 2H), 4.28 (s, 2H), 6.89
(d, J=8.81 Hz, 2H), 7.43-7.58 (m, 3H), 7.63-7.76 (m,
3H), 7.76-7.93 (m, 3H). MS (DCI/NH;) m/z: 452.2
(M+H)+. Anal. (C29H29N3022TFA15H20) C, H, N.

5.11. 3-(4’-Hydroxy-biphenyl-4-yl)-1,4-dihydro-inde-
no[1,2-c]pyrazole-6-carboxylic acid (trans-4-hydroxy-
cyclohexyl)-amide (41) TFA salt

'"H NMR (500 MHz, DMSO-dg) 6 1.18-1.33 (m, 2H),
1.34-1.49 (m, 2H), 1.85 (t, J = 13.26 Hz, 4H), 3.36-
3.46 (m, 1H), 3.68-3.81 (m, 1H), 3.96 (s, 2H), 4.53
(s, 1H), 6.88 (d, J=842Hz, 2H), 7.57 (d,
J=8.11 Hz, 2H), 7.74 (d, J = 6.86 Hz, 2H), 7.80-7.96
(m, 3H), 8.04 (s, 1H), 8.20 (d, J =7.80 Hz, 1H), 9.58
(s, 1H), 13.36 (s, 1H). MS (DCI/NH;) m/z: 466.2
(M+H)". Anal. (CyH,;N3050.75TFA-0.35H,0) C,
H, N.

5.12. 3-(4’-Hydroxy-biphenyl-4-yl)-1,4-dihydro-inde-
no[1,2-c]pyrazole-6-carboxylic acid (pyridin-4-ylmethyl)-
amide (43) TFA salt

'H NMR (500 MHz, DMSO-Dy) 3.9 (s, 2H), 4.70 (d,
J =5.61 Hz, 2H), 6.88 (d, J = 8.42 Hz, 2H), 7.58 (d, J =
8.73 Hz, 2H), 7.74 (d, J = 8.11 Hz, 2H), 7.79 (d, J = 6.86
Hz, 3H), 7.88 (d, J = 8.11 Hz, 2H), 7.98 (d, J = 7.80 Hz,
1H), 8.14 (s, 1H), 8.76 (d, J=5.61 Hz, 2H), 9.32 (t,
J=577Hz, 1 H), 9.59 (s, br d, 1H). MS (DCI/NH;)
mlz: 459.2 (M+H)+ Anal. (C29H22N4 02175TFA07-
H,0) C, H, N, F.

5.13. [3-(4’-Hydroxy-biphenyl-4-yl)-1,4-dihydro-inde-
no|[1,2-c|pyrazol-6-yl]-(4-hydroxy-piperidin-1-yl)-metha-
none (44) TFA salt

'H NMR (300 MHz, CD;OD) & 1.44-1.66 (m, 2H),
1.81-2.01 (m, 2H), 3.32-3.42 (m, 2H), 3.75 (m, 1H),
3.90 (m, 1H), 3.96 (s, 2H), 422 (m, 1H), 6.88 (d.
J=28.81Hz, 2H), 7.45 (d, J=7.80 Hz, 1H), 7.53 (d,
J=881Hz, 2H), 7.65 (s, 1H), 7.70 (d, J = 8.48 Hz,
2H), 7.78-7.85 (m, 3H). MS (DCI/NHs) miz:
452.1 (M+H)+ Anal. (C28H25N30319TFA03H20)
C, H, N.

5.14. CHK-1 enzymatic inhibition assay

The Chk1 enzymatic assay was carried out using a re-
combinant CHK-1 kinase domain protein with amino
acids from residue 1-289. A human biotinylated
Cdc25¢ peptide was used as substrate (Synpep Cata-
log# 02-1-22-1-ABB). The reaction mixture contained
25 mM Hepes at pH 7.4, 10 mM MgCl,, 0.08 mM Tri-
ton X-100, 0.5 mM DTT, 5 uM ATP, 4 nM **P ATP,
5 uM Cdc25¢ peptide substrate, and 5 nM of the re-
combinant Chkl protein. For potent compound with
K; below 1 nM, 0.5nM of the recombinant CHK-1
protein and 8 nM of **P were used. The concentration
of the vehicle, DMSO, in the final reaction is 2%. After
30 min at room temperature, the reaction was stopped
by addition of equal volume of 4 M NaCl and 0.1 M
EDTA (pH 8.0). A 40 uL aliquot of the reaction was
added to a well in a Flash Plate (NEN Life Science

Products, Boston, MA) containing 160 uL. of phos-
phate-buffered saline (PBS) without calcium chloride,
and magnesium chloride and incubated at room tem-
perature for 10 min. The plate was then washed 3 times
in PBS with 0.05% Tween 20 and counted in a Packard
TopCount counter (Packard BioScience Company,
Meriden, CT).

5.15. Kinase (Ser/Thr) selectivity assays

The assays were run using a radioactive-based assay
platform. CHK-1 inhibitors were incubated with biotin-
ylated substrate peptide (2 uM), y-[>*PJATP (5 uM), and
a kinase assay buffer for 30 min and the reaction was
stopped by 100 mM EDTA. The mixture was trans-
ferred to streptavidin-coated 384-well FlashPlates (Per-
kin-Elmer). The plates were washed and the peptide
phosphorylation count was read using a TopCount
microplate reader.

5.16. Cell proliferation assay (MTS assay)

Hela cells were inoculated into a 96-well microtiter plate
and cultured overnight at 37 degrees. The CHK-1 inhib-
itor was pre-mixed with culture medium before being
added to the cells and the cells were continued to incu-
bate for 48 h. For the doxorubicin combination study,
the cell culture medium also contained a fixed concen-
tration of 150 nM Doxorubicin. After the treatment,
MTS reagents that measure the amount of live cells
(Promega, Madison, WI) were added to the cells and al-
lowed to develop for 20 min to 2 h. Colorimetric mea-
surement was taken at 490 nm on Spectra MAX 190
from Molecular Devices (Sunnyvale, CA). For combina-
tion study, the base line of the regression was adjusted to
the inhibition level determined for 150 nM doxorubicin
alone.

5.17. Cell cycle analysis (FACS)

Cells were treated with CHK-1 inhibitors and trypsini-
zed, and added to the tubes with the medium and
PBS. The cells were washed in PBS and fixed in 70% eth-
anol. The fixed cells were washed again twice with PBS
and treated with RNase A at 37 °C for 30 min. The cells
were stained with propidium iodide and incubated in the
dark for 60 min or overnight before analysis. The sam-
ples were analyzed through flow cytometry using fluo-
rescence-activated cell sorting (FACS) manufactured
by BD Bioscience (San Jose, CA) using the Cell-Quest
program.

5.18. Cell proliferation assay (soft agar assay)

In 12-well plates, the bottom layer contained 0.5 mL of
0.7% agar with either increasing dose of camptothecin
or camptothecin in combination with a CHK-1 inhibi-
tor, the top layer contained 0.5 mL of 0.35% agar with
the medium mixed with 5000 cells/well of SW620 cells.
Colonies were incubated for 14 days, stained with iodo-
nitratetrozolium at 0.5 pg/mL overnight, and counted
using a Sony CCD camera linked to the Image-Pro Plus
software.
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