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ABSTRACT The imidazo-[1,2-a]-pyrazine (1) is a dual inhibitor of Aurora kinases

H
A and B with modest cell potency (ICso = 250 nM) and low solubility (5 #M). Lead N-N
optimization guided by the binding mode led to the acyclic amino alcohol 12k (SCH W/
1473759), which is a picomolar inhibitor of Aurora kinases (TdF K4 Aur A = 0.02 3 N/\e(
nM and Aur B = 0.03 nM) with improved cell potency (phos-HH3 inhibition IC5 = N/J\fN
25 nM) and intrinsic aqueous solubility (11.4 mM). It also demonstrated efficacy 8
and target engagement in human tumor xenograft mouse models. HN\LS\{\I\
/
KEYWORDS Aurora kinase inhibitors, cell potency, aqueous solubility, imi- N> OH
dazo-[1,2-a]-pyrazine, tumor xenograft model, SCH 1473759 12k. SCH 1473759 ﬁ—‘/
he Aurora kinases are a family of three Ser/Thr kinases Table 1. Summary of Early SAR’
I that play a critical role during the mitotic stage of R
the cell cycle. They are overexpressed in a range of Nl’N
tumors, which suggests that they could be promising targets 7
for cancer therapy.' Several Aurora kinase inhibitors are Y N/%e’(x
currently undergoing clinical evaluation.® Aurora kinases A NN
and B are highly homologous and seem to work in concert o s
during mitosis. Aurora kinase A is involved in mitotic entry \L{\,
and bipolar spindle assembly. Inhibition of Aurora A results in
mitotic delay and formation of monopolar spindle phenotype
followed by cell death. Early in mitosis, Aurora B phosphor-
ylates histone H3 on Ser10 (phos-HH3) and later in mitosis IC50(nM)
regulates cell division. Aurora B is also a key component of the compd X R Aur A AurB cell®
mitotic spindle checkpoint. Inhibition of Aurora B results in 5
aberrant endoreduplication and abrogation of cytokinesis, ! Me H =4 =13 250
leading to apoptosis. When both Aurora kinases A and B are 2 Et H =4 =13 850
inhibited, the dominant phenotype is the one resulting from 3 H H =4 =13 1260
the inhibition of Aurora B.” Selective inhibitors of either one of 4 H Me 568 258 ND*
the isoforms as well as dual inhibitors of both Aurora kinases A “Inhibition of histone H3 phosphorylation in HCT-116 cells. ® Kinetic

and B have been reported.*”® While designing potent kinase solubility of compound 1 =5 uM. “ND: not determined.
inhibitors guided by an X-ray structure of a ligand-bound form
of the enzyme has become common practice,”® optimizing
such a lead to improve its druglike properties still depends on
traditional approaches. Herein, we describe a combination of
rational and traditional efforts to optimize the lead structure 1
(Table 1)? with the goal of improving its cell potency, pharma-
cokinetics (PK), and aqueous solubility suitable for an intra-

C-6 were optimal.’ Small nonpolar groups were preferred at
C-6 with the methyl group (1), improving cell penetration
over the close analogues such as 2 and 3 (Table 1). Alkylation
of the pyrazole at C-3 resulted in significant loss of binding
(3 vs 4). This indicated that the pyrazole NH may be
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interacting with an H-bond acceptor of a side chain in the
binding pocket. Indeed, the X-ray structure of compound 3
bound in the ATP binding pocket of Aurora A kinase domain
showed that the pyrazole NH interacts with Asp 274 and that
N1 and the 8-NH group are bound to Ala 213 in the hinge
region.” The molecule seems to be locked into the binding
conformation by the back bonding of the sulfur d-orbital with
the lone pair on N7; the isothiazole ring is needed to facilitate
this interaction. Thus, we decided to leave the C-3 and C-6
substituents intact for our lead optimization efforts and focus
on the isothiazole ring. As the methyl substituent on
the isothiazole is pointing toward the solvent region,” we
rationalized that installation of polar groups such as alco-
hols, ethers, amides, and amines in this vicinity would be
tolerated as the polar group would be solvent exposed. The
polar group would also modulate the physicochemical pro-
perties of the lead and might improve cell penetration and
water solubility.

The lead compound 1 was made via the displacement
of the 8-methane sulfonyl group in the imidazo-[1,2-a]-
pyrazine core'® intermediate 5 with commercially available
5-amino-3-methyl isothiazole (6).” To execute our strategy of
installing polar functionality on the isothiazole, we needed
5-amino isothiazole-3-methyl carboxylate (7), which was
prepared in a multigram quantity by adapting a literature
procedure.“ With the functionalized isothiazole 7 in hand,
we turned our attention to the design and preparation of
target compounds outlined in our strategy (Scheme 1).

The coupling of compound 7 to the core intermediate 5
worked better than that of 6 presumably due to the stabilization
of the amine anion afforded by the ester. The ester (8) was
hydrolyzed to the carboxylic acid (9) and coupled with various
amines to form the amides (10). Alternatively, methyl ester was
reduced to the alcohol 11a and converted to methyl ether 11b.
Activation of the alcohol to the mesylate 11¢ and displacement
with various amines provided the targets 12. Removal of the
SEM protecting groups completed the synthesis of target
compounds for testing as amorphous HCI salts.

All of our compounds were first evaluated in the biochemi-
cal assay, and IC5q values were determined by assessing the
ability of the compound to inhibit the phosphorylation of
peptide substrates by Aurora kinases A and B. This assay had
detection limits of =4 nM for Aurora A and =13 nM for
Aurora B. Potent binders of Aurora A and B were then tested
in mechanistic cell-based assays. Aurora B-mediated phos-
phorylation of Histone H3 at Ser 10 (phos-HH3) was measured
by immunofluorescence following the treatment of nocodazole
synchronized HCT 116 cells with the Aurora inhibitor. The
potency of phos-HH3 inhibition was expressed as ICsq values.
Small molecule inhibition of Aurora A and B causes mitotic
arrest leading to abrogation of cytokinesis, resulting in a cell
with 4N DNA. As the undivided cells continue through the
cell cycle (endoreduplication), they accumulate > 4N DNA con-
tent.” Following compound treatment, the DNA content of cells
was measured by flow cytometric analysis. The result of this
assay was expressed as the minimum concentration (Cpin) of
the compound required for inducing endoreduplication in
asynchronous cells. Thus, the two mechanistic cell-based assays
directly assessed target engagement in vitro.
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Scheme 1. Synthesis of Target Compounds
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In general, more polar substituents did not affect binding
potency (Table 2), but their polarity had to be modulated to
improve cell potency. The methyl ester 8, the carboxylic acid 9,
and the equally polar primary (10a. X = CONH,), secondary
(10b. X = CONHMe), and acyclic tertiary (10c. X = CONMe,)
carboxamides had no effect in cells (phos-HH3 > 10 uM), but
cyclic tertiary amides with increasing lipophilicity started regis-
tering cell-based activity. Thus, the piperidine carboxamide 10f
(log P = 2.5) nearly matched the cell potency of the simple
methyl isothiazole 1 (log P = 2.7), indicating that polar groups
would be tolerated in this region of the inhibitor.

Since improving the water solubility of the target com-
pounds was also one of the objectives in introducing a polar
substituent in the solvent-exposed region of the molecule,
we also evaluated the alcohol and amines (Table 2), as these
derivatives are usually more soluble in aqueous medium.
The cell-based activity of the more lipophilic tertiary amines
(12c—Kk) was 5—10-fold higher than the tertiary amide 10f,
indicating a preference for the sp” carbon as the linker
between the isothiazole ring and the polar group at the
solvent front. The cell potency of the cyclic amines increased
with ring size (12d,e,h). Introduction of a heteroatom in the
ring (12f,g) was detrimental for cell potency. The acyclic
amine 12c¢ showed higher cell potency than its cyclic coun-
terparts (12d,e), and a-substitution (12i) seemed to tweak
the cell potency further. Adding more polar ether (12j) and
alcohol (12K) groups did not affect the cell potency of acyclic
amines but improved their aqueous solubility.

Structures of two other target compounds 13 and (£)-14
made to address the effect of the linker length are shown in
Figure 1, and their synthesis is described in the Supporting
Information section. Compounds 13 and 14 had IC5, values
of 35 and 149 nM, respectively, in the cell-based phos-HH3
inhibition assay. Thus, the homologue 13 had slightly im-
proved cell potency over the methylene-linked 12e, but the
solubility of 13 was also slightly reduced. Constraining the
carbon linker between the isothiazole and the amine in the
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Table 2. Effect of Polar Groups on Cell Potency

H H
N-N N-N
|y l

N/JYN N/JYN

HN.__S HN.__S.
\E/<N [N
1,10 11,12
X X
ICs0 (nM)
Comp E Aur A Aur B phos-
HH3
1 CH; < <13 250
10d Q v b < <13 860
N
10e O?NQ <4 <13 620
10f 0 <4 <13 300
}—N )
11a OH <4 <13 797
11b OCHs <4 <13 440
12a NH; <4 <13 1260
12b - 4 <13 364
12¢ MNC <4 <13 35
12d w@ <4 <13 87
12e - D <4 <13 50
12f - o <4 <13 250
/
12g VAR <4 <13 412
/
12h wNQ <4 <13 18
12i ;L <4 <13 20
12j ““»COE, <4 <13 26
12k "\,.N></OH <4 <13 24
L

form of a ring (14) was detrimental for cell potency and did
not warrant the separation of its pure enantiomers.

Since improving aq solubility toward iv administration was
also our criteria, the solubility of the compounds in Table 3 was
initially estimated in a high-throughput kinetic solubility assay'?
at pH 7.4. The solubility of cyclic amines was typically in the
50—100uM range (12h =125 uM), and for acyclic amines, it was
250 uM (limit) in this assay. The installation of tertiary amines via
a methylene linker on the isothiazole improved cell potency by
5—10-fold and also increased solubility by 10—50-fold over the
initial lead 1, thus validating our design strategy.

All compounds (12h—K) with phos-HH5 IC50 < 30 nM
were also potent inducers of endoreduplication (Cmin ~ 16
nM; FACS analysis) in hyper proliferating HCT116 cells,
which further confirmed target engagement. The cell pro-
liferation data showed that the compounds were very potent
inhibitors of cell growth, with IC5q values of 2, 4, 7 and 6 nM
respectively for 12h—Kk. Thus these four compounds

v © 2010 American Chemical Society

216

pubs.acs.org/acsmedchemlett

H H
NN NN
W l_y
y N/Y Y N/Y
N/J\fN NA\KN
HN.__S. HN_ s
| N | N
13 14

<N > N~CH;,
Figure 1. Compounds designed to address linker length.

Table 3. Therapeutic Index and Equilibrium Solubility Data

. phos- MED MTD  Sol*
Comp Amine HH3 mg/kg mg/kg mg/ml
ICs0
(nM)
12h O 18 3 >100 001
193 ”‘“N/l< 20 6 >100 0.13
N
12j ay~OEt 26 13 >100 5.1
12k 25  >100 5.7

»..NX/OH 25
N

*Equilibrium solubility, citrate buffer (pH 5.3).

12h—k were indistinguishable in terms of their cell potency
profile.

In order to differentiate the top compounds (12h—K) with
promising combination of cell potency (phos-HH3 IC50 ~ 25
nM) and kinetic solubility (= 125 uM), each compound was
progressed to a PD/PK study to determine its therapeutic
index as well as an equilibrium (thermodynamic) solubility
study under buffered conditions to determine if the com-
pound had the high solubility required for an intravenous
drug. The results of this study for the four compounds are
summarized in Table 3.

In the PD/PK study, the target compound (50, 10, 2.5 mg/
kg, ip) was dosed in A2780 tumor bearing mice, and at | hr
post-dose phos-HH3 levels were determined. The minimum
efficacious dose (MED) was defined as the dose which
inhibited phos-HH3 levels by 50% at 1 hr post dose. The
plasma concentration of the compound at the 1 hr time point
was taken to correlate the observed PD response with exposure
level. The maximum tolerated dose (MTD) was defined as the
dose below the dose that caused = 20 % body weight loss or
lethality. For the MTD study nude mice were dosed with the
compound (50, 75 and 100 mg/kg, ip) 2x week.

Drugs that are administered intravenously require solubility
in the millimolar (mM) range. Clearly, compounds 12h and
12i did not meet the solubility criteria. The amino ether 12j
and the amino alcohol 12k had similar levels of intrinsic
solubility (>5 mg/mL), but the MED for the amino ether 12j
was 4-fold higher than that of 12k. The amino alcohol 12k had
the best combination of therapeutic index and equilibrium

DOI: 10.1021/mI100063w | ACS Med. Chem. Lett. 2010, 1,214-218
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Figure 2. Efficacy study of 12k in A2780 human tumor xenograft
model in mouse (n = 10) as measured by median tumor volumes
(cubic mm). Captisol (20 % ; vehicle control) (black square), 5 mg/
kg (i.p) bid dosed daily on days 0—16 (TGI = 50 % ) (green triangle),
and 10 mg/kg (i.p) bid dosed intermittently on days 0—4 and
10—14 (TGI = 69 % ) (blue diamond). Error bars: standard error of
the mean (£SEM).

solubility. The PK arm of the study showed that 12k gave its
PD response at a concentration of 110 nM (C,y,, 2.5 mg/kg, ip),
which reflects a reasonable exposure (4 x) over its ICso value
of 25 nM in the cell-based phos-HH3 assay.

Compound 12k was evaluated for its efficacy in A2780 human
tumor xenograft model in mouse as a single agent (Figure 2). For
example, a low dose of 5 mg/kg (ip, bid) was well-tolerated in a
continuous dosing schedule and showed 50% tumor growth
inhibition (TGI) onday 16. A higher dose of 10 mg/kg (ip, bid) was
well-tolerated in an intermittent schedule (5 days on, 5 days off)
and gave 69 % TGl on day 16. Neither body weight loss nor letha-
lity was noted in both treatment groups.'”

The X-ray cocrystal structure of the amino alcohol 12k
bound in the ATP binding pocket of Aurora A is shown in
Figure 3. As seen with the earlier compound 3, this mole-
cule isanchored via the binding of N1 and 8-NH groups to Ala
213 in the hinge region, with the H-bonding between the
3-pyrazole NH and Asp 274 contributing to its specificity for
this target. Additionally, the second pyrazole N interacts with
a bridging water molecule. The amine points toward the
solvent-exposed front of the binding pocket, and its rota-
tional freedom is restricted by intramolecular bonds formed
by the 3° amine with the alcohol and the isothiazole (N).

Direct binding of 12Kk to the kinase domains of Aurora
kinases A and B was further confirmed by temperature-
dependent fluorescence (TdF) study,lf"16 with K4 values of
0.02 (Aur A) and 0.03 nM (Aur B). Kinase counter screens
demonstrated that this compound also inhibited the Src
family of kinases (ICso < 10 nM), Chkl (ICs5o = 13 nM),
VEGFR2 (IC50 = 1 nM), and IRAK4 (IC50 = 37 nM). It did not
have significant activity (IC5o > 1000 nM) against 34 other
kinases representing different families of the kinome.'”

The pharmacokinetic parameters of the amino alcohol
12k (amorphous 2HCI salt), administered intravenously, in
four different species are summarized in Table 4. The
compound showed good exposure in all species with the
clearance being high in rodents and moderate in dog and
monkey. The half-life was also moderate, but the tissue
distribution was high.

Compound 12k was only moderately bound to plasma
proteins. At a concentration of 10 uM 12Kk, protein binding
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Figure 3. X-ray cocrystal structure of 12k bound in Aurora A.'*

Table 4. PK Parameters of 12k (Intravenous Administration)

AUCy—.  Cmax Tin cl vd (SS)
species (uM h) (uM) (h) (mL/milkg) (LIkg)
mouse” 0.9 1 107 6.1
rat’ 1.3 2 8.3 91 19
dog” 42 9.1 44 28 47
monkey” 75 7.4 7.4 16 42

“Dose = 2.5mg/kg (20 % HPBCD). ®Dose = 3 mg/kg (20 % Captisol/
20 mM citrate buffer).

was 87 % inrodents, 87 % in dog, 84 % in monkey, and 85 %
in human plasma, as determined in vitro by equilibrium
dialysis. The major metabolic pathway for 12k was N-de-
ethylation with and without oxidation and glucuronidation,
when the radiolabeled compound was incubated at 37 °C for
24 h with cryo-preserved mouse, rat, dog, monkey, and
human hepatocytes.'® All of the metabolites observed from
human hepatocytes were also observed in other species. In
human liver microsomes, the ICsq values were >30 uM for
the inhibition of Cyp enzymes 1A2, 2C8, 2C9, 2C19, 3A4,
and 2D6 (co-incubation 2D6: IC5o = 14 uM), suggesting that
compound 12k is unlikely to cause inhibitory drug—drug
interactions when coadministered with other drugs that are
metabolized by these enzymes. In the mini-Ames assay, 12k
did not show any potential for mutagenicity. In the voltage
clamp assay, 12k showed 38 % inhibition of the hERG potas-
sium channel at a concentration of 6 uM. However, the
compound did not show any adverse cardiovascular effects
at therapeutic concentrations in a safety pharmacology
study in dogs.

In conclusion, optimization of the lead structure 1 by
installation of polar groups in the solvent-exposed region
of the inhibitor led to the identification of the amino-alcohol
12K (SCH 1473759) as a novel, picomolar inhibitor of Aurora
kinases A and B with high intrinsic aqueous solubility
(11 mM). It has acceptable PKs for an iv administration, on
target efficacy, and a safety profile suitable for further
evaluation. The template embedded in the structure of 12k
is very versatile and has also given rise to other Aurora kinase
inhibitors that have oral bioavailability as well as high cell
potency. These studies will be reported in due course.

DOI: 10.1021/mI100063w | ACS Med. Chem. Lett. 2010, 1,214-218
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SUPPORTING INFORMATION AVAILABLE Experimental
procedures for the preparation of compounds 7, 8, 10f, 12h—k, and
13—14 and the biological assays described herein. This material is
available free of charge via the Internet at http://pubs.acs.org.

Accession Codes: The coordinates for 12k have been deposited
with the RCSB Protein Data Bank under the code 3MYG.
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listing of the 34 kinases that were not inhibited by 12k. Src
kinase inhibition does not play a role in the phosphorylation
of Histone H3 or in endoreduplication. Compound 12k gave a
dose proportional endoreduplication profile (FACS analysis),
even at higher concentrations, with no interference from off
target effects on the observed Aurora B phenotype.

After incubation with hepatocytes for 24 h, the des-ethyl
metabolite was formed in higher amounts as compared to
other metabolites, but the parent compound 12k was still the
major product. A pure sample of the des-ethyl metabolite of
12Kk did not have cell-based activity (pHH3 inhibition ICs¢ >
1000 nM), precluding any contribution from this metabolite
to the observed in vivo data.
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