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We report a series of potent imidazo[1,2-a]pyrazine-based Aurora kinase inhibitors. Optimization of the
solvent accessible 8-position led to improvements in both oral bioavailability and off-target kinase inhi-
bition. Compound 25 demonstrates anti-tumor activity in an A2780 ovarian tumor xenograft model.
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Aurora kinases (Aurora A, B, and C) are cell cycle regulated serine/
threonine kinases expressed only during mitosis.1 Ubiquitously ex-
pressed Aurora A regulates cell cycle events such as centromere mat-
uration, bipolar spindle assembly, mitotic entry and exit, as well as,
kinetochore-spindle attachment.1 Aurora B phosphorylates histone
H3, regulates chromosomal remodeling, kinetochore-spindle
attachment, and cytokinesis.1 Aurora C is believed to have a function
related to Aurora B but has limited expression.1 Aurora A and B are
essential protein kinases and as such are required for the successful
mitotic progression. Depletion of Aurora A by siRNA or small mole-
cule inhibition results in G2/M delay followed by apoptotic cell
death, while depletion of Aurora B by siRNA or small molecule inhi-
bition causes aberrant endoreduplication (polyploidy) followed by
apoptosis. Abrogation of both Aurora A/B displays an Aurora B siRNA
phenotype.1 Amplification or over expression of Aurora kinases has
been observed in multiple tumor types2–4 and is often correlated
with poor prognosis.5 These data suggest that Aurora kinase inhibi-
tors could be a useful means for treating cancer.

Many Aurora inhibitors (selective Aurora A, selective Aurora B or
dual Aurora A/B inhibitors) are currently in Phase I/II trials with sev-
eral other inhibitors in preclinical development.4,6 Previously, we
ll rights reserved.

: +1 617 499 3535.
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reported the discovery of imidazo[1,2-a]pyrazine-based Aurora A/
B kinase inhibitors 1 and 2 (Fig. 1).7 This effort established that the
C-3 pyrazole and the C-8 aminoisothiazole groups were essential
for good Aurora A/B potency. Additionally, it was determined that
small C-6 hydrophobic groups were preferred (e.g., 6-Me, 6-SMe).
Subsequent optimization of the solvent accessible 8-position identi-
fied compound 3 as a sub-nanomolar, injectable Aurora A/B inhibi-
tor.8 Importantly, inhibitor 3 demonstrated mechanism-based cell
activity and dose dependent anti-tumor activity as single agent or
in combination with anti-mitotics such as taxanes and KSP
inhibitors.8,9

Despite promising in vivo efficacy and an acceptable safety pro-
file, Aurora kinase inhibitor 3 had some potential issues. First, com-
pound 3 exhibited multi-target kinase inhibition extending broadly
across the kinome. For example, compound 3 displayed potent Aur-
ora kinase (AGC group) inhibition and cross reactivity with LCK
(IC50 6 1 nM, Tyrosine Kinase group, src family), IRAK4 (IC50 = 8 nM,
Tyrosine Kinase-like group, IRAK family), VEGFR2 (IC50 6 1 nM,
Tyrosine Kinase group, receptor tyrosine kinase family) and CHK1
(IC50 = 13 nM, CAMK group, CSK family). Indeed, a more extensive
evaluation of compound 3 revealed potent inhibition (IC50 <20 nM)
of the entire src family (data not shown).10 Second, compound 3
was designed for intravenous dosing and therefore did not show oral
bioavailability due to poor absorption and high first pass



Aurora A IC50 < 4 nM
Aurora B IC50 < 13 nM
phos-HH3 EC50 = 600 nM

Aurora A IC50 < 4 nM
Aurora B IC50 < 13 nM
phos-HH3 EC50 = 250 nM

Aurora A IC50 < 4 nM
Aurora B IC50 < 13 nM
phos-HH3 EC50 = 25 nM
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Figure 1. Previously disclosed, potent Aurora kinase inhibitors.
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Scheme 1. Reagents and conditions: (a) NaH, methyl 5-aminoisothiazole-3-carboxylate, DMSO, rt, 85%; (b) NaBH4, CaCl2, EtOH/THF, 90%; (c) MsCl, DIEA, THF, 95%; (d) amine,
DIEA, NaI, DMF, 60 �C; (e) 4 N HCl dioxane in THF.
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Scheme 2. Reagents and conditions: (a) SEMCl, Cs2CO3, DMF, rt, 70%; (b) RMgX, or DMHA-HCl/LiHMDS, or DIBAL, THF, �78 �C; (c) NaBH4, CaCl2, EtOH/THF, 90%; (d) MsCl,
DIEA, THF, 95%; (e) amine, DIEA, NaI, DMF, 60 �C; (f) 4 N HCl dioxane in THF; (g) Me3S+I�/NaH, DMSO, rt, 80%; (h) NaOR0 , DMF, �10 �C to rt.
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Scheme 3. Reagents and conditions: (a) LiOH, THF/MeOH/H2O (4:1:1), 99%; (b) cis-2,6-dimethylmorpholine, HATU, DIEA, DMF, 80%; (c) TiCl4–Mg–DCM, THF, 0 �C to rt; (d)
4 N HCl dioxane in THF, 15% for two steps.
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Scheme 4. Reagents and conditions: (a) (+)-DIPCl™, THF, �40 �C, 78%; (b) Ms2O, DIEA, THF, rt, quantitative; (c) cis-2,6-dimethylmorpholine, DIEA, THF, 75 �C, 70%; (d) 4 N
HCl dioxane in THF; (e) SFC AS-H enrichment.

Table 1
Data for imidazo[1,2-a]pyrazines 2, 3 and 7a–b

N
N

NH
N

H
N N

R8

Compd R8 phos-HH3 EC50
a

(nM)
LCK IC50

a

(nM)
Rat AUCb

(lM h)

2
S

N 250 568 0

3

S
N

N

HO

24 61 0

7a

S
N

NO
117 384 3.3

7b

S
N

N
14 45 0.5

a All compounds inhibit Aurora A 6 4 nM and Aurora B 6 13 nM. Assay condi-
tions listed in Ref. 7.

b AUC0–6 h (10 mg/kg, po).
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N-deethylation of the aminoalcohol side chain. Herein, we describe
the discovery of a more kinase selective, orally bioavailable imi-
dazo[1,2-a]pyrazine-based Aurora A/B kinase inhibitor that demon-
strates anti-tumor activity in a human tumor xenograft mouse
model.

The Aurora kinase inhibitors discussed in this work were pre-
pared as shown in Schemes 1–4. Sulfone 4 was prepared in six steps
from readily available 3,5-dibromopyrazine.7 Conversion of sulfone
4 to ester 5 was accomplished in good yield using methyl 5-amino-
isothiazole-3-carboxylate8 and sodium hydride (Scheme 1).
Subsequent reduction of ester 5 with NaBH4/CaCl2 afforded the alco-
hol 6 which was converted to the corresponding mesylate. Side chain
introduction was attained by mild heating of the mesylate in the
presence of various amines. Acidic SEM-deprotection afforded com-
pounds 7a–p.

Functionalization of the aminoisothiazole benzylic position was
achieved by first SEM-protecting the 8-position NH group of com-
pound 5 (SEMCl, Cs2CO3, Scheme 2). Direct conversion of di-SEM
protected ester 8 to the corresponding ketones 9–11 was possible
by cryogenic addition of Grignard reagents. On larger scale, more
reproducible results were obtained by using the Weinreb amide11

13 giving ketones 9–11 with very high purity. DIBAL reduction of
the ester 8 afforded aldehyde 12, which in turn was converted to
epoxide 14 using the Johnson–Corey–Chaykovsky reaction.12 Reg-
ioselective epoxide ring opening afforded alkoxy alcohols 15–16.
All alcohol intermediates were converted to final products 17–21
using an analogous sequence as described for compounds in
Scheme 1.

The synthesis of cyclopropyl analog 23 commenced with sapon-
ification of ester 8 followed by HATU-mediated coupling providing
amide 22 in high yield (Scheme 3). Treatment of amide 22 with
TiCl4/Mg/DCM introduced the cyclopropyl moiety.13 Acidic global
SEM-deprotection afforded the desired cyclopropyl analog 23.

All chiral compounds were first prepared as racemic mixtures.
The promising profile of compound 25 prompted an evaluation
of each enantiomer and ultimately led to the development of a
scalable asymmetric synthesis. It was envisioned that the key alco-
hol intermediate 24 could be obtained by asymmetric reduction of
prochiral ketone 9 (Scheme 4). To that end, the (+)-DIP-Chloride™
reduction of ketone 9 provided alcohol14a 24 with good asymmet-
ric induction (92–94% ee) and in good chemical yield (78%).14b

Conversion of the enantiomerically enriched alcohol 24 to the de-
sired inhibitor 25 (90–92% ee) was achieved in three steps. Final
preparative supercritical-fluid chromatography (SFC) was used to
enrich the enantiomeric purity of inhibitor 25 (>99.4% ee).15

Previously we disclosed that 8-position basic-functionality
improved the physiochemical properties of the imidazo[1,2-a]pyr-
azine series and, in some instances, improved cell-based activity.8

For example, inhibitor 3 showed excellent cell potency relative to
inhibitor 2, but lacked oral bioavailability (Table 1). Closely related
morpholine and piperidine analogs (7a and 7b, respectively) were
found to have improved oral exposure in rat relative to compound
3. Furthermore, both compounds 7a and 7b had good cell activity
and showed better LCK selectivity (LCK IC50 = 384 nM and 45 nM,
respectively) than inhibitor 3 (LCK IC50 6 1 nM). The attractive pro-
file of morpholine analog 7a encouraged further SAR exploration.

A series of morpholine and piperazine inhibitors was designed to
evaluate the effect of compound lipophilicity and nitrogen basicity
on cell potency. Promising compounds were assessed for oral expo-
sure in rat, kinase cross-reactivity and in vitro DMPK properties. Un-
like inhibitor 3, compounds bearing substituted piperazines
(analogs 7c–j, Table 2) all displayed moderate to poor cell-based
activity. Similarly, morpholine analogs bearing polar functionality
(e.g., hydroxymethyl analog 7k) displayed poor cell potency, while
analogs bearing lipophilic alkyl groups (analogs 7l–p) gave com-
pounds with good cell potency. The cis-2,6-dimethylmorpholine
analog 7m showed a modest improvement in cell activity, retained
modest LCK selectivity (IC50 = 420 nM) and had good oral rat expo-
sure. Poor oral mouse pharmacokinetics (50 mg/kg, AUC = 0.8 lM h)
limited the potential of compound 7m.



Table 2
Data for imidazo[1,2-a]pyrazines 7c–p

N
N

NH
N

H
N N

S
N

8R

Compd R8 Phos-HH3a EC50 (nM) Rat AUCc (lM h)

7c NN 412 ndb

7d NN
O

O
561 0.38

7e NN
O

>1000 ndb

7f NNS
O

O
>500 ndb

7g NN
O

NH
>1000 ndb

7h NN
HO

>1000 ndb

7i
NN

O
>1000 0

7j
NN

O
>1000 ndb

7k
NO

OH
>1000 ndb

7l NO 197 0.4

7m NO 82 7.3

7n NO 267 0.4

7o NO 256 3.9

7p NO 250 ndb

a All compounds inhibit Aurora A 6 4 nM and Aurora B 6 13 nM. Assay condi-
tions listed in Ref. 7.

b Not determined.
c AUC0–6 h (10 mg/kg, po).

Table 3
Data for imidazo[1,2-a]pyrazines 16–29

N
N

NH
N

H
N N

S
N

8R

Compd R8 Phos-HH3a EC50 (nM) Rat AUCc (lM h)

16d NO 74 1.1

17d NO 49 0.5

18d NO N 104 0.4

19d NO O 83 2.3

20d NO O 281 ndb

23e NO 733 0.3

25 NO 28 4.6

26d NO 71 1.3

27d NO 55 8.0

28 NO 217 1.1

Assay conditions listed in Ref. 7.
a All compounds inhibit Aurora A 6 4 nM and Aurora B 6 13 nM, except 28.
b Not determined.
c AUC0–6 h (10 mg/kg, po).
d Racemic.
e Compound 23 (Aur A/B IC50 = 45/50 nM).

Table 4
Selected kinase inhibition profile of Aurora inhibitor 25 and 3

Kinase 25a IC50 (nM) 3 IC50 (nM)

Aurora A 64 64
Aurora B 613 613
LCK 510 61
CHK1 140 13
RSK2 330 180
VEGFR2 710 1
IRAK4 1800 37

a IC50s >10 lM for Akt1, Camk4, Cdk2, CSNK1d, EGFR, Erk2, EGFR, IKKb, Jak2,
cMet, PKCa, PLK3, Rock2 and TSSK2.
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Most substitution at the isothiazole benzylic position was
tolerated (Table 3). Very good enzyme potency was observed for
inhibitors with small alkyl (e.g., –CH3 16 and –CH2CH3 17), ether
moieties (e.g., –CH2OCH3 19 and –CH2OCH2CH3 20) or larger het-
eroaromatics (e.g., 2-pyridyl 18). Disubstitution of the benzylic po-
sition was not tolerated (e.g., cyclopropyl analog 23). Additional
substitution on the morpholine ring was also tolerated (e.g., 2,2-
dimethylmorpholine 26 and cis-2,6-dimethylmorpholine 27).
Single enantiomer 25 showed good cell-based potency, almost
10-fold better than opposite enantiomer 28.

Among morpholine derivatives, compound 25 was found to have
the most interesting profile and was further evaluated. Compound
25 displayed a phenotype consistent with Aurora A/B kinase inhibi-



Table 5
In vivo pharmacokinetic parameters of Aurora inhibitor 25

Species Dose (mg/kg) AUC0–1 (lM h) Cl (mL/min/kg) T1/2 (h) Vdss (L/kg) %F

Rat 10 iva 38.8 10 5.0 1.6 —
Rat 30 poa 57.7 — — — 72
Mouse 3 ivb 5.6 20 3.9 1.5 —
Mouse 50 pob 86.4 — — — 92
Dog 1 ivb 3.4 12 4.8 12 —
Dog 10 pob 2.2 — — — 50

a 0.1% MC.
b 20% HPBCD.

Figure 2. In vivo efficacy of inhibitor 25 in A2780 ovarian tumor xenograft.17
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tion as it decreased phosphorylation of phos-HH3 and induced >4 N
DNA content. Moreover, compound 25 displayed potent inhibition of
cell growth and survival (EC50 = 19 and 20 nM, respectively). The off-
target kinase inhibition profile of compound 25 was considerably
better than compound 3 (Table 4). The inhibitor 25 showed good oral
bioavailability in rat, mouse and dog (Table 5) and was chosen to be
evaluated in vivo.16

The anti-tumor activity of inhibitor 25 was assessed in mice
bearing established A2780 ovarian tumor xenografts. Mice were
dosed orally at the maximally tolerated dose for 3 or 5 consecutive
days: 45 mg/kg b.i.d. � 5 and 90 mg/kg b.i.d. � 3 and 67.5 mg/kg
b.i.d. � 3. All three treatments demonstrated dose dependent tu-
mor growth inhibition (TGI), with the best efficacy achieved with
90 mg/kg b.i.d. � 3 (79% TGI, p <0.05). Oral dosing at 45 mg/kg
b.i.d. � 5 resulted in 41% TGI (p <0.05) and 67.5 mg/kg b.i.d. � 3
led to 67% TGI (p <0.05) (Fig. 2).

In conclusion, we have discovered a novel and potent imi-
dazo[1,2-a]pyrazine-based Aurora kinase inhibitor 25 that shows
dose dependent anti-tumor activity in human tumor xenograft
model. Compound 25 is orally active and also displays improved
off-target kinase inhibition relative to previously reported inhibi-
tors from this series.
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