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Preclinical and emerging clinical evidence suggests that inhibiting insulin-like growth factor 1 receptor
(IGF-1R) signaling may offer a promising therapeutic strategy for the treatment of several types of cancer.
This Letter describes the medicinal chemistry effort towards a series of 8-amino-imidazo[1,5-a]pyrazine
derived inhibitors of IGF-1R which features a substituted quinoline moiety at the C1 position and a cyclo-

hexyl linking moiety at the C3 position. Lead optimization efforts which included the optimization of
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structure-activity relationships and drug metabolism and pharmacokinetic properties led to the identi-
fication of compound 9m, a potent, selective and orally bioavailable inhibitor of IGF-1R with in vivo effi-
cacy in an IGF-driven mouse xenograft model.

© 2010 Elsevier Ltd. All rights reserved.

Insulin-like growth factor 1 receptor (IGF-1R), a transmembrane
receptor tyrosine kinase, has gained much attention in the field of
cancer research and cancer drug discovery in recent years.'”
Accumulated preclinical research strongly suggests involvement
of IGF-1R kinase activity and its signaling pathway in cell survival,
proliferation, metastasis, and angiogenesis.*” IGF-1R as a target
for cancer therapy is being further validated in human clinical
trials by both monoclonal antibodies directed against the recep-
tor’s extracellular ligand binding domain and small molecule IGF-
1R directed tyrosine kinase inhibitors.!®

Due to the importance of this target in oncogenesis, we have in-
vested in a small molecule drug discovery platform which targets
IGF-1R kinase activity. We have previously disclosed our efforts
around novel 8-amino-imidazo[1,5-a]pyrazine- and 4-amino-imi-
dazo[5,1-f][1,2,4]triazine-derived IGF-1R inhibitors including
AQIP,° PQIP,!® FQIT!! as well as 0SI-906,'? the first and only selec-
tive small molecule dual IGF-1R/IR (insulin receptor) inhibitor
currently in phase III clinical trials. These efforts focused on novel
imidazopyrazine and imidazotriazine scaffolds substituted with
two main pharmacophores: (1) a 2-phenylquinolin-7-yl moiety
which binds to a hydrophobic back pocket of the enzyme, forming
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a critical H-bond to Lys1003 via the quinoline nitrogen or in the
case of FQIT, via the quinoline nitrogen and the 8-F substituent;
(2) a bridging cyclobutyl moiety which occupies the ribose binding
pocket and acts as a linker to distal groups which access a solvent
exposed region of the protein (Fig. 1). Efforts from both series con-
cluded that substituents at the C3 position of the cyclobutyl moiety
influenced both potency against IGF-1R and overall DMPK proper-
ties. Computer modeling suggested that larger ring systems, such
as a cyclopentyl or cyclohexyl moiety should be tolerated as well
in this ribose binding region. The 1,4-disubstituted cyclohexyl ring
system was further prioritized among many designs since it posi-
tioned distal solvent exposed groups in a similar but slightly ex-
tended trajectory to that of the cyclobutyl linker. Herein we
report medicinal chemistry efforts centered around the synthesis
and optimization of a series of cyclohexyl substituted 8-amino-
imidazo[1,5-a]pyrazine-derived inhibitors of IGF-1R, including
the discovery of compound 9m as a potent, selective, and orally
bioavailable IGF-1R inhibitor with robust in vivo efficacy in an
IGF-driven mouse xenograft model.

The general synthesis of C3 cyclohexyl substituted 8-amino-
imidazo[1,5-a]pyrazines is shown in Scheme 1. The chloro-pyra-
zine 1 was coupled with activated ester 2 (readily available from
trans-1,4-cyclohexanedicarboxylic acid monomethyl ester) to give
amide 3 in good yield under mild conditions. Amide 3 was then
treated with POCl; to form the imidazo[1,5-a]pyrazine scaffold,
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Figure 1. Structures, IGF-1R potency, and key IGF-1R binding interactions of AQIP, PQIP, OSI-906, and FQIT.
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Scheme 1. Reagents and conditions: (a) 10% aq NaHCOs;, THF, rt, 88%; (b) POCl3, DMF, MeCN, rt, 85%; (c) NBS, DMF, 0 °C, 91%; (d) NHs, iPrOH, 90 °C, 5: 70%, 6: 15%;
(e) Pd(PPhs),, KF, dioxane-water (4:1, v/v), 90 °C, 65%; (f) to compound 9a (R* = CH,OH): 8, LAH, THF, —78 °C, 70%; (g) to compound 9b (R* = CO,H): 8, aq NaOH, EtOH, reflux,

95%; (h) to amides 9c-d: 9b, corresponding amine, TBTU, DIEA, DMF, 44-55%; (i) to compound 9f-90: 8, corresponding amine, AlMes, toluene, 50 °C, 35-50%.
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followed by N-bromosuccinimide (NBS) mediated bromination to
give di-halogenated compound 4. The ammonolysis of 4 afforded
the desired 8-amino-product 5 along with amide 6 as a by-product.
The key intermediate 8 was obtained from a subsequent Suzuki
coupling of 5 with 8-fluoro-2-phenylquinoline boronate 7.'> Com-
pound 8 proved to be a versatile intermediate and was used to syn-
thesize primary alcohol 9a by treatment with lithium aluminum
hydride (LAH), carboxylic acid 9b via treatment with aq NaOH in
EtOH, and a cyclohexyl amide focused library. The focused amide
library was synthesized via treatment of carboxylic acid 9b with
TBTU and either Me,NH or MeNH, to provide analogs 9c¢ and 9d,
respectively. Primary amide 9e was synthesized by direct coupling
of intermediate 6 with quinoline boronate 7. Alternatively, ester 8
was directly reacted with various aryl and heteroaryl amines in the
presence of trimethylaluminum to give amides 9f-90 in moderate
yields.

The compounds synthesized in this series focused around the
imidazopyrazine core which was substituted at the 1-position with
the 8-fluoro-2-phenyl-quinolin-7-yl moiety discovered in the ef-
forts leading to FQIT'! and at the 3-position with a previously
unexplored cyclohexyl linking moiety. The IGF-1R cell mechanistic
potency of compounds 9a-90 were determined in an ELISA-based
assay utilizing 3T3/hulGF-1R cells, the results of which are summa-
rized in Table 1. Primary alcohol 9a displayed potent IGF-1R cellu-
lar activity. The carboxylic acid analog 9b was significantly less
potent, presumably due to its decreased cellular permeability, syn-
onymous with such charged groups. Within the amido series, it ap-
pears that a proton donor (NH) was required, as evidenced by the
potency loss of compound 9c¢ as compared to 9d and 9e. Further-
more, a variety of aryl and heteroaryl 5- or 6-monocyclic amides
9f-9h, 9j-91 were also highly potent IGF-1R inhibitors. Compound
9i was ~4x less potent than several bioisosteric heteroarylamido
analogs such as compound 9f and 9g. We speculate that the loss
in potency may be a result of lower cellular permeability associ-
ated with the overall higher PSA as a result of inclusion of the tri-
azole moiety. Additionally, a variety of 5,6-bicyclic amides were
prepared from which benzimidazole 9m (OSI-971) emerged as
one of the more potent analogs.

Representative compounds from this series were progressed
into pharmacokinetic studies in mice (Table 2). Compound 9a dis-
played low oral bioavailability and low plasma exposure (low AUC
and Cpax), most likely due to extensive first pass metabolism as
indicated by a high rate of clearance (more than double the mouse
liver blood flow rate (~90 mL/min/kg)). Compound 9e, when dosed
orally, displayed modest exposure and bioavailability, speculated
to be due to poor absorption as a result of low permeability as indi-
cated by PAMPA. Compound 9f was among one of the first repre-
sentative compounds from the heteroaryl amido series profiled
in mouse PK studies. Compound 9f displayed very low bioavailabil-
ity (5%), most likely due to both poor absorption and extensive
metabolism. Acid 9b was detected as a metabolite in plasma sam-
ples with slightly higher exposure than the parent compound. We
hypothesized that gut metabolism may have contributed to this
poor PK profile although we could not rule out the participation
of first pass liver metabolism. We explored this hypothesis further
by measuring the stability of 9f in simulated intestinal fluid and
after incubation over the course of a few hours, the acid metabolite
9b was detected.!* We then profiled acid 9b in mouse PK studies
and found that this compound was well absorbed and displayed
good bioavailability. These results, when taken together, suggest
that gut metabolism may be playing a role in limiting the bioavail-
ability of compound 9f. This prompted us to screen the remaining
aryl and heteroaryl amides in simulated gastric fluid’® and
simulated intestinal fluid to evaluate their gut stability and rank
compounds accordingly.'® From these prescreening efforts, we
determined that the benzimidazole amide 9m was stable in the
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IGF-1R cellular potency of compounds 9a-90
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simulated gut stability assay as it did not produce any detectable
level of acid 9b. We were pleased that these results carried over
in vivo as 9m displayed high plasma exposures (high AUC and
Cmax) and good oral bioavailability in a subsequent mouse PK
study, without any acid 9b detected as a metabolite.

The favorable PK profile of 9m prompted us to further evaluate
this compound in subsequent in vivo studies. However, the syn-
thetic route of this compound, shown in Scheme 1, was not ideal
for scaling up to provide the multi-gram quantities of material re-
quired for in vivo studies due to moderate yields and tedious work
up procedures in the AIMe3; mediated coupling step. To resolve this
issue, we developed an improved synthesis of 9m as shown in
Scheme 2. The intermediate 5 was hydrolyzed to give acid 10,
which was then coupled with 2-aminobenzimidazole using
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Table 2
Key mouse PK parameters and PAMPA data of compounds 9a-b, 9e, 9f, and 9m
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Compound Mouse oral PK (25 mg/kg) Mouse iv PK (5 mg/kg) PAMPA (107 cm/s)
AUC (ng h/mL) Cmax (LM) F% Vs (L/kg) CL (mL/min/kg) pH 5.0 pH 7.4
9a° 100 0.11 23 7 197 880 >1000
9b 7970 55 51 2.8 26 >1000 >1000
9e 3568 1.9 24 2.6 38 45 63
9f 297 0.13 5 32 73 73 86
9m 158,168 28 50 0.43 1 538 766
2 5 mg/kg oral dose, 2 mg/kg iv dose
NH, gy
NH
NH, g NP 2 Br
NP = Nt N N7 N\=
a / N b c N7 N d
5 - XN - — = —> 9m
B N\/Q
Y. = 7N
7—~OH N o’ H
H,N
10 1 12

Scheme 2. Reagents and conditions: (a) 10 M aq NaOH, MeOH-water (3:1, v/v), 50 °C, 2 h, 95%; (b) 1.5 equiv 2-aminobenzimidazole, 1.5 equiv TFFH, DIEA, DMF, 0°C, 1 h,
92%; (c) 0.5 equiv 2-aminobenzimidazole, DME, reflux overnight, 88%; (d) 7, Pd(PPhs)4, KF, DME-water (4:1, v/v), 100 °C, overnight, 68%.

N,N,N'N'-tetramethylfluoroformamidinium hexafluorophosphate
(TFFH)!7 as the coupling reagent to afford amide 11. This amide
was further converted to the desired regioisomer 12 by displace-
ment with 0.5 equiv 2-aminobenzimidazole. It is noteworthy that
all three reactions afforded clean conversions and the products
from each step were isolated by simple filtrations. Finally, Suzuki
coupling of amide 12 and boronate 7 provided 9m. Using this new-
ly developed synthesis, we successfully scaled up >100 g of mate-
rial which was used in subsequent in vivo studies.

As shown in Figure 2, 9m demonstrated dose dependent tumor
growth inhibition (TGI) in the GEO human colon xenograft mod-
el.'® The GEO model represents a naturally occurring IGF-driven
tumor line and is sensitive to dual inhibition of IGF-1R and IR.'®
A 60 mg/kg daily oral dose of compound 9m was very well toler-

concn) against the IGF-1 and Insulin receptors. Preclinical safety
screens of 9m against a broad range of 68 enzymes, receptors,
and ion channels at 10 uM concentration did not reveal any signif-
icant off-target activities. Thus 9m is a highly selective dual IGF-1R
and IR inhibitor. Furthermore, 9m is not genotoxic (Ames
negative + S9 fractions) and does not significantly inhibit any
major CYP isoforms (Table 3).

In summary, structural modifications at the C3 position of an
imidazopyrazine-derived series of IGF-1R inhibitors led to the dis-
covery of a series of C3-substituted cyclohexyl-based inhibitors.

Table 3
CYP inhibition of 9m

ated and demonstrated significant tumor growth inhibition (98% CYP inhibition ICs (M)
TGI). At this dose, the blood glucose level was comparable to the 3A4 520
control level (Fig. 2b). 1A2 >20

To determine its kinase selectivity, 9m was screened against a 209 9.8
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Figure 2. (a) Dose-dependent efficacy of 9m in a GEO xenograft model. Plotted data are mean tumor volumes expressed as a percentage on initial volume + SE. Compound
9m was dosed once daily (qd) for 14 days. (b) Non-fasted blood glucose at indicated times in GEO tumor bearing animals following 14 days of dosing with 9m. Data shown are
mean of n =3 at each time point.
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Optimization of potency, drug metabolism and pharmacokinetic
properties led to a series of cyclohexyl-based aryl and heteroaryl
amides as the preferred moiety and ultimately to the discovery
of compound 9m, a potent, selective, and orally bioavailable IGF-
1R inhibitor with robust in vivo efficacy in an IGF-driven mouse
xenograft model.
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