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a b s t r a c t

The discovery and optimization of a series of imidazo[1,5-a]pyrazine inhibitors of mTOR is described. HTS
hits were optimized for potency, selectivity and metabolic stability to provide the orally bioavailable
proof of concept compound 4c that demonstrated target inhibition in vivo and concomitant inhibition
of tumor growth in an MDA-MB-231 xenograft model.

� 2011 Elsevier Ltd. All rights reserved.
The mammalian target of rapamycin (mTOR) is a 289 kDa
serine/threonine protein kinase and a member of the PI3K-related
kinase (PIKK) family that plays an important role in the PI3K/
mTOR/AKT pathway to integrate both extracellular and intracellu-
lar signals and serve as a central regulator of cell metabolism,
growth, proliferation and survival.1 In mammalian cells, mTOR re-
sides in at least two physically and functionally distinct signaling
complexes, mTORC1 and mTORC2. mTORC1 directly phosphory-
lates S6 kinase 1 (S6K1 T389) and the eIF4E binding protein 1
(4E-BP1 S65/T70) through which growth and protein synthesis
are respectively regulated.2 The prototypical mTOR inhibitors
based around the macrolide rapamycin (‘rapalogs’) have been
shown to inhibit phosphorylation of S6K1 and 4E-BP1 through
inhibition of mTORC1 and hence, mTORC1 is considered as a rapa-
mycin-sensitive complex.3 mTORC2 also phosphorylates 4E-BP1
(T37/46), and is additionally involved in phosphorylation of Akt
on S473, the activation of which drives cancer-related cellular
responses such as cell growth and proliferation.4 Rapamycin and
the rapalogs do not directly inhibit mTORC2.

In the past several years, significant effort has been devoted to
the discovery of small molecule ATP-competitive mTOR inhibitors,
which by virtue of the identity of the respective kinase domains,
can interact with both mTOR complexes, with enhanced
All rights reserved.
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consequences compared to those agents inhibiting mTORC1
only.5,6 The list of agents now identified as dual mTORC1/2 inhib-
itors includes PI-103,7a BEZ-235,7b AZD8055,7c Torin1,7d PP242,7e

WYE-1251327f, INK-1287g and our own dual inhibitor OSI-027, an
imidazotriazine-based small molecule which is currently in
phase-I clinical trials.8 Herein we describe our early medicinal
and computational chemistry efforts to optimize the high through-
put screening (HTS) hits, imidazo[1,5-a]pyrazin-8-amine 1a and
1b, focusing on the substitutions at C-1 and C-3 positions to drive
potency and DMPK properties. Proof of concept compound 4c was
discovered as a potent and orally bioavailable inhibitor with in vivo
efficacy in a mouse xenograft model, and became the starting point
for multivariant optimization and the discovery of OSI-027.

Our efforts towards identifying dual mTORC1/2 inhibitors
began with a high throughput screening campaign of the OSI com-
pound library using human mTOR isolated from HeLa cell lysates in
a chemiluminescence-based ELISA assay,9 monitoring phosphory-
lation of full-length 4E-BP1 at T37/46, the so-called rapamycin
insensitive sites.6c Compounds were screened at a concentration
of 10 lM with 2-fold compression, and in order to identify robust
starting points, a final ATP concentration of 100 lM was used.

Among the multiple chemotypes identified, imidazo[1,5-a]-
pyrazine hits 1a and 1b (Fig. 1) were selected for follow-up based
on our previous and positive experiences with this bicyclic
skeleton that culminated in the identification of the clinical dual
IGF-1R/IR agent OSI-906.10 Cognizant of the IGF-1R activity
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Table 2
SAR of different bicyclic aryl derivatives

Compd Ar IC50
a (lM) Compd Ar IC50

a (lM)
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Figure 1. Representative imidazo[1,5-a]pyrazine HTS hits.
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associated with this chemotype, we evaluated hits 1a and 1b, along
with the known potent IGF-1R inhibitor 1c,11 in both mTOR and
IGF-1R biochemical assays. As shown in Table 1, the phenol deriv-
ative 1a exhibited activities for both targets. However, the 7-quin-
olinyl derivative 1b demonstrated a preference for mTOR and in
contrast, 2-phenyl-7-quinolinyl analog 1c showed the a reverse
preference suggesting that the hydrophobic pocket that produc-
tively accommodates the additional phenyl group in IGF-1R,11

was either absent or topologically different in mTOR. This SAR
observation indicated that the mTOR and IGF-1R activities of this
series could be controlled through incorporation of appropriate
substitution at the 1-position.

A variety of analogs at the C-1 position were prepared, including
differently substituted phenyls and other bicyclic aryl groups,
using the general synthetic routes described in our previous com-
munication.12 It was found that replacement of 3-hydroxyl group
in compound 1a with –NHAc, –NHSO2Me, –NH2, –CONH2, –CH2OH
or its movement to the 4-position resulted in total loss of mTOR
potency (IC50 >10 lM). In contrast, the SAR of close analogs of
quinoline 1b was more productive (Table 2). Removal of the quin-
oline nitrogen (1d) afforded no appreciable change in potency, sig-
nifying that it played no significant part in binding to the protein.
Its reposition to the 3-position (1e) or the addition of a second
nitrogen to form a quinoxaline (1f) similarly had no effect on po-
tency, neither did replacement of the distal ring with 5-membered
nitrogen and sulphur heterocycles (1i, 1j and 1k). The 6-quinolinyl
analog 1g however, was approximately 8-fold less potent than the
parent 1b, and benzofuran 1l was inactive, suggestive of an unfa-
vorable electrostatic interaction between the heteroatom and the
protein. Such effect in the case of the quinoxaline (1f) could be
somewhat ameliorated by the second nitrogen in the bicyclic ring,
possibly through electron-withdrawing effects. Repositioning of
the naphthalene and indole attachment points (a-naphthenoid
1h and 3-indole 1m), resulted in a complete loss of activity.
Replacement of the proximal ring with 5-membered heterocycles
Table 1
mTOR and IGF-1R potencies of compounds 1a–c

Compd Ar IC50
a (lM)

mTOR IGF-1R

1a
OH

1.97 0.52

1b N 0.90 >10

1c N >9 0.08

a Biochemical ELISA assay in the presence of 100 lM ATP; values are the mean of
P2 experiments. Figure 2. Binding of 1k to the mTOR homology model.



Table 3
Deviations from co-planarity for the representative 6,6-, 6,5- and
5,6-bicyclic systems attaching to the 1-position

Compd Ring system aa (�)

1d 6,6 �39.7
1h 6,6 �51.8
1i 6,5 �43.6
1j 6,5 �42.6
1n 5,6 �24.2
1o 5,6 �23.6
1p 5,6 0.3

a Torsional angle between the imidazopyrazine core and a 1-
substituent after geometrical optimization of whole compound
using ab initio method B3LYP and basis set 6-31G⁄⁄ (ref. Schro-
dinger Inc.).

Table 5
SAR of imidazopyrazine-3-cyclohexyl derivatives

N

N
N

NH2
NH

R

Compd R IC50
a (lM) ERb

Mouse Human

3a OH 0.22 0.67 0.74
3b NH2 1.0 0.28 0.34
3c NHAc 0.21 0.35 0.50
3d NHCHO 0.15 0.51 0.64
3e NHCO-cyclobutyl 0.17 0.79 0.74
3f NHCO-3-furyl 0.09 0.76 0.78
3g NHSO2Me 0.41 ND ND

ND = not determined.
a Biochemical ELISA assay in the presence of 100 lM ATP; values are the mean of

P2 experiments.
b ERs determined with mouse and human liver microsomes.
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provided modest/good improvements in potency (e.g. 1n, 1o, 1p
and 1q). By analogy with examples 1b and 1d, the additional nitro-
gen of azaindole 1o offered no benefit over indole 1n.

A homology model of the mTOR kinase was built based on the
PI3K-c and PI3K-c crystal structures 1E8X and 2WXF, respectively.
The complex modeling with compounds indicated that the
imidazopyrazine derivatives fit the ATP-binding site with the
8-amino group and 7-nitrogen atom forming two hydrogen bonds
with the backbone groups of Gly2238 and Val2240 considered to
be the hinge residues of mTOR ( Fig. 2), mimicking the binding
mode of the purine ring in ATP. In addition, the model identified
a number of pharmacophoric elements important for the binding
of this chemotype to mTOR that helped the development and
understanding of the associated SAR. (1) A narrow channel accom-
modates the C-1 aromatic substituent, and forces it to adopt an
approximate coplanar conformation with respect to the imidazo-
pyrazine core. This suggests why the 5,6-bicyclic systems
(1n, 1o, 1p and 1q) are generally more potent than the 6,6-bicyclic
systems or 6,5-bicyclic systems, since the former systems have
larger preferences toward the approximate co-planarity than the
latter. Table 3 shows the results of ab initio geometrical calcula-
tions that support the increased torsional angle hypothesis for
the 6,6 and 6,5 systems versus the 5,6 systems; (2) Asp2195 which
is located at the end of the narrow channel destabilizes the binding
Table 4
SAR of imidazopyrazine-3-cyclobutyl derivatives

N

N
N

NH2
NH

R

3'

Compd R IC50
a (lM) ERb

Mouse Human

1n H 0.46 0.94 0.92
2a OH 0.37 0.60 0.74
2b CH2OH 0.32 0.79 0.70

2c N N 4.0 0.20 0.44

2d N N Ac 0.35 0.59 0.58

a Biochemical ELISA assay in the presence of 100 lM ATP; values are the mean of
P2 experiments.

b ERs determined with mouse and human liver microsomes.
of compounds 1g and 1l by presenting repulsive electrostatic inter-
actions to the nitrogen and oxygen atoms in the distal ring of the
bicycle. In the case of 1g, the increased Van der Waals contacts
associated with the larger quinoline moiety partially offset the det-
rimental electronic effects to recover some potency unlike in the
case of the benzofuran in 1l. By comparison, Asp2195 stabilizes
compound 1i by forming a hydrogen bond with the indole NH moi-
ety, and compound 1k via a favorable oxygen–sulfur contact.

In line with previous observations on simple 3-cyclobutylimi-
dazo[1,5-a]pyrazine derivatives,11 the examples described in Table 2
Table 6
SAR of imidazopyrazine-3-piperidin-4-yl derivatives

N

N
N

NH2
NH

N
R

Compd R IC50
a (lM) ERb

Mouse Human

4a H >10 0.64 0.18
4b COMe 0.69 0.43 0.44
4c CONMe2 0.12 0.67 0.68

4d
O

N
N

1.37 ND ND

a Biochemical ELISA assay in the presence of 100 lM ATP; values are the mean of
P2 experiments.

b ERs determined with mouse and human liver microsomes.



Figure 3. Binding of 3b to the mTOR homology model.
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exhibited poor in vitro metabolic stability with extraction ratios
(ER) greater than 0.9, that is, predicting for >90% first-pass
metabolism in vivo. Metabolic identification studies indicated that
oxidation of the cyclobutyl ring at its unsubstituted distal position
(30-position in Table 4) was the primary liability of this system,
therefore various modifications at this solvent-exposed region
were pursued while maintaining the C-1 substituent as 2-indolyl
(Tables 4–6).

As shown in Table 4, substitutions at the cyclobutyl 30-position
had the desired effect on reducing ERs in both mouse and human
liver microsomes. The hydroxyl (2a), hydroxymethyl (2b) and N-
Ac piperazinyl (2d) derivatives were tolerated, however the basic
N-Me piperazine derivative 2c was significantly less active. Inspec-
tion of the mTOR homology model indicated that the cationic
Lys2171 residue located in the proximity of the 30-substituents,
constituted a destabilizing factor for the compounds bearing a
basic amino group. This unfavorable electronic effect was also
observed for other compounds bearing a basic moiety (3b, 4a
and 4d). On the other hand, Lys2171 offered a potential
N
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Scheme 1. Preparation of compounds 2a–d. Reagents and conditions: (a) NMO (50% w/w
(c) NaIO4, THF–water (3:1, v/v), rt; (d) NaBH4, MeOH–DCM (1:1, v/v), rt; (e) ammonia, 2-p
PdCl2(dppf), K2CO3, DME–water (4:1, v/v), 100 �C, 12 h; (g) NaBH(OAc)3, amine, DCE, rt;
hydrogen-bonding opportunity for some compounds, however,
due to the desolvation penalties incurred in the binding processes,
these hydrogen bonds appeared to contribute little gain to the
binding energies (Fig. 3). The model also indicated that the imi-
dazopyrazine 3-substituent was embraced by a large space with
open access to the solvent that could accommodate both cyclobu-
tyl and cyclohexyl systems. As shown in Tables 5 and 6, cyclohexyl
and piperidine groups tethered to distal polar groups were well
tolerated at the imidazopyrazine 3-position. Generally these polar
groups could be used to modulate the overall physico-chemical
properties and metabolic stability of the series without gross
detriment to potency. In particular acetamide 3c and urea 4c of-
fered a promising combination of sub-micromolar potency and
moderate ERs, so these two agents were selected for further
in vitro and in vivo profiling.

The syntheses of compounds 2a–d, 3a–g and 4a–d shown in
Tables 4–6 are described in Schemes 1 and 2. The bicyclic
intermediate 6 was prepared by the amide coupling of 1-(3-chloro-
pyrazin-2-yl)methylamine (5) with 3-methylidenecyclobutane-
carboxylic acid followed by POCl3-mediated cyclization.11 Olefin
6 was converted to its diol derivative with NMO, and then
iodinated at the 1-position followed by cleavage of the diol moiety
with sodium periodate to afford ketone 7. Reduction of 7 was
achieved with sodium borohydride to stereo-specifically provide
the cis-derivative, which was converted to compound 2a through
ammonolysis and a Suzuki coupling. Compounds 2c and 2d were
prepared through the reductive amination of ketone 7 with the
appropriate piperazine derivatives, again stereo-specifically afford-
ing the cis-products. The hydroboration of 6 was less selective
however, producing a 5:1 mixture of cis:trans isomers that was
inseparable by silica gel chromatography, as was the iodinated
mixture 8. Formation of a p-nitrobenzoate derivative allowed chro-
matographic isolation of pure cis-isomer. Upon ammonolysis at the
8-position, simultaneous deprotection of the benzoate ester was
realized to give 9, which was converted to compound 2b through
Suzuki chemistry. The syntheses of analogs 3a–g and 4a–d from
intermediates 10, 13 and 15 incorporated many of the same chem-
istries outlined for the cyclobutyl compounds in Scheme 1. In addi-
tion, the synthesis of 3a involved a lithium aluminum hydride
reduction of ester 10 to alcohol 11 that did not compromise the
8-chloro functionality and in fact was a quantitative conversion.
The formation of the amine-derived compounds 3b–g and 4a–d
also required extra steps for removal of the Cbz groups and subse-
quent final acylations.
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(h) 9-BBN, THF, then NaBO3�H2O in water; (i) 4-nitrobenzoyl chloride, DIEA, DCM.
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Table 7
In vitro kinase selectivity of compounds 3c and 4c

Kinasea 3c 4c

mTOR 0.21 0.12
Abl 1.96 >10
EGFR 3.58 >10
cRaf 0.18 1.7
IGF-1R 2.72 >30
IR 22.6 >30
KDR 4.21 >10
MEK1 0.96 >10
PDK1 11.2 >30
PI3Kc >30 >30
Src 5.30 0.77

a Run in presence of 100 lM ATP.

Table 8
Mouse pharmacokinetic parameters for compounds 3c and 4c

Route of administration and parameters 3c 4c

iv Dose (mg/kg) 1 5
CL (mL/min/kg) 2 7
t½ (h) 1.6 0.9
AUC0–1 (ng h/mL) 6876 12092
Vss (L/kg) 0.2 0.4

p.o. Dose (mg/kg) 20 20
Cmax (lM) 30.6 35.9
AUC0–1 (ng h/mL) 73824 49421
F (%) 54 102
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Figure 4. Pharmacodynamic inhibition of T37/46 4E-BP1 phosphorylation in MDA-
MB-231 xenograft following oral dosing.
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Further in vitro characterization of compounds 3c and 4c in-
cluded an assessment of selectivity versus a small panel of kinases
(Table 7). Both agents offered a reasonable degree of selectivity
especially against other members of the mTOR pathway (IGF-1R,
PDK1, PI3Kb) although overall 4c appeared slightly better in its
profile with P5-fold selectivity for mTOR over the kinases
evaluated.

Compounds 3c and 4c were also profiled in cells for mechanistic
effects on T37/46 p4E-BP1 and S473 pAkt.13 Despite their modest
biochemical potency, both 3c and 4c completely inhibited T37/46
4E-BP1 phosphorylation in MDA-MB-231 cells with IC50 values of
7.4 and 7.8 lM, respectively. In contrast, rapamycin only demon-
strated a maximal inhibition of 40% at 20 lM. Additionally, both
agents inhibited S473 pAkt in BT-20 cells with IC50 values of 1.26
and 1.38 lM, respectively, indicative of inhibition of mTORC2.
Rapamycin had no effect on inhibition of S473 pAkt at 20 lM.
Functionally, both compounds demonstrated antiproliferative
effects in MDA-MB-231 cells with IC50 values of 7.4 and 9.3 lM,
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respectively, commensurate with the mechanistic data and sug-
gesting that these phenotypic effects were target mediated. Rapa-
mycin was unable to inhibit any proliferation in this cell line
(IC50 >50 lM).

In addition to moderate ERs, both agents exhibited good perme-
ability (PAMPA >250 nm/s) and solubility (>100 lM at pH 7.4) and
so were progressed to mouse PK studies. As shown in Table 8, both
agents demonstrated high plasma exposures, as well as low clear-
ance and good bioavailability on oral dosing at 20 mg/kg.

Despite the modest cell potencies of these compounds, the
exposures obtained on oral dosing were sufficient to evaluate the
potential of these agents to exert pharmacodynamic effects in vivo.
To compensate for plasma protein binding effects (90.3% and 88.1%
for 3c and 4c, respectively) these agents were dosed at 100 mg/kg
to CD-1 nude mice bearing MDA-MB-231 xenografts. As shown in
Figure 4, both agents were able to effect significant inhibition of
4E-BP1 phosphorylation at 4 and 8 h.

In order to assess whether such mechanistic target inhibition
in vivo was sufficient to drive an associated functional effect, com-
pound 4c was dosed orally for 14 days at 100 mg/kg qd to CD-1
nude mice bearing subcutaneous MDA-MB-231 xenografts. The
agent was well tolerated (body weight loss 62%) and this dose
indeed resulted in 94% tumor growth inhibition (Fig. 5).14

In summary, our efforts towards the discovery of dual mTORC1/
2 inhibitors led to the identification of a series of 1,3-disubstituted
imidazo[1,5-a]pyrazin-8-amines. Optimization of the 1- and 3-
substituents resulted in compounds 3c and 4c that combined
sub-micromolar mTOR biochemical potency, mechanistic and
phenotypic effects in a rapamycin resistant cell line, and in vitro
metabolic stability. Both agents also exhibited emerging kinase
selectivity and excellent pharmacokinetics on oral dosing. In
particular, proof-of-concept compound 4c was identified that dem-
onstrated in vivo target inhibition in xenografts, with commensu-
rate and significant inhibition of tumor growth in this tumor line
and thereby establishing the viability of this series as orally effica-
cious dual mTORC1/2 inhibitors. Further optimization of com-
pound 4c in terms of potency, selectivity and general in vivo
properties, leading to the discovery of the clinical mTORC1/2 agent
OSI-027 will be described in future communications.
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