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a b s t r a c t

Starting from thienobenzopyran HTS hit 1, co-crystallization, molecular modeling and metabolic analysis
were used to design potent and metabolically stable inhibitors of PI3-kinase. Compound 15 demonstrated
PI3K pathway suppression in a mouse MCF7 xenograft model.

� 2011 Elsevier Ltd. All rights reserved.
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Figure 1. Previously disclosed thienopyrimidine inhibitors of PI3-Kinase from
Genentech and thienobenzopyran HTS hit 1.
Increased signaling resulting from somatic mutation of the
p110a subunit of PI3K and the lipid phosphatase PTEN provides evi-
dence for the importance of the PI3K signalling pathway in a variety
of human cancers.1 Previous reports from our group have detailed
the optimization of 4-morpholinothienopyrimidine PI3-kinase
inhibitors including GNE-493,2 GNE-477,3 and GDC-09414 (cur-
rently in clinical studies). Our continued effort toward the discovery
and development of inhibitors of the PI3K pathway for oncology
applications led to the identification of benzopyran 1 from a high-
throughput screen measuring single point inhibition of PI3Ka
(Fig. 1, confirmed PI3Ka IC50 = 0.254 lM).5 Although a poor starting
point from the standpoint of potency relative to physicochemical
properties (c Log P = 4.1, LE = 0.39, LipE = 2.5, MW = 356),6 struc-
tural novelty of 1 made it a good candidate for further optimization.

A positional scan of aryl-substituents on the aniline amide re-
vealed the importance of o-halogens for inhibitory activity (Table
1). Co-crystallization of 1f in PI3Kc suggested the ortho-halogen
is located in a hydrophobic pocket defined by Ile831, Ile879 and
Lys833 (Fig. 2).7 It also indicated that the N-methyl aniline amide
bound in a cis-fashion.8 Analogs in which the 2-haloaryl ring was
replaced with branched alkyl substituents (e.g., 2 and 3) were sig-
nificantly less potent, perhaps because conformational preference
did not bias filling this hydrophobic pocket.
All rights reserved.
This crystal structure also provided additional paths for potency
improvement. The amide carbonyl of 1f (Fig. 2) is positioned with-
in water mediated H-bond distance to Tyr867 while the benzopy-
ran oxygen forms a key, but suboptimal, H-bond with the hinge
residue (3.6 Å). We anticipated that pyran ring-expansion would
provide an improved interaction with the hinge as well as remove
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Table 1
Effect of amide substitution on P13aa IC50

O

S
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N
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R

Compound R PI3Ka IC50 (lM)

1a 2-F-C6H4 0.254
1b 3-F-C6H4 �1.0
1c 4-F-C6H4 �1.0
1d 2-Me–C6H4 0.699
1e 2-OMe–C6H4 0.673
1f 2-Cl–C6H4 0.108
1g 2-Pyridyl >10
2 iPr 5.2
3 iBu 17

a See Ref. 5 for a description of the assay conditions.

Figure 2. X-ray structure of 1f soaked into PI3Kc (PDB 3R7Q).
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Figure 3. Synthesis and biochemical potency of ring-expanded analogs.9 (a) base,
BrCH2CH2Br; (b) NaH; (c) POCl3, DMF; (d) HSCH2CO2Me, DMF; (e) LiOH, THF/H2O;
(f) SOCl2; (e) 2-Cl–N–Me–aniline, DIPEA, CH2Cl2. See Ref. 5 for a description of the
assay conditions.

Figure 4. Overlay of X-ray structures of benzoxepin 6 (orange) and benzopyran 1f
(blue) in PI3Kc (PDB 3R7R). Solvent exposed region omitted for clarity.
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a benzylic ether methylene unit that could be prone to metabolic
oxidation. The synthesis of representative benzopyran and ring-ex-
panded analogs is presented in Figure 3. Alkylation of 2-hydroxy-
acetophenone with dibromoethane followed by sodium hydride
promoted cyclization gave the benzoxocanone. A two step thio-
phene synthesis proceeding through the b-chloroenal gave a thie-
no-benzoxepin (n = 2) and thienobenzoxocane (n = 3). Amide bond
formation was accomplished through intermediacy of acid chlo-
rides to give final compounds 1f, 4 and 5.

Although benzoxocane 5 displayed little inhibition of PI3Ka,
benzoxepin 4 was �5-fold more potent than benzopyran 1f.10 This
potency difference was consistent across a comparison of direct
benzopyran/benzoxepin analogs. Notably, this change is calculated
to be lipophilicity neutral, and therefore provides an improvement
in lipophilic efficiency (LipE). Overlay of crystal structures of 1f and
6 (vide infra) in PI3Kc (Fig. 4) shows a shorter hydrogen bond and
better angle to hinge-residue Val882. Improved occupancy of the
binding pocket by an extra methylene unit could also be responsi-
ble for the potency increase against the PI3K isoforms.
Unfortunately, benzoxepin 4 was cleared at a rate greater than
hepatic blood following intravenous administration to rat
(Clp = 60 mL/min/kg). Our strategy became potency improvement
with concomitant decreasing lipophilicity (progressive design dri-
ven by improving LipE).11 We hypothesized that judicious substi-
tution at the 8-position of the benzoxepin would improve
potency and decrease lipophilicity while simultaneously hindering
possible sites of metabolism.

Notably, improved potency against PI3Ka was achieved with N-
acyl, N-carbamoyl, carbamide, and 4-pyrazolyl substitution (6–9,
11 in Table 2). Tertiary amides, that is, 10, were less tolerated
and generally were considerably less potent. Unfortunately, these
lipophilicity-reducing modifications did not substantially improve
clearance in rat.

We hypothesized amide hydrolysis, para-oxidation, or de-
methylation of the electron-rich N-methyl-aniline in these analogs
might be responsible for the continually observed high clearance.12

A metabolite ID experiment in human hepatocytes for 9 indeed
identified significant hydrolysis of the aniline amide as well as an



Table 2
Benzoxepin 8- and 4-anilino substitution alters potency and clearance
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Cl
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Compound R1 R2 PI3Ka Ki (nM) Prolif. MCF7.1 IC50 (lM) Rat Clp (mL/min/kg) Mouse Clp (mL/min/kg) c Log P LipE

4 H H 16.3 2.9 60 ND 4.6 3.19

6

H
N Me

O
H 1.8 0.807 72 ND 3.9 4.84

7

H
N OMe

O
H 1.5 0.678 44 ND 4.5 4.32

8
NH2

O
H 1.2 6.2 89 ND 3.5 5.42

9
N
H

O
Me H 2.5 1.1 ND ND 3.8 4.80

10 N

O

O

H 31 >30 ND ND 3.3 4.21

11
N

NH H 0.6 12 ND ND 4.9 4.32

12a H — 473 ND 23 ND 3.5 2.82

13a

N
NH — 65 3.3 ND ND 3.7 3.49

14

O

N
H

Me
O

N
H

Me 2.5 0.719 28 24 3 5.60

15

O

N
H

Me
O

N
Me

Me 3.7 0.303 36 15 2.7 5.73

X = C unless otherwise noted. a X = N. ND = not determined. Clearance values obtained from a discrete iv dose of 1 mg/kg or a cassette iv dose of 0.25 mg/kg. See Ref. 5 for a
description of the assay conditions.
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oxidative metabolite resulting from de-methylation, aromatic oxi-
dation and glucoronindation of the aniline.13 We projected that
steric and electronic modification of the aniline, reducing lipophil-
icity while blocking para-oxidation, would not only decrease clear-
ance but eliminate generation of these potentially toxic and
reactive species.14 Accordingly we synthesized 12 (c log P = 3.5),
with a 4-aminopyridine replacement for the aniline. As hypothe-
sized, 12 did display decreased clearance in rat (23 mL/min/kg),
although lacked potency against PI3Ka which could not be suffi-
ciently recovered with the most potent 8-substitution (i.e., 13).
We next examined substitution on the aniline ring with electron-
withdrawing polar amide functionality (14, 15 Table 2). Gratify-
ingly, potency was maintained while lipophilicity was reduced
(lipE 15 = 5.73) and a corresponding decrease in rodent clearance
was observed. Interestingly, both the position and identity of the
aniline substituent affected rodent clearance (Fig. 5). For example,
transposition of the amide to the 5-position or replacement of the
amide with a halide did not improve metabolic stability (16, 17).

Interestingly, consistent decreased clearance with para-amide
substitution could be seen in vivo over a broad range of benzoxepin
inhibitors (Fig. 6). In addition to decreasing total clearance, the de-
creased lipophilicity with this substitution pattern (c log P = 2.7 for
15, vs 3.8 for 9 and 4.6 for 4) is likely responsible for a decreased cel-
lular/enzymatic potency shift observed with these analogs (Table 2).
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Figure 8. Comparison oral single dose PK/PD of 15 (GNE-614) and GDC-0941 at
50 mg/kg. Compound 15 shows significant pathway suppression in mice bearing
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= 1.34 lM.14
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Compound 15 (GNE-614) was selected for further profiling
based on its acceptable cellular potency and in vitro metabolic sta-
bility. This inhibitor was active against all class I PI3-kinase iso-
forms, yet relatively inactive against mTOR (Fig. 7). Compound
15 displayed low to moderate clearance across species and moder-
ate to high bioavailability of suspension and solution oral doses. A
single dose PK/PD in nude mice bearing an MCF7-neo/HER2 tumor
xenograft demonstrated prolonged suppression of PI3K pathway
markers including pAKT, pPRAS40 and pS6RP (Fig. 8) comparable
to an equivalent dose of the clinical PI3-kinase inhibitor GDC-
0941 at a 6-h timepoint.15

In summary, structure-based design was used to optimize benz-
opyran HTS hit 1 to potent and metabolically stable 15. Impor-
tantly, 15 displayed significant suppression of PI3K-pathway
markers in vivo. Disappointingly, 15 was identified as being a
potent inhibitor of DNA-PK (IC50 = 6 nM). Future work within this
series focused on improving bioavailability, removal of perceived
structural liabilities, and decreasing potency against the DNA-PK
counter-target. The results of these efforts will be disclosed in fu-
ture publications. These inhibitors also presented a novel vector
for exploring selectivity over PI3Kb.16
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