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ABSTRACT: PI3K, AKT, and mTOR are key kinases from PI3K signaling pathway
being extensively pursued to treat a variety of cancers in oncology. To search for a
structurally differentiated back-up candidate to PF-04691502, which is currently in
phase I/II clinical trials for treating solid tumors, a lead optimization effort was
carried out with a tricyclic imidazo[1,5]naphthyridine series. Integration of structure-
based drug design and physical properties-based optimization yielded a potent and
selective PI3K/mTOR dual kinase inhibitor PF-04979064. This manuscript discusses
the lead optimization for the tricyclic series, which both improved the in vitro
potency and addressed a number of ADMET issues including high metabolic clearance mediated by both P450 and aldehyde
oxidase (AO), poor permeability, and poor solubility. An empirical scaling tool was developed to predict human clearance from
in vitro human liver S9 assay data for tricyclic derivatives that were AO substrates.
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The phosphatidylinositol 3-kinase (PI3K) signaling path-
way plays crucial roles in cell growth, proliferation, and

survival and is a frequently dysregulated pathway in human
cancers.1,2 Inhibitors of key kinases in the pathway, including
PI3K, AKT, and mTOR, have been extensively pursued in
oncology in recent years.3 Because PI3K/mTOR dual inhibitors
may most effectively block the PI3K pathway, overcome
feedback loops,4 and block PI3K-independent mTOR
activation, our strategy to target PI3K signaling pathway was
focused on PI3K/mTOR dual inhibitors. Two highly potent
and selective ATP competitive kinase inhibitors of class 1
PI3Ks and mTOR from Pfizer, an oral agent PF-046915025,6

and an iv-administered agent PF-05212384 (PKI-587),7 are
currently in phase I/II clinical trials for the treatment of solid
tumors (Figure 1).
PF-04691502 is derived from the 4-methylpyridopyrimidi-

none series. In our search for a structurally differentiated back-
up candidate to PF-04691502, compound 1, from a tricyclic
imidazo[1,5]naphthyridine series8,9 that was designed through
a fast follower approach to BEZ235,10 was identified as an
interesting lead. It exhibited potent in vitro activity against
mouse PI3Kα,5 which was used as a surrogate of human PI3Kα
in the primary screening, with a Ki of 1.41 nM, which translates
to a ligand efficiency (LE) of 0.354. When tested in an mTOR
kinase domain in vitro biochemical assay, 1 also exhibited good
activity with a Ki of 4.51 nM. In a BT20 cell assay, measuring
inhibition of AKT phosphorylation at S473, 1 exhibited
moderate cellular potency with an IC50 of 144 nM.

Shown in Scheme 1 is the general synthetic route for
preparing the tricyclic derivatives discussed in this paper.11

Readily available starting material 2 is reacted with 2-
(ethoxymethylene)-malonate at elevated temperature to afford
compound 3, which is heated in phenyl ether (Ph2O) to afford
the cyclized compound 4. Treatment of 4 with POCl3 yields
4,6-dichloro-(1,5)-naphthyridine-3-carboxylic acid ethyl ester 5,
which is subjected to Suzuki coupling conditions with a boronic
acid or boronic ester derivative to give compound 6.
Compound 7 is prepared by treatment of 6 with an amine,
and subsequent hydrolysis of the ester in 7 gives the free acid 8.

Received: October 2, 2012
Accepted: November 7, 2012
Published: November 7, 2012

Figure 1. Chemical structures of PF-04691502, PF-05212384, and the
new lead 1.
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When 8 is treated with diphenylphosphoryl azide (DPPA) and
Et3N, the initially formed nitrene intermediate from Curtius
rearrangement reacts with the amine at 4-naphthyridine to
undergo intramolecular cyclization to produce compound 9,
which is methylated to give compound 10. The tricyclic
derivatives with acylated piperidine moieties can be prepared
from 10 by first removing the protecting groups on the
piperidine, followed by amide formation.
Docking studies of the tricyclic analogues with PI3Kα were

carried out,10 and the proposed binding mode for 1 is
illustrated in Figure 2. The naphthyridine ring nitrogen formed
a key hydrogen bond with the hinge residue Val 882. The ring
nitrogen on the methoxypyridine formed a hydrogen bond with
the conserved water molecule in the selectivity pocket. The
phenyl group from the benzyl nitrile moiety bound in a
hydrophobic pocket, and the nitrile formed a H bond with Lys
833 in the phosphate binding pocket.

Physical properties-based optimization (PPBO) of multiple
druglike attributes,12 guided by structure-based drug design
(SBDD), commenced. Compound 1 was highly lipophilic, with
a clogP of 4.69, exhibiting high metabolic clearance in both
HLM and RLM in vitro assays, with extraction ratios (ERs) of
0.652 and 0.724, respectively. Compound 1 demonstrated poor
solubility and poor permeability, with measured kinetic
solubility of 2.00 μM5 and measured RRCK permeability of
0.305 × 10−6 cm/s, respectively. Even though 1 exhibited
potent biochemical enzyme Ki against both mPI3Kα and
mTOR, it only showed moderate cell potency; poor solubility
and permeability of 1 may account for the high ratio between
cell IC50 and mPI3Kα Ki values.
The medicinal chemistry goals for the lead optimization from

1 were to increase cell potency, metabolic stability, perme-
ability, and solubility. Because compounds with lower clogP
usually exhibit lower metabolic clearance and greater solubility,5

the strategy to increase metabolic stability and solubility was to
reduce clogP for the new designs. In addition, 1 had multiple
aromatic rings, and π−π stacking of the aromatic rings could
also contribute to its poor solubility. Consequently, a second
strategy to increase solubility was to increase the 3D structure
to minimize π−π stacking. It was reasoned that increased
solubility could also lead to improved permeability, which could
help reduce the ratio between cell IC50 and enzymatic Ki. On
the basis of the docking studies, because the phenyl group off
the tricyclic core in 1 bound in a hydrophobic pocket, replacing
the phenyl ring with a piperidine or a cyclohexane group would
both maintain the hydrophobic interactions between the
methylene groups of the piperidine or cyclohaxane ring with
the enzyme and increase the 3D structure. In addition, polar
groups such as an amide or an alcohol could also be introduced
to the piperidine or cyclohexane ring to reduce clogP and still
maintain the binding affinity by forming H bonds with the polar
residues in the phosphate binding pocket.
Following the above-discussed strategies and tactics, tricyclic

derivatives 11−14 in Table 1 were designed by replacing the
benzyl nitrile moiety with substituted cyclohexane and
piperidine derivatives. The clogP for these compounds ranged
from 1.07 to 2.37. Data for 1 are shown in Table 1 for
comparison. Overall, these compounds exhibited increased
permeability and cellular potency. Significant increases in
lipophilic efficiency (LipE = pIC50 − clogP)5 were achieved
because clogP was significantly reduced by replacing the benzyl
nitrile moiety with cyclohexane and piperidine derivatives.
Metabolic clearance for compounds 12−14 was also reduced;
however, solubility for 12 and 14 needed further improvement.
Compound 13 also exhibited relatively low intrinsic

clearance in rat liver microsome assay (19.9 μL/min/mg). To
determine the in vivo PK profile for a representative compound
from the series, 13 was progressed to rat PK studies and
exhibited favorable rat PK profile: Vdss = 4.46 L/kg, Cl = 24.2
mL/min/kg, T1/2 = 2.43 h, and F % = 76%.
Because 13 demonstrated favorable in vitro and in vivo

ADMET properties, in vitro biotransformation of 13 was
conducted in human liver S9. LC-MS/MS analysis showed that
13 was predominantly metabolized to 15 (Scheme 2). In
addition, it was determined that oxidation of 13 to 15 did not
require NADPH, a cofactor essential for P450-mediated
oxidation, and the oxidation was readily inhibited by raloxifene,
an aldehyde oxidase (AO) inhibitor.13 Together, these results
indicated that AO was responsible for the oxidation of 13 to 15.
After 15 was isolated form a large scale incubation of 13 with

Scheme 1. General Synthetic Route for the Tricyclic
Derivativesa

aReagents: Step 1: 2-(ethoxymethylene)-malonate, ethanol, reflux.
Step 2: phenyl ether, reflux. Step 3: POCl3, reflux. Step 4: boronic
acid/boronic ester, K2CO3, Pd(PPh3)4, toluene. Step 5: R1NH2,
AcOH. Step 6: LiOH, EtOH−water. Step 7: DPPA, Et3N, DMF. Step
8: MeI, NaOH, CH2Cl2.

Figure 2. Modeled structure of compound 1 with PI3Kγ.
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Table 1. Tricyclic Derivatives

aInhibition constants (Ki) and cell IC50 values were determined as described in refs 5 and 6. The coefficients of variance were typically less than 20%
(n = 2). bData not determined. cLipE (IC50) = pIC50 − clogP.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml300309h | ACS Med. Chem. Lett. 2013, 4, 91−9793



human S9, its structure was determined by 1H NMR analysis,
confirming that the tricyclic core was the site of oxidation,
consistent with the oxidative characteristics for AO.14 Because
AO is a cytosolic enzyme, the stability of 13 was evaluated in a
human liver S9 assay.15 Indeed, 13 was rapidly cleared in vitro
in human liver S9 with a half-life of 6.5 min.
Human PK prediction for P450-metabolized compounds has

become a well-established and integrated process in lead
optimization. However, for AO-metabolized compounds,
human PK prediction remains a challenge because there is
marked species differences in AO expression and there is no
established in vitro and in vivo scaling method to calculate
human clearance.15 Even though compound 13 exhibited a
robust PK profile in rat, with its short half-life in human liver S9
assay, confidence for a robust human PK for 13 was low.
To select a compound with robust predicted human PK as a

back-up to PF-04691502, a strategy to reduce the rate of AO
oxidation to improve human PK was pursued. One way to
reduce the AO oxidation rate is to disrupt the binding by
increasing the bulkiness of the molecule.16 Compound 14 in
Table 1 demonstrated the highest LipE and promising overall
profile; hence, it was selected as the basis for the next round of
designs.
Guided by SBDD, the methoxypyridine in 14 was replaced

both by methylpyridine and by bicyclic heterocycles, and the
acetyl group was substituted with an alcohol or an ether. These
modifications would both increase bulkiness to reduce AO
clearance and be tolerated with regard to in vitro potency
because additional H bonds could be formed with the protein
polar residues. Data for these designs, that is, compounds 16−
23, are summarized in Table 1. These compounds exhibited
good in vitro potency and good permeability. Low HLM
clearance mediated by P450 was also observed for all of the
compounds except compounds 20 and 22, which exhibited
moderate clearance. As compared with 14, the follow-on
designs also exhibited significantly increased solubility. The
primary alcohol 17, the secondary alcohol 18, and the
methylether 20 demonstrated increased potency against both
mPI3Kα and mTOR. The tertiary alcohol 19 exhibited reduced
binding affinity in the enzyme assays, probably due to
unfavorable steric interactions between the bulky tertiary
alcohol moiety and the proteins. Of the compounds containing
bicyclic heterocycle side chains, 22 with the pyrazolopyridine
side chain exhibited highly potent Ki against both mPI3Kα and
mTOR. However, 22 showed low permeability and, con-
sequently, a high ratio between cell IC50 and Ki.
Compound 18 demonstrated the best overall properties

including the most potent cell IC50, low HLM clearance, high
permeability, and very good solubility. A crystal structure of 18
bound with PI3Kγ was subsequently determined (Figure 3).
The naphthyridine ring nitrogen of 18 bound in the hinge
region, the methylpyridine nitrogen formed H bond with the
conserved water molecule, and two additional H bonds were
also formed between the amide carbonyl from 18 and Lys 833

side chain and between the alcohol from 18 and the Asp 964
side chain. The binding mode of 18 in PI3Kγ, determined by
crystal structure, is consistent with the modeled binding mode
of compound 1 in PI3Kγ.
Six compounds from Table 1 were selected and tested in

human liver S9 assay to determine their AO oxidation rate, and
the half-lives are summarized in Table 2. For example, T1/2 for

18 is 38.7 min, which is significantly longer than that of 13.
Furthermore, the indazole derivatives 21 and 23 are found to
exhibit longer than 150 min half-lives. The data suggest that it is
a validated strategy to reduce AO metabolism rate by increasing
the size of the compounds to decrease their binding affinity
with AO.
With several tricyclic compounds that exhibited reduced AO

clearance and met other project progression criteria, to
prioritize them for in vivo studies, a strategy to predict their
human clearance was developed. The conventional methods,
including in vitro metabolic scaling and allometric scaling from
preclinical species, have not successfully predicted human
clearance for AO substrates. It was reported by Zientek15 that
when in vitro S9 and cytosol stability data were used for
metabolic scaling, the rank order of scaled intrinsic clearance
was generally aligned between in vitro and in vivo data;
however, the in vivo clearance for almost every compound
evaluated was underestimated, with an average of 11-fold for
the under estimation. Recently, Hutzler17 and Akabane18

reported a similar trend for metabolic scaling of AO substrates
from stability data in cryopreserved human hepatocytes and
custom pooled hepatocytes, respectively. An underestimation of
7.9−14.9-fold was reported by Akabane for the AO
substrates.18 With AO clearance half-life determined for the
tricyclic compounds from human liver S9 assay, we decided to
build an empirical calibration curve for human clearance for AO
substrates to describe the relationship between observed human
clearance and clearance predicted by metabolic scaling
method.8,9 Four known AO substrates with reported human
pharmacokinetic data, namely, carbazeran,19 zoniporide,20

zaleplon,21 and PF-04217903,22 were selected to build an
empirical calibration curve for human clearance for AO
substrates to describe the relationship between observed
human clearance and clearance predicted by metabolic scaling

Scheme 2. AO Oxidation of 13

Figure 3. Cocrystal structure of 18 with PI3Kγ.

Table 2. AO Half Lives from in Vitro Human Liver S9 Assay

compd ID human S9 T1/2 (min) compd ID human S9 T1/2 (min)

16 8.60 19 12.2
17 21.9 21 158
18 38.7 23 156
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method.8,9 As shown in Table 3, these four compounds covered
a broad range of stability (1−162 min) in human liver S9 in the

presence of NADPH, which was included to capture both AO-
and P450-mediated clearance in the incubations.
To estimate the hepatic plasma clearance (CLH,P), the in

vitro unbound intrinsic clearance (CLint,u) was first estimated
from the in vitro human S9 stability data using eq 1, where t1/2
is the observed in vitro substrate depletion half-life (in min). As
AO substrates were not stable in human S9, protein binding in
human S9 could not be measured experimentally. Hence,
protein binding of AO substrates was estimated by Pfizer in-
house in silico models.

= × × ×

× ×

t f
CL 0.693

1 mL incubation
5 mg of S9

1

120 mg of S9
g of liver

21 g of liver
kg of BW

int ,u
1/2 u,HS9

(1)

Human hepatic blood clearance (CLH,B) was calculated using
CLint,u values and well-stirred model according to eq 2, where
QH is human hepatic blood flow (21 mL/min/kg) and fu,B is
fraction unbound in human blood. Hepatic plasma clearance
(CLH,P) was calculated following eq 3.

=
× ×

+ ×

Q f

Q f
CL

CL

( CL )H,B
H u,B int ,u

H u,B int ,u (2)

= ×CL CL blood to plasma ratioH,P H,B (3)

Consistent with Zientek's finding, CLH,P calculated by
metabolic scaling from in vitro data underestimated the
observed human clearance for the four AO substrates tested
(Table 3). Additional analysis was conducted to explore the
relationship between the calculated and the observed
clearances. As shown in Figure 4, a linear relationship was
observed between calculated and observed plasma clearances
for the four known AO substrates, which provided us an
empirical scaling tool to predict human clearance for tricyclic
compounds using in vitro human S9 stability data.
Human clearance was then predicted for the tricyclic

derivatives by using the above-discussed linear calibration
curve, and compounds 18 and 23 emerged as two leads with
acceptable predicted human clearance, which is summarized in
Table 4. These compounds were progressed to mouse PK and

PK/PD studies. On the basis of the overall attributes including
potency from in vitro biochemical mPI3Kα and mTOR assays
and cellular assay, kinome selectivity, cerep broad ligand
binding selectivity, predicted human clearance, and mouse PK/
PD study results, 18 was selected to progress to mouse in vivo
xenograft efficacy studies. As illustrated in Figure 5, 18

exhibited dose proportional tumor growth inhibition (TGI)
in a U87MG mouse xenograft model, achieving 88% TGI at the
highest tolerated dose, 40 mg/kg QD.23 Figure 6 shows that a
robust in vivo PK/PD correlation for 18 was observed for
samples from the high dose treatment group in the TGI
studies.24 At 1 h time point, high free drug concentration in
plasma yielded maximum inhibition of AKT phosphorylation.
At 24 h time point, very low free drug concentration in plasma
was correlated with minimum inhibition of AKT phosphor-
ylation.6

Compound 18 was tested against human class I PI3K
isoforms α, γ, and δ, with PI3Kα Ki of 0.130 nM, PI3Kγ Ki of

Table 3. Summary of Calculated Hepatic Plasma Clearance
of AO Substrates in Human S9 as Compared with Reported
Human Clearances

mL/min/kg

compd

T1/2 in S9
(NADPH)
(min) fu,p

blood/
plasma
ratio

fu,HS9
in silico

calcd
CLH,P

a

obsd
total
CLP

b

carbazeran 1.01 0.08 0.70 0.735 10.6 38
zoniporide 20.8 0.34 0.75 0.753 5.1 21
zaleplon 64.3 0.49 0.74 0.548 3.7 16
PF-
04217903

162 0.16 0.90 0.912 0.40 6

aCalculated CLH,P was calculated using the three equations described
in the manuscript. bObserved intravenous plasma clearance except PF-
04217903. The intravenous clearance of PF-04217903 was estimated
based on observed oral clearance and physiological-based pharmaco-
kinetic modeling.

Figure 4. Calibration curve of AO substrates between observed total
CLP and calculated CLH,P based on in vitro stability data.

Table 4. Predicted Human Clearance for the Top Two
Tricyclic Derivatives

mL/min/kg

compd

T1/2 in S9
(NADPH)
(min) fu,p

blood/
plasma
ratio

fu,HS9
in silico

calcd
CLH,P

a
predicted
total CLP

18 38.7 0.0875 0.86 0.670 1.1 8.1
23 156 0.101 1.01 0.593 0.38 5.8

aCalculated CLH,P was calculated using the three equations described
in the manuscript.

Figure 5. Tumor growth inhibition by 18 in U87MG mouse xenograft
model.
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0.111 nM, and PI3Kδ Ki of 0.122 nM.25 Compound 18 was
progressed to rat in vivo PK studies and exhibited robust PK
profile: Vdss = 5.23 L/kg, Cl = 19.3 mL/min/kg, T1/2 = 1.85 h,
and F % = 61%.
Shown in Figure 7 is a LipE plot to summarize the lead

optimization process. In the plot, the X-axis represents clogP,

the Y-axis represents p(cell IC50), and the markers are colored
by RRCK value, wherein a blue color indicates RRCK > 5 ×
10−6 cm/s, and red indicates RRCK value < 5 × 10−6 cm/s. In
general, compounds with higher LipE are desired since they
usually exhibit better in vivo properties.5 Compound 1 has high
clogP, poor solubility, and high metabolic clearance. Through
integration of SBDD and PPBO, 18 (PF-04979064) was
discovered. As the spotfire plot illustrates, from compound 1 to
PF-04979064, the LipE is increased by greater than 4 units. PF-
04979064 exhibited excellent in vitro potency, very good
solubility, high LipE, excellent kinome selectivity,26 robust PK/
PD correlation and TGI efficacy, and acceptable predicted
human clearance after incorporating both CYP- and AO-
mediated metabolism. PF-04979064 was identified as a back-up
candidate to PF-04691502.
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(24) U87MG tumor-bearing mice were dosed with PF-04979064 at
40 mg/kg once, and tumors were harvested at various time points
postdosing. Tumors then were processed, and tumor lysates were used
to determine the inhibition of phosphorylation of AKT (pS473).
Plasma was also collected, and drug concentration were analyzed. The
inhibition of pAKT (left Y-axis) and corresponding plasma
concentration of free drug (right Y-axis) were plotted against time
points.
(25) Note: Compound 21 was not tested against human PI3Kβ.
However, 21 was expected to inhibit human PI3Kβ equally potent as it
inhibited other human class I PI3K isoforms.
(26) PF-04879064 was tested in a panel of 36 kinases at Invitrogen.
At 1 μM, less than 25% inhibition was observed against all 36 kinases.
Detailed kinome selectivity data for PF-04979064 can be found in the
Supporting Information.
(27) AO clearance for the tricyclic compounds in Table 2 was also
determined in the human liver cytosol assay. Human liver cytosol AO
clearance data for the compounds are consistent with the clearance
data from human liver S9 assay.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml300309h | ACS Med. Chem. Lett. 2013, 4, 91−9797


