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ABSTRACT Phospoinositide-3-kinases (PI3K) are important oncology targets due
to the deregulation of this signaling pathway in a wide variety of human cancers.
A series of 2-morpholino, 4-substituted, 6-(3-hydroxyphenyl) pyrimidines have been
reported as potent inhibitors of PI3Ks. Herein, we describe the structure-guided
optimization of these pyrimidines with a focus on replacing the phenol moiety,
while maintaining potent target inhibition and improving in vivo properties. A series of
2-morpholino, 4-substituted, 6-heterocyclic pyrimidines, which potently inhibit
PI3K, were discovered. Within this series a compound, 17, was identified with
suitable pharmacokinetic (PK) properties, which allowed for the establishment of
a PI3K PK/pharmacodynamic—efficacy relationship as determined by in vivo
inhibition of AKT****”* phosphorylation and tumor growth inhibition in a mouse

A2780 tumor xenograft model.
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is involved in a diverse set of cellular functions, includ-
ing cell growth, proliferation, motility, differentiation,
glucose transport, survival intracellular trafficking, and memb-
rane ruffling.' PI3Ks can be categorized in class 1, II, or III,
depending on their subunit structure, regulation, and
substrate selectivity.” Class 1A PI3Ks are activated by
receptor tyrosine kinases and consist of a regulatory
subunit (p85) and a catalytic subunit (p110). There are
three catalytic isoforms: p110 @, 8, and . A single class IB
PI3K, activated by G protein-coupled receptor, consists of
only one member: a p110 y catalytic subunit and a p101
regulatory subunit. The primary in vivo substrate of the
class 1 PI3Ks is phosphatidylinositol (4,5) diphosphate,
which, upon phosphorylation at the 3-position of the
inositol ring to form phosphatidylinositol triphosphate
(3,4,5)P3, serves as a second messenger by activating a series
of downstream effectors that mediate the cellular functions
mentioned above. The PI3K isoforms have different distribu-
tions and share similar cellular functions, which are context
dependent. In particular, p110o pathway deregulation has
been demonstrated in ovarian, breast, colon, and brain
cancers.”* Inhibitors of PI3Ka represent an intriguing ther-
apeutic modality for these indications, and as such, there is
much interest in generating suitable molecules to test this
hypothesis in the clinic.”~’
We have reported phenolic mopholino pyrimidines,'® such
as compound 1 (Figure 1), as potent pan class I PI3K inhibitors

The phospoinositide-3-kinase (PI3K) family of lipid kinases

v © 2010 American Chemical Society

34

HNX
B
HZNJ\N/ 17 k/o
N
I
N
5| N3
NN
R
1, R=OH 2, R=CF3

PI3Ka IC50= 0.05 uM
rat PK: %F=9, ty2 v=21 min
AUCoral = 0.12 uM*hr

PI3Ka IC50=3 uM
rat PK: %F=71, t12i\=218 min
AUCoral =23 uM*hr

Figure 1. PI3Ka enzymatic potency and rat PK properties of
6-substituted, 4-(aminopyrid-3-yl), 2-morpholino pyrimidines.

that exhibit high selectivity toward other serine/threonine as
well as tyrosine kinases. While exhibiting potent in vitro
properties, the in vivo potential of such compounds may be
limited due to the presence of the phenol moiety. Described
herein are our efforts to identify potent morpholino pyrimi-
dinyl inhibitors of PI3K that do not require a phenol group
and exhibit PK properties suitable for achieving in vivo target
modulation and efficacy.

The importance of the phenol moiety in 1 for PI3K
binding as well as the phenols effect on in vivo properties
can be seen in contrasting the properties of phenol 1 with
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Figure 2. Structure of 1 in PI3Ky.

Scheme 1. Synthesis of 4,6-Substituted 2-Morpholino Pyrimidines”
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the trifluoromethylphenyl analogue 2. The trifluoromethyl-
phenyl analogue 2 is 60-fold less active against PI3Ka,
while its rat PK is improved relative to phenol 1 when
considering the % F, area under the curve (AUC), and iv ¢,
». Thus, the challenge for compound optimization that we
faced was to mimic the phenol binding interaction with a
group that would not adversely affect the pharmacokinetic
(PK) properties.

To approach this challenge, we turned to the cocrystal
structure of compound 1 in PI3Ky to gain an understanding
of the phenol OH's binding interactions.'" Given the high
homology between the a and the y isoforms and approxi-
mately the same potency of 1 against the two isoforms, p110y
was used as a surrogate for p110a. The cocrystal structure of
1 in the ATP binding site of PI3Ky, Figure 2, indicates the key
binding contacts being made by the phenol as well as the
morpholine group. The morpholine oxygen forms a hydro-
gen bond to the hinge Val882 NH. The phenol hydroxyl makes
hydrogen bonds with Asp841 and Tyr867. The C4 aminopyr-
idyl substituent extends out toward solvent and does not
appear to make any specific hydrogen bonds.

With this structural insight, our strategy to identify phenol
replacements was to survey a variety of heterocycles at the
pyrimidine Cg position that would have the ability to make
hydrogen-bonding interactions with the Asp841 and Tyr867
residues, identify such groups, and then profile their PK
properties in rat. In this Cq survey, the morpholine at C,
and a 3-aminoquinoline at C, were held constant. Upon
identification of a suitable Cq phenol replacement, further
optimization at the C4 position to modulate druglike proper-
ties and maintain potency was envisioned since the cocrys-
tal structure indicated that this position extends out toward
solvent and would tolerate a range of substituents.

Table 1. Biochemical Inhibition of PI3Ka, Inhibition of AKT**"*”> Phosphorylation, and Antiproliferative Effect in A2780 Cells by
6-Substituted 2-Morpholinopyrimidin-4-yl)quinolin-3-amines

AN
(A
R8N N
o}
no R PI3Ka IC50 (uM) PAKT™73 A2780 EC50 (4M) A2780 ECso (M)
3 3-phenol 0.061 0.37 0.33
4 pyridin-3-yl 0.135 0.65 0.33
5 6-aminopyridin-3-yl 0.055 0.31 0.45
6 1H-pyrazolo[3,4-b]pyridin-5-yl 0.066 3.73
7 2-hydroxypyridin-4-yl 0.253 0.31
8 pyrazin-2-yl 0.231 0.39 0.59
9 5-aminopyrazin-2-yl 0.044 3.30 0.36
10 pyrimidin-5-yl 0.008 0.45 4.84
11 2-hydroxypyrimidin-5-yl 0.774
12 2-aminopyrimidin-5-yl <0.002 0.04 0.15
13 2-methylaminopyrimidin-5-yl 0.007 0.11 0.14
14 2-dimethylaminopyrimidin-5-yl 0.247 0.67
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Ce-modified 2-morpholino pyrimidines III were synthe-
sized by several routes as depicted in Scheme 1.'* Sequential
nucleophilic substitution of 2,4,6-tribromopyrimidine, I,
at the 4-position with a range of amines, then at the
2-position by morpholine yielded bromopyrimidine II. Sub-
seqgeunt Suzuki reaction yielded target compounds III. Alter-
natively, condensation of morpholine formamidine hydro-
bromide IVand diethylmalonate followed by refluxing in POCl5
yielded 2-morpholino 4,6-dichloropyrimidine V, which could
undergo amination and Suzuki reaction to access target com-
pounds. For preparing a series of C4 analogues with a fixed
Ce heterocycle, the Suzuki step was performed first to yield
chloropyrimidine VI prior to the Buchwald step yielding
target compounds III. When necessary, the heterocyclic
boronate esters used to install the Cg heteroaryl groups were
prepared from the corresponding heteroarylbromides.

Prepared compounds were initially screened in biochem-
ical PI3K assays, and compounds with PI3Ka IC5, values
< 100 nM were tested in the A2780 ovarian carcinoma cell
line (where the PI3K pathway is deregulated due to PTEN
deletion) for inhibition of cell proliferation and phosphoryla-
tion of AKT**"*"? as a target modulation readout. The results
of the Cg substituent survey, Table 1, indicate that a 3-pyridyl
group 4 is potent, being only 2-fold less active against PI3Ka
than the phenol starting point 3. Substituted pyridines that
place hydrogen bond donors ortho to the ring nitrogen were
evaluated, and the aminopyridine 5 exhibits increased potency
relative to the 3-pyridyl compound 4, being equipotent to the
phenol. Introduction of the 5-pyrimidyl increases potency
relative to the 3-pyridyl, with compound 10 being more

Table 2. Rat PK Properties” of Phenol Replacements

iv it CL oral AUC
no. (min) (mL/min/kg) (uM h) Vss (LIKG) po % F
30 179 0.03 6.9 1
55 26 16 2.4 46
5 103 5 93 0.8 56
12 43 37 6 1.9 23

“Amounts: 5 mpk iv and 20 mpk po.
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potent than the phenol 3. In contrast, pyrazine 8 exhibits
comparable potency to the 3-pyridyl 4. When the 2-amino group
was introduced into the C, pyrimidine, further potency enhan-
cements were observed with the aminopyrimidine 12 being
>30-fold more active than the starting phenol 3 against PI3Ka.
Interestingly, the pyridone 7, which mimics the meta orien-
tation of phenol 3, exhibited reduced activity relative to 3, high-
lighting the subtleties of trying to mimic a phenolic interaction.

Upon identification of phenol replacements with main-
tained (aminopyridine) or improved (aminopyrimidine) in
vitro potency, the aminopyridine- and aminopyrimidine-
containing PI3K inhibitors 4, 5, and 12 were assessed in
rat PK. As indicated in Table 2, the PK properties were
improved relative to the phenol 3. The % F was increased
from 1% to acceptable levels (23—56 %), and the clearance
value was reduced substantially. The improvement was great-
est for aminopyridine 5 with 56 % FE CL = 5 mL/min/kg, and
ivt;» = 103 min. The comparison of PK properties between
the phenolic compounds 1 (Figure 1) and 3 (Table 2), where
the % Fwentfrom9to 1 %, indicated that PK properties with
a fixed C¢ group could be modulated by the C,4 substituent
and suggested that the PK properties of the Cq aminopyr-
idine or aminopyrimidines could be further improved by
optimization of the C,4 substituent.

With a phenol replacement that improved both in vitro
and in vivo properties identified, a C4 survey where the
2-morpholinyl and 6-(5-substituted-2-aminopyrimididyl)
groups of the central pyrimidine were held fixed was con-
ducted. As may be expected from the cocrystal structure of
compound 1 with PI3Ky (Figure 2), a variety of groups are
tolerated at the C,4 position (Table 3). The aminoquinoline 12
as well as the 6-substituted 3-aminopyridyl-substituted com-
pounds 15—17 were extremely potent, being active at the limit
of detection of the enzymatic assay. Additionally, of note is
the potency and ligand efficiency'” of the 4-H-substituted 20
(AG = —0.56 kcal mol™" per non-H atom!), which inhibited
PI3Kawith an IC5o = 14 nm, A2780 pAKT473 ECsq = 132 nM,
and A2780 ECso = 5 uM. Additionally, the C, symmetric
bis aminopyrimidine-substituted morpholino pyrimidine 18
was potent, ICso = 6 nm and A2780 ECso = 0.23 uM.

Table 3. Biochemical Inhibition of PI3Ka., Inhibition of AKT**"*’* Phosphorylation, and Antiproliferative Effect in A2780 Cells by
4-Substituted, 2-Morpholino, 6-(2-Aminopyrimid-5-yl) Pyrimidines

R
4

(L
IORRS
HNT N7 0
no. R PI3Ka IC50 (4M) PAKT®*™7? A2780 ECs (M) A2780 ECs (M)
12 quinolin-3-yl-amino <0.002 0.04 0.15
15 6-phenoxypyridin-3-yl-amino <0.002 0.11 1.13
16 6-(1-methylpiperidin-4-yloxy)pyridin-3-yl-amino <0.002 0.01 0.14
17 6-methoxypyridin-3-yl-amino <0.002 0.09 0.73
18 2-amino-pyrimid-5-yl 0.006 0.23
19 tetrahydro-2H-pyran-4-yl-amino 0.013 0.22 1.96
20 H 0.014 0.13 4.98
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Figure 4. Efficacy of compound 17 in the A2780 xenograft model.

Compounds with a positive combination of enzyme inhi-
bition, cell target modulation, antiproliferative activity, and
solubility were profiled further in rat PK studies. One such
compound, 17,'* exhibited reasonable rat PK (5 mpk iv,
20 mpk oral, oral ¢, = 77 min, % F = 89, CL = 79 mL/min/kg,
Vss = 2.6 L/kg, and oral AUC = 9 uM h) and was studied
further in mouse PK/PD and efficacy studies.'> Modulation
of AKT™™3% and AKT**"*”> phosphorylation was examined
in A2780 xenograft tumors at time points ranging from
30 min to 24 h after a single 100 mg/kg dose of compound 17.
As can be seen in Figure 3, at 8 h, >50% of target inhibition
was achieved. The target modulation decreased as the com-
pound exposure decreased, with the modulation approach-
ing the vehicle level at 24 h.

Efficacy experiments were then conducted in the A2780
tumor xenograft model, where tumor-bearing mice were
administered compound 17 twice daily at 10 and 60 mg/kg.
Tumor growth inhibition (50 % ) was observed at the 60 mg/kg
dose level, while at 10 mg/kg, no inhibitory activity was obser-
ved (Figure 4).

While the in vivo antiproliferative effect of compound 17
did not result in complete stasis or regression, the data
support the notion that inhibition of PI3K and phosporyla-
tion of AKT***”? in vivo with a compound from this series
has an effect on tumor growth.

In summary, the structure-guided evolution of a series of in
vitro potent 6-phenolic, 4-substituted, 2-morpholinopyrimi-
dinyl PI3K inhibitors lacking suitable properties for in vivo
activity into a series of 6-heterocyclic, 4-substituted, 2-mor-
pholino pyrimidines with properties sufficient for in vivo
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PI3K activity, as evidenced by the modulation of phoshpory-
lation of AKT**"*”% and tumor growth inhibition in A2780
tumor-bearing mice, has been described. Compounds from
this series that inhibit PI3K in vitro, have a more pronounced
effect on the phosphorylation of AKT**"*"? in vivo and show
enhanced efficacy in PI3K-driven tumor models will be
reported in due course.

SUPPORTING INFORMATION AVAILABLE Experimental
details for the synthesis and characterization of all compounds,
biological assay, and pharmacology model procedures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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