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We recently described several highly potent, triazine (1) and triazolopyrimidine (2) scaffold-based, dual
PI3K/mTOR-inhibitors (e.g., 1, PKI-587) that were efficacious in both in vitro and in vivo models. In order
to further optimize these compounds we devised a novel series, the 2-oxatriazines, which also exhibited
excellent potency and good metabolic stability. Some 2-oxatriazines showed promising in vivo biomarker
suppression and induced apoptosis in the MDA-MB-361 breast cancer xenograft model.

� 2011 Elsevier Ltd. All rights reserved.
Class I phosphatidylinositol 3-kinases (PI3Ks) play a key role in
the biology of human cancer.1 PI3Ks are divided into three classes
(I–III) based on their structures, mode of regulation, and substrate
preference.1 Class IA PI3Ks are comprised of three isoforms (p110a,
p110b and p110d) that have a common regulatory subunit (p85),
and are primarily activated by signals from receptor tyrosine ki-
nases (RTKs). The class IB PI3K (p110c) is structurally similar,
but it has a different regulatory subunit (p101), and it is exclusively
activated by G-protein coupled receptors.

PI3Ks phosphorylate the 30-OH position of the inositol ring of the
membrane phospholipid, phosphatidylinositol-bisphosphate(4,5)
(PIP2), to form the phosphatidylinositol-triphosphate(4,5,6) PIP3.
PIP3 recruits pleckstrin homology domain containing proteins, such
as PDK1 and Akt, to the inner cell surface where PDK1 phosphory-
lates and actiavtes Akt,1 which in turn leads to mTOR activation.
mTOR, a PI3K related kinase (PIKK) family member, is a component
of the mTORC1 and mTORC2 serine/threonine kinase complexes,
which play key roles in cell homeostasis and growth, and are abnor-
mally regulated in tumor cells.

Aberrant activation of the PI3K signaling cascade stimulates cell
growth, survival, proliferation, and migration. These events not
only promote the formation of malignant tumors, but also enhance
ll rights reserved.
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the development of inflammatory and autoimmune diseases. More
than 50% of all solid tumors have gene mutations, deletions, or
amplifications that lead to upregulated PI3K/Akt/mTOR signaling.1

Therefore, blocking the PI3K/Akt/mTOR signaling pathway by
inhibiting both PI3K lipid and mTOR serine/threonine kinase activ-
ity provides an innovative strategy for cancer therapy. Dual PI3K/
mTOR inhibitors such as PKI-4025 and PKI-5874 inhibit all p110
isoforms, as well as mTORC1 and mTORC2.2 These molecules effec-
tively block PI3K/Akt/mTOR signaling in cancers with mutations in
PIK3CA and PIK3R1, PTEN loss, and RTK-dependent activation.2

Dual PI3K/mTOR inhibitors also mitigate the feedback activation
of PI3K signaling caused by selective mTORC1 inhibitors (i.e., rap-
amycin and its analogs), and because of this they may yield greater
therapeutic benefit in cancer patients.2 The strong antiproliferative
activities of dual PI3K/mTOR inhibitors have already been demon-
strated by the highly efficacious compounds, PKI-402 and PKI-587,
shown in Figure 1, and others.3 Here we describe a novel series, the
2-oxatriazines, which exhibited similar potency to PKI-402 and
PKI-587 and good metabolic stability.

Compounds 14 and 25 are recently reported dual pan-PI3K /mTOR
inhibitors that utilize the morpholine oxygen for the key hinge re-
gion hydrogen bonding interaction in the ATP pocket of both class
I PI3Ks and mTOR. Analog 1 is a bismorpholinotriazine, and since
only one morpholino group is needed for binding to the PI3K hinge
region, the second morpholine of 1 can be replaced with other
groups to further optimize compound properties and biological
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Figure 1. 1(PKI-587) and 2(PKI-402) are recently reported dual PI3K/mTOR inhibitors. Compound 3 is a novel dual pan-PI3K/mTOR inhibitor which has an efficacy profile
comparable to that of 1 and 2.
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profiles. Many triazine inhibitors have been disclosed in the recent
literature,6 while 2-oxatriazine-based PI3K inhibitors provided nov-
elty due to their rare use as kinase-inhibitors. Thus, we synthesized7

2-oxatriazines to generate a back-up series for 1. First, we wanted to
enhance the potency of this scaffold utilizing previously known SAR
information, such as the introduction of benzamido ureas. This effort
culminated in the discovery of 3, a compound which showed an
in vitro and in vivo potency profile similar to that of 2, particularly
in regard to in vivo biomarker suppression. In this publication we de-
scribe the SAR studies leading to 3.

The synthesis of oxatriazines 8–24 is shown in Scheme 1. Cyan-
uric chloride 4 was aminated with morpholine at 0 �C to give the
1,3-dichloro-5-morpholino triazine 5, which was reacted with
the appropriate lithiumalkanolate to give 6a–e.

Subsequently, 6a–e were converted to anilines 7a–e by reaction
with 4-aminophenylboronic acid pinacolester under Suzuki condi-
tions. Compounds 7a–e were condensed with the appropriate 4-
aminobenzamide analogues 9a–d under triphosgene activation to
obtain ureidobenzamides 3, 8–24. For SAR purposes, we were also
interested in keto tautomers of 2-oxatriazines, such as 27. The syn-
thesis of 27 is shown in Scheme 2. Dichlorotriazine 5 was treated
with 1 N NaOH at room temperature to give 25, which was coupled
with 26 under Suzuki conditions to give 27. The structure of 27 was
determined by 2D NMR indicating that 28 is the major tautomer in
DMSO solution.

All final compounds were tested for inhibition5 of PI3Ka, PI3Kc,
and mTOR kinase activity. Due to the compelling efficacy profile of
14,8,9 and the fact that compounds 1 and 2 show no oral bioavail-
ability, we were interested in an iv administered compound.
Hence, we limited our pharmaceutical profiling to relevant data
such as solubility at pH 7.4, and to stability studies in rat, nude
mouse, and human liver microsomes to mimic hepatic clearance.
The physical properties and biological data for analogues 3, 8–24
and 27 are shown in Table 1.

Initially the effect of a small substituent such as the methoxy
group (8–13) at the 2-position of the triazine core was evaluated.
These analogues showed good potency (IC50 <3 nM) against PI3Ka,
with moderate selectivity over PI3Kc and mTOR. In fact, some
methoxy substituted compounds (9–13) showed between 9- and
29-fold selectivity between PI3Ka and mTOR. Furthermore, deriv-
atives 8–13 exhibited good aqueous solubility at pH 7.4. In addi-
tion, compounds 8–13 showed good microsomal stability in
various species, except for 9 and 12 which showed only moderate
stability in rat microsomes. Tumor cell growth inhibition by the
methoxy analogues 8–13 was not as potent as that found for com-
pounds 1 or 2. Analogue 9, the best compound in this subset, still
showed a more than twofold lower potency against MDA-MB-
361 and PC3-cells compared to compound 1.

Replacing the methoxy group with an isopropoxy group led to
compounds 15–18, which in general exhibited good potency
against PI3Ka and mTOR, but lower selectivity for PI3Ka/mTOR rel-
ative to methoxy analogues 8–13. For example, compound 17
exhibited no selectivity for PI3Ka/mTOR, while compound 9
showed 19-fold selectivity. Compound 9 also showed better PI3Ka
potency than 17. However, compound 17 showed better tumor cell
growth inhibition then 9. Analogue 17 was overall the most potent
i-PrO substituted derivative in enzyme and tumor growth inhibi-
tion, and showed moderate solubility at physiological pH as well
as good stability against rat, nude mouse, and human microsomes.
Introducing the more bulky O-tropinyl group in 24 led to good en-
zyme potency against PI3Ka and mTOR but low cell potency. It is
not clear if this result has to do with the physical properties such
as the high tPSA (=146) of 24. However, in other series10,11we also
observed relatively low cell potency for compounds carrying a ba-
sic nitrogen in a similar region of the molecule.

The unsubstituted oxatriazine 27 showed moderate potency
against PI3Ka, strong selectivity for PI3Ka/mTOR (>100-fold), and
weak cell potency. Following 2D NMR studies we could show that
27 predominantly exist as triazine-one tautomer carrying the H at
N-5. The steric clash of the 5-H with the morpholine 3-CH2 could
lead to a slight rotation of the morpholine out of plane which could
lower its ability to bind to Val851 in the hinge region, resulting in
lower potency against PI3Ka. The mTOR selectivity may be ex-
plained by a similar phenomenon with regard to the 6-aryl-
appendage. Here, the 5-H could lead to a slight rotation around
the aryl group. Rotation around the C-2 aryl C–C bond has already
been reported to give a rise in selectivity for PI3Ka over mTOR ser-
ies. For example, Sutherlin et al.12 showed that 2-methyl-5amino-
pyrimidines show 100-fold selectivity of PI3Ka/mTOR compared
the non methyl-substituted analog. In their case this observation
was rationalized based on X-ray co-crystal with PI3Kc and docking
in a mTOR homology models showing that the methyl group
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Scheme 1. General synthetic route to 2-oxatriazines 3, 8–24.
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twisted the the aryl group out of plane due to a steric clash of the
methyl group with Tyr867 in mTOR. Now, the methyl is oriented
toward a region where residue differences between PI3K and
mTOR exist. A similar phenomen could play a role for compound
24 just that here it is a steric clash between H–N and CH.

Introduction, of a 3-oxyoxetanyl group in 2-position led to com-
pound 14. Analogue 14 and the i-Pr analogue 15 exhibited very
similar profiles in cell proliferation assays. However, 14 showed
better potency against PI3Ka, and lower potency against mTOR,
relative to 15. The introduction of hydrogen bond acceptors such
as the O in the oxetane led to increased potency against PI3Ka.
In addition, other compounds such as 1 carrying an O-containing
morpholine, where the oxygen roughly occupies the same region,
also showed excellent potency against PI3Ka.4 However, to our
best knowledge this effect is not caused by an interaction with
amino acid residues in the ATP- binding pocket of PI3Ka. Hence,
we decided to use ligand based design to look for groups that mi-
mic the molecular shape of the 2-position morpholine group of 1 as
the second triazine substituent. Several analogues with 2-substitu-
ents were modeled and overlayed with compound 1. In this study,
the 2-(S)-oxytetrathydofuryl group of 3 showed an almost perfect
overlap with the second morpholine in 1. Figure 2 shows an over-
lay of 1 and 3 docked in a PI3Ka homology model. As modeling
suggests, the morpholine and 3-oxy-THF group occupy the same
space, thus allowing identical binding of the morpholine oxygen
to Val851, the urea O with Lys802, and the NH with Asp810, which



Table 1
Biological data and physical properties for 2-oxatriazine analogues 3, 8–24, and 27

Compound IC50
a (nM) Solubilityb @pH 7.4 t1/2

c (min)

PI3Ka PI3Kc mTOR MDA-361d PC3e Human N. Mouse Rat

8 2.0 20.5 8.2 <31 69 >100 >30 >30 >30
9 0.4 7.0 7.7 15 34 >100 >30 >30 15

10 0.6 10.5 5.6 <31 71 >100 >30 >30 >30
11 0.8 9.5 14.5 110 374 >100 >30 >30 >30
12 1.2 13.5 22.5 35 91 3 >30 >30 16
13 1.4 4.0 18.5 30 111 61 >30 >30 29
14 0.6 9.5 3.0 4 32 4 ND ND >30
15 3.0 49.5 1.3 5 33 0 >30 >30 17
16 1.4 22.0 1.3 <30 52 4 >30 >30 19
17 1.0 18.0 0.3 5 13 15 >30 23 >30
18 3.0 24.5 0.4 11 41 3 >30 >30 >30

3 0.2 4.8 0.7 3 9 >100 >30 >30 27
19 1.0 6.5 1.1 4 24 >100 18 >30 >30
20 1.4 8.0 0.4 5 18 1 >30 >30 27
21 1.4 6.0 0.3 8 27 23 >30 >30 28
22 1.7 14.3 1.7 6 21 1 15 >30 20
23 1.4 7.2 1.2 4 11 10 29 >30 16
24 3.2 72.5 5.3 2917 4453 62 ND ND 4
27 15 96.5 1200 >1000 >1000 ND ND ND >30

1 0.4 11 0.4 3 11 15 >30 >30 >30
2 1 9 2 8 21 0 >30 >30 15

a The values are an average of at least two separate determinations with a typical variation of less than ±30%.
b [lg/mL].
c Half-life of drug when incubated for 30 min with liver microsomes of the species shown.
d Breast cancer cell line.
e Prostate cancer cell line.

Figure 2. Overlay of compound 1 (cyan carbons, stick representation) and 3
(magenta carbons, ball-and-stick representation) docked in a PI3Ka homology
model. Residues that form critical hydrogen bonding interactions are shown with
orange carbons such as binding of morpholine to the hinge region Val851 and the
urea oxygen to Lys802 and urea hydrogen to Asp810.
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is consistent with their very similar enzyme potencies. Based on
this modeling13 we designed and synthesized novel analogues,
where binding features to the hinge region as well as the aryl ure-
ido-group interactions remained unchanged.

Indeed, compounds 3, 19–23 showed good potency against
PI3Ka and excellent potency in tumor cell growth inhibition as-
says. Among these analogues, 3 showed the best in vitro potency
profile (IC50 values: PI3Ka, enzyme, 0.2 nM; MDA-MB-361 and
PC3 tumor cell lines, 3 and 9 nM, respectively), paired with high
solubility and good stability in rat, nude, mouse, and human micro-
somes. Hence, compound 3 was chosen for an in vivo side by side
comparison with our clinical candidate 1.

Compounds 1 and 3 were administered at 10 and 25 mg/kg in
mice bearing MDA-MB-361 xenografts. Figure 3 shows that both
compounds 1 and 3, given at 25 mg/kg (iv), suppressed phosphor-
ylated p-Akt-T308, p-Akt-S473, p-p70S6K, and p-S6 (p-Akt-S473,
p-p70S6K, and p-S6 are mTOR specific biomarkers5 and p-Akt-
T308 is consistent with their in vitro profiles. Both 1 and 3 not
only suppressed these PI3K/mTOR biomarkers for at least 8 h,
but they also induced cleaved poly-adenosine-diphosphate-ribose
polymerase (cPARP), a marker for cells undergoing apoptosis.14

However, this study showed that 3 had a somewhat less profound
biological effect on PI3K and mTOR specific biomarkers than our
clinical candidate 1. In fact, compound 3 administered at
25 mg/kg, achieved similar biomarker suppression to that ob-
served with analog 1 given at 10 mg/kg. Furthermore, compound
3 displayed a much stronger biomarker response than previously
reported for our first preclinical candidate 2.9 For example, com-
pound 3 showed 8 h activation of cPARP when 25 pmk were
dosed, while 2 showed cPARP induction only at higher dose
(50 mpk). Clearly further investigation of 3 needs to be conducted
to discover the full potential of this compound.

In summary, we introduced a novel 2-oxatriazine scaffold that
was optimized using ligand based design and modeling. Novel
analogues based on this 2-oxatriazine scaffold showed good po-
tency against PI3Ka and mTOR, and good potency in tumor cell
(MDA-MB-361[breast], PC3 [prostate]) growth inhibition assays.
Compound 3 showed an in vitro profile superior to that of pre-
clinical candidate 2 and comparable to clinical candidate 1. Fur-
thermore, in vivo biomarker studies showed that compound 3
was more potent than compound 2, but not quite as potent as
1. More result from our ongoing optimization effort of 3 will be
reported in due course.



Figure 3. In vivo biomarker analysis at 8 h after compounds 1 and 3 were administered at 10 and 25 mg/kg (iv) to MDA-MB-361 tumor bearing nude mice.
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