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Phosphoinositide 3-kinase (PI3K) is an important target in oncology due to the deregulation of the PI3K/
Akt signaling pathway in a wide variety of tumors. A series of 4-amino-6-methyl-1,3,5-triazine sulfona-
mides were synthesized and evaluated as inhibitors of PI3K. The synthesis, in vitro biological activities,
pharmacokinetic and in vivo pharmacodynamic profiling of these compounds are described. The most
promising compound from this investigation (compound 3j) was found to be a pan class I PI3K inhibitor
with a moderate (>10-fold) selectivity over the mammalian target of rapamycin (mTOR) in the enzyme
assay. In a U87 MG cellular assay measuring phosphorylation of Akt, compound 3j displayed low double
digit nanomolar IC50 and exhibited good oral bioavailability in rats (Foral = 63%). Compound 3j also
showed a dose dependent reduction in the phosphorylation of Akt in a U87 tumor pharmacodynamic
model with a plasma EC50 = 193 nM (91 ng/mL).

� 2012 Elsevier Ltd. All rights reserved.
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The family of lipid kinases termed phosphatidylinositol 3-ki-
nases (PI3Ks) catalyze the phosphorylation of the 3-hydroxyl
position of phosphatidylinositides and play key regulatory roles
in many cellular processes including cell survival, nutrient uptake,
proliferation and differentiation.1 The PI3K family consists of at
least eight proteins that share sequence homology within their
kinase domains and yet have distinct substrate specificities and
modes of regulation.5 The best characterized members of this fam-
ily are the four class I PI3Ks (a, b, c and d isoforms) that link PI3K
activity to a large variety of cell-surface receptors, comprised of
growth factor receptors as well as G protein-coupled receptors
(GPCRs).2 There is significant evidence that the PI3K/Akt pathway
is deregulated in many human cancers.3–5 For example, the gene
encoding the p110a subunit, PIK3CA, is amplified and over-
expressed in several cervical, gastric, and ovarian cancer cell lines
and is mutated in a wide variety of other cancers including breast,
All rights reserved.

: +1 805 480 1337.
colorectal, glioblastoma, and gastric cancers. In addition, PI3K
signaling is negatively regulated by the lipid phosphatase PTEN,
which is one of the most commonly mutated proteins in human
malignancy, providing further evidence for the role of the PI3K
pathway in cancer. Hence, inhibition of PI3K, and in particular its
p110a subunit, is a promising target for cancer therapeutics.6,7

Many industrial and academic groups have pursued both selective
PI3K8 and dual PI3K/mTOR inhibitors,9 and several of these inhib-
itors have advanced to Phase II clinical trials.10

In a previous communication, we reported the results of our
structure–activity relationship (SAR) efforts that focused on the
optimization of a series of sulfonamides appended to a benzothia-
zole scaffold derived from an initial high-throughput screening
lead from Amgen’s proprietary sample bank.11 These efforts re-
sulted in the discovery of compound 1 which was a potent dual
inhibitor of class I PI3Ks and mTOR (Fig. 1). However, subsequent
pharmacokinetic studies revealed that compound 1 underwent
deacetylation in vivo resulting in the formation of an active metab-
olite, which complicated further development efforts.12a In
addition, the low solubility of compound 1 (0.001, 0.001 and
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Figure 1. Hybridization of compounds 1 and 2 leading to the discovery of the 4-
amino-6-methyl-1,3,5-triazine sulfonamide class of inhibitors (3).
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0.013 mg/mL, in 0.01 N HCl, phosphate buffer (PBS) and simulated
intestinal fluid (SIF), respectively, Table 3) may have contributed to
the compound’s low oral bioavailability (Foral = 12%).13 Although
formulation efforts on compound 1 eventually led to improved oral
exposures through the use of a pH adjustment,14 the long-term sta-
bility of the resulting suspension also presented a development
challenge. We postulated that the presence of the acetamide
hydrogen bond donor-acceptor functionality coupled with the
fused bicyclic aromatic ring system of the N-acetyl benzothiazole
Figure 2. Overlay of the X-ray co-crystal structures of compounds 1 and 2 in the ATP b
respectively. PDB codes: 3QK0 and 4DK5. Dashed lines indicate hydrogen bonds. For inhib
C: green; N: blue; O: red; S: yellow.
may contribute to the decreased solubility of this series. Therefore,
we proposed replacing the N-acetyl benzothiazole functionality of
compound 1 with a different linker system that lacked these
features, thereby eliminating the inherent deacetylation liability
as well as providing a potential means to enhance the solubility
of the molecules. Improved solubility could help increase the rate
of dissolution of a molecule and lead to better oral bioavailability.
Based on these considerations, we set out to explore a different lin-
ker system for the sulfonamide series.12

Separately, we have identified a second generation of PI3K
inhibitors resulting from optimization of a lead exemplified by
compound 2.15 Compound 2 was a potent pan class I PI3K inhibitor
and was selective against mTOR. While compound 2 had improved
solubility (0.2, 0.006, 0.007 mg/mL in 0.01 N HCl, PBS and SIF,
respectively) over compound 1, it had moderate in vivo pharmaco-
kinetic (PK) properties (CL = 1.7 L/h/kg in rats). We believed that
one possible approach to addressing the shortcomings of both of
these inhibitors was to pursue a hybrid strategy exemplified by
generic structure 3 wherein the chloropyridyl sulfonamide affinity
pocket moiety of 1 replaced the 2-methoxypyridyl group of 2 (
Fig. 1).

Insight into the possible mode of binding for this proposed hy-
brid came from the X-ray co-crystal structures of compounds 1 and
2 in PI3Kc, displayed in Figure 2.16 In the case of compound 1, the
N-acetyl benzothiazole group, also referred to as the ‘linker binder’
moiety, forms two key hydrogen bonds with the backbone NH and
carbonyl of Val882. In this pair of interactions, the thiazole nitro-
gen acts as the hydrogen bond acceptor and the NH of the N-acetyl
group serves as the hydrogen bond donor.11 Whereas in compound
2, the 4-amino-6-methyl-1,3,5-triazine motif interacts with the
Val882 residue.12,17 Both compounds contain a pyridine moiety
whose nitrogen engages in a hydrogen bond with a water molecule
bridging between Tyr867 and Asp841 in the ‘affinity pocket’.
inding site of unphosphorylated PI3Kc determined to 2.85 Å and 2.95 Å resolution,
itor 1, C: pink; N: blue; O: red; S: yellow; F: light blue; Cl: dark green. For inhibitor 2,



Table 1
Enzyme and cellular assay results for compounds arising from modifications to the
sulfonamide of the affinity pocket binding motif

N

N

N

NH2

N

N
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N

HN
S

O O

R1

Cl

Compd R1 PI3Ka Ki

(nM) a
pAkt (U87 MG)
IC50 (nM)a

cLogP Cell
shift

3a F 16 187 2.9 11.7

3b Me 20 20 1.0 1.0

3c 11 36 1.6 3.3

3d N 11 25 1.4 2.3

3e N 43 408 2.2 9.5

3f N O 16 85 1.8 5.3

a Data represents an average of at least two separate determinations.

Table 2
Enzyme and cellular assay results arising from modifications to the ribose pocket
binding motif

N

N

N

NH2

N

N
H

N

HN
S

O O

R1

R R2

Compd R R1 R2 PI3K
Ki

(nM)a

pAkt
(U87
MG)
IC50

(nM)a

cLogP

3g Cl Me Cl 3.5 18 1.7

3h Me Me Cl 161 95 1.5

3i OMe Me Cl 114 95 2.3

3j Cl N Cl 12 24 2.1

3k
Cl N Cl

13 380 2.5

3l
Cl

N

O Cl
29 53 2.3

3m Cl N O Cl 8.6 248 2.5

3n Cl Me OMe 11b 3.9 1.4

3o Cl N OMe 9.3 6.3 1.8

3p Cl N O OMe 13 7.6b 2.2

3q Cl Me O
O 25 7.7b 1.3

3r Cl Me O 2.0 1.4b 1.2

3s
Cl Me N

O
9.7 5.3b 0.8

3t
Cl N N

O
1.9 3.9b 1.1

a Data represents an average of at least two separate determinations.
b Data represents a single measurement.
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Compound 2 exploits the ‘ribose pocket’ of the ATP binding pocket
with a methyl(methanesulfonylpiperazine) group appended to the
5-position of the pyridine central ring.

Herein, we report the synthesis and biological evaluation of a
series of compounds based on hybrid structure 3. Initially we
focused on inhibitors designed to explore the affinity pocket in
which the ribose pocket was unelaborated (R2 = H, Table 1). In sub-
sequent analogs, substituents were introduced to take advantage
of the ribose pocket in an attempt to improve potency, solubility
and PK properties (Table 2).

Analogs were prepared in a straightforward manner according
to Scheme 1. The 5-amino-pyridinyl-3-sulfonamide building
blocks 6 were accessed from commercially available 3-amino-5-
bromopyridines 4 followed by treatment with the desired sulfonyl
chlorides. Transformation of bromides 5 into amines 6 involved the
palladium-catalyzed cross-coupling of bromides 5 with benzophe-
none imine18 followed by hydrolysis with 1 N HCl. The triazine
linker binder moiety was prepared using a Suzuki coupling19 of
4-chloro-6-methyl-1,3,5-triazin-2-amine (7) with suitably func-
tionalized 2-fluoropyridine boronic acids 8 furnishing 4-(2-fluoro-
pyridin-3-yl)-6-methyl-1,3,5-triazin-2-amines 9. Base-promoted
SNAr displacement of the 2-fluoropyridine 9 with the fully
elaborated 5-amino-pyridinyl-3-sulfonamides 6 afforded inhibi-
tors 3a–t. In this manner, three points of diversity (R, R1 and R2)
necessary for analoging could be accessed in a relatively modular
fashion.20

The inhibitory activities of the PI3Ka enzyme for all compounds
were determined using a modified in vitro AlphaScreen assay.11

The cellular activities were determined with a U87 MG cell-based
assay measuring the phosphorylation of Akt (pAkt) at serine-473 as
a readout. The first compound (3a) in which we replaced the 2-
methoxypyridine with the chloropyridinyl sulfonamide moiety in
the affinity pocket displayed encouraging enzyme potency (PI3Ka
Ki = 16 nM, Table 1); however, there was a 12-fold shift in potency
in the U87 MG cell-based assay (pAkt IC50 = 187 nM). Although
there are a number of factors, such as permeability, pKa, and melt-
ing point, that could contribute to the large cell-shift, we postu-
lated that the compound’s relatively high cLogP = 2.9 maybe a
contributing factor.21 With this in mind, replacement of the 4-flu-
orophenylsulfonamide with a methylsulfonamide (compound 3b)
resulted in a compound whose cLogP value was substantially re-
duced (cLogP = 1.0). This compound exhibited nearly a 10-fold
improvement in cell-shift when compared to compound 3a. It is
noteworthy to mention, the solubility of this compound was also
markedly improved to 5.8, 2.9 and 46.2 mg/mL in 0.01 N HCl, PBS
and SIF, respectively.

Other analogs were prepared with small groups for R1. A cyclo-
propyl sulfonamide (compound 3c) was well tolerated, albeit a
slightly greater cell-shift was observed as compared to compound
3b. In a similar fashion, the N,N-dimethylamino-sulfonamide
analog (compound 3d) was equipotent to 3b in both enzyme and
cellular assays; however, further elaboration to an iso-propylmeth-
ylamino- or a morpholinylsulfonamide led to significant erosion in
PI3Ka cellular potencies (compounds 3e–f).

Preliminary results from Table 1 suggested small sulfonamide
groups (R1) were preferred in order to achieve cellular potencies
<50 nM. To further probe the relationship between cellular



Table 3
Pharmacokinetic properties of selected compounds

Compd In vitro liver
Microsomal stabilitya

In vivo rat PKb

Rat Human ivc pod

CL
(lL/min/
mg)

CL
(lL/min/
mg)

CL
(L/h/
kg)

Vdss
(L/
kg)

MRT
(h)

%F AUC
(ng h/
mL)

1 <20 <14 0.007 0.17 26.9 103 3200
2 9 6 1.7 2.6 1.6 77 1199
3b <14 <14 0.39 0.40 4.5 33 4238
3j 27 47 0.39 0.97 2.5 63 3360
3n <14 <14 0.21 0.28 1.3 1.8 419
3o 20 26 0.52 1.01 2.0 22 859
3q <14 <14 0.46 0.52 1.1 28e 1210
3r <14 <14 1.76 2.57 1.4 27 321

a Single experimental value; estimated clearance from percent parent compound
(1 lM) remaining following a 30 min incubation in liver microsomes (0.25 mg/mL)
and NADPH (1 mM).

b Pharmacokinetic parameters following administration in male Sprague Dawley
rat; mean values from 3 animals per dosing route.

c Dosed at 1 mg/kg as a solution in DMSO.
d po doses were 2 mg/kg in 1% pluronic F68, 2% hydroxypropyl methylcellulose

(HPMC), 15% hydroxypropyl b-cyclodextrin (HPBCD), 82% water/methanesulfonic
acid pH 2.2.

e po dose was 2 mg/kg in 100% DMSO.
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potency and physicochemical properties, introduction of polar
groups to the 5-position of the central pyridine ring (R2 of 3) was
explored as the crystallographic overlays of compounds 1 and 2
suggested that modifications to this portion of the inhibitor should
be well tolerated (see Fig. 2). The first compound (3g) prepared in
this series contained a chloride in the 5-position of the pyridine
(R2 = Cl). This compound was found to be equipotent to the parent
compound (R2 = H, compound 3b) (Table 2). Compounds 3h–i
examined the influence of modifying the 2-substituent (R = Cl) on
the affinity pocket binding motif. When the R-group was changed
to Me or OMe, a >30-fold loss in enzyme potency resulted and
additional modifications at this position were not pursued

Four additional analogs (compounds 3j–m) containing the 5-
chloropyridine substitution pattern (R2 = Cl) as the central pyridine
ring were examined and the potencies of the resulting compounds
mirrored previous results from Table 1. The methoxyethylmethyl-
amine sulfonamide (compound 3l) was designed to improve
solubility and was found to have modest enzyme potency on PI3Ka
with a low cell-shift. The morpholinylsulfonamide (compound 3m)
exhibited improved solubility (1.0, 1.0 and 11.1 mg/mL in 0.01 N
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Scheme 1. General scheme for the synthesis of N-(5-((3-(4-amino-6-methyl-1,3,5-triazi
(a) R1SO2Cl, pyridine, DMAP; (b) (i) Pd2(dba)3 (5 mol %), Xantphos (10 mol %), benzophen
1 N HCl, RT, 30 min; (c) (4-NMe2C6H4Pt-Bu2)2PdCl2 (Amphos, 5 mol %), KOAc (3 equiv), 1
11–87%.
HCl, PBS and SIF, respectively) as compared to its unsubstituted
analog (compound 3f); however, a large cell-shift persisted.

The next modification was to introduce a methoxy-group to the
5-position of the pyridine central ring (R2 = OMe) to reduce the
cLogP. This modification reduced cLogP and decreased the cell-shift
resulting in three compounds with single digit nanomolar potencies
in the cell-based assay (compounds 3n–p). The morpholinyl-sulfon-
amide (compound 3p) displayed a much smaller cell-shift as com-
pared to previous analogs (compound 3p vs 3f and 3m). Further
elaboration of the 5-methoxypyridine (R2 = OMe) to a 5-methoxy-
ethoxy-pyridine (3q, R2 = O(CH2)2OMe) did not affect the cellular
or enzyme potencies (compound 3q vs 3n).

To determine if additional gains in potency could be made
through the judicious choice of the ribose pocket substitution
(modifications to R2), SAR generated from optimization of com-
pound 2 was revisited and the analysis suggested hydrogen bond
acceptors such as a tetrahydropyran or methylmorpholine could
serve to improve potency.16 Indeed, introduction of a tetrahydro-
pyran into the ribose pocket resulted in compound 3r that had
excellent enzyme potency (PI3Ka Ki = 2.0 nM) and cellular potency
(pAkt IC50 = 1.4 nM).22 A similar improvement in potency was also
realized through the introduction of a methylmorpholine (com-
pounds 3s–t).

The X-ray structure of compound 3r co-crystallized in PI3Kc
was obtained (Fig. 3). The expected interactions between the pro-
tein and the triazine linker binder are present as previously ob-
served for compound 216 forming two hydrogen bonds with the
PI3Kc residue Val882 of the linker region. The tetrahydropyran
moiety projects into the ribose pocket and the 2-chloro-pyridyl-
sulfonamide occupies the affinity pocket. Somewhat surprisingly,
the catalytic Lys833 sits up and away from the inhibitor and makes
only a weak hydrogen bond to an oxygen atom of the sul-
fone.11,12,16,23 The sulfonamide motif sits in a pocket formed by
the side chain of Lys833 and by Pro810, Met804, and Ser806. All
of these residues are conserved across the class I PI3K’s and all
but one are conserved in mTOR (Met804 is Ile697 in mTOR).
Although the water is unresolved, there are likely two hydrogen
bonds formed via an ordered water molecule located between
the chloropyridine ring nitrogen and the Tyr867 and Asp841 resi-
dues as previously observed for compound 1 (Fig. 2).11 Comparison
of the X-ray co-crystal stuctures of compound 2 and 3r helps ratio-
nalize the preference for a 2-chloropyridine versus a 2-methyl- or
2-methoxy-pyridine (compound 3g vs 3h and 3i).24 The preference
for the chloro-substitution in the hybrid series likely arises as a re-
sult of the affinity pocket binding motif lying deeper into the pock-
et than in compound 2, thus the more sterically demanding
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Figure 4. Additional modifications to the affinity pocket binding moiety.

Table 4
In vitro (enzyme assay) profiles of selected compoundsa

Compd PI3K Ki (nM) mTOR IC50 (nM) hVps34 IC50 (nM)

a b c d

3b 20 4.4 2.4 1.2 198 1288
3j 7.7 0.6 1.0 0.4 163 606
3o 9.3 4.7 2.2 1.1 74 —
3q 18 16 14 6.1 32 —

a Data represents an average of at least two separate determinations. Details of
the assays were previously reported.11

Figure 3. X-ray co-crystal structure of compound 3r bound in the ATP binding site of unphosphorylated PI3Kc determined to 3.0 Å resolution. PDB code: 4F1S. Dashed lines
indicate hydrogen bonds (distances are in Angstroms). For the inhibitor, C: green; N: blue; O: red; S: yellow; Cl: dark green.
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2-methoxypyridine results in a decline in potency. Additionally,
the 2-chloropyridine renders the sulfonamide nitrogen NH more
acidic (pKa = 5.7) than the corresponding 2-methylpyridine analog
(pKa = 6.9) thus favoring interaction with Lys833.

Two additional compounds were synthesized to further probe
the importance of the sulfonamide group on the potency of the
inhibitor. Compound 10, wherein the nitrogen of the methylsulf-
onamide was methylated, was found to lose potency in the PI3Ka
enzyme assay (PI3Ka Ki = 311 nM) (Fig. 4). This decline in potency
could be the result of unfavorable interactions arising from projec-
tion of a hydrophobic methyl group toward the polar Lys833
residue. Additionally, the steric interaction between the 2-chloro-
pyridine and the N-methylsulfonamide would alter the orientation
of the sulfonamide group. Compound 11, in which the sulfonamide
was removed entirely, also resulted in substantial loss in potency
as the affinity pocket is no longer optimally occupied.

The pharmacokinetic (PK) properties of some of the most potent
compounds were examined (Table 3). Compound 3b had low clear-
ance (0.39 L/kg/h; 12% of liver blood flow), low volume of distribu-
tion (0.40 L/kg), and modest oral bioavailability (Foral = 33%). This
profile represented an improvement in oral exposure compared
to compound 2. Compound 3j showed good solubility (1.0, 2.0
and 11.6 mg/mL, in 0.01 N HCl, PBS and SIF, respectively) and
exhibited the most favorable PK profile of the compounds tested
with an oral bioavailability of 63% and an improved volume of dis-
tribution (0.97 L/kg) as compared to compound 3b. These favorable
properties translated into an MRT of 2.5 h and significant oral
exposure (AUC = 3340 ng h/mL). Three compounds (3n, 3o, 3q)
that had limited solubility,25 but good cellular potencies, all
showed low to moderate bioavailabilities resulting in low oral
exposures. Compound 3r which had the best cellular potency,
unfortunately, showed high clearance of 1.8 L/kg/h despite having
excellent liver microsomal stability, suggesting a non-P450 clear-
ance mechanism in rats.

The SAR investigations described above enabled the identifica-
tion of several potent PI3K inhibitors with IC50 values 6 50 nM in
the U87 MG pAkt cellular assay and with favorable PK profiles. In
addition to these compounds being potent inhibitors of PI3Ka, they
were also potent inhibitors of the other class I PI3K isoforms
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(PI3Kb, PI3Kc and PI3Kd) and mTOR (Table 4). As a general trend,
the hybrid class of inhibitors of type 3 containing the N-(5-ami-
no-2-chloropyridin-3-yl)sulfonamides were only modestly selec-
tive for PI3K over mTOR and had modest selectivity over hVps34,
the class III PI3K.26

Based on the favorable rat PK properties of compound 3j, it was
chosen for testing in an in vivo mouse tumor pharmacodynamic
(PD) model. Female CD1 nu/nu mice were implanted with U87 MG
tumor cells (5 � 106 cells) and dosed orally with 3j at 3, 10, and
30 mg/kg. Six hours post-dosing, tumor cells and plasma were har-
vested. Total Akt and pAkt (Ser473) levels in tumor were measured
with a quantitative electrochemiluminescence immunoassay.11

Compound 3j showed a dose-dependent inhibition of Akt (Ser473)
phosphorylation, indicating that it effectively inhibited PI3K
in vivo (Fig. 5). The total plasma concentration for 50% tumor PD
reduction (EC50) in this experiment was calculated to be 193 nM
(91 ng/mL; 95% CI: 116, 71 ng/mL).

The selectivity of compound 3j against a panel of 50 protein and
lipid kinases was examined in the AMBIT KINOME scan platform.27

In this panel, the competitive binding of 3j at 1 lM was measured
as a percentage of control (POC). For all of the kinases assayed, no
competitive binding (POC <50%) by 3j was observed. Compound 3j
also showed moderate permeability and low efflux (12.2 � 10
�6 cm/s and ER = 1.4 and 2.0, respectively in human and rodent
LLC-PK1 cell line transfected with a MDR1 gene), and no hERG lia-
bility, but exhibited high plasma protein binding (99.8%, 99.8%,
99.65%, 97.13% in human, rat, dog and mouse, respectively).

In conclusion, a structurally novel class of pan class I PI3K inhib-
itors containing a 4-amino-6-methyl-1,3,5-triazine sulfonamide
scaffold has been generated based on a molecular structure guided
hybridization of the two previously reported classes of PI3K inhib-
itors. From this series, compound 3j was highly selective against 50
other kinases and also had superior solubility properties over com-
pound 1 and an improved PK profile over compound 2. Compound
3j was efficacious in a tumor PD assay in mice with an EC50 value of
193 nM (91 ng/mL).
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