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32 ABSTRACT: A novel selective benzoxazepin inhibitor of PI3K$ has been discovered. Beginning from compound 3, an aPI3K
inhibitor we utilized structure-based drug design and computational analysis of dihedral torsion angles to optimize for PI3K$
22 isoform potency and isoform selectivity. Further medicinal chemistry optimization of the series led to the identification of 24, a
gi highly potent and selective inhibitor of PI3K$.
25
26
27 A key tenet in ligand-based drug design is
28 optimization of ligand conformation. The preferred
29 low energy conformation of a ligand bound to its
30 receptor results in a lower free energy of the
31 complex.' While covalently-linked ring systems
32 effectively control three-dimensional shape, single
33 rotatable bonds rely on more subtle non-covalent
34 interactions to control conformation, often having
35 the added advantage of minimal synthetic
complexity and improved drug-like properties.”’
g? An understanding of the stereoelectronic and steric
38 Effegts g(l)l\’emlnfg torsmn. angles of imlgle ;Ot?tablg Figure 1. a) PI3K$ potent and selective inhibitors 1
39 onds allows Ior maximum control ol lgan (GNE-293) and 2 derived from morpholine pyrimidine
conformapon. Low' energy torsion angles. can be core. b) Crystal structure of compound 2 (purple)
40 computationally derived and combined with data bound to PI3K5; PDB 4GB9.
41 from the Cambridge Structural Database (CSD) to
42 aid in design.*>® Combining these tactics with Phosphoinositide-3-kinase delta (PI3K3) is a lipid
43 structure-based drug design provides a powerful kinase that has been implicated to play a key role in
44 tool for optimization. a variety of immune-mediated disorders such as
45 o o asthma, rheumatoid  arthritis  and  other
46 3 [N] [ ] inflammatory disease.” Isoform selectivity is
47 N N critical to study the function of the PI3K paghway
48 o~ \/JN\ /_(/N fsN and to maximize the therapeutic indices.” We
49 d NN N/@ NN NJ\N/@ previously disclosed potent and selective inhibitors
o N \(EN ﬁg) rT )y of PI3KS 1 (GNE-293) and 2 (Figure 1a), derived
\ from a morpholine pyrimidine core. Compounds 1
g; 0"% 1 (GNE-293) HO 2 and 2'are resultant frprp WOI‘.k to optirpize potepcy
PI3K Kiapp (M) PI3K Kiapp (NM) and .1s0.f0rm .selectl\./lty via targeting specific
53 _— s ve— protein-ligand interactions in an affinity pocket and
54 g 133 g ?226 a “tryptophan shelf”.>'*'" In an effort to further
55 5 047 5 6 expand the structural diversity of our selective
56 v 103 v 5% PI3KS inhibitors we sought to capitalize on an
57 alternative scaffold derived from our benzoxazepin
58 class of PI3K inhibitors, exemplified by a-selective
59 compound 3 (GDC-0326, Figure 2a)."”
60
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Figure 2. a) Compound 3 (GDC-0326) oPI3K
isoform inhibitor derived from the benzoxazepin core.
b) Crystal structure of compound 3 (green) bound to
PI3Ka (cyan); PDB 5DXT.

Our strategy to optimize the benzoxazepin scaffold
(3) towards a PI3K&-selective inhibitor was very
attractive for several reasons. Firstly, the
benzoxazepin scaffold was the result of extensive
ADME optimization and thus already possessed
favorable drug like properties.”'* Secondly, 3 was
already potent against PI3KS making isoform
selectivity the starting challenge. Lastly,
comparison of co-crystal structures from the
morpholine pyrimidine class 2 and benzoxazepin
class 3 (Figure 1b and 2b) revealed an opportunity
to access a tryptophan shelf (Trp760 in PI3KS9).
This strategy had been successful for driving
isoform selectivity in the optimization of the
morpholine pyrimidine series where our structural
rationale for PI3KSJ selectivity depended on forging
favorable interactions with Trp760, which in PI3KJ
formed the base of a relatively large pocket (2
bound in PI3K8, Figure 1b).” In PI3Ka this pocket
is occluded by an arginine residue (Arg770) as
depicted in Figure 2b with the co-crystal structure
of GDC-0326 in PI3Ka."” Our strategy was to
incorporate functional groups capable of interacting
with Trp760 (8) and thereby simultaneously forge
offensive interactions with PI3Ka (as well as B and
y) where large residues occlude a “tryptophan
shelf”.” Further analysis of the crystal structure
suggested that the best vector to interact with the
Trp shelf to increase selectivity was from the C9-
aryl position of the benzoxazepin core (Fig 2b).

Dihedral angle (degree)

Figure 3. Dihedral angle histogram from the The
Cambridge Structural Database (Mogul CSD v5.37)
for a) methylene linker, b) amide linker, c)
sulfonamide linker and d) sulfoxide linker.

Accordingly, four functional groups with a range of
rotameric  preferences were computationally
analyzed (methylene, amide, sulfonamide and
sulfoxide) to identify a preferred rotamer capable of
extending from the C9-aryl benzoxazepin position
to maximize interactions with Trp760.” A statistical
analysis of the torsion angles for each generic
functional group from the CSD is depicted in
Figure 3a-d and the results were used as a selection
criteria. Each histogram represents the observed

frequency of torsion angles (0° to 180°) for a
particular functional group. In addition to
identifying the preferred rotamer from the observed
frequency (number of hits), one can also infer
relative energy differences between rotamers. For
example, (Figure 3a) a CSD search of fragments
containing a benzyl amine moiety, not surprisingly
shows a relatively flat histogram and weak
rotameric preference, implying low rotational
barriers and fewer restrictive conformations.
Substitution of the methylene with a carbonyl to
yield an amide moiety produced a histogram with
sharp peaks at 45° (and 135°) implying higher
rotational barriers and consequently, a more
restrictive conformation (Figure 3b). In contrast, a

sulfonamide moiety predominantly yields 90°
torsion angles (Figure 3c), where both the aromatic
p orbital and nitrogen lone pair bisect the sulfonyl
(O=S=0) angle. Again, the precise rotamer
conformation is further dictated by N-alkyl
substitution and aromatic ortho substitution.
Examination of a sulfoxide moiety in the CSD
yielded dramatically less examples, nonetheless, a
pattern is emergent (Figure 3d) where torsion
angles between 75° and 105° were subtly preferred.

We synthesized an assortment of
molecules (4 — 9) containing a t-Bu piperazine
moiety attached at the C-9 aryl position, varying
only the torsion functionality (See Supplemental
Information).  Past experience taught us that
forging both a hydrophobic and cation-pi
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interaction with Trp760 favored increased potency
and selectivity.” Comparing examples 4 and 5
(Table 1), demonstrated that a highly basic ‘Bu
piperazine increased biochemical potency for
PI3KS ten fold. While not optimal in terms of a/4
selectivity (22 fold), the t-Bu piperazine served as
an appropriate substituent to build SAR around
torsion angle preferences.

Table 1. SAR of C9-aryl benzoxazepin around
torsion angle preferences to achieve selectivity,
compounds 4-9.

8 Ox

o0

N 8 "

oofl .

S X9~
o

i " o Y
n ! I
Iﬂ )m preferred torsion
Entry R PI3K-5 /8  angle(s) fromCSD HLM@ cLogDP
4 Ho>—CN—\ 20 3 na 68 27
5 9—N N— 25 22 na 9.7 23
(VAN
— 0
6 %_N N 17 23 45°,135° 14 25
(VY
/I~ Oo
7 %_N N-20 12 78 90° 20 26

o

8 %_ND_S' 081 184 75°-105° 17 26
©"
o

9 %_ND_S 12 58 75°-105° 12 26
R

2 Human hepatic clearance predicted from human liver microsomes
(HLM = stable <6, moderate 6-15, labile >15 mL/min/kg). ® MoKa
v.2.6.5.

Not surprisingly, compounds 5 and 6 did not have
high a/d selectivity (22 and 23 fold, respectively)
and was consistent with data found in the CSD
(Figure 3a and 3b) depicting low barriers of
rotation for S and a preferred 45° torsion angle for 6
which is not compatible with the binding pose of
the N-substituted piperazine. Interestingly,
selectivity increased with sulfonamide 7 (/0 =78
fold) bearing a preferred torsion angle of 90°. The
S-isomer of

Thr802

Figure 4. 2.1A co-crystal structure of compound 8
bound to PB3Ky- - - - - -« - - oo . (used as a
surrogate for PI3KJ).

sulfoxide 8 yielded very high selectivity (o/6 = 184
fold) while the opposite R-isomer 9 was moderately
selective and accompanied by erosion in PI3K$
potency (PI3K6 = 11.6 nM). The S-isomer of
sulfoxide 8 suggested two possible explanations for
increased potency and selectivity, 1) a preferred
rotamer is either 75° or 105°, and/or 2) the
sulfoxide moiety itself was responsible for making
new favorable (8) and/or unfavorable (PI3Ka)
interactions. A co-crystal structure of the S-isomer
8 in PI3Ky (0.596 pM ICs, in PI3Ky) revealed an
experimental torsion angle of ~120°, effectively
positioning the 'Bu piperazine moiety to interact
with Trp760, making a favorable cation-pi
interaction (Figure 4). We were confident that the
preferred torsion angle was in the vicinity of 120°.
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Figure 5. Human liver microsome stability and
calculated lipohilicity for C8 vs C9 aryl substitution.

For our next round of design we incorporated
knowledge of lipophilicity and substituent effects
on metabolism in combination with torsion control.
In vitro human liver microsomes (HLM, Table 1)
indicated a range of predicted stabilities from
moderate to labile, with our most potent and
selective compound 8 predicted to have high
clearance (17 mL/min/kg). Analysis of HLM data
across the benzoxazepin series divided into four
bins (C8 vs C9 aryl substitution and cLogD <2 vs
cLogD >2) revealed trends that would influence
future designs (Figure 5a-d). HLM data showed a
higher percentage of stable to moderate stability for
C8-aryl substituted benzoxazepin (Figure 5c¢ and
5d).  Furthermore, lipophilicity was a potential
contributor to HLM stability and suggested
compounds with a cLogD <2 could further reduce
the percentage of compounds exhibiting labile
human liver microsomal stability (Figure S5c) to
<5% when in conjunction with C8 substitution.
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These key learnings were applied towards
further optimization and our goal was to design a
series of molecules to meet the following three
criteria.  First, target a dihedral torsion angle of
approximately 120° aimed at restricting the
conformation to interact with Trp760. Secondly,
design compounds that contain C8-aryl substitution
to block potential metabolism. Lastly, design
targets in the desirable lipophilicity range (cLogD
<2) towards improving predicted human liver
microsomal stability.
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Figure 6. Computationally derived torsion scans for
hypothetical linkers a) C8-aryl substitution and b) C8-
aryl and methylene substitution. = Dihedrals were
scanned from 0 to 360 degrees in 10-degree
increments (See Supplemental Information for
computational method).

Toward this end, a handful of bis-C8,C9-
aryl substituted benzoxazepin fragments were
evaluated computationally to derive energy/torsion
angle plots (Figure 6a). Preliminary designs
showed promise in reinforcing our desired torsion
angle of ~120°, especially for the C-8 fluorine and
methyl substituted analogs. A more pronounced
torsion restriction was achieved by the addition of a
methyl group to the methylene benzylic C-9
position (Figure 6b). The methyl substituent
alleviated 1,3-strain with the corresponding C-8
substitution.

Analog synthesis was carried out
incorporating the three newly designed fragments
along with their corresponding enantiomers (See
Supplemental Information). The biochemical
potency and selectivity is shown in Table 2.

Table 2. Potency and selectivity for C9 and C8
substituted benzoxazepins, compounds 10-15.

fold
Kiapp (\M) - selectivty

Entry x R PI3K-3 /8

10 C-Me (R)}-Me 0.48 109
11 C-Me (S)-Me 0.88 27
12 C-F (R-Me 0.78 479
13 CF (SyMe 24 102
14 N (R-Me 28 28
15 N (S-Me 1.9 113

Gratifyingly, PI3K$ selectivity for all three pairs of
enantiomers, e¢.g. 10 R-Me a/6 = 109 and 15 S-Me
a/d = 113 were greater than 100 fold. Most
notably, fluorine substituent, as in 12, achieved 479
fold o/d selectivity. Further profiling of
compounds 10, 12 and 15 (Table 3) revealed an
improved human liver microsomal stability for
pyridinyl compound 15 (<3.9 mL/min/kg).
Compound 15 also possessed the lowest cLogD
(1.29) and still maintained high permeability
(MDCK A to B = 10 x 10° cm/s) along with
excellent human whole blood potency (HWB = 28
nM)."

Table 3. Human liver microsome stability,
permeability and human whole blood potency for
compounds 10-15.

MDCK®  CD69

. . Papp AtoB HWBA
Entry cLogD® HLM® 106 cms IC 5, (nM)

10 23 8.4 14.2 4.9
12 19 15 13.6 15
15 13 <3.9 10 28

aMoKa v.2.6.5. PHuman hepatic clearance predicted from
human liver microsomes (stable <6, moderate 6-15, labile
>15 mL/min/kg). ¢ Apparent permeability in MDCK
transwell culture. low <1, moderate 1-10, high >10. dSee
reference 14.

In summary, we have discovered a novel
benzoxazepin class of selective PI3Kd inhibitors.
Through the aid of structure based design we
successfully applied our selectivity hypothesis,
derived from a structurally diverse morpholine
pyrimidine class, to target a unique “tryptophan
shelf” in PI3K3. Application to the benzoxazepin
class was achieved by evaluating dihedral torsion
angles both computationally and experimentally, in
an iterative process, to identify a low energy
conformation capable of achieving the desired
potency and selectivity. Ultimately, compound 15
containing bis C8, C9-aryl substitution and a
cLogD <2 yielded a potent and selective PI3KS
inhibitor with low predicted human clearance, high
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permeability and excellent human whole blood
potency.
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