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Optimization of our bis-anilino-pyrimidine series of EphB4 kinase inhibitors led to the discovery of
compound 12 which incorporates a key m-hydroxymethylene group on the C4 aniline. 12 displays a good
kinase selectivity profile, good physical properties and pharmacokinetic parameters, suggesting it is a
suitable candidate to investigate the therapeutic potential of EphB4 kinase inhibitors.
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The Eph receptors, which form the largest family of receptor
tyrosine kinases (RTK), are implicated in embryogenesis, neural
development, vascular development and adult neovascularisation.
In particular, EphB4 is increasingly recognized as a potential target
for treatment of solid cancers through angiogenesis inhibition.
Several studies have shown that both EphB4 and its only cognate
ligand, EphrinB2, are essential to embryonic vasculature develop-
ment. Disruption of the EphB4-EphrinB2 interaction with soluble
extracellular domain of EphB4 has demonstrated anti-angiogenic
activity and tumor growth inhibition.? More recently, similar
effects have been reported using EphB4 monoclonal antibodies.?
The EphB4 signaling could also interplay with the vascular endo-
thelial growth factor (VEGF) signaling, as EphrinB2 has been found
to control VEGF-induced angiogenesis and lymphangiogenesis.*

Unlike other RTKs, the EphB receptors sub-family can trigger a
bi-directional signaling when binding to the cell membrane bound
EphrinB1-3 ligands. Upon ligand-receptor interaction and subse-
quent dimerization, a ‘forward’ signaling is induced by auto-phos-
phorylation of the EphB receptor kinase domain while a ‘reverse’
signaling arises from the EphrinB ligand which contains a trans-
membrane domain. Because of the bi-directional nature of the
EphB4-EphrinB2 signaling axis, the effect of a small molecule
inhibitor of the EphB4 kinase on angiogenesis has remained un-
known until researchers at Novartis recently described for the first
time that such an agent inhibits VEGF driven angiogenesis in vivo,’
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suggesting new therapeutic opportunities for cancer or angiogene-
sis related disorders.

In addition there have only been a limited number of reports on
small molecules specifically targeting EphB4 inhibition. We have
previously described the discovery of a series of bis-anilino-pyrim-
idines displaying excellent inhibitory activity against the EphB4
kinase, such as the benzodioxole 1 (Fig. 1)° or the indazole 2.”
Other groups have reported structurally distinct inhibitors of the
EphB4%° or EphB2!° kinases and the marketed drug dasatinib is
also known to inhibit Eph kinases.!! However, some of these mol-
ecules have a multiple kinase inhibitory profile which would pos-
sibly make difficult the interpretation of any anti-angiogenic
activity.'?

Compounds 1 and 2 have both shown a cytochrome P450 time
dependant inhibition’ (TDI) which can result in drug-drug interac-
tions in patients. In order to circumvent this potential risk and
expand the chemical space of our bis-anilino-pyrimidine series,
we explored the structure-activity relationship further. Since we

Figure 1. Structures of EphB4 kinase inhibitors 1 and 2.
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originally attributed the TDI effect of compounds 1 and 2 to their
bicyclic ring,”'®> we decided to investigate mono-cyclic replace-
ments of the C4 aniline.

The general synthetic routes to the compounds described here-
in are outlined in Scheme 1. Compounds 3-11 and 13-15 have
been obtained by addition of N-methyl anilines onto intermediate
35 under acidic catalysis. Compounds 12 and 18-32 have been pre-
pared by a three steps sequence: addition of (3-amino-4-methyl-
phenyl)-methanol onto 2,4-dichloropyrimidine followed by alkyl-
ation of the C4-nitrogen provided 2-chloropyrimidines which were
condensed with 3,5-disubstituted anilines under acidic conditions.
Compounds 33 and 34 have been prepared in a similar way but
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Scheme 1. Synthesis of compounds 3-15 and 18-34. Reagents and conditions: (a)
N-(3,5-dimorpholin-4-ylphenyl)formamide, NaH, THF, 0°C to rt, 73%; (b)
ArNH(Me), HCl (cat.), pentanol (68% yield for compd 7); (c) TEA, ethanol, 39% (d)
Alk-X, Cs,CO3, DMF, 26-61%; (e) ArNH,, HCI (cat.), pentanol (62% yield for compd
12); for compd 33-34, (i) TBDMSCI, imidazole, DMF, (ii) HetNH,, K,COs3, Xantphos,
Pd,dbas, toluene, (iii) 2 N HCl, MeOH (35% overall yield).

e
—> 12,18-34

Table 1
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using Buchwald coupling conditions in the final stage. Further de-
tails on the synthesis and characterization of compounds 3-34 can
be found in the patent literature.'*

The structure-activity relationship around the 4-anilino group
of the pyrimidine core has been assessed with compounds 3-17
and the results are summarized in Table 1. The unsubstituted phe-
nyl (compd 3) provided a good activity in both the enzymatic and
cellular assays, confirming the importance of the 3,5-bis-morpho-
lino-aniline and the C4-nitrogen methylation for EphB4 activity,
as already described in our previous publication.” However, we
found that compound 3 also shows some activity against the
FGFR1 and VEGFR2 kinases (Table 1). These two RTKs are impli-
cated in the formation of new vasculature. In particular, VEGFR2
blockade by either antibodies or small molecule kinase inhibitors
has been validated in the clinic as an anti-angiogenic approach.
Recognizing the importance of avoiding such pharmacology, we
pursued our lead optimization efforts to obtain EphB4 inhibitors
with an improved selectivity profile.

The EphB4 inhibitory activity was maintained at a good level
with a range of anilines bearing small ortho or meta substituents
(compd 4-14) as well as 2- or 3-pyridyl groups (compd 15-
17).Introduction of a methyl on the 2- or 3- position of the aniline
(4, 5) slightly improved cellular activity over 3 with little impact on
FGFR1 or VEGFR2. Similarly a 3-chloro or 3-methoxy group (6, 7)
improved cellular activity but inhibition of FGFR1 and VEGFR2
was maintained. Combining substituents in a 2,5 pattern (8, 9)
was also well tolerated and the 2,5-dimethylphenyl 8 was particu-
larly interesting since the selectivity over FGFR1 and VEGFR2 was
increased. We found that a 3-hydroxymethyl group was also toler-
ated since compound 10 displayed the same enzymatic activity as
its methyl analogue 5. Although the cellular activity had decreased,
it was an interesting option to reduce the lipophilicity of the C4-
aniline. Again, combining two substituents on the phenyl ring
proved advantageous with compounds 11-13 being more potent
than 10 in the cellular assay. Consistent with our observation with
8, compound 12 had a significantly improved selectivity profile
over 10 with a 800-fold selectivity vs. FGFR1 and 200-fold versus
VEGFR2 when comparing enzymatic ICso. Expanding the size of
the benzyl alcohol was detrimental to EphB4 activity, as demon-

EphB4, FGFR1 and VEGFR2 kinase inhibition and EphB4 cellular activity for compounds 3-17
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Compound R

EphB4 enz. ICs® (UM)

FGFR1 enz. IC5¢? (UM) VEGFR2 enz. IC5¢® (UM) p-EphB4 IC50*°(uM)

3 Phenyl 0.017
o-Tolyl 0.010

5 m-Tolyl 0.008
6 3-Chlorophenyl 0.006
7 3-Methoxyphenyl 0.002
8 2,5-Dimethylphenyl 0.019
9 2-Methyl-5-methoxyphenyl 0.010
10 3-(Hydroxymethyl)-phenyl 0.010
11 3-(Hydroxymethyl)-5-methoxyphenyl 0.002
12 2-Methyl-5-(hydroxymethyl)-phenyl 0.004
13 3-(Hydroxymethyl)-4-chlorophenyl 0.002
14 2-Methyl-5-(1-hydroxyethyl)-phenyl 0.035
15 4-Methoxy-2-pyridyl 0.013
16 6-Methoxy-2-pyridyl 0.006
17 5-Methoxy-3-pyridyl 0.002

0.313 0.094 0.084
0.662 0.092 0.028
0.501 0.115 0.028
0.112 0.027 0.012
0.183 0.100 0.010
1.58 0.965 0.038
0.350 0.231 0.021
0.738 0.141 0.114
0.447 0.190 0.007
3.34 0.818 0.012
0.056 0.022 0.013
1.55 0.589 0.180
1.38 0.041
0.998 0.989 0.028
0.140 0.430 0.030

# n > 2, standard error less than 0.3 log unit.

® Inhibition of ephB4 autophosphorylation (engineered CHO-K1 cell line stably expressing EphB4).
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strated with the racemic compound 14 which is approximately 10
times less potent than 12 in enzymatic and cellular assays. Finally,
the methoxy-pyridyl derivatives 15-17 had an interesting activity
and selectivity profile although they were slightly inferior to com-
pound 12 in the cellular assay.

We pursed our optimization work around 12 by modifying one
of the morpholino groups on the C2-aniline. Replacement of mor-
pholine with other cyclic amines (Table 2, compd 18-22) main-
tained a good level of cellular activity but no improvement over
12 has been achieved. Only piperidine 19 was as potent as 12
but the increased lipophilicity was not desirable. Homologation
of the morpholine into a benzylic amine (23) induced a small drop
in activity with no impact on log D. In contrast, a carbonyl linker
(24) had a significant effect on log D but this modification led to
a large decrease in EphB4 cellular activity. Introduction of a phenyl
ether instead of a morpholine provided reasonably active com-
pounds (25-27) but more lipophilic than 12. Interestingly, the
methylsulfone 28 was as active as 12 with no increase in log D.
The methyl on the 4-amino group of the pyrimidine could be ex-
tended to other small alkyl chains (29-31) without loss of activity.
This was especially interesting for compound 31 as it is slightly less
lipophilic than 12. However, 31 was less selective than 12 with an
ICso against FGFR1 and VEGFR2 of 0.72 and 0.39 pM, respectively.
Compound 32 confirmed the interesting replacement of the mor-
pholine with a methylsulfone since it is as potent and less lipo-
philic compared to its analogue 30.

We have been able to obtain a crystal structure!® of 32 bound to
the kinase domain of ephB4 and the binding mode shown on Fig-
ure 2 is consistent with our previously reported crystal struc-
tures®?7 of related bis-anilinopyrimidines. It is noteworthy that
the benzylic hydroxyl group makes two hydrogen bonds with the
carboxylate side chain of E664 and the backbone NH of D758. This
may help to explain why the compounds retain affinity for the ki-
nase despite the presence of a polar group in the relatively lipo-
philic environment of the back pocket of the ATP site.

Table 2
EphB4 kinase inhibition, cellular activity and log D for compounds 18-34

.

1

Figure 2. Crystal structure of compound 32 bound to EphB4 kinase domain. The
compound is colored with green carbon atoms. Hydrogen bonds are shown as blue
dotted lines. The protein carbon atoms are shown in white and the backbone is
depicted as a cartoon. Electron density (2fofc) is shown as a wire mesh and
contoured at 1¢. The pyrimidine group is engaged in the canonical hydrogen bond
donor acceptor motif with the hinge region of the protein at the bottom of the view.
The hydroxyl group of 32 at the top of the view makes hydrogen bonds with the
carboxylate side chain of E664 and the backbone NH of D758 from the DFG motif.
Picture produced using PYMOL.2°

Direct analogues of 12 in which the C2-aniline is replaced by
the corresponding 4-aminopyridine (33) or the 4-aminopyrimidine
(34) have also been prepared. Compound 33 was remarkably po-
tent with an ICso of 8 nM whereas the pyrimidine 34 was signifi-
cantly less potent in the cellular assay. Surprisingly, the
measured log D of these compounds indicate that lipophilicity in-
creases from phenyl (3.1) to pyridine (3.4) to pyrimidine (3.9),
which is opposite to what is typically observed with such modifi-
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12,18-32 33: X=N, Y=CH
34: X=N, Y=N
Compound R! R? EphB4 enz. ICs¢* (UM) p-EphB4 ICs50™" (uM) Log D
12 Morpholin-4-yl Me 0.004 0.012 3.1
18 Pyrrolidin-1-yl Me 0.016 0.027 3.8
19 Piperidin-1-yl Me 0.010 0.011 4.2
20 1,4-Oxazepan-4-yl Me 0.009 0.028 33
21 4-Methyl-piperazin-1-yl Me 0.004 0.032 2.6
22 4-Hydroxy-piperidin-1-yl Me 0.007 0.045 2.8
23 (Morpholin-4-yl)-methyl Me 0.006 0.025 3.0
24 (Morpholin-4-yl)-carbonyl Me 0.017 0.459 2.2
25 (Tetrahydropyran-4-yl)-oxy Me 0.008 0.023 3.7
26 2-Methoxyethoxy Me 0.008 0.035 33
27 Methoxy Me 0.005 0.032 3.9
28 Methylsulfonyl Me 0.003 0.011 2.9
29 Morpholin-4-yl Et 0.004 0.014 3.8
30 Morpholin-4-yl i-Pr 0.005 0.013 3.9
31 Morpholin-4-yl 2-methoxyethyl 0.012 0.012 2.8
32 Methylsulfonyl i-Pr 0.002 0.007 34
33 - - 0.014 0.008 34
34 - - 0.015 0.106 3.9

9 n > 2, standard error less than 0.3 log unit.

b Inhibition of ephB4 autophosphorylation (engineered CHO-K1 cell line stably expressing EphB4).
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Table 3
DMPK properties of compounds 12, 28 and 33

Compound Human plasma Rat pharmacokinetics ? Dog pharmacokinetics °

Fu (% free) Cl (%1bf) Vass (L/kg) F% Cl (%1bf) Vass (L/kg) F%
12 11 11 0.5 78 51 2.1 58
28 8.5 16 04 17 - — -
33 5.2 9 0.7 64 57 1.6 22

¢ Male Han Wistar rats dosed at 1 or 2.5 pmol/kg iv and 5 or 10 umol/kg p.o.

b Mean values for male and female beagle dogs dosed at 2 umol/kg iv and 5 pmol/kg p.o.

cations. We believe this is a consequence of the higher sp? charac-
ter of the morpholine nitrogen atom when its lone pair is conju-
gated with a heterocycle, thus reducing its solvation state in
water. The increased lipophilicity of 33 versus 12 is also apparent
from their relative protein binding in human plasma (see Table 3).

Compounds 12, 28 and 33 have been further evaluated in vivo
and Table 3 summarizes their pharmacokinetic properties. Com-
pound 28 demonstrated a modest oral bioavailability in the rat de-
spite a low plasma clearance whereas 12 and 33 displayed good
oral exposure. In the dog, both 12 and 33 had a moderate plasma
clearance but 12 proved to be superior to 33 with a better oral bio-
availability. When dosed orally in nude mouse, compound 12 dis-
played a very good exposure at 100 and 200 pmol/kg, with a
greater than proportional increase in AUC from a 10 pmol/kg dose
(Table 4).

The broad kinase selectivity profile of 12 was assessed by mea-
suring its inhibitory activity in a panel of 70 protein kinases at a
concentration of 10 M. Only three kinases were inhibited by more
than 80%, namely Src, LCK and CSK. These activities have been con-
firmed with a dose-response and 12 was found to be more potent
on Src and LCK (ICsg <0.001 puM for both kinases) than on CSK (ICsq
0.08 uM). The activity of 12 against Src was further evaluated in
cell by measuring inhibition of proliferation of c-Src transfected
373 cells'® (ICs 0.010 pM). Therefore compound 12 can be consid-
ered as a dual ephB4-Src kinase inhibitor with an excellent overall
selectivity profile.'”

Finally, compound 12 was assessed in our CYP450 TDI assay,
with the expectation that removal of the bicyclic aniline present
in 1 and 2 would alleviate the tendency for such compounds to in-
duce TDI. To our surprise, 12 displayed a similar effect on 3A4 com-
pared to our previous leads,'® invalidating our first hypothesis. The
3,5-bis-morpholinoaniline being a common feature to all three
compounds, we suspect it could actually be the cause of the TDI ef-
fect. Effectively, it has been reported in the literature that oxidative
metabolism on a morpholine ring, producing a reactive species,
was responsible for a TDI effect of CYP 3A4.'° Although we did
not produce experimental evidence to support this hypothesis, this
suggests that a similar process might occur with our compounds.
Compound 12 also showed a modest reversible inhibition of
CYP3A4 when assessed in a fluorometric assay (7 M against
3A4, >10 uM against 1A2, 2C9, 2C19 and 2D6).

In conclusion, we have identified compound 12 as a potent and
selective inhibitor of the EphB4 and Src kinase families with good
pharmacokinetic properties in mouse, rat and dog. While 12 still
carries a risk of drug-drug interaction, this compound is potentially
useful to investigate the in vivo pharmacology of inhibitors of the
Eph receptor tyrosine kinases.

Table 4
Oral exposure of compound 12 in nude mouse.
Dose (pmol/kg) AUC (UM h) Crnax (LM)
10 1.6 1.9
100 63 15
200 155 17
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