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Crystallographic studies of a range of 3-substituted anilinopyrimidine inhibitors of EphB4 have high-
lighted two alternative C-2 aniline conformations and this discovery has been exploited in the design
of a highly potent series of 3,5-disubstituted anilinopyrimidines. The observed range of cellular activities
has been rationalised on the basis of physicochemical and structural characteristics.

� 2008 Elsevier Ltd. All rights reserved.
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The field of kinase inhibition has seen an explosion in activity
over the last ten years, and much of this has been directed towards
inhibition of the receptor tyrosine kinases known to play a pivotal
role in the aberrant signalling that is characteristic of the uncon-
trolled proliferation of tumours. The erythropoietin-producing
hepatoma amplified sequence (Eph) family is the largest known
group of such kinases,1 and together with their ephrin ligands
are increasingly implicated in tumourigenesis in a wide variety
of human cancers, either on tumour cells directly, or indirectly
via modulation of vascularisation.2–4 In the preceding paper5

which referred to the first EphB4 crystal structures,6 we outlined
the discovery of a novel series of potent and selective 2,4-bis anili-
nopyrimidines as inhibitors of EphB4 derived from structural over-
lays of two alternative inhibitor series bound in the active site.7

Initial chemical optimisation led to the observation of a strong
preference for a 3-substituted anilino C-2 hinge-binding group,
with strong electron-withdrawing groups such as sulfonamide 1
and sulfone 2 most preferred. Substitution at the ortho position
in this ring was generally poorly tolerated, and all substituents at
para were less active than the same groups at the meta position.

In order to try and understand these preferences further, the
crystal structure of sulfonamide ligand 1 in complex with EphB4
was determined.8 The inhibitor adopts the expected conformation,
with the benzdioxole moiety buried in the selectivity pocket, and a
donor–acceptor hydrogen bond to the hinge region at Met696,
mimicking the binding of ATP (Fig. 1a and b). Intriguingly, how-
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ever, the C-2 aniline of 1 is able to adopt a dual conformation with-
in the protein structure, with the sulfonamide alternatively
hydrogen bonding towards the hinge and Glu697, or back towards
the glycine-rich loop and Ile621 (Fig. 1a). The electron density in
Figure 1a suggests the two binding modes are approximately
equally populated (each has been modelled with an occupancy of
0.5, where 1.0 is full occupancy). A view along the hinge (Fig. 1b)
demonstrates the proximity of the hydrogen bonds to the protein,
and the near overlap of the C-2 phenyl rings in the differing bind-
ing modes. The initial SAR studies highlighted a strong preference
for groups at this position that were capable either of accepting or
donating a hydrogen bond (and in the case of 1, both simulta-
neously) and the determined structure of 1 may go some way to
explain this observation. A second striking feature of the structure
of 1 is that there appears to be no movement in the protein to
accommodate these alternative orientations, opening up the possi-
bility that bis-meta, that is, 3,5-disubstituted anilines would be tol-
erated at C-2 of the pyrimidine, and could potentially lead to
enhancements in potency.
HX
O

1 X = NH2

2 X = CH3

mailto:jason.kettle@astrazeneca.com
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


Figure 1. Binding of 3-substituted anilinopyrimidines to EphB4. For clarity, final 2Fo � Fc electron density contoured at 1r is drawn around the ligand only. (a) Binding of
sulfonamide 1 to the catalytic domain of EphB4 showing the dual conformation adopted by the C-2 anilino group. (b) An alternative view of bound 1 along the hinge-axis
showing the sulfonamide hydrogen-bonding both towards the hinge and Glu697 and towards the glycine-rich loop and Ile621. (c) Structure of sulfone 2 shows an occupancy
ratio of approximately 0.7–0.3 (Glu697/Ile621). (d) Structure of aminosulfonamide 3 shows occupancy ratio of approximately 0.3–0.7 (Glu697/Ile621). (e) Structure of
morpholine 4 shows full occupancy of the binding mode oriented towards Glu697. (f) Structure of primary carboxamide 5 shows almost full occupancy of the binding mode
oriented towards Ile621.
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Prior to investigation of which 3,5-disubstituted anilines might
be examined, two questions remained unanswered. Firstly, which
of the possible different potent meta-substituents identified from
the initial SAR studies would be optimal in combination, and sec-
ondly which other of these substituents, if any, demonstrated pro-
pensity for a dual binding mode? At the outset it was reasonably
expected that combination of a meta-substituent with preference
for one binding mode would not be enhanced by a second meta-
substituent known to prefer the same binding orientation. In an at-
tempt to understand which substituents might be thus combined
we obtained crystal structures of compounds 2–5 (Table 1) bound
to EphB4,9 and it is clear that the nature of the 3-substituent is key
to determining the orientation of the C-2 aniline within the active
site. Similar to 1, the closely related sulfone 2 showed a dual bind-
ing mode, with a small preference for binding towards Glu697
(occupancy 0.7)10 over Ile621 (occupancy 0.3; Fig. 1c). Conversely
the aminosulfonamide compound 3 demonstrated the opposite
preference in favour of Ile621 (occupancy 0.8; Fig. 1d). The mor-
pholino-substituted compound 4 showed exclusive binding ori-
ented towards Glu697 (Fig. 1e), and conversely the electron
density for the primary carboxamide 5 showed near-exclusive
binding towards Ile621 (Fig. 1f; occupancy modelled as >0.8). On
the basis of these observations, it was tempting to speculate which
might be the optimal combinations, for example complementary



Table 1
EphB4 inhibition data for 3-substituted and 3,5-disubstituted anilinopyrimidines

N

NH

NN
H

O
O

Cl
3

5

Compound 3- 5- EphB4 IC50
a (lM) Cell IC50 (lM) Binding to Glu697b (%) Binding to Ile621b (%)

1 –SO2NH2 H 0.040 ± 0.020 0.172 ± 0.073 50 50
2 –SO2Me H 0.090 ± 0.050 0.190 ± 0.070 70 30
3 –NHSO2Me H 0.794 ± 0.226 0.741 30 70
4 1-Morpholinyl H 0.580 ± 0.120 NT 100 0
5 –CONH2 H 0.220 ± 0.014 0.900 ± 0.100 <20 >80
6 –SO2Me –SO2Me 0.114 ± 0.095 0.209
7 –SO2Me –NHSO2Me 0.012 ± 0.002 2.054 ± 0.268
8 –SO2Me –CONH2 0.023 ± 0.001 22.200
9 –SO2Me 1-Morpholinyl 0.002 ± 0.002 0.032 ± 0.02
10 –NHSO2Me –SO2NH2 0.001 ± 0.001 14.117 ± 6.095
11 –NHSO2Me 1-Morpholinyl 0.002 ± 0.002 0.170
12 –NHSO2Me –NHSO2Me 0.015 ± 0.004 7.175
13 –NHSO2Me –CONH2 0.370 ± 0.014 >30
14 1-Morpholinyl 1-Morpholinyl 0.002 ± 0.004 0.017 ± 0.011
15 1-Morpholinyl –CONH2 0.013 ± 0.001 0.887 ± 0.271
16 –CONH2 –CONH2 0.077 ± 0.007 >30

a For determinations where n P 2, standard deviation is given.
b Binding percentage is estimated on the basis of the cage electron densities of the structures shown in Figure 2 and is approximate.
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substituents such as sulfone (as in 2) with aminosulfonamide (as in
3) or morpholinyl (as in 4) with carboxamide (as in 5) might be ex-
pected to give enhancements in potency through reinforcement of
the individual substituents preferred binding orientations.11

In the event, we synthesized as many of the combinations of
these five substituents as could be accessed in a reasonable time-
NO2

X Y

NH2

X Y

17 X=F, Y=I
18 X=F, Y=SO2Me
19 X=1-morpholinyl, Y=SO2Me

(a)
(b)

20 X=1-morpholinyl, Y=SO2Me

21 X, Y=F
22 X, Y=1-morpholinyl

(b) 23 X, Y=1-morpholinyl

24 X=NO2, Y=I
25 X=NO2, Y=SO2Me

(a) 26 X=NH2, Y=SO2Me
27 X=NHSO2Me, Y=SO2Me

28 X=F, Y=CO2Et
29 X=1-morpholinyl, Y=CO2Et
30 X=1-morpholinyl, Y=CO2H
31 X=1-morpholinyl, Y=CONH2

(b)
(e)

32 X=1-morpholinyl, Y=CONH2

(f)

33 X=NO2, Y=NH2

34 X=NO2, Y=SO2NH2

(g) 35 X=NH2, Y=SO2NH2

36 X=NHSO2Me, Y=SO2NH2

37 X,Y=NH2

38 X,Y=NHSO2Me
(d) 39 X,Y=NHSO2Me

40 X=NH2, Y=CO2H
41 X=NH2, Y=CONH2

42 X=NHSO2Me, Y=CONH2

(f)

(d)

43 X=NHSO2Me, Y=CONH2

(c)

(c)

(c)

(c)

(c)

(c)

(c)

(d)

(d)

Scheme 1. Synthesis of anilines used in inhibitors 7, 9–10, 12–15. Reagents and
conditions: (a) MeSO2Na, CuI, DMF, 110 �C; (b) Morpholine, DMSO, 100 �C; (c) H2,
10% Pd/C, EtOH; (d) MeSO2Cl, pyridine, DCM, 25 �C; (e) aq NaOH, MeOH, THF, 25 �C;
(f) NH4Cl, HATU, DIPEA, DMF, 25 �C; (g) i—NaNO2, concd HCl, water, CuCl, SO2; then
ii—NH3, MeOH.
frame, and these combinations are highlighted in Table 1. Synthe-
sis of the requisite 3,5-disubstituted anilines is detailed in Schemes
1 and 2 and the final inhibitors were assembled as previously de-
scribed.5,12 Synthesis of the anilines was initiated for the most part
from commercially available 3,5-disubstituted nitrobenzenes and
involved a core group of reactions whose order was varied to in-
stall each of the substituents as required. Thus in each case, mor-
pholine was introduced by reaction with a fluorobenzene
activated by a meta-nitro group13 (see anilines 20, 23, 32 and 48
used to give target compounds 9, 14, 15 and 11, respectively),
and methanesulfone was installed by copper-catalysed coupling
with methanesulfinate anion on the requisite iodobenzene14 (see
anilines 20 and 27 used in inhibitors 9 and 7, respectively). Amino-
sulfonamides such as those present in inhibitors 7, and 10–13 were
introduced by simple methanesulfonylation of the pre-cursor ani-
lines (see anilines 27, 36, 39, 43 and 48) and primary carboxamides
(as in inhibitors 8, 13, 15 and 16) accessed via HATU coupling of
N

X Y

O

S

X Y

OO

29 X=NO2, Y=CO2Et
44 X=NH2, Y=CO2Et
45 X=NHSO2Me, Y=CO2Et
46 X=NHSO2Me, Y=CO2H
47 X=NHSO2Me, Y=NHCO2-t-Bu
48 X=NHSO2Me, Y=NH2

(a)
(b)

(c)
(d)

(e)

49 X=H, Y=CO2H
50 X=NO2, Y=CO2H
51 X=NO2, Y=CONH2

52 X=NH2, Y=CONH2

(f)
(g)

(a)

Scheme 2. Synthesis of anilines used in inhibitors 8 and 11. Reagents and
conditions: (a) H2, 10% Pd/C, EtOH; (b) MeSO2Cl, pyridine, DCM, 25 �C; (c) aq
NaOH, MeOH, THF, 25 �C; (d) DPPA, DIPEA, t-BuOH; (e) concd HCl, MeOH, 70 �C; (f)
concd HNO3, concd H2SO4, 85 �C; (g) NH4Cl, HATU, DIPEA, DMF, 25 �C.
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Figure 2. Plots of Log (enzyme to cell) difference versus number of hydrogen-bond
donors and ClogP for compounds 1–16. Closed circles represent 3,5-disubstituted C-
2 anilines, stars represent 3-substituted anilines. Points on top line are out of range
values.
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the appropriate benzoic acid derivatives (see anilines 32, 43 and
52). For aniline 48 (Scheme 2, used in inhibitor 11) the aniline
moiety was introduced via Curtius rearrangement of acid 46. Ani-
line 52 (present in inhibitor 8) was introduced via reduction of a
nitro group installed via nitration of commercially available
sulfone acid 49.

Introduction of a second sulfone group to 2 to give bis-sulfone 6
led to comparable enzyme activity15 but was clearly not detrimen-
tal. When the sulfone was combined with a second aminosulfona-
mide group as in 7, an increase in enzyme activity to 0.012 lM was
observed, a figure significantly more active than the contribution
from each substituent on its own (in 2 and 3), and appears to lend
support to the strategy for combining substituents with comple-
mentary binding modes. Similarly compound 8, comprising a
sulfone favouring binding towards Glu697, and a primary carbox-
amide favouring binding to Ile621 resulted in an inhibitor signifi-
cantly more potent than either substituent alone (compare to 2
and 5). Other examples of the synergistic nature of specific combi-
nations can be found in compounds 11 (combining a morpholinyl
and aminosulfonamide to give a 0.002 lM inhibitor) and 15 (com-
bining morpholinyl with carboxamide to give a 0.013 lM inhibi-
tor) both of whose C-2 anilines might be expected to be potent
in combination, from the structural studies outlined above. Simi-
larly the one group for which there was no overall binding prefer-
ence, the sulfonamide (as in 1) also shows potent activity in the
single combination examined (here with aminosulfonamide as in
10) at 0.001 lM.

Surprisingly, it was observed that many other combinations
also led to potent inhibition, including combinations which singly
at least, were shown to prefer the same binding orientation. The
most striking example of this is bis-morpholine 14 that in 4 favours
a single conformation, but in combination leads to a very potent
inhibitor, at 0.002 lM nearly 300-fold more active than with a sin-
gle substituent. It is noteworthy that this substantial potency in-
crease occurs in tandem with a 0.5 log unit decrease in ClogP
relative to 4, following introduction of a second morpholine. Mor-
pholine in combination with a sulfone (as in 9) was highly active
despite both substituents independently showing a favoured bind-
ing towards Glu697 and similarly bis-aminosulfonamide 12 and
bis-carboxamide 16 were also very potent. The inhibitor with car-
boxamide and aminosulfonamide groups, 13, showed enzyme
activity intermediate between the contributions from each substi-
tuent in isolation (3 and 5). The majority of 3,5-disubstituted ani-
lines examined are not only tolerated, but positively enhance
enzyme inhibition potency. Despite our initial assumption that
only substituents with complementary binding modes might be
expected to enhance potency, it is clear from the data that two
meta-substituents are favoured over one, and the observation that
the global protein structure does not change to accommodate the
different aniline orientations may in part explain this.

In comparison with the enzyme data, the activity in a cellular
assay of EphB4 inhibition16 for these compounds highlights a much
broader spread of data, ranging from potent inhibition for 9 and 14
to activity higher than the top concentration tested for 13 and 16.
Analysis of the correlation of the difference in enzyme to cell activ-
ity and parameters such as number of hydrogen-bond donors and
lipophilicity (ClogP) is informative (Fig. 2). The cell activity is seen
to drop off rapidly as a function of increasing number of hydrogen-
bond donors or decreasing ClogP.17 These data may be indicative of
a problem of permeability (since adequate lipophilicity is required
for permeation and higher numbers of donors may impair perme-
ability across the cell membrane) or efflux (since increased hydro-
gen bonding capability may increase recognition by transporters)18

or both. Compounds 7 (large cell drop-off) and 14 (small cell drop-
off) were examined in the cell assay in the presence of an efflux
inhibitor.19 Consistent with active efflux, the cell activity of 7
was increased to 0.175 lM in this system, whereas the cell activity
of the already potent 14 remained unchanged at
0.010 ± 0.001 lM.20

In summary, crystallographic studies of a range of 3-substituted
anilinopyrimidine inhibitors of EphB4 have highlighted two alter-
native aniline conformations are available in the active site of the
kinase. In an attempt to exploit these two interactions simulta-
neously, a set of 3,5-disubstituted anilinopyrimidines has been
prepared and these show potent enzyme inhibition. The observed
range of cellular activities has been rationalised on the basis of
physicochemical and structural characteristics, and has been
linked, for some inhibitors, to a potential for efflux. Further studies
on optimisation of both the C-2 and C-4 anilines are underway and
will be reported in due course.
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