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Inhibition of receptor tyrosine kinases (RTKs) such as vascular endothelial growth factor receptors (VEG-
FRs) and platelet-derived growth factor receptors (PDGFRs) has been validated by recently launched
small molecules Sutent� and Nexavar�, both of which display activities against several angiogenesis-
related RTKs. EphB4, a receptor tyrosine kinase (RTK) involved in the processes of embryogenesis and
angiogenesis, has been shown to be aberrantly up regulated in many cancer types such as breast, lung,
bladder and prostate. We propose that inhibition of EphB4 in addition to other validated RTKs would
enhance the anti-angiogenic effect and ultimately result in more pronounced anti-cancer efficacy. Herein
we report the discovery and SAR of a novel series of imidazo[1,2-a]pyrazine diarylureas that show nano-
molar potency for the EphB4 receptor, in addition to potent activity against several other RTKs.

� 2009 Elsevier Ltd. All rights reserved.
The Ephrins represent the largest family of receptor tyrosine ki-
nases (RTKs), of which EphB4 is a member. EphB4 plays an impor-
tant role in a variety of biological processes such as cell
aggregation and migration, neural development, embryogenesis
and angiogenesis, and vascular development.1 EphB4 selectively
binds to its endogenous receptor EphB2 to promote cell signaling
required for angiogenesis, and has been shown to be profoundly
up regulated in numerous cancer types.2 Many other RTKs that
have been shown to control angiogenesis continue to be targets
of drug-discovery efforts, such as VEGFR2, PDGFRb and the angio-
poietin receptor kinase (Tie2).3 Angiogenesis inhibitors work by
controlling the host’s ability to sprout new blood vessels into the
growing tumor, thus depriving the tumor of sufficient blood supply
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and as a result new blood vessels into the growing tumor, thus
depriving the tumor of sufficient blood supply and as a result starv-
ing it of oxygen and essential nutrients. Attenuating angiogenesis
through the inhibition of one or more angiogenic kinases has
promise to be an effective chemotherapeutic strategy.4

With the approval of Avastin� (a monoclonal antibody to VEGF)
as front line therapy with other chemotherapeutic agents, the ap-
proach of attenuating cancer growth by inhibiting angiogenesis has
been clinically validated.5 Recently both Nexavar�6 and Sutent�7

were approved for refractory renal cell carcinoma (rRCC) and gas-
trointestinal stromal tumors (GIST), respectively, and both repre-
sent first-in-class small molecule anti-angiogenic agents. There
are numerous small molecules in clinical trials that represent a
wave of new cancer drugs that inhibit angiogenesis, oncogenesis,
or both.8 An example of the latter is XL647 (Exelixis) that has en-
tered phase II trials and inhibits the angiogenesis kinases EphB4
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and VEGFR2 as well as oncogenic kinases EGFR and HER2.9 Under-
standing the differences in inhibition of these various angiogene-
sis-related kinases is critical to the design of new anti-angiogenic
small molecule therapeutics.10 In addition, the concept of multi-
plex inhibition will continue to grow as it is ascertained clinically
which RTKs are critical for the survival of specific cancer types.
In this paper, we describe the discovery and SAR of novel small
molecule inhibitors of EphB4 that also inhibit VEGFR2 and the
angiopoietin receptor kinase Tie2. Although other EphB4 kinase
inhibitors have been reported,11,12 the molecules in this report rep-
resent a novel class of multiplex kinase angiogenesis inhibitors
with a ‘triplet’ inhibition profile.

At the outset of our EphB4 program we implemented a scaffold-
based strategy to identify leads for optimization into potent and
selective EphB4 inhibitors. Our initial design strategy utilized the
imidazo[1,2-a]pyrazine (IP) scaffold 1 (Fig. 1).13 Screening of our
internal libraries, constructed around scaffold (1), resulted in the
identification of compound 2, a 62 nM inhibitor of EphB4. This
inhibitor was found to be ATP competitive and >20-fold selective
against a series of 22 other kinases (Table 1).14

We then initiated a medicinal chemistry program to identify the
key structural elements required for EphB4 activity in this chemi-
cal series. The general synthetic route used to prepare the analogs
of 2 is depicted in Figure 2. 6,8-Dibromoimidazo[1,2-a]pyrazine 4
is readily prepared on a large scale from commercially available
dibromoaminopyrazine 3.15,17

Selective displacement of the 8-bromine of 4 occurs under ther-
mal conditions with a variety of amines. Suzuki coupling of 5 fol-
lowed by acylation of 6 with aryl isocyanates provided access to
the analogs that are the subject of this Letter.

An SAR analysis of the 4-picolyl portion of 2 revealed that the 4-
pyridyl moiety was necessary for optimal activity (Table 2). The 2-
and 3-picolyl analogs 9 and 10 lost almost all activity. Moving the
Figure 1. Imidazopyrazine scaffold 1 and EphB4 inhibitor 2.

Table 1
Biochemical profile of 2

Kinase IC50 (lM) Kinase IC50 (lM)

Abl1 14.4 LCK 50
Akt 50 Lyn 6
Blk 50 PDGFRb 7.7
Btk 7.8 PKA 50
CDK5 50 PKCa 50
EGFR 50 PKCb2 50
EphA2 0.035 PKCh 50
EphB4 0.062 Syk 50
FGFR4 50 Src 50
Flt3 2 Tie2 0.067
Fyn 50 VEGFR1 0.747
GSK3b 50 VEGFR2 0.033
IGFR 50 VEGFR3 0.071
IRK 50 Zap70 50

All IC50s were obtained at Km [ATP].
pyridine nitrogen towards (compound 11) or away from (com-
pound 16) the IP core reduced activity by 200- and 20-fold, respec-
tively. Together, these data indicate the importance of appropriate
positioning of the pyridyl nitrogen atom, suggesting a significant
binding interaction with the protein. Consistent with this, removal
of the pyridine nitrogen to give the benzyl analog 8 resulted in
complete loss of activity, as did saturating the pyridine ring to
the piperidine 11. Smaller amines were also found to be 50–100-
fold weaker.

The role of the free NH at the 8-position was investigated and it
was shown that the oxygen 19 or N–Me 20 analogs had similar po-
tency, with the NH analog 2 having a slight advantage (Table 3).
This highlights the fact that a free NH is not a requirement for po-
tent EphB4 inhibitory activity within this chemical series.

We then investigated the influence of simple substituents in the
aryl ring of the urea functionality on EphB4 inhibition (Table 4).
The SAR of these analogs clearly demonstrated that meta-substitu-
tion in the terminal phenyl ring was preferred, with the most po-
tent analogs having lipophilic groups such as CF3 (2), Cl (31) and
Br (32). Similar substitution in either the ortho- or para-position re-
sulted in significant loss of activity.
Figure 2. Synthesis of IP-based EphB4 inhibitors.

Table 2
Substitution of the aniline group

Compds R EphB4 IC50 (lM)

2 CH2–4-pyridine 0.062
8 Benzyl 50
9 CH2–2-pyridine 32b

10 CH2–3-pyridine 7.8
11 CH2–4-piperidine 50
12 4-Pyridine 32b

13 3-Pyridine 1a

14 Phenyl 36b

15 Methyl 5.7c

16 H 5.4c

17 CH2CH2–4-pyridine 0.158
18 CH2–4-C6H4–COOH 5.3

a % inhibition at 1 lM.
b % inhibition at 10 lM.
c 2-OMe–5-Cl instead of 3-CF3 phenylurea substitution.



Table 3
Variation of linker group

Compds X EphB4 IC50 (lM)

2 NH 0.062
19 O 0.105
20 N-Me 0.069

Table 4
SAR of urea: mono-substitution

Compds R EphB4 IC50 (lM)

2 3-CF3 0.062
21 H 10a

22 2-F 22a

23 2-Cl 2.9
24 2-Br 1.7
25 2-Me 30a

26 2-OMe 54a

27 2-CF3 41a

28 2-SMe 63a

29 2-OPh 22a

30 3-F 47a

31 3-Cl 0.165
32 3-Br 0.213
33 3-Me 0.3
34 3-OMe 1.7
35 3-SMe 1.2
36 3-CN 1.9
37 3-OPh 10.5
38 4-Et 10a

39 4-F 7.4
40 4-Cl 4.6
41 4-Br 22a

42 4-Me 7.9
43 4-OMe 10a

44 4-CF3 10a

a % inhibition at 1 lM.

Table 5
SAR of urea: di-substitution

Compds Position/R EphB4
IC50 (lM)

45 2-OMe–5-CF3 0.037
46 2-F–5-CF3 0.053
47 2-Cl–5-CF3 0.066
48 2,5-Di-Me 0.938
49 2,5-Di-Cl 0.101
50 2-OH–5-CF3 0.037
51 2,3-Di-Cl 5.7
52 2,4-Di-Cl 1.9
53 3,4-Di-Cl 2.5
54 3,5-Di-Cl 1.8
55 2,6-Di-Cl 1
56 2-OMe–5-Cl 0.077
57 2-OPh–5-Cl 0.138
58 2-Me–5-Cl 0.16
59 2-OMe–5-Br 0.026
60 2-OMe–5-Me 0.078
61 2-OMe–5-CN 0.125
62 3-CF3–4-Me 0.81
63 3-CF3–4-F 0.85
64 3-CF3–4-Cl 1.2

a % inhibition at [lM].

Table 6
SAR of urea: tri-substitution

Compds Position/R EphB4 IC50 (lM)

65 2,4-OMe–5-Cl 0.402
66 2,4-OMe–5-Br 0.206
67 2,4-OMe–5-CF3 0.518
68 2,4-OEt–5-CF3 0.211
69 2,4,5-Tri-Cl 0.517
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Having established that meta-substitution of the phenyl urea
was desirable, we then investigated a series of di-substituted (Ta-
ble 5) and tri-substituted (Table 6) phenyl ureas to see if there
were any other substitution patterns that could enhance the po-
tency against EphB4. It was quickly determined that a 2,5-disubsti-
tution pattern of the phenyl urea was advantageous, highlighted by
analogs 45–47 and 59–60. Ureas with groups only in the 2-position
were inactive but several groups were tolerated in the 2-position,
including F, Cl, Me and OMe, when matched with either a Me, Cl,
Br or CF3 moiety in the 5-position. Other di-substitution patterns
were found to have dramatically attenuated activity. This high-
lights the fact that 2-substitution in the phenyl urea is only toler-
ated when accompanied by a suitable group in the 5-position,
which corresponds to the meta-substitution of the original lead 2.

We found that trisubstitution of the urea phenyl significantly
reduced EphB4 activity, even when the preferred 2,5-disubstitu-
tion pattern was embedded. Due to the significant loss in EphB4
activity with compounds substituted in the 4-position, exemplified
by 3,4-disubstituted analogs 62–64, it was not surprising that
these tri-substituted analogs had somewhat attenuated potency.
Thus, desirable substitution in the phenyl urea was found to be a
2,5 pattern, with a 2-position ranking of OMe > F > Cl and a 5-posi-
tion ranking of Br � CF3 > Cl.

We then turned to the urea group and investigated its role in
EphB4 binding (Table 7). It was found that the urea was optimal
in the 3-position of the aryl ring as in 2, and completely inactive
when moved to the 4-position as in 78. The benzamide 70 and sul-
fonamide 73 derivatives were significantly less active than the urea
2. It is clear that proper interaction of the urea functionality with
the protein is critical for potent inhibition of EphB4 (Fig. 3).

Compound 2 was docked into a homology model of EphB4 to
rationalize the SAR in terms of intermolecular interactions. The
pyridine N participates in a H-bond with the amide NH of Met-
696. The urea of the inhibitor participates in hydrogen bonds with
the side-chains of Lys-647, Asn-745 and Asp-758. The 3-trifluoro-
phenyl is positioned in a mostly hydrophobic pocket formed by
residues of the P-loop and C-helix.16

In summary, the identification of a new series of potent EphB4
inhibitors is reported. Several of the most active molecules
(45,46,59) were also found to have potent activity (<100 nM)
against the angiogenesis-related kinases VEGFR2 and Tie2 (Table
8). These analogs were also assessed in cell-based assays and dem-



Table 7
Linker functionality survey

Compds L EphB4 IC50 (lM)

2 3-NHCONH- 0.062
70 3-NHCO– 0.744
71 3-NHCOCH2– 2.4
72 3-NHCONHCH2– 2.1
73 3-NHSO2– 50
74 3-CH2NHCONH– 6.8
75 3-CONHCH2– 11.1
76 3-NHCH2CONH– 2.9a

77 4-NHCONH– 50

a 2-OMe–5-CF3-phenyl urea instead of 3-CF3-phenyl.

Figure 3. Docking of 2 in EphB4 homology model.

Table 8
Biochemical multiplex activity of lead compounds IC50 (nM)

Compds EphB4 VEGFR2 Tie2

45 37 7 33
46 49 13 37
59 26 10 75
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onstrated potent inhibition of EphB4, VEGFR2 and Tie2 autophos-
phorylation, as shown in Table 9.

These analogs represent one of the first classes of small mole-
cule kinase inhibitors that display the triplet activity profile against
EphB4, VEGFR2 and Tie2. We have identified a subsequent class of
molecules that potently inhibits a triplet set of angiogenesis-re-
lated kinases, and a member from that group is currently being as-
Table 9
Cellular multiplex activity of lead compounds IC50 (nM)

Compds EphB4 VEGFR2 Tie2

45 50 100 50
46 400 100 100
59 50 100 250
sessed in Phase I clinical trials in oncology. It is envisioned that
potent simultaneous inhibition of these RTKs may prove to be a
successful combination for the treatment of certain cancer types.
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The aqueous layer was extracted with EtOAc and combined organic extracts
were dried over Na2SO4. The solvent was removed under reduced pressure and
the resulting residue was purified by flash chromatography (10% MeOH in
CH2CH2) to yield 6-bromo-N-(pyridin-4-ylmethyl)imidazo[1,2-a]pyrazin-8-
amine as a light tan solid, which was used without further purification. 6-(3-
Aminophenyl)-N-(pyridin-4-ylmethyl)imidazo[1,2-a]pyrazin-8-amine: 6-Bromo-
N-(pyridin-4-ylmethyl)imidazo[1,2-a]pyrazin-8-amine (310 mg, 1.03 mmol
was dissolved in dimethoxyethane (8 mL) and the solution degassed with N2

at rt for 10 min. To the solution was added 3-aminophenylboronic acid
(210 mg, 1.24 mmol), Pd2+(PPh3)4 (115 mg, 0.10 equiv), and 5 mL of 1 N
Na2CO3 and the reaction heated to 90 �C with stirring for 24 h. The mixture
was cooled to rt and partitioned between 10% AcOH and CH2Cl2. The aqueous
phase is extracted with CH2Cl2 and combined extracts were dried over Na2SO4.
The solvent is removed under reduced pressure and the resulting residue
was purified by flash chromatography (1–5% 2 M NH3/MeOH/CH2Cl2) to yield
6-(3-aminophenyl)-N-(pyridin-4-ylmethyl)imidazo[1,2-a]pyrazin-8-amine. 1-
(3-(8-(Pyridin-4-yl methyl amino) imidazo[1,2-a]pyrazin-6-yl)phenyl)-3-(3-(tri-
fluoromethyl) phenyl)urea 2: A mixture of of 6-(3-aminophenyl)-N-(pyridin-4-
ylmethyl)imidazo[1,2-a]pyrazin-8-amine (320 mg, 1.012 mmol) and 1.0 equiv
3-trifluoromethylphenylisocyanate (0.142 mL, 1.012 mmol) were dissolved in
toluene. The solution was stirred at rt and the reaction was monitored by LC–
MS until complete (30 min). Diethyl ether (20 mL) was then added dropwise to
precipitate the product. The sample was filtered and vacuum-dried to provide
330 mg (65%) of 1-(3-(8-(pyridin-4-ylmethylamino)imidazo[1,2-a]pyrazin-6-
yl) phenyl)-3-(3-(trifluoromethyl)phenyl)urea 2 as an off-white solid. LC–MS
purity (98%); MS 504.17 (M+H). 1H NMR (300 MHz, DMSO-d6) d 9.05 (s, 1H),
8.80 (s, 1H), 8.44 (dd, 2H, J = 1.8 Hz, J = 4.5 Hz), 8.35 (s, 1H), 8.34 (d, 1H,
J = 6.6 Hz), 8.11 (br s, 1H), 8.06 (br s, 1H), 7.93 (d, 1H, J = 0.9 Hz), 7.50 (m, 6H)
7.30 (m, 3H) 4.77 (d, 2H, J = 6.6 Hz). This synthesis is highly representative of
all analogs represented in this Letter.
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