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A series of N-(4-(6,7-disubstituted-quinolin-4-yloxy)-3-fluorophenyl)-2-oxo-3-phenylimidazolidine-1-
carboxamides targeting c-Met and VEGFR2 tyrosine kinases was designed and synthesized. The com-
pounds were potent against these two enzymes with IC50 values in the low nanomolar range in vitro, pos-
sessed favorable pharmacokinetic profiles and showed high efficacy in vivo in several human tumor
xenograft models in mice.

� 2009 Elsevier Ltd. All rights reserved.
Receptor tyrosine kinases (RTKs) play crucial roles in signal
transduction pathways and cellular processes, and many are impli-
cated in cancer.1 c-Met [the receptor for hepatocyte growth factor/
scatter factor, (HGF/SF)]2 and members of the vascular endothelial
growth factor receptor (VEGFR)3 family1 including VEGFR1 (Flt-1),
VEGFR2 (KDR) and VEGFR3 (Flt-4) are among the RTKs under
investigation as potential targets for the development of small
molecule cancer therapeutics. c-Met activation results in numer-
ous biological responses, including cell migration and invasion,
proliferation and survival, morphogenesis, and angiogenesis. While
c-Met is involved in normal processes during embryonic develop-
ment and wound healing, its deregulation is associated with
tumorigenesis and correlates with poor prognosis in cancer pa-
tients.2c-Met has been shown to cooperate synergistically with
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the VEGFRs, key players in tumor angiogenesis.3 Molecules that po-
tently inhibit both c-Met4 and VEGFR5 may have advantage over
VEGFR-selective or c-Met-selective molecules since they can target
multiple pathways involved in tumor cell survival, angiogenesis
and metastasis. Thus, the combined inhibition of both c-Met and
VEGFR signaling represents a promising approach to cancer
treatment.6

The drug Sunitinib (SutentTM)7 from Pfizer, recently approved by
the FDA for the treatment of both renal cell carcinomas (RCC) and
imatinib-resistant gastrointestinal stromal tumors (GIST), is an
example of a multi-targeted RTK inhibitor that targets VEGFR but
not c-Met. Conversely, PHA-665752 (2)8 is a potent inhibitor of
c-Met but a weak inhibitor of VEGFR2. The dual c-Met/VEGFR2
inhibitors (3) discovered by Kirin Brewery9 in 2003 and the related
compound described by Exelixis (4)10 inspired our work in this
area. We have previously reported a family of dual c-Met/VEGFR2
inhibitors in which the dimethoxyquinoline fragment of 3 was re-
placed by a 2-substituted thieno[3,2-b]pyridine system, exempli-
fied by 5.11 While exploring the replacement of the acylthiourea
head group of 5 by other functionalities, we discovered that
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Table 1
Enzymatic c-Met and VEGFR2 results for compounds 7–12 of general structure

N

X

Y

H
N

O

MeO

MeO

N N

O

F

Compd X Y c-Met
IC50 (lM)

VEGFR2
IC50 (lM)

Phospho-TPR-Met
IC50 (lM)

7 N O 0.04 0.03 >1
8 N NH 0.6 >2 3.3
9 N NMe 4.0 >2 >10

10 CH O 0.03 0.01 0.09
11 CH NH 0.2 1.4 n.a.
12 CH NMe 0.4 5.9 n.a.
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analogs bearing a five-membered cyclic urea headgroup, as in 6,12

were similar to the acylthiourea 5 (see Fig. 1). We elected to ex-
plore the activity and efficacy of these cyclic ureas when attached
to the original dimethoxyquinoline and related fragments.13

A typical synthesis of the target compounds is illustrated in
Scheme 1, in which 4-(6,7-dimethoxyquinolin-4-yloxy)-3-fluoro-
aniline reacts with 2-oxo-3-phenylimidazolidine-1-carbonyl chlo-
ride14 in the presence of DIPEA. The latter was generated in three
steps from triphosgene and 1-phenylimidazolidin-2-one, which
was prepared from the corresponding aniline, chloroethyl isocya-
nate, and a base.15 The preparation of 4-(6,7-dimethoxyquinolin-
4-yloxy)-3-fluoroaniline and its analogs has been described
elsewhere.13

Table 1 illustrates the enzymatic16 and cellular17 activities of
compounds in which the linker atom or group Y is varied in both
the quinoline (X = CH) and quinazoline (X = N) series. In the quin-
oline series, the oxygen linker (10) provided excellent activity
against both c-Met and VEGFR2, while the NH (11) and NMe (12)
linkers showed a slight loss of activity against c-Met and a more
pronounced loss against VEGFR2. The quinazoline analogs showed
a similar pattern, with the oxygen linked compound 7 being very
active while the two N-linked molecules showed greatly reduced
potency.
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Scheme 1. Synthesis
Unfortunately, compound 7 was inactive in different cell-based
assays (data not shown), perhaps due to a lower cross-membrane
permeability properties. Subsequent work therefore focused on
the O-linked quinoline series.
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Table 2 shows the effect of varying the substitution of the urea
group on enzymatic and cellular activities. Replacing the phenyl in
compound 10 with pyridinyl rings (13 and 14) resulted in a large
decrease of activity against VEGFR2. Cycloalkyl (19), allyl (20),
and N-piperidinyl (21) also showed reduced activity against VEG-
FR2 as well as poor activity in the cellular assay. On the other hand,
substitution of the phenyl ring seemed to be well tolerated (15–18)
with respect to the enzyme inhibitory activity with the 4-fluoro-
phenyl analog 18 appearing equipotent to 10 in both the enzymatic
and the cell-based assays.

Table 3 indicates the effect of varying the substitution on the
central phenyl ring. Replacement of the fluorine with a hydrogen
atom (22 and 23) is reasonably well tolerated, and the additional
replacement of the oxygen with a sulfur linker (24) was tolerated
as well except for the activity against VEGFR2. Movement of the
fluorine from the 3- to 2-position on the phenyl ring (25), or
replacement of the central 3-fluorophenyl with a pyridinyl ring
(26 and 27) led to a dramatically reduced cellular potency.18 More-
Table 2
Enzymatic c-Met and VEGFR2 and cellular TPR-Met phosphorylation assay results for
compounds 13–21 of general structure

N

O

H
N

O

MeO

MeO

N N

O

F R

Compd R c-Met
IC50 (lM)

VEGFR2
IC50 (lM)

Phospho-TPR-Met
IC50 (lM)

10 0.03 0.01 0.09

13 N 0.10 0.60 0.63

14
N

0.04 0.23 n.a.

15

MeO

0.05 0.03 0.15

16

F

0.06 0.02 0.37

17

F

0.05 0.015 0.20

18
F

0.03 0.02 0.09

19 0.11 0.21 0.86

20 0.20 0.63 n.a.

21 N 0.06 0.37 0.64
over, compound 26 showed a significant decrease in activity
against VEGFR2.

Finally, the effect of varying the two methoxy groups on the
quinoline was examined with the ultimate goal to introduce water
solubilizing groups (Table 4). Aminoalkyl functionalities are well
tolerated on both oxygens (28–31) as well the bis(dimethoxyethyl)
tweezer, as in compound 32.

Rat pharmacokinetic analyses were performed on compound
10. Compound 10 displayed a long-half life (4.4 h) and decent bio-
availability (22%).

Compound 10 was further evaluated in other cell-based assays.
First, it was tested for its ability to inhibit two c-Met-specific func-
tional endpoints (Table 5). Compound 10 dramatically impaired
HGF-induced epithelial cell migration and scattering, showing that
it is able to inhibit c-Met-dependent cell motility events. Second,
compound 10 was tested in a variety of VEGF-dependent cellular
assays (Table 6). It potently inhibited the VEGF-induced phosphor-
ylation of ERK, a downstream signaling protein of the VEGF path-
way, and also impeded the VEGF-dependent proliferation of
human umbilical vein endothelial cells (HUVEC). In an in vitro
Table 3
Enzymatic c-Met and VEGFR2 and cellular TPR-Met phosphorylation assay results for
compounds 22–27 of general structure

N

X

Z
Y

H
N

O

MeO

MeO

N N

O

R

Compd X Y Z R c-Met
IC50 (lM)

VEGFR2
IC50 (lM)

Phospho-TPR-Met
IC50 (lM)

10 O CF CH H 0.03 0.01 0.09
22 O CH CH H 0.05 0.03 0.24
23 O CH CH F 0.05 0.03 0.15
24 S CH CH F 0.04 0.10 0.08
25 O CH CF H 0.03 0.05 >10
26 O N CH H 0.06 1.30 �5
27 O CH N H 0.03 0.02 >10

Table 4
Enzymatic c-Met and VEGFR2 and cellular TPR-Met phosphorylation assay results for
compounds 28–32 of general structure

N

O

H
N

O

O

O

N N

O

R3F

R2

R1

Compd R1 R2 R3 c-
Met
IC50

(lM)

VEGFR2
IC50

(lM)

Phospho-
TPR-Met
IC50 (lM)

10 Methyl Methyl H 0.03 0.01 0.09
28 Methyl Piperidin-4-ylmethyl H 0.04 0.02 0.08
29 Methyl 1-Methyl-piperidin-4-

ylmethyl
H 0.05 0.02 0.13

30 Methyl 3-Morpholino-propyl H 0.05 0.03 0.05
31 3-Morpholino-

propyl
Methyl F 0.04 0.12 0.03

32 2-Methoxy-
ethyl

2-Methoxy-ethyl H 0.06 0.04 0.02



Table 5
Effect of compound 10 on c-Met and VEGF-mediated cellular endpoints

Compd A549
wound
healing
inh. IC50

(lM)

DU145
scattering
inh. IC50

(lM)

VEGF-
dept
phospho-
ERK IC50

(lM)

VEGF- dept
HUVEC
proliferation
IC50 (lM)

Angiokit,
tubule
length
IC50

(lM)

Angiokit,
tubule
length
with
VEGF (%
inh.)

10 0.08 0.08 <0.001 0.002 0.008 99.4
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Figure 2. Oral anti-tumor activity of compound 10 in the MNNG-Hos tumor
xenograft model. Compound 10 was dosed p.o., once daily, at 40 mg/kg (6 mice per
group). Vehicle: 40/60 PEG 400/0.1 N HCl in saline.
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angiogenesis assay, which measures the formation of tubules gen-
erated by a co-culture of endothelial and fibroblast cells (Angio-
kitTM; TCS Cellworks), compound 10 significantly affected tubule
growth and was also able to almost completely inhibit tubule for-
mation at the 100 nM dose where cells were purposely supple-
mented with VEGF (Table 6). These results show that compound
10 has a significant effect on VEGF-dependent angiogenic activity
in cells.

Third, compound 10 was also profiled against a small set of ki-
nases using Millipore’s KinaseprofilerTM assay services (Table 6). In
addition to targeting c-Met and VEGFR2, it also showed specificity
for VEGFR1, VEGFR3, Ron, Ret and TrkA, moderately inhibited Flt3
and was not significantly active against 19 other kinases.

Compound 10 was evaluated for its ability to inhibit the prolif-
eration of several human cancer cell lines, using a 72 h MTT assay.
Consistent with its inhibitory activity against c-Met, it was very
potent against MKN-45 gastric carcinoma cells, whose growth is
driven by c-Met. Compound 10 was also effective in inhibiting
the growth of the HCT116 colon carcinoma cells, but not of primary
human mammary epithelial cells (HMEC) (Table 7).

Finally, compound 10 was tested in a mouse xenograft model
bearing tumors derived from the c-Met–driven MNNG-Hos cells
(Fig. 2). Interestingly, oral administration of a 40 mg/kg dose once
daily for 12 days caused complete regression of tumor.

In conclusion, a series of N-(4-(6,7-disubstituted-quinolin-
4-yloxy)-3-fluorophenyl)-2-oxo-3-phenylimidazolidine-1-carbox-
amides was designed and synthesized. The compounds show low
nanomolar inhibitory activity against both c-Met and VEGFR2 en-
zymes. Compound 10, the lead molecule of the series, shows an
excellent in vitro profile and favorable pharmacokinetic character-
istics and exhibits significant in vivo efficacy in the MNNG-Hos
Table 6
% Human enzyme inhibition at 100 nM of compound 10

Kinase % Inh. at
100 nM

Kinase % Inh. at
100 nM

Kinase % Inh. at
100 nM

ALK 0 FGFR1 11 PDGFRb 6
Aurora A 0 Flt3 72 PKBa 0
CDK2/Cyclin E 0 GSK3b 0 Ret 96
CHK1 0 IKKb 0 Ron 92
CHK2 1 JAK2 4 Tie-2 23
c-Kit 12 JAK3 6 TrkA 94
c-Raf 42 MEK1 0 VEGFR1 100
c-SRC 7 Met 100 VEGFR2 92
EGFR 0 PDGFRa 26 VEGFR3 93

Table 7
Effect of compound 10 on human cancer cell proliferation

Compd MKN-45 IC50 (lM) HCT 116 IC50 (lM) HMEC IC50 (lM)

10 0.008 0.3 >2.5
human tumor xenograft mouse model. These results represent an
important step toward the development of multi-targeted RTK
inhibitors with favorable drug-like characteristics in the fight
against human cancers.
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