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A novel class of potent and selective inhibitors of KDR incorporating an indazole moiety 1 is reported. The
discovery, synthesis, and structure–activity relationships of this series of inhibitors have been investi-
gated. The most promising compounds were also profiled to determine their pharmacokinetic properties
and evaluated in a VEGF-induced vascular permeability assay.

� 2008 Elsevier Ltd. All rights reserved.
Angiogenesis, the formation of new blood vessels from existing
vasculature, is a critical process in tumor growth.1 Among the
many pro-angiogenic factors, vascular endothelial growth factor
(VEGF) has been identified as the most important regulator of tu-
mor angiogenesis.2 Endothelial cell proliferation and migration,
two crucial steps in angiogenesis, are mediated through a specific
VEGF receptor, the kinase insert domain-containing receptor
(KDR or VEGFR-2). Inhibition of KDR kinase activity by small mol-
ecules has been shown to be a very promising way to interdict this
VEGF pathway in human cancers. More specifically two small mol-
ecule inhibitors of KDR, Sutent (sunitinib)3 and Nexavar (sorafenib
tosylate),4 have recently been approved for patients with gastroin-
testinal stromal tumors (GIST) and advanced renal cell carcinoma,
respectively.

Aryl-aminonaphthyl compounds 1 are potent inhibitors of VEGF
receptor tyrosine kinase.5 However, N-hydroxy-1-aminonaphtha-
lene, a known metabolite of the 1-aminonaphthalene, has been
described as mutagenic and carcinogenic.6 Consequently, we
flagged the 1-aminonapthyl core as a possible concern and looked
for a replacement. In our search for a surrogate ring system, we
also considered increasing the polar surface area and decreasing
the LogP to lean toward molecules with projected improved phys-
icochemical properties. Herein, we describe the structure–activity
All rights reserved.

: +1 617 577 9822.
relationship (SAR) for a novel series of indazoles 2, which possess
good in vitro potency, selectivity, and pharmacokinetic properties
(Scheme 1).

Compounds were synthesized by the route outlined in Scheme
2. 1-Methyl-3 amino-6-hydroxyindazole 3 can be prepared on
multi-gram scale by reaction of 2-fluoro-4-hydroxybenzonitrile
with methylhydrazine. The aminohydroxyindazole 3 was then
reacted with 4-chloro-6,7-dimethoxyquinoline7 under basic condi-
tions to afford the biaryl ether intermediate 4. N-Arylation using
the Buchwald phosphine8 or reductive amination then, respec-
tively, afforded the desired compounds 5 or 6.

Table 1 summarizes SAR9 and cLogP10 for a selection of alkyl
and aryl substituents. These compounds had predicted LogP one
log unit lower than their analogs in the aminonaphthalene series
(e.g., compare compounds 5a with 1a [cLogP = 7.0] and 5b with
1b [cLogP = 7.1]). The alkyl amine derivatives explored were weak
KDR inhibitors. Although phenyl substituent led to potent KDR
inhibitors in the aminonaphthyl series (compound 1a), only weak
inhibition was achieved in the indazole series (compound 5a).
Addition of an electrodonating group at the meta- (5b) and para-
position (5c) of the phenyl group did not change the inhibitory
activity. However, a significant potency improvement resulted
from introduction of a more lipophilic trifluoromethyl substituent
(compound 5d). As we have previously observed, replacement of
the naphthyl core by a less lipophilic scaffold tends to result in a
loss of potency, which may be countered by utilizing lipophilic
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aromatic substituents.11 This strategy appears to be a valid solu-
tion here also. The introduction of a methylene group between
the indazole core and the phenyl group had a similar beneficial ef-
fect (compound 6d).

Consequently, an amide linkage was next explored (Table 2).
The aminocarbonyl tether provided compounds with high affinity
for the enzyme as illustrated by compound 7d: compared with
the parent compound 5c, a 50-fold increase of enzyme inhibition
was observed. A 20-fold improvement in enzyme inhibition was
also observed with compound 7e compared with the parent com-
pound 5d.

These compounds were also evaluated in our whole cell assay
by measuring the inhibition of VEGF-stimulated cellular prolifera-
tion of human umbilical vascular endothelial cells (V-HUVEC).9 The
shift in potency measured in the cellular assay compared with that
observed in the enzyme was relatively small (about 10-fold) with
the notable exception of compounds 7e and 7i, which exhibited a
30-fold shift. This difference may not be explained solely by com-
promised cell permeability resulting from the high lipophilicity of
these compounds (cLogP = 5.7 and 6.6, respectively), as compound
7j (cLogP = 5.7) exhibited only a threefold shift. To measure the
selectivity of this series in a cellular assay, the compounds were
evaluated in a basic fibroblast growth factor (bFGF)-driven HUVEC
(F-HUVEC) proliferation assay.12 All the compounds tested exhib-
ited a very high level of selectivity.13

An X-ray co-crystal structure of amide 7j bound to the ATP-site
of KDR was obtained (Scheme 3).14 The quinoline makes a key
hydrogen bond to the backbone NH of the linker residue, Cys 919
(3.1 Å). An additional hydrogen bond between the quinoline and
the backbone CO of the linker Cys 919 (3.4 Å) also contributes to
the interaction of the compound with the linker region of KDR.
The amide moiety of 7j interacts with the protein through two
hydrogen bonds; the NH forms a hydrogen bond with Glu 885
while the carbonyl interacts with Asp 1046. The substituted phenyl
ring pushes deep into the extended hydrophobic pocket formed by
the reorganization of Phe 1047 (of the Asp 1046, Phe 1047, Gly
1048 triad, the ‘DFG’ motif) to induce the ‘DFG-out’ conforma-
tion.15 These hydrophobic interactions account for a significant



Table 2
Investigation of an amide linkage (IC50, lM)

N

O N
N

HN

O

O

O

R

R KDR V-HUVEC

7a 0.344 —

7b

Cl

0.008 —

7c

Cl
0.005 0.061

7d

OMe
0.003 0.032

7e

CF3

0.003 0.079

7f

F

Cl
0.003 0.009

7g
N

Cl
0.002 0.027

7h 0.002 0.002

7i

CF3

CF3

0.002 0.058

7j
CF3

0.001 0.009

Table 1
KDR potency (IC50, lM) for amines variations of the indazole

N

O N
N

HN R

O

O

R KDR cLogP

4 H 1.70 3.1
6a Et 0.37 4.4
6b n-Pr 1.11 4.9
6c n-Bu 0.80 5.4

5a 0.27 5.8

5b

OMe

0.23 5.8

5c
OMe

0.16 5.8

5d
CF3

0.07 6.9

6d 0.06 5.3
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proportion of the binding affinity. Compounds having a smaller
substituent at this position bind more weakly (e.g., cyclopropyl
7a, IC50 = 0.344 lM), confirming the importance of occupying the
extended hydrophobic pocket as a means of enhancing potency.
The amide moiety serves as a rigid extender to place the terminal
aryl ring fully into the extended hydrophobic pocket. In addition,
the amide makes favorable hydrogen bond interactions using both
the NH and the carbonyl lone pair.

Recognizing that a urea linkage could potentially allow the aryl
substituent to occupy the same region of space, the urea deriva-
tives 8a–d were accessed (Table 3). Gratifyingly, these compounds
were very potent at inhibiting KDR. Compounds 8a, 8c, and 8d also
displayed good potency at the cellular level. The selectivity over F-
HUVEC remained high for all compounds.13

Encouraged by the excellent potency and high selectivity of
this series of compounds, the pharmacokinetic properties were
examined in vivo in male Sprague–Dawley rats, administered
by both intravenous (iv) and oral (po) routes (Table 4).16 Clear-
ance was low to moderate for all four compounds. Compounds
7h, 7j, and 8a exhibited acceptable half-lives. Although 8a had
a t1/2 of 4.3 h, it was compromised by poor bioavailability and
low exposure. Compound 7h was also rejected due to its poor
oral pharmacokinetic properties (low exposure and bioavailabil-
ity). Compound 7j, however, showed favorable pharmacokinetic
properties with good bioavailability and satisfactory oral
exposure.

Compound 7j was chosen for further profiling. The selectivity
profile was explored across a range of tyrosine kinases (Table 5).
Compound 7j showed high selectivity for KDR inhibition
(IC50 = 0.001 lM); all the other kinases tested in the panel returned
inhibition values at least 45-fold higher.
Based on V-HUVEC potency (IC50 = 9 nM), promising pharmaco-
kinetics, and its high selectivity over other kinases, the in vivo
activity of compound 7j was evaluated in a VEGF-induced vascular
permeability assay.17 Briefly, cells over-expressing murine VEGF or
control were combined with Matrigel and injected subcutaneously
into athymic nude mice. Twenty-four hours later, the animals were
administered either drug or vehicle. Vascular permeability was as-
sessed 6 h after administration of compound. In addition, a satellite
group of animals (n = 2) were dosed with compound, and blood
samples were harvested at 6 h to determine plasma concentration
of compound. The results obtained for mice dosed with 7j are pre-
sented in Scheme 4. Although there was no response at 3 mg/kg,
significant inhibition of vascular permeability at 10 and 30 mg/kg
(plasma concentration: 181 and 347 ng/mL, respectively) was ob-



Table 3
Investigation of a urea linkage (IC50, lM)

N

O N
N

HN
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N
H

R

R KDR V-HUVEC

8a 0.002 0.006

8b
Cl CF3

0.008 1.15

8c 0.002 0.003

8d
OMe

0.001 0.007

Table 4
Pharmacokinetic parameters in male Sprague–Dawley rats

CL (L/h/kg) Vss (L/kg) t1/2 (h) F (%) AUC0–1 (ng h/mL)

7f 1.3 2.1 1.5 — —
7h 1.2 2.4 2.7 12 153
7j 0.7 1.4 2.2 46 1528
8a 0.4 2.0 4.3 2 121

Compounds were formulated in 100% DMSO for iv dosing and 100% Ora-Plus for po
dosing.

Table 5
Kinase selectivity (IC50, lM)

Enzyme inhibition

Aurora 1 0.045 PI3K 3.25
Tie-2 0.121 cMet 3.32
Aurora 2 0.764 JAK3 25,000
p38a 1.65 JNK2 25,000

Scheme 4. Effect of compound 7j in a VEGF-induced vascular permeability assay,
*p < 0.0001.

Scheme 3. Key binding interactions with compound 7j (purple) with KDR.
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served, demonstrating that compound 7j inhibited VEGF-induced
vascular permeability in a dose-dependent fashion.

In conclusion, we successfully replaced the 1-aminonaphthyl
core by a 3-aminoindazolyl core as illustrated by the selectivity,
rat pharmacokinetic properties, and pharmacological activity of
compound 7j. Further evaluation in a VEGF-induced vascular per-
meability assay showed promising efficacy. Modification of this
scaffold is currently under way with the aim of further optimizing
potency and pharmacokinetic properties.
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