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Abstract—Fused dihydroindazolopyrrolocarbazole oximes have been identified as low nanomolar, potent dual TIE-2 and VEGF-
R2 receptor tyrosine kinase inhibitors with excellent cellular potency. Development of the structure–activity relationships (SAR) led
to identification of compounds 35 and 40 as potent, selective dual TIE-2/VEGF-R2 inhibitors with favorable pharmacokinetic prop-
erties. Compound 35 was orally active in tumor models with no observed toxicity.
� 2008 Elsevier Ltd. All rights reserved.
Antiangiogenic therapy—inhibition of the generation
and growth of new blood vessels from the endothelium
of an existing vascular, an essential process required to
support solid tumor growth and metastasis—remains
an area of focused drug discovery research.1 Angiogen-
esis and vasculogenesis are dynamic and complex pro-
cesses that are critical during early embryonic
development as well as in a number of disease processes
including cancer, diabetic retinopathy, rheumatoid
arthritis, psoriasis, and age-related macular degenera-
tion.2–7 The exact mechanisms that regulate these pro-
cesses have not been completely characterized,
however, normal vasculature development is believed
to be dependent on vascular endothelial growth factor
(VEGF) and its receptor tyrosine kinases, mainly
VEGF-R2 and the angiopoietins (Ang-1 and Ang-2)
and their receptor tyrosine kinase, primarily TIE-2.
VEGF and VEGF-Rs, principally VEGF-R2, play an
important role by directing the differentiation of meso-
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dermal cells into endothelial cells and the proliferation
and migration of endothelial cells to form tubular
cells.8–10 The angiopoietins (Ang-1 and Ang-2) and their
receptor tyrosine kinases mainly TIE-2 are believed to
be involved in the later stages of modulating cell–cell
and cell–matrix interactions required for vasculature
remodeling and maturation.11,12 Thus, optimal anti-
angiogenic kinase therapy may require concurrently
blocking both TIE-2 and VEGF-R2 receptor signaling
to significantly inhibit tumor growth and metastasis.9,13

Dual TIE-2/VEGF-R2 receptor tyrosine kinase inhibi-
tors have been reported by Pfizer (thiazole 114 TIE-2/
VEGF-R2 IC50 = 18/11 nM), GlaxoSmithKline
(furo[2,3-d]pyrimidine 215 TIE-2/VEGF-R2 IC50 = 2/
3 nM), and Amgen (pyridinyl pyrimidine 316 TIE-2/
VEGF-R2 IC50 = 4/4 nM) (Fig. 1).

Previously we reported on our first generation pan-
VEGF-R anti-angiogenic clinical candidate 4 (CEP-
7055)17 that advanced into phase 1 clinical trials
(Fig. 2). Our objective for a second generation com-
pound superior to CEP-7055 (in terms of biochemical,
pharmacokinetic (PK), pharmacodynamic, and anti-tu-
mor efficacy profiles) was to build in TIE-2 activity
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Figure 1. Structures of dual VEGF-R2/TIE-2 inhibitors.

N

N
N

NN

O O

H

H

O
N

N

O

O
N

O

Me

Me

H

O
A

B C
D

E F

N

N
N

N

R
11

NO

R
2

R
1

H

O

1

3

4
6

78

10 11

4 5

6

Figure 2. Design of dual VEGF-R2/TIE-2 inhibitors.
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Scheme 1. Reagents and conditions: (a) i—(Z)-3-cyanoacrylic acid

ethyl ester, YbBr3, 80 �C, AcOH; ii—DDQ, CH3CN; iii—Raney-Ni,

DMF, MeOH, 50 psi, 27–30%; (b) i—Ac2O, reflux; ii—hexamethy-

lenetetramine, TFA, reflux, 79–88%; (c) i—NH2OHÆHCl or

R2ONH2ÆHCl, NMP, EtOH, reflux; ii—K2CO3, MeOH, reflux, 50–

55%.
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Scheme 2. Reagents and conditions: (a) i—acetyl chloride or isobu-

tyryl chloride, AlCl3, CH2Cl2, MeNO2, rt; ii—Ac2O, reflux, 71–80%;

(b) i—NH2OHÆHCl or R2ONH2ÆHCl, NMP, EtOH, reflux; ii—K2CO3,

MeOH, reflux, 65–72%.
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and improve upon the pharmacokinetic and in vivo pro-
file of 4. The project objective was to advance dual TIE-
2/VEGF-R2 inhibitors with IC50 values less than 25 nM
that demonstrated good cell potency and pharmacoki-
netic properties for in vivo evaluation. As a starting
point to design in TIE-2 activity, structural modifica-
tions were made to the E- and F-rings ultimately identi-
fying the N2-methyl dihydroindazole core (DHI) (see
structure 8; TIE-2 IC50 = 1.3 lM).18 Early SAR devel-
opment produced a series of carbamate (e.g., 5) and urea
dual TIE-2/VEGF-R2 inhibitors with good enzyme and
cellular potency, but less than favorable pharmacoki-
netic properties. In addition, compound 5 displayed
in vivo toxicity in tumor models.18 In this paper we dis-
close the optimization and SAR for a series of C8 oxime
dual inhibitors 6 with improved pharmacokinetic prop-
erties and significant oral in vivo anti-tumor efficacy.

The synthesis of DHI oximes 10, 12, and 16 commenced
from common intermediate 7.19 Diels–Alder reaction of
7 with (Z)-3-cyanoacrylic acid ethyl ester, followed by
DDQ oxidative aromatization and Raney-Ni reduction
of the resulting cyano group led to lactam 820 (Scheme
1). Lactam 8 was selectively protected with refluxing
acetic anhydride to the N-acetyl, followed by a modified
Duff reaction21 with hexamethylenetetramine and triflu-
oroacetic acid to produce aldehyde 9. Treatment of 9
with hydroxylamine hydrochloride or O-alkyl hydroxyl-
amine hydrochloride, followed by hydrolysis of the N-
acetyl with potassium carbonate in methanol produced
the desired oximes 10.
Scheme 2 illustrates the synthesis of the second class
of oximes 12, prepared in an analogous manner to
10. Friedel–Crafts acylation of 8 with acid chlorides
and AlCl3 followed by selective lactam N-acylation
proceeded smoothly to 11. Treatment of 11 with
hydroxylamine hydrochloride or O-alkylhydroxylam-
ines generated oximes 12 after deprotection.

The third class of N-alkyl oximes 16 is delineated in
Scheme 3. Alkylation of the cyano-ester intermediate
13 (10 N NaOH, alkyl halide, acetone reflux) and
reductive cyclization produced 14.19 Friedel–Crafts
acylation of 14 followed by N-acetyl protection pro-
duced 15. Oxime formation and removal of the acetyl
group gave oximes 16.
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Scheme 3. Reagents and conditions: (a) i—(Z)-3-cyanoacrylic acid

ethyl ester, YbBr3, 80 �C, AcOH; ii—DDQ, CH3CN, rt, 30–35%; (b)

i—10 N NaOH, R11-I, acetone, reflux; ii—Raney-Ni, DMF, MeOH,

50 psi, 75–85%; (c) i—MeCOCl, AlCl3, CH2Cl2, CH3NO2, rt; ii—

Ac2O, reflux, 50–55%; (d) i—NH2OHÆHCl or R2ONH2ÆHCl, NMP,

EtOH, reflux; ii—K2CO3, MeOH, reflux, 52–57%.
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Scheme 4. Reagents and conditions: (a) i—(Z)-3-cyanoacrylic acid

ethyl ester, YbBr3, 80 �C, AcOH; ii—DDQ, CH3CN, 30–35%; (b) i—

10 N NaOH, 1-iodo-2-methylpropane, acetone, reflux; ii—Raney-Ni,

DMF, MeOH, 50 psi, 82–85%; (c) i—MeCOCl, AlCl3, CH2Cl2,

CH3NO2, rt; ii—MeONH2ÆHCl, Pyridine, 100 �C, 65–70%.

Table 1. SAR for R1 and R2

N

N
N
H

N

O
N

O
R2

R1

H

Entry R1 R2 TIE-2a VEGF-R2a VEGF-R222 cell score

21 H Me 148 18 ND

22 H Et 264 4 ND

23 Me Me 71 1 ND

24 Me Et 23 2 4

25 i-Pr Me 264 4 ND

26 i-Pr Et 92 23 ND

27 Me H 44 1 ND

28 Me i-Pr 28 3 4

29 Me i-Bu 10 10 4

30 Me t-Bu 93 31 ND

ND, not determined.
a IC50 values in nM reported as the average of at least two separate

determinations.
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The N1 methyl pyrazole oxime 20 was prepared for
comparison as described previously (Scheme 4) starting
from the N1 methyl pyrazole diene 17.19

The DHI oximes were screened against recombinant
human VEGF-R2 and TIE-2 using a heterogeneous
time-resolved fluorescence (TRF) readout and recombi-
nant human phospholipase C-c/glutathione S-transfer-
ase (GST) as substrate.17 Shown in Table 1 are the
structure–activity relationships (SAR) for the indole
NH series (R11 = H). The general SAR trend revealed
the R2 ether group was critical for TIE-2 potency,
depending on R1. When R1 = methyl, the optimum
combination for dual potency was with R2 = ethyl
(24), i-propyl (28) or i-butyl (29). An alkyl group was
preferred at R1, however increasing the size of the R1 al-
kyl tended to decrease dual potency (compare 23–25).

Compounds 24 (TIE-2 IC50 = 23 nM, VEGF-R2
IC50 = 2 nM), 28 (TIE-2 IC50 = 28 nM, VEGF-R2
IC50 = 3 nM) and 29 (TIE-2 IC50 = 10 nM, VEGF-R2
IC50 = 10 nM) had good dual enzyme potency and
showed complete inhibition of VEGF-stimulated
VEGF-R2 autophosphorylation in cells. However, in
rat pharmacokinetic experiments they suffered from
high clearance and short half-lives after iv administra-
tion. Therefore, attention shifted next to studying the
R11 indole position.

The SAR for R11 alkyl substitutions are shown in
Table 2. When R2 = methyl, optimum dual potency
was met with an R11 3-carbon chain (e.g., n-propyl
33 and i-butyl 35). Unexpectedly, 33 (TIE-2
IC50 = 30 nM and VEGF-R2 IC50 = 1 nM) showed
poor activity in the VEGF-R2 cell assay despite the
potent VEGF-R2 enzyme activity. Compound 35
(TIE-2 IC50 = 30 nM and VEGF-R2 IC50 = 7 nM)
showed complete inhibition of VEGF stimulated
VEGF-R2 autophosphorylation in HUVECs.17 Simul-
taneously increasing the R2 and R11 alkyl size de-
creased dual potency. From this set, the best
combination for dual enzyme and cellular potency
was met with R2 = ethyl and R11 = i-propyl (40 TIE-
2 IC50 = 26 nM and VEGF-R2 IC50 = 4 nM) or i-butyl
(37, TIE-2 IC50 = 30 nM and VEGF-R2 IC50 = 1 nM).
Further examination of the SAR around 40 by vary-
ing the R2 position (cf. 40–42) demonstrated that
increasing the size to i-butyl decreased VEGF-R2
and TIE-2 potency 13- and 2-fold, respectively. To
evaluate the influence of the N2-methyl of 35 on dual
potency, the N1-methyl regiomer 20 was synthesized
and discovered it had 15- and 4-fold weaker activity
for TIE-2 and VEGF-R2 (TIE-2 IC50 = 461 nM and
VEGF-R2 IC50 = 28 nM) compared to 35.

Based on their dual enzyme and cellular potency 35, 37,
and 40 were evaluated for pharmacokinetic properties in
the rat. Compounds 35 and 40 showed favorable PK in
rat (Table 3), while 37 demonstrated poor oral bioavail-
ability. The %F for 35 was estimated to be 66 after deter-
mining the plasma level exposure after iv (1 mg/kg) and



Table 2. SAR for R11 and R2

N

N
N

N

O
N

O
R2

R11

H

Entry R11 R2 TIE-2a VEGF-R2a VEGF-R222 cell score

31 Me Me 347 5 ND

32 Et Me 300 4 ND

33 Pr Me 30 1 1

34 i-Pr Me 97 4 ND

35 i-Bu Me 30 7 4

36 n-Bu Me 108 12 ND

37 i-Bu Et 25 4 4

38 i-Bu i-Pr 52 31 4

39 i-Bu i-Bu 23 94 ND

40 i-Pr Et 26 4 4

41 i-Pr i-Pr 66 11 4

42 i-Pr i-Bu 46 51 2

43 Et i-Bu 45 24 3

ND, not determined.
a IC50 values in nM reported as the average of at least two separate

determinations.

Table 3. Rat pharmacokinetic properties for 35 and 40

1 mg/kg iv 35 40 5 mg/kg po 35 40

t1/2 (h) 1.4 2.0 %F 66 31

CL

(mL/min/kg)

6.5 7.4 t1/2 (h) 6.5 3.2

AUC 0�1
(ng h/mL)

2762 2302 AUC 0�1 (ng h/mL) 9055 3606

Vd (L/kg) 0.8 1.3 Cmax (ng/mL) 874 637
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po (5 mg/kg) administration over a 6-h period. The iv
terminal half-life was 1.4 h with a volume of distribution
of 0.8 L/kg and a clearance rate of 6.5 L/min/kg. The
oral Cmax was 874 ng/mL (1.9 lM). Compound 40 also
showed good oral exposure (%F = 31) and intrinsic
pharmacokinetic properties (t1/2 = 2 h, CL = 7.4 ml/
min/kg) in the rat.
Figure 3. ORTEP drawing of the crystal structure of 35.
Homology modeling and docking experiments for
VEGF-R2 were used to aid in developing and inter-
preting the dual SAR. For TIE-2, an X-ray co-crystal
structure was solved with a DHI analog and subse-
quently, this structure was used for docking experi-
ments with new analogs. Figure 4 shows 35 docked
in the ATP pocket of the TIE-2 model. The lactam
NH/CO form a bidentate donor/acceptor interaction
with Glu903/Ala905 at the hinge region. The anti-
oxime (@N) orientation serves as an acceptor for
Asp982 backbone amide. The hydrophobic cavity
that occupies the O-alkyl oxime is defined by
Leu888, Leu976, Phe983, Gly984, Leu985 and
Ile902. A single crystal structure23 for 35 (Fig. 3)
was solved that confirmed the trans-oxime orientation
and the regiochemistry of the lactam carbonyl and
the indazole N2 methyl group.

Compounds 35 and 40 were profiled for selectivity
against a panel of tyrosine and serine/threonine ki-
nases. Both compounds potently inhibited PDGFRb
(92% inhibition at 1 lM) and c-src (IC50 = 43 nM and
14 nM for compounds 35 and 40, respectively), but
not EGFR or IR (IC50 values >1 lM). Inhibition of
the src family was also demonstrated for lyn, lck,
fyn, yes and blk (>80% inhibition at 1 lM). In con-
trast, selectivity against a number of serine/threonine
kinases was observed with weak inhibition for CDKs,
CHK1, GSK 3b, JNKs, MAPK, MEK1 and the
PKC isoforms. Compound 35 was found to potently
inhibit VEGF-R1 and VEGF-R3 family members with
IC50 values of 8 and 10 nM, respectively.

Based on its dual in vitro activity, selectivity and PK
properties, 35 was evaluated in both functional
(ex vivo rat aortic ring explant cultures) and target-di-
rected (in vitro HUVEC capillary-tube formation) bio-
assays in order to assess the anti-angiogenic activity
and potential cytotoxic profile. Compound 35 dis-
played significant concentration-related inhibition of
complete HUVEC capillary tube formation relative
to control in the absence of apparent HUVEC cyto-



Figure 4. Hydrophobic surface map around compound 35 bound to

the ATP site of TIE-2.
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Figure 5. Anti-angiogenic activity of 35 in (A) VEGF-induced

HUVEC capillary-tube formation and (B) ex vivo rat aortic ring

explants. p < 0.05, **p < 0.01, ***p < 0.0001.
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Figure 6. Effects of oral administration of compound 35 on human

melanoma xenografts.
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toxicity (based upon blue exclusion) with an EC50 val-
ues of 1 ± 0.2 nM. Complete inhibition of VEGF-in-
duced HUVEC capillary-tube formation was
achieved at concentrations greater than 4 nM
(Fig. 5A).24 The anti-angiogenic response to 35 was
further evaluated ex vivo in rat aortic ring explants
over a 10-day time course in the absence of exogenous
VEGF stimulation. Concentration-related inhibitory
effects on the peak phase of microvessel growth were
observed with an EC50 of 3.0 ± 0.7 nM (Fig. 5B).
Complete inhibition of microvessel outgrowth was ob-
served at concentrations greater than 50 nM. The anti-
angiogenic effects of 35 in this assay were achieved in
the absence of apparent cytotoxicity to endothelial
cells, fibroblasts, and pericytes in primary aortic ring
explant cultures.24 The EC50 for inhibition of prolifer-
ation of five human tumor cell lines in vitro by 35
ranged from approximately 50 nM to greater than
1 lM. Compound 35 had an EC50 of approximately
70 nM against A375 cells in vitro.

Based upon the demonstrated tolerability and anti-tu-
mor and anti-angiogenic efficacy of 35 in the 10-day
SVR angiosarcoma screening model, 35 was evaluated
following chronic oral administration from 0.3 to
10 mg/kg/dose range in the A375 human tumor xeno-
graft melanoma model for anti-tumor efficacy and toler-
ability (Fig. 6).23 Chronic oral administration of 35 was
well tolerated with no overt mortality or significant
body weight loss. Compound 35 demonstrated signifi-
cant, dose-related tumor growth inhibition and increase
in the incidence of partial and complete regressions. At
10 mg/kg bid, a 38% incidence of partial tumor regres-
sions and 80% inhibition of tumor growth relative to
vehicle-treated control mice were observed. Complete
tumor regressions were observed at 3 mg/kg bid as well.

In conclusion, we described here the in vitro optimiza-
tion of a series of potent dual TIE-2/VEGF-R2 DHI-
oximes with good pharmacokinetic properties. Com-
pound 35 demonstrated potent dual enzyme and cellular
activity, excellent rat pharmacokinetic properties and
in vitro and oral in vivo anti-angiogenic activity consis-
tent with the mechanism. Details of the in vitro and the
in vivo results for 35 and 40 will be published in due
course.
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