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Novel derivatives of isothiazoles are described as potent ATP-competitive inhibitors of vascular endothe-
lial growth factor receptors I and II (VEGFR-1/2). A number of compounds exhibited VEGFR-2 inhibitory
activity comparable to that of VatalanibTM in both HTRF enzymatic and cellular assays. Several derivatives
featuring bulky meta-substituents in the amide portion of the molecule displayed 4- to 8-fold specificity
for VEGFR-2 versus VEGFR-1. Active molecules also showed high intrinsic permeability (>30 � 10�5 cm/
min) across Caco-2 cell monolayer.

� 2008 Elsevier Ltd. All rights reserved.
Cancer cells easily acquire resistance towards conventional
cytotoxic agents commonly used for chemotherapy.1 It is believed
that this issue could be addressed by anti-angiogenesis therapy tar-
geting tumor vascular endothelial cells.2 Angiogenesis, or formation
of new blood vessels, is a process critical to both development and
systems maintenance in vertebrates.3 Vascular endothelial growth
factors (VEGFs) and their respective family of receptor tyrosine ki-
nases (VEGFRs) are key proteins regulating vascular development
during angiogenesis.4–10 These include receptor tyrosine kinases,
VEGFR-1 (Flt-1) and VEGFR-2 (Kinase Insert Domain Receptor
(KDR) or flk1).10–13 In early embryogenesis, VEGFR-1 functions as
a negative regulator, most likely through its strong VEGF-A trapping
activity. In adults, VEGFR-1-specific ligands are reported to induce
mild angiogenesis. VEGFR-2 is the major positive signal transducer
for endothelial cell proliferation and differentiation at all mamma-
lian stages of development.11 There has been considerable in vivo
evidence, including clinical observations, that the abnormal angio-
genesis is implicated in a number of malignancies, which include
rheumatoid arthritis, inflammation, cancer, degenerative eye con-
ditions and others. Potent, specific and non-toxic inhibitors of angi-
ogenesis were reported to be powerful clinical tools in oncology and
ophthalmology.12,13

Several groups in the industry have developed methods for
sequestering VEGF which leads to a signal blockade via VEGF
receptors and, subsequently to an inhibition of a malignant angio-
genesis. Perhaps, the most successful marketed agent reportedly
ll rights reserved.
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working via this mechanism is AvastinTM.14 A number of small-mol-
ecule inhibitors are known to affect VEGF/VEGFR signaling. These
include PTK787 (VatalanibTM A),15 its analog BAY579352 (B),16

and the isosteric anthranyl amide derivatives C17 and AMG-706
(D).18 Intramolecular hydrogen bonding in C and D was sug-
gested17,19 to be responsible for the optimal spatial orientation of
the pharmacophore pieces, similar to that of the parent PTK787
(Fig. 1).

The essential pharmacophore elements for the VEGFR-2 activity
of phthalazine-based molecules and their analogs (A–D) include20

(i) [6,6]fused (or related) aromatic system; (ii) para- or 3,4-di-
substituted aniline function in position 1 of the phthalazine core;
(iii) hydrogen bond acceptor (Lewis’ base: lone pair(s) of a nitro-
gen- or oxygen atom(s)) attached to position 4 via an appropriate
linker (aryl or fused aryl group). In this communication, we expand
upon our initial findings19,20 and disclose potent inhibitors of VEG-
FR-2 kinase based on thiazoles. We reasoned that this template
could provide for the both proper pharmacophore arrangement
and favorable ex vivo PK profile.

Results and discussion: A series of isothiazoles 3–32 (Scheme 1
and Table 1) were synthesized as described in Scheme 1. Reaction
sequence involving formation of a respective amide from the
cyanoacetic ester and preparation of the respective oxime was fol-
lowed by the cyclization of the resulting cyanamide with
EtO2CH2SH to furnish isothiazoles 1 featuring desired arrange-
ments of the tether groups. Carbetoxy moiety in 1 was removed
to afford 2, the key precursor to targeted heterocycles. Reductive
amination of 2 with a series of aldehydes furnished isothiazoles
3–32 in a 28–52% overall yield.21
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Figure 1. Selected Inhibitors of VEGFR-2.
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Scheme 1. Synthesis and activity of thiazoles 3–32 against VEGFR-2 and VEGFR-1 kinases in vitro and in cell-based assays. Reagents and conditions: (i) Ar1–NH2, Im, EtOH,
200 �C; (ii) EtONO, EtONa, EtOH; (iii) TsCl, Py, benzene, �78 �C; (iv) EtO2CCH2SH, Py, EtOH, 25 �C; (v) Et3N, 25 �C; (vi) NaOH, EtOH, 22 h, 25 �C; (vii) NaOH, H2O, 0.5 h, 25 �C;
(viii) Ar2–CHO, AcOH, MeOH; (ix) NaBH4, MeOH.

Table 1
Activity of thiazoles 3–32 against VEGFR-2 and VEGFR-1 kinases in vitro and in cell-based assays

Compound Ar1 Ar2 VEGFR-2, enzymatic, IC50,
lMa

VEGFR-1, enzymatic, IC50,
lMa

VEGFR-2, cell-based ELISA, IC50,
lMa,b,c

A, PTK787 VatalanibTMC 0.054 ± 0.006 0.14 ± 0.02 0.021 ± 0.03
(0.042 ± 0.003)b (0.11 ± 0.03)b (0.016 ± 0.001)b

0.032 ± 0.005 0.17 ± 0.05 0.09 ± 0.01
(0.023 ± 0.006)b (0.130 ± 0.081)b (0.0012 ± 0.0002)b

3 3-F3C(C6H4) 4-Pyridine 0.041 ± 0.006 0.17 ± 0.02 0.054 ± 0.01d

4 3-F3C(C6H4) 3-Pyridine 4.23 ± 0.51 >10 >10
5 3-F3C(C6H4) 2-Pyridine >10 >10 >10
6 4-F3C(C6H4) 4-Pyridine 0.21 ± 0.04 0.25 ± 0.08 1.53 ± 0.24
7 4-F3C(C6H4) 3-Pyridine >10 >10 >10
8 4-F3C(C6H4) 2-Pyridine >10 >10 >10
9 3-F3CO(C6H4) 4-Pyridine 0.033 ± 0.005 0.26 ± 0.05 0.041 ± 0.02

10 4-F3CO(C6H4) 4-Pyridine 0.46 ± 0.07 1.23 ± 0.11 0.77 ± 0.12
11 3-tBu-(C6H4) 4-Pyridine 0.035 ± 0.007 0.31 ± 0.03 0.082 ± 0.06
12 4-tBu-(C6H4) 4-Pyridine 0.36 ± 0.07 0.61 ± 0.09 1.15 ± 0.11
13 4-Cl-(C6H4) 4-Pyridine 0.14 ± 0.05 0.25 ± 0.06 0.42 ± 0.11
14 3-Br-(C6H4) 4-Pyridine 0.027 ± 0.004 0.055 ± 0.005 0.21 ± 0.07
15 4-Br-(C6H4) 4-Pyridine 0.23 ± 0.08 0.26 ± 0.05 1.04 ± 0.16
16 2-Br-(C6H4) 4-Pyridine >10 >10 >10
17 2-(Quinolinyl) 4-Pyridine 0.44 ± 0.08 0.38 ± 0.07 0.77 ± 0.12
18 5-(Indazolyl) 4-Pyridine 0.82 ± 0.13 1.09 ± 0.22 >10
19 3-F3C,4-Cl(C6H4) 4-Pyridine 0.23 ± 0.06 0.98 ± 0.16 0.53 ± 0.09
20 3-Cl,4-F3C(C6H4) 4-Pyridine 0.89 ± 0.15 1.80 ± 0.24 2.05 ± 0.33
21 3,4-di-Cl(C6H4) 4-Pyridine 0.67 ± 0.10 0.75 ± 0.12 1.11 ± 0.24
22 4-Me-3-F3C(C6H3) 4-Pyridine 0.043 ± 0.09 0.19 ± 0.05 0.056 ± 0.02
23 3-Me-4–F3C(C6H3) 4-Pyridine 0.49 ± 0.12 0.67 ± 0.11 0.71 ± 0.18
24 2-F-4-Me(C6H3) 4-Pyridine 1.98 ± 0.28 2.51 ± 0.22 1.89 ± 0.33
25 Piperonyl- 4-Pyridine 0.65 ± 0.19 0.70 ± 0.11 0.79 ± 0.21
26 3-F3C(C6H4) 3,4-di-F-(C6H3) >10 >10 >10
27 3-F3C(C6H4) 5-Piperonyl >10 >10 >10
28 3-Br-(C6H4) 5-Piperonyl >10 >10 >10
29 3-Br-(C6H4) 4-Quinolyl 0.15 ± 0.06 0.33 ± 0.09 0.27 ± 0.07
30 3-F3C(C6H4) 4-Quinolyl 0.11 ± 0.02 0.58 ± 0.15 0.39 ± 0.14
31 3-Br-(C6H4) 4-Isoxazolo >10 >10 >10
32 3-Br-(C6H4) 2-Quinolyl >10 >10 >10

a IC50 values were determined from the logarithmic concentration-inhibition point (ten points).22 The important values are given as the mean of at least two duplicate
experiments.

b Lit. IC50 values, as measured at 8 lM ATP.
c Lit. data correspond to the inhibition of VEGF-induced phosphorylation of VEGFR-2 in CHO cells.
d Molecules with best enzymatic and cellular potencies against VEGFR-2 are bolded.22,23
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Figure 2. Structural overlap between (a) 3 (green) and VatalanibTM (blue); (b) pharmacophore hypothesis for the mode of binding of isothiazole 3 within the ATP-binding
pocket of VEGFR-2. Central aromatic ring is surrounded by Leu840, Val848, Val899, Phe918 and Leu1035. The amide is in close proximity with the Ala866 and Lys868, and
pyridine nitrogen is near Arg1032.

Table 3
Compounds 3, 11 and 14 are ATP-competitive inhibitors of VEGFR-2

Compound Ki at IC50 (lM) Ki at IC90 (lM)

3 0.16 0.13
11 0.13 0.12
15 0.09 0.07
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Thirty compounds (3–32, Table 1) were first tested in vitro
against isolated VEGFR-2.22 Specifically, we measured their ability
to inhibit phosphorylation of a biotinylated-polypeptide substrate
(p-GAT, CIS Bio International) in a homogenous time-resolved fluo-
rescence (HTRF) assay at an ATP-concentration of 2 lM. The results
were reported as a 50% inhibition concentration value (IC50). Liter-
ature VEGFR-2 inhibitors including VatalanibTM and C (Fig. 1) were
used as internal standards for quality control.

As can be seen from Table 1, majority of isothiazoles exhibited
good inhibitory activity against VEGFR-2.22 By varying substituents
at both Ar1 and Ar2 moieties it was possible to modulate compounds’
potency against the enzyme. In studying SAR of the amide pharma-
cophore (Ar1), we found that compounds featuring meta-substituted
Ar1 exemplified by m-CF3� (3), m-OCF3 (9), m-t-Bu (11) and m-Br
(14) displayed better potency with the IC50 values of 27–41 nM in
the VEGFR-2 enzymatic assay. Para-substitution in this portion of
the molecule was somewhat tolerated, however the respective ana-
logs were >5-fold less active against the enzyme (Table 1, compare 3
and 6, 9 and 10, 11 and 12). Comparison of ortho-, meta- and para-
functionalized aryl derivatives with the same Ar1 moiety in VEG-
FR-2 enzymatic assay (Table 1, compounds 14–16) also suggested
superior potency of the meta-derivative 14. Notably, compound 16
was completely inactive in both in vitro and in the cellular assay.

In order to further explore steric requirements for the Ar1 sub-
stituent, we prepared a series of amides with heterocyclic (Table 1,
17 and 18) and disubstituted functionalities (19–25). Specifically,
neither 2-(quinolinyl) (17) nor 5-(indazolyl) (18) Ar1 improved
overall activity of the resulting molecule against the kinase. Iso-
thiazoles featuring 3,4-disubstituted aryl groups consistently dis-
played reduced potency compared with the respective mono-
substituted meta-derivatives. However following the trend de-
scribed above, molecules featuring larger hydrophobic meta-sub-
stituents were somewhat more active when compared to the
respective para-analogs (Table 1, compare pairs 19 and 20, 22
and 23) These facts suggest presence of a relatively tight hydro-
phobic pocket in the binding site of VEGFR-2.
Table 2
Passive diffusion potential across Caco-2 cell monolayer for selected compounds

Compound Intrinsic permeability, Pm value � 10�5 cm/
min

Absorption potential C

C 38.6 (lit. 45.2)18 High 1
3 41.9 Med 2
9 47.6 High 2
11 33.5 High 3
In the next series of experiments, we optimized the aniline sub-
stituent Ar2 (Table 1, entries 3–8, 26–32). Similar to the earlier find-
ings,19,20 4-pyridyl group was featured in the most active molecules.
4-Quinolinyl derivatives (29 and 30) displayed moderate activity
against VEGFR-2, even with the optimized Ar1 functionality. The
combined SAR data indicate that (i) substitution pattern on the Ar1

group of the amide (compare 3 and 6, 9 and 10, 11 and 12) and (ii)
nature of the aniline substituent Ar2 (compare 3, 4 and 5, 26–28
and 29) are critical to the VEGFR-2 inhibitory activity of these new
series. It is likely that proper alignment of the lower portion of the
molecule, namely nitrogen atoms (Lewis’ base, hydrogen bond
acceptors) of 4-pyridyl or 4-quinolyl groups (Table 1, for example,
3 and 30) with the Arg1302 moiety in the ATP-binding pocket of
VEGFR-2 is required for the activity. We further speculated that
the amide function is accommodated in a well-defined binding
pocket lined up with Ala866 and Lys 868. This allows for a better fit
of a meta-substituted aryl moiety in the hydrophobic pocket of the
ATP-binding site of the kinase.19,20 MMFF94 Force Field minimiza-
tion studies suggested good overlap between our molecule (3) and
the development candidate VatalanibTM (Fig. 2a). Observed struc-
ture–activity relationship of the novel isothiazoles 3–32 are in line
with the proposed pharmacophore hypothesis (Fig. 2b).

Compounds 3–32 were also tested in HTRF format against VEG-
FR-1.22 The results in Table 1 indicate that all VEGFR-2 active iso-
thiazole derivatives (for example, 3, 9, 11, 14, 22, 29, 30)
consistently display good activity against VEGFR-1 with the IC50

values in the 31–580 nM range for the most potent compounds.
In general, molecules featuring para-substituents in the Ar1 display
ompound Intrinsic permeability, Pm value � 10�5 cm/
min

Absorption potential

4 32.9 High
2 35.4 High
9 21.5 Med
0 16.3 Med
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VEGFR-2 activity similar to that for the VEGFR-1 (Table 1, for
example, 6, 12, 13, 17). This outcome could be of benefit in the
clinical setting as both receptors are reported to mediate VEGF sig-
naling in the angiogenesis.1–5,20 In our hands, bulky substituents in
the meta-position of Ar1 favored VEGFR-2 suggesting potential for
the development of an inhibitor selective against VEGFR-1 (Table 1,
for example, 3, 9, 11, 22). Further screening of 3–32 against a num-
ber of other receptor (IGF1R, InR, FGFR1, Flt3, EGFR, ErbB2, c-Met,
Ron) and cytosolic (PKA, GSK3b, bcr-Abl, bcr-AblT315, Cdk1/2, Src,
Auroras A and B, Plk1) kinases in HTRF format indicated no signif-
icant cross reactivity (PI < 30%, triplicate measurements) at a con-
centration of 10 lM.

Active in vitro inhibitors of VEGFR-2 were further characterized
in a cell-based phosphorylation ELISA assay (Table 1).23 In general,
good in vitro- to cell-based activity correlation has been found for
these compounds. In our hands, the best compounds displayed 41–
390 nM activity in inhibiting cell-based phosphorylation of VEGFR-
2. Passive diffusion potential for compounds3, 9, 11, 14, 22, 29, 30
across Caco-2 cell monolayer was predictive of cell permeability. In
general, good correlation between cell-based activity and Pm val-
ues was observed for all active compounds (Table 2). This fact indi-
cates that a number of derivatives, including 3, 9, 11 could be
further developed for in vivo studies.

Further, competition assays were conducted for the selected
molecules with varying concentration (0–100 lM) of ATP. Specifi-
cally, five different concentrations of 32P ATP were incubated with
VEGFR-2 along with varying concentrations (absence, IC50, IC90) of
the inhibitors 3, 11 and 14 for 45 min at RT. A double reciprocal
graph of the degree of phosphorylation (1/cpm) against ATP-con-
centration (1/[ATP]) was plotted. The data were analyzed by a
non-linear least-squares program to determine kinetic parameters
using GraphPad software. Determined Ki values for the three se-
lected compounds are listed in Table 3.

In summary, we have described a series of isothiazoles as po-
tent inhibitors of both VEGFR-2 and VEGFR-1 receptors. Enzymatic
and cellular activities of representative molecules are comparable
to the clinical candidates VatalanibTM and AMG-706. This outcome
could be of benefit in the clinical setting as both receptors are re-
ported to mediate VEGF signaling in the angiogenesis.
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extracellular portion of FGFR1 and the intracellular portion of VEGFR-2 was
transiently transfected into 293 adenovirus-transfected kidney cells. DNA for
transfection was diluted to a 5 lg/ml final concentration in a serum-free
medium and incubated at room temperature for 30 min with 40 ll/mL of
Lipofectamine 2000, also in serum-free media. 250 ll of the Lipofectamine/
DNA mixture was added to 293 cells suspended at 5 � 105 cells/ml. 200 ll/well
of the suspension was added to a 96-well plate and incubated overnight.
Within 24 h, media was removed and 100 ll of media with 10% fetal bovine
serum was added to the now adherent cells followed by an additional 24 h
incubation. Test compounds were added to the individual wells (final DMSO
concentration was 0.1%). Cells were lysed by re-suspension in 100 ll Lysis
buffer (150 mM NaCl, 50 mM Hepes pH 7.5, 0.5% Triton X-100, 10 mM NaPPi,
50 mM NaF, 1 mM Na3VO4) and rocked for 1 h at 4 �C.(ii) ELISA for detection of
tyrosine-phosphorylated chimeric receptor: 96-well ELISA plates were coated
using 100 ll/well of 10 lg/ml of aFGFR1 antibody, and incubated overnight at
4 �C. aFGFR1 was prepared in a buffer made with 16 ml of a 0.2 M Na2CO3 and
34 ml of a 0.2 M NaHCO3 with pH adjusted to 9.6. Concurrent with lysis of the
transfected cells, aFGFR1 coated ELISA plates were washed three times with
PBS + 0.1% Tween-20, blocked by addition of 200 ll/well of a 3% BSA in PBS for
1 h and washed again. 80 ll of lysate were then transferred to the coated and
blocked wells and incubated for 1 h at 4 �C. The plates were washed three
times with PBS + 0.1% Tween-20. To detect bound phosphorylated chimeric
receptor, 100 ll/well of anti-phosphotyrosine antibodies (RC20:HRP),
Transduction Laboratories)) were added (final concentration 0.5 lg/ml in
PBS) and incubated for 1 h. The plates were washed six times with PBS + 0.1%
Tween-20. Enzymatic activity of HRP was detected by adding 50 ll/well of
equal amounts of the Kirkegaard & Perry Laboratories (KPL) Substrate A and
Substrate B. The reaction was stopped by addition of 50 ll/well of a 0.1 N
H2SO4, absorbance was measured at 450 nm.
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