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Abstract—A series of benzamidines and benzamides was synthesized as selective inhibitors of vascular endothelial growth factor
receptor (VEGFR) tyrosine kinases, and tested for inhibitory activity toward autophosphorylation by the enzyme assay. Selective
inhibition of VEGFR-2 tyrosine kinase was observed in the salicylic amide 4e and the anthranilic amidine 5a, and their percent inhi-
bitions of VEGFR-2 tyrosine kinase were 44—60% at a 10 uM concentration of compounds. The salicylic amide 4a showed inhibition
of both VEGFR-1 and VEGFR-2 tyrosine kinases at a 10 uM concentration.

© 2006 Elsevier Ltd. All rights reserved.

Angiogenesis is tightly regulated and only occurs nor-
mally in inflammation, wound healing, and the female
reproductive cycle in the adult.! Uncontrolled angio-
genesis involves pathological states such as atheroscle-
rosis, diabetic retinopathy, rheumatoid arthritis, and
solid tumor growth. Vascular endothelial growth fac-
tor (VEGF) is a key growth factor in tumor angiogen-
esis, therefore, its receptor tyrosine kinases known as
VEGFR-1 (FlIt-1) and VEGFR-2 (KDR/Flk-1) have
been considered as attractive targets for development
of anti-cancer drugs.? Various small molecule VEGFR
kinase inhibitors have been developed, such as
SU6668,> ZD6474,* PTK787,° AAL993,° the pyra-
zine-pyridine compound 1,” and aminopyrimidine 28
(Fig. 1). We focused on the anthranilic amide frame-
work of AAL993. According to the X-ray structural
analysis, AAL993 interacted with VEGFR2 kinase
domain through hydrogen bonds between the pyri-
dine-N and the backbone-NH of Cys919 in the hinge
region of the kinase, the anthranilamide-C=O and the
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backbone-NH of Aspl046 of the DFG-loop, and the
anthranilamide-NH with the side-chain carboxylate
of Glu885 of helix-C as well as the pseudocycle for-
mation by an intramolecular hydrogen bond between
the aniline-NH and the benzanilide-C=0.° We are
interested in an amidine skeleton as a mimic of an
amide. Amidines are, in general, more basic in com-
parison with ammonia, therefore expected different
properties from the corresponding amides. Previously,
we synthesized 4,5-dimethoxyanthranilic amides and
4,5-dimethoxyanthranilic amidines as a mimic of the
4-anilinoquinazoline framework for inhibition of
epidermal growth factor receptor (EGFR) tyrosine
kinase.'® In this paper, we synthesized a series of the
benzamides (3 and 4) and benzamidines (5 and 6)
(Fig. 2), and evaluated their inhibitory activity of
VEGFR1/2 tyrosine kinases.

Anthranilic amides 3a—f were synthesized from methyl
2-aminobenzoate 7a and methyl 4,5-dimethoxy-2-ami-
nobenzoate 7b as shown in Scheme 1. Reductive
amination reactions of 7a and 7b with 4-pyridinecarbox-
aldehyde gave the corresponding anthranilic acid ester
8a and 8b in 69% and 79% yields, respectively. Amide
formation of the esters 8 with various amines was
promoted by trimethylaluminum to afford the
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Figure 1. Structures of VEGFR tyrosine kinase inhibitors.

-2
R4 X =0, Y = NH: anthranilic amides, (3)
X X =0, Y = O: salicylic amides, (4)
X =NH, Y = NH: anthranilic amidines, (5)
Ry Y X = NH, Y = O: salicylic amidines, (6)

Figure 2. Design of benzamides and benzamidines as inhibitors of
VEGEFR tyrosine kinases.

corresponding anthranilic amides 3a—f in 30-71% yields
as shown in Table 1.

Salicylic amides 4a—f were synthesized from 2-methoxy-
benzoic acids 9a (R' = H) or 9b (R! = MeO) as shown in
Scheme 2. The 2-methoxybenzoic acids 9a-b were treat-
ed with thionyl chloride, and the resulting acid chlorides
reacted with various amines to afford the 2-methoxy
benzoic acid amides in 50-99% yields, which underwent
selective demethylation at C-2 position in the presence
of boron trichloride,!! giving the salicylic amides 10a—f
in 23-78% yields. The reaction of 10a—f with 4-chlorom-
ethylpyridine gave the salicylic amides 4a—f.!?

Scheme 3 shows the synthesis of the salicylic amides
4g-h, which were not obtained by the above synthetic
scheme. Treatment of 9b with BCl; gave the methyl ester
11, which underwent ether formation with 4-chloro-
methylpyridine followed by amide formation with vari-
ous amines using AlMe; to give the salicylic amides 4g-h.

We next synthesized the anthranilic and salicylic amidines
5 and 6. The anthranilic amidines Sa—f were synthesized

R CO,Me R’
O GIETS O
R! NH, R!
7a:R'=H
b: R! = MeO

H. Nakamura et al. | Bioorg. Med. Chem. Lett. 16 (2006) 5127-5131

HN

I\
O
H O N/)
_N

PTK 787

H H
NTN:©/CF3
‘ O

7 N\y—NH,
N
\=N

=
o

from 2-aminobenzonitrile 12a or 4,5-dimethoxyl-2-amino-
benzonitrile 12b (Scheme 4). Reductive amination of 12a—
b with 4-pyridinecarboxaldehyde proceeded in the pres-
ence of NaCNBHj;, giving the corresponding benzonitr-
iles 13a and 13b in 41% and 92% yields, respectively.
Amidine formation of 13a—b with various amines was
promoted by trimethylaluminum to afford the corre-
sponding anthranilic amidines 5a—f in 30-71% yields (Ta-
ble 1). Salicylic amidines 6a—f were also synthesized from
2-hydroxybenzonitrile 14a and 4,5-dimethoxyl-2-hydroxy-
benzonitrile 14b along with Scheme 5. In the amidine syn-
thesis, we examined the reaction of benzonitriles, such as
12b and 13b, with pyrazin-2-amine and/or pyrimidin-2-
amine in order to compare with 3e and 3f, however, the
desired amidines were not obtained.

Inhibitory activity of the anthranilic amides 3a—f, salicylic
amides 4a-h, anthranilic amidines 5a—f, and salicylic ami-
dines 6a—f was investigated by ELISA using VEGFRI1
(FIt-1) and VEGFR2 (KDR).!'*!4 Percents of kinase inhi-
bition ata 10 M concentration of compounds are shown
in Table 1. Among anthranilic amides 3a—f, 3b showed
12% and 30% kinase inhibitions of Flt-1 and KDR,
respectively. Salicylic amide 4a showed significant inhibi-
tion of both Flt-1 and KDR (50% and 60%, respectively),
whereas, 4b, 4e, and 4h showed selective inhibition of
KDR (24%, 55%, and 24%, respectively). No kinase inhi-
bition was observed in a series of benzamidines 5 and 6,
except for 5a, which showed 44% kinase inhibition of
KDR. We also examined EGFR tyrosine kinase assay,
however, no inhibition was observed in compounds 3-6
at a 10 pM concentration.
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Scheme 1. Reagents: (a) 4-pyridinecarboxaldehyde, NaCNBH3;, MeOH, 8a: 69%, 8b: 79%; (b) RNH,, AlMej3, toluene, 30-71%.
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Table 1. Yields and VEGFR1/2 kinase inhibitions of the anthranilic amides 3a—f, salicylic amides 4a-h, anthranilic amidines 5a—f, and salicylic

sealiee ol codieves
R I R

Compound R! R? Yield (%) % of inhibition®
Flt-1° KDR®
3a H \/ \ 71 — —
3b H )N\\ﬂ 30 12 30
N

/N

3c H /[\ ) 4 - -
N
=

3d MeO | 59 — —
N

N -
3e MeO j 30 — —
Ay
/N
3f McO /[\ ] 53 _ _
N
4a H 2-CF,CeH, 35 50 60
4b H 2-CICH, 20 _ 2
4c MeO 2-CF3C6H4 35 — —
4d McO 2-CICH, 20 _ _
de MeO 4-CICH, 20 3 55

N ~
4f MeO )\\j 33 — —
N

N
4g McO /[: ] 33 — —

N

=

4h MeO | Trace — 24

N
5a H 2-CF5C¢H, 70 — 44
5b H 4-CIC¢H,4 31 — 7
5¢ H 2-CIC¢H,4 49 — —
5d MeO 2-CF3C(,H4 80 — —
Se MeO 4-CIC¢H,4 57 — —
sf MeO 2-CIC¢Hy4 28 — —
6a H 2-CF3C6H4 48 — —
6b H 4-CIC¢H, 47 — —
6c H 2-CIC¢H, 54 — —
6d MeO 2-CF3C(,H4 35 — —
e MeO 4-CIC¢H, 19 — —
of MeO 2-CIC¢Hy4 31 — —
AAL993¢ 34 95 (31 nM)

#The inhibitory activity of compounds toward tyrosine kinases was determined by ELISA. Kinase assay was performed at a 10 uM concentration of
compounds.

® Catalytic domain of VEGFR1 protein tyrosine kinase.

¢ Catalytic domain of VEGFR2 protein tyrosine kinase.

dKinase assay was performed at a 1 pM concentration of AAL993. ICs, value is indicated in parentheses.
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Scheme 2. Reagents: (a) i—SOCl; ii—R?NH,, DMAP, pyridine, 50-99%; (b) BCls, CH,Cl,, 23-78%; (c) i—KOH, H,0; ii—4-chloromethylpyridine,

20-35%.
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Scheme 3. Reagents and conditions: (a) i..—BCl;, CH,Cl,; ii—H,SO4, MeOH, reflux, 79%; (b) i—KOH, H,0; ii—4-chloromethylpyridine, 61%;

(c) RNH,, AlMejs, toluene, 4g: 33%, 4h: <5%.
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Scheme 4. Reagents and conditions: (a) 4-pyridinecarboxaldehyde,
AcOH, MecOH, then NaCNBH3, rt, 12a: 41%, 12b: 92%; (b) RNH,,
AlMes, toluene, 70 °C, 28-80%.
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Scheme 5. Reagents and conditions: (a) i—KOH, MeOH; ii—4-
chloromethylpyridine, Et;N, DMF, 140 °C, 14a: 41%, 14b: 46%; (b)
RNH,, AlMe;s, toluene, 70 °C, 47-54%.
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In order to better understand the structure-activity rela-
tionship between the VEGFR2 tyrosine kinase inhibi-
tion and the possible binding modes of the salicylic
amides 4a and 4e, we performed molecular docking
experiments of AAL993, 4a and 4e with the ligand-bind-
ing site of VEGFR2 kinase (PDB code 1 YWN). Accord-
ing to our docking simulation as shown in Figure 3, 4a
would interact with VEGFR2 kinase domain through
hydrogen bonds between the pyridine-N and the back-
bone-NH of Cys919 in the hinge region of the kinase,
the salicylamide-C=0 and the backbone-NH of
Aspl046 of the DFG-loop, and the salicylamide-NH
with the side-chain carboxylate of Glu885 of helix-C,
as indicated by the green stick; the ligscore2!> was calcu-
lated as 5.33, which is smaller than that of AAL993 (the
ligscore2 = 5.86). The salicylic amide 4e showed a differ-
ent binding mode as indicated by gray bold stick in

Figure 3. Docking modes of 4a (green) and 4e (gray) overlaid with the
binding conformation of AAL993 (orange) into the active site of
VEGFR2 kinase domain. Docking model was calculated by the DS
modeling 1.2 based on the X-ray analysis data of VEGFR2 tyrosine
kinase with aminopyrimidine 2% (PDB code: 1 YWN). The yellow cloud
shows a ligand-binding site calculated by the site finding module.

Figure. 3. The 4,5-dimethoxysalicylic group of 4e occu-
pied the binding site of CF;C¢H,4 groups of 4a and
AAL993, and the 4-CIC¢H4 group was located near
Ala879. The ligscore2 of 4e was calculated as 4.78.

In conclusion, we succeeded in the synthesis of a series
of anthranilic amides, salicylic amides, anthranilic ami-
dines, and salicylic amidines. Among the compounds
synthesized, the salicylic amide 4a possessed inhibitory
activities of both Flt-1 and KDR, whereas, the salicylic
amide 4e and the anthranilic amidine 5a were found as
selective inhibitors of VEGFR-2 tyrosine kinases. Two
methoxy groups substituted on the salicylic ring of 4e
enhanced the selectivity of VEGFR2 kinase inhibition
in comparison with 4a. We believe that the current find-
ing would be important for designs of tyrosine kinase-
targeted new therapeutic agents.
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