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VEGFR-2, Tie-2, and EphB4 are essential for both angiogenesis and tumorigenesis. Herein, we developed
a series of pyridines incorporated with 1,2,3-triazole as multi-target inhibitors based on the crystal
structure alignment of the kinase domain of angiogenic RTKs. Biological results indicated that these
multi-target inhibitors displayed considerable potential as novel anti-angiogenic agents. Among them,
compound BD7 exhibited the most potent inhibition against the three RTKs simultaneously, and good
activity on inhibiting viability of human umbilical endothelial cells. Therefore, 1,2,3-triazole could serve
as a promising DFG binding group for multi-target inhibitors of VEGFR-2, Tie-2 and EphB4 bearing
pyridine as hinge binding group.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Angiogenesis plays a critical role in the pathogenesis of a
variety of disorders including cancer, proliferative retinopathies,
rheumatoid arthritis or psoriasis, and it has been identified as a
crucial factor in metastasis, which is a major factor leading to
cancer-related death [1]. Thus, anti-angiogenesis has been
considered as a valid strategy for tumor therapy, and many ef-
forts have been focused on developing angiogenesis inhibitors. In
the past decades, numbers of pro-angiogenic factors such as
VEGFR-2, FGFR, PDGFR, Tie-2 and EphB4, also known as receptor
tyrosine kinases (RTKs), have been identified as potential targets
for angiogenesis inhibitors [2]. However, it's a known fact that
many anti-angiogenic agents have failed in clinic trails. Even
though some angiogenesis inhibitors have been approved for
clinical use, many problems have been occurred including
resistance, enhancing hypoxia, and reducing delivery of drugs.
The main reason is the compensatory activation of multiple RTKs
[3]. Meanwhile, cancer cells secrete various RTKs involved in the
process of angiogenesis [4]. Therefore, simultaneous inhibition
and combinatorial targeting of multiple pro-angiogenic RTKs
g).

served.
have been applied as valuable strategy to promote anti-
angiogenesis therapy.

VEGFR-2, Tie-2, EphB4, highly expressed in endothelial cells
(ECs), have been indicated to play an essential role in both vascu-
logenesis and angiogenesis [5]. VEGFR-2 mainly contributes to very
early steps of angiogenesis including ECs survival, proliferation and
migration, while TIE2 and EphB4 contribute to later step including
vessel stabilization, maturation, remodeling of vasculature, and
vascular development [6e9]. Furthermore, these three RTKs have
been confirmed to be significant in tumor development and prog-
nosis [10]. To the best of our knowledge, these three RTKs contain a
high conserved catalytic site binding with ATP, and their catalytic
domains and ATP-binding site are quite similar [11,12]. Overlay of
crystal structures of the three RTKs is depicted in Fig. 1, which
shows no significant difference among each other with RMSD value
0.849Å, 0.725Å and 0.706Å respectively. Therefore, VEGFR-2, TIE-
2 and EphB4 are chose as targets for developing multi-targeted
anti-angiogenesis agents.

In our former work, our interest was in discovery of novel
VEGFR-2 inhibitors as anti-angiogenesis agents. Along this line,
with natural alkaloid taspine as the lead compound, rounds of
structure optimization were performed to develop novel VEGFR-2
inhibitors [13e15]. Among them, BPS-7, biphenyl-aryl urea incor-
porated with salicylal-doxime, has been developed as potent
VEGFR-2 inhibitor. It significantly inhibited the proliferation of
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Fig. 1. Protein structure alignment of three angiogenic RTKs to each other (VEGFR-2: Red, TIE-2: Green, and EphB4: Cyan). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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human umbilical vein endothelial cells, and also effectively
inhibited blood vessel formation in a tissue model for angiogenesis.
Further mechanism study revealed that this compound displayed
selective inhibition against TIE-2 and EphB4 besides VEGFR-2 [16],
making the design of multiple kinase inhibitors feasible. Based on
above findings, BPS-7 was used as leading compound in our
continued work for developing novel multiple RTKs inhibitors as
anti-angiogenesis agents.

By doing interaction analysis of BPS-7 with RTKs, we dissected
the lead into four regions as shown in Fig. 2 for optimization work.
Based on this model, various modification targeting hinge binding
group (HBG), crucial for inhibitors' affinity, has been performed to
discover original chemotypes. As is known, urea unit, interacting
with DFG-motif, is another key part for kinase inhibitors’ binding,
thus optimization of DFG-motif interacting group is imperative.
Therefore, the work described here is focused on modification of
group interacting with DFG-motif. Inspired by bioisosteric para-
digm, urea moiety was replaced with 1,2,3-trizole which may bears
more hydrogen bond donors and acceptors, providing novel scaf-
fold for multiple RTKs inhibitors. In addition, other three parts were
also modified according to our previous work, exploring triple ki-
nase inhibitors with novel scaffold. First, pyridine and 2-methoxy
pyridine was incorporated as new HBG of multiple inhibitors,
supposing that it might simultaneously form hydrogen bonds with
hinge of three RTKs to improve affinity toward three targets. Sec-
ond, the two methoxyl groups on biphenyl of BSP-7 were removed
to reduce the steric hindrance of inhibitors when binding with
receptors. Third, various anilines were incorporated as they are
beneficial for anti-tumor potency and could enhance the persis-
tence [17].
Fig. 2. Design strategy and structures of nov
Encouraged by previous results, we proposed that multiple
RTKs-inhibition could afford novel anti-angiogenic agents. Herein,
we performed the design, synthesis and biological evaluation of
pyridine series compounds. Several pyridine derivatives incorpo-
rated with 1,2,3-trizole displayed promising anti-angiogenic po-
tency. The representative compound BD-7 could be considered as a
promising lead compound for further structural optimization.

2. Results and discussion

2.1. Chemistry

The synthetic route of title compounds was illustrated in
Scheme 1. Firstly, the key intermediates 4 were prepared in a two-
step sequence from commercially available 1-bromo-4-(bromo-
methyl) benzene (2). 1-bromo-4-(bromometnyl) benzene (2) was
converted to 1-(azidomethyl)-4-bromo-benzene (3) with sodium
azide as azide reagent [18]. Then, various substituted phenyl-
acetylenes (1) was reactedwith intermediate (3) by click reaction in
mixture of ethanol and water to generate corresponding triazole
derivatives (4) [19]. Subsequently, the title compounds (BD1-BD7)
were prepared from key intermediates (4) and commercial (6-
methoxypyridin-3-yl)boronic acid (5) by Pd-catalyed Suzuki
coupling [20], while the other title compounds (BD9-BD16) were
obtained from key intermediates (4) and commercial pyridin-3-
ylboronic acid (6) using the same method. In addition, cyclo-
propanecarbonyl chloride coupling of (BD7) through the acylation
reaction afford the title compound (BD8). All the target compounds
were characterized by Mass spectrum (MS), 1H NMR, 13C NMR, and
melting point analysis (Supplementary Material).
el multi-target anti-angiogenic agents.



Scheme 1. Synthesis Route of Pyridine Series Compounds (BD1-BD16)
Reagents and conditions (a) NaN3, DMF, rt, 12 h; (b) L-sodium ascorbate, copper sulfate pentahydrate, ethanol, H2O, rt; (c) dioxane, H2O, pd(pddf)Cl2, K2CO3, reflux; (d) 0 �C, CH2Cl2,
triethylamine, 30min, cyclopropyl carbonyl chloride, rt.

Table 1
Structures and RTK inhibitory activities of title compounds (BD1-BD16) (IC50, nM).2

Compounds R1 R2 VEGFR-2 Tie-2 EphB4

BD1 1-Cl OCH3 1.63 0.36 28.68
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2.2. Biology assays

In order to evaluate the biological activities of title compounds
as anti-angiogenic agents, we firstly tested the enzymatic inhibi-
tory activity of the title compounds against three angiogenic RTKs,
VEGFR-2, Tie-2, and EphB4. Subsequently, their inhibition on
viability of HUVECs (EA.hy926) was evaluated to prove the anti-
angiogenic potency. In parallel, a marketed multi-target RTK in-
hibitors, sorafenib, was used as positive control.
BD2 6-F OCH3 >1000 ND 266.77
BD3 H OCH3 10.56 >1000 >1000
BD4 2-CH3 OCH3 96.17 0.26 ND
BD5 1-CH3 OCH3 11.07 >1000 ND
BD6 2-CF3 OCH3 75.86 0.30 >1000
BD7 1-NH2 OCH3 1.85 0.73 2.99
BD8 OCH3 0.52 ND ND

BD9 1-Cl H 668.70 0.28 ND
BD10 6-F H 300.42 61.26 96.86
BD11 H H 36.16 24.19 ND
BD12 2-CH3 H 15.90 >1000 0.44
BD13 1-CH3 H 1.33 0.45 >1000
BD14 2-CF3 H ND >1000 >1000
BD15 1-CF3 H >1000 ND >1000
BD16 1-NH2 H ND 265.72 ND
sorafenib 0.17 0.39 0.22

ND¼Not Determined.
2.2.1. RTK inhibitory activities
All the title compounds were evaluated for their inhibitory po-

tency against VEGFR-2, Tie-2 and EphB4 with sorafenib as positive
control. Tyrosine kinase inhibition were tested by ADP-Glo™ assay
[21]. As observed in Table 1, several compounds exhibited simul-
taneous inhibition against the three angiogenic RTKs. In particular,
compound BD7 displayed the most potent activity against VEGFR-
2, Tie-2 and EphB4 with IC50 values of 1.85 nM, 0.73 nM and
2.99 nM. For compounds with 2-methoxy pyridine as hinge binding
group, besides compound BD7, compound BD1 bearing fluorine
substituents exhibited potent inhibitory activity against RTKs
(VEGFR-2 IC50¼1.63 nM, Tie-2 IC50¼ 0.36 nM, and EphB4
IC50¼ 28.68 nM), while BD6 with trifluoromethyl group showed
better potency than other compounds. The results indicated that
halogen substituent and trifluoromethyl were the most favorable
for their enzymatic inhibitory activity. In addition, compound BD8
was only potent toward VEGFR-2 compared with BD7, which sug-
gested that cyclopropanoylation of terminal amino group was not
beneficial for improving activity.

For title compounds with pyridine as hinge binding group, the
majority of them exhibited poor activity except for compound BD10
bearing fluorine substituent on terminal aniline. It exhibited
moderate RTKs (VEGFR-2, Tie-2, and EphB4) inhibitory activities
with IC50 values of 300.42 nM, 61.26 nM, and 96.86 nM, respec-
tively. These results indicated that methoxyl side chain on ortho-
position of pyridine was favorable for their potency. Besides, for
these pyridines, amino or halogen substituent on terminal aniline
were beneficial for RTK inhibitory activities. Since most compounds
displayed moderate to high inhibition potency against VEGFR-2,
Tie-2 and EphB4, it might conclude that 1,2,3-triazole could
considered as novel unit to replace urea unit for VEGFR-2/Tie-2/
EphB4 inhibitors.
2.2.2. Cell growth inhibition against the human umbilical vein
endothelial cells (EA.hy926) and cancer cells

In order to determine the potential anti-angiogenic effect of



Table 2
Anti-proliferative activity of inhibitors against human vascular endothelial cell (IC50,
mM).

Compound EA.hy926 Compound EA.hy926

BD1 439.89 BD9 431.19
BD2 708.14 BD10 9.28
BD3 110.17 BD11 12.09
BD4 677.69 BD12 6.49
BD5 43.94 BD13 134.15
BD6 121.97 BD14 170.47
BD7 14.49 BD15 136.53
BD8 ND BD16 24.31

Sorafenib 11.74
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these multi-target inhibitors, we evaluate the inhibition of title
compounds on HUVECs (EA.hy926) viability using cell counting kit-
8 (CCK-8) method [22]. As depicted in Table 2, majority of title
compounds displayed moderate to high anti-proliferative activities
with IC50 values ranging from 6.49 mM to 708.14 mM. Four com-
pounds (BD7, BD10, BD11 and BD 12) exhibited potent inhibition
against the growth of human vascular endothelial cell with IC50
values less than 20 mM. Particularly, compound BD7 with the most
potent RTK inhibitory activities exhibited high cell growth inhibi-
tion with IC50 value (14.49 mM) comparable to that of positive
control sorafenib (11.74 mM). This compound represents the
promising candidate with a “triplet” inhibition profile as well as
anti-angiogenic potency. It might not only inhibit the process of
angiogenesis, but also prevent the occurrence of resistance.

In order to investigate the potential anticancer potency of these
multi-target RTK inhibitors, the most potent BD7 was selected to
examine its anti-proliferative activity against several cancer cells
including human hepatic cancer cell lines (SMMC-7721), human
breast cancer cell lines (MCF-7), human epidermoid carcinoma cell
line (A431), human lung cancer cell (A549), human colon carci-
noma cell line (LOVO), human pancreatic cancerous cell lines
(PANC-1), and human cervical cancer cell line (HeLa). Highly
consistent with the RTK inhibition, it was found that BD7 exhibited
potent anti-proliferative activity against various cancer cell lines
with IC50 values ranging from 0.07 mM to 0.49 mM (Table 3). In
particular, it displayed the highest anticancer potency against hu-
man epidermoid carcinoma cell line (A431) and human colon car-
cinoma cell line (LOVO) with IC50 values of 0.07 mM and 0.10 mM,
respectively.
2.2.3. Molecular docking study
For further structural optimization and investigation of the

potential binding mode, molecular modeling studies were per-
formed using Sybyl-X (version 2.0, Tripos INc.St. Louis, MO). The
most potent compound, BD7, was constructed and optimized using
Powell's method with a Tripos force field. The molecular modeling
was performed using Syblyl-X/Surflex-dock module, and the resi-
dues in 5.0 Å radius around the ligand of VEGFR-2 (PDB ID: 4ASD),
TIE-2 (PDB ID: 2P4I) and EphB4 (PDB ID: 4BB4) were selected as the
active site [23]. The binding mode of BD7 with the ATP-pocket of
VEGFR-2, Tie-2, EphB4 were depicted in Figs. 3e5.

As shown in Fig. 3, BD7 was nicely bound to VEGFR-2 and
Table 3
Anti-proliferative activities of title compound (BD7) against various cancer cells.

Compound Cancer Cell Lines, IC50 (mM)

SMMC-7721 MCF-7 A431 A549 LOVO PANC-1 HeLa

BD7 0.24 0.35 0.07 0.18 0.10 0.49 0.29
Sorafenib 0.30 0.09 0.12 0.08 0.25 0.15 0.27
presented the similar binding conformation with sorafenib which
was displayed as orange. The oxygen atom of methoxyl and nitro-
gen atom onpyridine ring formed two hydrogen bondswith Cys919
in the hinge region of VEGFR-2 with distance of 2.59 Å and 2.24 Å,
respectively. The two nitrogen atoms on triazole ring formed two
hydrogen bonds with conserved Asp1046 of DFGmotif for the bond
length of 2.68 Å and 1.95 Å, respectively. In addition, the NH2 group
on terminal phenyl ring, as hydrogen-bond donor, generated one
hydrogen bond with Val899, and the bond length is 2.17 Å. Favor-
able binding interactions of BD7 with the active site of Tie-2 was
displayed in Fig. 4 with three hydrogen bonds as follows: 1) the first
forming between N atom of pyridine ring and NH2 of Ala905 in
hinge region, the distance was 2.75 Å, 2) the second forming be-
tween N atom of triazole and NH2 of Lys855 with the distance of
2.38 Å, 3) the third was observed between NH2 group of terminal
phenyl ring and C]O of Glu872 with bond length of 2.22 Å. As for
EphB4, the preferred binding model was described in Fig. 5. The
docking result suggested that BD7 was fit well to the ATP pocket of
EphB4 compared with its own ligand, and there are three hydrogen
bonds between BD7 and EphB4. First, the oxygen atom of methoxyl
formed one hydrogen bond with Ser757, and the bond length was
2.66 Å. Second, between the nitrogen atom of pyridine ring and OH
of Thr693, there was one hydrogen bond with distance of 2.44 Å.
Moreover, one hydrogen bond was observed between NH2 of ter-
minal phenyl ring and C]O of Asn698, with distance of 2.00 Å.

Based on docking analysis above, compound BD7 interacted
well with VEGFR-2, TIE-2 and EphB4, and its interaction modewas
similar as that of these three RTKs’ ligands, which is quite con-
sisted with its excellent RTKs inhibitory activity. For details, pyr-
idine with methoxy sidechain, as expected, generated hydrogen
bond with hinge region of all three RTKs, and could be considered
as novel hinge-binding group for further study. 1,2,3-triazole ring
interacted with DFG-motif of VEGFR-2 and TIE-2 through
hydrogen bonding, but no interaction with EphB4, which may
explained the lower activity of compound BD7 against EphB4
compared with the other two RTKs. Furthermore, triazole position
was highly overlapped with urea in VEGFR-2 ligand and amide in
TIE-2 ligand, respectively. All of these suggested that our strategy
of introducing triazole instead of urea unit was valid, providing
novel scaffold for multi-target RTKs inhibitors. In addition, the
amine group on terminal phenyl ring was beneficial for improving
activity toward RTKs, making compound BD7 the best one in this
series inhibitors.

3. Conclusion

Herein, we described the triple inhibitors of VEGFR-2/Tie-2/
EphB4 as potential anti-angiogenic agents. Since these RTKs play
essential roles in angiogenesis. These multiple inhibitors might be
potent to prevent the resistance of single-target drugs. 1,2,3-Trizole
was firstly introduced to diaryl urea core as DFG-binding group
while various pyridines as hinge-binding group. Finally, a series of
pyridine derivatives incorporated with 1,2,3-trizole as multiple
inhibitors were designed, synthesized, and evaluated. The biolog-
ical results indicated that BD7 displayed simultaneous inhibition of
VEGFR-2, Tie-2, and EphB4. Meanwhile, it displayed the most
potent anti-proliferative activity against human vascular endothe-
lial cell (EA.hy926) comparable to sorafenib. Moreover, Molecular
modeling revealed that these compounds could suppress VEGFR-2,
Tie-2, and EphB4 kinase activity through preferential binding at the
ATP-binding site. In conclusion, our results identified the rationality
of design strategies of triple VEGFR-2/Tie-2/EphB4 inhibitors as
novel anti-angiogenic agents. Among them, BD7 could be consid-
ered as a promising starting point for further optimization of 1,2,3-
trizole incorporated derivatives as VEGFR-2/Tie-2/EphB4 inhibitors.



Fig. 3. Docked molecule (BD7) in the crystal structure of VEGFR-2 (PDB ID: 4ASD). Hydrogen bonds were depicted in dashed yellow lines. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Docked molecule (BD7) in the crystal structure of TIE-2 (PDB ID: 2P4I). Hydrogen bonds were depicted in dashed yellow lines. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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Our findings may contribute to the discovery of novel anti-
angiogenic agents for the intervention of pathological
angiogenesis-related diseases.

4. Experimental section

4.1. Chemistry: general procedure

All reagents were purchased from commercial suppliers and
purified according to the standard procedure. The reaction except
those in aqueous media are carried out by standard techniques for
the exclusion of moisture. Reaction progress was monitored by thin
layer chromatography (TLC) on 0.25-mm silica gel plates (GF254)
and visualized with UV. Column chromatography was performed
with silica gel (300e400 mesh). Melting points were determined
using an electrothermal melting point apparatus and were uncor-
rected. 1H NMR and 13C NMR spectraweremeasured at 400MHz on
a Bruker Advance AC400 instrument with TMS as an internal
standard. Mass spectra were obtained on a Shimadzu HPLC-MS-
QP2010 instrument.

General procedure for the synthesis of pyridine series com-
pounds BD1-BD16.



Fig. 5. Docked molecule (BD7) in the crystal structure of EphB4 (PDB ID: 4BB4). Hydrogen bonds were depicted in dashed yellow lines. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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4.1.1. 1-(azidomethyl)-4-bromobenzene (3)
1-bromo-4-(bromomethyl)benzene (2.00 g 8.00mmol) was

dissolved in anhydrous DMF on ice-bath, 0.78 g (11.99mmol) of
sodium azide dissolved in water was add into the mixture. Stirring
was continued for 10min, and sodium azide (0.78 g, 11.99mmol)
dissolved in water was added dropwise to above mixture again at
room temperature. After stirring at room temperature overnight.
The reaction solution was extracted with EtOAc (60mL� 3). The
organic layer was washed with water and brine (40mL� 3), and
dried over Na2SO4. After filtration and concentration in vacuo, the
residue was purified by silica gel flash chromatography (PE/
AcOEt¼ 40:1) to afford (3) as a slight yellow oil (1.45 g 85.1%).

4.1.2. 1-(4-bromobenzyl)-4-(3-chlorophenyl)-1H-1,2,3-triazole (4)
A flask charged with 1-(azidomethyl)-4-bromobenzene (3)

(1.20 g 5.63mmol), 1-chloro-3-ethynyl-benzene (0.78 g 5.63mmol)
was dissolved in anhydrous ethanol (30mL). L-sodium ascorbate
(0.45 g 2.25mmol), copper sulfate pentahydrate (0.29 g 1.13mmol)
and water (3mL) were then added into the mixture. Stirring was
performed at room temperature overnight. After filtration and
concentration in vacuo, the residue was purified by silica gel flash
chromatography (PE/AcOEt¼ 3:1) affording (4) as white solid
(1.31 g, 66.7%)

4.1.3. 5-(4-((4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)-2-methoxypyridine (BD1)

A flask charged with Pd(dppf)Cl2 (0.25.g, 0.34mmol), K2CO3
(1.43 g, 10.35mmol), 1-(4-bromobenzyl)-4-(3-chlorophenyl)-1H-
1,2,3-triazole (4) (1.20 g 3.44mmol) and (6-methoxy-pyridin-3-yl)
boronic acid (5) (0.68g, 4.47mmol), were flushedwith nitrogen and
suspended in 1,4-dioxane (30mL) and water (10mL). The mixture
was then refluxed overnight under nitrogen. The hot suspension
was filtered, and the filtrate was distilled by rotary evaporation to
remove 1,4-dioxane.Water (50mL)was added and the solutionwas
extracted with EtOAc (60mL� 3). The combined EtOAc layer was
washed with water, and dried over Na2SO4. After filtration and
concentration in vacuo, the residue was purified by silica gel flash
chromatography (PE/AcOEt¼ 15:1) affording (BD1) as white solid
(0.39 g, 30%). Mp.¼160e162 �C. MS (EI) [M]þ: m/z¼ 376. 1H NMR
(400MHz, DMSO‑d6) d 10.87 (s, 1H), 9.21 (s, 1H), 8.99 (s, 1H), 8.63
(d, J¼ 2.2 Hz, 1H), 8.14 (d, J¼ 8.7 Hz, 2H), 8.04 (m, J¼ 8.7, 2.4 Hz,
1H), 7.65 (t, J¼ 8.3 Hz, 4H), 7.58 (d, J¼ 8.7 Hz, 2H), 2.03 (t, J¼ 12.3,
8.6, 4.8 Hz, 1H), 0.92e0.71 (m, 4H). 13C NMR (101MHz, DMSO‑d6)
d 163.62, 145.82, 145.20, 138.01, 137.39, 135.35, 134.15, 133.20,
131.34, 129.21, 129.15, 128.14, 127.20, 125.22, 124.12, 122.80, 111.09,
53.74, 53.25.

The compound BD2-BD16 were prepared using the same pro-
cedure described above.

4.1.4. 5-(4-((4-(2-fluorophenyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)-2-methoxypyridine (BD2)

Mp.¼122e124 �C. MS (EI) [M]þ: m/z¼ 360. 1H NMR (400MHz,
DMSO‑d6) d 8.16 (t, J¼ 7.7 Hz, 1H), 8.02 (dd, J¼ 8.7, 2.6 Hz, 1H), 7.70
(d, J¼ 8.2 Hz, 2H), 7.49 (d, J¼ 8.2 Hz,1H), 7.45e7.31 (m, 3H), 6.93 (d,
J¼ 8.6 Hz, 1H), 5.76 (s, 2H), 3.91 (s, 3H). 13C NMR (101MHz,
DMSO‑d6) d 163.67, 160.20, 157.75, 145.26, 140.45, 138.06, 137.39,
135.64, 130.25, 130.17, 129.22, 127.84, 127.80, 127.23, 125.51, 125.47,
124.56, 124.45, 118.89, 118.76, 116.64, 116.43, 111.13, 53.79, 53.08.

4.1.5. 2-methoxy-5-(4-((4-phenyl-1H-1,2,3-triazol-1-yl) methyl)
phenyl)pyridine (BD3)

Mp.¼196e197 �C. MS (EI) [M]þ: m/z¼ 342. 1H NMR (400MHz,
DMSO‑d6) d 8.69 (s, 1H), 8.48 (d, J¼ 2.3 Hz, 1H), 8.01 (d, J¼ 11.1 Hz,
1H), 7.86 (d, J¼ 7.4 Hz, 2H), 7.69 (d, J¼ 8.1 Hz, 2H), 7.45 (t, J¼ 7.5 Hz,
4H), 7.34 (d, J¼ 7.3 Hz, 1H), 6.91 (d, J¼ 8.6 Hz, 1H), 5.70 (s, 2H), 3.89
(s, 3H). 13C NMR (101MHz, DMSO‑d6) d 163.64, 147.18, 145.22,
138.04, 137.35, 135.60, 131.13, 129.39, 129.20, 129.14, 128.39, 127.21,
125.64, 122.06, 111.12, 53.77, 53.17.

4.1.6. 2-methoxy-5-(4-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)pyridine (BD4)

Mp.¼168e170 �C. MS (EI) [M]þ: m/z¼ 356. 1H NMR (400MHz,
DMSO‑d6) d 8.62 (s, 1H), 8.48 (s, 1H), 8.01 (d, J¼ 8.6 Hz, 1H), 7.74 (d,
J¼ 8.0 Hz, 2H), 7.69 (d, J¼ 8.1 Hz, 2H), 7.45 (d, J¼ 8.1 Hz, 2H), 7.25
(d, J¼ 7.9 Hz, 2H), 6.91 (d, J¼ 8.6 Hz, 1H), 5.68 (s, 2H), 3.89 (s, 3H),
2.33 (s, 3H). 13C NMR (101MHz, DMSO‑d6) d 163.67, 147.28, 145.25,
138.06, 137.71, 137.38, 135.65, 129.96, 129.24, 129.18, 128.40, 127.24,
125.61, 121.65, 111.14, 53.79, 53.17, 21.34.
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4.1.7. 2-methoxy-5-(4-((4-(m-tolyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)pyridine (BD5)

Mp.¼158e160 �C. MS (EI) [M]þ: m/z¼ 356. 1H NMR (400MHz,
DMSO‑d6) d 8.65 (s, 1H), 8.49 (s, 1H), 8.01 (dd, J¼ 8.7, 2.6 Hz, 1H),
7.69 (d, J¼ 8.2 Hz, 3H), 7.65 (d, J¼ 7.8 Hz, 1H), 7.48e7.43 (m, 2H),
7.33 (t, J¼ 7.6 Hz, 1H), 7.15 (d, J¼ 7.7 Hz, 1H), 6.92 (d, J¼ 8.6 Hz, 1H),
5.69 (s, 2H), 3.89 (s, 3H), 2.35 (s, 3H).13C NMR (101MHz, DMSO‑d6)
d 163.68, 147.31, 145.26, 138.56, 138.07, 137.39, 135.62, 131.08,
129.32, 129.24, 129.21, 129.06, 127.25, 126.24, 122.83, 122.01, 111.15,
53.80, 53.20, 21.55.

4.1.8. 2-methoxy-5-(4-((4-(4-(trifluoromethyl)phenyl)-1H-1,2,3-
triazol-1-yl)methyl)phenyl) pyridine (BD6)

Mp.¼163e165 �C. MS (EI) [M]þ: m/z¼ 410. 1H NMR (400MHz,
DMSO‑d6) d 8.87 (s, 1H), 8.49 (d, J¼ 2.2 Hz, 1H), 8.09 (d, J¼ 8.1 Hz,
2H), 8.01 (dd, J¼ 8.6, 2.6 Hz, 1H), 7.82 (d, J¼ 8.3 Hz, 2H), 7.70 (d,
J¼ 8.2 Hz, 2H), 7.47 (d, J¼ 8.2 Hz, 2H), 6.92 (d, J¼ 8.6 Hz, 1H), 5.73
(s, 2H), 3.89 (s, 3H). 13C NMR (101MHz, DMSO‑d6) d 163.68, 145.84,
145.27, 138.06, 137.47, 135.40, 135.13, 129.27, 129.21, 127.27, 126.44,
126.40, 126.21, 123.38, 111.15, 53.79, 53.34.

4.1.9. 3-(1-(4-(6-methoxypyridin-3-yl)benzyl)-1H-1,2,3-triazol-4-
yl)aniline (BD7)

Mp.¼156e158 �C. MS (EI) [M]þ: m/z¼ 357. 1H NMR (400MHz,
DMSO‑d6) d 8.49 (d, J¼ 2.4 Hz,1H), 8.02 (dd, J¼ 8.7, 2.6 Hz, 1H), 7.70
(d, J¼ 8.2 Hz, 1H), 7.46 (d, J¼ 8.2 Hz, 2H), 7.15e7.05 (m, 2H),
6.98e6.89 (m, 2H), 6.54 (d, J¼ 7.9 Hz, 1H), 5.68 (s, 2H), 5.19 (s, 2H),
3.90 (s, 3H).13C NMR (101MHz, DMSO‑d6) d 163.66, 149.57, 147.88,
145.25, 138.06, 137.35, 135.73, 131.61, 129.86, 129.25, 129.17, 127.22,
121.62, 114.11, 113.51, 111.13, 110.94, 53.79, 53.10.

4.1.10. N-(4-(1-(4-(6-methoxypyridin-3-yl)benzyl)-1H-1,2,3-
triazol-4yl)phenyl) cyclopropanecar boxamide (BD8)

3-(1-(4-(6-methoxypyridin-3-yl)benzyl)-1H-1,2,3-triazol-4-yl)
aniline (BD7) (0.20 g, 0.56mmol) was dissolved in anhydrous
CH2Cl2 (10mL), and the mixture was stirred on the ice-bath for
10min. Triethanolamine (0.14mL, 1.01mmol) diluted with CH2Cl2
(2mL) was then added into the mixture. Stirring was continued for
30min, a solution of cyclopropanecarbonyl chloride (0.11mL,
1.12mmol) in anhydrous CH2Cl2 was added dropwise to the above
mixture. Then, the ice bath was removed, and the mixture was
reacted at room temperature overnight. The reaction solution was
diluted with water (10mL), and extracted with CH2Cl2 (30mL� 3).
The combined organic layer was washed with water (20mL� 2)
and brine, and dried over Na2SO4. After filtration and concentration
in vacuo, the residues was purified by silica gel flash chromatog-
raphy (PE/AcOEt¼ 15:1) to afford (BD8) as white solid (0.19 g, 80%).
Mp.¼ 218e220 �C. MS (EI) [M]þ: m/z¼ 424. 1H NMR (400MHz,
DMSO‑d6) d 8.51 (d, J¼ 2.6 Hz, 1H), 8.19 (s, 1H), 8.04 (d, J¼ 8.5 Hz,
1H), 7.71 (d, J¼ 7.9 Hz, 2H), 7.58 (d, J¼ 7.7 Hz, 1H), 7.47 (t, J¼ 4.4 Hz,
3H), 7.37 (s,1H), 6.94 (d, J¼ 8.5 Hz,1H), 5.71 (s,1H), 3.91 (s,1H),1.81
(s, 1H), 0.83 (d, J¼ 8.0 Hz, 4H). 13C NMR (101MHz, DMSO‑d6)
d 172.27, 163.67, 147.16, 145.27, 140.41, 138.08, 137.40, 135.63, 131.59,
129.84, 129.25, 127.25, 122.09, 120.45, 118.96, 116.09, 111.15, 53.81,
53.20, 15.07, 7.74.

4.1.11. 3-(4-((4-(3-chlorophenyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)pyridine (BD9)

Mp.¼140e142 �C. MS (EI) [M]þ: m/z¼ 346. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (d, J¼ 1.9 Hz, 1H), 8.81 (s, 1H), 8.59 (dd, J¼ 4.8,
1.5 Hz, 1H), 8.08 (d, J¼ 8.0 Hz, 1H), 7.94 (s, 1H), 7.86 (d, J¼ 7.8 Hz,
1H), 7.78 (d, J¼ 8.3 Hz, 2H), 7.54e7.47 (m, 4H), 7.40 (dd, J¼ 7.6,
1.5 Hz, 1H), 5.74 (s, 2H).13C NMR (101MHz, DMSO‑d6) d 149.16,
148.16, 145.86, 137.49, 136.22, 135.46, 134.63, 134.18, 133.22, 131.36,
129.28, 128.17, 127.85, 125.26, 124.38, 124.16, 122.89, 53.25.
4.1.12. 3-(4-((4-(2-fluorophenyl)-1H-1,2,3-triazol-1-yl) methyl)
phenyl)pyridine (BD10)

Mp.¼115e117 �C. MS (EI) [M]þ: m/z¼ 344. 1H NMR (400MHz,
DMSO‑d6) d 8.89 (s, 1H), 8.63e8.54 (m, 2H), 8.17e8.11 (m, 1H), 8.07
(d, J¼ 8.1 Hz, 1H), 7.76 (d, J¼ 8.3 Hz, 2H), 7.49 (dd, J¼ 13.1, 5.9 Hz,
3H), 7.43e7.29 (m, 3H), 5.76 (s, 2H). 13C NMR (101MHz, DMSO‑d6)
d 149.15, 148.16, 140.40, 137.42, 136.45, 135.49, 134.63, 130.25,
130.16, 129.24, 127.82, 125.46, 124.61, 124.49, 124.37, 116.62, 116.41,
53.00.

4.1.13. 3-(4-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)phenyl)
pyridine (BD11)

Mp.¼162e164 �C. MS (EI) [M]þ: m/z¼ 312. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (s, 1H), 8.70 (s, 1H), 8.58 (s, 1H), 8.08 (d, J¼ 8.1 Hz,
1H), 7.92e7.86 (m, 2H), 7.77 (d, J¼ 8.2 Hz, 2H), 7.52e7.42 (m, 5H),
7.34 (t, J¼ 7.4 Hz,1H).13C NMR (101MHz, DMSO‑d6) d 149.17, 148.18,
147.23, 137.45, 136.46, 135.51, 134.65, 131.15, 129.42, 129.22, 128.43,
127.86, 125.68, 124.40, 122.15, 53.17.

4.1.14. 3-(4-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl) phenyl)
pyridine (BD12)

Mp.¼162e164 �C. MS (EI) [M]þ: m/z¼ 326. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (d, J¼ 2.1 Hz, 1H), 8.66e8.63 (m, 1H), 8.59 (d,
J¼ 4.7 Hz, 1H), 8.08 (d, J¼ 8.1 Hz, 1H), 7.76 (t, J¼ 7.7 Hz, 4H), 7.49 (d,
J¼ 8.3 Hz, 3H), 7.26 (d, J¼ 8.0 Hz, 2H), 5.71 (s, 2H), 2.33 (s, 3H).13C
NMR (101MHz, DMSO‑d6) d 149.18, 148.19, 147.29, 137.72, 137.44,
136.49, 135.52, 134.65, 129.97, 129.23, 128.39, 127.85, 125.62, 124.41,
121.71, 53.14, 21.34.

4.1.15. 3-(4-((4-(m-tolyl)-1H-1,2,3-triazol-1-yl)methyl) phenyl)
pyridine (BD13)

Mp.¼165e167 �C. MS (EI) [M]þ: m/z¼ 326. 1H NMR (400MHz,
DMSO‑d6) d 8.81 (d, J¼ 1.9 Hz, 1H), 7.61 (s, 2H), 7.57 (d, J¼ 7.8 Hz,
1H), 7.45e7.38 (m, 1H), 7.25 (t, J¼ 7.6 Hz, 1H). 13C NMR (101MHz,
DMSO‑d6) d 149.18, 148.19, 147.32, 138.56, 137.46, 136.46, 135.52,
134.66, 131.07, 129.32, 129.26, 129.08, 127.86, 126.25, 124.41, 122.83,
122.08, 53.16, 21.55.

4.1.16. 3-(4-((4-(4-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-1-yl)
methyl)phenyl)pyridine (BD14)

Mp.¼173e175 �C. MS (EI) [M]þ: m/z¼ 380. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (d, J¼ 2.0 Hz, 2H), 8.58 (d, J¼ 6.0 Hz, 1H), 8.09 (t,
J¼ 8.1 Hz, 3H), 7.80 (dd, J¼ 18.0, 8.3 Hz, 4H), 7.54e7.47 (m, 3H), 5.76
(s, 2H). 13C NMR (101MHz, DMSO‑d6) d 149.19, 148.19, 145.86,
137.54, 136.23, 135.49, 135.12, 134.65, 129.32, 127.88, 126.43, 126.39,
126.21, 126.11, 124.39, 123.44, 53.30.

4.1.17. 3-(4-((4-(3-(trifluoromethyl)phenyl)-1H-1,2,3-triazol-1-yl)
methyl)phenyl)Pyridine (BD15)

Mp.¼110e112 �C. MS (EI) [M]þ: m/z¼ 380. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (s, 2H), 8.64e8.56 (m, 1H), 8.21 (s, 2H), 8.08 (d,
J¼ 8.0 Hz, 1H), 7.78 (d, J¼ 8.2 Hz, 2H), 7.71 (d, J¼ 5.1 Hz, 2H),
7.54e7.45 (m, 3H), 5.75 (s, 2H). 13C NMR (101MHz, DMSO‑d6)
d 149.20, 148.18, 145.86, 137.54, 136.22, 135.49, 134.66, 132.22,
130.65, 129.46, 129.34, 127.89, 124.93, 124.89, 124.41, 123.15, 122.04,
122.01, 53.32.

4.1.18. 3-(1-(4-(pyridin-3-yl)benzyl)-1H-1,2,3-triazol-4-yl) aniline
(BD16)

Mp.¼189e191 �C. MS (EI) [M]þ: m/z¼ 327. 1H NMR (400MHz,
DMSO‑d6) d 8.90 (s, 1H), 8.59 (s, 1H), 8.52 (s, 1H), 8.08 (d, J¼ 8.1 Hz,
1H), 7.76 (d, J¼ 8.2 Hz, 2H), 7.49 (t, J¼ 7.0 Hz, 3H), 7.14e7.03 (m,
2H), 6.94 (d, J¼ 7.6 Hz, 1H), 6.52 (d, J¼ 9.3 Hz, 1H), 5.69 (s, 2H), 5.18
(s, 2H). 13C NMR (101MHz, DMSO‑d6) d 149.57, 149.17, 148.18,
147.89, 137.41, 136.57, 135.53, 134.65, 131.60, 129.87, 129.22, 127.84,
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124.41, 121.69, 114.12, 113.51, 110.94, 53.06, 39.79.

4.2. RTK inhibitory activity assay

The in vitro RTK inhibition assays against VEGFR-2, Tie-2 and
EphB4 of all the tilte compounds were detected using ADP-Glo™
kinase assay kit (Promega, Madison) with sorafinib as the positive
control. The kinase assay was performed in a reaction mixture of
5 mL final volume. General procedure is as follows: for VEGFR-2
assay, the tyrosine kinase (0.6 ng/mL) was incubated with sub-
strates (0.2 mg/mL), test title compound (1.2� 10�4 ~ 12 mM) and
ATP (50 mM) in a final buffer of Tris 40mM, MgCl2 10mM, BSA
0.1 mg/mL, DTT 1mM in 384-well plate with the total volume of
5 mL. The plate was incubated at 30 �C for 1 h. After the plate was
cooled at room temperature for 5min, 5 mL of ADP-Glo reagent
was added into each well to stop the kinase reaction and consume
the remaining ATP within 40min. At the end, 10 mL kinase
detection reagent was added into the well and incubated for
30min to produce a luminescence signal. As for Tie-2 and EphB4
assays, the kinases (2.4 ng/ML) were incubated with substrates
(0.2 mg/mL), test title compound (1.2� 10�4 ~ 12 mM) and ATP
(50 mM) in a final buffer of Tris 40mM, MgCl2 10mM, BSA 0.1mg/
mL, DTT 1mM in 384-well plate with the total volume of 5 mL. The
plate was incubated at 30 �C for 4 h. After the plate was cooled at
room temperature for 5min, 5 mL of ADP-Glo reagent was added
into each well to stop the kinase reaction and consume the
remaining ATP within 1 h. At the end, 10 mL kinase detection re-
agent was added into the well and incubated for 30min to pro-
duce a luminescence signal. The luminescence was read by
VICTOR-X multi-label plate reader.

4.3. Antiproliferative activity against human vascular endotheial
cell (EA.hy926)

The viability of HUVEC (EA.hy926) was assessed using the cell
counting kit-8 (CCK-8, Sigma, USA) assay according to the manu-
facturer's instruction. Briefly, EA.hy926 cells were harvested and
plated in a 96-well plate at the density of 1� 105 cells for each well,
and cultured in DMEMmediumwith 10% FBS in humidified 5% CO2.
After incubation at 37 �C for 48 h, the cells were treated with tested
compounds at serial diluted concentration for 24 h subsequently,
premixed CCK-8 and medium (10 mL) were added into the 96-well
plate to monitor cell viability and were incubated at 37 �C for 2 h.
The number of viable cells was assessed by measurement of
absorbance at 450 nm by a microplate reader. The viability rate was
calculated as experimental OD value/control OD value. The IC50
values were calculated according to inhibition ratios.

4.4. Molecular docking study

Surflex-Dock module of Sybyl-X (version 2.0, Tripos Inc, St.
Louis, MO) was used in docking study. The crystal structures of
VEGFR-2 (PDB ID: 4ASD), TIE-2 (PDB ID: 2P4I) and EphB4 (PDB ID:
2X9F) were downloaded from the Protein Bank. Prior to docking,
the ligand was extracted from complex structure and was regarded
as the reference molecule. Waters and some other small molecules
were removed. All the hydrogen atoms and AMBER7 FF99 charges
were added. Compound BD7 was generated and optimized using
Powell's method with Tripos force field with convergence criterion
set at 0.05 kcal/(Åmol). Then Gasteiger-Hückel charges were
assigned to the small molecule. The residues in 5.0 Å around the
ligand were considered as active site. The optimized confirmation
of BD7 was then docked into the active site of protein. Other pa-
rameters were kept as default.
4.5. Protein structure alignment

Align structure module of Sybyl-X (version 2.0, Tripos Inc,
St.Louis, MO) was used in protein homology study. The crystal
structures of VEGFR-2 (PDB ID: 4ASD), Tie-2 (PDB ID: 2P4I) and
EphB4 (PDB ID: 2X9F) were downloaded from the Protein Bank.
First, protein preparation was performed as follows: removing
waters and other small molecules, repairing sidechain, and adding
hydrogen atoms. The fixed structure was saved as mol file. Second,
either two structure of VEGFR-2, TIE-2 and EphB4 were imported,
one as reference structure and the other one as movable structure.
Then alignment was performed with parameters as default. Finally,
the overlay results was shown on the window, and the identity and
RMSD results was calculated in the command console automati-
cally. The overlaid structure was visualized by PyMOL.
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