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A B S T R A C T

Both c-Met and VEGFR-2 were important targets for cancer therapies. In order to develop reversible and non-
covalent c-Met and VEGFR-2 dual inhibitors, a series of [1,4]dioxino[2,3-f]quinazoline derivatives were de-
signed and synthesized. The enzyme assay demonstrated that most target compounds had inhibition potency on
both c-Met and VEGFR-2 with IC50 values in nanomolar range especially compounds 7m and 7k. Based on
further cell proliferation assay in vitro, compound 7k showed significantly anti-tumor activity in vivo on a he-
patocellular carcinoma (MHCC97H cells) xenograft mouse model. We docked the compound 7m with c-Met and
VEGFR-2 kinases, and interpreted the SAR of these analogues. All results indicated that the target compounds
were dual inhibitors of c-Met and VEGFR-2 kinases that held promising potential in cancer therapy.

1. Introduction

c-Mesenchymal epithelial transition factor(c-Met) and vascular en-
dothelial growth factor receptor two (VEGFR-2) tyrosine kinases play
key roles in signaling pathways that are exploited during the oncogenic
process, including regulation of cell proliferation, invasion, angiogen-
esis, and cancer stem cell regulation [1]. While some c-Met or VEGFR-2
signal-targeted drugs have been approved for clinical application, their
efficiency is limited due to the drug resistance as well as possible re-
levant toxicities. To overcome these limitations, anti-tumor therapies
based on dual targets c-Met and VEGFR-2 tyrosine kinase inhibitors
have become one of the hot spots of clinical treatments in cancer
therapy. In recent years, Cabozantinib, Foretinib and other potential
compounds are under investigation as dual c-Met and VEGFR-2 small
molecular inhibitors [2–4]. With the great efforts to design dual target
small molecule inhibitors, novel anticancer agents will emerge to affect
both c-Met and VEGFR-2 in higher potency and selectivity.

c-Met, a tyrosine kinase for hepatocyte growth factor/scatter factor
(HGF), is widely over-expressed in human tumors. Binding of HGF to c-
Met induces phosphorylation of tyrosine residues on c-Met and acti-
vates its downstream signaling pathway [5,6]. c-Met has been proved to
be regularly amplified or over-expressed in many kinds of cancers, in-
cluding brain, colorectal, lung, neck, gastric, head and stomach cancers.

Importantly, abnormal c-Met activation is observed frequently in many
human solid tumors and hematological malignancies are related to poor
clinical outcomes [7–9]. So, c-Met exhibits high potential as a target for
human cancer therapy.

VEGFR-2, a tyrosine kinase receptor expressed in endothelial cells,
binds to VEGF to induce a conformational change in VEGFR and fol-
lowed by receptor dimerization and phosphorylation of tyrosine re-
sidues. The conformation changes to direct the signal to the down-
stream. The downstream signaling pathways include Ras (retrovirus
associated DNA sequences)/Raf (rapidly accelerated fibrosarcoma)/
MAPK (mitogenactivated protein kinase) and PI3K (phosphatidyl in-
ositol-3 kinase)/Akt (protein kinase B) pathway [10]. After several of
these pathways being activated, the occurrence of the tumor becomes
possible. Inhibition of VEGFR-2 has been considered as an effective
approach to the blockade of tumor growth [11].

c-Met has been shown to cooperate synergistically with VEGFR-2,
resulting in promoting angiogenesis of development and progression of
various human cancers [12–14]. Therefore, molecules that simulta-
neously inhibit c-Met and VEGFR-2 may be more reasonable to either c-
Met selective or VEGFR-2 selective inhibitor as they can disturb mul-
tiple signaling pathways involved in tumor angiogenesis, proliferation,
and metastasis [2,3,15,16].

Cabozantinib (I), an approved drug for the treatment of medullary
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thyroid cancer, a second line treatment for renal cell carcinoma and
advanced hepatocellular carcinoma (HCC) who has received prior
Sorafenib, is a highly potent c-Met and VEGFR-2 inhibitor [17]. Fore-
tinib (II) is an experimental drug candidate for the treatment of cancer,
designed to target the receptor tyrosine kinases c-Met and VEGFR-2
both of which have been implicated in the development, progression,
and spread of cancer [18]. In our previous research, a series of dihydro
[1,4]dioxino[2,3-f]quinazoline derivatives are synthesized as EGFR
inhibitors, indicating that the core structure of dihydro[1,4]dioxino
[2,3-f]quinazoline has potential use for tyrosine kinase inhibitors [19].
The cyclopropane-1,1-dicarboxamide moiety of compound I and II
might be important for the high inhibitory activity to c-Met and VEGFR-
2.

Based on the assumption, we designed and synthesized compound
7a, which was a hybrid structure containing both the cyclopropane-1,1-
dicarboxamide moiety of Cabozantinib or Foretinib and the dihydro
[1,4]dioxino[2,3-f] quinazoline core structure. According to the struc-
ture of compound 7a, a series of compound 7 were synthesized by
changing the substituents R1, R2 and R3 to explore the structure-activity
relationship (Scheme 1).

2. Results and discussion

2.1. Chemistry

2.1.1. Synthesis of N-(substituted 4-hydroxyphenyl)-N-substituted
phenylcyclopropane-1,1-dicarboxamide (5a-k)

Starting from commercially available dimethyl cyclopropane −1,1-
dicarboxylate, the key intermediates N-(substituted 4-hydro- xy-
phenyl)-N-substituted phenylcyclopro-pane-1,1-dicarboxamides (5)
were obtained by a simple 4-step synthesis as shown in Scheme 1,
which were illustrated in detail in the previous study [20,21].

2.1.2. Synthesis of the target compounds of 7a-m
The synthesis of dihydro[1,4]dioxino[2,3-f]quinazoline derivatives

(6) were mainly based on our previous study [19]. The compound 6 and
the appropriately corresponding 5 were mixed in isopropanol in the
presence of potassium carbonate to give the target compounds 7 over
60% yields (see Fig. 1).

2.2. Biological activity

2.2.1. Enzyme assay
All new compounds (7a-m) prepared were assayed against VEGFR-2

kinase using Kinase-Glo luminescent kinase assays. The results were
shown in Table 1. Compounds 7a, 7k, 7l and 7m with good inhibitory
activity against VEGFR-2 were selected to determine their inhibitory
activity against c-Met. The results were summarized in Table 2. Also
included was the activity of the reference drug Cabozantinib. Among
these compounds, 7k and 7m showed the most potent activities with
IC50 values of 3.5 nM and 4.8 nM against VEGFR-2, 7.3 nM and 5.8 nM
against c-Met, respectively, which was comparable to Cabozantinib
(IC50= 3.6 nM against VEGFR-2 and 6.8 nM against c-Met).

Structure-activity relationships (SARs) were inferred from data of
enzymatic experiments reported in Table 1. The type, number and
position of substituents R1 on the phenyl ring linking to the cyclopro-
pane-1,1-dicarboxamide moiety played important roles in the enzy-
matic activities against VEGFR-2. The inhibitory activities of com-
pounds 7a–g against VEGFR-2 decreased with different single para-
substituents in the following order: -F(7a) > -Cl(7c) > -
OCH3(7g) > -H(7b) > -Me(7d) > -CF3(7e) ≈ -OCH(CH3)(7f). The
above results indicated that introduction of small electron-withdrawing

Scheme 1. Synthetic routes for a series of dual c-Met and VEGFR-2 inhibitors. Reagents and conditions: (a) LiOH, MeOH/H2O, rt. 1 h; (b) EDC, HOBt, DCM, aniline or
substituted aniline; (c) LiOH, MeOH/H2O, rt.; (d) EDC, DMA, substituted or unsubstituted 4-aminophenol; (e) K2CO3, isopropanol.

Fig. 1. The representative dual small molecule inhibitors targeting both c-Met
and VEGFR-2 [Bioorg. Med. Chem. 24(2016) 3354] and our previous work
targeting EGFR inhibitors based on dihydrogen[1,4] dioxin[2,3-f]quinazoline
core.
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substituents were favorable for the activities while introduction of
electron-donating or strongly bulk electron-withdrawing substituents
caused obvious decrease of activities.

The inhibitory activities of compounds 7a-b, 7h-j with different
para-or meta-substituents decreased in the following order: p-F
(7a) > m-Cl,p-F(7h) > -H(7b) > m-F(7i) > m-CF3(7j). The results
show that introduction of small electron-withdrawing para-substituent
was favorable the activities while introduction of electron-withdrawing
meta substituent caused decrease of activities. When R1 is the p-F sub-
stituent, compound 7a, 7k-m showed good inhibitory activity whether
R2 were fluorine and hydrogen or R3 were methyl and methoxyethyl.
Based on the results of enzymatic inhibitory activities against VEGFR-2,
compounds7a, 7k-m were selected to be tested for their activity against
c-Met. The results showed that methoxyethyl in R3 and fluorine in R2

enhanced the inhibitory activity against c-Met (Table 2).

2.2.2. Antiproliferation assay
Compounds 7a and 7k-m with good inhibitory activity against

VEGFR-2 and c-Met were selected to evaluate their activity on a
MHCC97H (liver cancer) cell line which was the c-Met dependent cell
line, and a HUVEC cell line which was a VEGF-stimulated human um-
bilical vein endothelial cell line via a CCK-8 assay. The results were
summarized in Table 3. It was clear that all the tested compounds
showed better activities against HUVEC than MHCC97H. Among the
tested compounds, compound 7m with the most potent c-Met and
VEGFR-2 inhibitory activities showed the most potent anticancer ac-
tivities with an IC50 value of 15.7 nM against MHCC97H and an IC50
value of 0.8 nM against HUVEC, respectively, which was better than
Cabozantinib.

The SARs result of antiproliferation activities was consistent with
that of their inhibitory activities against c-Met and VEGFR-2, which
suggested that the potent anti-cancer activities of the tested compounds
were likely related to their dual c-Met and VEGFR-2 inhibitory activ-
ities.

2.2.3. Cytotoxicity test
The compounds 7a, 7k-m with good enzymatic activities against

both VEGFR-2 and c-Met were evaluated for their toxicity against the
HEK293 and LO2 cell lines which possessed low expression of VEGFR-2
and c-Met via a CCK8 assay. The results were summarized in Table 4.
The cytotoxic concentration (IC50) of 7a, 7k and 7m were higher than
10 μM, about two thousand times higher than IC50 (MHCC97H). The
compounds showed low cytotoxicity against HEK293 and LO2.

2.2.4. 7k against the xenograft tumor of MHCC97H cells in vivo
A MHCC97H cell xenograft model was established using female

SCID mice (n=6) to evaluate the in vivo anti-tumor activity effect of
compound 7k. After 2 weeks of the MHCC97H cells were sub-
cutaneously injected into the mice to form the subcutaneous model, the
drug was administered in groups. The growth curve of the tumors
showed that compound 7k had already resisted the tumor in MHCC97H
cell xenograft tumor model only 8 days post treatment (Fig. 2., 60mg/
kg and Table 5). Compared with the vehicle group, compound 7k sig-
nificantly inhibited the tumor growth (TGI= 120.4%) after 8 days of
dosing in hepatocellular carcinoma xenograft mouse model. Moreover,
from the data of body weight, the compound 7k had no apparent
toxicity during administration.

2.2.5. Docking study
In order to demonstrate anticancer activity profile of the [1,4] di-

oxino[2,3-f]quinazoline derivatives, the molecular docking simulations
were performed using crystal structure of c-Met kinase (3lq8.pdb) and
VEGFR-2 kinases using Discovery Studio 4.0 and Autodock 4.0. The
potent compound 7m was selected to dock into active site of c-Met
kinase and VEGFR-2 kinases.

In order to predict more possible interactions of 7m binding to c-
Met and VEGFR-2 kinases, flexible docking simulations were performed
based on the generated structural model as shown in Fig. 3. The grid
size was 0.375 Å, 100 conformers were generated, cluster analyzed with
2.0 Å and energy ranked from low to high. 7m exhibited the strong
binding affinity with c-Met and VEGFR-2 kinases and found to be the
most active compound from the series against MHCC97H, HUVEC, c-
Met and VEGFR-2 kinases.

As shown in the 3D structure (2D structure in SI) in Fig. 3 (A), 7m
was docked into the binding site of c-Met kinase (3lq8.pdb) [3]. In the
binding model, there were three hydrogen bond interactions which the
protonated nitrogen atom of amide in 7m formed a hydrogen bond with
the residue of ASP1222 (O⋯HeN: 1.95 Å), the second nitrogen atom of

Table 1
The enzymatic inhibitory activities against VEGFR-2 for 2,3- dihydro-[1,4]di-
oxino [2,3-f]quinazoline derivatives.

Compd. R1 R2 R3 IC50 (nM)

7a p-F H Me 18.9
7b H H Me 196.7
7c p-Cl H Me 144.8
7d p-Me H Me 333.2
7e p-CF3 H Me >1000
7f p-isopropyl H Me >1000
7g p-methoxy H Me 139.9
7h m-Cl, p-F H Me 168.4
7i m-F H Me 214.9
7j m-CF3 H Me 834.6
7k p-F F Me 3.5
7l p-F H 8.8

7m p-F F 4.8

Cabozantinib 3.6

Values are averages of two independent determinations.

Table 2
The enzymatic inhibitory activities against c-Met for selected compounds.

Compd. R1 R2 R3 IC50 (nM)

7a p-F H Me 18.5
7k p-F F Me 7.3
7l p-F H 9.9

7m p-F F 5.8

Cabozantinib 6.8

Values are averages of two independent determinations.

Table 3
Cytotoxic activities of selected compounds against MHCC97H, HUVEC cell lines
in vitro.

Compd. MHCC97H IC50 (nM) HUVEC IC50 (nM)

7a 234.8 –
7k 58.6 3.7
7l 80.6 6.3
7m 15.7 0.8
Cabozantinib 25.0 2.7

Values are an average of two independent determinations.
– not determined.

Table 4
Cytotoxic concentration (IC50) of tested compounds.

Compd. HEK293 IC50 (μM) LO2 IC50 (μM)

7a 21.1 25.2
7k 15.1 12.6
7l 5.7 4.1
7m 11.9 12.2

Values are an average of two independent determinations.
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quinazoline in 7m formed a hydrogen bond with the residue of
MET1160 (N⋯HeN: 2.07 Å) and the oxygen atom of methoxy in 7m
formed a hydrogen bond with the residue of TYR1159 (O⋯HeN:
2.05 Å).

Fig. 3 (B) showed 7m docking into the binding site of VEGFR-2
kinase (3u6j.pdb) [22]. In the binding model, there were two hydrogen
bond interactions. The protonated nitrogen atom of amide in 7m

formed a hydrogen bond with the residue of ASP1064 (O⋯HeN:
1.93 Å), the second nitrogen atom of quinazoline in 7m formed a hy-
drogen bond with the residue of CYS919 (N⋯HeN: 1.71 Å).

The hydrogen bonds were labeled by 1, 2, 3, 4 and 5 in green dotted
line in Fig. 3. The docking models of 7m binding with c-Met and
VEGFR-2 kinases showed that [1,4]dioxino of 7m occupied the receptor
surface gate of the two kinases, making the binding mode more stable.

3. Conclusion

A novel series of dual c-Met and VEGFR-2 receptor tyrosine kinase
inhibitors based on [1,4]dioxino[2,3-f]quinazoline and cyclopropane-
1,1-dicarboxamide were designed and synthesized. The derivatives
were obtained in good yields, and their structures were characterized
by 1H NMR, 13C NMR and HRMS. Parts of target compounds 7a, 7k, 7l

Fig. 2. (A) Growth curve of the tumors in mice following the indicated treatments (the green arrows show the time points for 7k administration, at a dose of 60mg/
kg). (B) Body weight change of the tumor bearing mice following the indicated treatments, (C) The tumor size changes (n= 6 ***p < 0.001), (D) body weight
changes (n= 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
The tumor volume TGI value on the eighth day.

Days Tumor volume (mm3) TGI (%)

Vehicle 8 933.7 ± 83.7
7k 8 231.1 ± 40.1 120.4

Fig. 3. 3D models of compound 7m (green molecular) binding into the active site of c-Met (A, 3lq8.pdb) and VEGFR-2 (B, 3u6j.pdb). (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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and 7m exhibited potent inhibitory activity against c-Met and VEGFR-2
kinases with IC50 values lower than 20 nM. Importantly, 7m showed
even better antiproliferative activities on MHCC97H and HUVEC cells
than Cabozantinib. The docking models of 7m binding c-Met and
VEGFR-2 kinases also showed that [1,4]dioxino of 7m occupied the
receptor surface gate of the two kinases, as a result the binding mode
was more stable. Compound 7k significantly inhibited the tumor
growth (TGI= 120.4%) and almost no body weight changed after
8 days administration on a hepatocellular carcinoma (MHCC97H cells)
xenograft mouse model. However, lots of improvements were still
needed before this kind of compounds came to be a drug. For instance,
target compounds maybe more stable during the metabolic process in
vivo when the nucleus [1,4]Dioxino[2,3-f]quinazoline was changed to
[1,4] dioxino[2,3-f]quinoline, and the tail R3 of target compounds
could be changed to more hydrosoluble group, such as N-(2-morpho-
linyl)propanyl, N-(2-dimethylethan)propanyl, N- (2-piperidine)pro-
panyl etc. Thus further work based on these improvements was in
progress.

4. Experiments

4.1. Materials and methods

The reagents were purchased and used without further purification.
Melting points were determined and read on a MP120 melting point
apparatus (Hanon instruments Corp., Jinan, China). The 1H NMR and
13C NMR spectra were measured on a Bruker 400MHz Avance spec-
trometer with TMS and solvent signals allotted as internal standards.
The chemical shifts are reported in ppm (δ). Splitting patterns are de-
signed as s, singlet; d, doublet; t, triplet; m, multiplet. ESI-MS spectra
were obtained on an Esquire 6000 Mass Spectrometer. HRMS data were
measured using a Bruker APEX IV Fourier transform ion cyclotron re-
sonance mass spectrometer.

4.2. General procedure for the synthesis of 1-(methoxycarbonyl)
cyclopropane-1-carboxylic acid (2)

A solution of dimethyl cyclopropane-1,1-dicarboxylate (10.12 g,
63.99mmol) in MeOH/H2O (100mL, 1:1 V:V), stirring in room tem-
perature, was treated dropwise with a solution of lithium hydroxide
(2.68 g, 63.99mmol) in 20mL H2O. Stir for one hour after dropwise.
Then adjust pH to 3 with dilute hydrochloric acid, extract with di-
chloromethane (50mL) for three times, without purification go on next
step.

4.3. General procedure for the synthesis of methyl 1-(phenyl- carbamoyl)
cyclopropane-1-carboxylate derivatives (3a-3k)

A solution of 1-(methoxycarbonyl)cyclopropane-1- carboxylic acid
(0.92 g, 6.40mmol), aniline (0.89 g, 9.60mmol), 3-(ethyliminomethy-
leneamino)-N,N-dimethyl-propan-1-amine (1.48 g, 9.6mmol), and 1-
Hydroxybenzotriazole (1.29 g, 9.6mmol) in 20mL dichloromethane,
was stirred at room temperature for 4 h. The solvent was then removed
under reduced pressure. The residue was dissolved in ethyl acetate
(40mL) and then was washed with saturated sodium carbonate (40mL)
and acid water (40mL) successively, and dried over anhydrous sodium
sulfate, evaporated to give the product (3a-k).

4.4. General procedure for the synthesis of N-(4-hydroxyphenyl)-N-
phenylcyclopropane-1,1-dicarboxamide derivatives (5a-k)

To a solution of 3a-k (6.40mmol) in MeOH/H2O (30mL,
1:1=V:V), lithium hydroxide (230mg, 9.6 mmol) was added, which
was stirredat room temperature for 2 h. The pH value was then adjusted
to 3 with dilute hydrochloric acid, and a large amount of solid was
precipitated, which was filtered and dried to give an off-white solid (4a-

k). The next step was carried out without purification of these products.
A mixture of 4a-k (1mmol), aminophenol (1mmol), and 3-(ethylimi-
nomethyleneamino)-N,N- dimethyl-propan-1-amine (1mmol) in 10mL
DMA, was stirred at room temperature for 4 h. The reaction mixture
was monitored by TLC. After the starting material disappeared, the
water was added and the product was extracted with ethyl acetate and
the solvent was then evaporated. Finally, the product was separated by
column chromatography to give a pure product (5a-k).

4.5. General procedure for the synthesis of N-(4-((5-methoxy-2,3- dihydro-
[1,4]dioxino[2,3-f]quinazolin-10-yl)oxy)phenyl)-N-phenylcyclopropane-
1,1-dicarboxamide derivatives (7a-m)

A mixture of 4-chloroquinazolines derivatives 6a-b20(1mmol), 5a-
k (1.2mmol) and potassium carbonate (2.4mmol) in isopropanol
(10mL) was stirred in reflux, monitored by TLC. After the starting
material disappeared, the water was added and the product was ex-
tracted with ethyl acetate. Evaporation of the solvent and separation by
column chromatography give the pure product (7a-m).

4.5.1. methyl1-((4-fluorophenyl)carbamoyl)cyclopropane-1-carboxylate
(3a)

white solid; yield: 74%; mp: 132–136 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.35 (s, 1H), 7.64 (dd, J=8.8, 5.0 Hz, 2H), 7.15 (t,
J=8.8 Hz, 2H), 3.69 (s, 3H), 1.47–1.34 (m, 4H). ESI-MS m/z calcd for
C12H13FNO3 [M+H]+, 238.0; found, 238.1.

4.5.2. N-(4-fluorophenyl)-N-(4-hydroxyphenyl)cyclopropane-1,1-
dicarboxamide (5a)

white solid; yield: 85%; mp: 156–159 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.16 (s, 1H), 9.72 (s, 1H), 9.22 (s, 1H), 7.62 (dd,
J=8.5, 5.0 Hz, 2H), 7.35 (d, J=8.6 Hz, 2H), 7.14 (t, J=8.8 Hz, 2H),
6.69 (d, J=8.7 Hz, 2H), 1.44 (s, 4H). ESI-MS m/z calcd for
C17H16FN2O3 [M+H]+, 315.1; found, 315.1.

4.5.3. N-(4-hydroxyphenyl)-N-(4-(trifluoromethyl)phenyl)cyclopropane-
1,1-dicarboxamide (5j)

white solid; yield: 73%. 1H NMR (400MHz, DMSO‑d6, δ ppm):
10.28 (s, 1H), 9.88 (s, 1H), 9.34 (s, 1H), 8.13 (s, 1H), 7.83 (d,
J=8.4 Hz, 1H), 7.54 (t, J=8.0 Hz, 1H), 7.41 (d, J=7.8 Hz, 1H), 7.18
(s, 1H), 7.06 (t, J=8.0 Hz, 1H), 6.99 (d, J=8.3 Hz, 1H), 6.46 (d,
J=8.0 Hz, 1H), 1.45 (s, 4H). ESI-MS m/z calcd for C18H16F3N2O3 [M
+H]+, 365.1; found, 365.1.

4.5.4. N-(3-chloro-4-fluorophenyl)-N-(4-hydroxyphenyl)cyclopropane-1,1-
dicarboxamide (5h)

white solid; yield: 74%. 1H NMR (400MHz, DMSO‑d6, δ ppm):
10.13 (s, 1H), 9.90 (s, 1H), 9.34 (s, 1H), 7.94 (dd, J=6.9, 2.3 Hz, 1H),
7.59–7.46 (m, 1H), 7.36 (t, J=9.1 Hz, 1H), 7.17 (s, 1H), 7.06 (t,
J=8.0 Hz, 1H), 6.99 (d, J=8.1 Hz, 1H), 6.46 (d, J=7.9 Hz, 1H), 1.43
(s, 4H). ESI-MS m/z calcd for C17H15ClFN2O3 [M+H]+, 348.1; found,
348.1.

4.5.5. N-(4-fluorophenyl)-N-(4-((5-methoxy-2,3-dihydro-[1,4]-dioxino
[2,3-f]quinazolin-10-yl)oxy)phenyl)cyclopropane-1,1-dic-arboxamide
(7a)

white solid; yield: 85%; mp: 242–243 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 8.41 (s, 1H), 7.71–7.57 (m, 4H), 7.20–7.06 (m, 4H),
4.44 (d, J=3.0 Hz, 2H), 4.38 (d, J=2.8 Hz, 2H), 3.96 (s, 3H), 1.43 (s,
4H). 13C NMR (101MHz, DMSO‑d6, δ ppm): 168.77, 168.62, 165.36,
159.11, 156.73, 155.07, 152.30, 148.18, 147.87, 147.85, 147.84,
138.54, 132.50, 122.41, 122.34, 122.06, 121.59, 115.04, 114.82,
102.35, 100.08, 64.38, 63.49, 56.18, 40.15, 39.94, 39.73, 39.52, 39.31,
39.10, 38.89, 30.92, 15.86. HRMS (ESI) m/z calcd for C28H24FN4O6 [M
+H]+, 531.1674; found, 531.1664.
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4.5.6. N-(4-((5-methoxy-2,3-dihydro-[1,4]dioxino[2,3-f]quinaz-olin-10-
yl)oxy)phenyl)-N-phenylcyclopropane-1,1-dicarboxamide (7b)

white solid; yield: 78%; mp: 237–239 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 8.41 (s, 1H), 7.67 (d, J=8.8 Hz, 2H), 7.62 (d,
J=7.8 Hz, 2H), 7.28 (t, J=7.8 Hz, 2H), 7.12 (d, J=8.8 Hz, 2H), 7.02
(d, J=9.8 Hz, 2H), 4.44 (d, J=2.2 Hz, 2H), 4.38 (s, 2H), 3.95 (s, 3H),
1.43 (d, J=4.0 Hz, 4H). 13C NMR (101MHz, DMSO‑d6, δ ppm):
169.07, 165.39, 155.05, 152.31, 148.17, 147.60, 138.55, 132.48,
128.49, 122.86, 121.97, 121.82, 120.47, 102.37, 100.06, 64.37, 63.50,
56.16, 30.70, 16.08. HRMS (ESI) m/z calcd for C28H25N4O6

+ [M+H]+,
513.1769; found, 513.1756.

4.5.7. N-(4-chlorophenyl)-N-(4-((5-methoxy-2,3-dihydro-[1,4]dioxino
[2,3-f]quinazolin-10-yl)oxy)phenyl)cyclopropane-1,1-dic-arboxamide (7c)

white solid; yield: 71%; mp:249–251 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 8.42 (s, 1H), 7.65 (dd, J=11.0, 9.0 Hz, 4H), 7.26 (d,
J=8.1 Hz, 2H), 7.11 (d, J=8.7 Hz, 2H), 7.04 (s, 1H), 4.45 (d,
J=2.9 Hz, 2H), 4.39 (d, J=2.4 Hz, 2H), 3.96 (s, 3H), 1.35 (s, 4H). 13C
NMR (101MHz, DMSO‑d6, δ ppm): 169.27, 169.25, 165.38, 155.06,
152.32, 148.17, 147.55, 147.52, 138.55, 132.48, 128.16, 122.36,
122.05, 121.29, 102.35, 100.07, 64.36, 63.48, 56.17, 30.65, 16.20.
HRMS (ESI) m/z calcd for C28H24ClN4O6

+ [M+H]+, 547.1379; found,
547.1376

4.5.8. N-(4-((5-methoxy-2,3-dihydro-[1,4]dioxino[2,3-f]quinazolin-10-
yl)oxy)phenyl)-N-(p-tolyl)cyclopropane-1,1-dicarboxami-de (7d)

white solid; yield: 73%; mp: 237–239 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.11 (s, 2H), 8.40 (s, 1H), 7.68 (d, J=8.4 Hz, 2H),
7.50 (d, J=7.9 Hz, 2H), 7.13 (dd, J=19.7, 8.1 Hz, 4H), 7.02 (s, 1H),
4.41 (d, J=23.7 Hz, 4H), 3.95 (s, 3H), 2.25 (s, 3H), 1.50 (s, 4H). 13C
NMR (101MHz, DMSO‑d6, δ ppm): 168.54, 168.21, 165.27, 155.08,
152.24, 148.34, 148.18, 138.51, 136.21, 136.03, 132.62, 132.50,
128.88, 122.10, 121.74, 120.60, 102.32, 100.06, 64.36, 63.48, 56.16,
40.15, 31.15, 20.43, 15.63. HRMS (ESI) m/z calcd for C29H27N4O6

+ [M
+H]+, 527.1925; found, 527.1929.

4.5.9. N-(4-((5-methoxy-2,3-dihydro-[1,4]dioxino[2,3-f]quinazolin-10-
yl)oxy)phenyl)-N-(4-(trifluoromethyl)phenyl)cyclopro-pane-1,1-
dicarboxamide (7e)

white solid; yield: 74%; mp: 210–213 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 8.41 (s, 1H), 7.82 (d, J=8.4 Hz, 2H), 7.72–7.66 (m,
2H), 7.59 (d, J=8.5 Hz, 2H), 7.19–7.12 (m, 2H), 7.02 (s, 1H), 4.45 (d,
J=3.1 Hz, 2H), 4.39 (d, J=2.9 Hz, 2H), 3.96 (s, 3H), 1.43 (s, 4H).
13C NMR (101MHz, DMSO‑d6, δ ppm): 170.02, 169.53, 165.78,
155.52, 152.73, 148.66, 148.35, 139.00, 137.38, 132.96, 129.19,
126.50, 125.96, 123.81, 122.57, 121.70, 121.17, 102.82, 100.54,
64.82, 63.95, 56.61, 40.65, 40.44, 40.24, 40.03, 39.82, 39.61, 39.40,
31.48, 16.70. HRMS (ESI) m/z calcd for C29H24F3N4O6

+ [M+H]+,
581.1642; found, 581.1606

4.5.10. N-(4-isopropylphenyl)-N-(4-((5-methoxy-2,3-dihydro-[1,4]
dioxino[2,3-f]quinazolin-10-yl)oxy)phenyl)cyclopropane-1,1-
dicarboxamide (7f)

white solid; yield: 75%; mp: 235–238 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.11 (s, 2H), 8.41 (s, 1H), 7.69 (d, J=8.9 Hz, 2H),
7.53 (d, J=8.5 Hz, 2H), 7.17 (dd, J=8.8, 2.9 Hz, 4H), 7.02 (s, 1H),
4.48–4.42 (m, 2H), 4.38 (d, J=2.8 Hz, 2H), 3.96 (s, 3H), 1.49 (d,
J=1.2 Hz, 4H), 1.18 (d, J=6.9 Hz, 6H).13C NMR (101MHz,
DMSO‑d6, δ ppm): 168.45, 168.13, 165.31, 155.07, 152.27, 148.30,
148.19, 143.75, 138.50, 136.57, 136.12, 132.49, 126.21, 122.16,
121.70, 120.63, 102.31, 100.08, 64.37, 63.48, 56.17, 32.91, 31.22,
23.98, 15.62. HRMS (ESI) m/z calcd for C31H31N4O6

+ [M+H]+,
555.2238; found, 555.2230.

4.5.11. N-(4-((5-methoxy-2,3-dihydro-[1,4]dioxino[2,3-f]quin-azolin-
10-yl)oxy)phenyl)-N-(4-methoxyphenyl)cyclopropane-1,1-dicarboxamide
(7g)

white solid; yield: 63%; mp: 210–212 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.23 (s, 1H), 9.96 (s, 1H), 8.41 (s, 1H), 7.69 (d,
J=8.9 Hz, 2H), 7.56–7.49 (m, 2H), 7.21–7.13 (m, 2H), 7.03 (s, 1H),
6.92–6.84 (m, 2H), 4.45 (dd, J=5.3, 2.3 Hz, 2H), 4.41–4.36 (m, 2H),
3.96 (s, 3H), 3.73 (s, 3H), 1.49 (s, 4H). 13C NMR (101MHz, DMSO‑d6, δ
ppm): 168.89, 168.61, 165.76, 156.06, 155.54, 152.73, 148.74, 148.66,
138.98, 136.58, 132.97, 132.27, 122.77, 122.59, 122.08, 114.09,
102.79, 100.55, 64.83, 63.95, 56.64, 55.65, 40.64, 40.43, 40.22, 40.01,
39.81, 39.60, 39.39, 31.52, 16.05. HRMS (ESI) m/z calcd for
C29H27N4O7

+, [M+H]+, 543.1874; found, 543.1871.

4.5.12. N-(3-chloro-4-fluorophenyl)-N-(4-((5-methoxy-2,3-dih-ydro-
[1,4]dioxino[2,3-f]quinazolin-10-yl)oxy)phenyl)cyclopro-pane-1,1-
dicarboxamide (7h)

white solid; yield: 69%; mp: 235–238 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.22 (d, J=43.1 Hz, 2H), 8.41 (s, 1H), 7.98 (dd,
J=6.9, 2.3 Hz, 1H), 7.69 (d, J=8.8 Hz, 2H), 7.57 (d, J=7.5 Hz, 1H),
7.36 (t, J=9.0 Hz, 1H), 7.15 (d, J=8.9 Hz, 2H), 7.04 (s, 1H), 4.45 (d,
J=2.4 Hz, 2H), 4.38 (d, J=1.9 Hz, 2H), 3.96 (s, 3H), 1.48 (s, 4H). 13C
NMR (101MHz, DMSO‑d6, δ ppm): 168.50, 168.21, 165.04, 155.18,
152.70, 152.33, 148.26, 140.29, 138.53, 132.58, 129.41, 122.09,
120.87, 120.80, 118.91, 118.73, 117.24, 117.07, 116.67, 116.46,
113.99, 102.36, 100.08, 64.40, 63.53, 56.21, 31.85, 15.53. HRMS (ESI)
m/z calcd for C28H23ClFN4O6

+ [M+H]+, 565.1285; found, 565.1281.

4.5.13. N-(3-fluoro-4-((5-methoxy-2,3-dihydro-[1,4]dioxino[2,3-f]
quinazolin-10-yl)oxy)phenyl)-N-(3-fluorophenyl)cyclopropane-1,1-
dicarboxamide (7i)

white solid; yield: 73%; mp: 231–237 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 1H NMR (400MHz, DMSO) δ 10.32 (s, 2H), 8.41 (s,
1H), 7.75–7.58 (m, 3H), 7.45–7.27 (m, 2H), 7.16 (d, J=8.9 Hz, 2H),
7.03 (s, 1H), 6.88 (td, J=8.3, 1.9 Hz, 1H), 4.48–4.42 (m, 2H), 4.38 (d,
J=2.8 Hz, 2H), 3.96 (s, 3H), 1.48 (d, J=3.7 Hz, 4H). 13C NMR
(101MHz, DMSO‑d6, δ ppm): 169.01, 168.73, 165.76, 163.70, 161.30,
155.54, 152.73, 148.73, 148.65, 138.98, 136.71, 132.96, 130.52,
130.42, 122.57, 122.16, 116.53, 115.33, 110.30, 110.09, 107.72,
107.46, 102.79, 100.55, 64.83, 63.95, 56.64, 40.63, 40.42, 40.21,
40.00, 39.79, 39.58, 39.38, 32.16, 16.02. HRMS (ESI) m/z calcd for
C28H24FN4O6

+ [M+H]+, 531.1674; found, 531.1674.

4.5.14. N-(3-fluoro-4-((5-methoxy-2,3-dihydro-[1,4]dioxino [2,3-f]
quinazolin-10-yl)oxy)phenyl)-N-(3-(trifluoromethyl)phenyl)cyclopropane-
1,1-dicarboxamide (7j)

white solid; yield: 78%; mp: 239–242 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.40 (s, 2H), 8.44 (s, 1H), 8.15 (s, 1H), 7.83 (d,
J=8.1 Hz, 1H), 7.63 (t, J=2.0 Hz, 1H), 7.51 (dd, J=17.9, 9.4 Hz,
2H), 7.43–7.33 (m, 2H), 7.03 (s, 1H), 6.94 (dd, J=8.0, 1.6 Hz, 1H),
4.48–4.41 (m, 2H), 4.42–4.29 (m, 2H), 3.96 (s, 3H), 1.46 (s, 4H). 13C
NMR (101MHz, DMSO‑d6, δ ppm): 168.70, 168.24, 165.00, 155.13,
152.68, 152.30, 148.23, 140.42, 138.49, 132.53, 129.58, 129.34,
129.02, 128.26, 125.56, 123.93, 122.85, 120.14, 119.54, 119.50,
119.47, 119.44, 117.12, 117.01, 116.64, 116.60, 113.95, 102.32,
100.06, 64.36, 63.48, 56.16, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10,
38.89, 31.94, 15.53. HRMS (ESI) m/z calcd for C29H24F3N4O6

+ [M
+H]+, 581.1642; found, 581.1649.

4.5.15. N-(3-fluoro-4-((5-methoxy-2,3-dihydro-[1,4]dioxino [2,3-f]
quinazolin-10-yl)oxy)phenyl)-N-(4-fluorophenyl)cyclopropane-1,1-
dicarboxamide (7k)

white solid; yield: 89%; mp: 239–242 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.33 (s, 1H), 10.05 (s, 1H), 8.44 (s, 1H), 7.80 (d,
J=13.0 Hz, 1H), 7.70–7.59 (m, 2H), 7.45 (d, J=8.9 Hz, 1H), 7.33 (t,
J=8.8 Hz, 1H), 7.15 (t, J=8.9 Hz, 2H), 7.07 (s, 1H), 4.47 (d,
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J=2.6 Hz, 2H), 4.40 (d, J=2.6 Hz, 2H), 3.97 (s, 3H), 1.48 (s, 4H).13C
NMR (101MHz, DMSO‑d6, δ ppm): 168.78, 168.47, 164.75, 159.99,
157.60, 155.80, 154.88, 152.58, 152.45, 148.72, 138.84, 138.11,
138.02, 135.63, 135.61, 135.48, 135.35, 133.20, 124.36, 123.01,
122.93, 116.97, 116.95, 115.58, 115.36, 109.21, 108.98, 102.22,
100.62, 64.88, 64.00, 56.70, 40.64, 40.43, 40.22, 40.01, 39.80, 39.60,
39.39, 32.18, 15.88. HRMS (ESI) m/z calcd for C28H23F2N4O6

+ [M
+H]+, 549.1580; found, 549.1586.

4.5.16. N-(4-fluorophenyl)-N-(4-((5-(2-methoxyethoxy)-2,3-dihydro-
[1,4]dioxino[2,3-f]quinazolin-10-yl)oxy)phenyl)cyclopropane-1,1-
dicarboxamide (7l)

white solid; yield: 81%; mp: 245–248 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.11 (d, J=11.8 Hz, 2H), 8.40 (s, 1H), 7.72–7.62
(m, 4H), 7.20–7.10 (m, 4H), 7.03 (s, 1H), 4.45 (d, J=4.4 Hz, 2H), 4.40
(d, J=3.7 Hz, 2H), 4.33–4.25 (m, 2H), 3.78–3.71 (m, 2H), 3.35 (s, 3H),
1.49 (s, 4H). HRMS (ESI) m/z calcd for C30H28FN4O7

+ [M+H]+,
575.1937; found, 575.1918.

4.5.17. N-(3-fluoro-4-((5-(2-methoxyethoxy)-2,3-dihydro-[1,4]dioxino
[2,3-f]quinazolin-10-yl)oxy)phenyl)-N-(4-fluorophenyl)cyclopropane-1,1-
dicarboxamide (7m)

white solid; yield: 81%; mp: 237–240 °C. 1H NMR (400MHz,
DMSO‑d6, δ ppm): 10.31 (s, 1H), 10.04 (s, 1H), 8.43 (s, 1H), 7.80 (dd,
J=12.9, 1.9 Hz, 1H), 7.65 (dd, J=8.9, 5.1 Hz, 2H), 7.46 (d,
J=8.7 Hz, 1H), 7.33 (t, J=8.8 Hz, 1H), 7.15 (t, J=8.9 Hz, 2H), 7.08
(s, 1H), 4.47 (d, J=3.1 Hz, 2H), 4.41 (d, J=2.2 Hz, 2H), 4.35–4.26
(m, 2H), 3.80–3.68 (m, 2H), 3.35 (s, 3H), 1.48 (s, 4H). 13C NMR
(101MHz, DMSO‑d6, δ ppm): 168.76, 168.46, 164.73, 159.98, 157.59,
155.00, 154.88, 152.56, 152.46, 148.64, 138.93, 138.14, 138.04,
135.66, 135.63, 135.48, 135.35, 133.22, 124.37, 122.99, 122.92,
116.96, 116.94, 115.58, 115.36, 109.20, 108.97, 102.23, 101.23,
70.49, 68.69, 64.86, 63.98, 58.69, 32.19, 15.87. HRMS (ESI) m/z calcd
for C30H27F2N4O7

+ [M+H]+, 593.1842; found, 593.1848.

4.6. VEGFR-2 and c-Met inhibitory assay

Prepare all the solutions using autoclaved, deionized water and
analytical grade reagents. Prepare and store all the reagents at room
temperature (unless indicated otherwise).

EDTA solution (0.5M, pH 8.0): add 95mL ultra-pure water to
14.612 g EDTA, adjust the pH to 8.0 using NaOH solution, add 5mL
ultra-pure water;

1×Kinase Assay Buffer: add 25mL HEPES solution (1M),
190.175mg EGTA, 5mL MgCl2 solution (1M), 1mL DTT, 50 μL tween-
20, 450mL ultrapure water, adjust pH to 7.5 and constant volume to
500mL using ultrapure water;

4× Stop solution (40mM): Mix 0.8mL of the foregoing EDTA so-
lution, 1mL 10×Detection Buffer and 8.2 mL ultra-pure water;

1×Detection Buffer: Mix 1mL 10×Detection Buffer with 9mL
water;

4×VEGFR Kinase solution (1.74 nM, 521 times diluted, stored on
ice): 1.2 μL VEGFR or c-Met Kinase mother liquor (0.909 μM) was
added to 624 μL 1×Kinase Assay Buffer and mixed;

4×ULight™-labeled JAK1 (substrate) (200 nM, 25 times diluted):
24 μL ULight™-labeled JAK1 (mother liquor concentration 5 μM) was
added to 576 μL 1×Kinase Assay Buffer and mixed;

4×ATP Solution (40 μM, 250 times diluted): add 3 μL ATP solution
(10mM) to 747 μL 1×Kinase Assay Buffer and mixed;

4×Detection Mix (8 nM, 390.6 times diluted): 3 μL Europium- anti-
phospho-tyrosine antibody (PT66) (3.125 μM) was added to 1169 μL
1×Detection Buffer and mixed;

2× substrate/ATP Mix: 560 μL foregoing 4×ULight™-labeled
JAK1 and 560 μL 4×ATP solution and mixed (prepared before use).

The assays used an ULight-labeled peptide substrate and an
Europium-W1024-labeled antiphosphotyrosine antibody. The VEGFR-2

and c-Met kinase was purchased from Carna Biosciences, Inc. (New
York, USA). The 384-well plates were obtained from PerkinElmer.
Compounds were dissolved in DMSO and diluted to 11 concentrations
at a tripling rate from 2.500 μM to 0.042 nM and added 2.5 μL to 384-
well plates. 5 μL 2×VEGFR-2 kinase solution (0.5 nM) was added to
384-well plates homogeneous mixing and pre-reaction at room tem-
perature for 30min. Next, 2.5 μL 4×Ultra ULightTM-JAK-1(Tyr1023)
Peptide (200 nM)/ATP (40 μM) was added to the corresponding wells of
a 384-well plate. Negative control: 2.5 μL/well 4× substrate/ATP
mixture and 7.5 μL 1×kinase assay buffer in 384-well plate well.
Positive control: 2.5 μL/well 4× substrate/ATP mixture, 2.5 μL/well
1× kinase assay buffer with 16% DMSO, 5 μL/well 2×VEGFR-2 ki-
nase solution were added to the 384-well plate, The final concentration
of DMSO in the mixing system was 4%.

After incubation at room temperature and dark for 60min, 5 μL
4× stop solution was added to corresponding wells to react for 5min
and then 5 μL 4×detection mix was added to the corresponding wells
of a 384-well plate. The mixture was centrifugally mixed and stayed for
60min at room temperature for colour development. The plate was
read using a Envision plate reader. The inhibition rate (%) = (positive
well reading-compound well reading)/(positive well reading-negative
well reading)× 100. The corresponding IC50 values were calculated
using GraphPad Prism 5.0.

4.7. Cell proliferative assay

The antiproliferative activity was determined using cell-counting
kit-8 assay (Dojindo, Japan). MHCC97H cells were seeded at a density
of 6×103 cells /well in 96-well plates and were incubated at 37
Centigrade overnight in a humidified incubator containing 5% CO2.
Cells were dosed with compounds at a final concentration ranging from
0.025 μM to 80 μM in each well. After 48 h, 10 μL of the CCK-8 solution
was added and incubated for 1 to4 h. Cell survival was determined by
measuring the absorbance at 470 nm using a microplate reader. A ca-
libration curve was obtained by using the data from the wells that
contain known numbers of viable cells.

4.8. Antitumor activity of 7k on the xenograft tumor of MHCC97H cells

In vivo animal experimental protocol was approved by the animal
ethics committee of Beijing Scitech-MQ Pharmaceuticals Limited. Six-
week-old female nude mice (BALB/c) were housed at six mice per cage
in a specific pathogen-free room with a 12 h light/dark schedule at
25 °C ± 1 °C and were fed with an autoclaved chow diet and water ad
libitum. The mice were randomly divided into indicated groups (6
mice/group) before tumor cell inoculation, and a double-blinded eva-
luation was performed when measuring tumor weight as well as tumor
volume. MHCC97H cells were subcutaneously injected into the right
back of the mice (1.0×107 cells/mouse) to get the subcutaneous
model. When the tumors reached 300–400mm3, the drug was ad-
ministered in groups. The animals were weighed before administration,
and the tumor volume was measured. Vehicle and 7k were given orally
once a day for 8 days. The body weight and the tumor volume were
measured every three days. The growth curve of the tumor was calcu-
lated according to the formula: V=0.5 a×b2. Tumor growth inhibi-
tion (TGI) was calculated using the following formula: TGI
(%)= [1−(T−T0)/(C−C0)]× 100, where T and T0 were the mean
tumor weight on a specific experimental day and on the first day of
administration group, likewise, where C and C0 were the mean tumor
weight for the vehicle group.

4.9. Docking study

Compound 7m docked into the c-Met and VEGFR-2 complex
structure (PDB code: 3lq8.pdb and 3u6j.pdb, downloaded from the
PDB bank). Ligands and unwanted water were removed and 7m was
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drawn and optimized by DS4.0. Docking procedure was performed by
AutoDock 4.0. The grid size was 0.375 Å, 100 conformers being gen-
erated, energy ranking through low to high. After docking finished,
only one best docking conformation was exported.
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