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ABSTRACT: A class of vanadium complexes were prepared andstigated for
their antiproliferative effects by MTT assay. Theusture-activity relationship was
extensively studied through the ligand variatiohe Tesults showed that the synthetic
vanadium complexes demonstrated moderate to godigraiferative activities
against the four cancer cell lines including MGC8&8109, MCF7 and HepG2,
respectively. Of note was that most of the compegkowed preferential growth
inhibitory activity to some degree toward gastr@mcer line MGC803. Among them,
complex19 exhibited the most and broad-spectrum prolifeeatnhibition against the
tested cell lines. In addition, mechanism studikstrated that compled9 could
prevent the colony formation, migration and EMT qass, as well as induce
apoptosis of MGCB803 cells. Furthermore, westerr &kperiments revealed that the
expression of apoptosis-related proteins changeduding up-regulation of Bax,

PARP and caspase-3/9, as well as down-regulati@cle?.
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1. INTRODUCTION

Vanadium, an essential and required trace elemanthiman body, plays an
important role in biochemical processes [1, 2]. a@iom complexes possess a broad
range of pharmacological properties such as aabeates, anti-parasitism, anti-HIV,
anti-tuberculosis and anti-cancer activities [3afid therefore spur extensive research
interest in medicinal chemistry [5]. With the ins&ve study of medicinal
metallochemsitry, various bioactive vanadium comete have been increasingly
developed. As shown in Fig. 1, vanadyl-hypocrelincomplex could not only
improve the water solubility of hypocrellin, butsal increase its photostability,
affinity and anti-cancer activity [8]. In additionwanadium complexes were widely
studied to exhibit insulin-mimetic effects and drdbetic activities probably by a
nonspecific inhibition of phosphotyrosine phospbkatal9, 10]. For example,
dioxidovanadium (V) compleXB was reported as a potent and selective protein
tyrosine phosphatase 1B (PTP1B) inhibitor, exibjitanti-diabetic activity as well as
low cytotoxicity in vitro [11]. And vanadyl comple€ with schiff base as organic
ligands could not only reduce the blood glucoseelleand improve the impaired
glucose tolerance in a diabetic rat model, but alsmwv good lipophilic properties and
low cytotoxicity on Caco-2 cell line [9]. Moreoveranadocene dichloride (Fig. 1),
characterized by two cyclopentadienyl rings anchhbtiorine atoms coordinating to
the vanadium center in a “bent-sandwich” struct[k2], was identified to have
antitumor effects on a wide spectrum of cancerscslich as testicular cancer,
leukemia, breast cancer, glioblastoma and colorceraf13-16]. A recent research
showed that vanadocene dichloride could selectivlipit the proliferation of Hela
cells over the normal cells, due to the inactivatod serine-threonine protein kinase
Aurora B [12]. Moreover, water soluble compl& prepared by coordination of
antibiotic cefuroxime with vanadyl sulfate in aqusasolution, was reported to exert
manifold effects including antimicrobial activity, non-cytotoxicity —and

immunosuppressive activity [17].



As a continuation of our works [18], in order tadibioactive vanadium complexes
with potent and specific anticancer activities, ngein reported the synthesis of a
library of novel vanadium complexes, their antigeshtive activities as well as

preliminary mechanisms of inducing cell apoptosis.
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Fig.1. Biologically active vanadium complexes reported.

2. Results and discussion
2.1 Chemistry

The general synthetic route of the targeted congsléx depicted in Scheme 1. The
indene derivativea-i were prepared by reacting indanone analofuend ethyl
formate in diethyl ether in the presence of potassi tert-butoxide.
2-(Phenylthio)aniline3 was prepared by reaction of thiophenol with 2-euibne
catalyzed by a combination of cuprous chloride wdtftlohexane-1,2-diamine in
water [19]. For the synthesis of 2-phenoxyanilieit was generated by heating
iodobenzene, 2-aminophenol and cesium carbonatesipresence copper powder as
catalyst [20]. In addition, 2-chloroaniline reactetth triphenylphosphine catalyzed
by anhydrous nickel chloride to produ&e which was subsequently treated with
sodium naphthalenide at low temperature to affgptdehylphosphanyl anilin@. And

compound11l was obtained through oxidation of anili®e with 30% hydrogen



peroxide. Subsequently, various imine ligands weeaglily obtained by condensation
reaction of the obtained aniline derivatives withdene derivative2 at room
temperature. Finally, the desired vanadium complek&27 were produced by
treating ligands with NaH in THF, followed by addito the solution of VG(THF)3

to proceed coordination reaction (Scheme 2). Addély, crystals of complexeks
and 22 suitable for X-ray cyrstal analysis were grownnfraghe chilled THF and
hexane mixture solution, and the data were appemdedpporting information (Fig.

S1 and Table S1/S2).
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2.2 Evaluation of biological activity
2.2.1 Antiproliferative activity

Complexesl4-27were prepared and investigated for their antipeddifive effects

on several cancer cell lines including MGC803 (hangastric cancer cell line),

EC109 (human esophageal cancer cell line), MCFMmémubreast cancer cell line)

and HepG2 (human hepatocellular cancer cell libg)using the MTT assay. The

clinical anticancer drug 5-fluorouracil (5-Fu) wasployed as the reference drug [21].

Besides, vanadocene dichloride (D) was also ewadusdr its inhibitory activity in

order to make comparison with the synthetic vamadoomplexes in this work. The

antiproliferative data are summarized in Tables 1-2



Initially, complexesl4-21were screened toward the tested cancer cell liniis,
the aim to explore the impact of indannoe structurehe cell proliferation inhibitory
ablities. As shown in Table 1, compledd showed good and preferred growth
inhibition against the gastric cancer cell line M&QG with single digit IGvalue, in
comparison to the moderate inhibition against ECMEF7 and HepG2 cell lines.
And complex15 with phenyl substitution (R) generally displayddtgtly improved
antiproliferative activities, compared to that adntplex 14 with hydrogen atom
substitution. Interestingly, the introduction of53Jimethyl phenyl to R position,
generating compleg6, led to evidently improved cell proliferation ition toward
all test cancer lines, however, its analogues cemp¥ and 18 generally displayed
decreased inhibitory activities ({65 > 32uM) as well as selective inhibition toward
MGC803 cell line (IGo= 7.29 and 15.9QM, respectively). Intriguingly, the ring
expansion from 5- to 6-membered ring of indanonagitee complex19, exerted
significantly improved potent and broad prolifeoatiinhibitory activities against all
test cell lines, with 16 values ranging from 2.69 to 7.2M. However, 7-membered
analogue comple20 presented sharply decreased inhibitory abilitiessomparison
to that of complexl5 and 19. Furthermore, the replacement of thiophenol fragme
with methylpropanethiol (compleXl) led to a generally decreased activity compared
with its counterpart comple9. The evaluation of this series of complexes festur
by thiolphenol as one of the ligands revealed thatphenyl group for R position and
a six-membered ring indanone were favorable tatediowth inhibition of the test
cancer cells, highlighting the structural requiraiseof this new chemotype metallo
compounds for the tumor suppression. Next, comgl2e25were produced in order
to investigate the effect of additional ligand ations on the antiproliferative activity.
As shown in Table 2, compleX2-25were found to be less active than compléx
suggesting that phenol group as ligand part seembéd disfavored to the activity. It
should be noted that compl@2-25all showed selective inhibitory activities toward
MGCB803 cell line, consistent with that of aforemenéd thiophenol series. Finally,
complex26 and 27 with triphenylphosphine (oxide) as ligand part eprepared and

tested for their activities. The results showed tt@mplex 26 was evidently less



active than its oxide analogue comp¥ indicating the importance of the properties

of coordination atom to the vanadium metal center.

Table 1. Antiproliferative activity of complex 4-21 against the tested cancer cell

lines.
oy
CI—/V\—CI
R O N
]
)I'I
14-20 21
ICso(uM)?
Complex R n so(uM)
MGC803 EC109 MCF7 HepG2
14 H 1 4.79+0.57 16.81+1.19 16.42+1.21 17.96%1.25
15 Ph 1 3.62+0.55 12.29+41.09 12.06+1.08 14.74+1.16
16 3,5-diMe-Ph 1 10.99+1.04  4.00+0.60 2.89+0.46 5.0080
17 3,5-diMeO-Ph 1 7.29+0.86 >32 >32 >32
18 3,5-diCR-Ph 1 15.90+1.20 >32 >32 >32
19 Ph 2 2.69+0.56 7.21+0.85 4.,52+0.65 5.50+0.74
20 Ph 3 6.48+0.81 13.04+1.11 >32 >32
21 - - 4.48+0.65 9.00+0.95 7.22+0.85 11.24+1.05
D - - >32 >32 >32 >32
5-Fu - - 6.92+0.88 7.15+1.25 9.08+0.94 11.21+1.54

4nhibitory activity was assayed by exposure fort72o substance and expressed as concentratiorreecoi

inhibit tumor cell proliferation by 50% (K. Data are presented as the meanSDs of three independent

experiments.

Table 2. Antiproliferative activity of compleX2-27against the tested cancer cell

lines.

No.

Structure

ICs0 (uM)*

MGC803

EC109

MCF7

HepG2




22 (ool ) 6.24£0.79  19.16+1.28 >32 22.92+1.36
\\
Q0
23 @ 9.42+¢0.97  10.50+1.02  9.77+0.99 >32
Q0
24 &) 507070  11.11#1.04 8.05:0.90  9.530.97
O\/OF F
25 Q 4.95£0.69 >32 >32 >32
FF
N
26 (el 15.74+1.19  14.21+115 13.16+1.11 >32
\\
O e
27 5© 3.13+050  8.330.72  7.35:0.86  6.50+1.08
O
D . >32 >32 >32 >32
5-Fu - 6.9240.88  7.15+1.25  9.08+0.94  11.21:1.54

Inhibitory activity was assayed by exposure folh7® substance and expressed as concentratiomeeqol
inhibit tumor cell proliferation by 50% (Kg). Data are presented as the meanSDs of three independent
experiments.
2.2.2 Cell clonogenicity and migration

The most active as well as broad-spectrum protifeanhibition of complex19
spurred us to have an preliminary understandinitsadffect on cell colony formation
inhibition. This assay measured the ability of turnells to grow and form foci in a
way that was not restricted by growth contact iittah, which was characteristic in
normal untransformed cells, and therefore clonaggnwas commonly employed as
an indirect evaluation of tumor cells undergoingplastic transformation [22, 23].
As shown in Fig. 2A, fewer and smaller coloniedscelere observed after treatment
of MGCB803 with complex 9, and the colony inhibition rate reached aroundh 199%
at 2uM. Additionally, the effect of comple49 on the migration ability of MGC803



cells was also investigated by transwell assay. réalts revealed that complé®
markedly inhibited the migration of MGCB803 cells sdedependently (Fig. 2B).
Meanwhile, western blot results showed that theresgioon of mesenchymal cell
marker N-cadherin protein decreased, while epiheatell biomarker E-cadherin
increased, indicating that compl&® possibly prevented the migration of MGC803

via the inhibition of EMT process (epithelial-mesbgmal transition) (Fig. 3).

Complex19 O

A

Inhibition Rate (%)

of T (M)

Migration Rate (%)

0.5 1 2
Concentrations of Treatment (UM)

Fig. 2. (A) Representative images of MGC803 cell colonié®ratreatment with indicated
concentrations of compleX9 for 9 d; (B) Migration inhibition of MGC803 by cortgx 19 at
indicated doses via transwell assay. The resutisnishwere representative of three independent

experiments.
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Fig. 3. Expression of E-Cadherin and N-Cadherin when ce#ise treated with compleX9 at
indicated concentrations. **P<0.01 was considetatistically highly significant. Data are mean

+ SD. All experiments were carried out at leastéétimes.

2.2.3 Cell apoptosis and mechanism invol ved

Next, complex1l9 was assessed for its ability to induce apoptdsi@C803 cells.
Cell apoptosis is also known as programmed cell thdeaaccompanying
characteristic morphological changes and specificHemical features [24]. Initially,
the Hochest 33258 staining was performed to exathimeell morphological changes
[25]. Over a period of 24 h incubation with complEXat indicated concentrations,
characteristic cell morphologic changes such asrshtin shrinkage, rounding and
formation of apoptotic bodies were observed andered a dose-response feature
(Fig. 4A), suggesting that the apoptosis of MGC&&3s could be induced by
complex 19 concentration-dependently. In order to further ex@mthe effect of
complex19 on the apoptosis of MGCB803 cells, Annexin V-FITCd8uble staining
method was used for the apoptosis analysis. As showFig. 4B, incubation of
MGCB803 cells with comples9 led to a dose-dependent apoptosis increase, gth t
percentage of apoptosis cells of 12.0%, 17.7% &n@98, respectively, compared to

the control (0.9%).
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Fig. 4. Complex19 induced apoptosis of MGC803 cells. (A) Apoptosimlgsis with Hoechst
33258 staining; (B) Apoptosis of MGC803 cell lineduced by compleXd9 for 24 h using
Annexin V-FITC/PI double staining and flow-cytometcalculation. The experiments were

performed three times, and a representative expatira shown.

To further investigate the underlying apoptotic headsm of MGCB803 cells
induced by compled9, the western blot analysis was performed to ingatt the
expression change of apoptosis related proteinshdws/n in Fig. 5A, it was observed
that the expression of anti-apoptotic protein Baiécreased in a dose-dependent
manner after treatment of MGC803 cells with complex (Fig. 5B), while the
expression of pro-apoptotic protein Bax was elevaecordingly (Fig. 5C). Besides,
the accumulation of Bax was involved in activatitige caspases, subsequently
promoting the release of cytochrome and other paptotic factors from the
mitochodria [26, 27], so that the expressions dhbmaspase-3 and caspase-9 were

also examined. As shown in Fig. 5D and 5E, casB&a®ewere both upregulated



evidently, indicating the apoptosis occurring vise tcaspase-mediated pathway.
Additionally, poly ADP-ribose polymerase (PARP) aived in DNA repair and gene
integrity monitoring, was an important substratecabpase-3, and PARP cleavage
was considered as a hallmark of cell apoptosis [®84 it was found that the cleaved
PARP was clearly upregulated concentration-depdahd@rig. 5F). Taken together,
all these results demonstrated that comgp®@gould induce the apoptosis of MGC803

cells possibly via the mediation of intrinsic aputpt pathway.
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Fig. 5. Expression changes of apoptosis-related protathsced by comple£9. (A) Complex19
induced expression changes of Bax, Bcl-2 and casfaasily members in MGC803 cells; (B-F)

Statistical analysis of expression levels of Basl;Band cleaved-caspased PARP/9/3.

3. Conclusions

In conclusion, the present study reveals a nowsscbf vanadium complexes as
metal-based proliferative inhibitors. The antipierative results demonstrates that the
synthetic vanadium complexes generally exerted mabveldo good activities toward

the tested cancer cell lines. Of note was that ¢ex1i® exhibited the best as well as



wide-spectrum activity toward all the tested cancell lines, with the 16 values
ranging from 2.7 to 7.2M. In consideration of its good inhibition towardirhan
gastric cancer cell line MGC803, complé® was further evaluated for its cellular
activities, and the results indicated that comd®xcould remarkably inhibit the cell
clonogenicity, migration, and EMT process of MGC&@8s. Also, compleXd9 could
induce the apoptosis of MGC803 via an innate agmppathway. It was anticipated
that complex19 can serve as a template for developing new metajlents for

treatment of anticancer especially for gastric easic

4. Experimental section
4.1 General

All reagents and solvents were purchased from cawially available sources, and
dry solvents were treated from an MBraun solvenifigation system. The NMR
spectra were recorded on Bruker-400 MHz#4rNMR, and 100 MHz fof*C NMR
spectrometer. Elemental analyses were recorded ronelamental Vario EL
spectrometer. It should be noted that the targemthdium complexes were not
characterized by NMR due to their paramagneticreatd the vanadium center, but

by the infrared spectra analysis.

4.2 General procedure for the synthesis of ligands and targeted complexes.
4.2.1 The synthesis of intermediate 2a-h

To a slurry oftBuOK (0.90 g, 1.5 eq) in 10 mL anhydrous diethyleztwas added
7-phenyl-1-indanone (1.0 g, 5 mmol, 1 eq) and OL8ethyl formate (2.0 eq) at TC,
and a large amount of white precipitate appearedddiately. The mixture was kept
stirring at 0C for 30 min, followed by warming to room temperatiand stirred
overnight. The reaction mixture was acidified witbrmic acid in ethanol to adjust
pH < 7, and the resultant solution was directlydufse the next step without further

purification to react with amine derivatives foeparation of imine ligands.

4.2.2 The synthesis of ligand 4a and complex 14
Ligand 4a: A Schlenk flask was charged with CuCl (4.8 mg, 8.0&amol),



2-iodoaniline (0.12 mL, 1.05 mmol), trans-1,2-diaogyclo- hexane (0.26 mL, 2.21
mmol), water (6.3 mL) and thiophenol (0.06 mL, Ordmol). The flask was sealed
under a positive pressure of argon and the reguMiolet solution was heated
overnight at 128C. The product was extracted from the aqueous layin
dichloromethane, dried and concentrated in vacuwe Trude mixture was then
purified by flash chromatography (10 % &I, in hexane) to give
2-(phenylthio)aniline3 (102.1 mg, 97 %) as a colorless liquid. Then,dbtined3 (1
e() was added in the solution2d, and the resultant reaction mixture was stirregr ov
24h at room temperature. Liganth was obtained by filtration without further
purification,'"H NMR (400 MHz, CDCY): 6 11.93, 8.04 (dJun = 11.8, 13.5 Hz, 1H,
OH), 7.85, 7.82 (dJun = 11.8, 13.5 Hz, 1H, AH), 7.61 (dd,Juy = 7.6, 1.4 Hz, 1H,
Ar-H), 7.56 (ddJuy = 7.7, 1.5 Hz, 1H, AH), 7.53-7.42 (m, 4H, AH), 7.41-7.32 (m,
3H, Ar-H), 7.29-7.19 (m, 3H, AH), 7.19-7.10 (m, 2H, AH), 7.02 (dtd J, = 18.8,
7.6, 1.1 Hz, 1H, N=6), 3.65, 3.41 (s, 2H, 18,); °C NMR (100 MHz, CDGJ) &
193.28 C-OH), 148.73 (N€H), 146.95 (N-Ar), 141.24, 140.60 (S-Ar), 140.20,
137.48, 137.17, 136.38, 135.89, 135.38, 131.61,4¥30129.39, 129.24, 128.98,
127.27, 127.06, 126.42, 125.82, 125.68, 123.42,1P23122.75, 121.16, 118.52,
113.58, 112.97, 112.74 (Ar), 109.60 (N=@- 28.42 CH,); Anal. Calcd. for
C2oH10ONS: C, 76.49; H, 5.54; N, 4.05; S, 9.28. Found7€&51; H, 5.53; N, 4.05; S,
9.26.

Complex14: To a suspension of NaH (60%, 1.2 eq) in dried T#5 added ligand
4a (1eq), and the resultant mixture was kept stirawgr 4 h at room temperature,
which was then added dropwise to a solution of VKHF)3 (1.2 eq) in dried THF
over 30 min. The reaction was stirred for anothérhlat room temperature, and
treated by filtration to remove sodium chloride eTiltrate was concentrated in cacuo,
followed by recrystallization in THF/hexane (v/v1l#3) to give the desired complex
14. FT-IR (KBr pellets):v/cm'l 3056, 2973, 2874, 1638, 1591, 1561, 1529, 1467,
1446, 1401, 1296, 1271, 1198, 1184, 1166, 11473,10024, 1013, 967, 944, 918,
864, 755, 733, 689, 577, 540, 519, 493, 464, 44651 ACalcd. for GsH24NO,SVCly:
C,58.22; H, 4.51; N, 2.61; S, 5.98. Found: C, B8k2 4.51; N, 2.62; S, 5.95.



Similar experimental procedures were adapted ®ptieparation of list of complexes

shown in Scheme 1.

4.2.3 The synthesis of ligand 4b and complex 15

Ligand 4b: 'H NMR (400 MHz, CDCY): 6 11.77, 7.95 (dJun = 11.6, 13.5 Hz, 1H,
OH), 7.63-7.32 (m, 9H, AH), 7.31-7.23 (m, 5H, AH), 7.22-7.10 (m, 3H, AH),
7.00 (dtd,Jun = 16.3, 7.5, 1.2 Hz, 1H, N=34), 3.66, 3.44 (s, 2H, I6,); *°*C NMR
(100 MHz, CDC}) § 191.53 C-OH), 148.95 (N€H), 147.29 (N-Ar), 141.36, 141.00
(S-Ar), 140.27, 139.90, 137.52, 137.40, 136.46,.186135.15, 131.49, 130.69,
129.39, 128.57, 128.37, 127.70, 126.46, 126.40,2626125.37, 123.66, 121.46,
120.37, 112.42 (Ar), 108.65 (N=CE)), 29.30 CH,); Anal. Calcd. for GsH2:ONS: C,
80.16; H, 5.05; N, 3.34; S, 7.64. Found: C, 80H35.03; N, 3.35; S, 7.66.

Complex15: FT-IR (KBr pellets):v 3078, 3052, 3035, 2970, 2885, 1594, 1561,
1489, 1469, 1442, 1425, 1393, 1297, 1277, 12597,11165, 1089, 1076, 1036, 1016,
960, 924, 897, 859, 799, 788, 759, 743, 698, 593, 526, 506, 491, 466, 453, 433
cmi’; Anal. Calcd. for GH2eNO,SVCl: C, 62.75; H, 4.61; N, 2.29; S, 5.24. Found: C,
62.77; H, 4.58; N, 2.29; S, 5.28.

4.2.4 The synthesis of ligand 4c and complex 16

Ligand 4c: To a Schlenk flask with positive pressure of argon wiagrged with
CuCl (48 mg, 0.048 mmol), 2-iodoaniline (0.12 mL1.05 mmol),
trans-1,2-diaminocyclo-hexane (0.26 mL, 2.21 mm6l3 mL water and thiophenol
(0.06 mL, 0.57 mmol) and the resultant mixture wasught to 12°C and stirred
overnight. The reaction misture was treated byaexivn with DCM for three times,
and then the organic phase was dried and concedtiatvacuo. The crude product
was then subjected to flash chromatography (10 %QCHin hexane) to give
2-(phenylthio)aniline3 (102 mg, 97 %) as a colorless liquid [19]. Thesmpound3
(1 eq) was added in the solution 2d, and the reaction was stirred over 24 h at rt.
Compounddc was readily obtained by filtrationH NMR (400 MHz, CDCJ): 6 11.77,
7.95 (d,Jun = 11.7, 13.5 Hz, 1H, B), 7.63-7.07 (m, 15H, AH), 7.06-6.95 (m, 1H,
N=CH), 3.65, 3.43 (s, 2H, I8,), 2.40, 2.37 (s, 6H, Gt **C NMR (100 MHz, CDG))



§ 192.60 C-OH), 149.98 (N€H), 148.24 (N-Ar), 142.64, 142.10 (S-Ar), 141.66,
141.29, 138.49, 137.52, 137.29, 136.76, 136.05,8635132.43, 131.66, 130.49,
129.62, 129.43, 128.82, 127.67, 127.30, 126.43,5B2422.46, 121.42, 113.51 (Ar),
109.79 (N=CHgE), 30.37 CHy), 21.48, 21.44QH3); Anal. Calcd. for GoH2s0NS: C,
80.50; H, 5.63; N, 3.13; S, 7.16. Found: C, 801525.62; N, 3.12; S, 7.14.

Complex16: FT-IR (KBr pellets):v 3054, 2962, 2910, 2886, 1595, 1561, 1476,
1447, 1405, 1389, 1286, 1271, 1192, 1159, 11107,10636, 1018, 967, 926, 866,
857, 815, 788, 750, 692, 605, 580, 558, 537, 520, 461, 450, 419 cf Anal.
Calcd. for G4H32NO,SVCly: C, 63.75; H, 5.04; N, 2.19; S, 5.01. Found: C783H,
5.00; N, 2.18; S, 5.04.

4.2.5 The synthesis of ligand 4d and complex 17

Ligand 4d: 'H NMR (400 MHz, CDCY): 6 11.87, 7.95 (dJun = 11.8, 13.4 Hz, 1H,
OH), 7.63-7.08 (m, 12H, AH), 7.00 (dtd Juy = 8.7, 7.5, 1.2 Hz, 1H, N=4), 6.73,
6.63 (d,Jun = 2.3, 2.3Hz, 2H, AH), 6.53, 6.50 (tJun = 2.3, 2.3Hz, 1H, AH), 3.81
(d, Jun = 1.4Hz, 6H, E©s), 3.65, 3.43 (s, 2H, i@,); *C NMR (100 MHz, CDG)) §
192.41 C-OH), 150.09 (N€H), 148.29 (N-Ar), 142.58, 142.01 (S-Ar), 141.15,
140.77, 140.40, 137.34, 136.54, 136.19, 135.83,4835132.47, 131.97. 131.72,
130.51, 129.47, 129.16, 128.89, 127.31, 126.38,922422.55, 121.30, 113.38 (Ar),
108.24 (N=CHCE), 55.44 (QCH3), 30.35 CH,); Anal. Calcd. for GoH2503NS: C,
75.13; H, 5.25; N, 2.92; S, 6.69. Found: C, 75H55.26; N, 2.93; S, 6.67.

Complex17: FT-IR (KBr pellets):v 3058, 2961, 2879, 2837, 164, 1595, 1563, 1446,
1417, 1283, 1268, 1206, 1156, 1061, 1047, 1021, 98B, 927, 868, 814, 792, 748,
690, 603, 578, 556, 545, 494, 450" tmnal. Calcd. for GsHzNO4SVCly: C, 60.72;
H, 4.80; N, 2.08; S, 4.77. Found: C, 60.73; H, 4N62.09; S, 4.78.

4.2.6 The synthesis of ligand 4e and complex 18

Ligand 4e 'H NMR (400 MHz, CDCY): ¢ 11.79 (d,Jus = 12.0 Hz, 1H, @),
8.06-7.86 (m, 3H, AH), 7.67-7.50 (m, 3H, AH), 7.49-7.34 (m, 2H, AH),
7.32-7.07 (m, 7H, AH),7.03 (dtd Jyn = 11.0, 7.5, 1.2 Hz, 1H, N34), 3.68, 3.46 (s,
2H, CH,); *C NMR (100 MHz, CDG)) 6 191.89 C-OH), 150.26 (N€H), 148.56



(N-Ar), 142.29, 141.75 (S-Ar), 140.32, 137.71, BZ7.137.38, 136.90, 136.48,
135.61, 132.78, 132.57, 132.01, 131.67, 130.68, (A3D.41 CF3), 129.44, 129.32,
128.96, 128.83, 127.30, 126.34, 126.19, 122.88,3b18Ar), 109.24 (N=CHZ),
30.42 CH,); **F NMR (376 MHz, CDGCJ): 6 -62.56, -62.64 (s, 6F,R3); Anal. Calcd.
for C3oH1dONSFs: C, 64.86; H, 3.45; N, 2.52; S, 5.77. Found: C864H, 3.47; N,
2.54; S,5.76.

Complex18 FT-IR (KBr pellets):v 3062, 2977, 2906, 2886, 1661, 1597, 1561,
1496, 1445, 1404, 1380, 1277, 1183, 1139, 11072,10822, 984, 944, 899, 867, 808,
787, 750, 736, 710, 692, 681, 605, 583, 554, 532, 449, 412 cify Anal. Calcd. for
CssH26NO.SKVCly,: C, 54.56; H, 3.50; N, 1.87; S, 4.28. Found: C564H, 3.48; N,
1.88; S, 4.31.

4.2.7 The synthesis of ligand 4g and complex 19

Ligand4g *H NMR (400 MHz, CDGJ): 6 12.00, 8.05 (dJuy = 11.8, 13.6 Hz, 1H,
OH), 7.60-7.56 (m, 1H, AH), 7.47-7.29 (m, 7H, AH), 7.25-7.05 (m, 9H, AH),
7.01-6.93 (m, 1H, N=8), 2.93-2.86 (m, 2H, B,), 2.66-2.60 (m, 2H, B,); *°C
NMR (100 MHz, CDC}) 6 186.75 C-OH), 142.50 (NEH), 142.47, 142.34 (S-Ar),
141.92 (N-Ar), 137.84, 136.51, 134.46, 132.45, %29.129.50, 129.41, 128.62,
128.30, 127.73, 127.59, 127.11, 126.54, 126.12,2825125.13, 121.22, 120.43,
112.77 (Ar), 107.09 (N=CHE), 30.20, 27.34GH,); Anal. Calcd. for GgH230NS: C,
80.34; H, 5.35; N, 3.23; S, 7.40. Found: C, 80B7%.37; N, 3.21; S, 7.39.

Complex19: FT-IR (KBr pellets):v 3056, 2946, 2094, 2879, 1644, 1583, 1550,
1481, 1463, 1445, 1416, 1380, 1329, 1281, 12671,12312, 1180, 1154, 1092, 1071,
1027, 1016, 998, 951, 871, 856, 831, 802, 783, 758, 732, 718, 696, 685, 649, 587,
554, 514, 467, 449 ch Anal. Calcd. for GaHzNO,SVCL: C, 63.26; H, 4.83; N,
2.24; S,5.12. Found: C, 63.28; H, 4.81; N, 2.24.87.

4.2.8 The synthesis of ligand 4h and complex 20

Ligand 4h:; *H NMR (400 MHz, CDCJ): 6 12.07, 8.10 (dJuy = 11.2, 13.8 Hz, 1H,
OH), 7.57 (ddJun = 25.2, 7.6 Hz, 1H, AH), 7.44-7.05 (m, 16H, AH), 6.98 (m, 1H,
N=CH), 2.70-2.62 (m, 2H, B,), 2.50-2.19 (m, 2H, B,), 1.87, 1.63 (tJun= 6.6 Hz,



2H, CHy): *C NMR (100 MHz, CDGJ) 6 197.44 C-OH), 142.81 (N€H), 141.49,
140.88, 139.90, 139.64, 138.31, 137.10, 135.61,4130129.61, 129.52, 129.12,
128.87, 128.02, 127.28, 126.62, 126.40, 122.77,9821114.15, 110.29 (Ar), 30.85,
29.86, 27.95CH,); Anal. Calcd. for GoH2s0ONS: C, 80.50; H, 5.63; N, 3.13; S, 7.16.
Found: C, 80.47; H, 5.61; N, 3.11; S, 7.19.

Complex20: FT-IR (KBr pellets):v 3058, 2932, 2857, 1639, 1579, 1552, 1478,
1463, 1445, 1425, 1369, 1340, 1303, 1270, 12413,12209, 1276, 1154, 1092, 1063,
1041, 1023, 1005, 991, 954, 918, 867, 852, 812, 783, 751, 703, 689, 638, 605,
551, 533, 511, 456 cf Anal. Calcd. for GH3NO,SVCl: C, 63.75; H, 5.04; N,
2.19; S, 5.01. Found: C, 63.77; H, 5.01; N, 2.18.83.

4.2.9 The synthesis of ligand 4i and complex 21

Ligand 4i: *H NMR (400 MHz, CDCJ): J 12.47, 8.10 (dJun = 12.2, 14.0 Hz, 1H,
OH), 7.46 (ddJun = 7.6, 1.5 Hz, 1H, AH), 7.43-7.29 (m, 6H, AH), 7.28-7.14 (m,
5H, Ar-H), 6.90 (m, 1H, N=El), 3.02, 2.94 (tJus= 6.6 Hz, 2H, El,), 2.79, 2.70 (t,
Jun= 6.6 Hz, 2H, @l,); 1.31, 1.15 (s, 9H, C(d)3); *C NMR (100 MHz, CDG)) 6
187.77 C-OH), 144.58 (N€H), 143.52 (N-Ar), 143.41 (S-Ar), 140.07, 138.22,
130.60, 130.45, 130.21, 128.66, 127.67, 127.06,0724.21.44, 120.31, 112.07 (Ar),
107.72 (N=CHE), 48.22 (SE-(CHs)s), 31.17 CHy), 30.64 (C-CHs)3), 28.30 CHy);
Anal. Calcd. for G/H27ONS: C, 78.41; H, 6.58; N, 3.39; S, 7.75. Found7&42; H,
6.56; N, 3.41; S, 7.70.

Complex21 FT-IR (KBr pellets):v 3053, 2965, 2943, 2896, 2877, 2863, 2841,
1641, 1585, 1549, 1458, 1447, 1432, 1414, 1378/ 1B827, 1298, 1283, 1229, 1215,
1187, 1164, 1091, 1036, 1015, 946, 861, 804, 766, 717, 702, 651, 629, 586, 553,
520, 484, 462, 448, 422 ¢nAnal. Calcd. for GH3NO,SVCh: C, 61.39; H, 5.65; N,
2.31; S, 5.29. Found: C, 61.37; H, 5.68; N, 2.33%.32.

4.2.10 The synthesis of ligand 6 and complex 22

Ligand 6: *H NMR (400 MHz, CDCJ): 6 11.68, 8.11 (dJun = 9.8, 13.9 Hz, 1H,
OH), 7.55-6.99 (m, 17H, AH), 6.99-6.80 (m, 1H, N=B), 3.69; 3.01-2.82;
2.71-2.58:1.21 (qJyn = 7.0 Hz; m; m; tJun = 7.0 Hz; 4H, &1,); *C NMR (100 MHz,



CDCls) 6 187.89 C-OH), 145.03 (N€H), 144.81 (N-Ar), 143.58 (S-Ar), 143.33,
143.21, 139.97, 134.57, 133.66, 133.32, 132.55,7030130.50, 130.43, 130.06,
129.58, 128.58, 128.28, 127.74, 127.27, 127.15,5P26126.21, 124.66, 123.97,
123.01, 122.48, 122.02, 120.62, 118.67, 118.56,7817114.93, 113.83, 111.43 (Ar),
107.58 (N=CHCE), 31.28, 29.41, 28.23, 22.58H,); Anal. Calcd. for GgH2:0,N: C,
83.43; H, 5.55; N, 3.35. Found: C, 83.41; H, 51863.37.

Complex22 FT-IR (KBr pellets):v 3061, 2978, 2905, 1595, 1578, 1552, 1485,
1462, 1451, 1440, 1413, 1370, 1354, 1331, 1299,1P748, 1228, 1209, 1191, 1177,
1162, 1104, 1089, 1067, 1042, 1020, 1009, 944, 928, 868, 849, 831, 813, 798,
780, 758, 748, 726, 708, 697, 660, 624, 588, 588, 893, 479, 460, 439, 410 ¢m
Anal. Calcd. for GgH3oNOsVCly: C, 64.93; H, 4.95; N, 2.29. Found: C, 64.95; H,
4.92; N, 2.26.

4.2.11 The synthesis of ligand 7b and complex 23

Ligand 7b: *H NMR (400 MHz, CDCY)): & 11.45 (d,Jun = 11.6 Hz,1H, OH),
7.41-7.22 (m, 11H, AH), 7.17 (dJun = 7.5 Hz, 1H, ArH), 7.00 (d Jun = 7.8 Hz, 2H,
Ar-H), 6.97 (d Juy = 7.4 Hz, 1H, N=CH), 2.95 (m, 2H, El,), 2.68 (m, 2H, E,). *3C
NMR (100 MHz, CDCY): ¢ 188.01 (N€H), 143.76 (C€-OH), 143.17, 140.97,
133.63, 130.60, 129.53, 128.45, 127.24, 126.43,.7022116.06 (-Ar), 106.76
(C=C-CH=N), 31.38, 28.25GH.). Anal. Calcd. for GH;NO: C, 84.89; H, 5.89; N,
4.30. Found: C, 84.92; H, 5.88; N, 4.31.

Complex 23 FT-IR (KBr pellets):vicm™* 3054, 3033, 2973, 2952, 2932, 29086,
2876, 2850, 1638, 1579, 1555, 1496, 1465, 14413,14368, 1351, 1326, 1302, 1281,
1243, 1219, 1205, 1174, 1150, 1070, 1028, 1011, 963, 883, 855, 831, 803, 782,
758, 706, 671, 661, 619, 592, 564, 543, 526, 5688, 439, 408. Anal. Calcd. for
Cs1H34NO3VCly: C, 63.06; H, 5.80; N, 2.37. Found: C, 63.07; H45N, 2.32.

4.2.12 The synthesis of ligand 7c and complex 25

Ligand 7c: *H NMR (400 MHz, CDCY): 6 11.39 (d,Jun = 11.1 Hz, 1H, ®, ),
7.42-7.23 (m, 8H, AH), 7.19 (d,Jun = 7.5 Hz, 1H, N=El), 2.97 (m, 2H, E,), 2.66
(m, 2H, H,). *C NMR (100 MHz, CDGJ): § 189.57 (N€H), 143.97 (C€-OH),



143.67, 142.84, 141.55, 133.03, 131.26, 130.69.482827.91, 127.35, 126.61 (Ar),
109.91 (C€-CH=N), 31.02, 28.14GH.). *F NMR (376 MHz, CDCJ): § -154.82
(2F, m-Ar-F), -162.58 (2F, o-Ar-F), -164.70 (1F, p-Ar-F). Anal. Calcd. for
Ca3H14FsNO: C, 66.51; H, 3.40; N, 3.37. Found: C, 66.533H2; N, 3.37.

Complex25: FT-IR (KBr peIIets):v/cm'l 3058, 3034, 2973, 2955, 2927, 2911, 2867,
2838, 1589, 1557, 1464, 1446, 1433, 1363, 1334/,1P863, 1235, 1225, 1194, 1179,
1166, 1153, 1110, 1093, 1058, 1037, 1013, 965, 988, 877, 857, 829, 806, 784,
773, 758, 704, 678, 667, 648, 620, 600, 594, 587, 549, 512, 503, 480, 460, 447,
423. Anal. Calcd. for 6H2oFsNOsVCly: C, 54.72; H, 4.30; N, 2.06. Found: C, 54.71,
H, 4.25; N, 2.08.

4.2.13 The synthesis of ligand 10 and complex 26

Ligand 10: *H NMR (400 MHz, CDCY): 6 12.07-11.67 (m, 1H, B), 7.56-7.06 (m,
22H, ArH), 6.97-6.82 (m, 1H, N=B), 2.98-2.79; 2.67-2.53; 2.48-2.39 (m, 4HH
¥C NMR (100 MHz, CDGJ) ¢ 186.59 C-OH), 143.41 (N€H), 143.20 (N-Ar),
142.49 (S-Ar), 142.46, 142.40, 139.88, 134.19, @B4.133.92, 133.40, 133.20,
132.88, 132.72, 132.52, 132.50, 130.01, 129.56,41029129.34, 128.98, 128.29,
127.89, 127.81, 127.66, 127.43, 127.36, 127.18,68B26126.54, 126.05, 125.93,
125.41, 125.08, 121.74, 114.17, 114.15 (Ar), 10@N2CH-C), 30.24, 28.31, 27.16,
21.39 CH,); *'P (162 MHz, CDGJ) 6 -19.98, -22.52; Anal. Calcd. fors§H,0NP: C,
82.49; H, 5.54; N, 2.75. Found: C, 82.51; H, 51892.76.

Complex26: FT-IR (KBr pellets):v 3056, 3025, 2952, 2879, 1584, 1550, 1481,
1462, 1451, 1438, 1417, 1378, 1350, 1312, 1299),1P82, 1230, 1215, 1181, 1159,
1123, 1091, 1065, 1027, 1016, 1001, 956, 868, 839, 803, 784, 772, 754, 745, 735,
716, 699, 694, 670, 651, 621, 591, 574, 563, 526, 507, 495, 482, 452, 433, 418
cm’; Anal. Calcd. for GoHzsNO,PVCl: C, 66.68; H, 5.02; N, 1.99. Found: C, 63.67;
H, 5.05; N, 1.99.

4.2.14 The synthesis of ligand 12 and complex 27
Ligand 12 *H NMR (400 MHz, CDCJ): 6 10.81, 8.24 (dJun = 13.1, 13.2 Hz, 1H,
OH), 7.71-7.54 (m, 6H, AH), 7.54-7.19 (m, 15H, AH), 7.15 (d, 1HJyy = 7.4 Hz,



Ar-H), 6.98; 6.88 (ddJuy = 13.7, 7.6 Hz; tJuy = 6.8 Hz; 1H, N=Ei), 3.74;
3.01-2.88; 2.88-2.74;1.85 (s; m; mJtw = 6.3 Hz; 4H, &,); °C NMR (100 MHz,
CDCl)  186.04 C-OH), 147.08 (N€H), 144.01 (N-Ar), 143.54 (S-Ar), 143.36,
136.20, 133.91, 133.44, 133.34, 132.73, 132.52,5032132.07, 131.97, 131.06,
130.74, 130.33, 128.82, 128.70, 128.21, 127.67,6P27126.43, 120.81, 120.68,
115.28, 114.98, 114.91, 114.27 (Ar), 112.53 (N=CK1-67.96, 29.43, 25.60, 22.72
(CH.); *'P (162 MHz, CDQJ) § 37.46, 37.13; Anal. Calcd. forsg,s0,NP: C, 79.98;
H, 5.37; N, 2.67. Found: C, 80.01; H, 5.39; N, 2.66

Complex27: FT-IR (KBr pellets):v 3056, 3020, 2950, 2900, 1637, 1586, 1557,
1480, 1462, 1451, 1440, 1415, 1371, 1349, 13283,12280, 1251, 1226, 1211, 1193,
1175, 1160, 1120, 1088, 1059, 1037, 1026, 1015, 983, 920, 866, 859, 833, 804,
782, 757, 728, 717, 695, 670, 655, 690, 571, 560, 528, 521, 510, 488, 473, 448,
430 cm'; Anal. Calcd. for GoHzsNOsPVClL: C, 65.19; H, 4.91; N, 1.95. Found: C,
65.17; H, 4.92; N, 1.93.

4.3 Antiproliferative activity assays

Exponentially growing cells were added into 96-wahtes at a concentration of
about 3,000 cells per well. Over a period of 24hle, culture medium was discarded,
and fresh medium containing indicated concentratiof tested compounds was
added to each well. After 72 h incubation, 3-(diBethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution was addeto each well and stood for
another 4 h. Then the medium was removed, follolwedhe addition of 15QL
DMSO for each well. The plate was agitated on tagepshaker to make the dark blue
crystal dissolved. And MTT assays were performedl @l viability was assessed at

570nm by a microplate reader (Biotech, Shanghan&h

4.4 Clonogenicity assay

MGCB803 cells (about 1000 cells/well) were seeded Biwell plate and incubated
for 24 h, then the media were removed followed tgiag the fresh media containing
indicated concentrations of complé®. After 9 days of incubation, the cells were

washed with PBS for three times, and then fixechwi®o paraformaldehyde for



30min. The cell colonies were then visualized bng®.1% crystal violet staining.
The cells were then imaged, and the colony popualatere quantified by Image J

software (Developed by National Institutes of Heglt

4.5 Hoechst 33258 staining

MGC803 cells were seeded in a 6-well plate (2446ll), and incubated overnight
for adherent followed by treatment with complexat indicated concentrations for 24
h. Hoechst 33258 was used for cell staining ovema®in the dark. The cells were

observed under a Nikon Eclipse TE 2000-S fluorese@nicroscope (Nikon, Japan).

4.6 Transwell migration assay

100 mL medium containing 1% FBS, indicated con@ians of complex.9 with
10,000 MGC803 cells were added to each upper chandfelranswell plate. Then
500 uL medium with 20% FBS was used as chemoattraciattid lower chambers.
After 72 h of incubation, both chambers were washetth PBS for three times,
followed by staining with Hoechst33258 (1@/mL) for 15 min. The migrated cells
were determined by using high content screeningesygArrayScan XTI, Thermo

Fisher Scientific).

4.7 Cell apoptosis assay

MGC803 cells were seeded into a 6-well plate (24t€ll) and incubated for 24 h.
Then the cells were treated with indicated conegioins of the tested complé&® for
24 h. Thereatfter, the cells were collected andAheexin-V-FITC/PI apoptosis kit
(Biovision) was used according to the manufactsrestotocol. The cells were
analyzed by high content screening system (ArrayScel, Thermo Fisher Scientific,

MA).

4.8 \estern blot analysis
MGCB803 cells were treated with different concembrag of complexi9 for 24 h,
the cells were collected, lysed in radio-immunojpi&tion assay (RIPA) buffer

contained protease inhibitor cocktail for 30 mioljJdwed by centrifugation at 12,000



rom for 10 min at £C. After collecting the supernatant, the proteirs watermined
using a bicinchonininc acid assay kit (Beyotmie tBahnology, Haimen, China).
Then cell lyses were boiled with loading buffer fb@ min at 100°C for SDS-
polyacrylamide gel electrophoresis (PAGE). Proteingere transferred to
nitrocellulose (NC) membranes and then were blocki#ld 5% skim milk at room
temperature for 2 h, followed by incubation witlinpary antibodies at°€ overnight.
Next, the membrane was washed with the secondailgody (1: 5000) at room
temperature for 2 h. Finally, the blots were washed TBST/TBS and the
immunoblots were visualized by enhanced chemilusterce (ECL) and exposed on

Kodak radiographic film.

4.9 Satistical analysis
All experimental data in biology were expressednasans + SD. Statistical
significance between two groups was evaluated byStudent's t-test. P value less

than 0.05 was considered statistically significant.
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Highlights

A library of vanadium complexes showed moderate to good growth inhibition
against the tested cancer cells.

Complex 19 demonstrated the best as well as selective proliferation inhibition
toward MGC-803 cells.

Complex 19 inhibited the cell colony formation, migration and EMT process of
MGC803.

Complex 19 induced the apoptosis of MGC-803 cells, and led to the expression
changes of key proteins related to apoptosis.



