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Abstract

The relationship between chemical structure sngitro cytotoxic activities of a
series of azastibocine-framework organoantimony(Hblide complexes against
cancerous (HepG2, MDA-MB-231, MCF-7 and HelLa) andmalignant (HEK-293)
cell lines was studied for the first time. A postticorrelation between cytotoxic
activity and the length of NSb coordinate bond on azastibocine framework ofesam
nitrogen substituent was observed. By comparidm organoantimony(lll) complex
6-cyclohexyl-12-fluoro-5,6,7,12-tetrahydrodibenzd[ 1,5azastibocine (%))
exhibited the highest selectivity index, giving @Jnonmalignant)/IGy(cancerous)
ratio of up to 8.33. The results of cell cycle gs& indicated that the inhibitory effect
of C4 on the cellular viability was caused by cell cyakeest mainly at the S phase.
The necrosis induced ¥4 was confirmed by the Trypan blue dye exclusioh aesl
the increase of lactic dehydrogenase (LDH) releasedhe culture medium.
Furthermore, evaluation of the levels of intradellueactive oxygen species (ROS) in
MDA-MB-231 cells, by quantifying the relative fluescence units (RFU) using
spectrofluorometer, indicated that cytotoxic adyivof C4 is dependent on the
production of ROS. This work established the catieh between cytotoxic activity
and N-Sb inter-coordination, a finding that provided tretzal and experimental
basis for in-depth design of antimony-based orgaetalic complexes as potential

anticancer agents.
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1. Introduction

The rich diversity of coordination chemistry proegdexciting prospects for the
design of novel metallodrugs with unique biologieativity [1]. Since the landmark
report of cisplatin compounds in cancer therapgtiooous efforts have been made in
the investigation of new metallic and organometatiomplexes for the purpose of
developing metal-based chemotherapeutics of lovicityxthat are endowed with
anticancer activity [2—6].

In the past century, antimony-based drugs have le¢ensively investigated
because of their clinically therapeutic efficacyamgt leishmaniosis [7,8]. Like
cancer, the parasite divides rapidly and may sbamge common pathways that could
be targets for chemotherapy [7,8[herefore, there is an increasing interest in
antitumor application of antimony compounds, anghiicant progress has been
made [9,10]. For instance, inorganic trivalent muatnials such as $0; were found
to show biological effects on acute promyelocytekemia (APL) that closely
resemble those of AQ; [11]. A number of antimony(lll) compounds compldxgith
polydentate ligands such as carboxylic acids [1P-fiydrazones [15], thioamides
[16], and dithiocarbamates [17], were synthesizedl @assessed as biomedical agents
for anticancer purpose. Currently, the most studistimony(lll) compounds in the
context of antitumor activity are the ones witHestst one antimony—carbaovalent
bond, the so-called organoantimony complexes [1B-T#e first example showing
the antitumor property of organoantimony(lll) sgecivas reported by Silvestru and

coworkers, wherein they found that diphenylantim{@ifly derivatives of
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dithiophosphorus ligands exhibited inhibitory efieon the growth of Ehrlich ascites
tumor [18]. Meanwhile, the pharmacological appimas of antimony(V)-based
organometallic complexes in cancerous cells pnalifen were also reported [25-29].
The potential inhibitory effects of triphenylantimgV) polyamines on cancer-related
cell lines were described by Carratetral. [25]. Demicheli and coworkers disclosed
the in vitro cytotoxic activity of a series of pentavalent organtimony complexes
againstmalignant carcinoma cells, such as human chronieloggnous leukemia
(K562) and murine metastatic melanoma (B16F10) 226, Arylantimony(V)
derivatives of exo-7-oxa-bicyclo[2,2,1]heptane (eBarylamide-2-acid and
arylhydroxamic acid were introduced by Li and cokeys as potential antitumor
agents against a diversity of human neoplastic lbedls [27,28]. Among those
antimony-based metallic and organometallic compeiee presence of coordination
between antimony center and ligand is relevartiéa tellular activity. In most cases,
the coordination of antimony by ligands resulted compounds with antitumor
potency greater than that of the uncoordinatechtigg13,15,27-29] as well as their
antimony-containing precursors [15,28,29]. The rgjradevelopment in this field
motivated us to elucidate the relationship betwesordination effect and antitumor
potency for the purpose of developing organoantiyrimesed chemotherapeutics in
cancer therapy. To our knowledge, relatively fevioimation is available in the
literature about the related chemistry between dioation effect and antitumor
activity of antimony-based organometallic complexes

Previously our group reported the anti-proliferatiactivity of heterocyclic

5
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hypervalent organoantimony(lll) complexes on huradreolar adenocarcinoma cell
line (A549) [30]. Although full details are yet twe revealed, preliminary data have
indicated that anti-proliferative activity detecteder these complexes could be
attributed to the coordination between the antim@md nitrogen atoms. Very
recently, Hadjikakou and coworkers developed aesenf antimony(lll) halide
complexes with dithiocarbamate ligands, and themdbthat the halogen type causes
no influence on the antitumor activity [17]. Withig in mind, we herein revealed for
the first time the correlation between cytotoxiatyd coordinatioeffect by studying
thein vitro structure-activity relationship (SAR) of a sere#sazastibocine-framework
organoantimony(lll) halide complexes against défer cell lines, including solid
cancerous (human liver hepatocellular carcinomé& loe#, HepG2; human breast
cancer cell line, MDA-MB-231; human breast adenocerma cell line, MCF-7; and
human cervical carcinoma cell line HelLa) and nomgnaint (human embryonic
kidney cell line, HEK-293) cells. Moreover, congitg the selectivity index that is
derived from 1Gy(nonmalignant)/IGy(cancerous) ratio, the most potent compoGdd
was selected for further mechanistic investigatioRinally, we describe
organoantimony complexc4 driven induction of necrosis in MDA-MB-231 cells

through intracellular ROS production.



106 2 Resultsand Discussion

107 2.1 Chemistry

a
: R R = Cy, X =CI (C1), Br(C2), 1 (C3), F (C4)
N
@: v j@ R = Ph, X = CI (C5), Br (C6), | (C7), F (C8)
Sb
>'< R = Bu, X = CI (C9), Br (C10), | (C11), F (C12)
b)

108

109 Fig.1l. a) Molecular structures of organoantimony(lll) idal complexes with azastibocine
110 framework. b) ORTEP diagram of the X-ray molecustnucture of organoantimony(lll)
111 complexeL1-C12.
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Table1
Selected bond lengths (A) and angles (deg) of aaatimony(lll) halide complexe81-
Ci12.

c1 c2 c3 ca
Sb(1)-C(1) 2.144(4)  Sb(1)-C(6) 2.143(2)  Sb(1)-C(6) 2.154(3)  Sb(1)-C(6) 2.140(3)
Sb(1)-C(8) 2.134(4)  Sb(1)-C(10) 2.157(2)  Sb(1)-C(7) 2.166(3)  Sb(1)-C(7) 2.145(3)

C(1)-Sb(1)-C(8)  98.2(1)  C(6)-Sb(1)-C(10) 99.23(8)  C(6)-Sb(1)-C(7)  98.8(1)  C(6)-Sb(1)-C(7)  98.5(1)
CI(1)-Sb(1)-N(1) 162.92(7)  Br(1)-Sb(1)-N(1) 163.53(4)  I(1)-Sb(1)-N(1) 163.34(8)  F(1)-Sb(1)-N(1) 156.42(7)

Sb(1)-N(1) 2.397(2)  Sb(1)-N(1) 2.387(2)  Sb(1)-N(1) 2400(2)  Sb(1)-N(1) 2.450(2)
Sb(1)-Cl(1) 2.5572(9)  Sb(1)-Br(1) 2.7142(5)  Sb(1)-I(1) 2.9650(4)  Sb(1)-F(1) 2.015(2)
cs cé c7 cs

Sb(1)-C(1) 2.150(2)  Sb(1)-C(1) 2.158(3)  Sb(1)-C(1) 2.166(3)  Sb(1)-C(1) 2.131(3)
Sb(1)-C(8) 2.155(2)  Sb(1)-C(8) 2.156(3)  Sb(1)-C(8) 2.175(3)  Sb(1)-C(8) 2.153(3)

C(1)-Sb(1)-C(8)  100.53(7)  C(1)-Sb(1)-C(8)  100.4(1) C(1)-Sb(1)-C(8) 96.3(1) C(1)-Sb(1)-C(8)  91.80(9)
CI(1)-Sb(1)-N(1)  161.98(4) Br(1)-Sb(1)-N(1) 163.22(6) 1(1)-Sb(1)-N(1)  163.92(6) F(1)-Sb(1)-N(1) 162.92(7)

Sb(1)-N(1) 2.466(2)  Sb(1)-N(1) 2.469(2)  Sb(1)-N(1) 2.498(3)  Sb(1)-N(1) 2.522(2)
Sb(1)-Cl(1) 2.5173(5)  Sb(1)-Br(1) 2.6620(4)  Sb(1)-I(1) 2.8995(3)  Sb(1)-F(1) 1.998(2)
c9 c10 c11 c12

Sb(1)-C(1) 2147(2)  Sb(1)-C(6) 2.153(2)  Sb(1)-C(6) 2.166(3)  Sb(1)-C(6) 2.127(7)
Sb(1)-C(14) 2.155(3)  Sb(1)-C(7) 2151(2)  Sb(1)-C(7) 2.157(3)  Sb(1)-C(10) 2.135(7)

C(1)-Sb(1)-C(14) 95.60(9)  C(6)-Sb(1)-C(7) 96.18(8)  C(6)-Sb(1)-C(7)  97.6(1)  C(6)-Sb(1)-C(10)  98.2(3)
CI(1)-Sb(1)-N(1) 161.60(5)  Br(1)-Sb(1)-N(1) 162.99(4)  I1(1)-Sb(1)-N(1)  163.59(6)  F(1)-Sb(1)-N(1)  155.9(2)
Sb(1)-N(1) 2.467(2)  Sb(1)-N(1) 2.446(2)  Sb(1)-N(1) 2.462(3)  Sb(1)-N(1) 2.495(5)
Sb(1)-CI(1) 2.5579(7)  Sb(1)-Br(1) 2.7631(5)  Sb(1)-I(1) 2.9463(3)  Sb(1)-F(1) 2.026(6)

The synthesis of organoantimony chlorides, whiclienlabeledC1, C5 andC9,
was carried out as previously reported [30]. Orgamionony bromides, iodides, and
fluorides could be prepared by mixing the organioaomy chlorides with the
corresponding inorganic salts (i.e. potassium bdemipotassium iodide or silver
fluoride) in 1:10 or 1:1 molar ratio as specifiedthe Experimental Section. Fig. 1a
depicts the general molecular structures of the plexes of formula
RN(CH,CsH4)SbX, where R = Cy (cyclohexyl), Ph (phenyl), 'Bu (tertiary butyl)
and X = ClI, Br, I, F. These complexes readily retaifized from the reaction
mixtures as colorless crystals in moderate to éxeelields and could be kept in

open air for a long-term period without showing afetectable change 1 NMR
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spectrasee Supplementary Materials for details).

The molecular structures @1-C12 are unambiguously characterized by NMR
spectroscopy, elemental analysis as well as sicnytetal X-ray diffraction analysis.
The ORTEP diagrams of these complexes revealed ttte central
antimony-containing part shows analogous pseudo+ial bipyramidal structures
with a butterfly-shaped ligand where the nitrogad halogen atoms are located at the
apical positions and the two carbon atoms adjattetiie antimony atom are at the
equatorial positions along with a lone electromr paiantimony (Fig. 1b). The lengths
of N—Sb coordinate bond in these complexes are within2387(2)—-2.522(2) A
range (Table 1), which are slightly longer than shen of the covalent radii (2.11 A)
but much shorter than the sum of the van der Wadi§ (3.74 A) [31,32]. The results
evidence the inter-coordination between the antyreord the nitrogen atoms, and the
strength of N»Sb coordination on the azastibocine framework cdagchdjusted by
synergistic modulating the property of nitrogen stithents and halogen atoms
adjacent to the central antimony atom. The length&l—Sb coordinate bond of
phenyl derivativesG5-C8) are obviously longer than those of cyclohexyldives
(C1-C4). Given the inverse electronic properties of phamg cyclohexyl group, it is
apparent that the strength off&b inter-coordination is weakened with the increase
of electron-withdrawing ability of the nitrogen stituents. The steric effect of the
nitrogen substituents also significantly affect thee|amolecular interaction between
the antimony and nitrogen atoms, as seen in thiggHsrof N—Sb coordinate bond of

tert-butyl derivatives C9—C12. In addition, the coordinate bond lengths of

9



144 organoantimony(lll) fluorides [2.450(2) &4; 2.522(2) A,C8; 2.495(5) A,C12] are
145  distinctly longer than those of chlorides, bromidesl iodides, owing to the strong

146  electron-withdrawing ability of fluorine atom.

Table2

Crystallographic data for organoantimony(lll) halidomplexe€£1-C12.

Complex Cc1 C2 C3 Cc4 C5 cé6
Empirical formula CooH23CINSb  CygHo3BINSb  CogHogINSb  CygHosFNSb  CogH47CINSb  CogH47BrNSb
Formula weight 434.59 479.05 526.04 418.14 428.55 473.01
Temperature/K 293 273 100 100 273 298
Crystal system monoclinic monoclinic monoclinic  monoclinic monoclinic monoclinic
Space group P2(1)/c P2(1)/n P2(1)/n P2(1)/n P2(1)/n P2(1)/n
alA 10.0771(7) 10.2338(5) 11.3664(3) 9.3503(3) 9.3782(4) 9.5744(3)
b/A 16.2881(12) 16.5885(7) 12.5996(3) 15.9263(5) 10.1833(4) 10.2962(3)
c/A 12.2040(9) 12.0033(5) 13.0792(4)  11.7239(4) 18.1033(8) 18.1939(6)
ol° 90.00 90.00 90.00 90.00 90.00 90.00

p/° 111.812(10) 113.346(2) 94.703(2) 104.044(3) 102.895(10)  100.795(1)
yl° 90.00 90.00 90.00 90.00 90.00 90.00

VIAS 1859.7(2) 1870.89(15) 1866.79(9) 1693.69(10) 1685.3(12) 1761.81(10)
Z 4 4 4 4 4 4

No. of reflections collected 10058 30234 12759 10827 9923 10613

No. of unique reflections 3644 4636 3284 2982 4032 3417

Rint 0.047 0.0363 0.0390 0.0376 0.015 0.038

R (reflections) 0.0324 0.0196 0.0236 0.0256 0.0203 0.0294
wR(reflections) 0.0917 0.0416 0.0561 0.0598 0.0560 0.0709
GOF on F? 1.048 1.066 1.022 1.097 1.077 1.041
Complex C7 C8 C9 C10 C11 C12
Empirical formula CyoH17INSb  CygH47FNSb  C4gH,1CINSb C4gH,1BrNSb  C4gHo4INSb  C4gH,1FNSb
Formula weight 520.00 412.10 408.56 453.02 500.01 392.11
Temperature/K 298 293 273 273 100 273
Crystal system monoclinic monoclinic monoclinic  monoclinic monoclinic monoclinic
Space group P2(1)/c P2(1)/n P2(1)/n P2(1)/n P2(1)/c Cc

alA 9.1637(3) 10.2974(8) 9.7692(12)  9.8178(4) 12.3974(4) 17.7432(9)
b/A 10.9833(4) 10.3031(8) 15.933(2) 16.1278(5) 9.4136(3) 10.6409(6)
c/A 18.0957(7) 156.7161(11)  11.4491(14) 11.4078(5) 14.8803(5) 17.8551(10)
ol° 90.00 90.00 90.00 90.00 90.00 90.00

p/° 95.784(1) 101.559 (1) 110.103(2)  109.895(1) 92.218(3) 96.996(2)
yl° 90.00 90.00 90.00 90.00 90.00 90.00

VIAS 1812.02(11) 1633.6(2) 1673.5(4) 1698.50(11)  1735.29(10)  3346.0(3)
Z 4 4 4 4 4 8

No. of reflections collected 9043 9422 9317 49645 11089 31989

No. of unique reflections 3510 3560 3889 2978 3058 8232

Rint 0.055 0.063 0.027 0.0437 0.0353 0.0229

R (reflections) 0.0354 0.0323 0.0326 0.0143 0.0237 0.0419
wR(reflections) 0.0912 0.0840 0.0860 0.0541 0.0516 0.1205
GOF on F? 1.070 1.065 1.058 1.028 1.040 1.079

147 2.2 Biological activity

10



148  2.2.1 Anticancer/cytotoxic activity and structuretigity relationship (SAR) study

Table 3
Cytotoxic effect of organoantimony(lll) halide colapes C1-C12, nitrogen-containing
precursor$?1-P3 and cisplatin on various cancerous and nonmaligrelhlines after 24 h.

Cellines  HepG2 MDA-MB-231 MCF-7 Hela HEK-293
Compound  ICs+SD? SIPP  ICs+SD  SI°  ICs+SD  SI® I1Csu+SD  SI ICs+ SD
c1 1.84+042 505 140+032 664 608+138 153 163049 570 9.29+1.16
c2 486091 210 363+087 282 639+145 160 3.12+045 328 10.23+0.55
c3 161+0.33 563 128+054 7.08 579+156 156 1.13+021 802 9.06+1.31
c4 1.06+0.17 7.5 091+022 833 214093 354 093+0.15 8.15 7.58+0.89
c5 278+059 3.07 172+033 497 314+081 272 332+050 257 854+1.88
cé 1.90+0.12 410 1.05+0.13 742 261+060 298 234+032 333 7.79+1.36
c7 1.87+011 333 1.04+011 598 239+167 260 206+029 302 6.22+1.69
cs 088+0.32 441 052+002 746 231+032 168 112+021 346 3.88+1.01
co 1.41:0.06 4.03 084+023 676 341030 167 198+054 287 568+1.32
c10 2741063 227 185+025 336 634+131 098 4.78+083 130 6.22+1.07
c1 1.84+028 405 097+019 7.69 4.89+113 153 209+062 357 7.46+0.66
c12 071+006 351 051+012 488 096+083 259 1.08+047 231 249+0.67
P1 >50.00 - >50.00 - >50.00 - >50.00 - >50.00

P2 >50.00 - >50.00 - >50.00 - >50.00 - >50.00

P3 >50.00 - >50.00 - >50.00 - >50.00 - >50.00
cisplatin 13.19+4.51 371 1263+122 388 2275+859 215 17.35+3.64 2.82 48.96+8.75

Cancerous Cell Lines: HepG2 (human liver hepatolzll carcinoma cell line),
MDA-MB-231 (human breast cancer cell line), MCFhuifhan breast adenocarcinoma cell
line) and HeLa (human cervical carcinoma cell lindpnmalignant Cell Line: HEK-293
(human embryonic kidney cell line). d& concentration that is cytotoxic against 50% df ce
lines. SI: selectivity indexX. The 1G, values were determined through non-linear regoassi
analysis; Each well was triplicated and each expent was repeated at least three timeg, IC
values quoted are mean + SD (uNMalculated as the ratio betweend@ HEK-293 cells
and 1G, in HepG2.¢ Calculated as the ratio betweensd@ HEK-293 cells and I in
MDA-MB-231.Calculated as the ratio betweengd@ HEK-293 cells and 1§ in MCF-7.¢
Calculated as the ratio betweend® HEK-293 cells and I in HelLa.

149 The anticancer activity of the synthesized orgatioey(lll) halide complexes was
150 evaluated in a panel of four human solid tumor lieds derived from hepatocellular
151 carcinoma (HepG2), breast cancer (MDA-MB-231 and AV} and cervical
152 carcinoma (HelLa), together with cisplatin as pwsitcontrol. Cell viability was
153 assessed using Cell Counting Kit-8 (CCK-8) as desdr and the results of
154  half-maximal inhibitory concentration (kg) that represents the drug concentration

155  required to inhibit cell growth by 50% are summadzin Table 3. The results
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demonstrated that all of the organoantimony(lll)idea complexes exhibited much
higher cytotoxic activity against the selected eanas cell lines than cisplatin and
the nitrogen-containing precursd?$—P3. It was also observed that the modulation of
the type of the nitrogen substituent and halogenomat on the
tetrahydrodibenza]f][ 1,59azastibocine  framework would result in distinct
antineoplastic performance towards the same cansesll line.

To further elucidate the related chemistry betwesordination effect and
cytotoxic activity of organoantimony complexes, gstematic structure-activity
relationship study was explored. Given the diffémectronic and steric properties of
the nitrogen substituents as well as based onethdts of our preliminary study on
antimony-based organometallic antitumor agents, [Ghnking of cytotoxic activity
across the organoantimony complexes with the saitregan substituent (e.qg.
cyclohexyl, phenyl and tertiarpputyl) and N-Sb coordinate bond length was
performed (Fig. 2a—c). In each case, the nonlineeelations between the lengths of
N—Sb coordinate bond, which were modulated simplyhgyhalogen type, and the
cytotoxic activities of the corresponding organaaohy halide complexes were
found, respectively. When the complexes were ranigdlecreasing coordination
effect, i.e., with increasingNSb coordinate bond lengths, the complexes haviag th
same nitrogen substituent showed increasing irdrpdctivities on all four cancerous
cell lines. On the other hand, the most potgtbtoxic activities were observed over
the organoantimony fluoride€4, C8 andC12) in each set, albeit there is no trend

for the complexes bearing the other halogens @htpride, bromide and iodide).
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According to this relationship and experimentautes we deduce that the cytotoxic
activity of these complexes was determined by tbeell of exposure of the
antimony(lll) center. With decreasing extent of-5I$b coordination, the cytotoxic
activities of organometal moiety towards canceroebs were increased. In other
words, the nitrogen-containing ligand may serveaasauxiliary moiety to decrease
the cytotoxicity of the antimony(lll) center. Withis in mind, we speculate that there
are two potential functions of-NSb inter-coordination in these organoantimony(lll)
complexes: (1) maintaining the skeleton structurantprove the air-stability and
water-tolerance; (2) reducing the level of exposafghe antimony(lll) center to

decrease the cytotoxicity of trivalent antimonial.
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Fig. 2. Correlation between NSb coordinate bond length in organoantimony congdex
with the same nitrogen substituent (a: cyclohelylphenyl; ctert-butyl) and corresponding
anticancer activity against human tumor cells: H2g(ed line), MDA-MB-231 (purple line),

MCF-7 (blue line) and HeLa (green line).

To test the effect of these organoantimonytijide complexes on nonmalignant
cells, we employed human embryonic kidney cells KHB3). The study of the
effects of these twelve complexes on nonmalignaiis ¢s of particular interest in
terms of their potential application in clinicalagatice. After 24 h incubation, the J&

values of complexe€1-C12 on HEK-293 are within the 2.49-10.23 uM range. By

13



198 comparison with the commercial cisplatin, the migorof the synthesized
199  organoantimony(lll) complexes exhibited relativéligher selectivity index in the
200 biological tests, especially so with the complex C4
201  6-cyclohexyl-12-fluoro-5,6,7,12-tetrahydrodibenzd[ 1,5lazastibocine, which gives
202  a IGsg(nonmalignant)/IGy(cancerous) ratio of up to 8.33. With such a pentmce,
203 C4 opens a potential therapeutic window for antimbaged organometallic
204  antitumor drugs, and we focused our investigatiorine mechanistic study @4 in
205 MDA-MB-231 cells.

206  2.2.2 Cell Cycle Analysis

207 Generally, metal-based chemotherapeutic agentdieplerturbation effect on cell
208 cycle that is composed @&, S, G;, M, andGy phases in proliferating cells [33,34].
209 At different stages of the cell cycle, cell nucteintain different amounts of DNA.
210  Therefore, according to the DNA contatdtected by propidium iodide (P1) staining,
211 cell cycle is commonly described on the basisGglG,;, S, andG,/M phases.To
212  investigate whether the cytotoxic effect G#f was caused by cell cycle arrest, Pl
213  staining and flow cytometry analysis of cells wasfprmed in MDA-MB-231 cells.
214 As shown in Fig. 3, after independently incubatethvC4 at 0.25, 0.5, 1, and 2
215  equipotent concentrations of 46(0.91 uM) for 24 h, the MDA-MB-231 cells in
216  Gy/G; phase showed a significant population decrease 5@.4% (untreated cells) to
217  3.7% (1.82 uM ofC4), accompanied by a dose-dependent increase ifnatigon of
218 cells in the S (68.9% compare to 39.8% in untreatdts) andG,/M phases (26.8%

219  versus9.8%). The results confirmed the retardation eftéorganoantimony fluoride
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C4 on the cell cycle progression, and it is reasandbl deduce that the observed

inhibitory effect on the cellular viability of MDAAB-231cells was caused by cell

cycle arrest mainly at the S phase, which represeperiod of DNA replication.

)
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Cell count
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:
control

0.25X1C

500

cell cycle disribution

o = GO/GH
= S
m G2/M
50

C4 x ICsp (1M)

Fig. 3. Effect of C4 on the cell cycle distribution of MDA-MB-231 cella) Flow cytometry
analysis was performed on MDA-MB-231 cells treateith C4 for 24 h. b) With the
percentages of cells in different phases quantifdeda were shown as mean £ S.D. (n=9). *
< 0.05, *P < 0.01 compared with the population of cells ia dontrol group.

2.2.3 Apoptosis assay

Because prolonged cell cycle arrest may influene8ular viability through

processes includingnti-proliferation and cell death [35,36], cell gpusis has been

adopted as a vehicle for cancer treatment [37]. N&t evaluated the apoptotic
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232  activity of C4-treated MDA-MB-231 cells by means of Annexin-V aRdl double
233  staining using a FACSCalibur flow cytometer. Duriagoptosis, phosphatidylserine
234  (PS) is translocated from the cytoplasmic facehaf plasma membrane to the cell
235 surface. Thus, apoptotic cells can be identifiedthy presence of PS on the cell
236 surface. Annexin V has a strong°Gdependent affinity for PS, and therefore can be
237 used as a probe for detecting apoptosis. Pl canpads through the membranes of
238 later apoptotic and necrotic cells, and consequemircalate into their nucleic acids,
239  since the integrity of their plasma and nuclear imemes was decreased. This allows
240  apoptotic cells (annexin-YPI and annexin-V/PI") to be distinguished from living

241 (annexin-V/PI) and necrotic (annexin-XPI") cells in flow cytometry analysis.
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243  Fig. 4. a) Apoptosis of MDA-MB-231 cells induced by td& (0, 0.25 x G, 0.5 % 1Gg, 1 %
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ICs0, and 1 x IGg) for 48 h. b) All data were obtained from threedépendent experiments
and presented as the mean + SP<*0.05 **P < 0.01lcompared with control.

In MDA-MB-231 cells incubated with compoun@4 at a 0.25 equipotent
concentration of Igy for 48 h, the proportion of apoptotic (early +elatcells
increased to 2.07%, relatively slight comparedhat iof DMSO alone (1.51%). In
contrast, even at a lo@4 dosage of 0.23 uM, the treatment resulted in 26.48the
MDA-MB-231 cells becoming necrotic, obviously highthan the 2.81% value of
necrotic cells in untreated control (Fig. 4). Witke increase o€4 dosage to 0.5, 1,
and 2 equipotent concentrations okJCthere was dose-dependent enhancement of
both apoptotic (early + late) and necrotic cell8{66% and 38.88%, respectively. It is
apparent that the main cause of cell death in hubnaast adenocarcinoma was the

necrosis induced by compoud.

2.2.4 Lactate dehydrogenase release assay

Lactate dehydrogenase (LDH) is a stable cytoplagmiyme that is found in all
cells. The leaking of LDH enzyme from the cytosotoi the surrounding culture
medium is generally regarded as an indicator ofros€, and reflects a loss of
membrane integrity in dead cells [38]. Because ammp C4 failed to significantly
induce apoptosis, while the Annexin V-FITC/propidgiuodide staining revealed that
C4 induced necrosis robustly, an LDH release assay psxformed to further
investigate the effects &@4 on the LDH activity of treated MDA-MB-231 cells as
specified in the experimental section. After treamtnof MDA-MB-231 cells with

compoundC4 (0.23, 0.46, 0.91, and 1.82 uM for 48 h), thers s@mewhat elevation
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266  of LDH release levels in the culture medium (Fig).FEspecially in the cases where
267 the cancerous cells were exposedCtb at concentration of 0.91 and 1.82 uM, the
268 levels of LDH release were almost 3.21 and 3.08 {Bl< 0.01) higher than that in

269 non-treated supernatant, respectively. With theeeed levels of LDH release, we

270  confirmed that the necrosis of MDA-MB-231 cells waguced byC4.

a) b)
400 60
3 T 1
‘g 300_ *k ; §
2 T » 407
E E .
< 200 2
@ 2
‘1‘3 8 20 *k
o 4
(=]
i =
0 T T T T T 0 T T T T T
O N PN
)
iy C4 = ICqy (1M) © C4 x ICsp (uM)

271

272 Fig. 5. a) LDH release from MDA-MB-231 cells treated wittifekent concentrations at4

273  for 48h. b) MDA-MB-231 cells treated with various conaations ofC4 for 48h, and the

274  necrotic cells were counted by Trypan blue exclusissay. The values are presented as mean
275 £ S.D. of three independent experimen<*0.05, **P < 0.01.

276  2.2.5 Trypan blue exclusion assay

277 The Trypan blue dye exclusion test was used tormiéte the number of viable
278 cells present in a cell suspension. It is basedhenprinciple that live cells will
279  exclude membrane-impermeable dyes such as trypsm Whereas trypan blue can
280 penetrate inside necrotic cells and stain them4[9,In the present study, after
281 independent treatment with4 at concentrations of 0.23, 0.46, 0.91, and 1.82fiM

282 48 h, the MDA-MB-231 cells were trypsinized andirstal with 0.2% Trypan blue
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solution at 1:1 dilution for 5 min, and, thereaftraded into a hemocytometer for
separate counting of stained (necrotic) and unstia(miable) cells. As shown in Fig.
5b, complexC4 dramatically induced necrosis in a dose-dependesminer, and
almost 50% of MDA-MB-231 cells was identified witlecrosis afteC4 (1.82 uM)
incubation of 48 h, which is in a agreement with tlsults presented in Fig. 4 and
Fig. 5a. With such notation, the necrosis induced amtimonial C4 has been

repeatedly proven.

2.2.6 Reactive oxygen species (ROS) assay

Reactive oxygen species (ROS) are radicals, iomaabecules that have a single
unpaired electron in their outermost shell of elmté. Recent evidence has shown
that ROS play a key role as a messenger for sigaasduction and cell cycling in
normal cells. However, unnecessary increases of D&l result in cell death [41].
Previous works revealed that metal-based chemqitbetia agents (e.g. cisplatin)
induced apoptosis and/or necrosis through ROS ggaerin several cancer cell lines
[34,42]. It is widely accepted that the anticanetect of these chemotherapeutics is
due to the induction of oxidative stress and ROSiated cell injury in cancer. To
explore whether cell necrosis induced® was dependent on the level of ROS, we
assessed the production of intracellular RO Mtreated MDA-MB-231 cells by
using 5-(and-6)-carboxy.Z’-dichlorodihydrofluorescein diacetate (DCFH-DA) as
fluorescence probe and,®, as a positive control. Intracellular ROS levelsrave

measured and quantified by change in relative ésoence units (RFU). As shown in
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Fig. 6a, compared to the negative untreated cqontreatment withC4 at graded
concentrations induced a significant elevation &Sproduction in a dose-dependent
manner. When the exposure was 1.82 uM for 484promoted an increase of 4.61
fold (P < 0.01) of ROS production compared to that of estied control. The
excessive increase of ROS production in cells mightattributed to the cytotoxic
activity of compoundC4 through the activation of mitochondria-initiatetteats.
Furthermore, we examined the effect Mfacetylcysteine (NAC), a well-known
antioxidant, on the necrotic activity @f4-treated MDA-MB-231 cells by means of
Trypan blue dye exclusion test, as shown in FigAdter pretreatment with NAC (5
pM) for 2 h, the population of necrotic MDA-MB-23dells induced byC4 was
significantly decreased from 30.16% to 19.79%, enang the retarding effect of
NAC. It is consistent with the notion that ti@i-driven induction of necrosis in

MDA-MB-231 cells is dependent on the productionnifacellular ROS.
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Fig. 6. a) ROS generation ic4 treated MDA-MB-231 cells. Relative fluorescenceatsin
(RFU) of DCF was measured using a spectrofluoromeféh excitation at 485m and
emission at 538m. b) Cells were pretreated with NAC (5 uM) fon,Xollowed by treatment
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321 with an IGyconcentration ofc4 (0.91 uM) for 48 h before determination of celltte by
322  Trypan blue dye exclusion assay. The results aregpted as mean = S.DP(¥ 0.05, **P <
323 0.01).
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3. Conclusion

In the present study, a series of organoantimolyfiblide complexes with
azastibocine framework were synthesized, charaeirand evaluated fan vitro
cytotoxic activity on human liver hepatocellulara@aoma cell line (HepG2), human
breast cancer cell line (MDA-MB-231), human breasienocarcinoma cell line
(MCF-7), human cervical carcinoma cell line (Helzagd human embryonic kidney
cell line (HEK-293). The results reveal a positigerrelation between cytotoxic
activity and the N>Sb coordinate bond lengths in the complexes withesaitrogen
substituent. Among all tested trivalent organoaantign complexesthe complex
6-cyclohexyl-12-fluoro-5,6,7,12-tetrahydrodibenzd[ 1,5azastibocine (%))
exhibited the highesselectivity index. Further mechanistic investigatimdicated
that C4 causes cell cycle arrest mainly at the S phasg,cansequently results in
necrosis of MDA-MB-231 cells through the productiof intracellular reactive
oxygen species. The results indicate that the ibpaste-framework organoantimony
halide complexes could be promising candidateshierdevelopment of new drugs in
cancer therapy. Specifically, the elucidation ofretion between cytotoxicity and
intermolecular interaction has provided theoretieadd experimental basis for

in-depth design of antimony-based antineoplastitalioelrugs.
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4. Experimental

4.1. Chemistry

The commercially available starting materials wpuechased from Adamas-beta,
and were used as received unless otherwise noted piieparation oN-containing
precursors R1-P3) and organoantimony(lil)chlorides C1, C4 and C9) were
prepared according to literature procedures [30,M@&iting points were determined
over a XT-4 micro melting point apparatus (Beijingch Instrument Co., Ltd.).
Nuclear magnetic resonance (NMR) data were obtaonea Bruker-400 spectrometer
(400 MHz for'H, 100 MHz for*3*C and 376 MHz for°F spectroscopy). Chemicals
shifts are reported in ppnd)(relative to internal tetramethylsilane (TMS). tmis
paper, data are reported as follows: Chemical ,shifiltiplicity (s = singlet, d =
doublet, t = triplet, g= quartet, m = multiplet)opling constantsJf are reported in

hertz. Elemental analyses were performed usingRI®AEL Il instrument.

R R R
O O T awer @C“
Br Br (b) & (d) X— ¥
R =Cy (P1) R = Cy (C1) R=Cy, X =Br (cz), | (C3), F(C4)
R = Ph (P2) R = Ph (C5) R = Ph, X = Br (C6), | (C7), F(C8)
R = Bu (P3) R = Bu (C9) R = Bu, X = Br (C10), | (C11), F(C12)

Scheme 1. Synthesis of organoantimony(lll) halide complexe$-C12. (a) "BuLi (2.0
equiv.), EtO, -60 [J to room temperature. (b) ShQIl.1 equiv.), BO, -78 [J to room
temperatureC1, 72%;C5, 78%;C9, 80%. (c) KBr or Kl (10.0 equiv.), Ci&l,/H,O, room
temperatureC2, 92%; C3, 86%; C6, 87%; C7, 85%; C10, 91%; C11, 81%. (d) AgF (1.0
equiv.), CHCI,/H,O, room temperature, dark4, 93%;C8, 95%;C12, 76%.

4.1.1. General procedure for the synthesis of oogawtimony(lll) chlorides
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To a solution oiN-containing precursors (25 mmol) in anhydrous e(i€0 mL),
n-BuLi in hexane (2.5 M, 20 mL) was added dropwiseer nitrogen with vigorous
stirring at -30 °C, and the mixture thus obtaineaswarmed to room temperature for
3 h. Then a solution of Sb£(5.8 g, 25.5 mmol) in anhydrous ether (60 mL) was
added slowly at -78 °C within 30 min. After subjectstirring at room temperature
overnight, the solution was subject to evaporatiorder reduced pressure. The
residue was extracted with dichloromethane (100 arlg washed with a solution of
NH4CI (1M) in H,O. The organic layer was washed with deionized mwgex 50
mL), dried over anhydrous MaO,, subject to filtration, and concentrated in vacuo.
The residue was purified by recrystallization in £H/n-hexane mixture to afford
the corresponding organoantimony chloride as ce$srtrystals.

4.1.2. General procedure for the synthesis of oogawtimony(lll) bromides

To a solution of organoantimony chloride (5.0 mmoliCH,CI, (30 mL), a solution
of KBr (6.0 g, 50 mmol) in deionized water (25 mivas added under open-flask
conditions. After being stirred at room temperataneernight, the solution was
extracted with ChKCI; (3 x 30 mL). The combined organic layer was drasebr
anhydrous Nz5Oy, and subject to filtration. The filtrate was mixeth n-hexane and
kept at room temperature for 24 h to afford theresponding organoantimony
bromide as colorless crystals.

4.1.3. General procedure for the synthesis of oogamtimony(lll) iodides
To a solution of organoantimony chloride (5.0 mmoliCH,CI, (30 mL), a solution

of KI (8.3 g, 50 mmol) in deionized water (25 mL)asvadded under open-flask
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conditions. After subject to stirring at room termgiare overnight, the solution was
extracted with ChCIl, (3 x 30 mL). The combined organic layer was drosebr
anhydrous Nz&50Oy, and subject to filtration. The filtrate was mixeth n-hexane and
kept at room temperature for 24 h to afford theegponding organoantimony iodide
as colorless crystals.
4.1.4. General procedure for the synthesis of oogamimony(lll) fluorides

To a solution of organoantimony chloride (5.0 mmalCH,CI, (30 mL), a
solution of AgF (635 mg, 5.0 mmol) in deionized ®a{25 mL) was added
under open-flask conditions. After being stirredhe dark at room temperature
for 4 h, the mixture was subject to filtration. Thiirate was mixed with
n-hexane and kept at room temperature for 24 h forcathe corresponding
organoantimonyluoride as colorless crystals.
4.1.5. Analytical data for the synthesized orgarnimaony halide complexes

12-chloro-6-cyclohexyl-5,6,7,12-tetrahydrodibenzf[t,5]azastibocine C1).
Yield: 72% (7.8 g). Melting point: 254—256. 'H NMR (400 MHz, CDC}, TMS): 6
8.30 (2H, dJ = 7.4 Hz), 7.39-7.27 (4H, m), 7.14 (2H,Jd= 7.4 Hz), 4.15 (4H, dd]
=61.9, 15.1 Hz), 3.09 (1H, d,= 11.3 Hz), 2.05 (2H, dl = 11.7 Hz), 1.86 (2H, d] =
12.5 Hz), 1.69 (dJ = 13.0 Hz), 1.46-1.27 (m, 4H), 1.18-1.08 (m, 1HEL NMR
(100 MHz,CDC4, TMS): 6 144.0, 140.1, 134.9, 128.8, 128.7, 124.7, 65.8,%R.5,
25.6, 25.4. Anal. Calc. for&H23CINSb: C, 55.27; H, 5.33; N, 3.22. Found: C, 55.39;
H, 5.25; N, 3.14.

12-bromo-6-cyclohexyl-5,6,7,12-tetrahydrodibenzift,5]azastibocine C2).
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406  Yield: 92% (2.2 g). Melting point: 245—247 °@&4 NMR (400 MHz, CDC}, TMS): ¢
407  8.40-8.38 (2H, m), 7.37—7.27 (4H, m), 7.13 (2H,Jd; 6.6 Hz), 4.15 (4H, dd) =
408 58.0, 15.1 Hz), 3.13-3.08 (1H, m), 2.04 (2HJd 10.9 Hz), 1.85 (2H, d] = 11.8
409 Hz), 1.68 (1H, dJ = 11.8 Hz), 1.45-1.27 (4H, m), 1.17-1.09 (1H, H NMR (100
410 MHz,CDCk, TMS): ¢ 144.0, 138.0, 136.3, 128.9, 128.7, 124.7, 65.8,5R.6, 25.6,
411 25.4. Anal. Calc. for &H»3BrNSb: C, 50.14; H, 4.84; N, 2.92. Found: C, 50.29;
412  4.95; N, 2.99.

413 6-cyclohexyl-12-iodo-5,6,7,12-tetrahydrodibenzd[t,b]azastibocine C3). Yield:
414 86% (2.3 g). Melting point; 253—-255 °¢H NMR (400 MHz, CDC4, TMS): 5 8.52
415  (2H, d,J = 7.0 Hz), 7.39-7.30 (4H, m), 7.12 (2H, Xz 6.9 Hz), 4.14 (4H, dd] =
416 52.4, 15.0 Hz), 3.12 (1H, 8, = 11.4 Hz), 2.07 (2H, d] = 11.2 Hz), 1.88 (2H, d] =
417  12.4 Hz), 1.71 (1H, d] = 13.2 Hz), 1.47-1.31 (4H, m), 1.19-1.13 (1H, H& NMR
418 (100 MHz,CDC}, TMS): 6 143.8, 139.4, 134.5, 129.2, 129.0, 124.7, 65.6,50.7,
419  25.7, 25.4. Anal. Calc. for fgH23INSb: C, 45.66; H, 4.41; N, 2.66. Found: C, 45.74;
420 H,4.54; N, 2.79.

421 6-cyclohexyl-12-fluoro-5,6,7,12-tetrahydrodibenzg[&,5]azastibocine C4).
422  Yield: 93% (1.9 g). Melting point: 237—23¢C. *H NMR (400 MHz, CDG},
423  TMS): 6 7.97 (2H, dJ = 7.3 Hz), 7.40-7.25 (4H, m), 7.14 (2HJt= 7.4 Hz),
424 4.09 (4H, dd,) = 71.4, 15.2 Hz), 3.03 (1H,1,= 10.8 Hz), 2.00 (2H, dj= 11.4
425 Hz), 1.86 (2H, dJ = 12.5 Hz), 1.69 (2H, d] = 12.7 Hz), 1.45-1.26 (4H, m),
426 1.18-1.09 (1H, m)**C NMR (100 MHz,CDCJ, TMS): 5 144.1, 144.0 (d) =

427 6.4 Hz), 133.4 (dJ = 6.0 Hz), 128.5, 128.3, 124.7, 65.2, 57.7Xd, 2.1 Hz),
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29.5, 25.7, 25.5!°F NMR (376 MHz, CDG): 6 -185.45. Anal. Calc. for
CaoH23FNSD: C, 57.45; H, 5.54; N, 3.35. Found: C, 57835.59; N, 3.44FT-IR
(KBr, Cm'l): v 2935, 2857, 1455, 1440, 1268, 1204, 1100, 975, 95840, 896, 758.
12-chloro-6-phenyl-5,6,7,12-tetrahydrodibenzo[cl{]azastibocine 5). Yield:
76% (8.1 g). Melting point: 222—22€. *H NMR (400 MHz, CDCJ, TMS): § 8.40—
8.28 (2H, m), 7.47—7.42 (2H, m), 7.38-7.34 (4H, T30—7.19 (5H, m), 4.66 (4H, dd,
J=70.8, 149 HZ),13C NMR (100 MHz,CDG, TMS): 6 147.9, 143.1, 140.5, 135.2,
129.5,129.2, 129.2, 125.4, 125.3, 119.7, 61.21.Apac. for GoH17;CINSb: C, 56.05;
H, 4.00; N, 3.27. Found: C, 55.73; H, 4.12; N, 3.35
12-bromo-6-phenyl-5,6,7,12-tetrahydrodibenzo|c,ffhzastibocine €6). Yield:
87% (2.0 g). Melting point: 233-235 °&H NMR (400 MHz, CDCJ, TMS): § 8.41—
8.29 (2H, m), 7.47-7.43 (2H, m), 7.40-7.35 (4H, MB1-7.29 (2H, m), 7.25-7.21
(3H, m), 4.67 (4H, ddJ = 65.7 ,14.9 Hz)**C NMR (100 MHz,CDCJ, TMS) § 147.8,
143.0, 138.2, 136.8, 129.6, 129.4, 129.3, 125.5,3,2119.8, 61.2. Anal. Calc. for
CaoH17BrNSb: C, 50.78; H, 3.62; N, 2.96. Found: C, 50/893.69; N, 3.07.
12-iodo-6-phenyl-5,6,7,12-tetrahydrodibenzo[c,filazastibocine C7). Yield:
85% (2.2 g). Melting point: 249—25T. *H NMR (400 MHz, CDC4, TMS): 6
8.47-8.45 (2H, m), 7.39-7.30 (6H, m), 7.26—7.23,(@H, 7.19-7.16 (3H, m),
4.60 (4H, ddJ = 66.6, 14.9 Hz)**C NMR (100 MHz,CDC}, TMS): § 147.6,
142.9, 140.0, 134.1, 129.6, 129.5, 129.4, 125.5,3,2119.8, 60.9Anal. Calc.

for CooH17INSb: C, 46.19; H, 3.30; N, 2.69. Found: C, 461273.33; N, 2.76
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12-fluoro-6-phenyl-5,6,7,12-tetrahydrodibenzo[clip]azastibocine 8). Yield:
95% (2.0 g). Melting point: 216—21€. *H NMR (400 MHz, CDC4, TMS): 6
8.00 (2H, dJ = 7.3 Hz), 7.46 (2H, ] = 7.3 Hz), 7.35-7.34 (4H, m), 7.20-7.25
(4H,m), 7.20 (1H, tJ = 6.8 Hz), 4.63 (4H, dd] = 85.1, 15.0 Hz)*C NMR
(100 MHz,CDC}, TMS): 0o 148.5, 144.7 (dJ = 6.6 Hz), 143.1, 133.4 (d,=
6.2 Hz), 129.5, 128.9, 128.8, 125.2, 125.0, 11842 (d,J = 1.8 Hz);lgF
NMR (376 MHz, CDCY): ¢ -198.97.Anal. Calc. for GoH17FNSb: C, 58.29; H,
4.16; N, 3.40. Found: C, 58.39; H, 4.24; N, 3.58
6-(tert-butyl)-12-chloro-5,6,7,12-tetrahydrodibeifzdl[1,5]azastibocine C9).
Yield: 80% (8.1 g). Melting point: 213—22&.*H NMR (400 MHz, CDC}, TMS): 6
8.32 (2H, dJ = 7.3 Hz), 7.37 (2H, 1) = 7.2 Hz), 7.3%7.28 @H, m), 7.15 (2H, dJ =
7.5 Hz), 4.23 (4H, dd}= 161.2, 15.4 Hz), 1.38 (9H, SFC NMR (100 MHz,CDGC},
TMS): 0 145.1, 139.9, 134.9, 128.9, 128.4, 124.5, 60.42,527.0. Anal. Calc. for
Ci18H21CINSDh: C, 52.91; H, 5.18; N, 3.43. Found: C, 52H85.26; N, 3.52.
12-bromo-6-(tert-butyl)-5,6,7,12-tetrahydrodibenz|[1,5]azastibocine  C10).
Yield: 91% (2.0 g).Melting point: 244—246C. 'H NMR (400 MHz, CDC}, TMS):
5 8.41 (2H, dJ= 7.2 Hz), 7.36—7.27 (4H, m), 7.15 (2H, X 6.8 Hz), 4.22 (4H, dd,
J=152.9, 15.4 Hz), 1.37 (9H, $)iC NMR (100 MHz,CDCJ, TMS): § 145.0, 137.8,
136.4, 129.0, 128.5, 124.5, 60.6, 57.2, 27.1. ABalc. for GgH2:BrNSb: C, 47.72; H,
4.67; N, 3.09. Found: C, 47.82; H, 4.75; N, 3.16.
6-(tert-butyl)-12-iodo-5,6,7,12-tetrahydrodibenz@]d ,5]azastibocine C11).

Yield: 81% (2.0 g). Melting point: 228—23C. *H NMR (400 MHz, CDC},
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471 TMS): 6 8.54-8.51 (2H, m), 7.34—7.30 (4H, m), 7.12—7.10,(&H, 4.20 (4H,
472 dd, J= 151.4, 15.3 Hz), 1.38 (9H, s¥C NMR (100 MHz,CDC}, TMS): &
473 144.9, 139.6, 134.3, 129.2, 128.8, 124.5, 60.8]1,527.2. Anal. Calc. for
474  CygH21INSh: C, 43.24; H, 4.23; N, 2.80. Found: C, 43.334.35; N, 2.96.

475 6-(tert-butyl)-12-fluoro-5,6,7,12-tetrahydrodibenied][1,5]azastibocine  C12).
476  Yield: 76% (1.5 g). Melting point: 206—208C. '"H NMR (400 MHz, CDGC},
477  TMS): 6 7.80 (2H, dJ = 7.3 Hz), 7.16 (2H, t) = 7.3 Hz), 7.07 (2H, ) = 7.3
478 Hz), 6.96 (2H, dJ = 7.7 Hz), 3.95 (4H, ddJ= 171.1, 15.4 Hz), 1.13 (9H, s);
479  13C NMR (100 MHz,CDCY4, TMS): ¢ 145.1, 143.8 (d) = 5.8 Hz,), 133.2 (dJ
480 =6.5Hz), 128.5, 128.0, 124.5, 59.7, 57.1, 28PNMR (376 MHz, CDd): 6
481  -185.16.Anal. Calc. for GgH2:FNSb: C, 55.13; H, 5.40; N, 3.57. Found: C, 52125;
482 5.46; N, 3.62

483  4.1.6. X-ray crystal structural determination ofganoantimony(lll) halide complexes
484 Cl1-C12

485 X-ray crystal structural determination of complexds C5, andC9 have described
486  previously [30]. X-ray single crystal diffraction analysis of thesemplexes was
487  performed at Hunan University using a Bruker SMARPEX diffractometer. The
488  CDCC number is 186456@R), 1859257 €3), 1859365 C4), 945750 C6), 945752
489 (C7), 769426 C8), 1861311 C10), 1859366 C11), 1864561 C12), respectively. In
490 all cases, the diffraction data were collected giggraphite monochromated MoaK
491  radiation § = 0.71073 A). The collected frames were processét SAINT+

492 software and the collected reflections were subjaxt absorption correction
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(SADABS) [44]. The structure was solved by the Direnethod (SHELXTL) in
conjunction with standard difference Fourier teguais and subsequently refined by
full-matrix least-squares analyses 6h[45]. The hydrogen atoms were generated in
their idealized positions and all non-hydrogen atomere refined anisotropically (see

Table 2).

4.2. Biological evaluation
4.2.1. Cell lines and cell culture

Human cancerous cell lines: HepG2 (human liver tue@diular carcinoma cell
line), MDA-MB-231 (human breast cancer cell lind))CF-7 (human breast
adenocarcinoma cell line), HeLa (human cervicalciomma cell line) and
nonmalignant cell lines: HEK-293 (human embryonidnley cell line) used in this
study were supplied by the Cancer Research IrstitGentral South University
(Changsha, Hunan, PR China). The cells were ctéiivan Dulbecco’s modified
Eagle’s medium (DMEM, Gibco) or RPMI (HyClone), slgmented with 10% fetal
bovine serum containing L-glutamine and 1% pemmcitreptomycin (HyClone) and
maintained in a humidified atmosphere of 95% &6, GO, at 37°C.
4.2.2. Cell viability

The cell viability of the organometallic complexiescells was determined by the
CCK-8 assay (Dojindo Molecular Technologies, Shamng@hina) using a modified
method as previously described [46]. Each of tlstetk organoantimony complexes

was completely dissolved in DMSO to a solution 6friM. Briefly, 5 x 18 cells
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were seeded in each well of the 96-well plates vindsh medium. After complete
adhesion, the cells were continuously exposedstocamplexes of 0.01, 0.3, 1, 3 and
10 uM for 24 h. A CCK-8 solution (10 pL) was added dhd plates were incubated
at 37 °C for a further 2 h. Subsequently, the dimace of formazan yellow formed in
the cells was measured at 450 nm, using an iMaidrapiate absorbance reader
(Bio-Rad, USA). The Ig values were determined by the four-parameter tiogis
method. Mean Ig; values were obtained from at least three indepdreeeriments.
4.2.3. Cell cycle analysis

ComplexC4 on the cell cycle perturbation in MDA-MB-231 cells|as examined
by flow cytometry analysis. Briefly, 1.0 x (er well were seeded in a six-well
plate. After treated with 0.25 x ig; 0.5 x 1Gp, 1 x 1Go and 2 x Gy of C4 for 24 h,
the supernatants were removed and cells were wasiitedPBS. The cells were
subsequently harvested by trypsinization, thendfisad stained with P1 (Cat. no.
537059, Calbiochem, San Diego, CA, USA). This wakwed by the measurement
of propidium-iodide-mediated fluorescence with flewtometry (FACSCalibur BD,
Bedford, MA, USA) by using excitation of DNA-bouri®l at 488 nm, with emission
at 585 nm. The cell cycle distribution is shownttaes percentage of cells containing
Go/G;, S andG,/M DNA as identified by PI staining.
4.2.4. Apoptosis Analysis

For apoptosis assay, cells were stained with Ame&FITC and PI Kit (Cat. no.
LOT9104010102, Dinguo Bio. Inc., Beijing, China) peeviously described [30].

Briefly, MDA-MB-231 cells were incubated with congxes as indicated in the
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figures for 48 h. At the end of incubation, theleelere harvested and washed twice
in PBS, then re-suspended in 500 of binding buffer and incubated with i of
annexin V-FITC and fuL of PI for 15 min at room temperature in the daflow
cytometry was performed on a FACS CaliburTM flowtargeter and the collected
data were analyzed using FlowJo software (Bectaokimson & Company). The
results were interpreted as follows: cells in tbevdr left quadrant (annexin-NPI)
were considered as living cells, in the lower righiadrant (annexin-VPI) as early
apoptotic cells, in the upper right quadrant (amma&’/PI") as late apoptotic cells,
and in the upper left quadrant (annexiifPl") as necrotic cells. The total apoptotic
rate was the rate of cells in the lower right gaatli(annexin-V/PI") plus that in the
upper right quadrant (annexin-?I").
4.2.5. Lactate dehydrogenase (LDH) release assay

The LDH activity of treated MDA-MB-231 cells was mitored according to the
manufacturer's instructions (Cat. no. C0016, Beyeti Haimen, China). Briefly,
treated cells with diverse concentrations of com@d were incubated for 48 hours.
Next, the medium was centrifuged at 2000 rpm foniB to obtain the supernatant.
The supernatant was transferred to a new 96-watkeplThen 10Qul of the LDH
reaction was added to each well and was incubate@d min at room temperature
before absorbance measurement using an iMark nt&teopabsorbance reader
(Bio-Rad, USA) at 490 nm.
4.2.6. Trypan blue dye exclusion assay

MDA-MB-231 cells(5 x 10" ) were seeded in 12-well plates and exposed to
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complexC4 at the indicated concentrations as illustratethenfigures for 48 h. The
cells were trypsinized and stained with 0.2% Tryphre solution (Cat. no. SBJ-0245,
Beyotime, China) at 1:1 dilution for 5 min, and wethen loaded into a
hemocytometer for separate counting of stainedr@tie) and unstained (viable)
cells.
4.2.7. Reactive oxygen species (ROS) assay

The production of intracellular ROS i€4-treated MDA-MB-231 cells was
assessed usind,Zdichlorofluorescein diacetate (DCFH-DA) assay. Hssay used
the cell-permeable fluorogenic probe DCFH-DA, whighon diffusion into cells is
oxidized by cellular ROS to form highly fluoresceétif7’-dichlorodihydrofluorescein
(DCF). HO, was used as a positive contrbhe effects ofC4 on intracellular ROS
production can be measured in terms of relativerfélscence units (RFU). Briefly,
MDA-MB-231 cells were seeded in 6-well microplategated with complexc4 as
indicated in the figures for 48 After 48 h ofC4 treatment, the cells were washed
twice with PBS and then incubated with the DCFH-prabe (10 uM) at 37 °C for 30
min, and then immediately washed three times wil F-luorescence was measured
with a BioTek ELx800 microplate reader at an exmtawavelength of 485 nm and
an emission wavelength of 528 nm.
4.2.8. Statistical analysis

Data were obtained from at least three separaterements and the results were
expressed as mean + S.D. The data were analyzedtdbstical significance by

one-way ANOVA using GraphPad Prism version 7.0.6 Windows, GraphPad
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580 Software, San Diego, CA, USA., apg0.05 was considered statistically significant

581  (notation: P < 0.05,” P < 0.01).
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Table 1

Selected bond lengths (A) and angles (deg) of argatimony(lll) halide complexe81-C12.

c1 c2 cs3 c4

Sb(1)-C(1) 2.144(4)  Sb(1)-C(6) 2.143(2) Sb(1)-C(6)  2.154(3) Sh(1)-C(6) 2.140(3)
Sh(1)-C(8) 2.134(4)  Sh(1)-C(10) 2.157(2) Sb(1)-C(7)  2.166(3) Sb(1)-C(7) 2.145(3)
C(1)-Sh(1)-C(8) 98.2(1) C(6)-Sb(1)-C(10)  99.23(8) (6)SSb(1)-C(7)  98.8(1) C(6)-Sh(1)-C(7) 98.5(1)
CI(1)-Sb(1)-N(1) 162.92(7) Br(1)-Sb(1)-N(1) 16343( I(1)-Sb(1)-N(1)  163.34(6) F(1)-Sb(1)-N(1) 1542
Sb(1)-N(1) 2.397(2)  Sh(1)-N(1) 2.387(2) Sb(1)-N(1)  2.400(2) Sb(1)-N(1) 2.450(2)
Sb(1)-CI(1) 2.5572(9)  Sh(1)-Br(1) 2.7142(5)  Sh(@H 2.9650(4)  Sh(1)-F(1) 2.015(2)
cs5 cé c7 cs

Sh(1)-C(1) 2.150(2)  Sh(1)-C(1) 2.158(3) Sb(1)-C(1)  2.166(3) Sh(1)-C(1) 2.131(3)
Sh(1)-C(8) 2.155(2)  Sb(1)-C(8) 2.156(3) Sb(1)-C(8)  2.175(3) Sb(1)-C(8) 2.153(3)
C(1)-Sb(1)-C(8)  100.53(7) C(1)-Sb(1)-C(8)  100.4(1L(1)-Sb(1)-C(8)  96.3(1) C(1)-Sb(1)-C(8)  91.80(9)
CI(1)-Sb(1)-N(1) 161.98(4) Br(1)-Sb(1)-N(1) 163@2( I(1)-Sb(1)-N(1) 163.92(6) F(1)-Sb(1)-N(1)  162R2
Sh(1)-N(1) 2.466(2)  Sb(1)-N(1) 2.469(2) Sb(1)-N(1)  2.498(3) Sb(1)-N(1) 2.522(2)
Sb(1)-CI(1) 2.5173(5)  Sh(1)-Br(1) 2.6620(4)  Sh(@H 2.8995(3)  Sb(1)-F(1) 1.998(2)
co C10 c11 c12

Sh(1)-C(1) 2.147(2)  Sb(1)-C(6) 2.153(2) Sb(1)-C(6)  2.166(3) Sb(1)-C(6) 2.127(7)
Sb(1)-C(14) 2.155(3)  Sh(1)-C(7) 2151(2) Sb(1)-C(7)  2.157(3) Sb(1)-C(10) 2.135(7)
C(1)-Sb(1)-C(14)  95.60(9) C(6)-Sb(1)-C(7)  96.18(8L(6)-Sb(1)-C(7)  97.6(1) C(6)-Sb(1)-C(10)  98.2(3)
CI(1)-Sb(1)-N(1) 161.60(5) Br(1)-Sb(1)-N(1) 16249( I(1)-Sb(1)-N(1) 163.59(6) F(1)-Sb(1)-N(1)  158)9(
Sh(1)-N(1) 2.467(2)  Sb(1)-N(1) 2.446(2) Sb(1)-N(1)  2.462(3) Sb(1)-N(1) 2.495(5)
Sb(1)-CI(1) 2.5579(7)  Sh(1)-Br(1) 2.7631(5)  Sh(@H 2.9463(3)  Sb(1)-F(1) 2.026(6)




Table 2

Crystallographic data for organoantimony(lll) halidomplexe€1-C12.

Compound c1 c2 c3 C4 C5 C6
Empirical formula CooH25CINSh  CooH2aBINSb  GoH23INSb GoH23FNSb CyoH1/CINShb  GoH17BrNSb
Formula weight 434.59 479.05 526.04 418.14 428.55 473.01
Temperature/K 293 273 100 100 273 298

Crystal system Monoclinic monoclinic monoclinic monoclinic  Monoclinic monoclinic
Space group Py(1)lc P2(1)h P2(1)h P2(1)h Py(1)/In P2(1)h

a/A 10.0771(7)  10.2338(5)  11.3664(3)  9.3503(3) 9.3782(4) 9.5744(3)
b/A 16.2881(12) 16.5885(7) 12.5996(3) 15.9263(5) 10.1833(4) 10.2962(3)
c/A 12.2040(9) 12.0033(5) 13.0792(4) 11.7239(4) 18.1033(8) 18.1939(6)
o/ 90.00 90.00 90.00 90.00 90.00 90.00

pre 111.812(10) 113.346(2) 94.703(2) 104.044(3) 102.895(10) 100.795(1)
v/° 90.00 90.00 90.00 90.00 90.00 90.00

VIA® 1859.7(2) 1870.89(15)  1866.79(9) 1693.69(10) 1685.3(12) 1761.81(10)
z 4 4 4 4 4 4

No. of reflections collected 10058 30234 12759 10827 9923 10613

No. of unique reflections 3644 4636 3284 2982 4032 3417

Rint 0.047 0.0363 0.0390 0.0376 0.015 0.038

R: (reflections) 0.0324 0.0196 0.0236 0.0256 0.0203 0.0294
WRy(reflections) 0.0917 0.0416 0.0561 0.0598 0.0560 0.0709
GOF onF? 1.048 1.066 1.022 1.097 1.077 1.041
Compound C7 c8 c9 C10 C11 C12
Empirical formula CooH17INSh GoH17/FNSb GgH21CINSh  CigH21BINSb  GgH21INSDh CigH2:FNSb
Formula weight 520.00 412.10 408.56 453.02 500.01 392.11
Temperature/K 208 293 273 273 100 273

Crystal system monoclinic monoclinic Monoclinic  monoclinic monoclinic monoclinic
Space group P2(1)lc P2(1)h P2(1)in P2(1)h P2(1)lc Cc

a/A 9.1637(3) 10.2974(8) 9.7692(12) 0.8178(4) 12.3974(4) 17.7432(9)
b/A 10.9833(4) 10.3031(8)°  15.933(2) 16.1278(5) 9.4136(3) 10.6409(6)
clA 18.0957(7) 15.7161(11)  11.4491(14)  11.4078(5) 14.8803(5)  17.8551(10)
af® 90.00 90.00 90.00 90.00 90.00 90.00

pre 95.784(1) 101.559 (1)  110.103(2) 109.895(1) 92.218(3) 96.996(2)
vl° 90.00 90.00 90.00 90.00 90.00 90.00

VIA® 1812.02(11)  1633.6(2) 1 673.5(4) 1698.50(11) 1735.29(10)  3346.0(3)
z 4 4 4 4 4 8

No. of reflections collected 9043 9422 9317 49645 11089 31989

No. of unique reflections 3510 3560 3889 2978 3058 8232

Rint 0.055 0.063 0.027 0.0437 0.0353 0.0229
Ry(reflections) 0.0354 0.0323 0.0326 0.0143 0.0237 0.0419
WRy(reflections) 0.0912 0.0840 0.0860 0.0541 0.0516 0.1205
GOF onF? 1.070 1.065 1.058 1.028 1.040 1.079




Table 3

Cytotoxic effect of organoantimony(lll) halide colepes C1-C12, nitrogen-containing precursof?l-P3 and cisplatin on various
cancerous and nonmalignant cell lines after 24 h

Cell lines HepG2 MDA-MB-231 MCF-7 HelLa HEK-293
Compound IGo+ SD? sI® ICs0 £ SD Sl ICs0 £+ SD si ICs0+ SD Sk ICs0+ SD
C1 1.84+0.42 5.05 1.4@ 0.32 6.64 6.0& 1.38 1.53 1.63 0.49 5.70 9.221.16
c2 4.86+0.91 210 3.630.87 282 6332145 160 3.120.45 3.28 10.230.55
C3 1.61+0.33 5.63 1.2& 0.54 7.08 5.72 1.56 1.56 1.130.21 8.02 9.0& 1.31
C4 1.06+0.17 7.15 0.9% 0.22 8.33 2.140.93 3.54 0.930.15 8.15 7.5& 0.89
C5 2.78+0.59 3.07 172033 497 314081 272 332050 257 854188
C6 1.90+0.12 4.10 1.0%0.13 7.42 2.6%0.60 2.98 2.340.32 3.33 7.721.36
Cc7 1.87+0.11 3.33 1.040.11 5.98 2.32 1.67 2.60 2.0& 0.29 3.02 6.22 1.69
c8 0.88+0.32 441 0520.02 746 < 2.3%0.32 168 1.120.21 346 3.8&101
C9 1.41+0.06 4.03 0.840.23 6.76 3.4%0.30 1.67 1.98 0.54 2.87 5.6& 1.32
C10 2.74+0.63 2.27 1.8%0.25 3.36 6.34 1.31 0.98 4.7& 0.83 1.30 6.22 1.07
cu 1.84 20.28 405 0.970.19 769 483113 153  2.0%0.62 357 7.460.66
C12 0.71+ 0.06 3.51 0.5%0.12 4.88 0.96 0.83 2.59 1.08 ?0.47 231 249.67
P1 > 50.00 - > 50.00 - > 50.00 - >50.00 > 50.00
P2 > 50.00 - >50.00 - >50.00 - >50.00 >50.00
P3 > 50.00 - > 50.00 - > 50.00 - >50.00 > 50.00
cisplatin 13.1% 4.51 3.71 12.63 1.22 3.88 22.7% 8.59 2.15 17.3% 3.64 2.82 48.96: 8.75

Cancerous Cell Lines: HepG2 (human liver hepatotzelicarcinoma cell line), MDA-MB-231 (human breasncer cell line), MCF-7
(human breast adenocarcinoma cell line) and Heuaném cervical carcinoma cell line). Nonmalignantl Cene: HEK-293 (human
embryonic kidney cell line). I&: concentration that is cytotoxic against 50% df lees. Sl: selectivity indext The G values were
determined through non-linear regression analfEash well was triplicated and each experiment wageated at least three timessC
values quoted are mean + SD (uRKGalculated as the ratio betweend@ HEK-293 cells and 16 in HepG2.° Calculated as the ratio
between |Gy in HEK-293 cells and 16 in MDA-MB-231.%Calculated as the ratio between,d@ HEK-293 cells and 1§ in MCF-7.¢
Calculated as the ratio betweend@® HEK-293 cells and 163 in Hela.



Highlights

e Cytotoxicity against human cancerous cell lines of Sb(lll) halide complexes

was evaluated.
e Thecytotoxicity was closely related to the N—Sb coordinate bond length.
e Sb(lll) complex C4 exhibited the highest selectivity index.
e C4induced S phase cell cycle arrest and necrosisin MDA-MB-231 cells.

e The cytotoxicity was dependent on the production of intracellular reactive

oXygen species.



