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Ge): Synthesis, Structure, and Study of Antibacterial/~and Antitumor

Activity
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We have synthesized and structurally characterized three tetra-(p-tolyl)antimony(I1I)-contain-
ing heteropolytungstates, [{(p-tolyl)Sbll}4(A4-0-XW9O34)2] ==H[X = PV (1-P), AsV (1-As),
or GelV (1-Ge})], in aqueous solution using conventional, one-pot procedures. The polyan-
ions 1-P, 1-As, and 1-Ge were fully characterized in the solid state and in solution and were
shown to be soluble and stable in aqueous medium at pH 7. Biological studies showed that
all three polyanions display significant antibacterial and antitumor activities. The minimum
inhibitory-eeneentratton-(MICS)concentrations of 1-P, 1-As, and 1-Ge were determined against
four kinds of bacteria, including the two pathogenic bacteria strains, Vibrio parahaenobti—
-eusparahemolyticus and¥Vibrio vulnificus. The three novel polyanions also showed high cy-
totoxic potency in-the-human cell lines A549 (non-small cell lung cancer), CH1/PA-1 (ovarian
teratocarcinoma), and SW480 (colon carcinoma).
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Abstract Graphic
We have synthesized three tetra-(p-tolyl)antimony(Ill)-containing heteropolytungstates,
[{(p-toly)Sb!}4(A4-0-XWoO34)2] [ X = P (1-P), As (1-As), or Ge (1-Ge})], which were characterized in the solid
state and in solution by a multitude of analytical techniques. The biological assays demonstrated antibacterial



activities of the novel polyanions and a higher antiproliferative activity against tumor cells than human foreskin
fibroblasts.
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Introduction

Polyoxometalates (POMs) are discrete, polynuclear metal oxides with enormous structural and compositional va-
riety;-and a multitude of properties whiehthat are of interest in fundamental and applied science.! The incorporation
of organometallic moieties such as organophosphorus(V),2 organosilicon(IV),? organogermanium(IV),4 organoruthe-
nium(II),? and organotin(IV};¢ in lacunary (vacant) heteropolytungstates may allow the modification of the shape, size,
lipophilicity, solubility, stability, toxicity-as-welas, and redox and acid—base properties of POMs. Furthermore, from
a biomedical point of view, it is possible to tune POMs for antimicrobial, antiviral, and antitumor properties, as well
as protein crystallography.”

Organoantimony compounds, which are known to possess properties relevant for the fields of catalysis® and
biology?® (albeit less than organotin compounds), are usually synthesized by the self-condensation of arylstibonic
acid.! In recent years, our group has developed-thea class of organoantimony-containing POMs, and-it—was-

these compounds were shown to exhibit structure-dependent antibacterial
activity. In 2012, the discrete phenylantimony(IlI)-containing heteropolytungstates [(PhSb!)4(4-a-PW9O34)2]10=,
[(PhSbl)4(4-0-GeW9034)2]12=, and [{2-(Me:NCH2CsH4)Sblll}3(B-0-AsIW9033)]3~ were reported.  All three
compounds are soluble and stable in aqueous solution at physiological pH and-they-exhibit activity against both
Escherichia coli and Bacillus subtilis.!! Considering that the organe—Sb(I1I) species themselves are not water-soluble
renders the POM as an inorganic vehicle for the bioactive component, which does not exclude the possibility that
the shape and size of the polyanion contribute to this activity, as well. In some follow-up work, we studied the
dependence of the POM bioactivity on the type and number of organoantimony groups,!2 and it became apparent that
the biological activity of the POM increases with (i) the number of incorporated organoantimony(IIl) groups and (ii)
the type of functional group attached to the antimony atom. Interestingly, the complete absence of any organic moiety
completely inactivates the bioactivity of the POM.

To date, only a handful of organoantimony(III)-containing POMs have been synthesized and structurally charac-
terized. 1= 13 Here, we report on the synthesis and characterization of three tetra-(p-tolyl)antimony(III)-containing
POMs and their bioactivity. . .
EXPERIMENTAL-SECHONEXxperimental Section
Materials and Physical Measurements

The lacunary POM precursors Nao[4-a-PWoO34]- TH,O,142  Nag[4-a-AsWoO34]- 18H,0,140 and Nao[A4-a-
HGeWy034]-:23H,0514¢ and the organoantimony(Ill) species (p-tolyl)SbCl, <15 were prepared according to the
literature. The other reagents were obtained from commercial sources and used as received without further
puriﬁcation Infrared (IR) spectra were recorded on a Nicolet-Avatar 370 FT-IR spectrometer using KBr pellets
in the range of 4004000 cm-!-range- Elemental analyses were performed by Institut des Sciences Analytiques,
CNRS, Villeurbanne, France (CHN only), and CREALINS, Villeurbanne, France (all other elements);+respeetively-
Thermograwmetrlc analyses (TGA) were performed on a TA Instruments SDT Q600 thermobalance at a heating rate
of 10 °C min-! under a N, atmosphere. The nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz
instrument (JEOL, Medelmodel ECS 400) at room temperature, using 5 mm tubes for 1H, 13C, and 3!P NMR;and 10



mm tubes for 183W NMR, with resonance frequencies of 399.78 MHz (1H), 100.71 MHz (13C), 162.14 MHz (3!P),
and 16.69 MHz (183W),+respeetively- The chemical shifts are reported with respect to the references Si(CH3)4 (1H and
13C), 85% H3PO4 (31P), and-HM1 M aqueous NaaWO4 (183W);respeetively-
Synthesis of Rbs sNag 5[ {(p-tolyl)Sb1} 4(4-0-PW9O34)2]-40HO (RbNa -1-P)

Nag[4-0-PW9O34]- 7TH0 (0.050 mmol, 0.128 g) was dissolved in 12 mtmL of a 0.5 M NaOAc/AcOH solution
(pH 5.6), and then (p-tolyl)SbCl, (0.050 mmol, 0.0142 g) dissolved in 3 mdmL of ethanol was added dropwise under
vigorous stirring. The solution-eeler-changed from colorless to light yellow. The resulting solution was stirred for
20 min, and then the pH was adjusted from 7.6 to 6.5 by adding 0.5 M HCl,q. The bright solution was stirred for
-anetheran additional 20 min and filtered, and then a few drops ofHM1 M RbCl,q were added. This solution was placed
in a—fridgerefrigerator at 4—5 °C. Yellow, rod-shaped crystals of RbNa-1-P were obtained after 3 days, which were
filtered off and air-dried. Yield: 0.078 g (47 % based on W). Elemental analysis. Calcd (%): €aled:-Sb, 7.37; W, W
-50-1050.10; P,.P-6:940.94; Na, Na-1.57%;Rb, 7.12;;- C, 5.10;.- Found (%): Sb, 7.21; W, W-48.9248.92; P,-P-6-930.93;
Na, Na-1.89; Rb, 7.42;; C, 5.47. IR (2% KBr pellet, cm—1): 1189 (w), 1072 (s), 1010 (m), 943 (s), 916 (s), 889 (m),
808 (s), 740 (s), 634 (m), 592 (m), 572 (m), 513 (m), 487 (m), 451 (sh), 418 (m).

Synthesis of (NH4)9,5Na0,5[ {(p-tolyl)Sbm}4(A—(X—ASW9034)2] ‘40H,0 (NH4Na-1-As)

Nao[4-a-AsW9O34]- 18H>O (0.050 mmol, 0.140 g) was dissolved in 12 mdmL of water, and then (p-tolyl)SbCl»
(0.050 mmol, 0.0142 g) dissolved in 3-mtmL of ethanol was added dropwise under vigorous stirring. The solution-eeler
changed from colorless to light yellow. The resulting solution was stirred for 20 min, and then the pH was adjusted
from 7.6 to 7.0 by adding 0.5 M HCl,q. The bright solution was stirred for-anetheran additional 20 min and filtered, and
then a few drops of-3M1 M NH4Cl,q were added. This solution was placed in a-fridgerefrigerator at 4—5 °C. Yellow,
needle-shaped crystals of NH 4 Na-1-As were obtained after 1 week, which were filtered off and air-dried. Yield: 0.086
g (55 % based on W). Elemental analysis. Calcd (%): -Caled:=-Sb, 7.73; W, W-525152.51; As, As2382.38; Na, Na-
0.18;:N, 2.225; C, 5.34;.- Found (%): Sb, 7.83; W, W-511051.10; As, As2:442.44; Na, Na-0.215; N, 2.34;-C, 5.83. IR
(2% KBr pellet, cm=1): 1156 (w), 1062 (w), 950 (m), 881 (s), 852 (s), 810 (s), 804 (s), 732 (s), 638 (m), 572 (W), 518
(W), 485 (w), 463 (sh), 441 (w), 418 (w).

Synthesis of RbgNag[ {(p-tolyl)Sb}4(4-0-GeW9O34)2]-40H,O (RbNa-1-Ge)

Nag[4-0-HGeW9034]-23H>O (0.050 mmol, 0.145 g) was dissolved in 12 sdmL of 0.5 M NaOAc/AcOH buffer
(pH 7.0), and then (p-tolyl)SbCl, (0.050 mmol, 0.0142 g) dissolved in 3 sdmL of ethanol was added dropwise under
vigorous stirring. The solution-eeterchanged from colorless to light yellow. The resulting solution was stirred for 20
min, and then the pH was adjusted from 7.6 to 7.0 by adding 0.5 M HCl,q. The bright yellow solution was stirred for
-anetheran additional 20 min and filtered, and then a few drops of HM1 M RbCl,q were added. This solution was placed
in a-fridgerefrigerator at 4—5 °C. Yellow, rod-shaped crystals of RbNa-1-Ge were obtained after 3 days, which were
filtered off and air-dried. Yield: 0.092 g (54 % based on W). Elemental analysis. Caled (%): €aled=Sb, 7.11; W,
W-483248.32; Ge, Ge2-122.12; Na, Na-2.35;; Rb, 7.48;;- C, 5.26;.- Found (%): Sb, 6.67; W, W-47-8947.89; Ge Ge-
+891.89; Na, Na2.63;;Rb, 7.5L;- C, 5.83. IR (2% KBr pellet, cm=1): 1189 (w), 1064 (w), 927 (m), 875 (m), 806 (sh),
779 (s), 721 (s), 632 (m), 572 (w), 534 (w), 485 (m), 441 (w).

X-ray Crystallography

The single-crystal X-ray diffraction data of 1-P, 1-As , and 1-Ge were collected on a Bruker Kappa X8 APEX
II CCD diffractometer with graphite monochromatic Mo Ka radiation (A = 0.71073 A) at 100 K. An empirical ab-
sorption correction was applied using the SADABS program.1¢ The SHELX software package (Bruker) was used to
-selvedetermine and refine the structures.!” The structures were-selveddetermined by direct methods and refined by the
full-matrix least-squares method-([YZww(|F o]>— |F c|*)2}] with anisotropic thermal parameters for all heavy atoms in-
cluded in the model. The hydrogen atoms of the organic groups were introduced in geometrically calculated positions.
The H atoms of the crystal waters were not located. It was not possible to locate all-eeuntereatienscountercations by
XRD, due to severe crystallographic disorder, which is a common problem in POM crystallography. Therefore, the
exact number of eountereationscountercations and crystal waters in the compounds was determined by elemental anal-
ysis, and the resulting formula units were further used throughout the paper and in the CIF file for overall consistency. In
the Supporting Information, the crystal data and-straetarestructural refinement for the three compounds are summarized
in Table S1 , and selected bond lengths and angles are listed in Tables S2 and S3. Cambridge Crystallographic Data
files-€EDE —1965373-(NaRb-1-P),-€€DE —1965371-(NaNH 4-1-As), and-€EDE —965372-
(NaRb-1-Ge) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/ .
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Antibacterial Activity: Determination of Minimal Inhibitory Concentrations (MEEMICs) for Bacterial Cells
The MIC studies were conducted in MHB media and followed our earlier work.!! The Gram-positive bacteria
BaeitlsB. subtilis5as well as the Gram-negative bacteria EseheriehiaE. coli K12, Vibrio-parahaemolytiensV. para-
hemolyticus, and V. vulnificus were used in the assay. Vibrio species are well -known pathogens to not only hu-
mans;-but also economically important aquaculture stocks. In 2016, Vezzulli et al. described an increasing abun-
dance of pathogenic Vibrio species in temperate and cold regions, such as the North Sea, with warming sea surface
water temperatures.'®8 Two North Sea isolates of V. parahaemoebiticnsparahemolyticus and V. vulnificus were cho-
sen to represent their closely related humar—pathogenic strains in the MIC. The starting concentration of polyanions
1-P, 1-As, and 1-Ge and the phenylantimony(IIl)—analogues RboNa[(PhSb!l)4(4-0-PW9034)2]-20HO (RbNa-2-P),!!
Cse.sNa3 s[(PhSbM)4(4-0-AsW9034)2]-36HO (CsNa-2-As),!2¢ and (NHy)12[(PhSbM)4(A4-0-GeW9034)2]-20HO (NH 4
-2-Ge),!! in deionized water used in the MIC assay plates was 10 mg-sdmL—!. The MIC was-eendueteddetermined in
triplicate for each strain and polyanion.
Antitumor Activity: Cytotoxicity Tests in Human Cancer Cells
Cells and-eulture-conditionsCulture Conditions. Three different human cancer cell lines, A549 (non-small cell lung
cancer), CH1/PA-1 (ovarian teratocarcinoma), and SW480 (colon carcinoma), were used-foreytetoxicity-determina—
-tiento determine cytotoxicity. A549 and SW480 cells were kindly provided by BrigitteB. Marian;-(Institute of Cancer
Research, Department of Medicine I, Medical University Vienna, Vienna, Austria). CH1/PA-1 cells were provided by
HeydL. R. Kelland;-(CRC Center for Cancer Therapeutics, Institute of Cancer Research, Sutton, U.K.). All cell cul-
ture media, supplements, and reagents were purchased from Sigma-Aldrich, unless stated otherwise. Cells were grown
as adherent monolayer cultures in minimal essential medium (MEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; from BioWest), 4 mM-EL -glutamine, 1 mM sodium pyruvate, and 1% (v/v-nenessential) non-es-
sential amino acids (from%a 100x solution). The cultures were kept at 37 °C in a humidified incubator in an atmos-
phere containing 5% CO; in air. Human-FereskinFEibreblastsforeskin fibroblasts (HFF-1) (ATCC® SCRC-1041) at a
low—passage—number dess-thar-<30) were grown as monolayers 1n—D&lrbeeees—Pv49d1ﬁed—Eag4&s—MedﬂuﬁDulbecco s
modified Eagle’s medium (DMEM) (Sigma-Aldrich,SastSt. Louis, MO;-H-S-A-) supplemented with 15% heat -inac-
tivated FBS (Sigma-Aldrich) and a 1% antibiotic solution (Penieithinpenicillin-Streptemyen™streptomycin, Sigma-
Aldrich).
Cell Viability Assay. The ICso (50% inhibitory concentration) values of the tested polyanions on tumor cells were
determined by means of the colorimetric MTT (thiazolyl blue tetrazolium bromide) staining method. Three differ-
ent cell densities were plated into 96-well plates (Starlab International GmbH, Hamburg, Germany), depending on
the cell line: 3-xX 103 A549 cells/well, 1-xXx 103 CH1/PA-1 cells/well, and 2-%xx 103 SW480 cells/well, each in vol-
umes of 100 pL/well. After a 24 h-pre-ineubationpreincubation, cells were treated in-triplieatestriplicate with a range
of concentrations of the polyanions dissolved directly in MEM. After a 96 h incubation at 37 °C, the medium from
each well was replaced with 100 pL of 6:1 RPMHrpml 1640 medium (supplemented with 10% heat-inactivated FBS
and 1 mM sodium pyruvate}—/MTT solution[250 mg of MTT in 50 mL of Dulbecco’s phosphate -buffered saline
(PBSY)]. The plates were incubated for a further 4 h, and the resultant formazan crystals were dissolved in 150 pL
of DMSO. -AbserbaneeThe absorbance was determined spectrophotometrically at 550 nm with a microplate reader
(ELx880, BioTek) using a reference wavelength of 690 nm. All tests comprised at least three independent experiments.
The cell viability was measured in HFF-1 cells using the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-eatbexymethoxy—
-phenylcarboxymethoxyphenyl)-2-(4-sulfophenyl)-2H2H -tetrazolium] assay, as described by Cavalli et al. 26421
HFF-1 cells were seeded in 96-well plates at-a-densitydensities of 7-xx 103, 6-xx 103 | and 5-x+0% 103 cells/well and
incubated with serial concentrations of the polyanions, ranging from 1004 to 0.015 puM, for 24, 48, and 72-keusrsh, re-
spectively. Cell viability was determined by the CellTiter 96®- Proliferation Assay Kit (Promega, Madison, WH-HSA)
according to the manufacturer’s instructions, and absorbances were measured by Multiskan™ FC Miereplatemicroplate
photometer (ThermoScientifie; 5SA) at 490 nm. The effect on cell viability at different concentrations was expressed
as a percentage, by comparing absorbances of treated cells with those of cells incubated with culture medium alone.
The ICso and 95% confidence intervals (Cls) were determined using Prism software (Graph-Pad Software, San Diego,
CAUSA).
Apoptosis-assayAssay. Induction of programmed cell death by the compounds was-determinedassessed by the flow-
cytometric annexin V/PI assay. SW480 cells were seededntein 24-well plates (Starlab) at a density of - 7x+07 x 104
cells in 600 pL of complete MEM per well. After a 24 h-pre-ineubationpreincubation, cells were treated with different
concentrations (0.016-M, 0.08-1M, 0.4-4M, and 2 uM) of the tested polyanions, dissolved directly in the medium.



Only-ferpolyanion 2-Ge were higher concentrations (50-#M, 10-4#M, 2-#M, and 0.4 uM)-were-used, due to the higher
ICso values. After exposure for 24 h at 37 °C, the supernatant of each well was collected, and the cells were trypsinized
and mixed with the supernatant. The cells were pelleted by centrifugation (300 g—for 3 min), and the supernatant
was removed. Then, the cells were resuspended with FITC-conjugated annexin V (0.4 pg/mL) (BioVision) in binding
buffer«[10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl,}] and incubated at 37 °C for 15 min.
The staining with propidium iodide (1.6 pg/mL) (PI, Fluka) was-deneperformed shortly before the measurement with
a Millipore guava easyCyte 8 HT flow cytometer and InCyte software. The received dot plots were analyzed with the
FlowlJo software (TreeStar).
Results and Discussion
Structural Characterization
The polyanion [{(p-tolyl)Sb!}4(4-a-AsW9O34),]16= (1-As) was prepared by reaction of (p-tolyl)SbCl, with the

POM precursor salt Nag[4-0-AsWoO34]- 18H,0 in water. The (p-tolyl)SbCl, was first dissolved in 3 mimL of ethanol
and then added dropwise to an aqueous solution of the lacunary POM precursor. The product was isolated as the
mixed ammonium—sodium salt (NH4)9 sNao 5[ {(p-tolyl)Sb} 4(4-0a-AsWo0O34)2]-40H,0 (NH 4 Na-1-As). The isostruc-
tural polyanions [ {(p-tolyl)Sblll} 4(4-0-PWO34)2]19= (1-P) and [ {(p-tolyl)Sbl1} 4(4-0-GeW9O34)2]12— (1-Ge) were syn-
thesized equally by reaction of (p-tolyl)SbCl, with the relevant sodium salts of the lacunary POM precursors Nag[A-
a-PW9034]-7H,0 and Nag[4-0-HGeW9034]-23H,0 in 0.5 M NaOAc/AcOH solutions at pH 6.5 and 7, respectively.
The polyanions were then crystallized as mixed rubidium—sodium salts, resulting in RbssNags[{(p- tolyl)SbHI}4(A-
(I—PW9034)2] 40H20 (RbNa -1- P) and Rb(,Naé[{(p tOlyl)Sbm}4(A -0~ G6W9034)2] 40H20 (RbNa -1- G

The X-ray structural analysis revealed that 1-P, 1-As , and 1-Ge are isostructural and-they-crystallize i 1n the trlchnlc
crystal systemsin space group P 1. The three polyamons comprise four (p-tolyl)Sb!! groups sandwiched by two
{A-a-XW903s4} (X =P, As, or Ge) Keggin fragments, resulting in a structure with idealized C 2, symmetry (see-Fig-Fig-
ure 1 ). Each Sb!l atom is-tetra-coordinatedtetracoordinated by two oxygens of one Keggin unit, one oxygen of the
other Keggin unit, and a C atom of the terminal tolyl group. This results in a-see-sawseesaw geometry with the bulky
p-tolyl groups pointing outside the polyanion, leaving space on the inside for the lone pair of electrons. The-bend-
Jengths-of Sb—0-[2.014(7)—2.411(11) A)] and Sb—C[2.112(10)—2.192(7) A)] bond lengths are within the usual
ranges. Bond valence sum (BVS) calculations confirm that the oxidation state of all antimony atoms is +3.20 The
Sb---Sbdistances for the three polyanions are 3.56 A for 1-As and 1-P and 3.57 A for 1-Ge (see Figure 1). The phenyl
derivatives of 1-As, 1-P , and 1-Ge are also known, [(PhSb)4(4-a-XW9O34)2] 7=[X = P (2-P), As (2-As), or Ge
(2-Gey]. 11.12¢

Figure 1. (a) Combined polyhedral/ball-and-stick representation of [ {(p-tolyl)Sb!!'} 4(4-0-XW9O34)2] [ X =P (1-P),
As (1-As), or Ge (1-Gep)]. (b) Top view of the positions of the four antimony atoms describing a rectangle. Color
code: WOsg, red octahedra; heteroatom X, purple; Sb, green; C, gray; H, black balls.

Equations for the synthesis of 1-P, 1-As , and 1-Ge are shown below, and they indicate that the ideal molar ratio
of the reagents (p-tolyl)SbCl and trilacunary POM precursor should be 2:1.
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The yield following such a stoichiometry was only around 10%. However, when using an equimolar ratio, the
yield increased to 47—55%. Numerous control experiments revealed that the key factors affecting the yields for
polyanions 1-As, 1-P , and 1-Ge are solvent (water vs sodium acetate buffer) and pH.

Infrared (IR)-speetreseopySpectroscopy

Fourier—transform infrared (FT-IR) spectra-wererecorded-enof RbNa-1-P, NH 4 Na-1-As, and RbNa-1-Ge were
recorded (see-Suppertingtnformation; Figures S1-3-S3). The stretching and bending vibrations of the G—H and G—C
bonds of the p-tolyl groups appear at 1189, 1072, and 740 cmm—! for 1-P, in the range of 1156, 1062, and 732 cm—! for
1-As, and 1189, 1064, and 721 cm—! for 1-Ge. For 1-P, the band at 1072 cm—! corresponds to the P—O stretching
mode. The band at 852 cm™! corresponds to the As—O stretching mode for 1-As, whereas the band at 875 cm—!
corresponds to the Ge—O stretching mode for 1-Ge. The peaks below 1000 cmm—! are attributed to the terminal W=0O
bonds as well as the bridging W—0O—W stretching modes for all three polyanions.
Thermogravimetric-arabysisAnalysis

We investigated the thermal stability of RbNa-1-P, NH 4 Na-1-As, and RbNa-1-Ge by-thermogravimetric-analysis-

-I'GA)(see the Supporting Information;Figure-S4-). The experiments were performed in the-temperatare-range-20-
—of 20-800 °C-range-under a N, atmosphere. Several weight—loss steps were observed for all three compounds.
The first step in the range of 20—140 °C is associated with the loss of crystal waters. The number of crystal waters
determined by TGA was slightly lower than that found by elemental analysis. The reason could be the drying of the
samples at room temperature prior to the measurements. For 1-As , the second weight—oss step in the range of 140 —
400 °C can be assigned to the loss of all-4four tolyl groups and-6six NH3 molecules per formula unit (7.5% found vs
7.5% calculated). Some of the other NH3 molecules are possibly lost already below 140 °C. For 1-P and 1-Ge, it was
difficult to determine the exact weight loss steps for the organic groups. The total weightlesslosses for 1-As, 1-P , and
1-Ge at 800 °C-waswere 20.4%, 15.8%, and 17.6%, respectively.

Multinuclear NMR Spectroscopy

The solution stability of polyanions 1-P, 1-As , and 1-Ge was investigated by multinuclear NMR spectroscopy

after redissolution of the solid salts in water. The 133W NMR spectra of 1-P (—101.7,—113.1,—115.6,—168.2,

—and —177.4 ppm) and 1-As (—83.0,—90.0,—109.4,—144.8,—and —173.3 ppm) showed the expected five peaks with
intensity ratios of 2:1:2:2:2 and 2:2:1:2:2, respectively, which is fully consistent with the C 2, point group symmetry
of the polyanions in the solid state (see Figure 2 ). No 183W NMR spectrum could be obtained for 1-Ge due to the low
solubility of this compound.

Figure 2. 183W NMR spectra of 1-P (left) and 1-As (right) recorded in H,O/D,0 at room temperature.
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The 3P NMR spectrum of 1-P displayed the expected singlet at-—11.2 ppm (see Figure 3 ). The 13C NMR spectra
of 1-P, 1-As , and 1-Ge were as expected, indicating the coordinated p-tolyl groups (Figure S5). The 'H NMR spectra
of 1-P, 1-As , and 1-Ge also showed the presence of the p-tolyl groups (Figure S6). Additionally, time-dependent H
NMR spectra were recorded for all three compounds;-and demonstrated their stability in aqueous solution for at least
5 days (Figure S7). The reagent (p-tolyl)SbCl; is not soluble in aqueous solution, and hence, no NMR studies could
be performed in this solvent.

Figure 3. 31P NMR spectrum of 1-P recorded in H2O/D>O at room temperature.
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Antibacterial Activity: Determination of Minimal Inhibitory Concentrations (MIEMICs) for Bacterial Cells

The antibacterial-aetivityactivities of the three lacunary POM precursors [4-0-PWoO34]%=, [4-a-AsWo034]%, and
[4-0-HGeW9034]%= and their {(p-tolyl)Sb}—derivatives 1-P, 1-As , and 1-Ge against four different kinds of bacteria
(E. coli, B. subtilis, V. parahaemobytiensparahemolyticus , and V. vulnificus) are listed in Table 1 . All three POM
precursors showed no inhibition against bacterial growth. In contrast, the {(p-tolyl)Sb!}-substituted polyanions 1-P,
1-As, and 1-Ge successfully inhibited the selected bacterial strains. The-bieaetivitybioactivities of these-waswere com-
pared with that of our earlier reported isostructural-tetratetraphenylantimony-phenylantimeny-eontaining polyanions
2-P, 2-As , and 2-Ge, respectively (see Table S4). 11.12¢ Qur results demonstrate that the three novel polyanions 1-P,

|
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1-As | and 1-Ge exhibit-asimiar-inhibitory-aetivityactivities against the four bactenal stralnsass1m11ar to those of the
phenyl Sb-containing analogues 2-P, 2-As , and 2-Ge. While the former showed a
-MIC)-in the range of 15.6—62.5 pg%mlmL the MICs for the latter ranged from 15.6—to 110 pg/mimL (see Table
S4). Thus, the relationship between the type of organic group (p-tolyl vs phenyl) attached to the polyanions and their
apparent biological activity is supported by these findings. We show the MIC results of all organo-Sb!ll-containing het-
eropolytungstates against the growth of E. coli and B. subtilis in Table 2 , which is arranged by increasing antibacterial
activity. The three novel (p-tolyl)Sb!!l-containing 1-P, 1-As , and 1-Ge exhibit the strongest bioactivity of all known

organoantimony-containing POMs.

Table 1. Mll]llnalﬂ-nmbﬁefy-eeﬂeeﬁ&aﬂeﬂlnhlbltory Concentrations (MEEMICs) for-different-polyantonsDifferent

Polyanions against the-growthGrowth of-baeteria-Bacteria

MIC -determinationX(ug/mL)T(elmb-

1-P 1-As 1-Ge [XWoO34] =
Gram-positive
BaeitlusB. subtilis 15.6 15.6 15.6 .
Gram-negative
EseherieliaE. coli 62.5 31.2 15.6 . |
15.6 31.2 15.6 . |
-eunsV. parahemolyticus
V. vulnificus 15.6 15.6 15.6 .

“No bacterial inhibition was found for the three lacunary POM precursors.
Table 2. Minimal-inhibitery-coneentrationlnhibitory Concentrations (MIEMICs) of-various-organeantimeny Various

Organoantimony-eentaining-heteropolytungstatesContaining Heteropolytungstates against the-grewthGrowth of Fs—
eherichial. coli and BaeilusB. subtilis—

menyorganoantimony(I11)-
containing POMs

[Na{2-(Me;HN*CH,)CoHaS—
b} As! ;W 19O67(H20)]10=
K(1-Hyp)™-t+-Hyp-)-
[(SbMOH)4(4-a-
AsYWo034),]19= K(1-SbOH)T
-d-ShOH )

MIC -determinationk (ug/mL)T-Greg/ml)-

B. subtilis
250

250

E. coli Refref
1000 12b
1000 12¢



MIC -determination®(ng/mL)T-(pef-mb-

-Organeanti—
-menyorganoantimony(11I)-

containing POMs B. subtilis E. coli Refref
[{2-(Me>HN*CH,)CsHaSb— 250 500 12b
3, Astt ;W 19067(H20) 8=
K(2-Hyp)™2-Hyp-)-
[(PhSbIIT) {Na(H,0)} As!l 125 500 12a
2W19067(H20)] 1=
K(1-PhSb)T (1-PhSb )
[(PhSbl), Asill 62.5 250 12a
2W19067(H20)]19=
K(2-PhSb)™2-PhSh-)-
[{2- 60 130 11

(Me;HN*CH2)CsH4Sbll} 3(B-
0-AsTW033)]*= K(3-Hyp)*
B-Hyp)-

[(PhSbll)(B-a- 62.5 125 12a
AslW4033),]12= K(3-PhSb)T

[(PhSblIT)s(4-0-PW9Os4),]10= 50 110 1
K@2-P)-2-P)-
[(PhSbI)4(4-a- 80 80 11
GeW034)2]12= K(2-Ge)T

-2-Ge)
[(PhSbll)y(4-a- 15.6 62.5 12¢

AsVWo034)2]10= K(2-As)T

[{(p-toly])Sb!l1} 4(A4-a- 15.6 62.5 “Fhisthis work
PWo034)]1%= K(1-P)T-GP-
[{(p-toly])Sb1} 4(4-a- 15.6 313 “Fhisthis work

ASYWoO34),]10= K(1-As)T

[{(p-toly])Sbl1} 4(A4-a- 15.6 15.6 “Fhisthis work
GeW9O34)2] s K(I-Ge)T

To date, we have explored organoantimony-containing POMs with three different types of organic groups attached
to SbL such as phenyl, (0-Me2NCHz)phenyl (Hyp), and p-tolyl. We have shown in earlier work that the phenyl-Sb
POMs display antibacterial activity significantly higher than those of their isostructural Hyp-Sb analogues.!2® Hence
it appears that ortho functionalization of the phenyl ring is not promising. Furthermore, bioactivity increases with the
number of organic groups attached to the polyanion.!22 On the other hand, in the absence of any organo group on SbllL
the bioactivity of the resulting polyanion is very poor.12¢ Our current work demonstrates that para functionalization of
the phenyl ring results in even slightly better bioactivity than for the phenyl-Sb POMs. As the para position on the
phenyl ring protrudes away from the polyanion and is well exposed to the biotarget, it appears likely that even larger
para substituents such as ethyl or isopropyl might be even more effective.

Cytotoxicity in Cancer Cells

The cytotoxic potency of 1-P, 1-As ; and 1-Ge in human tumor cell lines was investigated. The first POM-based

example of that type was reported in 1965 by Mukherjee, using a mixture of H3[PW1,040] and caffeine for the treat-



ment of gastrointestinal cancer.2! The high toxicity of purely inorganic POMs restricts their clinical application. Or-
ganie—inorganic hybrid POMs are conceived as potential anticancer reagents.tf Here we investigated the cytotoxic
effects of six organoantimony-containing POMs, the novel 1-P, 1-As, and 1-Ge and the phenyl—analogues 2-P, 2-As,
and 2-Ge, against A549 (non-small cell lung cancer), CH1/PA-1 (ovarian teratocarcinoma), and SW480 (colon carci-
noma) cells by using an MTT assay.

In general, the cytotoxic potency of the novel p-tolylantimony(IlI)-containing polyanions 1-P, 1-As, and 1-Ge
is higher in the broadly chemosensitive ovarian carcinoma (CH1/PA-1) and in colon carcinoma (SW480) cells (with
promising ICsg values mostly in the two-digit nanomolar range) than in the more chemoresistant non-small lung cancer
(A549) cell line (Table 3 ). Al-three-1-P, 1-As , and 1-Ge all showed similar cytotoxicity, which was higher in all of
the investigated cell lines than that of the three phenylantimony(I1I)- containing analogues 2-P, 2-As , and 2-Ge (with

2-Ge showing the lowest potency by far)—(see Figure 4 ). Interestingly, all six investigated polyanlons exerted-a-stg—
-nifieantlyloweran antiproliferative activity in human foreskin fibroblasts that was significantly lower than the activity
observed in cancer cells, indicating a specific antitumor activity (Table 4 ). Only 2-Ge exhibited a higher ICso value in
one cell line (A549) than the value obtained in HFF-1. As reported in Table 4 , the three p-tolyl-POMs 1-P, 1-As , and
1-Ge exerted-a-variable-effeeteffects on the viability of human foreskin fibroblasts generating dose—response curves.
Among them, polyanion 1-Ge was the least toxic, showing the highest ICso values, ranging from 3.16-M to 1.92 uyM
over time, exerting a minor cell alteration; polyanion 1-As exhibited the lowest value of ICso (<1 uM) at all of the
time—points analyzed. The cells treated with 1-P, 1-As , and 1-Ge displayed an increasing phenotypical cell alteration
microscopically over time. The dose—response curves for the phenyl—derivatives 2-P, 2-As , and 2-Ge indicated that
2-Ge affected the cell viability the least at the 24-heur-intervath time point, exhibiting-a-signtficantly-higheran 1Cso
value (2.05 uM) significantly higher than those of both 2-P and 2-As with ICsg values of 1.37M and 1.35 pM, respec-
tively. At 72-heursh post-treatment, all three phenyl—derivatives exhibited similar effects on cell viability, with ICso
values of 3.551M, 3.98-¢#M, and 3.54 uM for 2-P, 2-Ge , and 2-As, respectively. Overall, the performed experiments
suggest that for organoantimony-containing POMs, the presence of the phenyl group is associated with a minor effect
on cell viability compared with the corresponding p-tolyl group, with the exception of 2-Ge at 24-heursh. Indeed, the
phenyl—derivative 2-As exhibited significantly less cytotoxicity than the corresponding p-tolyl—derivative 1-As at all
of the time—points investigated (p < 0.0001).

Table 3. [Cso-valuesValues of the-investigated—pelyantensinvestigated Polyanions for-three-different-cancer—eel-
~hinesThree Different Cancer Cell Lines after Incubation for 96-heurs-ineubationzh

Compatrd- 1Cso-flpuMPe
compound A549 CH1/PA-1 SW480

1-P -6:20K0.20 + 0.02T-+0-62- -0-6097%0.0097 + 0.0006T -6-:0093K0.0093 + 0.0032T
~-0-0006- ~+-0-0032-

1-As -0:24K0.21 +£ 0.02T+6-62-  -0:640X0.010 + 0.002T -6-6406K0.010 + 0.003T
~+-0-002- ~+-0-003-

1-Ge -0:28K0.28 + 0.03T+6-63-  -0:640X0.010 + 0.002T -0:016K0.016 £ 0.004T
~+-0-002- ~+-0-004-

2-p -0:62K0.62 + 0.09T+6-69-  -0:037X0.037 + 0.005T -0:025K0.025 £ 0.005T
~+-0-005- —+-0-005-

2-As -0-53K0.53 £ 0.02T+6-62-  -0:634X0.031 + 0.002T -0-619K0.019 £ 0.002T
~+-0-002- —+-0-002-

2-Ge +47K17 £ 2T+£2- -0:29K(.29 + 0.02T-+0-02- -0-82K(.82 + 0.22T-+622-

“Mean 50 % inhibitory concentration + the standard-devdatiensdeviation in A549, CH1/PA-1, and SW480 cell lines, determined by the MTT assay.

Figure 4. Concentration—effect curves of polyanions 1-P, 1-As, 1-Ge, 2-P, 2-As, and 2-Ge in A549, CH1/PA-1, and
SW480 cells, determined by the MTT assay (96 h exposure). The dashed lines denote the 50% inhibitory level.
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Table 4. trhibitery-eoneentration-50-1Cso, M) Values and 95%-confidence-interval-valaesConfidence Interval Values
for 1-P, 1-As, and 1-Ge and-the-phenyl-derivativesPhenyl Derivatives 2-P, 2-As, and 2-Ge-at-24, 48, and 72-hesss-
-post-treatmenth after Treatment in HFF-1-eeHs:Cells

1-P

1-As

1-Ge

2-P

2-As

2-Ge

Lompeund

compound

1Cso-H(nME)

24 hpth
1.4
K(1.27-1.62)T+27—1.62)
0.53
K(0.46-0.59)T-6-46-0-59)
3.16
HK(2.84-3.52)T2.84—3.52)
1.37
HK(1.28-1.45)T4.28 1 45)
1.35
K(1.26-1.44)T 12644y

2.05
HK(1.83-2.28)T+-83—2.28)

48 hpth
112
(K(0.79-1.59)T 079 —1.59)-
0.58
(K(0.43-0.77)1-0:43— 0.7
2.03
HK(1.23-331)T123-3.31)
2.38
(K(0.06-5.17)T-0-06—517)-

3.33
K(2.59-4.27)T-2.59—4.27)

372
K(3.12-4.43)T 342 4.43)

72 -hpth
1.34
(K(1.08-1.66)T+-08—1.66)-
0.82
-€K(0.66-1.01)T-6-66—61)-
1.92
K(1.75-2.10)T-H.75—2.16)
3.55
K(2.92-4.32)T2.924.32)
3.54
(K(2.80-4.47)T2.80—4-47)-

3.98
{K(3.27-4.84)T 327 —4.84)

“Mean 50 % inhibitory concentration and 95% confidence-intervalsinterval (EIsCl) in the HFF-1 cell line, determined by the MTS assay.

Apoptosis-assayAssay

SW480 cells were exposed to the polyanions to determine the extent of apoptosis-induetieninduced by annexin
V-FITC/Pi—staining and flow cytometry. Polyanions 1-P, 1-As, 1-Ge, 2-P , and 2-As at a concentration of 2 uM
induced apoptosis in a very high percentage of cells, ranging from 84% to 93% after a 24 h exposure (Table S6 and
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Figure 5). Ata concentration of 0.4 uM, the highest level of induced apoptosis-induetion(46% and 49%) was detected
for two of the phenylantimony(III)-containing heteropolytungstates (2-P and 2-As). In the case of the three p-toly-
lantimony(III)-containing heteropolytungstates (1-P, 1-As , and 1-Ge), apoptosis was pronounced, with percentages
ranging-betweenfrom 22%-andto 30% (Figure S8). 2-Ge showed the lowest capacity of apoptosis induction, which
correlates very well with the measured ICso values.

Figure 5. SW480 cells werelabeledlabeled with annexin V-FITC and PI to analyze-apepteststhe induction of apop-

tosis by 1-P, 1-As, 1-Ge, 2-P, 2-As, and 2-Ge after 24 h. Depicted are dot plots from flow—cytometric analysis of
samples exposed to the highest concentration of the studied compounds<[2 uM, except for 2-Ge-=~(50 uM)]. The-ap—
-pertop left quadrants represent necrotic (Q1:; AV—/PI+), the-uppertop right quadrants late apoptotic (Q2:,; AV+/PI+),

theJtowerbottom right quadrants early apoptotic (Q3:, AV+/P}—), and thetewerbottom left quadrants viable (Q4:,
AV—/PE—) cell fractions. One representative experiment-est-of three is shown.
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CONCEUSIONSConclusions

We have prepared the three dimeric, sandwich-type tetra-(p-tolyl)Sb-containing heteropoly-18-tungstates
[{(p-tolyD)Sb!1} 4(A-0-PW9O34)2]10= (1-P), [{(p-tolyl)SbU} 4(4-a-AsW9O34)2]1%= (1-As), and [{(p-tolyl)Sblll}4(4-a-
GelVW9034)2]1%= (1-Ge), which were characterized by single-crystal XRD, FT-IR, and multinuclear ('H, 13C, 31P,
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and 183W) NMR in solution. The novel 1-P, 1-As, and 1-Ge and their phenyl—analogues 2-P, 2-As, and 2-Ge have
been explored for antibacterial and in vitro anticancer activity. This is the first study to test the antimicrobial effect of
these compounds against the human pathogens V. parahaemobtiensparahemolyticus and V. vulnificus. Furthermore,
all six polyanions exhibited antiproliferative potency against A549 (non-small cell lung cancer), CH1/PA-1 (ovarian
teratocarcinoma), and SW480 (colon carcinoma) cells, but it was higher for 1-P, 1-As , and 1-Ge than for the phenyl—
analogues 2-P, 2-As, and 2-Ge. The activity of all six polyanions is specific against tumor cells,-sireebecause a
-ewerweaker cytotoxic effect was observed in the HFF-1 cell line. The reason for the different bioactivity between
the (p-tolyl)Sb-containing polyanions 1-P, 1-As , and 1-Ge and the isostructural PhSb-containing polyanions 2-P,
2-As, and 2-Ge appears to be due to an increased lipophilic character-bydue to methyl—functionalization of the phenyl
group in the para position. Our work demonstrates an important step forward in the goalte-synthesizeof synthesizing
polyanions with improved bioactivity and-te-anravelunraveling their mechanism of action.
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