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respectively.

The complex [Ru(n?-0,CCH,CH3)(dppe),|PFs (dppe = 1,2-bis(diphenylphosphino)ethane)
was prepared and characterized by elemental analysis, spectroscopic techniques, X-ray
crystallography, HRESIMS and HRESIMS/MS. The characterization data are consistent with
a cis arrangement for the dppe ligands and a bidentate coordination of the propionate
ligand through carboxylate oxygens. Cytotoxicity assays were carried out on human and
murine cancer and normal cell lines. In general, the [Ru(n?-0,CCH,CHs)(dppe),]|PFs
complex was more cytotoxic than both its precursor cis-[RuCl,(dppe).] and the reference
metallodrug cisplatin. The best results against the HepG2 human tumour cell line and
$180 murine tumour cell line were found with ICsq values of 6.5 + 0.2 and 0.18 + 0.03 wM,

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

It is well established that metal-based chemotherapy is
an option for cancer treatment [1-5]. The success of
cisplatin, carboplatin and oxaliplatin against ovarian,
bladder and testicular cancers has stimulated the search
for cytotoxic non-platinum metal compounds with
more acceptable toxicity profiles and expanded activities
[1,6-8]. Some of these non-platinum compounds have
shown promising activity, with biological features includ-
ing mechanism of action, toxicity and biodistribution,
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which are very different from those of classical platinum
compounds and might therefore be active against resistant
human cancers [9-12].

Ruthenium compounds are a promising alternative to
platinum and, among them, NAMI-A-[ImH][trans-
RuCly(DMSO)(Im)] and KP1019-[ImH][trans-RuCly(Im),]
(Im=imidazole) have favourable in vitro and in vivo
pharmacological properties and are currently in clinical
trials [13-18]. Distinct from platinum drugs, these
ruthenium complexes act on metastatic tumours. Also,
ruthenium compounds can be useful in the treatment of
platinum-drug-resistant tumours [16,19].

Previous work from our group displayed biological
results from the diphosphinic ruthenium(II) precursor cis—
[RuCl,(P-P),], P-P =dppm or dppe, and derivatives with a
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.crci.2015.07.008&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crci.2015.07.008&domain=pdf
http://dx.doi.org/10.1016/j.crci.2015.07.008
mailto:gustavo@iqufu.ufu.br
http://www.sciencedirect.com/science/journal/16310748
http://dx.doi.org/10.1016/j.crci.2015.07.008

1314 T.M.P. Pagoto et al./C. R. Chimie 18 (2015) 1313-1319

2-pyridinecarboxylic acid anion (pic) of the type cis—
[Ru(pic)(P-P),]PFs [20,21]. The antimycobacterial activity
against MTB Hs7Rv indicated a MIC close to 25 M for the
precursor and a much higher activity for the cis-
[Ru(pic)(P-P),]|PFe, with a minimum inhibitory concentra-
tion (MIC) in the low micromolar range (0.22 to 0.69 M)
[20]. Additional studies performed with the cis-
[Ru(pic)(dppe),]PFs complex revealed that the MIC value
was maintained under various conditions, including acid
pH, medium with 4% BSA and 10% FBS, and especially against
variant strains resistant to tuberculosis reference drugs
[21]. Its spectra of activity against Staphylococcus aureus,
Candida albicans and Mycobacterium smegmatis were also
evaluated and this ruthenium(Il) complex showed MIC
ranging from 0.3 to 5.3 wM [21]. An assay of acute oral
toxicity for the cis-[Ru(pic)(dppe),|PFs indicated a class
5 compound (a substance with LDsq greater than 2000 and
less than 5000 mg/kg body weight), denoting a relatively
low acute toxicity [21].

Due to this background of promising biological results
focusing mainly on a single derivative of cis—-[RuCl,(dppe),],
our current strategy consists in evaluating other derivatives
with different chelating moieties replacing the chlorido
ligands in the search for new cytotoxic agents against tumour
cells. The propionate ion was introduced in the coordination
sphere of the complex with the aim of obtaining a compound
with good solubility in the culture medium. In this work, the
synthesis and characterization, including X-ray structure, of
the complex [Ru(m?2-0,CCH,CHs)(dppe),]PF; are reported. In
addition, preliminary in vitro tests of cytotoxic activities
against a variety of human and murine cell lines are
presented and discussed.

2. Experimental
2.1. General

Solvents were purified by standard methods. All
chemicals used were of reagent grade or comparable
purity. The RuCl5-3H,0 and the ligands 1,2-bis(diphenyl-
phosphino)ethane (dppe) and sodium propionate
(NaO,CCH,CHj3) were used as received from Aldrich. The
cis—[RuCly(dppe),] precursor complex was prepared
according to a literature method [22].

2.2. Instrumentation

IR spectra were recorded on a Shimadzu FTIR-Prestige
21 spectrophotometer using KBr pellets. UV-Vis spectros-
copy was performed on a Femto model 800 XI spectro-
photometer using cuvettes with a 1-cm path length.
31p{'H} NMR was performed at 293K on a Bruker DRX
400 MHz spectrometer with a BBO 5-mm probe at 298 K.
The NMR spectra were recorded in CDCl3 with 85% H5PO,4
as an external reference. A high-resolution mass spectrum
(HRESIMS) with electrospray ionization was measured on
an ultrOTOF (Bruker Daltonics) spectrometer, operating in
the positive mode. Methanol was used as the solvent and
the sample was infused into the ESI source at a flow rate of
5 wL/min. The calculated values for the charged complex

ion were made using ChemDraw Ultra 12.0. Elemental
analyses were performed on a PerkinElmer 2400 Series II
CHNS/O microanalyser.

2.3. Synthesis of [Ru(m?-0,CCH,CHs)(dppe)2]PFs

The title complex was prepared by reacting the
precursor cis—[RuCly(dppe);] (0.103 mmol; 100 mg) with
an excess of sodium propionate (0.300 mmol; 28.8 mg) and
0.150 mmol (24.4 mg) of NH4PFs in methanol (20 mL) at
room temperature for 24 h. The final yellow solution was
concentrated to ca. 3mL and water was added for the
precipitation of a pale yellow solid. The solid was filtered
off, washed with water (3 x 5mL) and diethyl ether
(3 x 5mL) and dried under reduce pressure.

Yield: 97.9 mg (85%). Anal. Calcd for CssHs3FsO,PsRu: exptl
(calc) C, 58.85 (59.20); H, 4.80 (4.79). 3'P{'"H} NMR
(161.73 MHz): §(ppm) 57.4 (triplet, 2P, Jp_p=18 Hz); 58.6
(triplet, 2P, YJp_p= 18 Hz);-144.7 (septet, 1P, Jp_r=711Hz).
HRESIMS (MeOH): mjz 971.2051 [M-PFs]" (caled for
[CssHs30,P4Ru], 971.2034). UV-Vis (CH,Cl,, 2.30 x 107> M):
Anm (e/M~'em™1) 255 (5.29 x 10%), 349 (2.16 x 10°).

2.4. X-ray crystallography

Yellow crystals of the new ruthenium(Il) complex were
grown by slow evaporation of a dichloromethane solution
at room temperature. The data collection was performed
using Mo Ka radiation (A = 0.71073 A) on a BRUKER APEX II
Duo diffractometer. Standard procedures were applied for
data reduction and absorption correction. The structure
was solved with SHELXS97 using direct methods [23] and
all non-hydrogen atoms were refined with anisotropic
displacement parameters with SHELXL97 [24]. The hydro-
gen atoms were calculated at idealized positions using the
riding model option of SHELXL97 [24]. Table 1 presents
more detailed information about the structural determi-
nation. The ORTEP view shown in Fig. 1 was prepared using
ORTEP-3 for Windows.

2.5. Murine cell lines and culture conditions

Murine sarcoma-180 tumour cells (S-180) (ATCC™#
TIB-66) and normal murine fibroblast cells (L-929)
(ATCC®# CCL-1™) were cultured in suspension in RPMI
1640 and DMEM media (Sigma Chemical Co., MO),
respectively, supplemented with 10% foetal calf serum,
100 pg/mL penicillin, and 100 pg/mL streptomycin. The
cultures were incubated in a humidified incubator
(Thermo Scientific) at 37 °C with 5% CO, according to
previously described methods [25].

2.6. Cell viability assay related to murine cell lines

The cytotoxic effects were evaluated using an MTT
assay with S-180 tumour cells and L-929 normal cells as
described previously [26]. Briefly, 1.0 x 10> S-180 cells and
2.0 x 10% L-929 cells were plated in 96-well tissue culture
plates and treated with different concentrations of
ruthenium complex (0.2-200 wM) for 48 h. After treat-
ment, 10 L of MTT (5 mg mL~') were added to each well
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Crystallographic data and
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refinement details for

Empirical formula Cs5H530,P5FgRu

M/g mol™! 1115.89

Temperature/K 296(2)

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions

a (A) 16.0244(3)

b (A) 21.9042(5)

c(A) 29.5069(6)

V (A%) 10,357.0(4)

Z 8

Density (calc) (g-cm™3) 1.431

F(000) 4576

Crystal size (mm?) 0.46 x 0.42 x 0.20

6 range data collection f) 1.72-25.41

Index ranges -16<h<19;
-26<k< 23;
-35<1<22

Reflections collected 35,066

Independent reflections 9429

Ry 0.0318

WR; 0.0746

Goodness-of-fit on F? 1.037

and the plates were incubated at 37 °C for an additional 3 h.
The purple formazan crystals were dissolved in 50 pL of
SDS, and the absorbance was determined at 545 nm using a
Stat Fax 2100 microplate reader (Awareness Technology,
Palm City, FL, USA). The cell viability was calculated as
follows: viability (%)= (absorbance of the treated wells)/
(absorbance of the control wells) x 100. The ICs (complex
concentration (M) that results in a 50% reduction in
cellular viability) was obtained by plotting % cell viability
versus drug concentration using GraphPad Prism 4.02 for
Windows (GraphPad Software, San Diego, CA, USA).

Fig. 1. ORTEP view of the [Ru(m2-0,CCH,CH3)(dppe),]PFs complex
showing the atom labelling and the 50% probability ellipsoids.

2.7. Human cell lines and culture conditions

For the experiments, four different human cell lines
from the 4™ through the 12" passages were used: HepG2
(hepatocellular carcinoma), MCF-7 (breast adenocarcino-
ma), MO59 ] (glioblastoma) and GM07492A (normal lung
fibroblasts). The different cell lines were maintained as
monolayers in plastic culture flasks (25 cm?) containing
HAM-F10 plus DMEM (1:1; Sigma-Aldrich) or only DMEM,
depending on the cell line, supplemented with 10% foetal
bovine serum (Nutricell) and 2.38 mg/mL Hepes (Sigma-
Aldrich) at 37°C in a humidified 5% CO, atmosphere.
Antibiotics (0.01 mg/mL streptomycin and 0.005 mg/mL
penicillin; Sigma-Aldrich) were added to the medium to
prevent bacterial growth.

2.8. Cell viability assay related to human cell lines

Cytotoxic activity on the cell lines was assessed using
the Colorimetric Assay In Vitro Toxicology-XTT Kit (Roche
Diagnostics). For the experiments, 1x 10% cells were
seeded into microplates with 100 wL of culture medium
(1:1 HAM F10+DMEM or DMEM alone) supplemented
with 10% foetal bovine serum containing concentrations of
essential oils ranging from 1.565 to 1600 j.g/mL. Negative
(no treatment), solvent (0.02% DMSO) and positive
(25% DMSO) controls were included. Positive controls
comprising doxorubicin (DXR, Pharmacia Brasil Ltda., 98%
purity), (S)-(+)-camptothecin (CPT, Sigma-Aldrich, >90%
purity), etoposide (VP16, Sigma-Aldrich, > 98% purity) and
cisplatin (Sigma-Aldrich, >98% purity) were included.
After incubation at 36.5 °C for 24 h, the culture medium
was removed and cells were washed with 100 p.L of PBS to
remove the treatments, after which they were exposed to
100 L of HAM-F10 culture medium without phenol red.
Then, 25l of XTT were added and the cells were
incubated at 36.5°C for 17h. The absorbance of the
samples was determined using a multi-plate reader
(ELISA-Tecan-SW Magellan vs 5.03 STD 2P) at a wave-
length of 450 nm and a reference length of 620 nm.

2.9. Statistical analysis related to human cell line assays

Cytotoxicity was assessed using the ICso response
parameter (50% cell growth inhibition) calculated with
the GraphPad Prism program, plotting cell survival against
the respective concentrations of the treatments. One-way
ANOVA was used for the comparison of means (P < 0.05).
The selectivity index was calculated by dividing the ICsq
value of the isolated compounds on GM07492-A cells by
the ICsq value determined for human cancer cells.

3. Results and discussion
3.1. Synthesis

The simple reaction of sodium propionate with the
ruthenium(Il) diphosphine precursor complex cis—[RuCl,
(dppe),] resulted in the product [Ru(n?-0,CCH,CHs)
(dppe),|PFs, by simple chlorido exchange under mild
conditions (see Scheme 1).
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Scheme 1. Route for the synthesis of [Ru(n?-0,CCH,CH3)(dppe),]PFs.

The similar compound [Ru(n?-0,CCH,CH;)(dppe),]BPhy
was previously described, prepared via a different method
than the one presented here, by reacting the ruthenium(II,
[II) propionate precursor with dppe [27].

3.2. Structural studies

The X-ray structure of [Ru(m?-0,CCH,CH;)(dppe),]PFs
was determined and the ORTEP drawing showing the atom
numbering scheme is depicted in Fig. 1. Relevant bond
lengths and angles for the cationic complex cation are
presented in Table 2.

The [Ru(n?-0,CCH,CHs)(dppe),]" complex adopts a
distorted octahedral geometry for the ruthenium centre,
which is coordinated by two cis positioned dppe ligands
and with the propionate ligand completing the coordina-
tion sphere. Distortions are caused by the chelate bite
angles of 82.91(2) and 83.46(2)° imposed by the ethylene
bridge of the dppe ligands and by the carboxylate group of
the propionate ligand, resulting in the O(1)-Ru-0(2) angle
of only 59.44(6)°. Such a small bite angle for the propionate
ligand is quite similar to that observed for the related
acetate ligand [27,28]. The Ru-P bond lengths vary from
2.3679(6) to 2.3809(7) A for mutually trans disposed
phosphorus atoms and from 2.2946(7) to 2.3166(6) A for
phosphorus atoms trans positioned to propionate oxygen
atoms. These marked differences clearly illustrate the
greater trans-influence of phosphorus when compared
with oxygen [29-31]. The propionate ligand is coordinated
in an almost symmetrical manner as illustrated by the Ru-
O distances of 2.1787(16) and 2.1983 (17) A. These values
are in the range reported for similar compounds [28,32,33].

3.3. Spectroscopic characterization

The 3'P{!H} NMR spectrum of [Ru(m?-
0,CCH,CH3)(dppe), |PFs showed a pair of triplet resonance
signals centred at 57.4 and 58.6 ppm, with the splitting

Table 2
Selected bond distances (A) and angles (°) for the [Ru(m?-0,CCH,CH5)
(dppe),]PFs complex.

Ru(1)-0(1) 2.1787(16) 0(1)-Ru(1)-0(2) 59.44(6)

Ru(1)-0(2) 2.1983(17) P(2)-Ru(1)-P(1) 82.91(2)
Ru(1)-P(3) 2.2946(7) P(3)-Ru(1)-P(4) 83.46(2)
Ru(1)-P(2) 2.3166(6) 0(1)-Ru(1)-P(2) 161.29(5)
Ru(l) P(1) 2.3679(6) 0(2)-Ru(1)-P(3) 160.92(5)

Ru(1)-P(4) 2.3809(7) P(1)-Ru(1)-P(4) 173.18(2)
0(2)-C(53) 1.267(3) C(53)-0(2)-Ru(1) 90.88(14)
0(1)-C(53) 1.266(3) C(53)-0(1)-Ru(1) 91.81(14)
C(53)-C(54) 1.500(4) 0(1)-C(53)-C(54) 121.8(2)
C(54)-C(55) 1.504(4) 0(2)-C(53)-C(54) 120.3(2)

pattern closer to an A,B, pattern (Av//=11.1). These
signals are very similar to that found for the [Ru(m?-
0,CCHs)(dppe),]PFs analogous (triplets at 57.02 and
55.32 ppm) previously published [32] and downfield
shifted when compared with the triplet signals for the
cis—[RuCly(dppe),] that are observed at 37.4 and 50.3 ppm
with 2Jp_p=19.5 Hz [22].

The IR spectrum displayed the typical asymmetric
(Vasym) and symmetric (vsym) carboxylate stretching
frequencies at 1500 and 1452 cm™! (A =48 cm™!), respec-
tively, confirming the presence of the propionate ligand
coordinated in the chelating mode to the metal centre
[34]. In the free ligand NaO,CCH,CHs, the v,;COO-and
VsCOOvibrational modes appeared at 1662 and
1429 cm™~! [35].

3.4. HRESI mass spectrometry

The mass spectra of complexes containing ruthenium
are characterised by their isotopic pattern demonstrated
by the presence of °°Ru (5.5%), °®Ru (1.9%), °°Ru (12.7%),
100Ru (12.6%), '°TRu (17.1%), '°?Ru (31.6%) and '°‘Ru
(18.6%) isotopes, with the nuclide abundance in parenthe-
ses. A high-resolution mass spectrum of the [Ru(m?-
0,CCH,CH3)(dppe),]PFs was recorded and the data con-
firmed the established pattern (Fig. 2a). In this study, the
m/z values listed below in the text refer to the peak of the
most abundant element corresponding to the !%?Ru
isotope. The ion complex was observed at m/z
971.2051 [M]*, in agreement with the calculated value
for CssHs30,P4Ru, 971.2034. Collision-induced dissocia-
tion (CID) experiments (MS/MS) with an increasing
collisional energy using N, as the collision gas under the
selected ion at m/z 971.2051 showed a fragmentation
pathway with an initial loss of 74 u proposed for a neutral
elimination of propionic acid (Figs. 2b and 3). Two
additional neutral eliminations were observed at m/z
685 and 499, and were attributed to the decomplexation of
portions of the ligands as a diphenyl(vinyl)phosphine (212
u) and a diphenylphosphine (186 u), respectively (Figs. 2b
and 3).

3.5. Cytotoxicity assays

Human and murine cell lines were exposed to the
ruthenium(Il) complexes and cisplatin for periods of
24 and 48 h, respectively, in order to allow them to reach
DNA or any other biological target. The IC5q values
calculated from the dose-survival curves generated by
the XTT or MTT assays obtained after drug treatment are
shown in Table 3.
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Fig. 2. ESI mass spectra of [Ru(m?-0,CCH,CHs)(dppe),]*. (a) HRESI-MS spectrum of [Ru(m?-0,CCH,CHs)(dppe),]* m/z 971.2051 [M]* (calcd for

CssHs30,P4Ru, 971.2034) and (b) ESI-MS/MS spectrum of m/z 971 .2051.

The [Ru(m?-0,CCH,CH3)(dppe);]PFs complex showed
high cytotoxicity against all the human tumour cell lines
assayed, with ICsg values close to 7 wM. The best result was
obtained against the human hepatocellular carcinoma
HepG2 cell line with an ICsq of 6.5+ 0.2 wM, this value
being practically identical to that found for the reference
metallodrug cisplatin. Against the normal cell line
GMO07492A, a 3-fold smaller cytotoxic effect of cisplatin
was observed when compared with  [Ru(m?-
0,CCH,CHs)(dppe),]PFs. The selectivity index-SI (SI=ICsq
GMO07492A/1Cso human tumour cell line) was very close to
1 for all the cell lines assayed, indicating a lack of selectivity
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of the complex. Under the same experimental conditions, the
precursor complex cis—[RuCly(dppe),] was much less active
than the propionate derivative by factors ranging from 14 to
38. A similar increase in activity was also observed against
the normal cell line GM07492A. The lack of selectivity was
also observed for cis—-[RuCly(dppe),], with SI values close to
1 or less. These data clearly indicate that exchanging two
chlorido ligands for a bidentate carboxylate group renders
the complex very cytotoxic, probably due its greater
solubility and availability in the culture medium.

The [Ru(m?-0,CCH,CH;)(dppe);]PFs complex showed
significant cytotoxicity against S180 murine sarcoma cells,
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Fig. 3. Fragmentation pathway proposed for [Ru(m?-0,CCH,CHs)(dppe),]*.



1318 T.M.P. Pagoto et al./C. R. Chimie 18 (2015) 1313-1319

Table 3
Inhibitory activities of ruthenium complexes and cisplatin against normal and tumour cell lines, expressed as ICso (mol L™").
Compound Cell line
GMO07492A° HepG2’ MCE-7" MO059] $180* L929%
cis-[RuCl,(dppe);] 107 +28 102+£19 269+ 10 98+7 n.d. n.d.
[Ru(n?-0,CCH,CH;)(dppe),]PFs 8.0+04 6.5+0.2 7.0+04 7+2 0.18 +:0.03 1.3+05
cisplatin 26+3 6.3+0.7 34+4 22+4 64.8 +0.2 2942

GMO07492A (normal human lung fibroblasts), HepG2 (human hepatocellular carcinoma), MCF-7 (human breast adenocarcinoma), MO59] (human
glioblastoma), S180 (murine sarcoma), L929 (normal murine fibroblasts). ‘24 h incubation; #48 h incubation

with  ICsg in the low  micromolar range
(IC50=0.18 £0.03 M). In 1929 normal murine fibroblast
cell line, this complex was still very active with an ICsq value
of 1.3+0.5 uM, resulting in a SI of 7 (SI=ICsq L929/IC5¢
$180). Under the same experimental conditions the metal-
based reference cytotoxic drug cisplatin showed moderate to
low activity, with an ICsq value of 64.84+0.2 uM in the
tumour cells, meaning that the compound was 360-fold less
active than the ruthenium complex. Also, cisplatin showed
greater active against normal cells than tumour cells,
resulting in a SI of 0.45.

Data displayed in Table 3 indicate that the new
ruthenium complex has some characteristics that in-
creased its activity against murine cells when compared
with human cells. Interestingly, cisplatin does not share
this behaviour and was less cytotoxic against the murine
cells.

These data suggest that ruthenium(Il) containing
diphosphines and carboxylates are potential cytotoxic
agents and should be studied further.

4. Conclusion

In this investigation a ruthenium(II) complex contain-
ing dppe and the propionate anion with formula [Ru(m?-
0,CCH,CHs)(dppe),]PFs was synthesized and character-
ized by elemental analysis, spectroscopic methods, X-ray
diffraction, HRESIMS and HRESIMS/MS. The spectroscopic
analyses were in agreement with the structure found by X-
ray diffraction, with the propionate chelated by the
carboxylate group. The in vitro cytotoxicity activity assays
of the ruthenium complex indicated high cytotoxicity
against human tumour cell lines and very high cytotoxicity
against a murine sarcoma cell line; however, this complex
lacks selectivity, as can be seen by its high cytotoxicity
against normal cell lines. Interestingly, exchanging chlo-
rido ligands for propionate resulted in higher activity,
probably due its higher solubility and availability in the
culture medium when compared with the precursor
complex. Further studies are necessary to define the
optimal biological targets for this kind of complex.
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