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Four complexes of the general formula [(1n®-p-MeCgH4Pr'),Ru,(u-SC;H4R)s]*, R = (CF,),CFs3 (1), (CF,)sCF3
(2), (CF3)3CF5 (3) and (CH;)sCH3 (4) were synthesized and characterized. The molecular structures of
complexes 1 and 3 were confirmed by single crystal X-ray diffraction analysis of their chloride salts.
Complexes 3 and 4 were evaluated for their antiproliferative activity against human ovarian cancer
A2780 and A2780cisR cell lines and against the non-tumorigenic HEK293 cell line. Complexes 3 and 4
are highly cytotoxic (ICsq values in the nanomolar range) and exhibit a slight selectivity for cancer cells
over the model healthy cells.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Following the discovery of the anticancer properties of
cis-diamminedichloridoplatinum(IIl) (cisplatin) [1] and its clinical
success in the treatment of testicular cancer [2], the research of
anticancer metal-based drugs has flourished. Due to the well-
known limitations of cisplatin and the two other platinum-based
anticancer agents carboplatin and oxaliplatin [3,4], considerable
efforts have been focused on finding anticancer agents based on
other metals, in the hope that they will possess higher selectivity
to cancer cells and will therefore have less severe side-effects.
Ruthenium complexes tend to have a low general toxicity [5] and
several ruthenium(Ill) complexes, ie., NAMI-A, KP1019 and
NKP1339 have been evaluated in clinical trials [6-8], while other
complexes are currently in preclinical development [5].

In cancer treatments, 5-fluorouracil occupies a special place [9],
like many fluorine-containing compounds. Indeed, fluorine-
containing compounds are frequently encountered in medicinal
chemistry with ca. 20% of all pharmaceuticals containing fluorine
substituents, due to the unique properties of fluorine atom(s) or
fluorinated group(s) [10,11]. The electronegativity, size, lipophilic-
ity, and electrostatic interactions of fluorine can dramatically influ-
ence the reactivity and properties of compounds [12].
Bioisosterism of chemical groups with fluorine-containing sub-
stituents is often exploited in the search for more active or more
selective compounds in medicinal chemistry [13]. Thus, C—H,
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C—F, C—Cl, C—OH, and C—OMe bonds can sometimes be inter-
changed without a major influence on the biological behavior of
the compound [10]. The C—CF3 fragment can be used as a substi-
tute for the C=0 group [14], and the CF3 group is regularly used
as a bioisoster of the CHs group or as a variation of halide groups.
The fluorovinyl group (C=CHF) has been used as a replacement for
peptide bonds [15].

The limited selectivity of many of the currently used anticancer
agents is manifested by their severe side-effects. In the search for
more selective cancer treatments, many new approaches have been
devised such as phototherapy, treatment with magnetic nanoparti-
cles or thermotherapy. During these therapies, a non-toxic agent
(photosensitizer, magnetic nanoparticles or thermo-responsive
drug, respectively) is introduced into the tumor tissue, followed by
the application of an external inducer such as light [16], magnetic
field [17] or hyperthermia [ 18], which then activates the agent, thus
locally increasing its cytotoxicity. Since these external inducers can
be applied specifically on the area containing the tumor tissue, the
selectivity of such treatments is significantly increased and side-
effects are reduced. Recently, the thermo-responsive properties of
organic compounds with long fluorous alkyl chains [19], and of
organometallic complexes with perfluorinated phosphines [20],
have been investigated. In addition, the thermo-responsive
properties of arene ruthenium complexes of the general formula
[(n®-p-MeCgH4Pr))Ru(p-NCsH,4-m-CoH5COOC,Hs(CF,),CF3]  (n=5,
7,9) were studied (Fig. 1), with certain complexes being two orders
of magnitude more toxic to cancer cells under mild hyperthermia
(40-42 °C) than under normal conditions (37 °C), while being
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Fig. 1. Examples of thermo-responsive arene ruthenium(Il) complexes containing
fluorous chains.
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Scheme 1. Synthesis of trithiolato complexes 1-4, isolated as chloride salts.

non-toxic to healthy HEK293 cells. This behavior was
attributed to the long fluorous alkyl chains [21]. The benefits of
thermotherapy with the lead compound [(n%-p-MeCgH4Pr')
Ru(p-NCsHy-m-CoHsCOOC,Hs(CF,)9CF3]  were  later confirmed
in vivo, showing a 90% decrease in tumor growth after the applica-
tion of the complex in combination with local hyperthermia.

Over the last five years, we have published series of articles
describing the synthesis and antiproliferative properties of thio-
lato-bridged arene ruthenium complexes of the general formula
[(n®-arene);Ru,(p-SR)s]" [22-26]. The chloride salts of these com-
plexes were found to be highly cytotoxic to human ovarian cancer
cells, their ICso values being in the lower nanomolar range on
A2780 and A2780cisR cell lines [23-26]. The cytotoxicity of the
arene ruthenium thiolato-bridged complexes was shown to

depend on the lipophilicity of the complexes, the most active com-
pound [(p-MeCgH,4Pri),Ru,(pi-SCeH4-p-But);]Cl (ICs=30nM for
both A2780 and A2780cisR cell lines) being also one of the most
lipophilic derivatives [23]. The lipophilicity of long fluorous chains
on the dinuclear ruthenium core could therefore have a positive
effect on the anticancer activity of the resulting compounds.
Thus, in order to investigate the effects of fluorous alkyl chains
on the solubility, cytotoxicity and thermo-responsiveness of
thiolato-bridged arene ruthenium complexes, we synthesized a
new series of complexes of the general formula [(1°-p-MeCgH4Pr'),
Ru,(p-SC2HAR)s]", R = (CF3)7CF3 (1), (CF2)sCFs (2), (CF2)sCFs (3) and
(CH,)sCH3 (4). The structure, stability and anticancer activity of
these complexes were studied under normal and mild hyperthermia
conditions.

2. Results and discussion

The dinuclear p-cymene complex [(n®-p-MeCgH4Pri),Ru,Cl,
(p-Cl),] reacts with the RSH thiols [R=CH,CH,(CF,);CF;,
CHzCHz(CFz)SCF3, CHchz(CF2)3CF3 and (CH2)7CH3] to give the
cationic trithiolato arene ruthenium complexes 1-4 (Scheme 1).
All four complexes are isolated as chloride salts, as light orange
crystalline powders, and are soluble in chlorinated solvents and
in polar organic solvents such as DMSO, methanol and ethanol.
The complexes were characterized by spectroscopic methods and
by elemental analyses. The analytical data are given in Section 4.
The dinuclear nature of the trithiolato-bridged complexes was
further confirmed by the single-crystal X-ray structure analysis
of [1]CI and [3]Cl.

Crystals of [1]Cl and [3]CI were obtained by a slow diffusion of
diethyl ether vapors in a dichloromethane solution of the salt. In
both crystals, the fluorous alkyl chains were highly disordered
and did not allow a complete resolution of the structure. Neverthe-
less, the dinuclear nature of the complexes, bridged by three thio-
lato-ligands, was clearly confirmed. The Ru---Ru distances were
respectively 3.35(1)A in 1 and 3.34(1) A in 3, while the average
Ru-S distance was 2.39 A. These values were in accordance with

Fig. 2. Molecular structure of [3]", with the hydrogen and chloride atoms being omitted for clarity.
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Fig. 3. "H NMR spectra of [2]Cl in a DMSO-dg/D,0 (1:1) solution over 7 days.

those found in analogous trithiolato-bridged arene ruthenium
complexes [24]. The molecular structure of the dinuclear cation 3
is presented in Fig. 2.

The stability of [1]CI-[4]C] was tested at 37 °C in a DMSO-dg/
D,0 (1:1) solution by 'H NMR spectroscopy. As can be seen in
Fig. 3 (for [2]Cl), no changes were observed in the NMR spectra
after a week of incubation at 37 °C. We therefore considered the
compounds stable and studied their cytotoxicity under various
conditions.

Compounds [1]Cl and [2]C] were insoluble in water even in the
presence of 1% DMSO and, hence, could not be studied in cell cul-
ture; subsequent experiments were performed with [3]Cl and [4]C]
only. Initial experiments were performed with A2780 human ovar-
ian cancer cells at 37 °C and 41 °C. Although the ICso values of com-
pounds [3]Cl and [4]CI are in the nanomolar range, no difference
was observed when the experiments were performed at 41 °C,
indicating that the fluorous chains on [3]Cl do not lead to
thermo-responsive activity, in contrast to previously reported
compounds [19-21]. Therefore, the cytotoxicity on A2780cisR
(human ovarian cancer cells with acquired resistance to cisplatin)
and HEK293 (human embryonic kidney cells) was studied only at
37 °C. The two compounds were found to be highly cytotoxic to
both cell lines, although slightly less cytotoxic (by a factor of
two) to the non-tumorigenic HEK293 cells (Table 1). The cytotoxi-
city of [3]Cl and [4]CI] to the A2780 and A2780cisR cells matches
well with those observed for previously reported trithiolato com-
plexes of the type [(p-MeCgH4Pr),Ru,(p-SCsHy-p-X)s]* (X =H,
Me, Ph, Br, OH, NO,, OMe, CF3, F, Pr' or Bu’), where the most lipo-
philic compound [(p-MeCgH4Pr');Ru,(u-SCH4-p-But)s]Cl ([5]C1)
was found to be the most cytotoxic, with an ICso value of 30 nM

Table 1
Cytotoxicity of [3]Cl and [5]Cl against cancerous cell lines (A2780 and A2780cisR) and
non-cancerous cells (HEK293) after 72 h (nd = not determined).

Compound A2780 (37°C)  A2780 (41°C)  A2780cisR HEK293

[nM] [nM] [nM] [nM]
[3]cl 30+10 30+10 40+20 80 +50
[4]c1 100 £ 20 100 + 20 80 +20 170 £30
[5]Cl 3010 nd 3010 nd

on A2780 and A2780cisR cells [25-27]. Compound [3]Cl is there-
fore as active for the cisplatin sensitive cell line A2780 and only
slightly less active for the cisplatin resistant cell line A2780cisR,
which makes it one of the most active ruthenium complexes
reported to date.

3. Conclusions

Dinuclear arene ruthenium complexes [1]CI-[4]C] were pre-
pared and fully characterized. As expected, the long fluorous chains
lead to highly lipophilic compounds. Compounds [3]Cl and [4]CI
are both highly cytotoxic towards human ovarian cancer cell lines,
with their ICso values being similar to that of [(p-MeCgH4Pr');Ru,
(1-SCgH4-p-Bu‘)3]Cl, the most active thiolato-bridged compound
evaluated so far. Unfortunately, the thermo-responsive activity
anticipated for these compounds, by virtue of the perfluorous
chains, was not observed. Nevertheless, these compounds display
modest cancer cell selectivity although it is lower than that
required for useful therapeutic windows.
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4. Experimental
4.1. General remarks

The starting material [(1®-p-MeCgH4Pr'),Ru,Cly(pi-Cl),] was
prepared according to the published method [28]. All other
reagents were commercially available and were used without
further purification. NMR spectra were recorded with a Bruker
400 MHz spectrometer. Electrospray mass spectra were obtained
in positive mode with an LCQ Finnigan mass spectrometer. Micro-
analyses were carried out by the group of Dr. Stefan Schiirch at the
University of Bern (Switzerland).

4.2. Synthetic procedures

4.2.1. Synthesis of [1-3]Cl

In a Schlenk tube were introduced 0.153 mmol (93.8 mg) of
[(n®-p-MeCgH,4Pr'),Ru,Cly(pu-Cl),] in 20 mL of distilled methanol.
Then, 0.919 mmol of the corresponding thiol were dissolved in
10 mL of distilled methanol and added dropwise to the Schlenk
tube. The reaction mixture was refluxed under inert atmosphere
for 40 h (complexes 1 and 3) or for 5 days (complex 2). Afterwards
the solvent was evaporated in vacuo and the mixture was sepa-
rated by column chromatography on silica gel (eluents CH,Cl,/
EtOH 7:1). The red band was collected, solvents evaporated in
vacuo and the product was recrystallized from a CH,Cl,/(C2Hs),0
mixture. The resulting orange crystalline solids were collected
and dried under reduced pressure.

4.2.2. Data for [1]CI

Yield: 267.9 mg (90%). CsoH4oClFs:Ru,Ss (1943.56): calcd. C,
30.90; H, 2.07; found C, 30.62; H, 1.94. ESI MS: (MeOH + CH,Cl,):
m/z=1908.1 [M—CI]*, 'TH NMR (400 MHz, CDCls): 6 = 5.72-5.48
[broad, 8H, p-CH3C6H4CH(CH3)2]. 2.84-2.47 [bl'OEld, 12H,
S—C2H4C8F17, 2H, p—CH3CGH4CH(CH3)2], 2.22 [S, 6H, p—CH3C6H4CH
(CHs);], 1.27 [m, 12H, p-CH3CgH4CH(CH3);] ppm. '3C NMR
(100 MHz, CDCl3): 6 =108.03, 101.92, 84.02, 83.72, 83.52, 33.55,
31.72,29.13, 23.52,22.37,18.31 ppm.

4.2.3. Data for [2]CI

Yield: 75.3 mg (34%). C3gH4oClF,7Ru,S3 (1343.46): calcd. C,
33.37; H, 2.98; found C, 33.47; H, 2.85. ESI MS: (MeOH+CH,Cl,):
m/z=1308.7 [M—Cl]*, 'TH NMR (400 MHz, CDCls): § =5.72-5.48
[broad, 8H, p-CH3CgH4CH(CHs),], 2.84-2.47 [broad, 12H,
S—C2H4C8F17, 2H, p—CH3C5H4CH(CH3)2], 2.22 [S, 6H, p—CH3C5H4CH
(CHs),], 1.27 [m, 12H, p-CH3CgH4CH(CH5);] ppm. '3C NMR
(100 MHz, CDCl3): 5 =108.03, 101.92, 84.02, 83.72, 83.52, 33.55,
31.72, 29.13, 23.52, 22.37, 18.31 ppm.

4.2.4. Data for [3]CI

Yield: 236.6 mg (94%). C44H40CIF39RU,S3 (1643.51): calcd. C,
31.70; H, 2.45; found C, 31.73; H, 2.16. ESI MS: (MeOH+CH,Cl,):
m/z=1608.98 [M—CI[*, 'H NMR (400 MHz, CDCl;): 6 =5.72-5.48
[broad, 8H, p-CH3CgH4CH(CHs),], 2.84-2.47 [broad, 12H,
S-CoH4CgFq7, 2H, p-CH3C5H4CH(CH3)2], 2.22 [S, 6H, p-CH3C5H4CH
(CHs),], 1.27 [m, 12H, p-CH3CgH4CH(CHs);] ppm. '3C NMR
(100 MHz, CDCl3): 6 =108.03, 101.92, 84.02, 83.72, 83.52, 33.55,
31.72, 29.13, 23.52, 22.37, 18.31 ppm.

4.2.5. Synthesis of [4]Cl

In a Schlenk tube were introduced 0.153 mmol (93.8 mg) of
[(n®-p-MeCgH,4Pr');Ru,Cly(pu-Cl),] in 20 mL of distilled methanol.
Then, 1.632 mmol of 1-octanethiol were dissolved in 10 mL of
distilled methanol and added dropwise to the reaction mixture.
The mixture was refluxed under inert atmosphere for 7 days.

Afterwards, 5 g of activated charcoal were added, the suspension
was stirred for 1h and filtered. The solvent was evaporated in
vacuo and the mixture was separated by column chromatography
on silica gel (eluents CH,Cl,/EtOH 9:1). The red band was collected,
solvent evaporated in vacuo and the product washed thoroughly
with diethyl ether and pentane. The resulting orange powder was
dried under reduced pressure.

4.2.6. Data for [4]CI

Yield 40.4 mg (28%) C44H79C1RU253 -0.75 CH2C12 -0.5 C5H12
(1041.66): calcd.: C, 54.48; H, 8.37; found: C, 54.58; H, 8.65. ESI
MS: (MeOH+CH,Cl,): m/z=906.20 [M—Cl]", 'TH NMR (400 MHz,
CDCl3): §=5.46 [t, 3J=6Hz, 4H, p-CH3C¢H,CH(CH3),], 5.32 [d,
3_’= 5 Hz, 2H, p—CH3C6H4CH(CH3)2], 5.24 [d, 5 Hz, 2H, p—CH3C6H4
CH(CHs),], 2.55 [sept, 3] = 7 Hz, 2H, p-CH3CgH4CH(CHs),], 2.34 [m,
6H, S-CgH17], 2.17 [s, 6H, p-CH3CgH4CH(CHs),], 1.79-1.62 [m, 6H,
S-CgHy7], 1.54-1.42 [m, 6H, S-CgH7], 1.40-1.26 [m, 24H,
S-CgHy7], 1.29 [d, 3/=7Hz, 6H, p-CHsCe¢H4CH(CHs),], 1.23 [d,
3_’=7HZ, 6H, p—CH3C6H4CH(CH3)2], 0.95-0.86 [m, 9H, S—C3H17]
ppm. 3C NMR (100 MHz, CDCl3): é = 106.41, 101.27, 83.60, 83.14,
82.98, 82.87, 77.30, 76.98, 76.66, 38.96, 32.78, 31.73, 31.52,
29.34, 29.14, 23.89, 22.58, 22.36, 18.14, 14.02 ppm.

4.3. Stability in DMSO/D,0 mixtures

Stability was studied by dissolving the complex [2]C]l in DMSO-
dg/D-0 (1:1) solution and recording the 1D 'H NMR spectrum
every 24 h. Between the NMR measurements, the sample was
stored in the dark at 37 °C.

4.4. Cell culture and cytotoxicity measurements

Human A2780 and A2780cisR ovarian carcinoma cells were
obtained from the European Centre of Cell Cultures (ECACC, Salis-
bury, UK). Non-tumorigenic HEK-293 cells were obtained from
ATCC (Sigma, Switzerland). A2780 and A2780cisR cells were rou-
tinely grown in RPMI 1640 medium with GlutaMAX containing
5% fetal bovine serum (FBS) and 1% antibiotics (penicillin and
streptomycin) at 37 °C and 5% CO,. HEK-293 cells were grown in
DMEM medium containing 5% fetal bovine serum (FBS) and 1%
antibiotics (penicillin and streptomycin) at 37 °C and 5% CO,. In
order to keep the A2780cisR cells resistant to cisplatin the cells
were monthly treated with 2 uM cisplatin for one passage.
Cytotoxicity was determined using the MTT assay (MTT = 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide).
Briefly, the cells were seeded in 96 well plates (10000 cells per
well) and grown for 24 h in complete medium. For each testing,
compounds were freshly prepared as DMSO stock solution, then
dissolved in the culture medium and immediately serially diluted
to the appropriate concentration, to give a final DMSO concentra-
tion of 0.5% v/v. Drug solution (100 pL) was added to each well
and the plates were incubated at 37 °C for 72 h or 2 h at 41.5 °C fol-
lowed by a 68 h incubation at 37 °C. Following drug exposure,
20 pL of MTT (5 mg/mL solution in PBS) were added to the cells
and incubated for 4 h, then the culture medium was aspirated
and the violet formazan crystals were dissolved in DMSO
(100 pL). The optical density of each well (96 well plates) was
quantified at 590 nm using a multiwell plate reader (Molecular
Devices, UK), and the percentage of surviving cells was calculated
from the ratio of absorbance of treated to untreated cells. The
ICsg values for the inhibition of cell growth were determined by fit-
ting the plot of the logarithmic percentage of surviving cells
against the logarithm of the drug concentration using a linear
regression function. Mean values and standard deviations com-
puted from two independent experiments, each comprising four
microcultures per concentration level, are reported in Table 1.
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4.5. X-ray crystallography

Crystals of [1]Cl and [3]Cl were mounted on a Stoe Image Plate
Diffraction system equipped with a ¢ circle goniometer, using Mo
Ko graphite monochromatic radiation (4= 0.71073 A) with ¢ range
0-200°. The structures were solved by direct methods using the
program sHeLxs-97, while the refinement and all further calcula-
tions were carried out using sHeLx1-97 [29]. Despite using different
crystals of [1]Cl and [3]Cl, and collecting the data at different tem-
peratures, only poor quality data were obtained. In both cases, the
best data set was used, and the two structures show as expected
the dinuclear arene ruthenium trithiolato-bridged cores. The fluo-
rous alkyl chains are highly disordered and did not allow full con-
vergence. Therefore, the data sets were not deposited to Cambridge
Structural Database. However, the parametrical data of the dinu-
clear cores were good enough for discussion and compare well
with those observed for analogous trithiolato-bridged arene ruthe-
nium complexes [24].
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