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ABSTRACT

A new series of amphiphiligﬁ-areneruthenium(lI) compounds containing phenylagzands
(group I: compound4a, 1b, 2a and2b) and phenyloxadiazole ligands (group Il: compounds
3a, 3b, 4a and 4b) were synthesized and characterized for their-glidblastoma activity.
The effects of the amphiphilig®-areneruthenium(ll) complexes on the viability tifee
human glioblastoma cell lines, U251, U87MG and T98@re evaluated.-he azo-derivative
ruthenium complexes (group 1) showed high cytotibxido all cell lines, whilst most
oxadiazole-derivative complexes (group II) wereslegtotoxic, except for compourdd. The
cationic complexes?a, 2b and 4b were more cytotoxic than the neutral complexes.
Compound®a and2b caused a significant reduction in the percentdgeelts in the GO/G1
phase, with concomitant increases in the G2/M plaasefragmented DNA in the T98G cell
line. Thex®-areneruthenium(ll) compounds were also testectinlioes that overexpress the
multidrug ABC transporters P-gp, MRP1 and ABCG2npound2b and4a were substrates
for the P-gp protein, with resistance indexes 6fahd 1.9, respectively. CompouBd was
also a substrate for ABCG2 and MRP1 proteins, \atter resistance indexes (1.8 and 1.6,
respectively). The contribution of multidrug ABCafisporters to the cytotoxicity of
compound2b in T98G cells was evidenced, since verapamil (aratteristic inhibitor of
MRP1) increased the cytotoxicity of compouizlat concentrations up to 20 pmof; lwhilst
GF120918 and Kol143 (specific inhibitors of P-gp aABCG2, respectively) had no
significant effect. In addition, we showed that gmund2b interacts with glutathione (GSH),
which could explain its cellular efflux by MRP1. Oresults showed that the amphiphijie

areneruthenium(ll) complexes are promising antlghstoma compounds, especially



compound2b, which was cytotoxic for all three cell lines,hatgh it is transported by the

three main multidrug ABC transporters.
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1. Introduction

Glioblastoma (GBM) is one of the most aggressivenfof human astrocytoma; the
median survival of patients diagnosed with GBM 2s-15 months, with approximately 5% of
patients surviving for 5 years after diagnosisZlL,The aggressiveness of glioma cells can be
attributed to their high rates of proliferation,gration and invasion [3]. In spite of advances
in various treatment regimens, such as surgicactes, external beam irradiation and
chemotherapy, glioma treatments remain a significahallenge to oncologists [4].
Chemotherapy is an integral component of GBM treatimand the major impediments to
delivery of therapeutic agents to the brain inclad&vere toxicity, the selective permeability
of the blood-brain barrier (BBB), and the preserafe efflux pumps that form an
insurmountable obstacle to the accumulation of slinghe brain [5].

The multidrug resistance (MDR) phenomenon mayetbaed to a number of factors,
the main one being the resistance to drug trangmoass the plasma membrane, caused by
increased expression of transporter proteins bealgng the ABC superfamily (ATP-binding
cassette)[6, 7]. These multidrug ABC transportesge whe energy generated by ATP
hydrolysis to translocate a wide range of endogsremd exogenous substrates across the
membrane against a sharp concentration gradieht ][8-

Currently, 48 members of the ABC transporter sigpeity have been identified in
humans [12-14], and three of them are involved iR ABCB1 (MDR1/P-pg), ABCC1
(MRP1) and ABCG2 (BCRP). In glioma cells, overexgsien of MDR1/P-glycoprotein (P-

gp) and the MDR-associated protein family (MRP1-MRRalso contributes to the



development of chemoresistance [15]. In additibe,function of the ABCG2 transporter was
described in both the BBB and stem-like glioma<fl6]. Some reports suggest that in 70%
of GBM cases, the intrinsic drug resistance is igostgulated by the overexpression of
MRP1 [17, 18]. Therefore, in order to improve therapeutic effect on malignant glioma, it
is essential to overcome the obstacles of the BRBMDR.

The standard therapy for GBM includes temozolomi{lEMZ) [19], an
imidazotetrazine derivative, which exerts its cgtat effects by methylating specific DNA
sites. Methylation at the %Oposition of guanine in DNA is generally considertbé most
critical [20], resulting in DNA fragmentation, digsting DNA replication, and causing tumor
suppression and apoptosis. Some preclinical stindies used TMZ together with cisplatin in
the treatment for GBM, due to the effect of cisplabn reducing the activity of ©
methylguanine-DNA methyltransferase (MGMTih vitro [21], suggesting a possible
synergistic interaction [22, 23].

Organometallicr®-areneruthenium(ll) derivatives have been interigiuevestigated
as potential antitumor agents [24-26], as alteveatito classical platinum complexes in
cancer treatments. Thg-areneruthenium(ll) complexes have been considerstiow some
advantages over platinum: the amphiphilicity of #fi@reneruthenium(ll) portion due to the
hydrophobic moiety on the aromatic ring, balancgd®e hydrophilic metal ion, probably
allows the biological compatibility and should alloeasy uptake by the cells. Another
important feature is the hydrolysis of the Ru-Clnts, forming aquaruthenium species,
resulting from replacement of CTby H,O due to the low concentration of "Ch the
cytoplasm. The aqua complexes of ruthenium are raoceessive for substitution than the
chloride complexes [27, 28].

The prototype anticancen®-areneruthenium(ll) complemﬁ-(p-MeC6H4Pri)Ru(P-

pta)Ch RAPTA-C was first investigated bAdlardyce et al. [29]. This compound is slightly



cytotoxic to tumor cellsn vitro and generally free of toxicity to healthy cellsier after
prolonged exposure at millimolar concentrationswieeer, Rapta-C is very active vivg; it
inhibits pulmonary metastases in CBA mice [28] adlso an antimetastatic agent [30-32].
Dougan et al.[33] reported the cytotoxic activity of®-areneruthenium(ll) derivatives
containing phenylazo ligands with activity agaitist A2780 ovarian and A549 lung-cancer
cell lines. The authors attributed this cruciakrol biological activity to the phenylazo ligand.
The present study investigated a series of eigimhiphilic °-areneruthenium(ll)
compounds, the contribution of the further hydrdghiby of the long alkyl chain, as well as
the contribution of the phenylazo (group 1) and rptiexadiazole (group Il) residues to the
cytotoxicity in human glioma cell lines. In addiio we investigated the ability of the

ruthenium complexes to be effluxed by three muligdABC transporters.

2. Resultsand discussion

2.1. Chemistry
The strategy adopted to synthesize the amphipjfiareneruthenium(il) compounds enabled
us to generate charged and neutral molecules watutated hydrophobicity. Scheme 1

illustrates the strategy used to obtain these apmdld complexes

Scheme 1

The ESI-MS, Elemental Analysi¥d RMN and FTIR analysegve consistent results for the
molecular structure and purity for the samples. The cationic compou?al2b, 4a and4b
showed the molecular ion peak (Min the ESI-MS(+) spectrum, with a characteristic

isotopomeric distribution (Figures Sl 1, 2, 3 and@n the other hand, the neutral compounds



1a, 1b, 3a and 3b did not show peaks with m/z coincident with thelecalar mass of the
compound, but rather peaks consistent with fragsnantl the free ligand (Figures SI 5, 6, 7
and 8), revealing the instability of the complexesler the conditions of the experiment. In
the 'H NMR spectra obtained in CD{the chemical shifts did not show significant chesmg
for the complexes compared to the free ligandsggixior the resonance peaks assigned to the
Ho and K of the pyridine residue of the amphiphilic ligaffdble 1 shows selected values of
the chemical shifts for {Hand H of the complexes and free ligands (a completergesmn

for all 3 andAd values is shown in Sl). For t-areneruthenium(ll) compounds, iignals
were assigned to the doubletéat 9.3 ppm, which is 0.4—0.6 ppm up-shifted in cangon

to the free ligands. The neutral compountlsb and 3a,b exhibited the K signal
corresponding to two equivalent hydrogens, whetkascationic compound®a,b and4a,b
exhibited a resonance corresponding to one hydrogbn The k for group | appeared as a
doublet atd = 7.67 and 7.68 ppm fdma and1b, respectively, and & = 7.73 and 7.76 ppm
for 2a and2b, respectively. The fifor group Il appeared as a doubledat 7.99 ppm foBa
and3b, and atd = 7.72 and 7.75 ppm fda and4b, respectively. For the neutral compounds,
the H was 0.01-0.05 ppm up-shifted in comparison tdftibe ligands, while for the cationic
compounds, this up-shift was 0.4 ppm. The benzemizohgen signal was assigned to the
singlet corresponding to six hydrogensdat 5.7 and 6.0-6.1 ppm for neutral and cationic
complexes, respectively. The free benzene showedrésonance ab =7.38 ppm and the
precursor AsRwCl, atd = 5.95 ppm. The values of the chemical shift wadfected by the
aromatic ring current effect, the ruthenium(ll) ded to the N-pyridyl, and by the neighbor
ligand chlorido through ruthenium bonding and tlglo@a space effect [34-36]. This last effect
showed a direct relationship to the chemical slofthe pyridine | and benzene H, since the

resonances appeared up-shifted in compounds thattva chlorido ligands in comparison to



compounds that have only one chlorido ligand. Hawewg is more sensitive to the
surroundings of the ruthenium(ll) center and the ar oxadiazo residues, in which the
resonance in the compounds ranges fdom7.67 tod = 7.99 ppm depending on the adjacent
aromatic residue. These results provide evidendbeomono- or bidentated coordination of
the amphiphilic ligand to the compounds. FTIR resale shown in Sl (Figures Sl 17, 18 and
Tables S| 9 to 16). The spectra of compoutas?a, 3a and4a showed bands at 3070 ¢
assigned to the aromatic C-H bond, present in &mzéne group; intense bands at 2920 and
2850 cm® assigned to aliphatic C-H stretching vibrationnsistent with the long G chain;
~1600-1410 cnt assigned to C-N stretching vibrations presenhi ghenylazopyridine or
phenyloxadiazolepyridine residues; and ~1025*cdue to C-O-C stretching vibration.
Compoundslb, 2b, 3b and 4b showed very similar spectra, except for the abseasicthe
aliphatic C-H stretching bands. The ionic compoualp and4a,b showed an intense band
associated with thePR;~ superimposed on theCH vibration at 835 cil. Usually the band
frequencies up-shifted 4-10 chfrom the n°-areneruthenium(ll) compounds to the free
ligands. Nevertheless the FTIR results confirmesl ghesence of the®-areneruthenium(ll)
portion in addition to the amphiphilic ligand. Elental Analysis indicated the high purity of

the samples, considering the ionic nature of tderttiated complexes.

Table 1

The azo- and oxadiazole- free ligands showed strenty bands under UV, which
were red-shifted in the spectra of the rutheniumglexes. The azo-complexéa and 1b
showed ther-n* band at 380 nm (Figure SI 19A), whilgh and2b showed this band at 452
nm (Figure S| 19B). The oxadiazole- comple8asand3b showed ther-n* band at 333 nm

(Figure SI 19C). In these complexes, anotiear* band appeared as a shoulder with maxima



below 240 nm. Exceptions were compledasand4b, which in addition to the=1t* band at
336 nm, showed another band at 270 nm (Figure B).IBhe cationic bidentated complexes
which then-n* red-shifted in comparison to the neutral monodesd complexes, probably
due to the additional N-binding which stabilizes #horbitals.

The azo-derivative compounds showed the half-wanterpial related to phenylazo
reduction at more positive potentials than the frgands (Figure SI20 and Table 2). This
property increases the redox accessibility in lyjimal media of the;®-areneruthenium
complexes in comparison to the free organic ligaitie cyclic voltammograms of the group
| compounds1a, 1b, 2a and2b) are characterized by a poorly reversible reduqgtimcess at
—0.8 V for compound&b and1b (Figure SI121) and —0.2V for compoun2s and2b (Figure
1) in acetonitrile (Fig. 1C, D). In dichloromethaneompound2a shows the reduction
potential shifted to —0.15 V (Figure 1A). Table l2ow/s peak potential values for group |
compounds. Group Il compounds did not undergo adgx process in the potential window
analyzed. The redox process observed in the grawyelic voltammograms is attributed to
the 1e reduction of the phenylazo residue to the phemyladical anion ({-N=N-}*)[37].
For compounds2a and 2b, this reduction occurs at more-positive potentidian for
compoundsla and 1b, which agrees with the bidentated structure arttbrua nature of
compound<a and2b. For compound®a and2b, the product of this reduction is not stable
and is followed by a coupled chemical reactionkfarmation[33, 38]. Therefore, the product
of this electrochemical/chemical reaction oxidizs0.1V, which is more evidenced in

acetonitrile (Figure 1C, D) than in dichloromethdR&gure 1A, B).

Figure 1

Table 2



2.2. Biological evaluation
The effect of the amphiphilig®-arenerutheniuntomplexes on tumor cell viability was
assessed in three human GBM cell lines, U251, U874M@& T98G (Table 3). The glioma
cells were treated with the-areneruthenium complexes for 72 h and the cytoityxivas
measured by the MTT method. Table 2 showd®@ig values (concentrations producing 50%
growth inhibition) for the different compounds. Tigeoup | compounds (azo complexes)
showed cytotoxic activity on all these cell lindgSompounds2a and 2b were the most
cytotoxic. Most compounds of group Il (oxadiazotemplexes) were less cytotoxic, except
for compound4a. From the results summarized in Table 2, someeiecids could be traced:
i) The phenylazo group played a special role in djtoxicity, since group | compounds
were all cytotoxic toward the glioblastoma celle& while only compounda in group Il
showed high cytotoxicity. ii) The more-hydrophobmmpounds, i.e., those containing the C
chain, had a tendency to be more cytotoxic tharctimepounds containing a methoxy group,
except for the effect of compountla and1b on T98G cells. Increased hydrophobicity of the
ligand probably facilitated cellular uptake. iiih@ cationic;®-areneruthenium(ll) complexes
were more cytotoxic than the neutral complexeshasvn by thdGso values for2a, 2b and
4a compounds. Probably the increased amphiphilicitgvided by the charged species
balanced by the hydrophobic chain played a role¢ha cell uptake of these compounds.
Palmucci et al. [39] described a series of neutral and cationiclptszolonate 7°-
areneruthenium(ll) complexes with aliphatic groupsthe acyl moiety, which display
cytotoxicity in vitro against human ovarian carcinoma cells (A2780 asd reésistant
counterpart A2780cisR, a variant cell line with @aicgd resistance to cisplatin). The authors
reported that complexes were highly cytotoxic tehbA2780 and A2780cisR cells, and the
cationic complexes bearing a long hydrophobic clane the most cytotoxic, as seemed also

to occur with our compounds.



Table 3

To evaluate whether the effects of the compound® \aéiributable to changes in the cell-
cycle progression, we conducted DNA assays, ushopigium-iodide staining and flow
cytometry analysis, in permeabilized glioblastonsdisc (Figure 2A and 2B). T98G cells
treated with compound&a and 2b at 25 pumol-LC* showed a significant reduction in the
percentage of cells in the GO/G1 phase, with a @mitant increase in the G2/M phase; no
change in the progression cycle was detected frother compounds (Figure 2A). These
alterations of the cell-cycle progression werernsifted by treatment with compounga and

2b at 100 pmol-* (Figure 2B). At this higher concentration, compdsiha, 1b and4a also
caused reductions of the percentage of cells inG@&1 cell-cycle phase. In addition, the
content of fragmented DNA in T98G cells increasé@ratreatment with the compounds
(Figure 2C). Treatment of T98G cells with compo@adesulted in an increase in the content
of fragmented DNA at the lower concentration of|2Bol- L. At the highest concentration
(100 umol-CY, compoundsla, 1b, 2a, 2b and 4a also caused significant increases in
fragmented DNA (Figure 1C). Taken together, theultssshowed that the phenylazo
ruthenium compounds (group I) could alter the cgtile progression, with a concomitant
increase in the proportion of hypodiploid cellshallmark of the late stage of apoptosis.
These alterations were also observed for compalmahe most cytotoxic compound in

group II.

Figure 2

Some cell mechanisms can be associated with gliashamoresistance, including

overexpression of multidrug ABC transporters, whitbmotes the efflux of antitumor drugs



from the cell, thus decreasing their therapeufieot$. To elucidate whether ABC transporters
played a role in the differential cytotoxic effeftthese;®-areneruthenium(il) compounds, we
investigated whether these compounds were spdbjficxic to cells overexpressing ABC
transporters such as P-gp, MRP1, and ABCG2. Esdlgntthe compounds that were
transported showed high#®sy values for resistant cells (ABC transporter-overessing
cells) than for the parental cell lines. The resise indexRI) was calculated to determine the
degree of acquired resistance of each cell lingstgelective compoundRl was calculated
from the following equationRI = I1Gsg, resistant cellGso parental cell. ArRI value > 1.0
indicates the ability of the particular ABC trangjeo to confer resistance to a compound.

For then®-areneruthenium(ll) compounds belonging to groupoimpoundsla, 1b and 2a
were not substrates for the multidrug ABC transgrsrstudied here (Table 4). In addition, the
group Il compound8a, 3b and4b were neither substrates for the multidrug ABC spaorters
(Table 4) nor highly cytotoxiclGse > 100) for all cell lines analyzed (healthy and turoell
lines) (Table 3). However, compoufld showed high cytotoxic activity both for the paint
cell lines (NIH 3T3, HEK 293 and BHK21) and for theesistant counterparts (Table 4). This
compound was the most cytotoxic compound for thebistoma cell lines (Table 3). In
contrast, compound&b and4a were substrates for P-gp, with resistance indexes6 and
1.9 respectively. Compourzb was also a substrate for ABCG2, with a resistandex of
1.8 (Tables 4 and 5). Both compounds are catiomicich agrees with the previous
observation that P-gp and ABCG2 promote a phenotypesistance to cationic compounds
[40]. Despite their efflux, compoun@d and4a retained cytotoxicity for all the glioblastoma
cell lines analyzed (Table 3). Compoulniwas also a substrate for MRP1, with a resistance
index of 1.6 (Tables 4 and 5). The dynamics ofdpant of compoun@b is shown in Figure

3.



Table 4
Table 5

Figure 3

To prove that compoungb indeed acts as a substrate for the three ABC poatess, we
performed additional experiments by using seledtibitors for P-gp (GF120918/elacridar)
and ABCG2 (Ko143) and a specific cell line expregsan inactive mutant MRP1 (BHK21-
MRP1m). The cytotoxic properties of compouinl were evaluated both in the parental cell
lines (NIH 3T3, HEK 293 and BHK21) and in their istant counterparts (NIH-P-gp, HEK-
ABCG2 and BHK-MRP1m). As shown in Figure 3A, B a@d the use of the selective
inhibitors or the inactive mutant cell line abokshthe resistance phenotypd (ndex almost
=1).

It is well established that MRP1 is constitutivebyerexpressed in cells derived from
astrocytomas and glioblastomas [41]. InhibitionMRP1 had a significant effect on the
response of GBM cells to chemotherapeutics in Ipoittnary and recurrent GBM cells [42].
In the glioma cell model, the T98G cell line wapaded to express high levels of P-gp and
MRPs [15]. Here, the cytotoxicity analyses show#ftkieknt IGso values among the different
cells for compoundb, with T98G cells displaying the highet®s, (37.13 pmol-Y) in
comparison to the other glioblastoma cell lineslya®l (U87MG cellsiGsp = 4.90 umol-L

1 U251 cellsiGsp = 8.03 umol-Y). This result can be explained by the high expoessf
MRP1 mRNA in T98G cells, whereas the U251 and U87&4(s had a low expression [15].

It has been established that the MRP1 protein pi@its only anionic compounds. Therefore,
it is likely that the cationic compourzb needs to be converted into a conjugated anion, to
enable its efflux by MRP1. One possible explanaisoits interaction with glutathione (GSH),

since MRP1 [43, 44] is often associated with higvels of GSH, which is the most-abundant



antioxidant species present in the cell. As itasstituted by a tripeptidey{Glu-Cys-Gly),
GSH is negatively charged at physiological pH. GiSHoften involved in detoxification
processes through conjugated species [29]. Cobd. §d4] reported the role of MRP1 in
transporting GSH and GSH conjugates with drugs.

In the electrochemical characterization describleolva, we observed the reduction process
attributed to the ¥ reduction of the phenylazo residue to the phemyladical anion ({-
N=N-}"¢) at E;; = -0.2 V for compound&a and 2b. Once the reduction-potential value is
close to the oxidation potential of GSH to disudfiglutathione (GSSH), compoungs or 2b
could react directly with GSH, promoting its oxidet The ratio of the amounts of
GSSG/2GSH mainly determines the redox state oflla €iece it determines the redox
potential of the GSSG/2GSH pair. According to Sehaft al.[45] the ratio of GSSG/2GSH
correlates with the biological state of the cedlll€ in the proliferation stage contain a large
amount of GSH an& ~ —240 mV; whereas, differentiating cells haveEan —200 mV; and
decreases in GSH with increases in the GSSG/2G#&i (Ea~ —170 mV) induce apoptosis.
Therefore, compound2a and2b should be able to cause an imbalance in the rethig of
the cell and initiate a set of cell signals, legdito apoptosis. This could explain the
cytotoxicity of these compounds.

Dougan et al[33] reported that azopyridine-basgdareneruthenium(ll) complexes have the
ability to catalyze GSH oxidation, through a medblan that involves an intermediate
resulting from N=N bond reduction, followed by githione disulfide formation. To obtain
more insight, we investigated the interaction betweompound2b and GSH by UV-vis
spectroscopy. Figure 4 shows a 10 mmdiGSH solution spectrum (black line) that shows a
strong band absorption at 290 nm. After 10 s, thetion of GSH with compoun@b showed
the blue line spectrum illustrated in Figure 4, vehen addition to the GSH band at 290 nm,

the compoun®b 1e1t* band appears at 440 nm. After 1 h (Figure 4, Inegl), the 290-nm



GSH band vanished and the absorption below 250nemneased. These changes are similar to
what occurred when GSH was treated with one eqemadf hydrogen peroxide (Figure 4,
dashed black line). The 440 nmte* band was up-shifted to 410 nm, revealing tPlatwas
modified in the solution, possibly through changasthe coordination sphere of the
ruthenium center. Probably the ruthenium complegengoes solvolysis and some of the
ligands are substituted. However, the 410-nm mamms not consistent with the free
azopyridine ligand, indicating that this amphiphiligand is still bonded to the ruthenium
complex. Some of the species produced during ttedytia process of GSH oxidation should
be effluxed, which could explain wib is a substrate of MRP1. After 48 h, the solutiébn o
GSH and compoundb produced a spectrum similar to that observed dfthr but with a
further increased band below 250 nm (data not shoWmese results are consistent with the

catalytic oxidation of GSH by compoui2d.

Figure 4

To assess the functional role of multidrug ABC $orters in the cytotoxicity of compound
2b in glioma models, T98G cells were treated withréasing concentrations of compo2ixl

in the absence or in the presence of modulatoB-gpp (GF120918), MRP1 (verapamil) and
ABCG2 (MBLII 141 and Ko143). We found that verapafrther increased the cytotoxicity
of compound2b. On the other handvBLII 141 showed a small effect at 2.5 pmoftL
whereas GF120918 and Ko143 produced no signifiefféct on the cytotoxicity of
compound2b (Figure 5).

Despite the cationic nature of compou2isl we didnot observe significant changes in its
cytotoxicity to these cell lines in the presencéhaf selective inhibitor GF120918. Again, this

result can be explained by conversion2bfinto anionic species by interaction with GSH,



since T98G cells are rich in GSH; T98G cells can#h0 nmol of GSH per mg of protein, a

larger amount than in other cell lines such as BMKer Hela cells [46].

Figure 5

Summarizing, we demonstrated that compounds beignii group | were all cytotoxic to
glioma cell lines, whereas only compoufa from group Il exhibited high cytotoxicity. The
more-hydrophobic compounds containing long-alkyhioh ligands tended to be more
cytotoxic than compounds having a short methoxyprdhe cationig®-areneruthenium(ll)
compounds were more cytotoxic than the neutral @amgs. This cytotoxicity was
attributable to alterations of cell-cycle progressiand increased contents of fragmented
DNA, suggesting an apoptotic mechanism. Two comgsurere substrates for the multidrug
ABC transporters: compoun@b (for P-gp, ABCG2 and MRP1l) anda (for P-gp).
Specifically, for compoun®b, in addition to being a substrate for the thresngporters
studied here, this compound was also cytotoxictlier glioblastoma cell lines. We showed
that compoun@b interacts with GSH. This constitutes a possiblelaxation of its efflux by
MRP1 and its cytotoxic effect, which was furthecrieased in the presence of verapamil in
the T98G cells. In contrast, compoua showed high cytotoxicity to the glioblastoma cell
lines, and it was not a substrate for the trangperstudied here. In conclusion, we showed
that compounda and?2b are promising for glioblastoma treatments. Furihgestigations

are required to better understand their mechamstimei tumor cells.

EXPERIMENTAL SECTION

Characterization of the compounds



All the reagents and solvents were of analyticadgrand were purchased from commercial
sources (Merck, Sigma-Aldrich, Fluka, and Acrosyl arsed as received. A Perkin-Elmer
2400 Series Il CHN Elemental Analyzer was used haracterize the composition of the
samples’H NMR spectra were recorded at 298K using a Vakiencury Plus spectrometer
operating at 400 MHz, or a Bruker DPX 200 MHz spmuieter operating at 200 MHz.
Deuterated chloroform (CDg)lor deuterated DMSO (DMSQs)dwas used as the solvent and
TMS as the internal standard. The mass spectraNE3Ilwere obtained in a Thermo Fisher
Scientific LTQ XL Linear lon Trap Mass Spectrometersing sample solutions at a
concentration of 18 mg mL* in dichloromethane. High-Resolution Mass Specterew
recorded in a Bruker micrOTOF-Q Il mass spectrometging an APPI ionization source. A
Bruker Vertex 70 spectrophotometer was used toieedtl'IR spectra of the compounds
embedded in KBr pellets, in the range of 400 toM6® ™. An Agilent 8453 or Shimadzu UV
2401 PC spectrophotometer was used to acquire theisJspectra of the compounds in
chloroform solutions. For GSH studies, the UV-\ypeatrum of compoungb at 100 uM with

10 mmol-C* GSH in DMSO added, was monitored over 48 h. TIs#Gvas oxidized to
GSSH by addition of kD, at 10 mmol-L*. The electrochemical experiments were performed
on an Ivium Compactstat potentiostat/galvanostas ithree-electrode cell; Ag/Ag(0.01
mol- Lt in acetonitrile) reference electrode, platinuntdidiameter 3 mm) working electrode
and a stainless-steel counter electrode. Expersneate conducted in 0.1 mol*LTBACIO,
electrolyte solution in dichloromethane or acetaeit(depending on the solubility of the

compound)

Scheme 2



4-(4-dodecyloxyphenylazo)pyridine (L 1a). The synthesis of this ligand was described in a

previous paper from our group [47].

2-Hydrazinepyridine (6). A mixture of 2-chloropyridine 2.00 g (17.6 mmahd 12 mL
hydrazine monohydrate (65%) was added to a 25-mibddbottom flask and stirred under
reflux for 7 h. After this period, the solution wesoled and the product extracted with diethyl
ether (2 x 20 mL). The organic phase was dried anérydrous NgQy, filtered, and stored
in a freezer. The resulting precipitate was codldcby filtration and used in the next step
without further purification. m.p.: 41.8-44.3 °G.(45 °C) [48]."H NMR (200 MHz, CDC})

o ppm: 3.81 (broad, 2H, -N}) 6.12 (broad, 1H, -NH-), 6.67 (m, 2H, Py-H), 7.@&k®id,J =

8.5 Hz, 7.1 Hz and 1.8 Hz, 1H, Py-H), 8.10 (m, PyH).

2-(4-hydroxyphenylazo)pyridine (7). 1.27 g (11.8 mmol) hydroquinone, 8 mL sulfuric acid
and 100 mL distilled water were added to an Erleyendlask. To this solution and under
strong stirring, 2-hydrazinepyridin®)(dissolved in 20 mL water was added dropwise, and
the reaction mixture was stirred at room tempeeatior a further 90 min. The pH was
adjusted to= 6 using NaOH aqueous solution (20%), and the tieguprecipitate was filtered
and washed with distilled water. The crude produas purified by recrystallization from
isopropanol/water, affording 1.95 g (83%) of thesided azo compound after the two-step
procedure. m.p.: 232 °C (decompositicit).NMR (400 MHz, DMSO-g)  ppm: 6.87 (d,) =
8.6 Hz, 2H, Ar-H), 7.50 (m, 1H, Py-H), 7.65 @z= 8.2 Hz, 1H, Py-H), 7.87 (d, = 8.6 Hz,
2H, Ar-H), 7.99 (m, 1H, Py-H), 8.67 (d,= 4.4 Hz, 1H, Py-H), 10.50 (broad, 1H, -OKC
NMR (100.6 MHz, DMSO-g & ppm: 112.86, 116.10, 124.93, 125.53, 138.67, ®5.1

149.18, 161.90, 163.13.



5-(4-dodecyloxyphenyl)tetrazole (9). This compounds was prepared by a two-step synthesis

according to a previously described procedure [49].

2-(4-dodecyloxyphenylazo)pyridine (L2a). In a 100-mL round-bottom flask were added
1.40 g (7.03 mmol) 2-(4-hydroxyphenylazo)pyriding),( 1.84 g (7.38 mmol) 1-
bromododecane, 1.94 g (14.1 mmobhdO; and 40 mL butanone. The reaction mixture was
refluxed under stirring for 24 h, cooled to roommpeerature, filtered, and washed with
butanone. The crude product obtained after remoi#the solvent was purified by column
chromatography using silica and &, as eluent, affording 2.43 g (94%) of an orangélsol
m.p.: 79.0 — 79.9 °CH NMR (400 MHz, CDC}) 5 ppm: 0.88 (tJ = 6.6 Hz, 3H, CH), 1.21
—1.41 (m, 16H, -CH}), 1.47 (m, 2H, -Cht), 1.82 (m, 2H, -CLCH,O-), 4.05 (t,J = 6.6 Hz,
2H, -CH0-), 7.01 (dJ = 9.0 Hz, 2H, Ar-H), 7.36 (m, 1H, Py-H), 7.79 (t& 8.2 Hz, 1H, Py-
H), 7.87 (m, 1H, Py-H), 8.05 (d,= 9.0 Hz, 2H, Ar-H), 8.71 (d] = 4.7 Hz, 1H, Py-H)*C
NMR (100.6 MHz, CDGJ) &6 ppm: 14.09, 22.65, 25.96, 29.11, 29.31, 29.3352929.55,
29.60, 29.62, 31.88, 68.40, 114.71, 115.17, 124136,69, 138.16, 146.66, 149.40, 162.68,

163.11. Q-TOF/MS for gHz4N3s0 [M*H]": Calculated: 368.2696; Found: 368.2690.

2-(4-dodecyloxyphenyl)-5-(4-pyridyl)-1,3,4-oxadiazole (L3a). In a round-bottom flask
equipped with a condenser and a drying tube (£aGl60 g (4.88 mmol) isonicotinic acid
(8), 1 drop DMF and 5 mL SOg&were added and refluxed for 3 h. After this perithee
remaining unreacted SOQNas removed by vacuum distillation, and 1.77 §§5mmol) 5-
(4-dodecyloxyphenyl)tetrazol®) and 15 mL anhydrous pyridine were added to thumde
bottom flask and refluxed for a further 20 h. Theluson was then cooled to room
temperature, poured into a 300-mL ice/water batth laasified to pH= 12 with a NaOH

aqueous solution (10%). The precipitate was separay filtration, washed with water, and



recrystallized from isopropanol® solution, affording 1.75 g (88%) of a white solid.p:
94.8-95.4 °C*H NMR (400 MHz, CDCJ) 5 ppm: 0.87 (tJ = 6.8 Hz, 3H, -Ch)), 1.22-1.41
(m, 16H, -CH-), 1.47 (m, 2H, -Cht), 1.82 (m, 2H, -CHCH,0-), 4.03 (t,J = 6.5 Hz, 2H, -
OCH,-), 7.02 (d,J = 8.8 Hz, 2H, Ar-H), 7.97 (dJ = 6.0 Hz, 2H, Py-H), 8.06 (d = 8.8Hz,
2H, Ar-H), 8.82 (d,J = 6.0 Hz, 2H, Py-H)*C NMR (100.6 MHz, CDG) 5 ppm: 14.10,
22.66, 25.96, 29.07, 29.32, 29.34, 29.53, 29.5601299.63, 31.89, 68.33, 115.08, 115.42,
120.20, 128.91, 131.19, 150.77, 162.19, 162.39,5068TOF/MS for GsH34N30, [M*H]™:

Calculated: 408.2646; Found: 408.2640.

2-(4-dodecyloxyphenyl)-5-(2-pyridyl)-1,3,4-oxadiazole (L4a). Under argon atmosphere,
0.80 g (6.50 mmol) picolinic acidl@), 2.15 g (6.50 mmol) 5-(4-dodecyloxyphenyl)tetigzo
(11), 0.08 g (0.65 mmol) DMAP and 40 mL anhydrous ¢ole were added to a 100-mL
Schlenk flask. After 10 min, 1.60 g (7.80 mmol) D@@s added, with an additional 10 mL
toluene. The mixture was stirred for 10 min at rommperature and for 6 h at 100 °C. The
reaction mixture was cooled to room temperature 4hanL ethyl acetate was added. The
precipitate was filtered, washed with ethyl acetated the solvent of the combined organic
phases removed under reduced pressure. The crumticprwas purified by column
chromatography using silica and a mixture of ,CH: ethyl acetate (gradient from 100:0 to
95:5) as eluent. A final recrystallization from kepe afforded 2.07 g (78%) of a white solid.
m.p.; 100.7-101.5 °C*H NMR (400 MHz, CDC}) § ppm: 0.87 (tJ = 6.8 Hz, 3H, -Ch),
1.17-1.38 (m, 16H, -CH), 1.46 (m, 2H, -Cht), 1.80 (m, 2H, -CHCH,0-), 4.02 (t,J = 6.5
Hz, 2H, -OCH-), 7.00 (d,J = 9.0 Hz, 2H, Ar-H), 7.45 (ddd] = 7.8 Hz, 4.9 Hz and 1.2 Hz,
1H, Py-H), 7.88 (ddd) = 7.8 Hz, 7.8 Hz and 1.8 Hz, 1H, Py-H), 8.13J¢; 9.0 Hz, 2H, Ar-
H), 8.29 (dddJ = 7.8 Hz, 1.2 Hz and 1.0 Hz, 1H, Py-H), 8.80 (ddl¢;, 4.9 Hz, 1.8 Hz and

1.0 Hz, 1H, Py-H)!*C NMR (100.6 MHz, CDG) & ppm: 14.10, 22.65, 25.96, 29.08, 29.32,



29.52, 29.55, 29.60, 29.62, 31.88, 68.24, 114.8%,.7/1, 123.06, 125.57, 129.05, 137.14,
143.75, 150.19, 162.18, 163.33, 165.58. Q-TOF/MSGgH3zN30, [M*H]": Calculated:

408.2646; Found: 408.2644.

Scheme 3

4-(4-hydroxyphenylazo)pyridine (12). The synthesis of this compounehs described in a

previous report, and can be found in reference.[47]

4-(4-methoxyphenylazo)pyridine (L 1b). A mixture of 4-(4-hydroxyphenylazo)pyridind2)
1.50 g (7.53 mmol), iodomethane 0.56 mL (9.04 mm&ICO; 2.08 g (15.06 mmol) and 50
mL acetone was added to a round-bottom flask arrédtat 50 °C for 20 h. After this period,
the suspension was filtered and the solid was vehshith hot methanol. The solvent was
removed under reduced pressure and the productpwiéted by column chromatography
using silica and a mixture of GBI,:ethyl acetate (95:5) as eluent, affording 0.85@P4) of
an orange solid. m.p.: 96.2-97.8 *B.NMR (200 MHz, CDG}) § ppm: 3.91 (s, 3H, -OC}),
7.03 (d,J= 9.3 Hz, 2H, Ar-H), 7.67 (d] = 6.1 Hz, 2H, Py-H), 7.97 (d,= 9.3 Hz, 2H, Ar-H),
8.78 (d,J = 6.1 Hz, 2H, Py-H)}*C NMR (50.3 MHz, CDGJ) ppm: 55.64, 114.37, 116.12,
125.55, 146.80, 151.18, 157.37, 163.19. Q-TOF/MS GgH1,N:O [M+H]": Calculated:

214.0975; Found: 214.0978.

2-(4-hydroxyphenylazo)pyridine (7). The synthesis of this compoumehs described above

in scheme 2.

2-(4-methoxyphenylazo)pyridine (L 2b). In a round-bottom flask, 1.540 g (7.53 mmol) 2-(4-
hydroxyphenylazo)pyriding7), 0.56 mL (9.04 mmol) iodomethane, 2.08 g (15.0%at)

K>CO; and 100 mL acetone were added. The mixture wasdhea 50 °C and stirred for 20



h. After this, the mixture was cooled to room tenapere, filtered, and the solid washed with
CH.Cl,. The crude product obtained after removal of tblent was purified by column
chromatography using silica and a mixture of,CH:ethyl acetate (95:5) as eluent, affording
0.85 g (53%) of an orange solid. m.p.: 49.5-51.1IRC51-52 °C) [50]*H NMR (200 MHz,
CDCl) & ppm: 3.91 (s, 3H, -OC#), 7.03 (d,J = 9.3 Hz, 2H, Ar-H), 7.33-7.41 (m, 1H, Py-H),
7.76-7.94 (m, 2H, Py-H), 8.07 (@= 9.3 Hz, 2H, Ar-H), 8.70-8.74 (m, 1H, Py-HjC NMR
(50.3 MHz, CDC4) & ppm: 55.61, 114.29, 115.23, 124.64, 125.70, 138126.88, 149.44,

163.02, 163.11. Q-TOF/MS for,&H:,Ns0 [M+H]": Calculated: 214.0975; Found: 214.0976.
5-(4-pyridyl)tetrazole (14). The synthesis of this compound is described inreefse [51].

2-(4-methoxyphenyl)-5-(4-pyridyl)-1,3,4-oxadiazole (L3b). In a round-bottom flask
equipped with a condenser and a drying tube (§aCHK8 g (9.75 mmolp-anisic acid 15), 1
drop DMF and 5 mL SOgGIlwere added, heated to 60 °C and stirred for 1After this
period, the remaining SO£Was removed by vacuum distillation, resultinghe trude acid
chloride (6). To the round-bottom flask, 1.43 g (9.75 mmol@5pyridyl)tetrazole 14) and
15 mL anhydrous pyridine were added and the mixtefkixed for a further 24 h. The
solution was then cooled to room temperature, mbundo 150 mL ice/water, and the
precipitate separated by filtration. The crude paidvas purified by column chromatography
using silica and a gradient of @El,.ethyl acetate (from 100:0 to 90:10) as eluent. The
product was further recrystallized over ethandiprating 1.95 g (79%) of a white solid. Mp:
192.3-192.8 °C (lit. 188 °C) [52}H NMR (200 MHz, CDC}) 5 ppm: 3.90 (s, 3H, -OC#),
7.04 (d,J= 9.0 Hz, 2H, Ar-H), 7.97 (d] = 6.1 Hz, 2H, Py-H), 8.09 (d,= 9.0 Hz, 2H, Ar-H),
8.83 (d,J = 6.1 Hz, 2H, Py-H)**C NMR (50.3 MHz, CDGJ) 8 ppm: 55.45, 114.57, 115.68,
120.13, 128.88, 131.06, 150.75, 162.20, 162.69,366%)-TOF/MS for GH1o,Nz0, [M+H] ™

Calculated: 254.09240; Found: 254.09239.



5-(2-pyridyl)tetrazole (18). In a round-bottom flask equipped with a condens€) g (48.1
mmol) 2-cyanopyridinel(7), 9.37 g (144.1 mmol) NaiN7.71 g (144.1 mmol) NiCI and 20
mL DMF were added, heated to 130 °C, and stirred®2fbh. The suspension was cooled to
room temperature, poured into 200 mL water/ice, thwedpH adjusted to 6 with HCI (10%).
The precipitate formed was separated by filtrataol recrystallized over water, affording
5.16 g (73%) of colorless crystals. m.p.: 214.4-Q1& (lit. 213 °C) [53]."H NMR (200
MHz, DMSO-d) § ppm: 7.55-7.64 (m, 1H, Pyr-H), 8.00-8.09 (m, 1k-R), 8.17-8.23 (m,
1H, Pyr-H), 8.72-8.81 (m, 1H, Pyr-H}°*C NMR (50.3 MHz, DMSO-g) & ppm: 122.63,

126.10, 138.23, 143.69, 150.06, 154.78

2-(4-methoxyphenyl)-5-(2-pyridyl)-1,3,4-oxadiazole (L4b). In a round-bottom flask
equipped with a condenser and a drying tube (§aCK0 g (9.86 mmol)p-anisic acid 15),

1 drop DMF and 5 mL SOglMere added, heated to 60 °C, and stirred for 1&fter this
period, the remaining SO£Was removed by vacuum distillation, resultinghe trude acid
chloride (6). To the round-bottom flask, 1.45 g (9.86 mmol25pyridyl)tetrazole 18) and
15 mL anhydrous pyridine were added and the mixteflixed for a further 24 h. The
solution was then cooled to room temperature, mbim® 150 mL ice/water, and the product
extracted with ethyl acetate (3 x 50 mL). The sotvaf the combined organic phases was
removed under reduced pressure and the produdtepuby column chromatography using
silica and CHCI as eluent. The product was further recrystalliaeer ethanol, affording 1.54
g (62%) of a white solid. m.p.: 155.0-155.8 °C. (li64—156 °C) [54]'"H NMR (200 MHz,
CDCls) & ppm: 3.89 (s, 3H, -OCH), 7.03 (d,J = 9.0 Hz, 2H, Ar-H), 7.47 (ddd,= 7.7 Hz, 4.9
Hz and 1.2 Hz, 1H, Py-H), 7.90 (dd#il= 7.9 Hz, 7.7 Hz and 1.7 Hz, 1H, Py-H), 8.16J¢,
9.0 Hz, 2H, Ar-H), 8.30 (ddd] = 7.9 Hz, 1.2 Hz and 1.0 Hz, 1H, Py-H), 8.81 (ddld; 4.9

Hz, 1.7 Hz and 1.0 Hz, 1H, Py-HC NMR (50.3 MHz, CDGJ)) & ppm: 55.42, 114.43,



115.99, 123.05, 125.58, 129.06, 137.13, 143.69,185062.53, 163.36, 165.48. Q-TOF/MS

for C14H12N30, [MTH]™: Calculated: 254.0924; Found: 254.0928.

The precursor [§{°-CsHs)CIRU}.Cl;] was synthesized following the procedure descriimed

the literature [55, 56].

Synthesis of compounds 1a, 1b, 3a and 3b (neutral complexes)

In a 100-mL round-bottom flask, 0.1 g (0.2 mmol)tbé precursor [§{®>-CsHe)CIRU}.Cl,]
was mixed with 0.15 g (0.1 mmol) of the ligand i @L THF. Next, the reaction mixture
was heated under reflux for 6 h. Then, the mixtues cooled to room temperature. After
that, 10 mL ethanol was added to precipitate tlelyet, which was kept under refrigeration
for 12 h. Finally, the product was filtered and tved with ethanol and THF, and dried under
vacuum in a desiccator with anhydrous calcium dtiéor For further purification, the
compounds were dissolved in dichloromethane with riiinimum volume needed for total
solubilization, and then filtered through Celite. this step, the excess of the ruthenium
precursor present in the mixture was separatedarCelite. The filtered solution was left to
allow partial evaporation of the dichloromethaned asoncentration of the mixture. The
mixture was filtered through Celite again to remadlitional precipitated precursor. The
procedure was repeated once more. After that, itidodlomethane was totally evaporated
and the mixture suspended in THF and filtered isirdered glass filter. In this step, the
product was separated from the solution contaitiiegexcess of the free ligand. The product
was washed with THF and dried under vacuum.

Compound 1la: Orange solid. Yield 17%. CHN: RuQ@I,CyoH30.H,O experimental
(calculated): %C: 55.6 (54.8), %H: 6.3 (6.5), antl:93.0 (6.6). Purity 99.94%H NMR:
(200 MHz, 30 °C, CDG| TMS) & ppm: 0.88 (3H, k), 1.27 (16H, H), 1.48 (2H, H), 1.83

(2H, H), 4.08 (2H, H), 5.70 (6H, Ho), 7.03 (2H, He), 7.67 (2H, Hg), 7.97 (2H, H 7),



9.21 (2H, H9). IR (KBr) (VmaxCMY): 3066, 2924 and 2858, 1599 (o), 1497 and 1412

(Ven), 1254 Qascod, 1146 Qcr), 1015 ¥scod, 832 (icn) and 564 fico).

Compound 1b: Yellow solid. Yield 21%. CHN: RuOMCI,CigH;7.H,O experimental
(calculated): %C: 45.6 (44.9), %H: 3.7 (3.9), antl:98.7 (8.7). Purity 99.94%H NMR:
(200 MHz, 30 °C, CDG| TMS) § ppm: 3.93 (3H, k), 5.69 (6H, Ho), 7.04 (2H, H¢), 7.68
(2H, Heg), 7.99 (2H, H7), 9.22 (2H, Hg). IR (KBr) (VmaxCm): 3066 Pcr), 1599 ¢co),

1499 and 1410\)6N), 1258 (/asCOda 1144 GCH)a 1023 (}scod, 832 Q'E;H) and 562 (l'cc)

Compound 3a: Yellow solid. Yield 35%. CHN: Ru@N3;Cl,CsiHze.HO experimental
(calculated): %C: 56.1 (55.1), %H: 6.0 (6.1), antl:9%6.4 (6.2). Purity 99.929%4H NMR:
(200 MHz, 30 °C, CDG| TMS) & ppm: 0.88 (3H, k), 1.27 (16H, H), 1.48 (2H, H), 1.83
(2H, Hy), 4.05 (2H, H), 5.72 (6H, Hy), 7.05 (2H, He), 7.99 (2H, Hg), 8.08 (2H, H 7),

9.32 (2H, H9). IR (KBr) (VmaxCM): 3065, 2928 and 2858, 1613 ¢cc), 1495 and 1420

(Ven)s 1258 Yascod, 1173 Bcr), 1030 scod, 843 (cr).

Compound 3b: Brown solid. Yield 4%. CHN: Ru@Ns3Cl,CyoH17.HO experimental
(calculated): %C: 37.3 (46.0), %H: 2.7 (3.6), anN:9%.2 (8.0). Purity 99.12%H NMR:
(200 MHz, 30 °C, CDG| TMS) § ppm: 3.92 (3H, k), 5.72 (6H, Ho), 7.07 (2H, Hg), 7.81
(2H, Hsg), 8.09 (2H, H7), 9.32 (2H, Hg). IR (KBr) (Vmaxcm): 3069 ¢cr), 1613 ¢co),

1495 and 1422\)6N), 1262 (/asCOda 1179 GCH)a 1025 (}scod, 840 Q'E;H)

Synthesis of compounds 2a, 2b, 4a and 4b (positive char ged complexes)
In a 100-mL Schlenk flask, 0.1 g (0.2 mmol) of gecursor [{{°-CsHe)CIRU},Cl,] was

mixed in 20 mL methanol. Then, the ligand of ing¢r@dded in a stoichiometric amount, 2:1)



was dissolved in 10 mL methanol and slowly addethéoreaction mixture. The solution was
stirred for 4 h at room temperature and protectechflight (with the exception of compound
4a, which was stirred for 18 h at 120 °C. After th#lhe solvent was removed by
rotoevaporation to approximately 1 mL and J®% in a methanol solution was added in
excess. The mixture was kept under refrigeration2b h. Finally, the product was filtered
and washed with methanol and ether, and dried wat®rum in a desiccator with anhydrous

calcium chloride. It was only necessary to puribynpound2b.

Compound 2a: Brown solid. Yield 79%. CHN RuOCICygH3PR.H,O experimental
(calculated): %C: 45.5 (46.7), %H: 5.6 (5.5), antl:9%6.9 (5.6). Purity 99.95%H NMR:
(200 MHz, 30 °C, CDG| TMS) & ppm:0.89 (3H, k), 1.28 (16H, H), 1.48 (2H, H) 1.87
(2H, Hs), 4.14 (2H, H), 6.05 (6H, Hy), 7.09 (2H, H¢), 7.73 (1H, H), 8.21 (2H, H. ), 8.50
(d, 1H, Hyandt, 1H, H), 9.30 (1H, H). IR (KBr) (VmaxCnY): 3109, 2924 and 285V d}),
1597 Qcc), 1499 and 1409v¢n), 1260 Pascod, 1150 Bcr), 1020 Pscod, 838 ¢pe) and 560

(Teo). ESI/MS for M[RUON;CIC,gH3g) " Calculated: 582.18; found: m/z 582.34.

Compound 2b: Brown solid. Yield 25%. CHN RuO{CIC;gH;/PR.H,O experimental
(calculated): %C: 37.0 (36.6), %H: 3.2 (3.2), antl:9%6.9 (7.1). Purity 99.96%H NMR:
(200 MHz, 30 °C, CDG| TMS) é ppm: 3.81 (3H, H), 6.07 (6H, Ho), 7.56 (2H, He), 7.76
(1H, Ho), 8.19 (2H, H7), 8.54 (2H, Hg), 8.92 (1H, H). IR (KBr) (Vmaxcmi ): 3094 ¢ch),
1596 (o), 1466 and 1370vEn), 1262 Pascod, 1154 Bcr), 1027 Yscod, 832 () and 558

(Tee). ESI/MS for M RUONsCICygH:7]™: Calculated: 427.88pund: m/z 428.09.

Compound 4a: Green solid. Yield 79%. CHN Ru@3CIC3H3PR.H,O experimental

(calculated): %C: 45.3 (47.4), %H: 5.0 (5.3), anl:9%6.8 (5.3). Purity 99.87%H NMR:



(200 MHz, 30 °C, CDCI3, TMS) ppm:0.89 (3H, k), 1.28 (16H, H), 1.48 (2H, H), 1.87
(2H, Hy), 4.07 (2H, H), 6.12 (6H, Hy), 7.06 (2H, He), 7.73 (1H, H), 8.09 (4H, H7ss),
9.38 (1H, H). IR (KBr) (VmaxCMY): 3094, 2923 and 2853 ), 1609 ¢cc), 1499 and 1438
(Ven), 1262 Pascod, 1179 Ben), 1025 scod, 838 ¢pr). ESIIMS for M[RUONSCICsHzg]

Calculated: 622.20; found: m/z 622.31.

Compound 4b: Green solid. Yield 77%. CHN Ru®:;CICyH:7/PR.HO experimental
(calculated): %C: 37.2 (38.0), %H: 3.1 (3.0), antl:9%6.8 (6.6). Purity 99.93%H NMR:
(200 MHz, 30 °C, CDG| TMS) § ppm: 3.94 (3H, k), 6.15 (6H, Ho), 7.09 (2H, Hg), 7.75
(1H, Hy), 8.11 (4H, H7gg), 9.35 (1H, H). IR (KBr) (Vmaxcm): 3094 @ct), 1609 ¥co),
1500 and 1420vgn), 1265 Yascod, 1181 Bcr), 1021 ¢scod, 836 (pr). ESIMS for

M*[RUO:NsCICy0H;7]": Calculated: 467.90; found: m/z 468.16.

Biology

Céell Cultures. The human embryonic kidney HEK293 cell lines tfaoted with ABCG2
(HEK293 ABCG2, mouse embryonic fibroblast wild-type (NIH3T3) danP-gp
overexpressing (NIH3TABCBJ), as well as the human glioblastoma T98G, U87M@ an
U251 cell lines, were maintained in Dulbecco’s nfiedi Eagle’s medium (DMEM high
glucose) (Sigma-Aldrich), supplemented with 10% alffebovine serum (FBS), 1%
penicillin/streptomycin, and supplemented with OMI§mL™" G418 (HEK293ABCG32, or 60
ngtL™ colchicin (NIH3T3P-gp). The mammalian fibroblast baby hamster kidneycélls
(BHK21) and MRP1-overexpressing cells (BHKRIRP1) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM/F12), supplementedimb% fetal bovine serum (FBS),
1% penicillin/streptomycin, and supplemented for €4 MRP1 with 0.1 mgmL™

methotrexate.



Cytotoxicity Assays. Different cell lines were seeded into 96-well oudt plates at an
appropriate concentration to allow a log-linearvgito for 3 d. Twenty-four hours after
plating, the cells were treated with increasing cemrations of 0.1 to 100 umolL
compounds for 72 h, at 37 °C under 5%;CCell viability was then evaluated with an MTT
colorimetric assay [57]. Control experiments weerfgrmed with DMEM high glucose
containing 0.1% DMSO (v/v). The results were expeelsas percentage of viable cekssus

initial control cells, taken as 100%.

Flow cytometric analysis. Human tumor cells (6 x f@ells/well) were incubated in 12-well
plates (24 h, 37 °C). The cells were then treatdth 25 and 100 pmolt #°
areneruthenium(ll) compounds for 72 h. After cdagation, the pellet was washed twice
with PBSA and incubated with a cold staining salntof 50pgmL™ propidium iodide, 0.1%
Triton X-100, 0.1% sodium citrate, and 0.2g ™ RNAse A (30 min, in the dark) [58]. The
samples were run in a FACSCalibur System, and th&A histograms obtained were
analyzed to measure their relative DNA content f@tterizing G1, S, G2 phase distributions
and the proportion of sub-G1 hypodiploid cells)ingswin MDI 2.9 software (developed by

Joseph Trotter).
Statistical analysis. Mean + SD results were submitted to analysis ofanae (one-way
ANOVA) using the GraphPad Prism 5 program. Valuéspo< 0.05 were considered

statistically significant.
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Graphical Abstract

A series of amphiphilio;®-areneruthenium(ll) compounds were synthesizedracherized,

and their biological activity evaluated in humanioglastoma cell lines. Compound
recognition by ABC transporters (P-gp, MRP1, andCA&R) was investigated. Results
evidenced that one of the cationic phenylazo-bageareneruthenium(ll) compound was
cytotoxic for all human glioblastoma cell lines texf despite its transport by the three

multidrug efflux proteins.

Figure captions

Scheme 1. Precursor [{{°-CsHg)CIRU}.Cl,] at center and the amphiphilic complexes. Group
I: compoundsla, 1b, 2a and 2b with the L1a, L1b, L2a and L2b ligands, and group II:

compounds3a, 3b, 4a and 4b with the L3a, L3b, L4a and L4b ligands.L1a = 4-(4-

dodecyloxyphenylazo)pyridineL1b = 4-(4-methoxyphenylazo)pyridineL2a = 2-(4-
dodecyloxyphenylazo)pyridineL2b = 2-(4-methoxyphenylazo)pyridineL.3a = 2-(4-
dodecyloxyphenyl)-5-(4-pyridyl)-1,3,4-oxadiazole,L3b = 2-(4-methoxyphenyl)-5-(4-

pyridyl)-1,3,4-oxadiazole,L4a = 2-(4-dodecyloxyphenyl)-5-(2-pyridyl)-1,3,4-oxadae,

L 4b = 2-(4-methoxyphenyl)-5-(2-pyridyl)-1,3,4-oxadiagol

Figure 1. Cyclic voltammograms of compounds (23 and (B)2b in dichloromethane, and
compounds (CPa and (D)2b in acetonitrile. TBACIQ 0.1 moll ™ Scan rates = 5-100

mVS™ (labels indicated on the graph).



Figure 2. Effect of the compounds on cell-cycle progressioglioblastoma cells. T98G cells

were treated with different®-areneruthenium complexes at (A) 25 and (B) 100 Ipimbfor

72 h. Cellular DNA was stained with propidium iodidnd flow-cytometry analysis was

performed to analyze the cell cycle distributio@) Percentage of fragmented DNA content

after the compound treatment. *** for p < 0.001.

Figure 3. Cytotoxic effect of compoun@b in transfected cells overexpressing multidrug
ABC transporters. The cells were treated with ssveoncentrations of compourath for 72

h with or without specific inhibitors of the ABCainsporters. The cytotoxicity was evaluated
by MTT assays (see Experimental Section): (A) (sgulliH 3T3, (circle) NIH 3T3-gp
(up-triangle) NIH 3T3P-gp with GF12018/elacridar (at 1 pmoliLconcentration); (B)
(square) HEK293, (circle) HEK298BCG?2 (up-triangle) HEK293ABCG2with Ko143 (at 1
umol- L concentration); (C) (square) BHK21, (circle) BHKRIRPY, (up-triangle) BHK21-

MRP1mutant

Figure 4. UV-vis spectra involved in the interaction of goound2b with GSH experiments.
UV-vis spectra of (solid black line) GSH; (dashddch line) GSH solution treated with an
equivalent of HO,; (blue line) GSH with compoungb solution after interaction for 10 s and
(red line) after 1 h. The concentrations used vi€renmol- =* GSH, 10 mmol-* H,0, and

100 pmol- C* compoundb.

Figure 5. Cytotoxic effects of compounzb on glioblastoma T98G cells. Cells were treated
with compound2b at several concentrations for 72 h, with or withepécific inhibitors of
ABC transporters. The cytotoxicity was determingdMblI T assays: (square) compoug
(at 0—20 pumol-T¥); (up-triangle) compoun@b with MBLII141 (at 2 pmol-CY; (circle)



compound2b with verapamil (at 10 umol-t); (down-triangle) compoungb with Ko143 (at
2 umol- Y); (star) compoun@b with GF120918 (at 2 pmol-1).

Scheme 2. Synthetic route of the dodecyloxy- pyridine derivatligands. Reagentsi)
NH2NH2.H,O (65%);ii) hydroquinone, E5Oy, HoO; iii) n-CioHosBr, KoCOs, butanonejv)

SOCL, DMF; v) anhydrous pyridine;iy DCC, DMAP, anhydrous toluene.

Scheme 3. Synthetic route of the methoxy- pyridine derivatligands.Reagentsi) acetone,

CHal, K2CG;3; it) DMF, NaNs NH,CI; iii) SOC}, DMF; iv) anhydrous pyridine.



Tables

Table 1.Selected data obtained ty-NMR for then®-areneruthenium(ll) compounds

and free ligands in CDglI

Compounds d(ppm) Hypy | 8(ppm) Hgpy | Free ligands d(ppm) Hypy | 8(ppm) Hgpy
la 9.21 7.67 Lla 8.78 7.72
1b 9.22 7.68 L1b 8.78 7.67
2a 9.30 7.73 L2a 8.71 7.36
2b 8.92 7.76 L2b 8.70 7.37
3a 9.32 7.99 L3a 8.82 7.97
3b 9.32 7.81 L3b 8.83 7.97
4a 9.38 7.72 L4a 8.80 7.45
4b 9.35 7.75 L4b 8.81 7.47

Table 2.Cathodic peak potentials extracted from CV expenitsiéor the group %°-

areneruthenium(Il) compounds

Compounds Ee (V vs SHE) E12 (V vs SHE)
Lla -1.12 -1.05
Lib -1.10 -1.02
L2a -1.18
L2b -1.20

la -0.80
1b -0.83
2a -0.15 -0.27




2b

-0.19

-0.27

Data obtained inCH,Cl,; in *CH;CN.

Table 3.Cytotoxicity of the amphiphilig®-areneruthenium(ll) compounds to

the human glioblastoma cell lines U251, US7TMG af8G.

| Gso(mol-L™)

Compounds U251 U87MG T98G

Group |

la 22.09+1.31 55.46 + 8.05 71.91 +6.80

1b 56.00 + 7.16 97.05+1.70 31.04 +3.73

2a 5.92+£1.04 490 £0.98 55+0.71

2b 8.03 £ 0.50 490+1.08 24.77 +2.27
Group Il

3a > 100 > 100 > 100

3b > 100 > 100 > 100

4a 6.12 + 1.56 5.66 +1.75 12.44 + 3.49

4b > 100 > 100 >100

Notes: Thd Gsg values for the cytotoxicity of the compounds weetermined using 10,

25, 50 and 100 pmol-t, after 72 h of treatment by the MTT cell-survivaethod.

Abbreviations1Gsg, half-maximal inhibitory growth concentration; MT3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode.



Table 4.Cytotoxicity of y°-areneruthenium(ll) to transfected cdifes that

overexpress multidrug ABC transporters.

1G5 (l.lm0| L_l)

Compounds  NIH 3T3 NIH 3T3-P- HEK293 HEK293- BHK21 BHK21-
ap ABCG2 MRP1
Group |
la 57.13+1.25 64.82+193 91.5+9.19 85+5.6%43.13+3.83 20.20+1.96
1b 51.27 +3.08 59.41+4.44 43.66+3.51 38.0205. 30.67+3.21 285%5.06
2a 13.26 +1.13 16.44+0.70 13.47+0.45 13.3®@B0 2.25+0.27 0.80%0.14
2b 11.61+£0.11 > 100 8.63+£0.48 16.10+£0.95 Z2DA9 4.36 +1.04
Group Il
3a > 100 > 100 > 100 > 100 > 100 > 100
3b > 100 > 100 > 100 > 100 > 100 53.56 + 6.83
4a 3445+054 6506175 17.7+2.00 8.55#2.02.00+0.34 1.85+0.22
4b > 100 > 100 > 100 > 100 > 100 > 100

Note: The respectivigss, values of the compounds are reported. Cells weesed with
increasing concentrations of compounds for 72 fgrbehe cytotoxicity was evaluated

by using the MTT assay.

Table 5. Resistance indexes displayed by compow@iognd4a to the multidrug
transporters P-gp, ABCG2 and MRP1.

Resistance index




Compounds

NIH 3T3-P-gp HEK293-ABCG2 BHK21-MRP1
2b 8.6 1.8 1.6
4a 1.9 — —
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Highlights

« Two new series of amphiphilic #°-areneruthenium(ll) compounds were synthesized

and characterized.

* The azo-derivative ruthenium complexes exhibited high cytotoxic activity on three
human glioblastoma cell lines: U251, US7TMG and T98G; and the cytotoxicity was
attributed to alterations of cell-cycle progression and increased contents of fragmented

DNA, suggesting an apoptotic mechanism.

* The azo-derivative compound 2b was a substrate for the P-gp, ABCG2 and MRP1

protein transporters.

* The cytotoxicity of compound 2b in the T98G cell line was highly increased by

verapamil, revealing the involvement of multidrug ABC transporters.



