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Abstract

New ruthenium complexes containing enantiopure 2,6-bis[4'(R)-phenyloxazolin-2’-il-pyridine) ((R,R)-Ph-pybox),
2,6-bis[4"(S)-isopropyloxazolin-2 -il-pyridine  ((S,S)-Pr-pybox) or 2,6-bis[4'(R)-isopropyloxazolin-2 -il-pyridine
((R,R)-"Pr-pybox) and water soluble 1,3,5-triaza-7-phosphaadamantane (PTA) or N-substituted PTA phosphanes
have been synthesized in high yields and fully characterized. The interactions of these compounds with plasmidic
DNA and their cytotoxic activity against the human cervical cancer HeLa cell line are reported, pointing out for the
first time the different behaviour of ruthenium enantiomers affecting cell cycle in Hela tumor cells.

Introduction

Search for new therapeutic agents for cancer treatment has lead to an increasing interest for the cytotoxic properties
of metal complexes' and their mechanisms of action.’

In particular, ruthenium-based anticancer drugs have been the subject of active research® due in part to the ability of
ruthenium to mimic iron in the binding to biological molecules. Thus, ruthenium complexes [ImH][#trans-
RuCly(Im)(DMSO)] (Im = Imidazole) NAMI-A, and [InH][#rans-RuCly(In),] (In = Indazole) KP1019 have already
successfully completed Phase I clinical trials* and Ru(Il) arene complexes, in particular, arene complexes type
[RuClz(n"—arene)(PTA)] (RAPTA-complexes) have shown excellent in vitro results.’

We have recently reported the synthesis and antitumor activity of a series of water-soluble [tris(pyrazol-1-
yl)borate]ruthenium(II) complexes containing PTA and 1-R-PTA phosphanes. These complexes interact with DNA
and have an inhibitory effect against human tumor cell lines comparable to anticancer drugs currently used in clinic
such as doxorubicin.

In the last years we have been also involved in the synthesis of several transition metal complexes with C,-
asymmetric tridentate nitrogen ligand pybox (pybox = 2,6-bis[4’(S)-isopropyloxazolin-2’-il-pyridine or 2,6-bis[4’(R)-
phenyloxazolin-2’-il-pyridine) and their applications in asymmetric catalysis. As part of our ongoing research dealing
with groups 8, 9 and 11 metal complexes bearing enantiopure pybox ligands,” we have reported the application of
ruthenium and iridium complexes in asymmetric transfer hydrogenation of ketones.® In particular, we have
synthesized enantiopure ruthenium complexes trans- and cis-[RuCly(L){(R,R)-Ph-pybox}] (L = phosphine or
phosphite) and found them useful catalysts for asymmetric transfer hydrogenation of ketones (up to 95 % ee and very
high TOF).%

Since most of the biological molecules are chiral, optical isomers of metallic complexes would interact differently
with them and therefore, different biological effects with a chiral molecule as DNA should be observed. Thus,
enantiomeric pairs of platinum complexes exhibit different biological activities and different cytotoxicities against
different tumor cell lines.”

For ruthenium complexes, differences in the behaviour of the enantiomers A and A of octahedral ruthenium
complexes have been shown for the cellular uptake'® as well as for the DNA interaction modes.'' However, to our
knowledge, there are no studies regarding the cytotoxicity of enantiopure ruthenium complexes against tumoral cells.

In this scenario we have thought interesting to undertake further studies on the potential biological activity of the
ruthenium enantiomer complexes trans- [RuCl(L) {(R,R)-Pr-pybox}] and trans-[RuCl,(L){(S,S)- Pr-pybox}] bearing
pybox enantiopure and water-soluble PTA and 1-R-PTA ligands. The PTA ligand'? has been extensively used to
obtain water-soluble transition metal complexes, and many of these compounds harbouring the PTA ligand were in
fact described to have interesting antitumor properties.’
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Here we report the synthesis of novel enantiopure complexes bearing PTA and N-substituted PTA ligands and we
analyze their ability to interact with plasmidic DNA as well as their putative antibacterial and antitumor activities.
Also, we demonstrate by first time, that some ruthenium enantiomers affect differently cell division in Hela tumor
cells.

Results and discussion

Synthesis of complexes trans-[RuCl,{(R,R)-Ph-pybox}(PTA)] (1a) and trans-[RuClz{(S,S)-iPr-pybox}(PTA)]
(1b), trans-[RuCL{(R,R)-"Pr-pybox}(PTA)] (lc). The stereoselective substitution of the ethylene ligand in the
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complexes trans-[RuCly(17*-C,H,)(R-pybox)] (R-pybox = (R,R)-Ph-pybox, (S,5)-Pr-pybox, (R,R)-"Pr-pybox) by PTA
was accomplished in refluxing methanol (for 1a) or in dichloromethane at room temperature (for 1b and 1c¢) to afford
the new complexes 1a—1¢ which were isolated as dark purple solids in good yields (90-99 %) (Scheme 1). Complexes
la—1c are soluble in water (Sypec= 6.58 (1a) and 31.4 mg/mL (1b, 1c)). These complexes have been characterized by
NMR spectroscopy, elemental analysis, and by mass spectra for 1a and 1b (see Experimental Section for details). The
most significant spectroscopy data are the following: (i) The *'P{'H} NMR spectra of these complexes show a
singlet resonance at = — 44.3 (1a) and — 41.0 ppm (1b, 1c¢). (ii) A single set of signals was observed for the pybox
ligands in the *C{"H} NMR spectra of complexes 1a, 1b and 1c that is fully consistent with the presence of a C,
symmetry axis as in the case of their precursor complexes.'> This evidence implies that the PTA ligand and the
pyridine group are in a frans arrangement. (iii) The methylene hydrogens NCH,N of the PTA ligand for complex 1a
appear at 4.33 and 4.06 ppm as AB spin systems (Ju,u, = 13 Hz) (in the case of complexes 1b, 1c¢ the signals for the
NCH,N (PTA) and OCH, (pybox) groups are overlapped). The NCH,P hydrogen atoms appear as a CD spin system
at 3.60 and 3.52 ppm (Jy.np, = 15 Hz) for complex 1a and as a multiplet at 4.56 ppm for complexes 1b or 1c. These
data are consistent with those reported for ruthenium complexes containing the PTA ligand.*'* The methylene groups
of the PTA ligand are found in the *C{'H} NMR spectra as doublets at 72.9 ppm (*Jcp = 6 Hz) (NCH,N) and 52.2
ppm (Jep = 11 Hz) (NCH,P) for complex 1a and at 73.6 ppm (Jep = 6 Hz) (NCH,N) and 53.3 ppm (Jep = 12 Hz)
(NCH,P) for complexes 1b, 1c.

N
W \\\\ N Q 1
PTA R2 Ru/ 'R
7
c” |
7
N~L/N
LN/
R'=H, R?=Ph (1a), 'Pr (1c)
R'='Pr,R?=H (1b)

Scheme 1

Reaction of trans-[RuCly(R-pybox)(PTA)| (R-pybox = (R,R)-Ph-pybox, (S,S)-iPr—pybox, (R,R)—iPr-pybox) with
HCI-OEt,: Synthesis of complexes trans-[RuCl,{(R,R)-Ph-pybox}(1-H-PTA][CI]] (2a), trans-[RuClz{(S&-iPr-
pybox}(1-H-PTA)][C]] (2b) and trans-[RuCl;{(R,R)-iPr-pybox}(l-H-PTA)][Cl] (2¢). Addition of an
equimolecular amount of HCI-OEt, (diethyl ether solution, 2M) to a solution of the complexes trans-[RuCly(R-
pybox)(PTA)] (R-pybox = (R,R)-Ph-pybox, (S.S)-Pr-pybox, (R,R)-Pr-pybox) in dichloromethane at — 30 °C gives
raise to the protonation of one of the nitrogen atoms of the coordinated PTA ligand to afford complexes 2a—2¢ which
were isolated in high yield (80 — 86 %) (Scheme 2). Complexes 2a-¢ show low conductivity values in acetone'® (12-
17 S em?® mol™), indicating that the cationic complex makes a tight ionic couple with CI” in acetone solution. The
results are in accordance with the X-ray structure data of complex 2a for which an hydrogen bond between the H of
ammonium group of 1-H-PTA ligand and the chloride is found (see below).

Characteristic features of the spectroscopic data are the following: (i) The *'P{'H} NMR spectra exhibit a singlet
signal at — 27.9 ppm (2a) and — 24.9 (2b, 2¢) which is clearly lower-field shifted in relation with the value found for
the precursor complexes (— 44.3 ppm for 1a and — 41.0 for 1b, 1¢).*'° (ii) The signals observed for the pybox ligands
in the *C{'H} NMR spectra of complexes 2a—2¢ are consistent with the presence of a C, symmetry axis thus
indicating that the PTA modified ligand and the pyridine group maintain the frans arrangement of their precursors.
(iti) The NMR spectra show characteristic signals for the H-PTA ligand. Thus, the '"H NMR spectra show two broad
signals for the hydrogen atoms of the NCH,N groups of the H-PTA ligand at 4.56 (overlapped with OCH, protons)
and 4.18 ppm (2a), 4.99 and 4.83 (overlapped with the signals of the OCH, protons) ppm (2b, 2¢) and broad signals
for the NCH,P protons at 3.60, 3.46 ppm (2a) and 4.60 ppm (2b, 2¢). The methylene of the H-PTA ligand resonate in
the *C{'H} NMR at 71.4 (2a) and 72.1 ppm (2b, 2¢) for NCH,N group and at 49.9 (2a) and 53.4 (2b, 2¢) ppm for
the NCH,P group. The signals for the carbons of the NCH,N (2a,2b) and NCH,P (2a) groups are higher-field shifted
(> 1ppm) in relation with those found for the precursor complexes 1a and 1b (see above)
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Scheme 2

Reaction of trans-[RuCly(R-pybox)(PTA)] (R-pybox = (R,R)-Ph-pybox, (S,S)-"Pr-pybox, (R,R)-"Pr-pybox) with
organic halides: Synthesis of the complexes frans-[RuCl,(R-pybox)(1-R-PTA)][X] (R-pybox = (R,R)-Ph-pybox;
X =1, R = CH; (3a), CH,CH=CH, (4a), X = Br, R = CH,C=CH (5a), CH,Ph (6a), X = Cl, R = CH,Ph (7a). R-
pybox = (8,8)-"Pr-pybox; X = I, R = CHj, (3b), CH,CH=CH, (4b), X = Br, R = CH,C=CH (5b), CH,Ph (6b). R-
pybox = (R,R)-"Pr-pybox; X = I, R = CHj; (3¢), CH,CH=CH, (4c), X = Br, R = CH,C=CH (5¢), CH,Ph (6¢), X =
Cl, R = CH,Ph (7¢). The reaction of complexes trans-[RuCl,(R-pybox)(PTA)] (R-pybox = (R,R)-Ph-pybox, (S.S)-
"Pr-pybox, (R,R)-Pr-pybox,) with organic halides (RX, R = methyl, allyl, propargyl, benzyl) in dichloromethane at
room temperature leads to the alkylation of one of the nitrogen atoms of the PTA ligand affording the new complexes
3a-7c¢ containing the 1-alkyl-3,5-diaza-1-azonia-7-phosphaadamantane (1-R-PTA) ligand (Scheme 3). These
complexes are isolated in 60-97 % yields. The solubility of these complexes in H,O (293 K) is in the range of
2.45-11.49 mg/mL. The most remarkable features for these complexes are the following: (i) The phosphorous atom
of the R-PTA ligand resonates in the *'P{'H} NMR spectra at significantly lower field (8 — 13.7 to —18.4 ppm) than
the corresponding precursor complexes. (ii) The "H NMR signals have been assigned through COSY HH, HSQC and
HMBC experiments and are in agreement with the proposed structures (see Experimetal Section). (iii) The single set
of signals observed for the pybox ligands in the *C{'H} NMR spectra of complexes 3a—7c are consistent with the
presence of a C, symmetry axis as in the case of their precursor complexes. (iv) While the NCH,N and NCH,P
groups of complexes 1a—1c display typical AB and CD spin systems, those of complexes 3a—7¢ appear as complex
multiplets in the ranges of 5.95-2.91 ppm (for Ph-pybox-containing complexes) and 6.31-4.12 ppm (for 'Pr-pybox-
containing complexes). (v) The 'H and *C{'H} NMR spectra also show the expected signals for the methyl, allyl,
propargyl and benzyl substituents of PTA.

_|[X]
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Crystal structure of the complexes trans-[RuClz{(S,S)-iPr-pybox}(PTA)] (1b), trans-[RuCL{(R,R)-Ph-pybox}(1-
H-PTA)[[C]] (2a) and trans-[RuCL{(S,S)-Pr-pybox}(1-CH;-PTA)][I] (3b). Slow diffusion of hexane into a
solution of 1b or 3b in dichloromethane allowed us to collect suitable crystals for the X-ray diffraction studies.
Crystals suitable for the X-ray study of 2a were obtained by diffusion of diethyl ether into a saturated solution of this
complex in dichloromethane. The asymmetric unit of complex 2a consists of one molecule of trans-[RuCl,{(R,R)-Ph-
pybox}(1-H-PTA)][CI] and one molecule of dichloromethane (2a-CH,Cl,). ORTEP type representations of complex
1b and the cation complex zrans-[RuCl,{(S,S)-Pr-pybox}(1-Me-PTA)]” and a POV_Tay drawing of complex
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2a-CH,Cl, are shown in Figures 1-3 and selected bonding data are listed in Table 1. The structures exhibit a distorted
octahedral geometry around the ruthenium atom which is bonded to the three nitrogen atoms of ‘Pr-pybox ligand, the
phosphorous atom of PTA (for 1b), 1-H-PTA (for 2a) or 1-Me-PTA (for 3b) ligands and two chlorine atoms (Figures
1-3). The chlorine atoms are located in a #rans disposition with an CI(1)-Ru-CI(2) angle of 177.20(5) (for 1b),
177.42(8) (for 2a-CH,Cl,) and 178.09(10) (for 3b) deg. The Ru—N(4), Ru-N(5) and Ru—N(6) distances as well as the
N-Ru-N bond angles fall in the range observed for other related complexes (see Table 1)."” The N(5)-Ru—P(1) angle
is close to the linearity (178.41(9) (1b), 178.6(2) (2a), 176.6(2) (3b) deg) and the Ru—P(1) distances are in the range
of 2.255(2) to 2.3089(9) A.

In complex 2a, the N(1)-H(1N) distance has a value of 0.84(18) A in agreement with the distance values found in the
literature for this type of bonds'® The structure reveals also the existence of a hydrogen bond between the H(1N) atom
and a chloride anion. The H(1N)-CI bond distances (2.26(17) A) and the N(1)-H(IN)---Cl angle (156(15) deg) are in
accord with this type of binding.'® For complex 3b, the distance C(7)-N(1) in the 1-Me-PTA ligand is 1.486(12) A
These complexes 1b, 2a-CH,Cl,, 3b present very similar structures with the same stereochemistry, the pyridine
nitrogen of the pybox ligand and the PTA, H-PTA and Me-PTA ligands being always in a trans arrangement.

Figure 1. An ORTEP type drawing of complex 1b-showing atom-labeling scheme. Thermal ellipsoids are shown at 20 %
probability. Hydrogen atoms are omitted for clarity.

Figure 2. A POV-Ray drawing of complex 2a-CH,Cl,'showing atom-labeling scheme. Hydrogen atoms, except N(1)-H(1N), and
solvent molecule are omitted for clarity.
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Figure 3. An ORTEP type drawing of the cation of complex trans-[RuCL {(S,S)-'Pr-pybox } (1-Me-PTA)][I] (3b) showing atom-
labeling scheme. Thermal ellipsoids are shown at 20 % probability. Hydrogen atoms and I anion are omitted for clarity.

Published on 17 July 2013. Downloaded by Universidade Federal de Sao Paulo on 18/07/2013 12:15:27.
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Table 1. Selected Bond Distances (A) and Angles (deg) for Complexes 1b, 2a-CH,Cl, and 3b

Selected Bond Distances (A) and Angles (deg) for Complex 1b

Bond Distance Bond Distance
Ru-N(4) 2.076(3) Ru-CI(1) 2.3905(11)
Ru-N(5) 2.022(4) Ru-Cl(2) 2.4041(10)
Ru-N(6) 2.075(4) Ru-P(1) 2.3100(14)

Angle Value Angle Value
N(4)-Ru-P(1) 102.97(11) N(6)-Ru-ClI(2) 92.68(12)
N(5)-Ru-P(1) 178.40(10) P(1)-Ru—CI(1) 91.48(4)
N(6)-Ru-P(1) 102.55(13) P(1)-Ru—CI(2) 89.79(4)
N(4)-Ru-CI(1) 90.32(10) N(4)-Ru-N(6) 154.47(16)
N(5)-Ru-CI(1) 86.92(10) N(5)-Ru-N(6) 77.58(17)
N(6)-Ru-CI(1) 89.41(13) N(4)-Ru-N(5) 76.92(15)
N(4)-Ru-ClI(2) 87.04(10) CI(1)-Ru—CI(2) 177.27(5)
N(5)-Ru-Cl(2) 91.80(10)

Selected Bond Distances (A) and Angles (deg) for Complex 2a-CH,Cl,

Bond Distance Bond Distance
Ru-N(4) 2.086(5) Ru-CI(1) 2.402(2)
Ru-N(5) 2.029(6) Ru-Cl1(2) 2.396(2)
Ru-N(6) 2.094(6) Ru—P(1) 2.286(2)

N(1)-H(IN) 0.87(17) H(IN)--Cl1 2.24(16)

Angle Value Angle Value
N(4)-Ru-P(1) 102.59(16) N(6)-Ru-Cl(2) 94.11(19)
N(5)-Ru-P(1) 178.5(2) P(1)-Ru—CI(1) 94.43(7)
N(6)-Ru-P(1) 102.37(18) P(1)-Ru—Cl1(2) 88.07(7)
N(4)-Ru-CI(1) 92.48(18) N(4)-Ru-N(6) 155.0(2)
N(5)-Ru-CI(1) 87.0(2) N(5)-Ru-N(6) 77.5 (3)
N(6)-Ru-CI(1) 84.73(19) N(4)-Ru-N(5) 77.6(2)
N(4)-Ru-Cl(2) 87.61(18) CI(1)-Ru—C1(2) 177.41(8)
N(5)-Ru-Cl(2) 90.49(19) N(1)-H(IN)--Cl 154(15)

Selected Bond Distances (A) and Angles (deg) for Complex 3b

Bond Distance Bond Distance
Ru-N(4) 2.107(6) Ru-CI(1) 2.4068(14)
Ru-N(5) 2.041(6) Ru-Cl(2) 2.4096(14)
Ru-N(6) 2.087(5) Ru—P(1) 2.2752(17)

N(1)-C(7) 1.483(8)

Angle Value Angle Value
N(4)-Ru-P(1) 102.20(19) N(6)-Ru-ClI(2) 88.50(18)
N(5)-Ru-P(1) 176.48(17) P(1)-Ru—CI(1) 86.78(6)
N(6)-Ru-P(1) 104.43(18) P(1)-Ru—CI(2) 91.69(6)
N(4)-Ru-CI(1) 89.17 (15) N(4)-Ru-N(6) 153.3(3)
N(5)-Ru-CI(1) 90.19(15) N(5)-Ru-N(6) 774 (3)
N(6)-Ru-CI(1) 90.66(18) N(4)-Ru-N(5) 75.9(3)
N(4)-Ru-ClI(2) 92.39(16) CI(1)-Ru—CI(2) 178.01(7)
N(5)-Ru-ClI(2) 91.38(15)

Chemical behavior in aqueous solution. All complexes are water soluble with solubilities, Syo; ¢ (H,0), in the
range: 2,45 mg/mL to 31,42 mg/mL. Complexes bearing the ligand ‘Pr-pybox show higher solubilities than those
bearing the Ph-pybox. Moreover, the Pr-pybox/PTA complex shows higher solubility than the corresponding
protonated complex ‘Pr-pybox/1-H-PTA (Sy3 x (H,0): 31,42 and 22,45 mg/mL, respectively).

Stability of all complexes under physiological conditions was tested by heating samples of complexes in phosphate
buffer solutions at pH = 7 to 37°C. After 72 hours, no appreciable decomposition was observed by *'P{'H} NMR
spectroscopy in any of the complexes tested. The experiments were conducted both in the presence and in absence of
oxygen and no significant differences were found.

Conductivity measurements in water (5-10* M) for complexes 1a-c confirm that these complexes are neutral in
aqueous solution, ruling out potential halide dissociation.

Electrochemical studies. The electron transfer properties of selected complexes have been studied by cyclic
voltammetry techniques. Cyclic voltammetry (CV) experiments in 0.10 M [BuyN][BF4]-dichloromethane solutions
containing 5 x 10* M of the complex were performed at a platinum electrode. CVs of the complexes trans-[RuCl,(R-
pybox)(PTA)] (R-pybox = (R,R)-Ph-pybox (1a), (S,S)-Pr-pybox (1b)), trans-[RuCly(R-pybox)(1-H-PTA)][CI] (R-
pybox = (R,R)-Ph-pybox (2a), R-pybox = (S,S)-Pr-pybox (2b)), trans-[RuCl,(R-pybox)(1-R-PTA)][X] (R-pybox =
(R,R)-Ph-pybox, X =1, R = CHj; (3a), CH,CH=CH, (4a); X = Br, R = CH,Ph (6a); X = Cl, R = CH,Ph (7a). R-pybox
= (5,5)-Pr-pybox, X = I, R = CH; (3b), CH,CH=CH, (4b); X = Br, R = CH,Ph (6b)) show a chemical and
electrochemical reversible one-electron oxidation wave that can be assigned to a formal one-electron oxidation at the
ruthenium(Il) center. The E°, for these Ru(Ill)/Ru(Il) systems are shown in Table 2. On the other hand, the
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complexes 2a and 2b show also one reversible wave (0.247 V (2a), 0.144 V (2b)) which can be tentatively assigned
to complexes 1a,b generated in situ by proton dissociation. In according with the higher electron donating capability
of the Pr-pybox ligand the ruthenium ‘Pr-pybox complexes are oxidized at lower potentials than the Ph-pybox
complexes. The values of the E°;, Ru(IlT)/Ru(Il) (2a—7a and 2b—6b vs 1a and 1b) are in accordance with the higher
potentials expected for the cationic complexes.

Table 2. Cyclic voltammetric data® for the ruthenium complexes

Compound E°/V
trans-[RuCL{(R,R)-Ph-pybox }(PTA)] (1a) 0.246
trans-[RuCl{(S,S)-Pr-pybox } (PTA)] (1b) 0.138

trans-[RuCL{(R,R)-Ph-pybox}(1-H-PTA)][CI] (2a) 0.408
trans-[RuCl,{(S,S)-Pr-pybox } (1-H-PTA)][CI] (2b) 0.306
trans-[RuCL{(R,R)-Ph-pybox } (1-CH;-PTA)][I] (3a) 0.467
trans-[RuCL{(S,S)-Pr-pybox } (1-CH3-PTA)][I] (3b) 0410
trans-[RuCL{(R,R)-Ph-pybox } (1-CH,=CHCH,-PTA)][I] (4a) 0.482
trans-[RuCl, {(S,S)-"Pr-pybox } (1-CH,=CHCH,-PTA)][I] (4b) 0.471
trans-[RuCL{(R,R)-Ph-pybox } (1-PhCH,-PTA)][CI] (7a) 0410
trans-[RuCL{(S,S)-'Pr-pybox } (1-PhCH,-PTA)][Br] (6b) 0.369

“All electrochemical measurements were carried out in dichloromethane.

DNA binding properties and cytotoxicity of ruthenium complexes. Modification of plasmid electrophoretic
mobility is commonly taken as evidence for direct DNA-metal interaction. Alteration of the mobility of SC DNA
and/ or open circular DNA (OC) indicates a disturbance of the DNA structure by the ruthenium compounds.
Retardation of SC DNA was observed for all the analysed compounds, being the effect in plasmid mobility shift,
proportional to the concentrations used and demonstrating that all the analysed compounds are interacting “in vitro”
with DNA (Figure 4). Despite the fact that modification in plasmid mobility is not a quantitative technique, it is clear
that compounds with lower solubilities (1a, 2a, 3a, 4a, 5a, 6a) were the most effective ones, as all of them showed a
dramatic alteration of plasmid mobility at concentrations of 0.1mM (Figure 4a), while the rest of the compounds only
had a slightly effect in the plasmid mobility at these concentrations (Figure 4b and 4c). This is specially accentuated
for compounds 4a, 5a and 6a, which showed a great effect modifying plasmid mobility at concentrations as lower as
0.05mM (Figure 4a). Further work will be necessary to characterize in detail the biochemical mechanisms behind
this behaviour.

Published on 17 July 2013. Downloaded by Universidade Federal de Sao Paulo on 18/07/2013 12:15:27.
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Figure 4. DNA mobility shift assay for ruthenium complexes 1a-6a, 1b-6b, 1c-6¢. The range of ruthenium complex concentrations
used (mM) is indicated (top of the panels). C is the control lane without the ruthenium complex. OC, open circular plasmidic DNA;
SC, supercoiled DNA.

A first indication of the “in vivo” activity of these novel ruthenium complexes was obtained using the Kirby Bauer
diffusion method"’ against six different bacteria (M. luteus, B. subtilis, E. coli, S. coelicolor, S. antibioticus, and P.
aeruginosa) and two yeasts (C. albicans and C. parapsilosis). All the compounds were active against these
microorganisms, but they had different intensities of microbial growth inhibition in function of the microorganism
tested (See Supplementary Material Figure 1 and Table 1.) The microbial activity of these compounds was
comparable to that presented by clinical antibiotics (for instance, 0.045 pg of erythromycin produce a 10 mm
inhibition halo against M. luteus). However, the antimicrobial activity of these compounds cannot be exploited in
clinic because they interact with DNA, and in consequence, their biological effect is not specific for microbes. As
previously reported for hydridotris(pyrazolyl)borate ruthenium(II) complexes,® gram positive bacteria (M. luteus, B.
subtilis, S. coelicolor, and S. antibioticus) were more susceptible to ruthenium compounds than the gram negative
ones (E. coli, P. aeruginosa) or eukaryotic microbes (C. albicans, C. parapsilosis). This differential sensitivity could
be due to differences in bacterial cellular covers (gram negative cell wall consists of at least two layers, whereas the
gram-positive cell wall is typically much thicker and consists primarily of a single type of molecule). An impediment
in the access of the compounds to cellular DNA might be also the reason for the high resistance observed in yeasts,
because in contrast to what happens in bacteria, chromosomal DNA in eukaryotes is protected by the nuclear
membrane. Overall, biological factors are affecting the activity of these complexes, a fact that should be considered
in order to explore future clinical applications of these compounds.

Biological activity of ruthenium complexes against human HeLa tumor cell line We next analyzed the cytotoxic
activity of these compounds against the human cervical cancer HeLa cell line. Because several of the compounds to
be assayed were colored, the typical colorimetric assays to determine cell proliferation were not reliable. Thus, we
analyzed the ability to induce apoptosis in human cervical cancer HeLa cells of compounds 1a-7a, 1b-6b and 3¢, 6¢
and 7c¢ by using fluorescence flow cytometry analysis of cell cycle. In a typical experiment, cells were incubated with
solutions of different concentrations of the ruthenium complexes for 48 and 72 h and DNA content was analyzed by
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fluorescence flow cytometry following DNA staining with propidium iodide (PI). PI fluorescence is proportional to
the amount of chromosomal DNA and allows to identify distinct stages of the cell. Cells at the non-division stage
only have a copy of chromosomal DNA (phases Gy/Gy); after nuclear division they have two copies of chromosomal
DNA (phases G,/M); and apoptotic cells show DNA degradation, and have less PI fluorescence than intact cells (sub-
Gy/G; phase). The presence of cells with fragmented DNA (the so-called sub-Gy/G; cell cycle phase; hypodiploidy)
is a well-known indicator of apoptosis.?® The above compounds did not trigger apoptosis when used at 1, 10 or 100
puM for 24 or 48 h (data not shown). However after 72 h incubation time, all of them showed a rather weak ability to
promote apoptosis that could reach about 10% at 100 uM (Table 3). Only compound [RuCly(«*-N,N,N-(R,R)-Ph-
pybox)(1-PhCH,-PTA)][CI] (7a) showed a greater apoptotic activity (21% apoptosis) (Table 3).

Table 3. Induction of apoptosis in HeLa cells by ruthenium complexes

Compound % Apoptosis (72h)

10 uM 100 uM
[RuCL{(R,R)-Ph-pybox}(PTA)] (1a) 6.8 +0.8 113+1.7
[RuCl,{(S.S)-Pr-pybox } (PTA)] (1b) 8.0=+1.1 89+13
[RuCL{(R,R)-Ph-pybox}(1-H-PTA)][CI] (2a) 33£0.6 39+0.8
[RuCL,{(S,S)-Pr-pybox} (1-H-PTA)][CI] (2b) 3.8+£0.6 7.8+0.9
[RuCl {(R,R)-Ph-pybox }(1-CH3-PTA)][1] (3a) 8.0+1.0 123+1.9
[RuClL{(S,S)-"Pr-pybox } (1- CH;-PTA)][T] (3b) 93+1.0 114+1.7
[RuClL{(R,R)-"Pr-pybox}(1- CH;-PTA)][I] (3¢) 124+1.5 13.5+1.6
RuCL{(R,R)-Ph-pybox}(1-CH,=CHCH,-PTA)][I] (4a) 81+1.3 11.2+1.8
[RuCL{(S,S)-"Pr-pybox } (1-CH,=CHCH,-PTA)][I] (4b) 62+0.9 78+1.1
[RuCL{(R,R)-Ph-pybox} (1-HC=CCH,-PTA)][Br] (5a) 4.7+0.7 10.6 1.7
[RuCl,{(S,S)-"Pr-pybox } (1-HC=CCH,-PTA)][Br] (5b) 55+0.8 125+23
[RuClL {(R,R)-Ph-pybox } (1-PhCH,-PTA)][Br] (6a) 99+1.1 11.1£13
[RuClL{(S,S)-Pr-pybox} (1-PhCH,-PTA)][Br] (6b) 93+1.5 12.5+2.0
[RuCly {(R,R)-"Pr-pybox} (1-PhCH,-PTA)][Br] (6¢) 102+1.3 14.8+1.7
[RuCL {(R,R)-Ph-pybox}(1-PhCH,-PTA)][C]] (7a) 11.0+1.2 21.0+2.6
[RuCl, {(R,R)-Pr-pybox} (1-PhCH,-PTA)][CI] (7c) 7.8+£0.9 13.1£1.6

HeLa cells were incubated with 10 and 100 uM of the indicated compounds for 72 h, and then analyzed for cell cycle analysis by
flow cytometry. Quantitation of apoptotic cells was determined as the percentage of cells in the sub-G/G, region (hypodiploidy) in
cell cycle analysis. Untreated control HeLa cells showed < 3% apoptosis after 72 h incubation. Data shown are means + S.D. of
three independent experiments.

Despite data shown in Table 3 indicate a rather poor cytotoxic activity for the above compounds, interestingly a
different response was detected for enantiomers [RuCL(k*-N,N,N-(S,S)-Pr-pybox)(1-CH;-PTA)][I] (3b) / [RuCl,(i*-
N,N,N-(R,R)-Pr-pybox)(1-CH;-PTA)][T] (3¢) and [RuCly,(i*-N,N,N~(S,S)-Pr-pybox)(1-PhCH,-PTA)][Br] (6b) /
[RuCly(*-N,N,N-(R,R)-"Pr-pybox)(1-PhCH,-PTA)][Br] (6¢) in relation to their effects on cell cycle. Compounds 3b
and 6b bearing the ligand (S,S)-"Pr-pybox did not affect significantly the different phases of cell cycle, while their
enantiomers 3¢ and 6¢ bearing the (R,R)-"Pr-pybox isomer induced an abundant (up to 58% of the cells) cellular arrest
at the G,/M cell cycle phase, after 72 h incubation time (Figure 5 and Table 4). This growth arrest led to apoptotic
cell death (>20%) after protracted incubation times (>72 h). This is in agreement with the notion that a protracted
growth arrest at G,/M might lead to cell death through a mechanism not yet well defined.?' Nevertheless, these results
suggest a rather weak antitumor activity for these compounds, irrespectively, of their effects on cell cycle as high
drug concentrations and very long incubation times are required to promote cell death in HeLa cells.

Published on 17 July 2013. Downloaded by Universidade Federal de Sao Paulo on 18/07/2013 12:15:27.

Table 4. Percentage of HeLa cells accumulated at the Go/M cell cycle phase following treatment with the enantiomers 3b,¢ and

6b,c
Compound % Go/M
48 h 72h

Control (untreated) 21.5+3.2 19.8+3.3

[RuCl,{(S,S)-"Pr-pybox} (1-CH;-PTA)][T] (3b) 18.0+2.8 11.8+2.4

[RuCL {(R,R)-Pr-pybox} (1-CH;-PTA)][1] (3¢) 43.9+42 58.5+4.8
[RuClL{(S,S)-"Pr-pybox} (1-PhCH,-PTA)][Br] (6b) 26.9+3.1 11.7+£2.8
[RuCL{(R,R)-"Pr-pybox } (1-PhCH,-PTA)][Br] (6¢) 339+3.6 46.8+4.5

HeLa cells were incubated with 100 uM of the indicated compounds for 72 h, and then analyzed for cell cycle analysis by flow
cytometry. Quantitation of the percentage of cells at the Go/M cell cycle phase was performed in cell cycle analysis. Data shown are
means + S.D. or representative of three independent experiments.
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Figure 5. Effects of compounds 3¢ and 6¢ on cell cycle in HeLa cells. Cells were incubated with 100 uM of compounds 3¢ and 6¢
for 48 and 72 h, and their DNA content was analyzed by fluorescence flow cytometry following staining with propidium iodide (PI).
The positions of G¢/G, and G,/M peaks are indicated by arrows. The region corresponding to apoptotic cells (sub-Go¢/G)) is also
indicated. Control untreated cells were run in parallel. Data shown are representative of three separate experiments.

Experimental

General All manipulations were performed under an atmosphere of dry nitrogen using vacuum-line and standard
Schlenk techniques. The reagents were obtained from commercial suppliers and used without further purification.
Solvents were dried by standard methods and distilled under nitrogen before use. The complexes trans-[RuCl(u-
Cl)(776—p—cymene)]2,22 [RuC12(772—C21-14)(K3—N,N,N—iPr—pybox)] and [RuClz(ryz—C2H4)(1<3—N,N,N—Ph—pybox)],23 pybox24
and 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (PTA)* ligands were synthesized by reported methods.

The complexes reported in this article have been characterized by NMR spectroscopy and elemental analysis or mass
spectra (for 1a, 1b, 2b and 6a). Infrared spectra were recorded on a Perkin-Elmer 1720-XFT spectrometer. The C, H,
N analyses were carried out with a LECO CHNS-TruSpec and a Perkin-Elmer 240-B microanalyzers. Mass spectra
(MALDI-TOF) were determined with a Microflex Bruker spectrometer, operating in the positive mode; DCTB was
used as the matrix. Electrospray mass spectra (ESI-MS) were recorded on a MicroTof-Q Bruker instrument, operating
in the positive mode and using methanol solutions. MALDITOF or ESI-MS experiments have been carried out for the
precursor complexes 1a and 1b as well as for complexes 2b and 6a (no satisfactory analysis were obtained for
complexes 1b, 2b and 6a). NMR spectra were recorded on Bruker spectrometers (AV400 operating at 400.13 ('H),
100.61 (*C) and 161.95 (*'P) MHz or DPX300 operating at 300.13 ('H), 75.45 (**C) MHz) and 121.49 (*'P) MHz.
DEPT and Bidimensional COSY HH, HSQC and HMBC experiments were carried out for all the compounds.
Chemical shifts are reported in parts per million and referenced to TMS or 85% H;PO, as standards. Coupling
constants J are given in hertz. The following atom labels have been used for the 'H and *C{'H} spectroscopic data of
the pybox ligands. Spectroscopic data for complexes 2c-6¢ bearing the (R,R)-Pr-pybox ligand can be found as
supplementary material.

Synthesis of complex trans-[RuClL,{(R,R)-Ph-pybox}(PTA)] (1a). To a solution of the complex trans-[RuCly(;*-
C,Hy) {(R,R)-Ph-pybox)}] (0.398 g, 0.70 mmol) in methanol (35 mL), an equivalent of the phosphine PTA (0.111 g,
0.709 mmol) was added and the resulting mixture was heated at reflux temperature for 3.5 hours. The solution was
concentrated to ca. 2 mL and the addition of diethyl ether (50 mL) afforded a dark purple solid precipitate. Solvents
were decanted and the solid residue was washed with diethyl ether (2 x 15 mL) and dried under vacuum. Yield: 0.425
g, 87%. Syo3 x (H,0): 6.58 mg/mL. Anal. Caled. for C,0H;;CLN¢O,PRu: C, 49.86; H, 4.47; N,12.03. Found: C, 49.29;
H, 4.28; N, 11.81. MALDI-TOF-MS (DCTB): m/z = 698.2 [RuCl,(Ph-pybox)(PTA)]" (47 %), 663.2 [RuCI(Ph-
pybox)(PTA)]* (100 %). "H NMR (400.13 MHz, CD,Cl,, 298 K) 6 7.98 (m, 3H, H*** CsH;N), 7.38 (m, 10H, Ph),
5.22 (m, 2H, OCH,), 5.12 (m, 2H, CHPh), 4.58 (m, 2H, OCH,), 4.33 (AB spin system, Jyayp = 13 Hz, 3H, NCH,N),
4.06 (AB spin system, Jyapg = 13 Hz, 3H, NCH;N), 3.60 (CD spin system, Jycyp = 15 Hz, 3H, NCH,P), 3.52 (CD
spin system, 3H, Jycap = 15 Hz, NCH,P) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,, 298 K) ¢ 167.4 (s, OCN),
147.8 (s, C** CsH3N), 139.3 (s, CP* Ph), 132.9 (s, C* CsH;N), 128.9, 128.4, 127.8 (3s, Ph), 123.7 (s, C** CsH;N),
78.7 (s, OCH,), 72.9 (d, *Jp = 6 Hz, NCH,N), 71.0 (s, CHPh), 52.2 (d, Jcp = 11 Hz, NCH,P) ppm. *'P{'"H} NMR
(161.95 MHz, CD,Cl,, 298 K) 6 — 44.3 (s) ppm.

Synthesis of complexes frans-[RuCL{(S,S)-"Pr-pybox}(PTA)] (1b) and trans-[RuCL{(R,R)-'Pr-pybox}(PTA)]
(1c) To a solution of the complex trans-[RuCl(*-C,H,){(S,S)-"Pr-pybox)}] or trans-[RuCly(#>-C,H,){(R,R)-Pr1-
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pybox)}] (0.351 g, 0.70 mmol) in dichloromethane (20 mL), the phosphine PTA (0.110 g, 0.702 mmol) was added
and the resulting mixture was stirred at room temperature for 9 hours. The solution was concentrated to ca. 3 mL and
the addition of an hexane-diethyl ether mixture (50 mL, 2:1) afforded a dark purple solid precipitate. Solvents were
decanted and the solid residue was washed with hexane (2 x 15 mL) and dried under vacuum.

1b Yield: 0.402 g, 91%. S,y93 x (H,0): 31.42 mg/mL. Anal. Calcd. for Cy3H;5CI,NgO,PRu: C, 43.81; H, 5.60; N,
13.33. Found: C, 42.86; H, 5.53; N, 12.72. MALDI-TOF-MS (DCTB): m/z = 632.2 [RuClL(‘Pr-pybox)(PTA)+1]"
(100 %), 595.2 [RuCl(‘Pr-pybox)(PTA)]" (58 %). "H NMR (400.13 MHz, CD,Cl,, 298 K) ¢ 7.88 (m, 3H, H **°
CsH;N), 4.85-4.70 (m, 10H, OCH,, NCH,N), 4.56 (m, 6H, NCH,P), 3.95 (m, 2H, CH'Pr), 2.27 (m, 2H, CHMe,),
1.07 (d, *Jy= 7.6 Hz, 6H, CHMe,), 0.72 (d, *Jui; = 6.4 Hz, 6H, CHMe,) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,,
298 K) 6 164.9 (s, OCN), 147.6 (s, C*° CsH;N), 133.0 (s, C* CsH;N), 122.7 (s, C*° CsH;N), 73.6 (d, *Jep = 6 Hz,
NCH,N), 72.4 (s, CH'Pr), 71.1 (s, OCH,), 53.3 (d, Jop = 12 Hz, NCH,P), 29.0 (s, CHMeg,), 19.1, 14.2 (25, CHMe,)
ppm. *'P{'H} NMR (161.95 MHz, CD,Cl,, 298 K) 6— 41.5 (s) ppm.

1c Yield: 0.397 g, 90%: S x (H,0): 31.40 mg/mL. "H NMR (300.13 MHz, CD,Cl,, 298 K) & 7.81 (m, 3H, H **°
CsH;N), 4.85-4.69 (m, 10H, OCH,, NCH,N), 4.56 (m, 6H, NCH,P), 3.97 (m, 2H, CH'Pr), 2.27 (m, 2H, CHMe,),
1.07 (d, *Jyy = 7.6 Hz, 6H, CHMe,), 0.72 (d, *Jyy = 6.4 Hz, 6H, CHMe,) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,,
298 K) 0 164.9 (s, OCN), 147.6 (s, C*¢ CsH;N), 133.0 (s, C* CsH;N), 122.7 (s, C** CsH;3N), 73.6 (d, *Jep = 6 Hz,
NCH,N), 72.4 (s, CH'Pr), 71.1 (s, OCH,), 53.3 (d, Jcp = 12 Hz, NCH,P), 29.0 (s, CHMg,), 19.1, 14.2 (25, CHMe,)
ppm. *'P{'H} NMR (161.95 MHz, CD,Cl,, 298 K) 6 — 41.0 (s) ppm.

Synthesis of complexes frans-[RuCL{(R,R)-Ph-pybox}(1-H-PTA)|[C]] (2a), trans-[RuCL{(S,S)-"Pr-pybox}(1-H-
PTA)][C]] (2b) and trans-[RuC12{(R,R)-iPr-pybox}(l-H-PTA)]|Cl] (2¢). To a solution of 0.13 mmol of the
corresponding complex trans-[RuCl,{(R,R)-Ph-pybox)}(PTA)] (1a), trans-[RuCl,{(S.S)-Pr-pybox}(PTA)] (1b) or
trans-[RuCl, {(R,R)-"Pr-pybox} (PTA)] (1¢) in dichloromethane (3 mL) at — 30 °C, an equimolar amount of HCl 2M
diethyl ether solution) was added and the resulting mixture was stirred for 2 hours. The addition of hexane (25 mL)
afforded a dark pink solid precipitate. Solvents were decanted and the solid residue was washed with hexane (2 x 10
mL) and dried under vacuum.

2a Yield: 0.076 g, 80%. Conductivity (acetone, 293 K): 4 =12 S cm? mol™. S5 ¢ (H,0): 9.70 mg/mL. Anal. Calcd.
for CooHy,CNGO,PRu 1CH,Cly: C, 43.94; H, 4.18; N, 10.25. Found: C, 43.67; H, 4.85; N, 10.56. 'H NMR (400.13
MHz, CD,Cl,, 298 K) § 8.09 (m, 3H, H*** C;H;N), 7.55-7.30 (m, 10H, Ph), 5.25 (m, 2H, OCH,), 5.14 (m, 2H,
CHPh), 4.56 (m, 6H, OCH,, NCH,N, NH), 4.18 (m, 3H, NCH,N), 3.60 (m, 3H, NCH,P), 3.46 (m, 3H, NCH,P) ppm.
BC{'H} NMR (100.61 MHz, CD,Cl,, 298 K) d 167.2 (s, OCN), 147.7 (s, C*® CsH;N), 138.8 (s, C*° Ph), 134.9 (s,
C* CsH3N), 129.3, 129.1, 127.9 (3s, Ph), 124.3 (s, C*° CsH;N), 78.9 (s, OCH,), 71.4 (s, NCH,N), 70.8 (s, CHPh),
49.9 (br, NCH,P) ppm. *'P{'H} NMR (162.1 MHz, CD,Cl,, 298 K) 6 — 27.9 (s) ppm.

2b Yield: 0.075 g, 86%. Conductivity (acetone, 293 K): 4 = 17 S em® mol”. Sy3  (H,0): 22.45 mg/mL. MS-ESI
(MeOH): m/z = 631.0 [RuCly("Pr-pybox)(1-H-PTA)]" (98 %), 595.0 [RuCI(‘Pr-pybox)(1-H-PTA)]" (55 %). '"H NMR
(400.13 MHz, CD,Cl,, 298 K) 6 7.96 (m, 1H, H* CsH;N), 7.87 (m, 2H, H** CsH;N), 4.99 (br, 6H, NCH,N, NH), 4.83
(m, 3H, OCH,, NCH,N), 4.72 (m, 2H, OCH,), 4.60 (br, 6H, NCH,P), 4.01 (m, 2H, CH'Pr), 2.10 (m, 2H, CHMe,),
1.08 (d, *Jii= 6.8 Hz, 6H, CHMe,), 0.72 (d, *Juiy = 6.0 Hz, 6H, CHMe,) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,,
298 K) 6 164.8 (s, OCN), 147.4 (s, C*® CsH;N), 134.7 (s, C* CsH;N), 123.1 (s, C*° CsH;N), 72.2 (s, CH'Pr), 72.1 (s,
NCH,N), 71.3 (s, OCH,), 53.4 (s, NCH,P), 29.2 (s, CHMe,), 18.9, 14.1 (25, CHMe,) ppm. *'P{'H} NMR (161.95
MHz, CD,Cl,, 298 K) 0 — 24.9 (s) ppm.

Published on 17 July 2013. Downloaded by Universidade Federal de Sao Paulo on 18/07/2013 12:15:27.

Synthesis of complexes trans-[RuCl,{(R,R)-Ph-pybox}(1-CH;-PTA)|[I] (3a), trans-[RuCL{(S,S)-"Pr-pybox}(1-
CH;-PTA)][1] (3b), trtms-[RuClz{(R,R)-iPr-pybox}(l-CH3-PTA)][I] (3¢). To a solution of 0.13 mmol of the
corresponding complex 1a, 1b or 1c¢ in dichloromethane (3 mL), an excess of the methyl iodide (40 pL, 0.65 mmol)
was added and the resulting mixture was stirred at room temperature for 2 hours. The addition of diethyl ether (50
mL) (3a) or hexane (40 mL) (3b, 3¢) afforded a dark pink solid precipitate. Solvents were decanted and the solid
residue was washed with diethyl ether (3a) or hexane (3b, 3¢) (2 x 10 mL) and dried under vacuum.

3a Yield: 0.088 g, 81%. Conductivity (acetone, 293 K): 4 =90 S cm” mol™. Sy; ¢ (H,0): 5.54 mg/mL. Anal. Calcd.
for C3oH;,CLINGO,PRu-1CH,Cl,: C, 40.23; H, 3.92; N, 9.08. Found: C, 40.50; H, 4.12; N, 9.14. '"H NMR (300.13
MHz, CD,Cl,, 298 K) ¢ 8.11 (m, 3H, H*** CsH;N), 7.47 (m, 10H, Ph), 5.53 (m, 2H, R-NCH,N), 5.30 (m, 4H, OCH,,
CHPh), 4.57 (m, 5H, OCH,, NCH,N, R-NCH,N), 3.77 (m, 4H, NCH,N, R-NCH,P, NCH,P), 3.49 (m, 2H, NCH,P),
3.26 (m, 1H, NCH,P), 2.65 (s, 3H, NCH;) ppm. “C{'H} NMR (75.48 MHz, CD,Cl,, 298 K) 6 167.2 (s, OCN), 147.6
(s, C** CsH3N), 139.1 (s, C*° Ph), 135.4 (s, C* CsH;N), 129.3, 128.9, 128.2 (3s, Ph), 124.4 (s, C** CsH;N), 80.5 (d,
3Jcp = 3 Hz, R-NCH,N), 80.4 (d, *Jcp = 3 Hz, R-NCH,N), 78.9 (s, OCH,), 70.6 (s, CHPh), 69.4 (d, *Jcp = 5 Hz,
NCH,N), 59.3 (d, Jep = 7 Hz, R-NCH,P), 49.3 (s, NCH3), 49.1 (d, Jcp = 16 Hz, NCH,P), 48.7 (d, Jcp = 16 Hz,
NCH,P) ppm. >'P{'H} NMR (121.49 MHz, CD,Cl,, 298 K) 6 — 18.4 (br) ppm.

3b Yield: 0.077 g, 77%. Conductivity (acetone, 293 K): 4 = 98 S cm® mol ™. Sy3 ¢ (H,0): 7.10 mg/mL. Anal. Calcd.
for C,yHssCLINGO,PRu-1/2CH,Cly: C, 36.11; H, 4.82; N, 10.31. Found: C, 36.35; H, 5.17; N, 10.22. '"H NMR
(400.13 MHz, CD,Cl,, 298 K) & 7.98 (m, 1H, H* CsH;N), 7.89 (m, 2H, H*® CsH;N), 5.69 (m, 2H, NCH,N), 5.47 (m,
2H, NCH,N), 4.96 (m, 2H, NCH,N), 4.85 (m, 2H, OCH,), 4.74 (pt, 2H, *Jiyy = 9.4 Hz, *Jiy; = 9.4 Hz, OCH,), 4.49
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(m, 6H, NCH,P), 4.20 (m, 2H, CH'Pr), 3.29 (s, 3H, NCH;), 2.06 (m, 2H, CHMe,), 1.10 (d, *Jyy = 7.2 Hz, 6H,
CHMe,), 0.71 (d, *Jiyi; = 6.8 Hz, 6H, CHMe,) ppm. *'P{'H} NMR (161.95 MHz, CD,Cl,, 298 K) § —16.0 (s) ppm.
Synthesis of complexes #rans-[RuCL{(R,R)-Ph-pybox}(1-CH,=CHCH,-PTA)|[I] (4a), trans-[RuClz{(S&-iPr-
pybox}(1-CH,=CHCH,-PTA)][I] (4b) and trans-[RuCL{(R,R)-"Pr-pybox}(1-CH,=CHCH,-PTA)|[I] (4c) To a
solution of 0.13 mmol of the corresponding complex 1a, 1b or 1c¢ in dichloromethane (3 mL), the allyl iodide (24 pL,
0.26 mmol (for 1a) or 12 pL, 0.13 mmol (for 1b, 1c¢)) was added, and the resulting mixture was stirred at room
temperature for 2 hours. The addition of diethyl ether (40 mL) (4a) or hexane (30 mL) (4b, 4¢) afforded a dark pink
solid precipitate. Solvents were decanted and the solid residue was washed with diethyl ether (4a) or hexane (4b, 4¢)
(2 x 10 mL) and dried under vacuum.

4a Yield: 0.101 g, 90%. Conductivity (acetone, 293 K): 4 =90 S cm” mol™. S5 ¢ (H,0): 2.45 mg/mL. Anal. Calcd.
for C3,Hs3CLINGO,PRu: C, 44.36; H, 4.19; N, 9.70. Found: C, 42.94; H, 4.10; N, 9.25. '"H NMR (300.13 MHz,
CD,Cl, 298 K) ¢ 8.12 (br, 3H, H**® CsH;N), 7.45 (m, 10H, Ph), 5.76 (m, 2H, CH,=CHCH,), 5.57 (m, 2H,
CH,=CHCH,, R-NCH;N), 5.29 (m, 4H, OCH,, CHPh), 4.63-4.45 (m, SH, OCH,, R-NCH,N), 3.98-3.84 (m, 3H,
NCH,N, R-NCH,P), 3.73-3.27 (m, 6H, CH,=CHCH,, R-NCH,P, NCH,P), 3.24 (m, 1H, NCH,P) ppm. “C{'H}
NMR (75.48 MHz, CD,Cl,, 298 K) § 167.2 (s, OCN), 147.5 (s, C*® CsH;N), 139.1 (s, C”* Ph), 135.3 (s, C* CsH;N),
129.9 (s, CH,=CHCH,), 129.2, 128.8, 128.0 (3s, Ph), 124.3 (s, C** CsH;N), 122.2 (s, CH,=CHCH,), 79.3 (s, R-
NCH,N), 79.0 (s, OCH,), 78.5 (s, R-NCH,N), 70.5 (s, CHPh), 69.6 (s, NCH,N), 63.2 (s, CH,=CHCH,), 55.6 (s, R-
NCH,P), 49.7, 49.4 (2br s, NCH,P) ppm. *'P{'"H} NMR (121.49 MHz, CD,Cl,, 298 K) d — 15.2 (s) ppm.

4b Yield: 0.073 g, 70%. Conductivity (acetone, 293 K): 4 =91 S cm’® mol™. Syo3 x (H,0): 9.16 mg/mL. Anal. Calcd.
for C,gH4CLINgO,PRu-1/2CH,Cl,: C, 37.85; H, 4.91; N, 9.99. Found: C, 37.56; H, 4.59; N, 10.59. 'H NMR (400.13
MHz, CD,Cl,, 298 K) 6 7.97 (m, 1H, H* CsH;N), 7.87 (m, 2H, H** CsH;N), 6.09 (m, 1H, CH,=CHCH,), 5.97-5.83
(m, 3H, CH,=CHCH,, R-NCH,N), 5.47 (m, 1H, R-NCH,N), 5.25 (m, 1H, R-NCH,N), 5.04 (m, 1H, NCH,N), 4.93
(m, 1H, R-NCH,P), 4.82-4.72 (m, 6H, OCH,, R-NCH,P), 4.55-4.35 (m, 7H, NCH,N, NCH,P, CH,=CHCH,), 4.17
(m, 2H, CH'Pr), 2.05 (m, 2H, CHMe,), 1.09 (d, *Jiyy = 6.4 Hz, 6H, CHMe,), 0.70 (d, *Jyy = 5.2 Hz, 6H, CHMe,)
ppm. PC{'H} NMR (100.61 MHz, CD,Cl,, 298 K) ¢ 164.8 (s, OCN), 147.4 (s, C*® CsH;N), 135.3 (s, C* CsH;N),
130.5 (s, CH,=CHCH,), 123.3 (s, C>* CsH;N), 122.8 (CH,=CHCH,), 79.6, 79.2 (25, R-NCH,N), 73.3 (d, *Jcp = 5 Hz,
NCH;,N), 72.0 (s, CH'Pr), 71.5 (s, OCH,), 70.4 (s, NCH,N), 63.4 (s, CH,=CHCHy,), 55.5 (d, Jcp = 16 Hz, R-NCH,P),
50.6 (d, Jop = 16 Hz, NCH,P), 50.4 (d, Jop = 14 Hz, NCH,P), 29.4 (s, CHMe,), 19.0, 14.3 (25, CHMe,) ppm. *'P{'H}
NMR (161.95 MHz, CD,Cl,, 298 K) ¢ — 14.2 (s) ppm.

Synthesis of complexes trans-[RuCL{(R,R)-Ph-pybox}(1-CH=CCH,-PTA)|[Br| (5a), trans-[RuClz{(S&-iPr-
pybox}(1-CH=CCH,-PTA)][Br] (5b) and frans-[RuCL{(R,R)-"Pr-pybox}(1-CH=CCH,-PTA)|[Br] (5¢). To a
solution of 0.13 mmol of the corresponding complex 1a, 1b or 1c¢ in dichloromethane (5 mL), an excess of the
propargyl bromide was added (58 pL, 0.650 mmol), and the resulting mixture was stirred at room temperature for 2
hours. The addition of diethyl ether (40 mL) (5a) of hexane (40 mL) (5b, 5¢) afforded a dark pink solid precipitate.
Solvents were decanted and the solid residue was washed with diethyl ether (5a) or hexane (5b, 5¢) (2 x 10 mL) and
dried under vacuum.

5a Yield: 0.103 g, 97%. Conductivity (acetone, 293 K): 4 =97 S cm” mol™. Sy; ¢ (H,0): 6.90 mg/mL. Anal. Calcd.
for C3,H;,BrCLNgO,PRu- 1CH,Cl,: C, 43.92; H, 4.02; N, 9.31. Found: C, 43.18; H, 4.48; N, 9.51. "H NMR (300.13
MHz, CD,Cl,, 298 K) ¢ 8.11 (m, 3H, H*** CsH;N), 7.47 (m, 10H, Ph), 5.71 (m, 2H, R-NCH,N), 5.33-5.23 (m, 5H,
OCH,, CHPh, CH=CCH,), 4.87 (m, 1H, R-NCH;N), 4.70 (m, 1H, R-NCH,N), 4.59 (m, 3H, OCH,, NCH;N), 4.46
(m, 1H, R-NCH,P), 4.00-3.43 (m, 6H, NCH,P, NCH,N, R-NCH,P, CH=CCH>), 3.38 (m, 2H, NCH,P) ppm. *C{'H}
NMR (100.61 MHz, CD,Cl,, 298 K) 6 167.2 (s, OCN), 147.6 (s, C** CsH;N), 138.9 (s, C** Ph), 135.3 (s, C*
CsH3N), 129.2, 128.9, 128.2 (3s, Ph), 124.3 (s, C>° CsH;N), 81.8 (s, CH,C=CH), 79.4 (s, R-NCH,N), 79.1 (s, OCH,),
78.9 (s, R-NCH;N), 70.5 (s, CH=CCH,, CHPh (overlapped signals)), 69.6 (s, NCH,N), 55.9 (s, CH=CCH,), 51.1 (s,
R-NCH,P), 49.2, 49.1 (2br s, NCH,P) ppm. *'P{'"H} NMR (121.49 MHz, CD,Cl,, 298 K) § — 15.7 (s) ppm.

5b Yield: 0.077 g, 79%. Conductivity (acetone, 293 K): 4 =72 S cm® mol™. S,95 ¢ (H,0): 8.40 mg/mL. Anal. Calcd.
for C,qHasBrCLNgO,PRu-1CH,Cl,: C, 38.86; H, 4.83; N, 10.07. Found: C, 38.70; H, 4.79; N, 10.44. '"H NMR
(400.13 MHz, CD,Cl,, 298 K) 6 7.98 (m, 1H, H* CsH;N), 7.90 (m, 2H, H*® CsH;N), 5.96 (m, 2H, R-NCH,N), 5.71
(m, 1H, R-NCH,N), 5.50 (m, 1H, R-NCH;N), 5.26 (m, 1H, CH=CCH,), 4.97-4.33 (m, 14H, CH=CCH,, NCH;N,
NCH,P, OCH,, CH=CCH,), 4.22 (m, 2H, CH'Pr), 2.08 (m, 2H, CHMe,), 1.10 (d, *J;y = 6.8 Hz, 6H, CHMe,), 0.72
(d, /i = 6.4 Hz, 6H, CHMe,) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,, 298 K) 6§ 164.7 (s, OCN), 147.4 (s, C*
CsH;N), 135.3 (s, C* CsH3N), 123.4 (s, C*° CsH;N), 81.9 (s, CH=CCH,), 79.7, 79.4 (25, R-NCH,N), 71.9 (s, CH'Pr),
71.5 (s, OCH,), 70.4 (s, NCH,N), 70.1 (s, CH=CCH,), 55.7 (s, CH=CCH,), 51.2 (s, R-NCH,P), 50.4 (d, Jcp = 16 Hz,
NCH,P), 50.2 (d, Jep = 14 Hz, NCH,P), 29.4 (s, CHMe,), 19.0, 14.3 (s, CHMe,) ppm. *'P{'H} NMR (161.95 MHz,
CD,Cl,, 298 K) 6 —13.7 (s) ppm

Synthesis of complexes #rans-[RuClL{(R,R)-Ph-pybox}(1-PhCH,-PTA)][Br] (6a), trans-[RuClz{(S&-iPr-
pybox}(1-PhCH,-PTA)|[Br] (6b), trans-[RuCL{(R,R)-"Pr-pybox}(1-PhCH,-PTA)][Br] (6¢), trans-[RuCL{(R,R)-
Ph-pybox}(1-PhCH,-PTA)][C]] (7a) and trans-[RuClz{(R,R)—iPr-pybox}(1—PhCH2-PTA)] [C1] (7¢). To a solution
of 0.13 mmol of the corresponding complex 1a, 1b or 1¢ in dichloromethane (5 mL), an excess of the benzyl bromide
or benzyl chloride (0.650 mmol, 77 pL (6b, 6¢), 75 puL (7¢) or 1.30 mmol, 154 pL (6a), 150 pL (7a)) was added and
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the resulting mixture was stirred at room temperature. The addition of diethyl ether (40 mL) (6a, 7a) or hexane (20
mL) (6b, 6¢, 7c) afforded a dark pink solid precipitate. Solvents were decanted and the solid residue was washed with
diethyl ether (6a, 7a) of hexane (6b, 6¢, 7¢) (2 x 10 mL) and dried under vacuum.

6a Yield: 0.079 g, 70%. Reaction time: 2 h. Conductivity (acetone, 293 K): 4 = 82 S cm” mol™". Sy; ¢ (H,0): 4.89
mg/mL. MS-ESI (MeOH): m/z = 789.0 [RuCl(Ph-pybox)(1-PhCH,-PTA)]* (100%). 'H-NMR (300.13 MHz,
CD,Cl,, 298 K) § 8.09 (m, 3H, H**® CsH;N), 7.61-7.25 (3m, 15H, Ph, CH,Ph), 5.95 (m, 1H, R-NCH,N), 5.79 (m,
1H, R-NCH;N), 5.21 (m, 5H, OCH,, CH,Ph, CHPh), 4.55 (m, 3H, OCH,, NCH;,N), 4.43 (m, 1H, R-NCH,P), 4.22
(m, 2H, R-NCH,N), 3.98 (m, 1H, NCH,N), 3.83 (m, 1H, NCH,P), 3.60 (m, 2H, R-NCH,P, CH,Ph), 3.20 (m, 2H,
NCH,P), 2.91 (m, 1H, NCH,P) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,, 298 K) ¢ 167.2 (d, *Jop = 4 Hz, OCN),
147.5 (s, C** CsH;N), 139.0 (s, C* Ph), 137.7 (s, C?** CH,Ph), 135.3 (s, C* CsH;N), 133.3, 130.6, 129.3, 129.0,
128.7,128.6, 128.4, 127.9, 125.6 (9s, Ph, CH,Ph), 124.3 (s, C** CsH;N), 79.5 (s, R-NCH,N), 79.1 (s, OCH,), 78.4 (s,
R-NCH;N), 70.5 (s, CHPh), 69.6 (s, NCH,N), 64.8 (s, CH,Ph), 54.6 (d, Jcp = 7 Hz, R-NCH,P), 49.6 (d, Jcp = 14 Hz,
NCH,P), 49.3 (d, Jep = 13 Hz, NCH,P) ppm. *'P{'H} NMR (121.49 MHz, CD,Cl,, 298 K) 6 — 15.4 (s) ppm.

6b Yield: 0.092 g, 88%. Reaction time: 1.5 h. Conductivity (acetone, 293 K): 4 = 68 S cm?® mol ™. S5 k (H,0): 11.49
mg/mL. Anal. Caled. for C3,H4,BrCl,NgO,PRu-1CH,Cl,: C, 42.00; H, 5.00; N, 9.48. Found: C, 41.75; H, 5.39; N,
9.34. '"H NMR (400.13 MHz, CD,Cl,, 298 K) 6 7.97 (m, 1H, H* CsH;N), 7.87 (m, 2H, H*® CsH;N), 7.71-7.38 (m,
5H, Ph), 6.31 (m, 2H, NCH,N), 5.15 (m, 1H, NCH,N), 5.02 (m, 3H, NCH,N), 4.81 (m, 4H, OCH,, NCH,P), 4.71 (m,
3H, OCH,, NCH,P), 4.54 (m, 3H, CH,Ph, NCH,P), 4.36 (m, 1H, NCH,P), 4.12 (m, 1H, NCH,P), 3.97 (m, 2H,
CH'Pr), 1.88 (m, 2H, CHMe,), 0.89 (d, 6H, *Jyy = 7.2 Hz, CHMe,), 0.65 (d, *Jiyy = 6.8 Hz, 6H, CHMe,) ppm.
BC{'H} NMR (100.61 MHz, CD,Cl,, 298 K) & 164.8, (d, *Jcp = 4.0 Hz, OCN), 147.4 (s, C*¢ CsH;N), 135.3 (s, C*
CsH;N), 133.2, 130.8, 129.5, 129.0, 128.7, 128.4 (65, Ph), 125.4 (s, CP* Ph), 123.3 (s, C>° CsH;N), 79.5, 79.2 (25, R-
NCH,N), 72.0 (s, CH'Pr), 71.3 (s, OCH,), 70.2 (s, NCH,N), 65.1 (s, PhCH,), 55.5 (d, Jcp = 5 Hz, R-NCH,P), 50.8 (d,
Jep = 13 Hz, NCH,P), 50.4 (d, Jop = 14 Hz, NCH,P), 29.3 (s, CHMe,), 18.7, 14.2 (25, CHMe,) ppm. *'P{'"H} NMR
(161.95 MHz, CD,Cl,, 298 K) 6 — 14.2 (s) ppm.

7a Yield: 0.064 g, 60%. Reaction time: 2.5 h. Conductivity (acetone, 293 K): 4 =84 S em® mol ™. Syos k (H,0): 5.12
mg/mL. Anal. Calcd. for C3¢H33C13NgO,PRu-1CH,Cl,: C, 48.83; H, 4.43; N: 9.23. Found: C, 49.00; H, 4.52; N, 9.03.
"H NMR (300.13 MHz, CD,Cl,, 298 K) ¢ 8.09 (m, 3H, H>** CsH;N), 7.60-7.25 (3m, 15H, Ph, CH,Ph), 5.94 (m, 1H,
R-NCH,N), 5.79 (m, 1H, R-NCH,N), 5.21 (m, SH, OCH,, CH,Ph, CHPh), 4.59 (m, 3H, NCH,N, OCH,), 4.43 (m,
1H, R-NCH,P), 4.22 (m, 2H, R-NCH,N), 3.98 (m, 1H, NCH,N), 3.83 (m, 1H, NCH,P), 3.60 (m, 2H, R-NCH,P,
CH,Ph), 3.20 (m, 2H, NCH,P), 2.91 (m, 1H, NCH,P) ppm. *C{'H} NMR (100.61 MHz, CD,Cl,, 298 K) 6 167.2 (d,
“Jep = 4 Hz, OCN), 147.7 (s, C** CsH;N), 139.0 (s, C?* Ph), 137.7 (s, C*° CH,Ph), 135.3 (s, C* CsH;N), 133.3,
130.6, 129.3, 129.0, 128.7, 128.6, 128.4, 127.9, 125.6 (9s, Ph, CH,Ph), 124.3 (s, C** CsH;N), 79.2 (s, R-NCH,N),
79.1 (s, OCH,), 78.4 (s, R-NCH,N), 70.5 (s, CHPh), 69.6 (s, NCH,N), 64.9 (s, CH,Ph), 54.6 (d, Jcp = 7 Hz, R-
NCH,P), 49.6 (d, Jop = 14 Hz, NCH,P), 49.3 (d, Jep = 13 Hz, NCH,P) ppm. *'P{'H} NMR (121.49 MHz, CD,Cl,,
298 K) o — 15.1 (s) ppm.

Electrochemical Measurements

Cyclic voltammetry measurements (298 K) were performed with a three-electrode system, using a platinum disk, a
platinum wire and a silver wire as working, counter and reference electrodes respectively. Current and voltage
parameters were controlled by using a p-AUTOLAB Type IIL In a typical experiment, complex was dissolved under
a nitrogen atmosphere in recently distilled and deoxygenated dichloromethane (5 x 10™* M in the complex and 0.1 M
in the electrolyte [BuyN][BF,]). The scan rate was 0.2 V-s. All values are referenced to the [Fe(’-CsHs),] " couple
(E°p =0.150V).

X-Ray Crystal Structure Determination of Complexes 1b, 2a and 3b.

Crystals suitable for X-ray diffraction analysis were obtained, from saturated solutions of the complexes 1b, 2a and
3b in dichloromethane, by slow diffusion of diethyl ether (1b and 3b) or hexane (2a). The most relevant crystal and
refinement data can be found in the supplementary material as Table 2.

In all cases data collection was performed on a Oxford Diffraction Xcalibur Nova single crystal diffractometer, using
Cu-Ka radiation (A= 1.5418 A). Images were collected at a 65 mm fixed crystal-detector distance, using the
oscillation method, with 1° oscillation and (10 — 50), (10 — 60), and (5 — 85) s, respectively, variable exposure time
per image. Data collection strategy was calculated with the program CrysAlis Pro CCD.?® Data reduction and cell
refinement was performed with the program CrysAlis Pro RED.*® An empirical absorption correction was applied
using the SCALE3 ABSPACK algorithm as implemented in the program CrysAlis Pro RED.?

The software package WINGX?’ was used for space group determination, structure solution and refinement. The
structure for the complexes 1b and 2a were solved by Patterson interpretation and phase expansion using DIRDIF.?
The structure for the complex 3b was solved by direct methods using SIR92.%

Isotropic least-squares refinement on F* using SHELXL97°° was performed. During the final stages of the
refinements, all the positional parameters and the anisotropic temperature factors of all the non-H atoms were refined.
The H atoms were geometrically located and their coordinates were refined riding on their parent atoms (except
H(IN) for 2a, the coordinates of the H atom were found from different Fourier maps and included in a refinement
with isotropic parameters). For 3b, solvent molecules in the structure were highly disordered and were impossible to
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refine using conventional discrete-atom models. To resolve this issue, the contribution of solvent electron density was
removed by the SQUEEZE/PLATON.*!

The function minimized was ([EwF,? - F2)/Ew(F,?)]"?> where w = 1/[c*(E,’) + (aP)> + bP] (for 1b, a= 0.0743, b =
0.6797, for 2a,a=0.0612, b = 1.8305 and for 3b, a =0.0947, b = 7.9303) with G(Foz) from counting statistics and P =
(Max (F,2, 0) + 2F2)/3.

Atomic scattering factors were taken from the International Tables for X-Ray Crystallography International.*?
Geometrical calculations were made with PARST.*® The crystallographic plots were made with PLATON.>!

CIF files for these complexes have been deposited in Cambridge Data Base®*

DNA Mobility Shift Assays

Reactions between DNA and the ruthenium complexes were performed in a 10 pl final volume in 10 mM sodium
phosphate buffer at physiological pH 7.0, containing 0.5 pg of the pBR322 plasmid (4361 base pairs, from
Fermentas) and appropriate amounts of freshly prepared solution of the Ru complex also dissolved in phosphate
buffer. Reaction mixtures were incubated for 14 hours at 37 °C. Ten microliters of the reactions were mixed with 1
pL dye (0.025 mg bromophenol blue, ImL glycerol and 1 mL distilled water) and they were analyzed by
electrophoresis in 0.8% agarose gels in TBE buffer (Tris-Borate-EDTA). Gel running was conducted at a constant
voltage of 3 V/ecm. DNA bands were visualized by incubation of the gel with 1 pg/ml ethidium bromide in TBE
buffer for 10 minutes and photographed under UV light.

Cell cycle analysis.

For cell cycle analysis, we used the human cervical cancer HeLa cell line grown in DMEM supplemented with 10%
(v/v) heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 pg/ml streptomycin at 37
°C in a humidified atmosphere of 5% CO, and 95% air. Cells were periodically tested for Mycoplasma infection and
found to be negative. Untreated and drug-treated cells (3-5 x 10°) were centrifuged and fixed overnight in 70%
ethanol at 4°C. Then, cells were washed three times with PBS, incubated for 1 h with 1 mg/mL RNAse A and 20
pg/mL propidium iodide at room temperature, and analyzed with a Becton Dickinson FACSCalibur flow cytometer
(San Jose, CA) as described previously to determine the percentage of cells in each phase of the cell cycle.”

Conclusions

Overall, in this work we reported the synthesis of new water-soluble enantiopure ruthenium complexes trans-
[RuCl, {(S,S)-Pr-pybox}(PTA)] (1b) and trans-[RuCl,{(R,R)-Pr-pybox}(PTA)] (lc), trans-[RuCl,{(S,S)-Pr-
pybox}(1-H-PTA)][CI] (2b) and trans-[RuCl, {(R,R)-Pr-pybox}(1-H-PTA)][CI] (2¢), and trans-[RuCl,{(S,S)-"Pr-
pybox}(1-R-PTA)][X] (3b-6b) and trans-[RuCl,{(R,R)-Pr-pybox}(1-R-PTA)][X] (3c-6¢), containing the ligands
2,6-bis[4"(S)-isopropyloxazolin-2 -il-pyridine ((S,S)-Pr-pybox) and 2,6-bis[4'(R)-isopropyloxazolin-2 -il-pyridine
((R,R)-"Pr-pybox) and water soluble 1,3,5-triaza-7-phosphaadamantane (PTA) or N-substituted PTA phosphanes.
Analogous complexes (1a-6a) using 2,6-bis[4’(R)-phenyloxazolin-2’-il-pyridine) ((R,R)-Ph-pybox) have been also
synthesized. The crystal X-ray structures of complexes 1b, 3b and 2a are also reported.

The interactions with plasmidic DNA for the different enantiomers as well as its biological activity against microbes
and as inducers of apoptosis in HeLa cells has been also analyzed. Despite the cytotoxic activity to HeLa cells of the
ruthenium complexes was rather poor, requiring rather high drug concentrations and long incubation times to render
DNA degradation, we found a different ability for ruthenium enantiomers to alter cell cycle, arresting cells at the
G,/M phase, preceding cellular division, which eventually led to cell death after long incubation times. Thus, some
ruthenium compounds bearing the (R,R)-"Pr-pybox might behave as promoters of slow cell death in tumor cells.
Further work will be necessary to analyze putative biomedical applications for these kinds of compounds.
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New water-soluble ruthenium complexes containing enantiopure pybox ligands have been synthesized and their
interactions with plasmidic DNA and cytotoxic activity against the human cervical cancer HelLa cell line studied.
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