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Abstract 24 

The synthesis, characterization, DNA interaction and antiproliferative behavior of 25 

new π-arene ruthenium(II) piano-stool complexes with nitrogen ligands are described. Three 26 

series of organometallic compounds of formulae [RuCl2(η6-p-cym)L] were synthesized 27 

(with L=2-, 3- or 4-methylpyridine; L=2,3-, 2,4-, 2,5-, 3,4-, 3,5-dimethylpyridine and L=1,2-28 

, 1,3- 1,4-methylaminobenzene). The crystal structures of [RuCl2(p-cym)(4-29 

methylpyridine)], [RuCl2(p-cym) (3,4-dimethylpyridine)] and [RuCl2(p-cym) (1,4-30 

methylaminobenzene)] were resolved and the characterization was completed by 31 

spectroscopic UV–vis, FT-IR and 1H NMR studies. Electrochemical experiments were 32 

performed by cyclic voltammetry to estimate the redox potential of the Ru(II)/Ru(III) couple. 33 

The interaction with plasmid pBR322 DNA was studied through the examination of the 34 

electrophoretical mobility and atomic force microscopy, and interaction with ct-DNA by 35 

circular dichroism, viscosity measurements and fluorescence studies based on the DNA–36 

ethidiumbromide complex. The antiproliferative behavior of the series with 37 

L=methylpyridine was assayed against two tumor cell lines, i.e. LoVo and MiaPaca. The 38 

results revealed a moderate cytotoxicity with a higher activity for the LoVo cell line 39 

compared to the MiaPaca one. 40 

 41 

 42 

 43 

 44 

  45 
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1. INTRODUCTION 46 

Since the discovery that cisplatin could inhibit tumor growth, this compound became 47 

one of the most widely used anticancer drugs, often as part of the first line of treatment 48 

against various tumors [1–3]. However, there are inherent limitations with cisplatin and other 49 

platinum compounds (oxaliplatin, carboplatin) in clinical use [4–6], such as their high 50 

toxicity that leads to unwanted side effects, and low administration dosage [1,7,8]. 51 

These severe drawbacks have initiated the development of new metal-based 52 

antitumor drugs; for instance, ruthenium, gold, or osmium compounds have been received 53 

much attention in recent years [9]. Hence, ruthenium-based antitumor complexes represent 54 

a promising alternative to platinum drugs, a number of them being already in clinical trials 55 

[10,11]. Ruthenium has a large range of available oxidation states at physiological 56 

conditions. Additionally, Ru(III) compounds are believed to behave as pro-drugs, with low 57 

toxicity after activation by reduction to the corresponding Ru(II) compound [12]. Many 58 

Ru(III) DMSO complexes, for instance NAMI-A (Imidazolium trans-imidazole dimethyl 59 

sulfoxide tetrachlororuthenate) derived compounds, show interesting anti-metastatic 60 

activities [13]. Even though the mechanism of action of ruthenium-based drugs is still 61 

unclear, it is believed that the ability of ruthenium to mimic iron in the binding to biological 62 

molecules (such as transferrin or albumin) is an important feature. This property is mainly 63 

reflected in less toxic compounds compared to their platinum counterparts [14], resulting 64 

from a more efficient delivery to cancer cells. The mechanism of action seems to be different 65 

from that of the platinum compounds, making these ruthenium compounds suitable to 66 

circumvent the resistance to platinum molecules developed by several cell lines. Therefore, 67 

ruthenium compounds have a great potential as anticancer agents [15], and different 68 

approaches of investigation have been reviewed recently [16]. 69 

Lately, ruthenium(II) complexes incorporating arene ligands, such as 70 

cyclopentadienyl [17,18] or p-cym, exhibiting antitumor activity have been reported 71 

[16,19,20]. The most representative compounds of this class, are the so-called piano-stool 72 

complexes like RAPTA-C {[Ru(eta(6)-p-cymene)Cl(2) (PTA)]}(PTA=1,3,5-triaza-7-73 

phosphatricyclo-[3.3.1.1] decanephosphine) [21]. This compound possesses metastasis 74 

process-inhibiting properties, which are similar to that of NAMI-A at low in vitro anticancer 75 

activity [14]. Structural modifications of these organometallic compounds are investigated 76 
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currently, to try to establish a possible relationship between their structure and their 77 

antitumor activity [22,23]. 78 

Most probably, DNA represents the final molecular target for platinum-based 79 

cytostatic compounds, giving rise to the inhibition of replication through the creation of 80 

crosslinks [24,25]. For ruthenium compounds, their interaction with proteins leading to cell 81 

cycle arrest has been evidenced, which is responsible for the activity of NAMI-A [13]; 82 

however, the possibility of DNA modifications induced by ruthenium resulting in apoptosis 83 

cannot be ruled out. In addition, as shown for KP1019, other cellular targets may be possible 84 

as well; for instance, the apoptotic pathway may be provoked by direct interaction with the 85 

mitochondrial membrane. 86 

In the present study, eleven new Ru(II) complexes of formula [RuCl2(η6-p-87 

cym)(L)],where L are structural isomers of methylpyridine (A), dimethylpyridine (B) and 88 

methylaminobenzene (C) were synthesized and fully characterized, and their potential 89 

interactions with DNA were explored. Moreover, competitive binding experiments have 90 

been carried out to further investigate their DNAbinding affinities. 91 

 92 

 93 

 94 

 95 

 96 

97 
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2. EXPERIMENTAL 98 

The synthesis of the organometallic complexes [RuCl2(p-cym)(L)] (Scheme 1), 99 

where L are structural isomers of methylpyridine (A), dimethylpyridine (B) (Scheme 2), and 100 

methylaminobenzene (C), has been carried out according to the method established by 101 

Malecki, Jaworski and Kruszynski [26], with slight modifications. The starting material μ-102 

dichloro-[RuCl2(p-cym)]2 was prepared according to a published procedure [25]. All 103 

solvents used were purchased from Sigma Aldrich and were of HPLC quality. All organic 104 

reagents were obtained from Sigma Aldrich. 105 

FT-IR spectra were recorded as KBr pellets with a Nicolet 5700 FT-IR 106 

spectrophotometer. 1H-NMR spectra were recorded on a Varian 300 MHz or Mercury 400 107 

MHz spectrometer at probe temperature. The 1H chemical shifts are reported in parts per 108 

million (ppm) downfield from the internal Me4Si. Elemental analyses were obtained at 109 

Recursos Científics de la Universitat Rovira I Virgili, using a Fisons Instruments EA1108 110 

system. Data acquisition, integration and handling were performed using a PC with the 111 

software package EAGER-200 (Carlo Erba Instruments). UV–vis studies were obtained with 112 

a Varian Cary 100 scan UV–vis spectrophotometrer dual-beam quartz cuvette with an optical 113 

path of 1 cm. CH2Cl2 was used as blank. Single crystals for X-ray analysis were obtained 114 

by slow diffusion of diethyl ether in CH2Cl2. 115 

 116 

2.1. DNA interaction studies 117 

2.1.1. Circular dichroism 118 

All compounds were dissolved in an aqueous solution (prepared with milli-Q water) 119 

containing 2% DMSO (2 mg compound/5 mL). The stock solutions were freshly prepared, 120 

just before use. The samples were prepared by addition of aliquots of these stock solutions 121 

to the appropriate volume of Calf Thymus DNA in a TE buffer solution (50 mM NaCl, 10 122 

mM tris-(hydroxymethyl)aminomethane hydrochloride (Tris–HCl), 0.1 mM H4edta, pH 7.4) 123 

(5 mL). The amount of complex added to the DNA solution was designated as ri (the input 124 

molar ratio of Ru to nucleotide), which is calculated with the formula: 125 
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𝑟𝑟𝑟𝑟 =  
𝑚𝑚 𝑥𝑥 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑥𝑥 𝐴𝐴𝐴𝐴

𝐶𝐶 𝑥𝑥 𝑀𝑀𝑀𝑀 𝑥𝑥 𝑉𝑉
 126 

where m = mass of the compound (in μg); Mnucl = medium nuclear mass per nucleotide (330 127 

g/mol); C = concentration of the DNA solution (in μg/mL); Mr = molecular mass of each 128 

compound (g/mol); and V = total volume of each sample (5 mL). 129 

As a blank, a solution in TE of free native DNA was used. The CD spectra of DNA 130 

in the presence or absence of the complexes (DNA concentration 20 μg/mL, molar ratios ri 131 

= 0.10, 0.30, 0.50) were recorded at room temperature, after 24 h incubation at 37 °C, on a 132 

JASCO J-720 spectropolarimeter with a 450W xenon lamp using a computer for spectral 133 

subtraction and noise reduction. Each sample was scanned twice in a range of wavelengths 134 

between 220 and 330 nm. The CD spectra drawn are the average of three independent scans. 135 

The data are expressed as average residue molecular ellipticity (θ) in degrees·cm2·dmol−1. 136 

 137 

2.1.2. Viscosity measurements 138 

Viscosity experiments were carried out with an AND-SV-1 viscometer in a water 139 

bath using a water jacket accessory and maintained at a constant temperature of 25 °C. 140 

All compounds were dissolved in an aqueous solution (prepared with milli-Q water) 141 

containing 2% DMSO (1 mg compound/1 mL). The stock solutions were freshly prepared, 142 

just before use. The samples were prepared by addition of aliquots of these stock solutions 143 

to the appropriate volume of calf thymus DNA in a TE buffer solution (50 mM NaCl, 10 144 

mM tris-(hydroxymethyl)aminomethane hydrochloride (Tris–HCl), 0.1 mM H4edta, pH 7.4) 145 

(5 mL). The amount of complex added to the DNA solution was designated as ri. 146 

As a blank, a solution in TE of free native DNAwas used. The viscosity spectra of 147 

DNA in the presence or absence of complexes (DNA concentration 20 μg/mL, molar ratios 148 

ri = 0.1 to 0.5) were recorded at 25 °C, after 24 h incubation at 37 °C. 149 

 150 

2.1.3. Atomic force microscopy (TMAFM) 151 

A stock solution with concentration 1 mg/mL in a buffer solution of HEPES (4 mM 152 

Hepes, pH 7.4/ 2 mM MgCl2) was used. Each sample contained 1 μL of DNA pBR322 of 153 
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concentration 0.25 μg/μL for a final volume of 40 μL. The amount of drug added is also 154 

expressed as ri. After 3 h of incubation, the AFM samples were prepared by casting a 3-μL 155 

drop of test solution onto freshly cleaved Muscovite green mica disks as the supports. The 156 

drop was allowed to stand undisturbed for 3 min to favor the adsorbate–substrate interaction. 157 

Each DNA-laden disk was rinsed with Milli-Q water and was blown dry with clean 158 

compressed argon gas directed normal to the disk surface. Samples were stored over silica 159 

prior to AFM imaging. All Atomic Force Microscopy (AFM) observations were made with 160 

a Nanoscope III Multimode AFM (Digital Instrumentals, Santa Barbara, CA). 161 

Nanocrystalline Si cantilevers of 125-nm length with a spring constant of 50 N/m average 162 

ended with conical-shaped Si probe tips of 10-nm apical radius and cone angle of 35° were 163 

utilized. High-resolution topographic AFM images were performed in air at room 164 

temperature (relative humidity < 40%), on different specimen areas of 2×2 μm2 operating in 165 

intermittent contact mode at a rate of 1–3 Hz. 166 

 167 

2.1.4. Gel electrophoresis of ruthenium complexes-pBR322 168 

pBR322 DNA aliquots (0.25 μg/mL) were incubated in TE buffer (10 mM Tris.HCl, 169 

1 mM EDTA, pH = 7.5) at molar ratio ri = 0.50 for electrophoresis study. Incubation was 170 

carried out in the dark at 37 °C for 24 h. 4 μL of charge marker was added to aliquots parts 171 

of 20 μL of the compound–DNA complex. The mixture was electrophoresed in agarose gel 172 

(1% in TBE buffer, Tris–Borate–EDTA) for 5 h at 1.5 V/cm. Afterwards, the DNA was dyed 173 

with an ethidium bromide solution (0.75 μg/mL in TBE) for 6 h. A sample of free DNA was 174 

used as control. The experiment was carried out in an ECOGEN horizontal tank connected 175 

to a PHARMACIA GPS 200/400 variable potential power supply, and the gel was 176 

photographed with an image Master VDS, Pharmacia Biotech. 177 

 178 

2.1.5. Fluorescence measurements with the DNA–ethidium bromide (EB) complex 179 

All compounds were dissolved in an aqueous solution (prepared with milli-q water) 180 

containing 2% DMSO (2 mg compound/5 mL). The stock solutions were freshly prepared, 181 

just before use. The samples were prepared by addition of aliquots of these stock solutions 182 

to the appropriate volume of calf thymus DNA in a TE buffer solution. The amount of 183 

complex added to the DNA solution was designated as ri. 184 
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As a blank, a solution in TE of free native DNA and EB was used. The fluorescence 185 

spectra of DNA in the presence or absence of complexes (DNA concentration 20 μg/mL, 186 

molar ratios ri = 0.1 to 0.5) were recorded at room temperature, after 24 h incubation at 37 187 

°C, on a Nandog™-Horiba Jobin Yvon spectrofluorometer with a 450W xenon lamp using 188 

a computer for spectral subtraction and noise reduction. Each sample was scanned twice in 189 

a range of wavelengths between 500 and 730 nm, after have been excited at 520 nm. 190 

 191 

2.2. Tumor cell lines and culture conditions 192 

LoVo human colon adenocarcinoma and MiaPaCa pancreatic cancer cell lines were 193 

used throughout the study. Cells were grown in F-12 medium (Gibco) supplemented with 194 

5% (v/v) fetal bovine serum (Gibco), 100 U/mL sodium penicillin G and 100 μg/mL 195 

streptomycin, and were maintained at 37 °C in a humidified atmosphere containing 5% CO2. 196 

 197 

2.3. Cytotoxicity assays 198 

Thirty thousand LoVo or MiaPaca cells were seeded in 35mmdiameter dishes in 2 199 

ml of F-12medium. Cells were cultured for 2 h without treatment and then incubated with 200 

the different compounds at the indicated concentrations. After 7 days of incubation, cell 201 

growth was determined by the MTT test [27]. Briefly, 200 μl of a 0.5 mg/mL MTT solution 202 

[3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide] (Sigma) and 700 μl of a 50 203 

mM succinic acid solution, both in PBS, were added to each well. The dishes were incubated 204 

at 37 °C for 3 h to allow the formation of formazan crystals. Then, the dark blue crystals 205 

were dissolved with 10% SDS in DMSO solution and their absorbance was read at 570 nM 206 

on a spectrophotometer. Results are expressed as a percentage of survival with respect to the 207 

control cells grown in the absence of compounds. IC50 values (drug concentration at which 208 

50% of the cells are viable relative to the control) were obtained by GraphPad Prism 209 

software, version 4.0. 210 

 211 

2.4. Synthesis of the new complexes 212 

2.4.1. Synthesis of [RuCl2(p-cym)(pic)](A1, A2, A3) 213 
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In a 50mL round-bottom flask, 0.1 g (0.16mmol) of starting material was dissolved 214 

in the minimum amount of methanol, and 150 μL (1.92mmol) of the respective 215 

methylpyridine was added. The reaction mixture was refluxed (at 65 °C) for about 8 h. In 216 

the course of the reaction, a change of color was observed and a yellow precipitate formed. 217 

The obtained solid was recrystallized from dichloromethane/diethyl ether. 218 

 219 

2.4.1.1. Synthesis of [RuCl2(p-cym)(2-pic)] (A1). Yield: 66%. FT-IR [KBr, cm−1]: C\N (bd) 220 

1615(s); Ru\N(bd): 848 (m); 2-pic (bd): 723 (m). 1H NMR [CDCl3, Me4Si, δ/ppm]: 2.09 221 

[singlet, 3, CH3 (p-cym)]; 2.85 [septuplet, 1, CH(p-cym); J=6.9 Hz]; 1.21 [d, 6, isopropyl 222 

(p-cym;) J=6.9 Hz]; 5.26-5.43 [dd, 4, H phenyl (p-cym); J=5.1 Hz]; 2.49 [singlet, 3, CH3(2-223 

pic)]; 7.08-8.43 [m, 4,H (2-pic)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 418 224 

(148); CT d➔π⁎pic: 336 (174); CT: πCl\πCl ⁎263 (720); LLCT πp-cym➔π⁎
p-cym: 228 225 

(1170). Elem. Anal. Found: C, 47.72; H, 5.16; N, 3.56; Calc. for C16H21Cl2NRu; C, 48.12; 226 

H, 5.30; N, 3.51. 227 

 228 

2.4.1.2. Synthesis of [RuCl2(p-cym)(3-pic)] (A2). Yield: 58%. FT-IR [KBr, cm−1]: C\N (bd) 229 

1605(s); Ru\N(bd): 855 (s); 3-pic (bd): 723 (m). 1H NMR [CDCl3, Me4 Si, δ/ppm]: 2.09 230 

[singlet, 3, CH3 (p-cym)]; 2.98 [septuplet, 1, CH(p-cym); J=6.9 Hz]; 1.31 [d, 6, isopropyl 231 

(p-cym;) J=6.9 Hz]; 5.20-5.43 [dd, 4, H phenyl (p-cym); J=5.1 Hz]; 2.45 [singlet, 3, CH3(3-232 

pic)]; 7.20-8.86 [m, 4, H (3-pic)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 409 233 

(116); CT d➔π⁎
pic: 286 (1113); CT: πCl➔πCl

⁎271 (1134); LLCT: πp-cym➔π⁎
p-cym: 230 234 

(1713). Elem. Anal. Found: C, 47.90; H, 5.71; N, 3.28; Calc. for C16H21Cl2NRu; C, 48.12; 235 

H, 5.30; N, 3.51. 236 

 237 

2.4.1.3. Synthesis of [RuCl2(p-cym)(4-pic)] (A3). Yield: 83%. FT-IR [KBr, cm−1]: C\N (bd) 238 

1615(s); Ru\N(bd): 811 (s); 4-pic (bd): 650 (m). 1H NMR [CDCl3, Me4Si, δ/ppm]: 2.10 239 
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[singlet, 3, CH3 (p-cym)]; 2.98 [septuplet, 1, CH(p-cym); J=6.9 Hz]; 1.30 [d, 6, isopropyl 240 

(p-cym;) J=6.9 Hz]; 5.23-5.47 [dd, 4, H phenyl (p-cym); J=6.0 Hz]; 2.41 [singlet, 3, CH3(4-241 

pic)]; 7.12-8.85 [dd, 4, H (4-pic); JH1–H2=6, 6 Hz]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 242 

cm−1): d➔d: 398 (3528); CT d➔π⁎
pic: 282 (6301); CT: πCl➔πCl ⁎263 (7880); LLCT: πp-243 

cym➔π⁎
p-cym: 228 (14,389). Elem. Anal. Found: C, 48,75; H, 5.19; N, 3.14; Calc. for 244 

C16H21Cl2NRu; C, 48.12; H, 5.30; N, 3.51. 245 

 246 

2.4.2. Synthesis of [RuCl2(p-cym)(lut) ] (B1, B2, B3, B4, B5) 247 

In a 50 mL round-bottom flask, 0.1 g (0.16 mmol) of starting material was dissolved 248 

in the minimum amount of methanol and 150 μL (2,54 mmol) of the corresponding 249 

dimethylpyridine were added. The resulting mixture was refluxed (at 65 °C) for about 8 250 

hours. During the course of the reaction, a color change was observed, and a brown oil 251 

formed. The brown oily residue was treated with diethyl ether, and a yellow solid was 252 

obtained that was recrystallized from dichloromethane/diethyl ether. 253 

 254 

2.4.2.1. Synthesis of [RuCl2(p-cym)(2,3-lut)] (B1). Yield: 80%. FT-IR [KBr, cm−1]: C\N 255 

(bd) 1592(m); Ru\N(bd): 878 (m); 2,3-lut: 848 (m), 748 (s), 684 (m). 1H NMR [CDCl3, 256 

Me4Si, δ/ppm]: 2.16 [singlet, 3, CH3(p-cym]; 2.94 [septuplet, 1, CH (p-cym; J=6.8 Hz]; 1.28 257 

[d, 6, isopropyl (p-cym); J=6.8 Hz]; 5.33-5.47 [dd, 4, H phenyl (p-cym); J=5.02 Hz]; ]; 2.28 258 

[s, 3, CH3A(2.3-lut)]; 2.50 [singlet, 3, CH3B(2.3- lut)]; 7.38-8.33[m, 3, H (2.3-lut)]. UV–vis 259 

in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 444 (1040); CT d➔π⁎
lut: 341 (1096); CT: 260 

πCl➔πCl ⁎266 (4688); LLCT: πp-cym➔π⁎
p-cym: 230 (10,180). Elem. Anal. Found: C, 48.95; 261 

H, 5.92; N, 3.71; Calc. for C17H23Cl2NRu; C, 49.40; H, 5.61; N, 3.39. 262 

 263 

2.4.2.2. Synthesis of [RuCl2(p-cym)(2,4-lut)] (B2). Yield: 23%. FT-IR [KBr, cm−1]: C\N 264 

(bd) 1618(s); Ru\N(bd): 884 (m); 2,4-lut: 812 (m), 724 (m), 662 (m). 1H NMR [CDCl3, 265 
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Me4Si, δ/ppm]: 2.16 [singlet, 3, CH3(p-cym]; 2.92 [septuplet, 1, CH (p-cym; J=6.4 Hz]; 1.28 266 

[d, 6, isopropyl (p-cym); J=6.4 Hz]; 5.33-5.47 [dd, 4, H phenyl (p-cym); J=4.04 Hz]; ]; 2.59 267 

[s, 3, CH3A(2.4-lut)]; 2.32 [singlet, 3, CH3B(2.4-lut)]; 6.99 [singlet, 1, H3(2.4-lut)]; 6.93-268 

8.36 [dd, 2, H1H2 (2.3-lut)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 447 (1168); 269 

CT d➔π⁎ 
lut: 337 (1211); CT: πCl➔πCl ⁎268 (5368); LLCT: πp-cym➔π⁎

p-cym: 228 (5750). 270 

Elem. Anal. Found: C, 48.67; H, 5.66; N, 3.53; Calc. for C17H23 Cl2NRu; C, 49.40; H, 5.61; 271 

N, 3.39. 272 

 273 

2.4.2.3. Synthesis of [RuCl2(p-cym)(2,5-lut)] (B3). Yield: 82%. FT-IR [KBr, cm−1]: C\N 274 

(bd) 1608(m); Ru\N(bd): 888 (m); 2,5-lut: 828 (s), 721 (m), 663 (m). 1H NMR [CDCl3, 275 

Me4Si, δ/ppm]: 2.16 [singlet, 3, CH3(p-cym]; 2.91 [septuplet, 1, CH (p-cym; J=6.6 Hz]; 1.28 276 

[d, 6, isopropyl (p-cym); J=6.6 Hz]; 5.34-5.57 [dd, 4, H phenyl (p-cym); J=5,10 Hz]; ]; 2,29 277 

[singlet, 3, CH3A(2.5-lut)]; 2.53 [singlet, 3, CH3B(2.5-lut)]; 7.07 [singlet, 1, H1(2.5-lut)] 278 

7.74 -8.34 [dd, 2, H2H3 (2.5-lut)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 444 279 

(1271); CT d➔π⁎ lut: 332 (1563); CT: πCl➔πCl
⁎270 (10,833); LLCT: πp-cym➔π⁎

p-cym: 280 

228 (10,427). Elem. Anal. Found: C, 48.41; H, 5.61; N, 3.34; Calc. for C17H23Cl2NRu; C, 281 

49.40; H, 5.61; N, 3.39. 282 

 283 

2.4.2.4. Synthesis of [RuCl2(p-cym)(3,4-lut)] (B4). Yield: 32%. FT-IR [KBr, cm−1]: C\N 284 

(bd) 1609(s); Ru\N(bd): 873 (m); 3,4-lut: 831 (f), 712 (m), 670 (w). 1H NMR [CDCl3, 285 

Me4Si, δ/ppm]: 2.17 [singlet, 3, CH3(p-cym]; 2.97 [septuplet, 1, CH (p-cym; J=5,1 Hz]; 1.29 286 

[d, 6, isopropyl (p-cym); J=5,1 Hz]; 5.21-5.42 [dd, 4, H phenyl (p-cym); J=3,6 Hz]; ]; 2,33 287 

[singlet, 3, CH3A(3,4-lut)]; 2.28 [singlet, 3, CH3B(3,4-lut)]; 8,70 [singlet, 1, H3 (3,4-lut)] 288 

7.19 -9.22 [dd, 2, H1H2 (3,4-lut)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 386 289 

(2171); CT d➔π⁎ lut: 347 (2873); CT: πCl➔πCl
⁎268 (11,723); LLCT: πp-cym➔π⁎

p-cym: 290 
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228 (15,592). Elem. Anal. Found: C, 49.92; H, 6.14; N, 4.42; Calc. for C17H23Cl2NRu; C, 291 

49.40; H, 5.61; N, 3.39. 292 

 293 

2.4.2.5. Synthesis of [RuCl2(p-cym)(3,5-lut)] (B5). Yield: 66%. FT-IR [KBr, cm−1]: C\N 294 

(bd) 1585 (m); Ru\N(bd): 881 (m); 3,5-lut: 868 (s), 712 (m), 695 (m). 1H NMR [CDCl3, 295 

Me4Si, δ/ppm]: 2.14 [singlet, 3, CH3(p-cym]; 2.98 [septuplet, 1, CH (p-cym; J=6.6 Hz]; 296 

1.29 [d, 6, isopropyl (p-cym); J=6.1 Hz]; 5.29-5.42 [dd, 4, H phenyl (p-cym); J=2.02 Hz]; ]; 297 

2.33 [singlet, 6, CH3A and CH3B (3.5-lut)]; 7.07 [singlet, 1, H1(2.5-lut)]; 8.67 [singlet, 1, 298 

H1(3.5-lut)]; 7.34 [singlet, 1, H2 (3.5- lut)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): 299 

d➔d: 403 (953); CT d➔π⁎ lut: 330 (1568); CT: πCl➔πCl ⁎275 (8763); LLCT: πp-cym➔π⁎
p-300 

cym: 229 (11,882). Elem. Anal. Found: C, 49.89; H, 5.83; N, 3.29; Calc. for C17H23Cl2NRu; 301 

C, 49.40; H, 5.61; N, 3.39. 302 

 303 

2.4.3. Synthesis of [RuCl2(p-cym)(tol)] (C1, C2, C3) 304 

In a 50 mL round-bottom flask, 0.1 g (0.16 mmol) of starting material was dissolved 305 

in the minimum amount of methanol and 150 μL (2,18 mmol) of the respective 306 

methylaminobenzene were added. The ensuing reaction mixture was refluxed (at 65 °C) for 307 

about 8 hours. During the course of the reaction a color change was observed and an orange 308 

oil formed. The orange oily residue was treated with diethyl ether to obtain an orange solid 309 

that was recrystallized from dichloromethane/diethyl ether. 310 

 311 

2.4.3.1. Synthesis of [RuCl2(p-cym)(o-tol)] (C1). Yield: 63%. FT-IR [KBr, cm−1]: N\H(st): 312 

3228(m), C\N (bd) 1610(m); o-tol: 876 (s), 746 (w), 702 (w). 1H NMR [CDCl3, Me4Si, 313 

δ/ppm]: 2.15 [singlet, 3, CH3(pcym)]; 2.95 [septuplet, 1, CH(p-cym); J=6.6 Hz]; 1.29 [d, 6, 314 

isopropyl (p-eyme); J=6.6 Hz]; 4.83–4.98 [dd, 4, phenyl (p-cym); J=6 Hz]; 2.45 [singlet, 3, 315 

CH3(o-tol)]; 7.11–7.17 [pseudo-singlet, 4, H (o-tol)]; 4.65 [pseudo-singlet, 2, NH2 (m-tol)]. 316 
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UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 419 (119); CT d➔π⁎
tol: 341 (1789); CT: 317 

πCl➔πCl
*261 (9382); LLCT: πp-cym➔π⁎

p-cym: 228 (15,000). Elem. Anal. Found: C, 49.50; 318 

H, 6.05; N, 3.42; Calc, for C17H23Cl2NRu; C, 49.40; H, 5.61; N, 3.39. 319 

 320 

2.4.3.2. Synthesis of [RuCl2(p-cym)(m-tol)] (C2). Yield: 71%. FT-IR [KBr, cm−1]: N\H(st): 321 

3196(m), C\N (bd) 1602(s); m-tol: 878 (s), 785 (w), 692 (w). 1H NMR [CDCl3, Me4Si, 322 

δ/ppm]: 2.15 [singlet, 3, CH3(pcym)]; 2.95 [septuplet, 1, CH(p-cym); J=6.6 Hz]; 1.25 [d, 6, 323 

isopropyl (p-cym); J=6.6 Hz]; 4.93–4.97 [dd, 4, phenyl (p-cym); J=6 Hz]; 2.39 [singlet, 3, 324 

CH3(m-tol)]; 6.,84–7.11 [pseudo-singlet, 4, H (m-tol)]; 4.68 [pseudo-singlet, 2, NH2(m-325 

tol)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 415 (957); CT d➔π⁎
tol 340 (1638); 326 

LLCT: πCl➔πCl 
⁎ 265 (10,155); CT: πp-cym➔π⁎

p-cym: 228 (11,820). Elem. Anal. Found: 327 

C, 49.20; H, 5.66; N, 3.59; Calc, for C17H23Cl2NRu; C, 49.40; H, 5.61; N, 3.39. 328 

 329 

2.4.3.3. Synthesis of [RuCl2(p-cym)(p-tol)] (C3). Yield: 67%. FT-IR [KBr, cm−1]: N\H(st): 330 

3206(s), C\N (bd) 1612(m); p-tol: 878 (s), 737 (w), 703 (w). 1H NMR [CDCl3, Me4Si, 331 

δ/ppm]: 2.15 [singlet, 3, CH3(pcym)]; 2.91 [septuplet, 1, CH(p-cym); J=6.4 Hz]; 1.26 [d, 6, 332 

isopropyl (p-cym); J=6.4 Hz]; 4.95–5.02 [dd, 4, phenyl (p-cym); J=4.98 Hz]; 2.36 [singlet, 333 

3, CH3(p-tol)]]; 6.,84–7.11 [pseudo-singlet, 4, H (ptol)]; 4.67 [pseudo-singlet, 2, NH2 (p-334 

tol)]. UV–vis in CH2Cl2, λmax/nm (ε/M−1 cm−1): d➔d: 412 (1214); CT d➔π⁎
tol 341 335 

(2143); LLCT: πCl➔πCl ⁎ 266 (10,780); LLCT: πp-cym➔π⁎
p-cym: 229 (86,000). Elem. 336 

Anal. Found: C, 50.22; H, 6.07; N, 3.95; Calc, for C17H23Cl2NRu; C, 49.40; H, 5.61; N, 337 

3.39. 338 

 339 

 340 

 341 
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2.5. Crystal structure determination 342 

A prismatic crystal (0.1×0.1×0.2 mm3) was selected and mounted on a MAR345 343 

diffractometer with an image plate detector. Unit-cell parameters were determined from 344 

6582 reflections (3< θ <21°) and refined by least-squares method. Intensities were collected 345 

with graphite monochromatized Mo Kα radiation. 32,691 reflections were measured in the 346 

range 1.70≤θ≤32.28. 7222 of which were non-equivalent by symmetry (Rint(on I) = 347 

0.062). 7163 reflections were assumed as observed applying the condition I > 2σ(I). Lorentz-348 

polarization and absorption corrections were made. 349 

The structure was solved by Directmethods, using SHELXS computer program 350 

(Sheldrick, G.M., (1997), a program for automatic solution of crystal structure. University 351 

of Goettingen. Germany) and refined by full-matrix least-squares method with SHELX97 352 

computer program (Sheldrick, G.M., (1997). A program for crystal structure refinement, 353 

University of Goettingen, Germany), using 7222 reflections, (very negative intensities were 354 

not assumed). The function minimized was Σ w ||Fo|2−|Fc|2 |2, where w = 355 

[σ2(I)+(0.0300P)2+67.6165P]−1, and P = (|Fo|2+2 |Fc|2 )/3, f, f′ and f″ were taken from 356 

International Tables of X-Ray Crystallography (International Tables of X-Ray 357 

Crystallography, (1974), Ed. Kynoch press, Vol. IV, pp 99–100 and 149). All H atoms were 358 

computed and refined, using a riding model, with an isotropic temperature factor equal to 359 

1.2 times the equivalent temperature factor of the atom which is linked. The final R (on F) 360 

factor was 0.062, wR (on |F|2) = 0.157 and goodness of fit=1.245 for all observed reflections. 361 

Number of refined parameters was 370. Max. shift/esd=0.00, Mean shift/esd=0.00. Max. and 362 

min. peaks in final difference synthesis were 1.548 and −1.103 Å−3, respectively. CCDC 363 

845858–845860 contain the supplementary crystallographic data for this paper. These data 364 

can be obtained free of charge from the Cambridge Crystallographic Data Centre via 365 

www.ccdc.cam.ac.uk/data@request/cif. 366 

 367 

2.6. Electrochemical experiments 368 

Cyclic voltammograms of ligands and complexes were obtained using a 369 

Potentiostat/Galvanostat SP-150 monitored with a personal computer loaded with 370 

Electrochemistry PowerSuite v5.31 software from Princeton Applied Research at room 371 
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temperature. A threeelectrode configuration small capacity cell was equipped with a 372 

platinum-disk working electrode (1.0 mm diameter), a carbon electrode as a working 373 

electrode and a platinum wire auxiliary electrode. The electrochemical experiments were 374 

performed in 0.2 M solutions of TBAPF6 in acetonitrile, under a nitrogen atmosphere, and 375 

the redox potentials were measured using ferrocene as the internal standard. The redox 376 

potential values were quoted relative to the SCE by using the ferrocenium/ferrocene redox 377 

couple [28]. 378 

 379 

 380 

  381 
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3. RESULTS AND DISCUSSION 382 

3.1. Spectroscopic studies 383 

The eleven compounds prepared have been characterized spectroscopically. The FT-384 

IR spectra exhibit the typical bands of the p-cym and aromatic rings in the region 3040–3080 385 

cm−1. The γC ═ N band is observed around 1610 cm−1, and the bands characterizing the 386 

Ru\Cl and Ru\Nsp
2 bonds are present at lower wavelength. The 1H NMR spectra illustrate a 387 

downfield chemical shift of the aromatic protons belonging to the p-cym moiety, which is 388 

ascribed to the π-bonding of the ligand to the metal center. Interestingly, the compounds of 389 

type C shows one signal at 4.65 ppm, corresponding to two protons and that is attributed to 390 

the NH2 protons of aminobenzene units. The UV–vis spectra display four bands in the visible 391 

region, whose assignments have been performed using information reported in the literature 392 

for similar compounds [26,29]. The transitions above 400 nm are due to d➔d transitions. 393 

The bands observed between 350 and 260 nm correspond to the MLCT and LMCT 394 

transitions, respectively. The higher energy transitions at 228 nm are attributable to LLCTs 395 

(inter and intraligand). 396 

 397 

3.2. Crystallographic studies 398 

Crystalline materials have been obtained by slow diffusion of diethyl ether into 399 

CH2Cl2 solutions of the compounds. Single crystals, suitable for X-ray diffraction analysis, 400 

were obtained for compounds A3, B4 and C3. The analyses of the data collected reveal that 401 

complex A3 crystallizes in the orthorhombic space group Pbna, B4 in the monoclinic space 402 

group P21/n and C3 in the monoclinic space group P21/c (Table 1 and Fig. 3). 403 

In the three compounds, the ruthenium atom is π-coordinated to the arene p-cymene 404 

and the other three positions are distributed between the two chloride ligands and the 405 

respective N-ligand, i.e. methylpyridine, dimethylpyridine and aminomethylpyridine, 406 

generating “piano stool” complexes, which are typical for such family of compounds (Fig. 407 

1). The deviations from the ideal piano stool for these compounds are minor. The Ru − N 408 

and Ru − Cl bond lengths and N − Ru − Cl angles (Table S1, Supplementary material) are 409 
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comparable to those found for related compounds in the literature [26,29–32]. π-Stacking 410 

interactions are noticed between complex molecules A3, which involve the nitrogen ligand. 411 

 412 

3.3. Electrochemical studies 413 

The electrochemical properties of the ligands and the new Ru(II) complexes have 414 

been examined by cyclic voltammetry in acetonitrile solutions (1×10−3 M), using 0.2 M 415 

tetrabutylammonium hexafluoridophosphate (TBAPF6) as supporting electrolyte. The redox 416 

potentials measured at a scan rate of 0.2 V/s are reported in Table 2. 417 

All complexes show a comparable voltammetric behavior in acetonitrile. Two metal-418 

centered voltammetric responses are observed, as previously reported for analogous Ru-p-419 

cym-neutral complexes [30]. A well-defined wave at around 1.10 to 1.30 V, corresponding 420 

to a quasi-reversible process and involving a one-electron transfer, can be assigned to the 421 

oxidation of RuII to RuIII. On the other hand, complexes of types B and C undergo a second 422 

irreversible oxidation between 0.92 and 1.10 V, ascribed to the amino group. These 423 

oxidations disappear after successive scans. The corresponding peak potentials are almost 424 

identical for all studied complexes and the changes in oxidation potentials most likely arise 425 

from the relative stabilization of ruthenium(II) over ruthenium(III) through a combination 426 

of σ and π effects due to the ligands. 427 

 428 

3.4. Biological studies 429 

3.4.1. Circular dichroism (CD) 430 

CD spectroscopy is a useful technique in analyzing morphologic changes of DNA 431 

during drug–DNA interactions. The CD signals are indeed quite sensitive to the different 432 

ways DNA can interact with small molecules [33]. A solution of ct-DNA exhibits a positive 433 

band due to base stacking and a negative band due to the right-handed helicity of DNA. The 434 

changes of the CD signal observed upon DNA interaction with drugs may often be assigned 435 

to specific modifications of the DNA structure [34]. Circular dichroism spectra of some 436 

selected compounds, one for each series, at several ruthenium complex: DNA molar ratio 437 

are depicted in Fig. 2 (a–c). After 24 h of incubation at 37 °C, some changes of molar 438 

ellipticity can be observed for the complexes. These alterations in wavelength and ellipticity 439 
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(compared to free DNA) indicate modifications on the secondary structure of DNA, resulting 440 

from its interaction with the different complexes. These interactions may be covalent in 441 

nature, subsequent to the hydrolysis of the two chlorido ligands, and due to the great affinity 442 

of the ruthenium (II) for the N positions of the nueclobases, mainly N7 of the guanine. 443 

 444 

3.4.2. Atomic force microscopy (AFM) 445 

AFM pictures of free DNA pBR322, and incubated with the complexes A, B, and C 446 

are shown in Figs. 3–5. The objective was not to establish quantitative measurements of the 447 

changes observed in plasmid pBR322 DNA but to visualize the small changes produced by 448 

the complexes upon binding to DNA. Such an experiment is expected to reveal whether or 449 

not DNA may be one of the possible 450 

targets of the ruthenium complexes (also in addition to the many potential protein 451 

binding sites). Hence, the AFM images, obtained using in vitro conditions, clearly show that 452 

the complexes are able to bind DNA and modify its structure, with subsequent dramatic 453 

consequences for the cells. The mode of binding of the complexes cannot be elucidated using 454 

solely this technique. Complementary studies are necessary to better understand how the 455 

interaction between the metal complex and DNA takes place. 456 

The AFM images (Fig. 3) corresponding to DNA incubated with compounds A1, A2 457 

and A3 show modifications of the initial DNA form to supercoiled DNA and to DNA 458 

exhibiting kinks. In the images 3b) and 3d) corresponding to complexes A1 and A3, 459 

respectively, some DNA strands appear to be cleaved, indicating a slight nuclease effect. 460 

The compounds containing dimethylpyridine ligands, i.e. compounds of type B, 461 

strongly interact with DNA, particularly complexes B3 and B4 whose AFM images are 462 

shown in Fig. 4. In the case of compound B3, important compact forms of DNA are noted 463 

(see Fig. 4a). Compound B4 induces a strong DNA supercoiling (see Fig. 4b). No nuclease 464 

effects were observed with this series of Ru complexes. It has to be noted that the incubation 465 

conditions applied (concentration, temperature and time) were the same to those for the 466 

series A. 467 

Finally, the complexes bearing methylaminobenzene ligands, namely complexes of 468 

type C, exhibit a behavior similar to that of two complexes of the A series, since they are 469 
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capable of cutting the DNA strands (Fig. 5), therefore acting as nucleases although kinks, 470 

compaction and supercoiling can be observed as well. 471 

In summary, these qualitative AFM studies clearly indicate that all eleven 472 

compounds interact with DNA. To further confirm this interaction and to try to appraise the 473 

mode of interaction, additional techniques were used. 474 

 475 

3.4.3. Electrophoretic mobility 476 

The ability of the compounds to modify the tertiary structure of DNA has been 477 

evaluated via the potential alteration of the electrophoretic mobility of the covalently closed 478 

circular (CCC) and open forms (OC) of pBR322 plasmid DNA. Figures S1 and S2 479 

(Supplementary Material) show the electrophoretic mobilities after incubation with the 480 

compounds of types A (lines 1–3) and B (lines 6–10). The mobility of native pBR322 481 

plasmid DNA is shown in lines 4 and 5, and that of plasmid DNA incubated with cisplatin 482 

in line 11. 483 

The comparison of the gel electrophoretic mobilities of pBR322 plasmid and the 484 

DNA/ruthenium adducts reveals slight modifications of the tertiary structure of DNA 485 

induced by the metal-containing compounds. In Figure S1, new bands are observed for the 486 

ruthenium complexes of type A (lines 1–3), indicating the presence of additional DNA forms 487 

before the OC region. The action of compound B5 (line 10) produces alterations of the gel 488 

mobilities of the OC and CCC forms. The two typical bands characterizing coalescence 489 

induced by cisplatin are clearly seen in line 11. 490 

Figure S2, illustrates the DNA electrophoretic mobility in the presence of the 491 

compounds of type C (lines 2–4). Free pBR322 plasmid DNA and incubated with cisplatin 492 

are shown as references in lines 1, 5 and 6, respectively. The mobilities observed for the 493 

DNA/ruthenium adducts are in agreement with the fragmentations detected by AFM (see 494 

Fig. 5). 495 

 496 

3.4.4. Viscosity measurements 497 

DNA is a polyanion; hence, in solution, the negative charges of the phosphate groups 498 

unfold the DNA molecule into a more extended form. When metal complexes bind to DNA 499 
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by means of electrostatic or covalent interactions, a folding of the DNA double helix occurs, 500 

producing its shortening, and a decrease of the DNA viscosity. Plots of the cube root of η/η0 501 

(where η is the viscosity of each DNAcomplex solution and η0 represents the viscosity of 502 

the native DNA solution, measured after 24 h incubation at 37 °C) versus ri (molar ratio) are 503 

depicted in Fig. 6 (a, b, c). The data illustrate a diminution of the viscosity when ri increases, 504 

thus discarding an intercalating interaction. Similar features are observed with all the ligands 505 

used. Additional time-dependent viscosity measurements at constant temperature show a 506 

decrease of the viscosity, which is indicative of the formation of a covalent bond between 507 

the DNA base pairs and the metal ions. 508 

 509 

3.4.5. Fluorescence studies using the DNA–ethidium bromide (EB) complex 510 

To further investigate the binding mode of the Ru(II) complexes, competitive binding 511 

experiments have been carried out. The fluorescence emission of EB (5 mM) bound to DNA 512 

(50 μM) in the absence and in the presence of the complexes (after 24 h of incubation) have 513 

been recorded, and the results are shown in Fig. 7. Ethidium bromide (EB) is a planar 514 

conjugated molecule, whose fluorescence intensity is very weak; however, the fluorescence 515 

greatly increases when EB is specifically intercalated between the base pairs of double-516 

stranded DNA. Therefore, EB can be used to probe the interactions between DNA and 517 

potential intercalating molecules [35]. The ruthenium complexes herein presented do not 518 

show appreciable fluorescence properties in the spectral region studied, in the presence of 519 

DNA or not. Moreover, these compounds do not quench the fluorescence of EB in the 520 

absence of DNA, under the experimental conditions applied. The intensity of the emission 521 

band of the DNA–EB pair at 602 nm increases with the concentration of the Ru (II) 522 

complexes after 24 h of incubation. Since intercalated EB is the sole fluorescent species, the 523 

fluorescence increase noted suggests that the Ru (II) complexes most likely induce a 524 

contraction along the helix axis of DNA. Such a characteristic change is often observed for 525 

non-intercalative DNA interactions [36]. The action of complex C1 results in the largest 526 

intensity increase (Fig. 7). This feature is consistent with the corresponding data obtained by 527 

viscosity measurements (see above), indicating that the DNA/Ru interactions are mostly 528 

covalent. 529 

 530 
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3.4.6. Cytotoxicity of the ruthenium complexes against MiaPaca and LoVo cells 531 

The potential cytotoxic effects of the ruthenium complexes have been examined on 532 

human pancreas cancer cells (MiaPaca) and colon cancer cells (LoVo), using the MTT assay, 533 

which consists of a colorimetric determination of cell viability during in vitro treatment with 534 

a drug. The assay, developed as an initial stage of drug screening, measures the amount of 535 

MTT reduction by mitochondrial dehydrogenase and assumes that cell viability 536 

(corresponding to the reductive activity) is proportional to the production of purple formazan 537 

that is measured spectrophotometrically. A low IC50 is desired and implies cytotoxicity or 538 

anti-proliferation at low drug concentrations. The compounds [RuCl2(p-cym)(2-pic)] A1, 539 

[RuCl2(p-cym)(3-pic)] A2, [RuCl2(p-cym)(4-pic)] A3, [RuCl2(p-cym)(o-tol)] C1, [RuCl2 540 

(p-cym)(m-tol)] C2 and [RuCl2 (p-cym)(p-tol)] C3 have been evaluated using this biological 541 

test. For this purpose, cells have been exposed to each compound continuously for 24 h, and 542 

then assayed for growth using the MTT endpoint assay. The IC50 values of complexes A1, 543 

A2, and A3, for the growth inhibition of MiaPaca and LoVo cells are summarized in Table 544 

3. The cytotoxic properties of complexes of type C could not be estimated because these 545 

compounds are poorly soluble under the experimental conditions required for these trials. 546 

All ruthenium complexes investigated in the present study show activities against MiaPaca 547 

cells (human pancreas cancer cells) and LoVo cells (colon cancer cells) Complex A3 exhibits 548 

the best activity with LoVo cells (Table 3). These values are on the same order of magnitude 549 

as those reported for many ruthenium compounds with other types of colon carcinoma cells, 550 

[37] but lower than those obtained with other organometallic p-cymene-ruthenium 551 

complexes against ovarian cancer cells. The presence of thiophenolato [38] or phosphino 552 

[39] ligands improves the cytotoxic properties of π-arene or π-cyclopentadiene ruthenium 553 

compounds, with IC50 values in the nanomolar range.  554 

 555 

 556 

  557 
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4. CONCLUSION 558 

In summary, eleven new Ru(II) complexes of general formula [RuCl2(p-cym)(L)], where L 559 

represents structural isomers of methylpyridine, dimethylpyridine and methylaminobenzene have 560 

been synthesized and characterized successfully. Their potential interaction with DNA has been 561 

studied and the different investigations carried out have revealed strong changes in the secondary 562 

structure of DNA (circular dichroism), as well as in its tertiary structure (gel electrophoretic 563 

mobility). Emission spectral studies and viscosity measurements indicate that these complexes 564 

interact with ct-DNA through a covalent binding mode. Finally, the complexes of type A exhibit 565 

interesting in vitro cytotoxic properties against MiaPaca and LoVo cells. 566 

 567 

Abbreviations 568 

A1  [RuCl2(p-cym)(2-pic)] 569 

A2  [RuCl2(p-cym)(3-pic)] 570 

A3  [RuCl2(p-cym)(4-pic)] 571 

B1  [RuCl2(p-cym)(2,3-lut)] 572 

B2  [RuCl2(p-cym)(2,4-lut)] 573 

B3  [RuCl2(p-cym)(2,5-lut)] 574 

B4  [RuCl2(p-cym)(3,4-lut)] 575 

B5  [RuCl2(p-cym)(3,5-lut)] 576 

C1  [RuCl2(p-cym)(o-tol)] 577 

C2  [RuCl2(p-cym)(m-tol)] 578 

C3  [RuCl2(p-cym)(p-tol)] 579 

AE  Elemental Analysis 580 

AFM  Atomic Force Microscopy 581 

CCC  Covalently closed circular pBR322 plasmid DNA 582 

CT  Charge transfer 583 

ct-DNA  Calf Thymus DNA 584 

DC  Circular Dichroism 585 
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d➔d  d-d transition 586 

EB E thidium bromide 587 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 588 

lut  Dimethylpyridine 589 

MLCT  Metal-to-ligand charge transfer 590 

LMCT  Ligand-to-metal charge transfer 591 

LLCT  Ligand-to-ligand charge transfer 592 

OC  Open forms pBR322 plasmid DNA 593 

pic  Methylpyridine 594 

TBAPF6  Tetrabutylammonium hexafluoridophosphate 595 

TE  (50 mM NaCl, 10 mM tris-(hydroxymethyl)aminomethane hydrochloride (Tris–HCl), 596 

0.1 mM H4edta, pH 7.4). 597 

tol  methylaminobenzene 598 

TMS  Tetramethylsilane 599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

 607 

 608 

  609 
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Table 1 Crystallographic unit cell data for compounds A3, B4 and C3. 708 
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Table 2. Cyclic voltammetric data for the [RuCl2(η6-p-cym)(L)] complexes. Supporting 713 

electrolyte: TBAPF6 (0.2M); complex concentration: 0.1M; Solvent: MeCN; ΔEp = Epa − 714 

Epc where, Epa and Epc are the anodic and cationic potentials, respectively; E1/2 = 715 

0.5(Epa+Epc); Scan rate: 100 mV·s−1. 716 
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Table 3 IC50 values obtained with complexes [RuCl2(p-cym)(2-pic)] A1, [RuCl2(p-cym)(3-722 

pic)] A2 and [RuCl2(p-cym)(4-pic)] A3. 723 
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 727 
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Figures Captions 729 

Scheme 1. Reaction scheme for the synthesis of the organometallic compounds. L 730 
symbolizes structural isomers of methylpyridine (A), dimethylpyridine (B) and 731 
methylaminobenzene (C). 732 

Scheme 2. Representation of the dimethylpyridine ligands with the corresponding proton 733 

labelings used for the 1H-NMR assignments. a) ligand 2,3-dimethylpyridine, b) 2,4-734 
dimethylpyridine c) 2,5-dimethylpyridine d) 3,4-dimethylpyridine and e) 3,5-735 
dimethylpyridine. 736 

Figure 1. Representation of the single-crystal X-ray structures of complexes a) A3, b) B4 737 
and c) C3. 738 

Figure 2. Circular dichroism spectra of ct-DNA incubated at 37 °C for 24 h with the 739 
complexes at molar ratios ri = 0.1, 0.3 and 0.5. a) Complex A2, b) complex B4 and c) 740 
complex C2. 741 

Figure 3. AFM images of a) free plasmid pBR322 DNA; b) plasmid pBR322 DNA 742 
incubated with complex A1; c) complex A2; d) complex A3 at molar ratio ri = 0.5. 743 

Figure 4. AFM images of a) plasmid pBR322 DNA incubated with complex B3 and b) 744 
complex B4 at molar ratio ri =0.5. 745 

Figure 5. AFM images of a) plasmid pBR322 DNA incubated with complex C1 and b) 746 
complex C2 at molar ratio ri=0.5. 747 

Figure 6. Plots of (η/η0)(1/3) (where η is the viscosity of each DNA-complex solution and 748 

η0 is the viscosity of the native DNA solution, measured after 24 h incubation at 37 °C) 749 
versus ri ( molar ratio) for a) complexes of type A, b) complexes of type B, c) complexes of 750 
type C. 751 

Figure 7. Fluorescense spectra of ct-DNA incubated with complex C1 at different 752 
concentrations (10, 20, 30, 40 and 50 mM), at 37 °C for 24 h. 753 
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Scheme 1. 759 
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Scheme 2 763 
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Figure 1 769 
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Figure 2 775 
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Figure 3 780 
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Figure 4 786 
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Figure 5 789 
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Figure 6 793 
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Figure 7 797 
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