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ABSTRACT

Ruthenium-based anticancer agents have created a center of attention in the field of inorganic
medicinal chemistry. The first fully characterized cationic ruthenium(II)-arene complexes [Ru(#°-
p-cymene) (PAr3)LNCI]" with highly lipophilic PAr; ligands where Ar = 3,5-((CH3)3C)2CeHs—
(L1), 3,5-(CH3)2CsHs— (L2), 4-CH50-3,5-(CH3)2CsHo— (L3) and 4-CH30-CsH4— (L4) with N = 3-
methylpyridine (1-4, respectively), or L4 and 4-methylpyridine (5), or L4 and CH3CN (6) were
obtained (yields 67-91%) as solids stable to light and air. Electrical conductance indicates that all
the complexes are 1:1 electrolytes in solution. Their composition and purity have been
unambiguously established by single-crystal X-ray diffraction, NMR spectroscopy and elemental
analysis. The coordination geometries are uniform for all six complexes and each structure consist
of a unipositive complex cation bearing the phosphine ligands L1-L4 and LN = 3-methylpyridine,

4-methylpyridine or CH3CN attached to the organometallic fragment. The equivalent unit cell
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volumes per formula unit decrease with 1 >3 > 2 >4 > 5> 6, accurately reflecting the decreasing
sizes of the phosphines L1-L4, and a greater occupied volume for 3-methyl- vs. 4-methylpyridine,
and the smallest volume contribution from CH3CN. Electrochemical studies showed mixed
electrochemical mechanisms (EC/ECE) from partial substitution of p-cymene by CH3CN ligands
from the solvent. A large electrochemical stability window (>2.2 V) for Ru(Il) was observed
extending beyond the physiological E° range. The complexes were cytotoxic against human cancer

cell lines in vitro, and some complexes altered cell morphology.

Keywords: Cationic ruthenium-arene. Triarylphosphine. Pyridine derivative. Cyclic voltammetry.
Cytotoxicity assays. DFT calculations.
Introduction

Despite advances in the treatment of cancer, cisplatin and its derivatives are still used in
chemotherapy treatment [ 1], despite that these drugs have limitations such as the lack of specificity
that results in numerous undesirable side effects [2] and post-treatment drug resistance [3]. Thus,
the search for new metallodrugs to overcome these limitations has increasing impetus [4].
Complexes containing ruthenium as a metallic center have been explored as possible
metallopharmaceuticals, and some synthesized complexes, such as NKP1339, NAMI-A, RM175
and RAPTA-C have been in clinical trials, which serve as inspiration for current research [5-7].

A variety of organometallic ruthenium(II) complexes containing arene ligand coordinated
in n form are being investigated for their properties, such as versatility in ligand exchange, ease of
complexation reactions [8-10], ability to stabilize the oxidation state of ruthenium 2+ under
physiological conditions [11-13] and providing a hydrophobic surface that facilitates the transport
across the plasma membrane [14,15]. Phosphine ligands are widely used in coordination chemistry,
since they have both electron donor and acceptor capacities, which helps to stabilize both higher
and lower transition metal valences [16-18]. Regarding complexes with triarylphosphine ligands
and their derivatives, Sdez and co-workers reported a neutral ruthenium(1I) arene complex [Ru(n°®-
p-cymene)(PPh3)Cl2] (PPhs = triphenylphosphine) used as precursor of a series of cationic
complexes [19]. Arene ruthenium cationic complexes containing nitrogenous ligands have

attracted attention due to their photochemical, electrochemical and biological applications, which
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are more cytotoxic than cisplatin [20-24]. Solvent-coordinated transition metal complexes, such as
acetonitrile, have been synthetized since the solvato ligands are usually labile, making them
versatile reagents [25]. After the discovery that RDC11 (a cationic organometallic Ru(Il)-CH3CN
complex) reduces tumor growth in different mouse models [26], some cationic Ru(II)-CH3CN
compounds with potent cytotoxic activities have been described, for example [Ru(n’-p-
cymene)L(NCCH3)]" (where L are 2-phenylindole derivatives) [27]; «!-P-[Ru(n®-p-
cymene)(NCCH3)(1,4,7-triaza-9-phosphatricyclo[5.3.2.1]tridecane)CI|PF¢ [28]; [Ru(n®-p-
cymene)(NCCH3)(L)CI1]PFs (where L is 2-(4-nitrophenyl)imidazo[ 1,5-a]pyridin-2-ylidene) [29].

Several studies have shown that cytotoxicity and cancer cell selectivity depend on the
choice of phosphine [19,28,30-33]. As part of our efforts to develop new drugs with reduced
toxicity and side-effects, [Ru(n’-p-cymene)(PAr;)Cla] (Ar = 3,5-((CH3);C)CéHs (L1), 3,5-
(CH3)2C6H3 (LL2), 4-CsH30-3,5-(CH3)2CsH2 (L3) and 4-CH30-CsH4 (L4)) were synthetized in our
group (i.e. the precursor complexes P1 — P4 in Chart 1) [34]. The antitumor results obtained for
this series indicate that all the complexes were active against tumor cells (MDA-MB-231 and
A549), with P1 considered the most promising, since it was not cytotoxic against the healthy cells.
The performance of these complexes was found to be dependent of the structural geometry of PAr;
ligands [34].

These phosphines, which display strong donor properties and high lipophilicity with
varying degrees of distal steric bulk [35], had their basicity well established by voltammetry and
DFT computation [35]. The basicity for the phosphines P(Ph)3—{4-RO-3,5-('Bu)2-CsHa}n (n = 1,
3; R = SiMes, H) with n = 3, R = H was also determined using the 'Jp sc values of the respective
selenides. The results indicate that the described phosphine is the most basic triarylphosphine ever
reported [36]. As strong donors, the expectation is that the Ru-phosphine bonds will be very robust,

protecting the active agents in medicinal applications.
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Chart 1. Structures of the ligands (L.1-L4), precursors (P1-P4) and cationic complexes (1-6) in this work.

Here we report on new complexes 1 — 6 by exchanging of one of the chloro ligands by
nitrogen-donor ligands LN, giving rise to a series of cationic complexes with the general formula
[Ru(n’-p-cymene)(PAr;)LNCI][PF¢], where PAr; = L1-L4 and LN = 3-methylpyridine, 4-
methylpyridine or acetonitrile (Chart 1). All the new complexes are fully characterized including
single-crystal X-ray diffraction (SC-XRD) structures. Their redox behaviour has been thoroughly
examined by solution-phase cyclic voltammetry (CV). These complexes demonstrate a cytotoxic
effect for U20S (bone cancer) and HT-29 (colon cancer) cell lines. The cell morphology was
affected by the complexes, which was consistent with vesicle formation, suggesting that the

mechanism of action might be different from that of cisplatin.

Experimental section

Materials and general methods



The triarylphosphine ligands L2, L3 and L4 were obtained from Sigma-Aldrich as well as
the ligands 3-methylpyridine and 4-methylpyridine. The ligand L1 and the precursor complexes
[Ru(m®-p-cymene)(PAr3;)Cla] were prepared according to published procedures [34]. Silver
hexafluorophosphate (AgPFs), potassium hexafluorophosphate (KPFs) and tetrabutylammonium
perchlorate (TBAP, C16H36CINO4) are commercial products (Sigma-Aldrich) and used as received.

The solvents were rigorously purified by standard procedures [37].

Physical measurements

FT-IR spectra (4000-550 cm™) were recorded on a DRS-8000/Shimadzu IRPrestige-21
spectrometer. UV-vis spectra (0.1 mmol) were recorded on a Varian Cary 50 Bio
spectrophotometer using quartz cells, in the range 200-900 nm. Conductivity values were obtained
using an Infolab WTW TetraCon® 325 conductivity bridge in a thermostated bath held at 25.0 °C.
1:10 mol-L™! ["BusN][ClO4] solutions were used as the 1:1 electrolyte standard in CH3CN, for
which the molar conductance is 160.1 S cm? mol™! [38]. 1D (‘H, BC{'H}, *'P{'H}) and 2D ('H-
'"H gCOSY,'H-C gHSQC, and 'H-'3C gHMBC) solution-phase NMR experiments were
recorded on a Bruker Avance III 700 MHz spectrometer, at probe temperature using, in general,
20 mg samples of complexes dissolved in CDCl3, containing a trace amount of tretramethylsilane
(TMS) that was used as an internal reference (0 ppm). Archival spectral data is presented in the SI.
Cyclic voltammetry (CV) was carried out in dry CH3CN with tetrabutylammonium perchlorate
(TBAP Sigma-Aldrich) in 1.0-10 mol-L™! as a supporting electrolyte at room temperature (~25
°C) under a nitrogen atmosphere using a p-Autolab (Type III, Metrohm-Eco Chemie)
potentiostat/galvanostat connected to a computer controlled by GPES 4.9 (General Purpose
Electrochemical System) software. The electrochemical cell was equipped with a glassy carbon (A
= 3 mm?) working electrode, a platinum foil auxiliary electrode and Ag/AgCl as the reference
electrode in a Luggin capillary probe. Under these conditions, the ferrocenium/ferrocene redox
couple was used as an internal reference (E12 = 0.46 V vs Ag/AgCl). Elemental analyses were

performed on Fisons CHNS, mod. EA 1108 elemental analyzer.



Computational methodology

Ab-initio calculations were carried out in vacuum at zero Kelvin for three representative models
described as [Ru(n’-p-cymene)(PPh;)LNCI]® with LN = 3-methylpyridine (describing the
complexes 1-4); 4-methylpyridine (5); and acetonitrile (6). Computational simulations based on
Density Functional Theory (DFT) combined with the hybrid functional B3LYP [39,40], both
employed in the GAUSSIANO9 [41] program were considered, where the C, H, Cl, and N atoms
were represented by all-electron 6-31G+(d) basis set; while the Sapporo base set (SPK-DZCD) was
employed for the Ru atoms. To optimize the molecular geometries, SCF calculations based on the
Hartree-Fock formalism were undertaken and the total energy criteria was defined as 10°® Hartree
and 10°® Hartree, respectively. The UV-Vis experiments were drawn from Frontier Molecular
Orbital (FMOs) contributions, as they can locate electron densities where there is a possibility of
electronic excitation, associated with the theoretical UV-Vis spectra obtained within Time-
Dependent Density Functional Theory (TD-DFT). The FMO atomic orbital contributions were
analyzed using Multiwfn [42]. To assist with elucidating the voltammetric results, the molecular
geometries were also investigated as a function of the addition/removing of electrons based on

resulting structural (bond distance and angle) and electronic parameter (FMOs energy) changes.

Cell culture and Cytotoxicity assays

Cytotoxicity tests of 1-6 were evaluated against two cell lines, U2-OS and HT-29. The
human bone osteosarcoma cell line U2-OS (ATCC HTB-96) was cultured in Dulbecco's Modified
Eagle's Medium (DMEM)/F-12 (Gibco; 11320-082)) culture medium, containing 10% fetal
bovine serum (FBS) (Gibco; 12484028), 2 mM Medium Eagle Medium non-essential amino acids
(MEM NEAA) (Gibco; 11140050) and 15 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), pH 7.4. The HT-29 human colorectal adenocarcinoma cell line
(ATCC HTB-38) was maintained in RPMI 1640 medium (Gibco; 21870-092) supplemented with
10% (v/v) FBS and 1.6 mM GlutaMAX (Gibco; 35050-061). Cells were grown at 37°C in 5% CO:
and media were changed every two to three days. Cells were plated at 5.0x10° cells/75 cm? flask
and cultured for 48 h before treatment. Cisplatin complex (Calbiochem 232120; 300 g/mol) was

prepared in DMSO at a concentration of 25 mM and stored for a maximum of 2 weeks at -20°C.



Cells were seeded at 1.0.10°/well in a 6-well culture plate and incubated at 37°C for 48 h
before treatment. These cells were treated with DM SO (0.1% volume/volume) as a control solvent,
with cisplatin at 25 umol L™! or with the complexes in a range of concentrations (0.5, 1.0, 1.5 pmol
LY. Live cell images were captured at room temperature with an Infinity 1 camera operated by
Infinity Capture imaging software (Lumenera Corporation) on an Olympus CKX41 inverted
microscope. Images were processed using Adobe Photoshop (CC 2015.0.0).

The cytotoxicity of test chemicals 1-6 on U20S and HT-29 cells was measured by the
micro-culture tetrazolium assay (MTT; (3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (Sigma-Aldrich; M2128-1G)). Cells were plated at 3.8 x 10° cells/96 well culture plate
and cultured at 37°C for 24 h prior to treatment. All measurements were performed in triplicate at
96 h and experiments were performed three times. After the specified treatment time, MTT solution
(5 mg/ml MTT in phosphate buffered saline (PBS) (137 mM NacCl, 3 mM KCI, 100 mM Na;HPOs,
18 mM KH;PO4) was added to the media in each well. The media were then aspirated and MTT
solvent (4 mM HCL, 0.1% (v/v) IPEGAL (octylphenoxypolyethoxyethanol), in isopropanol) was
added to each well. Plates were shaken, and absorbance was measured at 590 nm using a BioTek
microplate spectrophotometer powered by Eon software. Results were expressed as ICso
concentrations; the concentration of the compound that reduced the absorbance of MTT by 50%,
by comparison to 0.1% (v/v) DMSO treated cells. The normalized percent absorbance was

calculated as shown:
Normalized percent absorbance = (absorbance/DMSO absorbance) x 100
The log concentrations of the compound were plotted against the normalized percent
absorbance using Microsoft Excel software. Analysis was performed with GraphPad Prism 5

software, using non-linear regression (log(inhibitor) versus normalized response), to estimate the

ICso concentrations. Standard curves were plotted using the equation:

Y = maximum + (maximum — minimum)/(1+10*10g50))



Where maximum is the percentage of viable cells after treatment with 0.1% DMSO, minimum is
the percentage of viable cells after treatment with the highest concentration of the genotoxic

molecule and x is the log10 value of the treatment concentration.

General procedure for synthesis of complexes (1-6)

The syntheses of the 3- and 4-methylpyridine complexes used a route adapted from the
literature [ 19], with agitation of the solution of the precursor complexes P1 — P4 with the ligand 3-
methylpyridine (1-4) and 4-methylpyridine (5) and with KPFg salt in the ratio 1:1:1 (1, 2, 4, 5) and
in the ratio 1:2:1 (3) in degassed CH3OH (5 mL) for 4 h at room temperature. The solid precipitated
was filtered off, washed with chloroform and diethyl ether, filtered off, and dried under reduced
pressure. The synthesis of complex (6) was carried out from P4 and AgPFs salt in a 1:1 ratio in
acetonitrile; this mixture was stirred and heated under reflux for a period of 4 hours. The
precipitated solid was filtered off, washed with diethyl ether, filtered off, and dried under reduced
pressure. A bulk crystallization was undertaken in order to obtain purified compounds for all the
characterizations and biological tests. The crystallization steps were performed in r.t. as following:
for 1 crystals were grown by slow evaporation in diethyl ether; crystals for 2-4 were grown from a
saturated solution of chloroform with slow infusion of diethyl ether and crystals for 5 and 6 were

grown by slow infusion of diethyl ether in dichloromethane.

s 7 PFs

3(d) 2(c)
st B 1)
am

6(i)

ci-Rus

13(s)y—=N

12(r) \ / 9(n)

M@\
CH

3
1 10(p)

[Ru(n’-p-cymene){P(CsH3-3,5-Buz)3}(NCsH4-3-Me)CI|PFs (1). Orange solid. Yield: 40.4 mg
(72.70 %). MM: 1107.47 g-mol!. M.p.: 150-160 °C (dec) Elemental analysis calc. for:
CssHg4CIFsNP2Ru (%): C, 62.89; H, 7.64; N, 1.26. Found: C, 61.37; H, 6.95; N, 1.30. Am: 126.1
S cm? mol™! (24 h, 25°C). *'P{'H} NMR (161.97 MHz, CDCls, & ppm): 39.92; -131 to -157 (sept,
PFs). 'H NMR (700 MHz, CDCls,  ppm): Hs 1.13 (dd, 6H, Ju.n = 9.80 Hz); H7 1.18 (s, 54H); H,
1.56 (s, 3H); Hi0 2.14 (s, 3H); H4 2.28 (sept, 1H, Ju.n = 13.59 Hz); H» 5.16 (d, 1H, Ju.u = 5.95 Hz);
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Hy 5.40 (d, 1H, Ju.u = 5.88 Hz); H3 5.83 (d, 1H, Ju.u = 5.88 Hz); Hs 5.88 (d, 1H, Ju.u = 5.81 Hz);
Hiz 7.04 (t, 1H, Juu = 6.23 Hz); He 7.09 (s, 6H); Hyy 7.42 (d, 1H, Ju.u = 7.49 Hz); Hs 7.48 (s, 3H);
Ho 8.55 (s, 1H); H138.61 (d, 1H, Ju.n = 4.76 Hz)."*C{'H} NMR (176.12 MHz, CDCl3, § ppm): Ca
17.45; C4 18.32; Cx 21.07; C, 22.97; C£30.57; C135.00; Ce> 84.86 (d, Jo.u = 7.12 Hz); Cc 87.97; Cq
90.20; Cg 92.59; Cp 102.95; Ce 114.62 (d, Jeu = 6.53 Hz); C, 125.17; C; 128.28; C; 135.84; Cn,
139.09; Cq 139.19; C, 150.88; Cs 153.11; Cn 156.72.C, H assign confirmed by COSY, HSQC,
HMBC (see S.I) (FTIR, cm™): 3072 (Vascsp>-0), 2964, 2907, 2868 (Vascsp>-n), 1473, 1420 (Vasc=c),
1586 (Vasc=N), 1127, 557 (vp-c), 847 vprs~, 705 (8c-u(aromatic ring)). UV-vis (CH2Clz, 1 x 10 mol
L") A max/nm (e max/L mol™! em™): 243 (13340); 276 (7500); 336 (1690); 548 (780).
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[Ru(n®-p-cymene){P(CsH3-3,5-(Me)2)3}(NCsHs-3-Me)C1|PFs (2). Orange solid. Yield: 39.2 mg
(67.90 %). MM: 973.10 g-mol!. M.p.: 145-167 °C (dec). Elemental analysis calc. for:
C4oHasCIFsNP2Ru-0.5CHCI3 (%): C, 53.16; H, 5.34; N, 1.53. Found: C, 53.08; H, 5.20; N, 1.47.
Am: 127.5 S cm? mol™! (24 h). 3'P{'H} NMR (161.97 MHz, CDCls, & ppm): 35.86; -131 to -157
(sept, PF6). '"H NMR (700 MHz, CDCls, & ppm): Hs 1.10 (dd, 6H, Ju.n = 6.93 Hz); Hy 1.72 (s, 3H);
Hio2.14 (s, 3H); H7 2.23 (s, 18H); Ha 2.23 (sept, 1H); H2 5.20 (d, 1H, Juu = 6.02 Hz); Ho- 5.44 (d,
1H, Jun =5.95 Hz); H3 5.79 (d, 1H, Ju.n = 5.95 Hz); H3: 5.85 (s, 1H); He 6.82 (s, 6H); Hg 7.03 (s,
3H); Hi2 7.05 (t, 1H, Ju-u = 6.79 Hz); Hi1 7.39 (d, 1H, Ju-u = 7.63 Hz); Ho 8.52 (s, 1H); Hi3 8.63
(s, IH).'*C{'H} NMR (176.12 MHz, CDCl;, 8 ppm): C, 17.85; C; 18.16; Cx 21.08; C, 22.80; Cr
30.55 (d, Jc.u = 3.91 Hz); Ce 86.25; C. 88.81; C4 89.14; Co 92.70; Cpb 102.59; Ce 113.72 (d, Jcn =
5.21 Hz); Cq 124.65; Cy 129.42; C;131.52; C; 132.87; C1135.73; C, 138.11; C, 138.80; C; 153.36;
Cm 156.32.C, H assign confirmed by COSY, HSQC, HMBC (see S.I.) (FTIR, cm™): 3078 (Vascsp>-
1), 2972, 2924, 2860 (Vascsp>-1), 1593 (Vasc=n), 1473, 1421 (Vasc=c), 1120, 561 (ve.c), 840 (vere),
687 (8c-n(aromatic ring)). UV-vis (CH2Clz, 1 x 10 mol L') A max/nm (¢ max/L mol™! cm™): 240
(9200); 276 (6100); 343 (1250); 548 (900).
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[Ru(n®-p-cymene){P(CsH2-4-MeO-3,5-(Me)2)3} (NCsH4-3-Me)CI|PFs (3). Yellow solid. Yield:
55.2 mg (86.54 %). MM: 945.22 g-mol™'. M.p.: 152—175 °C (dec). Elemental analysis calc. for:
C43Hs4CIFeNO3P2Ru (%): C, 54.63; H, 5.76; N, 1.48. Found: C, 55.80; H, 5.52; N, 1.49. Am: 123.4
S ecm? mol™! (24 h, 25°C*'P{'H} NMR (161.97 MHz, CDCls, & ppm): 33.80; -131 to -157 (sept,
PFs). '"H NMR (700 MHz, CDCl3, § ppm): Hs 1.11 (dd, 6H, Ju.u = 6.93 Hz); H; 1.72 (s, 3H); Hio
2.17 (s, 3H); H7 2.24 (s, 18H); Ha 2.24 (sept, 1H); Hs 3.73 (s, 9H); H2 5.20 (d, 1H, Ju-n = 6.02 Hz);
H»> 5.44 (d, 1H, Jun = 6.02 Hz); H3 5.79 (d, 1H, Ju-n = 6.02 Hz); H3: 5.85 (d, 1H, Jun = 6.09 Hz);
He 6.85 (s, 6H); Hi2 7.07 (t, 1H, Juu = 6.58 Hz); H11 7.40 (d, 1H, Ju-n = 7.63 Hz); Ho 8.54 (s, 1H);
Hi38.61 (s, 1H).">*C{'H} NMR (176.12 MHz, CDCl3, § ppm): Ck 16.32; C, 17.94; C, 21.00; C,
22.84; C¢30.55; Cn59.74 (d, Jc.n=14.70 Hz); C¢> 86.01; C. 88.70; Cq 88.94; Cy 92.79; Cp 102.53;
Ce 113.86 (d, Jc.n = 5.91 Hz); C; 124.70; C; 131.38; C; 134.37; C, 135.66; Cq 138.66; Cn 153.52;
Cs 156.38; C1 159.21. C, H assign confirmed by COSY, HSQC, HMBC (see S.I.) (FTIR, cm™):
3072 (Vascsp>-n), 2932, 2864, 2827 (Vascsp--), 1586 (Vasc=n), 1480, 1426 (Vasc=c), 1112, 552 (vpc),
840 (vpre’). UV-vis (CH2Clz, 1 x 10# mol L") A max/nm (e max/L mol™! cm™): 244 (11100); 276
(6600); 335 (1300); 544 (790).
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[Ru(n®-p-cymene){P(CsH4-4-MeO)3}(NCsHs-3-Me)CI|PFs (4). Yellow solid. Yield: 41.0 mg
(70.80 %). MM: 861.13 g'mol!l. M.p.: 140-170 °C (dec). Elemental analysis calc. for:
C37H42ClFsNO3P2Ru (%): C, 51.60; H, 4.92; N, 1.63. Found: C, 52.45; H, 4.85; N, 1.76. Am: 140.0
S cm? mol™! (24 h, 25°C3'P{'H} NMR (161.97 MHz, CDCls, & ppm): 34.11; -131 to -157 (sept,
PFs). 'H NMR (700 MHz, CDCl3, § ppm): Hs 1.08 (dd, 6H, Ju.u = 7.00 Hz); H; 1.69 (s, 3H); Hio
2.14 (s, 3H); H4 2.18 (sept, 1H, Ju.u = 6.79 Hz); Hg 3.82 (s, 9H); H2 5.26 (d, 1H, Jun = 6.02 Hz),
H>- 5.46 (d, 1H, Ju.n = 5.88 Hz); H3 5.83 (d, 1H, Ju.n = 6.02 Hz); H3- 5.88 (d, 1H, Ju.n = 5.95 Hz);
He 6.87 (s, 6H); H12 7.07 (t, 1H, Ju.u = 6.23 Hz); H7 7.20 (s, 6H); Hi1 7.38 (d, 1H, Ju.u = 7.63 Hz);
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Ho 8.51 (s, 1H); H138.73 (s, 1H).!3C{'H} NMR (176.12 MHz, CDCl3, § ppm): C, 18.12; Cg 21.04;
Co 22.96; Cr 30.75; C155.42 (d, Jc.n = 18.02 Hz); C 84.44; C. 88.68; Cq 89.19; Cq 94.05; Cyp
103.05; Ce 114.01 (d, Jcu = 6.94 Hz); Cy 120.98; Cq 125.03; C;135.60; C; 135.83; C,, 135.83; Cp,
138.72; C; 153.60; Ciy 156.29; Ck 161.61. C, H assign confirmed by COSY, HSQC, HMBC (see
S.I) (FTIR, ecm™): (cm™): 3076 (Vascsp>-n), 2968, 2839 (Vascsp>-n), 1580 (Vasc=N), 1491, 1453
(Vasc=c), 1100, 557 (vp.c), 841 (vprs’). UV-vis (CH2Clz, 1 x 10 mol L") A max/nm (e max/L mol™"
cm1): 239 (11300); 277 (7330); 551 (710).
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HsC
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[Ru(n®-p-cymene){P(CsHs-4-MeO)3}(NCsHa-4-Me)CI|PFs (5). Orange solid. Yield: 52.7 mg
(91.2 %). MM: 861.13 g'mol!Am: 137.0 S cm? mol! (24 h, 25°C). Elemental analysis calc. for:
C37H4CIFsNOsP2Ru (%): C, 51.28; H, 4.89; N, 1.62. Found: C, 51.18; H, 4.59; N, 1.83. *'P{'H}
NMR (121.51 MHz, CDCls, 8 ppm): 33.72; -135 to -153 (sept, PF¢). '"H NMR (300 MHz, CDCls,
d ppm): Hs 1.09 (dd, 6H, Ju.n = 6.90 Hz); Hi 1.68 (s, 3H); H4 2.19 (sept, 1H, Ju.-n = 7.29 Hz); Hiy
2.28 (s, 3H); Hg 3.82 (s, 9H); H2 5.22 (d, 1H, Ju-n = 6.21 Hz); H2> 5.40 (d, 1H, Ju-n = 5.52 Hz); H3
5.83 (d, I1H, Ju-n = 6.45 Hz); H3> 5.87 (d, 1H, Jun = 6.42 Hz); He 6.87 (s, 6H); Hi2 6.94 (t, 1H, Ju-
u = 6.18 Hz); H7 7.19 (s, 6H); Hio 7.19 (s, 1H); Ho 8.63 (s, 1H); Hi38.65 (s, 1H).!3C{'H} NMR
(176.12 MHz, CDCl3, 6 ppm): Ca22.36; Cg 25.62; C, 31.27; C¢ 35.05; C167.99 (d, Jc.n = 15.88
Hz); Cc 83.90; C. 87.76; Ca» 90.62; Cq 93.05; Cp 102.93; C. 114.84; Cq 124.83; C; 126.78; C;
128.38; Cy 128.38; Co 130.30; C; 150.71; Cm 150.71; Ck 155.20. (FTIR, cm™): 3080 (vasCsp2 -H),
2960 e 2831 (vasCsps-H), 1595(vasC=N), 1467,1440(v.sC=C), 1117(vP-C), 1258(vC-H), 837(5C-
H(aromatic)). UV-vis (CH2Clz, 1 x 10# mol L") A max/nm (¢ max/L mol™! cm™): 276 (9340), 343
(1328).

. _
(/f) 3(d) 2(c) PFe
P 2 1(a)

~Ru
ClI— /o~ 6(i)
N PR 0
me K 8()
é—,’t") OCHs
6 3
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[Ru(n’-p-cymene){P(CsH4-4-MeO)3}(NCCH:3)CI][PFs] (6) Yellow solid. Yield: 37.0 mg (74
%). MM: 808.09 g-mol™!. Elemental analysis calc. for: C33H3sCIFsNO3P,Ru.CH2Clo(%): C, 45,68;
H, 4,51; N, 1,57. Found: C, 46,13; H, 4,35; N, 1,67. P.F.: 214°C. P.D.: 224°C Am: 155.2 S cm?
mol™! (24 h, 25°C). 3'P{'H} NMR (161.97 MHz, CDCl3, § ppm): 32.25; -135 to -153 (sept, PF).
"H NMR (400 MHz, CDCl3, & ppm): Hs 1.36 (dd, 6H, Ju.u = 7.40 Hz); H; 1.75 (s, 3H); Hs 2.00 (s,
3H); Hs 3.04 (sept, 1H, Ju-n = 4.60 Hz); Ho 3.85 (s, 9H); H2 4.60 (d, 1H, Ju.u = 6.61 Hz); H>- 5.30
(d, 1H, Ju-u =5.92 Hz); H3 5.89 (d, 1H, Ju-n = 6.55 Hz); H3- 6.11 (d, 1H, Ju-n = 6.09 Hz); He 6.99
(d, 6H, Juu = 8.53 Hz); H7 7.49 (t, 1H, Juu = 9.00 Hz). *C{'H} NMR (100.61 MHz, CDCl3, &
ppm): Ca 18.39; Cg 21.14; Cn 23.53; C£ 31.27; C155.45; C» 84.26; C. 88.69; Cg 89.49; Cq 95.63;
Cp 103.38; Ce 114.22 (d, Jcu = 11.58 Hz); Cp 121.40 (d, Jcu = 55.25 Hz); Ci 127.20; C; 135.97; C;
136.01; Cx 161.84. FTIR (cm™): 3070 (Vascsp -n), 2972, 2939 € 2841 (Vascsp” -n), 1591, 1499 e 1458
(Vas c=c), 1021, 1254 (Vasc-0), 1096, 557 (vpc), 840 (vprs’). UV-vis (CH3CN, 1 x 10* mol L) &
max/nm (¢ max/L mol™' cm™): 336 (2266), 433 (372).

X-ray Crystallography

Suitable crystals were grown as per the bulk recrystallization described above. SC-XRD
was undertaken using Cu K (A = 1.54184 A) and Mo K, (A = 0.71073) radiation at 100 K on a
Rigaku-Oxford Diffraction SuperNova diffractometer equipped with a Pilatus P200 HPC detector.
All data collection, integration and intensity corrections were undertaken using CrysAllisPro
1.171.38.41 (Rigaku Oxford Diffraction, 2015). The reported structures for 1-4 and 6 are from Cu
and 5 from the Mo datasets (Table 1). Structure determination with the bulky ligands L1 and L2
were characteristically challenging [34]. For both 1 and 2-CHCl3, Z° = 2, wherein the two
independent cations differ in small details of ligand substituent orientation. In 1 the second cation
has a rotationally disordered 3-picoline ligand, so all discussion is of the first, ordered, structure.
The two cations of 2-:CHCI3 are both fully ordered (as also are the PF¢~ counter ion and CHCl;3
solvate) and their geometries are highly similar and can be averaged. The structure of 3 was
extremely challenging and was ultimately modelled successfully as a whole molecule disorder; the
geometry is reported for the major component. Structures 4—6 are straightforward. All the final
structure models are of good to excellent quality. Full details of the structure solution and
refinement are provided in the SI. Structure solution employed SHELXT [43], and refinement
SHELXL [44] within OLEX2 [45] Final data analysis and structure visualization was undertaken
with Mercury CSD 4.0.0 [46].
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Table 1. Crystal data and structure refinement details for structures 1- 6.

Parameter 1 2-CHCI; 3 4 5 6

Chemical C58H84C1F6 C41H49C14F6 C43H54C1F6N C37H42C1F6NO C37H42C1F6NO C33H3gC1F6NO

Formula NPzRu NPzRu O3P2Ru 3P2Ru 3P2Ru 3P2Ru

Formula 1107.72 974.62 945.33 861.17 861.17 809.10

Weight

(g/mol)

Temperature 100.0(3) 116.2(7) 116.1(3) 99.97(16) 116.6(5) 116.6(4)

(K)

Crystal Monoclini triclinic Monoclinic Triclinic triclinic Triclinic

System c

Space P2i/c P1 P2y/c P1 P1 P1

Group

A(A) 15.49034(1 15.7484(3) 19.4757(2) 11.2877(2) 11.3528(3) 9.6220(2)
3)

b (A) 19.01025(1 16.5043(3) 12.25610(10) 11.4003(3) 11.5201(3) 10.2967(2)
4)

c(A) 39.7747(5) 16.7772(3) 18.8437(2) 16.5321(4) 16.1773(4) 17.8674(4)

a(®) 90 79.2390(10) 90 84.037(2) 73.709(3) 80.072(2)

B 92.6841(9) 88.1370(10) 106.7620(10) 76.216(2) 87.918(2) 78.660(2)

v (®) 90 85.2890(10) 90 62.869(2) 64.440(3) 81.714(2)

Volume (A% 11699.81(1 4268.85(14) 4306.81(8) 1838.76(8) 1823.27(10) 1698.49(6)
9)

Z 8 4 4 2 2 2

VA 2 2 1 1 1 1

Rint 0.0854 0.0544 0.0411 0.0418 0.0522 0.0509

R* [I > 0.0678 0.0652 0.0397 0.0444 0.0399 0.0555

20(D)]

wR, [I > 0.1556 0.1886 0.0957 0.1294 0.1095 0.1391

20(1)]

CCDC 2163114 2163115 2163116 2163117 2163118 1894829

Results and discussion

Synthesis and characterization of the complexes

Six novel cationic ruthenium sandwich complexes 1-6 were prepared from P1 — P4 as
orange and yellow solids, stable to light and in air, with yields ranging from 67-91 % as shown in
Scheme 1. The four phosphines L1 — L4 differ significantly in lipophilicity in the order L1 > L2 >
L3 > L4. The donor strengths (basicities) have also been investigated [35], indicating that L4 > L3
> L2 ~ L1. Each of these has been paired with 3-methylpyridine as the larger and less symmetric

nitrogen donor ligand in a systematic fashion. For comparisons to other nitrogen donors, the most
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basic phosphine L4, which is also the least sterically hindered, was employed with 4-methylpyrine

and with acetonitrile.

-

O ~ IPFe @— ~1PFg

N CI/R“\ X or CI_/NBU\p X
VAN SRy
e CHg A X HaC X /3
[ 1 X=1Bu; Y=H 5 X=H; Y= 0OMe
CI-Ru, X 2 X= Me; Y=H
o] 3 X= Me; Y= OMe
Y 4 X=H; Y= OMe
X
(&
P1 X= tBu; Y= H % ~ ~ IPFe
P2 X= Me; Y= H f@
P3 X= Me; Y= OMe CIRusp/  x
P4 X= H; Y= OMe )
7 Y
& X /3
™

6 X=H; Y= OMe

Scheme 1. Synthesis for reactions of cationic complexes 1-6.

These cationic complexes have conductivity (Am) values from 126.1 to 155.2' S cm? mol™!.
This result provides strong confirmation that these new cationic complexes exist as 1:1 electrolytes
in solution. Complexes 1-6 were bulk recrystallized and were produced in high purity, evidenced
by NMR spectra and elemental analysis, which are consistent with the proposed formulae, except
that 2 was found to have an EA consistent with the formula 2-0.5 CHCls; evidently, some of the
solvent of crystallization in 2:CHCI3 (as confirmed by SC-XRD) had leached out in the time it took
to obtain the analysis. All the complexes are soluble in halogenated and polar organic solvents such
as DMSO, dichloromethane, acetonitrile, methanol, ethanol, and chloroform but insoluble in water

and diethyl ether.
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Figure 1. Displacement ellipsoids plots (40% probability) of structures found by crystallography for (a) the ordered
cation found in 1; (b) the second cation in 2; (¢) 3; (d) 4; (e) the cation in 5; (f) 6. H-atoms on C, the CHCl3;, anions
and a second cation of 2:CHCIs, the anions of 1 and 5 and a second cation of 1 are omitted from the views. Only key
atom labels are shown, for clarity.

The compositions of 1-6 have been unambiguously confirmed in the solid state by SC-XRD.
In the isolated crystals, only 2 was found to be a 1:1 solvate with CHCIl; (see Experimental section
and Table 1); all remaining salts crystallized solvent-free. Each structure consists of a unipositive
complex cation bearing the phosphine ligands L1-L4 and
LY = 3-methylpyridine, 4-methylpyridine or CH3CN attached to the organometallic
Ru(n®-p-cymene)Cl fragment. The counter-ion is in each case PF¢ ", and in the sole case of 2-CHCls,
there is also one molecule of solvent in the asymmetric unit. Considering the unit cell volumes in
Table 1, calibrating for Z and removing the calculated molecular volume of CHCl;3 (134 A%), gives
a volume occupied per formula unit of 1 >3 >2>4>5> 6: 1462.5, 1076.7, 933.2,919.4, 911.6
and 849.2 A3, This accurately reflects the decreasing sizes of the phosphines L1-L4, and a greater
occupied volume for 3-methyl- vs. 4-methylpyridine, with CH3CN having the smallest occupied
volume. These data also demonstrate the very large volume of the highly lipophilic L1 [34-35].
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Selected bond lengths for 1-6 are provided in Table 2 and exhaustive measured and derived
parameters are provided in the SI, where the full complexity encountered for the structures and
important intermolecular contacts are described in detail. The adopted refinement models are all
very reliable and key features are described here. The coordination geometries are remarkably
uniform for all six complexes, as is especially visible in Fig. le showing the cation geometry of
compound 5. The phosphines are all found in a close-to-helical conformation and fill one of three
of the piano stool ‘legs’ of the Ru(n®-p-cymene)Xs pseudo-octahedral geometry; chloro and
pyridine ligands complete these sites. The larger ‘Pr substituent of the p-cymene group is directed
away from the phosphine, probably for steric reasons. Noticeably, the 4-methylpyridine group (N1,
C41-45) is oriented in such a way as to be parallel to one of the phosphine aryl rings (C21-26). The
ring centroid of the pyridine ring is directed over an edge of the phosphine aryl group (C22,23) in
an approximation to a typical n-stacking arrangement; a very similar arrangement is encountered
in the 3-methylpyridine structures 1-4 (see SI), while even the CH3CN ligand in 6 is in this general
location. Consideration of space-filling models suggests that the conformations adopted are
primarily an accommodation to the overall steric demands of the combination of ligands around
the metal; evidence that this demand persists in the solution phase is obtained from NMR data (see

below).

Table 2. Selected bond distances found in crystal structures of 1-6 and precursors “”
Bond lengths: Ru-P Ru-Cl Ru-N  Ru-Ceym (ave)
1 2.3703(11) 2.3892(11) 2.148(4) 2.23(2)

P1 2.366(8) 2.416(4), 2.408(2) 2.215(2)
2 2.3711(11) 2.3999(11) 2.139(4) 2.22(3)
P2 2426(2)  2.409(10), 2.426(1) 2.23(5)
3 2.3592(17) 2.410(10) 2.116(3) 2.26(7)
P3 2.3824(6)  2.4153(7), 2.4189(6) 2.21(3)
4 2.3674(8) 2.3955(8) 2.146(3) 2.23(3)
P4 2.3693(12) 2.4101(13),2.4250(11) 2.216(2)
5 2.3740(7) 2.3979(7) 2.1312) 2.23(3)
6 2.3684(13) 2.3880(12) 2.058(4) 2.23(2)

?For 1, only the first, ordered, of two independent cations are listed; for 2 is the average of the two independent cations;
3 the major component of the whole molecule disorder is listed. » Comparison geometries for neutral precursors (P1-
P4) are from ref. [34], each of which has two Ru—Cl bonds and none to N.

16



In the metric parameters, the Ru—Cl bond lengths are found to be slightly elongated with the
known donor strengths of the phosphines [35], i.e. with L4 > L3 > L2 > L1, but the Ru—P bonds
seem to get somewhat longer with the increased distal steric bulk of the phosphines. When a
comparison is taken between the bonds in cationic 1-6 with those of the neutral precursors P1-P4,
the Ru—P and Ru—Cl bonds are shortened, on average, by 0.6 and 0.8%, respectively, whereas the
average Ru—Ccymene lengths are increased by, on average, 0.75%.

The *'P{'H} NMR spectra (Fig. S1) all show a singlet with chemical shifts in the range 33 —
40 ppm, reflecting the different aryl substituents at P, and a septet at -144 ppm corresponding to
the PF¢ counter-ions. When compared with the chemical shifts of P1 — P4 (Table 3) [34], the
phosphine signals are deshielded, with Ad ranging from +8.55 to +12.72 ppm. This deshielding
accompanies the shortening of the Ru-P bonds in the cationic complexes, indicative of charge

depletion at the P nuclei.

Table 3. 3'P{'H}-NMR for complexes 1-6, precursor complexes P1-P4 and free phosphines L1-L4.

PAr;* Complex“ A8 %P Complex Ad3¢ Ad¢
[Ru(p-cym)(PAr3)Cly] “ [Ru(p-cym)(PArs)LNCI]*
6 (ppm) & (ppm)  (ppm) 8 (ppm)  (ppm) (ppm)
P1 -1.31 +27.20 +28.51 1 +39.92 +41.23 +12.72
P2 -2.75 +24.20 +26.95 2 +35.86 +38.61 +11.66
P3 -5.55 +22.00 +27.55 3 +33.80 +39.35 +11.80
P4 -8.03 +23.70 +31.73 4 +34.11 +42.14 +10.41
P4 -8.03 +23.70 +31.73 5 +33.72  +41.75 +10.02
P4 -8.03 +23.70 +31.73 6 +32.25 +40.18 +8.55
“Ref. [34]

b A5 = 5Precursor complex ~ SPArS(free)
¢ A5 = 5Cationic complex = 5PAr3(free)

d —
Ad = 5Cationic complex ~ 5Preq:ursor complex

The 'H NMR spectra (Fig. S2-S25 and Table S2) show four sets of doublets (Hz, Hs, H,
Hj') referring to the four C—H substituents on the n’-p-cymene rings. This feature differs from

those of P1 — P4, which show only two sets of doublets. The described result is due to the lowered
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symmetry of the complexes from replacing one of the chloro ligands by LN. Additional signals
from 7.00 to 8.80 ppm in the spectra of 1 —5 occur from the aromatic protons of the methylpyridine
ligands. The signal in the low frequency regions around 2.13 - 2.24 ppm (H10) for these complexes
indicates the presence of the CH; group of these LN [19]. For complex 6 the acetonitrile CH3 group
(Hs) appears at 1.99 ppm. The multiplicity of the H signals in the 'Pr are also altered from doublets
in P1 — P4 to doublets-of-doublets in all these cationic complexes, also reflecting the lower
symmetry which induces anisochronous magnetic environments.

The FTIR spectra (Fig. S26-S28 and Table S2) contain the expected bands for the LN in
addition to those of the n®-p-cymene, phosphine and chloride entities. The bands around 1580 -
1595 cm! (vasc=n) in 1 — 5 indicate the presence of the aromatic LN [19,47]. For all complexes, the
spectra contain bands of strong intensity, not observed in P1 — P4, corresponding to the PF¢ ions
around 840 and 847 cm™' [48,49].

The UV-Vis spectra for complexes 1-4, (Fig. 2 and Table S3) display shoulders of high
intensity in the ultraviolet regions of the spectra centered about 268-276 nm
(¢ = 7000 - 9340 L mol' cm™), correspondent to intra-ligand n—m* transitions of the
triarylphosphine (PArs), n°-p-cymene and LN-ligands. For all complexes, bands in the region
A =335-343 nm (¢ = 1300 - 1328 L mol™' cm™') are assigned to metal-ligand charge transfer
(MLTC) transitions from ruthenium to ©* orbitals of the ligands. This was confirmed by TD-DFT
computations performed on the model complex [Ru(n®-p-cymene)PPhsLNCI]". This charge
transfer occurs between the HOMO-1/LUMO or HOMO-2 and LUMO/LUMO+1 orbitals, where
these three orbitals are mainly dominated by the Ru(t2g) orbitals and the LUMO by a greater
contribution of the t* orbitals of the CI” ligand and a small contribution from the p-cymene ligand
(HOMO (Ru(d)/Cl(2p)) — LUMO (m*)). A region of lower energy observed in the electronic
spectra with lower intensity bands, close to A = 544-551 nm (g = 790-710 L mol™ cm™) for the
cations in 1 - 4 are attributed to d-d transitions amongst the t>, and e, MOs of ruthenium. The low
molar absorptivity values found for the series complexes also characterize this transition.

For [Ru(n®-p-cymene)PPhsLNCI]" in 5 with LN = 4-methylpiridine, the band centered at
L =276 nm (g =9340 L mol"' cm™) is described as HOMO-1/LUMO or HOMO-2/LUMO majorly
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composed by Ru(tz,) atomic orbitals hybridized with Cl(p), indicating a n—n* electronic excitation
mechanism. Further, the experimental band centered at A = 343 nm (¢ = 1328 L mol! cm™) is
associated with HOMO/LUMO+1 primary composed by Ru(eg) with ligand contributions of Cl
and p-cymene, suggesting an LMCT transition coincident with the d-d electronic transition.
Moving to the cation in 6, with LN = acetonitrile, the band centered at A = 336 nm (¢ =
2266 L mol™! cm™) is described as HOMO-1/LUMO major composed by Ru(tzg) atomic orbitals
hybridized with Cl(p) and PPh3(p), indicating the n—n* electronic excitation mechanism associated
with the LMCT. Further, the experimental band centered at A = 433 nm (¢ = 372 L mol™' cm!) is
associated with HOMO-1/LUMO+1 primarily composed of Ru(eg) with ligand contributions of
Cl(p) and p-cymene(p), suggesting an LMCT transition coincident with the d-d electronic

transition.
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Figure 2: Electronic absorption spectra of 1-6 complexes.

Voltammetric characterization of the complexes
Cyclic voltammetry of cationic complexes 1-6 was performed in order to propose an
electrochemical mechanism for these cationic ruthenium(Il)-arene complexes. CVs shown in Fig.

3 were recorded in CH3CN containing 0.1 mol L' TBAP as supporting electrolyte and using glassy
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carbon as working electrode and a Ag/AgCl reference electrode. The cyclic voltammograms of 1-

6 were recorded from -1.8 to +1.8 V and showed a similarity in the redox profile for all the

complexes.
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Figure 3. Cyclic voltammograms for complexes 1-6 to 2.0. 10~ mol L' in TBAP/CH;CN 0.1 mol L' vs Ag/AgCl,
obtained at 100 mV s\,

The first oxidation and reduction process are centered at the metal [47,50]. In the first anodic
step, an oxidation process occurs at Ep' = +1.55 - +1.67 V, assigned to an independent process of
oxidation of Ru™™ in according to proposed mechanism (Scheme 2). This process occurs at the
same potential range value as to [RuCl(n’-p-cymene)(P-NR-P)|BF4
(+1.57 to 1.59 V) [51]. By contrast, this Ru™™ couple in the neutral dichloro complexes P1 — P4
occurs (in CH3CN) from +1.12 - +1.17 V [52] which is almost identical to the +1.13 - +1.15 V
previously published in CH2Cl> [34]. In the latter case, these are close-to-reversible processes, but
for 1 - 6, this Ru oxidation is irreversible at all measured scan rates.

Extrapolating the potential reaching 2.0 V (Fig. S33) an additional oxidation process is
detected. This process at ~2.0 V, according to Scheme 1, is attributed to oxidation of the free p-
cymene after it is dissociated subsequent to process Il, as has been independently confirmed by the
oxidation of a solution containing pure p-cymene [51]. Displacement of the 1°-p-cymene in the
Ru(III) species is induced by occupation of the three remaining coordination sites by CH3CN,
forming [Ru(NCCH3)3(PAr3)LNCI]?*; this is evidenced by the non-occurrence of such processes in
CH:Cl; [34]. These electrochemically created species are reduced at Epc' = +1.04 - +1.16 V vs.
Ag/AgCl, forming [Ru(NCCHs3)3(PAr;)LNCI]" (Scheme 2). This is corroborated by
electrochemical studies on the chelating diphosphine complex [Ru(n®-p-cymene)(P-NCH2Ph-
P)CI]" [51]. When a second scan is recorded on any of 1 — 6, a new oxidation process with
significant smaller current is observed at Ep'' = +1.02 - 1.21 V which is attributed to the oxidation
Ru™ of species [Ru(NCCH3)3(PAr;)LNCI]". To support this argument the first cycle was
recorded to show that Ep,"" does not occur without Epa' (see Fig. S30 in SI). A similar rearrangement
was reported upon oxidation of the complex [RuCla(PPha(CHz)3-1n°-CHs)] where the formation of
the new species was confirmed by NMR and SC-XRD from the sample obtained after bulk
electrolysis [53]. Estimated values of #pa, ipc, Epa and Epc for all the complexes 1-6 are listed in Table

4.
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Scheme  2:  Representation of the  electrochemical and  chemical processes  for  the
[Ru(n’-p-cymene)(PAr3;)LNCI][PFs] in the anodic potentials region.

In the cathodic potential region, as proposed in Scheme 3, reduction processes at Ep'l = -

0.97 to -1.14 V occurs for all six complexes, which is assigned to the Ru reduction of the original
complexes [Ru(n®-p-cymene)(PAr;)LNCI]*. That assignment is supported by some cationic Ru(II)-
arene complexes ([Ru(n’-p-cymene)(k2-0O-O-acac)(NCCH3)]" Epe = -1.24 V [54] and [Ru(n’-p-
cymene)(k2-0-0-acac)(PMe3)]" Epc = -1.63 V [54]). Here too, an EC process is postulated with the
release of CI', resulting in formation of [Ru(n®-p-cymene)(PAr;)(NCCH;3)LN]*. These latter species
are then reduced at the very negative potential values (Ep.! = -1.41 to -1.47 V) and oxidized at
Ep¥ =-0.51t0 -0.64 V to obtain the [Ru(n’-p-cymene)(PAr;)(NCCH3)LN]>* complex (Scheme 3).

Finally, quite independently of these mechanistic interpretations, the differences between
Epa" and Epc™ for all complexes 1 - 6 represents a wide redox stability window of AE= 2.65 to 3.01
V indicating the high stability of these complexes in the Ru(Il) oxidation state afforded by the
combined ligand set, a range that is much wider than the physiological E° range (—1 V to +1 V vs.
SHE) [55].

([RUE*(1"|‘3-|!J-Cyfn)(F""\fs)l-”cﬂ+ &, [Ru'*(nﬁ-P-Cym)(PArs)LNCU\
+

-Ck
w v

[Ru®(n-p-cym)(PAr;)LN(S)] .i [Ru'*(nB-p-cym)(PArs)LN(S)]*
+8

EWV{ -28
Q?u?*(nﬁ-P-f—‘ym)(F’f’-\ra)L“(S)]+2 $= NCCHy
Scheme  3:  Representation of the  electrochemical and  chemical  processes  for  the

[Ru(n’-p-cymene)(PAr3)LNCI][PFs] at cathodic current region.
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Table 4.: Values of potentials (V) and peak current iy, and 7, (LA) obtained from cyclic voltammograms of

complexes 1-6.

Ep' Ep"! Ep" En"* ipa/ipe"! AE,""?® EpM™ Ep'Y Ep.Y Eyindow
1 1.64 1.11 1.04 1.07 0.20 0.07 -1.08 -1.47 -0.60 3.11
2 1.67 1.21 1.16 1.18 1.08 0.05 -0.97 -1.43 -0.51 3.10
3 1.61 1.13 1.07 1.10 0.25 0.06 -1.14 -1.46 -0.57 3.07
4 1.65 1.15 1.12 1.13 1.09 0.03 -1.08 -1.41 -0.58 3.06
5 1.55 1.02 1.05 1.03 0.32 0.03 -1.09 -1.45 -0.64 3.00
6 1.58 1.11 1.16 1.14 0.91 0.05 -1.08 -1.43 -0.63 3.01

“ Eyg™ = (Epa” + Epd)/2. " ABp™ = | Epa”” -Epe” | . € Evvindow = | Epa’ -Ep”” |

From the viewpoint of DFT calculations, the cyclic voltammetry can be interpreted from the

analysis of structural fingerprints as a function of the addition or removal of electrons, as reported

in Table 5. These results indicate that, when the reduction of the starting Ru(Il) complex occurs,

the localization of one additional electron in the LUMO orbitals induces an increase in the Ru-Cl

bond lengths, which is strongly supportive of the proposed chlorine labilization mechanism, in

agreement with the antibonding features of LUMO for all investigated complexes (Fig. S-32).

Table 5.: Bond distances and angles analyzed for [Ru(n®-p-cymene)(PPhs)LNCI1]”*1%2 in different charge states.

Reduced Ground State Oxidized
N Bond path .
Distance (A)
Ru-Cl 2.809 2.472 2.348
R Ru-N 2.125 2.162 2.131
S Ru-P 2.639 2.482 2.509
2| RuG 1.721 1.827 1.874
.§> Angle (°)
§ CI-Ru-N 90.4 90.2 95.8
* | Cl-Ru-P 82.2 84.7 85.8
N-Ru-P 89.7 88.5 86.7
Distance (A)
Ru-Cl 3.049 2.472 2.348
- Ru-N 2.146 2.166 2.134
Ru-P 2.483 2.480 2.508
Ru-Cs 1.821 1.827 1.875

23



Angle (°)
Cl-Ru-N 89.0 90.4 95.9
Cl-Ru-P 82.9 84.4 85.8
N-Ru-P 90.8 88.9 86.9
Distance (A)
Ru-Cl 4244 2.453 2421
. Ru-N 2.061 2.050 2.035
T Ru-P 2.483 2.473 2.512
S | RuGs 1.859 1.833 1.880
3 Angle (°)
T | CkRuN 739 84.7 85.12
Cl-Ru-P 86.9 87.7 93.24
N-Ru-P 90.3 86.2 83.27

The oxidation mechanism was theoretically computed by removing one electron from the
HOMO, resulting in an increase in the average Ru-C (p-cymene) bond distances, in support of
experimental evidence for p-cymene displacement by CH3CN upon oxidation. Furthermore, the
Frontier Molecular Orbital (FMO) energies reported in Fig. 4 indicates the electronic role of LN on
the electrochemical properties of [Ru(n’-p-cymene)(PPh3)LNCI]" complexes in comparison to
neutral precursors P1 — P4 [34]. In this case, the N-based ligands behave as donors resulting in
more stabilized HOMO orbitals and higher oxidation potential. On the other hand, the LUMO
orbitals are also more negative than neutral precursors [34], suggesting that N-based complexes
are harder to reduce. It is also profitable to compare these results for the cationic complexes 1 -6
with those of the neutral precursors P1 — P4, for which the relevant computed model complex
[Ru(n®-p-cymene)(PPh3)Cl2] has FMO energies of -4.58 (HOMO) and -2.40 eV. This strongly
supports the experimentally observed ~ 0.5 V higher potential for the Ru'"™ couple in the cationic

complexes 1 — 6.
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Figure 4. Frontiers molecular orbital energies for [Ru(n®-p-cymene)(PPh;)LNCI]" with N = 3-methylpyridine;
4-methylpyridine; and acetonitrile obtained with the UB3LYP/6-31+G( d)-SPK-DZCD.

Cytotoxicity of ruthenium(ll)-arene complexes on human cancer cell lines

Compounds 1-6 were evaluated by the MTT cell viability assay. Cells were either treated
with dimethylsulfoxide only as solvent control or with a range of concentrations of each compound
for 96 hours. The ICso concentrations of compounds 1-6 were calculated for U20S (bone cancer)
and HT-29 (colon cancer) cell lines and are shown in Table 6. All compounds demonstrated a
moderate toxicity in low micromolar values (uM) for both tested cell lines. Interestingly, the
activity was weakest in 5, which held a 4-methylpyridine substitution. Complexes 1-4 and 6
induced a change in cell morphology as noted by the appearance of small vesicles after treatment
by 24 h. These vesicles were not observed after treatment with § in any of tested concentrations

(Fig. 5), which was consistent with the cytotoxicity data.

Table 6.: ICso (LM) values at 96 h for U20S (bone cancer) and HT-29 (colon cancer) cell lines.

Complexes U208 HT-29
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1 4.7 2.8
2 2.5 0.3
3 2.8 1.0
4 33 1.5
5 13.9 40.0
6 4.7 0.6

Figure 5.: Phase-contrast light microscopy images defined for 3 and 5 complexes after 24 h. The scale bar represents
50 pum.

For complex 3 at a concentration of 0.5 uM at 24 h the formation of vesicles (small bright
spots) is almost imperceptible (Fig. 5). At 1.5 uM, however, vesicles are easier to observe and
present in most cells. At 5 pM concentration some cells are dead ceasing cell division (clear
rounded dots) and cells have large vesicles. Cells treated with complex 5 show few to no vesicles
at any tested concentration and resemble the morphology of the DMSO (vehicle) treated cells.
Similar features were presented for complexes (1, 4, 6) as demonstrated in Fig. S31. In contrast to
these results the cells treated with cisplatin do not have vesicles, suggesting that the mechanism of
action might be different from that of the complexes tested, confirming the two different

mechanisms of action cisplatin described by Swift and Golsteyn which do not include the vesicle
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formation [56]. The cytotoxic activity that has been reported for similar neutral and cationic
ruthenium-arene complexes in the literature against different cancer cell lines have been compiled

and can be found in Table S4 in the Supporting Information.

Conclusions

Six newly synthesized cationic triarylphosphines ruthenium(Il)-arene complexes
containing methylpyridine (1-5) and acetonitrile (6) ligands were successfully prepared and
characterized. SC-XRD structures were obtained for 1 - 6, all previously unreported structures. The
observed geometry around the ruthenium (II) metal ions in the solid state are all pseudo-octahedral.
Through electrochemical experiments using cyclic voltammetry, it was observed that the anodic

peak potential referring to the Ru'"™

oxidation couple occurs at much more positive potentials when
compared to the analogous neutral complexes P1 — P4 due the positive charges at the metal center.
It is noteworthy that DFT calculations support the displacement of p-cymene upon oxidation to
Ru(III), although this is only known to occur in the presence of coordinating solvents such as
CH3;CN. Moreover, the fact that both the reduction and oxidation potentials exceed the
physiological AE range, indicates the large redox stability of cationic ruthenium(Il)-arene
complexes relative to the in vivo biological environment. The biological activity of complexes 1-4
and 6 are similar to each other with ICso values in the range of 2.5 to 4.7 uM for U20S and 0.3 to
2.8 uM for HT-29 cancer cell lines. By contrast, complex 5 was the least active for both tested cell

lines. We are in continuous search for cationic ruthenium complexes that would show promising

antitumor activities. Our further results from such studies will be reported in due course.
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