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Abstract

The synthesis and spectroscopic characterizatidouofruthenium(ll) arene complexes
with monodentate pyridine derivativesnj{p-cymene)RuGL]: L = 2-aminopyridine,
2-methylaminopyridine, 2-benzylaminopyridine, andgrigine) are reported. Full
characterization was undertaken usthgand**C NMR spectroscopy, vibrational and
electronic spectroscopies and crystallography (Bgt@minopyridine derivative).
UB3LYP//(6-31+G(d),SPK-DZCD) density functional thg calculations determined
the molecular and electronic structuréSyclic voltammetry determined a large
electrochemical stability window (>2.2 V) extendimgll beyond the physiological’E
Interactions with CT-DNA and BSA, and activity agst four cell lines (Hela,
B16F10, HEp-2 and Vero) were evaluated. The 2-ntathinopyridine shows weak
cytotoxicity (IGso = 346pumol-L™Y) towards Hela cells. All the complexes interacthwi
DNA at relatively high concentrations as determibgdJV-vis spectroscopic titration.
Results of circular dichroism spectroscopy, ethidioromide competition, fluorescence
spectroscopy and DNA viscosity measurements idengiiectrostatic interactions
between partly hydrolyzed cationic complexes amdpghosphate backbone of DNA as
the most likely interaction mode. Slower rates ydrolysis may be the origin of lower
cytotoxicity fork! these complexes.

Keywords
Ruthenium(ll)-arene; pyridine ligands; DNA interact; BSA interaction; cytotoxicity;

crystal structure.



Abbreviations table

B16F10

Murine melanoma cell line

BSA

Bovine serum albumin

CT-DNA

Calf-Thymus deoxyribonucleic acid

DMSO

Dimethyl sulfoxide

EtBr
Ethidium bromide

HelLa

Cervical carcinoma cell line

HEp-2

Laryngeal carcinoma cell line

PBS
Phosphate buffer

RAPTA

Ruthenium arene PTA

TBAP

Tetrabutylammonium perchlorate

Vero

Kidney murine cell line



1. Introduction

Interest in utilizing ruthenium-based metal compke as vital new drugs for the
treatment of cancer, either to replace platinunnaibies where resistance has developed
or to expand the therapeutic range of tumor typa®sains very strong [1-9]. Whereas
all the platinum-based drugs in clinical use arsedaon square-planasRtChL in the
classic cis configuration, the range of structures, ligandetypand geometries of
ruthenium complexes which have demonstrated aotif@rative action is extremely
diverse. In this regard, a strong warning has rdgdreen given against making false
generalizations (low toxicity because of similarity iron; slow rates of ligand
exchange; activation is by reduction to Ru(ll); gfie accumulation in cancerous
tissues; uptake mediated by transferrin) aboutenithm cytotoxic agents [7]. In short,
different types of ruthenium-based metallodrugs ameder investigation, with
distinctive behaviors. One class of ruthenium caxpthat differs significantly in
structure and properties from the platinum-type négjeare §°-arene)ruthenium(il)
tripodal organometallic complexes, the vast majasit which have either one (type A)
or two (type B: E = NR) nitrogen donor ligands (@hB. The remaining coordination
sites are almost always occupied by chlorides. tfhe A complexes are thus neutral
ruthenium complexes witk*-pyridyl ligands [1]. In the chelated type B comy®s, the
second donor group “E” is frequently nitrogen buaincalso be oxygen or carbon
moieties [5]. There are now numerous derivateyé A where the nitrogen ligand is a
simple pyridine group [10-19].

‘\Iq?u-am Ru

a\ c j

A MR g RN
N NH, N H\ N H N
O O O
e = e Ph =
apy meapy bzapy Py

Chart 1 Structure types and ligands of importance towosk.

In the first step of a larger research progrartizutg pyridine-based ligands of
both types A and B, we wished to investigate thetoxicity of a selected series of
simple neutral 2-aminopyridine complexes incorpagathe ligands 2-aminopyridine
(apy), 2-methylaminopyridindmeapy) and 2-benzylaminopyridinébzapy) (Chart 1).
2-Aminopyridines are important nitrogen-containiigands due to a strong nitrogen
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donor in the ring, while the aromatic amino sulbstitt provides additional electronic
and hydrogen-bonding stability. Such complexes hatteacted considerable interest
recently because of their applications in pharmtcalu research, for instance
glucokinase activators [6] or selective inhibitofsneuronal nitric oxide synthase [21].
Herein we report on the synthesis, structures dntbdical activity of four [°-p-
cymene)RuGL] complexesl — 3 where L =apy, meapy and bzapyrespectively. In
addition to cytotoxicity testsn vitro against cancer and normal cell lines (Hela,
B16F10, HEp-2 and Vero), studies on the interactibthe complexes with DNA and
BSA were undertaken to search for understandindpiotogical activity. The long-
known complex4 of the parent ligandoy was included for comparison to the
aminopyridines [13,22-25]. Compled4 did not display any cytotoxic effect as
previously reported in the literature [26].

While this work was in progress, studies of a nemtf other type-A pyridine
complexes appeared in the literature [24-28]. Thelobical properties of these
analogues, in particular the substituted 2-pheniylapyridine derivatives reported by
Richteret al [27], serve as interesting parallels to our rssuBy incorporating remote
carboxylate donor groups at the 4-position of th&sH,X rings, moderate
antiproliferative activity was observed. A companf this closely parallel series with
1to 4 (i.e. with and without these remote donor groyps)ed helpful for delineating
their structure-property relationships.

Quantum calculations on ruthenium complexes atatively rare in the
literature but there has been an increase in isitére using such such methods to
investigate molecular structures [29-30] and catal31] of Ru complexes. Kreitner
and co-authors applied Density Functional TheorfF{Pin a study of excited state
behaviour of cyclometalatdals(tridentate)ruthenium(ll) complex§32], while Das and
co-authors investigated the interaction of aquatgdenium(lll) complexes with DNA
base pairs using computational methods [33]. Henenemploy DFT computational
methods to provide a basic understanding of thetrel@ic structures of the title
complexes to provide insights into their spectrggcand redox behaviouns vitro and
in vivo. To date, these aspects of ruthenium-arene coepleave been unduly ignored
despite an intensive literature regarding theireptél utility, or otherwise, as new
antiproliferative agents.



2. Experimental section

2.1. Materials and general methods
RuCkL.3H,0O was purchased from Strem and the precursor conifle® Ip-
cymene)Ru-CICl},] was prepared according to published procedures383.
Ligandsapy, meapy, bzapyandpy, as well asx-phellandrene, calf thymus DNA (CT-
DNA), bovine serum albumin (BSA) and tetrabutylanmimon perchlorate (TBAP)
were purchased from Sigma-Aldrich and used wittiother purification. The solvents
were rigorously purified by standard procedured.[28 synthesis manipulations were

carried out under an argon atmosphere using mdd#fahlenk techniques.

2.2. Physical measurements

FT-IR spectra (4000-550 ¢th were recorded on a DRS-8000/Shimadzu
IRPrestige-21 spectrometer. Raman spectra (40-dd0d) were obtained with a Bruker
Senterra dispersive Raman microscope. UV-vis spébtd mmol) were recorded on a
Varian Cary 50 Bio spectrophotometer using quaetlscin the range 200-900 nm.
Conductivity values were obtained using an InfolslBW TetraCoff 325 conductivity
bridge in a thermostated bath held at %0 Aqueous solution of-10° molL™ NaCl
was used as the 1:1 electrolyte standard, whereaheuctivity value for this solution
was 124.7uScm’. ["BusN][CIO4] was used similarly used as the standard in@\
for which the molar conductance is 197:$cm™ [37]. X-ray crystallography was
undertaken for compleX using Cu K radiation at 100 K on a Rigaku-Oxford
Diffraction SuperNova diffractometer equipped wé#hPilatus 200K HPAD detector.
Details of the structure solution and refinememt aovided in the SI. The structure is
complicated by wholesale disorder of theapy ligand, presence of CHE$olvent and
Z = 2. CCDC 1822445 contains the supplementanytaltggraphic data for this paper.

1D and 2D solution-phase NMR experimeritd, (*C, *H-'H gCOSY!H-"*C
gHSQC, and'H-*C gHMBC) were recorded on a Bruker Model DRX, 40@HM
spectrometer, at probe temperature using, in gen2damg samples of complexes

dissolved in CDGJ, containing a trace amount of tretramethylsilan®$) that was



used as an internal reference (0 ppm). *Hhand™*C NMR spectra were acquired with
16 and 2048 scans; spectral widths (sw) of 6393&&2 25510.203 Hz; relaxation
delays (d1) of 1 and 0.2 s; and 90° and 80° pwsgths, respectively. Thdd—"H
gCoOSY,*H-"*C gHSQC andH-"C gHMBC, spectra were acquired with 8, 16, and 8
scans and spectral widths of 4595.588 for F2 ar@8b2.855 for F1, respectively. The
relaxation delay of

1 s, with 256 data points at F1 and 4 K at F2 wieeesame in all 2D NMR experiments.

Archival spectral data is presented in the SI.

2.3. Computational methodology

DFT calculations in gas phase, zero Kelvin anduuat were carried out dhas
an electronic model for all the complexes and2ai verify the geometry due to the
disorder encountered in the X-ray diffraction studyl models were fully optimized
from 10° Hartree and 18 Hartree for self-consistent field (SCF) based lum Hartree-
Fock formalism and total energy criteria, resped{ivHarmonic frequency calculations
were undertaken to confirm that the geometriesileast local minima on the potential
energy surface. Similar calculations were undertaioe 1* (doublet),1?* (singlet and
triplet), 1” (doublet) and1®” (singlet and triplet) to help interpret the voltaetry
results. In this study, all calculations were parfed on GAUSSIANQO9 program using
B3LYP [38] functional with Gaussian-type 6-31+Gfuhsis set for C, H, N, P, and F
atoms; whereas the all-electron, relativisticalbyrected, Sapporo double-zeta (SPK-
DZCD) basis set was applied to describe the Ru &8

2.4. Electrochemistry

Cyclic voltammetric experiments were recorded opotentiostat/galvanostat
nAutolab (Type Ill, Metrohm-Eco Chemie) connectedat computer with GPES 4.9
(General Purpose Electrochemical System) softwafbe measurements were
performed in nitrogen atmosphere at room tempezatur dry CHCN with
tetrabutylammonium perchlorate (TBAP Sigma-Aldricl) 1.010° molL™ as a
supporting electrolyte. The electrochemical celswequipped with a glassy carbon (A =
3 mnt) working electrode, a platinum foil auxiliary etemde and Ag/AgCl as the
reference electrode in a Luggin capillary probeltdamograms were performed at a

scan rate of 50 to 2000 -8, with complex concentrations of 1 mM. The



ferrocenium/ferrocene redox couple was used astemal reference ¢z= 0.46 Vvs
Ag/AgCl).

2.5. Synthesis of complexek- 4
Synthesis of [§° Ip-cymene)RuCh(apy)] (1). Complexl was synthesized according to
the literature method [40]. A solution of the presar (100 mg, 0.16 mmol) with an excess
of 2-aminopyridine (76 mg, 0.82 mmol) in toluen® (hL) was stirred for 12 h at room
temperature. The orange solid that precipitatedfitased off, washed with diethyl ether
and dried under vacuum. Yield: 82 mg, 63%. Elenieataalysis (%) calcd. for
C15H20CI.N2RuU (400.34 gnol'l): C, 45.01; H, 5.04; N, 7.00. Found (%): C, 44125.17;
N, 6.70.lts identity was established by agreement of th&lMR and IR with the original
report.'H NMR: (see Table 2)*°C (400 MHz, CDC & ppm): 18.21 (€); 22.27 (®);
30.49 (€); 81.70 (C€); 82.97 (&); 97.75 (¢); 103.05 (€); 112.21 (¢); 114.04 (O);
138.47 (@); 152.24 (¢); 162.59 (¢). (FTIR, cmY): 3372 and 329®asn- (W); 3040
VascspH (W); 2966 and 2868ascspn (W); 1594Vascan (S); 1611, 1469 and 1438sc=c
(S); 1251vcy (w); 1061vaL (W); 7530c.H (S). UV-vis. (CHCN, Max nm): 419 (420
mol™*-L-cm™), 292 (5600 mét-L-cmY), 233 (9200 mot-L-cm™).
Synthesis of [§®-p-cymene)RuCh(meapy)] (2). A solution of the precursor (200 mg,
0.32 mmol) with an excess of 2-methylaminopyrid{@@3 mg, 1.60 mmol) in toluene
(10 mL) was stirred for 4 h at room temperaturee ®hange solid that precipitated was
filtered off, washed with diethyl ether and driedlanvacuum. Yield: 238.7 mg, 88.5%.
An analytical sample was obtained by vapour diffusiof diethyl ether into a
concentrated CH@Isolution at RT (with some occluded CHXIElemental analysis
(%) calcd. for GgH2ClLN,RU0.17CHCY (414.32 gmol™): C, 44.68; H, 5.14; N, 6.45.
Found (%): C, 44.25; H, 5.09; N, 6.64. Removal edidual CHG was achieved by
redissolving and precipitating with diethyl eth&inal purity was monitored by very
careful NMR measurements showing the absence af I€ eontaining impurities.*H
NMR: (see Table 2):3C (400 MHz, CDCJ, 5 ppm): 18.14 (€); 22.50 (&); 30.12 (O);
30.51 (C"); 82.07 (C€); 82.74 (C); 97.34 (¢); 103.47 (¢); 108.81 (¢); 113.28 (O);
138.99 (0); 153.62 (¢); 163.13 (¢). (FTIR, cmi): 3259Vasn.t (W); 3051Vascszn (W);
2953 and 2870asCS§_H (W); 1573vasc=n(S); 1615, 1473 and 1428sc=c(S); 125%c.n
(W); 1073vaL (W); 8530¢.1(S), 749¢-H(S). UV-vis. (CHCN, Max nm): 419 (800 mol
LL-cm™), 305 (5400 met-L-cm™), 242 (22000 mot-L-cm™).



Synthesis of [§°/p-cymene)RuCh(bzapy)] (3). Complex3 was synthesized according
to the literature method [40]. A solution of theegursor (200 mg, 0.32 mmol) with an
excess of 2-benzylaminopyridine (300 mg, 1.60 mnmotpluene (10 mL) was stirred for
4 h at room temperature. The orange solid thatgtated was filtered off, washed with
diethyl ether and dried under vacuum. Yield: 23%g (74.3%). Elemental analysis (%)
calcd. for GsHaoCLN,Ru (400.34 gnol™): C, 53.88; H, 5.34; N, 5.71. Found (%): C,
53.62; H, 5.37; N, 6.75It proved impossible to obtain this complex in pargstalline
form and crystals suitable for X-ray diffractionutd not be obtained. To obtain pure
material, it was repeatedly dissolved and re-pretgdl as an amorphous solid with ether,
followed by vacuum drying. Finally, the identitycdapurity could be confirmed by very
careful'H NMR analysis’H NMR (see Table 2):*C (400 MHz, CDC{ & ppm): 19.49
(C?); 23.67 (G); 31.91 (€); 49.12 (¢); 83.43 (C); 84.10 (C); 98.91 (C); 104.84 (C);
109.08 (¢); 115.06 (¢); 128.99 (¢); 130.39 (€); 138.84 (¢); 140.38 (¢); 154.96
(C"); 163.22 (¢). (FTIR, cm'): 3238 vasn.n (W); 3046Vascspr (W); 2953 and 2860
vascSS-H (W); 1573vasc=n(S); 1618, 1475 and 1434sc=c(S); 123Ncn (W); 1067v,L
(W); 843 6c.H (S), 763 and 703c.n (S). UV-vis. (CHCN, Max nm): 420 (600 mol
LL-cm™), 305 (4400 met-L-cm™), 242 (17200 mot-L-cm™).

Synthesis of [§°p-cymene)RuCh(py)] (4). The complext was synthesized according
to the previously reported method [41-42]. A santiof the precursor (100 mg, 0.16
mmol) with an excess of pyridine (30 mg, 0.37 mnmoltpluene (5 mL) was stirred for 4 h
at room temperature. The orange solid that predgut was filtered off, washed with
diethyl ether and dried under vacuum. Yield: 1084 (80.2%). Elemental analysis (%)
calcd. for GsHaoCLN,RuU (400.34 gnol™): C, 46.76; H, 4.97; N, 3.64. Found (%): C,
46.75; H, 4.74; N, 3.94lts identity and purity were established by agresnoé the'H
NMR data with ref [40]*H NMR (see Table 2):C (400 MHz, CDCJ,  ppm): 19.61
(C?); 23.71 (G); 32.08 (C); 83.68 (C); 84.26 (C); 95.51 (C); 104.99 (€); 125.94 (O;
138.97 (¢); 156.36 (€). (FTIR, cni'): 3046vascsi+ (W); 2963 and 2852ascspt (W);
1531vasc=n(S); 1600, 1468 and 143%sc=c(S); 1210vcy (W); 1067vaL (W); 8816c-H
(s). UV-vis. (CHCN, Max nm): 408 (720 mdiL-cm™), 244 (28200 mé&t-L-cm'?).

2.6. DNA interaction studies
All measurements witttalf-thymus deoxyribonucleic aciCT-DNA) were
taken in a PBS buffer (NaCl 0.137 mol; KCI 2B8° mol; KH,PO, 1.4710° mol;
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NaoHPO, 0.016 mol; pH 7.6). The CT-DNA concentration per nucleotide was
determined by absorption spectrophotometric armlyssing a molar absorption
coefficient of 6600 mof-L-cm™* at 260 nm [43]. The spectroscopic titrations were
carried out by adding increasing amounts of CT-DidAa solution of the complex in a
quartz cell and recording the UV-vis spectrum ageach addition. The binding
affinities (Kp) were obtained by using the Benesi-Hildebrand goua[DNA]/(eqxgf) =
[DNA]/(ep-g1) + L[Kp(ep-gr)] [44], whereg, is the apparent molar absorptivity, which
corresponds to the ratio between an absorptioheohteasurement and a concentration
of the complex (Mpserved [COMPpleX]); & is molar absorptivity of the free complex
(without addition of DNA);e, is molar absorptivity of the DNA-bound complé; is
the binding constant. Plotting a graph of [DNAJ/ ) versusIDNA] gives the ratio of
the angular and linear coefficients of intrinsioding Kp) between the complex and
DNA.

Ru-complex/CT-DNA solution viscosities at diffetesoncentration ratios were
measured using a Lovis 2000 M/ME Rolling-Ball Visoeter maintained at 25 °C in a
constant temperature bath. Aqueous solutions o DGR were studied by viscosity
measurements at ambient pressure. The DNA contentraas fixed at 2Qumol-L™?,
and flow time was measured with a digital stopwatthe mean values of three
measurements were used to evaluate the visopsityhe samples. Specific viscosity
was plotted as a function of DNA and Ru-complex camirations. The values for
relative  specific  viscosity 5{n70)®, whereno andy are the specific  viscosity
contributions of DNA in the absencgy) and in the presence of the compley (vere
plotted against [complex]/[DNA] [45].

Circular dichroism spectra were measured on a0J&s810 spectropolarimeter
equipped with a Peltier temperature control uniidh&t 25°C (Jasco Corp. Tokyo,
Japan). CT-DNA and Ru-complexes were measured atonat different mixture
concentrations in PB®K 7.6) in a 1 mm path length quartz cell betwee@ 22d 340
nm at a scanning speed of 100-mim* and by the averaging of 10 scans. The absence
of CD signal for Ru-complexes (200 pniot) was verified. Modification of the
mixture signal was monitored after addition of Rumplexes solutions to a fixed
concentration of CT-DNA solution in two ratios [DNfRu-Complex] 1:1 and 1:2.

Interaction of Ru-complexes with DNA was studigdebhidium bromide (EtBr)
competition assays. All measurements were performeda VarianCary Eclipse

Fluorescencespectrophotometer using a 1 cm pathlength cuvétiese competition
10



experiments were carried out in PBS (pH 7.6), bgpikeg the molar ratio of DNA
(nucleotide) to EtBr (5:1) constant and varying Be-complex concentrations (0-420
pumotL™). The excitation wavelength was 530 nm, and théssion range was set

between 550 and 700 nm for all bromide fluoresceneasurements.

2.7. BSA interaction studies

Circular dichroism spectra diovine serum albumifiBSA) were recorded
using a Jasco J-720 Spectropolarimeter at 25°C miéasurements in presence and
absence of the complexes were made in the rang83f260 nm using a 0.1 cm cell
with ten scans averaged for each CD spectra. Thhed®8centration was maintained at
2.5 umolL™, and the molar ratio of complexes to BSA concéiotnawas 1:2, 1:1 and
10:1. The thermal denaturation experiments werdopeed over 15-95°C, with
intensity measurements taken at 208 and 222 nmy év&°. Melting temperatures

were calculated with sigmoidal fit employing thdta@re Origin (Microcal).

2.8. Cell culture and Cytotoxicity assays

In vitro cytotoxicity assays on cultured human tumor de#g still represent the
standard method for initial screening of antituragents. The complexes were assayed
against human cell lines: cervical carcinoma HEAAARGC® CCL-2™), the complexes
1 and2 were assayed against human laryngeal carcinomaZHB3 CC CCL-23) and
the complexl against the murine melanoma B16F10 (ATCC® CCL-64yand Vero
Cell (ATCC CCL-81) derived from the kidney of anrigin green monkey. The cells
were routinely maintained with Iscove's Modified IPecco’'s medium, supplemented
with 10% fetal bovine serum (FBS), at 37 °C in anidified 5% CQ atm. For the
cytotoxicity assay, 5 x £&ellsmL™ were seeded in 2Q0_ of complete medium in 96-
well plates. Stock solutions were prepared by dvasgp the complexes in dimethyl
sulfoxide (DMSO) followed by dilution with PBS, argerial dilutions of these stock
solutions were made using culture media. In thiy wae lowest possible DMSO
concentration was used in these experiments. Thewere exposed to the complex in
different concentrations for a 24 and 48 h perlddwever, it was necessary to deviate
from the standard MTT test protocol because of d@esitivity of 1 to 4 to ligand
displacement by DMSO (see below). In this modifeedtocol, the stock solutions were
prepared by dissolving the complexes in PBS buffée viability of cultured cells for

these protocols described above was evaluated Wing (3-(4,5-dimethylthiazol-2-
11



yh)-2,5-diphenyltetrazolium bromide) assays [48].this method, the MTT conversion
to formazan by metabolically viable cells was moratl by SpectraMax 190 Microplate
Reader (Molecular Devices) at 540 nm. Cell survred¢ (%)versusdrug concentration

(logarithmic scale) was plotted to determine thg, i@rug concentration at which 50%
of the cells are viable relative to the control)thwits estimated error derived from the

average of 3 trials.

3. Results and discussion

3.1. Synthesis and characterization of Ruthenium()larene complex

The synthesis of the series ofJ(p-cymene)RuGL] complexes (Scheme 1)
was achieved via bridge cleavage ofpgfymene)Rug-CICl} ;] with a 5:1 ratio of
ligands L @py, meapy andbzapy) in toluene at RT fod - 3. Complex4 required a
2.3:1 mole ratio opy in toluene at reflux to achieve complete reactiime complexes
were prepared as orange solids, stable to lightimmdgr, with yields ranging from 63-
88%. In addition, all the complexes are solublevater, halogenated solvents and polar
organic solvents such as DMSO, dichloromethane a®tonitrile, but insoluble in
diethyl ether (see Figures S11 - S14). The moladaotance of CECN solutions ofl
— 4 were measured (1.6 M) after mixing and after 24 h to determine if\smysis
was a factor for the voltammetric and electroniecsscopic experiments. The results
are convincingly attributable to non-electrolytdusions with no change after 24 h
within experimental error (Table 1) [368h addition, conductivity measurements on
aqueous solutions & were performed (1.0002 M) to confirm the labilization of the

chloride ligand and the results suggest that pdryidrolysis occurs rapidly.
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Table 1Molar conductance data for the series of compl&i@s p-cymene)RuGL]
Complex AmCH3CN (nScm™) A CHSCN (nScm™)  AnH20 (uSem™) P

0h? 24 h®
1 33.4 35.5 _
2 33.3 35.1 69.8
3 31.4 32.6 _
4 35.6 36.8 _
2 CH:CN 1:10° molL™. ® H,0 1:10° molL ™.

3.2. Molecular structures by X-ray crystallographyand DFT computation

Single-crystal structures ot and 4 have previously been reported were
deposited in the Cambridge Structural Databasesiorer5.38, Nov 2016 (CSD) [47]
under CSD refcodes: JOBCOS [39] fband MIXSOD [41] and MIXSODO1 [13] for
4, respectively. For comple3, a structure of a closely related complex exista/hich
bzapy is coordinated in [{>-ethylbenzoate)Ru@ll] (3b), CSD refcode: OHICAL [48].
In this work, we report the new crystal structufehe 2-methylaminopyridine complex
2 (see Table S1, Figure S1 in tBapplementary InformatiofSI) for structure details).
The derived interatomic parameters of these fawrctires in their crystalline lattices
are compared to those from UB3LYP//6-31+G(d), SPEED hybrid DFT calculations
(Table S2, Figure S2) o2 and more extensively oh as a representative electronic
model system. The crystal structure2odisplayed considerable complexity, containing
CHCI; solvent of crystallization, two independent molesun the asymmetric unit and
a wholesale disorder of thmeapy ligands (only the major components of the disorder
are shown in Figure 1). In each case, there areoggd bonds from the ligand N-H to
metal-bound chloride ligands. Note that in the Rudlecule for the major (75% refined
occupancy) component, the eNH group (N2) is oriented towards the end of the
cymene ligand bearing the isopropyl group (Cl1l)evetas in the Ru2 molecule in the
major (63% refined occupancy) component, the edgmtagroup (N4) is oriented
towards the methyl group side of the cymene ligéi@). The minor components of
each disordered pair have theapy groups flipped towards the opposite ends of the
respective cymene ligands. The same disorder wseradd for crystals grown solvent-
free from diethyl ether and chlorobenzene; apparené molecular volume aheapy

andpara-cymene are extremely similar.
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Fig. 1 Displacement ellipsoids (50% probability) plotafe of two similar independent
molecular structures o2 as found in the crystal latticayith the atom numbering
scheme. Only the major components of tieapy disorder models are shown. The H-
bond geometry is indicated by a dashed orangddime Table 1)

All four molecules adopt very similar molecularusttures to that o in their
crystal lattices (see Fig. S1 in the Supportingdmfation). Key features are the classic
“piano-stool” architecture wherein thg®-arene groups fill three facial sites in the
pseudeoctahedral geometry at ruthenium. In each cas#yuding 4, the coordinated
pyridine ring is oriented approximately parallel tttat of then®-arene albeit angled
downwards by ~30°. Consideration of space fillingdels (Figure S3) indicates that
this conformation represents a rotational minimure tb constraints between the ortho
hydrogen atoms in pyridine with CI1,2. This confatronal preference is augmented by
N2H2--Cl1 hydrogen bonding ith — 3b, which is retained in gas-phase DFT calculated
structures. Notably, the pyridyl ligands areidlicoordinated through N1 in these9(
p-cymene)RUGL] complexes, whereas thé-N,N’-chelating geometry is known in (2-
aminopyridine)-dichloro-bis(triphenylphosphine)ranhium(ll), CSD refcode:
IHIWAX (Figure S4) [49]. Thus, despite the 2-NHRbstitution in1-3, all complexes
are confirmed to be of type A (see the Introdudtidmierestinglya recent paper reports
on several [{°-p-cymene)RuGl2-halogenated-Bminopyridines)] with unexpected

coordination from th@minogroup rather than the more basic ring N [50].

3.3. Solid state structural features from FT-IR andRaman spectra
The FT-IR spectra (Figure S5 and Table S3) cortteenexpected bands for the
pyridine ligands in addition to those of th&p-cymene and chloride ligands but have
low diagnostic information save for thgsn.rybands in1-3 (and their absence ).
The observed stretching frequencies follow the rintend intramolecular NCI
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hydrogen bonding distances from respective crygtalkctures of 3.234v{n.q) = 3390
cm %) and 3.243 Avpnny = 3372 cm) in 1, and with intramolecular distances 3.165 A
in 2 (v = 3259 cm') and for3 3.147 A in OHICAL ¢+ = 3238 cm'). The
correlation of N-H-Cl distances with N-H stretching frequencies isgldamown from
the literature [51]. The Raman spectra (Figure Bfhle S4) corroborate the FT-IR

results.

3.4. Solution structures as established by NMR

A full assignment of the solution-pha¥4¢ and**C NMR signals was achieved
on the basis of 1D (NMR) and 2D experiments (T&kbeand Scheme S1, along with
full archival spectra in Figures S7-9). These datpecially the'H spectra, provide
convincing information about the solution structuend the purities af—4, showing
that (i) thep-cymene ring is rotationally fluxional, rendering affectiveC,, symmetry
despite coordination to the ruthenium and (ii) &pg, meapy andbzapy ligands retain
similar geometries in solution in CDLas deduced from the solid-state structures (see
above). Thus, whilst the Ntkignal inl integrates to 2H, it has a chemical shift
6.16) intermediate between that of hydrogen-boradetinon-hydrogen-bonded NH. By
contrast, the single NH proton signals2od = 7.28) and3 (6 = 8.10) are deshielded.
This data is consistent with the intermolecular d¢idhing strength8 > 2 > 1 also
shown by crystallographid(N---Cl) data and the trend of tivgs.xybands in the FTIR
spectra. The othéH chemical shifts correlate well with the expecsetbstituent effects
from the presence of the 2-amino groups on pyridirle— 3 and its absence #h Thed
and theAd values fomp-cymene ring protons 44 are remarkably invariant for the series
and quite similar to those in the chloride-bridgeecursor complex peudeAB
doublets at 5.37 and 5.51 ppm, &g = 6.04 Hz). The observation &i(H"H™) = 5.0
and 5.5 Hz in spectra @fand3 in CHCL solution indicates lack of exchange of the NH
signals. This is also consistent with a dominanbddded conformation in solution.

This coupling is confirmed by gCOSY experiment®(Begure S9 in the Sl).
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3.5. Electronic structure from DFT calculations onl as a model system

04 Neutral 1+ Ion | -4
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Fig. 2 Frontier molecular orbitals (FMO) and energy lsvédlom gas phase DFT
calculations on complek (singlet state, left) antl” (doublet state, right; for clarity only
the B-spin orbitals in1" are shown). The energy scale at right is displagedards by
about 4 eV.

The electronic structure of compléxvas examined in detail using hybrid DFT
calculations at the UB3LYP//6-31+G(d),SPK-DZCD levaf theory. The neutral
molecule was geometry optimized both in the gass@hand in an aqueous solvent
model. In addition, the oxidation states -2, -1, arid +2 were all optimized (see
Figure S10 in the Sl). The need for computation imdscated to assist with assignment
of the electronic absorption spectra and partitpléine rather odd voltammetric
behavior of the complexes (see below). All compéexgptimized to a reasonable
geometry with the strongest bonding betweenpgloymene and metal in the neutral
(18e) state, as expecteg-Cymene ring centroid to Ru distance of 1.766 ApttB
oxidized and reduced forms have weaker bondingthadanions optimize with one
chloride ligand migrating from Ru to sites thatyhldrogen-bond to the NH group. In
the 2@ dianion, the arene converts #o-coordination, fully consistent with classical
organometallic bonding models. All charge statepldy NH:-Cl H-bonding, either to
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coordinated or displaced halides (see Fig. S10e Tdilowing discussion deals
specifically with neutral in the gas-phase model.

The calculated electronic structure presentedgarg 2 (left) indicates that the
highest occupied orbitals (HOMO, HOMO-1, HOMO-2rresponding closely to thg,
set of thepseudeoctahedral geometry) have mixed Rd 8rbitals and Cl| g-r*
character along with minor participation from @ @bitals of thg-cymene ring. These
three frontier molecular orbitals (FMO) are almdsgenerate and lying only slightly
lower in energy are two (accidentally) degenerateels: HOMO-3, with mostly non-
interacting Clp, character, and HOMO-4, the essentially unperturbeihopyridine
filled =3 level. In turn, the two lowest unoccupied orlEtdl UMO and LUMO+1,
corresponding to the, set) have both Rud3and significant Ru-Cé* character. Above
these, LUMO+2 is an almost unperturbed pyridideMO [52].

3.6. Electrochemical characterization in solution § voltammetry

The redox behavior df — 4 was investigated by cyclic voltammetry (CV). The
CVs of 1 -4, recorded at a glassy carbon electrode in 0.1 MABH;CN solutions as
the supporting electrolytevg Ag/AgCl), are shown in Figure 3 and the pertindata
are presented in Table 2 (see also Figures S11irShé Sl). Most importantly, and the
goal of the voltammetric study undertaken for thisject, is the evidence for a very
wide redox stability windowHyingow = 2.2 V), defined by the difference betweggp!
and Epc'V, extending far out in both the anodic and cathadigions. This provides
direct evidence for the oft-claimed stabilizatidrtlee Ru(ll) oxidation state by®-arene
ligands [9]. This stability is only marginally affeed, compared tpy in 4, by amino-
substitution inl — 3. Importantly, this range is much wider than the/giblogical E
range, between ~-1V and +Ix SHE, so this class of complex can be expected to
remain as Ru(ll) in vivo so long as the arene ldyggmains attached [53].

The detailed CV behaviour oR, representative of the 2-aminpyridine
complexes, was studied first in the anodic regipa scan rate of 100 m¥*, whereby
it exhibits two very closely-spaced chemically weesible processes at around 1.15 and
1.23 V, designated and Il, respectively, followed by process Ill B, 1.37 V, for
which a small return wave can be detected. Theseepses couldn principle
correspond to a possible sequence of one-electrotidations  [(°-p-
cymene)RuG(meapy)]”*#*”**, but such closely spaced waves would be quiteuaius

for an isolated metal complex due to the effectshafrge buildup.
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E (V) vs. Ag/AgCI

Fig. 3 Cyclic voltammograms of — 4 at 2.010° mol-L™* in TBAP/ACN 0.1 molL™ vs
Ag/AgClI; obtained at 100 mg*.

Further insight into these oxidation processegrvided by the computed
electronic structure of the 1+ state. After remowflkhe first electron from a Rd)-
Cl(p-n) orbital (the HOMO at left in Figure 2), significt orbital re-organization
occurs. The result is that the HOMO of the doubtete ion derives from the filled
aminopyridine ligandt3 level (which is HOMO-4 of the neutral state.) Tingpaired
electron retains Rdj character at lower energy (it is thespin orbital that has a very
similar topology to thgg LUMO shown on the diagranthe energy evolution is shown
in dashed red lines on Figure).2Because the aminopyridine orbitals are non-
interacting with the metal, they do not experietit® same amount of energy-lowering
in the cationic state as the metal orbitals dosThiggests the possibility that second
(and third) electrons in oxidation processes lld(&h) come from the ligand and the
metal remains Ru(lll) in all these oxidized statés.short, aminopyridine ligands

appear to function as redox-non-innocent ligandbe oxidized cationic stat¢s4].
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Table 2 Potential data for complexés-4.

Complex Epal Epa“ Epam Epcm Emlll AEp I pcll palll c Epclv Epcv EWindOW

W N NV NV VAR Ve N N Ve
1 137 141 152 143 147 0.09 011 091 -1.22 2.28
2 115 123 142 133 137 0.09 020  -098 -1.30 2.13
3 122 132 149 140 144 0.09 015  -092 -1.22 2.14
4 1.16 139 133 136 0.06 004  -1.04 -1.32 2.20

4 E12 = (Epa* Epef2; ®Measured by difference betweEp, andE, “ Evaluated as by ref [55] (to 2-84); ¢
Measured by difference betweEg, andE,.".

In the cathodic region, two irreversible reductjmeaks are observed (processes
IV and V,Ep’ at -0.98 andE,.’ at -1.30 V, respectively). These processes can be
confidently attributed to sequential occupationtled LUMO of the neutral complex
(Figure 2). Although formally this involves BiRU reduction, this orbital also has
significant Ru-Clc* character. In this regard, it is interesting tbserve that DFT
calculations optimize to geometries where one ef @ ions leaves the metal and
attaches remotely to the NH moiety via H-bondinge(§igure S10 in the SI). Ligand
dissociation could thus be responsible for the rfubal) irreversibility of these
processes.

The CVs of all four complexes were also recordpdnuscanning from +1.0 to
+1.9 V and from -0.6 to -1.7 V over= 50 — 2000 m\&* (see Figures S13-S16 in the
Sl). In all cases, the linearity gfvs v’ plots demonstrates that mass transport of these
compounds to the electrode surface is diffusiontroied. The voltammetric features
(Ipdlpc less than unity anEpeax values about 90 mV) show that oxidation-reductbn
these compounds is chemically and electrochemicdttyost reversible in fast scans

and irreversible at lower scan rates.

3.7. Electronic absorption spectroscopy
Electronic absorption spectra of complexés— 4 were acquired in the
concentration 1dmol-L™?, in different solvents at RT, such as: acetorifrivater and
PBS buffer (Figure 4). The spectra in all thesevesuis showed similar broad low-
energy bands with maxima at 389-416 nm=(2100-800 tmol™*-cm™), which can be
attributed to LUMG—HOMO transitions. TD-DFT calculations, carried autCHsCN

and water solvent models, indicate that severaisitians involving the cluster of
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highest filled orbitals probably contribute to thelsands which thus have significant
d<—d character (albeit with covalent contributions fr@and pyridine Ns orbitals).

In addition, there are two sets of higher-energgds. The first, with maxima
close to 300 nm fol — 3, are noticeably absent in the spectral.oThese bands may
involve excitation from HOMO-4 to the LUMOs or frothe higher filled orbitals to
LUMO+2. Probably the 2-aminopyridine orbitals are involved and are thus either
LMCT or MLCT bands of modest intensity. Very intenbands at ~250 nm could
include lower-lying metal electron excitation taghivirtual orbitals; furthermorep-
cymene and pyriding* «<n transitions. The TD-DFT calculations indicate thabst
bands have multiple transition contributions widrying oscillator strengths.

A noticeable feature (see the insets in Figures4hat the LUMG-HOMO
bands are blue-shifted by 12-26 nm in the aqueqextia. There is a strong
expectation that these complexes will undergo Hydi® either partly or completely in
water (Scheme 2) [18,56-58]. Our conductivity dé&ection 3.2) suggest that the
hydrolysis is relatively slow and thus likely tooptat a single halide replacement.
Replacement of one chloride ligand by water is =test with lowering the highest
occupied FMOs due to weakear character, and thus with a blue-shift. Since the
hydrolyzed complexes will tend to be cationic (espky in the enhanced acidic
environment of cancer cells), these processes hmapertant implications for thén

vitro biological test results (see below).

Scheme 2Some of the equilibria connected to chloride byyhis in aqueous phases.
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Fig. 4 UV-vis spectra of the series of complexeF{f-cymene)RuGL] in acetonitrile,
water and PBS buffer. In each case, the main windowers 200-600 nm, with an

expanded inset from 300-600 nm. (A) ComplexXB) Complex2. (C) Complex3. (D)
Complex4. Tabulated data provided in Table S4.
3.8. DNA interaction studies

Among organometallic ruthenium complexes, a ranfeompounds exhibit
potent anticancer activity. Many cytotoxic agentsrevproven to have DNA as the
cellular target. These molecules elicit a rangecelfular responses which implies
different mechanisms of action [5,7The interaction of drug molecules with DNA can be
categorized using simple limiting models as showaimematically in Figure 5 as non-
covalent (intercalation, groove binding, electrtsta attraction) or covalent
(condensation or hydrogen-bonding with nitrogerebas condensation with phosphate
of the DNA backbone).

Intercalation Groove  Electrostatic Nitrogen Phosphate
binding attraction bases binding
Non-covalent interactions Covalent interactions

Fig. 5 Cartoons showing common modes of interaction etwdrug molecules and
double-stranded DNA. Adapted froRev. Virtual Quim 2015 7 (6), 1998-2016, with
the permission of the Brazilian Chemical Society.
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3.8.1. UV-vis spectroscopy

UV-vis absorption measurements have been sucdigssfeed to study the
mode and magnitude of interaction of complekes4 with CT-DNA. DNA—complex
interactions are evidenced by this technique thmnociganges in absorbance intensity
and position of the absorption band. When compléxed were titrated with CT-DNA,
hyperchromism (i.e. increased intensity) was ob=gralong with a small red-shift of
2-4nm in the presence of complexzand3 (Figure 6). The binding strengths b4
were quantified from the values of intrinsic bingliconstanKy, determined using the
Benesi-Hildebrand equation (Table B)3]. Whereas hypochromism (i.e. decreased
intensity) is indicative of DNA intercalation (du® contraction of the helix and
conformational changes caused by changes innthestacking interactions), [59]
hyperchromism is attributed to electrostatic intécam between complexes and the
negatively charged phosphate backbone at the meyigt the double helix CT-DNA or
to secondary damage of the DNA double helix stmeci0-63]. The presence of
complexesl to 4 resulted in hyperchromism in DNA absorption spestiggesting non-
intercalative binding between DNA and the compleXéss is corroborated by the size

of the intrinsic binding constankg, being in the micromolar range [64].
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Fig. 6 Electronic spectra of the complexes in the absandeafter successive additions
of CT-DNA. (A) complexl; (B) complex2; (C) complex3; (D) complex4.
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Table 3Intrinsic binding constant¥() for interaction between CT-DNA and
complexesl —4.

Complexes Wavelength (nm) Ky (M)
1 227 2.24 x10
2 237 1.40 x10
3 243 7.34 x16
4 257 3.68 x16

3.8.2. Circular dichroism spectroscopy

The circular dichroism (CD) technique is respogesi@ changes in the chiral
structure of DNA and is used to study variationsDNA conformation upon its
interaction with small molecules [65]. B-form calfymus DNA exhibits a negative
band at 245 nm caused by helicity and a positivedbaith maximum at 275 nm
caused by base stacking [66,67].

Distinct modes of interaction can be distinguistgdchanges in the spectra.
Intercalation clearly enhances the signal intensityboth the base stacking and
helicity bands, while groove binding and electréistanteractions cause slight
perturbations on positive and negative bands. thtiad, changes just in the intensity,
and not shape, of the observed CD results suggsisigle binding mode. Changes in
the shape of CD signals may indicate multiple l@y{®@NA binding modes, changes in
DNA conformation or ligand—ligand interactions [68]

To verify whether binding of the complex causeg eonformational change of
the DNA double helix, CD spectra of CT-DNA wereoeded at different complex/CT-
DNA ratios (Figure 7, black lines). The additioncdmplexesl, 2 and4 to CT-DNA
slightly increased the intensity of the positiveapeand decreased the intensity of the
negative peak (Figure 7). These changes in the @2t in the presence of the
complexes indicate that complexigs2 and4 interact with CT-DNA and stabilize the
right-handed B-form of CT-DNA structure. These edtéons in spectra are common in

groove binding and electrostatic interactions [65].
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Fig. 7 CD spectra for CT-DNA (100 and 2@énol-L™Y) in PBS buffer (pH 7.6), with

addition of 20Qumol-L™* of the complexes. (A) comple (B) complex2; (C) complex

3 and (D) complex.

3.8.3. Ethidium bromide competition.

To confirm a non-intercalative binding mode, cofitme experiments with

EtBr were performed. Classical intercalators displ&tBr from DNA bases, thereby

decreasing its fluorescence emission [69]. Additddrcomplexesl — 4 to EtBr-DNA

solutions does not alter emission intensity of Eb§rmore than the dilution effect,

which, together with the spectroscopic titratiord 80D results, indicates that these

complexes are not DNA intercalators.
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Fig. 8 Emission spectra of the EtBr/CT-DNA system, wsticcessive additions of the
complexes: (A) complexl; (B) complex 2; (C) complex3 and (D) complex4.
Confirmed dilution effect after successive addisiea PBS buffer.

3.8.4. Viscosity Measurements

Hydrodynamic measurements are considered as wuegilitests of DNA
binding models in solution, clarifying the interact mode of a compound with the
nucleic acid. An interaction between the DNA doubédix and a small molecule may
cause length changes in DNA and as a result vigcobianges [44]The values of

relative specific viscosityn{no)'

were plotted against [DNA]/[complex] (Figure 9 |
this study, it was observed that increasing comagons of complexeg — 4 do not
significantly alter the DNA viscosity. Thus, it possible to infer that these complexes

are not covalent binders, and neither partial fessical DNA intercalators.
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Fig. 9 Viscosity graph plotting the increase of the contiaion of the complexegs
the relative viscosity of the CT-DNA (20mol-L™) at 25 °C.

26



3.9. Cytotoxicity assays

The cytotoxic effects were examined for the®j-cymene)RuGL] series
complexes as well as for they{{p-cymene)RuG(DMSO)] obtainedn sity, since’H
NMR (see Figure S18) tests performed for the corgden the presence of DMSO
demonstrate that there is a pyridine ligand lapiitith coordination by the DMSO
molecule. The complexes thus formed by replacingadentate pyridine ligands with
DMSO were confirmed to also be neutral by condifgtitests (see Table S7).
Coordination of DMSO in ruthenium pyridine complexeas been previously reported
in the literature [18,70] and by comparison of data can indicate that the DMSO is
coordinated to the metal through sulfur [71,72].

The cytotoxic tests for ff-p-cymene)RuGL] complexes in DMSO were carried
out against HelLa, Hep-2, B16F10 and Vero cells (reble 4, Figure S19), while tests
carried in phosphate buffer were evaluated onlyrsgddep-2 and B16F10 (Table 4,
Figure S20). Emphasis was placed on testing agdiasesistive HeLa lindhe results
obtained using an MTT assay showed that énlyith DMSO achieved an Kg against
the HelLa tumor line after a 24 h withsfC>= 346 umol-L™. Theabsenceof toxicity in
agueous solution suggests that the toxicity istdube liberatedneapy ligand. For the
other complexes of the series with or without DM&© well as for other tumor lines,
HEp-2 and B16F10, it was not possible to deternii@g values in the range of

concentrations investigated.
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Table 4 Cytotoxicity results for 1-4 on HelLa, HEp-2, B16Fa0d Vero cell lines,
after 24 h incubation performed in DMSO solutioriroaqueous buffer.

ICs0 (umol-L ™)
HeLa HEp-2 B16F10 Vero
1-DMSO? >500 >500 >500 >500
2 -DMSO? 346+3 >500 — —
3-DMSO? >500 — — —
4 —-DMS0O? >500 — — —

Complex

1P —  >630 — —
2P —  >600 >600 —
3P —  >600 — —
4° —  >650 — —

2 From DMSO stock solution; displacement of L by DMSGs assumed.Test
performed using an aqueous buffer stock solution.

The low activity of [§®-p-cymene)RuGL] seriesl —4 against cancer cell lines
is similar to results reported on a range of othgre A complexes with simple
substituted pyridines [10,12,14,16,18,28,73,74]. Bontrast, the substituted
aminopyridines reported by Richtetral.[27], bearing 4-carboxylatophenyl substituents
at the amine, were shown to be more active agds®C, MCF-7, SW-480 and 518A2
cancer cell lines, although only marginally morarthhe direct use of the corresponding
substituted amino-pyridines in control tests [75].

3.10. BSA Interactions

An important feature of biologically active compaolg is their binding to proteins.
The ability to interact with proteins affects thetivty of a molecule in biological systems,
so protein-binding studies are carried out to rettea potential of new drug molecules.
Bovine serum albumin protein is frequently usethase protein-binding studies because of
its structural homology with human serum albumis@&) In order to characterize binding
of complexesl — 4 to BSA, we carried out circular dichroism studie3he protein
conformation was not significantly altered in tliegence of complexds-4 (Figure S17 in
the SI). We further investigated the thermal sitgtmif BSA in the presence of complexes
— 4. When bound to a protein, small molecules tenaribance the thermal stability,
resulting in increased melting temperaturés)([76]. Thermal stability curves for BSA-
complexes and BSA alone were plotted from 15 t€9&8 shown in Figure 10. The melting
temperatureTm) of BSA was estimated in 72.1°C and in the presefcomplexed — 4,
temperature varieffom 67.2 to 75.4°C, which indicates no significamtrease in BSA

stability. The addition of complexds— 4 did not increase the melting temperatura)( of
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BSA. In sum, the CD spectra and thermal stab#iults indicate that there is no interaction

between BSA and complexés-4.
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Fig. 10 CD spectra monitoring thermal denaturation oAB® PBS buffer (pH 7.6) in
the presence and absence of th§-f-cymene)RuGiL)] series. Temperature range
(15-90 °C).

4. Summary and conclusions

In line with virtually all type A complexes withypdine or small-substituents
pyridine derivatives [10]1, 3 and4 show no cytotoxicity, whil&@ (in DMSO) shows
some activity, attributable most likely to just theeapy. Our DNA interaction tests
provide evidence for interaction with DNA and lagkprotein interactions with BSA.
Of the possible modes of interaction (Figure 5)yamn-covalent interactions need be
considered for the measured interaction strengii®rcalation can be ruled out
definitively by EtBr fluorescence and the DNA sabut viscosity measurements. Since
these small molecules are not optimal for groovadibig (which depends on strong
dispersive interactions) the most likely interantig electrostatic binding between the
partly hydrolyzed mono-cationic forms of complexXes 4. Whereas it had been hoped
that the benzyl group i8 would be optimal for intercalation with DNA, appatly all
these complexes pre-associate with the DNA backboue do not proceed to
intercalative or covalent linkage. Since our measwants show relatively slow rates of
hydrolysis, the low activity ol —4 may be due to lower than expected concentrations
of active species in the conducted assays.

This study also provides valuable evidence fortiigl redox-stability of type-
A [(n®p-cymene)RuGL] complexes and provides the first detailed corapanal

investigation of the electronic structures of ttless of complex. These provide insights
29



into the unusual voltammetry of oxidation and tlssignment of electronic absorption
spectra, results which we hope will be generallgfuisfor the further development of
organometallic ruthenium-based cytotoxic agentsalfy, our work confirms the
unsuitability of the standard MMT protocol for ciaaicity testing using DMSO to

prepare stock solutions fet-pyridyl type A complexes.
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Highlights

« Four ruthenium(ll) arene complexes with monodeniayeidine ligands, f{®—p-

cymene)RuUGL]: L = 2-aminopyridine, 2-methylaminopyridine, 2-
benzylaminopyridine, and pyridine, are synthetiaad fully characterized.

A crystal structure of [{°—p-cymene)RuGK2-methylaminopyridine)] displays
considerable complexity, due to the presence of2iHEL solvent of crystallization,
two independent molecules in the asymmetric untt arwholesale disorder of the
aminopyridine ligand. There are ligand N-H to mdé@lnd chloride hydrogen
bonds.

The lack of cytotoxic activity of these complexemiast the HelLa cell line could be
attributed to having only electrostatic interactidretween partly hydrolyzed cationic
complexes and the phosphate backbone of DNA, study of their interactions
with Calf Thymus-DNA

Cyclic voltammetry of these complexes determinddrge electrochemical stability

window (>2.2 V) extending well beyond the physiotad E° range.



