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CHAPTER 4

53nthcsis of New Bis(arglimino)]ogridinc~Ru(]”) Compounds.
(Characterization and Elucidation of the Faramagnctic Structure

]:)3 means of Nuclear Magnctic Resonance.
DNA-model Base Studies and Cgtotoxic FroPcrtics*

Abstract

In search of new metal-based anticancer compounds, Ru(lll/Il)
complexes have deserved special attention not only because of their good
antitumour activity in screening studies, but also because of their cancer-cell
specific targeting properties.

The need of more biological and chemical evidence in the reactivity of
Ru(lll/lIl) systems has encouraged, the synthetic, spectroscopic, structural and
biological studies of two novel bis(arylimino)pyridine Ru(lll) chloride compounds
containing the ligands, 2,6-bis(2,4,6-trimethylphenyliminomethyl)pyridine and 2,6-
bis(2,6-diisopropylphenyliminomethyl)pyridine is described in this chapter. The
bis(arylimino)pyridine ligands were synthesized by condensation of 2,6-
pyridinedicarboxaldehyde with 2,4,6-trimethylaniline or 2,6-diisopropylaniline and
further characterized in the solid state through monocrystal X-ray diffraction
analysis and other standard characterization techniques. The Ru(lll) compounds,
with  general formula  [RuCls(L)Ix(H2O), where L=L1=2,6-bis(2,4,6-
trimethylphenyl-iminomethyl)pyridine, L2=2,6-bis(2,6-isopropylphenylimino
methyl)pyridine and x=0 or 1, named RuL1 and RulL2 respectively, were
structurally determined on the basis of analytical and spectroscopic (IR, UV-Vis,
ESI-MS, EPR) studies. A complete assignment of the 'H NMR resonances of the
two paramagnetic compounds was made in deuterated dmf by one- and two-
dimensional techniques. These new compounds are intended to constitute a
series of new anticancer Ru(lll) and Ru(ll) compounds with improved cytostatic
properties; likely to be modified in a desirable manner due to the relatively facile
ligand modification of the bis(imino)pyridines and their molecular architecture.

Although the ligands by themselves are moderately cytotoxic in
selected cell lines (EVSA-T and MCF-7), the anticancer activity of the
[Ru(L)Cl3]xH,O compounds is significant for a broad range of cancer cell-
lines tested in vitro (ICsy values = 4 ~ 17 uM). Finally, reaction of RulL1
with the DNA model base, 9-ethylguanine (9EtGua) was found to produce
in a redox reaction, the species trans-[Ru(ll)(L1)(9EtGua),(H,0)](ClO,).
(abbreviated as RulL1-2(9EtGua)) which was fully characterized by
conventional methods in solution and also in the solid state, by X-ray
crystallography. The structure comprises the as yet unknown frans-
bis(purine)-Ru(ll) unit.

“We especially need imagination in science. It is not all mathematics, nor all logic, but it is
somewhat beauty and poetry”
Maria Montessori, physician, educator, philosopher (1870-1952)

* Some of the results presented in this chapter have been published Garza-Ortiz, A.; Maheswari, P.
L] - Siealer M - Snek A | and Reediik .1 Inora Chem 47 (2008) 8964-6973
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Chapter 4

4.1 Introduction

After the serendipitous discovery of cisplatin [1], the most successful platinum-based
anticancer compound, attention to other anticancer metal-based compounds has been directed
[2-7] in a search for less toxic and more effective drugs.

Among all the metals used in the synthesis of potential anticancer drugs, a wide range of
ruthenium compounds have been described in the literature, some of them with outstanding
anticancer activity [8-15] and two of them, i.e. NAMI-A and KP1019, are currently involved in
clinical trials [16-18].

It is known that ruthenium compounds are well suited for medical applications due to the
fact of having convenient rates of ligand exchange [19], a range of accessible oxidation states and
the ability of ruthenium to mimic iron in binding to certain biological molecules [8, 10, 17]. Under
aqueous conditions, three predominant oxidation states are known for ruthenium, i.e. Ru(ll),
Ru(lll) and Ru(lV), all of them mostly presenting an octahedral configuration. This octahedral
geometry appears to be partially responsible for the differences observed in the mechanism of
action compared with cisplatin. The hypoxic environment of many tumours may favour the
reduction of Ru(lll) compounds (which are relatively slow to bind to most biological substrates) to
Ru(ll) species, which bind more rapidly [10]. Among ruthenium compounds studied for anticancer
application, the group of ruthenium compounds with pyridyl-based ligands is of special interest,
due to a combination of easily constructed rigid chiral structures and useful photophysical
properties. They mostly have been studied because when chiral, they are capable of
enantioselective recognition of DNA and they display cleavage properties as well [20-37]. As the
majority of these compounds contain bidentate ligands with functional auxiliary ligands, research
on Ru(lll)/Ru(ll) complexes with more rigid, tridentate ligands and additional chloride ligands is a
new challenge.

In fact, considerable cytotoxic activity of compounds with structural formulas:
[Ru(bpy)(tpy)CI]CI and mer-[Ru(tpy)Cls] (bpy = 2,2-bipyridyl, tpy= 2,2:6’,2"-terpyridine) has been
demonstrated in murine and human tumour cell lines [38, 39]. mer-[Ru(ll)Cl;(tpy)] exhibits a
remarkably higher cytotoxicity than the other compounds and even displays the highest [22] and
remarkable DNA interstrand cross-linking properties. Unfortunately solubility problems and - even
more importantly - difficulties in preparation of terpyridine derivatives have reduced the attention
for this system.

During the last decade bis(imino)pyridine ligands (figure 4.1) have attracted significant
attention [40-46], due to their easy synthesis, possibility of steric and electronic tuning, and well-
documented ability to support a range of catalytically active metal centres (especially for iron and
cobalt) and other interesting structural types. In particular their redox activity has been studied
intensely and in general the variety of chemistry displayed for this ligand system is remarkable
[47].
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R2 | N R2
R3 7 R3
N
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/N N\
R4
R5 R5 R4
bis(imino)pyridine bis(arylimino)pyridine

R1,R2,R3=H, Me, alkoxy
R4=H, hydrocarbyl, fluorohydrocarbyl, halo, alkoxy, hydroxyl; possibility of asymmetry
R5=NH2, N-alkyl, N-pyrrolyl, N-benzimidazolyl

Figure 4.1 Schematic representation of tridentate bis(imino)pyridine and bis(arylimino)pyridine derivatives.

Most probably the origin of the synthesis of this kind of structures resides in the study of
the coordination properties of Co(ll), Fe(ll) and Ni(ll) [48]. Among the best known complexing
agents for these metals, heterocyclic diamines and triamines (like 2,2’-bipyridyl), a-dioximes (like
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dimethylglyoxime) and a-diimines are to be mentioned. Then more elaborated organic systems
were designed and synthesized, where the previously mentioned organic functionalities were
included at the same time, and among them 2,6-bis(imino)pyridine systems were fully described.
They also attracted attention due to their tridentate nature, simple synthetic procedures and close
chemical similarities with terpyridine, a less accessible to be chemically modified ligand [49].

Attention to the coordination chemistry of classic tridentate nitrogen donor ligands with
transition metal ions was revitalized as a result of the unexpected discovery that these type of
compounds are very active olefin polymerization catalysts. In particular, pyridine-2,6-diimine
ligands like 2,2:6,2”-terpyridine analogues and their iron and cobalt compounds have shown
significant activity [44]. Later on structural modifications in the ligands, in the search of better
activity, led to the discovery of bis(imino)pyridine-transition metal complexes (Co and Fe) [50-53]
with high catalytic activity and unlike traditional ligands for olefin polymerization, these ligands
show a rich chemistry by their own, due mainly to the potentially reactive sites, including the
nitrogen carbon centre of the imine moiety and the pyridine ring, capable even of accommodate
up to three electrons in their antibonding orbitals [54]. Finally it is important to mention that similar
Schiff-base ligands are widespread in the use to mimic biological systems for multiple chemical
transformations; bis(arylimino)pyridine-Cu compounds have been extensively studied as models
for blue copper proteins [40].

In the present chapter the Ru(lll) chemistry with the tridentate ligands 2,6-bis(2,4,6-
trimethylphenyliminomethyl)pyridine, 2,6-bis(2,6-diisopropylphenyliminomethyl) pyridine, 2,6-bis(4-
methylphenyliminomethyl) pyridine and 2,6-bis(phenyliminomethyl) pyridine (abbreviated L1, L2,
L3 and L4 respectively and schematically represented in figure 4.2) was studied. All these Schiff
bases can coordinate to Ru(lll) via the pyridine nitrogen and the two imine nitrogen donors. The
coordinating nitrogen atoms present three in-plane bonding positions, in which only the three
meridional positions of an octahedron can be occupied by the donor nitrogen atoms. In this
respect these ligands behave like 2,2’:6°,2"-terpyridine. A study of the literature reveals that little
ruthenium chemistry on this type has been carried out.

A AN

SR N
|j (@\
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Figure 4.2 Schematic representation of tridentate bis(arylimino)pyridine derivatives used in the synthesis of the
Ru(lll) compounds described in this chapter. 2,6-bis(2,4,6-trimethylphenyliminomethyl)pyridine (L1), 2,6-bis(2,6-
diisopropylphenyliminomethyl)pyridine (L2), 2,6-bis(4-methylphenyliminomethyl)pyridine(L3) and 2,6-
bis(phenyliminomethyl)pyridine (L4).

The main goal of this research project is the search for new anticancer-active systems
based on ruthenium(lll) and a prototype series of Ru compounds, using a versatile tridentate
bis(imino)pyridine-type of molecule as chelating ligand have been synthesized and characterized.
The successfully isolated compounds, fully characterized by elemental analysis, IR, '"H NMR, UV-
Vis, EPR and ESI mass spectroscopy as octahedral compounds, keep three coordination sites
occupied by labile chloride ligands (figure 4.3).

'"H NMR characterization in Ru(lll) ions is hampered due to the presence of the unpaired
electron in the t,g orbital of the low-spin d° ion. The resulting paramagnetism induces hyperfine
shifts of the '"H NMR signals and shortening of nuclear longitudinal (T;) and transverse (T)
relaxation times, which hinders the application of standard '"H NMR techniques and assignment
procedures for diamagnetic molecules. Despite this limitation, a complete assignment of
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resonance peaks in the spectra was achieved through comparison with related systems,
integration values and shifts, thereby providing more evidence in the characterization of these
paramagnetic compounds.

Figure 4.3 General schematic representation of Ru(lll)-bis(arylimino)pyridine derivatives described in this chapter.

The major advantage of this family of Ru compounds is that the bis(imino)pyridine ligands
can be chemically modified to tune its solubility, its cytotoxicity and also the pharmacokinetics and
pharmacodynamics in the human body.

Even though the mechanism of action of cytotoxic Ru(lll) compounds has not been
completely elucidated, a direct interaction with DNA is a likely possibility, among other
mechanisms. With respect to this prototype family of Ru compound, the chemical interaction
between it and the DNA model base, 9-ethylguanine (9EtGua), was studied in solution, but also by
X-ray diffraction of the isolated crystals of the adduct formed. This study pursues to shed some
light on the chemical interaction of this new family of Ru(lll) compounds with DNA.

The promising cytotoxic activity observed for the compounds synthesized encourage
further studies and the synthesis of more derivatives that could provide more chemical evidence,
useful in the proposal of structure-activity relationships.

4.2 Experimental section
4.2.1 Methods and instrumental techniques

A. X-ray Crystallography. All reflections intensities were measured at 150(2) K using a Nonius
KappaCCD diffractometer (rotating anode for L1, L2 and L3 and fine-focus sealed tube for RuL1-
2(9EtGua)) equipped with graphite-monochromated Mo Ka radiation (A = 0.71073 A) under the
program COLLECT [55]. The program PEAKREF [56] was used to determine the cell
dimensions. The two sets of data were integrated using the program EVALCCD [57]. The structure
of L1, L2 and L3 was solved with the program SHELXS86 [58] and that of RuL1-2(9EtGua) with
the program DIRDIF99 [59]. All the structures were refined on F? with SHELXL97 [60]. Multi-scan
semi-empirical absorption corrections were applied to the sets of data using SADABS [61]. For L1,
2026 reflections were unique (Rt = 0.037), of which 1637 were observed (0.x = 26°) with the
criterion of | > 2c(/); for L2, 6182 reflections were unique (Rt = 0.051), of which 4401 were
observed (6ax = 27.5°) with the criterion of I > 2¢(/); for L3, 1576 reflections were unique (Rt =
0.071), of which 1051 were observed (Omax = 25.6°) with the criterion of / > 25(/); for RulL1-
2(9EtGua), 5448 reflections were unique (Rinx = 0.015), of which 5276 were observed (Omax =
27.5°) with criterion of | > 2o(l). The PLATON software [62] was used for molecular graphics,
structure checking and calculations. The H-atoms were placed at calculated positions (except as
specified) with isotropic displacement parameters having values 1.2 or 1.5 times U, of the
attached atom. For L1, the H-atoms of the two methyl groups C11 (ortho position) and C12 (para
position) were found to be disordered by a rotation of 60° and were treated using the AFIX 123
instruction. The occupation factors for the two major components of the disorder refined to 0.73(2)
and 0.77(3). For L2, the H-atom of C16 and the two methyl groups C17 and C18 were found to be
disordered by a rotation of 18° and were treated using the AFIX 123 instruction. For RulL1-
2(9EtGua), the H-atoms for the atoms O1 and N5 were located from the difference Fourier map
and the O-H and N-H bond distances were restrained to be 0.84 and 0.88 A (using the DFIX
instruction). Crystallographic data for L1, L2 and L3 are listed in Appendix A, while crystallographic
data for RuL1-2(9EtGua) are listed in tables 4.7 and 4.8.
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B. NMR Spectroscopy. 'H NMR experiments were recorded on a Bruker 300 DPX spectrometer
using 5 mm NMR tubes. All spectra were recorded at 294 K, unless otherwise indicated. The
temperature was kept constant using a variable temperature unit. The software XWIN-NMR and
XWIN-PLOT were used for edition of the NMR spectra. Tetramethylsilane (TMS) or the deuterated
solvent residual peaks were used for calibration. In addition, 2D 'H COSY spectra were recorded
to confirm the proton assignments from 1D measurements.

C. C,H,N Analysis. Elemental analyses were performed with a Perkin Elmer series Il CHNS/O
2400 Analyzer.

D. Mass Spectroscopy. Electrospray mass spectra were recorded on a Finnigan TSQ-quantum
instrument using an electrospray ionization technique (ESI-MS). The eluent used was the mixture
acetonitrile:water 80:20.

E. Other methods. The UV-Visible (UV-Vis) spectra were recorded using a Varian CARY 50
UV/VIS spectrophotometer operating at RT. The electronic spectra were recorded in freshly
prepared solutions of each compound. The IR spectra obtained for the products mentioned in this
work, in the 4000-300 cm" range, were recorded as solids with a Perkin Elmer FT-IR Paragon
1000 spectrophotometer with a single-reflection diamond ATR P/N 10500. X-band powder EPR
spectra were obtained on a Bruker-EMXplus electron spin resonance spectrometer (Field
calibrated with DPPH (g = 2.0036))

F. Cytotoxicity and ICs, determination. The in vitro cytotoxicity test of compounds L1, and RuL1
were performed using the SRB test [63] for estimation of cell viability. The human cell lines MCF-
7(breast cancer), EVSA(breast cancer), WIDR(colon cancer), IGROV(ovarian cancer), M19-
MEL(melanoma cancer), A498(renal cancer) and H226(non-small cell lung cancer) were used.
Cell lines WIDR, M19 MEL, A498, IGROV and H226 belong to the currently used anticancer
screening panel of the National Cancer Institute, USA [64]. The MCF-7 cell line is an oestrogen
receptor (ER)*/ progesterone receptor (PgR)" and the cell line EVSA-T is (ER)/(PgR)". Prior to the
experiments a mycoplasma test was carried out on all cell lines and found to be negative. All the
cell lines were maintained in a continuous logarithmic culture in RPMI 1640 (Invitrogen, Paisley
Scotland) medium with Hepes and phenol red. The medium was supplemented with 10% foetal
calf serum (Invitrogen, Paisley Scotland), penicillin 100 IU/mL (Sigma, USA) and streptomycin
100ug/mL (Sigma, USA). The cells were mildly trypsinized for passage and for use in the
experiments. For the cell growth assay, cells (1500-2000 cells/150 ul of complete medium/well)
were pre-cultured in 96 multi-well plates (falcon 3072, BD) for 48 h at 37 °C in a 5% CO,
containing incubator and subsequently treated with the tested compounds for 5 days. The stock
solutions of the compounds were prepared in the corresponding medium. A three-fold dilution
sequence of ten steps was made in full medium, starting with the 250000 ng/mL stock solution.
Every dilution was used in quadruplicate by adding 50 pL to a column of wells. The result in the
highest concentration of 62500 ng/mL is present in column 12. Column 2 was used for the blank
and column 1 was completed with medium to diminish interfering evaporation. After a 120 h
incubation time, the surviving cells in cultures, treated with the compounds were detected, using
the sulforhodamine B (SRB, sigma, USA) test [63]. After the incubation time cells were fixed with
10% of trichloroacetic acid (sigma, USA) in PBS (Emmer-Compascuum, NL). After three washing
cycles with tap water, the cells were stained for at least 15 minutes with 0.4% SRB dissolved in
1% of acetic acid (Baker BV, NL). After staining, the cells were washed with 1% acetic acid to
remove the unbound stain. The plates were air-dried and the bound stain was dissolved in 150 uL
of 10mM Tris-base (tris(hydroxymethyl)aminomethane). The absorbance was read at 540 nm
using an automated microplate reader (Labsystems Multiskan MS). Data were used for
construction of concentration-response curves and determination of the IDsy values was
graphically done by use of Deltasoft 3 software. The variability of the in vitro cytotoxicity test
depends on the cell line used and the serum applied. With the same batch of cell lines and the
same batch of serum the inter-experimental CV (coefficient of variation) is 1-11% depending on
the cell line and the intra-experimental CV is 2-4%. These values may be higher when using other
batches of cell lines and/or serum.
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4.2.2 Synthetic procedures

All the chemicals and analytical grade solvents were purchased from various commercial
sources and were used without further purification treatments unless otherwise stated. Ruthenium
trichloride hydrate was a generous gift from Johnson Matthey, UK. All synthesized compounds are
reasonably thermally stable and air-stable, both in the solid state and in solution. For caution’s
sake, however, their preparation and manipulation in solution were carried out under an inert
atmosphere (Ar).

A. Synthesis of 2,6-pyridinedicarboxaldehyde. The synthetic procedure has been reported
previously by Papadopolous [65] and was later modified by Vance [66]. Activated manganese(IV)
dioxide (Across) was prepared by heating overnight at 110 °C. An excess of MnO, (100 g) and
10.0 g (71.9 mmol) of 2,6-bis(hydroxymethyl)pyridine (Aldrich) were refluxed with stirring for 5 h in
500 mL of chloroform (Biosolve, spectrophotometric grade). The oxide residue was separated
from the solution by vacuum filtration and the black residue was rinsed four times with 100 mL of
chloroform. Solvent was removed from the solution by rotary evaporation, and then the crude
product was dissolved in the minimal amount of chloroform and passed through a silica gel
column (ca. 15 cm long, ca. 4 cm diameter). The pure dialdehyde elutes easily and can be seen
as an opaque white band in the clear silica gel, while impurities remain at the top of the column.
Removal of the solvent by rotary evaporation gives the product in 59% yield; mp = 114-118 °C. 'H
NMR spectrum (400 MHz, chloroform, 294 K, s=singlet, d=doublet, t=triplet and m=multiplet):
10.1782 (s, CH, 2H), 8.1975 (d, pyH, 2H), 8.0912 (t, pyH, 1H) ppm.

B. Synthesis of 2,6-bis(2,4,6-trimethylphenyliminomethyl)pyridine, L1. The procedure
followed was previously reported by Balamurugan [40]. To a solution of 2,6-
pyridinedicarboxaldehyde (0.68 g, 5.0 mmol) in absolute methanol (25 mL) (Biosolve), were
successively added 2,4,6-trimethylaniline (Aldrich) (1.35 g, 10.0 mmol) and the resulting mixture
was refluxed for 2 h over molecular sieves (4 A). The reaction mixture was filtered while hot. Upon
cooling, a yellow crystalline solid (L1), was obtained in high yield (1.7736 g, 96%). Diffraction-
quality crystals were grown from dmf. Elemental analysis for C,sH,7N3: Calculated (%): C, 81.26;
N, 11.37; H, 7.36. Found (%): C, 81.20; N, 11.47; H, 7.64. ESI-MS: m/z=465.23,
[(C25H2sN3)(CH3CN)(H20)s]"™*, where calculated m/z=465.61. IR: 3100-2800, 1640-1565, 1481,
1451-1430, 1205, 1139, 852, 815, 733, 642, 588-573 and 384 cm™. UV-Vis in dmf (Amax(logem)):
300.1(3.67) and 356(3.69). 'H NMR (300 MHz, dmf, 294 K, s=singlet, d=doublet, t=triplet and
m=multiplet): 6=8.43(d, 2H, H, and Hy,), 8.41(s, 2H, Hs and H,,), 8.23(t, 1H, Hs), 6.93(s, 4H, H-,
H7a, Hg and Hg,), 2.26(s, 6H, 3H12 and 3H4,,) and 2.12 ppm (s, 12H, 3H44, 3H114, 3H43 and 3H13,).

C. Synthesis of 2,6-bis(2,6-diisopropylphenyliminomethyl)pyridine, L2. The procedure
followed was previously reported by Britovsek et al., [67] and modified by Balamurugan et at., [40].
To a solution of 2,6-pyridinedicarboxaldehyde (0.68 g, 5.0 mmol) in absolute ethanol (25 mL)
(Biosolve), were successively added 2,6-diisopropylaniline (Aldrich) (1.77 g, 10.0 mmol) and one
drop of glacial acetic acid and then the resulting mixture was refluxed over molecular sieves(4A).
After 24h under reflux, the solution was filtered while hot and the ligand (L2) (1.907 g, 84.1%) was
obtained after cooling down the filtrate. Diffraction-quality crystals were grown from dmf.
Elemental analysis for C31H3gN3: Calculated (%): C, 82.07; N, 9.26; H, 8.66. Found (%): C, 82.02;
N, 9.36; H, 8.90. ESI-MS: m/z=454.33, [C31H4N3]"", where calculated m/z=454.68; m/z=549.38,
[(Ca1H40N3)(CH3CN)(H20)3]™, 100%, where calculated m/z=549.78. IR: 3000-2850, 1636-1560,
1456, 1451-1448, 1184, 992, 931, 870-850, 824-714, 526 and 453 cm™. UV-Vis in dmf
(Amax(logem)): 285 (4.02) and 352(3.42). '"H NMR (300 MHz, dmf, 294 K, s=singlet, d=doublet,
t=triplet and m=multiplet): 8=8.47(d, 2H, H, and H,), 8.42(s, 2H, Hs and Hio), 8.29(t, 1H, Hs),
717(m, 6H, Hg, H1o, H11, H22, H23, and H24), 297(m, 4H, H13, H16, H25 and Hzg) and 1.15 ppm (d,
24H, 3H14, 3H15, 3H17 3H18, 3H27, 3H28 3H30 and 3H31).

D. Synthesis of 2,6-bis(4-methylphenyliminomethyl)pyridine, L3. The procedure followed for
the synthesis of this compound resembles the previous synthetic procedures. 2,6-
pyridinedicarboxaldehyde (0.68 g, 5.0 mmol) and 4-methylaniline (Aldrich) (1.0717g, 10.0 mmol)
were refluxed in absolute methanol (25 mL) (Biosolve) for 6 h over molecular sieves(4A). The
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reaction mixture was filtered while hot. Upon cooling, a yellow crystalline solid (L3), was obtained,
filtered, washed and dried (1.1654 g, 74.38%). Diffraction-quality crystals were grown from dmf.
Elemental analysis for C,1HgN3: Calculated (%): C, 80.48; N, 13.41; H, 6.11. Found (%): C, 79.60;
N, 13.49; H, 5.89. ESI-MS: m/z=313.94, [C21H20N3]“, where calculated m/z=314.41; m/z=335.95,
[(C21H20N3)2(CH3CN)]2+, where calculated m/z=33494, m/z=37692, [(C21H20N3)2(CH3CN)3]2+,
100%, where calculated m/z=375.98. IR: 3100-2800, 1624-1565, 1505, 1464, 1339, 1201, 1139,
958-949, 817, 738, 632, 544-490 and 440 cm™. UV-Vis in dmf (Amax(logew)): 327(4.34). '"H NMR
(300 MHz, dmf, 294 K, s=singlet, d=doublet, t=triplet and m=multiplet): 6=8.74(s, 2H, Hs and Hs,),
832(d, 2H, H3 and Hga), 819(t, 1H, H4), 734(m, 8H, Hg, Hga, Hg, Hga, H11, H11a, H12 and H12a) and
2.37 ppm (s, 6H, 3Hq3 and 3H3,).

E. Synthesis of 2,6-bis(phenyliminomethyl)pyridine, L4. The procedure followed was
previously reported by Lions [49]. A mixture of 2,6-pyridinedicarboxaldehyde (0.20 g, 1.5 mmol),
aniline (Aldrich) (0.28 g, 3.0 mmol), one drop of concentrated sulphuric acid (Riedel-deHaen) and
150 mL of absolute methanol (Biosolve), was stirred under argon atmosphere at room
temperature for 16 h over molecular sieves(4A). The solvent was removed by rotary evaporation
and the residue was recrystallized from acetonitrile (0.16 g, 38%). Elemental analysis for
C19H1sN3: Calculated (%): C, 79.98; N, 14.73; H, 5.30. Found (%): C, 79.13; N, 14.66; H, 5.61.
ESI-MS: m/z=285.96 [C19H16N3]“, where calculated m/z=286.36; m/z=307.98,
[(C1gH16N3)2(CH3CN)]?*, where calculated m/z=306.88; m/z=348.98, [(C1oH1N3)2(CH5CN)s]*,
100%, where calculated m/z=347.94. IR: 3100-2800, 1628, 1592-1560, 1484, 1336, 1202, 1074,
994-855, 816, 758-736, 692, 644, 518 and 315 cm™. UV-Vis in dmf (Amax(logem)): 313(4.33). 'H
NMR (300 MHz, CDCl3, 294 K, s=singlet, d=doublet, t=triplet and m=multiplet): 6=8.69(s, 2H, Hs
and Hs,), 8.30(s, 2H, Hs and Ha,), 7.95(t, 1H, Hy) and 7.34ppm(s, 10H, Hs.12, Hga-12a).

F. Synthesis of trichlorido(2,6-bis(2,4,6-trimethylphenyliminomethyl)pyridine)ruthenium(lil)
hydrate, RuL1. 0.1g (0.382 mmol) of RuCl33H,0 (Johnson Matthey Chemicals) was dissolved in
an ethanolic solution (ethanol/water, 3:2) (Riedel-deHaen) and was gently refluxed at 109 °C with
continuous purging of argon for 4.5 h. After that, the hot reaction mixture was cooled to RT. The
resulting solution was filtered through a glass filter and placed in a new round-bottom flask. Then
0.6 mL of concentrated HCI (Riedel-deHaen) and 0.1483 g (1.05 eq, 0.4014 mmol) of L1 was
added. The reaction mixture was further refluxed for 2 h and cooled down and again stirred for
further 12 h at RT. The dark-brown solid formed after this time was collected by filtration, washed
with plenty of cold dichloromethane, cold ethanol, and cold water and finally dried with dry diethyl
ether. Yield: 92 % (0.3514 mmol, 0.2090 g). Elemental analysis for RuCysH7N3Cls(H20):
Calculated (%): C, 50.47; N, 7.06; H, 4.91. Found (%): C, 50.37; N, 7.05; H, 5.03. ESI-MS:
m/z=582.07, [Ru(C,sH27N3)CI,CH3CN]"™, where calculated m/z=582.44. IR: 3050-2860, 1595.5,
1476-1440, 1377, 1334, 858.6, 606.8, 452.1 374.3 and 326 cm™. UV-Vis in dmf (Amax(logew)):
317(3.74), 390(3.80), 482(3.40) and 594(3.1). '"H NMR (300 MHz, dmf, 294 K, s=singlet,
d=doublet, t=triplet and m=multiplet): 6=4.636(s, 4H, H;, H7,, Hg and Hg,), 1.5983(s, 6H, 3H4, and
3H1224), -1.850 (broad s, 2H, H, and Hy,), -2.417 (broad s, 12H, 3H44, 3H41a, 3H43 and 3H3,), -
4.291(broad s, 1H, H3) and -27.850 ppm (broad, 2H, Hs and Ha,).

G. Synthesis of  trichlorido(2,6-bis(2,6-diisopropylphenyliminomethyl)pyridine)
ruthenium(lll), RuL2. 0.05g (0.191 mmol) of RuCl33H,O (Johnson Matthey Chemicals) was
dissolved in an ethanolic solution (ethanol/water, 3:2) (Riedel-deHaen) and was gently refluxed at
109 °C with continuous purging of argon for 4 h. After that, the hot reaction mixture was cooled to
RT. The resulting solution was filtered through a glass filter and placed in a new round-bottom
flask. Then 0.3 mL of concentrated HCI (Riedel-deHaen) and 0.091 g (1.05 eq, 0.4014 mmol) of
L2 was added. The reaction mixture was further refluxed for 2h and cooled down and again stirred
for further 24 h at RT. The dark-brown solid formed after this time was collected by filtration,
washed with plenty of cold dichloromethane, cold ethanol, and cold water and finally dried with dry
diethyl ether. Yield: 81 % (0.1543 mmol, 0.102 g). Elemental analysis for RuCs;H3gN3Cls:
Calculated (%): C, 56.32; N, 6.36; H, 5.95. Found (%): C, 56.19; N, 6.40; H, 6.26. ESI-MS:
m/z=666.18, [Ru(Cs1HagN3)Clo(CH3CN)]™, where calculated m/z=666.70. IR: 3050-2800, 1456,
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1362-1331, 1162, 1059, 958-898, 803-746, 593, 390 and 326 cm™. UV-Vis in dmf (Amax(10gewm)):
293(3.78), 387(3.72), 509(3.47) and 613(3.01). '"H NMR (300 MHz, dmf, 294 K, s=singlet,
d=doublet, t=triplet and m=multiplet): 6=4.93(s, 4H, Ho, H41, Ho and H,,), 0.57(s, 2H, Hip and Hy3),
-1.24 (broad s, 24H, 3H44, 3H4s5, 3H47, 3H4s, 3H27, 3H2s, 3H30 and 3Has4), -1.90(broad s, 2H, H,, and
Hy), -4.25(broad s, 1H, H3), -6.40(broad s, 4H, H43, H1s, Hos and Hyg), and -28.53 ppm (broad, 2H,
He and H19).

H. Synthesis of aquobis(9-ethylguanine)(2,6-bis(2,4,6-trimethylphenyliminomethyl)
pyridine)ruthenium(ll) perchlorate, RuL1-2(9EtGua). This compound was synthesized by the
procedure described by van Vliet [39] for Ru(tpy)(9EtGua),(PFs). synthesis, with minor
modifications: 30 mg (0.0504 mmol) of RuL1 and 27.11 mg(3 Eq, 0.1513 mmol) of 9-ethylguanine
were dissolved in 6 mL ethanol/water (70:30). The reaction mixture was kept under reflux for 24 h.
After reflux, the volume of the solution was reduced by a half by rotary evaporation and 1.5 mL of
aqueous saturated NaClO, solution was added. After two days the formed solid was collected by
filtration, washed with plenty of cold water, cold chloroform and dried with dry diethyl ether. Yield:
70.85 % (0.03571 mmol, 37.36 mg). X-ray quality crystals were obtained by slow evaporation of a
concentrated solution of RuL1-2(9EtGua) in methanol. Elemental analysis for RuCzgH47N13Cl.044:
Calculated (%): C, 44.79; N, 17.41 and H, 4.53. Found (%): C, 44.82; N, 17.28 and H, 4.78. ESI-
MS: m/z=946.75, [RuL1-2(9EtGua) - 1CIO,]", where calculated m/z=946.41; m/z=927.74, [RuL1-
2(9EtGua) - 1H,0 - 1CIO,]", where calculated m/z=928.39; m/z=434.73, [RuL1-2(9EtGua) + 1H,0
- ZCIO4]2+, where calculated m/z=432.47 and m/z=413.80, [RuL1-2(9EtGua) - 1H,0O - ZCIO4]2+,
100%, where calculated m/z=414.47. IR: 3340, 3200-2900, 1661, 1634.4, 1603.5, 1568-1423,
1081.5, 622 and 374 cm™.UV-Vis in methanol (Amax(l0gewm)): 317(4.01), 363(3.93), 477(3.76) and
552(3.2). '"H NMR (300 MHz, methanol, 294 K, s=singlet, d=doublet, t=triplet and m=multiplet):
6=8.44(s, 2H, Hs and Ha,), 8.40(d, 2H, H, and Ha,), 8.06(t, 1H, Hs), 6.77(s, 4H, H;, Hzs, He and
Hoa), 6.68(s, 2H, H4s and Hyg,), 4.61(broad s, 4H, Ns-H), 3.94(m, 4H, 2H19 and 2Hg,) 2.22(s, 6H,
3H12 and 3H123), 132(3, 12H, 3H11, 3H11a, 3H13 and 3H13a) and 1.17 ppm (t, 6H, Hzo and H20a)-

Caution: perchlorate salts of metal complexes with organic ligands are potentially
explosive. Only small amounts of the compound should be prepared and handled with great care.

4.3 Results and discussion
4.3.1 Synthesis and characterization of the bis(arylimino)pyridine ligands

The series of ligands was selected with the aim to obtain information in regard to the
influence of the ligand electronic and steric factors in the Ru(lll) compounds anticancer activity.
The preparation of the bis(arylimino)pyridine ligands, L1, L2, L3 and L4 was achieved applying
reported procedures or procedures with small modifications and all of them are described in the
experimental section. Condensation of 1 equiv. of 2,6-bis(aldehyde)pyridine with 2 equiv. of the
required aniline [42] to produce 2,6-bis(arylimino)pyridine ligands is the most commonly used
synthetic procedure. A few earlier results have been reported [47, 67, 68] related to the rich
chemistry developed by these bis(imino)pyridine ligands, which is result of the many favourable
reactive sites (figure 4.1), including the nitrogen and carbon centres of the imine moiety as well as
the pyridine ring. Little attention has been given to changes of the substituents at the imine
carbon, although most of the earlier research has been directed to bis(imino)pyridine frame
modifications in the groups attached to the imino nitrogen [47]. Some synthetic strategies for the
preparation of bis(imino)pyridine derivatives with different symmetry are known; for instance, the
method of reacting 2,6-bis(acetyl)pyridine, first, with 1 equiv. of a substituted aniline and
subsequently with 1 equiv. of either a primary amine or a different aniline has been successfully
applied in the synthesis of (2-arylimino-6-alkylimino)pyridines or 2,6-bis(arylimino)pyridines [42,
69-71]. Variable substitution patterns on the aryl rings bound to the imine nitrogen atoms can
easily be obtained, as well as different substituents located in the pyridine moiety. For instance,
the introduction of a bulky alkyl group at the 4 position in the pyridine ring (para with respect to
the nitrogen atom) that can impair a better hydrophobic nature could be easily obtained through a
radical attack [72], or to double the 2,6-bis(imino)pyridyl moiety to give polydentate ligands (6N)
capable of coordinating two metal centres [73]. All these possibilities clearly underline the facile
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tunability of the chemical and physical properties of the ligands by themselves, but also of the
coordination compounds formed with them, which finally will be reflected in the cytotoxicity. The
2,6-bis(aryliminomethyl)pyridine ligands (figure 4.2), used in the synthesis of the Ru(lll)
compounds discussed here, were prepared in one single step with high yields from the
condensation of two equivalents of the proper aniline with one equivalent of 2,6-
pyridinedicarboxaldehyde (Figure 4.4).

Dry solvent AN
molecular sieves |
H+ 2 /
reflux |

L1: R1=R2=R3=CH,
L2: R1=R3=isopropyl, R2=H
L3: R1=R3=H, R2=CH,
L4: R1=R2=R3=H
Figure 4.4 Schematic representation of the synthesis of L1-L4.

All four 2,6-bis(arylimino)pyridine derivatives synthesised were found to be air-stable and
soluble in common organic solvents. L1-L4 were fully characterized by elemental analysis, 'H
NMR, mass spectroscopy, and IR and UV-Vis studies as well, and the results agree with data
previously reported. In addition, L1, L2 and L3 were studied by X-ray diffraction studies (selected
data are included in Appendix A). For all cases, the spectroscopic properties are in accordance
with their formulation and the relevant data are summarize in table 4.1 and the numbering
corresponding to the 'H NMR assignment is presented in figure 4.5.

All the ligands display molecular ion envelopes of high to medium intensity in their positive
ESI mass spectra, confirming the nature of all compounds. Characteristic trends in the
fragmentation patterns of the ligands can be observed (table 4.1). Fragmentation ions interacting
with solvent molecules could be proposed, as well as the presence of starting materials ions. All
the peaks exhibited the correct isotopomer distribution.

IR spectra of L1-L4 displayed characteristic frequencies in the range 4000-400 cm™ (table
4.1). The functional groups, C=N(imino), C=C and C=N(pyridine) stretching modes were observed
in this range. From IR data, a shift to lower frequencies for the C=N(imino) bond stretching
vibration is observed when comparing the gradual reduction in the number of methyl groups in the
aryl moieties. Then the C=N(imino) stretching band has a high frequency value when electron-
donating groups are in conjugation. A typical conjugated C=N stretching band appears as a sharp
peak around 1640 cm™ [74-77]. The intensity of this stretching vibration is larger when comparing
with the C=C stretching vibration because of the C-N polarity.

Table 4.1 Spectroscopic data for the ligands.

Ligand IR (vC=N,cm?)® 'HNMR® ESI-MS (m/z)°

L1 1640 8.43(d, 2H, Hz, Hza), 8.41(s, 2H, H4, Haa), 8.23(t, 465.23(465.61)
1H, Ha), 6.93(s, 4H, H7, Hza, He, Hea), 2.26(s, 6H,
3H12, 3H123) and 2.12 ppm (s, 12H, 3H44, 3H114,
3H13, 3H13a)

L2 1636 8.47(d, 2H, Hz, Hai), 8.42(s, 2H, He, H1g), 8.29(t, 454.33(454.68)
1H, Ha), 7.17(m, 6H, Ho, H1o, H11, H2z, H23, Ha4),  549.38(549.78)
2.97(m, 4H, Hyz, Hie, Has, Hzo) and 1.15 ppm (d,
24H, 3H14, 3H15, 3H17 3H1s, 3H27, 3H28 3H30, 3H31)

L3 1624 8.74(s, 2H, Hs, Hsa), 8.32(d, 2H, Hs, Haa), 8.19(t,  313.94(314.41)
1H, Ha), 7.34(m, 8H, Hs, Hea, Ho, Hoa, Hi1, Hita,  335.95(334.94)
Hiz, Hi2a) and 2.37 ppm (s, 6H, 3H1s, 3H13a) 376.92(375.98)
L4 1628 8.69(s, 2H, Hs, Hsa), 8.30(s, 2H, Hs, Hsa), 7.95(t, 285.96(286.36)
1H, Hs) and 7.34ppm(s, 10H, He-12, Hea-12a) 307.98(306.88)

348.98(347.94)

2 Solid, imino group ° In DMF deuterated, 294 K, s=singlet, d=doublet, t=triplet and m=multiplet,® Simulated
masses are presented in parenthesis
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Figure 4.5 Schematic representation of 2, 6-bis(arylimino)pyridine ligands synthesized with the numbering used in
the assignment of the resonance peaks. Hydrogen atoms in the methyl moieties have been omitted for clarity.

The strong C=N(pyridine) bond stretching vibrations are detected around 1580 cm™,
although no relevant shifts in these stretching vibrations frequencies are observed among the
ligands. Upon coordination important shifts are expected to be observed due to the participation of
the pyridine ring in coordination with the metal. In fact, it has been reported that upon complex
formation, the pyridine vibrations in the high frequency region are not appreciably shifted, whereas
those at 600 (in-plane ring deformation) (ppyridine) and 500 cm™” (out-of-plane ring
deformation)(poyt pyridine) are shift to higher frequency [78]. Other important peaks related to the
aromatic nature of these ligands are located in the frequency range of 790-650 cm™. The pattern
of substitution in the aromatic rings could be described by the peaks located in this range. The
assignment of selected bands and frequencies are summarized in table 4.2.

Table 4.2 IR assignment of selected peaks in 2,6-bis(arylimino)pydirine ligands.

Peaks Frequencies (cm™)
L1 L2 L3 L4
v (C=N)imino 1640 1636 1624 1628
v (C=N)pyridine 1565 1587-1560 1575 1591
v (C=C) 1481-1451 1456-1445 1501-1464 1484-1460
ppyridine 643 668 632 644
Pout Pyridine 506 526 517 518
aryl substitution 852-815 866-714 873-708 816-692

One of the most powerful spectroscopic methods for the structural determination of these
organic molecules is the NMR. The 'H NMR spectra from the ligands discussed here, the
corresponding assignment of peaks and general data are condensed in figure 4.6 and table 4.1.
From the "H NMR spectra, several patterns are observed. In all cases, the clean spectra indicate a
high purity of the samples. The assignment of each peak was obtained through the integration
values, multiplicity of signals, deshielding effect in the hydrogen atoms close to the nitrogen atom
in the pyridine ring and 2D "H COSY experiments. Due to the symmetry in these molecules, the
spectra are relatively simple (figure 4.6).

The relevant feature of these '"H NMR spectra, is the appearance of four sets of hydrogen
atom resonances corresponding to the protons in the pyridine ring, the aryl ring, the imino- and the
methyl-aryl moieties. For each of the four ligands, the set of protons corresponding to the pyridine
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ring appear in the range of 7.9-8.5 ppm, showing the expected multiplicity and integration values
(table 4.1 and figure 4.6). The resonance peaks are located in the downfield region of the spectra
due to the electronegativity of the nitrogen in the heterocyclic structure. The resonance peaks, in
the spectral region from 6.8-7.4 ppm, corresponding to the aryl protons, present the expected
multiplicity and integration values as well [40, 49, 67, 79].

The signals for the imino protons (H-C=N) appear as singlets. They are observed in the
region 8.7-8.3 ppm which is typical for this group [79-82]. There is an upfield shift for this signal
with the increasing electron releasing nature of the aryl rings, directly connected through the imino
nitrogen. The more methyl substitution is present in the aryl ring, the more upfield shift effect.

The methyl moieties in the aryl ring, at the para position, show a resonance peak in the
range 2.2-2.4 ppm, as seen in the 'H NMR spectra of L1 and L3. The methyl and isopropyl
moieties localized in the ortho position are magnetically equivalent and show a resonance peak in
the higher field region of the spectra. The multiplicity observed for the isopropyl-resonance peak,
could be explained due to the coupling with the hydrogen atom bound to the carbon atom directly
connected to the aryl ring.

2 £ Hs, Hga, Ho, Hoa, 4
1) ) H1'U: H1Ua: H11! H11a
e Hiz, Hi2a L4
3H13, 3H13a
Ha: HSEs Hg: HQ@:
Hi1, Hita, Hiz, Hiza 3
L3
_
Ho, Hio Hy, 8 L2
H221 HZS! H24 Ite)
T 3H44, 3H15
: 3H7, 3Hsg 2
T 3Ho7, 3Hzs,
f 3Hs0, 3Haq
L1
3Hi2, 3H124
Hy, Hya, Ho, Hoa, 3H11, 3H11a
[ M DMF 3H13, 3H134 1
A

90 85 80 75 70 65 30 25 20 15 1.0
f1 (ppm)

Figure 4.6 "H NMR spectra of all the 2,6-bis(arylimino)pyridine ligands synthesised and characterized. L1, L2 and L3
spectra are measured in deuterated dmf, while L4 is measured in deuterated chloroform. Numbering describing the
assignments could be consulted in figure 4.5.
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The absorption spectra of all the 2,6-bis(arylimino)pyridine ligands in the UV-Vis region
were recorded using a Varian CARY 50 UV/VIS spectrophotometer operating at room
temperature. The electronic spectra had to be recorded in freshly prepared dmf solutions, due to
the poor solubility in water. The UV and Visible absorption spectra of the compounds under
investigation display one or two bands in dmf within the range 270-400 nm. The UV-Vis spectra of
all compounds are essentially consisting of n—>r -transitions in the range 270-400 nm with high
molar absorption coefficients. The detailed information is fully described in the experimental
section and the UV-Vis spectra of the ligands are depicted in figure 4.7 and condensed data in
table 4.3. The first band, at 250-300 nm could be assigned to the moderate energy n— -transition
of the aromatic rings, while the second band 310-360 nm is due to the low n— -transition of the
azomethine group [82].

Important to notice again is the influence of the methyl moieties attached to the aryl rings in
the electronic spectra. When the methyl group is attached to the aryl moiety, at ortho and/or para
position, a significant bathochromic shift is observed in the intraligand charge-transfer transitions,
as clearly visible in the case of L1 and L2 when comparing with unsubstituted L4 or partially
substituted L3 (para substitution). This effect may be explained as a result of the increased n-
electron density, although interactions with the solvent could not be discharged. The increase in
electron density in the ligands generates a moderate decrease in the molar absorption coefficient,
particularly higher in the transitions of the imine group (table 4.3).
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Figure 4.7 UV-Vis spectra of L1, L2, L3 and L4 in dmf at 294 K; [L1]=0.148mM, [L2]=0.037mM, [L3]=0.0213mM and
[L4]=0.0187mM.

Table 4.3 Electronic spectral data for the 2,6-bis(arylimino)pydirine ligands.

Transitions nature Wavelength [log ev] (nm)

L1 L2 L3 L4
=T 300.1[3.67] 285[4.02] - -
T—>TT 356[3.69] 352[3.42] 327[4.34] 313[4.33]

Slow diffusion of water in concentrated dmf solutions of the ligands produced crystals that
were suitable for diffraction studies and confirmed the structures depicted with data obtained from
the other characterization techniques. Figures 4.8-4.10 present the molecular structure of ligands
L1, L2 and L3. The crystallographic data, selected bond distances and angles are given in
Appendix A. All bond length and angles have comparable numbers is related organic structures.
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Figure 4.8 Molecular structure of the asymmetric unit of L1 and atom numbering.

s
54 81 cmaQ.%\ CIER
C73 C@: ()

®

cmdﬁ’ &

Figure 4.10 Molecular structure of the asymmetric unit of L3 and atom numbering.

4.3.2 Synthesis and characterization of bis(arylimino)pyridine-Ru(lll) compounds

The compounds of formula [RuCls(L)]x(H.O), where L=L1=2,6-bis(2,4,6-trimethylphenyl-
iminomethyl)pyridine, L2=2,6-bis(2,6-isopropylphenylimino methyl)pyridine and x=0 or 1
(abbreviated as RuL1 and Rul2 respectively) were synthesized in good yields by treating
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RuCl;3H,0 with the corresponding ligand in a refluxing ethanol:water mixture. Despite promising
catalytic properties and increased attention to the study of such metal-ligand systems [45],
attempts to synthesize Ru compounds with 2,6-bis(imino)pyridine ligands and different starting Ru
compounds have remained largely unsuccessful [83]; in fact only one related Ru compound has
so far been described in the literature [83, 84]. The establishment of the best experimental
conditions described in this thesis was achieved through several experiments and analysis of the
products. The reactions described here, present remarkable high yields (80-90%), contrary to
procedures previously reported in the literature [83, 84]. The isolation of solids (neutral
compounds), due to the presence of an excess of chloride ions (HCI), must be the key factor for
these high yield results.

Applying the same experimental conditions for the isolation of Ru(lll) derivatives of L3 and
L4 (the less bulky ligands), has remained unsuccessful, probably due to redox processes and
formation of several by-products like the bis-chelate derivatives of Ru(ll). Such a behaviour has
been observed for the related 2,6-bis(arylimino)pyridine-Fe(lll) system [85]. In this iron system, it
appears that the formation of mono- versus bis-chelate complexes is anion dependent, as was
noted previously for the FeCl, vs. FeBr, compounds of bis(imino)pyridine ligands containing small
substituents in the imino moiety, such as phenyl and also for terpyridine iron(ll) compounds [44,
49, 85, 86]. Only in the case of sufficiently bulky 2,6-disubstituted phenyl groups, bis-chelate
formation could be prevented completely. Further attempts in the synthesis of Ru(lll)L3 and
Ru(llL4 compounds were then postponed as a wide range of possibilities were immediately
suggested just for RuL1 and RulL2; therefore the following discussion comprises these last 2
Ru(lll) derivatives.

Ruthenium monoterpyridine complexes have received considerable research attention
primarily due to their strong metal to ligand charge transfer transitions, facile electron-transfer
properties and long-lived *MLCT excited states and these in combination make them attractive for
designing photo- and electrochemical devices [87-92]. It is of particular interest that the electronic
nature of the ancillary functions in the ruthenium monoterpyridine core plays an important role in
directing their chemical and electrochemical properties

The 2,6-bis(arylimino)pyridine ligands, described in this project, are symmetric
heteroaromatic tridentate ligands, which coordinate through the pyridine and imino nitrogen atoms,
forming stable five-membered chelating rings (see Figure 4.3). 2,6-bis(arylimino)pyridine ligands
are considered capable of acting both as s-donor and as n-acceptor. The pyridine ring contributes
with its intermediate n—acceptor properties, while its nitrogen is a relatively weak o-donor. The
imino group has a reduced oc-donor ability, but possesses enhanced m-accepting properties
through the imino =*-orbital. The nitrogen of the pyridine ring in these 2,6-bis(arylimino)pyridine
ligands resembles the coordinating properties of the pyridine group in the closely related ligand
terpyridine, which means that the nitrogen is a weak s-donor and an intermediate n-acceptor. The
imino nitrogen atoms are also weak c—donors, but in general, the n—accepting properties of the
imino nitrogen atoms are better when compared to the terpyridine nitrogen atoms [84, 93]. Due to
the close similarities between both types of ligands, comparisons could be elaborated but with
special caution as unique properties have been observed once the 2,6-bis(imino)pyridine
compounds are coordinated to the metal [54].

In general terms, the compounds contain 1:1 metal to ligand ratio (figure 4.3) and three
chloride ligands are completing the octahedral arrangement. RuL1 and RuL2 were characterized
by a variety of techniques including elemental analysis, ESI-MS spectrometry, UV-Vis, IR, EPR
and "H NMR spectroscopy. The elemental analyses were found in agreement with the proposed
structures and stressed the purity of the samples. The compounds are scarcely soluble in water,
ethanol and methanol, but they are highly soluble in polar organic solvents such as dmso, dmf and
slightly soluble in acetonitrile.

From IR studies, several changes were observed in the spectra of RuL1 and RuL2 when
comparing with the corresponding free ligands spectra. Table 4.4 summarizes some selected IR
peaks, the corresponding assignment and frequencies in the mid-IR region, confirming the
presence of the ligand and coordinating to Ru. A sharp vibration peak assigned to the v(Ru-Cl)
stretching mode was observed in RuL1 at 325 cm™, and in RuL2 at 318 cm™; these values are
also in accordance with the proposed structure [88, 90, 94].
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For comparison reasons some IR bands present in [Ru(tpy)Cl3] (tpy=2,2":6’,2"-terpyridine)
are also included. The C=N bond stretching frequency in [Ru(tpy)Cls] is present at higher values
when comparing the values for RuL1 and RulL2. This effect could be attributed to the reduced
backbonding effect in terpyridine [84, 95, 96]. Similarly, when comparing data of the Ru-Npy bond
stretching frequency of [Ru(tpy)Cls], lower values are found than the values found for RuL1 and
RuL2; this means also a reduced backbonding effect of terpyridine in comparison with L1 and L2.

So the IR spectra of RuL1 and RulL2, upon coordination are changed as follows: the strong
HC=N(imino)bond stretching vibrations of the ligands is quite decreased in intensity, which is
clearly associated to metal coordination. The sharp band at 1640 cm™ assigned to the v HC=N
stretching mode of the imino moiety is shifted to lower frequency in RuL1 (1595.5 cm™) and
comparable values are observed in case of RuL2. This shift supports the participation of the imino
nitrogen in binding to the metal ion. Although small shifts are observed for the C=N(pyridine) bond
stretching vibrations at lower frequency (RuL1 and RulL2), they are compatible with coordination.
As expected, the changes are not so dramatic in the high-frequency region [78]. On the contrary
the changes in the pyridine vibrations in the low frequency region are easily assigned for both
coordination compounds. For instance, the rocking (p) pyridine vibrations (around 650 cm™), in the
free ligands, are shifted to lower frequency (75-35 cm™) in the coordination compounds. The
series of weak bands between 3100 and 2800 cm™ are related to (C-H) modes of vibration. Also,
some weak bands located between 2000-1750 cm™ can be assigned to overtones of the aromatic
rings. The bands appearing at 374.3 cm™ for RuL1 and 390 cm™ for RuL2 can be attributed to v
(M-N) bond vibration of the pyridine nitrogen-Ru atoms; the bands appearing around 600 cm™, can
be assigned, to v (M-N) bond vibration of the imino nitrogen-Ru atoms. Finally the strong peaks at
325 and 328 cm ' are attributed to the Ru-Cl stretching bond vibration, values that are also
comparable to other Ru(lll) with chlorido-ligands in meridional conformation [97].

Table 4.4 IR assignment of the ligands L1 and L2 and RuL1 and RuL2 complexes. Selected peaks only.

Peaks Frequencies (cm™)
L1 RulL1 L2 RulL2 [Ru(tpy)Cls]
v (HC=N) 1640 1595.5 1636 1590 -
v (C=N)pyridine 1565 1540 1587-1560  1550-1540 1595
v (C=C) 1481-1451  1476-1440 1456-1445 1476-1457 1471-1387
p pyridine 642 606.8 668 593 644
Pout Pyridine 505 452 526 474 432
aryl substitution 852-815 859-816 866-714 816-746 821-730
v Ru-Npy - 374.3 - 390 358
v Ru-Nimino - 607-586 - 593 -
vRu-Cl - 325 - 328 310

The absorption spectra for the ligands and their complexes, in the UV-Vis region, were
recorded using a Varian CARY 50 UV/VIS spectrophotometer operating at room temperature. Due
to the poor solubility in water of RuL1 and RuL2, freshly prepared dmf solutions (0.148 mM and
0.136 mM) were analyzed by this technique. The spectra of RuL1 and RulL2 are characterized by
intense peaks in the region that comprises 200-700 nm. The spectra in the visible region are
dominated by the expected d—n MLCT bands and in the UV region by ligand-centred n— -
transitions. The bands appearing at 317 nm (logey=3.74) and 390 nm (logey=3.80), for RuL1, and
at 293 nm (logey=3.78) and 387 nm (logen=3.72), for RuL2, are considered mainly as intraligand
charge-transfer transitions, as they have high molar absorption coefficients and have been
observed in the free ligands as well (Figure 4.11). The energy of the n—n -transition in free L1 (at
300 nm and 356) is lower for RuL1 (at 317 nm and 390), which is consistent with coordination of
L1 [97]. The same effect could be observed in case of the free L2 and RuL2. The transitions
observed in the visible region in these compounds, are comparable to other Ru(lll) complexes
involving nitrogen donor molecules [87, 88, 97-99]. The lowest energy absorption bands at 482
and 509 nm for RuL1 and RuL2, respectively, are assigned to the spin-allowed dn(Ru(lll))—r*(L1
and L2) MLCT transition, with shoulders at 594 and 613 nm respectively.

The lowest energy drn(Ru(lll)) »>r*(L) band is observed for RuL2 at 509 nm. This red shift,
when comparing to RuL1 band (482 nm), could be related to the presence of the electron-
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releasing isopropyl moieties at ortho position of the aryl ring, directly interacting with the imino
nitrogen atoms in L2.

For comparison, the Anax for the analogous compound [Ru(tpy)Cls] at 282(logey=4.17),
315(logem=4.20), 412(logeny=3.66) and 482.7(logey=3.33) nm, are mentioned. Similar values to
both RuL1 and RuL2 are observed, an indicator of the close similarity of the electronic nature of
these Ru(lll) compounds (spectra not included). The MLCT band maximum of [Ru(tpy)Cls] is
located at almost the same wavelength than that of RuL1 and RuL2. This small difference can be
explained by considering that the energy gap between electronic levels is almost unchanged
between [Ru(tpy)Cls] and the RuL1 and RuL2 systems, despite the better n-acceptor properties of
L1 and L2. A related effect in other Ru compounds has been reported for systems containing
terpyridine- and benzimidazole-containing ligands [100].
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Figure 4.11 Absorption spectra of RuL1 and RuL2 in dmf along with their corresponding free ligands at 294 K.

The ESI-MS spectrum of RuL1 exhibits a positive peak at m/z=582.07 (calc, 582.44),
which corresponds to the cationic structure, [Ru(C25H27N3)(CH30N)CI2]1*. A  mixture of
CH3;CN/H,0, 80:20 was used as eluent. The MS peak exhibits the correct isotopomer distribution
as expected from the number of chlorine atoms and the Ru isotope distribution. In analogy, the
ESI-mass spectrum of RuL2 exhibits one major positive peak at m/z = 666.18 (calc, 666.70) which
corresponds to the structure [RU(C31H39N3)(CH3CN)C|2]1+, in the same eluent; also this peak
exhibit the correct isotopomer distribution.

Although RuL1 and RuL2 are paramagnetic, '"H NMR spectroscopy can provide important
structural information for such compounds [101, 102]. Figure 4.12 shows the 'H NMR spectrum of
RuL1 and the corresponding assignment of peaks. Due to its paramagnetic nature, the spectrum
of RuL1 shows 6 paramagnetically shifted and broadened peaks that were assigned on the basis
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of integration and proximity to the paramagnetic Ru centre; these peaks are distributed in a wide
frequency range. Due to the symmetry in the complex, the protons forming part of the structure
are magnetically equivalent in pairs, so only 6 resonances are observed in the spectrum. Striking
similarities have been observed for paramagnetic compounds of Co and Fe with similar
bis(imino)pyridine ligands [42, 45, 67]. The lost of multiplicity is attributed to broadening due to the
proximity of the paramagnetic centre. The integration values are in agreement with the proposed
structure (assignment data: 6=4.636(s, 4H, H7, Hza, Hg and Hg,), 1.5983(s, 6H, 3H> and 3H12,), -
1.850 (broad s, 2H, H, and Hyy), -2.417(broad s, 12H, 3H44, 3H414, 3H43 and 3H43,), -4.291(broad s,
1H, H3) and -27.850 ppm (broad, 2H, Hs and Ha4,)). The strong coordination of the aryl-substituted
imine arm to the paramagnetic ruthenium centre is confirmed by the large upfield shift (6=-27.850
ppm) of the N=C-H resonance, as well as its broad linewidth. Particular attention should be
directed to the resonance of the hydrogen atoms, H41 and H43, belonging to the methyl moieties in
the aryl group, as they present a high field shift and display a very broad linewidth, suggesting that
this aromatic ring is spatially very close to the paramagnetic ruthenium centre. The presence of
just one signal for the methyl group protons located at the ortho position in the aryl ring suggests a
free rotation about the N-C axis. The very clean spectrum indicates a high purity of the sample. No
relevant change in the spectrum was found after several hours at 298 K. Only, after 9 days a
partial reduction and probably coordination of solvent is observed. The powder EPR of the solid
RuL1 just shows a single very broad, uninformative line centred at g = 2.10

8.015
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335
518
449
388
911
736
291
598

-1.850

-2.417
-4.291
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Ho, Hy dmf
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Figure 4.12 "H NMR spectrum of the paramagnetic compound, RuL1, and corresponding assignment recorded in
deuterated dmf at 294 K. For clarity reasons, in the schematic representation, the hydrogen atoms belonging to the
methyl groups are not depicted. A trace of water is visible at 3.38 ppm.

Closely comparable results were obtained in case of the paramagnetic RuL2 as observed
in Figure 4.13, which shows the 'H NMR spectrum of RuL2 and the corresponding peaks
assignment. The spectrum of the paramagnetic RuL2 shows 7 paramagnetically shifted and
broadened peaks that were assigned, on the basis of integration and proximity to the
paramagnetic Ru centre, and which are distributed in the range from 6 to -29 ppm. Due to the
symmetry in the complex, the protons forming part of the structure are magnetically equivalent in
pairs, so only 7 resonances are observed in the spectrum. The integration values are in
agreement with the proposed structure (assignment data: 6=4.93(s, 4H, Ho, H44, H2x and Hay),
0.57(8, 2H, H1o and H23), -1.24 (broad S, 24H, 3H14, 3H15, 3H17, 3H18, 3H27, 3H28, 3H30 and 3H31), -
1.90(broad s, 2H, H,, and H,), -4.25(broad s, 1H, Hs), -6.40(broad s, 4H, H43, H1s, Has and Hyg),
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and -28.53 ppm (broad, 2H, Hs and Hg)). Again, coordination of L2 to the metal centre, through
the imino nitrogen, is confirmed by the large upfield shift (6=-28.53 ppm) of the N=C-H resonance
peak as well as its broad linewidth. The isopropyl moieties in the aryl rings are also affected by the
paramagnetic nature of Ru(lll) as they show a high field shift, which probes also their magnetically
equivalence. The same effect could be detected in case of the resonance peaks of the hydrogen
atoms in the pyridine ring, which probes that coordination of L2 is taking part. Important to mention
is the subtle influence of the electron-releasing isopropyl groups that generates, higher upfield
shift of the resonance peak assigned to the imino function (Hs,H19) when comparing with the
equivalent resonance peak in RuL1 (H,). The powder EPR of the solid RuL2 just shows a single
very broad, uninformative line centred on g = 2.05.

The very clean NMR spectrum indicates a high purity of the sample. No relevant change in
the spectrum was found after several hours at 298 K. Only, after 5 days a partial reduction and
probably coordination of solvent is observed.
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Figure 4.13 "H NMR spectrum of the paramagnetic compound, RuL2, and corresponding assignment, recorded in
deuterated dmf at 294 K. In the schematic representation, the hydrogen atoms belonging to the isopropyl groups have
been omitted for clarity. A trace of water is visible at 3.38 ppm.

The proton resonance peaks of the hydrogen atoms localized in the pyridine central moiety
in [Ru(tpy)Cls] are differently affected by the influence of the paramagnetic metal centre as
observed from the magnetic shifts. While the para hydrogen atom in the central pyridine in tpy is
substantially affected by coordination to the paramagnetic Ru(lll) (-23.188 ppm), the hydrogen
atoms at the meta positions are less affected (5.455 ppm). When comparing with the
paramagnetic influence generated in RuL1 and RuL2, it is clear that, reduced paramagnetic effect
is observed in the hydrogen at para position in the pyridine moiety while higher effect is observed
in the hydrogen atoms in meta position. This effect could be attributed to the increased =-
accepting ability of the imino moieties in L1 and L2 once coordinated to Ru, in comparison with the
pyridine moieties in 2,2":6’,2"-terpyridine (Table 4.5).

Even though single crystals of the Ru(lll) compounds described above have not been
obtained and therefore the structures of the compounds cannot be given in detail, the conclusions
reached upon application of the spectroscopic techniques, strongly suggest that coordination of L1
and L2 takes place in a near-octahedral meridional geometry through the pyridyl and imino-
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nitrogen atoms in a tridentate mode with three chloride ligands completing the octahedral
coordination.

Table 4.5 Selected 'H NMR shifts(ppm) of the Ru(lll) compounds, RuL1, RuL2 and [Ru(tpy)Cls] in deuterated dmf at
294 K. In the schematic representation, the chloride ligands have been omitted for clarity.

H3
H2a | N H2
P
PN . .
N-.._ ! .-N N
Ru
[Ru(tpy)Cl,]
RuL1 RuL2
Hz, Hza: -1.850 ppm Hz,Hs: -1.898 ppm Hs,Hs: 5.455ppm
Ha: -4.291 Ha: -4.382 H,: -23.188

4.3.3 DNA model base interaction

Although the mechanism of action of the cytotoxic Ru compounds is not yet elucidated in
detail, a direct interaction with DNA is a likely possibility, among other mechanisms [17, 38, 103-
106]. In order to shed some light on the coordination interactions between the ruthenium
compounds studied in this project and DNA, the reaction with the model base 9-ethylguanine
(9EtGua) was studied in detail. Even though this model reaction does not mimic the real
interaction with DNA in the cells, it provides useful information on the reactivity of the complex,
leaving-group liability and structural characteristics of the adduct formed. Furthermore, the
ruthenium-nucleobase model complex formed could be a useful reference compound for the
identification of analogous guanine adducts in the cells.

The experimental procedure followed for the synthesis of RuL1-2(9EtGua) was similar to
the procedure describe for the synthesis of a closely related Ru compound
([Ru(tpy)(9EtGua)(H-0)](PFs).) synthesized by van Vliet [39]. The reduction of Ru(lll) takes part
without any familiar reducing agent, reactivity that has been observed in other cases [39, 97]. It
appears that ethanol may serve as the reducing agent and the coordination of the nitrogen-donor
model base must favour even more the reduction process as the donor properties tend to stabilize
the Ru(ll)-oxidation number. The compound aquobis(9-ethylguanine)(2,6-bis(2,4,6-trimethylphenyl
iminomethyl)pyridine)ruthenium(ll) perchlorate, abbreviated as RuL1-2(9EtGua), was prepared, in
good yields, by treatment of RuL1 with 3 equivalents of 9EtGua in ethanol: water (see
Experimental Section) as shown in figure 4.14. The compound was characterized by a variety of
techniques including elemental analysis, ESI-MS spectrometry, UV-Vis, IR and 'H NMR
spectroscopy. In addition, RuL1-2(9EtGua) was studied by single-crystal X-ray diffraction.

Several experimental conditions were applied to force the coordination of 9EtGua to RuL2.
Despite some chemical evidence ('"H NMR and UV-vis spectra, not shown) was suggesting the
transformation of the starting materials, all attempts for the isolation of solid products remained
unsuccessful. The reduced reactivity of RuL2 could be the result of steric factors, such as the
bulky isopropyl substituents at ortho position in the phenyl moieties, which can protect the metal
centre from further coordination. Further studies are needed to understand these steric effects.

The elemental analysis of RuL1-2(9EtGua) corresponds with a reduction of Ru(lll) and
coordination of 2 molecules of 9EtGua and one molecule of water to Ru(ll). The IR spectrum
further confirms the presence of 9EtGua and water coordinated to the structure (see table 4.6,
selected peaks only). The most important evidence is the disappearance of the stretching Ru-Cl
vibration peak, once a water molecule is coordinated to the metal, replacing the chloride ligand.
The presence of the symmetric deformation H-OH bond vibration around 1560 cm™ confirms the
presence of water coordinated [78]. Most of the vibration peaks present a shift which could be
interpreted as a result of coordination of 9EtGua and stabilization of the Ru(ll)-oxidation state. The
presence of perchlorate as counterion is evidenced by a strong and broad band near 1080 cm™
and a sharp band near 620 cm™ in the spectra of this compound that obscure other vibration
peaks.
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Figure 4.14 Schematic representation of the synthesis of RuL1-2(9EtGua).

Table 4.6 Characteristic IR bands (4000-300) and assignments for RuL1 and RuL1-2(9EtGua). Selected peaks only.

Peaks Frequencies
RuL1 RuL1-2(9EtGua)
v (HC=N) 1595.5 1603.5
v (C=N)pyridine 1540 1578-1558
v (C=C) 1476-1440 1506-1460
p pyridine 606.8 Counterion overlapped
Pout Pyridine 452 397
v Ru-Npy 374.3 374
v Ru-Nimino 607-586 Counterion overlapped
v Ru-Cl 325 -
vs (H-OH) 3200 3300-3200
8s (H-OH) 1595.5 1568 coordinated
vs (O-CIO3) - 1081.5
622

The ESI-MS spectrum of RuL1-2(9EtGua) exhibits four main positive peaks, all them
confirming the presence of the proposed compound and with similar pattern than the analogous
compound [Ru(tpy)(9EtGua),(H,0)](PFe)23H-.O [39] mass spectrum. The MS peaks exhibit the
correct isotopomer distribution mainly derived from a single Ru atom.

Peak #1 RT: 0.55 min S$B: 0.09-0.29 (15)
counts
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Figure 4.15 ESI-MS positive ion spectrum from RuL1-2(9EtGua) (m/z in Da). See experimental section for
calculated data. Magnified details of selected fragments are shown in the inset.
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The electronic spectrum of RulL1-2(9EtGua) shows broad and intense visible bands
between 400 and 600 nm due to MLCT transitions (figure 4.16). The MLCT bands located at 477
and 552 nm, in case of RulL1-2(9EtGua) resembles the typical MLCT bands of a Ru(ll)-tpy
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coordination compound [92, 98, 99, 107, 108], which is a good indicator of the similar electronic
nature of these compounds. In addition, intense peaks by ligand-centred n—n*-transitions are
present in the UV region.
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Figure 4.16 Absorption spectrum of RuL1-2(9EtGua) in methanol at 294 K.

The synthesis, stability and isolation of RuL1-2(9EtGua) as a monoaquo compound are
favoured by the intramolecular hydrogen-bonding properties of the 9EtGua molecules. The
compound and ligands display resolved 'H NMR spectra in deuterated methanol, thereby
providing important structural evidence. Figure 4.17 shows the 'H NMR spectrum of RuL1-
2(9EtGua), along with the free 9EtGua spectrum and the corresponding assignments, which were
confirmed by two-dimensional NMR studies. The presence of just a few peaks suggests a high
symmetry in the system. The frequency ranges where the resonance peaks are observed
demonstrate the diamagnetic nature of this compound. The integration values are in agreement
with the proposed structure. The very clean spectrum indicates a high purity of the sample. No
relevant change in the spectrum was found after several days.
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Figure 4.17 "H NMR spectrum of free 9EtGua (a) and RuL1-2(9EtGua) (b) in deuterated methanol at 294 K.
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Overall, the "H NMR spectrum of this diamagnetic RuL1-2(9EtGua) compound displays the
same pattern of resonances present in the free L1 (see Experimental section). The presence of
one signal for the methyl groups, Hi; and Hy3 is consistent with its high symmetry and the
presence of a hindered rotation of the aryl ring about the N-C axis, were also observed in related
compounds of cobalt and iron [70].

The influence of the temperature was recorded in a methanolic solution of RuL1-2(9EtGua)
(figure 4.18). At room temperature (298 K) and at low temperature (218 K), the '"H NMR spectra of
RuL1-2(9EtGua) are very similar, showing just a slight shift of the resonance peaks corresponding
to protons Hg or H; and H4g, and the originally broad peak assigned to the amino group in 9EtGua
(4.61 ppm) shows a well-resolved resonance at low temperature. From all the information just
mentioned, it is clear that in the case of RuL1, two model 9-ethylguanine (9Etgua) bases are
coordinated to the structure in trans configuration, through N7.
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Figure 4.18 Variable temperature 1D "H NMR spectra of RuL1-2(9EtGua) in a temperature range from 218-294K
recorded in deuterated methanol.

-

:
e

dRaR AN

%
o

S S

I
N
I
I
o

e
%

5
5

Crystals of RuL1-2(9EtGua) suitable for X-ray diffraction studies were grown from a
concentrated methanol solution. One dark brown block crystal was mounted on a glass fibre. In
the structure of RuL1-2(9EtGua) (Fdd2, Z = 8), the asymmetric unit contains one half of the Ru
compound, because it is located at sites of twofold symmetry, one counter anion, ClO,, and one
lattice methanol molecule. The structure of RuL1-2(9EtGua) is ordered and its complex cation unit
is shown in Figure 4.19 and all crystallographic data are listed in table 4.7. Table 4.8 includes
selected bond distances and angles for RuL1-2(9EtGua). These results confirm not only the
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chemical structure of RulL1-2(9EtGua), initially described by the previous evidence, but also
confirm the chemical structure of RuL1, the staring material.

Figure 4.19 Displacement ellipsoid plot (50 % probability level) of the asymmetric unit at 150 K. Half of the
compound is symmetry generated via twofold symmetry (the twofold axis runs through the N1 and C3 atoms). For clarity
reasons, the ClO4” counter anion, the lattice methanol molecule and the H-atoms are not depicted.

In RuL1-2(9EtGua), the immediate Ru coordination sphere is a distorted octahedron, with
the major distortion arising via the N2-Ru1-N2a angle, at 156.06 (7)°, which is remarkable similar
to the behaviour observed in Ru(ll)-terpyridine systems [88]. This angle is considerably smaller
than the ideal angle of 180° and the same effect in related Ru(ll) compounds is already reported in
literature [83, 84]. The Ru1-N1 (pyridyl) bond (1.928(2) A) is shorter than the Ru1-N2 (imino) bond
(2.1221(13) A). This shortening could be present to optimize the chelation of L1, as observed in
case of coordination of tpy where the central metal-Npyridine bond shortens while the terminal
ones lengthen, which maintain the typical tpy bite angle around 79 degrees [88, 90]. For RuL1-
2(9EtGua), the bite angle is 78.03(4) degrees.

Table 4.7 Crystallographic data for RuL1-2(9EtGua).

Abbreviation: RuL1-2(9EtGua)
empirical formula C39H47N1303RU-(MeOH),(ClO4)2
Fw 1109.95

crystal symmetry orthorhombic
Space group Fdd2 (No. 43)

a A 25.2350(1)

b, A 30.8420(2)

¢, A 12.2446(1)

BC) 90

V, A3 9529.95 (11)

z 8

T.K 150(2)

Pealed, glem® 1.547

4, mm’’ 0.52

R1° 0.019

wR2" 0.048

GOF 1.06

Apmax, € A 0.30

Apmin, € A7 -0.30

Flack parameter —0.025 (14)

TR1=3| |Fol — | Fel I/ Fol. ” WR2 = (S[W(Fo—Fo* VS IwW(Fo2) ]} "

The double bond character of the imino linkage C4-N2 is retained (1.299(2) A, while for L1
is 1.2494(17) A, see appendix A) although the difference with respect to the aromatic double bond
distance (C1-N1, 1.3612(19) A) is smaller than the difference observed in the free ligand. Another
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important change is the reduction in the C1-C4 bond distance. It is noticeable that the planes of
the substituted-phenyl rings are oriented essentially orthogonal to the plane of the backbone
(76.41°) as observed in other iron, cobalt and ruthenium related systems [67, 84]. The ortho-
methyl substituents in the phenyl rings are not bulky enough to protect the metal centre as
observed in other bulkier substituents as isopropyl [67]. The angle N1-Ru1-O1 is normal for an
octahedral conformation (180.00(2)°).

Table 4.8 Selected geometric parameters (Angstroms, degrees) for RulL1-2(9EtGua).

Distances (Angstroms)

Ru1-N1 1.928(2) C5-N2 1.441(2)
Ru1-N2 2.1221(12) c1-C4 1.440(2)
Ru1-N7 2.0990(12) c1-C2 1.392(2)
Ru1-O1 2.084(2) C5-C10 1.410(2)
C1-N1 1.3612(19) N7-C18 1.319(2)
C4-N2 1.299(2) N8-C18 1.356(2)

Angles ( Degrees)

N1-Ru1-O1 180.00(2) C4-N2-C5  116.09(13)
O1-Ru1-N2 101.97(4) N1-C1-C2  120.74(16)
)
)

O1-Ru1-N7 87.92(4) N1-C1-C4  111.62(15
N1-Ru1-N2 78.03(4)  02-C17-N4  118.00(15
N1-Ru1-N7 92.08(4) N2-C4-C1  118.04(14)
N2-Ru1-N7 85.13(5) N2-C5-C6  119.75(13)

C1-N1-Cla  119.87(19)  C5-C6-C11  121.10(14)

The Ru1-N7 bond distance, 2.0990(12)A, is slightly shorter when comparable with related
structures [109], where the reported Ru-N7 bond distances are found between 2.122 and 2.131 A.
Worth mentioning is that this Ru1-N7 bond distance is intermediate between the values found for
the Ru-pyridyl bond (Ru1-N1, 1.928(2) A) and the Ru-imino bond (Ru1-N2, 2.122(12) A). The
keto group belonging to the 9EtGua moiety is oriented to the centre of the phenyl rings and slightly
bent out of the plane with the 02-C17-C16-C15 torsion angle of 175.71(16)°. It is also important to
stress the fact that the 9EtGua moieties are twisted by 38.53° from the plane describe by Ru1-O1
(torsion angle, O1-Ru1-N7-C16, 38.52(13)°). The relative orientation of the two 9EtGua molecules
is classified as head-to-tail. This energetically less favoured orientation could be related to the
extra stabilization generated by hydrogen bonds D-H~A between the protons belonging to the
water molecule coordinated and the oxygen from keto groups in 9EtGua (O1-H1-02, O1-02 =
2.5436(14) A).

4.3.4 Cytotoxic activity studies

Despite of the large amount of research developed in the study of Ru-anticancer
compounds and, moreover, the introduction of two Ru(lll)-compounds in clinical trials, the
biological mechanism of action of ruthenium complexes is still largely unknown [19].

The most cited hypothesis states that given the kinetically inertness of the Ru(lll)
coordination compounds in comparison with the corresponding Ru(ll) analogues, an “activation by
reduction” mechanism must be involved in the biological activity of some Ru-compounds [2, 10,
110, 111], although direct interaction with DNA or other biological mechanisms could not be totally
discharged [112].

As part of the studies required for the understanding of the principles involved in the
biological activity of this group of Ru(lll) potential anticancer compounds, the determination of the
cytotoxicity represents, nowadays, a controversial topic. It has been demonstrated that NAMI-A
and KP1019, the most promising anticancer Ru(lll) compounds have remarkable different
anticancer properties. While NAMI-A is found to be unable to generate an acute cytotoxic effect
(IC50>100uM), it does inhibit metastasis formation and growth [106, 113] in mouse models. In
contrast, KP1019 develops a moderate cytotoxicity against selected human tumour cell lines
[114].

This peculiar biological behaviour of NAMI-A, that comprises inactivity towards primary
tumours and remarkable activity towards secondary metastasis tumours has stressed the need of
more effective assays for the identification of potential Ru-anticancer compounds. In view of this
information, Dyson et al. [103] concluded that the dominance of the ICsy values as a first screen

Page 112 Synthesis of New Bis(arylimino)pyridine-Ru(lll) Compounds



Chapter 4

for a putative drug should be treated with caution and moreover, the selection of the appropriate
cells targets must become the first task in the study of the Ru-biological activity.

With this conceptual frame, the in vitro cytotoxicity data (ICsy) of some reported Ru(lll)
compounds against different tumour cell lines are summarized in table 4.9.

It is evident from these data that several incubation conditions and cell lines have been
used in order to estimate the cytotoxic activity which makes more difficult any comparison or
visualization of a structure activity relationship. Worth mentioning the fact that for most of the
compounds, the cytotoxicity is rather moderate. Major efforts have been directed in the study of a
structure activity relationship for NAMI-A, KP1019 and chemically related compounds [114-117].
Recent investigations on the antiproliferative activity for KP1019 and related derivatives,
concluded that differences in the cytotoxic activity correlate with the reduction potentials largely,
though not perfectly, which means that other physicochemical properties might be involved [115,
116].

To obtain further biologically relevant information on Ru(lll) compounds, the free ligands
L1-L4, and the compounds RuL1 and RuL2 were evaluated for their capability of inhibiting tumour
cell growth in vitro, using seven human cell lines, i.e. A498, EVSA-T, H226, IGROV, M19, MCF-7
and WIDR. Cisplatin and doxorubicin were used as reference cytotoxic compounds. The resulting
cytotoxic activity (expresses as ICs, values) obtained after continuous exposure of the cells to the
compounds for 120 h is concentrated in table 4.10. The ICs value represents the minimal amount
of drug needed to inhibit 50% of the cancer cell growth.

On the basis of these results, most of the compounds tested show lower cytotoxic effects
than cisplatin, but all compounds present ICs, values within the micromolar range. This is
generally considered as a moderate cytotoxic activity. The only exceptions were 2,2.6,2"-
terpyridine and RulL2 which present higher cytotoxic effect than cisplatin. The presence of
cytotoxic activity by itself probes that all tested compounds are able to travel inside the cells.

Table 4.9 In vitro cytotoxicity assay (ICs values) of several Ru(lll)-compounds from the literature.

Compound L1210% HT29% SK-BR-3" SW480° CH1®  S180" Hela®
[Ru(tpy)Cls]° 8+2
Cisplatin® 1.3x0.4
(Hzim)[trans-Ru(l1l)Cls(Him)(S-dmso)], 339168 472425
NAMI-A®
(Hzind)[trans-Ru(lI1)Cly(Hind)(S-dmso)]° 212+22 169110
(Hatrz)[trans-Ru(l11)Cla(Htrz)(S-dmso)]° 322432 415148
(Hatrz)[trans-Ru(lI)Cls(atrz)(S-dmso)]° 62115 >1000
(Hmtrz)[trans-Ru(l11)Cls(mtrz)(S-dmso)]° 31522 517+70
(Haim)[trans-Ru(I11)Cla(Him)2]* 840
(Hatrz)[cis-Ru(Il1)Cla(Htrz),] 2H,0° 181+21.5  205+27 16415
(Hatrz)[trans-Ru(Il1)Cly(Htrz),]° 127+4.5 169120 11318
(Hzind)[trans-Ru(ll1)Cls(Hind)2], 6313 6614
KP1019'
(H2ind)3[Ru(lI)Clg)® 187+23  103%13
(Haind)z[trans-Ru(ll1Cls(Hind)] 3742 3542
[Ru(llCls(ind)s]® 2.6£0.1 2.5%0.3
[Ru(llNCly(ind)4]CI ° 0.69 0.67
cis-[RuCIz(NHz)s]CI" 63
cis-K[Ru(eddp)Clz]'3H20 30.3' 30.3

@ L1210 Cisplatin sensitive mouse leukemia cell line; HT29 human colon carcinoma cell line; SK-BR-3 human mammary
carcinoma cell line; SW480 human colon carcinoma cell line; CH1 human ovarian cell line; S180 murine tumour line; HelLa
human cervical cancer cell line. ® Results reported by van Vliet [39].Incubation time=72h. tpy: 2,2:6’,2"-terpyridine. °
Results reported by Groessl [116]. Incubation time=96h. Him: 1H-imidazole, dmso: dimethyl sulfoxide, Hind: 1H-indazole,
Htrz: 1H-1,2,4-triazole, Hatrz:4-amino-1,2,4-triazole, Hmtrz: 1-methyl-1,2,4-triazole. 4 Results reported by Arion [117].
Incubation time=24h. ® Results reported by Arion [117]. Incubation time=96h. Htrz: 1H-1,2,4-triazole. Results reported by
Reisner [115]. Incubation time=96h. Hind: 1H-indazole. °® Results reported by Jakupec [115]. Incubation time=96h. " Results
reported by Menezes [118]. Incubation time=24h. ' Results reported by Grguric-Sipka [119]. Incubation time=96h. eddpH,:
ethylenediamine-N,N*-di-3-propionic acid. ' Results reported by Grguric-Sipka [119]. Incubation time=72h, ICgs
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Table 4.10 /n vitro cytotoxicity assay of compounds synthesized incubated during 120 h.

Compound Cell line®, 1Csp (LM)

A498 EVSA-T H226 IGROV M19 MCF-7 WIDR

L1 93.7 23.9 36.3 82.8 57.9 15.0 59.5
L2 107.9 74.4 79.5 137.8 83.8 69.5 1000

L3 85.1 27.3 38.7 75.3 34.5 41.7 2.3

L4 80.9 12.3 20.0 36.0 19.3 244 3.9

tpy 038 0.23 0.25 0.57 0.47 0.23 0.29
RuL1 15.1 11.2 15.2 12.2 12.2 17.1 14.5

RuL2 4.1 4.0 4.3 4.1 3.9 4.3 4.1
[Ru(tpy)Cls] 79.6 67.0 63.7 90.1 68.5 64.0 79.0
cisplatin 7.51 1.41 10.9 0.56 1.86 2.33 3.22
DOX 0.16 0.015 0.37 0.1 0.03 0.02 0.02

@ A498 Human renal carcinoma cell line; EVSA-T Human breast cancer cell line; H226 Human non-small cell lung
carcinoma cell line; IGROV Human ovarian carcinoma cell line; M19 Human melanoma carcinoma cell line; MCF-7
Human breast adenocarcinoma cell line; WIDR Human colon adenocarcinoma cell line.

The cytotoxicity data (ICsp) of the free ligands (L1-L4) indicate that they are not potent
cytotoxic agents; however, some interesting cytotoxicity trends were noted. First of all the
cytotoxic activity data suggest a correlation with the bulkiness of the aryl moiety. L2 with the
isopropyl radicals in ortho position of the aryl moiety presents the poorest cytotoxic effect. By the
contrary the lesser bulky ligands, L1, L3 and L4 show a better cytotoxic activity. The presence of
an electron donating methyl group in para position of the aryl moiety appears to have a limited
influence on the cytotoxicity of the ligands, as only better 1Cs, value for L3 in comparison with L4
(any methyl group) could be detected in the colon adenocarcinoma cell line, WIDR. The potent
cytotoxic properties of L3 and L4 in this cell line stress the need of further studies for this family of
bis(arylimino)pyridine compounds.

The Ru(lll) compounds of both ligands, L1 and L2, show a remarkable cytotoxicity profile.
Comparison between the cytotoxic activity of the free ligands and coordination compounds
demonstrate that in both cases, the biological response is higher for the coordination compound
so the metal has an important influence in the biological activity. In general terms, RuL1(with 1Cs
values ranging from 11.20-17.10 yM) is around four times more active than L1 while RuL2 (with
ICso values ranging from 3.9-4.3 pM) is up to 33 times more active than the corresponding ligand
in certain cell lines. The most dramatic effect is observed in the WIDR cell line, where L2 is found
hardly active, while RuL2 present a potent toxic effect comparable to the cytotoxicity developed by
cisplatin in the same cell line. Only in the MCF-7 (breast cancer) cell line ((ER)+/(PgR)+),
coordination of L1 has a negative impact.

Due to the close structural similarities between RulL1 or RulL2 and [Ru(tpy)Cl;], the
cytotoxic effect of this last compound was evaluated for comparison reasons. The fact that the free
ligand (tpy) is much more active than the Ru compound is the most notorious difference. It is also
important to notice that in general terms, RuL1 and RulL2 show better cytotoxic effect than
[Ru(tpy)Cls] even though all three of them show, in general, remarkably potent cytotoxic activity
than previously reported Ru(lll) compounds (table 4.9).

Worth mentioning is that these three Ru(lll) compounds present quite similar ICsy values in
the different cell lines, which suggests that they must share the same structure activity
relationships.

A slightly higher cytotoxic effect, for RuL1 and RulL2, has been noticed in the cell lines
EVSA-T, IGROV and M19; this may suggest a tissue-selectivity cytotoxic activity.

It is also important to stress that these compounds retain their cytotoxic activity in both
hormone-independent (ER-negative, EVSA-T) and hormone-dependent (ER-positive, MFC-7)
breast tumour cell lines. There is not satisfactory treatment for hormone-dependent breast
tumours, even though they account for about one-third of breast cancer cases [120]. The lack of
selectivity for these family of Ru(lll) compounds could be beneficial so further studies are needed.
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The previous results reveal that the ligand must play a crucial role in tuning the biological
activity of the related Ru(lll) compounds. In contrary to the conclusions observed for the free
ligands, it appears that bulky ligands increase the biological activity upon coordination.

The small structural difference between RuL2 and RulL1, where, RuL2 posses a more
bulky ligand, is enough for the 3-fold increase in the cytotoxic activity.

Although a discussion about the mechanism of activity is still premature, it is clear, that the
biological activity is affected by both electronic and steric factors. It can be proposed that the steric
effects can reduce the rate of hydrolysis or other substitution reactions in the Ru(lll) compound
and, at the same time, the ligand, a bis(arylimino)pyridine derivative, with the imino moieties
(known to have better n-backbonding properties than pyridine) can stabilize more efficiently lower
oxidation states of the metal centre. This last effect of the ligand could have a major effect if the
proposed “activation by reduction” mechanism would take part in the cells.

Clearly, more studies with different cell lines and in vitro studies with biologically relevant
structures, like proteins, DNA and reducing agents, and determination of redox properties are
required. Also structural modifications that improve the solubility properties will be of help.

Due to the potent cytotoxic results obtained for RuL1 and RulL2, and moreover, the facility
of structural modification of the ligand, and as a direct result in the structure of the Ru(lll)
compounds, the fine tuning of the biological activity constitute the next step in this research
project. Then, this family of Ru compounds represents a very promising research option in the
field of Ru anticancer compounds.

4.4 Conclusions

The search towards ruthenium complexes with anticancer properties was started in the late
nineteen seventies. Due to their low toxicity and good selectivity for metastatic cancer, ruthenium
complexes have now become the second option in the design of new metal anticancer drugs.
Among several proposals, the “activation by reduction” mechanism has been used to explain the
biological activity of some ruthenium derivatives, mainly Ru(llll) compounds that, under
physiological conditions, are considered kinetically more inert than the corresponding Ru(ll)
analogues. If this would be the case, the redox properties should be crucial for the biological
activity. For the particular case of KP1019 and analogous Ru(lll) compounds, it was concluded
that differences in the cytotoxic activity correlate with the reduction potentials largely, though not
perfectly, which means that other physicochemical properties might be involved.

The peculiar biological behaviour of Ru(lll) compounds like NAMI-A, that comprises
inactivity towards primary tumours and remarkable activity towards secondary metastasis tumours
has stressed the need of more efficient assays for the identification of potential Ru-anticancer
compounds apart from the in vitro tests. Then the current dominance of the IC5, values as a first
screen for a putative drug should be treated with caution and moreover, the selection of the
appropriate cells targets must become the first task in the study of the Ru-biological activity.

In this chapter, two completely new Ru(lll) compounds using versatile tridentate
bis(imino)pyridine-type of molecule as chelating ligand, were synthesized in high yields and
extensively characterized by standard techniques. The resulting octahedral compounds keep
three coordination sites occupied by labile chloride ligands. The interaction of the Ru(lll)
compounds with the DNA-model base, 9-ethylguanine (9EtGua), was studied and the successful
coordination of this model base was demonstrated, both in the solid state and in solution for RulL1,
where a peculiar trans conformation was stabilized by intramolecular hydrogen bond interactions.

Remarkable in vitro antiproliferative properties for RuL1 and RuL2 were found, as the
compounds show potent cytotoxic activity, and up to 6 and 33 times higher activity than the free
ligands. In some cell lines the cytotoxic effect of these new Ru(lll) compounds proves to be higher
than the effect generated by cisplatin and certainly at least one order of magnitude higher than the
cytotoxic effect detected for other Ru(lll) compounds reported in literature. Even more
encouraging results may be expected when structural modifications would improve the solubility
properties. Worth mentioning is the fact that RuL2 is the most cytotoxic compound revealing that
steric and electronic factors could be determinant in the biological activity. It is evident that more
research is needed to establish further structure activity relationships.
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This research has led the development of a promising new generation of potential
antineoplastic Ru(lll) and Ru(ll) compounds with bis(arylimino)pyridine ligands. The potential
interest lies mainly in the facility of modifications of the ligand moiety, which could help in the
tuning of the biological properties, but also represent plausible active catalytic compounds in the
field of metal-bis(imino)pyridine systems that have attracted significant attention in recent years.

The potent cytotoxic activity observed for these family of bis(arylimino)pyridine-Ru(lll)
compounds stresses the need for more studies comprising the in vitro cytotoxic activity
determination in different cell lines, the interaction with biologically relevant structures, like
proteins, DNA, nucleotides and reducing agents (ascorbic acid, cysteine or glutathione), and the
redox and aquation/hydrolysis properties as well. Also structural modifications that improve the
solubility properties are recommended.

These new Ru(lll) compounds also represent useful starting materials for the synthesis of
other mononuclear Ru(ll) species by replacement of the chloride ligands under appropriate
experimental conditions. The following chapter comprises the exploration of such possibilities and
the search of structure activity relationships.
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