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The DNA binding of polypyridyl (pp) (n®-hexamethylben-
zene)ruthenium(Il) complexes of the type [(n%-CeMeg)-
RuCl(pp)|(CF3SO3) (pp = phen, tap, dpq, dppz, dppn) 1-5
and [(n°-CgMeg)Ruf(NH,),CS}(pp)](CF3S03), (pp = dpq,
dppz, dppn) 6-8 has been studied by UV/Vis spectroscopy,
circular dichroism and viscosity measurements. Complexes
3-5, 7 and 8 are potent cytotoxic agents towards the human
cancer cell lines MCF-7 and HT-29. Stable intercalative bind-
ing into CT DNA is indicated for the dpq and dppz com-
plexes by large increases ATy, of 12-25 °C in the DNA ther-
mal denaturation temperature for r = [complex]/[DNA] = 0.1.
Large viscosity increases for DNA in the presence of 3 and
4 are also in accordance with this binding mode as are the
pronounced hypochromic UV/Vis shifts for the n—n* transi-
tions of the dppz ligands of 4 and 7 in the range 360-400 nm.
A small AT, value of 2°C and effectively unchanged vis-

cosity suggest that Ru-N (nucleobase) coordinative binding
is thermodynamically preferred for the larger polypyridyl li-
gand of 5 under equilibrium conditions, as is also the case
for the small ligands phen and tap in complexes 1 and 2. CD
spectraindicate that the B DNA conformation is essentially re-
tained for interaction with the chloro complexes 1-5 but that
very significant distortions occur for the thiourea complexes
6-8. The in vitro cytotoxicities of the chloro complexes 3-5
are dependent on the size of the polypyridyl ligand with ICsq
values increasing in the order dppn < dppz < dpq: for in-
stance IC5q values of 11.1, 2.12, and 0.13 pM were determined
for 3-5 towards MCF-7. These values correlate well with the
cellular uptake efficiency which increases from 1.1 over
146.6 to 906.7 ng(Ru)/mg (protein) within the series 3-5.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The intercalation of transition metal polypyridyl com-
plexes into DNA has been a topic major bioinorganic inter-
est in the past two decades and continues to receive much
attention.! 31 We have recently established that organome-
tallic half-sandwich compounds of the types [(n>-Cp*)Ir
(amino acid-xS)(dppz)]"" (n = 1-3, dppz = dipyrido[3,2-
a:2',3'-clphenazine)*® and [(n°-arene)Ru(amino acid-
kS)(dpp2)]"t (n = 1-3, arene = C4Hg, MesCH;, CcMeg),!”!
with a thioether-coordinated methionine-containing amino
acid or peptide, exhibit strong intercalative binding into
DNA. In these complexes and in [(n°-Cp*)Ru(dppz)(NO)]
(CF3S05),, the magnitudes of the binding constants K
(8.8 X10* to 5.5x10°M ") are clearly dependent on the
overall cation charge n (1-3), i.e. on additional electrostatic
interactions with the negatively charged phosphodiester
backbone of DNA.

[a] Lehrstuhl fiir Analytische Chemie, Ruhr-Universitdit Bochum,
44780 Bochum
Fax: +49-234-3214420
E-mail: william.sheldrick@ruhr-uni-bochum.de
[b] Institut fiir Pharmazie, Freie Universitdt Berlin,
Konigin-Luise-Str. 2-4, 14195 Berlin
E-mail: ottingo@zedat.fu-berlin.de
S EWILEY ; .
s34 @ InterScience

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

This finding is in accordance with the results of Sartorius
and Schneider!® for heterocyclic derivatives with positively
charged ammonium groups in their side chains. These au-
thors also found that the intercalation binding strength is
essentially a function of the size of the aromatic system,
independent of heteroatoms or the presence of local posi-
tive charges within such planar moieties. Sterical considera-
tions suggest that such a simple size dependence will be
unlikely for the side-on intercalation mode (Figure 1) estab-
lished by 2D-NOESY!! for the interaction of [(n°-C¢Meg)-
Ru(Ac-met-OH-xS)(dppz)?* (Ac-met-OH = N-acetyl-L-
methionine) with the hexanucleotide d(GTCGAC),. Inspec-
tion of Figure 1 indicates, for instance, that increasing the
surface area and length of the polypyridyl ligand by replac-
ing dppz with dppn (benzo[i]dipyrido[3,2-a:2',3’-c]phen-
azine) might favour this type of intercalation by enabling
additional stacking with the adenine and cytosine bases of
the left-hand strand. On the other hand, inevitable close
non-bonding contacts between atoms of the additional six-
membered ring of dppn and DNA riboses could prevent a
suitable alignment of the polypyridyl ligand.

To establish whether there is, indeed, an optimum poly-
pyridyl ligand (pp) for side-on intercalation of (n°-CsMeg)-
Ru'" complexes, we have now studied the DNA binding
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Figure 1. Schematic illustration of the side-on intercalation of [(n°-
CeMeg)Ru(Ac-met-OH-xS)(dppz)]** into the G, T,/CsAs5 sequence
of the hexanucleotide d(GTCGAC),.l"!

properties of compounds of the type [(n°-C¢Meg)RuCl(pp)]-
(CF5S05), (1-5) with the diimine ligands phen (1,10-phen-
anthroline), tap (1,4,5,8-tetraazaphenanthrene), dpq (dipyr-
ido[3,2-£:2',3"-h]quinoxaline), dppz and dppn (Scheme 1).
The preparation of [(n°-C¢Meg)RuCl(phen)]Cl has recently
been reported by Siiss—Fink et al.,[' who studied the hy-
drolytic potential of the corresponding dicationic aqua
complex [(n°-CsMeg)Ru(H,O)(phen)](BF,), for transfer hy-
drogenation reactions in aqueous solution. Both dppz and
dppn have been confirmed as intercalating ligands in their
Re! complexes such as [fac-Re(CO);(pp)(pyridine)](CFs-
SO;),[1'=131 which exhibit steric requirements similar to the
half-sandwich polypyridyl (n%-CsMegs)Ru'' complexes. As
polypyridyl ligand intercalation and chloride substitution
by purine nucleobases might be expected to compete as pos-
sible DNA binding modes for complexes 1-5, three thiourea
complexes [(n°-CsMeg)Ru{(NH,),CS}(pp)] (CF3S03), (pp
= dpq, dppz, dppn) 6-8 were also investigated (Scheme 2).
The trans-sited thiourea ligands in the metallointercalator
[Pt(bpy){(NH,),CS},]Cl, remain coordinated on DNA in-
teraction and have been shown to play effectively no role in
DNA binding.['¥1 As they are cis-sited relative to the pol-
ypyridyl ligands, additional N—H-+O hydrogen bonding in-
teractions to DNA could be possible for complexes 6-8.
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Arene ruthenium(Il) complexes have been shown to ex-
hibit promising anticancer activity.[!>-1°] The first report ap-
peared in 1990 when the amino acidato complex [(n°-C¢Hg)-
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RuCl(L-H-Pro-O-x’N,0)] (H-Pro-OH = vL-proline) was
found to be significantly active in vivo towards mouse P388
leukaemia cells (T/C = 125% for a dosis 0.68 mgkg ') but
inactive in vitro towards L1210 cells.'”l The in vitro cyto-
toxic properties of [(n%-arene)Ru'"] complexes with phos-
phane,[16211 sulfoxidel'®29 and chelating diamine or di-
imine ligands!'>??! have been investigated in recent years.
Compounds of the latter type [(n°-arene)RuCIl(LL")](PFy)
(LL" = diamine or diimine) with extended polycyclic arenes
(e.g. tetrahydroanthracene) and LL’ = ethylenediamine are
most active towards A2780 human ovarian cancer cells,
whereas those with polar substituents on the arene or with
aromatic diimine ligands such as bpy or phen, exhibit con-
siderably reduced activity.?*l As DNA is considered to be a
possible target for (n°-arene)Ru'' compounds,'*! we consid-
ered it to be of interest to also study the in vitro cytotoxity
of complexes 3-5, 7 and 8 with the extended polypyridyl
ligands dpq, dppz and dppn, and to establish whether this
can be correlated with the mode and strength of DNA
binding and/or with cellular uptake. The human cell lines
MCEF-7 (breast cancer) and HT-29 (colon cancer) were se-
lected for cytotoxicity studies.

Results and Discussion

Synthesis of 1-8 and Structures of 1 and 3

The compounds of the type [(°-CsMeg)RuCl(pp)]-
(CF5S03) 1-5 (pp = phen, tap, dpq, dppz, dppn) were
prepared by refluxing the solvent complex [(n°-C¢Meg)-
RuCl(acetone),] (CF3SO3) with the appropriate polypyridyl
ligand (pp) in CH;OH/CH,CI, for 2 h.

[(n®-C¢Meg)RuCl(acetone),]* can be obtained in situ by
addition of two equivalents of Ag(CF;SO;) to a solution
of the dimeric complex [{(C¢Meg)RuCl,},] in acetone and
subsequent filtration of the precipitated AgCl after stirring
in the dark for 0.5 h. Following removal of the remaining
chloride ligand by analogous treatment of complexes 3-5
with a second equivalent of Ag(CF3;SOs3) in acetone, ad-
dition of thiourea to the resulting in situ complexes [(n°-
Ce¢Meg)Ru(acetone)(pp)]**  affords  [(n®-CsMeg)Ru(pp)-
{(NH,),CS}] (CF3S03), 6-8 (pp = dpq, dppz, dppn) after
refluxing the reaction mixture for 2 h in CH;OH/CH,Cl,.
All the complexes were characterised by 'H and '*C NMR
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Table 1. Crystal and refinement data for 1 and 3.

1 3
Empirical formula C25H26C1F3N203Ru5 C25H26C1F3N4O3Rus
M 628.06 680.10
Measurement temperature [K] 293(2) 109(2)
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c
a[A] 8.9278(5) 14.3922(13)
b [A] 11.5314(6) 11.6752(9)
c[A] 24.0047(12) 15.4171(11)
Bl 97.981(4) 96.469(7)
VA3 2447.3(2) 2574.1(4)
VA 4 4
F(000) 1272.0 1376.0
Pealed. [glem ) 1.705 1.755
Crystal size [mm] 0.22X0.13X0.04 0.17X0.10x0.02
Radiation Mo-K, Mo-K,
1 [mm] 0.890 0.856
20 max [°] 25.0 27.5
h,k,l ranges -10/10, —13/13, -28/28 —18/18, —-15/15, -20/20
Collected reflections 30680 36744
Unique reflections 4298 5875
Observed reflections [/>2c(/)] 3992 3795
Ry [I>20(D)] 0.048 0.051
WR, [all data] 0.080 0.094
S (goodness-of-fit) 1.154 1.045
max./min. Ap(e A-3) 0.72/-0.74 0.92/-0.98

and positive-ion LSIMS and gave satisfactory microanaly-
ses. The structures of complexes 1 and 3 were determined
by X-ray structural analysis (Table 1) and their respective
cations are depicted in Figures 2 and 3. Complex 1 exhibits
an interplanar angle of 54.1° between its benzene and poly-
pyridyl ring systems, complex 2 a much larger angle of
75.2°. The individual [(n°-C¢Meg)RuCl(pp)]* cations pack
with parallel polypyridyl ligands in their respective lattices.

Figure 2. Molecular structure of the cations of [(n%-CsMeg)RuCl-
(phen)](CF;S0;) (1). Selected bond lengths [A] and angles [°]: Rul—
CI2 2.401(1) Rul-NT1 2.107(3), Rul-N2 2.098(3), Rul-C 2.194(3) -
2.251(3), N1-Rul-N2 77.7(1), N1-Rul-CI2 85.08(8) N2-Rul-CI2
84.71(8).
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Figure 3. Molecular structure of the cations of [(M%-C¢Meg)
RuCl(dpq)](CF3S0;) (3). Selected bond lengths [A] and angles [°]:
Rul-CI1 2.408(1) Rul-N1 2.109(4), Rul-N2 2.101(4), Rul-C
2.192(2) — 2.204(2), N1-Rul-N2 77.1(1), NI-Rul-CII 82.9(1) N2—
Rul-CI1 84.7(1).

DNA Binding Studies

UVIVis Absorption and Thermal Denaturation Studies for
1-8

Following an incubation period of 5 min, UV/Vis spectra
for the buffered solutions of 1-4, 6 and 7 (pH7.2, 10 mm
phosphate) with CT DNA at r = 0.1 {r = [complex][/[DNA]
with DNA concentration in mol/L (nucleotide)} exhibit no
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further significant changes, thereby indicating that achieve-
ment of equilibrium conditions is relatively rapid. A pro-
nounced decrease in absorbance at about 364 and 383 nm
and bathochromic shifts of about 5 nm are indicative of
possible dppz intercalation into the biopolymer for com-
plexes 4 and 7. The time dependence of these changes is
illustrated for the chloro complex 4 in part a of Figure 4.
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Figure 4. Time dependence of the UV/Vis spectra of complexes 4
and 5 (both 20 uM) in a 10 mm phosphate buffer (pH = 7.2) with
CT DNA (200 um). Times are given in minutes for individual
curves.

Hypochromic shifts A4/A4 of respectively —28% and
—16% at 364 nm are observed for 4 and 7 and indicate that
the nature of the DNA interaction must be similar for both
the dppz complexes. On mixing with CT DNA, the UV/Vis
spectrum of the dppn complex 5 initially exhibits even more
pronounced hypo- and bathochromic shifts for the spin-al-
lowed m—n* transitions at about 327, 403 and 425 nm. Part
b of Figure 4 depicts the A4/A value of —59% at 336 nm
and the associated red shift of about 9 nm after 1 min.
These initial spectral changes are followed by an increase
in the absorbance values over the next 45 min to reach a
maximum value of +63% at 336 nm. The original ab-
sorbance values of the complex are reached within 5 min

Eur. J. Inorg. Chem. 2007, 3034-3046
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after mixing. In similarity to complex 5 (Figure 4, b), sig-
nificant decreases in A4/A are also observed for the dppn
complex 8 at 327, 403 and 425 nm on initial mixing with
DNA and these are followed by large increases with equilib-
rium being achieved within 15 min. The respective initial
and final values of A4/A at the first maximum are —29%
and +49%. No effective changes in absorption in the range
300-420 nm were recorded for the complexes 1 (pp = phen),
2 (pp = tap) and 3 (pp = dpq) on mixing with CT DNA.
The UV/Vis spectra for all complex/[DNA] reaction mix-
tures exhibit no significant changes over a period of 36 h
after equilibrium is achieved.

Thermal denaturation studies for CT DNA can provide
simple a means of gauging the efficacy of polypyridyl inter-
calation for organometallic complexest* 7! such as 1-8, pro-
vided that electrostatic and hydrogen-bonding interactions
with the biopolymer may be regarded as remaining effec-
tively unchanged by pp ligand variation. The AT, values
listed in Table 2 for the monocations of 1-5 and the dicat-
ions of 6-8 were recorded under equilibrium conditions in
a phosphate buffer, (pH = 7.2) for » = 0.1 and are indicative
of strong DNA intercalation for the dppz ligand of 4 (AT},
=20°C), and 7 (AT,, = 25 °C). In contrast, the DNA melt-
ing temperature remains effectively unchanged on treatment
with complexes 1, 2 and 5 [AT,, = 0 (phen), +2 (tap), +2 °C
(dppn)]. A similar AT}, value of -2 °C has also been re-
ported for [(n®-C¢Hg)RuCl(en)]* (en = ethylenediamine),”
which preferentially coordinates DNA guanine nucleobases
at their endocyclic nitrogen atoms N7. The small AT, value
of only + 2 °C is more surprising for the larger dppn ligand
with its much more extensive aromatic surface area, but in
accordance with the previously discussed UV/Vis studies
(Figure 4, b), which indicate an absence of dppn intercal-
ation under equilibrium conditions. Relatively large in-
creases in T, of 14° and 12 °C are, however, observed for
the dpq complexes 3 and 6 respectively, suggesting that this
polypyridyl ligand could also participate in intercalative
DNA binding. The significant increase in ATy, for the dicat-
ionic complexes 7 and 8 [AT,, changes: +5 (dppz), +6 °C
(dppn)] in comparison to the monocationic species 4 and 5
may be caused by the increased strength of the electrostatic
interactions with the biopolymer but the possibility of N—
H---X (X = O, N) hydrogen bonding involving the thiourea

Table 2. Melting temperature shifts AT, for the interaction of
complexes [(n®-CsMeg)Ru(L)(pp)]"* (n = 1, 2) 1-8 with CT DNA
(r=0.1) in a 10 mm phosphate buffer at pH = 7.2 after incubation
for 60 min.

Complex  pp L AT [°C]
1 phen Cl 1 0

2 tap Cl 1 2

3 dpq Cllal 1 14

4 dppz Cllal 1 20

5 dppn Cl 1 2

6 dpq (NH,),CS 2 12

7 dppz (NH,),CS 2 25

8 dppn (NH,),CS 2 8

[a] Aquation can lead to the dications [(n°-C¢Meg)Ru(H,O)(pp)]**
as intercalating species after incubation (pp = dpq, dppz).

3037

www.eurjic.org



FULL PAPER

S. Schifer, I. Ott, R. Gust, W. S. Sheldrick

amino functions and DNA acceptor atoms X cannot be
ruled out. Interestingly a small relative decrease in AT}, of
-2 °C is observed for the dicationic dpq complex 6 in com-
parison to its chloro analogue 3.

Circular Dichroism Studies for 1-8

The high AT,, values recorded for the dppz complexes 4
and 7 in comparison to the dppn complexes 5 and 8 suggest
that dppz may offer a close to optimum aromatic surface
area for side-on intercalation into B DNA!"! (Figure 1) and
that dppn may be too long and its surface area too exten-
sive for effective DNA binding in this mode. Characteristic
changes in the observed circular dichroism (CD) spectra of
DNA provide a convenient means of monitoring conforma-
tional changes for the biopolymer.”?*21 As depicted in
Figure 5, a negative band at 246 nm caused by the helical
B conformation and a positive band at 275 nm due to base
stacking are observed for CT DNA.PY Addition of the
phen and tap complexes 1 and 2 at a 1:10 complex/[DNA]
molar ratio leads to only minor spectral changes, thereby
indicating little distortion of the B helix following the for-
mation of Ru-N bonds to DNA nucleobases. The spectra
of Figure 5 and the CD spectra for the other complexes
exhibited no significant changes during a period of 36 h
following equilibrium achievement. Complex/[DNA] solu-
tions remained clear and opalescence was not observed.
The depicted spectra were all recorded after 24 h.
Although aromatic molecules often generate CD bands
between 300 and 400 nm on interaction with DNA, the ap-
pearance of these signals is generally not of relevance for
the assignment of the binding mode. This is because the
observed induced circular dichroism is caused by a rigid
orientation of the molecule with respect to the double helix
and this can result from surface or groove binding in ad-
dition to intercalation. The dppz complexes 4 and 7 do,

however, exhibit characteristic negative CD bands with mo-
lar elipticities [f] of —4.1 X 103 and —1.9 X 03 degcm?mol !
at 2 = 300 nm (Figure 6) and we have previously estab-
lished!® that the appearance of such bands in the range
290-340 nm is, indeed characteristic for intercalating orga-
nometallic dppz complexes. The observed wavelength range
corresponds with that of the broad m—n* absorption maxi-
mum at A, = 280 nm of the complexes themselves. A
small but significant increase in [f] for the positive CD band
at 272 nm for 4 may be attributed to additional stabilisation
of base stacking in the helix due to dppz intercalation.
Whereas the molar ellipticity for the positive band at
268 nm is also similar for the analogous thiourea complex
7, a dramatic decrease in the negative value of [0] for the
band at 243 nm is apparent in the latter case. This implies
a significant change in the original B helical conformation
due possibly to both the twofold positive charge and the
participation of thiourea amino functions in hydrogen
bonding to the biopolymer.

The CD spectra for 1:10 mixtures of the dpq complexes
3 and 6 with CT DNA (Figure 7) also provide evidence for
intercalation. When compared to the CD spectrum of CT
DNA alone, a broadening and apparent splitting of the pos-
itive CD band are ascertainable for the 3/DNA mixture
and, to a lesser extent, the 6/DNA mixture. As complexes
3 and 6 exhibit absorption maxima for spin-allowed MLCT
n—m* transitions at A, 261 and 284 nm, the appearance of
the positive band in the range 270-295 nm could be due to
a spectral overlap with a negative CD contribution due to
intercalating dpq ligands. This interpretation would corre-
late with the large AT, values of 14 and 12 °C registered
for these dpq complexes. The decrease in the negative value
of the molar ellipticity [0] for the band at 243 nm is less
pronounced for 6 than for the analogous dppz complex 7,
but once again indicates that significant changes in the B
DNA conformation must have taken place.

[4]

L =Cl
1 pp=phen
2 pp =tap
340 360 380 400

-10

Figure 5. CD spectra of CT DNA and mixtures of 1 (pp = phen) and 2 (pp = tap) with CT DNA (r = 0.1) in a 10 mm phosphate buffer

(pH = 7.2) after 24 h incubation.
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Figure 6. CD spectra of CT DNA and mixtures of 4 and 7 (pp = dppz) with CT DNA (r = 0.1) in a 10 mm phosphate buffer (pH = 7.2)

after 24 h incubation.

(8]

pp =dpq
3 L=cCl
6: L=(NH,).CS

=10

340 360 380 400

Figure 7. CD spectra of mixtures of 3 and 6 (pp = dpq) with CT DNA ( = 0.1) in a 10 mm phosphate buffer (pH = 7.2) after 24 h

incubation.

Both the large increase in A4/4 of +63% at 327 nm and
the minimal increase in the DNA melting temperature of
+2 °C are in accordance with an absence of dppn intercal-
ation for 5/DNA mixtures under equilibrium conditions.
The CD spectrum for such a mixture after 24 h incubation
(Figure 8) is closely similar to those registered for the coor-
dinatively bonded phen and tap complexes 1 and 2. These
observations contrast dramatically with other intercalation
studies for transition metal complexes, which have estab-
lished strong intercalative binding for this polypyridyl li-
gand.l''"13271 For instance, a binding constant K, =
7.8 X 10* M ! and site size s of 1.4 have very recently been
determined for the complex [Ir(dppn)(ppy).] (PF¢) (Hppy
= 2-phenylpyridine).?” This K, value is significantly larger
than that of 2.0 X 10* m~! (s = 1.3) obtained for the analo-

Eur. J. Inorg. Chem. 2007, 3034-3046
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gous dppz complex, in accordance with similar findings for
rhenium(I) complexes.!''"!3! In agreement with the conclu-
sions of Sartorius and Schneider,”! it seems likely that an
enhanced, presumably end-on intercalative binding affinity
results from the larger planar surface area of the dppn li-
gand in comparison to dppz. Intercalative DNA binding
has also recently been confirmed for the complexes
[Ru(bpy)»(ppip)]** and [Ru(phen),(ppip)]** [ppip = 2-(4'-
phenoxyphenyl)imidazo[4,5-/][1,10]phenanthroline],?8! whose
ppip ligand is even longer than dppn. The apparent lack
of intercalation for 5 wunder equilibrium conditions
must, therefore, be attributed to the preferred side-on mode
of (n%arene)Ru'’ complexes.”l It is possible that a kinet-
ically favoured end-on intercalation may lead to the initial
dramatic decrease in A4/4 of —59% at 327 nm for the 5/
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pp =dppn
5 L=Cl
8: L=(NH,),CS

280 300
A (nm)

-5

-10

=S —

320 340 360 380 400

Figure 8. CD spectra of mixtures of 5 and 8 (pp = dppn) with CT DNA (r = 0.1) in a 10 mm phosphate buffer (pH = 7.2) after 24 h

incubation.

DNA mixture but that a subsequent rearrangement to a
side-on mode with increased base overlap is no longer pos-
sible. Support for this line of reasoning is provided by the
CD spectrum of the 8/ DNA mixture (Figure 8), for which
the stability of the Ru-S (thiourea) bond will be expected
to prevent a ligand-substitution reaction and resulting Ru—
N (nucleobase) binding. The disappearance of the negative
DNA CD band at about 246 nm on the addition of the
non-coordinating thiourea complex 8 now implies, in con-
trast to 5, DNA damage and complete loss of the original
B-helix conformation.

Viscosity Measurements on 3-5

Intercalation of aromatic ligands such as dppz between ad-
jacent nucleobase pairs leads to a lengthening and stiffening
of the double helix and these structural changes are re-
flected in an increase in DNA viscosity.??3% The CD spec-
tra of mixtures of the chloro complexes 3-5 (pp = dpq,
dppz, dppn) with CT DNA suggest that the B conformation
of the double helix remains essentially unperturbed in each
case, independent of whether the interaction is predomi-
nantly intercalative or coordinative. These systems were
therefore selected for viscometric titrations and Figure 9 il-
lustrates the dependence of the DNA viscosity on the loga-
rithmic function In(1+r) with r = [complex]/[DNA] for
complexes 3-5. The slopes of +2.23 and +3.13 for 3 and 4
correlate well with the observed AT,, value of +14 and
+20 °C and confirm DNA lengthening and thereby intercal-
ation. In contrast, a small decrease in viscosity is observed
for the dppn complex 5 in accordance with its small AT},
value of +2 °C and the positive A4/A4 values at equilibrium,
which are in accordance with coordinative binding follow-
ing substitution of the chloride ligand.
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Figure 9. Viscometric titration of sonicated DNA with the com-
plexes 3-5 (pp = dpq, dppz, dppn; X = Cl) in a 10 mm phosphate
buffer (pH = 7.2): n = reduced viscosity of the DNA solution in
the presence of a complex, 1, = the reduced viscosity of the DNA
solution without the complex, r = [complex]/[DNA].

It is interesting to compare the DNA binding studies on
3-5 with our contrasting recent results for the analogous
(M3-CsMes)Ir™ complexes [(1°-CsMes)IrCl(pp)](CF5SO5)
(pp = dpq, dppz, dppn),!! for which chloride substitution
will be several orders of magnitude more rapid.*?! Whereas
a very small increase is observed for the DNA viscosity
(slope = +0.16) on mixing with the (n°>-CsMes)Ir'™" dpq
complex, significant decreases (slopes —1.63 and —1.42) oc-
cur for the dppz and dppn complexes. As the AT,, values
of respectively +2, +7 and +2 °C are modest for the (n°-
CsMes)Ir™ complexes and the UV/Vis and CD spectra for
their reaction mixtures with CT DNA also provide no evi-
dence for intercalation, it is reasonable to conclude that co-
ordinative Ir-N7 binding to the DNA purine bases must be
predominant. The viscosity decreases for the dppz and
dppn complexes may be due to kinking or bending of the
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double helix[*3-3# caused by hydrophobic interactions with
the DNA surface and associated polypyridyl stacking.

DNA Binding Parameters for 4

Binding constants K, in the range 7.3X10° to
5.5%x10° Mm! have been determined for least-squares fits to
UV/Vis titration data of complexes of the type [(n°-C¢Meg)-
Ru(dppz)(peptide-xS)]"* (n = 2, 3) with CT DNA using the
hypochromic absorption shifts at A,,, = 364 nm and the
non-cooperative non-specific binding model of Bard and
Thorp.3>3¢1 The corresponding site sizes s between 2.3 and
5.1 are in accordance with intercalative binding.”l It is
interesting to compare these parameters with those now ob-
tained for the dppz complexes 4 and 7. UV/Vis spectra were
recorded for buffered 20 um solutions of 4 and 7 at pH 7.2
following a 60 min incubation with increasing quantities of
CT DNA (10-300 um). An isosbestic point at 399 nm is in
each case in accordance with a simple equilibrium distribu-
tion between DNA-bound and free (n®CgMeg)Ru!! com-
plex. Figure 10 depicts the least-squares fit to absorbance
values recorded for complex 4 at 383 nm, which afforded a
K, value of 2.0(5)10° M ! and a site size s of 1.42(8). The
analogous binding parameters for the thiourea complex 7
are 6(3)10° m~! for K, and 1.55(6) for s. These binding con-
stants are much higher than those of 1.6 X 10° and 1.5 X 10°
reported for the monocationic complex cations [(n°-CsMeg)-
Ru(AcH_;cysOH-xS)(dppz)]" and [(m°-C¢Meg)Ru(Hgly-
glyH ;cysOH-xS)(dppz)]* (HcysOH = L-cysteine, HglyOH =
glycine) but similar to those of 7.3 X 10°-5.5 X 10° M~! pre-
viously observed for complex di- and trications of this type
(e.g. peptide = AcmetOH, H,metOMe).[”! The DNA melt-
ing temperature increases of 10.4 and 9.4 °C are also much
lower for the former monocationic species, whereas the typ-
ical AT, values in the range 18.2-18.5 °C for the latter cat-
ions are close to that of 20 °C recorded for 4. These findings
suggest that aquation of the original chloride complex [(n°-
C¢Meg)RuCl(dppz)]" may take place during the incubation

1.0 o o °* . PY
. K,=2.0(5) 10°M"

08~ s =1.42(8)
w
IQ
& 064 e
5
Im 0.4
L

0.2
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[DNAJ/10°M

Figure 10. Best least-squares fit to the model of Bard and
Thorp**33 for the UV/Vis titration data complex 4 with CT DNA.
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period and that the intercalation data may correspond to
the aqua dication [(n°-CsMeg)Ru(dppz)(H,O)]**. A similar
line of reasoning applies to the dpq complex 3, whose AT},
value of 14 °C is close to that of 12 °C recorded for the
dications of 6. The higher K}, value for complex 7 in com-
parison to 4 may be due to additional hydrogen bonding
involving the thiourea ligands.

Cytotoxicity Studies

Table 3 lists the in vitro cytotoxicity of selected [(n°-
C¢Meg)Ru'"] and [(n°-CsMes)Ir™] complexes against se-
lected human cancer cell lines MCF-7 (breast cancer) and
HT-29 (colon cancer). It is apparent for the [(n°-C¢Meg)-
Ru'"] chloro complexes 3-5 that their cytotoxicity is directly
correlated to the surface area of the polypyridyl ligand. The
1Cs, values vary in the following order: dppn < dppz <
dpq. A similar partial trend (dppn < dppz) can be dis-
cerned for the ICs, values of the thiourea complexes 7 and
8 towards the HT-29 cell line and to a lesser extent towards
MCEF-7. Comparison of the observed cytotoxicities for the
monocationic and dicationic dppn complexes 5 and 8 sug-
gests that the overall cation charge may also play a role.

On taking our DNA binding studies into account, a
number of ways may be proposed in which the polypyridyl
ligand could influence the cytotoxicity of this class of com-
pound:

(1) Extending the size of the polypyridyl ligand will confer
lipophilic character to the complexes and thereby enhance
their uptake into cells. A lower cation charge should like-
wise favour increased cellular uptake.

(2) Complex recognition and initial kinetically favoured in-
tercalation into the DNA double helix will likewise be en-
hanced by an increase in the surface area and length of the
polypyridyl ligand.

(3) When initial intercalation is followed by substitution of
ligand L (or H,O if aquation has previously taken place),
the size of the polypyridyl ligand may influence the degree
of distortion of the B DNA conformation caused by coordi-
native M-N (nucleobase) binding (M = Ru, Ir) or by sur-
face binding.

Inspection of Table 3 indicates that the MCF-7 ICs, val-
ues for the dppz complexes [(n®-C¢Meg)RuCl(dppz)]* (4),
[(n*-C¢Meg)Ru(dppz) {(H,N),CS}T* (7) and [(n>-CsMes)-
IrCl(dppz)]* are effectively independent of the nature of the
metal or the ligand L. Whereas both 4 and 7 exhibit stable
side-on intercalative binding into DNA, relatively rapid Ir—
N (nucleobase) coordination is observed for the (n°-CsMes)-
Ir'™ complex following initial intercalation.?! These obser-
vations suggest that cell uptake and kinetically favoured
DNA intercalation as a rapid recognition process may play
the key roles in determining the potency of such organome-
tallic polypyridyl complexes. It is interesting to note, in this
respect, that compounds of the type [(n°-arene)RuCl(en)]*
containing polycyclic aromatic coligands have been found
to be more potent than the analogous n®benzene or n°-
cymene complexes.l'>?3 In striking contrast to such (n®-ar-
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Table 3. ICs, values (uM)i@! for organometallic polypyridyl (pp) complexes of the types [(M*-CsMeg)RuL(pp)]"* and [(n°-CsMes)IrL-

(Pp)"" [L=Cl,n=1;,L=(NH,),CS,n=2]

Complex Arene N,N’-Chelating ligand L MCEF-7 ICs, HT-29 1Cs
(i) Ru'' complexes
3 CeMeg dpq cl 11.1 (1.0) 30.3 (5.6)
4 CeMe dppz cl 2.1 (0.6) 2.5 (0.6)
5 CeMe dppn cl 0.13 (0.02) 0.4 (0.1)
7 CMe, dppz (NH,), CS 2.5(0.1) 6.7 (1.2)
8 CeMe, dppn (NH,), CS 2.1(0.1) 1.4 (0.4)
(i) Ir'"" complexes
CsMes enB374 Cl > 100
C<Me, phenB701 cl > 100
CsMe; dppz! cl 23 (0.4) 7.4 (0.9)
C<Me, dppn!! (NMe,),CS 0.17 (0.02) 0.41 (0.16)
(iii) Cisplatin 2.0 (0.3) 7.0 (2.0)

[a] Towards the human cancer cell lines MCF-7 (breast cancer) and HT-29 (colon cancer); the values between brackets represent the

standard errors.

ene)Ru!' compounds, the ICs, values for the polypyridyl
complexes of Table 3 appear, however, to be independent of
the lability of the M—L bond. The low ICs, values for the
complex [(n°-CsMes)Ir{(NMe,)CS} (dppn)](CF3SO5),! in
comparison to 8 may result from its increased lipophilicity
owing to the presence of (NMe,),CS ligands rather than
thiourea.

These structure-activity relations suggest that initial
DNA recognition and intercalation®®! rather than kinet-
ically controlled coordinative Ru-N(DNA) binding could
be of central importance in determining the cytotoxicity of
organometallic polypyridyl complexes. It is, therefore, of
interest to compare our results with those recently obtained
for other metallointercalators. Like the dppz complexes of
Table 3, [Pt(4-Bu-ppy)(dppz)](CF3SO3) is a potent cyto-
toxic agent and exhibits ICs, values some 10 and 40 times
lower than cisplatin towards the human cell lines KB-3-1
and KB-V1.3l In contrast, the dirhodium(II) complexes
cis-[Rhy(n-0,CCH;)(pp)(0,CCH3-k O)(CH;0H-xO)]" (pp
= dppz,dppn) are about 4 to 7 times less cytotoxic towards
Hs-27 human skin cells than the parent paddlewheel com-
pound cis-[Rh,(p-O,CCHs;),]).4%41 The structure-activity
studies on these and other dirhodium complexes are of par-
ticular relevance for the present investigation because their
ICs, values were shown to be related to the lability of the
equatorial ligands in the Rh, core rather than to the size of
the polypyridyl ligand.

Cellular Uptake

In order to evaluate the influence of the cellular uptake
on the results of the cytotoxicity experiments we quantified
the ruthenium concentration in tumour cells exposed to 3—
5,7 and 8 by atomic absorption spectroscopy. On the basis
of the data depicted in Figure 11, it can be concluded that
the Ru uptake increases dramatically in the order dpq <
dppz < dppn and is much higher for monocationic than for
dicationic species with the same polypyridyl ligand, which
is in good agreement with the results from the cytotoxicity
3042
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studies. Accordingly, the highest uptakes of 906.7(1.5) and
1054.7(94.5) ng Ru/mg protein were observed for the mono-
cationic dppn compound 5 with MCF-7 and HT-29 cells,
respectively. The dicationic dppn complex 8 exhibited sig-
nificantly lower cellular ruthenium levels, which were even
lower than those found for the monocationic dppz complex
4. Incubation with the dicationic dppz complex 7 led to
decreased cellular ruthenium concentrations in comparison
to dppn complex 8 and the monocationic dpq complex 3
was accumulated at the lowest levels with values of only
1.1(1.1) and 11.8(8.5) ng Ru/mg protein being recorded for
the cell lines MCF-7 and HT-29. The increase in cellular
uptake efficiency with increasing lipophilicity of the ligands
is more pronounced for the monocationic series of com-
plexes (3 << 4 << 5) than for the dicationic compounds
(7 < 8). It is apparent that ligand hydrophobicity outweighs
the influence of the number of positive charges.

12004
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Figure 11. Cellular ruthenium levels in HT-29 and MCF-7 tumour
cells after exposure to 10 um of the complexes for 4 h (n = 2). In
some cases the error bars are hidden behind the columns.

The outstanding result is the extraordinarily high uptake
of dppn complex 5 which is approximately one order of
magnitude higher than the average uptake of the other Ru
complexes. Interestingly, this is in good agreement with the
significantly lower ICs, values of 5 compared to 3, 4, 7 and
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the second dppn complex 8. Additional experiments using
only 1.0 um instead of 10 puMm solutions of 5 resulted in ru-
thenium levels [59.1(5.5) ng Ru/mg protein in MCF-7 and
74.5(10.2) ng Ru/mg protein in HT-29 cells] in the range
observed for the other compounds at 10 um. In contrast,
the ruthenium content of the samples was found to be be-
low the limit of detection on exposure to 1.0 um solutions
3,4,7 and 8. As compound 3 was barely detectable at 10 um
concentration a higher dosage for this compound was ap-
plied for sake of comparison. As expected 100 um solutions
of 3 afforded clearly detectable cellular ruthenium levels of
219.3(80.0) ng Ru/mg protein in MCF-7 and 287.9(43.1) ng
Ru/mg protein in HT-29 cells.

Comparison of the cytotoxicity data of Table 3 and the
cellular uptake data of Figure 11 indicates that the antipro-
liferative effects of the complexes were slightly more pro-
nounced in MCF-7 cells than in HT-29 cells (with the ex-
ception of 8) but that the cellular uptake was similar in both
tumour cell types. On the basis of distinct cellular param-
eters (such as cell volume and cell protein content) of MCF-
7421 and HT-2943! cells, the molar cellular ruthenium con-
centrations can be estimated from the observed ng/mg val-
ues. According to this procedure, 1.0 ng ruthenium per
1.0 mg cell protein correspond to a complex concentration
of 1.1 pm in MCF-7 but to 2.0 pm in HT-29 cells. Therefore,
the effective molar ruthenium concentrations are higher in
HT-29 cells than in MCF-7 cells. Other differences between
the two tumour cell types (e.g. the generally faster growth
of HT-29 cells) or the intracellular distribution of the com-
plexes will probably play an important role in determining
the observed antiproliferative effects. MCF-7 cells are also
more sensitive towards the platinum complex cisplatin than
HT-29 cells. A decreased activity for cisplatin in colon can-
cer cells is an established fact, for which resistance phenom-
ena have been made responsible.[* The uptake of ruthe-
nium indazole complexes such as ¢rans-(Hind)[RuCly-
(ind),] (ind = indazole), KP1019, into HT-29 cells has been
reported.™! In these experiments, a 30 min incubation with
100 um of the agents resulted in up to 120-160 ng ruthe-
nium being observed per 10° cells. Based on the fact that
1.0 mg cell protein of HT-29 cells correspond to approxi-
mately 5.6 X 10° cells,*3! the values for the indazole com-
plexes are within the same order of magnitude to those re-
ported in this study, e.g. 188 ng Ru/10° cells for 10 pm con-
centrations of 5 or 51.4 ng Ru/10° cells for 100 pm concen-
trations of 3 in HT-29 cells. It is worth noting, however, that
the uptake of 5 was recorded for a tenfold lower complex
concentration in comparison to KP1019.

Conclusions

We have demonstrated that the DNA binding of polypyr-
idyl organoruthenium complexes of the types [(n°-C¢Meg)-
RuCl(pp)](CF380;) and [(n°-Ce¢Meg)Ru{(NH,),CS}(pp)]-
(CF3S05), is governed by both the size of the polypyridyl
ligand and the lability of the Ru-L bond [L = Cl, (NH,),-
CS]. Whereas stable intercalative binding is observed for the
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dpq complexes 3, 4 (L = Cl), 6 and 7 [L = (NH,),CS],
substitution of the chloride ligand leads to preferred Ru-N
(DNA) coordinative binding for both smaller (1, phen; 2,
tap) and larger (5, dppn) polypyridyl ligands. The signifi-
cant increase in AT,, and DNA viscosity on going from
dpq in 3 to dppz in 4 suggest that the latter ligand may
offer a close to optimum size for side-on intercalation. In
contrast, the cytotoxicity of such compounds appears to be
governed mainly by the size of the polypyridyl ligands with
ICs values varying in the following order dppn < dppz <
dpq. The cellular uptake increases in the order dpq < dppz
< dppn and n = 2 < n =1 (n = cation charge) and is in
good agreement with the observed ICs, values. To the best
of our knowledge [(n°-CsMes)IrCl(dppz)](CF5SO5) and
[(M°-CsMes)Ir{(NMe,)>CS}(dppn)](CF5SO5), are the first
organoiridium(I1I) complexes with proven in vitro cytotoxi-
city towards cancer cell lines.

Experimental Section

General: UV/Vis spectra were recorded with an Analytik Jena SPE-
CORD 200 spectrometer and CD spectra with a Jasco J-715 instru-
ment in the range 220-400 nm for 1:10 complex/[DNA] mixtures
[complex = 20 um, DNA concentration in M(nucleotide) = 200 pm]
in a 10 mm phosphate buffer at pH7.2. LSIMS spectra (LSIMS =
liquid secondary ion mass spectrometry) were registered for the
mass range m/z < 3000 with a Fisons VG Autospec employing a
caesium ion gun (voltage 17 kV) and 3-nitrobenzyl alcohol as the
liquid matrix. A Bruker DRX 400 was employed for the registra-
tion of 'H and '3C NMR spectra with chemical shifts reported as
¢ values relative to the signal of the deuterated solvent. 3C NMR
signals for the CF5SOj; anions of 1-8 were observed in the range o
= 121.8-122.8 ppm (q) and are not listed for individual complexes.
Elemental analyses were performed on a Vario EL of Elementar
Analysensysteme GmbH. RuCl;xH,O and Ag(CF;SO;) was ob-
tained from Chempur, 1,10-phenanthroline from J. T. Baker, hexa-
methylbenzene, thiourea and (Me,N),CS from Acros, and calf thy-
mus DNA (CT DNA) from Sigma. The starting compounds [{(n°-
CsMeg)RuCl(u-Cl)} 51,1401 tap,[*” dpq,[*® dppz*°! and dppnl'! were
prepared in accordance with literature procedures. All solvents
were analytical reagents grade (J. T. Baker) and were dried and dis-
tilled before use. [(n°-CsMes)IrCl(pp)](CF3SOs) (pp = phen, dppz)
and [(n>-CsMes)IrCl(en)](CF5SO;) were prepared described pre-
viously.[31:37]

[(M®-CeMeg)RuCl(phen)](CF;SO3) (1):  Two equivalents of
Ag(CF53S03) (25.7mg, 0.1 mmol) were added to [{(CsMeg)-
RuCl,},] (34.0 mg, 0.05 mmol) and stirred in the dark for 0.5h
in 10 mL acetone. Filtration of the resulting AgCl precipitate and
subsequent solvent removal under vacuum afforded [(CsMeg)Ru-
Cl(acetone),](CF3S03), which was stirred with the ligand phen
(18.0 mg, 0.1 mmol) in CH;OH/CH,Cl, (1:1, 10 mL) at 55 °C for
2 h. Following volume reduction of the resulting clear solution to
2 mL and addition of CH;OH (3 mL), the product was precipitated
with diethyl ether, washed and dried in vacuo. Yield: 62% (39 mg).
C,5H,4CIF3N,O3RuS (628.1): caled. C 47.8, H 4.2, N 44, S 5.1;
found C 47.4, H 4.4, N 4.3, S 5.2. LSIMS: m/z (%) = 593 (2) [M —
CIJ*, 479 (100) [M — OTI{]*, 444 (10) [M — Cl — OTf]*. '"H NMR
(400 MHz, [Dg]DMSO, 25°C): 6 = 2.33 (s, 18 H, CH; CsMey),
8.16 (m, 2 H, phen), 8.23 (s, 2 H, phen), 8.80 (dd, 2 H, phen), 9.41
(dd, 2 H, phen) ppm. *C NMR ([Dg]DMSO): § = 15.8 (CCHj;
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CeMeg), 97.2 (CCH; C¢Mey), 127.6, 128.8, 131.9, 139.7, 147.2,
154.8 (phen) ppm.

[(M®-CsMeg)RuCl(tap)](CF3SO3) (2): Preparation as for 1 with the
ligand tap (18.2mg, 0.1 mmol). Yield: 70% (44 mg).
C53H,6CIF3N4O3RuS (630.1): caled. C 43.9, H 3.8, N 8.9, S 5.1;
found C 43.6, H 3.8, N 8.9, S 5.1. LSIMS: m/z (%) = 631 (1) [M
+ HJ*, 595 (1) [M — CIJ*, 481 (100) [M — OTf]*, 446 (15) [M — Cl -
OTI]*. '"H NMR (400 MHz, [D¢]DMSO, 25°C): 6 = 2.31 (s, 18 H,
CH;C¢Mey), 8.61 (s, 2 H, tap), 9.45 (d, 2 H, tap), 9.51 (d, 2 H, tap)
ppm. *C NMR ([D¢]DMSO): 6 = 16.0 (CCH; C4sMey), 98.7 (CCH;
CsMey), 133.7, 146.9, 148.9, 150.9 (tap) ppm.

[(M®-CsMeg)RuCl(dpq)l(CF5S03) (3): Preparation as for 1 with the
ligand dpq (23.2mg, 0.1 mmol). Yield: 46% (31 mg).
C,7H,4CIF;N,4O3RuS (680.1): caled. C 47.7, H 3.9, N 8.2, S 4.7;
found C 47.3, H 3.9, N 8.2, S 4.4. LSIMS: m/z (%) = 635 (1) [M —
CI1*, 531 (100) [M — OTA]*, 496 (15) [M — Cl — OTf]*. '"H NMR
(400 MHz, [Dg]DMSO, 25°C): 0 = 2.13 (s, 18 H, CH3; C¢Mey),
8.30 (m, 2 H, dpq), 9.33 (s, 2 H, dpq), 9.46 (d, 2 H, dpq), 9.61 (d,
2 H, dpq) ppm. '3C NMR ([D¢]DMSO): 6 = 15.2 (CCH;3 C¢Mey),
95.5 (CCH; C¢Meg), 127.6, 128.5, 134.7, 138.9, 146.7, 146.9, 155.0
(dpq) ppm.

[(m®-CsMeg)RuCl(dppz)|(CF5SO5) (4): Preparation as for 1 with the
ligand dppz (28.2mg, 0.1 mmol). Yield: 45% (33 mg).
C;3,;H,5CIF3N4O5RuS (730.2): caled. C 51.0, H 3.9, N 7.7, S 4.4;
found C 50.6, H 3.8, N 7.3, S 4.2. LSIMS: m/z (%) = 581 (100)
[M — OTf]*, 545 (15) [M — Cl — OT{]*. '"H NMR (400 MHz, [Dg]-
DMSO, 25°C): 0 = 2.18 (s, 18 H, CH; CsMeg), 8.19 (m, 2 H,
dppz), 8.34 (m, 2 H, dppz) 8.49 (m, 2 H, dppz) 9.46 (dd, 2 H,
dppz), 9.71 (dd, 2 H, dppz) ppm. *C NMR ([Dg]DMSO): § = 17.0
(CCH; CgMeg), 97.4 (CCH; CeMey), 128.9, 130.3, 130.5, 133.6,
136.1, 140.7, 143.0, 149.3, 156.2 (dppz) ppm.

[(m®-CsMeg)RuCl(dppn)](CF3SO3) (5): Preparation as for 1 with the
ligand dppn (33.2mg, 0.1 mmol). Yield: 74% (58 mg).
C35H;30CIF3N4O3RuS (780.2): caled. C 539, H 3.9, N 7.2, S 4.1;
found C 53.9, H3.8, N 7.1, S 4.2. LSIMS: m/z (%) = 631 (100) [M —
OTI]*, 596 (10) [M — Cl - OTf]*. 'H NMR (400 MHz, [D¢]DMSO,
25°C): 0 = 2.14 (s, 18 H, CH; CsMey), 7.73 (m, 2 H, dppn), 8.29
(m, 2 H, dppn), 8.39 (m, 2 H, dppn), 9.16 (s, 2 H, dppn), 9.40 (dd,
2 H, dppn), 9.64 (dd, 2 H, dppn) ppm. *C NMR ([Dg]DMSO): §
=15.2 (CCH; CsMey), 95.5 (CCH; CsMeg), 127.87, 127.89, 127.91,
128.5, 129.6, 134.5, 135.0, 137.8, 140.0, 148.8, 155.1 (dppn) ppm.

[(M®-CsMeg)Ru(dpq){(NH,),CS}(CF3S05), (6): An equivalent of
Ag(CF5S803) (25.7mg, 0.1 mmol) was added to a solution of
[{(CsMeg)RuCly},] (34.0 mg, 0.05mmol) in 10 mL acetone and
stirred in the dark for 0.5 h. Filtration of the precipitate AgCl and
subsequent solvent removal under vacuum afforded [(C4Meg)Ru-
Cl(acetone),] (CF3S0;), which was stirred with the ligand dpq
(23 mg, 0.1 mmol) at 55 °C for 2 h. Following solvent removal, the
resulting residue of complex 3 was dissolved in 10 mL acetone and
treated with a further equivalent of Ag(CF3SOs3). After stirring in
the dark for 0.5 h, filtration of AgCl and solvent removal, the re-
maining solid was dissolved in 10 mL of a 1:1 CH;0H/CH,Cl,
mixture and treated with thiourea (7.6 mg, 0.1 mmol). The solution
was then refluxed for 12 h and subsequently reduced in volume to
2 mL. Following addition of 2 mL of CH;OH, the product was
precipitated by addition of diethyl ether, washed and dried in
vacuo. Yield: 44% (38 mg). CyoH30F¢NgOgRUS; (869.8): caled. C
40.0, H 3.5, N 9.7, S 11.1; found C 39.6, H 3.2, N 9.5, S 10.9.
LSIMS: m/z (%) = 722 (4) [M — OT{]*, 645 (45) [M — OTf — thio-
urea]®. '"H NMR (400 MHz, [Dg]DMSO, 25 °C): § = 2.10 (s, 18 H,
CH; C¢Mey), 7.1 (br., 4 H, thiourea), 8.32 (m, 2 H, dpq), 9.24 (d,
2 H, dpq), 9.37 (s, 2 H, dpq), 9.61 (d, 2 H, dpq) ppm. '*C NMR
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([DgIDMSO): 6 = 15.4 (CCH; CsMeg), 97.7 (CCH; CeMey), 128.4,
129.1, 134.9, 139.4, 147.0, 147.3, 156.0 (dpq), 174.4 (thiourea) ppm.

[(®-CsMeg)Ru(dppz) {(NH,),CS}(CF3S05), (7): Preparation as for
6 with the ligand dppz (29.1 mg, 0.1 mmol). Yield: 63% (58 mg).
C33H3,FgNgOgRuUS; (919.9): caled. C 43.1, H 3.5, N 9.1, S 10.5;
found C 42.9, H 3.8, N 8.8, S 10.2. LSIMS: m/z (%) = 943 (2) [M
+ Na]*, 771 (12) [M — OTf]*, 695 (7) [M — OTf - thiourea]*, 621
(10) [M — 20Tf]*, 546 (35) [M — 20Tf — thiourea]”. 'H NMR
(400 MHz, [Dg]DMSO, 25 °C): 0 = 2.12 (s, 18 H, CH3 CsMey), 7.1
(br., 4 H, thiourea), 8.21 (m, 2 H, dppz), 8.32 (m, 2 H, dppz) ppm.
8.53 (m, 2 H, dppz), 9.23 (d, 2 H, dppz), 9.71 (d, 2 H, dppz). 1’°C
NMR ([Dg]DMSO): 6 = 15.7 (CCH3), 97.8 (CCHs;), 128.6, 129.7,
129.8, 133.3, 135.2, 140.0, 142.2, 148.5, 156.1 (dppz), 174.4 (thio-
urea) ppm.

[(M°®-CeMeg)Ru(dppn)] {(NH,),CS}(CF5S05), (8): Preparation as
for 6 with the ligand dppn (32.0 mg, 0.1 mmol). Yield: 47%
(46 mg). C37H3,FgNgORuS; (970.0): caled. C 45.8, H 3.5, N 8.7,
S 9.9; found C 46.2, H 3.3, N 8.5, S 10.1. LSIMS: m/z (%) = 821 (4)
[M — OTA]*, 744 (3) [M — 20Tf — thiourea]* [M — OTf — thiourea]*
596 (7). '"H NMR (400 MHz, [D¢g]DMSO, 25°C): § = 2.13 (s, 18
H, CH; CsMey), 7.2 (br., 4 H, thiourea), 7.82 (m, 2 H, dppn), 8.31
(m, 2 H, dppn), 8.48 (m, 2 H, dppn) 9.19 (m, 2 H, dppn), 9.25 (s,
2 H, dppn), 9.69 (m, 2 H, dppn) ppm. '*C NMR ([D¢]DMSO): §
= 15.7 (CCH3), 97.8 (CCH3), 128.3, 128.5, 128.8, 129.0, 130.1,
135.0, 135.3, 138.2, 141.1, 149.0, 156.1 (dppn) 174.4 (thiourea)

X-ray Structural Analysis of 1 and 3: Crystal and refinement data
are summarised in Table 1. Intensity data were collected with an
Oxford Diffraction Sapphire-CCD diffractometer at 293 K (1) and
109 K (3) using 1° @ scans and Mo-K,, radiation (1 = 0.71073 A).
The data were corrected for absorption by the Gauss method and
solved by direct methods with SHELX97. Refinement against [
was performed by SHELXL975% with anisotropic temperature fac-
tors for non-hydrogen atoms and protons at geometrically calcu-
lated positions as riding atoms.

CCDC-635848 to -635849 contain the supplementary crystallo-
graphic data for 1 and 3 and may be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; Fax: +44-1223/336-033; E-mail: deposit@ccdc.cam.
ac.uk.

DNA Binding Studies of 1-8: The thermal denaturation tempera-
ture 7, of 1:10 complex/DNA mixtures [DNA concentration =
M(nucleotide)] were determined in a 10 mm phosphate buffer at pH
= 7.2. Melting curves were recorded at 2 °C steps for the wave-
length 260 nm with an Analytik Jena SPECORD 200 spectrometer
equipped with a Peltier temperature controller. Ty, values were cal-
culated by determining the midpoints of melting curves from the
first-order derivatives. The experimental AT, values of Table 2 are
estimated to be accurate within *1°C. Concentrations of CT
DNA were determined spectrophotometrically using the molar ex-
tinction coefficient &,5p = 6600 M ' cm .51

All electronic absorption titrations were performed at 293 K. After
sonication, buffered solutions of CT DNA gave a UV absorbance
ration A,go/Asgp of ca. 1.90, indicating that the DNA was suffi-
ciently free of proton.l®?l 20 um solutions of the individual metal
complexes were treated with DNA over a range of molarities 20 to
300 um (nucleotide). All UV/Vis spectra were measured after equili-
bration, i.e. no further change in the monitored absorbance. Ti-
tration curves were constructed from the fractional change in ab-
sorbance as a function of DNA concentration according to the
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model of Bard and Thorp!*>-3% for non-cooperative non specific
binding for one type of discrete DNA binding site.

Equation (1) was used to fit the absorption data by least-squares
refinement of binding constants (K}) and site sizes (s) with b = 1
+ K, C, + K, [DNA]/2s, where ¢, is the extinction coefficient of the
complex in the absence of DNA, ¢, the extinction coefficient of the
complex when fully bound to DNA (i.e. no absorption change on
further addition of DNA), Kj, the equilibrium constant in M !, C;
the total metal complex concentration, [DNA] the DNA concentra-
tion in M(nucleotide) and s the binding site size. Values of ¢, were
obtained by extrapolation from the y intercept of plots of ¢,/ vs.
1/[DNA]. The K, and s values of Table 2 are those for the best
least-squares fits to the individual UV/Vis titration curves using the
program ORIGIN 6.0.

(ea — &)l(e — &) = (b — {b* — 2K*C[DNAJ/s})2K, C, M

Viscosity Measurements: Viscosities for complex/sonicated DNA
mixtures were determined using a Cannon-Ubbelhode Semi-micro
dilution viscometer (Series No 75, Cannon Instrument Co) held at
a constant temperature of 25 °C in a water bath. The viscometer
contained 2 mL of 0.4 mm sonicated DNA solution in a 10 mm
phosphate buffer (pH = 7.2). 0.2 mm complex solutions also con-
taining sonicated DNA at the same concentration as in the viscom-
eter (0.4 mm) were added in increments of 100 pL from a micropi-
pet. Solutions were passed through filters to remove particulate
material prior to use. Reduced viscosities no were calculated by
literature methods*”! and plotted as In(n/no) (Mo = reduced vis-
cosity of the DNA solution in the absence of complex) against
In(1+r) for rod-like DNA (approximately 600 base pairs).

Cell Culture: MCF-7 breast cancer and HT-29 human colon carci-
noma cells were maintained in 10% (v/v) fetal calf serum contain-
ing cell culture medium (minimum essential medium eagle sup-
plemented with 2.2 g NaHCO;, 110 mg/L sodium pyruvate and
50 mg/L gentamicin sulfate adjusted to pH 7.4) at 37 °C: 5% CO,
and passaged twice a week according to standard procedures.

Cytotoxicity Measurements: The antiproliferative effects of the
compounds were determined following an established procedure.!>!
In short, cells were suspended in cell culture medium (HT-29: 2850
cells/'mL, MCF-7: 10000 cells/mL), and 100 pL aliquots thereof
were plated in 96 well plates and incubated at 37 °C: 5% CO, for
48 h (HT-29) or 72 h (MCF-7). Stock solutions of the compounds
in DMSO were freshly prepared and diluted with cell culture me-
dium to the desired concentrations (final DMSO concentration:
0.1% v/v). The medium in the plates was replaced with medium
containing the compounds in graded concentrations (six repli-
cates). After further incubation for 72 h (HT-29) or 96 h (MCF-7)
the cell biomass was determined by crystal violet staining and the
1C5, values were determined as those concentrations causing 50 %
inhibition of cell proliferation. Results were calculated from 2-3
independent experiments.

Cellular Uptake: For cellular uptake studies, cells were grown until
at least 70% confluency in 175-cm? cell culture flasks. Stock solu-
tions of the complexes in DMSO were freshly prepared and diluted
with cell culture medium to the desired concentrations (final
DMSO concentration: 0.1% v/v, final complex concentrations: 1.0
and 10 pm). The cell culture medium of the cell culture flasks was
replaced with 10 mL of the cell culture medium solutions contain-
ing the compounds and the flasks were incubated at 37 °C:5% CO,
for 4 h. The culture medium was removed, the cell layer washed
with 10 mL PBS (phosphate buffered saline pH 7.4), treated with
2-3 mL trypsin solution (0.05% trypsin, 0.02% EDTA in PBS) and
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incubated for 2 min at 37 °C:5% CO, after removal of the trypsin
solution. Cells were resuspended in 10 mL PBS and isolated by
centrifugation (room temperature, 2000 g, 5 min). The cell pellets
were resuspended in 1.0 mL twice distilled water, lysed by use of a
sonotrode and appropriately diluted with twice distilled water. The
ruthenium content of the samples was determined by AAS (see
below) and the protein content by the Bradford method. Results
were calculated as ng ruthenium per mg cellular protein from the
data obtained in 2 independent experiments.

AAS Measurements: A Vario 6 graphite furnace atomic absorption
spectrometer (AnalytikJena AG) was used for ruthenium quantifi-
cation. Ru was detected at a wavelength of 349.9 nm with a band-
pass of 1.2 nm. A deuterium lamp was used for background correc-
tion. Standards for calibration purposes were prepared as aqueous
dilutions of a commercially available ruthenium standard stock
solution [Acros, 1 mg/mL ruthenium in HCI (5%)]. To each 160 pL
sample or standard solution 20 pL. Triton X-100 (1%) and 40 pL
HCI (1 N) were added. A volume of 25 pL thereof was injected into
the graphite tubes. Drying, pyrolysis and atomization in the graph-
ite furnace was performed according to the conditions listed in
Table 4. The detection limit for the method was 4.8 ug Ru L !. The
mean AUC (area under curve) absorptions of duplicate injections
were used throughout the study.

Table 4. Graphite furnace program for AAS measurements.

Step Temperature [°C] Ramp [°C/s] Hold [s]
drying 90 10 40
drying 105 7 30
drying 120 15 20
drying 500 50 30
pyrolysis 900 200 20

AZ (zeroing) 900 0 6
atomisation 2200 maximum 4

tube cleaning 2600 1000 6
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