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The DNA binding of cationic complexes of the type [(n®-arene)Ru(Aa)(dppz)] (CF;S0O;), (arene = C¢Hg, Me;C¢Hj,
C¢Meq; dppz = dipyrido[3,2-a:2',3"-c]phenazine; n = 1, Aa = AcH_,cysOH 4-6; n =2, Aa = AcmetOH 7-9; n =3,

Aa = H,metOMe 10-12) containing S-coordinated amino acids (HcysOH = L-cysteine, HmetOH = L-methionine)
has been studied by UV-vis titration and 2D-NOESY. Stable intercalative binding is indicated for these complexes
by their steady decrease in absorbance at maxima between 350 and 390 nm on titration with CT DNA and the
bathochromic shifts of these absorption maxima. Taking 4-12 and the analogous (n%-CsMeg)Ru™ complexes of

the tripeptides HglyglycysOH (n =1, 13) and HglyglymetOH (n = 2, 15; HglyOH = glycine) into account, typical
DNA binding constant (K,) ranges can be established for (n°-arene)Ru™ complexes: 5.3 X 10*-1.6 x 105 M! for
monocations, 6.3 X 10°-9.9 x 10° M™! for dications and 1.6 x 10°-5.5 x 10° M~ for trications. These K;, values clearly
reflect a strengthening of electrostatic interactions with the negatively charged phosphodiester backbone of DNA as
the total cation charge increases. A consistent trend to higher K, values is also apparent for the coligand series C¢Hg <
Me,C¢H; < C{Me, with the relative increase being, in general, more pronounced for CqHg/Me,C¢H; pairs. The strong

electronic influence of the coligand on dppz intercalation is also reflected by marked increases AT, of 18.2-18.5 °C
in the CT DNA thermal denaturation temperature for di- and tri-cationic (n°-CsMe,)Ru complexes. Upfield 'H
NMR chemical shifts and characteristic NOE cross peaks for the dppz protons of the 1 : 1 complex formed between
9 and d(GTCGAC), are consistent with a side-on intercalation adjacent to T, from the major groove.

Introduction

In contrast to the extensive studies? on transition metal
polypyridyl complexes such as [Ru(bpy),(dppz)]**, [Ru(phen),-
(dpp2)I** (bpy = 2,2-bipyridine, phen = 1,10-phenanthroline,
dppz = dipyrido[3,2-a:2',3'-c]phenazine)** and [Rh(phen),-
(phi)]** (phi = 9,10-phenanthrene-quinone diimine),’ only two
reports on the intercalation of comparable organometallic
complexes into DNA have appeared.*’ Hubbard et al.® pro-
vided gel electrophoretic evidence for an intercalative binding
mode of [(n*-CsMes)Ru(dppz)(NO)|(OTS), into supercoiled
plasmid DNA and we have investigated’ the analogous inter-
action of half-sandwich complexes of the type [(n®-CsMes)-
M(Aa)(dppz)]"" (M = Ir, Rh; Aa = amino acid or peptide;
n = 1-3) with calf thymus DNA (CT DNA) and plasmid p Blue-
script IT Ks+ (2958bp, 50.2% GC base pairs). The observed
steady decrease in absorbance at maxima between 350 and 400
nm on UV-vis titration of such bioorganometallic compounds
with CT DNA and the bathochromic shifts of these absorption
maxima are consistent with stable intercalative DNA binding.
However, the magnitudes of the total binding constants K,
(8.80 x 10*-2.62 x 10° M ") are clearly dependent on the overall
cation charge n (1-3), ie. on additional electrostatic inter-
actions with the negatively charged phosphodiester backbone
of DNA.

This finding is in accordance with the results of Sartorius and
Schneider?® for intercalation studies on naphthalene, quinoline
and indole derivatives with positively charged ammonium
groups in their side chains. These authors also found that for
the heterocyclic compounds studied, intercalation strength is
essentially a function of the size of the aromatic system,
independent of heteroatoms or the presence of local positive
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charges within such moieties. However, ab initio molecular
orbital calculations®'® do stress the importance of corre-
sponding neighbouring charge distributions for n-stacking
of heteroaromatic ring systems such as nucleobases. One
promising strategy for investigating the influence of such an
electron correlation on metal complex/DNA interaction is to
vary the ancillary ligands whilst retaining the original inter-
calating ligand (e.g. dppz). Unfortunately, the interpretation
of such binding studies has often been hampered by the
unavoidable introduction of additional competing inter-
actions, e.g. hydrogen bonding or hydrophobic contacts. For
instance, whereas the intercalating bimetallic ammine com-
plex [{Ru(NH;),},(dpb)]** (dpb = 2,3-bis(2-pyridyl)-benzo[g]-
quinoxaline) binds much more strongly to DNA!' than the
corresponding bpy complex [{Ru(bpy),},(dpb)]**, the presence
of four NH; ligands is detrimental to DNA binding"* for
[Ru(NH,),(dppz)** in comparison to [Ru(phen),(dppz)]**.
Hydrogen bonding interactions were invoked as a possible
explanation in both cases, as they were to explain the striking
increase in the duplex melting temperature, AT, for
[Rh(phen)(phi),]** with a 15-mer (21 °C) in comparison to that
for [Rh(phen),(phi)]** (7 °C)."

We now report a comparative binding study of complexes of
the type [(n®-arene)Ru(Aa)(dppz)]"* (n = 1-3), with methionine-
(met) or cysteine-containing (cys) amino acids and peptides, in
which the aromatic coligand (arene = C4H, 1,3,5-Me;CoH;,
C¢Meq, p-cymene) was varied so as to systematically influence
the charge distribution within the dppz moiety. Apart from pos-
sible changes in the electron correlation between intercalating
dppz ligands and the DNA nucleobases, only steric bulkiness
and weak hydrophobic contacts can be directly affected by this
coligand variation.
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Results and discussion

The parent (n®-arene)Ru™ complexes, [(n%-arene)RuCl(dppz)]Cl
1-3, (arene = C¢Hg, 1,3,5-Me;C¢H,, CcMeg), were prepared by
reaction of the respective starting compounds [{(n°-arene)-
RuCl},(u-Cl),] with dppz in ethanol. Fig. 1 depicts the X-ray

Fig. 1 Molecular structure of the cation of [(n®*-C4Mes)RuCl(dppz)]-
(CF,;S05;) 3b. Selected bond lengths (A): Ru(1)-CI(1) 2.409(2), Ru(1)-
N(1) 2.111(2), Ru(1)-N(2) 2.106(3).

structure of the monocation of 3b, [1%-CsMeq)RuCl(dppz)]-
(CF,;S0,), in which the Ru atom is sited 1.705(1) A from the
centroid of the n®-coordinated C4Me, moiety and this and the
dppz ligand exhibit an interplanar angle of 50.7°. Ru-C dis-
tances fall in the narrow range 2.195(6)-2.203(9) A. As to be
expected, neighbouring dppz ligands participate in w-stacking
in the monoclinic crystal lattice of 3b. The effect of coligand
variation on the electron distribution within the dppz aromatic
system can be gauged by comparing the 'H NMR shifts for
individual protons, which were assigned on the basis of 2D
experiments (H, H-COSY, HMQC-TOCSY, HMBC). With the
exception of the H3, H8 resonances, all 'H NMR signals in the
dppz region shift systematically to higher field on going from 1
to 3 (Fig. 2). This increase in shielding is indicative of a weaken-
ing of the Ru-N(dppz) bonds within this series as a result of the
concomitant increase in Ru—arene bond strength for the corre-
sponding coligand in the order benzene < mesitylene < hexa-
methylbenzene. Whereas very pronounced upfield shifts are
observed in 2 and 3 for the H2, H9 protons (respectively —0.19,
—0.56 ppm) adjacent to the coordinating nitrogen atoms,
those of H4, H7 (—0.06, —0.23 ppm), H11, H14 (—0.03, —0.19
ppm) and H12, H13 (—0.02, —0.10 ppm) are more modest
and decrease with increasing remoteness from N1 and N10.
Marginal lowfield displacements of respectively 0.01 and 0.03
ppm are apparent for the H3, HS protons.

Mono-, di- and tri-cationic bioorganometallic complexes
containing the aromatic coligands C¢Hg, 1,3,5-Me;CH; and
C¢Me, and respectively AcH_,cysOH (4-6), AcmetOH (7-9)
or H,metOMe (10-12) were obtained by treating the solvent
complexes  [(nS-arene)Ru(acetone)(dppz)](CF;S0;), 1a-3a
with equivalent quantities of the individual amino acid. A
CH,0H-CH,CI, solvent mixture at 45 °C was employed for the
preparation of 4-6, acetone at 60 °C for the met-containing
compounds 7-12. The (n*-CMeg)Ru™ complexes [(n®-CcMeg)-
Ru(HglyglyH ,cysOH)(dppz)](CF;S0;) (13), [(n*-C¢Me,)Ru-
(HeysOMe)(dppz)[(CF80;), (14) and [(n*-CeMeg)Ru(Hgly-
glymetOH)(dppz)](CF;S0,), (15) were synthesised in an
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Fig. 2 A comparison of the dppz region of the "H NMR spectra of
[(®-arene)RuCl(dppz)]Cl 1-3 (arene = C¢Hg, 1,3,5-Me;C4H;, CsMeg)
taken in CD;0OD.

analogous manner, either in water at 50 °C (13, 15) or in a
CH,;OH-CH,CI, mixture at 45 °C (14). Stirring of two equiv-
alents of Ag(CF,SO,) with acetone solutions of 1-3 for
30 minutes, followed by filtration of precipitated AgCl and sol-
vent removal, afforded the acetone complexes 1a-3a as viscous
oils, which were employed without further characterisation.
The complexes 4-15 (Scheme 1) were characterised by FAB

T,
R”00C —CH —NH—R’
o
a) R’=Ac; Hglygly; R”=H
b) R’=H; R”=Me
Scheme 1 Structures of 4-15.

mass spectrometry, '"H and *C NMR and IR spectroscopy. A
striking coligand upfield shift dependence in the order C{Hg <
1,3,5-Me,CcH; < C{Me, is apparent not only for the dppz pro-
ton resonances, with the exception of H3, H8 as in 1-3, but also
for the amino acid 'H NMR signals. For instance, the methio-
nine §-CH; '"H NMR singlet in CD;0D shifts from 6 2.12 over
1.78 to 1.65 in the AcmetOH series 7-9 and from ¢ 2.06 over
1.72 to 1.67 in the [H,metOMe]* series 10-12. Analogous
upfield *C signal shifts are observed for the parent side chain
methyl carbon atom in these complexes, namely ¢ 20.5, 18.6 and
16.7 for 7-9 and ¢ 19.9, 17.7 and 16.4 for 10-12. Even more
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pronounced spectral displacements are apparent for the 3-CH,
protons of the xS coordinated AcH_,cysOH complexes 4-6,
whose multiplets exhibit respective 0 values of 2.5-2.8, 1.8/2.1
and 1.2-1.4. The apposite *C NMR shifts for the parent
carbon atom are ¢ 36.4, 35.5 and 27.8 in CD;0D. The magnetic
resonance behaviour of the methionine 3-CH, protons in these
bioorganometallic compounds represents a striking reversal in
the characteristic positive shifts (from the ¢ value in free
methionine of ca. 2.05-2.10) experienced by the same protons
in (n°*-C¢Hg)Ru™ and (n°-CsMeg)Ru™ complexes ¢ without an
additional chelating dppz ligand. Analogous negative shifts
were also observed for the 3-CH; protons in half-sandwich
complexes’ of the type [(n°-CsMes)Ir(Aa)(dppz)](CF;S0;),
(Aa = AcmetOMe, [H,metOMe]*, HglyglymetOH).

Before turning to discussion of the DNA binding studies, it is
necessary to consider the possible competition between inter-
calation and direct coordination by nucleobase nitrogen atoms
for this class of bioorganometallic complexes. The kinetics of
AcmetOH substitution by the model purine base 9-ethyl-
guanine (9-Etgua) were, therefore, studied by 'H NMR
spectroscopy at pH 7.2 for complexes 7-9 (Fig. 3). The rate

CH, S(7,8,9
|
iy

HOOC — CH—NHCOCH,

+9-Etgua | - AcMetOH
-b*\b
b
OO
N
Ru
o s N
N
HN
|
H,N J\\N N P (7a, 8a, 9a)
: CH,CH,

Fig. 3 Substitution of AcmetOH in complexes 7-9 (coligand = C¢Hg,
Me,;C¢H;, C;Meg) by 9-ethylguanine (9-Etgua).

of reaction was monitored by following the development of
the integral value for the 8-CH; resonance of coordinated
AcmetOH in 7-9 (¢/S)) after a time span ¢ in comparison to the
sum of the integral values for 6-CH; (¢y(S)) in both these start-
ing compounds and in the liberated amino acid at 2.07 ppm.
After 90 hours a ¢,(S)/cy(S) ratio of ca. 0.5 is observed for the
hexamethylbenzene complex 9. The ligand substitution involves
initial slow dissociative loss of AcmetOH followed by rapid
coordination of the (n°-arene)Ru™ fragment by N7 of 9-Etgua.
Linear regression analyses of the time-dependence of the
function In[c,(S)/cy(S)] (Fig. 4) provide respective rate con-
stants k of 9.56(41) x 1077, 1.71(5) x 107¢ and 2.39(10) x 10~¢
s~! for the first order initial dissociative step in complexes 7-9.
Steadily increasing lability of the Ru—S(thioether) bond within
this series clearly correlates with the strengthening of the
Ru-—coligand bonds in the order CgHg < Mey;CiH; < MeCy.
However, in accordance with previous comparative kinetic
studies '8 on (n®-arene)Ru™ and (n’>-CsMes)Ir™ half-sandwich
complexes, the rate of reaction for 7-9 is much slower than for
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+7 9.56(41)-107
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"9 2.39(10)-10°
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Fig. 4 Time-dependence of the "H NMR function In[c,(S)/c,(S)] for
the reaction of 7-9 with 9-Etgua as based on the 'H NMR integral
values of the 3-CHj, protons. ¢,(S) gives the initial concentration of the
starting complexes 7-9, ¢,(S) their concentrations after ¢ hours.
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Fig.5 UV-Vis spectra for the titration of [(n°®-CsMeg)Ru(H,metOMe)-
(dpp2)](CF;S0;); 12 (20 uM) in a 10 mM phosphate buffer (pH 7.2)
with CT DNA (0-300 uM (nucleotide)). The inset depicts the best least-
squares fit to the model of Bard and Thorp2** for this UV-vis titration.

the analogous Ir'™ complex [(n*-CsMes)Ir(AcmetOMe)(dppz)]-
(CF,S0,), with its k value” of 1.64(11) x 107557,

Fig. 5 depicts the UV-vis spectra recorded for a buffered
20 uM solution of [(n°*-C¢Meg)Ru(H,metOMe)(dppz)]** (12) at
pH 7.2 in the presence of increasing quantities of CT DNA.
The observed average 39% decrease in absorbance (hypo-
chromicity) at 366 and 385 nm and the bathochromic shifts
(6 nm) of these absorption maxima are characteristic for strong
intercalative DNA binding, as has been documented for other
polypyridyl transition metal complexes.”” An isosbestic point
can be identified at 396 nm, in accordance with a simple equi-
librium distribution between DNA-bound and free (n®-CcMey)-
Ru"™ complex 12. UV absorption data recorded at 366 nm for
the titration of 12 with CT DNA were fitted graphically using
the model of Bard* and Thorp?®' to afford a least-squares esti-
mate of 5.5(1) X 10° M™! for the intrinsic binding constant K, at
an average binding site size s of 3.2 base pairs of DNA. This
model assumes non-cooperative, non-specific binding with the
existence of one type of discrete binding site, i.e. in this case an
intercalation site. Calculations were performed for s values at
0.1 steps within the range 1 < s < 6 with s = 3.2 providing the
best least-squares fit to the experimental UV-vis titration data.
Binding saturation is achieved at a [DNA]/[12] concentration
ratio of 8 : 1 where [DNA] refers to M(nucleotide). Following
the initial hypochromic shifts, on addition of a 15-fold excess of
CT DNA to a 20 uM solution of 12 at pH 7.2 (see the final trace
in Fig. 5), no change in the UV-vis spectrum of the final
equilibrium mixture was observed over a period of 3 days. This
was also the case at 15- to 25-fold CT DNA excess for the
other complexes (4-17) studied in the course of this work. These
observations indicate that the intercalative binding mode of



Table 1 Binding constants Ky, site sizes s and melting temperature shifts AT, for the interaction of CT DNA with bioorganometallic complexes of
the type [(n®-arene)Ru(Aa)(dppz)]"*, n = 1-3. Buffer I (T, = 70.1 °C) was employed for 7-12 and 15-17, buffer II (T, = 72.5 °C) for the remaining
metal complexes. K, values are for [DNA] concentrations in M(nucleotide) and are estimated to be accurate to within +0.1 units for the given order

of magnitude and binding site s. Experimental AT values are accurate to within *1 °C

Complex n Arene Aa K/M™! s AT /°C
4 1 C¢Hg AcH_cysOH 5.3 x10* 1.6 7.2
5 1 1,3,5-Me;C¢H, AcH_ ,cysOH 1.2 x 10° 1.7 11.3
6 1 CeMe, AcH_cysOH 1.6 x 10° 1.5 10.4
7 2 «Hg AcmetOH 6.0 x 10* 1.5 7.5
8 2 1,3,5-Me;C H, AcmetOH 6.3x10° 5.4 13.0
9 2 C¢Me, AcmetOH 7.3 x 10° 5.1 18.4

10 3 CHg H,metOMe 1.6 x 10° 1.8 6.5

11 3 1,3,5-Me;C¢H, H,metOMe 1.7 x 106 2.8 11.5

12 3 CeMe, H,metOMe 5.5 x10° 3.2 18.2

13 1 C¢Me, HglyglyH_,cysOH 1.5x10° 4.6 9.4

14 2 CeMe, HcysOMe 7.8 x 10° 2.4 9.9

15 2 C¢Me, HglyglymetOH 9.9 x 10° 2.3 18.5

16 3 p-cymene H,metOMe 1.4 x10° 2.5 5.7

17 3 [9]aneS, H,metOMe 1.1 x10° 2.1 7.0

such (n%arene)Ru” complexes is indeed strong enough to
subdue any subsequent amino acid/peptide substitution caused
by Ru—N covalent binding to DNA.

All the dppz complexes considered in this work exhibit well
resolved absorption maxima in the range 350-400 nm (n—m*
transitions), whose hypochromic shifts on titration with CT
DNA can be analysed as for 12 by the model of Bard?* and
Thorp.?! Binding constants K, and corresponding site sizes s
for the best least-squares fits to the UV-vis titration data of
complexes 4-17 are listed in Table 1. The excellent agreement
between experimental and calculated extinction values over the
wide [DNA]/complex ranges depicted in Fig. 5 (12, 0-300 uM)
and Fig. 6 (7-9, 0-450 uM) is typical for the UV-vis titrations
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Fig. 6 Least-squares fits (Bard and Thorp)?**' to the UV-vis spectral
data for the titrations of complexes [(n°-arene)Ru(AcmetOH)-
(dppz)](CF;S0;), (arene = C¢Hg, Me;CgH;, CsMeg, 7-9) (20 uM) in a 10
mM phosphate buffer (pH 7.2) with CT DNA (0-450 uM(nucleotide)).

carried out during the course of this work. This finding and the
fact that physically realistic binding site sizes in the range 1.5 <
< 5.4 gave the best least-squares fits indicates that the Bard
model provides an adequate description of the relatively strong
to strong DNA binding observed for complexes 4-17. K, values
can, of course, to some extent represent average values for dif-
ferent types of DNA interactions, particularly for lower bind-
ing constants (<2 X 10° M™"). That this may well be the case for
complexes 4-7 (5.3 x 10* < K, < 1.6 x 10° M) is indicated by
the observation of rather low s values in the range 1.5 to 1.7.
Binding site sizes less than unity are too small to account for the
neighbour exclusion principle and have been interpreted as
implying that intercalator ligands are stacking with one another
on the DNA surface.'*?

The choice of complexes 4-17 allows a comparison of
the influence of a) the net complex charge, b) the coligand, c)
the number of amino acid residues, and d), by including our

previous studies on (n’-CsMes)M™, (M = Ir, Rh), compounds,’
the nature of the half-sandwich fragment. The increase in K,
from 1.6 x 10° M~! through 7.3 X 10° M~ to 5.5 x 10° M~' in
the series of (n°-CsMes)Ru™ complexes 6, 9 and 12, with their
respective net charges of 1+, 2+ and 3+, clearly reflects a con-
tinuous strengthening of the electrostatic interaction with the
negatively charged DNA phosphodiester backbone. Similar
charge-dependent increases in K, are observed for the analo-
gous mesitylene (5, 8, 11) and benzene complexes (4, 7, 10). A
comparable charge influence has recently been reported for a
3+ cobalt-sarcophagine cage complex? attached to an anthra-
cene moiety, whose K value of 1.8 x 10° M™' is some two
orders of magnitude greater than that of the likewise inter-
calating (9-anthryl-methyl)ammonium (1+) cation.* On taking
the additional (n5-C4Mes)Ru™ complexes 13-15 into account, it
is apparent that the net cation charge is the major factor con-
trolling the DNA binding constant in the bioorganometallic
compounds considered in the present work. For instance, des-
pite the possibility of additional hydrogen bonding introduced
by the tripeptide ligand HglyglyH_,cysOH in the monocation
of 13, its observed K, value of 1.5 x 10° M™! is effectively
identical to that of [(n®-C,Mes)Ru(AcH_,cysOH)(dppz)]" (6,
K, = 1.6 x 10° M™"). However, the 36% increase in K, on
going from [(n°-C4sMeg)Ru(AcmetOH)(dppz)** (9, K, = 7.3 %
10° M) to [(n%-CeMeg)Ru(HglyglymetOH)(dppz)** (15, K, =
9.9 x 10° M) does, in contrast, suggest that N-H---X or
0O---H-X (X =N, O) peptide-to-duplex hydrogen bonds could
in certain cases play a complementary role in stabilising the
complex/DNA interaction. This finding is in accordance with
our previous observation of a 66% increase in K, for the analo-
gous di-cationic (n>-CsMeg)[r™ pair [(n’-CsMes)Ir(Acmet-
OMe)(dppz)*/[(n3>-CsMes)Ir(HglyglymetOH)(dppz)**,  for
which similar DNA binding constants of 7.04 x 10° and 1.16 x
105 M~! were determined.” It should also be noted that the
binding site size s decreases from 5.1 to 2.3 on going from 9 to
15, i.e. that more complex cations bind to DNA at saturation in
the latter case.

With the exception of the dication [(n°®-CsHg)Ru(AcmetOH)-
(dpp2)I** (7), typical DNA binding constant ranges can be
established for the (n®-arene)Ru™ complexes 4-15: 5.3 x 10*-
1.6 x 10° for monocations, 6.3 x 10°-9.9 x 10° for dications and
1.6 x 10%-5.5 x 108 for trications. The dominating role of the
net cation charge is also reflected in the K value of 1.1 x 10°
M for [([9]aneS;-k3S)Ru(H,metOMe)(dppz)** (17), which
lies just outside the above range for (n°-arene)Ru™ half-
sandwich complexes. Changing the transition metal fragment to
(M*-CsMey)Ir™ or (n3-CsMes)Rh™ has effectively no influence
on the efficacy of DNA binding,” a finding that is in striking
contrast to the interaction behaviour of [(n°-p-cymene)-
Ru(H,metOMe)(dppz)]** (16). The remarkably low K, value of
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1.4 x 10° M~ for this complex must be ascribed to the bulkiness
of the arene iso-propyl substituent, which appears to hinder
effective electrostatic interactions and/or intercalation.

A significant trend to higher DNA binding constants is
clearly apparent from Table 1 for the coligand series benzene <
mesitylene < hexamethylbenzene. For instance, K, for the tri-
cation of 12 is some 3.2 times higher than that for the analo-
gous mesitylene complex 11. A possible explanation is that the
increase in electron density within the dppz dipyridine system
along the (n®-arene)Ru™ series 4-6, 7-9 and 10-12 could lead to
improved electron correlation between DNA nucleobases and
the intercalating ligand. However, as previously discussed for
the p-cymene complex 16, the DNA binding behaviour of such
bioorganometallic half-sandwich compounds can also be influ-
enced by the steric requirements of their arene substituents.
Fig. 6 depicts the least-squares fits to UV-vis spectral data for
the titration of the dicationic AcmetOH complexes 7-9 with
CT DNA. Due to the reduced bulkiness of its n®-benzene
ligand, DNA binding of complex 7 is clearly more efficient than
that of 8 or 9 at CT DNA/complex ratios below ca. 9 : 1. In
contrast, at CT DNA concentrations above ca. 200 uM, the
improved electron correlation between the dppz ligand and
DNA nucleobases leads to the observed higher K, values for the
mesitylene and hexamethylbenzene complexes. The significant
increase in the binding site size s from 1.5 in 7 to respectively
5.4 and 5.1 in 8 and 9 is also in accordance not only with the
bulkier nature of the n®-arene ligand in the latter two complexes
but also with improved DNA intercalation. This parameter s
can be regarded as giving an estimate of the average number of
nucleobase pairs between neighbouring intercalating dppz
ligands.

Although a consistent trend to higher K, values is apparent
on going from mesitylene to hexamethylbenzene half-sandwich
complexes, the relative increase in K, is modest in all cases in
comparison to that observed for the benzene/mesitylene pairs
4/5 (AcH_,cysOH) and 7/8 (AcmetOH). Possible explanations
for this state of affairs are that the intercalation binding energy
for the dppz ligand might be similar in both n°®-Me,;C¢H; and
n%-CcMe, complexes or that an optimal DNA interaction with
improved electron correlation in the latter compounds is
hampered by the increased steric requirements of hexamethyl-
benzene. Thermal denaturation studies for CT DNA should
provide a means of gauging the efficacy of dppz intercalation,
provided that electrostatic and hydrogen bonding inter-
actions can be regarded as remaining effectively unaffected by
any coligand variation. Fig. 7 depicts the UV-vis spectra for a
CT DNA/complex 15 mixture (10 : 1 molar ratio) taken at
increasing temperatures and Fig. 8 the thermal denaturation
curves of A, for similar CT DNA/complex mixtures contain-
ing the tricationic complexes [(n®-arene)Ru(H,metOMe)(dppz)]-
(CF,S0;); 10-12. The dramatic and systematic increase in the

2.1
A .

3.
A 2.0 .
2

l increcasing 1.9
T

0.5

0.0 T T T T
200 300 400
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Fig. 7 UV-Vis spectra for the thermal denaturation of a 10 : 1 molar
ratio of CT DNA/[(n*CsMes)Ru(HglyglymetOH)(dppz)](CF;SO;),
mixture in a 10 mM phosphate/20 mM NaCl buffer at pH 7.2. The inset

depicts the thermal denaturation curve for the UV absorbance A, at
260 nm.
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Fig. 8 Comparison of the thermal denaturation curves for (A, Vs.
temperature) for CT DNA/complex mixtures (10 : 1 molar ratio with
[DNA] in M(nucleotide)) of compounds [(n®-arene)Ru(H,metOMe)-
(dpp2)](CF;S0;); (arene = C¢Hg, Me;CgH;, CiMeg, 10-12) in buffer I.
T ., for CT-DNA in buffer I is 70.1 °C.

DNA melting temperature within this series (AT ,, = 6.5 (10),
11.5(11), 18.2 °C (12)) is in accordance with a steady increase in
the intercalative binding energy, i.e. with improved n-stacking
for dppz ligands and neighbouring DNA nucleobases within
the duplex. A similar trend (AT, = 7.5, 13.0, 18.4 °C) is
observed for the dicationic AcmetOH series 7-9, thereby clearly
indicating that electrostatic interactions can only play a lesser
role in causing the very high AT, values recorded for the
n°%-CsMe, complexes 9 and 12. This interpretation is also sup-
ported by the remarkable increase of 18.5 °C in the denatur-
ation temperature of CT DNA in the presence of the dicationic
complex [(n®-C¢Mes)Ru(HglyglymetOH)(dppz)](CF;S0;), (15)
(see Fig. 7). As listed in Table 1, the lower AT, values for the
tricationic p-cymene and [9]aneS; complexes 16 and 17 (5.7,
7.0 °C) are closely similar to those of the n°C4sH, complexes
7 and 10 (7.5, 6.5 °C).

The AT, values for the n%-C4Mes complexes 9, 12 and 15
are significantly higher than that of 9.1 °C' for [Ru(phen),-
(dppz)]** or those of 10-14 °C reported for other metallo-
intercalators.”?® This suggests that electron correlation
between the dipyridyl part of dppz and polar regions of the
duplex nucleobases may be particularly effective for n%-C,Me,
half-sandwich complexes. The possible mode of DNA inter-
action was studied by two-dimensional NOESY for [(n®-C-
Meg)Ru(AcmetOH)(dppz)** (9) with the self-complementary
oligonucleotide d(GTCGAC),. This investigation also enables a
comparison with A-[Ru(phen),(dppz)]**, A-[Ru(phen),(dpq)**
(dpq = dipyrido[3,2-d:2’,3’-flquinoxaline) and [(n°-CsMe;)-
Ir(H,metOMe)(dppz)]**, whose intercalative binding to
d(GTCGAC), has previously been studied by NMR
techniques.*”?* In accordance with these reports, the fact that
the NOE cross peak from each purine/pyrimidine H8/H6 to its
own sugar H2' proton is significantly larger than that to the
adjacent H2' proton (Fig. 9) confirms the adoption of a B-type
duplex conformation by d(GTCGACQ),.

Addition of 9 to the hexanucleotide at a 0.8 : 1 molar ratio at
283 K induces marked upfield shifts and broadening of the
dppz proton resonances (Fig. 10), both of which phenomena
are clearly indicative of intercalative binding by the polypyridyl
ligand. The larger "H NMR shifts of —0.35 and —0.28 ppm for
the respective atom pairs H4/H7 and H11/H14 suggest that
these protons must penetrate to a greater extent into the base
stack, than their H3/H8 (—0.16 ppm), H12/H13 (—0.15 ppm)
and H2/H9 (—0.06 ppm) counterparts. In the 300 ms NOESY
spectrum depicted in Fig. 10, new NOE cross peaks appear for
the dppz H2/H9 and H3/HS8 proton pairs with respectively
CH;-T, and H,'-G;. A further dppz-nucleobase NOE cross
peak is observed at 9.28/8.01 ppm for the H2/H9 pair and a
guanine H8. The presence of these NOEs is consistent with a
sequence-selective intercalation at G,T,/CcAs in the major
groove, as also previously reported’ for [(n®-CsMes)Ir(H,-
metOMe)(dppz)]**. Of particular interest in this respect are two
additional, presumably H6-T, NOEs, at 7.53/1.75 and 7.53/1.95
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Fig. 10 Section of the 300 ms 2D NOESY spectrum of the [(n°®-C,-
Meg)Ru(AcmetOH)(dppz)](CF;S0,;),~d(GTCGAC), reaction mixture
(molar ratio 0.8 : 1) in a 10 mM phosphate buffer [pH 7.2] at 283 K.
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Fig. 11 Schematic depiction of a possible side-on intercalation
of [(N®-C¢Mes)Ru(AcmetOH)(dppz)](CF;S0;), (9) into the G,T,/C¢As
sequence of the hexanucleotide d(GTCGAC),.

ppm, that may be due to the proximity of the AcmetOH
B-CH, protons. Taken as a whole, the observed chemical shifts
and NOEs are in accordance with the site-specific intercalation
mode for complex 9 proposed in Fig. 11. Such a side-on*
intercalation would enable short 2,9-H/Me-T,, 2,9-H/H8-G,
and 3,8-H/H2'-G; dppz/oligonucleotide contacts. Further-
more, it is just the charge distribution at the 2,9 and 3,8
carbon atoms of the dppz dipyridyl units that is most

directly affected by coligand variation in the (n®-arene)Ru”
half-sandwich complexes.

It is interesting to compare our present findings with those of
other NMR studies on the intercalation of Ru™ complexes into
d(GTCGAC),. Major groove binding was also proposed by
Dupureur and Barton* for the complex A-[Ru(phen),(dppz)]**
on the basis of an NOE from dppz 4,7-H to H8-As of the
hexanucleotide. In contrast, the pattern of intermolecular
NOEs recorded by Collins et al.*! in their recent binding study
for A-[Ru(Me,phen),(dppz)]** clearly indicates that the analo-
gous 2,9-dimethyl-1,10-phenathroline complex intercalates
from the minor groove, in accordance with an original proposal
for A-[Ru(phen),(dppz)]** from Lincoln et al** NOE cross
peaks were observed from the Me,phen methyl protons to the
hexanucleotide minor groove sugar H1’ and H4'/HS5'/H5"
protons and from dppz H11/H14 and H12/H13 to the major
groove H2'-G,, H2'/2"-G; and Me-T, protons. This suggests
that the methyl protons must be located in the minor groove
and that the intercalating dppz ligand projects out into the
opposite major groove. The front-on deep dppz penetration is
also indicated by the magnitude of the upfield '"H NMR shifts
of respectively —0.51 and —0.67 ppm for H3/H8 and H4/H7 at
the middle of the base stack in comparison to H11/H14 (—0.42)
and HI12/H13 (—0.35) on the major groove side. This NOE
pattern is clearly in striking contrast to that of [(n®-C¢Hyg)-
Ru(AcmetOH)(dppz)]** (9) whose 2,9-H/Me-T,, 2,9-H/HS8-G,
and 3,8-H/H2'-G, intermolecular NOEs and modest dppz H3/
H8 and H4/H7 upfield shifts of respectively —0.35 and —0.16
ppm can only be accounted for by the proposed major groove
side-on intercalation mode. Although our NMR results are
only consistent with a sequence-selective interaction at G,T,/
CeAs, the fact that the H4/H7 and H11/H14 protons shift as
pairs suggests that the metal complex must exchange relatively
rapidly between various binding modes, i.e. that the observed
NOE:s themselves only provide a time-averaged representation
of the binding of 9 to the hexanucleotide.

Our findings for (n*-CsMes)Ir™ and (n’-arene)Ru" com-
plexes indicate that the preferred groove for DNA binding by
metallointercalators will most likely be influenced not only by
the shape of the intercalating ligand but also by the steric bulk
of the other participating ligands in the metal coordination
sphere. The presence of relatively bulky n’- or n®-coordinated
arenes instead of phen derivatives appears to disfavour front-on
intercalation and deeper dppz penetration. However, as indi-
cated by the remarkably high AT, values of 18.4 °C for CT
DNA in the presence of complex 9, specific dipolar major
groove intercalative interactions between the dipyridyl moiety
of dppz and the DNA nucleobases can apparently promote
duplex stabilisation in a highly efficient manner despite a lack
of deep dppz penetration.

Experimental

Materials

Amino acids (AccysOH, AcmetOH, HmetOMe; HcysOH =
cysteine, HmetOH = methionine), and peptides (Hglygly-
cysOH; HglyOH = glycine) were purchased from Bachem
(Heidelberg) and used as received, as were calf thymus DNA
(CT DNA) from Sigma and the hexanucleotide d(GTCGAC),
from Life Technologies. RuCl;:xH,0 was obtained from
Chempur, hexamethylbenzene, mesitylene (Mes), a-phelland-
rene, 1,3-cyclohexadiene and 1,10-phenanthroline from Merck.
The starting compounds [{(n®-arene)RuCl(u-Cl)},] (arene =
C¢H,, Me;CH; (Mes), C¢Meg, p-cymene (Cy)) and [([9]aneS;)-
RuCl(dppz)]Cl were prepared in accordance with literature
procedures.®*3% Dipyrido[3,2-a:2’,3'-c]phenazine (dppz) was
synthesised from 1,10-phenanthroline by the method of ref. 36.
All solvents were analytical reagents grade (J.T. Baker) and
were dried and distilled before use.
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Spectroscopic measurements

FAB mass spectra were recorded on a Fisons VG Autospec
employing 3-nitrobenzyl alcohol as the matrix, UV-vis
spectra on a Perkin-Elmer Lambda 15 spectrometer, IR spectra
as KBr discs on a Perkin-Elmer 1760. Microanalyses (C, H, N
and S) were performed using a Vario EL elemental analyser
(Elementar Analysensysteme). '"H NMR spectra were recorded
on Bruker DRX 400 and DRX 600 spectrometers using 5 mm
tubes, *C NMR on the DRX 400. Chemical shifts are reported
as ¢ values relative to the signal of the deuterated solvent. 2D-
NOESY spectra were acquired on the DRX 600 at 283 K with a
mixing time of 300 ms using 2.5 mm tubes and referenced to
sodium 3-(trimethylsilyl)tetradeuteriopropionate (TSP).

DNA binding studies

The thermal denaturation temperature of complex/DNA mix-
tures (1 : 10) was determined either in buffer I (10 mM phos-
phate buffer, pH 7.2) for the methionine derivatives 7-12 or in
buffer II (10 mM phosphate buffer, 20 mM NaCl, pH 7.2)
for the cysteine derivatives 4-6 and 14. Melting curves were
recorded at 260 nm on a Lambda 15 Perkin-Elmer spectro-
photometer connected with a temperature controller (HAAKE
FS thermostat). A ramp rate of 0.25 °C min~' was used over the
range 25-96 °C. The melting temperatures of the native and
modified DNA were calculated by determining the midpoints
of the melting curves from the first-order derivatives. Experi-
mental AT, values are estimated to be accurate within *1 °C.
The NacCl free buffer I was used for met derivatives to prevent
possible substitution of the amino acid or peptide by chloride
ions. The concentrations of the nucleic acids d(GTCGAC), and
CT DNA were determined spectrophotometrically by using
the molar extinction coefficient® g,y ,m = 6600 M ™" cm™'. All
absorption titrations were carried out at room temperature.
After sonication, the solutions of CT DNA in the appropriate
buffer gave a ratio of UV absorbance at A,/ A, of ca. 1.90,
indicating that DNA was sufficiently free of protein.*® Fixed
amounts of metal complexes were titrated with DNA over a
range of DNA concentrations from 0 to 300450 uM (nucleo-
tide) with the higher value being employed for titrations in
which binding saturation was not fully achieved. All UV
spectra were measured after equilibration (no further change in
the monitoring absorbance). Titration curves were constructed
from the fractional change in the absorption intensity as a
function of DNA concentration according to the model of
Bard? and Thorp* for non-cooperative non-specific binding
for one type of discrete DNA binding site. Eqn. (1) was used to
fit the absorption data by least-squares refinement of binding
constants (K,,) and site sizes (s):

(62 — el(ey — &) = (b — {b* — 2K ’C[DNAYs}'"™)2K,C, (1)
b=1+ K,C, + K,[DNAJ/2s

where ¢, is the extinction coefficient observed at a given DNA
concentration, & the extinction coefficient of the complex in the
absence of DNA, ¢, the extinction coefficient of the complex
when fully bound to DNA (no absorption change on further
addition of DNA), K, the equilibrium binding constant in M,
C, the total metal complex concentration, [DNA] the DNA
concentration in M (nucleotide), and s the binding site size.
Values of ¢, were obtained by extrapolation from the y intercept
of plots of &,/e; versus 1/[DNA]. Fits of experimental absorp-
tion titrations were performed by use of the program ORIGIN
6.0 for s values varied at 0.1 steps in the range 1 <5< 6. The K,
and s values of Table 1 provided the best least-squares fits to
individual experimental UV-vis titration curves. Standard
deviations in the range 0.03-0.07 units for the given order of
magnitude were obtained for the binding constants K.
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Kinetic measurements

'"H NMR kinetic measurements were used to obtain the rate
constant of the intermolecular substitution of AcmetOH in the
thioether metal complexes [(n°-CsHg)Ru(AcmetOH)(dppz)**
7, [(m®-Mes)Ru(AcmetOH)(dppz)?* 8 and [(n°*-C¢Meg)Ru-
(AcmetOH)(dppz)** 9 by N7 of the nucleobase 9-ethylguanine.
The reactions were carried out in phosphate buffer (10 mM, pH
7.2) using D,0 as a solvent. '"H NMR spectra were recorded at
298 K over a peroid of 200 h.

Syntheses

All reactions were carried out under argon using standard
Schlenk techniques. The starting compounds [(n*-CsHg)Ru-
(acetone)(dppz)](CF;S0;), 1a, [(n®-Mes)Ru(acetone)(dppz)]-
(CF,S0,), 2a and [(n°-C¢Meg)Ru(acetone)(dppz)](CF,S05), 3a
were prepared from respectively [(n°-CsHg)RuCl(dppz)]Cl 1,
[(n%-Mes)RuCl(dppz)]Cl 2 and [(n5-CsMeg)RuCl(dppz)]Cl 3 by
stirring these with an equivalent quantity of Ag(CF;SO;) in
acetone and subsequently filtering of the precipitated AgCl.
Complexes 4-17 were then prepared by one of the three
following general methods:

Method A

0.1 mmol of the starting compound (la, 2a or 3a) and an
equivalent quantity of amino acid (AccysOH, AcmetOH) were
mixed in 10 ml CH;OH-CH,CI, (1 : 10) (AccysOH) or 10 ml
acetone (AcmetOH). The solution reaction was stirred for the
designated time and temperature. After reduction of the solvent
volume to ca. 4 ml, addition of diethyl ether led to precipitation
of the desired product, which was washed three times with
diethyl ether and dried at 50 °C in vacuo.

Method B

A solution of HcysOMe-HCI or HmetOMe-HCI (0.1 mmol) in
5 ml methanol (HcysOMe-HCI) or acetone (HmetOMe-HCI)
was stirred with 0.1 mmol Ag(CF;SO;) for 30 min and the
precipitated AgCl removed by centrifugation at 5 °C. The
preparation of the complexes was then performed in a manner
similar to Method A.

Method C

0.1 mmol of the starting material 3a were dissolved in 10 ml
water. Addition of 0.1 mmol peptide (HglyglymetOH or Hgly-
glycysOH) provided a suspension which was stirred for the
designated time and temperature. The solvent was removed and
the remaining solid dissolved in 3 ml methanol. After addition
of diethyl ether the resulting precipitate was washed three times
with Et,O and dried for several hours at 50 °C in vacuo.

[(n®-C4Hg)RuCl(dppz)ICl 1. After stirring of an ethanol solu-
tion of 500 mg [{(n®-C¢Hg)RuCl(u-Cl)},] (1 mol) and 305.6 mg
dppz (1.05 mol) for 1 h at 60 °C, the resulting off-yellow precipi-
tate of 1 was filtered off and dried in vacuo. Yield 1.02 g, 94%
(Found: C, 53.9; H, 3.3; N, 10.2. Calc. for C,,H,c,Cl,N,Ru: C,
54.1; H, 3.0; N, 10.5%). FAB mass spectrum: m/z 418.8 (20%,
[M — C¢Hg — CIJ*) and 496.9 (100, [M — CI]). '"H NMR
(CD;0D): ¢ 6.34 (s, 6H, C¢Hy), 8.15 (dd, 2H), 8.28 (dd, 2H),
8.50 (dd, 2H), 9.89 (dd, 2H), 10.02 (dd, 2H, dppz). *C NMR
(CD;0D): ¢ 88.7 (C¢Hg), 128.9, 131.1, 132.0, 133.9, 137.4,
140.6, 144.4, 158.6 (dppz).

[(n*-Mes)RuCl(dppz)ICl 2. Preparation as for 1 with [{n°-
Mes)RuCl(u-Cl)},] and dppz. Yield 975.8 mg, 85% (Found: C,
56.3; H, 4.3; N, 10.2. Calc. for C,,H,,Cl,N,Ru: C, 56.5; H, 3.9;
N, 9.8%). FAB mass spectrum: m/z 418.9 (25%, [M — Mes —
CI]") and 539.0 (100, [M — CIJ"). '"H NMR (CD;0D): § 2.36 (s,
9H, Mes), 5.7 (s, 3H, Mes), 8.13 (dd, 2H), 8.29 (dd, 2H), 8.47



(dd, 2H), 9.83 (mm, 4H, dppz). *C NMR (CD;OD): 5 19.2
(Mes), 81.2 (Mes), 108.9 (Mes), 129.0, 131.1, 131.5, 133.8,
137.2, 140.8, 144.4, 157.7 (dppz).

[(m°*-CsMeq)RuCl(dppz)ICl 3. Preparation as for 1 with [{n°-
C¢Me()RuCl(u-Cl)},] and dppz. Yield 1.11 g, 90% (Found: C,
57.9;H,4.9; N, 8.9. Calc. for C;yH,3Cl,N,Ru: C, 58.4; H, 4.6; N,
9.1%). FAB mass spectrum: m/z 581.1 (100, [M — CI]%). 'H
NMR (CD,;0D): d 2.27 (s, 18H, CsMeg), 8.05 (dd, 2H), 8.31
(mm, 4H), 9.46 (dd, 2H), 9.68 (dd, 2H, dppz). *C NMR
(CD;0D): J 16.2 (CsMey), 97.8 (C¢Mey), 129.1, 131.0, 131.5,
133.8,137.0, 140.8, 144.2, 156.5 (dppz). Crystals of [(n®-CsMe,)-
RuCl(dppz)](CF;SO;) 3b were prepared by gas diffusion
(diethyl ether-methanol) following addition of an equiv. of
Ag(CF;S0;) and AgCl removal.

[(m*-CsHo)Ru(AcH_,cysOH)(dppz)l(CF;SO;) 4. Method A,
18 h, 45 °C. Yield 40.95 mg, 53% (Found: C, 46.1; H, 3.4; N, 9.1;
S, 8.6. Calc. for C; H,,F;NsOqRuS,: C, 46.6; H, 3.1; N, 9.1;
S, 8.3%). FAB mass spectrum: m/z 461.9 (100, [(n®-C4Hg)-
Ru(dppz)]*), 610.8 (20, [M — AcH_,cysOH]") and 625.0 (8%,
[M — CF,S0;]%). 'H NMR (CD;0D): 6 1.90 (s, 3H, CH; Ac),
2.65 (mm, 2H, B-CH,), 3.02 (br, 1H, a-CH), 6.32 (s, 6H, C¢Hy),
8.1 (mm, 4H), 8.35 (m, 2H), 9.7 (mm, 4H, dppz). *C NMR
(CD;0D): d 22.4 (CH; Ac), 36.4 (B-CH,), 56.8 (a-CH), 90.8
(C¢Hy), 128.9, 131.0, 132.1, 133.9, 137.2, 140.4, 144.1, 149.8,
158.7 (dppz), 171.7, 172.9 (CO). Vyu/em™" 1734, 1653 (vCO),
1540 (ONH).

[(n®-Mes)Ru(AcH_,cysOH)(dppz)l(CF;SO;) 5. Method A,
18 h, 45 °C. Yield 41.55 mg, 51% (Found: C, 48.2; H, 3.8; N, 8.3;
S, 7.8. Calc. for C;;H;,F;NsO¢RuS,: C, 48.6; H, 3.7; N, 8.6; S,
7.9%). FAB mass spectrum: m/z 504.0 (100, [(n°-Mes)-
Ru(dppz)]*) and 666.0 (30%, [M — CF,;SO,]"). 'H NMR
(CD;0D): ¢ 1.5 (br, 3H, CH; Ac), 1.8 (br, 1H, B-CH,), 2.1 (br,
1H, B-CH,), 2.26 (s, 9H, Mes), 3.03 (br, 1H, a-CH), 5.69 (s, 3H,
Mes), 8.2 (mm, 4H), 8.5 (m, 2H), 9.41 (m, 2H), 9.85 (m, 2H,
dppz). ®C NMR (CD;0D): 6 19.0 (Mes), 22.3 (CH, Ac), 35.5
(B-CH,), 56.9 (0-CH), 83.8 (Mes), 112.1 (Mes), 129.2, 129.8,
131.2, 132.5, 134.0, 137.4, 141.0, 144.5, 150.5, 157.5, 158.1
(dppz), 171.8, 172.8 (CO). ¥, /em™! 1734, 1653 (vCO), 1541
(ONH).

[(m*-CsMeq)Ru(AcH_ ,cysOH)(dppz)l(CF;SO;) 6. Method A,
18 h, 45°C. Yield 45.63 mg, 56% (Found: C, 50.4; H, 3.9; N, 7.8;
S, 8.0. Calc. for C;H;cF;NsO(RuS,: C, 50.5; H, 4.2; N, 8.2; S,
7.5%). FAB mass spectrum: m/z 546.0 (100, [(n®*-C¢Mey)-
Ru(dppz)]") and 708.3 (60%, [M — CF,SO,]"). 'H NMR
(CD,OD): ¢ 1.3 (br, 2H, B-CH,), 1.78 (br, 3H, CH; Ac), 2.19 (s,
18H, C,Me,), 3.0 (br, 1H, 0-CH), 8.15 (m, 2H), 8.25 (m, 2H),
8.51 (m, 2H), 9.25 (m, 2H), 9.84 (m, 2H, dppz). 3C NMR
(CD;0D): 6 15.7 (C4Meg), 22.3 (CH; Ac), 27.8 (B-CH,), 56.7
(a-CH), 98.9 (C¢Mey), 128.9, 130.0, 131.2, 133.9, 134.1, 136.5,
141.4, 144.6, 149.9, 156.8, 157.0 (dppz), 171.8, 172.8 (CO).
Podom ! 1742, 1652 (vCO), 1539 (ONH).

[(m*-CsHo)Ru(AcmetOH)(dppz)l(CF;S0;), 7. Method A,
18 h, 60 °C. Yield 49.4 mg, 52% (Found: C, 41.4; H, 3.4; N, 6.9;
S, 10.0. Calc. for C;;HygF(N;OgRuS;: C, 41.7; H, 3.1; N, 7.4; S,
10.1%). FAB mass spectrum: m/z 462.0 (20, [(n°-C¢Hy)-
Ru(dppz)]*), 610.9 (100, [(n®-C¢He)Ru(dppz) + CF,;SO,]"),
652.0 (20, [M — 2CF,;SO,]*) and 802.0 (15%, [M — CF;SO;]").
IH NMR (CD,0D): § 1.83 (m, 1H, B-CH,), 1.88 (s, 3H, CH,
Ac), 2.07 (m, 1H, B-CH,), 2.12 (s, 3H, 3-CH,), 2.4 (mm, 2H,
v-CH,), 4.27 (dd, 1H, a-CH), 6.63 (s, 6H, C4Hy), 8.18 (dd, 2H),
8.37 (m, 2H), 8.55 (dd, 2H), 9.89 (m, 2H), 10.03 (m, 2H, dppz).
C NMR (CD,0OD): 6 20.5 (3-CHj), 22.8 (CH, Ac), 30.8
(B-CH,), 37.4 (y-CH,), 51.7 (a-CH), 92.5 (C4H,), 129.8, 131.2,
133.3, 134.2, 138.8, 140.8, 144.7, 150.8, 159.7 (dppz), 173.4,
173.8 (CO). pu/em ! 1734, 1662 (vCO), 1548 (SNH).

[(m*-Mes)Ru(AcmetOH)(dppz)l(CF,S0;), 8. Method A, 18 h,
60 °C. Yield 62.6 mg, 63% (Found: C, 43.1; H, 3.7; N, 6.5; S, 8.9.
Calc. for Cy;H;5F¢NsOqRuS;: C, 43.1; H, 3.7; N, 6.5; S, 8.9%).
FAB mass spectrum: m/z 504.0 (100, [(n®-Mes)Ru(dppz)]*),
652.9 (30, [(m*-Mes)Ru(dppz) + CF;SO,]") and 843.9 (5%,
[M — CF;S0;]"). '"H NMR (CD,;0D): § 1.78 (s, 3H, 3-CHj,), 1.8
(mm, 3H, B-CH, and y-CH,), 1.89 (s, 3H, CH; Ac), 2.0 (mm,
1H, B-CH,), 2.35 (s, 9H, Mes), 4.29 (br, 1H, 0-CH), 6.01 (s, 3H,
Mes), 8.19 (dd, 2H), 8.40 (m, 2H), 8.56 (dd, 2H), 9.70 (m, 2H),
10.04 (m, 2H, dppz). *C NMR (CD,0D): 6 18.6 (5-CHj;), 18.9
(Mes), 22.8 (CH; Ac), 30.5 (B-CH,), 34.5 (y-CH,), 52.0 (a-CH),
84.3 (Mes), 115.4 (Mes), 129.8, 131.2, 133.0, 134.1, 138.7,
141.0, 144.6, 151.1, 158.4 (dppz), 173.5, 173.8 (CO). ¥, /cm™!
1734, 1663 (vCO), 1540 ()NH).

[(m*-CsMeq)Ru(AcmetOH)(dppz)l(CF,S0;), 9. Method A,
18 h, 60 °C. Yield 72.5 mg, 70% (Found: C, 45.1; H, 3.8; N, 6.6;
S, 8.9. Calc. for C;H, F{N;OyRuS;: C, 45.3; H, 4.0; N, 6.8; S,
9.3%). FAB mass spectrum: m/z 546.1 (100, [(n®*-C¢Meg)-
Ru(dppz)]*), 695.1 (45, [(M*-CsMeg)Ru(dppz) + CF;SO,]"),
736.1 (30, [M — 2CF,;SO,]" and 886.1 (10%, [M — CF,;SO;]").
'H NMR (CD;0D): J 1.65 (s, 3H, 3-CH;), 1.8 (mm, 3H,
B- and v-CH,), 1.93 (s, 3H, CH, Ac), 2.0 (m, 1H, p-CH,),
2.3 (s, 18H, CMe,), 4.38 (br, 1H, a-CH), 8.20 (m, 2H), 8.43
(m, 2H), 8.57 (m, 2H), 9.42 (m, 2H), 10.05 (m, 2H, dppz). *C
NMR (CD,;0D): § 16.0 (CsMey), 16.7 (6-CH;), 22.8 (CH,
Ac), 30.6 (B-CH,), 33.9 (y-CH,), 51.9 (a-CH), 103.2 (C¢Mey),
129.9, 131.2, 133.3, 134.2, 138.6, 141.1, 144.7, 150.7, 157.3
(dppz), 173.6, 173.8 (CO). ¥, /em™! 1749, 1636 (vCO), 1541
(ONH).

[(m°*-CHg)Ru(H,metOMe)(dppz)l(CF;SO;); 10. Method B,
18 h, 60 °C. Yield 70.8 mg, 66% (Found: C, 36.5; H, 2.9;
N, 6.2; S, 11.8. Calc. for C;3H;FoNsO,RuS,: C, 36.9; H,
2.8; N, 6.5; S, 12.0%). FAB mass spectrum: m/z 461.9 (100,
[(n®*-CeHeRu(dppz)]*), 610.8 (65, [(n*-CeHeRu(dppz) +
CF,S0,]"), 695.8 (15, [M — C¢Hy — 2CF,SO,]"), 773.8 (4,
[M — 2CF,S0,]") and 923.8 (8%, [M — CF,SO,]"). 'H NMR
(CD;0D): 6 2.06 (s, 3H, 5-CHj;), 2.1 (mm, 2H, B-CH,), 2.7
(mm, 2H, y-CH,), 3.77 (s, 3H, CH; OMe), 3.99 (dd, 1H, a-CH),
6.65 (s, 6H, C¢Hy), 8.19 (dd, 2H), 8.38 (dd, 2H), 8.55 (dd, 2H),
9.93 (m, 2H), 10.04 (m, 2H, dppz). *C NMR (CD,0D): 6 19.9
(6-CH,;), 29.2 (B-CH,), 36.5 (y-CH,), 52.3 (u-CH), 54.4 (CH,
OMe), 92.6 (C¢Hy), 129.8, 131.2, 133.3, 134.1, 138.8, 139.0,
140.8, 144.7, 150.9, 159.8 (dppz), 169.6 (COO). ¥, Jem ™" 1749
(vCO), 1636, 1539 (ONH).

[(m*-Mes)Ru(H,metOMe)(dppz)l(CF,SO;); 11. Method B,
18 h, 60 °C. Yield 78.1 mg, 70% (Found: C, 38.6; H, 3.5; N, 6.0;
S, 10.9. Calc. for C;sH;6FoNsO;RuS,: C, 38.8; H, 3.3; N, 6.3; S,
11.5%). FAB mass spectrum: m/z 503.9 (100, [(n°-Mes)-
Ru(dppz)]*), 652.9 (75, [(n°*-Mes)Ru(dppz) + CF,SO,]"), 815.9
(5, [M — 2CF,SO;]") and 965.9 (20%, [M — CF,SO,]"). 'H
NMR (CD,0D): ¢ 1.72 (s, 3H, 3-CHj;), 2.05 (mm, 4H, B- and
v-CH,), 2.36 (s, 9H, Mes), 3.77 (s, 3H, CH; OMe), 3.98 (br,
1H, a-CH), 6.02 (s, 3H, Mes), 8.19 (dd, 2H), 8.42 (m, 2H), 8.57
(dd, 2H), 9.75 (m, 2H), 10.05 (m, 2H, dppz). *C NMR
(CD,OD): ¢ 17.7 (8-CHj), 18.9 (Mes), 29.2 (B-CH,), 34.0
(y-CH,), 52.4 (a-CH), 54.3 (CH; OMe), 84.0 (Mes), 116.0
(Mes), 129.9, 131.2, 133.0, 134.1, 138.8, 141.0, 144.6, 151.2,
158.0, 158.5 (dppz), 169.7 (COO). ¥,,,,/em~" 1749 (vCO), 1636,
1541 (ONH).

[(m*-CsMeq)Ru(H,metOMe)(dppz)l(CF;SO;); 12. Method B,
18 h, 60 °C. Yield 83.3 mg, 72% (Found: C, 40.1; H, 3.7; N,
6.0. Calc. for C;,H,FoNsO RuS,: C, 40.5; H, 3.7; N, 6.1%).
FAB mass spectrum: m/z 546.1 (80, [(n5-C4Mes)Ru(dppz)]?),
695.1 (100, [(N5-CeMeg)Ru(dppz) + CF,;SO;]"), 858.1 (3,
[M — 2CF,S0,]") and 1008.2 (10%, [M — CF,;SO;]"). '"H NMR
(CD;0D): 6 1.67 (s, 3H, 3-CHj;), 1.95 (mm, 4H, B- and y-CH,),
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2.3 (s, 18H, CMey), 3.77 (s, 3H, CH, OMe), 4.0 (br, 1H, a-CH),
8.19 (dd, 2H), 8.45 (m, 2H), 8.57 (dd, 2H), 9.46 (m, 2H), 10.05
(m, 2H). C NMR (CD,0D): 6 16.1 (C;Mej), 16.4 (3-CH,),
29.2 (B-CH,), 32.9 (y-CH,), 52.4 (a-CH), 54.3 (CH, OMe),
103.3 (CeMe,), 130.0, 131.2, 133.4, 134.0, 138.6, 141.1, 144.6,
150.7, 157.4 (dppz), 169.7 (COO). ¥, /em ' 1749 (vCO), 1636,
1535 (ONH).

[(m*-C¢Meq)Ru(HglyglyH_,cysOH)(dppz)](CF;SO;) 13.
Method C, 18 h, 50 °C. Yield 71.5 mg, 77% (Found: C, 48.4; H,
4.2; N, 10.1; S, 7.3. Calc. for C,;H,F;N,0,RuS;: C, 49.1;
H, 4.3; N, 10.6; S, 6.9%). FAB mass spectrum: m/z 546.1 (90,
[(n*-CeMegRu(dppz)]*), 695.0 (100, [(n*-CeMeg)Ru(dppz) +
CF,S0;]") and 780.1 (50%, [M — CF,SO,]"). 'H NMR
(CD;0D): 6 1.0, 1.4 (2m, 2H, B-CH,), 2.18 (s, 18H, C¢Mey),
3.17 (m, 1H, a-CH), 3.72 (s, 2H, 04,-CH,), 3.83 (s, 2H, o4~
CH,), 8.15 (dd, 2H), 8.26 (m, 2H), 8.51 (dd, 2H), 9.26 (m, 2H),
9.82 (m, 2H, dppz). *C NMR (CD,0D): § 15.7 (C,Mey), 28.0
(B-CH,), 41.8, 43.2 (ugy,-CH,), 56.6 (a-CH), 98.9 (C6), 128.9,
129.1, 131.1, 133.8, 136.6, 137.1, 141.4, 144.5, 149.9, 156.9
(dppz), 167.9, 170.7, 173.7 (CO). ¥, /cm~' 1670 (vCO), 1537
(ONH).

[(m*-CsMes)Ru(HeysOMe)(dppz)l(CF,SO;), 14. Method B,
18 h, 45 °C. Yield 62.7 mg, 64% (Found: C, 43.9; H, 3.7; N,
7.0; S, 9.7. Calc. for CysH3,FgN;OgRuS;: C, 44.2; H, 3.8; N, 7.2;
S, 9.8%). FAB mass spectrum: m/z 398.0 (100, [M — dppz —
2CF,S0;]), 546.0 (60, [(n*-C¢Mes)Ru(dppz)]™), 679.9 (20,
[M — 2CF,SO,]%), 695.0 (35, [(n®-C¢Meg)Ru(dppz) + CF,-
SO;]") and 830.0 (35%, [M — CF,SO,]"). 'H NMR (CD,0D):
0 1.1, 1.3 2m, 2H, B-CH,), 2.21 (s, 18H, CsMey), 3.12 (br, 1H,
a-CH), 3.42 (s, 3H, CH; OMe), 8.18 (dd, 2H), 8.33 (m, 2H),
8.55 (dd, 2H), 9.29 (m, 2H), 9.9 (m, 2H, dppz). *C NMR
(CD;0D): 0 15.8 (CsMey), 30.4 (B-CH,), 53.7 (CH; OMe), 56.3
(0-CH), 99.3 (C¢Mey), 129.2, 131.2, 133.8, 134.0, 136.9, 141.3,
144.5, 149.9, 156.7, 157.0 (dppz), 169.3 (COO). ¥, /cm™" 1750
(vCO), 1536 (6NH).

[(*-CsMeo)Ru(HglyglymetOH)(dppz)}(CF;S0O5), 15.
Method C, 24 h, 50 °C. Yield 68.6 mg, 62% (Found: C, 44.1; H,
4.4; N, 8.8; S, 8.5. Calc. for C,;H,sF¢N,O,,RuS;: C, 44.5; H, 4.1;
N, 8.9; S, 8.7%). FAB mass spectrum: m/z 546.1 (100, [(n°-
CsMeg)Ru(dppz)]*), 695.1 (30, [(n®-CeMes)Ru(dppz) + CF;-
SO;]"), 808.2 (20, [M — 2CF,SO;]") and 958.2 (5%,
[M — CF,;SO;]"). 'H NMR (CD;0D): ¢ 1.59 (s, 3H, §-CH,),
1.85 (br, 4H, B- and y-CH,), 2.30 (s, 18H, CsMey), 3.75 (s, 2H,
0gy-CH,), 3.78 (s, 2H, ay,-CH,), 4.11 (t, 1H, a-CH), 8.21 (dd,
2H), 8.45 (m, 2H), 8.57 (dd, 2H), 9.43 (m, 2H), 10.05 (m, 2H,
dppz). BC NMR (CD;0D): 6 16.0 (3-CHj;), 16.5 (C¢Mey), 30.7
(B-CH,), 32.9 (y-CH,), 41.8, 43.2 (a-CH,), 55.2 (a-CH), 103.0
(CeMey), 130.3, 131.1, 133.5, 134.2, 138.9, 141.1, 144.7, 151.2,
157.1 (dppz), 168.1, 170.6, 179.4 (CO). ¥, /em™"' 1747, 1670
(vCO), 1542 (6NH).

[(n®-p-cymene)Ru(H,metOMe)(dppz)l(CF;SO;); 16. Method
B, 18 h, 60 °C. Yield 76.8 mg, 68% (Found: C, 39.0; H, 3.2; N,
6.5; S, 10.8. Calc. for C;;H;3FgNsO,,RuS,: C, 39.3; H, 3.4; N
6.2; S, 11.4%). FAB mass spectrum: m/z 518 (100, [(n®-
Cy)Ru(dppz)]*"), 667 (88, [(n*-Cy)Ru(dppz) + CF;SO,]"), 831
(58, [M — 2CF,;S0,]"), 980 (56, [M — CF,SO;]"). '"H NMR
(CD;0D): 0 1.07, 1.09 (2d, 6H, CH, Cy), 1.62 (s, 3H, 5-CH,),
2.04 (m, 4H, B- and y-CH,), 2.41 (s, 3H, CH, Cy), 2.79 (sp, 1H,
Cy), 3.78 (s, 3H, OMe), 3.96 (m, 1H, a-CH), 6.42, 6.44, 6.63,
6.64 (4d, 4H, Cy), 8.20 (dd, 2H), 8.44 (m, 2H), 8.57 (dd, 2H),
9.88 (dd, 2H), 10.08 (d, 2H). *C NMR (CD,0OD): § 17.4
(6-CH,), 18.3, 22.5, 22.6 (Cy), 29.0 (B-CH,), 32.5 (Cy), 34.1
(y-CH,), 52.3 (0-CH), 54.4 (OMe), 89.7, 89.8,92.2, 110.0, 113.5
(Cy), 130.0, 131.1, 133.4, 134.1, 138.9, 140.8, 144.7, 150.4,
159.7 (dppz), 169.6 (COO). ¥, /cm™" 1724, 1623 (vCO), 1526
(ONH).
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[([9]aneS;)Ru(H,metOMe)(dppz)](CF;SO;); 17. Method A
with [H,MetOMe]CF,;SO; and [([9]aneS;)Ru(acetone)(dppz)]-
(CF,S0;),, 18 h, 60 °C. Yield 78.7 mg, 67% (Found: C, 33.5;
H, 3.4; N, 5.7; S, 18.5. Calc. for C;;H;,FsNsO;RuS;: C, 33.8;
H, 3.1; N, 6.0; S, 19.1%). FAB mass spectrum: m/z 563 (40,
[M — H,metOMe — 3CF,;SO,]"), 713 (100, [M — H,metOMe —
2CF,S0;]"), 876 (10, [M — 2CF,;S0,]"), 1026 (5, [M — CF;-
SO;]"). 'H NMR (CD;0D): § 1.9-2.2 (mm, 2H, B-CH,), 1.9 (s,
3H, 8-CHj,), 2.4-2.5 (mm, 2H, y-CH,), 2.6-3.4 (mm, 12H, CH,
[9]aneS;), 3.81 (s, 3H, OMe), 4.0 (dd, 1H, o-CH), 8.19 (dd, 2H),
8.31 (dd, 2H), 8.56 (dd, 2H), 9.49 (m, 2H), 10.02 (m, 2H, dppz).
13C NMR (CD,0D): 17.3 (8-CHj;), 29.3 (B-CH,), 33.7, 33.9,
34.0, 34.1, 35.7, 35.8 (y-CH, and CH, [9]aneS;), 52.4 (a-CH),
54.3 (OMe), 129.6, 131.2, 133.1, 134.0, 137.3, 141.2, 144.7,
151.4, 156.9 (dppz), 170.0 (COO). ¥, /em™" 1751, 1624, (vCO),
1540 (O)NH).

X-Ray crystallography

Crystal data. 3b C;;H,,CIF;N,O,RuS, M = 730.15, mono-
clinic, space group P2,/c, a = 8.938(2), b = 9.609(2), ¢ =
35.235(7) A, B = 95.54(3)°, U = 3012(1) A® (by least-squares
refinement on diffractometer angles for 15 automatically
centred reflections, A =0.71073 A), T=293K,Z=4,D.,=1.610
g cm™?, F(000) = 1480. Yellow—brown needle shaped crystals,
dimensions: 0.35 X 0.3 x 0.18 mm, z(Mo-Ka) = 0.738 mm ™"

Data collection and processing. Siemens P4 diffractometer,
@ mode with scan speed 2.1-22.6° min~', graphite-mono-
chromated Mo-Ka radiation; 5284 unique reflections measured
(2.29 < 20 < 25.03°, +h, +k, *l), semi-empirical absorp-
tion corrections were applied to the intensity data by use of
w scans; no significant alterations were observed in the control
intensities monitored every 100 reflections.

Structure analysis and refinement. The structure was solved
by a combination of direct methods and Fourier difference
syntheses and refined by full-matrix least-squares against F2
Hydrogen atoms were included at calculated positions with iso-
tropic temperature factors. Final reliability indices: R; = 0.059
[reflections with /> 2a(])] and 0.114 for all 5284 reflections, wR,
=0.159 (all data), S (goodness-of-fit) = 1.020, max., min. Ap =
0.703, —0.868 e A~*. Structure solution and refinement with
SHELX-97.% Scattering factors and corrections for anomalous
dispersion were taken from ref. 40.

CCDC reference number 183725.

See http://www.rsc.org/suppdata/dt/b2/b203569n/ for crystal-
lographic data in CIF or other electronic format.
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