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Ruthenium(II) arene complexes of the type [(h6-arene)Ru-
(en)Cl]+ (arene= e.g. p-cymene or biphenyl; en= ethylene-
diamine) can exhibit anticancer activity in vitro and in vivo.[1]

They are pseudooctahedral, half-sandwich, “piano-stool”
complexes with one reactive coordination site (the Ru�Cl
bond). Analysis of the distribution of ruthenium in cancer
cells in culture[2] shows that the level of DNA ruthenation is
similar to that of platination by the anticancer drug cisplatin.
The binding of cisplatin to DNA gives rise to DNA bending,
followed by protein recognition and induction of apoptosis.[3]

Ruthenium arene complexes are not cross-resistant with
cisplatin.[1] This may indicate that structural distortions
induced in DNA by ruthenium arenes differ significantly
from those induced by cisplatin. Calculations[4] on adducts of
RuII arene complexes with DNA have suggested that this is
the case, but experimental evidence is needed. The extent of
DNA ruthenation and the nature of the structural distortions

in DNA appear to correlate with cytotoxic potency,[5] and also
influence protein recognition.[6] The studies reported herein
reveal novel and varied modes of interaction of [(h6-biphen-
yl)Ru(en)Cl]+ (1) with duplex DNA.

We chose duplex III for study because an NMR analysis
has previously been carried out and the kinking induced by
GG platination of strand I by cisplatin has been character-
ized.[7]

A1 T2 A3 C4 A5 T6 G7 G8 T9 A10C11A12T13A14 I

T28A27T26G25T24A23C22C21A20T19G18T17A16T15 II

I + II = duplex III

Initially, attempts were made to prepare single strands I or
II that were monoruthenated so that site-specifically ruthen-
ated duplexes could be obtained by addition of the (non-
ruthenated) complementary strand.[8] Reaction of 1 with the
GG strand I in a 1:1 molar ratio for 48 h at 310 K gave rise to
two monoruthenated products, as separated and identified by
HPLC–ESIMS (Figure 1a and Supporting Information).

When the molar ratio of 1:I was increased to 2:1 and 5:1,
the diruthenated single strand predominated. These data are
consistent with selective ruthenation of guanine bases (i.e. G7
and G8) as expected on the basis of competitive mononucle-
otide reactions.[9] Similarly, reactions of 1 with strand II gave
rise to new HPLC peaks assignable to ruthenation of G18 and
G25 (Figure 1d–f and Supporting Information).

For NMR studies, we annealed strand I with monoruthen-
ated strand II. The fraction corresponding to monoruthenated
II-1’-G18/G25 (Figure 1d) was collected by semipreparative
HPLC. This fraction gave a single HPLC peak when it was
rechromatographed, which suggests that it was stable. It was
annealed with the complementary (nonruthenated) strand I
by heating to 353 K for 2 min followed by slow cooling to
288 K over 3 h.

We expected that the sample of ruthenated duplex III
prepared in this way would be ruthenated with {(h6-biphen-
yl)Ru(en)}2+ (1’) at a single site on strand II. However,
subsequent analysis of the 2D NOESY NMR data showed

Figure 1. HPLC chromatograms for reaction of [(h6-biphenyl)-
Ru(en)Cl]PF6 (1-PF6) with 0.1 mm single-stranded DNA d(ATACATGG-
TACATA) (I) or d(TATGTACCATGTAT) (II) in 100 mm NaClO4 at 1/I (or
II) molar ratios of 1:1, 2:1, and 5:1. At a 1/I or 1/II molar ratio of 5:1,
the diruthenated adduct is the only product. 1’ ({(h6-biphenyl)-
Ru(en)}2+) is bound to GN7. Specific assignments of monoruthenation
sites to G7 or G8, and G18 or G25 were not made and hence the four
adducts are labeled G7/G8, G8/G7, G18/G25, and G25/G18.
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that all four of the guanine residues were ruthenated at N7,
and at one of the sites (G18), two different conformers were
identified. These adducts are labeled III-1’-G7, III-1’-G8, III-
1’-G25, III-1’-G18i, and III-1’-G18n.

A near-complete assignment of the NOESY NMR
spectrum of III-1’ was achieved for the mixture of five
adducts, although the complexity precluded full structural
determinations. Assignment was possible because of the
known selectivity of 1 for guanines, the localization of
structural perturbations to residues close to the ruthenated
guanine residue, and the lack of precursor duplex III in the
HPLC purified sample. Thus, sequential assignments along
each strand always led to cross-peaks that were largely
identical to those of the nonruthenated duplex. Despite
extensive overlap of NOE cross-peaks, little ambiguity in the
assignments of individual resonances was found, and cross-
validation of signal assignments from related connectivities
was possible. The 1H NMR chemical shifts of the 1H
resonances associated with these five adducts are listed in
the Supporting Information, and the induced chemical-shift
changes are plotted in Figure 2 and the Supporting Informa-
tion. Structural perturbations induced by ruthenation are
clearly localized to within a few (� 2) base pairs of the
ruthenation site in all cases.

In the absence of DNA, the amino protons in 1 point
towards (NHu, d= 6.19 ppm) or away (NHd d= 4.14 ppm)
from the coordinated arene (Scheme 1).[10] On binding to
DNA the two amino groups become nonequivalent. A total of
ten different pairs of NHu and NHd resonances would
therefore be anticipated for the mixture of five different
ruthenated adducts. Five distinct NHu–NHd cross-peaks were
identifiable in the 2D NOESY NMR spectrum at 298 K (see
the Supporting Information), thus suggesting that some NH
resonances have similar chemical shifts or are not observed
for other reasons. The downfield shifts of NH resonances in
the adducts are consistent with the presence of H-bonding to

the C6 carbonyl of the coordinated guanine residue.[10]

Although it was not possible to assign all of the en amino
proton resonances, structural information was obtained in
specific cases from the observation and interpretation of
intramolecular NOEs (see the Supporting Information).

One distinct environment for the noncoordinated phenyl
ring B was readily identified from the characteristic pattern of
intramolecular NOEs (Supporting Information) and strong
shielding of the Ho’, Hm’, and Hp’ protons (Dd��1 ppm). The
NOEs and chemical-shift changes are consistent with inter-
calation of the arene ring B between DNA bases.[11] In the
2D NOESY spectrum at 298 K, only one set of resonances
was observed for each of the pairs of ortho (Ho’) and meta
(Hm’) protons, but at 283 K the observation of two slightly
different chemical shifts for the Ho’ cross-peaks provided
evidence for slowing of the rotation of the noncoordinated
arene in this (intercalated) environment. The assignment of
intramolecular NOEs between DNA H1’ and arene protons
of 1’ revealed that these protons have identical chemical shifts
in two of the monoruthenated adducts (III-1’-G18i and III-1’-
G7), which therefore have intercalated arenes in very similar
environments.

In three cases, the NMR data were sufficient to allow
models to be constructed for the ruthenated adducts on the
basis of both observed NOEs and the significant perturba-
tions in chemical shifts of DNA protons with respect to III
(the nonruthenated duplex). The two adducts ruthenated at
G18 are assignable to conformations in which the noncoordi-
nated phenyl ring is either intercalated between G18 and T17
(III-1’-G18i; Scheme 1) or nonintercalated (III-1’-G18n). The
adducts show significant differences in chemical-shift changes
for the bases in the sequence T15–G18 (see the Supporting
Information and Figure 2). In particular, the A16n and T17n
bases of III-1’-G18n are significantly distorted, whereas A16i
and T17i appear far less perturbed in III-1’-G18i.

For III-1’-G18i, NOEs between A12 H2 on the comple-
mentary strand and the noncoordinated phenyl ring protons,
and the strong shielding of the protons of this arene ring
(Dd��1 ppm, see the Supporting Information), in particular,
indicate that arene ring B is intercalated between G18 and
T17 (Figure 3a). The slight shielding of the T17i CH3 protons
and deshielding of the T17i H2’ and H2’’ protons (Supporting

Figure 2. 1H NMR chemical-shift changes (Dd=d(III-1’)�d(III))
induced by ruthenation of duplex III for resonances of the -CC- strand
of a) the III-1’-G18i adduct and b) the III-1’-G18n adduct. Key: *

aromatic (H6/H8) protons; ^ H1’, ~ H2’, ! H2’’ sugar protons.

Scheme 1. Atom labeling for complex 1 (top) and sites of ruthenation
and intercalation on duplex III (bottom).
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Information) are consistent with stacking of the Ru-coordi-
nated arene ring A over the T17i aromatic ring and edge-on
juxtaposition to the T17i sugar ring.

In contrast, the NOESY and chemical-shift data suggest
that the pendant arene in III-1’-G18n lies on the surface of the
major groove (Figure 3b), thus forcing the T17n base to stack
underneath it by tilting, accompanied by a tilt of the A16n
base. Such a model explains why the H1’ resonances of A16n
and T17n are significantly altered with respect to III and III-
1’-G18i and shows how nonintercalation can induce dramatic
changes in DNA structure. In the III-1’-G18i and III-1’-G18n
models, the T19 bases are in identical environments, consis-
tent with the NMR data (Supporting Information).

The intramolecular NOEs and strong shielding of the
protons of the noncoordinated phenyl ring for the G7 adduct
suggest that this ring is intercalated between G7 and T6. The
T6 residue appears to be strongly perturbed: no NOESY
cross-peaks to either G7 or A5 could be identified and the
T6 H2’/H2’’ protons appear to be strongly deshielded (see the
Supporting Information).

These studies reveal unique modes of binding of the
anticancer complex 1 to duplex DNA. The monofunctional
fragment {(h6-biphenyl)Ru(en)}2+ is highly specific for G N7,
but mobile at elevated temperature at which migration
between guanine residues is facile.[12] In contrast, such
migration of PtII am(m)ines is rare. This behavior suggests
that organometallic RuII arene complexes can be readily
removed from DNA, which may be beneficial for reversing
DNA damage in cells. The specificity of {(h6-biphenyl)-
Ru(en)}2+ for guanine is aided by strong H-bonding between
an NH of en and C6 carbonyl of G, and by p–p stacking
involving the noncoordinated phenyl ring of the biphenyl
ligand and DNA bases. Such stacking can occur through
intercalation between DNA bases (G and T bases in the
adducts III-1’-G7 and III-1’-G18i), or with a partially extruded
T base, as in III-1’-G18n. Arene–base stacking may play a role
in determining the rates of reactions of RuII arene en
complexes with DNA, as appears to be the case for mono-
nucleotides.[9] Other examples of metal complexes containing
DNA-intercalating ligands include RuII, RhIII, and di-RhII

complexes with phenanthroline derivatives,[13] and PtII com-
plexes with directly bonded or pendant acridine arms.[14] It is

well known that DNA structures are relatively flexible. Some
intercalators can rotate within intercalation sites.[15] Our data
suggest that ruthenium arene intercalation is dynamic:
equilibria can exist between intercalated (III-1’-G18i) and
nonintercalated (III-1’-G18n) conformers. The present stud-
ies provide a structural basis for understanding how the
nature of the arene in [(h6-arene)Ru(en)Cl]+ complexes can
exert a significant effect on cytotoxicity,[1] on excision repair
of DNA lesions,[6] and on DNA destabilization,[16] and provide
a basis for future work on sequence-dependent effects of
DNA duplex ruthenation.

Experimental Section
Ruthenated DNA: For ruthenation of single strands, microliter
aliquots of 1-PF6 (10.0 mm) were added to a solution of I (17 mL,
1.80 mm), NaClO4 (15 mL, 2.0m), and H2O (265 mL), to give 1:1, 2:1,
or 5:1 molar ratios of 1/I, and the mixtures were incubated for 48 h at
310 K in the dark. Similarly, aliquots of 1 were added to II (14 mL,
2.13 mm), NaClO4 (15 mL, 2.0m), and H2O (268 mL). The ruthenations
were monitored by 1D 1H NMR spectroscopy, the mixtures separated
by HPLC, and the peaks characterized by HPLC–ESIMS.

A similar 1:1 reaction mixture of 1+ II (on a 10-mL scale) was
separated on a semipreparative C8 ACE-5 column. The fraction
eluting at 7.4 min (monoruthenated single-strand fraction II-1’-G18/
G25, Figure 1d) was collected, freeze-dried, and desalted on a NAP-
10 column (Pharmacia Biotech). The sample was then freeze-dried,
dissolved in deionized water (200 mL), and analyzed by HPLC and
UV/Vis spectroscopy. Finally, NaClO4 (12.5 mL, 2.0m), D2O (50 mL), I
(140 mL, 1.80 mm), and H2O (101 mL) were added to a solution of II-
1’-G18/G25 (196 mL, 1.29 mm) together with dioxane as an internal
1H NMR reference. The final concentration of the monoruthenated
duplex III-1’ was 0.51 mm. The resulting DNA solution was annealed
by heating briefly from 288 to 353 K for 2 min and cooling slowly to
288 K over 3.5 h. 2D NOESY 1H NMR spectra were then recorded at
298 and 283 K.

Modeling studies : A structure for duplex d(ATACATGGTACA-
TA)·d(TATGTACCATGTAT) calculated on the basis of NMR data[7]

was used to model ruthenated DNA with the biopolymer module of
Sybyl (version 6.3, Tripos Inc.). Coordinates from the X-ray crystal
structures of 1-PF6 (CCDC-170362) allowed accurate incorporation
of the Ru complex into the model DNA–Ru construct.

Details of materials used, HPLC, HPLC–ESIMS, NMR, model-
ing studies, and pH measurements are given in the Supporting
Information.
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