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Introduction

Third-row transition-metal ions are commonly considered to
be more inert than those of the first and second rows. For
example, substitution reactions of third-row PtII complexes
are commonly approximately five orders of magnitude
slower than those of their second-row PdII analogues.[1a] Sim-
ilarly, osmium(II) and (III) complexes are often kinetically
more inert than their Ru analogues.[1]

There is current interest in reactions of RuII–arene com-
plexes containing N,N- or O,O-chelating ligands that exhibit
cytotoxicity towards cancer cells.[2–6] However, there are few
reports of the aqueous chemistry of OsII–arene com-
plexes,[7–9] especially under biologically relevant conditions
and concentrations. Recently, we have shown that the anion-
ic O,O-chelating ligand, XY=acetylacetonato (acac), in
arene complexes [Os ACHTUNGTRENNUNG(h6-arene)(XY)Cl]n+ can dramatically
increase the reactivity of the OsII�Cl bond compared to, for
example, complexes with the neutral N,N-chelating ligand
XY=ethylenediamine (en).[10,11] Here, we compare the
chemistry of an OsII–p-cymene complex containing the po-
tentially more stable five-membered chelate ring of malto-
late (mal; 3-oxy-2-methyl-4-pyrone) with its RuII analogue.
Maltol is a natural product, a food additive with low cytoxic-
ity, but it exhibits antitumour activity in some neuroblasto-
ma cell lines.[12] Complexes of maltolate chelated to metals
have been investigated for the treatment of some diseases.[13]

The most extensively studied are bis(maltolato)oxovanadiu-
m(IV) and bis(ethylmaltolato)oxovanadium(IV), which are
insulin-enhancing, antidiabetic agents.[14,15] Aluminium ACHTUNGTRENNUNG(III)–
maltolato complexes are known to enhance the toxicity of
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aluminium in neuronal cells.[16] Gallium ACHTUNGTRENNUNG(III) tris(maltolate)
is on clinical trial as an anticancer agent,[17] and has potential
as a radiopharmaceutical,[18] and ferric tris(maltolate) has
been investigated for the treatment of iron-deficiency anae-
mia.[19,20] Some reactions of RuII–arene complexes contain-
ing maltolate and similar ligands, for example, ethylmalto-
late, have been reported,[21–24] but not those of their OsII

arene analogues.
We have used density functional calculations to compare

the aquation pathways for [OsACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(acac)Cl] and
[Os(h6-biphenyl)(en)Cl]+ , and studied the hydrolysis of [M-
ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl] complexes, in which M=OsII (1) and
RuII (2) containing O,O-chelated maltolate, as well as the
acidity of their aqua adducts. Their rates of reaction with
guanine and adenine derivatives, and the stabilities of the
resulting nucleobase adducts were investigated. Particular
emphasis is placed on studies under biologically relevant
conditions, especially at micromolar concentrations similar
to those used in cell cytotoxicity tests. The behaviour of the
O,O-chelated OsII–arene complexes under these conditions
is surprising and is discussed in relation to their lack of bio-
logical activity.

Results

Aquation pathways : The pathways for aquation of N,N- and
O,O-chelated OsII complexes were first compared by using
density functional calculations. A preliminary test of the
structural accuracy of the Perdew–Wang functional[25] PW91
was performed by comparing the fully optimised in vacuo
structure of [Os(h6-biphenyl)(en)Cl]+ (13) with the X-ray
crystal structure of the tetraphenylborate salt. PW91 gener-
ally overestimates the Os–L (L= ligand) contacts by around
0.03 to 0.04 I, although the calculated and observed Os–Cl
distances are equal at 2.40 I. The computed structure has
the coordinated aryl group twisted slightly, while the “free”
aryl group rotates out of the plane of the coordinated ring
by about 308. Conductorlike screening model (COSMO) sol-
vation[26] decreases the twist of the “free” aryl group signifi-
cantly and brings the coordinated aryl group closer, in
better agreement with the experimental distances. The cal-
culated Os–Cl distance lengthens to 2.46 I but, overall, the
agreement with experiment is good (see Figure S1).

The aquation pathway was first explored by means of a
series of linear transit calculations to map out the potential
energy surface as a function of the Os–Cl and Os–OH2 dis-
tances. Plots for the [Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(acac)Cl] complex (11)
and [Os(h6-biphenyl)(en)Cl]+ complex (13) are shown in
Figure 1. These plots were used to locate an approximate
starting point for a full transition-state optimisation. The rel-
evant Os–ligand distances for reactant, transition state and
product are given in Table 1 and the associated structures
are shown in Figure 2. The reactions modelled are as shown
in Equations (1) and (2):

½OsðareneÞðacacÞCl� � H2O !
½TS� ! ½OsðareneÞðacacÞðOH2Þ�þ � Cl�

ð1Þ

½OsðareneÞðenÞCl�þ � H2O ! ½TS� !
½OsðareneÞðenÞðOH2Þ�2þ � Cl�

ð2Þ

The system retains the entering and leaving group within
the second coordination sphere as appropriate. This substi-
tution process can be described in terms of two parameters:
the Os–Cl and Os–OH2 distances. In principle, the process
could be described as associative or dissociative. The reac-
tion with XY=acac is appreciably more dissociative than
for XY=en. It is notable that the water ligand has to reor-

Figure 1. Reaction potential-energy surfaces for the hydrolysis of a) [Os-
ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(acac)Cl] (11) and b) [Os(h6-biphenyl)(en)Cl]+ (13).

Table 1. Calculated reaction energies DE and Os–ligand distances for re-
actant, transition state (TS) and product for the aquation of [OsACHTUNGTRENNUNG(h6-p-
cym)ACHTUNGTRENNUNG(acac)Cl] (11) and [Os(h6-biphenyl)(en)Cl]+ (13).

acac en
DE
[kJmol�1]

Os–Cl
[I]

Os–O
[I]

DE
[kJmol�1]

Os–Cl
[I]

Os–O
[I]

reactant 0 2.46 4.10 0 2.46 4.28
TS 61 4.21 3.51 90 3.40 3.08
product 9 4.35 2.20 29 4.43 2.14

www.chemeurj.org F 2007 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 2601 – 26132602

www.chemeurj.org


ganise itself from TS to product. For XY=en, an amine hy-
drogen atom forms an H-bond with the water oxygen atom,
thereby allowing the water ligand to orient itself for Os�O
bond formation. For XY=acac, the acac oxygen atoms are
now H-bond acceptors and the water oxygen atom points
away from Os in the transition state. Nevertheless, the over-
all process is predicted to be significantly more facile for
XY=acac than for XY=en, both in terms of a lower barrier
(nearly 30 kJmol�1) and lower exothermicity (note that en-
tropy is not included here).

Preparation and structures of maltolato complexes : The
metal–arene–maltolato complexes [M ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl], in
which M=Os (1) and M=Ru (2) were prepared in good
yields by reaction of the chloro-bridged dimers [M ACHTUNGTRENNUNG(h6-p-
cym)(Cl)2]2 with the five-membered O,O-chelating ligand
maltolate, a route similar to that reported for [Ru ACHTUNGTRENNUNG(h6-mes)-
ACHTUNGTRENNUNG(etmal)Cl] (mes=1,3,5-trimethylbenzene; etmal=ethyl mal-
tolate).[21]

We determined the X-ray crystal structures of [OsACHTUNGTRENNUNG(h6-p-
cym)ACHTUNGTRENNUNG(mal)Cl] (1) and the Ru analogue, which crystallised as
the hydrated [RuACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl]·2H2O (2·2H2O; Figure-
s 3a and b, respectively). Crystallographic data and bond
lengths and angles are listed in Tables 2 and 3. Both com-
plexes adopt the pseudo-octahedral “three-leg piano stool”
geometry, with the metal p-bonded to the p-cymene ring
(the “seat”) and s-bonded to a chloride and two oxygen
atoms of the chelated maltolate ligand (the “legs”). The M–
Cl bond distances are similar for the two metals
(2.4326(16) I for 1 and 2.4329(5) I for 2). Coordinated
maltolate is unsymmetrical with the two metal–oxygen bond
distances being non-equivalent: 2.114(4) and 2.091(5) I for
1 and 2.1035(13) and 2.0901(13) I for 2, the shorter distance
being on the methyl side of maltolate. The coordinated mal-
tolate ligand is almost planar with torsion angles (M-O-C-C)

of 173–1798. No intermolecular
arene ring stacking is observed,
but several directional hydro-
gen bonds (aD�H···A 150<
q<1808) are present between
independent molecules in the
crystal structures of both 1 and
2·2H2O. Three different types
of interactions link together
four independent molecules of
[Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl] (1). One
set of dimers is formed in the
crystal structure through four
short-range interactions be-
tween an oxygen atom of the
coordinated maltolate and p-
cymene protons of a second
molecule, O21ACHTUNGTRENNUNG(mal)···H71 ACHTUNGTRENNUNG(p-
cym) 2.57 I and O21-
ACHTUNGTRENNUNG(mal)···H102(isopropyl p-cym)
2.67 I. Another set of dimers is
formed between the chloride

(Cl1) and a p-cym ring proton (H41) of another molecule
(2.56 I). Finally, short-range interactions are present be-
tween C24–H171 of the maltolate backbone and both a
chloride (Cl1 2.77 I) and a maltolate oxygen (O21 2.36 I)
of an adjacent molecule (Figure S2 and Table 4).

Similar short-range interactions are also present in crys-
tals of the Ru analogue, which crystallised with two solvent
molecules of water (2·2H2O). The latter forms similar
dimers to those found in crystals of 1, involving the interac-
tions O12ACHTUNGTRENNUNG(mal)···H10A(isopropyl p-cym) (2.67 I) and the
chloride (Cl1) of one molecule and a p-cymene ring proton
(H61) of another (2.90 I). An H-bond (2.37 I) forms be-
tween C52 and H52 of the maltolate backbone and malto-
late O12 of an adjacent molecule (Figure S3). The hydrogen
atoms of the two solvent water molecules were located (in a
difference map, but placed in ideal positions and not re-
fined) and form a chain, which is flanked by the Ru complex
on either side (Figure 4a). The solvent molecules form a
ring of H-bonds involving H4W···Cl1 (2.52 I; O2W···Cl1
3.240(2) I) and H1W···O22 ACHTUNGTRENNUNG(mal) (2.09 I), with water mole-
cules separated by 2.852(3) I (O1W–O2W; Figure 4b and
Table 4).

NMR studies of chemical exchange : In the 1H NMR spectra
of the maltolato complexes 1 and 2 in CDCl3 there were
doublets for each of the four p-cymene ring protons (inte-
grating to 1H each) and two doublets for the p-cymene iso-
propyl methyl groups (Figures 5a and S4). However, in the
1H NMR spectra of 1 and 2 in D2O, mainly present as the
aqua adducts 1a and 2a (see below), there were only two
doublets for the coordinated ring protons (integrating to 2H
each) and one doublet (integrating as 6H) for the two CH3

groups belonging to the isopropyl group (Figures 5c and
S4). Chemical shifts for the aqua complex are pH sensitive,
see Figure S6. The spectra of 1 in another non-coordinating

Figure 2. Calculated structures of the reactant, transition state (TS) and product for the hydrolysis of a) [Os-
ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(acac)Cl] (11) and b) [Os(h6-biphenyl)(en)Cl]+ (13).
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solvent, deuterated toluene, consisted of two overlapped
doublets and two doublets for the p-cymene ring protons, as
well as two overlapped doublets for the p-cymene isopropyl
group (Figure 5b). However, in deuterated methanol the
spectrum of 1 (Figure 5d) shows broad peaks for the aro-
matic protons, again with only two peaks for the p-cymene
ring protons and a single doublet for the two isopropyl CH3

groups. The two broad peaks for the p-cymene ring protons
(d=6.16 and 5.92 ppm) sharpened to doublets at higher
temperatures (323 K) and split into two doublets (d=6.20

and 6.17 ppm) and a doublet of doublets (d=5.92 ppm) at
lower temperatures (223 K; see Figures 6 and S5). At the
coalescence temperature (Tc=283 K), the rate of the dy-
namic process was determined to be kc=25.9 s�1, with life-
times of the separate isomers of tc=40 ms and an activation
energy Ea=61.5 kJmol�1 at Tc.

Hydrolysis and acidity of aqua adducts : Complexes 1 and 2
hydrolysed rapidly in aqueous solution to give predominant-
ly the monoaqua complexes [OsACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OH2)]

+

(1a) and [RuACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OH2)]
+ (2a), respectively. The

pKa values of the coordinated water in 1a and 2a were
found to be 7.60	0.02 and 9.23	0.02, respectively (Fig-
ure S6). A second hydrolysis product, the hydroxo-bridged
dimer [(h6-p-cym)MACHTUNGTRENNUNG(m-OH)3M ACHTUNGTRENNUNG(h6-p-cym)]+ M=Os (3) and
Ru (4), also formed (though less readily for Ru) and in-
creased in concentration with increase in pH. More detailed

Figure 3. ORTEP diagrams and atom numbering scheme for a) [Os ACHTUNGTRENNUNG(h6-p-
cym)ACHTUNGTRENNUNG(mal)Cl] (1) and b) [Ru ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)Cl] (2) (50% probability el-
lipsoids). The hydrogen atoms have been omitted for clarity.
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results of the hydrolysis studies and pH titrations can be
found in the Supporting Information.

Aqueous stability of complexes 1 and 2; speciation under
biological test conditions : Solutions of 1 were prepared so
as to mimic those being used in the cytotoxicity tests.
1H NMR spectra (800 MHz) of solutions of 1 at concentra-
tions of 2 and 50 mm in 0.125% [D6]DMSO/99.875% D2O,
at physiological pH (approximately 7.3), were recorded di-
rectly after sample preparation (
10 min, 298 K) and after
incubation at 310 K for 24 h. 1H NMR peaks (d=6.04 and
5.82 ppm) for the hydroxo-bridged dimer [(h6-p-cym)OsACHTUNGTRENNUNG(m-
OH)3Os ACHTUNGTRENNUNG(h6-p-cym)]+ (3) predominate under these condi-
tions, as determined by 1H NMR and electrospray ionisation
mass spectrometry (ESIMS, Figure S7; 100% 3 at 2 mm after
10 min and after 24 h at 310 K, and at 50 mm approximately
28% 3 after 10 min and approximately 65% after 24 h at
310 K). Solutions prepared in the absence of [D6]DMSO
gave similar results. Solutions (8 and 200 mm) were also pre-
pared in the presence of 100 mm NaCl and the 1H NMR
spectra were recorded as previously. Based on peak inte-
grals, the hydroxo-bridged dimer 3 predominates at 8 mm 1
after incubation at 310 K for 24 h, whereas at 200 mm 1 ap-
proximately 24% 3 was present after 10 min at 298 K and
approximately 61% 3 after 24 h at 310 K.

Solutions of the maltolato complexes 1 and 2, as well as
of the acac complexes 11 and 12, were prepared at varying
concentrations (2 and 1 mm, 500, 250, 100, 50 and 20 mm) in
D2O, and incubated at 310 K for 24 h before recording their
1H NMR spectra at 298 K. Peaks corresponding to the p-
cymene ring protons of the aqua complex, [M ACHTUNGTRENNUNG(h6-p-
cym)(XY) ACHTUNGTRENNUNG(OD2/OD)]+ /0 (M=Os, XY=mal, 1a ; M=Ru,
XY=mal, 2a ; M=Os, XY=acac, 11a ; M=Ru, XY=acac,
12a), dominated the 1H NMR spectra of the more concen-
trated solutions. As the concentrations of complexes were
decreased, the peaks corresponding to species 3 (d=6.04
and 5.82 ppm) and 4 (d=5.37 and 5.17 ppm) increased in in-
tensity, as did those for the free maltol and acacH ligands,
whereas those for the aqua complexes (1a, 2a, 11a and 12a)
decreased in intensity (Figures 7 and S8). Based on
1H NMR peak integrals for the p-cymene ring protons, the
aqua complex 1a accounted for 71% of the initial Os–mal-
tolato complex 1 at 2 mm ; however, at 20 mm this was much
lower at 30%. A higher proportion of the Ru–aqua complex
2a was present for 2 (85% at 2 mm and 38% at 20 mm ;
Figure 7). Only 61% of the Os–aqua–acac complex 11a was
present at 2 mm 11 and this decreased to 0% at 100 mm 11.
More of the Ru–aqua–acac complex 12a (79%) was present
for 2 mm solutions of 12, but this also decreased to 0% at
20 mm 12 (Figure S8). ESIMS of equilibrium NMR spectro-
scopic samples of 2 and 12 at 50 mm (containing predomi-
nantly peaks for hydroxo-bridged dimer 4) gave peaks at
m/z : 525.1 and 526.1, respectively, assignable to [(h6-p-
cym)RuACHTUNGTRENNUNG(m-OD)3RuACHTUNGTRENNUNG(h6-p-cym)]+ (4 ; calcd m/z : 526.1). The
proportion of the metal present as the hydroxo-bridged
dimer 3 (Os) or 4 (Ru) is plotted against initial complex
concentration in Figure 8.

Table 2. Crystallographic data for [OsACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl] (1) and [Ru ACHTUNGTRENNUNG(h6-
p-cym)ACHTUNGTRENNUNG(mal)Cl]·2H2O (2·2H2O).

1 2·2H2O

formula C16H19ClO3Os C16H23ClO5Ru
Mw 484.98 431.86
crystal description brown tablet red lath
crystal size [mm] 0.37O0.24O0.11 0.96O0.30O0.17
l [I] 0.71073 0.71073
T [K] 150 150
crystal system monoclinic monoclinic
space group P21/c P21/c
a [I] 11.8586(6) 13.6816(4)
b [I] 9.1697(5) 8.9244(2)
c [I] 15.4833(8) 14.46911(4)
a [8] 90 90
b [8] 109.535(4) 96.783(2)
g [8] 90 90
V [I3] 1586.74(15) 1754.31(8)
Z 4 4
R 0.0566 0.0275
Rw 0.0915 0.0620
goodness-of-fit 0.6705 1.079

Table 3. Selected bond lengths [I] and angles [8] for [Os ACHTUNGTRENNUNG(h6-p-cym)-
ACHTUNGTRENNUNG(mal)Cl] (1) and [Ru ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl]·2H2O (2·2H2O).

Bond(s)[a] 1 2·2H2O
Length/angle

M�C (arene) 2.181(7) 2.1887(19)
2.172(6) 2.1543(19)
2.136(6) 2.1593(19)
2.190(7) 2.1880(18)
2.178(7) 2.1445(18)
2.162(7) 2.1717(19)

M�Cl 2.4326(16) 2.4329(5)
M�O1 2.114(4) 2.1035(13)
M�O2 2.091(5) 2.0901(13)
O1-M-O2 78.67(18) 78.79(5)
O1-M-Cl 81.88(13) 83.42(4)
Cl-M-O2 84.92(13) 85.89(4)

[a] M=OsII or RuII ; O1 carbonyl side of maltolate, O2 methyl side of
maltolate (see Figure 3).

Table 4. Selected hydrogen-bond lengths [I] and angles [8] for com-
plexes 1 and 2·2H2O.

[Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)Cl] (1)
D�H···A d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aDHA

C13�H71···O21 (inter) 2.57 3.555(8) 167
C19�H102···O21 (inter) 2.67 3.619(9) 158
C16�H41···Cl1 (inter) 2.56 3.554(7) 170
C24�H171···O21 (inter) 2.36 3.281(8) 153
C24�H171···Cl1 (inter) 2.77 3.511(7) 132

[Ru ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)Cl]·2H2O (2·2H2O)
D�H···A d ACHTUNGTRENNUNG(H···A) d ACHTUNGTRENNUNG(D···A) aDHA

C101�H10A···O12 (inter) 2.67 3.449(3) 136
C61�H61···Cl1 (inter) 2.90 3.7625(19) 152
C52�H52···O12 (inter) 2.37 3.288(2) 163
O2W�H4W···Cl1 (inter) 2.52 3.240(2) 169
O1W�H1W···O22 (inter) 2.09 2.805(2) 174
O1W�H2W···O2W (inter) 2.04 2.852(3) 164
O2W�H3W···O1W (inter) 2.03 2.771(3) 180
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Interactions with nucleobases : The monoaqua complexes 1a
and 2a react rapidly with N7 of G (guanosine and 9-ethyl-
guanine) and both N7 and N1 of A (adenosine) nucleobases.
Assigned NMR spectra (including selected pH titrations)
for these reactions can be found in the Supporting Informa-
tion (Figures S9–S14).

The addition of 1 mol equiv cytidine (Cyt) or thymidine
(Thy) to an equilibrium solution of 1 (in D2O at 298 K,
pH* 7.01 and 6.67) resulted in no additional peaks in the
1H NMR spectrum, even after incubation at 310 K for 20 h
(Figure S14).

Stability of 9-ethylguanine adducts : Solutions of the 9-EtG
adduct [Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(9EtG)]+ (7) in D2O at varying
concentrations (20 mm–2 mm) were prepared and their
1H NMR spectra recorded within 10 min of sample prepara-
tion at 298 K (Figure 9), as well as after incubation at 310 K
for 24 h (Figure S15). At high concentrations, peaks for 7
dominated (77% 7 at 2 mm), but as the complex concentra-
tion decreased, peaks for the aqua complex 1a, free maltol
and hydroxo-bridged dimer 3 increased in intensity (29% 7
at 20 mm). At approximately 200 mm 7, 50% of the 9-EtG re-
mained bound. The apparent formation constant for 7 was
determined as logK=4.32	0.02 from the species distribu-

tion plot in Figure 10. After in-
cubation at 310 K for 24 h,
complex 7 still dominated at
high concentration (69% 7 at
2 mm), but free maltol and the
hydroxo-bridged dimer 3 domi-
nated at lower concentrations
(0% 7 at 20 mm ; Figure S15).

The 9-EtG complex 7 and
the Ru analogue 8 were also
prepared in situ at varying con-
centrations by mixing equimo-
lar solutions of 1 or 2 and 9-
EtG so that the final concentra-
tions were 20 mm–1 mm.
1H NMR spectra were recorded
after approximately 10 min at
298 K, as well as after incuba-
tion at 310 K for 24 h (Fig-
ure S16). For reactions of the
Os–maltolato complex 1 with 9-
EtG, 73% of 9-EtG-bound
adduct 7 was formed at 1 mm

and only 31% at 20 mm ; for the
Ru analogue, 64% of the 9-
EtG-bound adduct 8 formed at
1 mm, but none at 20 mm and
little further change occurred
over 24 h (310 K). Values for
the formation constants were
determined as logK=4.41	
0.04 for the Os complex 7 and
3.87	0.09 for the Ru complex
8 (Figure S17).

Cytotoxicity : Complexes 1 and 2 were non-toxic towards the
human lung A549 and ovarian A2780 cancer cell lines at
concentrations up to 50 mm (the highest test concentration).
The IC50 values are therefore likely to be >100 mm and the
complexes are deemed inactive.[27]

Discussion

Mechanism of hydrolysis : Density functional theory (DFT)
calculations support the experimental observation of faster
hydrolysis of OsII–arene complexes containing anionic O,O-
chelating ligands compared to analogous complexes with the
neutral N,N-chelating diamine ligand en. The barrier for hy-
drolysis of [Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(acac)Cl] (11) is significantly lower
(by nearly 30 kJmol�1) than that for the en complex [Os(h6-
biphenyl)(en)Cl]+ (13). A simple rationalisation is that it is
harder to remove Cl� from the monocationic [Os ACHTUNGTRENNUNG(h6-are-
ne)(en)Cl]+ species than from the neutral [OsACHTUNGTRENNUNG(h6-arene)-
ACHTUNGTRENNUNG(acac)Cl] .

Interestingly, the incoming water molecule forms H-bonds
to the oxygen of the coordinated acac ligand (Figure 2).

Figure 4. X-ray crystal structure of 2·2H2O showing a) the chain of water molecules flanked by ruthenium
complexes and b) the ring of H-bonds formed between the water molecules and the complex; H4W···Cl1
(2.52 I) and H1W···O22 ACHTUNGTRENNUNG(mal) (2.09 I). Pictures prepared by using the program Diamond.
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However, this orientation in the transition state does mean
that the water must reorganise itself to form the final prod-
uct. The calculated activation energy for hydrolysis of the
OsII–en complex 13 is slightly larger than that of the RuII an-
alogue reported previously (by 
20 kJmol�1),[28] which ap-
pears to explain the observed slower rate of hydrolysis of
the OsII–en complex compared to its RuII analogue.[10]

Structures of maltolato complexes : There appear to be no
previous reports of structures of maltolato complexes of OsII

arenes, although that of a RuII complex [RuACHTUNGTRENNUNG(h6-mes) ACHTUNGTRENNUNG(mal)Cl]
has been reported.[22] The structures of the Os (1) and Ru
(2·2H2O)–maltolato complexes are very similar. In the con-
text of hydrolysis (which is rapid for both 1 and 2), it is in-
teresting to note that they have the same metal–chloride
bond lengths of 2.43 I, which are significantly longer than
those for the N,N-chelated complexes [M(h6-bipheny-
l)(en)Cl]+ (2.3963(14) I M=Os, 2.4005(10) I M=Ru).[10]

The metal–oxygen bond lengths in 1 and 2·2H2O (2.09–
2.11 I) are longer than those in their respective acac ana-
logues (2.0700(16)–2.078(3) I).[10,11] Both the M�O bond
lengths for the Os complex 1 are greater than those for the
Ru complex 2·2H2O, with the longer M�O bonds being on
the carbonyl side of the maltolate ligand. The Ru�O
(2.106(4) and 2.091(4) I) and Ru�Cl (2.420(2) I) bond
lengths[22] in [RuACHTUNGTRENNUNG(h6-mes) ACHTUNGTRENNUNG(mal)Cl] are similar to those of
2·2H2O.

In the X-ray structure of the hydrated RuII complex
2·2H2O (Figure 4b), two water molecules are involved in H-
bonding to bound chloride and one of the bound malolate
oxygen atoms. This arrangement is similar to that found in
the calculated transition state for aquation of the related
OsII–acac complex 11 (Figure 2a), in which a hydrogen
(H1W) from one of the water molecules forms a hydrogen
bond with a maltolate oxygen (O22 in 2·2H2O), and hence
the solid-state structure appears to provide a “snapshot” of
the possible hydrolysis pathway. The O2W···Cl distance of
3.240(2) I compares well with the values reported for the
similarly hydrated RuII–picolinate complex [Ru ACHTUNGTRENNUNG(h6-mes)-

Figure 5. Low-field region of the 1H NMR spectrum (298 K) of 1 (con-
taining resonances for the p-cymene ring protons) in the non-coordinat-
ing solvents a) CDCl3 (doublets at d=6.04, 6.00, 5.81 and 5.77 ppm) and
b) [D8]toluene (two overlapped doublets d=5.61 ppm and two doublets
d=5.26 and 5.25 ppm) (x=unidentified species accounting for 
15% of
Os), and in the coordinating solvents c) D2O (two doublets, peak position
pH sensitive and a doublet at d=6.04 ppm for 3) and d) [D4]MeOD (two
broad peaks at d=6.16 and 5.92 ppm).

Figure 6. Low-field region of the 1H NMR spectrum of 1 in [D4]MeOD at
varying temperatures. The four non-equivalent p-cymene ring protons re-
solve into two doublets (d=6.20 and 6.17 ppm) and two closely overlap-
ping doublets (d=5.92 ppm) at 223 K, broaden (d=6.16 and 5.92 ppm)
at 283 K (coalescence temperature, Tc) and sharpen into two doublets at
323 K (d=6.16 and 5.92 ppm).
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ACHTUNGTRENNUNG(NC5H4CO2)Cl]·3H2O
(3.24 I).[21] In both cases, two
water molecules form a ring of
hydrogen-bonding interactions
(Cl·(H)·O·(H)·O·(H)·X) and
appear to be preorganised for
hydrolysis.

Dynamic O,O-chelate ring
opening : The presence of a
chiral Os centre in complex 1,
due to the unsymmetrical
nature of maltolate, is evident
in 1H NMR spectra in non-coor-
dinating solvents (CDCl3 and
[D8]toluene), the four p-cymene
ring protons and two isopropyl
methyl groups being non-equiv-
alent. In coordinating proton-
donor solvents, such as D2O
and [D4]MeOD, a dynamic pro-
cess appears to take place at
the metal centre on a millisec-
ond timescale even at 283 K.
This probably involves either
ring opening of coordinated
maltolate aided by the coordi-
nating proton-donor solvent,
flipping and rebinding, or inver-
sion at the Os centre by a
mechanism similar to that pro-
posed by Davies et al.[29] This
dynamic process is faster in
D2O than in [D4]MeOD, and
such a dynamic process may

contribute to the mechanism of maltolate displacement in
water.

Hydrolysis : The hydrolysis of complexes 1 and 2 is rapid in
water, with one major set of 1H NMR peaks present (corre-
sponding predominantly to the aqua complex). Such rapid
hydrolysis in comparison to the N,N-chelated en complexes
probably results from the increased electron density at the
metal centre due to the anionic maltolate ligand, as well as
possible stabilising interactions between hydrogen atoms of
coordinated water and the oxygen atoms of the chelated
ligand. The rapid hydrolysis of complexes 1 and 2, and the
proposed stabilising H-bonds between the maltolate oxygen
atoms and the hydrogen atoms of incoming water molecules,
are in accordance with the DFT calculations for the hydroly-
sis of the similar complex 11 containing the anionic O,O-
chelating acac ligand. The OsII complex 13 hydrolyses about
40 times more slowly than the RuII analogue at physiological
pH,[10] but the hydrolysis rates for the OsII and RuII–maltola-
to complexes were both too fast to measure (by NMR spec-
troscopy).

Figure 7. Low-field region of the 1H NMR spectra (298 K) of complexes 1 (a) and 2 (b) at concentrations vary-
ing from 2 mm to 20 mm after incubation at 310 K for 24 h. 1a and 2a correspond to the aqua complexes [Os-
ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OD2)]

+ and [Ru ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OD2)]
+ , respectively, and 3 and 4 to the hydroxo-bridged

dimers [(h6-p-cym)OsACHTUNGTRENNUNG(m3-OD)3Os ACHTUNGTRENNUNG(h6-p-cym)]+ and [(h6-p-cym)RuACHTUNGTRENNUNG(m3-OD)3Ru ACHTUNGTRENNUNG(h6-p-cym)]+ , respectively.

Figure 8. Dependence of formation of the hydroxo-bridged dimer (based
on NMR peak integrals) on total metal concentration for solutions of the
osmium and ruthenium–maltolato (1 and 2) and acac complexes (11 and
12), [M ACHTUNGTRENNUNG(h6-p-cym)(XY)Cl], in D2O after incubation at 310 K for 24 h.
a M=Ru, c M=Os, * XY=mal, ~ XY=acac. The most stable
complex towards dimer formation is the ruthenium–maltolato complex
[Ru ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)Cl] (2), and the least stable is the osmium acac com-
plex [Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(acac)Cl] (11).
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Acidity of aqua complexes : The pKa values for the Os–mal-
tolato–aqua complex 1a (7.60) and Ru analogue (9.23) are
approximately 1 pKa unit higher in comparison to those of
complexes containing the neutral en ligand,[10,30] but in a
similar range to those of the corresponding acac complexes,
Table S1.[10,11] Water is significantly more acidic (by

1.6 pKa units) when coordinated to OsII compared to RuII,
as has been reported for some other complexes.[8,10] The im-
plications of these pKa values are that at physiological pH
(7.4) a significant portion (approximately 40%) of complex
1a would be present as the less reactive hydroxo species
[Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)(OH)], whereas almost all (>95%) of
complex 2a would be present as the reactive aqua complex
[Ru ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OH2)]

+ .
The lower pKa value (that is, higher affinity for hydrox-

ide) of the Os–aqua complex 1a could contribute to the
finding that the Os–maltolato complex 1 forms the hydroxo-
bridged dimer more readily and at lower pH values than its
Ru analogue 2. It seems likely that one of the maltolate
oxygen atoms (probably the deprotonated oxygen adjacent
to the methyl group) accepts a proton from the suitably
positioned coordinated water, and does so more readily
from the more acidic water coordinated to Os compared to
Ru, leading to chelate ring opening and eventual loss of
maltol and formation of the stable hydroxo-bridged dimer 3.

Stability of complexes under biological test conditions : Our
work shows that the introduction of the five-membered mal-
tolate chelate ring provides significant stabilisation towards
hydroxo-bridged dimer formation in comparison to the six-
membered acac complexes,[10] but the dominant species pres-
ent in aqueous solution under conditions relevant to the bio-
logical tests (micromolar concentrations, pH
7, 24 h expo-
sure at 310 K) for both the OsII–maltolato complex 1 and
RuII analogue 2 are the hydroxo-bridged dimers 3 and 4, re-
spectively (Figure 8). Remarkably, even in solutions of 1 (8
and 200 mm) containing 0.1m NaCl, the hydroxo-bridged
dimer was the major species present, implying that the high
levels of chloride in blood plasma would not prevent hy-
droxo-bridged dimer formation and deactivation of the com-
plexes.

Hydroxo-bridged dimers form most readily from [OsACHTUNGTRENNUNG(h6-
p-cym)ACHTUNGTRENNUNG(acac)Cl] (11), and least readily from [Ru ACHTUNGTRENNUNG(h6-p-cym)-
ACHTUNGTRENNUNG(mal)Cl] (2 ; Figure 8). The higher acidity of water coordi-
nated to OsII compared to RuII (approximately 1.6 pKa

units) probably contributes to the easier protonation of
O,O-chelated ligands in Os complexes. Both maltolate and
acetylacetonate are readily protonated at physiological pH
values, the conjugate acids of the free ligands produce pKa

values of 8.62 and 8.88, respectively.[31] A possible mecha-
nism for the formation of the hydroxo-bridged dimers 3 and
4 involves protonation of one of the maltolate oxygen atoms
followed by ring opening and eventual loss of the maltolate,
although the intermediates, if they are formed, must be
short-lived as they were not detected in our experiments. It
is interesting to note that coordinated water in the triaqua
benzene complex [Os(h6-benzene) ACHTUNGTRENNUNG(OH2)3]

2+ is thought to be

Figure 9. Low-field region of the 1H NMR spectrum (298 K) of [Os ACHTUNGTRENNUNG(h6-p-
cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(9EtG)]+ (7) at varying concentrations (2 mm to 20 mm), re-
corded directly after sample preparation. 1a is the aqua complex [OsACHTUNGTRENNUNG(h6-
p-cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(OD2)]

+ , H8-G the H8 peak for unbound 9-ethylguanine, 3
the hydroxo-bridged dimer and m free maltol.

Figure 10. Plot showing the distribution of {OsACHTUNGTRENNUNG(h6-p-cym)}2+ amongst the
species 7 [Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(9EtG)]+ (&), the aqua complex 1a (*) and
the hydroxo-bridged dimer 3 (^). The inset shows a plot of [7]/[free 9-
EtG] versus [1a], based on integration of 1H NMR peaks (Figure 9). An
equilibrium constant of logK=4.32	0.02 was calculated from the slope.
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highly acidic (pKa
2.3–3.4).[7] Thus, on loss of coordinated
maltolate, deprotonation of other coordinated aqua ligands
is likely to occur readily.

Interactions with nucleobases : DNA is an important poten-
tial biological target for many metal-based anticancer
agents.[32] Distortions of DNA structure often correlate with
anticancer activity.[33] Little work has been reported on the
reactivity of Os complexes towards DNA nucleobases.

Both OsII and RuII–maltolato complexes 1 and 2 reacted
similarly with nucleobases. Binding was rapid (<10 min, by
the time the first 1H NMR spectrum was recorded) and se-
lective for purine bases (Guo, 9-EtG and Ado). There was
no reaction with the pyrimidine bases (Cyt or Thy). This ob-
servation of similar reactivity of both OsII and RuII is nota-
ble in view of the inertness often associated with third-row
transition metals (Os) compared to their lighter congeners
(Ru).

Despite the reactivity of the Os–maltolato complex 1 to-
wards DNA nucleobases, it was found to be non-toxic to-
wards both the human lung A549 and ovarian A2780 cancer
cell lines at concentrations up to 50 mm (the highest test con-
centration). The Ru analogue 2 is also inactive, although the
acac analogue of 2 is cytotoxic (IC50=19 mm towards A2780
cells).[4]

The species {Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)}+ appears to bind more
strongly to 9-EtG (logK
4.4) compared to the Ru ana-
logue (logK
3.9). These appear to be the first determina-
tions of stability constants for metal–arene–nucleobase ad-
ducts, although binding constants for DNA-intercalating
RuII–arene complexes have been reported.[34] However, as
the binding is relatively weak, high concentrations of the
complex might need to reach DNA in the nucleus for effec-
tive lesions (and cytotoxicity) to occur. Unlike DNA plati-
nation,[35] binding of complexes 1 and 2 to DNA nucleobases
is likely to be reversible and the lesions more readily re-
paired by enzymes. The formation of hydroxo-bridged
dimers (3 and 4) provides a driving force for the dissociation
of nucleobase adducts. These dimers appear to be the ther-
modynamically stable products from the dissociation of nu-
cleobase adducts in aqueous solution (Figures S15 and S16
and Scheme 1).

Conclusion

Chloro–OsII–arene complexes containing the anionic O,O-
chelating maltolate ligand are highly reactive in aqueous so-
lution. They hydrolyse and bind to purine nucleobases rap-

idly, properties shared by RuII–acac analogues which are cy-
totoxic to cancer cells.[4] The rapid hydrolysis of these O,O-
chelated complexes compared to the N,N-chelated en com-
plex is supported by DFT calculations, which suggest that
the former reactions are appreciably more dissociative than
the latter; chloride is harder to remove from the monocat-
ionic en species compared to the neutral acac or mal species.
Interestingly, the ordering of water molecules around the
chloro complex in the calculated transition state for the hy-
drolysis of [Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(acac)Cl] resembles that observed
in the X-ray crystal structure of the hydrated Ru–maltolato
complex 2·2H2O. However, reorganisation of water is neces-
sary for formation of the final aqua product.

The presence of a five-membered maltolate chelate ring
increases the hydrolytic stability of these metal–arene com-
plexes compared to the acac analogues. However, they are
still deactivated to a significant extent at biologically rele-
vant (micromolar) concentrations by formation of inert hy-
droxo-bridged dimers, even in the presence of 100 mm NaCl.
These findings highlight the importance of probing the
aqueous chemistry at low micromolar concentrations when
complexes are designed for biological applications.

The evidence for facile maltolate ring opening on a milli-
second timescale, even at 283 K (Figure 6), and the lower
pKa value of water coordinated to {Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)}+

(7.60) compared to that of Ru (9.23), suggests that the
mechanism of dimer formation involves protonation of
bound maltolate by coordinated water, ring opening and
loss of coordinated maltolate. The higher acidity of coordi-
nated water may favour protonation of maltolate on OsII

compared to RuII, and the higher affinity for hydroxide may
lead to direct substitution of maltolate in basic solutions.

The binding of purine nucleobases to {Os/Ru ACHTUNGTRENNUNG(h6-p-cym)-
ACHTUNGTRENNUNG(mal)}+ is rapid and reversible, the dissociation of the ad-
ducts being driven by the high thermodynamic stability of
the hydroxo-bridged dimers, especially for Os. Intriguingly,
binding of {Os ACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(mal)}+ to 9-EtG appears to be
stronger than that for the RuII analogue. However, the bind-
ing of both these Os and Ru complexes to G nucleobases is
relatively weak and labile, which may not only allow effi-
cient removal and repair of DNA adducts in cells, but also
give rise to the formation of stable hydroxo-bridged dimers.

Experimental Section

Materials : Sodium methoxide and 3-hydroxy-2-methyl-4-pyrone were
purchased from Sigma-Aldrich, deuterated solvents from Aldrich, and
OsCl3·nH2O and RuCl3·nH2O from Alfa Aesar. [Os ACHTUNGTRENNUNG(h6-p-cym)Cl2]2, [Ru-
ACHTUNGTRENNUNG(h6-p-cym)Cl2]2, [Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(acac)Cl] and [RuACHTUNGTRENNUNG(h6-p-cym)ACHTUNGTRENNUNG(acac)Cl] were
prepared by previously reported procedures.[10,11, 36–38]

[Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)Cl] (1): A solution of maltol (41.7 mg, 0.33 mmol)
and sodium methoxide (17.7 mg, 0.33 mmol) in MeOH (5 mL) was stirred
at ambient temperature for 45 min and added to a solution of [Os ACHTUNGTRENNUNG(h6-p-
cym)Cl2]2 (99.2 mg, 0.125 mmol) in MeOH (5 mL) under argon. The re-
sulting mixture was stirred at ambient temperature under argon for 3 h,
the solvent removed on a rotary evaporator, and the residue extracted
with dichloromethane followed by filtration through a glass-wool plug.
The solvent was again removed on a rotary evaporator and the product

Scheme 1. General scheme for hydrolysis and nucleobase binding to com-
plexes 1 and 2. Hydrolysis is rapid, as is binding to the G nucleobase.
However, with time the hydroxo-bridged dimer predominates as the ther-
modynamically more stable product.
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was redissolved in the minimum amount of acetone. Diethyl ether was
added and after storage at 253 K overnight, the yellow product was re-
covered by filtration. It was washed with diethyl ether (10 mL) and air-
dried. Yield: 105.6 mg (87%); 1H NMR (CDCl3): d=7.57 (d, J=5.0 Hz,
1H), 6.59 (d, J=5.0 Hz, 1H), 6.04 (d, J=5.3 Hz, 1H), 6.00 (d, J=5.3 Hz,
1H), 5.81 (d, J=5.3 Hz, 1H), 5.77 (d, J=5.5 Hz, 1H), 2.74 (sept, J=
6.9 Hz, 1H), 2.44 (s, 3H), 2.35 (s, 3H), 1.30 (d, J=6.9 Hz, 3H), 1.27 ppm
(d, J=7.1 Hz, 3H); elemental analysis calcd (%) for C16H19ClO3Os
(485.00): C 39.62, H 3.95; found: C 39.70, H 3.78. Crystals suitable for X-
ray diffraction were obtained by slow evaporation from a dichlorome-
thane/diethyl ether solution at 253 K.

[Ru ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal)Cl] (2): [RuACHTUNGTRENNUNG(h6-p-cym)(Cl)2]2 (203.7 mg, 0.33 mmol)
was stirred in MeOH (15 mL) at ambient temperature for 1 h. Maltol
(109.1 mg, 0.87 mmol) and sodium methoxide (49.0 mg, 0.91 mmol),
which had been stirred in MeOH (15 mL) at ambient temperature for
45 min, were added in portions of 1 mL and the solution was stirred at
ambient temperature for 1 h. The solvent was removed on a rotary evap-
orator, the residue extracted with dichloromethane, the solution filtered
and the solvent removed on a rotary evaporator. The residue was dis-
solved in warm acetone and the solution concentrated on a rotary evapo-
rator until precipitation occurred, at which point diethyl ether was added
and the solution was stored at 253 K. The orange product was collected
by filtration and dried in air. Yield: 174.7 mg (66%); 1H NMR (CDCl3):
d=7.55 (d, J=5 Hz, 1H), 6.51 (d, J=5 Hz, 1H), 5.54 (d, J=5.5 Hz, 1H),
5.51 (d, J=5.5 Hz, 1H), 5.32 (d, J=5.5 Hz, 1H), 5.28 (d, J=5.5 Hz, 1H),
2.92 (sept, J=7 Hz, 1H), 2.42 (s, 3H), 2.33 (s, 1H), 1.34 (d, J=7 Hz,
3H), 1.31 ppm (d, J=7 Hz, 3H); elemental analysis calcd (%) for
C16H19ClO3Ru (395.84): C 48.55, H 4.84; found: C 48.61, H 4.62. X-ray-
diffraction-quality crystals were grown from a solution containing com-
plex 2 and excess NaCl in water in an NMR tube at ambient temperature
over a period of 2 d.

[Os ACHTUNGTRENNUNG(h6-p-cym) ACHTUNGTRENNUNG(mal) ACHTUNGTRENNUNG(9EtG)]PF6 (7): A solution of 1 (58.7 mg, 0.12 mmol)
and AgPF6 (33.9 mg, 0.13 mmol, 1.1 molequiv) in MeOH (1.5 mL) was
stirred at ambient temperature for 2.5 h under argon, and the resulting
AgCl precipitate removed by filtering the solution through a glass-wool
plug. 9-EtG (22.4 mg, 0.13 mmol, 1 molequiv) was added and the result-
ing mixture stirred at ambient temperature under argon for 20 h. The sol-
vent volume was reduced and the orange product, which precipitated out
on addition of diethyl ether, was recovered by filtration. It was washed
with diethyl ether (10 mL) and air-dried. Yield: 70.4 mg (75%); 1H NMR
([D4]MeOD): d=7.86 (d, J=5.3 Hz, 1H), 7.76 (s, 1H), 6.65 (d, J=
5.0 Hz, 1H), 6.30 (d, J=5.5 Hz, 1H), 6.14 (d, J=5.5 Hz, 1H), 6.04 (d, J=
5.3 Hz, 1H), 5.95 (d, J=5.3 Hz, 1H), 4.09 (q, J=7.1 Hz, 2H), 2.67 (sept,
J=7.1 Hz, 1H), 2.48 (s, 3H), 2.13 (s, 3H), 1.33 (d, J=7.3 Hz, 3H), 1.30
(d, J=7.1 Hz, 3H), 1.22 ppm (d, J=7.1 Hz, 3H); ESI-MS: m/z : calcd for
C23H28N5O4Os: 630.2; found: 630.5; elemental analysis calcd (%) for
C23H28F6N5O4OsP (773.69): C 35.70, H 3.65, N 9.05; found: C 36.05, H
3.55, N 8.71.

X-ray crystallography : The diffraction data for complexes 1 and 2·2H2O
were collected by using a Bruker (Siemens) Smart Apex CCD diffrac-
tometer equipped with an Oxford Cryosystems low-temperature device
operating at 150 K. Absorption corrections were performed with the mul-
tiscan procedure SADABS.[39] The structures of 1 and 2·2H2O were
solved by using direct methods (SIR92)[40] and Patterson methods
(DIRDIF),[41] respectively, and refined against F 2 by using SHELXL-
97.[42] Hydrogen atoms were located in a difference map, but placed in
ideal positions and not refined. CCDC-603587 (1) and 603588 (2·2H2O)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

NMR spectroscopy : 1H NMR spectra were acquired on Bruker DPX 360
(1H=360 MHz), DMX 500 (1H=500 MHz), AVA 600 (1H=600 MHz) or
AVA 800 (1H=800 MHz) spectrometers. 1H NMR spectra in D2O or
90% H2O/10% D2O were typically acquired with water suppression by
the Shaka[43] or presaturation methods. 1H NMR chemical shifts were in-
ternally referenced to 1,4-dioxane (3.75 ppm) for aqueous solutions,
CHCl3 (7.26 ppm) for CDCl3, MeOH (3.34 ppm) for [D4]MeOD and tol-

uene (7.09 ppm) for [D8]toluene solutions. All data processing was car-
ried out by using XWIN-NMR version 3.6 (Bruker, UK).

Mass spectrometry : ESI mass spectra were obtained on a Micromass
Platform II mass spectrometer and D2O/H2O solutions were infused di-
rectly. The capillary voltage was 3.5 V and the cone voltage was varied
between 20 and 50 V. The source temperature was 353 K. Mass spectra
were recorded with a scan range m/z : 200 to 1200 for positive ions.

pH measurement : pH values of aqueous (90% H2O/10% D2O) NMR
samples were measured at approximately 298 K directly in the NMR
tube, before and after recording NMR spectra, by using a Corning 145
pH meter equipped with a micro combination electrode calibrated with
Aldrich buffer solutions at pH 4, 7 and 10, without correction for effects
of D on the glass electrode. pH meter readings for D2O solutions are
termed pH*.

Cytotoxicity : Cytotoxicity assays on human A549 lung and A2780 ovari-
an cancer cells were performed as reported previously.[10]

Reactions under biological test conditions : Samples were prepared so as
to mimic typical biological test conditions (concentrations and solvents).
A 50 mm stock solution of 1 in 0.125% [D6]DMSO/99.875% D2O (v/v)
(measured pH* 6.87) was prepared by dissolution of 1 in [D6]DMSO fol-
lowed by rapid dilution with D2O. An aliquot of this stock solution was
then diluted with D2O to give a 2 mm Os solution (measured pH* 7.28).
1H NMR spectra (800 MHz) were recorded after approximately 10 min at
298 K. Samples were then incubated at 310 K for 24 h (a typical cell ex-
posure time and temperature) and 1H NMR spectra were recorded at
310 K. Samples were also prepared in the absence of [D6]DMSO. Sam-
ples at 8 and 200 mm were prepared in a similar manner, but the D2O was
replaced with 100 mm NaCl in D2O.

Stability of Os and Ru O,O-chelated complexes : Stock solutions (2 mm)
of the complexes 1, 2, 11 or 12 were prepared in D2O, sonicated for ap-
proximately 10 min and filtered through a glass-wool plug. Solutions at
1000, 500, 250, 100, 50 and 20 mm were prepared from this stock solution
and D2O. Samples were incubated at 310 K (24 h) before addition of di-
oxane as internal standard, the pH* values (
6–7.5) were measured and
the 1H NMR spectra recorded at 298 K. ESI mass spectra were obtained
from 50 mm solutions of Ru complexes 2 and 12.

To determine the binding constants of 9-EtG adducts, a 2 mm stock solu-
tion of complex 7 was prepared in D2O, sonicated for approximately
10 min and filtered through a glass-wool plug. Solutions at 1000, 500,
250, 100, 50 and 20 mm were prepared from this stock solution and D2O,
dioxane was added as an internal standard, and the 1H NMR spectra
were recorded at 298 K. Complexes 7 and 8 were also prepared in situ by
mixing equimolar solutions of 1 or 2 and 9-EtG in D2O to give final con-
centrations of 1000, 500, 250, 100, 50 and 20 mm. Dioxane was added as
an internal reference and the 1H NMR spectra recorded (298 K). Equilib-
rium constants for formation of the 9-EtG adducts of the aqua complexes
were obtained from the slopes of plots of [bound complex 7/8]/[free 9-
EtG] versus [unbound aqua complex 1a/2a], based on integration of
1H NMR spectroscopic peaks. These data were collected before the
second equilibrium, involving hydroxo-bridged dimer formation, contrib-
uted.

Dynamic NMR spectroscopic studies : The 1H NMR spectrum of a solu-
tion of 1 (10 mm) in [D4]MeOD was recorded at 223 K and then at 10 K
increments up to 323 K on a Bruker DMX 360 NMR spectrometer.

Computational studies : DFT calculations were carried out by using the
Amsterdam density functional (ADF) program suite version 2005.01.[44]

Geometries and energies were obtained by using the Perdew–Wang gra-
dient-corrected functional (PW91) with scalar ZORA relativistic correc-
tions.[45–49] The frozen-core approximation[50] (core small keyword) was
applied by using triple-z plus polarisation (TZP) bases. Default conver-
gence criteria were applied for self-consistent field (SCF) and geometry
optimisation, except that the angle threshold was set to 1.58 for transi-
tion-state (TS) searches and 2.58 otherwise. The criteria were relaxed due
to the long bond lengths at the TSs, which make it harder to define accu-
rately the torsional terms. The same problem occurred for reactant and
product species, as the respective entering and leaving groups are includ-
ed in the calculation and their relatively weak interaction with the rest of
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the complex again leads to less well-defined torsional terms. However,
the energetic consequences of relaxing the angle constraints are negligi-
ble. ADF reported a single negative eigenvalue in the Hessian matrix for
all TS optimisations. TSs were not confirmed with frequency calculations.
The COSMO as implemented in ADF was used to simulate the aqueous
environment with e=80 and probe radius=1.4 I. The atomic radii (I)
used were: Os=2.120, O=1.72, C=1.4, N=1.5, H=1.16, Cl=2.00.
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