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The X-ray structure of trans-[RuCl3(dmtp)2(9-MeAde)] shows
that this compound is the first crystallographic example of a
ruthenium(III) complex with an adenine derivative coordin-
ated as a monodentate ligand through the exocyclic N6 nitro-

Introduction

In the search for new antitumour-active metal com-
pounds, several chlororuthenium complexes have proven to
be promising candidates for clinical studies.[1] In particular,
complexes of the type trans-[RuCl4(L)2]2, with L a hetero-
cyclic ligand like imidazole or indazole, have shown good
activity against platinum-resistant tumours.[2,3] The hydro-
lysis properties[4] of these complexes, and their binding to
biologically available ligands present in proteins[5] and nuc-
leic acids,[6] appear to be important factors in the study of
a structure-activity relationship. The anionic tetrachlororu-
thenium(III) complexes are to be considered as prodrugs
that hydrolyse rapidly in vivo to form relatively stable neu-
tral trans-[RuCl3(H2O)(L)2] complexes.[7] By using the bi-
cyclic nitrogen heterocycle 5,7-dimethyl[1,2,4]triazolo[1,5-
a]pyrimidine, dmtp, we have directly synthesised the first
hydrolysis product of such antitumour complexes, trans-
[RuCl3(H2O)(dmtp)2]·H2O, in which intramolecular hydro-
gen-bonding interactions of the two dmtp ligands stabilise
the coordinated water molecule.[8] This monoaqua-
bis(dmtp)ruthenium(III) complex appears to be a very use-
ful compound for the investigation of the binding properties
of this type of ruthenium(III) antitumour complex with
biological molecules, such as the heterocyclic nitrogen li-
gands present in nucleic acids (purines and pyrimidines). In
this paper the synthesis and characterisation of the reaction
product of trans-[RuCl3(H2O)(dmtp)2]·H2O with the DNA
model base 9-methyladenine, 9-MeAde (Figure 1), trans-
[RuCl3(dmtp)2(9-MeAde)] (1) is presented. The adenine is
present in the rare imine tautomer and coordinates to the
ruthenium through the exocyclic N6 nitrogen.
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gen; two intramolecular hydrogen bonds stabilise the coor-
dination of the adenine, which is present as a neutral ligand
in the rare tautomeric imine form with a unique short C6−N6
distance of 1.293(3) Å.

Figure 1. Molecular structure of 1; intramolecular hydrogen bond-
ing is indicated with dotted lines; the co-crystallised solvent molec-
ule is omitted for clarity; selected metal-ligand bond lengths (Å)
and angles (°): Ru(1)2Cl(1) 2.3329(8), Ru(1)2Cl(2) 2.3852(8),
Ru(1)2Cl(3), 2.3772(8), Ru(1)2N(29) 2.083(2), Ru(1)2N(39)
2.090(2), Ru(1)2N(110) 2.035(2); Cl(1)2Ru(1)2Cl(3) 178.64(3),
N(29)2Ru(1)2N(39) 178.00(8), Cl(2)2Ru(1)2N(110) 175.82(7);
donor···acceptor (D···A) distances (Å) and donor2
hydrogen···acceptor (D2H···A) angles (°) of the intramolecular hy-
drogen bonds: N(11)2H···Cl(3) 3.22(9) and 144(3);
N(11)2H···N(23) 2.936(3) and 140(3).

Coordination of metal ions to the exocyclic N6 of aden-
ine is difficult, but can occur after deprotonation of the
amine.[9] Crystallographic evidence for coordination to the
exocyclic nitrogen of deprotonated adenine derivatives has
been observed with molybdenum complexes,[10] in a dinuc-
lear platinum complex,[11] and in trinuclear rhodium[12] and
ruthenium(II) arene complexes.[13] Crystallographic reports
of exocyclic coordination of adenine derivatives in the imine
form are even less well-known and have been reported only
for a mercury compound,[14] a dimolybdenum complex,[15]

and a platinum adduct.[16,17] In DNA, adenine is mainly
present in the amine form (Scheme 1) with the N6 and N1
nitrogens acting as hydrogen donor and acceptor atoms, re-
spectively, involved in base pairing with thymine. The imine
form of adenine can result in nucleobase mispairing and
therefore it is of great biological importance to get a de-
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Scheme 1. Tautomeric structures of 9-MeAde: the amine form (left)
and the imine form (right)

tailed understanding of the factors influencing the forma-
tion and properties of such metal complexes.[18220]

The crystal structure of trans-[RuCl3(dmtp)2(9-MeAde)]
(Figure 1) shows a neutral six-coordinated ruthenium(III)
complex with three chloride ions in a mer configuration,
the two dmtp ligands are coordinated through the triazole
N9 nitrogens in a mutual trans head-to-head orientation.
The Ru2N(9) and Ru2Cl bond distances and angles are
comparable to those found in related complexes, such as,
for example,[8] trans-[RuCl3(H2O)(dmtp)2]·H2O and[21]

trans-[RuCl3(H2O)(admtp)2]·H2O which also display a
quasi-octahedral stereochemistry with two trans-located tri-
azolopyrimidine ligands. The 9-MeAde is coordinated to
the ruthenium through the exocyclic N6 atom, completing
the coordination sphere. In the difference density map a
hydrogen atom is clearly visible at the N1 site, indicating
that the 9-MeAde is neutral and present in the imine form.
Also, the short C62N6 distance of 1.293(3) Å is typical for
the imine form of adenine. The average C2N distance for
amine groups coordinated to transition metals is 1.39 Å
(596 entries in the Cambridge Structural Database, version
April 1999).

The N3 site of triazolopyrimidine ligands is known to
form intramolecular hydrogen bonds easily with other co-
ordinated ligands like water molecules or amines.[8,21,22]

Also, in 1 the N3 atom of one of the two dmtp ligands is
involved in an intramolecular hydrogen bond, in this case
with the imine proton of the 9-MeAde. The tautomeric im-
ine form of 9-MeAde in 1 is furthermore stabilised by an
intramolecular hydrogen bond between the proton on the
endocyclic nitrogen N1 and one of the cis-coordinated
chloride ions. Both hydrogen bonds constrain the 9-MeAde
to orient in a syn orientation with respect to the N(1) site.

The crystal structure of [Ru(NH3)5(1-MeCyt2)](PF6)2,
where 1-MeCyt2 stands for the anion of the pyrimidine 1-
methylcytosine,[23] was the first crystallographic report of a
DNA base coordinating through the exocyclic nitrogen to
a ruthenium(III) complex. More recently, a trinuclear ruth-
enium-arene complex[13] has been reported in which a de-
protonated adenine coordinates contemporaneously
through the N1, N7 and N6 nitrogens. The present 9-Me-
Ade complex 1 is the first crystallographic evidence of a
purine coordinated to a ruthenium ion though its exocyclic
amine as a monodentate ligand in the rare tautomeric imine
form. The Ru2N(110) bond length of 2.035(2) Å is signific-
antly shorter than the Ru2N(29) and Ru2N(39) distances
[2.083(2) and 2.090(2) Å, respectively] and suggests a con-
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siderable π-bonding between the ruthenium and the 9-Me-
Ade ligand.

Ruthenium complexes are known to coordinate preferen-
tially to the N7 nitrogens of oxopurines;[24227] the N7 is,
however, not necessarily the most likely binding site of ami-
nopurines. In fact, in the late seventies it was suggested on
the basis of DNA binding studies with single- and double-
stranded DNA that ruthenium(III) ammine complexes do
not preferentially bind to the N7 of adenine, but possibly
coordinate to adenine through the exocyclic nitrogen N6.[28]

The absorption spectrum of 1 in the near-UV and visible
part of the electromagnetic spectrum shows two main ab-
sorption bands at 360 and 500 nm, which have also been
observed in several ruthenium(III) ammine complexes with
adenine-like ligands.[29,30] The present study unambiguously
confirms these absorptions to be characteristic for a
ruthenium(III) ion coordinated to the exocyclic, imine
group of a nucleobase.

In the solid-state structure of 1, the two dmtp ligands
are not equivalent, but it is likely that in solution all three
heterocyclic ligands are to some extent flexible and can ro-
tate around their Ru2N axes. This, in fact, can be con-
cluded from the 1H NMR spectroscopic data of 1, in which
the two dmtp ligands are indistinguishable. The 1H NMR
spectrum of 1 (Figure 2) shows largely shifted and
broadened resonances which is caused by the presence of
the paramagnetic ruthenium(III) centre. On the basis of the
relative intensities of the peaks, and by comparison with
related complexes, the dmtp[8,21,31] and adenine[32,33] proton
resonances have been assigned. The dipolar contribution to
the isotropic shifts in a ruthenium(III) adenine-κN6 complex
are relatively small and the shifts of the H2 and H8 protons
can be attributed mainly to the contact contributions;[33]

the large shifts of the 9-MeAde ring protons are therefore
consistent with a strong π-overlap.

In conclusion, the structure of complex 1 indicates that
the use of the triazolopyrimidine dmtp offers the possibility
to stabilise, isolate and study the interaction of potential
ruthenium antitumour complexes with biological targets
like the DNA bases. The intramolecular hydrogen bonds
between the dmtp and the 9-MeAde in 1 are not likely to
be a prerequisite for N6 coordination, but do play an im-
portant role in facilitating the isolation and characterisation
of this mode of coordination. The hydrogen-bond interac-

Figure 2. 1H NMR spectrum of 1 in CD2Cl2; the proton numbering
is as given in Figure 1; the asterisks indicate residual solvent signals
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tion of the N1(H) with a coordinated chloride, on the other
hand, is likely to be of influence on the coordination to the
adenine N6, also in other (antitumour-active) chlororuthen-
ium complexes. Such a stabilisation of the imine form
through (hydrogen) bonding with the N(1) and N(6) of the
adenine would inhibit the formation of a normal base
pair with thymine; instead, mispairing with guanine or
adenine bases might be favoured which eventually can
lead to mutations.[18,34,35] The interaction of trans-
[RuCl3(H2O)(dmtp)2]·H2O with other nucleobases, as well
as the subsequent reactions of the formed adducts, are cur-
rent subjects of investigation.

Experimental Section

General Remarks: NMR: Data were obtained at 300.13 MHz on a
Bruker DPX 300 MHz spectrometer (for CD2Cl2 as solvent, δH 5

5.33 at 295 K). The 1H NMR signals of 1 could be identified as
the paramagnetically shifted and broadened signals with relatively
fast relaxation times (on the order of milliseconds). The magnetic
moment of 1 was determined on a Johnson Matthey Alfa Product
Magnetic Susceptability Balance MK I. Elemental analyses were
performed by the Microanalytical Laboratory, University College,
Dublin (Ireland). UV/Vis spectra were obtained on a
Perkin2Elmer Lambda 900 spectrophotometer. The ligand 5,7-di-
methyl[1,2,4]triazolo[1,5-a]pyrimidine (dmtp) and trans-
[RuCl3(H2O)(dmtp)2]·H2O were prepared as described previously.[8]

9-Methyladenine was prepared by methylation of adenine with
methyl iodide.[36]

trans-[RuCl3(9-MeAde-N6)(dmtp)2] (1): A mixture of trans-
[RuCl3(H2O)(dmtp)2]·H2O (0.10 g, 0.2 mmol) and 9-MeAde
(0.10 g, 0.7 mmol) was heated in 20 mL ethanol (98%) at 75 °C,
without stirring. After 15 minutes, the colour of the initially yellow-
ish suspension turned to dark red and after 30 minutes a red micro-
crystalline powder precipitated, which was isolated by filtration and
washed with ethanol and diethyl ether. Yield, 60 mg (50%). The
compound was dissolved in a dichloromethane/ethanol mixture
(3:1) and red crystals were obtained by diethyl ether diffusion into
this solution. The crystals obtained in this way were not stable in
air for long periods of time, most likely because of evaporation of
co-crystallised solvent molecules; the X-ray data analyses were
done on crystals freshly taken out of the mother liquor.
C20H23Cl3N13 (652): calcd. C 36.8, H 3.58, Cl 16.3, N 27.9; found
C 35.5, H 3.52, Cl 16.5, N 26.4. 2 The effective magnetic moment,
µeff, of the complex was determined to be 1.9 Bohr magneton at 20
°C, which is in the range of that expected for a single-electron sys-
tem like a low-spin ruthenium(III) ion.[37] 21H NMR ([CD2Cl2, at
25 °C): δ 5 28.0 [2 H, H8 (dmtp)], 23.1 [1 H, H8 (9-MeAde)],
0.1 [6 H, Me6 (dmtp)], 3.7 [2 H, H1 (dmtp)], 4.2 [3 H, Me9 (9-
MeAde)], 5.1 [6 H, Me2 (dmtp)], 15.7 [1 H, H2 (9-MeAde)]. 2

UV/Vis (CH2Cl2): λ 5 362 nm (ε 5 7.12·103 21 cm21), 500 (ε 5

2.48·103 21 cm21).

X-ray Crystallographic Study: C20H23Cl3N13Ru·1/2CH2Cl2, Mr 5

695.39, red, plate-shaped crystal (0.02 3 0.20 3 0.40 mm), triclinic,
space group P1(bar) with a 5 9.7336(12), b 5 11.2417(15), c 5

13.924(2) Å, α 5 80.922(7), β 5 74.505(8) and γ 5 75.410(8)°, V 5

1414.2(3) Å3, Z 5 2, Dx 5 1.633 g cm23, µ(Mo-Kα) 5 0.96 mm21.
All data, where relevant, are given with disordered solvent contri-
bution. 15167 Reflections were measured (6389 independent, Rint 5

0.0461, 1.6° , θ , 27.5°, T 5 150 K, Mo-Kα radiation, graphite
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monochromator, λ 5 0.71073 Å) on a Nonius KappaCCD dif-
fractometer with rotating anode; no absorption correction was ap-
plied. The structure was solved by automated direct methods
(SHELXS-86,[38]). Full-matrix least-squares refinement of 345
parameters on F2 (SHELXL-97,[38]) resulted in a final R1 value of
0.0356 (wR2 5 0.0789, GoF 5 1.021). H atoms were introduced at
calculated positions and included riding on their carrier atoms ex-
cept for the N2H hydrogens which were located on a difference
Fourier map and whose positions were refined. A cavity (1/2,1/2,1/2)
with a volume of 206 Å3 per unit cell was filled with disordered
solvent (most likely dichloromethane); the associated electron den-
sity was taken into account with the PLATON/SQUEEZE proced-
ure.[39] A total of 42 e per unit cell was found (consistent with the
presence of one CH2Cl2 molecule) and corrected for. Final residual
density was in the range 20.81 to 0.50 e Å23.

Crystallographic data (excluding structure factors) for the struc-
ture(s) reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-149915. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 144-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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