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Ruthenium complexes attract great attention because of their
potential use in electronic and magnetic devices.[1] Multiply
bonded diruthenium compounds, in particular, have been
investigated as models or building blocks to construct
magnets, wires, switches, and other molecular devices.[2]

Among this type of compounds the diruthenium(ii,iii) com-
plexes are the most widely studied owing to their unusual
stability.[3, 4] In general, they have three unpaired electrons in
accordance with a ground state electronic configuration of
s2p4d2(p*d*)3 owing to close spacing of the p* and d* orbitals,
as predicted by the theoretical studies of Norman et al.[5] This
electronic configuration has been observed in all complexes
containing the [Ru2(m-l)4]

+ unit with L = carboxylate, ami-
date, hydroxypyridinate, or aminopyridinate.[3, 4] When L is a
triazenide or formamidinate ligand, the energy difference
between the p* and d* levels is larger, and the electronic
structure s2p4d2p*3 is favored.[6] However, only a few
examples of low-spin diruthenium(ii,iii) complexes with this
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electronic configuration are known.[6, 7] Moreover, [Ru2Cl(m-
O2CMe)(m-DPhF)3] (DPhF = N,N’-diphenylformamidi-
nate)[8] has three unpaired electrons, whereas the derivative
[Ru2(NCS)(m-O2CMe)(m-DPhF)3] is a low-spin complex with
only one unpaired electron.[7] Chen and Ren also reported
high- and low-spin diruthenium(iii) complexes with the same
core but different axial ligands.[9]

The high sensitivity of the magnetic moment to the nature
of the axial ligand in this class of compounds challenged us to
find the limit at which the difference in energy between the p*
and d* levels becomes similar to the electron-pairing energy.
The aim was to design compounds whose magnetic properties
are very sensitive to small changes in the environment.

To facilitate the search for a suitable axial ligand we
prepared in good yield an air-stable compound with a labile
water molecule at the axial position, namely, [Ru2(m-
O2CMe)(m-DPhF)3(H2O)]BF4·0.5 CH2Cl2 (1). Crystals of 1
were used for all measurements, including an X-ray diffrac-
tion study.[10]

The crystal structure of 1 (Figure 1) shows an eclipsed
paddle-wheel disposition of the equatorial acetate and
diphenylformamidinate ligands with a torsion angle of less

than 0.58. The water molecule is coordinated to the axial
positions of the diruthenium units with 50 % occupancy. The
metal–metal bond (2.3503(9) �) is longer than in the parent
compounds [Ru2Cl(m-O2CMe)(m-DPhF)3] (2.3203(5) �)[8]

and [Ru2(NCS)(m-O2CMe)(m-DPhF)3] (2.3182(11) �).[7]

Complex 1 shows exceptional magnetic behavior
(Figure 2), intermediate between those observed for the
chloro and the isothiocyanato derivatives. The meff value at
room temperature corresponds to the presence of two
unpaired electrons (3.09 mB). Similar values for the magnetic
moment (between S = 1/2 and S = 3/2) were also found at
room temperature for diosmium(ii,iii) complexes such as

[Cp2Co][Os2Cl2(m-O2CPr)4]
[11] and [Os2Cl(m-chp)4] (chp = 6-

chloro-2-hydroxypyridinate)[12]: 2.73 and 2.90 mB, respectively.
However, [Os2Cl(m-fhp)4] (fhp = 6-fluoro-2-hydroxypyridi-
nate) has a magnetic moment of 3.70 mB.[13] at room temper-
ature. These intermediate values were ascribed to some
important contributions of the S = 1/2 and S = 3/2 spin
states.[11–14] Unfortunately, the absence of magnetic data for
a wide temperature range prevented the authors from
providing a more satisfactory explanation.

Our attempts to simulate the experimental curve of meff

versus T for 1 as a thermal spin equilibrium (spin crossover)
between the S = 1/2 and S = 3/2 spin states or as a physical
spin mixture were unsuccessful. However, this magnetic
behavior can be explained by considering a quantum
mechanical spin admixture which generates a new discrete
spin state by mixing of the S = 1/2 and S = 3/2 spin states. This
mixing of states takes place through spin–orbit coupling[15]

when both spin configurations are close in energy (with a
difference comparable to or less than the spin–orbit coupling
constant).

Such spin admixtures have been observed in several first-
row transition-metal complexes, mainly for low-symmetry
iron compounds in which high, low, and intermediate spin
states are possible.[15] To our knowledge, there is no example
of complexes of metals of the second and third transition
series that show this type of magnetic behavior. This is not
surprising given the usually large energy gap between the
different spin states for these type of compounds. However, in
complexes with a [Ru2(m-O2CMe)(m-DPhF)3]

+ core, the S = 1/
2 and S = 3/2 spin states are sufficiently close in energy that
either can be obtained by variation of the axial ligand.
Furthermore, ruthenium is a second-row transition metal, for
which significant spin–orbit interactions can be expected.
Indeed, in compounds of this kind with three unpaired
electrons, the drop in magnetic moment at low temperatures
indicates the presence of zero-field splitting, the magnitude of
which is related to the strength of the spin–orbit coupling.
Therefore, these diruthenium compounds could form spin-
admixed ground states with an appropriate axial ligand, as
observed in complex 1. This finding and the potential of

Figure 1. PLUTO view of the cationic unit [Ru2(m-O2CMe)-
(m-DPhF)3(H2O)]+ in 1. Hydrogen atoms are omitted for clarity.

Figure 2. Magnetic moment curves versus temperature for [Ru2Cl(m-
O2CMe)(m-DPhF)3] (&), [Ru2(NCS)(m-O2CMe)(m-DPhF)3] (~), and
[Ru2(m-O2CMe)(m-DPhF)3(H2O)]BF4·0.5CH2Cl2 (1; *).
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compound 1 to be used as a building block open the door to
designing supramolecular materials with special magnetic
properties.

Experimental Section
1 was prepared by adding AgBF4 (0.118 g, 0.606 mmol) to a
suspension of [Ru2Cl(m-O2CMe)(m-DPhF)3]

[8] (0.526 g, 0.596 mmol)
in 10 mL of THF. The mixture was protected from light and stirred for
1 day. The bluish solution was filtered though Celite, and the solvent
was removed by evaporation. The residue was dissolved in 10 mL of
dichloromethane (hydrous), and the resulting solution was layered
with 80 mL of hexane. When the diffusion was complete, the crystals
were collected. Yield: 81%. Elemental analysis (%) calcd for 1: C
50.14, H 3.95, N 8.45; found: C 50.16, H 4.03, N 8.44; IR (KBr): ñ =

3058, 3036, 2959, 1626, 1592, 1531, 1488, 1439, 1316, 1216, 1083, 1057,
1027, 1001, 940, 842, 777, 739, 696, 659, 619, 519 cm�1; UV/Vis
(MeOH): lmax (e) = 495 (5900), 564 nm (6000m�1 cm�1); L =
118.6 W�1 cm2 mol�1; ESI-MS (CHCl3): m/z : 848 [M+�H2O].

Magnetic susceptibility was measured on a Quantum Design
MPMSXL SQUID susceptometer and corrected for diamagnetic
contributions. The differences in the magnetic behavior for samples
prepared directly from crystals to those prepared by crushing the
crystals to form disks under pressure are insignificant.

Received: July 28, 2004
Revised: September 21, 2004

.Keywords: magnetic properties · metal–metal interactions ·
N ligands · ruthenium

[1] For example, see: a) G. R. Newkome, T. J. Cho, C. N. Moore-
field, P. P. Mohapatra, L. A. God�nez, Chem. Eur. J. 2004, 10,
1493 – 1500; b) H.-W. Lin, X.-H. Wang, X.-J. Zhao, J. Li, F.-S.
Wang, Synth. Met. 2003, 135–136, 239 – 240; c) M. Shiotsuka, Y.
Yamamoto, S. Okuno, M. Kitou, K. Nozaki, S. Onaka, Chem.
Commun. 2002, 590 – 591; d) A. Beyeler, P. Belser, Coord. Chem.
Rev. 2002, 230, 29 – 39; e) J.-P. Launay, Chem. Soc. Rev. 2001, 30,
386 – 397.

[2] For example, see: a) W.-Z. Chen, T. Ren, Organometallics 2004,
23, 3766 – 3768; b) G.-L. Xu, M. C. DeRosa, R. J. Crutchley, T.
Ren, J. Am. Chem. Soc. 2004, 126, 3728 – 3729; c) P. Angaridis,
J. F. Berry, F. A. Cotton, P. Lei, C. Lin, C. A. Murillo, D.
Villagr�n, Inorg. Chem. Commun. 2004, 7, 9 – 13; d) P. Angaridis,
J. F. Berry, F. A. Cotton, C. A. Murillo, X. Wang, J. Am. Chem.
Soc. 2003, 125, 10327 – 10334; e) K.-T. Wong, J.-M. Lehn, S.-M.
Peng, G.-H. Lee, Chem. Commun. 2000, 2259 – 2260.

[3] F. A. Cotton, R. A. Walton, Multiple Bonds Between Metal
Atoms, 2nd ed. , Oxford University Press, Oxford, 1993.

[4] M. A. S. Aquino, Coord. Chem. Rev. 1998, 170, 141 – 202.
[5] J. G. Norman, G. E. Renzoni, D. A. Case, J. Am. Chem. Soc.

1979, 101, 5256 – 5267.
[6] a) F. A. Cotton, L. R. Falvello, T. Ren, K. Vidyasagar, Inorg.

Chim. Acta 1992, 194, 163 – 170; b) F. A. Cotton, A. Yokochi,
Inorg. Chem. 1998, 37, 2723 – 2728.

[7] M. C. Barral, R. Gonz�lez-Prieto, S. Herrero, R. Jim�nez-
Aparicio, J. L. Priego, E. C. Royer, M. R. Torres, F. A. Urbanos,
Polyhedron 2004, 20, 2637 – 2644.

[8] M. C. Barral, S. Herrero, R. Jim�nez-Aparicio, M. R. Torres,
F. A. Urbanos, Inorg. Chem. Commun. 2004, 7, 42 – 46.

[9] W.-Z. Chen, T. Ren, Inorg. Chem. 2003, 42, 8847 – 8852.
[10] Crystal data for 1: BC41.5ClF4H39N6O3Ru2, Mr = 994.209, thin

violet plate (0.04 � 0.30 � 0.38 mm), triclinic, space group P1̄, a =

11.8028(8), b = 12.1149(9), c = 16.5002(12) �, a = 100.1500(10),
b = 99.0910(10), g = 109.4040(10)8, V= 2130.1(3) �3, Z = 2,

1calcd = 1.481 gcm�3, m = 0.770 mm�1, 2qmax = 57.78, l(MoKa) =

0.71073 �, T= 293(2) K, 9653 unique reflections (R(int) =
0.0342), R1 = 0.0821, wR2 = 0.2572 [I> 2s(I)], R1 = 0.1370,
wR2 = 0.2966 (all data), GOF (F 2) = 0.956, N0/Nv = 9653/494,
highest residual electron density 3.571 e���3. X-ray diffraction
data were measured on a Bruker Smart CCD diffractometer.
The structure was solved by direct methods and refined by full-
matrix least-squares techniques using the SHELX system of
programs: G. M. Sheldrick, SHELXS-97, program for the
solution of crystal structures, University of G�ttingen, G�ttin-
gen, 1997. All non-hydrogen atoms were refined anisotropically
except for those of the anion and the dichloromethane of
crystallization. The presence of this solvent was confirmed by
elemental analysis and NMR and IR spectroscopy. In the crystal
structure, dichloromethane is severely disordered about an
inversion center, and no coordinates were retained. The BF4

�

ion was refined with geometrical constraints (B�F fixed at
1.43 �). The hydrogen atoms attached to carbon atoms in the
complex were generated and assigned isotropic thermal param-
eters, riding on their parent carbon atoms. CCDC-245747 (1)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (+ 44)1223-336-033; or deposit@ccdc.cam.ac.uk). The
powder diffractogram of 1 was registered on a Philips X�Pert
diffractometer to be sure that the samples contained only one
phase. All reflections were indexed with the cell parameters
obtained from the single-crystal X-ray study on 1.

[11] S. M. Tetrick, V. T. Coombe, G. A. Heath, T. A. Stephenson,
R. A. Walton, Inorg. Chem. 1984, 23, 4567 – 4570.

[12] F. A. Cotton, K. R. Dunbar, M. Matusz, Inorg. Chem. 1986, 25,
1585 – 1589.

[13] F. A. Cotton, M. Matusz, Polyhedron 1987, 6, 1439 – 1443.
[14] F. A. Cotton, K. R. Dunbar, M. Matusz, Polyhedron 1986, 5,

903 – 905.
[15] a) M. M. Maltempo, T. H. Moss, Q. Rev. Biophys. 1976, 9, 181 –

215; b) C. A. Reed, F. Guiset, J. Am. Chem. Soc. 1996, 118,
3281 – 3282; c) G. Mund, R. J. Batchelor, R. D. Sharma, C. H. W.
Jones, D. B. Leznoff, J. Chem. Soc. Dalton Trans. 2002, 136 – 137;
d) M. J. Carney, G. C. Papaefthymiou, R. B. Frankel, R. H.
Holm, Inorg. Chem. 1989, 28, 1497 – 1503.

Angewandte
Chemie

311Angew. Chem. 2005, 117, 309 –311 www.angewandte.de � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.angewandte.de

