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Tuning the Magnetic Moment of [Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)L]+ Complexes
(DPhF=N,N’-Diphenylformamidinate): A Theoretical Explanation of the

Axial Ligand Influence
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Introduction

Since the recognition of the existence of compounds that
contain metal–metal multiple bonds, numerous complexes
showing paddlewheel structures have been described.[1,2]

Thus, examples for almost all heavier transition metals and
also for some of the first-row transition metals are
known.[1,2] Complexes containing a M2

n+ (n=4 and 6) core
are the most usual, although mixed valence compounds with
M2

5+ units are also known for several metals. Complexes
with M2

3+ and M2
7+ cores are very scarce, but some divana-

dium[3,4] and diosmium[5] species of this type have been
structurally characterised. Mixed valence species are gener-
ally less stable than the species with both metal atoms in the
same oxidation state (II or III). However, the complexes
containing Ru2

5+ units are especially stable with respect to

[a] Dr. M. C. Barral, Dr. S. Herrero, Dr. R. Jim�nez-Aparicio,
Dr. F. A. Urbanos
Departmento de Qu�mica Inorg�nica
Facultad de Ciencias Qu�micas, Universidad Complutense de Madrid
Ciudad Universitaria, 28040-Madrid (Spain)
Fax: (+34) 1 3944352
E-mail : reyesja@quim.ucm.es

[b] Dr. D. Casanova
Institut de Qu�mica Te�rica i Computacional (IQTCUB)
Universitat de Barcelona
Mart� i Franqu�s 1-11, 08028 Barcelona (Spain)
Fax: (+34) 934021231
E-mail : davidcasanovacasas@ub.edu

[c] Dr. M. R. Torres
Centro de asistencia a la investigaci�n de rayos X
Facultad de Ciencias Qu�micas, Universidad Complutense de Madrid
Ciudad Universitaria, 28040-Madrid (Spain)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903404.

Abstract: The magnetic behaviour of
the compounds containing the [Ru2-ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+ ion (DPhF�=

N,N’-diphenylformamidinate) shows a
strong dependence on the nature of the
ligand bonded to the axial position.
The new complexes [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (1·
0.5 CH2Cl2) and [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)-ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2) (4-pic= 4-methylpyri-
dine) clearly display this influence.
Complex 1·0.5 CH2Cl2 shows a magnet-
ic moment corresponding to a S= 3=2
system affected by the common zero-
field splitting (ZFS) and a weak anti-
ferromagnetic interaction, whereas
complex 2 displays an intermediate be-
haviour between S= 3=2 and S= 1=2 sys-
tems. The experimental data of com-
plex 1 are fitted with a model that con-

siders the ZFS effect using the Hamil-
tonian ĤD = S·D·S. The weak antiferro-
magnetic coupling is introduced as a
perturbation, using the molecular field
approximation. DFT calculations dem-
onstrate that, in the [Ru2ACHTUNGTRENNUNG(O2CMe)-ACHTUNGTRENNUNG(DPhF)3(L)]+ complexes, the energy
level of the metal–metal molecular or-
bitals is strongly dependent on the
nature of the axial ligand (L). This
study reveals that the increase in the p-
acceptor character of L leads to a
greater split between the p* and d*
HOMO orbitals. The influence of the

axial ligand in the relative energy be-
tween the doublet and quartet states in
this type of complexes was also ana-
lysed. This study was performed on the
new complexes 1·0.5 CH2Cl2 and 2. The
previously isolated [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (3·
0.5 CH2Cl2) and [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)-ACHTUNGTRENNUNG(CO)] ACHTUNGTRENNUNG[BF4]·CH2Cl2 (4·CH2Cl2) com-
plexes were also included in this study
as representative examples of spin-ad-
mixed and low-spin configurations, re-
spectively. The [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe)]+ (5) unit was used as a ref-
erence compound. These theoretical
studies are in accordance with the dif-
ferent magnetic behaviour experimen-
tally observed.

Keywords: density functional calcu-
lations · formamidinate compounds ·
magnetic properties · metal–metal
interactions · ruthenium
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the reduced or oxidised Ru2
4+ and Ru2

6+ cores. This singu-
larity makes the dimetallic complexes of ruthenium very at-
tractive for studying their magnetic properties. From the
theoretical point of view, the study of the metal–metal mul-
tiple bond is one of the challenging research targets for inor-
ganic and physical chemists. The expected molecular orbital
energy order for a dimetallic M2

n+ unit is s<p<d<d*<
p*<s*, which explains the metal–metal bond orders from 1
to 4, including the fractional bond order that occur in the
most stable Ru2

5+ compounds.
Although several ligands have been employed to prepare

the [M2ACHTUNGTRENNUNG(m-L�L)4)]+ (L�L =mononegative, bidentate
ligand) family, for example, amidate, hydroxypyridinate,
aminopyridinate and formamidinate; the largely most ex-
plored paddlewheel Ru2

5+ complexes correspond to the car-
boxylate derivatives.[6,7] The magnetic measurements of
complexes containing the [Ru2ACHTUNGTRENNUNG(m-O2CR)4]

+ unit show the
presence of three unpaired electrons (S= 3/2), which eviden-
ces the near degeneration of the d* and p* frontier orbitals.
Previous theoretical calculations[8] have also evidenced the
energy inversion of these orbitals, leading to a s2p4d2 ACHTUNGTRENNUNG(p*d*)3

electronic configuration. The related reduced species [Ru2-ACHTUNGTRENNUNG(m-O2CR)4] show the presence of two unpaired electrons
(S=1), compatible with p*2d*2 or p*3d*1 electronic configu-
rations, although theoretical calculations discard the second
possibility.[9] Therefore, the magnetic measurements of
Ru2

5+ and Ru2
4+ complexes are explained with the electron-

ic configurations (p*d*)3 and d*2p*2, respectively, and show
the presence of an important zero-field splitting (ZFS). In
addition, a moderate or important interdimer magnetic in-
teraction, depending on the structure of the complex, has
been observed in Ru2

5+ compounds. Also a moderate inter-
dimer magnetic interaction in the molecular Ru2

4+ com-
plexes has been observed although a stronger magnetic in-
teraction in some polymeric species[10,11] such as [Ru2ACHTUNGTRENNUNG(O2C-ACHTUNGTRENNUNG(CH2)10CH3)4ACHTUNGTRENNUNG(pyz)] (pyz= pyrazine) or [Ru2ACHTUNGTRENNUNG(O2CCF3)4ACHTUNGTRENNUNG(phz)]
(phz=phenazine) is present. There is no experimental data
on Ru2

6+ carboxylate complexes due to the instability[12] of
these species, which have not been isolated[2] and no theo-
retical studies have been carried out. However, with the
highly charged sulfate ligand, the [Ru2ACHTUNGTRENNUNG(SO4)4 ACHTUNGTRENNUNG(OH2)2]

2� com-
plex has been synthesised and structurally characterised.[13]

Magnetic studies on caesium and potassium salts of [Ru2-ACHTUNGTRENNUNG(SO4)4 ACHTUNGTRENNUNG(OH2)2]
2� are in accordance with a s2p4d1p*2d*1 elec-

tronic configuration (S=2).[13,14]

On the other hand, the substitution of the carboxylate
groups by triazenide ligands (N3R2

�) in the reduced Ru2
4+

species leads to diamagnetic species, such as [Ru2ACHTUNGTRENNUNG(N3R2)4]
(R=p-CH3C6H4, H).[8,15] The magnetic behaviour of these
complexes is in accordance with a s2p4d2p*4 electronic con-
figuration (S=0). In these complexes, the experimental re-
sults were corroborated by the corresponding theoretical
analyses.[16] The air-sensitive formamidinato complexes of
Ru2

4+ are also diamagnetic.
A more complex and interesting situation was found in

the formamidinato Ru2
5+ complexes.[17–21] Although the tet-

rakis(formamidinato) complexes containing a Ru2
5+ unit

usually present the S= 3=2 spin system, the oxidation of these
species leads to diamagnetic compounds[17,19,21] compatible
with a s2p4d2d*2 electronic configuration. However, several
authors[17,22] proposed a p4d2p*4 electronic configuration due
to the very long Ru�Ru distance found in these Ru2

6+ spe-
cies. Recent DFT calculations[23] carried out on bis ACHTUNGTRENNUNG(alkynil)
Ru2

6+ compounds question that simple explanation.
The results above for diruthenium derivatives indicate the

influence of the nature of the equatorial bridged ligands on
the metal–metal energy levels. A strong axial ligand sensibil-
ity has also been detected in tris(formamidinato) complexes
of diruthenium. In recent years, a mixed ligand complex
[Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)Cl] (DPhF�= N,N’-diphenylformami-
dinate) containing a carboxylate group and three donor
form ACHTUNGTRENNUNGamidinate ligands has been described.[24] The magnetic
moment of this complex[25] at room temperature is in accord
with a S= 3=2 system with the usual (p* d*)3 HOMO. How-
ever, the substitution of the axial chloride by a NCS� ligand
leads to the S= 1=2 (low spin) [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(NCS)]
complex,[25] which indicates a p*3 or d*2p* electronic config-
uration. Similar low-spin magnetic behaviour was ob-
served[25–27] in the Ru2

5+ species [Ru2ACHTUNGTRENNUNG(DPhF)4(CN)],
[Ru2{N3(C6H4-p-Me)2}4 ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BF4], and [Ru2ACHTUNGTRENNUNG(N3Ph2)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(MeCN)2] ACHTUNGTRENNUNG[BF4] (Ph =phenyl), although, theoretical
studies on these Ru2

5+ complexes have not been carried out.
Interestingly, other related diruthenium species with mag-
netic properties intermediate between the high (S= 3=2) and
low (S= 1=2) spin states have also been reported. Experimen-
tal data indicate a rather diverse behaviour, with complexes
showing a Boltzmann distribution of states, for example,
[Ru2ACHTUNGTRENNUNG(p-DAniF)4Cl][28] (DAniF�= N,N’-p-anisydylformamidi-
nate) or [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[SO3CF3]·THF;[29] a
physical mixture of spins, for example, [{Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(OH2)}3ACHTUNGTRENNUNG{1,3,5- ACHTUNGTRENNUNG(O2C)3-C6H3}] ACHTUNGTRENNUNG[SO3CF3]3;[30] or systems with
quantum admixture of spins, for example, [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2.

[31]

Such diversity of magnetic behaviours are usually ob-
served in some first-row transition-metal complexes, in
which high, low, and intermediate spin states are possi-
ble.[32–37] However, the examples with the second- and third-
row transition metals are known only for the above-men-
tioned diruthenium complexes.[25,29–31,38] In some of these
compounds 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. Therefore, it would be useful to know if the
control of the spin state of these complexes is possible. The
control of the spin state is a very important property to con-
struct molecular devices useful for spintronics, for optical
molecular switches, and in biological process or other appli-
cations.[39–41]

Herein, we present the synthesis, characterisation, and
magnetic behaviour of two new complexes containing a
Ru2

5+ unit, [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2

(1·0.5 CH2Cl2) and [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2)
(4-pic= 4-methylpyridine). In order to correlate the differ-
ent types of electronic and magnetic behaviour in tris(form-ACHTUNGTRENNUNGamidinato)diruthenium complexes with the nature of the
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axial ligand, DFT with the use of the B3LYP hybrid func-
tional calculations on 1, 2, and the previously reported [Ru2-ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (3·0.5 CH2Cl2),[31]

and [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(CO)] ACHTUNGTRENNUNG[BF4]·CH2Cl2 (4·CH2Cl2),[42]

were carried out (Figure 1). DFT calculations on the free
axial ligand cationic complex [Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+ (5)
were also carried out in order to establish a reference. Com-
plexes 1–4 were chosen because they are representative ex-
amples of the variety of magnetic properties found in tris-ACHTUNGTRENNUNG(formamidinato)diruthenium complexes. Thus, 1 and
4·CH2Cl2 complexes represent the high and low spin states,
respectively, and complexes 3·0.5 CH2Cl2 and 2 represent
two different intermediate situations.

Results and Discussion

Synthesis of the complexes : The precipitation of silver chlo-
ride from [Ru2 ACHTUNGTRENNUNG(O2CR)4Cl] or [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CR)Cl] (R=

alkyl or aryl) with silver salts leads to the corresponding cat-
ionic complexes.[25,30, 38,43] The addition of 4-pic to a solution
of the cationic species [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+ gives 1. In a
similar reaction with PMe3, the phosphane ligand is oxidised
to OPMe3 which is coordinated in the axial position to form
2.

The infrared (IR) spectra of 1 and 2 show the characteris-
tic bands due to the fragment [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+ and
corresponding to the BF4

� ion.[30] Complex 1 also shows an
additional band at 1143 cm�1 assigned to the stretching vi-
bration of the O=PMe3 bond, which has been reported for
the uncoordinated ligand at slightly lower than 1163 cm�1.[44]

In the IR spectrum of 2, overlapping bands at 1619 and
809 cm�1 due to the dimetallic fragment can be assigned to
the 4-picoline ligand, which appear at 1608 and 803 cm�1 in
the free ligand.[45]

X-ray structure determinations : Crystal data of complexes
[Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2

(1·0.5 CH2Cl2) and [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2)
are collected in Table 1. Both cationic complexes adopt the
typical paddlewheel structure described for numerous Ru2

5+

compounds (Figures 2 and 3). In both cases, only one of the
axial positions is occupied by the neutral ligand, which have

already been observed for the complexes [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (3·0.5 CH2Cl2) and [Ru2-ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(CO)] ACHTUNGTRENNUNG[BF4]·CH2Cl2 (4·CH2Cl2). Selected
geometric parameters of compounds 1·0.5 CH2Cl2 and 2 are
provided in Table 2. Geometric parameters for complexes 3

Figure 1. Geometric structure of the diruthenium studied complexes.

Table 1. Crystallographic data for [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)]-ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (1·0.5 CH2Cl2) and [Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4]
(2)

1·0.5 CH2Cl2 2

formula C89H92B2Cl2F8N12O6P2Ru4 C47H43BF4N7O2Ru2

Mr 2136.49 1026.83
crystal system monoclinic monoclinic
space group P21/c P21/n
a [	] 13.5806(8) 11.5639(7)
b [	] 17.727(1) 17.097(1)
c [	] 39.221(2) 23.292(1)
b [8] 98.838(1) 104.370(1)
V [	3] 9330.3(9) 4460.9(5)
Z 4 4
1calcd [gcm�3] 1.521 1.529
m [mm�1] 0.801 0.741
F ACHTUNGTRENNUNG(000) 4320 2076
crystal size [mm3] 0.05 
 0.11 
 0.28 0.12 
 0.18 
 0.24
q range [8] 1.05–25.00 1.49–26
index ranges �10�h�16

�21�k�21
�46� l�44

�12�h�14
�21�k�20
�28� l�24

reflns collected 48362 24 974
independent reflns 16423 [Rint =0.1053] 8736 [Rint =0.0682]
completeness [%] to
q=max

99.9 91.2

absorption correction none none
data/restraints/
parameters

16423/10/1012 10 775/4/538

GOF on F2 1.004 1.001
R[a] 0.0664 0.0524
RwF

[b] 0.1793 0.1680

[a] S j jFo j� jFc j j /S jFo j . [b] {S[w(F2
o�F2

c)
2]/S[w(F2

o)
2]}1/2

Figure 2. ORTEP diagram of one Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]
unit of complex 1·0.5 CH2Cl2. Ellipsoids are drawn at 20 % probability.
Hydrogen atoms are omitted for clarity.
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and 4 are also collected for comparison purpose. It is worth
noting the increase of the Ru�Ru bond length (ca. 0.15 	)
from complex 1·0.5 CH2Cl2 to 4·CH2Cl2. This elongation is
ascribed to the increase of the p-acceptor character of the
axial ligand which rises from the p donor OPMe3 group in
complex 1 to the strong p acceptor CO molecule in 4.

In complex 1·0.5 CH2Cl2, there are two independent dime-
tal cations in the unit cell. Although both of them have the
same metal–metal distance (2.302 	), other equivalent bond
lengths are significantly different: Ru1�O3 =2.124 and
Ru3�O6 =2.151 	; Ru1�O1 =2.049 and Ru3�O4=2.081 	;
Ru2�O2 =2.072 and Ru4�O5=2.055 	. The cations are es-

sentially eclipsed in the first case and slightly rotated in the
second, as illustrated by the following torsion angles: O1-
Ru1-Ru2-O2=�1.38 and O4-Ru3-Ru4-O5=4.28.

Magnetic properties : The magnetic susceptibility of com-
plexes 1·0.5 CH2Cl2 and 2 increases with a decrease in tem-
perature. The magnetic moment value, at room temperature,
for 1·0.5 CH2Cl2 is 3.89 mB in accordance with a S= 3=2
system, and decreases with the temperature until 2.91 mB,
near to the corresponding spin for two unpaired electrons.
The decrease of the magnetic moment with the temperature
observed for complex 1 is typical for high-spin Ru2

5+ com-

pounds and has been ascribed to an important ZFS together
with small antiferromagnetic interactions among the di ACHTUNGTRENNUNGmet-ACHTUNGTRENNUNGallic units. The ZFS effect on the susceptibility can be quan-
tified by considering the Hamiltonian ĤD =S·D·S as de-
scribed by O�Connor [Eqs. (1)–(3)].[46] A temperature-inde-
pendent paramagnetism term (TIP) is added to the ZFS
system, and the weak antiferromagnetic coupling was con-
sidered by using the molecular field approximation [Eqs. (4)
and (5)] .[46] In addition, the presence of a small quantity of
paramagnetic impurity (P) [Eq. (6)] was taking into account.

ck ¼
Ng2b2

kT
1þ 9 e

�2 D
kT

4
�

1þ e
�2 D

kT

� ð1Þ

c? ¼
Ng2b2

kT

�
4þ 3kT

D

��
1þ 9e

�2D
kT

�

4
�

1þ e
�2D
kT

� ð2Þ

cM ¼
ck þ 2c?

3
ð3Þ

c0M ¼ cM þ TIP ð4Þ

c0 ¼ c0M

1�
�

2zJ
Ng2b2

�
c0M

ð5Þ

c0mol ¼ ð1�PÞc0 þ P
Ng2b2

4kT
ð6Þ

The fit of the experimental
data using Equation (6) leads to
g, D, J, TIP, and P values of
2.03, 51.17 cm�1, �0.05 cm�1,
2.96 10�9 emu mol�1, and
0.04 %, respectively (Figure 4),
which are similar to those
found in other analogous diru-
thenium complexes.[47–50] Com-
plex 2 displays a magnetic sus-
ceptibility curve very different
from that described for 1. Thus,
the room-temperature magnetic
moment of 2.86 mB is lower than

the expected for a S= 3=2 system, and it decreases with the
temperature to 1.98 mB, corresponding to a S= 1=2 system. In
addition, the variation of the magnetic moment curve versus
temperature is almost linear (Figure 5), which indicates that
the observed decrease is not due to ZFS or antiferromagnet-
ic interactions. An almost linear variation of the magnetic
moment with the temperature has been also described for
[Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CC6F5) ACHTUNGTRENNUNG(OH2)2]ACHTUNGTRENNUNG[SO3CF3] and [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2, which show a spin-ad-
mixed behaviour.[31, 38] The magnetic moment curves for all
of the complexes studied in this work are collected in
Figure 5. In the composition of the cation complexes corre-

Figure 3. ORTEP diagram of [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2). El-
lipsoids are drawn at 20% probability. Hydrogen atoms are omitted for
clarity.

Table 2. Characteristic structural parameters of [Ru2(DPhF)3(O2CMe)L]+ ions. Ru�Ru and Ru�L atomic dis-
tances [	], Ru-Ru-L angle, and O-Ru-Ru-O dihedral angle [8].[a]

Complex Ru�Ru Ru�L Ru-Ru-L O-Ru-Ru-O

1a [Ru2(DPhF)3(O2CMe)(OPMe3)]+ 2.303 2.125 178.5 1.3
1b [Ru2(DPhF)3(O2CMe)(OPMe3)]+ 2.302 2.151 179.1 4.2
2 [Ru2(DPhF)3(O2CMe)(4-pic)]+ 2.408 2.274 172.1 5.1
3a [Ru2(DPhF)3(O2CMe)(H2O)]+ 2.350 2.343 171.9 0.3
3b [Ru2(DPhF)3(O2CMe)(H2O)]+ 2.350 2.339 178.3 0.3
4 [Ru2(DPhF)3(O2CMe)(CO)]+ 2.450 2.032 176.0 0.7
5 [Ru2(DPhF)3(O2CMe)]+ 2.283 1.6

[a] The a and b labels indicate different crystallographic sites.
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sponding to the compounds 1–4, the only difference is the
axial ligand and, therefore, the different nature of these lig-ACHTUNGTRENNUNGands seems mainly to be responsible for the changes ob-
served in the magnetic properties.

Computational study : The energy ordering of the Ru2
n+ mo-

lecular orbitals (MO), described using the traditional metal–
metal bond model, is not so evident if one takes into ac-
count the interaction of the dimetallic unit with the coordi-
nated ligands. Previous studies[9] on [Ru2ACHTUNGTRENNUNG(O2CMe)4]

+

showed how the more efficient destabilisation of the d* or-
bital, owing to antibonding interactions with the 1bu carbox-
ylate orbitals, gives a final electronic configuration associat-
ed with spd p* d* s* orbital energy ordering. The replace-
ment of three carboxylate ligands by the more donating

group DPhF� in reference complex [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+

(5) does not change the p*<d* energy order and an even
further destabilisation of the latter might be expected. On
the other hand, the presence of a p-acid ligand in the axial
coordination site of [Ru2ACHTUNGTRENNUNG(O2CMe)4(L)]+ (L =pyrazine or
pyridine) is able to reverse the energy order of HOMO or-
bitals.[7] This situation is more unlikely to happen in the
[Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(L)]+ compounds due to the stronger
d* destabilisation.

Probably the key factor in the determination of the
ground-state spin multiplicity of [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(L)]+

compounds, doublet (S= 1=2) or quartet (S= 3=2) electronic
configuration, is the magnitude of the energy separation be-
tween the p* and d* frontier orbitals. Since it is reflected in
the magnetic experimental data, the axial ligand (L) plays a
crucial role in the preferred multiplicity. In order to compre-
hend how L tunes the electronic structure of this family, we
have chosen the energy of the optimised ligand-free com-
plex [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)]+ (5) as reference. Taking 5 as a
zero-order approximation to the [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(L)]+

electronic structure and analysing how it is perturbed by L,
it will be a rather natural and straightforward manner to ra-
tionalise the role of the studied ligands.

Although the molecular orbital energies do not allow for
the direct knowledge of the total energy of any system, the
use of a molecular orbital energy diagram for the com-
pounds 1–4 gives a qualitative understanding of the doublet/
quartet relative stability in the [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)(L)]+

family. Figure 6 shows the molecular orbital diagram calcu-
lated for each complex for both possible configurations,
doublet and quartet, on the left and the right sides of the
dashed line, respectively. Energies are referenced to the d*
energy orbital of the quartet state [E(d*)=0 eV], due the
near invariability of the split between the d and d* orbitals
in this state. The change in the spin multiplicity is caused by

Figure 4. Dependence of the magnetic susceptibility (*) and moment (^)
on the temperature for [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2

(1·0.5 CH2Cl2). Solid lines are the result to fit the experimental data using
the model mentioned in the text.

Figure 5. Magnetic moment curves versus temperature for [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (1·0.5 CH2Cl2) (*), [Ru2 ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (3·0.5 CH2Cl2) ("), [Ru2 ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2) (&), and [Ru2ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)(CO)]-ACHTUNGTRENNUNG[BF4]·CH2Cl2 (4·CH2Cl2) (~).

Figure 6. a-Spin orbital diagram of the doublet (left of the dashed line)
and quartet (right of the dashed line) states for 1–5. Energies are relative
to the d* (quartet) orbital energy considered as zero. For clarity, molecu-
lar orbitals in the same range of energy and with large contributions of
atomic orbitals coming from the equatorial ligands are not presented in
the diagram, and only the results for 1 a and 3b are presented for these
species. Coloured orbitals correspond to S= 3=2 state d*(Q), d(Q) (blue)
and p*(Q) (red) and S= 1=2 state p* (D) (green). The yellow line repre-
sents the energy difference between the doublet and quartet states.
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the transfer of one electron from the p* (doublet) to the d*
(quartet) orbitals or vice versa. Thus, the relative energy of
the highest occupied p* orbitals in the doublet state with re-
spect to the d* orbital of the quartet state can be qualita-
tively associated to the spin preference. The gap between p*
and d* levels and, therefore, the low spin state stability in-
crease in the order 1·0.5 CH2Cl2<3·0.5 CH2Cl2<2<
4·CH2Cl2 from compounds 1 to 4. In this order there is an
increase of the gap between p* and d* levels, which increas-
es the stability of the low spin state. However, care must be
taken when trying to draw quantitative conclusions from the
magnitude of the molecular orbital energy gaps obtained
from DFT calculations[51, 52] , especially when hybrid func-
tionals (like B3LYP) are used.

The energies of the quartet and doublet states were also
calculated in order to know the preferred electronic state
for each complex. The calculations carried out on the fully
optimised 5 show a preference of the quartet state over the
doublet state by 3.18 kcal mol�1. The energies of both states,
for complexes 1–4, were determined using the experimental
atomic positions. In Figure 6 (yellow line), the differences
between the energy of the doublet and quartet states are
shown. It can be observed that the quartet state for complex
1 is more stable than for the reference species 5 by about
8.5 kcal mol�1. In contrast, the doublet state in 4 is lower in
energy than the quartet state (10.49 kcal mol�1). These calcu-
lations are in accordance with the magnetic behaviour de-
scribed above for these compounds. Complexes 2 and 3
show the quartet and doublet states as ground states, respec-
tively. However, in these cases, the energy difference be-
tween both states is lower than 2 kcal mol�1, which allows
thermal access to the excited state. As a consequence, a
magnetic intermediate response between high and low spin
is expected. These expectations are in accordance with the
above mentioned experimental magnetic data. Thus, the co-
ordination of an axial ligand L to the complex results in a
non-negligible perturbation of the electronic structure,
which can favour either the quartet or the doublet state

Additionally, there seems to be a direct relationship be-
tween the donor/acceptor character of the axial ligand and
the Ru�Ru distance. Those ligands more capable of giving
electronic density to the frontier dimetallic antibonding or-
bitals will induce larger interatomic distances. At the same
time, the destabilisation due to shorter Ru�Ru separation
affects d* and p* orbitals differently. While the d interac-
tions at the Ru�Ru experimental distances (2.30–2.45 	)
are expected to be rather weak, the p* orbitals are much
more sensitive to changes of the dimetallic separation.
Shorter distances destabilise the p*, reducing the gap to d*
and, thus, stabilising the quartet versus the doublet state
(Figure 7).

From simple symmetry considerations, it can be assumed
that the presence of the explored axial ligands (trimethyl-
phosphane oxide, water, 4-picoline and carbonyl) does not
directly change the characteristics of the d and d* orbitals
and they will only be indirectly modified through molecular
geometry variations. It becomes clear since the d–d* energy

gap is similar for all of the complexes studied (Figure 6). On
the other hand, this behaviour is not observed in s- and p-
symmetry orbitals. Both the doubly occupied s and the vir-
tual s* are strongly destabilised by the antibonding interac-
tions with the axial ligand. Destabilisation of p-symmetry or-
bitals is much more variable, since it depends on the p-
donor or p-acceptor characteristics of L (see below).

The weak s-donor character of H2O and OPMe3 ligands
in [Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(H2O)]+ and [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)]+ results in relatively small increases in
the Ru�Ru distances, 2.350 and 2.302 	, respectively, versus
complex 5 (2.283 	). In addition to the (s–sL)* and (s*–
sL)* destabilisation, which is common in 1–4, the antibond-
ing interaction of the oxygen p orbital of OPMe3 with p*
further pushes its energy level towards d* (Figure 8), in-
creasing the relative stabilisation of the quartet state. In
fact, compound 1·0.5 CH2Cl2 represents the largest quartet
to doublet energy difference in the 1–4 complexes, which
agrees with the experimental effective magnetic moment
measures (Table 3 and Figures 4, 5, and 9). The results of
energy calculations for the doublet and quartet states in

Figure 7. Computed quartet to doublet energy gap [kcal mol�1] versus
Ru�Ru interatomic distance [Angstroms].

Figure 8. Representation of the highest energy singly occupied p* molec-
ular orbitals in [Ru2ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)]+ (left) and [Ru2 ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe)(CO)]+ (right), contour value cutoff = 0.05 e bohr�3.
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[Ru2ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)]+ show a slight preference for
the lower multiplicity by 1.76 kcal mol�1. The larger s-donor
character of picoline ligand, compared to, for instance, the
water ligand in complex 3, causes a quite high (s–sL)* orbi-
tal destabilisation. Finally, the axial coordination of CO in-
duces a preference for the low spin state by 10.49 kcal mol�1.
This computed gap is in agreement with experimental mag-
netic measurements[42] that indicate one unpaired electron
and a paramagnetic ground state for a wide temperature
range. The main reason for can be found in the p-acceptor
nature of CO, which is able to stabilise the p* orbitals
(Figure 6) and increases the d* orbital gap.

Conclusion

Density functional theory computations on the new
1·0.5 CH2Cl2 and 2, and the previously experimentally stud-
ied 3·0.5 CH2Cl2 and 4·CH2Cl2 diruthenium compounds were
able to improve the understanding of the ground state elec-
tronic structure nature of the [Ru2ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)L]+

family. The trend of computed quartet to doublet energy

gap is in good agreement with experimental magnetic mea-ACHTUNGTRENNUNGsurements. The calculated energy gap can be qualitatively
rationalised by the d* to p* energy difference which can be
tuned by the nature of the axial ligand. The [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe)]+ complex gives a zero-order approximation to
the electronic structure of the general [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe)L]+ family. This can be thereafter perturbed by the
choice of different coordinated axial ligands, modifying the
electronic properties almost at will. The p-donor or p-ac-
ceptor properties of the axial ligands were shown to be cru-
cial in the stability of the possible spin multiplicities, doublet
or quartet spin sates. These results open the door to the
preparation of other diruthenium complexes using different
donor/acceptor equatorial and axial ligands to achieve a de-
sired spin value.

The simple methodology employed in this study can be
easily extended to other similar compounds, of which the
magnetic properties also present anomalous behaviour. The
inclusion of spin-orbital coupling in the computation allows
for a direct comparison of computed quartet-doublet energy
gaps to experimental variable temperature magnetic mea-ACHTUNGTRENNUNGsurements.

Experimental Section

Materials and equipment : All of the reactions were carried out in air.
Chemicals and solvents were purchased from commercial sources and
used without further purification. Compounds [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)-ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2 (3·0.5 CH2Cl2) and [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)(CO)]-ACHTUNGTRENNUNG[BF4]·CH2Cl2 (4·CH2Cl2) were obtained by the following published proce-
dures.[31, 42] Elemental analyses were done by the Microanalytical Service
of the Complutense University of Madrid. IR spectra were obtained with
a FT Midac prospect spectrophotometer using KBr pellets. Electronic
spectra of the complexes in the solid state (Nujol suspension between
polyethylene sheets) were acquired on a Cary 5G spectrophotometer.
Variable-temperature magnetic susceptibility measurements were per-
formed on a Quantum Design MPMSXL SQUID magnetometer. All
data were corrected for the diamagnetic contribution to the susceptibility
of both the sample holder and the compound. Molar diamagnetic correc-
tions were calculated on the basis of Pascal�s constants.

Synthesis of [Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OPMe3)] ACHTUNGTRENNUNG[BF4]·0.5 CH2Cl2

(1·0.5 CH2Cl2): PMe3 (0.25 mL of a 1m solution in toluene) was added to
a solution of [Ru2ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4] (0.200 g, 0.21 mmol) in
dichloromethane (20 mL) and the mixture was stirred for 3.5 h. The vola-
tile components were removed under vacuum and the residue was
washed with diethyl ether (4 
 5 mL) and dried. The compound was re-
crystallised in dichloromethane/hexane. Yield: 0.14 g (62 %). IR (KBr):
ñ= 3058 (vw), 1592 (m), 1536 (vs), 1488 (vs), 1439 (m), 1318 (s), 1219 (s),
1143 (s), 1083 (s), 1055 (s), 940 (m), 782 (w), 762 (m), 697 (s), 515 (w),
509 (w), 448 (w), 422 cm�1 (w); Vis/NIR (Nujol): l =490 (sh), 574,
670 nm (sh); meff at RT: 3.89 mB; elemental analysis calcd (%) for
C44.5H46BClF4N6O3Ru2: C 50.03, H 4.34, N 7.87; found: C 49.86, H 4.30,
N 7.85.

Synthesis of [Ru2ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe) ACHTUNGTRENNUNG(4-pic)] ACHTUNGTRENNUNG[BF4] (2): 4-Pic (30 mL,
0.31 mmol) was added to a bluish solution of [Ru2 ACHTUNGTRENNUNG(DPhF)3ACHTUNGTRENNUNG(O2CMe)-ACHTUNGTRENNUNG(OH2)] ACHTUNGTRENNUNG[BF4] (0.200 g, 0.21 mmol) in dichloromethane (5 mL). The colour
of the solution changed immediately to purple. The solution was stirred
for 4 h and evaporated to dryness. The residue was redissolved in di-
chloromethane (2.5 mL) and the compound was precipitated by addition
of a mixture of diethyl ether (20 mL) and hexane (20 mL). The solid was
filtered and washed with diethyl ether (2 
 5 mL) and dried under
vacuum. Yield: 0.17 g (79 %). IR (KBr): ñ= 3057 (vw), 2951 (vw), 1619

Table 3. Ru�Ru atomic distances, experimental effective magnetic mo-
ments at room temperature and quartet to doublet energy gaps of the
[Ru2(DPhF)3(O2CMe)L]+ studied compounds.

Complex dRu�Ru

[	]
meff

[mB]
ED�EQ

[kcal mol�1]

1a [Ru2(DPhF)3(O2CMe)(OPMe3)]+ 2.303 3.89 8.87
1b [Ru2(DPhF)3(O2CMe)(OPMe3)]+ 2.302 3.89 8.28
2 [Ru2(DPhF)3(O2CMe)(4-pic)]+ 2.408 2.86 �1.76
3a [Ru2(DPhF)3(O2CMe)(H2O)]+ 2.350 3.09[a] 0.23
3b [Ru2(DPhF)3(O2CMe)(H2O)]+ 2.350 3.09[a] 0.60
4 [Ru2(DPhF)3(O2CMe)(CO)]+ 2.450 2.03[b]

2.24[c]
�10.49

5 [Ru2(DPhF)3(O2CMe)]+ 2.283 3.18

[a] From reference [31]. [b] Experimental magnetic moments of 4 were
measured as [Ru2(DPhF)3(O2CMe)(CO)][BF4] crystallised in CH2Cl2.

[42]

[c] Experimental magnetic moments of 4 were measured as
[Ru2(DPhF)3(O2CMe)(CO)][BF4] crystallised in THF.[42]

Figure 9. Computed quartet to doublet energy gap [kcal mol�1] versus ex-
perimental effective magnetic moments [B.M.], at room temperature.
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(w), 1591 (m), 1523 (s), 1487 (vs), 1447 (m), 1420 (m), 1358 (w), 1318 (s),
(1212 (s), 1051 (s), 937 (m), 809 (w), 762 (s), 696 (s), 533 (w), 518 (w),
497 (w), 454 (m), 445 cm�1 (m); Vis/NIR (Nujol): l =490 (sh), 585,
720 nm (sh); MS-ESI+ (CHCl3): m/z (%): 848 (100) [M+�4-pic]; meff at
RT: 2.86 mB; elemental analysis calcd (%) for C47H43BF4N7O2Ru2: C
54.98, H 4.22, N,9.55; found: C 54.76, H 4.27, N 9.34.

X-ray data collection and structure refinement : Suitable crystals for X-
ray determination of 1·0.5 CH2Cl2 and 2 were obtained by slow diffusion
of hexane into solutions of the complexes in dichloromethane. Data col-
lection (f and w scans) for both compounds was carried out at room tem-
perature on a Bruker Smart CCD diffractometer using graphite-mono-
chromated MoKa radiation (l =0.71073 	) operating at 50 kV and 30 mA
for 1·0.5 CH2Cl2 and 50 kV and 20 mA for 2. The data were collected
over a hemisphere of the reciprocal space by combination of three expo-
sure sets, each exposure was for 20 s for 1·0.5 CH2Cl2 and 30 s for 2, cov-
ered 0.38 in w. The first 50 frames were recollected at the end of the data
collection to monitor crystal decay. A summary of the fundamental crys-
tal and refinement data is given in Table 1.

The structures were solved by direct methods and refined by blocked
full-matrix for 1·0.5CH2Cl2 and full-matrix for 2 least-square procedures
on F2.[53] All non-hydrogen atoms were refined anisotropically with some
exceptions. In both cases, the BF4

� group was isotropically refined three
cycles and, for the last cycle, the thermal factors were fixed using geo-
metrical restraints and variable common B�F distances. The compound
1·0.5 CH2Cl2 presents two molecules in the asymmetric unit and one mol-
ecule of dichloromethane from crystallisation which was refined, again,
two cycles isotropically and one last cycle with the thermal factors fixed
using geometrical restraints and variable common C�Cl distances. Also,
some rings in 1·0.5 CH2Cl2 were refined using rigid body restrains. All hy-
drogen atoms in 1·0.5 CH2Cl2 and 2 were included in their calculated po-
sitions and refined riding on the respective carbon atoms.

CCDC-747757 (1) and 747758 (2) contain the supplementary crystallo-
graphic 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.

Computational details : Electronic structure studies of the [Ru2ACHTUNGTRENNUNG(DPhF)3-ACHTUNGTRENNUNG(O2CMe)L]+ family (1–4) were carried out using experimental crystallo-
graphic data.[31, 42] In the water complex 3, the two non-equivalent axial
coordination sites were experimentally considered[31] and were also com-
putationally explored. The atomic positions of the two aqueous hydrogen
atoms were not experimentally resolved and thus they were optimised
keeping the rest of the molecule frozen to the experimental geometry.
The molecular geometry of the axial ligand free [Ru2 ACHTUNGTRENNUNG(DPhF)3 ACHTUNGTRENNUNG(O2CMe)]+

complex (5) was fully optimised.[54] The main structural parameters of 1–
5 are presented in Table 2. The Stuttgart RSC 1997 effective core poten-
tial (ECP)[55] was used for ruthenium atoms, an ECP for the description
of the [Ar]+3d inner electrons and 6s, 5p, 3d contracted Gaussian func-
tions to explicitly treat the valence electrons. The 6–311G* basis set from
Pople[56] has been used for the rest of atoms. The above basis sets were
employed in both, energy and geometry optimisation calculations in con-
junction with the B3LYP[57] functional and in the framework of density
functional theory (DFT). All calculations were performed with the Q-
Chem program.[58]
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