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Abstract: The quinonoid ligand-bridg-
ed diruthenium compounds [(acac)2Ru-ACHTUNGTRENNUNG(m-L2�)Ru ACHTUNGTRENNUNG(acac)2] (acac�= acetylaceto-
nato=2,4-pentanedionato; L2�= 2,5-di-
oxido-1,4-benzoquinone, 1; 3,6-di-
chloro-2,5-dioxido-1,4-benzoquinone,
2 ; 5,8-dioxido-1,4-naphthoquinone, 3 ;
2,3-dichloro-5,8-dioxido-1,4-naphtho-
quinone, 4 ; 1,5-dioxido-9,10-anthraqui-
none, 5 ; and 1,5-diimido-9,10-anthra-
quinone, 6) were prepared and charac-
terized analytically. The crystal struc-
ture analysis of 5 in the rac configura-
tion reveals two tris(2,4-
pen ACHTUNGTRENNUNGtane ACHTUNGTRENNUNGdionato)ruthenium moieties
with an extended anthracenedione-de-
rived bis(ketoenolate) p-conjugated
bridging ligand. The weakly antiferro-
magnetically coupled {RuIII ACHTUNGTRENNUNG(m-L2�)-ACHTUNGTRENNUNGRuIII} configuration in 1–6 exhibits

complicated overall magnetic and EPR
responses. The simultaneous presence
of highly redox-active quinonoid-bridg-
ing ligands and of two ruthenium cen-
ters capable of adopting the oxidation
states +2, + 3, and + 4 creates a large
variety of possible oxidation state com-
binations. Accordingly, the complexes
1–6 exhibit two reversible one-electron
oxidation steps and at least two reversi-
ble reduction processes. Shifts to posi-
tive potentials were observed on intro-
duction of Cl substituents (1!2, 3!4)
or through replacement of NH by O

(6!5). The ligand-to-metal charge
transfer (LMCT) absorptions in the
visible region of the neutral molecules
become more intense and shifted to
lower energies on stepwise reduction
with two electrons. On oxidation, the
para-substituted systems 1–4 exhibit
monocation intermediates with interva-
lence charge transfer (IVCT) transi-
tions of RuIIIRuIV mixed-valent species.
In contrast, the differently substituted
systems 5 and 6 show no such near in-
frared (NIR) absorption. While the
first reduction steps are thus assigned
to largely ligand-centered processes,
the oxidation appears to involve
metal–ligand delocalized molecular or-
bitals with variable degrees of mixing.
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Introduction

Bridging ligand mediated electronic coupling in mixed-
valent polynuclear metal complexes constitutes the basis for
intramolecular electron-transfer processes that have applica-
tions in designing molecular electronic devices[1] and in bio-
chemical processes.[2] In this context, ruthenium compounds
form the largest group of the mixed-valent systems as they
undergo facile electron-transfer processes between the va-
lence states of RuII, RuIII, and RuIV. Thus, there have been
continuous research efforts towards the development of new
classes of polynuclear ruthenium complexes with the per-
spective of variable electronic and conformational effects
from the bridging and ancillary ligands on the extent of cou-
pling.[3] Recent experimental and theoretical studies with
novel molecular frameworks have facilitated the emergence
of 1) hybrid class II–class III systems,[4] in addition to the
classical Robin and Day definitions of class II and class III
mixed-valent species;[5] 2) large electrochemical coupling
with comproportionation constants Kc>1010 in the RuIIRuIII

state, yet without detectable intervalence charge transfer
(IVCT) transitions in the near infrared (NIR) region;[6] 3)
the isolation of antiferromagnetically coupled diamagnetic
radical-bridged mixed-valent species;[7] and 4) the detection
of distinct IVCT transitions in the NIR region for the less
common RuIII/RuIV (d4/d5) mixed-valent state.[8]

The present work originates from our recent approach of
introducing redox noninnocent quinonoid bridging ligands
into diruthenium complexes.[9] This can introduce additional
challenging features for the assignment of metal-, ligand-, or
mixed metal–ligand-based frontier orbitals in the associated
electron-transfer processes.[10] Thus, a group of six dirutheni-
um complexes [{(acac)2Ru}2ACHTUNGTRENNUNG(m-L)] (acac�=acetylacetona-
to=2,4-pentanedionato) containing quinonoid bridging
units of varying character and size were studied (1–6).

Ortho- and para-quinones are heavily investigated organic
compounds. Their characteristically low-lying unoccupied
molecular orbitals can be occupied stepwise to result in cor-
responding three-component redox systems. The relevance
of quinones ranges from naturally occurring substances,
such as vitamins,[11] melanins, neurotransmitter metabo-
lites,[12] electron-transport components,[13] or quinoproteins[14]

and drugs (e.g., antiinfective[15] or cytostatic[16]) through ana-
lytical, electrochemical or color reagents[17] and optically in-
teresting materials[18] to synthetic organic and industrial

chemicals (anthraquinone dyes,[19] AO= alkylanthraquinone
oxidation process of H2O2 production[20]). The conjugated
nonaromatic p system of quinones is fascinating, especially
when coupled with deprotonable OH functions and when in-
corporated in condensed, unsaturated ring systems. Coordi-
nation of metal ions within five- or six-membered chelating
rings is a further option;[21,22] however, p-quinones have
been much less studied[21] than the apparently better suited
ortho analogues.[22]

In this work we present three kinds of quinone systems
with different modes of p delocalization, but double metal-
chelation potential towards the potentially redox-active [Ru-ACHTUNGTRENNUNG(acac)2]

n (n=++ 1, +2 or 0, acac�= 2,4-pentanedionato).
Two [Ru ACHTUNGTRENNUNG(acac)2] complex fragments were bridged in each

case by L� : 2,5-dioxido-l,4-benzoquinones (1 and 2), 5,8-di-
oxido-l,4-naphthoquinones (3 and 4) or 1,5-dioxido- or 1,5-
diimido-9,10-anthraquinones (5 and 6). Chloride acceptors
were introduced (in 2 and 4) in order to investigate substitu-
ent effects; the metal coordination involves five-membered
chelating rings for 1 and 2, but six-membered 2,4-pentane-
dionato-type chelating rings for complexes 3–6. The capabil-
ity of the redox-active bridging ligands to undergo stepwise
one-electron transfer as illustrated (see Scheme 1) leads to
aromatic polyanions on reduction.

Like the corresponding dinu-
clear complex 7 of the quinizar-
ine dianion (1,4-dioxidoanthra-
quinone),[23] the isomeric 5 and
the NH analogue 6 exhibit par-
tial p conjugation within the tri-
cyclic ring system, and the simi-
larity between 3 and 7 is evi-
dent.

The preferential choice of s-donating acac� as ancillary li-
gands in 1–6 facilitates the stabilization of the metal ions in
the RuIII state, which extends the possibility of 1) generating
hitherto relatively little explored mixed-valent RuIIIRuIV in-
termediate states and 2) allowing for magnetic exchange be-
tween two paramagnetic RuIII centers in 1–6. So far, only a
limited number of dinuclear ruthenium complexes with such
ligands have been reported: containing pyridine,[24] 2,2’-bi-
pyridine,[25] 1,10-phenanthroline,[24] triphenylphosphine,[24] 2-
(2’-pyridyl)quinoxaline,[26] and acac�[27] as ancillary ligands
with the 2,5-dioxido-1,4-benzoquinone bridge (L12�), and
containing NH3 as ancillary ligands with the 2,5-dioxido-3,6-
dichloro-1,4-benzoquinone (L22�) bridge.[28] In the case of
5,8-dioxido-1,4-naphthoquinone (L32�) and 1,5-dioxido-9,10-
anthraquinone (L52�), two complexes for each have been re-
ported with the ancillary ligands pap[29] and bpy,[30,16b] re-
spectively (pap= 2-phenylazopyridine, bpy= bipyridine).
However, an appreciable number of dinuclear complexes of
the ligands L2� with other metal ions are known.[31]

Herein, we describe the synthesis of 1–6, the crystal struc-
ture of the rac isomer of 5, and the valence-state analysis of
the complexes [(acac)2Ru ACHTUNGTRENNUNG(m-L)Ru ACHTUNGTRENNUNG(acac)2]

n+ in the accessible
oxidized and reduced forms (n=++ 2, +1, 0, �1, �2). Sus-
ceptibility and EPR measurements as well as electrochemi-
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cal and spectroelectrochemical studies were undertaken for
the systems 1–6.

Results and Discussion

Synthesis and characterization of 1–6 : The complexes 1–6
were prepared through the reaction of [Ru ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2]
with the corresponding dihydroxy (H2L1–H2L5) or diamino
ligand (H2L6) in the presence of NEt3 (Et =ethyl) as a base
under aerobic conditions, followed by chromatographic pu-
rification using a silica gel column. The apparent rutheni-ACHTUNGTRENNUNGum(II) to rutheniumACHTUNGTRENNUNG(III) oxidation was facilitated by the ad-
mission of air. The presence of s-donating acac� in 1–6 sta-
bilizes the paramagnetic +3 oxidation state under aerobic
reaction conditions as observed for many other Ru ACHTUNGTRENNUNG(acac)2

derivatives.[32] The suggested chelating coordination involv-
ing the carbonyl functions in an electron-delocalized ar-
rangement is supported by infrared (IR) vibrational spec-
troscopy. The nC=O bands from the coordinated ligands could
not be found above 1600 cm�1 in the complexes 1–6. The
NH stretching band of coordinated L62� in 6 appears at
3307 cm�1.

The electrically neutral complexes 1–6 exhibit satisfactory
microanalytical data (see Experimental Section). The posi-
tive ion electrospray mass spectra are shown in Figure 1,

which correspond to the respective molecular ion signals of
[1]+–[6]+ (Table 1).

Although the reactions could be expected to yield mix-
tures of rac (C2 symmetry, DD/LL) and meso (Ci symmetry,
DL) species,[33] the preparatory TLC experiments suggested
the presence of only one isomer in each case. Compounds 1,
2, 5, and 6 exhibit reasonably resolved 1H NMR spectra in
CDCl3 with a wide range of chemical shifts due to paramag-
netic contact interactions (Figure 2, see Experimental Sec-
tion).[3v, 34,35] The 1H NMR spectra of the complexes 3 and 4
were too broad and complicated to be analyzed. The NMR
spectra of 1, 2, and 6 in CDCl3 exhibit signals corresponding
to half of the molecules, indicating formation of only the
meso isomers. In contrast, 5 exhibits eight methyl and four
CH proton resonances corresponding to four nonequivalent
acac ligands, in addition to six “aromatic” protons (Figure 2,
Experimental Section), as expected for a molecule of the
rac isomers.

The crystal structure analysis of 5 confirms the crystalliza-
tion of the rac isomer. The molecular structure in the crystal
of 5 is shown in Figure 3. Crystallographic parameters and
selected bond lengths and angles are given in Table 2 and
Table 3.

The ruthenium ions are bonded to L52� through the
oxygen donor centers in the p-conjugated “acac” mode at
each end, leading to six-membered chelating rings. The

Scheme 1.
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metal ions are displaced by only 2.88 from the mean plane
of the planar ligand bridge. Each RuO6 chromophore is in a
slightly distorted octahedral arrangement, as can be seen
from the angles subtended at the metal ions (Table 3). The
C�O distances pertaining to the bridging ligand are about
1.27 �, which is in between the standard single (1.34 �) and

double (1.22 �) bond C�O lengths.[36] The intraligand dis-
tances are given at the bottom of Table 3 and are compati-
ble with the single/double-bond arrangement. Along with
the Ru�O bond lengths of about 1.97 �, this confirms the
p-delocalized state of the keto–enolate forms in the ligand
L52� of 5.[3x,37] The RuIII�OACHTUNGTRENNUNG(acac) distances (average

Figure 1. Electrospray mass spectra of a) 1, b) 2, c) 3, d) 4, e) 5 and f) 6
in CH3CN.

Table 1. Mass spectral data.[a]

Complex m/z (obsd) Correspondence m/z (calcd)

1 738.06 [1]+ 737.98
639.00 ACHTUNGTRENNUNG[1�acac]+ 638.94

2 807.00 [2]+ 805.90
705.94 ACHTUNGTRENNUNG[2�acac]+ 706.85

3 788.06 [3]+ 787.99
688.99 ACHTUNGTRENNUNG[3�acac]+ 688.95

4 855.12 [4]+ 855.92
5 839.10 [5]+ 838.01

738.04 ACHTUNGTRENNUNG[5�acac]+ 738.97
6 835.98 [6]+ 836.04

[a] In acetonitrile.

Figure 2. 1H NMR spectrum of 5 in CDCl3.

Figure 3. ORTEP diagram of 5. Ellipsoids are drawn at the 50% proba-
bility level.

Table 2. Crystallographic data for 5·0.25 H2O.

formula C34H34O12.25Ru2

Mr 840.75
crystal size [mm] 0.30 � 0.20 � 0.15
crystal system monoclinic
space group C2/c
a [�] 28.988(9)
b [�] 8.110(3)
c [�] 30.896(10)
b [8] 108.368(5)
V [�3] 6893(4)
Z 8
F ACHTUNGTRENNUNG(000) 3392
m [mm�1] 0.939
T [K] 293(2)
hkl range �31 to 31, �8 to 8, �33 to 33
1calcd [gcm�3] 1.620
2q range [8] 4.66–45
reflns collected 27579
unique reflns [Rint] 4499 [0.1046]
data/restraints/parameters 4499/0/446
R1 [I>2s(I)] 0.0886
wR2 [all data] 0.2263
goodness-of-fit 1.171
residual electron density [e ��3] 1.672, �1.366
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1.995 �) agree well with those of analogous complexes.[20]

The average RuIII�O ACHTUNGTRENNUNG(L52�) distance of 1.969 � is slightly
shorter (0.03 �) than that of Ru�OACHTUNGTRENNUNG(acac) bond lengths, indi-
cating a relatively stronger ppACHTUNGTRENNUNG(L52�)!dpRuIII interaction on
either side of the bridging unit. The Ru�Ru distance in 5 is
8.495 �. It may be noted that, to the best of our knowledge,
5 represents the first structurally characterized dimetal com-
plex of potentially bis-chelating 1,5-dioxido-9,10-anthraqui-
none; the main result is that the stability of the b-diketonato

chelating configuration determines the overall structure and
bonding.

The magnetic properties of the compounds will be dis-
cussed starting with compound 6. The magnetic susceptibili-
ty of 6 at 10 000 G increases from 300 to 2 K (Figure 4a).

The magnetic moment of 2.92 mB at room temperature is
slightly higher than that expected for the presence of two
isolated unpaired electrons per molecule; however, it drops
to 2.02 mB at 2 K. The magnetization versus magnetic field
measurement from �50 000 to 50 000 G at 300 K shows a
nearly linear variation (Figure S1, Supporting Information).
Thus, for magnetic fields higher than 5000 G the magnetiza-
tion increases linearly with the magnetic field, with lower
values than those predicted from Brillouin	s function[38] for
two paramagnetic S= 1=2 centers (g=2.00) and in accordance
with the presence of antiferromagnetic interactions. At low-
field, the magnetization shows a slight deviation from linear-
ity and reaches values slightly higher than those predicted,
suggesting the presence of weak ferromagnetism.[39] The de-
crease of the magnetic moment on lowering the temperature
indicates antiferromagnetic coupling. Although the magneti-
zation versus magnetic field correlation is not strictly linear
at room temperature, the magnetic moment and susceptibili-
ty have been simulated using Equation (1), which is based
on a model that considers the exchange spin Hamiltonian
H=�2 JS1S2 operating over two RuIII (S= 1=2) centers that
are antiferromagnetically coupled.[40] The presence of a (S=

1) paramagnetic impurity and temperature-independent par-
amagnetism (TIP) have also been considered in Equa-
tions (1) and (2), respectively.

c0 ¼ ð1�PÞcþ P
2Ng2b2

3kT
ð1Þ

c ¼ Ng2b2

kT
2 expð2J=kTÞ

1þ 3 expð2J=kTÞ þ TIP ð2Þ

Table 3. Selected bond lengths [�] and angles [o] for 5·0.25 H2O.

Bond lengths Bond angles

Ru1�O2 1.968(7) O2-Ru1-O1 91.5(3)
Ru1�O1 1.969(7) O2-Ru1-O5 87.6(3)
Ru1�O5 1.972(8) O1-Ru1-O5 87.7(3)
Ru1�O8 1.994(8) O1-Ru1-O8 89.7(3)
Ru1�O6 1.997(7) O2-Ru1-O8 92.0(3)
Ru1�O7 1.999(8) O5-Ru1-O8 177.3(3)
Ru2�O3 1.964(7) O2-Ru1-O6 179.2(3)
Ru2�O4 1.977(7) O1-Ru1-O6 89.2(3)
Ru2�O9 1.992(9) O5-Ru1-O6 92.1(3)
Ru2�O10 2.004(8) O8-Ru1-O6 88.3(3)
Ru2�O11 2.006(8) O2-Ru1-O7 90.1(3)
Ru2�O12 2.007(8) O1-Ru1-O7 177.3(3)
O1�C13 1.271(11) O5-Ru1-O7 90.2(3)
O2�C11 1.280(13) O8-Ru1-O7 92.5(3)
O3�C6 1.267(12) O6-Ru1-O7 89.2(3)
O4�C4 1.283(12) O3-Ru2-O4 92.7(3)
O5�C16 1.272(16) O3-Ru2-O9 89.5(4)
O6�C18 1.241(14) O4-Ru2-O9 89.0(3)
O7�C21 1.243(14) O3-Ru2-O10 177.0(3)
O8�C23 1.246(14) O4-Ru2-O10 89.0(3)
O9�C26 1.303(18) O9-Ru2-O10 93.0(4)
O10�C28 1.252(15) O3-Ru2-O11 89.8(3)
O11�C31 1.308(12) O4-Ru2-O11 91.3(3)
O12�C33 1.283(14) O9-Ru2-O11 179.2(4)
C1�C2 1.371(14) O10-Ru2-O11 87.7(3)
C1�C14 1.383(13) O3-Ru2-O12 85.9(3)
C2�C3 1.372(15) O4-Ru2-O12 176.9(3)
C3�C4 1.417(14) O9-Ru2-O12 88.2(3)
C4�C5 1.429(14) O10-Ru2-O12 92.5(3)
C5�C14 1.410(14) O11-Ru2-O12 91.4(3)
C5�C6 1.451(14) C13-O1-Ru1 128.9(6)
C6�C7 1.476(14) C11-O2-Ru1 124.0(6)
C7�C8 1.345(14) C6-O3-Ru2 128.6(7)
C7�C12 1.428(14) C4-O4-Ru2 123.4(6)
C8�C9 1.373(17) C16-O5-Ru1 124.7(8)
C9�C10 1.344(18) C18-O6-Ru1 124.2(7)
C10�C11 1.433(15) C21-O7-Ru1 125.1(9)
C11�C12 1.419(15) C23-O8-Ru1 124.7(9)
C12�C13 1.421(13) C26-O9-Ru2 122.0(9)
C13�C14 1.441(13) C28-O10-Ru2 125.5(9)

C31-O11-Ru2 122.0(7)
C33-O12-Ru2 121.6(7)

Intraligand bond lengths
C10�C11 1.433(15) C3�C4 1.417(14)
C11�C12 1.419(15) C4�C5 1.429(14)
C12�C13 1.421(13) C5�C6 1.451(14)
C13�C14 1.441 (13) C6�C7 1.476(14)
C14�C1 1.383(13) C7�C8 1.345(14)
C14�C5 1.410(14) C8�C9 1.373(17)
C1�C2 1.371(14) C9�C10 1.344(18)
C2�C3 1.372(15) C7�C12 1.428(14)

Figure 4. Temperature dependence of the molar susceptibility (blue) and
magnetic moment (red) for a) 6, b) 5, c) 1, and d) 2. Solid lines result
from least-squares fits using the model described in the text.
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The terms N, g, b, k, J and T in Equations (1) and (2)
have the usual meaning and P is the mole fraction of the
noncoupled paramagnetic impurity. The fit of the experi-
mental data using Equation (1) gives good agreement be-
tween the experimental and calculated curves (Figure 4a).
The parameters obtained in the best fits include a J value of
�0.43 cm�1, indicating a very weak antiferromagnetic inter-
action between the diruthenium ACHTUNGTRENNUNG(III) centers. The g value of
1.79 is lower than that expected for RuIII compounds, TIP =

1.59 � 10�3 emu mol�1, P<10�6 %. To confirm these parame-
ters, a fit of the magnetic data was also carried out at low
temperature (50–2 K) , at which the magnetization versus
magnetic field dependence is linear. The alternative parame-
ters, g=1.76, J=�0.31 cm�1, TIP =1.89 � 10�3 emu mol�1,
and P=8.1 � 10�3 % are similar to those obtained using the
full temperature range.

The magnetic moment of structurally characterized 5 at
room temperature is 2.45 mB, in accordance with two isolated
unpaired electrons per molecule. This magnetic moment de-
creases to 0.77 mB at 2 K, indicating a higher degree of anti-
ferromagnetic interaction than that observed for 6 (Fig-
ure 4b). The magnetic susceptibility of 5 increases with de-
creasing temperature and reaches a maximum at 11 K. The
magnetization versus magnetic field measurement at 300 K,
from �50 000 to 50 000 G, shows a nearly linear response
with values according to the presence of antiferromagnetic
interaction. The parameters obtained in the fit using Equa-
tion (1) are TIP= 4.19 � 10�5 emumol�1, g=2.00, and J=

�9.00 cm�1, indicating a stronger, more moderate magnetic
coupling between the rutheniumACHTUNGTRENNUNG(III) ions in 5 versus 6. The
J parameter is, however, lower than in [(acac)2RuACHTUNGTRENNUNG(m-
boptz)Ru ACHTUNGTRENNUNG(acac)2] (boptz=3,6-bis(2-oxidophenyl)-1,2,4,5-tet-
razine; �36.7 cm�1)[41] or [L ACHTUNGTRENNUNG(acac)Ru ACHTUNGTRENNUNG(m-O)Ru ACHTUNGTRENNUNG(acac)L]ACHTUNGTRENNUNG(PF6)2 (here, L=1,4,7-trimethyl-1,4,7-triazacyclononane;
�53 cm�1).[37l] The fitting procedure implied 10.3 % of para-
magnetic impurity, suggesting the presence of magnetically
nonequivalent species as has been previously reported for
diruthenium complexes.[42]

The weaker spin–spin coupling in 6 is confirmed by an in-
tense if poorly resolved EPR signal at g �2.00 (110 K),
while 5 exhibits a very weak EPR response, reflecting en-
hanced coupling.[43, 44] The reason for this difference may lie
in the greater dissymmetry in 6, in which the metals are be-
lieved to be bonded more strongly by the peripheral NH
donors than by the central O functions.

The complexes 1 and 2 show similar magnetic behavior
with magnetic moments of 2.66 and 3.31 mB, respectively, at
room temperature. The magnetic moment of 1 is close to
that expected for two isolated ruthenium centers per mole-
cule, whereas for 2 it is slightly higher. In both complexes,
the magnetic moment decreases with decreasing tempera-
ture to 1.00 and 0.87 mB at 2 K for 1 and 2, respectively.
Thus, the decrease of the magnetic moment with lower tem-
peratures is more pronounced for 2. In the magnetic sus-
ceptibility versus temperature correlations, a shoulder near
20 K and one well-defined maximum at a similar tempera-
ture are observed for 1 and 2, respectively (Figure 4c and d).

These maxima indicate antiferromagnetic interactions
higher than those calculated for complexes 6 or 5 (Figure 4a
and b). On the other hand, the tail at very low temperatures
indicates the presence of magnetically nonequivalent species
in both complexes.

The magnetization curves at 300 K for 1 and 2 show a
similar shape as described for 6. The magnetization versus
magnetic field correlation is not linear and also indicates the
presence of weak ferromagnetism at room temperature.
Only a tentative fitting of the magnetic data was thus possi-
ble yielding values of about J��13.5 cm�1 (g=2.02) for 1
and J��15.5 cm�1 (g= 1.99) for 2. The most noticeable fea-
ture is the stronger antiferromagnetic coupling with respect
to the calculated values for 6 and 5, which indicates better
magnetic communication between RuIII in the five-mem-
bered chelating ring configuration through the bridging li-
gands L12� and L22� in 1 and 2 as compared to RuIII in the
six-membered chelating ring configurations offered by the li-
gands L52� and L62� in 5 and 6, respectively.

To evaluate the origin of the ferromagnetism observed at
300 K, several measurements on different samples of com-
plexes 1, 2, 5, and 6 at 300 and 2 K were carried out. In
some of these measurements, different magnetization curves
for the same compound were obtained. Thus, at 300 K,
normal or higher magnetization values were observed, sug-
gesting the presence of a variable ferromagnetic contribu-
tion. However, in all cases, the measurements at 2 K show
lower values than those predicted by Brillouin	s function, in-
dicating the presence of a dominant antiferromagnetic inter-
action.

The absence of ferromagnetic response at low tempera-
tures suggests that the ferromagnetism in these compounds
is probably due to a small quantity of impurity. The ferro-
magnetic contribution is presumably hidden at low tempera-
ture due to the high values of the magnetic susceptibility
corresponding to weakly antiferromagnetically coupled com-
plexes. However, the possibility of an intramolecular antifer-
romagnetic interaction together with intermolecular ferro-
magnetic exchange enhanced at high temperatures cannot
be discarded in these complexes.

Electrochemistry, EPR, and UV/Vis/NIR spectroelectro-
chemistry : Compounds 1–6 display two successive one-elec-
tron oxidation steps and three reduction processes (Figure 5,
Table 4). The potentials vary depending on the type of L2�

associated with the complexes: 2 ACHTUNGTRENNUNG(X=Cl)>1 ACHTUNGTRENNUNG(X=H)>4-ACHTUNGTRENNUNG(X=Cl)>3 ACHTUNGTRENNUNG(X=H)>5 ACHTUNGTRENNUNG(X=O)>6 ACHTUNGTRENNUNG(X=NH). The differences
in potentials between the successive oxidation (ox1 and ox2,
Table 4) and reduction processes (red1, red2, and red3,
Table 4) have led to comproportionation constants
(RT lnKc = nF(DE)[45]) in the ranges of 107.8–102.7, 1014.3–106.1,
and 1015.8–108.3, for Kc1, Kc2, and Kc3, respectively (Table 4).
In general, the Kc value associated with the oxidation pro-
cesses appears to be smaller than for the reduction process-
es. Moreover, Kc changes substantially depending on L2�.

The metal ion (RuIII) as well as the bridging ligand (L2�)
in 1–6 are in principle susceptible to undergo two-step oxi-
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dation and reduction processes (Scheme 1); therefore, an at-
tempt has been made to address the question of primary in-
volvement of either the metal- or the ligand-based orbitals
towards the observed redox processes (Figure 5, Scheme 1)
through EPR and UV/Vis/NIR spectroelectrochemistry in
accessible redox states.

In the respective native states, 1–6 exhibit EPR spectra
(Figure 6) typical for the low-spin RuIII ion.[44] However, the
signals are weak and the expected half-field signals at
around g�4[9a,b] , which would correspond to a triplet state,
could not be resolved under the experimental conditions,
possibly due to complex[8a, 41] magnetic exchange processes.
The one-electron oxidized (1+–6+) or reduced (1�–6�) spe-
cies show similar spectral profiles. Both metal- and ligand-

based electron transfer would
result in RuIII-centered spin
(Schemes 1 and 2). For in-
stance, substance 6 was electro-
lyzed at the appropriate poten-
tial for the amount of time suf-
ficient to produce the oxidized
species. A color change from
purple to green was observed
during electrolysis. There are
slight differences in the form of
the signals between the nonoxi-
dized 6 and oxidized 6+ . Very
similar EPR responses for a
RuIII/RuIII state and the corre-
sponding RuIII/RuIV form were
observed previously.[8a]

Therefore, the UV/Vis/NIR
spectroscopic features of [1]n–
[6]n in the accessible redox
states (n=++2, +1, 0, �1, and
�2) were investigated.

Oxidation : Upon one-electron
oxidation of 1 or 2 to the corre-
sponding 1+ or 2+ the RuIII-
based lowest energy ligand-to-
metal charge-transfer (LMCT) band near 600 nm is redshift-
ed to about 700 nm with slight enhancement in intensity. In
addition, one moderately intense IVCT band appears in the
NIR range at about 1900 nm, which expectedly vanishes on
further oxidation to 12+ or 22+ state (Figure 7a,b, Table 5).
The appearance of moderately intense NIR IVCT bands in
the one-electron oxidized state suggests a preferentially
metal-based oxidation leading to a mixed-valent RuIIIRuIV

configuration ([(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIVACHTUNGTRENNUNG(acac)2]
+) instead of

the alternative of [(acac)2RuIIIACHTUNGTRENNUNG(m-LC�)RuIIIACHTUNGTRENNUNG(acac)2]
+ . The

band widths at half height (Dn1/2) of the IVCT transitions
for 1+ and 2+ were measured as 800 and 980 cm�1, respec-
tively, only slightly lower than the corresponding calculated
values of 1091 and 1079 cm�1 using the Hush approximation
of Dn1/2 = (2310Eop)

1/2 for a class II system.[46] This suggests a
localized (class II) situation for the mixed-valent 1+ and 2+

although the Kc1 values of >106 (Table 4) could also be com-
patible with a borderline (clas-
s II/III) situation.[4] It may be
noted that distinct IVCT bands
corresponding to a RuIIIRuIV

(d5/d4) mixed-valent state have
been reported recently for
[(acac)2RuIII ACHTUNGTRENNUNG(m-gbha2�)RuIV-ACHTUNGTRENNUNG(acac)2]

+ (gbha2� is the dianion-
ic form of glyoxalbis(2-hydrox-
yanil)),[8a] and in a C4-linked
bis ACHTUNGTRENNUNG[tris(b-diketonato)rutheni-
um] complex.[8b] On further oxi-
dation to 12+ or 22+ , the LMCT

Figure 5. Cyclic voltammograms (c) and differential pulse voltammo-
grams (a) of a) 1, b) 2, c) 3, d) 4, e) 5 and f) 6 in CH3CN/0.1 m

NEt4ClO4 at 298 K.

Table 4. Electrochemical data.[a]

Complex E1/2 (DEpp)
[b] Kc1

[c,d] Kc2
[c,e] Kc3

[c,f]

ox1 ox2 red1 red2 red3

1 1.03(90) 1.49 ACHTUNGTRENNUNG(110) �0.19(70) �0.90(90) �1.72 ACHTUNGTRENNUNG(100) 107.8 1012.0 1013.9

2 1.16(60) 1.51 ACHTUNGTRENNUNG(110) �0.02(80) �0.82(90) �1.51(80) 105.9 1014.3 1011.7

3 0.84(80) 1.19(70) �0.39(90) �0.94 ACHTUNGTRENNUNG(100) �1.87 ACHTUNGTRENNUNG(120) 105.9 109.3 1015.8

4 0.92(90) 1.24(90) �0.31(80) �0.89(90) �1.77 ACHTUNGTRENNUNG(100) 105.4 109.8 1014.9

5 0.96(60) 1.12(60) �0.41(90) �0.83(90) �1.71(90) 102.7 107.1 1014.9

6 0.58 ACHTUNGTRENNUNG(110) 0.81 ACHTUNGTRENNUNG(100) �0.71(90) �1.07(90) �1.56 ACHTUNGTRENNUNG(100) 103.9 106.1 108.3

[a] From cyclic voltammetry in CH3CN/0.1 m Et4NClO4 at 100 mVs�1. [b] In V versus SCE; peak potential dif-
ferences DEpp [mV] (in parentheses). [c] Comproportionation constant from RT lnKc =nF(DE). [d] Kc1 be-
tween ox1 and ox2. [e] Kc2 between red1 and red2. [f] Kc3 between red2 and red3.

Figure 6. EPR spectra of a) 6,
b) 6+ , and c) 6� in CH3CN/
0.1m Bu4NPF6 at 110 K. The
sharp signal at 2.003 in 6� is at-
tributed to an organic free rad-
ical generated during the elec-
trolysis process inside the EPR
tube.
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band is observed to be blue-shifted with substantial decrease
in intensity. This is in corroboration with the disappearance
of the IVCT band, suggesting
either [(acac)2RuIVACHTUNGTRENNUNG(m-L2�) RuIV-ACHTUNGTRENNUNG(acac)2]

2+ or [(acac)2RuIIIACHTUNGTRENNUNG(m-
L0)RuIII ACHTUNGTRENNUNG(acac)2]

2+ (more likely)
as possible configurations for
12+ or 22+ .

Low-energy LMCT bands of
3 and 4 are redshifted from
�550 to �650 nm with appreci-
able reduction in intensity after
oxidation to the RuIIIRuIV state
in 3+ and 4+ . These mixed-
valent RuIIIRuIV species exhibit
intense IVCT bands in the NIR
at 1400 nm (e=5100 m

�1 cm�1)
and 1430 nm (e=

9800 m
�1 cm�1), respectively

(Figure 8a, Table 5). The Hush
calculated Dn1/2 values of the
IVCT bands at 4062 and
4019 cm�1, respectively, are
somewhat larger than the ex-
perimental values at 3700 and
2590 cm�1, while the Kc1 values
for 3+ and 4+ are similar at
105.9 and 105.4. Thus, mixed-
valent 3+ and 4+ are also po-
tential borderline (class II/III)
hybrid systems.[4] However, the
absence of the typical high-
energy cutoff for class II/III
species argues against this as-
signment. On further oxidation

to 32+ and 42+ , the IVCT transition around 1400 nm vanish-
es with the concomitant growth of an intense absorption
near 1100 nm (Figure 8b). These long-wavelength bands sug-
gest an LMCT transition from the doubly reduced L2� to
the oxidized RuIV centers in [(acac)2RuIVACHTUNGTRENNUNG(m-L2�)RuIV-

Figure 7. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
2!2+ , b) 2+!22+ , c) 2!2�, and d) 2�!22� in CH3CN/0.1 m Bu4NPF6.

Scheme 2.

Table 5. UV/Vis/NIR spectroelectrochemical data for 1–6.[a]

Complex lmax [nm] (e [M�1 cm�1])

12+ 640 ACHTUNGTRENNUNG(6900), 528(sh), 285 ACHTUNGTRENNUNG(22 800)
1+ 1940 ACHTUNGTRENNUNG(4000), 1480(sh), 840(sh), 681 ACHTUNGTRENNUNG(12 100), 400(sh), 284 ACHTUNGTRENNUNG(24 800)
1 605 ACHTUNGTRENNUNG(10 700), 344 ACHTUNGTRENNUNG(14 800), 284 ACHTUNGTRENNUNG(24 600)
1� 980 ACHTUNGTRENNUNG(4600), 776 ACHTUNGTRENNUNG(13 700), 485(sh), 425(sh), 352 ACHTUNGTRENNUNG(10 400), 273 ACHTUNGTRENNUNG(28 700)
12� 1410(sh), 1184 ACHTUNGTRENNUNG(21 700), 980(sh), 502 ACHTUNGTRENNUNG(11 400), 475(sh), 271 ACHTUNGTRENNUNG(33 700)
22+ 669 ACHTUNGTRENNUNG(6900), 528(sh), 325(sh), 283 ACHTUNGTRENNUNG(14 800)
2+ 1985 ACHTUNGTRENNUNG(2600), 890(sh), 710 ACHTUNGTRENNUNG(10 200), 428 ACHTUNGTRENNUNG(4200), 340(sh), 285 ACHTUNGTRENNUNG(19 000)
2 1040(sh), 645 ACHTUNGTRENNUNG(9600), 545(sh), 331 ACHTUNGTRENNUNG(17 500), 276 ACHTUNGTRENNUNG(24 500)
2� 750 ACHTUNGTRENNUNG(14 200), 485 ACHTUNGTRENNUNG(4900), 425(sh), 352 ACHTUNGTRENNUNG(11 500), 273 ACHTUNGTRENNUNG(32 100)
22� 1555(sh), 1235 ACHTUNGTRENNUNG(31 100), 910(sh), 478 ACHTUNGTRENNUNG(10 700), 505(sh), 272 ACHTUNGTRENNUNG(40 500)
32+ 1095 ACHTUNGTRENNUNG(7200), 840(sh), 651 ACHTUNGTRENNUNG(9800), 521 ACHTUNGTRENNUNG(9300), 281 ACHTUNGTRENNUNG(26 200)
3+ 1400 ACHTUNGTRENNUNG(5100), 788(sh), 638 ACHTUNGTRENNUNG(10 600), 480 ACHTUNGTRENNUNG(9700), 344(sh), 279 ACHTUNGTRENNUNG(27 300)
3 553 ACHTUNGTRENNUNG(16 900), 347 ACHTUNGTRENNUNG(12 000), 270 ACHTUNGTRENNUNG(27 900)
3� 824 ACHTUNGTRENNUNG(23 700), 473(sh), 386 ACHTUNGTRENNUNG(13 200), 274 ACHTUNGTRENNUNG(34 800)
32� 1180(sh), 917 ACHTUNGTRENNUNG(34 500), 807(sh), 489 ACHTUNGTRENNUNG(11 900), 355(sh), 272 ACHTUNGTRENNUNG(39 600)
33� 1465(sh), 1136 ACHTUNGTRENNUNG(6400), 899 ACHTUNGTRENNUNG(7100), 654(sh), 578 ACHTUNGTRENNUNG(13 000), 520 ACHTUNGTRENNUNG(13 700), 427(sh), 347(sh), 271 ACHTUNGTRENNUNG(43 500)
42+ 1083 ACHTUNGTRENNUNG(13 400), 667 ACHTUNGTRENNUNG(18 600), 523 ACHTUNGTRENNUNG(18 000), 280 ACHTUNGTRENNUNG(48 500)
4+ 1430 ACHTUNGTRENNUNG(9800), 802(sh), 646 ACHTUNGTRENNUNG(20 100), 492(sh), 345(sh), 279 ACHTUNGTRENNUNG(48 300)
4 559 ACHTUNGTRENNUNG(31 600), 342 ACHTUNGTRENNUNG(24 600), 269 ACHTUNGTRENNUNG(53 300)
4� 833 ACHTUNGTRENNUNG(43 500), 485(sh), 385 ACHTUNGTRENNUNG(25 600), 274 ACHTUNGTRENNUNG(63 200)
42� 1210(sh), 937 ACHTUNGTRENNUNG(71 600), 483 ACHTUNGTRENNUNG(23 000), 358 ACHTUNGTRENNUNG(16 900), 273 ACHTUNGTRENNUNG(74 400)
43� 1555(sh), 1188 ACHTUNGTRENNUNG(16 800), 919 ACHTUNGTRENNUNG(17 400), 648(sh), 570 ACHTUNGTRENNUNG(27 500), 523 ACHTUNGTRENNUNG(29 700), 353(sh), 272 ACHTUNGTRENNUNG(78 900)
52+ 859(sh), 712 ACHTUNGTRENNUNG(9900), 515 ACHTUNGTRENNUNG(10 200), 283(sh)
5+ 900(sh), 740 ACHTUNGTRENNUNG(8100), 530 ACHTUNGTRENNUNG(10 700), 340(sh), 280(sh), 243 ACHTUNGTRENNUNG(39 700)
5 685 ACHTUNGTRENNUNG(6000), 533 ACHTUNGTRENNUNG(13 000), 347ACHTUNGTRENNUNG(11 100), 267 ACHTUNGTRENNUNG(28 600), 243 ACHTUNGTRENNUNG(34 200)
5� 967 ACHTUNGTRENNUNG(19 700), 630(sh), 502 ACHTUNGTRENNUNG(8300), 419 ACHTUNGTRENNUNG(12 300), 383 ACHTUNGTRENNUNG(12 700), 274 ACHTUNGTRENNUNG(33 300), 244 ACHTUNGTRENNUNG(37 500)
52� 1255(sh), 970 ACHTUNGTRENNUNG(31 600), 481 ACHTUNGTRENNUNG(14 500), 437(sh), 360 ACHTUNGTRENNUNG(9000), 274 ACHTUNGTRENNUNG(38 300), 240 ACHTUNGTRENNUNG(41 600)
53� 1520(sh), 1200 ACHTUNGTRENNUNG(6900), 870 ACHTUNGTRENNUNG(13 200), 788 ACHTUNGTRENNUNG(9600), 710(sh), 603(sh), 567 ACHTUNGTRENNUNG(14 200), 503 ACHTUNGTRENNUNG(16 100), 360(sh),

267 ACHTUNGTRENNUNG(42 800), 248 ACHTUNGTRENNUNG(43 600)
6+ 702(sh), 617(sh), 554 ACHTUNGTRENNUNG(18 700), 488(sh), 447 ACHTUNGTRENNUNG(13 500), 330(sh), 267 ACHTUNGTRENNUNG(42 100), 234 ACHTUNGTRENNUNG(53 600)
6 732(sh), 606 ACHTUNGTRENNUNG(16 600), 558 ACHTUNGTRENNUNG(19 000), 490(sh), 453ACHTUNGTRENNUNG(14 700), 344 ACHTUNGTRENNUNG(16 600), 270 ACHTUNGTRENNUNG(44 200), 234ACHTUNGTRENNUNG(55 600)
6� 1205(sh), 961(sh), 867 ACHTUNGTRENNUNG(23 700), 578(sh), 441 ACHTUNGTRENNUNG(17 900), 389 ACHTUNGTRENNUNG(18 700), 272ACHTUNGTRENNUNG(59 400), 236 ACHTUNGTRENNUNG(55 700)
62� 860 ACHTUNGTRENNUNG(32 800), 499(sh), 464 ACHTUNGTRENNUNG(18 300), 431(sh), 375ACHTUNGTRENNUNG(15 700), 272 ACHTUNGTRENNUNG(62 100), 236 ACHTUNGTRENNUNG(59 700)
63� 1101 ACHTUNGTRENNUNG(6500), 862 ACHTUNGTRENNUNG(22 300), 785(sh), 640(sh), 545(sh), 489 ACHTUNGTRENNUNG(21 900), 377 ACHTUNGTRENNUNG(14 600), 271ACHTUNGTRENNUNG(68 500), 236 ACHTUNGTRENNUNG(59 400)

[a] In CH3CN/0.1 m Bu4NPF6.
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ACHTUNGTRENNUNG(acac)2]
2+ instead of the alternative formulation

[(acac)2RuIII ACHTUNGTRENNUNG(m-L0)RuIII ACHTUNGTRENNUNG(acac)2]
2+ .

On one-electron oxidation of 5 to 5+ the lowest energy
LMCT transition (L2�!RuIII) is red-shifted from 685 to
740 nm. However, unlike for 1+–4+ , a RuIII to RuIV based
IVCT band was not detected in the low-energy NIR region
of 5+ (Figure 9a). This absence of a low-energy IVCT band
in 5+ indicates that the first oxidation takes place at the
bridging ligand, leading to the formation of a radical-bridg-
ed isovalent [RuIII]2 species, [(acac)2RuIIIACHTUNGTRENNUNG(m-LC�)RuIII-ACHTUNGTRENNUNG(acac)2]

+ instead of a mixed-valent alternative such as
[(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIVACHTUNGTRENNUNG(acac)2]

+ , as was proposed for 1+–
4+ . The doubly oxidized 52+ exhibits a broad LMCT band
centered at 712 nm (Figure 9b), suggesting either
[(acac)2RuIII ACHTUNGTRENNUNG(m-LC�)RuIVACHTUNGTRENNUNG(acac)2]

2+ or [(acac)2RuIVACHTUNGTRENNUNG(m-L2�)-ACHTUNGTRENNUNGRuIVACHTUNGTRENNUNG(acac)2]
2+ . The long-wavelength absorption in 52+ is

less compatible with the alternative option of a fully oxi-
dized quinone-bridged configuration [(acac)2RuIII ACHTUNGTRENNUNG(m-L0)RuIII

(acac)2]
2+ . In case of the analogous imine derivative, upon

going from 6 to 6+ , the LMCT band is blue-shifted from 606
to 554 nm, with a slight increase in the intensity; again, no
IVCT band is detected in the NIR region (Figure 10a). The
doubly oxidized species 62+ was found to be unstable. The
absence of a NIR absorption of 6+ raises the possibility of
the oxidation of the bridging diiminoquinone ligand, leading
to the formulation of [(acac)2RuIII ACHTUNGTRENNUNG(m-LC�)RuIII ACHTUNGTRENNUNG(acac)2]

+

rather than the mixed-valent alternative [(acac)2RuIII ACHTUNGTRENNUNG(m-
L2�)RuIVACHTUNGTRENNUNG(acac)2]

+ . Thus, metal-based orbitals seem to be
primarily involved in the first oxidation processes of the
smaller quinone-bridged complexes (1+ , 2+ and 3+ , 4+),

whereas quinone-based orbitals are the redox-active molec-
ular orbitals (MOs) for the larger quinone-bridged com-
plexes (5+ and 6+).

It is remarkable that the spectroelectrochemical response
of 5 differs from that of isomeric 7,[23] reflecting a different
p-conjugation pattern and, thus, a different oxidation loca-
tion based on different orbital ordering. However, systems
3n and 7n display strikingly similar effects such as the broad
NIR band emerging after first oxidation (1400 nm for meso-
3+ , 1390 nm for meso-7+) and its decrease after second oxi-
dation with concomitant rise of a band at about 1095 nm.

Figure 8. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
3!3+ , b) 3+!32+ , c) 3!3�, d) 3�!32�, and e) 32�!33� in CH3CN/0.1 m

Bu4NPF6.

Figure 9. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
5!5+ , b) 5+!52+ , c) 5!5�, d) 5�!52�, and e) 52�!53� in CH3CN/0.1 m

Bu4NPF6.

Figure 10. UV/Vis/NIR spectroelectrochemistry for the conversions of a)
6!6+ , b) 6!6�, c) 6�!62�, and d) 62�!63� in CH3CN/0.1 m Bu4NPF6.
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This and the similarly close correspondence on stepwise re-
duction reflect the similarity of the ligand p structures of 3n

and 7n ; which differ only by the annelated benzene ring; in
both cases the redox-active MO seems to be metal-centered,
whereas the 5n analogue appears to offer a more ligand-
based MO due to more efficient p conjugation.

Reduction : Reduction of 1 or 2 to 1�or 2� causes LMCT
band shifts from about 650 to near 800 nm with appreciable
increase in intensity, which is still more pronounced after
adding another electron in the doubly reduced species
(Table 5). Both 1� and 2� failed to show any distinct IVCT
bands in the NIR region up to 2000 nm (Figure 7, Table 5).
These spectral features are less compatible with a mixed-
valent [(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuII ACHTUNGTRENNUNG(acac)2]

� formulation.[41] The
alternative interpretation, encompassing the singly reduced
form of the bridging ligand in combination with isovalent
rutheniumACHTUNGTRENNUNG(III) centers, [(acac)2RuIII ACHTUNGTRENNUNG(m-LC3�)RuIII ACHTUNGTRENNUNG(acac)2]

� ,
appears to be more probable with antiferromagnetic cou-
pling between one RuIII ion and the ligand radical leading to
a RuIII-type EPR response. The intense and sharp band near
1200 nm in 12� or 22� suggests an LMCT transition of
[(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuIII ACHTUNGTRENNUNG(acac)2]

2� rather than [(acac)2RuIII-ACHTUNGTRENNUNG(m-LC3�) RuII ACHTUNGTRENNUNG(acac)2]
2� or [(acac)2RuII ACHTUNGTRENNUNG(m-L2�)RuII ACHTUNGTRENNUNG(acac)2]

2�.
Similar features of successive red-shifting of the LMCT

band (�550!�800!�900 nm) along with the enhance-
ment of intensity on moving from 3/4!3�/4�!32�/42� and
the absence of a NIR band due to an IVCT transition in the
3�/4� states (Figure 8, Table 5) signify stepwise ligand-based
reductions, [(acac)2RuIII ACHTUNGTRENNUNG(m-L2�)RuIII ACHTUNGTRENNUNG(acac)2]! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-
LC3�)RuIII ACHTUNGTRENNUNG(acac)2]

�! ACHTUNGTRENNUNG[(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuIII ACHTUNGTRENNUNG(acac)2]
2�, re-

spectively. Further reduction to 33� or 43� leads to a substan-
tial decrease in the intensity of the band near 900 nm, with
the simultaneous growth of a new metal-to-ligand charge
transfer (MLCT) band near 550 nm. Moreover, an intense
low-energy (NIR, Table 5, Figure 8) absorption band near
1100 nm has been observed for 33�/43�, suggesting a delocal-
ized [(acac)2RuIII ACHTUNGTRENNUNG(m-L4�)RuII ACHTUNGTRENNUNG(acac)2]

3� configuration.[4d]

The spectral features of the successive reduced states of
the larger anthraquinone-derived 5�/6�, 52�/62�, and 53�/63�

are very similar to those of the benzoquinone and naptho-
quinone complexes, leading to the formulations of
[(acac)2RuIII ACHTUNGTRENNUNG(m-LC3�)RuIII (acac)2]

�! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-
L4�)RuIII ACHTUNGTRENNUNG(acac)2]

2�! ACHTUNGTRENNUNG[(acac)2RuIIIACHTUNGTRENNUNG(m-L4�)RuII ACHTUNGTRENNUNG(acac)2]
3�, re-

spectively.

Conclusion

By using three different kinds of p-quinones with deproton-
ated OH or NH2 substituents in suitable positions for
double metal chelation we have shown that the reaction
with [RuACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2] yields bridged dinuclear com-
plexes with antiferromagnetically coupled rutheniumACHTUNGTRENNUNG(III)
centers. The magnetic coupling, although complicated by
ferromagnetic contributions, shows higher J values for the
smaller systems. Similarly, the electrochemical compropor-

tionation constants Kc for two reversible oxidative and two
reversible reductive one-electron processes were found to
be larger for the smaller p systems 1 and 2 as compared to
naphthoquinone (3/4) and anthraquinone (5/6) complexes.
Chloride substitution (1/2 and 3/4) and the O�/NH� ex-
change (5/6) gave the expected effects from decreasing and
increasing the electron density, respectively. Comparison of
the previously studied 7 with the isomeric 5 showed not only
qualitative but also quantitative differences, which could be
rationalized based on the similarity of electronic structures
and spectral features of 3 and 7. While EPR was inconclu-
sive, the UV/Vis/NIR spectroelectrochemistry supported re-
duction and oxidation of the ligand for the larger p systems
5 and 6 (Scheme 3). With the smaller bridging ligands and

their larger HOMO–LUMO gaps in 1–4, the oxidation to 1+

–4+ produces near infrared absorptions, which we have as-
signed to IVCT transitions of RuIIIRuIV mixed-valent spe-
cies. Analysis according to Hush suggests localized (class II)
to class II/III borderline descriptions of the valence situa-
tion. Reduction to 1�–4� occurs predominantly on the
ligand (Scheme 3).

Thus, with the support of strategically situated negatively
charged substituents for chelation, bridging p-quinones of
different p-conjugation patterns are well suited to engage in
double metal binding. As noninnocent ligands, they may
eventually provide similarly fascinating coordination chemis-
try, especially versus redox active transition metals, such as
the ortho analogues.[22]

Experimental Section

Materials and instrumentations : The starting complex [RuACHTUNGTRENNUNG(acac)2-ACHTUNGTRENNUNG(CH3CN)2] was prepared according to the reported procedure.[47] The li-
gands 2,5-dihydroxy-1,4-benzoquinone (H2L1), 2,5-dihydroxy-3,6-di-
chloro-1,4-benzoquinone (H2L2), 5,8-dihydroxy-1,4-naphthoquinone

Scheme 3.
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(H2L3), 2,3-dichloro-5,8-dihydroxy-1,4-naphthoquinone (H2L4), 1,5- dihy-
droxy-9,10-anthraquinone (H2L5) and 1,5-diamino-9,10-anthraquinone
(H2L6) were purchased from Aldrich (USA). Other chemicals and sol-
vents were reagent grade and used as received. For spectroscopic and
electrochemical studies HPLC grade solvents were used.

UV/Vis/NIR spectroelectrochemical studies were performed in CH3CN/
0.1m Bu4NPF6 at 298 K using an optically transparent thin-layer electrode
(OTTLE) cell[48] mounted in the sample compartment of a J&M Tidas
spectrophotometer. FTIR spectra were taken on a Nicolet spectropho-
tometer with samples prepared as KBr pellets. Solution electrical conduc-
tivity was checked by using a Systronic 305 conductivity bridge. 1H NMR
spectra were obtained with a 400 MHz Varian FT spectrometer. The
EPR measurements were performed in a two-electrode capillary tube[49]

with an X-band Bruker system ESP300, equipped with a Bruker ER035 m

gaussmeter and a HP 5350B microwave counter. Cyclic voltammetric,
differential pulse voltammetric, and coulometric measurements were car-
ried out using a PAR model 273 A electrochemistry system. Platinum
wire working and auxiliary electrodes and an aqueous saturated calomel
reference electrode (SCE) were used in a three-electrode configuration.
The supporting electrolyte was Et4NClO4 and the solute concentration
was approximately 10�3

m. The half-wave potential Eo
298 was set equal to

0.5 ACHTUNGTRENNUNG(Epa+Epc), in which Epa and Epc are anodic and cathodic cyclic voltam-
metric peak potentials, respectively. A platinum-wire gauze working elec-
trode was used in coulometric experiments. All experiments were carried
out under a nitrogen atmosphere. The elemental analysis was carried out
with a Perkin–Elmer 240C elemental analyzer. Electrospray mass spectra
were recorded on a Micromass Q-ToF mass spectrometer.ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L12�)] (1) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L22�)] (2): The ligands
H2L1 (0.018 g, 0.13 mmol) and H2L2 (0.027 g, 0.13 mmol) were each sep-
arately added to a solution of [RuACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(CH3CN)2] (0.10 g, 0.26 mmol)
in of ethanol (20 mL) in the presence of excess NEt3 (0.09 mL,
0.65 mmol) as a base and the mixtures were heated to reflux for 12 h
under atmospheric conditions. The initial orange solutions gradually
changed to blue. The reaction mixtures were evaporated to dryness
under reduced pressure. The solid masses thus obtained were then puri-
fied using a silica gel column. Initially, a red compound corresponding to
[Ru ACHTUNGTRENNUNG(acac)3] was eluted by CH2Cl2/CH3CN (25:1 v/v), followed by a blue
compound with CH2Cl2/CH3CN (15:1 v/v) in each case, corresponding to
1 and 2. Evaporation of the solvents under reduced pressure yielded pure
complexes 1 and 2.

Data for 1: Yield: 0.025 g (26 %); elemental analysis calcd (%) for
C26H30O12Ru2: C 42.28, H 4.10; found: C 42.60, H, 4.15; 1H NMR
(400 MHz, CDCl3, 298 K): d=�22.34 (3 H), �21.84 (3 H), �19.19 (3 H),
�18.80 (3 H; 4CH3 ACHTUNGTRENNUNG(acac)), �10.12 (1 H), �9.60 (1 H; 2CH ACHTUNGTRENNUNG(acac)),
5.29 ppm (2 H; 2CH ACHTUNGTRENNUNG(L12�)).

Data for 2 : Yield: 0.03 g (28 %); elemental analysis calcd (%) for
C26H28O12Cl2Ru2: C 38.71, H 3.50; found: C 38.39, H, 3.59; 1H NMR
(400 MHz, CDCl3, 298 K): d=�23.92 (3 H), �23.53 (3 H), �21.14 (3 H),
�20.68 (3 H; 4CH3 ACHTUNGTRENNUNG(acac)), �14.19 (1 H), �13.68 ppm (1 H;2 CHACHTUNGTRENNUNG(acac)).ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L32�)] (3) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L42�)] (4): The ligands
H2L3 (0.024 g, 0.13 mmol) and H2L4 (0.033 g, 0.13 mmol) were each sep-
arately dissolved in a solution of [Ru ACHTUNGTRENNUNG(acac)2ACHTUNGTRENNUNG(CH3CN)2] (0.10 g,
0.26 mmol) in ethanol (20 mL) in the presence of excess NEt3 (0.09 mL,
0.65 mmol) as a base and the mixtures were heated to reflux for 12 h
under atmospheric conditions. The initial orange solutions gradually
changed to violet. The reaction mixtures were evaporated to dryness
under reduced pressure. The resultant solid masses were purified using
silica gel column. Initially, a red solution of [Ru ACHTUNGTRENNUNG(acac)3] was eluted by
CH2Cl2/CH3CN (25:1 v/v), followed by a violet compound in each case
with CH2Cl2/CH3CN (4:1 v/v), corresponding to 3 and 4. Evaporation of
the solvents under reduced pressure yielded pure complexes 3 and 4.

Data for 3 : Yield: 0.035 g (34 %); elemental analysis calcd (%) for
C30H32O12Ru2: C 45.69, H 4.09; found: C 45.31, H, 4.17.

Data for 4 : Yield: 0.03 g (27 %); elemental analysis calcd (%) for
C30H30O12Cl2Ru2: C 42.06, H 3.53; found: C 42.24, H, 3.64.ACHTUNGTRENNUNG[{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L52�)] (5) and [{(acac)2RuIII}2 ACHTUNGTRENNUNG(m-L62�)] (6): The ligands
H2L5 (0.031 g, 0.13 mmol) and H2L6 (0.031 g, 0.13 mmol) were each sep-

arately mixed in a solution of [Ru ACHTUNGTRENNUNG(acac)2 ACHTUNGTRENNUNG(CH3CN)2] (0.10 g, 0.26 mmol)
in ethanol (20 mL) and excess NEt3 (0.09 mL, 0.65 mmol) was added as a
base. The mixture was then heated to reflux for 12 h under atmospheric
conditions. The initial orange solutions gradually changed to reddish-
purple. The reaction mixtures were evaporated to dryness under reduced
pressure. The solid masses thus obtained were then purified using a silica
gel column. Initially, a red compound corresponding to [RuACHTUNGTRENNUNG(acac)3] was
eluted by CH2Cl2/CH3CN (4:1 v/v), followed by purple-red and purple
compounds with CH2Cl2/CH3CN (3:2 v/v) corresponding to 5 and 6, re-
spectively. Evaporation of solvent under reduced pressure yielded pure
complexes 5 and 6.

Data for 5 : Yield: 0.04 g (36 %); elemental analysis calcd (%) for
C34H34O12Ru2: C 48.69, H 4.09; found: C 48.76, H, 4.07; 1H NMR
(400 MHz, CDCl3, 298 K): d=�17.98 (3 H), �16.65 (3 H), �15.49 (3 H),
�13.62 (3 H), �2.40 (3 H), �1.04 (3 H), 2.83 (3 H), 1.68 (3 H; 8CH3-ACHTUNGTRENNUNG(acac)), �8.49 (1 H), �8.33 (1 H), �5.93 (1 H), �5.55 (1 H; 4CH ACHTUNGTRENNUNG(acac))
�20.40 (1 H), �7.02 (1 H), 4.32 (2 H), 18.25 (1 H), 18.56 ppm (1 H; 6CH-ACHTUNGTRENNUNG(L52�)).

Data for 6 : Yield: 0.025 g (23 %); elemental analysis calcd (%) for
C34H36O10N2Ru2: C 48.80, H 4.34; found: C 48.68, H, 4.36; 1H NMR
(400 MHz, CDCl3, 298 K): d=7.26 (3 H), 5.30 (3 H), 1.58 (6 H; 4CH3-ACHTUNGTRENNUNG(acac)) �25.12 (1 H), �45.19 (1 H; 2 CHACHTUNGTRENNUNG(acac)), 3.02 (1 H), �0.28 (1 H),
�4.39 ppm (1 H; 3 CHACHTUNGTRENNUNG(L62�)).

Magnetic susceptibility measurements : The variable-temperature mag-
netic susceptibilities were measured on polycrystalline samples with a
Quantum Design MPMSXL SQUID (Superconducting Quantum Inter-
ference Device) susceptometer over a temperature range of 2 to 300 K at
a constant field of 10000 G. Each raw data field was corrected for the di-
amagnetic contribution of both the sample holder and the complex to the
susceptibility. The molar diamagnetic corrections were calculated on the
basis of Pascal constants. The fit of the experimental data was carried out
using the MATLAB V.5.1.0.421 program. Magnetization measurements
were carried out at 2 and 300 K in the �50 000 to +50000 G range.

Crystallography : Single crystals were grown by slow evaporation of a 1:1
CH2Cl2/CH3OH mixture of 5. The crystal data of 5·0.25 H2O were collect-
ed on a Bruker SMART APEX CCD diffractometer at 293 K. Selected
data collection parameters and other crystallographic results are summar-
ized in Table 2. All data were corrected for Lorentz polarization and ab-
sorption effects. The program package of SHELX-97 (SHELXTL)[50, 51]

was used for structure solution and full-matrix least-squares refinement
on F2. Hydrogen atoms were included in the refinement using the riding
model. Contributions of H atoms for the water molecules were included
but were not fixed. CCDC-685676 contains 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.
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