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Abstract: The symmetrically dinuclear
title compounds were isolated as dia-
magnetic [(bpy)2Ru(m-H2L)Ru(bpy)2]-
(ClO4)2 (1-(ClO4)2) and as paramagnet-
ic [(acac)2Ru(m-H2L)Ru(acac)2] (2)
complexes (bpy=2,2’-bipyridine;
acac�=acetylacetonate=2,4-pentane-
dionato; H2L=2,5-dioxido-1,4-benzo-
quinonediimine). The crystal structure
of 2·2H2O reveals an intricate hydro-
gen-bonding network: Two symmetry-
related molecules 2 are closely con-
nected through two NH(H2L

2�)···O-
(acac�) interactions, while the oxygen
atoms of H2L

2� of two such pairs are
bridged by an (H2O)8 cluster at half-oc-
cupancy. The cluster consists of cyclic
(H2O)6 arrangements with the remain-
ing two exo-H2O molecules connecting
two opposite sides of the cyclo-(H2O)6

cluster, and oxido oxygen atoms form-
ing hydrogen bonds with the molecules
of 2. Weak antiferromagnetic coupling
of the two ruthenium(iii) centers in 2
was established by using SQUID mag-
netometry and EPR spectroscopy. Ge-
ometry optimization by means of DFT
calculations was carried out for 12+ and
2 in their singlet and triplet ground
states, respectively. The nature of low-
energy electronic transitions was ex-
plored by using time-dependent DFT
methods. Five redox states were rever-
sibly accessible for each of the com-

plexes; all odd-electron intermediates
exhibit comproportionation constants
Kc>108. UV-visible-NIR spectroelec-
trochemistry and EPR spectroscopy of
the electrogenerated paramagnetic in-
termediates were used to ascertain the
oxidation-state distribution. In general,
the complexes 1n+ prefer the rutheni-
um(ii) configuration with electron
transfer occurring largely at the bridg-
ing ligand (m-H2L

n�), as evident from
radical-type EPR spectra for 13+ and
1+ . Higher metal oxidation states (iii,
iv) appear to be favored by the com-
plexes 2m ; intense long-wavelength ab-
sorption bands and RuIII-type EPR sig-
nals suggest mixed-valent dimetal con-
figurations of the paramagnetic inter-
mediates 2+ and 2� .
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Introduction

The present work is part of our con-
tinuing efforts in designing new classes
of ligand-bridged diruthenium com-
plexes that exhibit strong intermetallic
electronic coupling in their mixed-va-
lence states through the effective over-
lap with suitably placed ligand p or p*
orbitals in the bridge.[1] Intramolecular electron transfer be-
tween metal ions in polynuclear arrays is of fundamental im-
portance for the design of molecular electronic devices.[2]

The extent of metal–metal coupling can be substantially
tuned by a judicious selection of ancillary functions.[1]

The recognition of variable electronic delocalization be-
tween the frontier p orbitals of quinone derivatives and
metal dp orbitals in mononuclear systems[3] has initiated
programs of exploring quinone-based noninnocent bridging
units useful for the construction of polynuclear complexes.
In this context, the doubly deprotonated forms of 2,5-dihy-
droxy-1,4-benzoquinones,[4,5] 5,8-dihydroxy-1,4-naphthoqui-
none,[6] 1,4-dihydroxyanthraquinone[7] and 1,5-dihydroxyan-
thraquinone[7] with [O,O;O,O] bis-chelate coordination as
well as anions of potentially [N,N;N,N] bis-chelating 2,5-dia-
mino-1,4-benzoquinonediimines[8,9] and 1,2,4,5-tetraimino-
3,6-diketocyclohexane[10] have been studied in recent years
as bridging ligands in polymetallic complexes containing Ru,
Mo, Rh, Ni, Cu, or Pt. However, the analogous doubly de-
protonated 2,5-dihydroxy-1,4-benzoquinonediimine bridging
ligand, (H2L

2�), with an [O,N;O,N]2� donor set has not yet
been explored; an N,N’-disubstituted form was used recently
in connection with dinickel(ii)-catalyzed olefin polymeriza-
tion,[11a] and an isomeric system based on 2-hydroxy-5-
amino-1,4-benzoquinonemonoimine was described very re-
cently by Braunstein and co-workers.[11b] The present article
describes the synthesis of [{(bpy)2RuII}2(m-H2L

2�)](ClO4)2 (1-
(ClO4)2) and [{(acac)2RuIII}2(m-H2L

2�)] (2) (bpy=2,2’-bipyri-
dine, acac�=acetylacetonate=2,4-pentanodionato, H2L=

2,5-dioxido-1,4-benzoquinonediimine), the crystal structure
of 2·2H2O, which has an intricate hydrogen-bonding net-
work, and EPR and UV-visible-NIR spectroelectrochemical
investigations of the metal–ligand valence combinations in
1n+ (n=0,1,2,3,4) and 2m (m=2�,�,0,+ ,2+ ). We address
such issues as the efficacy of H2L

2� for metal–metal cou-
pling in various mixed-valent states, particularly with respect
to other relevant mediators, the role of the electronic effects
from the ancillary ligands, bpy (p-acidic) and acac� (elec-
tron-donating), for the valence-state composition of the
complexes as well as their participation in the coupling proc-
esses. Whereas the readily accessible metal oxidation states
are RuII, RuIII

, and RuIV, the bridging ligand can adopt an
aromatic form H2L

4�, a semiquinone state H2LC3�, and the
quinonoid form H2L

2�. Further oxidation through H2LC� to a
presumed triplet species H2LCC is considered less favorable
because of the high energies and reactivities involved.

1,2,4,5-Donor-substituted benzenes as well as correspond-
ing semiquinone and iminoquinone intermediates are also

part of the postulated reaction cycles for copper-dependent
amine oxidase enzymes; this may involve electron-transfer
interactions between metal and ligand.[12] Considering the
hydrogen-bonding network present in corresponding protein
structures,[12c–h] it is fortunate that we could obtain the mole-
cules of 2 crystallizing with water clusters (H2O)8, showing
intracluster, intermolecule, and cluster–molecule hydrogen-
bonding interactions.

Results and Discussion

Synthesis, identification, and structure : The complexes
[{(bpy)2Ru}2(m-H2L)](ClO4)2 (1-(ClO4)2) and [{(acac)2Ru}2-
(m-H2L)] (2) were prepared by reactions of [(bpy)2Ru-
(EtOH)2]

2+ or [(acac)2Ru(CH3CN)2], respectively, with 1,4-
diamino-2,5-hydroquinone (H6L) in a 2:1 molar ratio in the
presence of excess CH3COONa (Scheme 1). During the re-
action, the H6L ligand underwent a 2e�/4H+ oxidation pre-

Scheme 1.
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sumably by O2 to the state of 2,5-dioxido-1,4-benzoquinone-
diimine (H2L

2�), which symmetrically bridges two units of
the metal-complex fragment, either [RuII(bpy)2]

2+ or [RuIII-
(acac)2]

+ in 12+ or 2, respectively, through the anionic O�

and imino nitrogen (=NH) donor centers at each end. While
the +2 oxidation state of the ruthenium ion in the precursor
{RuII(bpy)2} is retained in 12+ , the RuII state of the starting
{RuII(acac)2} moiety oxidizes to the +3 state in 2. The pres-
ence of electron-rich acac� ancillary ligands in 2 as opposed
to the p-acidic bpy in 12+ facilitates the stabilization of the
RuIII state in 2 ; this is also reflected in the redox potentials
(see later).

In principle, H2L
2� could also exist in the alternative ben-

zoquinone (A) form; however, the preferential stabilization
of the benzoquinonediimine
form is supported by the crystal
structure of 2·2H2O (see below).
The greater electronegativity of
oxygen relative to nitrogen
favors the diimine structure.

Purity and identity of the com-
plexes is demonstrated by their

satisfactory elemental analyses (see Experimental Section)
and by the electrospray (ES) mass spectra. The observed
ES+ signals are centered at m/z values of 1062.8 and
735.18/637.1 for 1-(ClO4)2 and 2, respectively (Figure S1 in
the Supporting Information), which correspond to [1-ClO4]

+

(calculated mass: 1062.45) and [2]+ (calculated mass:
734.69)/[2�acac]+ (calculated mass: 636.97).

The presence of the p-quinonediimine form of H2L
2� in 2

is supported by a single-crystal X-ray structural study of
2·2H2O, with 2 in the meso configuration (see below;
Figure 1). Crystallographically important parameters and se-
lected bond lengths and angles are given in Tables 1 and 2.

Note the discrepancy between positional numbering of
H2L

2� according to organic nomenclature (Scheme 1) and
the numbering of the crystal structure of 2. The H2L

2�

ligand bridges the two Ru3+ ions symmetrically in a bis-bi-
dentate fashion through the anionic O� and imino nitrogen
donor centers. The Ru1–Ru2 separation is 7.864 S; the two
ruthenium(iii) ions lie in plane with the bridging ligand, the

average deviation being only 0.2 S. The intraring bond
lengths involving the bridging H2L

2� ligand (Table 2) estab-
lish that the C=C double bonds are associated only with the
C3�C4 (1.357(9) S) and C6�C1 bonds (1.353(9) S). The
C2�N1 (1.295(8) S) and C3�O1 (1.323(7) S) bonds linked
to Ru1 signify double and single bonds, respectively, where-
as the corresponding C5�N2 (1.310(8) S) and C6�O2
(1.314(7) S) bonds connected with Ru2 exhibit rather simi-
lar lengths. The comparison of C�C, C�O, C�N, Ru�O, and
Ru�N bond lengths involving H2L

2� in 2 with those of the
mononuclear o-quinonoid derivatives reported earlier by
us[3a] or Bhattacharya and Pierpont[3d] justifies the RuIII(p-
quinonediimine)RuIII formulation of 2, as shown in
Scheme 1.

The crystal structure analysis of 2·2H2O reveals an intri-
cate hydrogen-bonding network (Figure 2, Table 3). Two
symmetry-related molecules of 2 are closely connected
through two NH(H2L

2�)···O(acac�) interactions at about
3.02 S (O···N distance). The other type of anionic oxygen
centers in 2, the O(H2L

2�) atoms of two pairs of symmetry-
related molecules of 2 are
bridged by (H2O)8 clusters at
half-occupancy. Water clusters
in crystals of coordination com-
pounds are not uncommon;[13]

however, the present case
shows quite a remarkable ex-
ample of not only intermolecu-
lar, but also intracluster and
cluster–molecule hydrogen
bonding (Figure 2). Each clus-
ter consists of a cyclic (H2O)6
arrangement, and the remaining
two exo-H2O molecules (O11)
connect two opposite sides of
cyclo-(H2O)6 with oxido oxygen

atoms (O2) at the molecules of 2. All O�O lengths are at or
below 3.0 S (Table 3), confirming the stability of the hydro-
gen-bond network.

Thus, having both basic O� and, through RuIII coordina-
tion, acidic NH functions in the same complex molecule
strongly facilitates the tendency towards intramolecular hy-
drogen bonding as well as towards addition and structuring

Figure 1. ORTEP diagram of 2. Ellipsoids are drawn at 50% probability.

Table 1. Crystallographic data for 2·2H2O.

formula C26H36N2O12Ru2 T [K] 295 [2]K
Mr 770.71 hkl range �14�h�14
crystal size [mm] 0.35U0.12U0.04 �23�k�23
crystal system monoclinic �17� l�17
space group P21/c 1calcd [g cm

�3] 1.488
a [S] 12.185(2) 2q range [8] 5 to 50
b [S] 19.871(4) reflections collected 32245
c [S] 14.864(3) unique reflections [Rint] 6066 [0.0554]
b [8] 107.044(3) data/restraints/parameters 6066/0/405
V [S3] 3440.9(12) R1 [I>2s(I)] 0.0527
Z 4 wR2 [all data] 0.1565
F(000) 1560 goodness-of-fit 1.112
m [mm�1] 0.934 residual electron density [eS�3] 1.230, �0.387
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of water of crystallization. A detailed study of the influence
of such interactions on the electronic properties in protic
media will therefore be among the projects resulting from
the present investigation, especially since hydrogen-bonding
networks are often known to be essential for the control of
active-site reactivity in metalloproteins.[12,14]

The computed structural parameters of 2 in its triplet
ground state at the B3LYP level of theory are found to be
in good agreement with the corresponding values obtained
from the X-ray structure (Table 2, Figure 3). The largest de-

viations between experimental and computed bond lengths
and angles are only about 0.09 S and 3.48, respectively. It
should be noted that the agreement between the computed
(7.96 S) and experimental (7.86 S) intermetallic separation
between the RuIII centers is also good.

The optimized geometry for 12+ in its singlet ground state
is summarized in Table S1 and Figure S2 in the Supporting
Information. As in the case of 2, the planarity of the bridg-
ing ligand in 12+ is evident from the optimized geometry.
The intermetallic separation between the (larger) rutheni-
um(ii) centers in 12+ is calculated at 8.075 S, which is slight-
ly longer than that in 2.

The dinuclear complexes 1-(ClO4)2 and 2 with three bi-
dentate ligands around each metal center should be able to
exist as pairs of enantiomers (DD, LL ; C2 symmetry) or as

Table 2. Experimental and calculated selected bond lengths [S] and
angles [8] for 2.

Bond lengths Bond angles
Exptl[a] Calcd[b] Exptl[a] Calcd[b]

Ru1�O3 1.993(5) 2.024 O3-Ru1-O4 91.30(18) 88.93
Ru1�O4 2.003(4) 2.031 O3-Ru1-N1 91.90(19) 93.17
Ru1�N1 2.010(5) 2.036 O4-Ru1-N1 96.7(2) 97.37
Ru1�O6 2.012(4) 2.020 O3-Ru1-O6 178.85(19) 179.04
Ru1�O1 2.013(4) 2.028 O4-Ru1-O6 89.73(17) 90.68
Ru1�O5 2.054(5) 2.051 N1-Ru1-O6 87.46(19) 87.75
Ru2�O7 1.999(4) 2.020 O3-Ru1-O1 85.47(19) 88.85
Ru2�O10 2.009(5) 2.025 O4-Ru1-O1 175.02(17) 175.73
Ru2�O2 2.010(4) 2.028 N1-Ru1-O1 79.68(2) 79.12
Ru2�O9 2.009(4) 2.031 O6-Ru1-O1 93.47(17) 91.60
Ru2�N2 2.021(6) 2.036 O3-Ru1-O5 88.1(19) 88.98
Ru2�O8 2.038(5) 2.051 O4-Ru1-O5 89.35(19) 88.63
N1�C2 1.293(8) 1.322 N1-Ru1-O5 173.99(19) 173.66
N2�C5 1.314(8) 1.322 O6-Ru1-O5 92.44(19) 90.13
O1�C3 1.321(7) 1.324 O1-Ru1-O5 94.32(17) 94.98
O2�C6 1.314(7) 1.324 O7-Ru2-O10 178.10(19) 179.04
C1�C6 1.357(9) 1.378 O7-Ru2-O2 91.07(17) 91.60
C1�C2 1.418(8) 1.413 O10-Ru2-O2 87.03(19) 88.84
C2�C3 1.488(8) 1.494 O7-Ru2-O9 90.60(17) 90.68
C3�C4 1.361(9) 1.378 O10-Ru2-O9 91.3(19) 88.93
C4�C5 1.415(9) 1.413 O2-Ru2-O9 176.40(18) 175.72
C5�C6 1.493(8) 1.494 O7-Ru2-N2 87.63(19) 87.75
Ru1�Ru2 7.864 7.958 O10-Ru2-N2 92.20(19) 93.17

O2-Ru2-N2 80.09(19) 79.12
O9-Ru2-N2 96.80(19) 97.36
O7-Ru2-O8 92.54(17) 90.14
O10-Ru2-O8 87.42(18) 88.98
O2-Ru2-O8 93.79(18) 94.98
O9-Ru2-O8 89.31(18) 88.63
N2-Ru2-O8 173.88(19) 173.67
O2-C6-C5 116.0(5) 115.98
N2-C5-C6 113.5(5) 112.91
O1-C3-C2 115.8(5) 115.97
N1-C2-C3 113.4(5) 112.91

[a] From X-ray crystal data. [b] Calculated at the B3LYP level of theory
by employing the LanL2DZ basis set for Ru and 3-21G for all other
atoms.

Figure 2. Hydrogen bonding network in 2·2H2O.

Table 3. Distances relevant to hydrogen bonds in 2·2H2O.

Atom1 Atom2 Symm1 Symm2 Distance [S]

O7 N1 x,y,z x,0.5�y,�0.5+z 2.992
N2 O6 x,y,z x,0.5�y,�0.5+z 3.044
O2 O11 x,y,z x,0.5�y,�0.5+z 2.939
O12 O11 x,y,z 1�x,0.5+y,1.5�z 2.724
O12 O13 x,y,z 1�x,1�y,1�z 2.825
O12 O14 x,y,z x,y,z 2.930
O13 O12 x,y,z 1�x,1�y,1�z 2.825
O13 O14 x,y,z x,y,z 2.911
O14 O11 x,y,z 1�x,0.5+y,1.5�z 3.002
O12 O11 1�x,1�y,1�z x,0.5�y,�0.5+z 2.724
O12 O14 1�x,1�y,1�z 1�x,1�y,1�z 2.930
O14 O11 1�x,1�y,1�z x,0.5�y,�0.5+z 3.002
O14 O13 1�x,1�y,1�z 1�x,1�y,1�z 2.911
O11 O2 1�x,0.5+y,1.5�z 1�x,1�y,1�z 2.939

Figure 3. Optimized geometry for the triplet ground-state of 2 at the
B3LYP/3-21G level.
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the meso form (D,L ; Cs symmetry).[15] The 1H NMR spec-
trum of 12+ clearly exhibits only one set of signals, corre-
sponding to either the meso or the rac form; an unambigu-
ous identification was not possible. The crystal structure of
paramagnetic 2 confirms its meso configuration, the other
data also support the presence of only one isomer.

The 1H NMR spectrum of 1-(ClO4)2 in (CD3)2SO shows
two clear singlets at d=5.58 and 9.67 ppm, corresponding to
the CH and NH protons of the bridging ligand. The expect-
ed 16 bipyridine proton resonances appear in the region be-
tween d=7.2 and 8.8 ppm as a partially overlapping cluster
of signals (Figure 4).

In agreement with the oxidation state assignment in
Scheme 1, compound 2 does not exhibit a well-resolved
1H NMR spectrum, but rather exhibits an EPR signal and
magnetic susceptibility that reflect the diruthenium(iii) con-
figuration. The EPR spectrum of 2 at 4 K shows a weak but
distinct half-field signal at g=4.26 in addition to the axial
pattern for d5 configuration (g1,2=2.26 and g3=1.81) (Fig-
ure 8a, see later), indicating an accessible triplet state (S=
1).[16]

Both complexes 1-(ClO4)2 and 2 are paramagnetic as evi-
denced by SQUID magnetometric measurements. For 1-
(ClO4)2 this seems to contradict the +2 oxidation state as-
signed to the ruthenium ions and to the closed-shell charac-
ter of the bridging ligand. However, the magnetic suscepti-
bility (c) of 1-(ClO4)2 is virtually temperature-independent
between 300 and 30 K; at lower temperatures it rises pro-
portionally with respect to 1/T. The latter is probably due to
very small amounts of a paramagnetic impurity, while the
former can be assigned to temperature-independent para-
magnetism (TIP).[16] The TIP phenomenon arises from
mixing induced by spin-orbit coupling of the excited-state
orbital angular momentum into the ground state. It has
been observed before, although usually the absolute value is
of the order of cTIP=10�4–10�3 cm3mol�1, while for 1-
(ClO4)2 cTIP=0.011 cm3mol�1.[17] The large cTIP value leads
to a steep slope in the cT versus T plot (Figure 5). A similar,
even slightly steeper slope can be observed in the cT curve
for 2 from room temperature down to about 50 K. Below
that the cT value drops more quickly. This last feature is at-
tributed to weak antiferromagnetic exchange coupling. A fit

using cTIP, the g value, and the exchange coupling constant
(h=�2JSi·Sj) as free parameters yields the following
values: cTIP=0.021�0.001 cm3mol�1 and J=�4�1 cm�1.
The g value is incredibly low at g=1.62, which may be due
to the interdependence of the fit parameters. The fit is good
at higher temperatures (see Figure 5), whereas the calculat-
ed cT value is lower than that calculated at lower tempera-
tures.

Electrochemistry and EPR spectroscopy : In CH3CN, 1-
(ClO4)2 exhibits two successive oxidation couples (Figure 6a,
Table 4). The intermediate 13+ displays a very intense band

Figure 4. 1H NMR spectrum of 1-(ClO4)2 in (CD3)2SO.

Figure 5. cT versus T recorded on powder samples of 1-(ClO4)2 (open cir-
cles) and 2 (filled squares). The drawn line is a fit to the data for 2.

Figure 6. a) Cyclic voltammograms of 1-(ClO4)2 and b) cyclic voltammo-
grams (c) and differential pulse voltammograms (a) of 2 in CH3CN.

Table 4. Redox potentials of complexes.[a]

n/n�1[b] Couple E1/2 (DEpp)
[c] Couple E1/2 (DEpp)

[c]

6/5 – – 22+/2+ 1.22 (110)
5/4 – – 2+/2 0.61 (80)
4/3 14+/13+ 0.79 (95) 2/2� �0.48 (90)
3/2 13+/12+ 0.27 (90) 2�/22� �1.18 (90)
2/1 12+/1+ �1.02 (70) – –
1/0 1+/1 �1.51 (80) – –
0/� 1/1�[d] �1.70 (60) – –

[a] From cyclic voltammetry in CH3CN/0.1m NEt4ClO4 at 100 mVs�1.
[b] Charge change of the [Ru(m-H2L)Ru](n/n�1)+ core. [c] In V versus
SCE; peak potential differences DEpp in mV (in parentheses). [d] Further
bpy-based reductions at �1.91 (80) and �2.02 (60) V (mV).
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in the near-infrared region (see
later) and an axial EPR spec-
trum at 4 K (Figure 7a,
Table 5). Both the small g ani-
sotropy g1�g3=0.049 and the
average gav=2.024, close to the
free-electron value of 2.0023,
suggests a radical-complex[18]

formulation RuII(LC�)RuII for
13+ instead of the mixed-valent
alternative RuII(L2�)RuIII.[19]

The 520 mV separation be-
tween the oxidation couples in
12+ leads to a comproportiona-
tion constant (Kc) of 6.5U108

for the paramagnetic intermedi-
ate (calculated using the equa-
tion RTlnKc=nF(DE)), which

is significantly higher than the values observed for corre-
sponding mixed-valent complexes of p-benzoquinone-de-
rived bridging ligands such as [{(bpy)2Ru}2(m-L

2�)]2+ , L2�=

2,5-dioxido-1,4-benzoquinone (Kc=6U105),[4] 5,8-dioxido-
1,4-naphthoquinone (Kc=1.8U105),[6] 1,4-dioxidoanthraqui-
none (Kc=3.7U104),[7] or 1,5-dioxidoanthraquinone (Kc=

3.4U102).[7] A neutral 1,2,4,5-tetraimino-3,6-diketocyclohex-
ane-bridged bis[Ru(bpy)2] complex also showed a rather
low Kc value at 105.[10] On the other hand, the diruthenium
complex [{(NH3)5Ru}2(m-H2L’)]

5+ involving the neutral bis-
monodentate p-benzoquinonediimine bridging ligand
(H2L’)

[20] exhibits a Kc value of 1010. The effects on Kc of
strongly s-donating NH3 (and of acac�) as ancillary ligands
in comparison to p-acidic bpy were demonstrated earlier in
a series of tetrazine-bridged diruthenium systems,
[(bpy)2Ru(m-bptz)Ru(bpy)2]

5+ (Kc=108.5),[21] [(acac)2Ru(m-
bptz)Ru(acac)2]

+ (Kc=1013.6),[14b] and [(NH3)4Ru(m-bptz)Ru-
(NH3)4]

5+ (Kc=1015.0),[22] in which bptz=3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine.

Complex 1-(ClO4)2 exhibits multiple reduction processes
in the range between �1 and �2 V versus SCE (Table 4).
Stepwise reductions of the coordinated bridging ligand,
H2L

2�!H2LC3� and H2LC3�!H2L
4�, occur at �1.02 and

�1.51 V, respectively, followed by successive bpy-based re-
duction processes (Table4). The comproportionation con-

stant for the diruthenium complex 1+ with the bridging radi-
cal trianion H2LC3� is of a similar magnitude (Kc=2U108) to
that of 13+ . The intermediate 1+ displays a free-radical-type
EPR signal at g=1.995, indicative of m-H2LC3� bridging two
RuII centers (see Figure 7b, Table 5).[23] No intense absorp-
tion was observed beyond 900 nm.

The complex [{(acac)2RuIII}2(m-H2L
2�)] (2) exhibits two

successive one-electron couples on oxidation (Figure 6b,
Table 4). The cyclic-voltammetric current associated with
the second oxidation process appears larger than that in-
volved with the other reversible processes, due to the onset
of solvent oxidation; however, a direct comparison of differ-
ential pulse-voltammetric current heights relative to the
other reversible processes establishes unequivocally two
one-electron-transfer processes with a large Kc value of 2.1U
1010 for the intermediate 2+ . That intermediate exhibits a
rather intense near-infrared absorption (see later), but there
was little change in the EPR signal except for some decrease
in intensity (Table 5). The RuIII-type EPR signal points to a
RuIII(m-H2L

2�)RuIV formulation; however, it may also be
possibly caused by contributions from an alternative formu-
lation in which the bridging ligand is oxidized to yield a
three-spin situation RuIII(m-H2LC�)RuIII. The occurrence of a
near-infrared band (see below) favors the former alternative
in which an intervalence charge-transfer (IVCT) transition
could be induced.

In addition, 2 also shows two successive one-electron re-
duction processes with a Kc value for the intermediate of
7.3U1011, which could correspond either to successive RuII/
RuIII couples or to the bridging-ligand-based transitions
H2L

2�!H2LC3� and H2LC3�!H2L
4�. Considering the ob-

served rhombic EPR spectrum of the one-electron-reduced
intermediate 2� at 4 K with g1=2.31, g2=2.11 and g3=1.90
(Figure 8b, Table 5), it may be tempting to assume that the
reduction occurs primarily at the metal ions although both
formulations RuII(m-H2L

2�)RuIII and RuIII(m-H2LC3�)RuIII

may produce metal-centered
spin. The absence of near-infra-
red absorptions (see below)
may indicate the latter alterna-
tive without a mixed-valence
situation. The presence of elec-
tron-rich acac� functions in 2
reduces the RuII/RuIII potential
by ~0.8 V relative to the bpy
derivative 12+ , which leads to a
preference for the rutheni-
um(iii) state in 2 (Scheme 1).

Spectroelectrochemistry : Multi-
ple intraligand transitions of 12+

appear in the UV region
(Table 6). In addition, two in-
tense metal-to-ligand charge-
transfer (MLCT) transitions
with similar intensities are ob-
served at 632 nm (e=

Figure 7. EPR spectra of a) 13+

and b) 1+ in CH3CN/0.1m
Bu4NPF6 at 4 K.

Table 5. EPR data[a] of paramagnetic states[b] and comproportionation
constants Kc.

G1 g2 g3 gav Dg=g1�g3 Kc
[c]

13+ 2.057 2.008 2.008 2.024 0.049 6.5U108

1+ 1.995 1.995 1.995 1.995 <0.01 2.0U108

2+ 2.26 2.26 1.81 2.11 0.45 2.2U1010

2[d] 2.26 2.26 1.81 2.11 0.45 3.0U1018

2� 2.31 2.11 1.90 2.11 0.41 7.3U1011

[a] g components measured at 4 K. [b] From EPR spectroelectrochemis-
try in CH3CN/0.1m Bu4NPF6, except for 2. [c] Comproportionation con-
stant from RTlnKc=nF(DE); for DE see Table 4. [d] Half-field signal at
g1/2=4.26.

Figure 8. EPR spectra of a) 2
and b) 2� in CH3CN/0.1m
Bu4NPF6 at 4 K.
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18650m�1 cm�1) (Ru!H2L
2�) and 550 nm (e=

18500m�1 cm�1) (Ru!bpy) (Figure 9a, Table 6). On oxida-
tion to 13+ , two new bands appear at 705 and 450 nm

(MLCT or LMCT), along with a very intense near-infrared
transition at 1425 nm (e=11300m�1 cm�1) with a width-at-
half-height (Dn1/2) of 1000 cm�1. The experimentally ob-
tained Dn1/2 value is much less than what would be calculat-
ed at 4026 cm�1 using the Hush formula [Dn1/2= (2310
Eop)

1/2][24] for a localized Class II mixed-valent system. This
disagreement and the very high intensity of the absorption
support the notion of a ligand-based oxidation to RuII(m-
H2LC�)RuII, as strongly suggested by the EPR result. It may
be noted that the corresponding dinuclear [Ru(bpy)2]

n+

complex of the 2,5-dioxido-1,4-benzoquinone bridging

ligand failed to show any IVCT band up to 1800 nm.[4a] On
further oxidation to the presumably isovalent RuIIIRuIII

complex 14+ , the near-infrared band disappears and RuIII-
based ligand-to-metal charge-transfer (LMCT) transitions
are observed at 597 and 465 nm (Figure 9b).

On one-electron reduction to 1+ , the RuII-based MLCT
transitions are blue-shifted from 632 to 613 nm and from
550 to 465 nm with substantial reduction in intensity (Fig-
ure 9c). This is in accord with placement of one electron in
the LUMO of H2L

2� (which thus becomes the singly occu-
pied molecular orbital, SOMO). The reduction of the coor-
dinated bridging ligand results in a moderately intense low-
energy band at 840 nm (e=5150m�1 cm�1), which probably
corresponds to an internal SOMO!LUMO transition of
(H2LC3�). On further reduction to 1, the radical-anion-based
transition at low-energy disappears and the d(Ru)!p*(bpy)
MLCT transition is red-shifted to 651 nm (Figure9d). This is
consistent with the second reduction forming the (m-H2L

4�)
ligand.[21]

The native RuIIIRuIII species 2 exhibits an intense
H2L

2�!RuIII-based LMCT transition at 545 nm (e=
17750m�1 cm�1), in addition to ligand-based transitions in
the ultraviolet region (Figure 10a, Table 6). In the one-elec-

tron-oxidized species 2+ , the LMCT transition is red-shifted
to 698 nm with a decrease in intensity, and a moderately in-
tense IVCT band appears at 1565 nm (e=4400m�1 cm�1), in
agreement with expectations for a mixed-valent RuIII(m-
H2L

2�)RuIV species (Figure 10a). The width-at-half-height
(Dn1/2) of the IVCT band is measured at 2000 cm�1, which is
narrower than that obtained by means of the Hush theory
(3842 cm�1).[24] This implies a Class III mixed-valent state of
2+ , as is also suggested by the high Kc value of 2.1U1010.
Considering the Class III characteristics, Vab is calculated as

Table 6. UV-visible-NIR data of 1n [n=0, 1, 2, 3, 4] and 2m [m=�2, �1,
0, 1, 2] from spectroelectrochemistry.[a]

lmax [nm] (e [m�1 cm�1])

14+ 1130(2720), 597(16300), 465(6650), 375(sh), 315(sh), 295(25800),
270(sh), 244(25100)

13+ 1425(11300), 705(17900), 450(5750), 295(28400), 280(sh),
240(26200)

12+ 632(18650), 550(18500), 392(sh), 347(9500), 297(28200), 280(sh),
242(25000)

1+ 840(5150), 613(12100), 465(9400), 370(10100), 296(28200), 281(sh),
241(25000)

1 651(4000), 540(sh), 490(sh), 355(7850), 295(15100), 240(13500)
22+ 612(6000), 284(12700)
2+ 1565(4400), 698(14300), 276(16600), 240(sh)
2 545(17750), 340(sh), 280(20700)
2� 735(32200), 396(8950), 273(24900)
22� 855(27600), 505(8100), 272(30600)

[a] Measurements in CH3CN/0.1m Bu4NPF6 (OTTLE spectroelectro-
chemistry).

Figure 9. UV-visible-NIR spectroelectrochemistry for the conversions of
a) 12+!13+ , b) 13+!14+ , c) 12+!1+ , and d) 1+!1 in CH3CN/0.1m
Bu4NPF6 (the step at 1000 nm is a detector switch artifact).

Figure 10. UV-visible-NIR spectroelectrochemistry for the conversions of
a) 2!2+ , b) 2+!22+ , c) 2!2� , and d)2�!22� in CH3CN/0.1m Bu4NPF6

(the step at 1000 nm is an artifact from detector switching).
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Eop/2 at 3195 cm�1.[25] On further one-electron oxidation to
the RuIVRuIV state in 22+ , the IVCT band disappears and a
moderately intense LMCT absorption appears at 612 nm
(Figure 10b).

The one-electron-reduced form 2� displays an unusually
strong and narrow absorption band at 735 nm (e=
32200m�1 cm�1) (Figure 10c). The species fails to show any
distinct band in the near-infrared region. It should be noted
that very weak-to-undetectable IVCT bands have been re-
ported previously for the RuIIRuIII mixed-valent state for
diruthenium– and triruthenium–acac systems[1a,e,22, 26] in spite
of reasonably large Kc values, and it was concluded that
large Kc values are independent of the IVCT band intensi-
ty.[26b] However, 2� displays a rhombic RuIII-type EPR spec-
trum (Figure 8b). Assuming a RuIII(m-H2LC3�)RuIII formula-
tion with partially coupled spins because of the absent near-
infrared absorption, we would have to assign the very in-
tense band at 735 nm to a predominantly LMCT transition.
Strong mixing of metal and ligand orbitals could explain the
very narrow (Dn1/2=1540 cm�1) and thus the intense band
appearance. On further reduction to 22�, this charge-transfer
band is red-shifted to 855 nm with a slight decrease in inten-
sity (e=27600m�1 cm�1) (Figure 10d). Both the RuII(m-
H2L

2�)RuII and RuIII(m-H2L
4�)RuIII descriptions can be as-

sumed.
The above observations are supported by the computed

vertical excitation energies, using the time-dependent densi-
ty functional theory (TD-DFT) method.[27] Sets of key tran-
sitions are given in Tables 7 and 8 in the text, and in Ta-

bles S7 and S8 in the Supporting Information, representative
orbital contours are shown in Figure 11. Other orbital con-
tours for 2 and 12+ are provided in the Supporting Informa-
tion (Tables S2 and S3).

In the case of complex 2, the
highest intensity charge-trans-
fer transitions are predicted to
be between dpRu and p*(m-
H2L

2�). The low-energy transi-
tions for 12+ are found to be of
a similar type, even though the
donor orbital shows slight
mixing with p(m-H2L

2�). The
experimentally observed UV-
visible transitions for both 2
and 12+ are in reasonable
agreement with the computed
values. For instance, the MLCT
band for 2 appearing at 545 nm
(e=17750m�1 cm�1) is in agree-
ment with the computed value
at 504 nm (e=23814m�1 cm�1).
Similarly, for complex 12+ the
MLCT transition of 632 nm
(e=18650m�1 cm�1) is compara-
ble to the calculated value of
638 nm (e=13238m�1 cm�1).
The predicted low-energy tran-

sitions for 2 (HOMO!LUMO, HOMO�1!LUMO+1)
are of zero oscillator strength and are not observed experi-
mentally.

Table 7. Selected list of higher intensity vertical excitations computed at the TD-DFT/B3LYP//B3LYP/3–21G
level[a] for 12+ .

Excitation
energy[a,b]

Oscillator
strength

e[c] yo�yv
[d] Type of

transition

15668 (638) 0.1885 13238 HOMO!LUMO (0.61)[e] dp(Ru), p(m-H2L
2�)!p*(m-H2L

2�)
16640 (601) 0.0156 1096 HOMO!LUMO+2 (0.51) dp(Ru), p(m-H2L

2�)!p*(bipy), dp(Ru)
17122 (584) 0.0409 2872 HOMO�1!LUMO+3 (0.55) dp(Ru), p(m-H2L

2�)!p*(bipy)

[a] Calculations were done by employing a LanL2DZ basis set for Ru and 3–21G for the other elements; sin-
glet excitation energies in cm�1. [b] Wavelengths in nm given in parentheses. [c] e in m

�1 cm�1. [d] Occupied
and virtual orbitals. [e] Transition coefficients.

Table 8. Selected list of vertical excitations computed at the TD-DFT/B3LYP//B3LYP/3–21G level[a] for 2.

Excitation
energy[a,b]

Oscillator
strength

e[c] yo�yv
[d] Type of

transition

2770 (3610) 0.0000 0.00 HOMO!LUMO (0.90)[e] dp(Ru), p(acac)!dp(Ru)
17710 (565) 0.0000 0.00 HOMO�1!LUMO+1 (0.77) dp(Ru), p (m-H2L

2�)!dp (Ru)
19830 (504) 0.3391 23814 HOMO�2!LUMO+2 (0.73) dp(Ru)!p*(m-H2L

2�)
20000 (500) 0.5065 35570 HOMO�2!LUMO+2 (0.59) dp (Ru)!p*(m-H2L

2�)

[a] Calculations were done by employing LanL2DZ basis set for Ru and 3–21G for other elements; triplet ex-
citation energies in cm�1. [b] Wavelengths in nm given in parentheses. [c] e in m

�1 cm�1. [d] Occupied and virtu-
al orbitals. [e] Transition coefficients.

Figure 11. Representative orbital contours for 2.
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It is interesting to note that the higher-energy transitions
predicted for 12+ are of an MLCT-type involving p*(bpy) as
the acceptor (see Table 7 and Table S8 in the Supporting In-
formation). For instance, the transition at 584 nm corre-
sponds to HOMO�1!LUMO+3. While there are minor
contributions (mixing) to dpRu (HOMO�1) from the bridg-
ing ligand orbitals, the LUMO+3 is mostly located on bpy.
A complete list of various other computed transitions is pro-
vided in Table S8 in the Supporting Information. The nature
of these transitions is identified by using the orbital contours
as shown in Table S3 in the Supporting Information. The
computed HOMO–LUMO energy gap for 2 is found to be
lower than that of 12+ by 0.48 eV (Table S6 in the Support-
ing Information).

The presence of RuIII centers in 2 is further supported by
the computed spin densities on both Ru centers which
amounts to 0.81, clearly indicating the presence of one un-
paired electron on each metal center.

Conclusion

Starting from the unequivocally established compounds
[(bpy)2RuII(m-H2L

2�)RuII(bpy)2](ClO4)2 (1-(ClO4)2) and
[(acac)2RuIII(m-H2L

2�)RuIII(acac)2] (2) with the previously
unexploited 2,5-dioxido-1,4-benzoquinonediimine bridging
ligand H2L

2� we have attempted to establish the oxidation
state distribution for various accessible redox states of these
compounds, using a combination of UV-visible-NIR and
EPR spectroelectrochemistry. The results are summarized in
Scheme 2.

Scheme 2 illustrates that the dinuclear complexes 1n+

prefer the bis(2,2’-bipyridine)ruthenium(ii) configuration.
Electron-transfer occurs largely at the bridging ligand m-
H2L

n� as evident from radical (m-H2LC� or m-H2LC3�) EPR
signals for 13+ and 1+ . In contrast, higher metal oxidation
states (RuIII, RuIV) seem to be favored by the dinuclear bis-
(acetylacetonato)ruthenium complexes 2m, leading to more
complex and ambivalent oxidation state combinations. In-
tense long-wavelength absorption bands and RuIII-type EPR
signals point to mixed-valent dimetal configurations of the
intermediates 2+ and 2� ; however, three-spin arrangements
with two ruthenium(iii) centers and radical ligand bridges m-
H2LC� or m-H2LC3� cannot be ruled out. The results confirm
again the essential role of ancillary ligands in determining
oxidation state distributions within potential redox-ambiva-
lent arrangements between electro-active metal ions and or-
ganic mediators. Clearly, H2L

2� is a good noninnocent[3g,h]

bis-chelating ligand, a hitherto neglected member of the qui-
none ligand family. An additional feature emerging from the
study of this particular ligand is the potential for interligand
and ligand–solvent hydrogen bonding, which could eventual-
ly lead to a better understanding of metal–ligand electron-
transfer control through hydrogen-bonded networks, as is
typical for many metalloproteins.[14]

Experimental Section

Materials and instrumentation : The precursor compounds [Ru(acac)2-
(CH3CN)2]

[28a] and cis-[Ru(bpy)2Cl2]·2H2O
[28b] were prepared according

to reported procedures. The ligand precursor 1,4-diamino-2,5-hydroqui-
none (H6L) was purchased from Aldrich. Other chemicals and solvents

were reagent-grade and used as re-
ceived. For spectroscopic and electro-
chemical studies HPLC-grade solvents
were used.

UV-visible-NIR spectroelectrochemi-
cal studies were performed in CH3CN/
0.1m Bu4NPF6 at 298 K by using an
optically transparent thin-layer-elec-
trode (OTTLE) cell[29] mounted in the
optical path of a J&MTidas spectrom-
eter by means of an adapted sample
holder. FTIR spectra were taken on a
Nicolet spectrophotometer with sam-
ples prepared as KBr pellets. Solution
electrical conductivity was checked by
using a Systronic 305 conductivity
bridge. 1H NMR spectra were ob-
tained with a 400 MHz Varian FT
spectrometer. The EPR measurements
were performed on a two-electrode ca-
pillary tube[30] with an X-band Bruker
system ESP300, equipped with a
Bruker ER035m gaussmeter and an
HP 5350B microwave counter. Cyclic-
voltammetric, differential-pulse-vol-
tammetric, and coulometric measure-
ments were carried out by using a
PAR model 273A electrochemistry
system. Platinum-wire working and
auxiliary electrodes and an aqueous
saturated calomel reference electrodeScheme 2.
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(SCE) were used in a three-electrode configuration. The supporting elec-
trolyte was [NEt4]ClO4 (0.1m) and the solute concentration was ~10�3

m.
The half-wave potential Eo

298 was set equal to 0.5(Epa+Epc), in which Epa

and Epc are the anodic and cathodic cyclic-voltammetric peak potentials,
respectively. A platinum wire-gauze working electrode was used in the
coulometric experiments. The elemental analyses were carried out with a
Perkin–Elmer 240C elemental analyzer. Electrospray mass spectra were
recorded on a Micromass Q-ToF mass spectrometer. The magnetic sus-
ceptibility of 1-(ClO4)2 and 2 as a function of temperature was recorded
from 1.8 to 300 K by using a 0.1 T applied field on a Quantum Design
MPMS XL7 SQUID magnetometer. The data were corrected for diamag-
netic contributions to the magnetic susceptibility by using PascalXs con-
stants and for the diamagnetic contribution from the sample holder.

Caution! Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Heating of dried samples must be avoided; han-
dling of small amounts must proceed with great caution using protection.

[{(bpy)2Ru}2(H2L)](ClO4)2 (1-(ClO4)2): The starting complex cis-[Ru-
(bpy)2Cl2]·2H2O (100 mg, 0.20 mmol) and AgClO4 (108.6 mg, 0.52 mmol)
were added to absolute ethanol (15 mL), and the mixture was refluxed
for 2 h with stirring. The initial violet solution changed to orange-red; the
mixture was then cooled and filtered through a sintered glass funnel. The
ligand H6L (21 mg, 0.10 mmol) was added to the above solution contain-
ing [Ru(bpy)2(EtOH)2]

2+ , followed by sodium acetate (34 mg,
0.40 mmol). The resulting mixture was heated under reflux for 12 h
under a dinitrogen atmosphere. The resultant solution was reduced to
5 mL and kept at 0 8C overnight. The blue precipitate that formed on
cooling was filtered and washed thoroughly with ice-cold water followed
by cold ethanol and diethyl ether. The product was recrystallized from
acetonitrile/benzene (1:4). Yield: (70 mg, 63%); elemental analysis calcd
(%) for Ru2C46H36N10O10Cl2 (1161.90): C 47.55, H 3.12, N 12.06; found: C
47.73, H 3.46, N 12.36; LM in acetonitrile at 25 8C: 230 W�1 cm2

m
�1.

[{(acac)2Ru}2(H2L)] (2): The starting complex [Ru(acac)2(CH3CN)2]
(100 mg, 0.26 mmol), the ligand H6L (28 mg, 0.13 mmol) and sodium ace-
tate (44 mg, 0.52 mmol) were dissolved in ethanol (20 mL) and the mix-
ture was heated under reflux for 12 h under a dinitrogen atmosphere.
The initial orange solution gradually changed to purple-red. The solvent
of the reaction mixture was evaporated to dryness under reduced pres-
sure and the residue was then purified using a neutral alumina column.
Initially, a red compound corresponding to [Ru(acac)3] was eluted by
CH2Cl2/CH3CN (25:1), followed by a purple-red compound with CH2Cl2/
CH3CN (10:1), corresponding to 2. Evaporation of solvent under reduced
pressure yielded the pure complex 2. Yield: (45 mg, 47%); elemental
analysis calcd (%) for Ru2C26H32N2O10 (734.69): C 42.51, H 4.39, N 3.81;
found: C 42.72, H, 4.67, N 3.98.

Crystallography : Single crystals of 2·2H2O were grown by slow diffusion
of a solution of the complex in undried acetonitrile into benzene, fol-
lowed by slow evaporation under atmospheric conditions. The crystal
data of 2·2H2O were collected on a Bruker SMARTAPEX CCD diffrac-
tometer at 293 K. Selected data collection parameters and other crystal-
lographic results are summarized in Table 1. All data were corrected for
Lorentz polarization and absorption effects. The program package
SHELX-97 (SHELXTL)[31,32] 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 hydrogen atoms
for the water molecules were included but were not fixed.

CCDC-264905 contains the supplementary crystallographic data for 2.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif.

Computational details : Complete geometry optimization was carried out
using the density functional theory method at the (U)B3LYP level. All
elements except ruthenium were assigned 3–21G basis set. A Los
Alamos effective core potential (ECP) with a double zeta quality (DZ)
valence basis set (LanL2DZ) was employed for the ruthenium
atoms.[33a–c] Calculations were performed with Gaussian98.[33d] Vertical
electronic excitations based on B3LYP-optimized geometries were com-
puted by using the time-dependent density functional theory (TD-DFT)
formalism[33e,f] with the B3LYP functional with the above combination of

basis sets. Visual inspection of all key orbitals was done with MOL-
DEN[33g] to assign the nature of various electronic transitions.
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