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Introduction

Substantial efforts have been devoted over the past decade
to the synthesis and characterization of linear multinuclear
metal string complexes, since the first reports on trinuclear
nickel and copper complexes.[1–3] This is due to their versa-
tile chemical and physical properties and their potential ap-
plications in molecular metal wires. Previous studies on this
new class of complexes have been focused on compounds of

the first row metals. To date, a number of linear multinu-
clear complexes of various first row metals, [M3ACHTUNGTRENNUNG(dpa)4X2]
(M=Cr,[4] Co,[7–11] Ni,[1,12] Cu;[2,3] X=uninegative anion),
[M5ACHTUNGTRENNUNG(tpda)4X2] (M=Cr,[13,14] Co,[15] Ni;[15,16] tpda= the dianion
of tri-a-pyridyldiamine), [M7ACHTUNGTRENNUNG(teptra)4X2] (M=Cr,[17] Ni;[18, 19]

teptra= the trianion of tetra-a-pyridyltriamine), and [M9-
ACHTUNGTRENNUNG(peptea)4X2] (M=Ni;[20] H4peptea=penta-a-pyridyltetra-
ACHTUNGTRENNUNGamine), have been synthesized and characterized structural-
ly. In 1996 we reported for the first time the synthesis and
structures of the trinuclear complexes of the second-row
metals ruthenium and rhodium.[21] Previous studies of the
multinuclear complexes show that the strength of metal–
metal interactions is dependent on the type and number of
metal centers, the nature of the axial ligands, and the oxida-
tion states of the complexes.[15b,16] According to theoretical
calculations, the electronic configuration of the triruthenium
unit in [Ru3ACHTUNGTRENNUNG(dpa)4Cl2] is described as s2p4d2pnb

4dnb
2d*2snb

2,
thus resulting in the diamagnetism of the complex and a
bond order of three over the Ru3 unit; that is, a bond order
of 1.5 between adjacent ruthenium ions. The HOMO snb of
[Ru3ACHTUNGTRENNUNG(dpa)4Cl2] has a mixed character of metal–metal non-
bonding and metal–axial ligand antibonding orbitals. There-
fore, it is expected that removal of an electron from the neu-
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tral complex [Ru3ACHTUNGTRENNUNG(dpa)4Cl2] results in an increase in the
metal–axial ligand interactions, and little effect on the
metal–metal interactions. To see the influence of the oxida-
tion states and the nature of axial ligands on the structures
and metal–metal interactions of the triruthenium complexes,
we decided to synthesize the neutral complex [Ru3-
ACHTUNGTRENNUNG(dpa)4(CN)2] with p-acid axial ligands, and the oxidized
complexes of [Ru3ACHTUNGTRENNUNG(dpa)4Cl2] and [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2]. In this
paper, we report the synthesis of neutral and oxidized triru-
thenium complexes, their crystal structures, their electro-
chemical and magnetic properties, and theoretical calcula-
tions.

Results and Discussion

In our previous report of the neutral triruthenium complex,
the low-yielding procedure, the reaction of Hdpa (dipyridyl-
amine) with [Ru2ACHTUNGTRENNUNG(OAc)4Cl] in the presence of base, prevent-
ed us from further studying the oxidation chemistry of this
complex. Under modified conditions, a moderate yield
(53%) for the synthesis of the oxidized compound [Ru3-
ACHTUNGTRENNUNG(dpa)4Cl2]ACHTUNGTRENNUNG[BF4] (2) was achieved (Scheme 1). During the
process of metalation, excess LiCl was used to prevent the
formation of the acetate complexes, and the crude products
after workup were immediately oxidized by ferrocenium tet-
rafluoroborate (FcBF4) to suppress decomposition. The neu-
tral form [Ru3ACHTUNGTRENNUNG(dpa)4Cl2] (1) was obtained by reacting com-
pound 2 with excess hydrazine and crystallizing from
CH2Cl2 and hexane. The two-electron oxidized compound
[Ru3ACHTUNGTRENNUNG(dpa)4Cl2]ACHTUNGTRENNUNG[BF4]2 (3) was obtained by treating compound
2 with excess NOBF4 in CH2Cl2. Crystallization of the prod-
uct from CH2Cl2 and ether produced dark purple crystals.
The compound with p-acid axial ligands, [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2]-
ACHTUNGTRENNUNG[BF4] (5), was synthesized by reacting compound 2 with
excess NaCN and crystallized from CH2Cl2 and hexane. The
neutral form [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2] (4) was obtained by reacting
compound 5 with excess hydrazine and crystallized from
CH2Cl2 and hexane.

Figure 1 shows the crystal structures of 2 and 3. Some se-
lected bond lengths and crystallographic data are listed in
Tables 1 and 2, respectively. In the crystal structure of com-
pound 2, the Ru3 unit is essentially symmetrical and is heli-
cally wrapped by four dpa ligands with two chloride ions as
the axial ligands. The positive charge in the Ru3 core is bal-
anced by one BF4

� ion. The crystal structure of compound 3
is similar to that of compound 2, except that the two posi-
tive charges are compensated by two BF4

� ions. In com-
pounds 2 and 3, the Ru�N distances lie in the range of 2.04–
2.12 N, comparable with those of compound 1, but much
longer (by about 0.1–0.2 N) than those in the trinuclear ana-
logues of first-row metals. The average Ru�Ru bond length
of compound 2 is 2.291 N, which is slightly longer (by
0.035 N) than that of the neutral analogue 1. Such an in-
crease is more pronounced in the case of compound 3 in
which the Ru�Ru separation increases by 0.058 N relative
to that of the neutral complex 1. This can be ascribed to the
increased repulsive forces between the adjacent ruthenium
atoms as the oxidation state increases. Although there are
slight changes to the Ru�Ru distances upon one- and two-
electron oxidation, the bond order of three over the Ru3
unit remains unchanged. It should be noted that the Ru3
units in 1, 2, and 3 are not in a linear arrangement, which
has not been seen previously in the trinuclear compounds of
first-row metals. The reasons for the nonlinear arrangement
of the Ru3 units are still unclear. Preliminary theoretical cal-
culations show that the deviation causes a decrease in the
energy of the HOMO orbital. The most striking feature in
these triruthenium compounds is that the average Ru�Cl
distance exhibits a significant change as the Ru3 core is oxi-
dized. The Ru�Cl bond lengths are 2.596, 2.466, and 2.407 N
for 1, 2, and 3, respectively. The significant decrease in the
Ru�Cl distances and a slight change in the Ru�Ru bond
lengths upon oxidation are consistent with the metal–metal
nonbonding and metal–axial ligand antibonding character of
the HOMO orbital. Figure 2 shows the crystal structures of
4 and 5. Some selected bond lengths and crystallographic
data are also listed in Tables 1 and 2, respectively. The crys-
tal structure of 4 is similar to that of 1 except that the chlo-

Scheme 1. Reagents and conditions: i) [Ru2 ACHTUNGTRENNUNG(OAc)4Cl], LiCl, tBuOK/nBuOH, naphthalene, reflux, 2 h; then add Fc ACHTUNGTRENNUNG[BF4], 53%; ii) hydrazine, CH2Cl2,
10 min, 63%; iii) NOBF4, CH2Cl2, 3 h, 50%; iv) NaCN, CH3CN, 6 h, 80%.
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ride ions are replaced by cyanide groups. The average Ru�
Ru bond lengths of compounds 4 and 5 are 2.377 and
2.347 N, respectively. These are longer than those of the
chloride-substituted Ru3 unit, because the bond order be-
tween adjacent ruthenium ions decreases from 1.5 to 1 in
the neutral complexes, as will be discussed below. The Ru�
C bond lengths (2.053(5) and 2.061(5) N) and the C�N bond
lengths (1.108(7) and 1.126(6) N) in 4 are comparable to
those in the monoruthenium dicyano adducts[22] and diruthe-
nium dicyano adducts.[23] The C�N bond lengths (1.018(7)

and 1.028(6) N) in compound 5 are shorter than those in the
neutral complex 4. This may be ascribed to the effect of the
thermal vibrations of carbon and nitrogen atoms. The bond
order between adjacent ruthenium ions increases from 1 to
1.25 as one electron is removed from the neutral complex.
The average Ru�Ru bond length of 5 is shorter than that of
4 by about 0.030 N, whereas the average Ru�C distance is
longer by about 0.035 N.
It is known that ruthenium complexes have various oxida-

tion states. Thus, a rich redox chemistry for our triruthenium
compounds is expected and it is desirable to study the elec-
trochemical properties of these compounds. Figure 3 shows
the cyclic voltammograms of compounds 2 and 5 in CH2Cl2
containing 0.1m tetra-n-butylammonium perchlorate
(TBAP). Compound 2 shows three well-defined redox cou-
ples at +0.07, +0.89, and +1.53 V, corresponding to [Ru3-
ACHTUNGTRENNUNG(dpa)4Cl2]

+/ ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4Cl2], [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2]
2+/ ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4Cl2]

+

, and [Ru3ACHTUNGTRENNUNG(dpa)4Cl2]
3+/ ACHTUNGTRENNUNG[Ru3ACHTUNGTRENNUNG(dpa)4Cl2]

2+ , respectively. Three
successive redox couples of compounds 1 and 3 are observed
at potentials identical to those of compound 2. In the case
of [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2], two well-defined redox couples at
�0.06 and +0.93 V, corresponding to [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2]

+

/ ACHTUNGTRENNUNG[Ru3ACHTUNGTRENNUNG(dpa)4(CN)2] and [Ru3ACHTUNGTRENNUNG(dpa)4(CN)2]
2+/ ACHTUNGTRENNUNG[Ru3-

ACHTUNGTRENNUNG(dpa)4(CN)2]
+ , respectively, are observed. The third oxida-

tion, occurring at about +1.63 V, is irreversible. Similarly,
the electrochemical properties of compound 4 resemble
those of compound 5.
To see the stability of these reduced and oxidized forms

spectroelectrochemistry was performed at various applied
potentials. Spectral changes were observed in compound 2
when the applied potential was varied from +0.15 to
�0.10 V in CH2Cl2 containing 0.1m TBAP (Figure S1 in the
Supporting Information). The peaks at 270, 476, 536, and
922 nm decrease, whereas those at 262, 342, and 476 nm in-
crease. The resulting spectrum is similar to that of the neu-
tral complex 1 obtained by the chemical method. The
second and third oxidation reactions were also investigated
by spectroelectrochemistry as shown in Figure S1 in the Sup-
porting Information. At an applied potential of +0.98 V, the
resulting spectrum shows peaks at 280, 492, 544, and
1052 nm, which are identical with those of compound 3. Fur-
ther oxidation at +1.63 V leads to significant spectral
changes with peaks at 262, 528, and 1420 nm. There are
clear isosbestic points during each step of the electrochemi-
cal reactions indicating that no intermediates or by-products
are produced. All these electrochemical reactions are rever-
sible on the spectroelectrochemical timescale (about
30 min). The spectroelectrochemical behavior of compound
3 resembles that of compound 2. In the electronic absorp-
tion spectra, the oxidized complexes exhibit broad bands at
wavelengths longer than 800 nm, whereas no bands in the
near infrared (NIR) range are present for the neutral form.
These broad bands can be ascribed to the intervalence
charge transfer in the mixed valence compounds 2 and 3.
The spectroelectrochemical behaviors of the dicyanide-sub-
stituted compounds resemble those of the dichloride-substi-
tuted analogues. The dicyanide compounds exhibit a broad

Figure 1. Crystal structures of 2 (top) and 3 (bottom). Atoms are drawn
at the 30% probability level and hydrogen atoms are omitted for clarity.
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band in the NIR region upon oxidation, whereas no bands
are observed in this region for the neutral form.
To determine whether or not compound 2 is paramagnet-

ic, we decided to examine the 1H NMR spectra (Figure S2 in
the Supporting Information). As expected for paramagnetic
compounds, broadened peaks and large chemical shifts of
resonance signals were observed. For the symmetrical struc-
tures of compound 2, there should be only four peaks.
Indeed, four lines with intensity ratios consistent with those
expected (i.e., 1:1:1:1), centered at d=24.08, 16.61, �18.91,
and �22.10 ppm, were observed. According to MO analyses,
the two-electron oxidized compound 3 should be diamagnet-
ic. This is confirmed by the NMR spectrum, in which the
peaks fall into the normal range for a diamagnetic com-
pound. Four peaks appearing at d=9.22, 7.78, 7.16, and
5.72 ppm are observed with the expected integration ratios.
To obtain a clean spectrum of compound 1, a slight excess

of hydrazine was added to a so-
lution of 2 in CD2Cl2 to gener-
ate 1 in situ. The spectrum of
compound 1 also consists of
four signals spanning a smaller
range, which were found at d=
9.09, 7.08, 6.58 and 6.47 ppm
with the expected intensity
ratios. The 1H NMR spectra of
these triruthenium compounds
clearly show the symmetrical
structures, the paramagnetism
of compound 2, and the dia-
magnetism of compounds 1 and
3. The spectrum of compound 4
shows four signals at d=25.28,

21.07, �22.01, and �27.53 ppm, and compound 5 has four
signals at 39.04, 6.65, �25.78, and �51.83 ppm with the ex-
pected integration ratios. The data clearly show that com-
pounds 4 and 5 are paramagnetic and their magnetic proper-
ties are quite different from each other.
Our previous magnetic measurements showed the dia-

magnetism of compound 1.[21] Based on the theoretical cal-
culations,[21,24] compound 2 has an unpaired electron. The
measured meff values are essentially constant between 10 and
300 K, but drop slightly at higher temperatures (Figure 4).
The effective magnetic moment of 1.65 mB at 300 K indicates
that the compound is paramagnetic with an unpaired elec-
tron, although the value is a little below that expected. The
values of meff for compounds 4 and 5 are measured to be
2.76 and 3.58 mB at 300 K, which correspond to the triplet
state and the quartet spin state, respectively (Figures S3 and
S4 in the Supporting Information).

Table 1. Selected bond lengths [N] and angles [8] for 1–5.

1[a] 2 3 4 5

Ru(1)�Cl 2.596(2) 2.4656(13) 2.407(2)
Ru(3)�Cl 2.596(2) 2.4656(13) 2.407(2)
Ru(1)�C 2.053(5) 2.092(5)
Ru(3)�C 2.061(5) 2.091(5)
Ru(1)�Ru(2)[b] 2.2537(5) 2.2939(6) 2.3117(10) 2.3738(5) 2.3447(4)
Ru(2)�Ru(3)[b] 2.2537(5) 2.2882(6) 2.3117(10) 2.3794(5) 2.3487(4)
Ru(1)�N 2.108(6) 2.108(4) 2.096(5) 2.105(4) 2.099(2)
Ru(2)�N 2.066(6) 2.041(5) 2.020(9) 2.041(4) 2.029(2)
Ru(3)�N 2.108(6) 2.118(5) 2.096(5) 2.120(4) 2.111(2)

C�N 1.108(7) 1.018(7)
1.126(6) 1.028(6)

aRu(1)-Ru(2)-Ru(3) 171.15(4) 166.66(3) 172.7(6) 170.876(19) 180

[a] From reference [21]. [b] Ru(1) and Ru(3) are the terminal Ru2+ ions, and Ru(2) the central one.

Table 2. Crystal data for 2, 3, 4, and 5.

2·2CH2Cl2·
1=2H2O 3·6CH2Cl2 4·2CH2Cl2·H2O 5·2CH2Cl2·2CCl4

formula C42H37BCl6F4N12O0.5Ru3 C46H44B2Cl14F8N12Ru3 C44H38Cl4N14ORu3 C46H36BCl12F4N14Ru3
Mr 1320.56 1738.06 1223.89 1600.31
T [K] 150 (1) 150 (1) 150(1) 150(1)
diffractometer NONIUS, Kappa CCD BRUKER, SMARTApexCCD NONIUS, Kappa CCD BRUKER, SMARTApexCCD
l [N] 0.71073 0.71073 0.71073 0.71073
crystal system monoclinic orthorhombic triclinic monoclinic
space group P21/n Fddd P1̄ C2/c
a [N] 11.3742 (1) 12.2606 (4) 12.0467(1) 15.3511(6)
b [N] 20.9329(2) 21.7050 (7) 12.9793(1) 24.5627(9)
c [N] 20.3272 (2) 48.3825 (15) 15.0324(2) 15.2503(6)
a [8] 90 90 91.6438(4) 90
b [8] 93.2781 (4) 90 90.0117(4) 90.282(1)
g [8] 90 90 104.4230(6) 90
V [N3] 4831.89 (8) 12875.4 (7) 2275.35(4) 5750.3(4)
Z 4 8 2 4
m [mm�1] 1.321 1.344 1.272 1.398
crystal size [mm] 0.5Q0.4Q0.12 0.50Q0.12Q0.05 0.50Q0.15Q0.03 0.30Q0.30Q0.05
q range [8] 1.40–27.50 1.68–27.50 1.36–27.50 1.56–27.50
reflections collected 32782 25801 49209 37625
independent reflections 11070 (Rint=0.0615) 3708 (Rint=0.0868) 10445 (Rint=0.0690) 6604 (Rint=0.0368)
RF/RwF2 (all data)[a] 0.0925/0.1577 0.0989/0.1830 0.0845/0.1335 0.0410/0.1009
RF/RwF2 [I>2s(I)][a] 0.0537/0.1339 0.0706/0.1679 0.0489/0.1114 0.0350/0.0969
GOF 1.043 1.062 1.103 1.096

[a] RF=� jFo�Fc j /� jFo j ; RwF2= [�w jF2
o�F2

c j 2/�wF4
o]
1/2.
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To obtain further insight into the electronic structure of
these compounds, a series of DFT calculations was per-
formed. The geometries of compounds 1 and 4 were opti-
mized in the idealized D4 symmetry on the singlet state for
compound 1 and the triplet state for compound 4. The z
axis is assumed collinear with the X–Ru3–X (X=Cl; CN)
axis. Some relevant geometrical parameters and results from
DFT calculations are listed in Table 3. The optimized geo-

metrical parameters are in good agreement with the experi-
mental data, except that the Ru�C and C=N distances of
compound 4 are different from the experimental data. The
geometry optimization for compound 4 with a fixed Ru�C
distance (2.058 N) was also carried out (Table 3). A compar-
ison of the molecular orbitals of both calculations shows
that the electronic configurations are similar. However, the
optimized C=N distances are still shorter than experimental
results (Table 3). This suggests that the difference in Ru�C
and C=N bonds might be attributed to crystal packing
forces and positional average effects.
In a linear trimetal system, the d orbitals of the transition

metals generate three types of molecular orbitals: 1) s-type
MOs (s, snb, and s*), composed of dz2 combinations. 2) p-
type MOs (p, pnb, and p*), composed of dxz and dyz orbitals.

Figure 2. Crystal structures of 4 (top) and 5 (bottom). Atoms are drawn
at the 30% probability level and hydrogen atoms are omitted for clarity.

Figure 3. The cyclic voltammograms of a) 2 and b) 5 in CH2Cl2 containing
0.1m TBAP.

Figure 4. Temperature-dependent magnetic effective moment (*) and
molar magnetic susceptibility (~) for 2.

Table 3. Relevant geometrical parameters[a] and results computed for
[Ru3 ACHTUNGTRENNUNG(dpa)4(X)2] (X=Cl, CN) in D4 symmetry.

X=Cl X=CN X=CN[b]

distances
Ru�Ru 2.267 2.388 2.386
Ru�X 2.605 1.950 2.058
Ruterminal�N 2.084 2.047 2.063
Rucentral�N 2.048 1.982 1.996
C�N – 1.192 1.175

spin distribution[c]

Rucentral – 0.9840 0.9651
Ruterminal – 0.3082 0.3343

[a] Distances in N. [b] Fixed Ru�C distances. [c] Spin distribution
(number of electrons spin-a minus spin-b).
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3) d-type MOs (d, dnb, and d*), composed of dxy orbitals.
These three types of MOs interact with different ligand
group orbitals (LGOs) of the axial ligands. The difference in
the electron configurations of compounds 1 and 4 may be
caused by different types of trimetal–ligand bonding interac-
tions: ligand-to-metal s donation, ligand-to-metal p dona-
tion, and metal-to-ligand p back-bonding.
On the basis of structural analysis, the Ru�Ru distances

of the [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2] (2.267 N) are shorter than those of
[Ru3ACHTUNGTRENNUNG(dpa)4(CN)2] (2.388 N), that is, the Ru–Ru interaction
of compound 1 is stronger than that of compound 4. This
stabilizes the s and p bonding orbitals and destabilizes the
s* and p* antibonding orbitals. The Ru�Cl distances
(2.605 N) are much longer than Ru�CN (1.950 N). This indi-
cates that the interaction between Ru and Cl ions is weaker
than that between Ru and CN ions. Thus, the snb orbital
(the antibonding interactions of the axial ligand with the tri-
metal chain) is destabilized in compound 4. In addition to
forming s bonds, the CN ligand is capable of a p back-bond-
ing interaction with the trimetal chain. The empty p* orbi-
tals of the CN ligand interact with the pnb and p* orbitals of
the trimetal chain, thus the pnb and p* orbitals are signifi-
cantly lowered in energy. On the other hand, the Cl ligand
can only form a p bonding interaction with the trimetal
chain. The p* orbitals are slightly destabilized.
The computed molecular orbitals close to the Fermi level

for compounds 1 and 4 are shown in Figure 5. The composi-
tions of the most relevant molecular orbitals are shown in
Figure 6 for compound 1 and Figure 7 for compound 4 as
isosurfaces, corresponding to a value of the wavefunction y

of 0.07 au. The LUMO (40e1), HOMO (22a2), and
HOMO�1 (18b2) of compound 1 can be classified as p*, snb,
and d* orbitals, respectively, and the LUMO (23a2), SOMO
(18b2), and SOMO�1 (40e1) of compound 4 can be classi-
fied as the snb, d* and p* orbitals, respectively. The snb orbi-
tals of both compounds show an antibonding interaction
with the axial ligands. The p* orbital of compound 1 shows
significant metal character whereas the p* orbital of com-

pound 4 exhibits a p back-bonding interaction with the axial
CN ligand. The energy gaps between snb and the other two
orbitals for compound 4 are significantly larger than those
for compound 1. In contrast to compound 1 in which two
electrons occupy the snb orbital, there are two electrons oc-
cupied in the doubly degenerate p* orbitals for compound
4.
Based on these DFT results and the previous report for

building metal string molecular orbital diagrams,[24] the qual-
itative molecular orbital energy level correlation diagrams
for compounds 1 and 4 were constructed and are shown in
Figure 8. It should be noted that the interactions between d-
type orbitals of trimetal and axial ligands are weak. There-

fore, these interactions are not
discussed here. These qualita-
tive MO diagrams are consis-
tent with the DFT results
(Figure 5). In compound 4, the
strong s interactions between
triruthenium and the axial CN
ligands destabilize the snb orbi-
tals and p back-bonding inter-
actions, with the axial CN
ligand stabilizing the p* orbi-
tals. These two orbitals are re-
versed in energy for compound
1. Thus, the electronic configu-
rations of these two compounds
are different, that is, compound
1 is in the singlet state and
compound 4 in the triplet state.

Figure 5. Molecular orbital diagrams for a) compound 1 from spin-restricted and b) compound 4 from spin-un-
restricted calculations. In the spin-unrestricted calculation, the a and b counterparts of the molecular orbitals
are connected with broken lines.

Figure 6. Molecular orbitals of 1 (the 40e1 MOs have two degenerate p
sets, combinations of dxz and dyz orbitals).
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Since there are two unpaired electrons in compound 4 it
is essential to determine their locations. As listed in Table 3,
the spin distribution values for compound 4 calculated by
DFT are 0.9840 and 0.3082 for Rucentral and Ruterminal ions, re-
spectively. In a localized model, a spin value of 2 at Rucentral
is expected. The difference between the idealized value and
calculated result can be attributed to the spin delocalization
caused by the generalized gradient approximation (GGA)
function[25] and the interaction of the Ru�Ru bond.
In addition to the larger spin distribution values on the

Rucentral ion, the contribution of the Rucentral character in the
two magnetic orbitals is also larger than that of the Ruterminal
ion, as shown in Table 4. Thus, the two unpaired electrons
occupy mainly the Rucentral ion. Considering the Rucentral ion
of compound 1, the interactions between four nitrogen
atoms and the Rucentral ion destabilize the dx2�y2 orbital and
the interactions between the Rucentral and Ruterminal ions de-
stabilize the dz2 orbital. The six electrons of the Rucentral ion
occupy the three lower orbitals (dxy, dyz, and dxz). Thus, the
RuIIcentral unit of compound 1 is in the singlet state as shown
in Figure 9 (left). In the case of compound 4, the weak inter-
actions between the Rucentral and Ruterminal ions stabilize the
dz2 orbital of the Rucentral ion. The energy gap between the
dz2 and dxy orbitals decreases and both the dxy and dz2 orbi-
tals are singly occupied. The Rucentral ion of compound 4 is in
the triplet state as shown in Figure 9 (right). For the
Ruterminal ions, the dz2 and dx2�y2 orbitals are destabilized due
to the interactions with the axial ligand (Cl and CN). The
Ruterminal ions of both compounds are in the d

6 low spin state
(S=0).
DFT calculations were also performed on [Ru3-

ACHTUNGTRENNUNG(dpa)4(CN)2]
+ . The doublet and quartet electronic states

were investigated and the relevant geometrical parameters

and atomic spin distributions are listed in Table 5. The
energy of the quartet state is significantly lower than that of
the doublet state and the geometrical parameters are com-
parable to the experimental data. Therefore, the electronic
configuration of compound 5 can be considered to be in the
quartet state, consistent with the magnetic measurements.
The computed molecular orbital energy diagram for [Ru3-

ACHTUNGTRENNUNG(dpa)4(CN)2]
+ is shown in Figure 10. The three unpaired

electrons occupy the 18b2 (d*) and 40e1 (p*) orbitals. The
contribution of the Rucentral character in these two magnetic
orbitals is larger than that of the Ruterminal ion (Table 4).
Moreover, the atomic spin value at Rucentral (1.3051) is larger
than that at Ruterminal (0.5632) for [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]

+ . It
might be proposed that the Rucentral atom is oxidized and has
three unpaired electrons. The two electrons on the 40e1 orbi-
tals are more or less delocalized over the Ru3 unit through
Ru�Ru bonds.

Conclusion

To summarize, the yield for the synthesis of linear triruthe-
nium compounds has been improved under modified condi-
tions. This allows us to obtain a large amount of material for
further studies. In the crystal structures, the average Ru�Ru
distance of the oxidized compounds is slightly longer than
that of the neutral analogues. For compounds with chloride
axial ligands, the Ru�Cl distance of the neutral compound is
much longer than that of the oxidized compounds. Com-
pounds 1–3 exhibit three reversible redox reactions, whereas
compounds 4 and 5 show two reversible redox reactions.
The electronic configuration changes significantly as the
axial ligands are altered from chlorides to cyanides. The

Figure 7. Molecular orbitals of 4 (the 40e1 MOs have two degenerate p sets, combinations of dxz and dyz orbitals).
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magnetic measurements,
1H NMR spectra, and crystal
structures of these compounds
are in agreement with the elec-
tronic structures obtained by
theoretical calculations.

Experimental Section

General remarks : All reagents and
solvents were obtained from commer-
cial sources and were used without fur-
ther purification unless otherwise
noted. CH2Cl2 used for electrochemis-
try was dried over CaH2 and freshly
distilled prior to use. Tetra-n-butylam-
monium perchlorate (TBAP) was re-
crystallized twice from ethyl acetate
and further dried under vacuum.

Physical measurements : Absorption
spectra were recorded on Hewlett
Packard model 8453 or JASCO V-570
spectrophotometers. IR spectra were
obtained with a Nicolet Fourier-Trans-
form IR spectrometer in the range of
500–4000 cm�1. FAB-MS mass spectra
were obtained with a JEOL HX-110
HF double focusing spectrometer op-
erating in the positive ion detection
mode. The molar magnetic susceptibil-
ity was recorded in the range of 5–
300 K on a SQUID system with a
10000 Gauss external magnetic field.
Electrochemistry was performed with
a three-electrode potentiostat (CH In-
struments, Model 750 A) in a CH2Cl2
deoxygenated by purging with prepuri-
fied nitrogen gas. Cyclic voltammetry
was conducted with the use of a home-
made three-electrode cell equipped
with a BAS glassy carbon (0.07 cm2)
or platinum (0.02 cm2) disk as the
working electrode, a platinum wire as
the auxiliary electrode, and a home-
made Ag/AgCl (saturated) reference
electrode. The reference electrode is
separated from the bulk solution by a

Figure 8. Qualitative molecular orbital energy level correlation diagrams for 1 (top) and 4 (bottom).

Table 4. The contribution of Rucentral and Ruterminal character in the 40e1
and 18b2 orbitals of compounds 4 and 5.

Rucentral Ruterminal

40e1 of 4 43.35% 41.66%
18b2 of 4 32.37% 11.46%
40e1 of 5 46.21% 36.01%
18b2 of 5 26.54% 19.54%

Figure 9. A schematic representation of 3d6 electronic configuration of
isolated RuIIcentral unit in 1 (left) and 4 (right).

Table 5. Relevant geometrical parameters[a] and results computed for
[Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]

+ in D4 symmetry.

S=3/2 S=1/2

Ru�Ru 2.345 2.367
Ru�C 1.965 1.949
Rucentral�N 2.003 1.991
Ruterminal�N 2.072 2.066
C–N 1.176 1.178
E [eV] – 0.258

spin distribution[b]

Rucentral 1.3051 0.5442
Ruterminal 0.5632 0.3649

[a] Distances in N. [b] Spin distribution (number of electrons spin-a
minus spin-b).
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double junction filled with electrolyte solution. Potentials are reported
versus Ag/AgCl (saturated) and referenced to the ferrocene/ferrocenium
(Fc/Fc+) couple which occurs at E1/2=++0.54 V versus Ag/AgCl (satu-
rated). The working electrode was polished with 0.03 mm alumina on
Buehler felt pads and was subjected to ultrasound for 1 min prior to each
experiment. The reproducibility of individual potential values was within
�5 mV. The spectroelectrochemical experiments were accomplished with
the use of a 1 mm cuvette, a 100 mesh platinum gauze as working elec-
trode, a platinum wire as auxiliary electrode, and a Ag/AgCl (saturated)
reference electrode.

ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4Cl2] (1): Hydrazine (five drops) was added to a solution of
compound 2 (114 mg, 0.1 mmol) in CH2Cl2 (100 mL). The mixture was
stirred under a nitrogen atmosphere for 10 min, and then filtered through
Celite. The solution was concentrated, layered by hexane, and crystal-
lized at 4 8C to give 66 mg of dark brown crystals (63%). IR (KBr): ñ=
1597, 1587, 1541, 1458, 1420 cm�1 (py); UV/Vis (CH2Cl2): lmax (e)=262
(9.59Q104), 342 (5.80Q104), 476 nm (1.01Q104 dm3mol�1 cm�1); MS-
ACHTUNGTRENNUNG(FAB): m/z : 1055 [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2]

+ , 1020 [Ru3 ACHTUNGTRENNUNG(dpa)4Cl]
+ ; elemental analy-

sis calcd (%) for [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2]: C 45.54, H 3.06, N 15.93; found: C
45.07, H 3.16, N 15.38.

ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4Cl2] ACHTUNGTRENNUNG[BF4] (2): Ligand dpaH (340 mg, 2.0 mmol), Ru2 ACHTUNGTRENNUNG(OAc)4Cl
(710 mg, 1.5 mmol), LiCl (200 mg, 4.5 mmol), and naphthalene (20 g)
were placed in an Erlenmeyer flask under an argon atmosphere. The
mixture was refluxed gently for 30 min and then tert-butanol (10 mL) was
added. The solution was refluxed for a further 10 min, then tert-BuOK
(240 mg, 2.0 mmol) in tert-butanol (10 mL) was added,. The temperature
was increased and the tert-butanol was slowly evaporated over a period
of 30 min. The resulting solution was then stirred at 220 8C for an addi-
tional 90 min. After the mixture was cooled to 80 8C, hexane (100 mL)
was added and the precipitate was filtered. The solid was extracted with
CH2Cl2 (200 mL). Ferrocenium tetrafluoroborate (140 mg, 0.5 mmol) was
added to the CH2Cl2 solution. The resulting solution was stirred for
10 min and then diethyl ether (100 mL) was added to precipitate the im-
purity. The mixture was filtered and the solvents were removed by a
rotary evaporator. Crystallization from CH2Cl2 and diethyl ether afforded
302 mg of dark red crystals (53%). IR (KBr): ñ=1604, 1469, 1457,
1424 cm�1 (py); UV/Vis (CH2Cl2): lmax (e)=272 (9.76Q10

4), 479 (6.66Q
103), 534 (5.95Q103), 933 nm (6.76Q103 dm3mol�1 cm�1); MS ACHTUNGTRENNUNG(FAB): m/z :
1055 [Ru3ACHTUNGTRENNUNG(dpa)4Cl2]

+ , 1020 [Ru3 ACHTUNGTRENNUNG(dpa)4Cl]
+ ; elemental analysis calcd (%)

for [Ru3ACHTUNGTRENNUNG(dpa)4Cl2] ACHTUNGTRENNUNG[BF4]: C 42.08, H 2.83, N 14.72; found: C 41.88, H 2.86,
N 14.41.

ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4Cl2] ACHTUNGTRENNUNG[BF4]2 (3): Excess NOBF4 (60 mg, 0.5 mmol) was added to
a solution of compound 2 (114 mg, 0.1 mmol) in CH2Cl2 (50 mL). The
mixture was stirred at room temperature for 3 h, and then filtered. The
solution was concentrated under reduced pressure. Crystallization from

CH2Cl2 and diethyl ether produced 61 mg of dark purple crystals (50%).
IR (KBr): ñ=1599, 1552, 1460, 1422 cm�1 (py); UV/Vis ACHTUNGTRENNUNG(CH2Cl2): lmax
(e)=280 (9.66Q104), 492 (5.89Q103), 544 (6.34Q103), 1054 nm (1.29Q
104 dm3mol�1 cm�1); MS ACHTUNGTRENNUNG(FAB): m/z : 1055 [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2]

+ , 1020 [Ru3-
ACHTUNGTRENNUNG(dpa)4Cl]

+ ; elemental analysis calcd (%) for [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2] ACHTUNGTRENNUNG[BF4]2: C
39.11, H 2.63, N 13.68; found: C 38.97, H 2.91, N 13.34.

ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2] (4): Hydrazine (five drops) was added to a solution of
compound 5 (50 mg, 0.04 mmol) in CH2Cl2 (50 mL). The mixture was stir-
red under a nitrogen atmosphere for 10 min, and then filtered through
Celite. The solution was concentrated, layered by hexane, and crystal-
lized at 4 8C to give 28.6 mg of dark brown crystals (62%). IR (KBr): ñ=
2058, 1613, 1467, 1421 cm�1 (py); UV/Vis (CH2Cl2): lmax (e)=270 (6.58Q
104), 350 (3.52Q104), 480 (5.80Q103), 734 nm (3.49Q103 dm3mol�1 cm�1);
MS ACHTUNGTRENNUNG(FAB): m/z : 1037 [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]

+ , 1011 [Ru3 ACHTUNGTRENNUNG(dpa)4CN]
+ ; elemen-

tal analysis calcd (%) for [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]: C 45.54, H 3.06, N 15.93;
found: C 45.07, H 3.16, N 15.38.

ACHTUNGTRENNUNG[Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2] ACHTUNGTRENNUNG[BF4] (5): Excess NaCN (65 mg, 1.3 mmol) was added
to a solution of compound 2 (50 mg, 0.04 mmol) in CH3CN (40 mL). The
mixture was stirred at room temperature for 6 h, and then filtered. The
solution was concentrated under reduced pressure. Crystallization from
CH2Cl2 and CCl4 produced 39.2 mg of dark purple crystals (80%). IR
(KBr): ñ=2049, 1609, 1465, 1420 cm�1 (py); UV/Vis ACHTUNGTRENNUNG(CH2Cl2): lmax (e)=
273 (1.27Q105), 349 (5.85Q104), 482 (8.50Q103), 784 nm (1.21Q
104 dm3mol�1 cm�1); MS ACHTUNGTRENNUNG(FAB): m/z : 1037 [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]

+ , 1011 [Ru3-
ACHTUNGTRENNUNG(dpa)4CN]

+ ; elemental analysis calcd (%) for [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2] ACHTUNGTRENNUNG[BF4]: C
44.93, H 2.87, N 17.46; found: C 40.76, H 2.99, N 15.24.

X-ray crystallographic study : The chosen crystals were mounted on a
glass fiber. Data collection was carried out on a NONIUS Kappa CCD
diffractometer and a BRUKER SMART ApexCCD diffractometer with
Mo radiation (l=0.71073 N). Cell parameters were retrieved and refined
using DENZO-SMN software on all observed reflections.[26] Data reduc-
tion was performed with the same software. An empirical absorption was
based on the symmetry-equivalent reflections, and absorption corrections
were applied with the SORTAV program.[27] All the structures were
solved using SHELXS-97[28] and refined with SHELXL-97[29] by full-
matrix least-squares methods on F2 values. Hydrogen atoms were fixed at
calculated positions and refined using a riding mode. The detailed crystal
data are listed in Table 2. CCDC–618738–618741 (2, 3, 4, and 5) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational methods : All calculations and geometry optimizations re-
ported in this article were carried out by using density functional theory
(DFT) methods[30] with the ADF 2002.02 program package.[31] The local
spin density (LSD) exchange correlation potential[30] was used with the
local density approximation (LDA) of the correlation energy (Vosko,
Wilk, Nusair).[32] BeckeVs nonlocal corrections[33] to the exchange energy
and PerdewVs nonlocal corrections[34] to the correlation energy were used.
The scalar relativistic zero-order regular approximation (ZORA) was
used within the ADF study.

Within the ADF program slater type orbitals (STO) with the following
basis sets were used: double-z quality for H, double-z quality with polari-
zation function for C, N, Cl and triple-z quality with polarization function
for Ru. The inner shells were treated within the frozen-core approxima-
tion (1s for C and N, 1s–2p for Cl, 1s–3d for Ru).

Full geometry optimizations were carried out within the idealized D4

symmetry constraints for [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2], [Ru3(dpa)4(CN)2], and [Ru3-
ACHTUNGTRENNUNG(dpa)4(CN)2]

+ . The spin-restricted formalism was used for the closed-
shell ground state [Ru3 ACHTUNGTRENNUNG(dpa)4Cl2], and the spin-unrestricted formalism
was used for the open-shell ground state [Ru3(dpa)4(CN)2] and [Ru3-
ACHTUNGTRENNUNG(dpa)4(CN)2]

+ .

Figure 10. Molecular orbital diagrams for [Ru3 ACHTUNGTRENNUNG(dpa)4(CN)2]
+ from the

spin-unrestricted calculation. In the spin-unrestricted calculation, the a

and b counterparts of the molecular orbitals are connected with broken
lines.
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