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Conjugated organometallic compounds diruthenium(6+) bis(alky-
nyl)s exhibit an unusual structure that is severely distorted from a
typical D4 paddlewheel geometry. Density functional theory calcu-
lations suggest that the distortion is driven by both the need for an
enlarged highest occupied molecular orbital-lowest unoccupied
molecular orbital gap and stronger Ru-Ru bonding through the
formation of partial σ and π bonds.

Transition-metal alkynyl compounds have been scruti-
nized as candidates for molecular wires, active species of
molecular devices and optoelectronic devices.1 Alkynyl com-
pounds containing a paddlewheel diruthenium core, namely,
Ru2

n+ (n=4-6), exhibit rich redox characteristics and have
attracted significant interest recently as promising building
blocks for molecular wires.2,3 Among hundreds of known
Ru2

n+ paddlewheel compounds,4 the diruthenium(6+) bis-
(alkynyl)s supported byN,N0-bidentate ligands are unique in
having structures that are severely distorted from the idea-
lized D4h symmetry in (i) the significant bend of the Ru-
Ru0-C linkage (ca. 165� for Ru-Ru0-C), (ii) a large varia-
tion among Ru-N distances (>0.1 Å), and (iii) a drastic
discrepancy among the Ru-Ru0-N angles.5,6 Although a
large body of structural and spectroscopic data has been
accumulated for diruthenium(6+) bis(alkynyl)s,2 there are

only a few computational studies of the electronic structure of
these compounds.7-9 Because the electrical conductance of
molecular wires has been proposed to correlate with their
electronic structures,10 it is necessary to gain further insight
into the electronic structure of Ru2

6+ complexes. Work
reported in this Communication aims at a first-principle
understanding of the electronic and geometric structures of
diruthenium(6+) bis(alkynyl)s through density functional
theory (DFT) calculations.
DFT calculations were performed using the ADF pro-

gram11 with the BP86 functional12 because this method has
been effective in describing paddlewheel triruthenium com-
plexes.13 Calculations with both the VWN14 and PW91
functionals15 were also performed and yielded results similar
to those from the BP86 functional, confirming the accuracy
of the latter. For the sake of computational simplicity, the
bridging and axial ligands were replaced by HNCHNH and
CtCH (Scheme 1), respectively. As mentioned above, a very
prominent feature of diruthenium(6+) bis(alkynyl)s is the
nonlinearity of the -CtC-Ru-Ru-CtC- linkage and
distortion in the Ru2(N-N)4 coordination sphere from the
D4 symmetry. This distortion was previously attributed to a
second-order Jahn-Teller effect, which stabilizes the mole-
cule by lowering its symmetry.8 Two models were used for
modeling this symmetry descent in the current work
(Scheme 1). In model I, the z axis is collinear with the Ru-
Ru axis and coincides with the principal axis of D4. The
symmetry of model II is C2, with the z axis passing two
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methine carbon centers of the opposite bridged ligands, and
reflects the observed structural distortions. It should be noted
that the symmetry of some distorted diruthenium(6+) bis-
(alkynyl)s is close to Ci instead, which was also investigated
(model III; see the Supporting Information). Because the
calculated results withC2 andCi constraints are very similar,
we only describe the former results herein.
A singlet ground state for diruthenium(6+) bis(alkynyl)s

has been inferred from their well-behaved 1H and 13C NMR
spectra and is assigned to a π4δ2π*4 configuration.6 Full
geometry optimization of model I was performed under the
D4 constraint. The optimized structure and results of model I
are shown in Figure 1a and Table 1, which exhibits a linear-
CtC-Ru2-CtC- linkage with a long Ru-Ru bond
(2.688 Å). Consistent with the qualitative proposal of Bear and
Cotton,6 the computed configuration of model I is π4δ2π*4

(Scheme S2 in the Supporting Information), which implies a
netδ(Ru-Ru) bond only for diruthenium(6+) bis(alkynyl)s.
The initial structure for the optimization of model II was

slightly modified from that of model I in order to adopt C2

symmetry. Compared with the optimized structure of model
I, the geometry of model II shows a bent -CtC-Ru2-
CtC- linkagewith an optimizedRu-Ru-Cangle of 158.7�
(Figure 1b and Table 1), which is in good agreement with
the crystal structure. Surprisingly, the optimized Ru-Ru
distance is 2.579 Å, which is significantly shorter than that in
model I and is close to the experimental bond length.2

To further understand the origin of the observed structural
distortion, two other geometries with fixed Ru-Ru-C angles
(167 and 150�) under the C2 constraint were optimized. The
potential energy surface (PES) then was built by plotting the
DFTrelative energyof these fourgeometries as a functionof the
Ru-Ru-Cangle (Figure 2). The equilibrium structure (158.7�)
locates at the global minimum of the PES and is 0.67 eV below
that of D4 geometry, suggesting that diruthenium(6+) bis-
(alkynyl)s adoptdistortedgeometries inorder togain stability.16

Molecular orbital (MO) diagrams of the optimizedmodels
I (180�) and II (166, 158.7, and 150�) are shown in Figure 3.
The highest occupied MO (HOMO) and lowest unoccupied
MO (LUMO) in model I are assigned to 15e1 (π*) and
11a1 (σ) (Figure S4 in the Supporting Information), respec-
tively. The HOMO-LUMO gap is so small (0.369 eV) that
the molecule is susceptible to a structural distortion to allow
intermixing between HOMO and LUMO.17 The mixing of

Figure 1. Fully optimized structures of (a) model I and (b) model II.

Table 1. Relevant Bond Lengths (Å) and Angles (deg) Computed for Models I
and II

model I model II exptla

Ru-Ru 2.688 2.579 2.555
Ru-N1 2.041 2.089 2.094
Ru-N2 2.024 2.012
Ru-N3 2.035 2.105
Ru-N4 2.035 2.006
Ru-C 1.907 1.955 1.991
Ru-Ru-N1 85.1 78.1 81.06
Ru-Ru-N2 94.9 92.66
Ru-Ru-N3 86.3 96.38
Ru-Ru-N4 86.3 77.89
Ru-Ru-C 180 158.7 158.80
ΔE (eV) 0.67 0

aFrom ref 8.

Scheme 1. Models of Diruthenium Bis(alkynyl)sa

aThe HCC-Ru-Ru-CCH linkage is helically wrapped by four
bridging HNCHNH ligands.

Figure 2. Variationof the relative energy (solid circle) andRu-Rubond
distance (Å, open circle) with the Ru-Ru-C angles.

Figure 3. MO diagrams for the optimized models I (180�) and II (166,
158.7, and 150�) from DFT calculations. The correlated MOs are con-
nected with dashed lines.
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MOs 15e1 and 11a1 resulted in 32a and 29a upon bending of
the Ru-Ru-C linkage [D4 (180�) to C2 (166�)]. MO 32a is a
distorted σ bonding orbital, which is destabilized as the Ru-
Ru-C angle decreases as a result of the poor overlap. On the
other hand, MO 29a is a distorted π* orbital and exhibits
Ru-Ru σ-bonding character between two dxy orbitals. This
interaction strengthens as the Ru-Ru-C angle decreases,
which results in stabilization of 29a. Furthermore, MO 6b1
(δ*), LUMO+1 in the D4 geometry, is energetically unaf-
fected by the D4 to C2 distortion and becomes the LUMO
(31a) of model II (166�). Because the sequence of valence
MOs is rearranged, the HOMO-LUMO gap of model II
(166�) is enlarged to 0.642 eV. TheD4 toC2 distortion by the
HOMO-LUMO mixing, therefore, leads to increases in
both the HOMO-LUMO gap and molecular stability.
The increase in the HOMO-LUMO gap is achieved

through the symmetry descent from model I (180�) to model
II (166�). This gap, however, does not increase upon further
bending of the Ru-Ru-C angle. In fact, the gap decreases
slightly when the Ru-Ru-C angle decreases from 166� to
158.7� and then to 150� (Figure 3). A possible rationale for
the equilibrium geometry at 158.7� could be formation of the
Ru-Ru bond. As discussed above, MO 29a is a π* orbital
based on the overlap between two dxy orbitals and exhibits a
pronounced σ-bonding character upon distortion. Further
bending of the Ru-Ru-C angle results in better σ overlap
and hence a strengthened σ bond. MO diagrams show that
29a is strongly stabilized along the Ru-Ru-C angle coordi-
nate, which is consistent with the appearance of the Ru-Ru
σ bond. Furthermore, because the π* interaction (29a) was
(partially) removed upon distortion, model II also exhibits a
partial Ru-Ru π bond, which results from the occupied 28b
and 30a (π) orbitals (Figure S5 in the Supporting Informa-
tion). Such a gain in the Ru-Ru bond order (partial σ and
π bonding) is reflected by the shortening of the calculated
Ru-Ru bond length from 2.688 Å (model I, 180�) to 2.594 Å
(model II, 166�) to 2.579 Å (model II, 158.7�). The depen-
dence of the Ru-Ru distance on the Ru-Ru-C angle is
similar to that of the relative energy (Figure 2), which
suggests that the need for stronger Ru-Ru σ and π bonds
may drive the structural distortion to equilibrium geometry
(158.7�). Although further distortion (<158.7�) still strength-
ens the Ru-Ru bond, the calculated geometry (150�) lies
∼0.2 eV above the equilibrium structure. The destabilization
is likely due to the loss of Ru-L bond strength, because the
geometry of model II is too distorted to have a reasonable
Ru2(N-N)4 core when the Ru-Ru-C angle is less than
158.7� (for instance, Ru-Ru-N1 = 60.6�; Figure S6 in the
Supporting Information).
It is noteworthy that the Ru-Ru bond length optimized

with the D4 symmetry constraint is significantly longer than
that of the crystal structure in our previous reports.7 These
deviations were attributed to utilization of the reduced ligand
framework and an effective core potential in the atomic basis
sets.8 Our present work shows that the calculated electronic
configuration under the D4 constraint has only a weak

δ(Ru-Ru) bond, which resulted in an elongated Ru-Ru
distance. When the symmetry constraint is reduced from D4

to C2, the resultant electronic structure exhibits σ(Ru-Ru)
and π(Ru-Ru) bonding characters. These strong Ru-Ru
σ and π interactions significantly decrease the optimized
Ru-Ru distance (-0.109 Å) and have better agreement with
the crystal structure.
In summary, we have performed a series of DFT calcula-

tions to investigate the electronic structure and geometrical
distortion of diruthenium(6+) bis(alkynyl)s. In agreement
with the early discussion,8 theD4 toC2 structural distortion is
attributed to an increase in theHOMO-LUMOgap through
HOMO-LUMO mixing (second-order Jahn-Teller effect).
A further decrease in the Ru-Ru-C angle is driven by the
formation of partial Ru-Ru σ and π bonds, and the
equilibrium at the Ru-Ru-C angle of 158.7� is the result
of a subtle balance between the gain in Ru-Ru bonding and
the loss of Ru-ligand bonding caused by distortion. More-
over, while previous studies suggested the existence of the
δ(Ru-Ru) bond only for diruthenium(6+) bis(alkynyl)s,
the present work suggests that these compounds gain
partial Ru-Ru σ and π bonding with the loss of one of the
π*(Ru-Ru) orbitals. Because the electronic conductance of
molecular wires correlates with their electronic structure and
metal-metal bond orders,10 we believe that these results may
provide insight into both rationalization of the observed
current-voltage characteristics and the design of better
molecular wires based on diruthenium(6+) bis(alkynyl)s.
Bimetallic species deviating from the classicD4h paddlewheel
motif have been documented recently for dirhodium(III,III)
carboxamidate compounds bearing two axial σ-aryl ligands
that feature Rh-Rh-C angles ranging from 155 to 165�18
and formally quintuple-bonded dichromium(I,I).19 Some of
the structural features observed in the Rh2 species may also
be interpreted using our results: the RhIII,III2 species have
a formally nonbonding π4δ2π*4δ*2 configuration and yet
exhibit Rh-Rh distances (2.52-2.57 Å) comparable to the
sum of two Rh covalent radii (2 � 1.25 = 2.50 Å). The
shortness of the Rh-Rh distances may be related to the
scenario of partial σ bonding at the expense of π* anti-
bonding upon distortion.
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