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The structures of bimetallic ruthenium(II)-tuthe- 
nium(III) ions with a variety of bridging ligands are 
considered using molecular orbital methods. These 
ions may by symmetrical with equivalent metal 
centers or may be distorted with nonequivalent sites, 
which in the extreme can be identified as Ru(II) and 
Ru(III). Certain ions with ligands such as 4,4’-bipyri- 
dine or nonconjugated dicyano species would have 
degenerate ground states if they were symmetrical 
and are thus distorted. In other ions the odd electron 
will be located in a coupled orbital and there will be 
less of a tendency toward distortion. The original 
Creutz and Taube pyrazine bridged complex is of 
this type. 

Introduction 

The bimetallic ruthenium pyrazine [l, 21 and 
4,4’-bipyridine complexes [2-41, lb and 2b, 
reported several years ago by Creutz and Taube were 
the first of many similar species prepared since then 
[4-!9]. There have been numerous spectroscopic and 
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chemical studies of these interesting complexes, with 
much discussion devoted to the question as to whether 
the complexes have discrete ‘localized’ Ru(I1) and 
Ru(II1) centers or alternatively have a ‘delocalized’ 
electronic structure with equivalent metal centers [l- 
141. Theoretical treatments of these ions have relied 
primarily upon the theory of Hush [15] and the 
classifications of Robin and Day [16], although 
numerous authors have made contributions [ 17-181. 
Molecular orbital analyses of individual molecules 
have been offered, but they are in general incomplete, 

sometimes incorrect, and often contradictory with 
one another. We report here a systematic molecular 
orbital analysis of these interesting complexes. 

Results and Discussion 

The molecular orbitals of a square pyramidal 
Ru(NH3)y fragment are well known, 5. The b, and 
al orbitals are strongly antibonding due to sigma 
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bonding while the 
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e and bz orbitals are essentially 
nonbonding and correspond to the ‘tZg’ set of orbitals 
found for a completed octahedron. The addition of a 
sixth ligand such as a pyridine or other nitrogen 
heterocycle leads to the classical octahedral splitting 
but with one difference. One d orbital (the d,, in our 
coordinate system) is of proper symmetry to interact 
with the 71 system of the ligand, 6. Such ligands have 
both filled and empty n orbitals; filled 71 orbitals tend 
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to destabilize the dXZ, while empty n* orbitals tend 
to stabilize the same orbital. Accepted theory and 
experiments suggest that the interaction with the 
lowest II* orbital is the most important and that the 

d, orbital is stabilized relative to the others by this 
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back bonding mechanism. In most treatments of such 
ions the interactions with the filled a orbitals are 
neglected since conventional n back bonding is the 
dominant effect. 

firazine and 4,4’-Bipyn’dine Bridged Ion 
When a pyrazine molecule bridges two Ru(NHa)z’ 

fragments the situation is different. The symmetry of 
the ion is higher, DZh, and the lowest tr* orbital is of 
a symmetry other than that of the highest n orbital 
with nitrogen coefficients. As shown in Fig. 1 this a* 
orbital will overlap and stabilize the bau combination 
of metal orbitals (xzr - xzZ). The 7~ orbital is of bZg 
symmetry and overlaps with and destabilizes the 
opposite combination (xzr + xzZ). In nonbridged 
complexes these ‘II and rr* orbitals are of the same 
symmetry and there is net ligand to metal back- 
bonding. In the dimer these interactions are separated 
by symmetry and the pyrazine n bonds in an 
amphoteric manner. One combination of metal 
orbitals is destabilized by the ligand 7~ while the 
second combination is stabilized by the a*. This 
results in a significant splitting or coupling of the two 
d,, orbitals. The remaining four d orbitals remain 

Fig. 1. An interaction diagram for the pyrazine bridged 
Ru(II)-Ru(I1) ion, la. The Ru orbitals are shown on the left 
and the relevant pyrazine n orbitals are shown on the right. 
More details can be found in Table I. 

Fig. 2. An interaction diagram for the bipyridine bridged 
Ru(II)-Ru(I1) ion, 2a. The Ru orbitals are shown on the left 
and the relevant bipyridine II orbitals are shown on the right. 
More details can be found in Table I. 

essentially nonbonding although there are smaller 
destabilizations due to the nonbonded repulsions 
with the sigma systems of the ligands. 

When 4,4’-bipyridine bridges two Ru(NHa):’ frag 
ments the assumed symmetry is DZd and the inter- 
actions shown in Fig. 2 take place [19]. Significant- 
ly the appropriate tr and rr* orbitals are of the same 
symmetry in this case and thus overlap with the 
same combination of metal orbitals in a manner 
similar to a nonbridged complex. The a* interaction 
is dominant and as a result there is a low lying 
stabilized e set of metal orbitals. 

Figures 1 and 2 represent the situation for sym- 
metric Ru(II)-Ru(I1) ions. When one electron is 
removed by oxidation mixed valence Ru(II)-Ru(II1) 
ions result. Such species may be symmetrical with 
equivalent Ru centers or they may distort yielding 
nonequivalent Ru centers, which in an extreme could 
be identified as Ru(I1) and Ru(II1) sites. To investi- 
gate such possible distortions we have performed 
extended Htickel calculations [20-211 upon these 
ions with both symmetrical and nonsymmetrical 
structures. For the pyrazine complex the symmetrical 
structure was taken directly from the known crystal 
geometry [ 13, 221. The bipyridine complex was 
given similar Ru structural parameters and an ideal- 
ized bipyridine geometry with perpendicular rings. 
The distorted geometries were modeled by small 
deviations of the Ru-NH, bond distances. The 
distances about one Ru center were made 0.02 A 
shorter while the distances about the second metal 
center were made 0.02 A longer. The resulting differ- 
ences of 0.04 A are equal to the differences found 
for Ru(I1) and Ru(II1) hexammine ions [23]. The 
distances to the bridging ligand were equal in all 
cases, 2.0 A. 

Table I shows the energies and more importantly 
the electron occupancies of each Ru atom for the six 
metal centered orbitals of each ion. The left side of 
the table shows the values found for the symmetrical 
ions, while the right side shows the values for the 
unsymmetrical ions. The orbitals of the symmetrical 
ions correspond directly to the orbitals shown in Figs. 
1 and 2. They contain equal contributions from each 
metal atom. When the ions distort the symmetry is 
lowered, from Dzh to C?, for the pyrazine ion and 
from D,, to CZv for the bipyridine ion. The highest 
and lowest orbitals of the pyrazine ion (xzr t xz?) 
and (xzr - xzZ) are strongly coupled and upon distor- 
tion there is relatively little change in electron 
occupancy. The remaining four orbitals are combina- 
tions of yz and xy orbitals and are essentially 
degenerate in the symmetric case with no significant 
coupling. The distortion splits the degeneracies and 
leads to a completely localized occupancy. In the 
bipyridine ion the lowest e set of orbitals is stabilized 
by K bonding and changes little upon distortion, 
while the higher four orbitals are once again nearly 
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TABLE I. Energies and Electron Occupancies for Symmetric and Distorteda Ru(II)-Ru(II) Bridged Ions. 
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Symmetrical 

Orbital Rur 

1. (NHs)sRu-ND-Ru(NHs);. 

Ru2 Energy 

Distorteda 

Orbital Rur Rua Energy 

bzr x2, + x22 0.82e 0.82e -11.65 eV bl xz, + xz2 0.90e 0.76e -11.65 eV 
bzu Y=l - Y22 0.90 0.90 -11.76 b2 yzl - yz2 1.72 0.07 -11.73 
b3g YZl + Y22 0.90 0.90 -11.77 ba YZ~ + Y22 0.07 1.74 -11.79 
a a (x2 - y2)r + (x2 - y2)2 0.91 0.91 -11.89 al (X2 - Y2)1 + (X2 - Y2)2 1.81 0.01 -11.85 
au (x2 - yq, - (x2 - y2)2 0.92 0.92 -11.90 aI (X2 - y2)1 - (X2 - Y2)2 0.01 1.83 -11.92 

bsu xzt - xz2 0.76 0.76 -12.13 'a xz1- X22 0.68 0.84 -12.13 

YZl 1.79 - 
e 

xz2 _ 1.79 
-11.76 

a2 (x2 - y2)r + (x2 - y2)2 0.88 0.88 -11.88 
bt (x2 - y2)t - (x2 - y2)2 0.92 0.92 -11.89 

e 
XZl 

YZ2 

1.48 - 
1.48 

-11.98 - 

3. (NH3)sRu-NCCN-Ru(NH3);4 

ea 
xzr + xza 

0.84 0.84 -11.69 
YZl + Y22 

bt, (x2 - y2)r + (x2 - Y’)~ 0.92 0.92 -11.91 
bzu (x2 - y2)r - (x2 - Y’)~ 0.92 0.92 -11.91 

eu 
xz, - xz2 

YZl - YZZ 
0.67 0.67 -12.13 

bl xz, - xz2 0.01 1.80 -11.74 

b2 YZ, -Yzz 1.80 0.01 -11.77 
al (x2 - y2)l + (x2 - Y2)2 1.80 0.00 -11.87 
al (X2 - y2)l - (x2 - Y2)2 0.00 1.80 -11.89 

bl xz1 + xz2 1.12 0.29 -11.97 

b2 YZI +yzz 0.36 1.10 -11.98 

e 
xz, + xz2 

Y21 + YZ2 

bl (x2 - y2)1 + (x2 - Y2)2 

b, (x2 - y2)r - (X2 - Y2)2 

e 
xz1- xz2 

YZl - YZZ 

0.94 0.74 -11.69 

1.83 0.00 -11.86 
0.00 1.83 -11.94 

0.67 0.87 -12.13 

aThe Rut-NH3 distances are 0.04 A shorter than the Ruz-NH3 distances. See the text for details. 

degenerate in the symmetric case and thus localized 
upon distortion. 

These electron occupancies are the key to an 
understanding of the relative tendencies of mixed 
valence ions to distort. If one electron is removed by 
oxidation of the Ru(II)-Ru(I1) pyrazine ion, la, it 
will come from the bzr (xzr + xz2) orbital which is 
highly coupled and relatively insensitive to distortion. 
If one electron is removed from the bipyridine 
complex, 2a, it will come from a degenerate set of 
orbitals which are essentially nonbonding and 
sensitive to distortion. This Jahn-Teller distortion 
will split the ground state degeneracy giving a lower 
energy and a ‘localized’ electron structure to the ion. 
Our methods are not suitable for evaluating the exact 
electronic structure of any of these ions, so no 
absolute energy differences can be given. There is 
little doubt, however, that the bipyridine Ru(II)- 
Ru(II1) ion will readily distort and that the corre- 
sponding pyrazine will be relatively stable with a 
symmetric geometry. 

It should be noted that our model predicts that 
the relative coupling may be greater for the Ru(II)- 
Ru(II1) pyrazine ion, lb, than it is for the Ru(II)- 
Ru(I1) ion, la, since the electron comes from an 
antibonding orbital. This is supported by the observa- 
tion that the metal to ligand charge transfer band, 
b 2g + b3U(n*), which occurs at 547 nm for la, moves 
to a lower energy, 565 nm, upon oxidation to lb [l] . 
Simple considerations of charge would predict an 
opposite shift. The absorption found in the near 
infrared at 1530 nm is assigned to the fully allowed 
transition between the two highly coupled metal 
orbitals, b3u + b2s [l] . The metal to ligand charge 
transfer peak for the bipyridine ion, 2a, occurs at 52 1 
nm and does not shift upon oxidation [4] . The near 
infrared absorbance found for 2b would be a true 
intervalence transition following the Hush model. 

Meyer [4-71 has reported a series of mixed 
valence pyrazine bridged complexes which have 2,2’- 
bipyridine nonbridging ligands. These ions appear to 
have localized nonsymmetrical structures. As Meyer 
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has pointed out, the presence of nonbridging ‘II back- 
bonding ligands will decrease the coupling caused by 
the bridging ligand. Evidently in these ions the 
normal coupling is disrupted sufficiently such that 
the localized structures become more stable. 

Nitrile Bridged Ions 
For further examples of both symmetric and dis- 

torted mixed valence ions we will consider various 
nitrile bridged complexes. We can consider two 
extremes, the known cyanogen bridged dimer [8], 
3b, and a model ion, 4b, in which the bridging ligand 
has two cyano functionalities bound to a group X 
which allows no conjugation between the cyano 
groups. Cyanogen has two mutually perpendicular 71 
systems each with nodal patterns similar to those of 
butadiene, 7. The Ru(II)-Ru(II) ion, 3a, would have 
an e, orbital set stabilized by the lowest n* orbitals 

x 

8 

and an eg set destabilized by the highest 7r set. This 
results in a strong coupling of orbitals. If one electron 
is removed by oxidation it comes from a degenerate 
orbital set, but distortion to a localized structure will 
not appreciably stabilize the ion. The orbitals 
involved, Table I, are those of a linear system and the 
Jahn-Teller theorem does not apply, since distortions 
along the axis do not split the degeneracy. 

For the model ion, 4a, the cyano groups are not 
conjugated meaning that there are four low lying 7r* 
orbitals of eg and e, symmetries and four rr orbitals 
of similar symmetries, 8. Since the 71 and 7r* orbitals 
are of the same symmetries they overlap with the 
same metal orbitals and the 7~* dominates. This leaves 
the essentially degenerate bl, and bzu orbitals as the 

highest occupied orbitals. Removal of an electron 
from one of these orbitals would result in a ready dis- 
tortion to a localized structure. 

An examination of the known nitrile bridged Ru 
ions reveals examples of both extremes. The cyano- 
gen bridged ion is a known species and is thought to 
be symmetrical [8]. Dialkyl malonitrile bridged ions 
are known and may be examples of the model 4b 
complexes, since there would be little conjugation be- 
tween the cyano groups. An intermediate case would 
be bridged complexes of dicyanobenzene. There is 
some conjugation between the cyano groups, but it is 
likely that the conjugation will not be great enough 
to stabilize a symmetric structure [23]. A final 
example is a Ru(II)-Ru(II1) ion which has as the 
bridging ligand the anion of tert-butyl malonitrile 
[9 3. This ligand has a high lying filled 71 orbital and 
should bond in a manner similar to pyrazine, Fig. 1, 
except the ‘IT donor interaction would be much more 
important. Since the odd electron is in a highly 
coupled orbital the symmetric ion is stable. 

Conclusions 

Bimetallic Ru(II)-Ru(II1) ions may be symmetri- 
cal with equivalent ruthenium centers or may be 
distorted with nonequivalent metal sites, which in the 
extreme can be identified as Ru(I1) and Ru(II1). 
Certain ions with ligands such as 4,4’-bipyridine or 
nonconjugated dicyano species would have 
degenerate ground states if they were symmetrical 
and are thus distorted. In other species such as the 
cyanogen bridged complex the odd electron will be in 
a highly coupled orbital and the symmetric ion will 
be stable. The original Creutz and Taube pyrazine 
complex, lb, has the odd electron in a coupled 
orbital, unfortunately the coupling is not particularly 
strong and the true energy surface must be quite flat. 
The actual structure and electron transfer problem 
requires careful analyses of the vibronic states and the 
question of whether or not the ion is symmetrical 
may become a question of semantics. 
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