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The Mixed Valence State Based on
u-Cyanogen-bis(pentaammineruthenium)
Sir:

Binuclear complexes of ruthenium with cyanogen as the
bridging ligand have been synthesized. The properties of the
mixed valence complex, [(NH3)sRuNCCNRu(NH3)s]%,
are consistent with Robin and Day! class III behavior, in
contrast to the properties of the analogous pyrazine? and
4,4'-bipyridine® bridged mixed valence rutheniumammine
complexes.

In preparing the u-cyanogen complex a stoichiometric
amount of an aqueous saturated cyanogen solution (~0.2
M) was added dropwise to [(NH3)sRu(OH2)]?* generated
in water at pH 4. After 2 hr under an argon atmosphere,
the [4+] binuclear complex was precipitated by the addi-
tion of sodium bromide or sodium tosylate. Anal. Caled for
[(NH3)sRuNCCNRu(NH;3)s]Brg: C, 3.2, H, 4.03; N,
22.63;; Ru, 27.7. Found: C, 2.96; H, 3.93; N, 21.6; Ru,
25.8.

Cyclic voltammetry at 200 mV/sec in 0.1 M HCI shows
a reversible one electron oxidation of the [4+] complex at
0.71 V and a chemically irreversible (reduction wave ab-
sent) one electron oxidation at 1.25 V, both referred to
NHE (cf. Figure 1). Ruthenium(III) has been shown to
catalyze the hydration of nitriles to amides.> Stretching
frequencies characteristic of amides are observed in the oxi-
dized samples of the cyanogen complex, and the irrevers-
ibility referred to is ascribable to nitrile hydration. To avoid
this reaction, DMSO was used with 0.1 M (C;H;s)4NClO4
as the electrolyte. In this medium, the second oxidation is
not observed within the anodic limits of the solvent mixture.
A lower limit on the potential difference between the first
and second stages of 0.80 V is set by the electrochemistry in
DMSO. The lower limit for the conproportionation con-
stant K.on from this difference is 10'3, to be compared to
1.3 X 108 for the u-pyrazine?6 and 4 < Kcon < 20 for the
u-bipyridine system.?

The [4+] ion shows a band at 360 nm (e = 6.9 X 104
M= cm™!) which can reasonably be assigned to the wd-=x*
transition; for the mononuclear Ru(II) complex the band is
at 300 nm (e = 2.3 X 10* M~'cm™1).

In common with most mixed valence complexes of this
series, the [5+] ion has a near-infrared transition. Here, as
is also the case with the u-pyrazine ion,? the absorption
maximum is virtually independent of the solvent (1430,
1480, 1450, 1450 nm in D,O, CH3;CN, DMF, and DMSO,
respectively). The band is very weak (e = 4.1 X 102 M~!
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Figure 1. Cyclic voltammogram of (NH3)sRuNCCNRu(NH3)s** in
0.1 M HCI at 200 mV/sec on platinum electrode. In solid curve, the
anodic scan was reversed after the potential for the [4+]/[5+] couple
was passed.

cm™! in DMF) and is narrower than is expected on the
basis of the equation given by Hush” (Av;/2 = 1.61 kK
compared to a calculated value of 4.0 kK).

Examination of the CN stretching frequencies sets a
lower limit on the rate of electron transfer in the mixed va-
lence species. The [4+] salts (KBr pellet) exhibit a single
CN stretch at 1960 cm™! in the ir and a single one in the
Raman at 2185 cm™!, a pattern which, apart from over-
tones and combination bands, the free ligand also exhibits.®
The mononuclear complex exhibits two ir active bands at
2220 and 2090 cm™'. Oxidation of the [4+] tosylate salt in
DMF with Fe(bipy)3(ClO4)3 or with Br; yields the [5+]
complex with a single ir active band at 2210 cm~'.? Contact
of the [4+] bromide with liquid Br, produces a solid show-
ing a new band at 2330 cm™! in addition to the 2210-cm~!
band, these appearing at varying intensity ratios in different
preparations. Though the stoichiometry of the reaction is
difficult to control, the new frequency can reasonably be as-
signed to the [6+] state. Since the mixed valence species
shows a single ir stretch, which differs from that of cyano-
gen bound only to Ru(IT) (1960 cm™!) or to Ru(III) (2330
cm™') electron transfer must be rapid compared to the fre-
quency difference of 365 cm™! or >10'3 sec™!.

Valence delocalization in the mixed valence species is
strongly suggested by the chemical behavior. By monitoring
the disappearance of the near-ir transition, the rate of de-
composition of the [S+] ion was determined to be 7 X 10~3
sec—! in 0.12 M DCI-D-,0 at 25°. The lower limit for the
rate of hydration of the (NH3)sRuNCCN?3* complex was
found to be 102 sec™! by cyclic voltammetry'® and that of
the [6+] u-cyanogen species appears to be as great (an
exact value for the binuclear is difficult to obtain because of
the large background current). The slower rate of hydration
of the mixed valence species by a factor in excess of 10
demonstrates that the mixed valence ion is far from show-
ing 34 ruthenium character. We conclude therefore that
the valences are extensively delocalized in the species. The
point has been made to us by Professor D. Dolphin, and
quite correctly, that the interpretation of the chemical evi-
dence is ambiguous. The decrease in rate registered for the
mixed valence species may simply reflect the effect of
Ru(Il) on the bridging ligand. The chemical evidence is
more convincing when, as in the test applied by Isied (ref 2)
to the Creutz ion, nonbridging ligand positions are dealt
with.
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Preliminary ESCA spectra of the bromine oxidized solids
have been obtained. A small peak is observed at 282.5 eV!!
which is between the observed binding energy of the Ru(lI)
form (281.5 eV) and that expected for the Ru(IIl) form
(284.0 eV). (In our spectra the latter was masked by the
peak attributable to carbon.)

A sufficient condition for the near-ir transitions being
solvent independent is that electron transfer be rapid com-
pared to solvent reorientation. This condition is met for the
u-cyanogen system, solvent reorientation being slow com-
pared to the lower limit of 10'3 sec™! set on the rate of elec-
tron transfer. We suggest that for the u-pyrazine ion, where
the energy of the near-ir band is also independent of the sol-
vent, though valence delocalization is not as complete as in
the case under present consideration, electron transfer is
also more rapid than is solvent reorientation, a conclusion
which is supported by the averaging of some ir frequencies
for the mixed valence species.!3- 13

To understand the narrowness and low intensity of the
near-ir band for the u-cyanogen system, the delocalized
limit, rather than that of deep trapping, appears to offer a
better first approximation in describing the state of the sys-
tem. The low intensity of the near-ir transition may be a re-
sult of the electron hole being created in an xy rather than a
yz or zx orbital. The ordering of the molecular orbitals in
the u-dinitrogen binuclear case, derived from the wd metal
orbitals for D4y symmetry'® has been assigned eg(n*) > e,
> by~ byy > e, In the [54] ion this leaves an electron va-
cancy in the e, levels, with two transitions allowed e, «— by,
and e, + e, and only the second is expected to be strong.
In fact only one weak transition is observed which can rea-
sonably be taken to correlate with an intervalence transi-
tion. To explain the observation using the orbital set pro-
posed, this would require the highest molecular orbital to be
biu. In this case only one weak transition, b, <~ €z, would
be expected. That the by, orbital be the least stable is rea-
sonable in the present system where the interaction of the
wd and #* orbitals is expected to be great, lowering the cen-
ter of gravity of the e relative to b sets, and where, owing to
the great distance of separation between the metal atoms,
direct interaction of their orbitals is extremely small.

The u-pyrazine mixed valence complex is more difficult
to treat than the u-cyanogen because it appears to be a hy-
brid of Robin and Day class II and class III systems.! Thus
although electron transfer is more rapid than solvent reori-
entation—from the averaging of certain ir frequencies, it is
more rapid than 10'2sec™! 14—it is not so rapid that Ru(II)-
Ru(IIl) character has been substantially altered in the
mixed valence species. It does now seem probable, however,
that contrary to earlier claims,? the energy of the near-ir

band is not related in a simple way to the Franck-Condon
barrier for electron transfer. The properties of the band are
rather akin to those registered for the u-cyanogen system.

To our knowledge, the [4+] species herein described is
the first cyanogen complex to have been prepared and char-
acterized. Of more general significance is the implication of
our results that averaging of valences between transition
metal ions, which is common when there are metal-metal
bonds or when a single atom intervenes, can take place also
over large distances through suitable conjugated bond sys-
tems.
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