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BiruthenoceniumX*PF;~ salts expressed as [Ru(II)Cp-
(C5H4)(C5H4)CpRu(IV)X]+PF6' were obtained by oxidizing bi-
ruthenocene with FeX, in HX-NH4PF¢ (X; Br, Cl) solution.
TH-NMR spectroscopic studies of the salts suggest the pre-
sence of rapid intramolecular electron transfer between the

Ru(II) and Ru(IV) atoms at room temperature.

Although a large number of papers on the mixed-valence state of bifer-
rocenium salts and related compounds has been reported,1‘4) no report on
the mixed-valence state has been reported for biruthenocenium salts, prob-
ably because of the practically low yield of biruthenocene. Recently, we
have reported that ruthenocene reacts with concentrated sulfuric acid,
giving biruthenocene in high yield (about 64%) by radical reaction.’) 1In
the present study, biruthenocene was first oxidized by FeX3, HX and NH4PFg
(X; Br, Cl), and mixed-valence biruthenoceniumX*PF6' salts expressed as
[Ru(II)Cp(C5H4)(C5H4)CpRu(IV)X]+PF6' were obtained, and the chemical state
of two Ru atoms in the salts was investigated by means of NMR spectroscopy.

Biruthenocene was prepared by the method described previously.s)
BiruthenoceniumBr*PF6' salt was prepared by a similar method to that of

6) Biruthenocene (1.0 g) was added to 25 cm3 of 4

ruthenoceniumBr*PFg .
mol dm~3 HBr containing FeBry (4.0 g). The mixture was stirred vigorously
for 4 h. The aqueous phase was separated and washed with benzene., A con-
centrated NH,4PFg solution was added to the deep brown aqueous solution.

The crude PFg~ salt was filtered. Diamagnetic biruthenoceniumBr+PF6” salt
was obtained as deep red-purple precipitates by the recrystallization from
a mixture of acetonitrile and ether.s) Found: C, 35.89; H, 2.92%. Calcd
for CyoHqgRu,BrPFg: C, 35.05; H, 2.65%. Deep red-purple biruthenocenium-
C1+PF6’ salt was obtained by a similar method to that used for biruthenoce-

niumBr*PF6’ salt except for the use of FeClj and HCl instead of FeBrj and
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HBr, respectively. Found: C, 37.22; H, 2.88%. Calcd for C20H18Ru2C1PF6:
Cc, 37.48; H, 2.83%. 1H-NMR spectra in acetone were measured using a JEOL
FX-200 spectrometer at 199.56 Hz,

The ruthenoceniumX+PF6' and biruthenoceniumx+PF6' (X; Br and Cl) salts
dissolve in acetone giving yellow-green and deep red-purple solutions, res-
pectively. Large low-field shifts (AS ) of the 1H—signals in Cp-rings are
observed for both the ruthenoceniumX*PFG_ salts in acetone (1.74-1.83 ppm,
as shown in Table 1), as in the case of 13c-cP-MAS NMR spectra of the
ruthenoceniumX*PFs' salts in a solid,7) suggesting bond formation between
the Ru(IV) and X~ atoms. The structure of the salts are expressed as
[Cp,RUX]*PF¢” (X; Br and Cl). Similar AS are observed for biruthenoce-
niumX*PFG" salts; i.e., the AS values for protons of Cp-rings in the salts
are found to be 0.88 and 0.83 ppm for the biruthenoceniumBr*PFs' and
—C1+PF6' salts, respectively, suggesting bond formation between the Ru

Table 1. I'H-chemical shifts of ruthenocene, biruthenocene, and their salts
in solution

Compound Temperature TH-Chemical shift
K §/ppm AS /ppm
Ruthenocene?) 298 4.51 (CgHg) -
RuthenoceniumBr*pF¢~2) 298 6.29 (CgHz) 1.78
183 6.34 (CgHz) 1.83
RuthenoceniumCl*PF,~2) 298 6.25 (CgHs) 1.74
183 6.29 (CSH 1.78
Biruthenocene?) 298 4168, 4243 (B2, B3, g)
4.47 (c5 ! -
183 1169, 4%43 (g, 50 H3,g)
4.46 (c H ! -
BiruthenoceniumBr+PF6'a) 298 5.81, g (H3 40 Hy g)
5.35 (C H? ' 0.88
183 6.38, (H , H )
6.00 (C5H ) orAT 23 1.54
5.32 (H yH )
4.75 (c3ﬁ4) 21> 0.29
BiruthenoceniumCl*PFG'a) 298 5.76, 8 (H3 ar Hy 5)
5.30 (C H 0.83
183 6.31, § (Hy, 40 Hy s)
5.94 (C He) 1.48
5.30, 5227 (Hy 4,Hp 5)
4,75 (C5H ) 0.29
RuthenoceneP) 298 5.37 (C5H5) -
Ruthenocen1umBr+PF6 -b) 298 6.79 (CgHg ) 1.42
RuthenoceniumC +PF6'b) 298 6.79 (C H 1.42
BiruthenoceneP 298 5.53, 8 (H3 4r Hz 5)
5.32 (C ) -
BiruthenoceniumBr*PFs‘b) 298 6.45, 592 (Hy 4/ Hy 5)
6.04 (C He) 0.72
BiruthenoceniumCl*PF~P) 298 6.43, 5298 (Hy 40 Hy, )
6.02 (C5H5) 0.70

a) Acetone. b) Acetonitrile.
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and X atoms. The AS (1.42 and 0.70-0.72 ppm) are also found for the ruthe-
noceniumX*PF,~ salts and for the biruthenoceniumX*PF,~ salts in aceto-
nitrile, respectively, although those values are a little smaller than the
values in acetone.

The fact that AS of the biruthenoceniumx+PF6' are about a half of
those of ruthenoceniumX*PFG' may be interpreted by assuming the possibility
of a rapid electron transfer between the two Ru atoms in biruthenocenium-
X*PFG‘ in acetone and acetonitrile, although the possibility of interchange
in the bonding of X atoms to Ru atoms, as indicated in Ru(II)*Cp(C5H4)-
(CgHy)CpRu(IV)X]1*PFg~ == [XRu(IV)*Cp(CgHy) (CgHy)CPRU(II) 1*PFg~, cannot be
ruled out either based on the temperature-dependence of TH-NMR spectrum ob-
tained in the present studies.

In order to confirm the conclusion, temperature-dependence TH-NMR

studies of the biruthenoceniumX*PFs’ salts have been carried out.
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Fig. 1. TH-NMR spectra of birutheno- Fig. 2. TH-NMR spectra of birutheno-
ceniumBr+PF6' salt in acetone at ceniumC1+PF6’ salt in acetone at

indicated temperatures. indicated temperatures.
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Figures 1 and 2 show the temperature dependent TH-NMR spectra of biru-
thenoceniumBr+PF6' and -Cl+PF6‘ salts in acetone, respectively. Large tem-
perature dependence of the spectra are observed for both the salts, al-
though no temperature dependence of the spectra is observed for the ruthe-
nocene, biruthenocene and ruthenoceniumX*PF6‘ salts. Upon cooling to 228 K
(as shown in Fig. 1), the peaks are broaden for the biruthenoceniumBr*PFs'.
The coalescence temperature (Tc) is found to be about 228 K. In a lower
temperature than T,, sharp lines are observed (at 183 K) and the chemical
shift values are found to be 6.38 (2H), 6.00(5H), 5.71(2H), 5.32(4H), and
4,75(5H) ppm. Based on the results of the same study of biruthenocene and
ruthenoceniumBr*PFG‘ salt, it may be reasonable to assign the lower field
main peak (6.00 ppm) to the Cp-ring proton of [Cp(C5H4)Ru(IV)Br]+ moiety
and the higher one (4.75 ppm) to that of [(Cp(CgHy)RU(II)] moiety. The
structure of the biruthenoceniumBr*PF6' salt is expressed as [Ru(II)Cp-
(CgHy) (CgHy)CpRu(IV)Br]*PF,~ at 183 K. The life time (T) at T, can be es-
timated using the following equation T = /E/H'AGH, where 08, (Hz) is the
difference in the chemical shifts of Cp-ring of the [Cp(CgHy)RU(II)] and
[Cp(C5H4)Ru(IV)Br]+ moieties (1.25 ppm, 249.45 Hz). By using the equation,
T is estimated to be 1.81x 1073 (s) for the biruthenoceniumBr*PF6' salt.
The same observation was also found for the biruthenoceniumCl*PF6‘ salt,
but the T, (213 K) is a little lower and T is a little longer (1.90% 1073
s) than those values of the biruthenoceniumBr+PF6', as found in Fig. 2. By
using acetonitrile as a solvent, the same temperature dependent TH-NMR
spectra (313-229 K) are also observed for the biruthenoceniumX*PFs' salts.
All the results obtained in the present studies indicate clearly that
there is an intramolecular electron transfer between the Ru(II) and Ru(IV)
atoms in the biruthenoceniumX*PFG' salts at room temperature in acetone and
acetonitrile, while the exchange rate is gradually decreased at lower tem-
peratures and finally the salts are expressed as a trapped-valence state,
[Ru(II)Cp(CgHy) (CgHy)CpRU(IV)XI*PF~, at 183 K in the NMR time scale.
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