
Inorg. Chem. 1993, 32, 5223-5227 5223 

Mixed-Valence State of Halo-1‘-ethylbiruthenocenium(II,N)+Y- and 
Halo- 1‘-acetylbiruthenocenium( II,IV)+Y- Salts 

Masanobu Watanabe,’J* Toschitake I~amoto,~* Hirotoshi SILIIO,’~ and Izumi Motoyamlc 

Departments of Chemistry, College of Arts and Sciences, The University of Tokyo, 
Komaba, Meguro, Tokyo 1 53, Japan, and Faculty of Sciences, Tokyo Metropolitan University, 
Minami-ohsawa, Hachioji, Tokyo 19243,  Japan, and Faculty of Engineering, Kanagawa University, 
Rokkakubashi, Yokohama 221, Japan 

Received February 17, 1993O 

1’-Ethylbiruthenocene, RcRcEt, prepared by the reduction of 1’-acetylbiruthenocene, RcRcAc, with LiAIH4-AlC13, 
is oxidized by haloruthenocenium(IV)+Y- salts, [RcHX]+Y- (X = I, Br, C1; Y = PFs, 13). giving mixed-valence 
halo-1’-ethylbiruthenocenium(II,IV), [RU~~C~(H&&SH~)(C~H&!~HS)RU~~X]+Y-  salts, [RcRcEtX]+Y- (1-3), in 
which the electron exchange reaction accompanied by halogen migration is observed between the RulI and RuN 
in acetone and other solvents. The activation energy of the reaction, E, is found to be within the range 34-39 W/mol 
in acetone, which is larger than the corresponding values for halobiruthenocenium(I1,IV) salts, [RcRcX] +Y-, probably 
because of steric hindrance of the Et group. On the other hand, the E value is too large to be determined by 
variable-temperature ‘H-NMR spectroscopy on mixed-valence halo-1’-acetylbiruthenocenium(I1,IV) salts, 
[RcRcAcX]+Y- (4-6), due to the strong electron-attracting effect of acetyl group. 

Although a large number of studies about oneelectron exchange 
reactions, such as mixed-valence biferrocenium salts and oxo- 
centered trinuclear iron carboxylates, have been reported?-’ 
multielectron exchange reactions have been paid little attention. 
The most interesting studies of 2e- electron transfer have been 
reported on Ptn and Pt” systems.”’O Recently, interesting studies 
of intermolecular 2e- exchange reaction with the halogen 
migration between the formal RuII and RuIV have been reported 
by Taube et al. and Kirchner et al. on the ruthenocene(II)/ 
haloruthenoanium(1V). RcH/RcHX+ (Rc; ruthenocenyl CpRu- 
(Csh)) ,  and osmocene( 11) /halwmocenium( IV) , OcH/OcHX+ 
(OC, osmocenyl CpOs(CsH4)),  system^.^^-'^ Recently, we re- 
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ported on the electron exchange reactions of mixed-valence 
halobiruthenocenium+Y-, [RcRcX]+Y-, and halodi- 
alkylbiruthenocenium+Y-, [RcRcR2X]+Y- (R = Et, Pr), salts in 
acetone and other solvents, by means of ‘H- and W-NMR 
spectroscopy. In these studies, NMR signals due to trapped- 
valence state of the RulI and RuIV observed below a. 200 K 
moved together and eventually fused into the signal due to the 
averaged-valence state over Ru” and RuW on the NMR time 
scale, as temperatureincreased.l”20 The Ea valueof thereaction 
increases in the order, [RcRcPrzX]+ > [RcRcEt*X]+ > 
[RcRcX]+. From the results of cyclic voltammograms of RcRc, 
RcRcEtz, and RcRcPr2, it is concluded that the order is not due 
to an electronic effect but is probably due to the steric hindrance 
of alkyl group.20 

In the present studies, we describe syntheses of RcRcEt, its 
mixedvalencesalts, [RcRcEtX]+Y- (13,seeChartI). andrelated 
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Figure 1. Cyclic voltammograms of RcRc (a), RcRcEt (b) and RcRcAc 
(c) in acetonitrile. (sweep rate 100 mV 81) .  
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Figure 2. Temperature dependent 90-MHz 'H-NMR spectra of 1 (a) 
in CD3COCD3, at indicated temperatures, and the calculated 'H-NMR 
spectra of 1 (b). 

salts, [RcRcAcX]+Y- (4-6), and the effect of substituent on 
electron transfer between RulI and RuIV in the salts investigated 
by means of 'H-NMR spectroscopy. 

ExperimeaW Section 

Syntheses. l'-Monoacetylbiruthenocene, RcRcAc (2.0 g, 3.98 m o l ) ,  
prepared by the reaction with RcRc and CH3COCI-BF3.Et20 in CH2- 
C12,'9920 was added to a dry ethereal solution (100 cm3) of anhydrous 
aluminum chloride (5.0 g) and lithium aluminum hydride (2.0 g); the 
yellow solution immediately lost its color. After water was added, the 
organic phase was extracted with benzene, and the benzene layer was 
washed with water, dried, and evaporated. RcRcEt was separated by 
alumina-column chromatography using a hexane-benzene (1 : 1) mixture, 
and was recrystallized from a benzene-hexane mixture as pale yellow 
crystals (1.8 g, 3.68 "01; yield 92%). Anal. Calcd for C22H22Ru2: C, 
54.08; H, 4.54. Found: C, 54.10; H, 4.64. 'H-NMR (CDCI3): 6~ = 
4.68(2H,t,J= 1.7Hz),4.64(2H,t,J= 1.6Hz),4.48(5H,s),4.47(2H, 
t, J = 1.7 Hz), 4.45 (2H, t, J = 1.6 Hz), 4.42 (2H, t, J = 1.7 Hz), 4.37 
(2H.t.J- 1.7Hz),2.10(2H,q,J=7.5Hz),1.02(3H,t,J=7.5Hz). 
bc = 201.49 (lC), 91.66 (IC), 87.17 (lC), 87.37 (lC), 76.24(2C), 73.84 
(ZC), 73.64 (ZC), 73.32 (2C), 73.12 (5C), 72.02 (2C), 71.88 (5C). 28.83 
(IC). 

Iodoethylbiruthenocenium(II,IV)+I~- (1) and iodoacetyl- 
biruthenocenium(II,IV)+I3- (4) salts were prepared by a method similar 
to that used for [RcRcI]+I~-.~'-~ Anal. Calcd for C22H22Ru24: C, 
26.52; H, 2.23. Found: C, 26.56; H, 2.30. Calcd for C ~ H Z O O R U ~ I ~ :  
C, 26.16;H,2.00. Found: C,26.85;H,2.06. SaltsZand3wereprepared 
by oxidation in the similar manner as applied for [RcRcEtzCI)+PF6- 
reported previously.m Anal. Calcd for C ~ ~ H ~ Z R U ~ B ~ P F ~ :  C, 37.04; H, 
3.1 1. Found C, 36.97; H, 3.44. Calcd for C22H&u2CIPF~: C, 39.50; 
H, 3.32. Found: C, 39.78; H, 3.55. Salts 5 and 6 were prepared by the 

Table I. 'H Chemical Shifts of RcRcEt and Related Compounds in 
Acetone, Chloroform," and a Mixed Solution of Chloroform and 
Acetonitrile (1 : 

wmpd temp/K chem shifts I/ppm 

RcRcEta 298 4.68,4.64,4.48,4.47,4.45,4.42,4.37 
RcRd 298 4.6a,4.44,4.48 

2.10 (-CHr),  1.02 (-CH3) 
RcRcA~ 298 5.01,4.72, 4.70,4.68,4.50, 4.47,2.08 (-CHI) 
1 183 4.67, 5.22, 5.40 (CsH4)(CsH5)Ru1' 

5.85 sh, 5.90,6.11,6.41 [(CJH~)(CJH~E~)RU"I]+ 
2.54 (-CHr),  1.04 (-CHI) 

2.46 (-CHI), 1.09 (-CH3) 
298 4.98, 5.42, 5.56, 5.72,5.85 

2 183 4.72, 5.30 (C~H~)(CSHS)RU" 
5.74, 5.87,6.32 [ ( C ~ H ~ ) ( C S H ~ E ~ ) R ~ ~ ~ B ~ ]  
2.54 (-CHI), 1.00 (-CH3) 
4.90, 5.20. 5.30, 5.47, 5.59, 6.05 
2.49 (-CHI), 1.10 (-CH3) 

5.81, 5.90,6.30 [(C~H~)(CJH~E~)RU'"CI] 
2.40 (-CHr) ,  1.00 (<Ha) 

2.36 (-CHr),  1.1 I (-CHI) 

5.56, 5.81,6.06 [(CsH4)(CsHs)RurVI]+ 
2.10 (-CHs) 

5.68, 5.81,6.06 [ (C~H~) (C~H~)RU'~I ]+  
2.15 (-CH3) 

Sb 213 4.80, 5.02, 5.1 1 (CJH~)(CJH+~C)RU" 

2.1 1 (-CHI) 

293 

3 183 4.76.5.31 (Cs&)(CsHs)Ru" 

323 4.95, 5.20, 5.45, 5.56, 5.60sh, 6.00 

46 213 4.79,5.04,5.06 sh, 5.13 (CSH~)(CSH&)RU" 

343 4.84, 5.08, 5.13 (CsH4)(CsH&)Ru" 

5.23, 5.74, 5.92 [(C~H~)(CSH~)RU'~B~]+ 

323 4.84,5.04. 5.13 (CsH4)(CsH&)Ru1' 
5.42, 5.76, 5.96 [(CJH~)(C~H~)RU'~B~]+ 
2.16 (<Hi) 

Q 213 4.81, 5.02, 5.12 (CsH4)(CsH&)Ru1' 
5.23, 5.73,5.93 [(CSH~)(C~H~)RU"CI)+ 
2.13 (<Hi) 

5.18, 5.02,4.88 [(C~H~)(CSHJ)RU"CI]+ 
2.19 (-CH3) 

323 5.94, 5.75,5.36 (CSH~)(C~H&C)RU" 

oxidationof RcRcAc with thecorresponding [RcHX]+PF6- (X = Br, Cl) 
salts in the similar conditions as that used for salts 2 and 3, respectively. 
Anal. Calcd for C ~ ~ H ~ O R U ~ B ~ P F ~ :  C, 36.32; H, 2.77. Found C, 
36.03; H, 2.95. Calcd for C ~ ~ H ~ O O R U ~ C ~ P F ~ :  C, 38.69; H, 2.95. 
Found C, 39.09; H. 2.95. 

PI~yddMcuurementr. 'H-NMRspectraof I andrelatedcompounds 
were rccorded on a JEOL FX-9OQ spectrometer at 89.59 MHz using 
TMS as a standard. An NM-VTS unit was used to control the prove 
temperature within &l OC. The assignment of the signal of the RcRcEt 
was by selective proton-dccoupling experiments. Electronic spectra were 
measured in CH3CN with a Hitachi spectrophotometer, Model 220, at 
room temperature. Cyclic voltammograms were obtained with a HB- 
104 function generator and HA-301 potentiostat (Hokuto Denko) with 
standard thrce-electrode configuration. A working electrode (platinum 
button) and an Ag/AgC1 reference were connected via a salt bridge of 
CH3CN containing 0.1 mol dm-' [(C~HS)~N]CIOI as supporting 
electrolyte. The scan rate was 100 mV s-l. 

ReaulQ and Discussion 
Sllb 1 mil 4. The effect of the ethyl and acetyl group on 

RcRcEt and RcRcAc compared with RcRc was investigated by 
use of cyclic voltammography. It is well known that  a reversible 
one-electron oxidation peak is observed for ferrocene near 0.4 V 
and a much higher irreversible two-electron oxidation peak for 
RcH near 0.9 V.21-25 Actually, RcH shows an irreversible two- 
electron oxidation peak in CH$N (Eox = 0.85 V and Erd 0.49 

~ ~ ~~~~ 
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Table II. Activation Parameters for 1 and Related Compounb from 90-MHz 'H-NMR Spectroscopy at 298 K 

Inorganic Chemistry, Vol. 32, NO. 23, 1993 5225 

wmpd E./kJ mol-' AE/W mol-' AG*/W mol-' AH' /kJ mol-' A S / J  K-1 mol-' 
~ 

1 38.4* 1.0 . 8.6 f 0.5 
2 35.8 f 0.9 1.4 f 0.5 
3 34.5 & 0.9 6.1 * 0.5 
[ RcRcI] +13- 36.4 f 0.6 0 
[RcRcBr]+PFs- 34.0 & 0.5 0 
[RcRd31]+PFs- 32.8 f 0.5 0 

48.9 f 0.4 35.9 f 1.0 4 3 . 6  f 4.7 
41.6 f 0.4 33.3 f 0.9 4 8 . 0  f 4.4 
41.2 f 0.4 32.0 f 0.9 -51.0 f 4.4 
49.1 & 0.2 34.0 & 0.6 -50.1 & 2.1 
46.8 f 0.3 31.5 f 0.5 -51.3 f 2.1 
45.5 & 0.3 30.3 f 0.5 -51.0 f 2.1 

V) in the present study. On the other hand RcRc gives four 
irreversible oxidation peaks (Eox = 0.48,0.63,0.96, and 1.16 V, 
as shown in Figure la) in the sameconditions. A recent interesting 
study shows that RcH gives a quasi-reversible one-electron 
oxidation peak in non-coordinating media (0.1 M tetrabutylam- 
monium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 
TBA+TFPB-, as supporting electrolyte in CHF12); Le., mono- 
cationic ruthenocenium, [Cp2RuI11]+, is stabilized when the 
extremely weakly coordinating TFPB- is used as the supporting 
anion in CHZCIZ .~  Therefore, the electrochemical study of RcRc 
in CHsCN suggests that the first oxidation peak on RcRc is 
assigned the formation of RcRc+, and the second, third, and 
fourth peaks to those of RcRc2+, RcRc3+, and RcR&+, respec- 
tively. The corresponding four Eox peaks are found for RcRcEt 
(0.43, 0.61,0.93, 1.13 V; see Figure lb) and these values are a 
little smaller (ca. 0.02-0.05 V) than the corresponding values of 
RcRc, because of an electron-donating effect of the ethyl group. 
RcRcAc also gives four oxidation peaks (Eox = 0.52,0.62, 1.05, 
and 1.48 V; see Figure IC). Although the Eox values of first and 
second peaks correspond well with those of RcRc and RcRcEt, 
those of third and fourth oxidation peaks are much larger than 
those of RcRc and RcRcEt, due to the electron-attracting effect 
of the acetyl group. Therefore, the Ru atom in the (CsH4)CpRu 
moiety in RcRcAc is expected to be oxidized easier by 
[RcHX]+PFs- salts compared with the (CsH4Ac)CpRu moiety. 

Figure 2a shows the temperature dependency of the 90-MHz 
1H-NMR spectra of 1 in acetone-& together with their computer 
simulation in Figure 2b, and the 'H chemical shift values (6) of 
1 and related compounds are listed in Table I. Analogously to 
symmetrical [RcRcI]+I3- and [RcRcEt21]+13- 'H- 
NMR spectra of 1 exhibit a remarkable temperature dependence, 
and no 'H-NMR spectra versus concentration change of 1 (0.03- 
O.OOO1 mol dm-9 was obtained. Therefore, there occurs an 
intramolecular electron exchange reaction between the RuII and 
RutV atoms. 

The unbalanced trapped valence state (RuI1RdV) of 1 is 
reflected on the spectrum observed at 183 K Le., seven lines (6 
= 6.41,6.11,5.90,5.85 sh, 5.40,5.22, and 4.67) are observed in 
the 4-7 ppm region. In analogy with the 6 values of symmetrical 
[RcRcI]+13- and [RcRcEt21]+13- salts at 183 K, the seven lines 
are assigned as follows: 6.41 (2H), 5.85 sh (2H) ppm to the ring 
protons of H2.5, H3.4; 6.1 1 (2H), 5.90 (2H) ppm to H2',5', H31,4~ 
for the (CSH~)(C~H&~)RUI" side; 5.40 (2H), 5.22 (2H) ppm to 
H2.5, H3,4; 4.67 (5H) ppm for the Cp(C5H4)Ru11 side. The 
methylene and methyl signals of the ethyl group are found to be 
1.04 (t, 3H) and 2.54 (q, 2H) ppm. Hence, the formula of salt 
1 can be given as [RU~~C~(H~C~C~H~)(C~H~E~)R~'~I]+I~- at 
183 K, species A. It can be concluded that the electron-rich Ru 
atom in (C5H4)(C5H4Et)Ru1I side is oxidized easier by 12 
compared with that in the (CsH4)CpRuII side. But the presence 
of the broader seven lines compared with the symmetrical 
[RcRcI]+I3- and [RcRcEtzI]+Is- systems even at 183 K suggests 
that presence of a small amount of other species such as 
[ IRU~~C~(H~C~C~&)(C~H~E~)RU~~]+I~--, (B), could not be ruled 
out either. 

When the sample is heated, the seven lines broaden and 
eventually the lines change into three much broader lines at 241 

(26) Hill, M. G.; Lamanna, W. M.; Mann, K. R. Inorg. Chem. 1991, 30, 
4690. 

@E% + 

Figwe 3. Potential well diagrams for the nonsymmetrical mixed-valence 
system RU*~RU". The left well is for the [RuI1Cp(fiC5CsHs)(Cs&- 
Et)Ru"I]+ cation (A) and the right well is for the [IRu"Cp 
( & C ~ C ~ H I ) ( C ~ H ~ E ~ ) R ~ ~ ~ ] + ,  cation (B). 

K. Above 24 1 K, the ring peaks become sharper, and five broader 
lines are observed even at 313 K. In comparison with the 
temperature dependency of the symmetrical biruthenocenium 
systems, the [RcRcI]+ and [RcRcEt~I]+cations, the temperature 
dependency of 1 is more complicated because cation [RcRcEtI]+ 
is asymmetric. 

In Figure 3 a simplified double-well potential energy diagram 
is depicted for the asymmetrical system. The left well is for 
species A and the right well is for species B. The AE value is the 
zero-point energy difference between the two wells, and the E. 
value is the activation energy of the A and B species. The 
population ratio of the two site is defined as a = P,/PL,, where 
Pa is population of the A site and PI, is the B site. The a values 
can be estimated from the 6 values of the nonsubstituted main 
Cp ring, as shown in Figure 2b. When the temperature is r a i d ,  
the population of the B site increases; therefore, the a value 
decreases: e.g., 23.0 * 2.0 at 183 K, 8.5 f 0.5 at 227 K, and 2.8 
f 0.2 at 313 K. The computer simulation of the temperature- 
dependent NMR spectra of the salt is shown in Figure 2b in the 
4-7 ppm region, using the model of chemical exchange between 
the two sites proposed by Abragam.27 The value of k varies at 
small intervals in the spectral calculations used to obtain the best 
fit of the calculated spectrum to the observed one. The Arrhenius 
plot of In k (defined as k = 1 / ~ )  vs 1 /T  shows a good straight 
line, and the error is estimated by least-squares fitting of the 
data. The E. value is found to be 38.4 f 1.0 kJ/mol and Gibbs 
free energy, AG*, and enthalpy of activation, M*, are found to 
be 48.9 f 0.4 and 35.9 i 1 .O kJ/mol, respectively (see Table 11). 
The energy difference between the two wells, AE, is found to be 
8.6 h 0.5 W/mol, from plotting of In a vs 1/T. Due to the 

(27) Abragam, A. The Princip lesofNuclear~a~t i sm~ Oxford University 
ha: London, 1961; Chapter 10. 
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Flgare 4. Temperaturedependent 90-MHz 'H-NMR spectra of 4 (a) 
and 5 (b) in mixed solution CD3CN/CDCla (1/1) at indicated temper- 
atures. 

relativelysmall AEvaluecomparedwith Ea (ca. 4.5 timessmaller), 
a remarkable temperature dependency in NMRspectra is observed 
for 1. The similar temperaturedependencies in IH-NMR spectra 
for 1 are obtained in other solutions, such as CDClp and CDpCN. 

On the other hand, the AE and Ea values are too large to be 
estimated from the 1H-NMR spectra on 4. Figure 4a shows 
temperature dependent lH-NMR spectra on 4 in mixed solution 
(CDClp/CDpCN = 1/1) because 4 is less stable in acetone at 
higher temperatures. Seven sharp lines (6 = 4.79,5.04,5.06 sh, 
5.13, 5.56, 5.81, and 6.06) are observed in the 4-7 ppm region 
at 213 K. In contrast to the spectra for 1 at 21 3 K, a nonsubstituted 
Cpringsignal isokedat  lowerfield(6 = 5.81);i.e.,anelectron- 
rich Ru atom on the (CsH4)CpRuII side is preferentially oxidized 
by I2 giving a [(CsH4)CpRuwI]+ moiety. The formula of 4 is 
given as [RU~~(C~H~COCH~)(H~C&~H~)C~RU~~I]+I~- at 21 3 
K this conclusion corresponds well with the results of the cyclic 
voltammogram. Although six slightly broader lines are observed 
at 343 K, the spectra show no appreciable temperature depen- 
dency; therefore, the structure of 4 is expected to remain intact 
even at 343 K. 

Although the [RcHX]+PFa- salts (X = C1, Br) dissolved in 
acetone andacetonitrile givegreen-yellow solutions, [RcRcX]+Y- 
and [RcRcEtzX]+Y- salts give deep red-purple solutions, in which 
a new and strong absorption band is found in the 480-470 nm 
region.l*P In the electronic absorption spectrum of 1, the new 
band is also observed at 485 sh nm along with the bands at 291 
and362nmassignedasIrinCH3CN. The bandred-shiftsslightly 
as compared with [RcRcI]+Ip- (A- = 480 sh nm) and blue- 
shiftswith [RcRcEtJ]+Ir(490shnm). Although no temperature 
dependency of the NMR spectra is observed for 4, a similar 
absorption band (A-, 470 sh nm) is observed. The assignment 
of the band is, however, not yet settled at the present time. The 
band is ascribable to the interaction between the Rut1 and RuIV 
in the mixed valence state, and the A,, of the band is sensitive 
to the electronic effect of the substituent on the Cp ring: Le., Et 
as the electron-donating effect increases slightly the A, value 
of the band and Ac as the electron-attracting effect decreases. 

Sal& 2, 3, 5, and 6. In order to compare the activation 
parameters for 2, 3, 5, and 6 with those for 1 and 4, the same 
NMR studies have been carried out, and Figure 5 shows the 
temperature dependent 'H-NMR spectra of 2 (a) and 3 (b) at 
the indicated temperatures. Five sharp lines (6 = 6.32, 5.87, 
5.74, 5.30.4.72) arc observed at 183 K in the 4-7 ppm region 
for 2. As in the case of 1, the former three lines are assigned as 
theringpiotonsofHZ5, H3,4 (6.32,5.74ppm) andethyl-substituted 
Cp ring (5.87 ppm) of the [(CSI&)(C~H+E~)RU~~B~]+ side and 
the latter two lines are assigned to those of H2.5, H3,4 (5.30 ppm) 

A , 1.83 A , 183 

7 6 5 4  7 6 s  4 
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Figure 5. Temperature dependent 90-MHz 'H-NMR spectra of 2 (a) 
and 3 (b) in CD3COCD3 at indicated temperatures. 

and nonsubstituted Cpring (4.72 ppm) of the Rut[ side. When 
the temperature (2 19-248 K) is raised, these lines are broadened, 
and four broader lines are observed at 229 K, which is lower than 
that of 1 (241 K). As mentioned in previous reports, a similar 
observation is already found for [RcRcBr]+ and [RcRcEtzBr]+ 
salts as compared with corresponding [RcRcI]+ and [RcRcEtzI]+ 
salts.IbM Although five broad lines are observed for 1 (see Figure 
2a) at 293 K, six lines, which consist of two sharp lines (6 = 4.90 
and 5.47) with strong intensities and four lines (6 = 5.20, 5.30, 
5.59, and 6.05) with low intensities, are observed. The values of 
k and u at 293 K are estimated to be ca. 25 100 f 150 5-I and 
3.0 f 0.2, respectively, by fitting the calculated spectra to those 
observed. The k values are 1.2-1.3 times larger than the 
corresponding values of 1, suggesting a smaller Ea value for 2 
than that of 1. Actually the Ea value of 2 is found to be 35.8 f 
0.9 kJ/mol from the slope of the Arrhenius plot line. The AE 
value is found to be 7.4 f 0.5 kl/mol from the plots of In u vs 
1/T, which is also slightly smaller than that of 1. 

Similar spectral features are observed for 3 (see Figure 5b). 
Five relatively sharp lines are observed at 183 K. As the 
temperature is increased, these lines are broadened and four 
broader lines are observed at 224 K. Above 224 K, these lines 
become sharper and five lines and one shoulder (5.60 ppm) are 
observed even at 271 K, while 1 and 2 give much broader lines 
at 27 1 K, suggesting a larger k value for 3 as compared with the 
values for 1 and 2. Actually, the k value is estimated to be ca. 
16 700 f 120 s-I for 3, while the value is found to be ca. 7100 
f 100 s-l and 6400 f 100 s-l, for 2 and 1, respectively at 271 
K. From the plots of In k - 1/T and In a - 1/T for 3, a little 
smaller Ea (34.5 f 0.9 kJ/mol) and A E  (6.1 f 0.5 kJ/mol) values 
are obtained as compared with those of 1 and 2. 

Thus the intramolecular electron transfer rate between Rut[ 
and Ru'V with halogen migration increases in the order 3 > 2 > 
1. In other words, the Ea values of the salt are ranked as 1 > 
2 > 3. The order is the opposite of that observed for mononuclear 
RcH/ [RcHX]+Y- systems. The reason of the difference may be 
ascribed to the different mechanisms of the intra- 
([RcRcEtX]+Y-) and intermolecular (RcH/ [RcHX]+Y-) el- 
tron transfer associated with the exchange of the X atoms. In 
the case of intramolecular electron transfer, a smaller ionic radius 
of C1- leads to less distortion of the intermediate cation, giving 
a smaller Ea for [RcRcEtCl]+ compared with the values for 
[RcRcEtBr]+ and [RcRcEtI]+. 
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All the results obtained in the present studies suggest that 1-3 
give large temperature-dependent NMR spectra while NMR 
spectra for 4-6show no temperature dependency. In other words, 
4-6 are considered as valence-trap@ on the NMR time scale. 
The reason why no temperature-dependent NMR spectra were 
observed for the latter salts should be the much higher oxidation 
potentials of the (C5H4Ac)Ru11Cp side; i.e., the only Ru" atom 
in (C5&)Rui1Cp side is oxidizable and the RdV-X bond is formed. 

Salts 5 and 6 dissolved in acetonitrile and acetone giving deep 
red-purple solutions. As in the case of 4, a new absorption band 
is also found at 467 nm for 5 and at 466 nm for 6. Although small 
blue shifts (10-20 nm as compared with the values for 2 and 3) 
are observed, the presence of the bands suggests some interaction 
between the Ru" and RuIV in 4 and 5, e.g., a much slower rate 
for the electron exchange reaction between the two Ru atoms. 

From the observations described above we conclude that there 
occurs an intramolecular electron exchange reaction between RuI1 
and RuIV with halogen migration in the mixed-valence states of 
1-3 in acetone and other solutions on the NMR time scale. The 
Ea values are found to be 38.4 i 1.0,35.8 f 0.9, and 34.5 i 0.9 
kJ/mol for 1,2, and 3, respectively. These values are larger (ca. 
2 kJ/mol) than the corresponding values for symmetrical 
[RcRcX]+Y- salts probably because of the steric hindrance of 
the Et group in 1-3. 

The AE values are found to be 8.6 i 0.5, 7.4 f 0.5 and 6.1 
f 0.5 kJ/mol for 3, 2, and 1, respectively; therefore, at lower 
temperatures (less than ca 200 K) the formula of the cations for 
1-3 is given as trapped-valence type: [Ru1ICp(H4CsCsH4)(Cs&- 
Et)RuIVX]+ (X; I, Br, Cl). Because of much larger AE and Ea 
values as compared with those for 1-3,4-6 show no appreciable 
temperature dependency by a thermal process; Le., the formula 
of the cations in 4-6 is given as trapped-valence type: [XRuIV- 
Cp(&C5C5&)(C5H4Ac)Ru11]+ evenat higher temperature (343 
K). However, it is possible to obtain the averaged valence state, 
RuIIIRuIII, even at lower temperatures (213 K), by an optical 
process for 4-6. 

Table HI. Electronic Spectra Data for Salt 1 and Related 
Compounds in CH3CN (250-900 nm) 

wmpd X,/nm (e in parentheses) 
291 (21800). 362 (13480), 485 sh (2600) 
354 (7760), 485 (5010) 
348 (1 2020), 478 (7943) 
291 (35400), 360 (19400), 470 sh (3160) 
348 (9487). 467 (5750) 
340 (12200), 466 (3980) 
290 (13200), 360 (8520), 480sh (1590) 
335 (8920). 480 (5600) 
340 (12500), 470 (7080) 
291 (20900), 362 (12900), 490 sh (2400) 
357 (9970), 491 (6610) 
348 (12020), 484 (7590) 

As in the case of 1, the characteristic absorption band is observed 
for 2 (Amx = 485 nm) and 3 (Amx = 478 nm) in CH3CN. The 
A,, values are about average compared with one of the 
corresponding values of [RcRcX]+PF6- and [RcRcEtzX]+PF6- 
(X, Br, Cl) (see Table 111), because the electron-donating effect 
of Et group to the Ru in [RcRcEtX]+ decreases by about half 
compared with that of [RcRcEt2X]+. 

RcRcAc was oxidized by [RcHX]+PF6- (X = Br, Cl) giving 
diamagnetic salts 5 and 6, respectively. Although 2 and 3 give 
temperature-dependent NMR spectra, 5 and 6 show no appre- 
ciable temperature dependency (as shown in Figure 4b for 5) Six 
sharp lines are observed for 5 in mixed solution (CDCls/CD$N 
(1/1)) at 213 K in the 4 7  ppm region. Three lines (6 = 4.80, 
5.02, and 5.1 1) are due to the RulI side and the other three lines 
(6 = 5.23, 5.74, and 5.92) to the RuIV side; in particular the 
nonsubstituted Cp ring signal (5.74 ppm) is found at lower field. 
At higher temperature (323 K), the 6 values of the main Cp ring 
and other lines change slightly, as in the case of 4. Therefore, 
the formula of 5 is given as [ B ~ R U ~ ~ C ~ ( H ~ C S C ~ H ~ ) -  
(C5H&)Ru11]+PF6- in the solution at 213-323 K on the NMR 
time scale. Results similar to those for 5 are also obtained for 
6. Even for the C1- salt (lest? steric hindrance in intermediate 
cations due to the smaller ionic radius of Cl-), NMR spectra are 
observed without temperature dependency. 


