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same symmetry and geometry as the [ R U ~ ( N H , ) ~ ( ~ ] ~ +  complexes, 
and so the same qualitative molecular orbital scheme can be used 
to describe their transition energies. Assigning the peaks by 
analogy with [ R U ~ ( N H ~ ) ~ X , ] ~ +  gives good agreement with those 
proposed by Heath et aI.l5 Again, the strength of the Ru-Ru 
interaction can be estimated from the two lowest energy peaks, 
and it is also expected that A for the nonahalides will be lower 
than A for the complexes. The transition en- 
ergies depend on the Ru-Ru interaction as well as the ligand field 
strength. It is therefore possible to estimate the differences in 
the ligand field splittings between [Ru~(NH~)~X,] '+  and [Ru2X,lk 
and thus test the validity of the assignments. To fit the band 
positions for [Ru2Cl9I4- and [Ru2Br9I4- with [RU~(",),CI,]~+, 
A has to be reduced by a factor of 3 / 4  and 2/3 ,  respectively. On 
changing the RuN3C13 chromophore to RuX,, the change in A 
can be estimated from the spectrochemical f factorsI4 to be 0.78 
for X = CI and 0.70 for X = Br. These values compare well with 
the estimated values of 0.75 and 0.67. Therefore, the proposed 
set of assignments for these ruthenium blues provides a good basis 
for the understanding of their electronic spectra. 

Another related system recently studiedI6 is the complex 
[ R U ~ L ~ ( ~ - C I , ) ] ~ '  (L = 1,4,7-triazacyclononane). The electronic 
absorption band positions have been reported, and they are vir- 
tually identical with those for the [ R u ~ ( " ~ ) , C ~ ~ ] ~ +  complex. 
Conclusion 

The results obtained in this study confirm the conclusions of 
the earlier RR study of these complexes. In addition, the depo- 
larization ratios measured over a wide range of exciting lines are 
entirely consistent with the visible absorption (centered at 17 000 
and 15 900 cm-' for the chloro and bromo complexes, respectively) 
being assigned as the z-polarized electronic transition, u - u*.  

(16) Wieghardt, K.; Hermann, W.: Koppen, M.; Jibrel, 1.; Huttner, G. Z. 
Nalurforsch. 1984, 398, 1335. 

There is also strong evidence for the weaker transition at  23000 
and 22 100 cm-I for the chloro and bromo complexes, respectively, 
being assigned as the x,y-polarized transition u* - T * .  

The energies of the two transitions u - u* and u* - A*,  as 
well as the energy of the near-IR transition (6* - u*) ,  have been 
used to assign the remaining absorption bands in the electronic 
spectra. Thus, all of the allowed transitions between the states 
derived from metal d orbitals have been assigned to bands observed 
in the electronic spectra of [ R U ~ ( " ~ ) ~ C ~ , ] ~ +  and [Ru2- 
("3)6Br3]2+. The same ordering of transition energies can be 
used to give a reasonable set of assignments for the spectra of other 
related ruthenium blues. This confirms the appropriateness of 
the assignments using the molecular orbital scheme of Figure 1. 

There remains the question of the relation of these assignments 
to the MCD spectra published. Agreement between the RR and 
MCD results can only be obtained if it is assumed that the x,y- 
polarized transition does not cause significant resonance en- 
hancement of any Raman band. This would be unusual behavior 
for a strongly allowed electronic transition. Furthermore, the main 
visible absorption band is highly symmetric, suggesting that it 
derives only from a single electric dipole allowed transition. The 
MCD results indicate that the absorption derives from at least 
two transitions, with the dominant transition, 6 - A (xppolar-  
ized), lying on the low-energy side of the absorption maximum. 
Thus, the RR experiments and the profile of the main visible 
absorption band are not consistent with the MCD results. Further 
investigation of the MCD spectra is required to rationalize these 
discrepancies. 
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The rates of the atom/electron exchange process between OsCp, and OsCp,I+ as the CF,S03- salt (Cp represents the cyclo- 
pentadienide anion) have been measured by 'H NMR line broadening as a function of temperature in nine solvents. The apparent 
second-order rate constants at 20 OC and the activation parameters are given. The rate constant, enthalpy of activation, and entropy 
of activation range from 1 .O X IO3 M-' s-l, 2.1 kcal/mol, and -38 cal/(mol K)  in tetrahydrofuran-d8 to 78.3 X IO3 M-' s-l, 11.3 
kcal/mol, and 3 cal/(mol K)  in acetone-&. Concentration studies, varying both Os(l1) and Os(1V) concentration, show that there 
is a significant deviation from simple second-order behavior in chloroform-d, and methylene-d2 chloride. Similar behavior for 
the analogous reaction of RuCp,/RuCp,l+ was attributed to ion pairing, but such an analysis cannot fully explain the results 
obtained here. Instead, the data conform to a rate law with parallel paths, one that is overall second order and another that is 
independent of OsCp21+ and first order in OsCp,. Such an  analysis is also consistent with the previous results for the RuCpz/ 
RuCp21+ reaction. Conductivity studies establish that ion association occurs in the low dielectric constant solvents chloroform-d,. 
methylene-d, chloride, bromobenzene-ds, and tetrahydrofuran-d8. Ion-pair formation constants for [OsCp,I]CF,S03 in methylene 
chloride at 20 and 35 OC are 4.2 X IO5 M-' and 3.8 X IOs M-I, respectively. The analogous pentamethylcyclopentadienide system 
does not show exchange on the time scale of the NMR experiment. 

Introduction atom transfer (e.g. transfer of halides) is involved and mecha- 
nistically several pathways are possible. Questions such as whether 
zero-, one-, or a concerted two-electron transfer occurs and whether 

and, if so, what their lifetime and electron distribution are have 
to be asked. 

Recently, we reported kinetic studies on the atom/electron 

various solvents.* This reaction type generally contrasts with 
simple one-electron outer-sphere electron-exchange reactions, since 

transfer reaction between RuCp2 and RuCp2X+ (' = Br* I) in  bridged intermediates such as [RuCpz-X-RuCp2]+ are involved 

Variation of halide, metal, anion, and the use of penta- 
( I )  Technical University of Vienna, Vienna, Austria. 
(2)  Kirchner, K.; Dodaen. H. W.: Wherland. S.; Hunt, J. P. 1nor.e. Chem. 

methylcyclopentadienide, as well as solvent-, temperature-, 
Pressure-, and concentration-dependence studies, may help to - 

1990. 29. 2381. elucidate the reaction mechanisms. Comparisons with recent 
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Table 1. Activation Parameters and Observed Second-Order Rate Constants at 20 "C for the OsCpz/[OsCpzI]CF3S0, System in  Various 
Solvents 

no. temp range, Os( I I) /OS( IV) AH?,) As',) 10-3k: 
solvent (e)  of pts *I  "C concn, mM kcal/mol cal/(mol K) M-I s-l 

(CD3)zSO (46.7) 

(CD3)zCO (20.7) 
CDJCN (37.5) 
CD,NOz (35.8) 
C6DsNOz (34.8) 
CDZC12 (8.9) 
CDCI3 (4.7) 
C,D$r (5.4) 
CdDSO (7.5)' 

18 

13 
13 

5 
9 

14 
17 
IO 
9 

20 to 60 

-20 to 40 
-20 to 70 
0 to 40 
IO to 90 
-30 to 30 
-30 to 5 5  
0 to 40 
20 to 60 

'Apparent second-order rate constants measured at  20 "C (see text) 
furan. 

reports on kinetic investigations of other coupled atom/electron 
transfer systems should also prove to be interesting in this regard.3*4 

In the present paper we continue our studies on such reactions 
and report on an investigation of the kinetics for various tem- 
peratures and solvents for the osmocene(II)/iodoosmocene(IV) 
atom/electron exchange reaction. 
Experimental Section 

Materials. Osmocene and decamethylosmocene were obtained from 
Strem Chemicals, Inc., and used without further purification. 
[OsCpzl]CF3S03 and [Os(CpMe5),I]CF,SO3 were synthesized accord- 
ing to refs 5 and 6. Anal. Calcd for [CloHlOlOs]CF,SO3: C, 22.15; 
H, 1.69; I ,  21.27: S, 5.37. Found: C, 22.32; H, 1.71; I ,  22.85; S, 5.74. 
Microanalysis was done by Galbraith Laboratories. All solvents used for 
the purification of both compounds were purchased from J. T. Baker 
Chemicals and purified by using standard procedures.' All solvents used 
for the NMR measurements were deuterated. They were purchased from 
MSD Isotopes and dried over 4-A molecular sieves. 

In the kinetic experiments the concentration of each of the reactants 
was varied from about 0.37 to 14 mM depending on solubility constraints. 
'H NMR Experiments. The data were recorded on a Nicolet N- 

T2OOWB instrument operating at  200 MHz with acquisition parameters 
as  described before.2*8 Temperature was controlled within f l  'C by 
using the built-in gas-flow temperature controller. Temperature readings 
were calibrated against the temperature dependence of the proton 
chemical shifts of acidified m e t h a n ~ l . ~  For all measurements, tetra- 
methylsilane (TMS) was used as a reference. Data analyses were carried 
out as  previously described.28*10 The temperature-dependence data were 
fit to the Eyring equation by using the linear least-squares method. The 
errors reported were derived from the scatter of the second-order rate 
constant, k, about the fit line. Estimated errors are about 3 times greater 
than these. 

Conductivity Experiments. Conductivity experiments were run at the 
Technical University of Vienna in a thermostated cell with a cell constant 
of 0.43 cm-' at 25 'C. The cell constant was measured by using aqueous 
KCl solutions. Cell resistance was measured with a Wayne-Kerr Auto- 
balance University Bridge B 642 using a Pt electrode at 25.0 f 0.1 'C. 

Results 
The proton NMR spectra of OsCp, show one line at 6 4.71 ppm 

vs TMS in all solvents used. The full width at  half-height is 0.20 
f 0.05 Hz. The spectra of [OsCp21]CF3S03 show one line. The 
full widths at half-height (varying from 0.2 to 0.8 Hz depending 
on solvent) and shifts (varying from 5.477 to 6.260 ppm depending 
on solvent) of [OsCp21]CF3S03 are given in supplementary ma- 
terial Table IO. Both line widths and chemical shifts are inde- 

Creutz, C. Private communications. 
Edidin. R. T.; Sullivan, J. M.; Norton, J.  R.  1. Am. Chem. SOC. 1987, 
109. 3945. 
Smith, T. P.; Iverson. D. J.; Droege, M. W.; Kwan, K. S.; Taube, H. 
Inorg. Chem. 1987, 26, 2882. 
Sohn, Y. S.; Schlueter, A. W.; Hendrickson, D. N.; Gray, H. B. Inorg. 
Chem. 1974, 13, 301. 
Riddick, J. A.; Bunger, W. B. Organic Solvenrs: Physical Properties 
and Merhods of PuriJcarion, 3rd ed.; Wiley: New York, 1970. 
Kirchner, K.; Dodgen, H. W.; Wherland, S.; Hunt, J. P. Inorg. Chem. 
1989, 28, 604. 
Raiford, D. S.; Fisk, C. L.; Becker. E. D. Anal. Chem. 1979, 51, 2050. 
Kirchner, K.: Dang. S. Q.; Stebler, M.; Dodgen, H. W.; Wherland, S.: 
Hunt, J .  P. Inorg. Chem. 1989, 28, 3605. 

3.316.9 
3.714.3 
2.812.8 
7.917.8 
7.915.6 
8.5/6.9 
12.711 1.2 
4.613.3 
3.610.8 
2.912.4 

12.5 f 0.3 

11.3 f 0.2 
7.6 f 0.1 
7.1 f 0.2 
6.6 f 0.1 
6.1 f 0.1 
4.8 f 0.1 
4.7 f 0.3 
2.2 f 0.1 

0.3 f 0.9 

2.5 f 0.6 
-13.3 f 0.3 
-13.9 f 0.6 
-15.3 f 0.3 
-16.8 f 0.4 
-27.0 f 0.3 
-25.5 f 0.9 
-37.5 f 0.4 

3.5 

78.3 
17.6 
31.3 
31.7 
38.1 

2.0 
5.2 
1 .o 

bCalculated from the apparent second-order rate constants. 'Tetrahydro- 

103, I/T K-1 

Figure 1. Eyring plot for the OsCpz/[OsCpzl]CF3S03 electron exchange 
in different solvents: (0) acetonitrile; (A) nitromethane; (0) nitro- 
benzene; (V) dimethyl sulfoxide; (A) acetone; (.) methylene chloride; 
(+) chloroform; (V) bromobenzene; (0)  tetrahydrofuran). 

pendent of temperature in the range -30 to +90 OC. 
In accord with the analogous Ru system, it was found that the 

decamethyl derivatives of osmocene(I1) and iodoosmocene(1V) 
do not show exchange. An upper limit of k, on the basis of the 
resolution of the N M R  spectrometer due to field inhomogeneity 
(10.2 Hz) and the solubility of the complexes (ca. 20 mM in 
acetonitrile), can be estimated to be ca. 25 f 5 M-' s-l a t  20 OC. 
At higher temperatures, depending on the solvent, decomposition 
occurred and precluded extending the temperature range. For 
instance, in the strong donor solvents acetone, dimethyl sulfoxide, 
and tetrahydrofuran, decomposition of [OsCp21]CF3S03 occurs 
at temperatures higher than 60 "C. The results of the temper- 
ature-dependence measurements are given in Table I and Figure 
1 .  

The rate was studied as a function of concentration in the 
solvents dimethyl sulfoxide, nitrobenzene, chloroform, and 
methylene chloride at  20 O C  (given in supplementary material 
Tables 11-14). The low solubility of the charged complex in 
bromobenzene and tetrahydrofuran did not permit a concentra- 
tion-dependence study. In the high dielectric constant solvents, 
dimethyl sulfoxide and nitrobenzene, the rate constants do not 
appreciably change when reactant concentration is varied and the 
second-order rate law is valid. In the low dielectric constant 
solvents, the apparent second-order rate constant increases as the 
concentration of Os(1V) decreases. There is no effect on the rate 
constants of changing the OsCp, concentration. The concen- 
tration-dependence data are presented as a plot of the apparent 
second-order rate constant vs [Os(IV)] in Figure 2. The data 
for the previously studied RuCp2/RuCpJ+ reaction are included 
for comparison. 

The conductance data were fit by means of a nonlinear 
least-squares program, minimizing x 2 ,  to a Fuoss-Kraus equa- 
tion." In the preceding paper,2 the conductance data were also 

( I  1 ) Harned, H. S.; Owen, B. B. The Physical Chemistry of Elecrrolyre 
Solutions; Reinhold: New York, 1950. 
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Figure 2. Test of the second-order rate law. Apparent second-order rate 
constants, k ,  are plotted vs [M(IV)]. The filled symbols represent the 
Ru reaction, and the open symbols represent the Os reaction. The sol- 
vents and reaction temperatures are (0, +) chloroform at 20 OC, (.) 
chloroform at -20 OC, (A, A) methylene chloride at  20 and -50 OC, 
respectively, and (m) acetonitrile at -30 OC. The rate constants have been 
multiplied by IO4 in all cases except for the Os reaction in  chloroform 
and the Ru reaction in chloroform at  20 OC, which have been multiplied 
by IO-'. 

Table 11. Conductivity Data for [OsCp2l]CF3SO3 in Methylene 
Chloride and Chloroform at Various Temperatures ( p  = 0) 

&,," cm2 
solvent T. "C K oxiP." M-' mho mol-] 
CHCI, 20 largeb small 
CH2C12 20 4.2 X IO' 76.1 
CH2CI2 35 3.8 x 105 78 5 

" Data were fit to the Fuoss-Kraus equation." Errors in ep are es- 
timated to be 25%. bToo large to measure. 

fit to the more general Fuoss-Hsia equation;I2 however, similar 
results were found and no dependence of x 2  on the distance pa- 
rameter, r,  was found, suggesting that the Debye-Hiickel limiting 
law was sufficient for the description of the experiments. Thus, 
the simpler approach was chosen. Association constants for 
[OsCp21]CF3S03 are given in Table 11. 

Supplementary material tables contain the N M R  data, in- 
cluding experimental conditions of solvent, temperature, and 
reactant concentrations, for each experiment. Also included are 
the overall rate constants calculated for each sample, on the basis 
of a second-order rate law and modified Bloch equations as 
presented in refs 2 and 1 1. Further, tables of the conductivity 
data are given. 
Discussion 

The results will be discussed separately for the higher dielectric 
constant solvents, dimethyl sulfoxide, acetonitrile, nitromethane, 
nitrobenzene, and acetone, and the more complex situation of the 
low dielectric solvents, methylene chloride, tetrahydrofuran, 
bromobenzene, and chloroform. 

Considering first the higher dielectric constant solvents, the 
exchange rate constants in acetonitrile, nitromethane, and ni- 
trobenzene are 42, 61, and 8, respectively, times slower for the 
OsCp2/OsCp21+ reactions than for the analogous Ru ones. 
Compared to the RuCp2/RuCp2Br+ system, the Os reaction is 
1 I ,  13, and 1 1  times faster in acetonitrile, nitromethane, and 
nitrobenzene. Thus, the rate constants for the OsCp2/OsCp21+ 
reaction are significantly lower than those of the analogous Ru 
reaction and higher than those of the RuCp2/RuCp2Br+ reaction. 
The variation with solvent is similar to that of the latter reaction. 
I n  the present study the range of solvents has been extended to 
include dimethyl sulfoxide and acetone, with higher and lower 
dielectric constants than the others in this class. They also gave 
the most extreme rate constants with the lowest value occurring 

(12)  Fuoss, R. M.; Hsia, K.-L.  Proc. Natl. Acad.Sci. U.S.A. 1967,59, 1550. 

- .  
-40 -32 -24 -16 -8 0 

AS? cal/rnol-K 

Figure 3. Plot of activation enthalpy vs activation entropy: (1 )  tetra- 
hydrofuran; ( 2 )  chloroform; (3) bromobenzene; (4) methylene chloride; 
( 5 )  nitrobenzene; ( 6 )  nitromethane; (7)  acetonitrile; (8) acetone; (9) 
dimethyl sulfoxide. 

in dimethyl sulfoxide and the highest in acetone, giving an overall 
solvent effect range in the polar solvents of a factor of 22. This 
is a high sensitivity compared to the other systems that have been 
studied, such as rnetallocene electron-self-exchange rea~t i0ns . l~  

Recent studies of the electron/atom exchange between CpM- 
(CO),- and CPM(CO)~X (M = Mo, W; X = CI, Br, I)3 and 
between CpM(CO),- and CPM(CO)~H (M = Cr, Mo, W)4 also 
show that the exchange rate constant for the second transition 
series centers (Ru, Mo) are higher than for the third transition 
series metal center (Os, W). Since the metal-halogen or met- 
al-hydrogen bond has to be broken at some stage, the pattern may 
be due to the greater bond strength for the third transition series 
metal. A possibly related observation is that OsCp21+ shows much 
less tendency to decompose in strong donor solvents, such as 
acetone, dimethyl sulfoxide, and tetrahydrofuran, than the Ru 
analogue. With regard to the halogen, the reactivity pattern found 
for the Os system is the same as for the Ru systems and for the 
Mo and W systems mentioned above. The observed rate constants, 
to the extent that they can be measured, increase in the order CI 
< Br < I, the order expected on the basis of the decreasing M-X 
bond strength. Quantitatively, however, there is some difference. 
For the OsCp2/OsCp2Br+ reaction, an estimated rate constant 
of 3 M-I s-l at  90 OC in acetonitrile has been r e p ~ r t e d , ~  which 
is slower by a factor of over 6000 compared to that of the 
OsCp2/OsCp21+ reaction. For the Ru systems, the analogous 
factor is 100-800, depending on the solvent, while for the CpM- 
(CO)</CpM(CO)3X reactions it is 1100-1600. 

The activation parameters for the reaction studied here vary 
a great deal with solvent and in a compensating manner, as shown 
in Figure 3.  This compensation minimizes the variation of the 
rate constant for such a large variation in enthalpy and entropy 
of activation. Considering the higher dielectric constant solvents, 
AH* has a maximum of 12.6 kcal/mol and AS* is 0 for dimethyl 
sulfoxide, while for nitrobenzene AH* is 6.6 kcal/mol and AS* 
is -15 cal/(mol K).  This trend of a decreasing enthalpy of ac- 
tivation accompanied by a more negative entropy of activation 
continues in the low dielectric constant solvents. The most extreme 
case is tetrahydrofuran, for which AH* is only 2.2 kcal/mol and 
AS* is -38 cal/(mol K).  A similar extent and pattern of com- 
pensation as a function of solvent was observed for the 
RuCp2/RuCp21+ but not the RuCp,/RuCp,Br+ reaction. We thus 
conclude that the presence of the iodide makes the reaction es- 
pecially solvent sensitive. The compensation behavior can be taken 
as evidence of a common mechanism or a smooth variation be- 
tween similar mechanisms. However, it makes it difficult to 
interpret the activation parameters in terms of contributions from 
metal-halogen bond breaking. If we take the trend in the acti- 
vation parameters as primarily reflecting the solvent reorganization 
or displacement required to form a transition state, then the pattern 
might be rationalized as follows. The interaction between the 

( 1 3 )  Nielson, R. M.; McManis, G. E.; Golovin, M. N.; Weaver, M. J .  J .  
Phys.  Chem. 1988, 92, 3441. 
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Table 111. Parallel First- and Second-Order Analysis of 
MCp,/( MCp21]CF3S03 Exchange Reactions 

IO-'&,, 
metal solvent T ,  "C M-' s-' kl, s-I 
OS CD2C12 20 29 f 2 130 f 10 

RU CD2CIZ -50 18 f 2 50 f 20 
CDCl3 20 1.0 f 0.1 2.1 f 0.4 

CDCl, 20 7.9 0.3 8 f 2  
CDCI, -20 4.2 f 0.7 6 f 4  
CD3CN -30 54 * 1 6 f l  

MCp, center and the X group on MCp2X- should have a small, 
negative AH* and a negative AS', as well as a negative AV. 
However, to the extent that solvent must be displaced and res- 
tructured between the reactants, there will be a positive contri- 
bution to AH* and a positive contribution to AS* as well as AV. 
The more strongly solvated the reactants, and in particular the 
halogen, the larger will be the solvent contribution. The strength 
of solvation apparently follows closely the dielectric constant, such 
that the solvation contribution dominates in the higher dielectric 
constant solvents. 

As shown in Figure 2, the lower dielectric constant, halogenated 
solvents methylene chloride and chloroform, do not strictly follow 
a second-order rate law. Instead there is an increase in the 
apparent second-order rate constant a t  low concentrations of 
Os(1V). Similar behavior was observed previously for the 
RuCp,/RuCp,Br+ reaction, and it was attributed to a strong 
influence of ion pairing on the bimolecular process. The data on 
the Os system are not fit by such a rate law because it cannot 
describe the large increase in rate at low [Ck(lV)]. An alternative 
that fits both the previous and the current results involves a 
two-term rate law. One term is first-order in each of the reactants 
and the other is pseudo first order in  [Os(II)] or [Ru(II)] and 
independent of [Os(lV)] or [Ru(lV)] 

rate = k,[M(II)][Os(IV)] + k2[M(II)] 

For such a rate law, a plot of the rate/[Os(II)] vs [Os(IV)] 
(apparent second-order rate constant times [Os(IV)]) should be 
linear with a slope of k, and an intercept of k2. Such a treatment 
is presented in Figure 4, and it describes the data. The parameters 
derived are given in Table 111. The data from the Ru system 
in some solvents are less precise than the Os data, but the scatter 
about the line is not systematic. The mechanistic nature of the 
k2 path presumably involves the steady-state formation of a small 
amount of a reactive form of Os(I1) or Ru(I1). This may involve 
specific interaction with the solvent to open the space between 
the Cp rings in order to facilitate interaction with the halogen. 
This interaction might be related to the formation of charge- 
transfer complexes between metallocenes and chloromethanes.14 
We saw no evidence for any isomerization processes of the OsCp,. 
Further work will be to look at other characteristics of this path, 
and attempts will be made to look at other reactions of OsCp, 
or RuCp, that might show the same limiting rate constants. From 
the data on the RuCp2/RuCp21+ reaction in chloroform at 20 and 
-20 OC, estimates of the enthalpy and entropy of activation for 
the k ,  path are 1.8 kcal/mol and -35 cal/(mol K).  The values 
of k, are not well enough defined to justify any calculation, but 
the enthalpy of activation is apparently quite low. Values of 1.9 
kcal/mol for AH* and -34 cal/(mol K) for AS' are obtained, if  
the data are assumed to be strictly second order, by using 48 data 
points in  the range -60 to 30 OC and Ru(I1) concentrations of 
8.5 and 9.1 mM, with 5.4 and 6.5 mM Ru(IV), respectively. If 
this estimate for the second-order term in the parallel path 
treatment is representative, then the activation parameters obtained 
by assuming a simple bimolecular rate law should be approxi- 
mately correct. Furthermore, if  the Os(IV) or Ru(1V) concen- 
tration is above about 4 mM, then the bimolecular path will be 

(14) Sugimori, A.; Matsui, M.; Akiyama, T.; Kajitani, M. Bull. Chern. Soc. 
Jpn. 1980, 53, 3263. 
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Figure 4. Test of the rate law with parallel first- and second-order paths. 
The rate divided by the total M(I1) concentration, equal to the appar- 
ent-second order rate constant times [M(IV)], is plotted vs the total 
M(IV) concentration. The symbols and multipliers are as in  Figure 2. 

dominant and direct comparison to the results for the higher 
dielectric constant solvents is strictly justified. 

The consideration of the additional first-order path in chloro- 
form and methylene chloride prompts an analogous analysis of 
the higher dielectric constant solvent data for which concentration 
dependence data were acquired. The most detailed data set 
available2 is for RuCp2/RuCp21+ in acetonitrile a t  -30 'C with 
19.7-0.85 mM RuCp21+ and 1.81-14.0 mM RuCp,. Reanalysis 
of these data gives a k, value of 5.4 f 0.1 X I O 4  M-I s-I and a 
k2 value of 3 f 2 s-,. The previously quoted value, assuming a 
simple second-order rate law, was 5.5 f 0.2 X IO4 M-' s-I. Thus, 
the k2 path is only marginally apparent and negligible at the high 
concentration of RuCp,I+, 9.1 mM, used for the temperature- 
dependence study. 

We must still consider that in the lower dielectric constant 
solvents, chloroform, methylene chloride, bromobenzene, and 
tetrahydrofuran, ion pairing is essentially complete under the 
experimental conditions. According to the two-term rate law, only 
the kl path should be influenced by ion pairing, and it is this path 
that should be compared to the single path observed in the higher 
dielectric constant solvents. The rate constant for the k l  path in 
methylene choride is comparable to that in nitromethane and 
nitrobenzene. Chloroform gives a much lower rate constant. Ion 
pairing alone cannot be the difference between these two cases, 
and the other relatively low rate constants are for dimethyl sul- 
foxide as well as bromobenzene and tetrahydrofuran. Some strong 
and specific solvent interactions are apparently involved. 

These reactions are intriguing because they involve what is 
formally both electron and atom transfer, or X+ transfer, and can 
be compared to substitution processes. Although it seems most 
likely that a bridged mechanism is involved in the detailed 
mechanism, the experimental data do not yet allow a more detailed 
description of the process. A variety of closely related options 
have been considered by Taube5 and by Creutz.' Extension of 
this work and detailed analysis of related reactions that are being 
developed should allow more definitive mechanistic interpretation. 
Further work in our laboratory is planned on the slower reactions 
involving CI and Br compounds, as well as AV measurements 
on the reactions reported here. 
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