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The two Ru-O distances are nearly identical [2.106 (3), 2.107
(3) A] and only slightly shorter than the Os—O distances in the
Os analogue [2.118 (6) A]. The Ru-O distances compare well
with Ru—O distances observed in some dinuclear Ru species having
similar groups.’” Altogether, the bond length distribution in 1
conforms well to the molecular quasi m symmetry (the pseudo-
mirror plane passing through Ru(2) and the midpoint of the
Ru(1)-Ru(3) bond). Such molecular symmetry is in fact broken
only by the Si~Et group orientations.

Implications for Surface Organometallic Chemistry. Interaction
of the silanol and silanolate derivatives with the triruthenium
clusters in the absence of catalytic amounts of Cp,Fe,(CO),
resembles the reactivity pattern encountered upon chemisorption
of Ru,;(CO);, on the basic MgO support, in which exlusively
reduction products are observed. In contrast, oxidative addition
of a surface silanol group to the metal-metal bond of Ru3(CO),,
occurs upon chemisorption of the trinuclear cluster on silica.
Although the different reactivity patterns are probably a conse-
quence of the intrinsic properties of the SiO, surface, the oxidative

addition pathway may require activation of a carbonyl ligand in
a manner similar to that proposed for the catalytic action of the
iron dimer.

The synthesis of 1 was made possible by the presence of catalytic
amounts of Cp,Fe,(CO),. This result suggests that a similar
approach may be a viable alternative for incorporating species
within the coordination sphere of a metal cluster, which tends to
yield reduction products exclusively.
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The rates of the electron exchange between Ru(cp), and Ru(cp),Br* (cp represents the cyclopentadienide anion) as the PFy, ClO,",
and BF," salts and between Ru(cp), and Ru(cp),I* as the CF;SO;~ and PF” salts have been measured by 'H NMR line broadening
as a function of temperature and solvent. The observed second-order rate constants at 20 °C and the activation parameters obtained
for the Ru(cp),/Ru(cp);Br* system as the PF, salt are as follows (1073k in M~! 57!, AH* in kcal mol™}, AS* in cal mol™! K™!):
nitrobenzene-ds, 2.9 £ 0.2, 8.1 £ 0.1, -14.8 & 0.2; nitromethane-d;, 2.5 £ 0.1, 8.5 £ 0.1, -14.1 £ 0.5; acetonitrile-d, 1.6 £ 0.08,
8.2 £ 0.1, -15.7 & 0.3; benzonitrile, 1.6 & 0.08, 8.6 £ 0.3, -14.5 % 1.1. For the Ru(cp),/Ru(cp),I* system as the CF,S0;" salt,
the second-order rate constants at 20 °C and the activation parameters obtained are as follows (10~ %k in M~ s/, AH* in kcal
mol™!, AS* in cal mol™! K™!): nitrobenzene-ds, 2.6 £ 0.1, 6.6 £ 0.1, -11.3 £ 0.3; nitromethane-d;, 19.2 = 1.0, 8.5 £ 0.3, -0.5
% 0.7; acetonitrile-d;, 7.4 £ 0.4, 6.7 £ 0.2, -8.7 £ 0.8. Only a slight dependence on extra added salt is found for the above solvents.
In the low dielectric constant solvents, chloroform-d,, bromobenzene-ds, and methylene-d, chloride, ion association occurs and
thus the observed rate constants and activation parameters are composite quantities from free-ion and ion-paired pathways. For
chioroform-d,, the rate constants for two pathways are resolved. The calculations indicate that the electron-transfer reaction does
not occur appreciably via the ion-paired pathway. There is no significant dependence of rate on the identity of the counterion.
Decamethyliruthenocene(II) does not exchange with bromo- or iododecamethylruthenocene(IV) even at 110 °C in nitrobenzene-ds.

Introduction

The study of one-electron-transfer reactions between substi-
tution-inert monometallic transition-metal complexes in nona-
queous solution has become an appealing area of research in recent
years. Consequently, considerable progress has been made in both
experimental and theoretical respects.!~> However, reports on
multielectron-transfer reactions between monometallic transi-
tion-metal complexes are sparse.* A prototypical example of a
simple two-electron, apparently inner-sphere, exchange reaction
was introduced by Taube et al., namely the halogen-mediated
electron transfer between metallocenes of ruthenium and osmium
in the oxidation states 4+ and 2+.> The reactants are stable in
both oxidation states in solution over a large range of temperatures
and pressures. A comparison of solvent electrolyte effects between
inner-sphere and outer-sphere electron-exchange reactions might
be of interest.
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In these two-electron-transfer reactions, structural changes that
accompany charge transfer and the activation process will be in
contrast with those of simple outer-sphere self-exchange reactions.
Variation of solvent, temperature, electrolyte, and anion may give
a deeper insight into the detailed mechanism of this reaction type.
Other important questions concerning two-electron transfers are
how the halogen exerts control on the reaction, whether a concerted
two-electron process occurs or whether two one-electron steps are
involved, and if the latter occurs, whether Ru(III) intermediates
can be detected.

In this paper we report an investigation of the kinetics for
various temperatures, solvents, and anions for the ruthenoc-
ene/bromoruthenocene and ruthenocene/iodoruthenocene elec-
tron-exchange reactions.

Experimental Section

Materials. Ruthenocene was obtained from Strem Chemicals, Inc.,
and was purified by one vacuum sublimation. [Ru(cp),Br]X (X = PFy",
BF,", ClO,") and [Ru(bp),11X (X = CF;SO;", PFy") were synthesized
according to refs 6 and 7. [Ru(cp),Br]X was recrystallized twice from

(6) Smith, T. P.; Kwan, K. S.; Taube, H.; Bino, A.; Cohen, S. Inorg. Chem.
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(7) Sohn, Y.S.; Schlueter, A. W.; Hendrickson, D. N.; Gray, H. B. Inorg.
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hot acetonitrile/methylene chloride and precipitated with increments of
n-heptane over a period of 1 h. Attempts to synthesize the triflate salt
in the same manner were not successful. Anal. Caled for
[CoH,oBrRu]PFg: C,26.33; H, 2.21. Found: C, 26.25; H, 2.41. Calcd
for [C\oH,(BrRu]BF,: C, 29.91; H, 2.51. Found: C, 30.13; H, 2.71.
Caled for [CoH,oBrRujClO,: C, 29.25; H, 2.45. Found: C, 29.84; H,
2.36. [Ru(cp),1]1X was purified as in ref 6. Anal. Calecd for
[CioH4IRu]JCF,80,: C, 26.05; H, 1.98; S, 6.32; 1, 25.02. Found: C,
26.06; H, 1.98; S, 6.32; 1, 25.02. Microanalyses were done by Galbraith
Laboratories. Decamethylruthenocene was purchased from Strem
Chemicals, Inc., and used without further purification. The corre-
sponding haloruthenocene(1V) complexes were synthesized and purified
according to a literature method.® All solvents used for the purification
of both compounds were purchased from J. T. Baker Chemicals and
purified by using standard procedures.® The deuterated solvents were
purchased from MSD Isotopes and were used as obtained.

In the kinetics experiments the concentration of the reactants varied
from about 0.5 to 20 mM depending on solubility.

'H NMR Experiments. The data were recorded on a Nicolet N-
T200WB instrument operating at 200 MHz. The acquisition parameters
were a 4.5-us pulse with a 500-ms postacquisition delay, a 2000-Hz sweep
width, an 8K or 16K block size, and 256-1024 pulses. for the nondeu-
terated solvents no lock was used but after 64 scans a good signal-to-noise
ratio was obtained. Temperature was controlled within 1 °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 methanol or ethylene glycol. The digitized data were
transferred to an 80286 processor-based microcomputer running Micro-
soft Quick Basic and treated by a complete line shape analysis to obtain
the second-order electron-exchange rate constants. The spectra were
calculated by using a modified Bloch equation for two exchanging
sites.>!® The nonlinear least-squares program allows the adjustment of
the first-order exchange rate constant k’and/or the fraction of Ru(IV)
complex by minimizing reduced x2. With this procedure it was possible
to determine &’ within an error of 5% or better. Assuming a simple
bimolecular rate law, the second-order exchange rate constant, k, is then
given by k’/[Ru(1V)]. For the Ru(cp),;/Ru(cp),Br* system in benzo-
nitrile and for the Ru(cp),/Ru(cp),I* system in chloroform-d,, methy-
lene-d, chloride, and bromobenzene-ds, second-order rate constants were
extracted by using relations 1a,b, which were applicable since the reaction

_ m(Av, M~ Arg'D

[Ru(IV)] (a)

- m(Avg,! - A"OW)

[Ra(Il)] (1)

was in the slow-exchange regime, as indicated by obeying the relation
1/k’> 1/[2x(6v)]. bv is the difference of the resonance frequency (in
Hz) of the Ru(ll) and Ru(IV) complexes. In these equations k is the
second-order rate constant, Av,!! and A, 1Y are the full widths at half-
height of Ru(Il) and Ru(IV) in Hz in the presence of Ru(lV) and
Ru(Il), respectively, and Aug!! and Awg'Y are the full widths at half-height
in Hz of Ru(lIl) and Ru(lV) in the absence of Ru(IV) and Ru(Il),
respectively. The peak widths at half-height were determined by fitting
the data to a Lorentzian line shape using the program LF available on
the Nicolet instrument. NMR line widths and chemical shifts, relative
to tetramethylsilane (TMS), for the pure compounds were measured in
all solvents at various temperatures.

The temperature dependence data were fit to the Eyring equation by
using a simple linear least-squares program. The errors were derived
from the scatter of k about the fit lines.

Conductivity Experiments. Conductivity experiments were run at the
Technical University of Vienna in a thermostated cell with a cell constant
of 0.43 cm™!. The cell constant was measured by using aqueous KClI
solutions. Cell resistance was measured with a Wayne Kerr Autobalance
Universal Bridge B 642 using a Pt electrode at 25 = 0.1 °C.

Results
The proton NMR spectra of Ru(cp), and Ru(ep),Br* (PF¢,
BF,~, and ClO," as counterions) show a single line at § = 4.53

ppm and 6 = 6.07 ppm vs TMS, respectively, in the solvents
acetonitrile-d;, nitromethane-d;, methylene-d, chloride, and
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Table I. Activation Parameters and Observed Second-Order Rate
Constants at 20 °C for the Ru(cp),/[Ru(cp),Br]PF¢ System in Various
Solvents

no. T range AH*, AS*, 1073k,2
solvent (¢) of pts (£1), °C kcal mol™! cal mol"! K' M-ts”!
CD,CN (37.5) 6 20-70 8201 -157£03 1.64
CD;NO, (35.8) 5 20-60 85+01 -141£0.5 2.54
C¢DsNO, (34.8) 16 20-110 8.1 %01 -148x+0.2 2.94
CgH;sCN (25.2) 12 2045 86£03 -145+1.1 1.64
CD,Cl, (8.9) 11 5-35 60+01 -178x04 25.2¢
CD,CN? 6 20-70 8502 ~149%03 1.7
CD;CN¢ 6 20-70 84£02 -152£02 1.7

° Assumed second-order rate law; see text. ®CiO,” as anion. °BF, as
anion. ¢ Concentration range of [Ru(cp),BrlPFs  9.9-19.1 mM.
¢ Concentration range of [Ru(cp),Br]PFg 0.52-0.56 mM.

Table II. Activation Parameters and Observed Second-Order Rate
Constants at 20 °C for the Ru(cp),/[Ru(cp),I]CF,SO; System in
Various Solvents

no. T range AH*, AS?, 1073k,

solvent (¢) of pts (£1),°C kcal mol” cal mol™ K' M5!
CD,CN (37.5) 17 -30-20 6.7+ 0.2 -8.7£0.8 7.45
CD;NO, (35.8) 14 -10-35 8503 -0.5+£07 19.2¢
CDsNO, (34.8) 16  15-80 6601 ~-113£03 26
CD,Cl, (8.9) 32 -90to-50 57£01 -129%07 5.4°

CDCl; (4.7) 48  -60~30 1.9+£01 -338+04 0086

C4DsBr (5.4) 16  -20-50 53+£02 -239£06 0.037°

4 Assumed second-order rate law; see text. In the slow-exchange regime
the rate constants were determined by using both broadenings of the Ru(II)
and Ru(IV) signals according to eq 1. An average value is given.
¢Extrapolated to 20 °C.

Table III. Activation Parameters and Observed Second-Order Rate
Constants at 20 °C for the Ru(cp),/[Ru(cp),I]PFy System in Various
Solvents

no. T range AH*, AS*, 1075k,2
sotvent () of pts (£1),°C  kcal mol™' cal mol” K} M5!
CD,CN (37.5) 13 -30-25 6.2+02 8308 21.1%

CD;NO,; (35.8) 9 -10-30 8.7+£0.2 -03+06 19.1
CD,Cl, (8.9) 10 -85t0—65 52£02 ~126+08 14.3¢

2 Assumed second-order rate law; see text. ?In the slow-exchange regime
the rate constants were determined by using both broadenings of the Ru(II)
and Ru(lV) signals according to eq 1. An average value is given.
¢Extrapolated to 20 °C.

benzonitrile. In nitrobenzene-d; for Ru(cp),Br* § = 6.26 ppm
was found. The full line widths at half-height of Ru(cp), and
Ru(cp),Br* are 0.2 £ 0.02 Hz. The chemical shifts and the line
widths are independent of temperature. The kinetic results of the
temperature and solvent dependences are summarized in Table
I and shown in Figure 1.

Ru(cp),I* (PF¢ and CF,SO;™ as counterions) exhibits a single
resonance at 6 = 6.07 ppm in the solvents acetonitrile-d; and
nitromethane-d;. In chloroform-d;, methylene-d, chloride, ni-
trobenzene-ds, and bromobenzene-d; the single peak is shifted to
4 =6.27,6.15, 6.30, and 5.61 ppm, respectively. The line width
in these solvents is 0.2 £ 0.1 Hz. Both the line widths and the
chemical shifts are independent of temperature in the range
studied.

Care was taken to avoid use for the kinetic studies of some
batches of [Ru(cp),l]CF;S0O;, for which, particularly in low
dielectric solvents, the line widths were significantly broadened
as the temperature increased from -10 °C. However, no
broadening of other signals, e.g. of TMS or solvent, was observed
and no additional peaks due to decomposition could be detected.
The profile of shift versus temperature plots was reproducible for
the same solutions as the temperature increased and decreased.
This indicates reversibility of the underlying processes. Just a
slight increase of the widths at lower temperatures was observed.
The ratios of the peak areas of the Ru(cp),I* signal and the solvent
or TMS signals were independent of temperature within the time
scale of the measurements. After addition of small amounts of
iodine as an oxidant to a solution of iodoruthenocene(1V), no
temperature-dependent broadening was observed and the line
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Figure 1. Eyring plots for the Ru(cp),/[Ru(cp),Br]PF; electron ex-
change in different solvents: (O) CD,CN (solid line); (¥v) C;HCN
(dashed line); (a) CD3NO, (solid line); (W) CsDsNO, (dashed line); (O)
CD,Cl,.
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Figure 2. Eyring plots for the Ru(cp),/[Ru(cp),I1CF,SO, electron ex-
change in different solvents: (0) CD,CN; (a) CD;NO,; (®) C,DsNO,;
(0) CD,Cl,; (#) CDCly; (v) C¢DsBr.

width at half-height was about 0.2 Hz.

Due to overlap between the solute and the solvent signal in
methylene-d, chloride, the electron self-exchange was studied only
between =90 and 50 °C. The resuits of these kinetic studies are
shown in Figure 2 and summarized in Tables I and ITI. The
choice of different solvents was limited by the solubility and the
stability of the haloruthenocene(IV) complexes as pointed out in
a previous paper.!!

It was found that the decamethyl derivatives of ruthenocene(II)
and both bromo- and iodoruthenocene(I1V) complexes do not
undergo exchange even at 110 °C in nitrobenzene-ds. An upper
limit of k, based on the resolution of the NMR spectrometer due
to the field inhomogeneity (<0.2 Hz) and on the solubility of the
complexes (20 to 30 mM in nitrobenzene-ds), can be estimated
to be ca. 25 = 5 M~ s, At higher temperatures decomposition
occurred and precluded extending the temperature range.

For the Ru(cp),/Ru(cp),I* system the rate was studied as a
function of concentration in the solvents acetonitrile-d; at 30 °C,
methylene-d, chloride at =50 °C, and chloroform-d, at 20 and
20 °C. The low solubility of iodoruthenocene in bromobenzene
did not permit a concentration dependence study in this solvent.
As a representative example, the concentration dependence in
chloroform-d, at 20 °C is shown in Table IV. In acetonitrile-d;
the rate constants do not appreciably change when reactant
concentrations are varied and the second-order rate law is valid.
However, in the low dielectric constant solvents the overall rate
constant increases as the concentration of Ru(cp),I* decreases.
There is no effect on the rate constants of changing the Ru(cp),
concentration.

The conductance data were fit by means of a nonlinear
least-squares program, minimizing x?2, to both Fuoss—Kraus!2 and

(11) Kirchner, K.; Dodgen, H. W.; Wherland, S;; Hunt, J. P. Inorg. Chem.
1989, 28, 604.

(12) Harned, H. S.; Owen, B. B. The Physical Chemistry of Electrolyte
Solutions; Reinhold: New York, 1950.
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Table 1V. Dependence of the Overall Exchange Rate Constants on
Reactant Concentrations in Chloroform-d, at 20 °C in Order of
Decreasing [Ru(cp),lJCF;SO,

[Ru(cp)s], [[Ru(cp)ICF:S0;], [Rulp  107k2 107k
mM mM mM M-t sl % e
1.80 9.39 11.19 9.29 7.50
9.13 6.52 15.65 8.29 (8.04) 8.34
18.64 5.22 23.86 8.51 8.94
3.31 5.15 8.46 9.12 (9.03) 8.98
6.11 3.70 9.81 9.74 (10.01) 10.0
9.32 2.61 11.93 10.98 11.3
9.01 2.31 11.32 11.84 11.9
3.05 1.85 490 13.05(13.18) 12.9
13.33 1.43 1476 13.05 14.2
4.51 1.16 5.67 14.70 15.4
6.66 0.72 7.38 19.02 18.7
5.15 0.56 571 21.60 20.7

2 A second-order rate law is used to calculate observed k’s. In the
slow-exchange regime the rate constants were determined by using
both broadenings of the Ru(Il) and Ru(1V) signals according to eq 1.

Table V. Conductivity Data for [Ru(cp),IJCF,SO, at 25 °C (at u = 0)

Ao’ Ayt
Kp°.e Kot K¢ cm? cm?
solvent M- M- M- mho mol™! mho mol™!
CHCl; 4.7 x10° 4.1 x 10® 3.8 x 10° 12.9 12.2
CH,Cl, 50x10* 42x10* 3.4x10° 30.34 29.50
CH,CN 2.0 <2.0 9.0 203.1 203.0

¢Data were fit to Fuoss—Kraus equation. ®Data were fit to Fuoss—Hsia
equation. Solvent dielectric constants and viscosities (¢cP): CHCl,, 4.7,
0.542; CH,Cl,, 8.9, 0.42; CH,CN, 36.0, 0.345. Distance of closest ap-
roach was taken as 8 A. Estimated error in K° £ 25 %. ‘Calculated
rom eq 2 with r taken as 8 A,

Fuoss—Hsia!? equations. The latter one was used in the form
presented by Fernandez-Prini.!* As suggested by Beronius,! only
the molar limiting conductance, Ay, and the ion-pair formation
constant, K;,°, were treated as adjustable parameters. The distance
parameter, r, was optimized by setting it equal to a number of
values. The best value for r was determined by plotting x2 versus
r. The results of fitting the conductivity data over the concen-
tration range 0.02-0.5 mM at 25 °C are given in Table V. The
two different equations used for the evaluation of the molar lim-
iting conductance and the association constant gave similar results.
In the equations of Fuoss and Hsia, where the extended Debye-
Hiickel equation is used to calculate activity coefficients, the
quality of the fit was independent of the distance parameter, r,
and it was set to 8 A.

Supplementary tables contain the NMR data, including ex-
perimental conditions of solvent, temperature, and reactant con-
centrations for each experiment and the overall rate constants
calculated for each sample, on the basis of eq 1 and a modified
Bloch equation. Further, tables of conductivity data at 25 °C
are given, including concentrations, molar conductivities, and
resistance of the pure solvent.

Discussion

The order of the reaction was studied for the more soluble
Ru(cp),/[Ru(cp),I]CF,S0; reaction in CDCl, (Table IV, sup-
plementary Table 17), CD,Cl,, and CD,CN (both in supple-
mentary Tables 16 and 15, respectively) and was found to be first
order in each reactant. Apparent deviations from overall sec-
ond-order behavior, shown in Table IV, are adequately accounted
for by the influence of ion pairing (vide infra). The apparent
second-order rate constants presented in Tables I-11I were cal-
culated by assuming the simple second-order rate law.

General patterns observed are that the iodine system reacts 2-3
orders of magnitude faster than the bromine system, probably
reflecting better bridging and /or conductivity by iodine. Neither
system is sensitive to the identity of the anion, but the iodine system

(13) Fuoss, R. M.; Hsia, K.-L. Proc. Natl. Acad. Sci. U.S.A4. 1967, 59, 1550.
(14) Fernandez-Prini, R. Trans. Faraday Soc. 1969, 65, 3311.
(15) Beronius, P. Acta Chem. Scand., Ser. A 1975, 429, 289.
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is more sensitive to the nature of the solvent. The faster iodine
system was also studied by using the iodine decamethyl analogue
Ru(CsMes),/[Ru(CsMe;s),I]CF,SO;5. The lack of measurable
reactivity for the decamethyl analogue is in contrast to the out-
er-sphere electron self-exchange reactions of Fe(cp),/Fe(cp),* !¢
and Co(cp),/Co(cp),*.!7 1In both of these cases, the decamethyl
systems are faster, by factors of 3 and 11, respectively, than those
of the parent compounds. This has been attributed to increased
electron density on the ligand = orbitals involved in electron
transfer. The large decrease in rate constant, at least a factor
of 10°, may be partially attributable to the same effect, but here
electron density moved from the metal center to the rings will
decrease reactivity because the ring = system is not directly in-
volved. A likely more significant contribution may arise from the
steric interactions between the methyl groups, which occurs when
the (CsMe;) rings tilt back in order to form the halogen-bridged
precursor.

For more detailed discussion it is useful to treat the higher
dielectric constant solvents, CD,CN, CD;NO,, C,DsNO,, and
C4HCN, separately from the low dielectric ones (CDCl,, CD,Cl,,
and C,DsBr). The conductivity studies (vide infra) established
that [Ru(cp);I]CF;SO; exists as free ions in CD;CN, and thus
it and [Ru(cp),Br]PF, should be fully ionized in all the higher
dielectric constant solvents.

The Ru(cp),/[Ru(cp),Br]PF; reaction (Table I) showed little
if any variation with solvent over the series of high dielectric
constant solvents studied. The resuits for the iodine system, shown
in Tables II and III, are rather more varied. The most notable
difference is CD;NO,, which has a much higher enthaipy and
entropy of activation compared to CD;CN and C,DsNO,. No
general trend with classical dielectric functions or empirical solvent
parameters is found (e.g. 1/¢!® or donor/acceptor numbers'®).
This is not surprising, as solvent parameters such as the empirical
donor/acceptor numbers are developed for the description of
hard-hard Lewis~type interactions and, therefore, should not be
applied to interactions where soft reaction centers, such as [ or
aromatic ring systems, are involved.

In order to interpret the data for the low dielectric constant
solvents, the extent of ion pairing must be evaluated. For this
purpose, conductivity studies were performed on [Ru(cp),I]-
CF;S0,. The results are given in Table V. Ion pairing is extensive
in both CHCly and CH,Cl,. This is the resuit both from the
conductivity expressions used in the analysis and from K;,° es-
timated with eq 2.2° In these equations, N is Avogadro’s number,

4r NP}
i ° — e————— p—
Ki, 3000 exp(-w/T) (2a)
- 212262 (2b)
erkB

kg is Boltzmann’s constant, 7 is the distance between the centers
of the two ions involved in the ion pair (taken as 8 A), R is the
gas constant, T is the absolute temperature, Z, and Z, are the
charges on the two ions, e is the elementary charge, and ¢ is the
dielectric constant.

The values of K;,° for Ru(cp),I* are comparable to the ion-pair
formation constants for cobalt(III) clathrochelates in (CH,Cl),?'
or manganese(1) isocyanides?? in chloroform and bromobenzene.
There, however, BF,” was used as the counterion. It has been
reported that, in nonaqueous solvents, triflate is a stronger donor
than BF, or PF¢.3

(16) Nielson, R. M.; McManis, G. E.; Golovin, M. N.; Weaver, M. J. J.
Phys. Chem. 1988, 92, 3441.

(17) Nielson, R. M.; McManis, G. E.; Safford, L. K.; Weaver, M. J. J. Phys.
Chem. 1989, 93, 2152,

(18) Born, M. Z. Phys. 1920, I, 45.

(19) Schmid, R. J. Solution Chem. 1983, 12, 135.

(20) Fuoss, R. M. J. Am. Chem. Soc. 1958, 80, 5059.

(21) (a) Borchardt, D.; Pool, K.; Wherland, S. /norg. Chem. 1982, 2], 93.
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Kirchner et al.

Table VI. Calculated Second-Order Rate Constants and lon-Pair
Formation Constants (at 4 = 0)

10"k, 102k, K¢
solvent (7T, °C) Y M1t M-l
CDCl; (20) 7.5 £ 0.4° -28 59 4,1 x 108
CDCl, (-20) 35406 9.9 £ 9.1 3.6 X 108
CD,Cly (-50) 2.3 £0.5 -0.4£05 26X 10
CD,CN (20) 7.4 £ 0.3 <2
CD;CN (-30) 0.57 £ 0.02 <2

9 At temperatures other than 25 °C eq 4 was used to estimate Kj,°.
Solvent dielectric constants: CHCl,, 4.718 (25 °C), 4.806 (20 °é),
5.61 (=20 °C); CH,Cl,, 8.9 (25 °C), 12.6 (-50 °C). ®These estimates
of errors are approximately doubled when allowance for uncertainity in
K,° is made. ‘Determined at 20 °C without concentration variation.
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Figure 3. Plot of observed second-order rate constants vs the mole

fraction, f,, of free [Ru(cp),I]*. The dashed line was calculated from
eq 3.

The existence of both free ions and ion pairs in solution leads
to the consideration that they could react independently and could
react at different rates.2’"2} The experimental rate constants were
fit to eq 3 by using a linear least-squares program. In these

kep = kofy + kipfiy = ko + (kip — ko)fip (3a)

In vs = ~Z,Z,Cu'2/(1 + Bru'l?) (3b)

u = (1= fRu(V)] (30)

Ky = Ki®vs? (3d)
SolRu(IV)]g

Ko = T RaV))g (o)

equations C and B are the Debye—Hiickel parameters and are
defined elsewhere,?? # is the distance of closest approach (taken
as 8 A), v, is the mean activity coefficient, 4 is the ionic strength,
K;,°, is the thermodynamic ion-pair formation constant, and
[Ru(IV)], represents the total concentration of iodoruthenocene.
The fit parameters kq and k;;,, which are the second-order rate
constant of the free-ion pathway and the second-order rate constant
of the ion-paired pathway, respectively, are adjusted to minimize
x*. The rate constants ko and k;, were assumed to be independent
of ionic strength, since Ru(cp), is uncharged. The fraction of free
iodoruthenocene, f;, and ion-paired ruthenocene, f;,, were de-
termined by an iterative procedure using eqs 3b—e. K;,° was taken
from the conductance measurements as fit to the Fuoss—Hsia
equation.!3

Since no ion-pair formation constants were availble at tem-
peratures other than 25 °C, K;,° values at other temperatures were
estimated by using eq 4, which is derived from eq 2. The values

K)ok )(L ; L) @
Ki,°(Ty) exp /7ke &l, T

for K;,® (for u = 0) and « at different temperatures as well as the

(23) Schmid, R.: Kirchner, K.: Dickert, F. L. Inorg. Chem. 1989, 27, 1530.
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calculated second-order rate constants for the free-ion and ion-
paired pathway are listed in Table VI. Calculated vs observed
second-order rate constants are given in Table IV and are shown
in Figure 3.

In outer-sphere electron-transfer reactions between a neutral
and a +1 reactant, a small effect of ion pairing has been observed.
For the Fe(cp),/Co(cage),* ?' electron-transfer reaction, ko/ ki,
was calculated to be 5.3, 5.6, 19.3, and 19.3 in the solvents
CH]CN, (CH])zo, C6H5N02, and (CH2C])2, respectively. For
the Co(cage),/Co(cage),* 2 electron transfer, ky/k;, was deter-
mined to be 3.1, 10, and 5.1 in the solvents CH;CN, (CH3),CO,
and CgH¢NO,, respectively. In contrast, for the Ru(cp),/Ru-
(cp),I™ reaction, the rate constant for the ion-paired pathway is
negligibly small, i.e. at least smaller by a factor of 10°. A plot
of the observed second-order rate constants vs the fraction, f;, of
the free jodoruthenocene is linear with an intercept (=k;,) of (-2.8
£+ 5.9) X 102 M~ 57! and a slope (=kg) of (7.5 £ 0.4) X 10° M
s~ (Figure 3). It is, therefore, assumed that the triflate ion is
coordinated in the vicinity or even at the iodine site, preventing
the formation of a bridged precursor complex. The rate constants
for the free-ion pathway in chloroform and methylene chloride
are comparable to the rate constants for the high dielectric constant
solvents. AH* and AS* for this pathway in chloroform are cal-
culated to be 2.8 %+ 1.7 kcal mol™! and -22 % 7 cal mol™! K,
respectively, which are comparable to the values given in Table
I1 for the observed rate constants. According to eq 4, AH® and
AS® are 0.4 kcal mol™ and 29 cal mol™! K-}, respectively, for
ion-pair formation in CHCl,. This prediction is in line with other
experimental data.?*?

Since low dielectric constant solvents are poorer donor/acceptor
solvents than high dielectric constant, ones,!® in general one can
expect a lower AH* of desolvation and a somewhat more negative
AS*, as less entropy is gained on release of the poorer solvent.
This is, qualitatively, in line with the experimental data, as can
be seen in Tables Il and III.

An interesting and perhaps unusual temperature dependence
of the line widths of Ru(cp),I* has been observed in some batches.
Since the effect is abolished by I,, which can act as an oxidant,
some reducing species is indicated. Perhaps some Ru(I1) species
appears as the temperature is increased. The paramagnetic
Ru(l1I) species could produce some line broadening and the small
shifts observed. Since the effect seems to be reversible, either a
disproportionation equilibrium or an equilibrium with an oxidized
solvent or impurity species appears to be required. Electron spin
resonance studies have not revealed any evidence for Ru(III), but
this fact does not conclusively rule out Ru(III) since in low-spin
17-electron metallocenes significant orbital contributions to the
magnetic moment are expected, which lead to fast electronic
relaxation, and EPR spectra can be typically observed only at very
low temperatures.?® Due to the lack of a significant chemical
shift, which indicates a reaction in the “slow exchange” regime,
the presence of Ru(II) in our solutions can be excluded, since no
Ru(1l) signal could be detected by NMR spectroscopy. A mo-
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nomeric or dimeric haloruthenocene(111) compound with halide
coordinated might be stable, since it is known that transition-metal
metallocenes with only partially filled orbitals relieve their electron
deficiency by adding extra ligands, accompanied by a tilted-back
arrangement of cyclopentadienyl rings. In view of the sparse
information to date, a more detailed investigation has to be done.

In conclusion, this study has characterized the electron-transfer
reaction between Ru(cp), and Ru(cp),X* in various solvents
through its activation parameters and rate constants. In low
dielectric constant solvents, as expected, ion pairing occurs, which
in general makes it difficult to determine specific rate constants
and activation parameters. In accordance with outer-sphere
electron-transfer reactions of the same charge type, the ion-paired
pathway is less favorable. However, in the case of these particular
inner-sphere electron-exchange processes, the inhibition due to
ion pairing is much more pronounced and the ion-paired pathway
is practically negligible. This finding suggests that the triflate
ion must be coordinated at the halogen or at least in the vicinity
of the bridging ligand, obstructing precursor complex formation.
Further investigations will involve temperature-dependent con-
ductance measurements and concentration dependence studies at
various temperatures in order to separate ky and k, from the
apparent k and to get activation parameters for both pathways.
The activation parameters for the Ru(cp)/Ru(cp),1* system have
proven to be more varied than those for the Ru(cp),/Ru(cp),Br*
system. Specific solvent interactions with the iodine might be
involved. Our results are consistent with those of Taube et al.’,
considering the precision of the activation parameters. The ha-
loruthenium system cannot easily use an outer-sphere mechanism
such as is presumed in the ferrocene/ferrocenium® case. Ap-
parently the Br bridge for ruthenium is not as efficient as the
outer-sphere ring interaction for iron, as a larger AH* is found
for ruthenium. The iodoruthenium parameters are closer to those
of the outer-sphere iron systems. Further work will also involve
the study of the volume of activation as a function of solvent and
halogen ligand in order to better interpret the results. An extension
of these studies to the osmium analogues is in progress.

It might be noted that AV* for ferrocene/ferrocenium is ca.
~7 ¢m® mol' 2 and for bromoruthenocene(1V) is ca. =3 cm?
mol™".!! In both cases the larger negative AV* contribution ex-
pected for association or bond formation is largely compensated
for by a positive AV* effect due to solvent release on association.

Note Added in Proof. In work on the Os analogues of these Ru
compounds, we find that the non-ion-pair, ion-pair pathway treatment
does not fit the data. Both the Ru and Os data can be fit with the rate
law

rate = ko[M(IT)] + &, [MUIT)}[M(IV)]
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