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oleanolate (13a) (36.1 mg), and the material from latter peak afforded 
methyl ursolate (15a) (39.4 mg). A phytosterol mixture (250 mg),23 

methyl 3-epimaslinate (180 mg), and a mixture of methyl maslinate and 
methyl 2a-hydroxyursolate (1.08 g) were also obtained by chromatog
raphy.7 

(23) This will be published elsewhere. 

We have recently been examining the electrochemical elec
tron-exchange kinetics of various metallocene redox couples as 
a function of the solvent in order to probe the possible role of 
solvent relaxation dynamics upon the barrier-crossing frequencies.1 

The couples selected include cobaltocenium-cobaltocene 
(Cp2Co+^0, where Cp = cyclopentadiene) and the decamethyl 
derivatives (Cp-Me5)2Co+/° (where Cp-Me5 = pentamethyl-
cyclopentadiene) and (Cp-Me5)2Fe+/°.lb These as well as other 
structurally related metallocene and metal arene couples yield 
similar electrochemical reactivities in a given solvent, the small 
(ca. twofold or less) rate variations being consistent with the minor 
differences in the inner-shell (i.e., reactant bond distortional) 
barrier, AG*^, anticipated on the basis of structural data."5 A 
major virtue of these systems as model reactants for solvent dy
namical studies is that the electron-transfer barrier is dominated 
by the reorganization of the surrounding solvent.lb In addition, 
the metallocenes approach the apparent spherical geometry de
sirable for theoretical comparisons. 

Most recently, we have been expanding these studies to include 
measurements of the corresponding self-exchange kinetics in 
homogeneous solution by utilizing the NMR line-broadening 
technique.2 A primary objective is to compare the form of the 
solvent-dependent kinetics at electrochemical interfaces and in 
homogeneous solution in order to ascertain if the nature and extent 
of the solvent dynamical effects are different in these two redox 

(1) (a) Weaver, M. J.; Gennett, T. Chem. Phys. Lett. 1985,113, 213. (b) 
Gennett, T.; Milner, D. F.; Weaver, M. J. J. Phys. Chem. 1985, 89, 2787. (c) 
McManis, G. E.; Golovin, M. N.; Weaver, M. J. /. Phys. Chem. 1986, 90, 
6563. 

(2) Nielson, R. M.; McManis, G. E.; Golovin, M. N.; Weaver, M. J. J. 
Phys. Chem., in press. 

Incubation of Sodium [2-13C2H3]Acetate (lb). The suspension cultures 
of J?. japonica were incubated in LS medium (9.0 L) containing 2,4-D 
(IO"6 M) and sodium [2-13C2H3]acetate (630 mg) and unlabeled sodium 
acetate (1.260 g) in 30 X 500 mL conical flasks for 4 weeks. The cells 
were collected, and the previously described procedure was used to isolate 
methyl ursolate (13b) (60 mg), methyl oleanolate (15b) (70 mg), methyl 
3-epimaslinate (70 mg), a mixture of methyl 2a-hydroxyursolate and 
methyl maslinate, and a mixture of phytosterol (248 mg).23 

environments. During these studies it became clear that, in 
contrast to the electrochemical reactions, the homogeneous-phase 
systems display a notable sensitivity to the reactant electronic 
structure. 

In the present paper we report some pertinent results for 
Cp2Co+/0 and (Cp-MeS)2Co+/0 self-exchange in acetonitrile and 
dimethyl sulfoxide, which along with corresponding published data 
for Cp2Fe+/0, (Cp-Me5)2Fe+/°,3 and bis(benzene)Cr(I)/(0) 
[(C6Hs)2Cr+/0],4 illustrate the dependence of the rate constants 
in a given solvent upon the nature of the metal as well as the ligand 
structure. A correlation is established here between the ca. 
100-fold rate variations for these metallocene couples in a given 
solvent and the character of the orbitals involved in the electron 
transfer. The results implicate the importance of donor-acceptor 
orbital overlap to electron-transfer reactivity for such simple 
homogeneous-phase outer-sphere processes. 

Experimental Section 
Cobaltocene was obtained from Strem Chemicals. Cobaltocenium 

tetrafluoroborate was prepared by oxidation of Cp2Co with tetrafluoro-
boric acid (Alfa); the corresponding decamethyl derivatives were syn
thesized as described in ref 5. Acetonitrile and dimethyl sulfoxide were 
"high-purity" grade from Burdick and Jackson; the former was purified 
further by distillation over phosphorus pentoxide. Deuteriated solvents 
were from Aldrich. All solutions for NMR measurements were prepared 
in 5-mm tubes in a nitrogen-filled glovebox. The Cp2Co+/0 system em
ployed oxidized/reduced form concentrations of 0.02-0.12 M/0.7-20 

(3) Yang, S. E.; Chan, M.-S.; Wahl, A. C. J. Phys. Chem. 1980, 84, 3094. 
(4) Li, T. T.-T.; Weaver, M. J.; Brubaker, C. H., Jr. J. Am. Chem. Soc. 

1982,104, 2381. Li, T. T.-T.; Brubaker, C. H., Jr. J. Organomet. Chem. 1981, 
216, 223. 

(5) Kolle, U.; Khouzami, F. Chem. Ber. 1981, 114, 2929. 
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coupling in outer-sphere redox reactivity. 
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Table I. Rate Constants for Homogeneous 
Sulfoxide at 25 °C 

redox couple" 

Self-Exchange of Various Metallocene and Arene Redox Couples in Acetonitrile and Dimethyl 

ACN 
k\J M-1 1 S" 1 

DMSO ACN 
ft*.' M-' 1 S - 1 

DMSO 
(Cp-Me5)2Co+/° 
Cp2Co+/0 

(Cp-Me5)2Fe+/° 
Cp2Fe+/0 

(C6H6)2Cr+/° 

4.3 (±0.1) X 108' 
3.8 (±0.2) X 107' 
3.8 (±0.4) X 10'' 
5.3 (±0.8) X 106' 

1.8 (±0.3) X 108c 

2.4 (±0.3) X 10" 
d 
1.6 (±0.6) X 106' 
6.0 (±0.7) X XQ-If 

3.3 X 10' 
2.4 X 10' 
5.0 X 10' 
5.0 X 10' 

1.3 X 10' 
1.0 X 10' 
2.0 x 10' 
2.0 X 10' 
1.4 X 10' 

"Cp = cyclopentadienyl. b Measured rate constant for homogeneous self-exchange of listed couple in acetonitrile (ACN) or dimethyl sulfoxide 
(DMSO), as indicated in column heading. 'This work, obtained in 0.1 M tetraethylammonium tetrafluoroborate (see footnote 7 for details of NMR 
spectra). ''Value could not be obtained due to insufficient solubility of ferrocene. 'Values from ref 3, obtained in the absence of added electrolyte 
(values decreased by ca. 20% upon adding 0.1 M electrolyte3). ^Value from ref 4, obtained in the absence of added electrolyte. *Rate constant for 
homogeneous self-exchange, derived from eq 1. Values of various parameters obtained as follows: Kv (0.26 M"1) from eq 2 with r = 7.6 A, Sr = 0.6 
A; /te| = 1; vn from "overdamped" solvent relaxation model (eq 9 of ref lb); AG*M from dielectric continuum model (eq 19 of ref lb); AG*[s from bond 
distance and force constant data (see text) taken as follows: (Cp-Me5)2Co+/°, 0.5 kcal mof; Cp2Co+/0, 0.7 kcal mol"1; (Cp-Me5)2Fe+/° and Cp2Fe+/0, 
0.35 kcal mol"1; (C6H6)2Cr+/°, 0.5 kcal mol-'. 

mM; for the (Cp-Me5)2Co+/° system these were 0.01-0.025 M/0.8-8 
mM. The solutions also contained 1% tetramethylsilane as a chemical 
shift reference. 

Proton NMR spectra were recorded on Nicolet NT 200 and NT 470 
instruments. For data collection in protiated solvents, the interfering 
solvent proton peaks were diminished by homonuclear irradiation of 
undesirable resonances. The rate constants obtained in the protiated and 
deuteriated solvents generally agreed to within 10%. The NMR chemical 
shifts for the oxidized/reduced form mixtures equaled the weighted av
erages of those for the individual redox states measured separately. This 
indicates that the electron-transfer process conforms to the "fast-
exchange" region; the relationships described by Wahl et al.6 were used 
to extract the desired rate constants for homogeneous self-exchange, fcjx, 
by employing the measured chemical shifts and line widths of solutions 
of the oxidized/reduced mixture and of the separate redox states.' 

Results and Discussion 
Table I summarizes rate constants for homogeneous self-ex

change, fcj!,, as determined here for the cobaltocene redox couples 
Cp2Co+/0 and (Cp-Me5)2Co+/° in acetonitrile and dimethyl sul
foxide at 25 (±0.5) 0C. These values were obtained for solutions 
containing 0.1 M tetraethylammonium tetrafluoroborate; k^ 
values only about 10% larger were obtained in the absence of this 
added electrolyte. (Pertinent information regarding the NMR 
data are summarized in footnote 7.) Table I also includes cor
responding fcj, values for Cp2Fe+/0, (Cp-Me5)2Fe+/°, and 
(C6H6J2Cr+/0, taken from ref 3 and 4, which were obtained by 
using proton NMR and ESR line-broadening techniques, re
spectively. The former values were also replicated in our labo
ratory.2 

Comparison of these rate constants in a given solvent reveals 
that the cobaltocenium-cobaltocene couple exhibits substantially 
(ca. tenfold) higher fc*, values than the ferrocenium-ferrocene 
couple. Comparable (ca. tenfold) rate increases are also seen upon 
methylating the cyclopentadienyl rings for both the cobalt and 
iron systems. The (Cp-Me5)2Co+/° couple exhibits k%% values that 
are about 100-fold larger than for Cp2Fe+/0, with both Cp2Co+/0 

and (Cp-Me5)2Fe+/° yielding similarly intermediate k^x values in 
a given solvent (Table I). Roughly comparable rate ratios for 
these four reactions are also observed in a number of other sol
vents;2 acetonitrile and dimethyl sulfoxide are chosen here chiefly 
for illustrative purposes. The value of k*x for (C6H6)2Cr+/° in 

(6) Chan, M.-S.; Wahl, A. C. J. Phys. Chem. 1978, 24, 2542. 
(7) Typical experimental parameters obtained from NMR spectra used to 

obtain rate constants for Cp2Co+/0 and (Cp-Mes)2Co+/° self-exchange in Table 
I, using the analysis procedure in ref 6, are as follows (using nomenclature 
of Wahl et al.,6 as noted below). Cp2Co+/0 in acetonitrile: wDf, 193 Hz; wP, 
119 Hz; wD, 1 Hz; Sv, -11 228 Hz) c, 41.0 mM; /D, 0.785. Cp2Co+/0 in 
DMSO: B-Dp, 240 Hz; H>», 152 Hz; wD, X Hz; Sv, -11 154 Hz; c, 44.8 mM; 
fD, 0.842. (Cp-Mes)2Co+/° in acetonitrile: wDP, 176 Hz; B>, 45 Hz; wD, 1 
Hz; Sv, 19981 Hz; c, 14.3 mM;/D, 0.720. (Cp-Me5)2Co+/° in DMSO: wDP, 
201 Hz; Wp, 59 Hz; W0, 1 Hz; Sv, 20577 Hz; c, 13.8 mM;/D, 0.884. Param
eters are defined as follows: wof, H>P, and W0 are the peak widths of the 
diamagnetic-paramagnetic mixture, the pure paramagnetic species, and the 
diamagnetic species, respectively, Sv is the "contact shift", c is the total con
centration (diamagnetic + paramagnetic species), and/D is the mole fraction 
of the diamagnetic species. The measured parameters for Cp2Co+/0 and 
(Cp-Mej)2Co+/0 refer to fields of 200.07 and 469.58 MHz, respectively. 

dimethyl sulfoxide, 6 X 10' M"1 s~\ is relatively high, being 
intermediate between that for Cp2Co+/0 and (Cp-Me5)2Co+/°. 

In order to elucidate the origin of these surprising rate dif
ferences, it is useful to express the rate constant as18 

kl = V=i"n exp[-(AG*os -I- &G*is)/RT] (1) 

where Kp is an equilibrium constant for forming the precursor state 
from the separated reactants, vn is the nuclear frequency factor, 
and Ke| is the electronic transmission coefficient (i.e., the probability 
that electron tunneling will occur upon formation of the nuclear 
transition state). The form of eq 1 applies to both homoge
neous-phase and electrochemical outer-sphere processes.lb 

As stated above, the inner-shell barriers, AG*is, for the present 
reactants are small. These values can readily be estimated from 
bond distance and vibrational spectroscopic data, using8 

AG*is = 0.5n/fs(A«/2)2 (2) 

where n is the number of bonds undergoing distortion, Aa is the 
change in bond distance between the oxidized and reduced forms, 
and_/js is the "reduced" force constant for each bond obtained from 
the individual force constants for the oxidized and reduced species 
using A = lfgf* I ifS +./If). The last can be obtained from 

A = 4T2«isV (2a) 

where cis is the observed vibrational frequency (s_1) and /i is the 
reduced mass. 

Fortunately, accurate bond distance data are available for the 
present redox couples, which indicate that the only significant 
structural difference between the oxidized and reduced forms is 
a small increase (or decrease) of the metal-ring distance. These 
Aa values are as follows:9 (Cp-Me5)2Co+/°, 0.045 A; Cp2Co+/0, 
«0.05 A; (Cp-Me5)2Fe+/°, -0.035 A; Cp2Fe+/0, ca. -0.035 A;10 

(C6H6)2Cr+/°, =0.045 A. Since the inner-shell distortion for these 
couples involves a symmetric metal-ring vibration, the appropriate 
Pj8 values required are those for the Raman-active stretching mode. 
Such data are available for Cp2Co+/0,12'13 Cp2Fe+/0,13 and 
(C6H6)2Cr+/°.14 The resulting force constants15 together with 

(8) For a recent review, see: Sutin, N. Prog. Inorg. Chem. 1983, 30, 441. 
(9) See Table I of ref lb for detailed borfd distances and literature sources. 
(10) Although the difference in metal-ring bond lengths, Aa, between 

Cp2Fe and Cp2Fe+ has not been evaluated since the latter crystal structure 
is apparently unavailable, the Aa value for Cp2Fe+/0 is almost certainly similar 
to that for (Cp-Me5)2Fe+/° in view of the identical metal-ring distance for 
Cp2Fe and (Cp-Me5)2Fe." 

(11) Haaland, A. Ace. Chem. Res. 1979, 12, 415. 
(12) Hartley, D.; Ware, M. J. J. Chem. Soc. A 1969, 138. 
(13) Gachter, B. F.; Koningstein, J. A.; Aleksanjan, V. T. /. Chem. Phys. 

1975, 62, 4628. 
(14) Fritz, H. P.; Luttke, W.; Stammreich, H.; Forneris, R. Spectrochim. 

Acta 1961, 17, 1068. 
(15) The V1Q and tf* values for these redox couples are taken as follows: 

Cp2Co+/0, 325,12 320 cm"1;13 Cp2Fe+/0, 310, 315 cm"1;13 (C6H6)2Cr+/°, 280, 
270 cm"1.14 Since the central metal atom remains stationary during the 
symmetric vibration, the effective force constant for both metal-ring vibrations 
can be obtained by inserting these values into eq 2a with y. taken as the mass 
of a single ring; this yields/, values of 4.0 X 105, 3.75 X 10s, and 3.5 X 10! 

dyn cm"1, respectively. 
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the above Ao values inserted into eq 2, with n = 4 (i.e., two 
vibrating bonds for each reactant), yield AG*is values for these 
self-exchange reactions of ca. 0.7, 0.35, and 0.5 kcal mol"1, re
spectively. While these estimates of AG*is cannot be regarded 
as precise, they are likely correct to about 20-30%, i.e., within 
ca. 0.2 kcal mol"1. Although the force constants for the (Cp-
MeS)2Co+/0 and (Cp-Me5)2Fe+/° couples are known with less 
certainty,17'18 it is likely that similar or slightly smaller AG*fc values 
apply to these systems. 

These small differences in AG*is between the self-exchange 
processes considered here eliminate this factor as a plausible 
explanation for the observed rate differences. In particular, the 
tenfold greater rate constants for Cp2Co+/0 with respect to 
Cp2Fe+/0 cannot be accounted for by differences in AG*is since 
this term is slightly (0.2-0.3 kcal mol"1) larger for the former 
couple. (Note that to account for the observed tenfold difference 
in fc", on this basis would require that AG*̂  is about 1.4 kcal mol"1 

smaller for Cp2Co+/0.) 
In view of their almost identical size and structure, the out

er-shell reorganization energy, AG*M, for Cp2Co+/0 and Cp2Fe+/0 

should be virtually identical, although AG*^ may be slightly 
smaller for the decamethyl derivatives and (QH6)2Cr+/° due to 
their larger effective radius. It therefore might be argued that 
the rate increases seen upon methylation are due at least in part 
to a decrease in the outer-shell barrier, as well as to slightly smaller 
AG*is values. This possibility, however, appears unlikely since 
the rate constants for Cp2Co+/0, (Cp-Me5)2Co+/°, and 
(C6Hj)2Cr+/0 electrochemical exchange in a given solvent are 
almost identical, even though the AG*^ values should be com
parable to those for the corresponding homogeneous reactions."1 

Consequently, the primary origin of the sizable differences in 
fce, for these five redox couples lies almost undoubtedly in cor
responding variations in the preexponential factor KfKdvn. The 
nuclear frequency factor vn is expected to be dominated largely 
by solvent reorganization dynamics rather than by reactant in
ner-shell vibrations in view of the predominant contribution of 
AG*M to the electron-transfer barrier.lb'c'2 (On the basis of recent 
numerical calculations,2115 the residual contribution of inner-shell 
vibrations to vn for the systems encountered here is small and 
essentially the same for all the reactions in a given solvent.lb'2) 

We have recently been utilizing such metallocene systems to 
test experimentally the theoretical prediction21 that en is determined 
by "overdamped" solvent motion in most solvents. Although 
interesting deviations from this prediction have come to light,10,2 

it suffices to note here that the solvent dependence of the rate 
constants for homogeneous self-exchange as well as electrochemical 
exchange for the present metallocene couples is roughly consistent 
with such theoretical expectations.1'2 Irrespective of the detailed 
molecular factors that can influence the nuclear frequency factor, 
therefore, v„ should be very similar in a given solvent for all the 
present reactions. 

This leaves variations in Kp and/or /ce! as constituting the only 
tenable explanation for the observed variations in k^ with reactant 
structure. For such homogeneous-phase outer-sphere processes, 
Kp will be determined by electrostatic interactions between the 

(16) These AG*j, values for the homogeneous self-exchange reactions ob
tained here are roughly twice those calculated for the corresponding electro
chemical exchange processes examined in ref lb. Besides the use of slightly 
different force constants here, this arises since a pair of reactants are involved 
in the former rather than the single reactant species as in the latter process. 

(17) For the (Cp-MeS)2Fe+/0 couple, i£" and ng* apparently occur at about 
170 cm"1.18 Assuming, as for the Cp2Fe+* couple, that the ring can be treated 
as a single vibrating unit leads to a force constant/, = 2.3 X 105 dyn cm"'. 
These somewhat smaller force constants derived for the decamethyl derivative 
are surprising, however, since almost identical values are anticipated from 
some theoretical considerations." Attempts to evaluate c™ and v'* for (Cp-
Mes)2Co+ and (Cp-Me5J2Co were thwarted by fluorescence and compound 
air instability, respectively.20 

(18) Duggan, D. M.; Hendrickson, D. N. Inorg. Chem. 1975, 14, 955. 
(19) Luttle, H. P.; Ammeter, J. H.; Almlof, J.; Faegri, K., Jr. J. Chem. 

Phys. 1982, 77, 2002. 
(20) Leung, L.-W. H.; Gosztola, D., unpublished results. 
(21) For example: (a) Calef, D. F.; Wolynes, P. G. / . Phys. Chem. 1983, 

87, 3387. (b) Nadler, W.; Marcus, R. A. / . Chem. Phys. 1987, 86, 3906. 

reactant pair ("work terms") together with the statistical prob
ability of forming such a pair from the (presumed spherical) 
reactants. The former component should be absent here since 
one reactant is uncharged. In this case a suitable expression for 
Kp is

8-22 

Kf = 4-KNr2Sr (3) 

where ./V is Avogadro's number, r is the average separation of the 
reacting centers in the transition state, and br is the effective 
"reaction zone thickness", i.e., the range of internuclear separations 
larger than that corresponding to molecular "contact" which 
contribute substantially to the overall reaction rate. The last term 
should be sensitive to the effective distance over which efficient 
electron tunneling between the donor and acceptor orbitals can 
occur and therefore is closely linked to the corresponding value 
of (ce| in eq 1. 

It is useful here to identify two distinct limiting cases. First 
(case 1), the electronic coupling between the reaction centers may 
be sufficient so that efficient electron tunneling occurs (i.e., re
action adiabaticity is achieved) not only upon reactant contact 
but also for significantly larger internuclear separations. In this 
case xel ~ 1 and the magnitude of br reflects the range of larger 
internuclear separations over which reaction adiabaticity is 
maintained. Alternatively (case 2), the reaction may be sub
stantially nonadiabatic even at the reactant contact distance; here 
effectively KA « 1 and br will be small, ca. 0.5 A.822,23 Addi
tionally, K& may be sensitive to the reactant pair geometry, so that 
only certain specific internuclear configurations will correspond 
to sufficient electronic coupling so as to yield viable reaction 
channels (vide infra). In this case, therefore, the form of the Kp 
expression, and hence the magnitude of Kp as well as Kth can be 
very sensitive to the donor-acceptor electronic coupling. 

There is ample evidence from ab initio electronic structural and 
other calculations that outer-sphere electron transfer even between 
small molecules tends to border on case 2 rather than case 1 
behavior.24 Some indirect experimental evidence based on ab
solute theory-experiment comparisons of rate parameters8'25 and 
from analyses of ligand effects upon the rates of some related 
reactions26 is also in harmony with this assertion. It is therefore 
of interest to compare the electronic structures of the metallocenes 
considered here to ascertain if the observed rate differences can 
be accounted for on this basis. 

The primary factor influencing the degree of electronic coupling 
and hence K^ is the extent of spatial overlap between the acceptor 
and donor orbitals, as this determines the magnitude of the 
electronic matrix coupling element, Hn-

24 This overlap for the 
present systems will tend to be greater for orbitals having a greater 
delocalization over the Cp rings. 

Information on this question can be extracted from a number 
of ab initio, Xa, and semiempirical theoretical studies of fer
rocene27 and cobaltocene.28 The effective donor orbital will be 
the HOMO for the reduced form of the couple. This orbital for 
ferrocene appears to be extremely metal centered. Thus INDO-
SCF calculations identify it as having 4e2 symmetry with 86% 
metal character, with an 8a lg orbital having 90% metal character 
lying immediately below it in energy;273 Xa calculations identify 
the HOMO as the latter orbital.27c This predicted metal-centered 
electron distribution is consistent with ESR observations for 

(22) Hupp, J. T.; Weaver, M. J. J. Electroanal. Chem. 1983, 152, 1. 
(23) Hupp, J. T.; Weaver, M. J. J. Phys. Chem. 1984, 88, 1463. 
(24) (a) Newton, M. D. J. Phys. Chem. 1986, 90, 3734. (b) Newton, M. 

D. ACS Symp. Ser. 1982, No. 198, 255. 
(25) Hupp, J. T.; Weaver, M. J. J. Phys. Chem. 1985, 89, 2795. 
(26) Endicott, J. F.; Ramasami, T. J. Phys. Chem. 1986, 90, 3740. 
(27) (a) Zerner, M. C; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff, 

U. T. / . Am. Chem. Soc. 1980,102, 589. (b) Bagus, P. S.; Wahlgren, U. I.; 
Almlof, J. J. Chem. Phys. 1976, 64, 2324. (c) Rosch, N.; Johnson, K. H. 
Chem. Phys. Lett. 1974, 24, 179. (d) Coutiere, M.-M.; Demuynck, J.; 
Veillard, A. Theor. Chim. Acta. 1972, 27, 281. 

(28) (a) Weber, J.; Goursot, A.; Penigualt, E.; Ammeter, J. H.; Bachmann, 
J. J. Am. Chem. Soc. 1982, 104, 1491. (b) Famiglietti, C; Baerends, E. J. 
Chem. Phys. 1981, 62, 407. 
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Cp2Fe+.29 The highly metal-localized nature of the HOMO for 
ferrocene is strikingly apparent when viewed in pictorial form.30 

For cobaltocene, by comparison, the HOMO is distinctly more 
ligand centered and therefore delocalized; Xa28' and LCAO-
HFS2815 calculations identify this as the singly-occupied 4elg orbital 
with only around 50-55% metal character, in harmony with ESR 
observations for cobaltocene.31 

Since the lowest unfilled molecular orbital (LUMO) on the 
oxidized reactants, ferrocenium and cobaltocenium, corresponds 
to the same orbital assignment as on the corresponding reduced 
species,27a,b,2a we deduce that the extent of donor-acceptor orbital 
overlap for the Cp2Co+-Cp2Co reaction will be greater than for 
the Cp2Fe+-Cp2Fe exchange within a given internuclear geometry. 
A complication, however, arises from the relaxation in electron 
distribution which occurs for these systems upon removal of an 
electron from the HOMO; this reflects the multielectron screening 
of the formal metal charge and leads to relatively small and similar 
increases in the net metal charge upon the oxidation of both Cp2Fe 
and Cp2Co.27a,28a The implications of this "charge relaxation 
effect" upon the degree of electronic coupling have recently been 
addressed.24" However, this effect is expected only to modify rather 
than to eliminate the enhancement of Hn and hence KpKei that 
is predicted for Cp2Co+-Cp2Co relative to Cp2Fe+-Cp2Fe self-
exchange. The substantially larger k*x values for the former 
reaction can therefore be understood at least qualitatively on this 
basis. 

The effect of methylation of the Cp rings upon k*x for these 
reactions is also consistent with such electronic considerations, 
even though such comparisons between reactant systems having 
different geometric as well as electronic structures suffer from 
greater ambiguity than where Cp2Co+/0 and Cp2Fe+/0 [or (Cp-
Me5)2Co+/° and (Cp-Me)2Fe+/0] are compared. Although detailed 
theoretical presentations involving individual orbitals are un
available, LCAO-SCF calculations predict that the net electron 
density on the Cp ring is increased markedly by methylation.32 

A similar deduction has been made on the basis of NMR data 
for cobaltocenium333 and ferrocene,33b and also from photoelectron 
spectra.34 Although it is difficult to infer from such information 
the desired effect upon the orbital involved in electron transfer, 
it nonetheless seems reasonable to anticipate a larger donor-ac
ceptor orbital overlap, and hence larger KC1, resulting from ring 
methylation. 

The relative k^x values for the four metallocene self-exchange 
reactions considered here are therefore nicely consistent with 
electronic overlap considerations, especially for Cp2Co+/0 versus 
Cp2Fe+/0, for which detailed electronic structures are available. 
Given the metal-centered nature of the redox orbitals for Cp2Fe+/0, 
one can envisage that the internuclear geometries leading to re
action would be restricted to those with the reactants approaching 
along a common fivefold axis, where some direct metal-metal 
orbital overlap is most likely to be achieved. As noted above, such 
a "geometric" limitation on the electron-transfer rate via the extent 
of orbital overlap and hence upon KC\ can be viewed as arising from 
correspondingly smaller effective Kp values than expected from 
the spherical reactant model (i.e., from eq 3). Thus instead of 
employing a radial distribution function, an orientation-dependent 
Kp, Kp(8), is envisaged whereby only certain zones, 0, on the 
reactant surfaces provide sufficient orbital overlap to contribute 
significantly to the overall reaction rate. This interpretation is 

(29) Prins, R. MoI. Phys. 1970, 19, 603. 
(30) Hout, R. F., Jr.; Pietro, W. J.; Hehre, W. J. A Pictorial Approach 

to Molecular Structure and Reactivity; Wiley: New York, 1984; Chapter 4. 
(31) Ammeter, J. H.; Swalen, J. D. J. Chem. Phys. 1972, 57, 678. 
(32) Luthi, H. P.; Ammeter, J. H.; Almlof, J.; Faegri, K., Jr. / . Chem. 

Phys. 1982, 77, 2002. 
(33) (a) Materikova, R. B.; Babin, V. N.; Lyatifov, I. R.; Salimov, R. M.; 

Fedin, E. I.; Petrovskii, P. V. J. Organomet. Chem. 1981, 219, 259. (b) 
Materikova, R. B.; Babin, V. N.; Lyatifov, I. R.; Kurbanov, T. Kh.; Fedin, 
E. I.; Petrovskii, P. V.; Lutsenko, A. I. J. Organomet. Chem. 1977, 142, 81. 

(34) (a) Gassman, P. G.; Macomber, D. W.; Hershberger, J. W. Or-
ganometatlics 1983, 2, 1470. (b) Cauletti, C ; Green, J. C; Kelley, M. R.; 
Powell, P.; Van Tilborg, J.; Robbins, J.; Smart, J. / . Electron Spectrosc. Relat. 
Phenom. 1980, /9, 327. 

indeed consistent with the detailed solvent-dependent kinetics of 
these reactions.2 Such a sensitivity of the orbital overlap to the 
reactant orientation has been considered occasionally in theoretical 
treatments.8,35 Compared to Cp2Co+/0, therefore, the tenfold 
smaller k\x value for Cp2Fe+/0 can be viewed as arising from the 
smaller probability of forming internuclear reactant configurations 
with sufficient donor-acceptor orbital overlap to contribute im
portantly to electron transfer. 

The comparison of k*x for these two reactions with that for 
(C6H6)2Cr+/° is also of interest. Semiempirical and Xa calcu
lations36 indicate that the HOMO of (C6H6)2Cr is a metal-
localized 8a ig orbital, although a substantially delocalized 4e2g 
orbital lies close in energy and has been assigned as the HOMO 
on the basis of CNDO and SCF calculations.37 However, given 
the relatively rapid self-exchange of (C6H6J2Cr+/0, the k*x being 
intermediate between Cp2Co+/0 and (Cp-Me5)2Co+/° (Table I), 
one would expect that substantial donor-acceptor orbital overlap 
is nevertheless achieved. Indeed, on the basis of INDO-SCF 
calculations, 4e2g orbitals are predicted to be only slightly lower 
in energy than the 8alg for (C6H6)2Cr+; moreover, these orbitals 
are increasingly degenerate for the larger Cr-ring bond distances38 

that would be appropriate for the Cr(I)/(0) transition state. The 
likely involvement of the ligand-delocalized 4e2g orbital in the 
electron transfer may therefore account for the facile kinetics 
observed for this reaction. 

In addition to examining the variations in k^x with metallocene 
structure in comparison with the theoretical expectations, it is also 
informative to explore experiment-theory comparisons for the 
individual rate constants themselves.8,25 Table I contains such 
theoretical estimates of k^x, labeled kfx, for each of the metallocene 
couples and (C6H6)2Cr+'° in acetonitrile and dimethyl sulfoxide. 
These estimates were calculated essentially as described in ref lb, 
using eq 1. (See the table footnotes and Table V of ref lb for 
details.) Thus the vn values were obtained from the "overdamped" 
solvent relaxation model using eq 9 of ref lb. (Note that the 
numerical value of vn should be relatively insensitive to the extent 
of donor-acceptor electronic coupling.39) The reactant radius 
is taken as 3.8 A in each case, and Kp is calculated from eq 2 with 
r = 7.6 A (i.e., twice the reactant radius) and br = 0.6 A, yielding 
Kp = 0.26 M"1. The small difference between the fc* values in 
Table I for the different systems in a given solvent arises from 
the slightly different estimates of AG*is (vide supra). 

Comparison between the corresponding values of k\x and kfx 
in Table I shows that the experimental values are significantly 
smaller than the theoretical estimates only for Cp2Fe+/0. This 
finding that k*x < k^x is suggestive of nonadiabatic (i.e., case 2) 
behavior for this system since the latter values are derived by 
presuming that nti = 1 (i.e., that adiabaticity is achieved, albeit 
with a small "reaction zone thickness", 5r = 0.6 A). The com
parable or larger values of k*x relative to fc* observed for the other 
metallocene reactions (Table I) might be inferred as signaling the 
onset of reaction adiabaticity for these systems. If this is so, this 
would not be consistent with the above assertion that the observed 
rate variations are due primarily to electronic coupling factors. 
However, the observation that k*x > &£ for (Cp-Me5)2Co+/0 is 
more likely to be due to systematic uncertainties in the theoretical 
estimates of vn, AG*X, and/or Kp. (This issue is addressed in detail 
elsewhere.2) 

As noted above, in contrast to these homogeneous self-exchange 
processes the rate constants for the corresponding electrochemical 
exchange reactions at mercury electrodes display virtually no 
sensitivity to the metallocene structure.1M0 The simplest in-

(35) For example: (a) Doktorov, A. B.; Khairutdinov, R. F.; Zamaraev, 
K. I. Chem. Phys. 1981, 61, 351. (b) Cave, R. J.; Klippenstein, S. J.; Marcus, 
R. A. J. Chem. Phys. 1986, 84, 3089. 

(36) (a) Weber, J.; Geoffray, M.; Goursot, A.; Penigault, E. /. Am. Chem. 
Soc. 1978, 100, 3995. (b) B5hm, M. C. Z. Naturforsch. 1982, 37a, 1193. 

(37) (a) Fitzpatrick, N. J.; Savariault, J.-M.; Labarre, J.-F. R. J. Orga
nomet. Chem. 1977, 127, 325. (b) Guest, M. F.; Hillier, I. H.; Higginson, 
B. R.; Lloyd, D. R. MoI. Phys. 1975, 29, 113. 

(38) Clack, D. W.; Smith, W. Inorg. Chim. Acta 1976, 20, 93. 
(39) McManis, G. E.; Mishra, A. K.; Weaver, M. J. J. Chem. Phys. 1987, 

86, 5550. 
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terpretation of this disparate behavior is that the electrochemical 
reactions involve sufficiently strong electronic coupling so that 
adiabaticity is achieved in each case; i.e., case 1 behavior is ob
tained. There are some indications from other measurements that 
electrochemical reactions can be markedly nonadiabatic, at least 
for surface-reaction site distances greater than ca. 6-8 A.23,41 On 
the other hand, there is evidence that simple outer-sphere elec
trochemical processes involving small metal complexes in aqueous 
media are more adiabatic than for the corresponding homoge
neous-phase reactions.25 Although the precursor-state geometries 
for such outer-sphere electrochemical processes are not known 
precisely, it is not unreasonable to envisage the reactant to lie 
suitably close to the surface so that adiabaticity is achieved. This 
would especially be the case if the reactant is able to at least partly 
penetrate the "inner layer" of solvent molecules adjacent to the 
metal surface. 

Despite such uncertainties, the present results provide unusually 
direct evidence for the importance of orbital-overlap factors in 

(40) Admittedly, the electrochemical kinetics of Cp2Fe+'0 exchange at 
mercury can only be examined in a few solvents, such as acetonitrile, since 
the formal potential for this couple is close to, or positive of that for, mercury 
dissolution in most media. However, measurement of the exchange rate 
constant for this couple in acetonitrile under conditions as described in ref Ic 
yielded a value, ca. 5 cm s"1, similar to that obtained for Cp2Co+/0.lc 

(41) (a) Li, T. T.-T.; Weaver, M. J. J, Am. Chem. Soc. 1984, 106, 6106. 
(b) Weaver, M. J.; Li, T. T.-T. J. Phys. Chem. 1986, 90, 3823. 

outer-sphere redox reactivity. The differences in k%x between the 
Cp2Fe+/0 and Cp2Co+/0, and the (Cp-Me5)2Fe+/° and (Cp-
Me5)2Co+/°, self-exchange reactions are of particular significance 
since these pairs of redox couples have structural properties that 
are otherwise virtually identical. Although such effects may well 
be prevalent in many other systems, they usually would remain 
masked by the presence of other obfuscating factors, such as large 
unknown variations in inner-shell barriers, work terms, and so on 
when the kinetics of related reactions are compared. It would 
be worthwhile to evaluate fc£„ for other metallocene or arene 
couples featuring substituents that exert large electronic pertur
bations on the aromatic rings. The quantitative calculation of 
electronic matrix coupling elements for these systems using ab 
initio methods24 would also be of considerable interest. 
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Abstract The sensitivity of infrared vibrational circular dichroism (VCD) toward peptide secondary structure has been investigated 
previously in the amide I, II, and A spectral regions. Here, the first observation of VCD in the amide HI vibration is reported 
in alanyl dipeptides in aqueous solution. Amide I' and II' spectral data for the same molecules are presented as well. Since 
the frequency of the amide III vibration is known to exhibit qualitative conformational sensitivity in infrared and Raman spectra, 
its VCD is expected to be a probe toward secondary structure as well. The VCD results observed for diastereomeric alanyl 
dipeptides in the 1200-1500-cm"1 region suggest that such a conformational sensitivity of the amide III vibration exists. 

Infrared vibrational circular dichroism (VCD) has been ob
served in the amide I, II, and A vibrations of peptide linkages in 
a number of poly(amino acids) and various peptides.1"8 In all 
but two7'8 of these reports, the peptides were studied in nonaqueous 
media. These VCD results, particularly in the amide I region, 
have demonstrated the conformational sensitivity of VCD and have 
shown that conformational information derived from VCD is 
complementary to that obtained from electronic CD for certain 
small peptides.5 Consequently, a new view of peptide solution 
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(4) Sen, A. C; Keiderling, T. A. Biopolymers 1984, 23, 1537. 
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conformation has started to emerge, based on VCD structural 
information. The structural sensitivity of VCD may be thought 
of as originating from the coupling of vibrational motions that 
are a few bonds apart and that are sampled at a very rapid time 
scale, since VCD is a form of vibrational spectroscopy. 

In the following publication, the first observation of amide IH 
VCD of peptides in aqueous solution is reported. The significance 
of this observation lies in the fact that the frequency shift of the 
amide IH vibration (1250-1350 cm"1) exhibits qualitative peptide 
conformational sensitivity9 and consequently has been used to 
complement crystallographic and electronic CD structural in
formation. Thus, it is likely that the amide IH VCD may exhibit 
sensitivity toward peptide secondary structure. The problem with 
the amide HI vibration is that it is by far less defined in terms 
of the atomic displacements than other vibrations of the peptide 
linkage, such as the amide I, II, or A modes. Furthermore, 
deuteriation of the amide moiety changes the composition of the 

(9) Lord, R. C. Appl. Spectrosc. 1977, 31, 187. 
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