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of the large rate constants for these reactions, an “early” transition
state with a long nucleophile—carbon separation is expected, which
should lead to diminished steric effects. However, this explanation
does not rationalize why nucleophiles prefer to add at the more
hindered carbon atom. Since the preferential substitution at C2
rather than C3 must be due to energy differences between the
two SN2 transition states, we hypothesize that alkyl substituents
stabilize positive charge at the carbon atom undergoing substi-
tution, thereby reversing the normal regiochemistry of substitution.
The electronic effects apparently overwhelm the smaller steric
effects in the three-electron Sy2 transition states. Our Hammond
postulate argument for early transition state structures further
suggests that the transition-state charge distributions may be
similar to those of the ground-state cation radicals. EPR and
CIDNP investigations on unsymmetrically substituted cyclo-
propane cation radicals show that the unpaired spin density (and
presumably the charge distribution) is principally located in the
more highly substituted cyclopropane bonds.’ These data further
support our proposed explanation.

Cyclopropanes 8 and 9 were prepared to test our electronic
hypothesis.'® Here, the substituents at C2 and C3 are comparable
sterically but different electronically. Photooxidation of racemic
8 and 9 in methanol leads exclusively to formation of racemic,
threo 10 and erythro 11, respectively. Both of these products are
the result of nucleophilic substitution with inversion of configu-
ration at the carbon atom which bears the more electron-donating
alkyl substituent.
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In summary, three-electron Sn2 substitutions on diarylcyclo-
propane cation radicals by methanol are dominated by electronic
rather than steric factors.!! This leads to the surprising result
that substitutions occur at the more hindered center, even when
it is tertiary or neopentyl.
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The fullerenes have stimulated intense interest and activity with
regard to their structures, properties, and reactivities.”® Several
reports have demonstrated hydrogenation,” halogenation,® al-
kylation,’ epoxidation,'® and recently, the dimerization of radical
adducts.!!  Several voltammetric studies of Cq, also have ap-
peared.”1>"2!  Generally, it has been found that C, will undergo
stepwise reduction in solution by up to six electrons,'® depending
on the experimental conditions. The long lifetime of the anions
in solution and the nearly equal spacing of the voltammetric
reduction waves suggest that it should be possible to use C, as
a highly selective intermolecular electron transfer catalyst for a
wide range of reducible species. In this communication we report
rate constants for electron-transfer reactions of Cg, anion, dianion,
and trianion with a number of bromides and vicinal dibromides.
The implication of these results is that a single redox catalyst can
be used to carry out a selective, stepwise, multistep reduction of
complex organic compounds. To our knowledge, these are the
first reported examples of homogeneous redox catalysis by Cgq
anions.

Voltammetric data for Cg, benzoquinone (BQ), 9,10-di-
cyanoanthracene (DCA), and 1,4-dicyanonaphthalene (DCN) in
toluene/acetonitrile (5.4:1 v/v) containing 0.1 M tetrabutyl-
ammonium perchlorate (TBAP) as the supporting electrolyte are
given in Table I. Also included are the irreversible peak potentials
for the bromides used in this study. The application of homo-
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Table I. Electrochemical Data and Rate Constants for the Reduction of Bromides and Vicinal Dibromides by C,, Anions

catalyst Eoab ket©
bromide? (E, vs Ag/AgCl) (oxidized form) (V vs Ag/AgCl) M1sh
1,2-dibromotetrachloroethane (—0.84) Ceo —0.416 (59) 22+0.1x%10
BQ —0.359 (60) 1.95 £ 0.06 X 10?
ethyl 2,3-dibromopropionate (-1.41) Cso —0.416 (59) nr
Cor™ —0.836 (59) 1.2 £ 0.1 x 10°
DCA —0.810 (61) 5.9 % 0.1 X 10}
a,a’-dibromo-p-xylene (—1.48) Cyo —0.416 (59) nr
50 —0.836 (59) 22.8 0.1
DCA —0.810 (61) 48.5 = 0.1
ethyl 2-bromopropionate (-1.84) Ceo —0.836 (59) nr
Ceo® -1.378 (61) 8.1 £2Xx10?
DCN -1.302 (60) 7.2 £ 0.1 x 102
ethyl 2-bromoisobutyrate (-1.99) Ceo” —0.836 (59) nr
Ceor -1.378 (61) 45+ 2 % 10*
DCN -1.302 (60) 3.0 %03 x10°

2 A scan rate of 100 mV /s was used. The standard potential for ferrocene in this solvent system is 0.571 V. ®The value of E,° - E,° in millivolts
is in parentheses. ¢ Average of rate constants obtained from two different scan rates using three different concentrations of bromide; nr = no reaction

observed with up to 10 equiv of added bromide.
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Figure 1. Voltammograms at 50 mV s in toluene/acetonitrile (5.4:1
v/v) containing 0.1 M tetrabutylammonium perchlorate as a supporting
electrolyte at a glassy carbon electrode of (a) ethyl 2,3-dibromo-
propionate (0.6 mM), (b) C4 (0.6 mM), (¢) Cy (0.6 mM) + ethyl
2,3-dibromopropionate (0.6 mM), and (d) C (0.6 mM) + ethyl 2,3-
dibromopropionate (1.2 mM).

geneous redox catalysis for the determination of electron-transfer
rate constants has been developed by Savéant and his co-work-
ers.2*% The mechanism for the catalytic reduction of a bromide
(X = H) is given by egs 1, 2, and 3a while that for the vicinal
dibromide (X = Br) is given by eqs 1, 2, 3b, and 4. In both cases
a total of two electrons are transferred with both homogeneous
electron-transfer reactions (eqs 2 and 3a or 4) resulting in the
regeneration of the oxidized form of the catalyst. It is, in fact,
the regeneration of the oxidized form of the catalyst near the
electrode surface that is responsible for the observed catalytic
currents (Figure 1).

A=A 1)

A + RCHBrCH,X — A + RC'HCH,X +Br~  (2)
A" + RC'HCH,X — A + RC'HCH;X (3a)
RC*HCH,X — RCH=CH, + X* (3b)

A"+ Br*— A + Br- 4)

Our initial study has been to establish the efficacy of using Cq,
in its various oxidation states as a redox catalyst and to compare
its reactivity in this regard with the reactivities of other aromatic
radical anions. It is assumed in this treatment that the first
electron transfer (eq 2) is rate limiting. In addition, digital
simulation of the voltammetric waves is consistent with the as-
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sumption that the catalysts are not consumed by follow-up re-
actions in the case of the dibromides (Figure 1). However, a small
amount of coupling between C,, and the alkyl radicals (or anions)
is evident in the reactions of ethyl 2-bromopropionate and ethyl
2-bromoisobutyrate. The possibility of coupling of radical or
anionic intermediates with the Cg, skeleton is potentially important
and may lead to a general approach to the synthesis of Cq, adducts
by preparative electrolysis. For the determination of rate constants,
however, the apparent coupling is a complication that results in
larger experimental errors on the rate constants in Table I. In
all cases, rate constants were obtained from the appropriate
working curves that were obtained by digital simulation.

It is clear from the kinetic data in Table I that the C¢, anions
are not unusually reactive (or for that matter unusually unreactive)
toward the bromides used in this study. Thus, the reactivities of
other organic radical anions with similar E° values (i.e., Cg, versus
BQ, C, versus DCA, and Cg?™ versus DCN) are similar.?> This
can be understood since it has been shown, recently, that the
kinetics of electron transfer to alkyl halides is determined primarily
by the homolytic bond dissociation free energy of the neutral
halide,?*?7 so changes in the Marcus/Hush-like solvent reorg-
anization energies of the catalysts entail a relatively small ad-
ditional contribution to the overall activation free energy for the
reaction.?’

In conclusion, this work represents the first determination of
rate constants for intermolecular electron transfer reactions of
C¢, mono-, di-, and trianion. The selectivity with which the
different classes of bromides and dibromides are catalytically
reduced by the C¢, anions is a result of the convenient spacing
of ca. 400 mV between the successive reduction waves. This
spacing represents a change in the driving force of ca. 10 kcal
mol™. As a result Cq~ will only react with a highly electron
deficient dibromide such as 1,2-dibromotetrachloroethane and does
not react with either of the moderately electron deficient di-
bromides (Table I). Similarly, C¢?~ does not react with the
a-bromo esters since the E° values for the dissociative reduction
of these compounds are more negative than those for the vicinal
dibromides. This high selectivity as a function of the electron
demand of the bromide may have some potentially useful synthetic
applications. A number of possibilities are currently under in-
vestigation.

(25) It was ?ointed out by a reviewer that the rate constants for the
reactions of Cg*" and Cg*~ will be underestimated because these anions will
undergo comproportionation with C¢, and Cgy™, respectively; i.e., Cég"' +
Ceoim9™ = 2C" ", The equilibrium constant for this reaction is ca. 10’ and
will have the effect of lowering the concentration of the catalyst (i.e., it is
consumed faster than would be anticipated). The magnitude of this effect will
depend on the overall rates of the competing processes and is more important
when the reaction with the bromide is slow. However, from digital simulation,
the rate constants will not be underestimated by more than 15-20%.

(26) Lexa, D; Savéant, J. M.; Schafer, H. J; Su, K,; Vering, B.; Wang,
D. L. J. Am. Chem. Soc. 1990, 112, 6162.

(27) Andrieux, C. P.; Le Gorande, A ; Savéant, J. M. J. Am. Chem. Soc.
1992, 114, 6892.



