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In mechanistic studies, unimolecular rearrangements of radical
ions are often employed as “probes” for single-electron transfer:
A structural feature (e.g., a cyclopropyl group) is incorporated
into the substrate which (in principle) will lead to rearrangement
if a radical or radical ion intermediate is involved. The use of a
cyclopropyl group is predicated on the expectation that the
rearrangement will be rapid, in analogy to the cyclopropylcarbinyl
— homoallyl radical rearrangement (eq 1) which is fast(10?

s and essentially irreversible.
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Although rate constants for unimolecular rearrangement of
manyneutral free radicals are knowhlittle is known regarding
the rearrangement of structurally similar radicals Frequently,
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it is assumed that structural features which lead to facile rearrange-

ment of neutral free radicals will do the same for radical ions.
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Procedures for determining whethler or k; is rate-limiting
and for extracting the pertinent rate constants have been described
by Savant? the specific procedures utilized in this study are
similar to those described by us in an earlier publicatiéior 1a
and 1b, electron transfer was found to be rate-limiting for all
mediators examined, and the pertinent kinetic information is
summarized in the Supporting Information.

The fact that ring opening isot the rate-limiting step foda
or 1bis noteworthy because this means that ring opening is very
fast. These results do not pernkt to be measured directly
although it is likely thak, > 10’ s71, vide infra). The variation

To address this issue, rearrangements of radical anions derive f k, with the reduction potential of the mediator allows an

from aliphatic ketoneda, 1b, and1c (Scheme 1) were studied

estimate of the reduction potentials d&a and 1b via the

using electrochemical techniques. Preparative scale eleCtm'yS'Sapplication of Marcus theor§® Accordingly, the reduction

(DMF or NMP solvent, gold electrodéBusNCIO, supporting

potentials ofla and1b were determined to be 3.215+ 0.068)

electrolyte) of all these substrates leads to ring-opened products;nq —3 196+ 0.067) V (vs 0.1 M Ag/Ag), respectively. The

(2-pentanone froma, a 2.5:1 mixture of 5-methyl-2-pentanone
and 4-methyl-2-pentanone frodb, and 2-hexanone frorc),
results which are consistent with ring openinglof as depicted
in Scheme 1.

The technique ohomogeneous redox catalysikeveloped by
Savant? was employed to learn more about the kinetics of these
rearrangements. The premise of these experiments is outlined i

Scheme 2: An electron is transferred (heterogeneously) from the

electrode surface to a mediator specigy,(rather than directly

to substratel. The mediator subsequently diffuses into solution,
where it transfers an electron to the substrate. Finally, the reduce
form of the substratel(~) undergoes ring opening, formirgy .
Kinetic information is obtained from changes in the cyclic
voltammogram of thévl/M*~ couple.

In principle, either ii or iii may be rate limiting. In the former
case, the rate constant for electron transfer betwéenand 1
(k;) can be determined. If iii is rate limiting, then the composite
rate constank,ps = (Ki/k-1)*k, = K;k, ensues. The rate constant
k. can be readily extracted if the reduction potential ¢E°;/1-)
is known. (There is an additional complication: After ring
opening,2°~ may further react witiM*~ via a secondelectron
transfer kg 2~ + M*~ — 272 + M) or by coupling Kagd 2
+ M*= — 2-M~?). The rate constant ratio = Ke/(Kaga + Key) iS
also derived from the experimental data).
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fact that within experimental error the reduction potentiald &f
and 1b are identical means that substituents on the cyclopropyl
group have little effect on the stability dfe— and 1b*~.

Cyclobutyl ketonelc was selected for study because it was
envisioned that ring opening would be slower than for the
cyclopropyl derivatives, thus increasing the likelihood that ring

pening would be rate-limiting for this substrate. Utilizing
naphthalene and biphenyl as electron-transfer mediators, ring
opening was found to be rate-limiting, and the composite rate
constantk,,s = (Kikp) was determined. Assuming that the

dreduction potential ofcis the same as that fdaand1b, k, can

be abstracted frorkns because; = exp[F/(2.30RT)(E®y~ —
E°wm+). Identical values fok, were obtained using naphthalene
and biphenyl as mediatork,(= (3.3 £ 0.2) x 10* s™9).

The results discussed above indicate that ring openirfg-of
occurs with a rate constant10’ s'1, with a modest preference
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Faraday Discuss. Chem. Sot96Q 29, 21. (c) Marcus, R. AAnnu. Re.
Phys. Chem1964 15, 155. (d) Marcus, R. AJ. Chem. Physl965 43, 679.
(e) Marcus, R. AFaraday Discuss. Chem. Sd@82 74, 7. (f) For an excellent
review see ref.
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(8) According to Marcus theory, the relationship betw&eand the free
energy of electron transfenAG®) is
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ki Ky —A o2 kg exp—AG°/RT)
KZ exp(—4m(l + AG/A) )
whereAG® = F(E°wym — E°y1). Assumingky = 1.0 x 101° M~ s72 (the

diffusion-controlled rate constant in DMA{y = 0.16 M, and the frequency
factorZ = 6 x 10 s%, the rate constants were fit to eq 2 via nonlinear
regression analysis, witB°;-- and the reorganization energyas the only
adfjustable parameters. For a more detailed description of this treatment, see
ref 5.
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R)‘\v< of magnitudediminutionin the rate of ring opening (entry b, Table

e ko 1). Placement of a phenyl group on the cyclop_rop_yl ring
)Z\X accelerates both rearrangements attributable to stabilization of the
R . unpaired electron of the ring-opened form by resonance (entry c,

Table 1), but rearrangement of the radical akids 3 orders of

Table 1. Effect of Substituents on the Rate of Ring Opening of magnitude slower tha!'l the ”el,’”a' free radical. . .

Radicals and Radical lons The results summarized herein demonstrate that the relationship

between rearrangement rates of neutral free radicals and similarly

rearrangement reaction x=H"‘ ‘s1’x=° Keomd® structured radical anions is not simple. Delocalization of spin is
certainly an important consideration affecting the rates of rear-
Y R% . )xvv 5x102° 33x10°° 68 rangement of paramagnetic intermediates in general. However,
RO these results revedhat for radical ions, charge also plays an
x N important role
0 ph).w — N, Tx10% <2t <0.00006 For radical anions generated from aliphatic ketones, rearrange-
. ment is actuallyfaster than that of the analogous neutral free
. X ar so radical. Placement of a phenyl group on thearbon of either a
? ”“)'\Vph S o008 neutral radical or radicrfl ionyrgtardg the rate of rearrangement
& Keetaive = Ki(X = O-)/ka(X = H). PR = H, ref 11.¢R = CHj, this becaus_e o_f delocalizatiqn of_ spin. However for the radicel ion,
work. ¢ Reference 12¢ Reference 10.Reference 147 Reference 13 delocalization of charge misoimportant (Scheme 4). In the ring-
(see also ref 10). opened form, the negative charge no longer enjoys stabilization

afforded by the aromatic ring. (Semiempirical molecular orbital

. . ) . ) calculation®® reveal that in the ring-closed form, 62% of the total
for the more-substituted (stable) distonic radical anion (Scheme charge is associated with the aromatic ring. In the ring-opened

3, with ks°/ks” = 2.5 based upon product studies). For the 2,2- o " 8004 of the charge is associated with the oxygen and
dimethylcyclopropylcarbinyl radicaBj, ks°/k;° = 6.72 Assuming a-carbon of the enolate anion).
the reactivity/selectivity principle pertains, the lower selectivity In summary, stabilization of both charge and spin are important
observed for ring opening df~ suggests that this rearrangement  actors pertaining to substituent effects on the rates of radical
is fasterthan that of the neutral free radic@)(The rate constant  gpjgn rearrangements. Although this work focused specifically
for ring opening of3 is greater than ¥0s™*, and on this basis, gy radicalanionrearrangements, there is little doubt that the same
we suggest that the rate constant for ring opening-ofis of considerations pertain to rearrangements of radical cations as well.
similar or greater magnitude. ~ Although the chemistry of radical ions is more complex than is
Until now, results pertaining to the rearrangements of radical generally appreciated, it is important to emphasize that they do
anions derived from carbonyl compounds (Scheme 1) suggestechot appear to defy established principles of organic reactivity.
that these_ reactions a@dlcal'llke in terms of SUbStltuen_t The Comp|exity arises because these Species are both raadicals
effects: With alkyl substituents on the cyclopropyl group, ring jons, and their chemistry is reminiscenttmithtypes of reactive
opening occurs to generate the more substituted (and more stablejtermediates. As more systems are studied and patterns regarding
distonic radical anion; radical-stabilizing substituents (e.g., phenyl the role played by stabilization (or destablilzation) of charge and
or vinyl) on the cyclopropyl group enhance the overall rate of spin are revealed, it is likely that an excellent understanding of
ring opening* the chemistry of this unique class of reactive intermediates will
This study demonstrates that there are additional factors whichbe achieved.
govern radical ion reactivity. The cyclobutylcarbinyl radical
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1b* could not be measured in these experiments, it is likely that €99€d-
ring opening of these radical anions occurs with a rate constant Supporting Information Available: Table S1 summarizing rate
similar to (or perhaps greater than) that of the cyclopropylcarbinyl constants for homogeneous electron transfer between reduced form of
neutral free radical. the mediator and substraie(PDF). This material is available free of

In contrast, ring opening of the cyclopropylbenzyl radical charge via the Internet at http:/pubs.acs.org.
occurs with a rate constant ofx 10° s~%.12 Replacement of an
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