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ABSTRACT

The C1 nonamethylcyclopentyl cation minimum undergoes complete methyl scrambling in SbF5 with a 7 kcal/mol barrier. This corresponds to the
rate-limiting conformational interconversion of enantiomeric hyperconjomers via aCs transition structure (above right). A remarkable, more rapid,
second process only exchanges methyls within sets of four and five (blue and red, see above), as has been observed experimentally at low
temperatures. The computed ∼2 kcal/mol barrier involves a Cs [1s,2s] sigmatropic methyl shift transition structure (above left).

Carbocations are proficient at undergoing cascades of
sequential rearrangements. Degenerate isomerizations are
among the most intriguing of these transformations, espe-
cially when they lead back to the original structure after a
large number of intervening steps.1 Indeed, complete pro-
ton and methyl substituent scrambling is known to occur
for carbocations in five-membered rings.1c�e

The puzzling rearrangement mechanisms of the nona-
methylcyclopentyl cation (Figure 1) are elucidated here.
Mayr, Saunders, and co-workers showed decades ago that
two different methyl group scrambling processes were
involved.1c�e Full equilibration of all nine CH3’s had a
7 kcal/mol barrier, but a remarkable, more rapid process
(barriere2.5 kcal/mol) only allowed partialmethyl group
interchange. Separate 1H and 13C NMR signals of sets of
five and four methyl groups were observed. The detailed
nature of both of these processes has remained a mystery,
although the possibility of sequential concerted up�down

back-side trans displacements of one methyl by another
has been suggested.2

The behavior of the parent cyclopentyl cation is different.
Although it undergoes complete proton scrambling, partial
interchangewas not detected.Olah et al. only observed single
1H and 13CNMRpeaks, but neither broadened at the lowest
feasible temperatures in solution.3a Moreover, Myhre,
Yannoni, et al.’s 70 K solid-state MAS NMR spectra3b and
ab initio computations3c agreed that the classical (but hyper-
conjugatively stabilized) C2 symmetry structure of the cyclo-
pentyl cation was preferred over a hydrogen-bridged alter-
native. The flatness of the computed potential energy surface
(PES)3c appears to preclude experimental elucidation of its
scrambling mechanism.
However, Sorensen andWhitworth1e provided evidence

for the preferred trans stereochemistry of sequential 1,2-
hydride transfers by showing that these tookplace∼40 times
more rapidly in the all-trans than the all-cis 1,2,3,4,5-penta-
methyl cyclopentyl cation. This finding suggested that the
mechanism of partial methyl exchange reported for the
nonamethylcyclopentyl cation (1) byMayr et al. might well
be similar.1c,d
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We now describe our computed PES for 1, which
identifies rearrangement transition structures with barriers
consistent with those determined experimentally for the
different degrees of scrambling.
An asymmetric (C1 point group)minimum for the nona-

methylcyclopentyl cation was computed at the B3LYP/
6-31G(d) density functional theory (DFT) level in 2000.1d

Wehave located analogousC1minima for 1 at theB3LYP/
6-31þG(d,p) (Figure 1), B3LYP/6-311þG**, M06-2X/
6-31þG(d,p), mPW1PW91/6-31þG(d,p), and MP2/6-31þ
G(d,p) levels.4Unlike theparent cyclopentyl cation,3 thePES
of the nonamethyl derivative (1) cannot haveC2v or evenC2

symmetry since the formal cationic carbon bears a methyl
group (a 3-fold rather than a 2-fold rotor; the tilting of
the 5-carbon ring is apparent in the “side view” shown in
Figure 1).Nevertheless, all theDFTminima have two quasi-
axial methyl groups hyperconjugated to the carbocation
center. Their C�C distances, 1.59 and 1.60 Å (Figure 1),
are both ∼0.05 Å longer than those of their more weakly

hyperconjugated quasi-equatorial geminal methyl group
counterparts (1.55 and 1.54 Å, Figure 1).5 The computed
ca. 100� DFT H3C�C�Cþ angles for both of the more
strongly hyperconjugatedmethyl groups (also reported in ref
1d) indicate substantial hyperconjugation6 rather than brid-
ging.WhileMP2/6-31þG(d,p) predicts one of these angles to
be 84�, MP2 levels are known to overestimate such 3-center
2-electrondelocalization.7Hence, the structureof theC1nona-
methylcyclopentyl cationminimum (1) is best described as a
classical, hyperconjugativelydeformed tertiary carbocation.
As expected, a bridged [1s,2s] sigmatropic methyl shift

transition structure8 was found at all levels of theory
employed. The nonclassical, delocalized, cyclic 3-center
2-electron carbocation character of its Cs B3LYP/6-31þ
G(d,p) geometry (Figure 2) is apparent.5,9,10As represented
in the left side of Figure 3, the corresponding methyl shift
process results in eventual equilibration of the set of four
“blue” quasi-axial methyl groups as well as the set of five
“red” quasi-equatorial methyl groups (which includes the
methyl group attached to the carbocation center). While
the five ring carbons also become equivalent, this process
does not allow for crossover between the “red” and “blue”
methyl sets. Hence, this transition structure is consistent
with the experimentally determinede2.5 kcal/mol barrier.1

The barrier for this process computed at various levels
(Table 1) show the expected MP2 underestimation and
B3LYP overestimation.7 The other DFT levels in Table 1
predict barriers in line with experiment. We note that
Saunders and Kates found similar experimental barriers for
1,2-methyl shifts in acyclic polymethylated carbocations.11

A transition structure for “twisting” interconverts two
mirror image C1 minima (see Figure 3, right side) by
interchanging the sets of quasi-axial and quasi-equatorial

Figure 1. C1 nonamethylcyclopentyl cation (1) minimum at
B3LYP/6-31þG(d,p) (distances in angstroms).

Figure 2. B3LYP/6-31þG(d,p)-optimized structure (Cs symmetry,
distances in angstroms) for the [1s,2s] sigmatropic methyl shift
transition structure (see Figure 3, left side, middle).
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“blue” and “red” geminal methyl groups. The B3LYP/
6-31þG(d,p) transition structure (shown in Figure 4) has
Cs symmetry and resembles a classical tertiary carbocation.
The C1 enantiomers (1) also can be considered to be

hyperconjomers,12 since different C�CH3 bonds in each
of the two sets of gem-dimethyl groups adjacent to the
carbocation center participate in hyperconjugation. Twisting
also interchanges the individual methyl groups of the distal
geminal pairs, but their enforced eclipsing in the transition
structure raises the barrier to the experimentally determined
7.0 kcal/mol value.1c,d All of the DFT-computed barriers
(6.0�7.3 kcal/mol, Table 1) agree well with this value. The
small MP2 overestimation may be attributed to the reduced
delocalization in the twisting transition structure.7

When both the enantiomerization (twisting) and 1,2-
methyl shift processes are operative, all the methyl groups
in the nonamethylcyclopentyl cation scramble completely
(Figure 3). The three principal stationary points involved
in these rearrangements illustrate the classical-to-bridging
continuumof carbocation structure types.7,13 TheCs twisting
transition structure is largely classical, the 1,2-shift transition
structure is obviously bridged, and the C1-symmetry mini-
mum involves considerable hyperconjugation: the three
sorts of species at the center of many debates on carbocation
structure.9
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Figure 3. Computed nonamethylcyclopentyl cation rearrange-
ment mechanisms. The methyl shift process on the left side
repeats sequentially around the ring but only results in partial
methyl scrambling. The “twisting” enantiomerization process
on the right side (top) also is needed to enable complete
“red�blue” methyl exchange.

Table 1. Computed Barriers (E þ ZPE; kcal/mol)

method 1,2-shift twisting

B3LYP/6-31þG(d,p) 4.3 6.0

B3LYP/6-311þG** 4.2 6.6

B2PLYP/6-311þG**a 2.9 6.8

M06-2X/6-31þG(d,p) 1.5 7.3

mPW1PW91/6-31þG(d,p) 2.5 6.7

MP2/6-31þG(d,p) 0.3 9.0

a Single point onB3LYP/6-31þG(d,p) geometry; noZPE correction.

Figure 4. B3LYP/6-31þG(d,p) optimized structure (Cs symmetry,
distances in angstroms) for the “twisting” transition structure
(see Figure 3, right side, middle). The eclipsing of the distal
pairs of geminal methyl groups is responsible for the higher
(7 kcal/mol) barrier of this TS. Also note the “envelope”
conformation of the five-membered ring and the orientation
of the CH3C

þ methyl group. Other Cs-symmetry rotational
orientations of this methyl group and other five-membered ring
conformtions are possible, but these result in higher order saddle
points with higher energies.
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