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ABSTRACT: The degenerate rearrangement in the 21-homo-
dodecahedryl cation (1) has been studied via density functional
theory computations and Born−Oppenheimer Molecular Dynam-
ics simulations. Compound 1 can be described as a highly fluxional
hyperconjugated carbocation. Complete scrambling of 1 can be
achieved by the combination of two unveiled barrierless processes.
The first one is a “rotation” of one of the six-membered rings via a
0.8 kcal·mol−1 barrier, and the second one is a slower
interconvertion between two hyperconjomers via an out-of-plane
methine bending (ΔG⧧ = 4.0 kcal·mol−1).

Carbocations are prone to undergo a series of rearrange-
ments; some of them are very simple, but others involve a

sequence of complex transformations.1 In particular, degenerate
rearrangements in carbocations have caught the attention of the
chemistry community, mainly because after a large number of
steps they conduct to the original structure. Perhaps the
examples of complete carbon degeneracy par excellence are the
2-norbornyl2−4 cation and bullvalene.5−7 It has been observed
that carbocations of the (CH)n

+ series (where n is odd) are
potentially degenerate carbonium ions.1 In 1988, the group of
Paquette showed degenerate rearrangements in the 21-
homododecahedryl cation (C21H21

+, 1) by ascertaining the
migration of isotopic labels obtained in the solvolysis products
of the monodeuterated mesylate.8−10 This fascinating cation
was described by the authors as “a most interesting electron-
deficient species that has the latent potential to be the record
holder for all degenerate molecules”10 because it is capable of
sustaining 2.56 × 1019 different arrangements!
Paquette and co-workers explored the possibility of a

stereospecific process involving carbonium mesylate ion pairs,
which equilibrates six of the twenty-one methine units.9 Such a
process allows the rotation of a six-membered ring (6MR)
relative to a [5]peristylane fragment (Figure 1). However, this
option precludes the migration of the labeled deuterium to a
larger section of the cation. Thus, due to the disagreement with
the deuterium labeling results it was discarded. Instead, a non-
stereospecific process was proposed where more than three
Wagner−Meerwein rearrangements should occur before the
deuterium label finds it possible to exit the 6MR.9

Herein, we revisit the rearrangement mechanism of 1. Using
density functional theory (DFT) computations and Born−
Oppenheimer Molecular Dynamics (BO-MD) simulations, we
identify the transition states (TSs) involved in the complete
scrambling. While Paquette and co-workers discarded such a
stereospecific process,9 our computations indicate that the
simultaneous operation of that with an interconversion between
two hyperconjomers11,12 (using the term defined by Schleyer et
al.) explains the entire scrambling in 1. Interestingly, both
processes require very low activation energies (less than 4 kcal·
mol−1).
Full geometry optimizations were carried out employing the

PBE0 functional13 in conjunction with a def2-TZVP basis set
using Gaussian 09.14 Harmonic vibrational frequencies and
zero-point vibrational energies (ZPVEs) were computed at the
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Figure 1. Structure of the 21-homododecahedryl cation. The
[5]peristylane fragment is highlighted in blue.
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same level. Intrinsic reaction coordinates (IRC)15 ensure that
each TS connects with the corresponding minima. The
dispersive forces were taken into account using the Grimme
dispersion D3 approximation.16 The adaptive natural density
partitioning (AdNDP)17 technique was employed to under-
stand the nature of chemical bonding. Such methodology
analyzes the first-order reduced density matrix to describe the
electron density in terms of the n-center-two-electron (nc-2e)
bonds. BO-MD simulations were performed at the PBE/DZVP
level.18 The simulations were started from the equilibrium
geometry with the assignment of random velocities to all the
atoms using a Hoover thermal bath to control the temperature.
All of the BO-MD simulations were performed using the
deMon-2k program.19 A similar combination of BO-MD and
high level ab initio computations has been successfully applied
to elucidate the rearrangement pathways of the 2-norbornyl, 9-
homocubyl, and cubyl cations.20−23

Compound 1 is a polyhedron composed of ten juxtaposed
5MRs and two 6MRs. Natural population analysis (NPA)
charge on C21 (following the numbering scheme suggested by
Paquette et al.9) is 0.30|e|. The formal cationic carbon C21 is
depicted in red in Figure 2a, accompanied by important bond

lengths. Compound 1 adopts a Cs structure with a large degree
of ring puckering as well as with significant inward distortion of
the C+ center. The short geminal C1−C21 and C20−C21
distances (1.418 Å), the long vicinal C1−C14 and C19−C20
bonds (1.640 Å), and the ring puckering facilitate the C−C
hyperconjugative interactions with the “vacant” p-orbital of
C21. Additionally, the computed values of C21−C1−C14 and
C21−C20−C19 angles (98°) also denote hyperconjuga-
tion.24,25 The AdNDP analysis (see Figure 2b) shows two
partial 3c-2e σ-bonds around C21 with an occupation number
of 1.98|e|. Therefore, despite the planar local geometry of C21,
it participates in the formation of two multicenter bonds
involving two long C−C interactions of 2.313 Å. Furthermore,
our NBO26 analysis indicates that the most important
hyperconjugative interaction (34.2 kcal·mol−1) comes precisely
from the vicinal C1−C14 and C19−C20 σ-bonds to the vacant
p orbital at C21 with no other important stabilizing
interactions, supporting the AdNDP analysis. Thus, these
results indicate that 1 is a highly hyperconjugated24,25

carbocation with a partial nonclassical character.

During the BO-MD simulations at 600 K, 1 preserves its
pattern of cage structure, but a continuous rotation of a 6MR
above a [5]peristylane base is clearly perceived (see movie 1 in
the Supporting Information). Remarkably, after a certain point
in the simulation, a second process, which interconverts two
hyperconjomers,11 assists the complete scrambling of the
twenty-one methine carbon’s framework. Hence, the stereo-
specific process discarded by Paquette and co-workers9 is
simultaneously operating with an out-of-plane methine
bending, allowing the exchange of all the CH units in 1.
As represented in Figure 3, the “rotation” of a 6MR above a

[5]peristylane moiety results in eventual equilibration of only

six methine units (C21−C1−C2−C6−C7−C20). While the
carbons in the 6MR become equivalent, this stereospecific
process clearly does not allow the crossover between the “low”
and “high” CH fragments. The barrier for this process via TS1,
computed at the PBE0-D3/def2-TZVP level, is very low
(ΔG1−2 = 0.8 kcal·mol−1) and involves the formation of
structure 2. Note that 1 and 2 are energetically identical, but
they have some structural differences. Compound 2 is a
polyhedron composed of eleven 5MRs, one 6MR, as well as a
three-membered ring (3MR) formed by a well-defined 3c-2e σ-
bond between the carbon atoms C21, C20, and C19 (see
Figure 1, SI). Structure 2 can return to 1 via the same transition
state, but the formal cationic carbon is now C20.
The second transition state (TS2) interconverts two

hyperconjomers of 1 by an out-of-plane bending of a methine
group (at C21). TS2 has C2v symmetry and resembles a typical
tertiary carbocation (see Figure 4). The computed activation
barrier for this process is only 4.0 kcal·mol−1. The formal
cationic carbon is retained at C21, but a new 6MR (composed
of C21−C1−C14−C15−C19−C20 and denoted in red in
Figure 3) may rotate.
In conclusion, 1 is a highly fluxional hyperconjugated

carbocation that undergoes a complete scrambling only when
both the 6MR “rotation” and the interconversion of hyper-
conjomers are simultaneously orchestrated. The electronic
delocalization in 1 facilitates its dynamic behavior. While the
“rotation” of 6MR allows a partial exchange with a 0.8 kcal·

Figure 2. (a) PBE0-D3/def2-TZVP structure of 1. Bond lengths are in
angstroms. (b) AdNDP bonding pattern in 1. ON is the occupation
number.

Figure 3. Stereospecific mechanism which involves the rotation of a
6MR (red) relative to a [5]peristylane fragment. Relative Gibbs free
energies are given in kcal·mol−1.
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mol−1 barrier, the second process, which involves a classical
transition state, allows the crossover between the “low” and
“high” CH fragments with a barrier lower than 4 kcal·mol−1.
Furthermore, a bridged nonclassical stationary point (2) is also
involved in the scrambling mechanism, and it is isoenergetic to
1. Thus, two different types of carbocations (i.e., 1 and 2) are
involved in the degeneracy of the 21-homododecahedryl cation.
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Figure 4. Degenerated rearrangement which shows the movement of
the methine unit. Relative Gibbs free energies are given in kcal·mol−1.
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