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Abstract. Complexity of the potential energy surface of 9-
homocubyl cation is revealed by Born-Oppenheimer Molecular
Dynamics simulations and high ab initio levels. The
stereospecific automerizations observed experimentally involve
bridged ions, which have either aromatic or anti-aromatic
character. New pathways leading to more stable isomers are
unveiled.

Carbonium ions are prone to intriguing rearrangements; scrambling
can even lead to complete degeneracy.'™ The stable 2-norbornyl
cation is the best-known example. Its single '"H NMR documents the
equivalence of all 11 hydrogen atoms in super acid media.>” Further
carbocation rearrangements in the gas phase are more extensive;
complex cage-opening isomerization results in the 1,3-
dimethylcyclopentenyl cation.®

Degenerate rearrangements of the nine CH groups of the 9-
homocubyl cation were sought in 1967 first by Schleyer, et al. ° and
a few months later by Barborak and Pettit.'® Both groups reported
that solvolysis of deuterated 9-homocubyl precursors led to different
degrees of automerization, depending on the reaction conditions. The
more facile stereoselective mechanism (via 1,2-C-C shifts)
equilibrated only five of the nine CH groups, was considered to
involve rotation of the five-membered ring (SMR) relative to the
four-membered ring (4MR). Schleyer et al. proposed that “because
of the symmetry of the homocubyl system, this enhanced rate
suggests that the 9-homocubyl cation may have a bridged
structure”.’

The observed preservation of the steric distribution is explained
via the nonclassical structure (1 in our numbering scheme), first
proposed by Jorgensen.''" Furthermore, completely degenerate
scrambling might involve a classical C,, symmetrical transition state
(TSy.1’, see Figure 1), in which all four equivalent adjacent bonds
can migrate and allow the nine CH groups to interchange. Since the
formolysis product of 9-deuterohomocubyl tosylate gave only 10%
deuterium at C9, Schleyer et al. concluded that complete scrambling
can occur under such more favorable conditions.’ However,
subsequent experiments on 9-homocubyl triflate by Spitz (1993)'?
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and by Spitz and Eaton (1995)" only found evidence for partial
scrambling.

Jorgensen’s seminal MINDO/3 computations identified a
bridged transition state (TS;;) described as being “bis-
homoaromatic”. TS;.; explains the observed partial isomerization as
well as the stereochemistry. However, TS;.; was only 2.7 kcal/mol
lower in energy than the classical C,, transition state TSy,
(inconsistent with the observed difficulty in achieving degeneracy).

Interestingly, Schleyer et al. noted that during acetolysis of 9-
homocubyl tosylate the solution darkens at longer reaction times.’
Spitz reported that “for reasons not understood, the solvolysis in neat
hexafluoro-2-propanol even at 0 °C led to a complex mixture of
cage-opened compounds”.'? But such products have never been
identified explicitly. Herein, we analyse a series of rearrangement
pathways of the 9-homocubyl cation, based on ab-initio
computations and Born-Oppenheimer Molecular Dynamics (BOMD)
simulations. Our results indicate that parallel to the automerization
process, the 9-homocubyl cation also can undergo other types of
rearrangements involving cage-opening.
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Figure 1. Stationary points involved in a) the automerization of the
9-homocubyl cation (1) and b) isomerization of 1 into 2. The
computed relative free energies (vs. 1 in kcal/mol at CCSD(T)/def2-
TZVP//MP2/def2-TZVP with MP2/def2-TZVP zero point energy
corrections) are given for each structure. Bond lengths are in
Angstroms.

Full geometry optimizations were carried out at the MP2' level
with the def2-TZVP" basis set using the Gaussian 09 program.'¢
Harmonic frequency analyses (at the same computational level)
established the nature of the stationary points as minima or transition
states. The total electronic energies were computed at
CCSD(T)""/def2-TZVP//MP2/def2-TZVP  and  included  the
MP2/def2-TZVP zero point energy corrections. Intrinsic reaction
coordinate computations at MP2/def2-TZVP validated the transition
state  connections.  Born-Oppenheimer = Molecular-Dynamics
simulations were carried out using the deMon2k program'® at the
PBE/DZVP level,” with Hoover chain thermostat temperature
control. All systems were sampled using a 1 fs step size. The
simulations started from the equilibrium geometry of 1, with random
velocities assigned to each of the atoms.

Figure 1 shows the C; bridged 9-homocubyl cation minimum
(1); a cationic carbon atom of the 4MR interacts with a double bond
of the SMR via three-center two-electron (3c-2e) bonding involving
two C-C bonds of 1.846 A. TSy (3.9 kcal/mol higher in energy than
1), the transition state for the automerization of 1, governs the
“rotation” of the SMR, which equilibrates its five CH-group protons.
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Figure 2. Computed dissected NICSyo,, for a) 1 (3¢c-2e aromatic) b)
TS;.; (5¢-4e antiaromatic), and c¢) TS;;’ (7c-8e antiaromatic) at
PWOI/IGLO-IIT level (in ppm). Negative NICS values indicate
aromaticity (diatropic, in red); positive NICS values indicate
antiaromaticity (paratropic, in green).
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Although both 1 and TS;; have non-classical structures, their
modes of electron delocalization are very different. This is revealed
in Figure 2 by the computed dissected nucleus independent chemical
shifts (NICSnioz),2>* which is equal to the B™, 0,2 these
include only the “zz” tensor component of the selected localized
molecular orbitals (LMO’s). In 1 (Figure 2a), the 3c-2e interaction
responsible for delocalized bonding has “aromatic” character, and
“negative” (diatropic, aromatic) computed LMO-NICS(0)y0,, (—28.7
ppm). The magnetic descriptor is computed at the geometrical center
of the three participating carbon atoms, and the external field is
applied perpendicular to the plane defined by these three atoms. In
TSy, (Figure 2b), the five-center-four-c-electron (5c-4e)
delocalization involving two ¢-C—C bonds and the formally empty
p-orbital at C9 is “antiaromatic.” Thus, the LMO-NICS(0)y;0,, for
TS11 (+42.9 ppm, which is computed at the center of the five
participating carbon atoms) is “positive” and indicates antiaromatic
character. For comparison, in the classical TSy.;’ (C,, form, Figure
2c), the seven-center-eight-c-electron (7c-8e) delocalization
involving four 6-C—C bonds (two sets on each side of the C9 bridge)
and the formally empty p-orbital at C9 displays reduced antiaromatic
character (LMO-NICS(O)yo,, = +11.8 ppm, computed at the
geometric center of the seven participating carbons).

Based on MINDO/3 computations, Jorgensen reported that the
“nonclassical” C,, structure, 2 (see Figure 1) is also competitive,“
and 3.7 kcal/mol lower in energy than 1. However, at the
CCSD(T)/def2-TZVP//MP2/def2-TZVP level, this energy difference
reduces to only 1.0 kcal/mol, but the reaction barrier connecting 1
and 2 via TSy, (AG, = 9.3 kcal/mol) is 5.4 kcal/mol higher than
that of the automerization process. Cation 2 bears a pentacoordinate
carbon atom with four equivalent C-C bond distances of 1.615 A.

At 300 K, BOMD simulations (see movie 1 in the
supplementary information) reveal only the automerization of 1. But
at 600 K (See movie 2-SI), the situation changes drastically, and an
unanticipated “open” structure (3, see Figure 3) for the 9-homocubyl
cation appears. Cation 1 is transformed into 3 via TSy.3, with only a
4.2 kcal/mol barrier. In TS;_3, the C-C bond distances involved in
delocalized bonding (2.248 A) are elongated by 0.512 A compared
to 1 (see Figure 3). The single C-C bond (1.577 A) connecting the
4MR and 5MR also is lengthened in 3. Since such changes relieve
some of the geometric strain of the 9-homocubyl cation, 3 is 30.5
kcal/mol lower in energy than 1. Natural population analysis
(NPA)® reveals that the positive charge in 3 is distributed to both
rings (0.6 lel in the 4MR and 0.4 lel in the SMR).
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Figure 3. The 9-homocubyl cation cage-opening mechanism. The
computed relative free energies (in kcal/mol at CCSD(T)/def2-
TZVP//MP2/def2-TZVP with MP2/def2-TZVP zero point energy
corrections for each structures (cf. 1) are labelled. Bond lengths are
in Angstroms.

Following its formation, 3 also undergoes a degenerate
rearrangement (see Figure 4) with a very low barrier (AG;; = 1.3
kcal/mol), in which the 4MR transits over the cyclopentadienyl
fragment. In TS;.3, the two C-C bond distances (1.741 A) are longer
than a typical single bond length (see Figure 4). Repetitive extension
of this process results in eventual equilibration of five of the nine
methine units in 3.

3 TS;33 3
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Figure 4. Automerization of 3 and the computed free energy (in
kcal/mol at CCSD(T)/def2-TZVP//MP2/def2-TZVP with MP2/def2-
TZVP zero point energy corrections) for this process. Bond lengths
are in Angstroms.

Another interesting transformation of 3 takes place at 900 K
(see movie 2-SI). Rotation of its 4MR leads to 4 via TS;.4 (AG34 =
6.9 kcal/mol), and a short C—C bond (1.490 A) across the 4MR
forms. Despite having a highly strained bicyclobutadienyl fragment,
cation 4 is the most stable isomer found in the cage-opening pathway
and is 4.0 kcal/mol lower in energy than 3. Alternatively, BOMD
simulations reveal the formation of cation S, in which the 4MR is
connected to the SMR via two single C-C bonds in a trans
orientation. However, the 4 to 5 transformation (via TS4s) is
endergonic (AG = 3.1 kcal/mol) with a computed barrier of 14.1
kcal/mol.

Schleyer reported 80-90% yields of 9-homocubyl acetate upon
acetolysis (with partial scrambling). The formolysis yield only 30-
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40%, but no isomers were detected by capillary gas chromatography.
Spitz reported "a complex mixture of cage-opened compounds" from
HFIP solvolysis. But such products have never been identified
explicitly. He found only partial scrambling under such conditions.
Evidently, the transition state energies both for completely
degenerate rearrangement (automerization, via TS;.;:) and for cage
opening (via TS,.;) are significantly higher than that (TS;,) for
partial scrambling. Although, the 9-homocubyl cation prefers a non-
classical structure and undergoes a counter-rotation of a 4MR and
5SMR ring, cage-opened structures are accessible via low computed
barriers. Indeed, there are hints that this occurs experimentally. So,
our work shows that the chemistry of homocubyl cation is more
exciting that previously thought.
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