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cluster, and ab initio molecular dynamics
computations on barbaralyl cation formation and
rearrangements
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Density functional theory computations were used to model the formation and rearrangement of the

barbaralyl cation (CoH$). Two highly delocalized minima were located for CoHg, one of C; symmetry and

the other of Dz, symmetry, with the former having lower energy. Quantum chemistry-based NMR

predictions affirm that the lower energy structure is the best match with experimental spectra. Partial

scrambling was found to proceed through a C, symmetric transition structure associated with a barrier

of only 2.3 kcal mol™. The full scrambling was found to involve a C,, symmetric transition structure
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associated with a 5.0 kcal mol ™ barrier. Ab initio molecular dynamics simulations initiated from the D3y,

CoH$ structure revealed its connection to six minima, due to the six-fold symmetry of the potential

DOI: 10.1039/d4sc04829f

rsc.li/chemical-science also examined.

1 Introduction

A question driving many classic studies in the realm of physical
organic chemistry is how many minima exist for a particular
structure? For example, does a particular structure reside in one
well or two on a potential energy surface (PES), with the two in
the latter case rapidly interconverting through a low barrier?
This question is intimately tied to the degree of delocalization
in organic structures. The most famous examples of this type of
issue involve “the nonclassical ion problem” (i.e., cyclic 3-center
2-electron delocalization)'® and the search for “stable transi-
tion  states” for Cope reactions (ie, neutral
homoaromaticity).”® But if barriers between minima are very
low (how low depends on the temperature) it doesn't really
matter if these barriers exist, i.e., very shallow minima and a flat
PES are not expected to show differences in dynamical
behavior.™ Consequently, some felt and feel that such issues
were not worthy of investigation and even forcefully complained
that discussions (which often devolved into viperous argu-
ments) may well have irreparably damaged the field of physical
organic chemistry. Nonetheless, the one-well-or-two issue has
led to many insights into electronic structure and associated
reactivity that remain relevant today, raising their heads in
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energy surface. The effects of tunneling and boron substitution on this complex reaction network were

contexts ranging from natural product biosynthesis to transi-
tion metal-promoted C-H insertion."*™**

Here we address structural and reactivity/dynamic issues for
a classic carbocation with a putative nonclassical structure for
which the number and identities of minima on its PES have
long been uncertain: the barbaralyl cation (Scheme 1). As
demonstrated by our computational results, this carbocation
brings together the concepts of hyperconjugation (acyclic 3-
center 2-electron delocalization),"®” nonclassical bridging
(cyclic 3-center 2-electron delocalization),"® through-bond
coupling,' homo/c-aromaticity,”'*'*-** sigmatropic shifts with
low/no barriers (stable transition states?),”'%** synchro-
nicity,>*** entropic intermediates,* fluxionality,"***° non-
statistical dynamic effects on calderas/mesas,**?* post-
transition state bifurcations (PTSBs),'"***° inter-transition
state roaming,"*>** and tunneling.*>** While previous compu-
tational studies have elucidated scrambling mechanisms of
some nonclassical carbocation rearrangements,***’ we cannot
think of another carbocation, or any structure, that showcases
so many principles of structure and reactivity, ranging from
those appreciated a half-century ago or more to those only
recently being recognized.

1.1 CgHj barbaralyl cation

The CoHg barbaralyl cation has been studied both experimen-
tally and computationally for decades. In 1970, Winstein and
co-workers reported that CoHs (2) could be generated by react-
ing bicyclo[3.2.2]-nona-3,6,8-trien-2-0l (1) at —135 °C with
superacid (FSO3H-SO,CIF in CD,Cl,) (Scheme 1) (following up
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Scheme 1 Previous experiments on CgH$ cations.®® The transition
state TS1 is visualized using CYLview 1.0,°* with key bond lengths
labeled in A. The C—O bond breaks first, and the C—C bond formation
occurs subsequently in an asynchronous manner (see ESIt for details).

on earlier solvolysis studies with a different substrate by
Schleyer and co-workers).***> Subsequently, NMR experiments
led to various insights into the structure of 2. A key observation
was that, at —135 °C both the 'H and '*C NMR spectra of 2
contain only a single peak: a singlet at 6.6 ppm for 'H and
a peak at 118.5 ppm for *C.**** These results indicate that
either nine CH groups are equivalent in the geometry of 2 or
rapid equilibration during the NMR experiment leads to
complete scrambling of all CHs. Since a regular polyhedron
with nine vertices does not exist, and since cyclononatetraenyl
cation possesses 87 electrons - a number associated with
antiaromaticity or a Mobius topology,>***** it is very likely that
fluxional isomerization is the cause of the simplicity of the NMR
spectra.®*** In contrast, bullvalene (C;oH;o) only interchanges
its CH groups when the temperature is raised to over 100 °C.>®
Moreover, as the temperature was decreased to —150 °C, the
118.5 ppm *C NMR signal of 2 split to two peaks at 101 and
152 ppm with a 6:3 integration ratio, consistent with a rear-
rangement that slows at low temperature.”*** These experi-
ments provide important constraints on the nature of the
rearrangement and associated barrier heights.

While the first computational study was reported at the
MINDO/3 level in 1989, Cremer and co-workers proposed
a “pound cake”-shaped PES with two types of minima and three
transition structures (Fig. 1) in 1993 on the basis of the results
of calculations conducted at the MP4(SDQ)/6-31G(d) level of
theory.*® More recently, Werstiuk revisited this PES along with
QTAIM-DI-VISAB analysis at the B3PW91/aug-cc-pVTZ and
CCSD(full)/6-31+G(d,p) levels of theory.* Other related works
have examined the topology of the barbaralyl cation'*** and
the less fluxional barbaralyl radical® and barbaralone.**

Here, we focus on the fluxionality of barbaralyl cation. A
comprehensive benchmarking study using prevalent quantum
mechanical methods was carried out, since the PES in question
has rather flat regions. In addition, ab initio molecular
dynamics (AIMD) simulations were used to characterize
rearrangements.'"?*3¢-3%64-% Our results indicate that the highly
delocalized nature of CoHy structures gives rise to an unusual
PES that supports complex dynamic effects. Beyond shedding
light on the specific case of the barbaralyl cation itself, this
study also points to potentially general considerations for the
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(a) 1,7.9 are equivalent 4,8,9 are equivalent

A(3)

Fig. 1 (a) Outline of the computed mechanism of barbaralyl cation
scrambling. The equivalent carbons in the middle are highlighted with
grey circles for the partial scrambling process. (b) Energy profile
depicted in 1993 based on MP4(SDQ)/6-31G(d) results (reproduced
with permission from ref. 58). Relative free energies determined here
with DLPNO-CCSD(T)/CBS//CAM-B3LYP/6-31G(d) at 138.15 K (—135°
C) have been added (blue). Green and red arrows also have been
added to indicate whether the energies increased or decreased
compared to the previous results. Numbers in parentheses are the
structure numbers from ref. 58.

interplay of structure, stability, and dynamics in fluxional

systems 7-9,14,27-29,67-69

2 Computational methods

Initially, we performed geometry optimization using the M06-
2X/def2-TZVP level of theory’®”* with Gaussian 16 C.01,”> due
to its widely acknowledged robustness for molecules composed
of main group elements” and its previous use for
carbocations.”*”® Single point energy corrections were then
computed at the DLPNO-CCSD(T)/CBS level of theory using
ORCA 5.0.4.7°7%" Basis set extrapolation to the complete basis set
(CBS) limit was performed using the focal point analysis
approach employing def2-TZVPP and def2-QZVPP basis
sets.”"*>%% The TightPNO cutoff was used for the local coupled
cluster calculations and iterative triples corrections were used.?*
Quasi-harmonic thermochemical corrections were obtained
using the GoodVibes package.*>®*® With this approach, one
transition structure reported previously (TS2) was not found.***
Consequently, an extensive benchmarking study was carried
out. After examining geometries and energetics with density
functionals and two basis sets, 6-31G(d) and def2-SVP (based on
DLPNO-CCSD(T)/CBS//wB97X-D/def2-TZVP results as TS2
cannot be located with M06-2X functional, see ESI for details),
it became clear that different functionals lead to divergent
conclusions with regard to the relative energies of structures
and existence of stationary points on PES. Although absolute
energy differences were not large, i.e., the flatness of the PES

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was consistently reproduced, interpretation of NMR data
requires quite accurate energies. Among the different levels of
theory investigated, the CAM-B3LYP range-separated hybrid
functional with the 6-31G(d) Pople basis set provided the best
agreement with the relative electronic energies obtained at the
DLPNO-CCSD(T)/CBS level for this specific system.*””** Conse-
quently, results from this level of theory are discussed below
(see ESIt for results from other levels, including AIMD results
with M06-2X/6-31G(d)). Intrinsic Reaction Coordinate (IRC)
calculations were carried out at the CAM-B3LYP/6-31G(d) level
of theory.”™

To explore the dynamic behavior of CoHy cations, the Prog-
dyn script developed by Singleton was employed.®® Trajectories
were propagated with a 1 fs time step using the Verlet algorithm
at the CAM-B3LYP/6-31G(d) level. Both downbhill (initiated at
transition states) and uphill trajectories (initiated from minima
using the “cannonball” approach, see ESIf for details) were
collected. Metadynamics simulations were used to construct
free energy surfaces using ORCA 5.0.4 (see ESIt for input
details).®-**

'H and "*C NMR chemical shifts for the barbaralyl cation
(CoH4) were calculated using the revIPSS functional in combi-
nation with the pcSseg-1 basis set on structures optimized with
CAM-B3LYP/6-31G(d).*>"” To convert computed isotropic values
to the conventional NMR scale, isotropic shielding values
computed for tetramethylsilane (TMS) were used as a reference.

The effects of tunneling were investigated using the Gauss-
rate/Polyrate package developed by Truhlar.®®® Calculations
were performed at the CAM-B3LYP/6-31G(d) level of theory. The
tunneling contributions were quantified using two methods:
small curvature tunneling (SCT) and zero curvature tunneling
(ZCT).** Further details regarding the computational method-
ology employed can be found in the ESI{

TS2 A TS3
Q Q Q
& o
1.56 =219 . ‘ 1.54
i 1 54;"‘2}3@ A 165

Q 1‘43’12/0
0’,.42 )

3.6
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3 Results and discussion
3.1 Degenerate rearrangements

First, we reexamined the previously described CoHg PES using
density functional theory (DFT) (Fig. 1 and 2). As shown in
Scheme 1, carbocation A is generated following loss of water
from protonated 1 via transition structure TS1; C-O bond
breakage and C-C bond formation occur asynchronously.>*?>'*

Carbocation A (+H,O) is connected to transition structure
TS1 (Scheme 1) by an IRC. This structure is set as the baseline
for representing relative energies. The geometry of A is that of
a “classic” non-classical carbocation with a cyclic 3-center 2-
electron bonding array (highlighted in pink in line
drawings).'-*'71%>71% The barbaralyl cation A exhibits somewhat
different electron delocalization than the 2-norbornyl cation,
however, with its the 3-center/2-electron bonding array also
interacting with the adjacent methine groups (see ESI} for
details). From A, two distinct pathways are possible. One
involves a C,-symmetric transition structure (TS2) associated
with a barrier of 2.3 kecal mol !, which converts A into an
equivalent structure (identical in geometry but not identical in
atomic positions). Alternatively, A can undergo ring closure via
TS3, which has a relative free energy of 3.6 kcal mol " and leads
to the D;, symmetric carbocation B, which is 2.6 kcal mol ™"
higher in free energy than A. Only A and B were identified as
minima on the portion of the CoHg PES relevant to fluxionality.
The bonding in cation B is complex but can be formulated as
involving three p-orbitals, one on each bridging carbon, con-
taining a total of two electrons, that interact with each other
through the cyclopropane rings that connect them.'®'*® Adap-
tive Natural Density Partitioning (AANDP) using Multiwfn also
supports this bonding picture (see ESIT for more details).'****”
Each B is connected to six A structures via TS3s. In this scenario,

Fig. 2 Geometries (selected distances in A) of A, B, and transition structures relevant to the fluxionality of CoHJ. Structures in top and bottom
rows are the same. The rotational symmetry axes and planes of symmetry are shown along with point groups. Structures were optimized with
CAM-B3LYP/6-31G(d). Relative free energies at the DLPNO-CCSD(T)/CBS//CAM-B3LYP/6-31G(d) level (thermochemical corrections from the
lower level of theory included) are shown below each structure in the top row.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Energy profile of ring opening and hydride shift to form [4.3.0] structures at DLPNO-CCSD(T)/CBS//CAM-B3LYP/6-31G(d) level at
138.15 K. 3D structures of transition structures (visualized by CYLview 1.0)** are close to their labels. The homoconjugated structure C is
highlighted in a box. (b) Summary of the mechanism for generating [4.3.0] CoH3 structures discovered in this study. Shifting hydrides are color-
coded, with the exception of TS12, where red and blue Hs are swapped.

Table1 Computed 'H and *C NMR shifts for A and B compared against the experimental results. The deviation of overall estimated chemical
shifts (based on scrambling) relative to the experimental signals are in bold

£

7 A

C center '*C shift Pred (partial) Pred (total) 'H shift Pred (total) C center

13C shift (pred partial) Pred (total) 'H shift Pred (total)

4 221.7
8,9 118.9
1 65.5
2,5 131.0
3 86.3
6,7 102.1
Exp —

Dev —

153

103

152, 101
+1, 42

119.7

118.5
+1.2

9.99
6.39
6.05
6.48
5.14
6.56

15580 | Chem. Sci,, 2024, 15, 15577-15587

6.7

6.6
+0.1

4,8,9 132.8 95.5

1,2,3,5,6,7 76.8

Exp 152, 101 118.5
Dev —~19.2, —24.2 23

6.5 6.2
6.0

— 6.6
— —0.4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the bridging CHs cannot exchange with the bridgehead CHs
(Fig. 1a). Consequently, TS2 and TS3 only result in partial
scrambling of the barbaralyl cation.

Complete degeneracy of all CHs is achieved through another
transition structure, TS4, with a computed overall barrier of
5.0 keal mol ™. This transition structure corresponds to a twist
of one of the three bridges, converting B into a degenerate
structure (B'). Thus, the combination of TS2, TS3, and TS4
allows for the interconversion of all nine CH groups. As illus-
trated in Fig. 1a, each TS4 enables the interconversion of groups
of A and B structures. The qualitative nature of this PES matches
that described by Cremer and co-workers three decades ago!*®

In Cremer and co-workers’ work, TS4 was found to have
lower energy than TS3, while our calculations indicate that TS4
is the highest of the three transition states (see Fig. 1b; Wer-
stiuk's energies differed considerably).”®** This difference arises
from the comparatively lower energies of TS3 and B in our
study. Nonetheless, both scenarios are consistent with the
experimental observation of partial and total degeneracy at
different temperatures. We also reached the same conclusion
that TS4 involves a post-transition state bifurcation (PTSB) in
both directions, which connects the two TS2 structures (IRCs
can be found in the ESI}).'*?03537.91,92

3.2 Escape from degeneracy

At elevated temperatures, the conversion of A to the lower
energy cation C (previously formulated as 3, Scheme 1) can be
achieved by the process shown in Fig. 3. TS5 and TS6 are
different transition structures that connect A and C. TS5
corresponds to a 1,2-vinyl shift followed by cyclopropyl ring
opening while TS6 corresponds to an apparent 1,3-vinyl shift.
Subsequent hydride shifts through TS7-TS12 lead to other
cations that are even lower in energy (D, E, G).§ The computed
energy barriers are consistent with the experimental result as
shown in Scheme 1, although the product is not neccessarily as
homoconjugated as originally proposed.®®*® At a temperature of
—135 °C, the predicted half-life associated with the A to C
conversion is =1.5 d, allowing A and B to be observed. When the
temperature is increased to —120 °C, this predicted half-life
decreases to 35 minutes, allowing C to be observed.*® The
subsequent 1,2-hydride shifts initiated by passage through TS7
are prevented by a 16.6 kcal mol " barrier relative to C (pre-
dicted half-life of >3000 years).

3.3 NMR computations

At the extremely low temperature of —150 °C, the half-life
associated with complete scrambling is estimated to be 0.2
ms based on the computed overall barrier and Eyring equation
(w/o tunneling effect) for A — TS4 (AG* = 5.0 kcal mol ™).
Taking into account the height of the barrier, the associated
partial scrambling is consistent with the observation of a 6:3
ratio of "*C peak splitting. As the temperature is elevated to
—135 °C, the predicted half-life for complete scrambling is
reduced to 20 ps, consistent with the observation of a single
signal representing all CHs. Although tunneling accelerates the
scrambling process, our analysis (below) demonstrates that it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contributes only about 30% to the rate constant, which is
equivalent to reducing the barrier only slightly, to
4.9 kcal mol™", in agreement with the estimated barrier of
5.0 keal mol ™" from the NMR experiment.** In Cremer and co-
workers’ work, "*C NMR simulations at the IGLO/6-31G(d) level
of theory suggested that the observed signals originate from the
lower-energy structure A, but their computed difference
between computed and experimental shifts was >6 ppm.*® Our
calculations using the revIPSS/pcSseg-1 level of theory reduced
this deviation to 1.2 ppm for '*C (Table 1, left). In addition, the
single "H signal exhibits a deviation of only 0.1 ppm at this level
of theory. In contrast, structure B shows much larger deviations:
a 0.4 ppm underestimation of the 'H signal and a >20 ppm

(a)

7

9 9
5,6 5 6
S, zé*" P

8 7

A5 v\ / A6

9

14

C3-C6 distance
5 o

T T T
16 17 18 19 20 21 22 23 24
C2-C5 distance

Fig. 4 (a) Six-fold symmetric reaction network that converts structure
B into six equivalent As. (b) PES in terms of C2-C5 and C3-C6
distances (A) and its 2D projection (above). (c) “Top view” of the 2D
projection from (b), the energy color map is scaled in kcal mol ™.

Chem. Sci., 2024, 15, 15577-15587 | 15581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04829f

Open Access Article. Published on 27 August 2024. Downloaded on 1/20/2026 6:21:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

underestimation of the '*C signal (Table 1, right). Our results
thus provide even more convincing evidence that the lower-
energy carbocation isomer, A, is the species observed in the
NMR experiments.

3.4 Further exploration of the PES

To better understand the CoHg PES, we conducted relaxed scans
along the C2-C5 and C3-C6 bonds. Elongating the C2-C5 bond
in B leads to the A1 isomer, whereas extending the C3-C6 bond
results in the A2 isomer, both via TS3s (Fig. 4a). These trans-
formations lead to the symmetrical PES shown in Fig. 4b and c,
which covers the region associated with partial scrambling. This
surface also captures TS2, which interconverts the two As. TS4
resides at one corner. From the standpoint of TS4, proceeding
downhill in either direction corresponding to its imaginary
frequency leads to a bifurcation connecting two As. Metady-
namics simulations gave a free energy surface of similar shape
(see ESIY).

As the PESs shown in Fig. 4b and c represent only 1/6 of the
network from Fig. 4a, it is instructive to duplicate and combine
them to create a PES that covers the whole network. Such a PES
is shown in Fig. 5. This PES can be considered a modern view of
the “pound cake” PES depicted qualitatively by Cremer and co-
workers (Fig. 1b).*® Note that this surface only captures one B,
however, with each TS4 leading toward others.

3.5 Uphill dynamics

To further understand the dynamic behavior governing the
entire system, uphill AIMD simulations initiated from B1 were
conducted. Overcoming TS3 from B1 at the CAM-B3LYP/6-

TS2

View Article Online

Edge Article

31G(d) level requires 1.0 kcal mol " of potential energy. We
ran two sets of simulations, with 3 and 10 kcal mol ™" of energy
deposited into the starting points corresponding to the cleavage
of the C2-C5 bond, i.e., the conversion of B1 to Al. Trajectories
were propagated for 1000 fs and the minima encountered were
recorded. The results are summarized in Fig. 6a. For both sets of
simulations, even though energy is imparted to match the
momentum associated with converting B1 to A1, other As can be
accessed through this process in various amounts. As the extra
energy associated with an Al-forming motion is increased,
selectivity for forming A1 increases (see ESIT for results using
3 kecal mol™* of extra energy), but even with 10 kcal mol ' of
extra energy, less than 70% of the trajectories reach Al as the
first minimum (Fig. 6b). Additional details can be found in the
ESL+

Does this resistance to selectivity originate simply from the
PES being flat (ie.,, a gain in entropy)?'®*'* Yes and no,
depending on one's preferred degree of subtlety. As shown in
Fig. 7, inter-transition state roaming (through the red region of
the PES) is actually observed.***! For example, some trajecto-
ries initially explored the inter-transition state region between
TS3s directly (Fig. 7c).

3.6 Complete scrambling in downhill dynamics

Given the reaction networks connected to each TS4, we sought
to understand the dynamic behavior associated with descend-
ing from it. AIMD simulations initiated from TS4 revealed
pathways that readily bridge a total of six minima, as illustrated
in Scheme 2 (note that the labels A4 and A5 in this figure are the
same as those in Fig. 4 and 5).

TS2

TS2

TS4

Fig.5 Six-fold symmetric 2D PES surrounding one B. Each 1/6 of this PES represents a 30-degree sheared, rescaled, and rotated version of the
PES in Fig. 4. Key structures that are related to MD simulations are labeled with structure names, including A1-A8, B1, B2 and B3.
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(a)

A4

| A3

A2

(b)
A6 A6 A6 A6 A6
AS AS As AS AS
A4 A4 A4 A4 A4
A3 A3 A3 A3 A3
A2 2 A2 A2 A2
A /1 Al Al Al
Bl ‘B1 Bl B1 Bl

Fig. 6 (a) Distribution of the first minimum encountered for uphill
simulations with 10 kcal mol ™! excess energy. (b) Network visualization
depicting minima encountered in uphill simulations from B1 towards
Al. Sequential nodes from left to right denote successive minima
encountered along each trajectory with 10 kcal mol™ excess energy.
The thickness of lines reflects the relative population for different types
of pathways, with denser populations of trajectories indicated by
greater thickness.

(a)

N

C3-C6 distance
_ C3-C6 distance

8 19 20 21 22
C2-Cs distance

1.8 9 20 2
C2-C5 distance

Fig. 7 Projection of representative trajectories collected from uphill
AIMD simulations (b and c) with 10 kcal mol™ external energy given to
the stretch of bond C2-C5 (a).
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The trajectories from both quasi-classical (with zero-point
energy) and classical (without zero-point energy) AIMD simu-
lations are visualized in Fig. 8. The projection onto the three
collective variables (CVs) clearly shows the states A4, A5, A7, and
A8, as well as the associated states B1 and B2, being accessed by
the trajectories in our simulations. The CVs chosen to plot the
trajectories are based on the four bonds that dominate the
geometric changes at TS4, including the C-C distances of bonds
C4-C6, C5-C8, C6-C7, and C1-C5. The 3D shape produced by
the trajectories resembles a twisted “H” structure, which is
more apparent in the classical trajectories (Fig. 8a and c).
Although the “cross” shape is not perfectly orthogonal (Fig. 8b
and d), the reaction pathway that generates the four A structures
(A4, A5, A7, and A8) exhibits four-fold symmetry. The tilted
appearance of the cross is a result of the specific CV selection.
For instance, the C4-C6 and C5-C8 distances are equivalent
between A7 and A8, and consequently, the difference between
these distances (CV2, C5-C8 — C4-C6) is inverted and close to,
but not exactly equal to, zero.

By analyzing the number of different types of trajectories, we
confirmed that the ratio of trajectories connecting opposite A
structures (A5-A7, A5-A8, A4-A7, A4-A8)iscloseto1:1:1:1.As
summarized in the histogram in Fig. 9, trajectories are classi-
fied into four groups: (1) trajectories connecting two A struc-
tures from different sides (blue); (2) trajectories connecting an A
structure and a B structure from different sides (green); (3)
recrossing trajectories that connect stationary points from the
same side (red); and (4) trajectories that connect the opposite B1
and B2. When zero-point energy is deposited during the
sampling process, notable increases in the proportions of type-2
and type-3 trajectories are observed. These increases manifest
as a blurrier shape in Fig. 8c and d, indicating that classical
trajectories have a higher probability of following the IRC under
these conditions.”** Another intriguing feature of the potential
energy surface in Fig. 5 is the presence of minima B, which are
in line with TS4 and TS3. These minima can be directly accessed
with excess momentum before encountering the two A struc-
tures (for a different surface topography encountered at the
M06-2X/6-31G(d) level of theory and the consequence to the
dynamics, see ESIT).
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Fig.8 Trajectories (a and b: classical downhill AIMD; c and d: quasi-classical downhill AIMD) visualized with respect to the coordinates CV1, CV2,
and CV3. CV1 is defined by R(C1,C5) — R(C6,C7); CV2 is defined by R(C5,C8) — R(C4,C6); and for CV3, (R(C1,C5) + R(C6,C7)) — (R(C5,C8) +
R(C4,C6)). To better capture the six products, projections on each plane are distinctly colored in red, blue, and green. The schematic view at left

describes the 3D shape of the trajectory bundle.
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Fig. 9 Histograms displaying the distribution of different trajectory
types in classical (top) and quasi-classical (bottom) AIMD simulations
initiated from TS4. Bars are colored blue (connecting two A structures
from different sides), green (connecting an A structure and a B
structure from different sides), red (recrossing), and black (connecting
Bl and B2). The number of trajectories in each group is labeled on each
bar.
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3.7 Tunneling

Although both the nature of the CoHg PES and our dynamics
simulations are consistent with the experimentally observed
behavior of the barbaralyl cation, heavy-atom quantum
mechanical tunneling may also contribute.***>**° Tunneling in
other carbocation rearrangements has been examined previ-
ously.** Here, both zero-curvature tunneling (ZCT) and small-
curvature tunneling (SCT) were examined (see ESIf for
details). Table 2 shows that large contributions from tunneling
are expected for passage through transition structures under
—135 °C, providing another route to scrambling, but the overall

Table 2 Tunneling contributions and including transmission coeffi-
cients (k) for both ZCT and SCT. The results for temperatures used in
NMR experiments are in bold

Fraction of rate due
to tunneling

T (K) Kzcr Kscr (zcT) (sCT)
TS2 138.15 1.08 1.34 7% 25%
188.15 1.04 1.11 4% 10%
273.15 1.02 1.04 2% 4%
TS3 138.15 1.76 1.87 43% 47%
188.15 1.35 1.40 26% 28%
273.15 1.15 1.17 13% 14%
TS4 138.15 1.28 1.39 22% 28%
188.15 1.13 1.16 12% 14%
273.15 1.06 1.07 6% 7%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 2D potential energy surface for [3s,3s] sigmatropic shift of
BCgHg.

rate for the total scrambling process through TS4 is only
accelerated by <30%. This acceleration is not substantial
enough to invalidate the conclusion that, at temperatures below
—150 °C, NMR spectroscopy can capture the partially scrambled
structures. The tunneling effects only lower the effective barrier
from 5.0 kcal mol " to 4.9 kcal mol™" (see ESIf for detailed
analysis).

3.8 Network neutrality

Although carbocations and boranes are isoelectronic, they
display both similar and different behaviors. For example, while
many boranes and boron clusters support 3-center 2-electron
bonding, simple C* — B substitution in carbocations can
greatly reduce delocalization."™ When performing such
a replacement for CoHyg, a greatly simplified reaction network
was observed (Fig. 10). The only transition structure we were
able to locate resembling any of the structures from Fig. 2 was
a transition structure for [3s,3s] sigmatropic shift (see ESI for
details) and this reaction was predicted to have a comparatively
large barrier, 12.1 kcal mol ™', a classic lack of fluxionality,
which results from the absence of a yearning for charge
delocalization.

4 Conclusions

We delved into the complex behavior of the non-classical bar-
baralyl cation, shedding light on its formation and dynamic
rearrangements through a multifaceted approach that inte-
grates analysis of barriers, thermodynamics, non-statistical
dynamic effects, and tunneling. The construction of the PES
and AIMD simulations unveiled the importance of dynamic
effects attributable to the flat and highly symmetrical nature of
the energy surface on which the cation resides. Our results both

© 2024 The Author(s). Published by the Royal Society of Chemistry
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validate the models of previous researchers and extend them to
provide a rich picture of the reactivity of a fluxional carbocation
at a level only achievable with modern theoretical methods. We
look forward to similar studies on additional carbocations, both
classic and newly conceived.

Data availability
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iochem-bd-6-375 (key structures).
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