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ABSTRACT: Molecular dynamics simulations were performed on the
solvolyses of exo- and endo-norbornyl brosylate and for the “nonclassical”

o-bridged norbornyl cation in an acetic acid solution. This computational

modeling of the original Winstein—Trifan experiment confirms that exo- \\

solvolysis is accompanied by o-bridging in the transition state, while endo- A \
solvolysis is not; o-bridging eventually occurs in a dynamically stepwise \ ¢
fashion. Simulations of the norbornyl cation in solution show typical NN . a \{

vibrations due to zero-point and thermal vibrations but no tendency to

sample localized “classical cation” geometries.

Bl INTRODUCTION

Bridged cations are now a widely accepted type of carbocation
intermediates." It was not always so!

In 1949, Winstein and Trifan reported the acetolysis of exo-
and endo-2-norbornyl brosylates.”® They observed that the
exo-isomer solvolyzed 350 times faster than the endo-isomer.
Only the racemic exo-2-norbornyl acetate product was formed
(Figure 1A). The authors proposed a three-center, two-
electron structure of 2-norbornyl cation (Figure 1B). Its
formation occurred during solvolysis only by backside C—C
“anchimeric assistance” in the exo-solvolysis. A plane of
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Figure 1. (A) Winstein—Trifan acetolysis. (B) Nonclassical 2-
norbornyl cation. (C) Classical 2-norbornyl cation.
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symmetry in the delocalized carbonium ion allows the attack
of acetate at C; or C, with equal probability, giving racemic
exo-norbornyl acetate.

Moreover, anchimeric assistance by the interaction of the
C,—Cq o-bond with the ¢* anti-bonding orbital between C,
and the leaving group’s oxygen was proposed to explain the
faster solvolysis of 2-exo-norbornyl brosylate. Roberts, who
coined the term nonclassical cations, proposed that the bridged
2-norbornyl cation mlght be viewed as a 3-fold symmetric
nortricyclonium ion.* In the early 1960s, Brown began to
publish objections to the Winstein interpretations and invoked
equilibrating “classical” cations to rationalize racemization and
sterlc5 gffects to explain the greater rate of exo-solvolysis (Figure
1C).

Meanwhile, Olah and co-workers employed nuclear
magnetic resonance (NMR) methods to observe 2-norbornyl
cation in magic acid solutions (SbFs/SbF-SO,/SbF,-SO,CIF-
SO,F,).” They discovered that hydride shifts are frozen out at
—158 °C. The structure of the 2-norbornyl cation was
proposed to be a symmetrically bridged structure 1 or a
structure in rapid equilibrium (<3 kcal/mol) between localized
cations 2 and 3. The results obtained at —268 °C by Yannoni
et al. indicated a single-minimum bridged structure or rapid
equilibration between the classical cations through an
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extremely low energy barrier (<0.2 kcal/mol).® Saunders et al.
used isotopic perturbation methods to demonstrate that the 2-
norbornyl cation is a single symmetrical structure.” Schleyer,
Schreiner, Schaefer, Jorgensen, et al. compared the stability of
the symmetrically bridged (C,) structure 1 and classical
structures 2 and 3 with ab initio quantum mechanical
methods. They predicted the significant stabilization of the
symmetric 2-norbornyl cation and showed that the classical
structure is not a minimum.'®"" Monte—Carlo simulation
studies in force-field water predicted the lower energy of the
nonclassical ion, even with highly polar water solvation. Meyer,
Krossing, et al. decisively confirmed the symmetrically bridged
structure of the 2-norbornyl cation, albeit in the solid state, via
X-ray crystallography.'” List and co-workers demonstrated
enantiocontrol over the nonclassical 2-norbornyl cation with
imidodiphosphorimidate catalysts, induced by a chiral anion."

The structure of the norbornyl cation was definitively
established in the solid state and in the gas phase. Only (to
some) the nagging question of whether the classical cation
might be more stabilized in solution remained, in spite of
Jorgensen’s convincing solution simulations. In earlier work,
Schreiner et al. modeled the Winstein experiment, employing
water as a leaving group instead of brosylate, and conducted
the study in the gas phase.'” Their findings found the presence
of bridging in the exo-transition state, but not in the endo-
transition state. The question of the timing of o-bridging in
acetic acid, the Winstein—Trifan solvent, has not been
explored computationally. We have now studied the cation
in solution and the Winstein—Trifan solvolysis reaction in
acetic acid with the brosylate leaving group (Figure 1A) using
modern quantum mechanics and molecular dynamics
techniques.

B COMPUTATIONAL METHODS

All density functional theory (DFT) computations were performed
with Gaussian 16."* Geometry optimizations were performed at the
M06—2X/6-311+G(d,p) level of theory."® Frequency calculations
were carried out at the same level of theory used for geometry
optimization to characterize stationary points as minima or saddle
points on the potential energy surface (PES) and to obtain Gibbs free
energies at 298 K. The Solvation Model based on Density (SMD) was
employed to account for AcOH solvation.'® The 3D molecular
structures are visualized here by CYLView'” and PyMol.

MD simulations of solvolysis were performed at the M06—2X/6—
31G(d)/SMD=AcOH level of theory. The Progdyn/Gaussian inter-
face developed by Singleton was employed to perform trajectory
simulations.'® Quasiclassical trajectories were initialized near the
saddle point region of the PES with a normal-mode sampling method
(Figure 2). This method involves adding zero-point and thermal
energy for each real normal mode in the TS and obtaining a
Boltzmann distribution by randomly sampling a set of geometries and
velocities. The transition state ensemble was propagated for 500 fs.
The time step for integration was 1 fs. The norbornyl cation was
studied in implicit SMD solvation and also in explicit acetic acid
solvent with M06—2X/6—31G(d).

B RESULTS AND DISCUSSION

We evaluated the energies of forming a norbornyl cation from
exo- and endo-norbornyl brosylates with M06—2X/6—311+G-
(d,p)/SMD=AcOH (Figure 3A). Exo-norbornyl brosylate
SM,,, is more stable than endo-norbornyl brosylate SM,,q,.
The ionization of exo-norbornyl brosylate TS1a occurs with a
free energy of activation of 24.0 kcal/mol, while TS1b for endo-
norbornyl brosylate ionization has an activation free energy of

26.0 kcal/mol. The ionization of the exo-norbornyl brosylate is
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Figure 2. Transition state ensembles of exo- and endo-solvolysis of
norbornyl-2-brosylate.
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Figure 3. (A) Energy profile of exo- and endo-norbornyl brosylate
solvolysis. (B) Transition states of exo- and endo-solvolysis.

favored by 2 kcal/mol. This computational result resembles the
original titrimetric ratio (Kew/Kengo = 350, AAG* ~ 3.5 kcal/
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Figure 4. (A) C4—C, (red) and C,—O (blue) distances during exo-solvolysis trajectories. (B) Histogram of time-to-bridging during exo-solvolysis
trajectories. (C) C4—C, and C,—O distances during endo-solvolysis trajectories. (D) Histogram of time-to-bridging during endo-solvolysis

trajectories.

mol) obtained by Winstein and Trifan.” The transition state
structures of TSla and TS1b are shown in Figure 3B.
Anchimeric assistance helps the ionization of norbornyl cation
from exo-norbornyl brosylate.” Note bond lengths of 2.03 and
2.35 A of C4—C, in TS1a and TS1b, respectively. The C,—C,
bond distance in exo-solvolysis TSla shows substantial
bridging in the transition state. The o orbital of C4—C,
donates electron density to ¢* orbital of C,—O through
antiperiplanar interactions. The rate of exo-solvolysis in the
formation of the 2-norbornyl carbocation is accelerated by
anchimeric assistance. In contrast, bridging does not occur in
the endo-norbornyl solvolysis TS1b, although there is some
hyperconjugation as indicated by C¢—C,; and C,—C, bond
lengths of 1.61 and 1.44 A, respectively.

The steric strain difference between the exo- and endo-
transition states invoked by Brown is very modest. In the case
of exo-solvolysis TS1a, the distance between oxygen in the
leaving group and the nearest hydrogen in Cj; is 2.48 A, while
the closest O---H distance is 2.23 A in endo-solvolysis TS1b,
indicative of van der Waals contacts (see Supporting
Information for more details).

In order to study the timing of o-bridging, we employ
Singleton’s Progdyn program for quasiclassical molecular
dynamics simulations with DFT (M06—2X/6—31G(d)/
SMD=AcOH).

We measured the time to form the bridged C4—C, bond
from the exo- and endo-solvolysis transition states. The bridging

1142

distance is determined as 2.00 A, proposed by Schreiner et al."’
According to Eyring’s transition state theory, the pre-
exponential factor, KT /h, is defined by the rate of translational
motion of atoms. A time of 60 fs is the lifetime of a typical
transition state at room temperature. We consider the
formation of a bridged bond (<2.00 A) to be dynamically
concerted if the time is < 60 fs. Conversely, if the time is > 60
fs, it is considered to be a dynamically stepwise process.”” We
ran 80 trajectory simulations with exo-transition states. As
shown in Figure 4A, most of the trajectories showed the
formation of a bridged bond near the beginning of the
simulations. Seventy-six trajectories show the dynamically
concerted formation of bridged cations (Figure 4B), and only
four trajectories show the dynamically stepwise formation of
bridged cations. The average timing of the bridged bond
formation from the exo-solvolysis transition states is 9 fs. The
solvolysis of exo-norbornyl brosylate occurs through a
dynamically concerted process.

For endo-solvolysis, 81 trajectory simulations were per-
formed. Figure 4C shows the noticeable change in the C,—C,
bond distance at 81 + 68 fs. As shown in Figure 4D, 58
trajectories show the dynamically stepwise formation of
bridged cations, while 23 trajectories are dynamically
concerted. The average time to form a bridged C4—C, bond
from endo-transition states is 81 =+ 68 fs, indicating a

dynamically stepwise process on average.

https://doi.org/10.1021/acs.joc.3c02325
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While the distinction of the timing of o-bridging seems very
subtle (81 vs 9 fsis 7 X 107* 5), this is the difference between
bridging stabilization of the rate-determining transition state
(0—9 fs) and what occurs only after several C—C vibrations
after the transition state, which is not, therefore, stabilized by

bridging.
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Ion-pair recombination is also observed in the simulations of
exo-solvolysis. Fourteen trajectories showed covalent bond
reformation (C,—O) after the formation of a bridged C¢—C,
bond. Note that the C,—O bond distance is decreased to ~ 1.5
A, as shown in Figure 4A. Recombination occurs because of
the low energy gap (AG = 1.0 kcal/mol) between INT1a and

https://doi.org/10.1021/acs.joc.3c02325
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TSla (Figure 3A) and corresponds to internal return in
solvolysis.

We also investigated the behavior of the norbornyl cation in
acetic acid solvent at ambient temperature (Figure SA).
Previous studies were performed in force-field water, where the
lifetime of the cation would be very small.'' We simulated
molecular dynamics of the ground-state norbornyl cation with
29 trajectories (500 fs for each trajectory). The average bond
length of C4—C, and C4—C, is 1.82 + 0.2 A. Figure SA shows
the histogram of bridging partial single bonds, with a bin size
of 0.01 A from 1.50 to 2.39 A. Fully 86.3% of these bond
distances fall within the range of 1.70—1.99 A, while the
remaining 13.7% are outside this range. Schleyer’s computa-
tional work showed that the bond distance of C4—C, in the
classical 2-norbornyl cation is 1.55 A."® Our simulations find
that only 0.06% of C¢—C,; or C4—C, bonds are equal to or less
than 1.55 A, characteristic of the classical 2-norbornyl cation.
Pemberton and Tantillo studied lifetimes of classical secondary
carbocations of bornyl, presativyl, and preprezizyl cations using
molecular dynamics simulations.”’ We find that classical 2-
norbornyl cations are a negligible component of norbornyl
cations in solution. The average bond length of C,—C, is 1.40
+ 0.08 A, typical of 50% double-bond character, as in an
aromatic ring.

We also performed molecular dynamics with norbornane to
compare its C—C bond behavior with the partial sigma bonds
of the 2-norbornyl cation. We simulated 26 trajectories (500 fs
for each trajectory). The results are summarized in Figure SB.
The C,—C, bond lengths of 1.55 + 0.1 A varied in length
about half that for the C4—C, or C4—C, bonds of the
norbornyl cation. This is consistent with the weaker bonds in
the norbornyl cation. The C¢—C, distance, 2.51 + 0.1 A,
similarly varies less in norbornane.

Finally, the 2-norbornyl cation was investigated in explicit
acetic acid solution (Figure 6). Only four trajectory
simulations were performed with the M06—2X/6—31G(d)
level of theory and 40 acetic acids in a box. The setup was
obtained by optimization and frequency calculations on the 2-
norbornyl cation in the explicit acetic acid environment
employing Packmol®® and ONIOM(MO06-2X/6—31G(d)/
PM?7). Considering an equilibration phase, the simulations
are propagated over 1500 fs, and the initial 500 fs from each
simulation was excluded. The average bond lengths of Cc—C,,
C¢—C,, and C,—C, are 1.80 + 0.2, 1.84 + 0.2, and 1.40 + 0.04
A, respectively (Figure 6B). The analysis of the bond lengths
through molecular dynamics in both implicit and explicit acetic
acids features a three-center, two-electron structure of a 2-
norbornyl cation (Figure 6C and D). The computed average
bond lengths of C¢c—C;, C4—C,, and C,—C; in solution state
are essentially identical to those in the X-ray structures
reported by Meyer, Krossing, et al.'>

B CONCLUSIONS

We revisited the Winstein—Trifan solvolysis with DFT and
Progdyn MD simulations. The energy difference between exo-
and endo-solvolysis barriers matches Winstein—Trifan’s origi-
nal kinetics. Formation of the C4—C, bridged bond from the
exo-solvolysis transition state ensemble occurs at 0—9 fs
(dynamically concerted). Formation from endo-solvolysis
happens at 81 + 68 fs (dynamically stepwise). The solution
structure of the norbornyl cation is the same as that in the X-
ray crystal structure and never resembles the putative classical
norbornyl cation.
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