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A computational study is undertaken to provide a unified picture for various rearrangement reactions and
hydrogen scrambling pathways of the toluene radical cation (1). The geometries are optimized with the
BHandHLYP density functional, and the energies are computed with the ab initio CCSD(T) method, in
conjunction with the 6-3114+G(d,p) basis set. In particular, four channels have been located, which may
account for hydrogen scrambling, as they are found to have overall barriers lower than the observed threshold
for hydrogen dissociation. These are a stepwise norcaradiene walk involved in the Hoffman mechanism, a
rearrangement of 1 to the methylenecyclohexadiene radical cation (5) by successive [1,2]-H shifts via isotoluene
radical cations, a series of [1,2]-H shifts in the cycloheptatriene radical cation (4), and a concerted norcaradiene
walk. In addition, we have also investigated other pathways such as the suggested Dewar—Landman mechanism,
which proceeds through 5, via two consecutive [1,2]-H shifts. This pathway is, however, found to be inactive
as it involves too high reaction barriers. Moreover, a novel rearrangement pathway that connects 5 to the

norcaradiene radical cation (3) has also been located in this work.

Introduction

The formation of C;H;" from the molecular ion of toluene
(1) has been the subject of extensive research for the past half-
century.! It is well-known that tropylium (Tr) and benzylium
(Bz) are major C;H; ™ products upon hydrogen dissociation from
1, where Tr dominates at low internal energies of 1 while the
abundance of Bz increases with increasing energy.>? It is
generally assumed that Bz is formed from 1 by direct C—H
bond cleavage while, as suggested by Meyer and Harrison,* Tr
is formed by hydrogen loss from the cycloheptatriene radical
cation (4), as depicted in Scheme 1. The activation energies
for these processes have been measured and have been found
to be 50.3 kcal/mol® for Tr and 48.7 kcal/mol® for Bz, results
that are consistent with recent high-level ab initio computations,’
of 51.6 and 49.5 kcal/mol, for Tr and Bz, respectively.

From deuterium labeling studies,®® it is also known that
complete, or nearly complete, hydrogen scrambling accompanies
the formation of Tr while the degree of scrambling is reduced!”
when Bz is formed (see Scheme 1). In 1974, Hoffman!!
suggested a unified decomposition mechanism for reactions
between 1 and 4. Accordingly, the two compounds are inter-
convertible by a stepwise skeletal rearrangement mechanism,
as depicted in Scheme 2.

First, a methyl hydrogen atom in 1 migrates to the ipso-
position on the ring, creating a distonic intermediate (2). Then,
ring closure to the norcaradiene (NCD) radical cation (3)
followed by ring expansion account for the final transformation
to 4 (Scheme 2). Scrambling of all hydrogen atoms in the system
can, in terms of the elementary steps in the Hoffman mechanism,
occur either by successive interconversions between 1 and 3
with subsequent [1,5]-sigmatropic rearrangement of the CH,
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SCHEME 1: Mechanisms for the Formation of Bz and
Tr from 1
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SCHEME 2: Hoffman Mechanism for the
Rearrangement of 1 to 4
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group or by rearrangement to 4 followed by H shifts in the ring.
In the [1,5]-sigmatropic rearrangement in 3, which is commonly
referred to as the NCD walk on the neutral potential energy
surface (PES), the methylene group circumambulates on the
largest ring of NCD.!2

An alternative pathway for the isomerization of 1 to 4 is the
Dewar—Landman mechanism,'? which was proposed in 1977.
This is represented in Scheme 3a where the methyl hydrogen
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SCHEME 3: (a) Dewar—Landman Mechanism for the
Rearrangement of 1 to 4 and (b) Complete Hydrogen
Scrambling via Isotoluene Radical Cations
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in 1 migrates to the ortho-position, yielding the methylenecy-
clohexadiene radical cation (5). This is followed by an intramo-
lecular cyclization of 5 to 6 and eventually by ring expansion
and H shift, leading to 4 (Scheme 3a). In addition, another
mechanism, which could account for complete hydrogen
scrambling, has recently been optimized.” This path is described
in Scheme 3b, where 1 first rearranges to 5 and further to the
radical cations of meta-isotoluene (5m) and para-isotoluene (5p)
by successive [1,2]-H shifts.

In a computational investigation, the Hoffman mechanism
and the Dewar—Landman pathway were compared at the
semiempirical MINDO/3 level.'? The two channels were found
to be competitive, with overall activation energies of 34.2 and
33.5 kcal/mol for the former and the latter pathways. The rate-
determining step for the Hoffman mechanism is found to be
the [1,2]-H shift to 2 (Scheme 2), while the step of highest
energy in the Dewar—Landman pathway was the concerted
[1,3]-H shift from 1 to 5§ (Scheme 3a). Moreover, activation
energies of 13.9 and 54.9 kcal/mol were found for the [1,2]-
and the [1,5]-H shifts in 4, respectively.!3 Hence, as 4 was found
to lie 5.6 kcal/mol below 1, these calculations!? indicate that
the lowest energy pathway for complete hydrogen scrambling
in the system was the rearrangement of 1 to 4 by the
Dewar—Landman mechanism, followed by [1,2]-H shifts in 4.
In addition, these computations!3 suggested that complete carbon
scrambling should proceed as easily as complete hydrogen
scrambling. In 1993, Lifshitz et al.'* conducted the first ab initio
investigation on the rearrangement of 1 to 4 with the purpose
of modeling the [Tr]/[Bz] ratio as a function of the internal
energy of 1. Hence, using the Hartree—Fock (HF) method for
geometry optimization and a combined approach with several
post-HF levels in conjunction with the small 3-21G basis set
for computing the energies, the authors computed the PESs for
the Hoffman mechanism and the Dewar—Landman pathway.
Only the Hoffman channel was found to be significant in this
study,'* while the Dewar—Landman pathway was discarded as
it was reported to involve too high barriers. Again, the [1,2]-H
shift to 2 was predicted to be rate-determining, but the computed
activation energy, 45 kcal/mol, suggested that the barrier heights
calculated in the earlier MINDO/3 study were severely under-
estimated. Moreover, Lifshitz et al. computed'* an energy
difference of 17 kcal/mol between 4 and 1, which was consistent
with the experimental!® relative heat of formation at 0 K
of 18.5 kcal/mol. These results cast doubts on the reliability of
the MINDO/3 results. Unfortunately, because the objective of
Lifshitz and her co-workers'# was not to investigate different
routes for hydrogen scrambling, no computations were per-
formed on the [1,2]- nor on the [1,5]-H shifts in 4.
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With the purpose of modeling the effects of substitution on
the rearrangement of 1, the Hoffman mechanism was reinves-
tigated by Griitzmacher and Harting in 2003.!® Geometries and
energies were calculated with HF and with the B3LYP
functional of density functional theory (DFT) in conjunction
with the 6-311+G(3df,2p) basis set. However, these two
methods predicted widely different activation energies for the
rate-determining step: 45.8 and 36.9 kcal/mol with HF and
B3LYP, respectively.'® Moreover, in the B3LYP calculations,
2 was found to correspond to a transition state (TS) between 1
and 3, indicating that this species was not stable. In 2006, this
peculiar issue was addressed by Choe’ who applied the high-
level G3//B3LYP method [B3LYP/6-311++G(d,p) for geom-
etries and G3//B3LYP/6-31G(d) for the energies] on the
Hoffman mechanism. Thus, in this study,” 2 was found to be a
stable species at the B3LYP level. In addition, the [1,2]-H shift
to 2 was once again predicted to be rate-determining, with an
activation energy of 38.0 kcal/mol at the G3//B3LYP level,
which was lower than the ab initio barrier height of Lifshitz et
al.'* Again, with the purpose of modeling the [Tr]/[Bz] ratio,
Choe also investigated the rearrangement of 1 to the isotoluene
structures (Scheme 3b). However, in contradiction to the
MINDOY/3 study,'? this author found a pathway for the initial
transformation of 1 to 5, which proceeds through 2, while the
concerted [1,3]-H shift was not addressed in this last study.’
Interestingly, it was found that the [1,2]-H shift to 2 was the
rate-determining step also for the total isomerization of 1 to
Sp. This result suggested that 1 underwent hydrogen scrambling
via isotoluene structures as easily as it rearranged to 4 by the
Hoffman mechanism.

Despite the wealth of both experimental and theoretical
information about the toluene molecular ion rearrangement,
which is available in the literature, a unified understanding of
the most probable pathways for the hydrogen scrambling
processes is missing. Furthermore, there are a number of aspects
that remain unclear or that have not been fully taken into
account. First, the importance of the Dewar—Landman mech-
anism in the 1—4 rearrangement has not been properly
established. This is supported by the relatively large difference
in activation energy between the ab initio approach of Lifshitz
and co-workers!4 and the G3//B3LYP computations of Choe’
for the Hoffman mechanism. Second, because the [1,2]- and
[1,5]-H shifts in 4 have, to the best of our knowledge, only
been investigated!3 at the MINDO/3 level, yielding energies of
doubtful quality, a renewed study of these reactions, at higher
levels of calculation, is strongly motivated. Third, the NCD walk
could be of great importance for the understanding of the
scrambling pathways in the system. However, in the earlier study
of Griitzmacher and Harting, ' this process was found to occur
through different routes at the HF and B3LYP levels of
computation. On the one hand,'® a stepwise pathway was
predicted with HF, while 2 was found to be unstable with
B3LYP, as mentioned above. On the other hand,!® a concerted
mechanism was located with B3LYP but not with HF. There-
fore, to elucidate the mechanisms of the scrambling pathways
in this system, we have reinvestigated both the Hoffman
mechanism and the Dewar—Landman pathway in the present
work. In addition, we have also investigated in detail the NCD
walk as well as the [1,2]- and [1,5]-H shift processes in 4.
Finally, the routes for hydrogen scrambling via isotoluene radical
cations have also been addressed. All channels investigated in
the present study are introduced in Scheme 4 together with all
located stationary points.
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Computational Details

The Gaussian03 suite of programs'’ has been used for the
quantum chemical calculations presented in this work, and all
of the abbreviations are taken from this program package.
Molekel'8 has been used for the inspection of final geometries
and vibrational frequencies and for making pictures of the
optimized stationary points.

All computations have been performed in the unrestricted
formalism and in conjunction with the 6-311+G(d,p) basis set,
unless otherwise indicated. The geometries of the stationary
points have been optimized with the BHandHLYP hybrid DFT
method, without any symmetry constraint and using default
convergence criterions on both nuclear displacements and forces.
Electronic energies of the BHandHLYP optimized structures
have been computed with the coupled-cluster CCSD(T) method,
within the frozen core approximation, using a convergence
criterion of 10719 on the root-mean-square of the SCF density
matrix. The CCSD(T) energies and the unscaled BHandHLYP
frequencies have been employed to calculate corrections to the
Gibbs free energy and the thermal heat of formation at 298.15
K and 1.0 atm. The imaginary normal mode vector of each TS
has been analyzed to make sure that it represents the correct
distortion of the nuclear framework, leading to reactant and
product. Also, the intrinsic reaction coordinate (IRC) algorithm
has been used to follow the minimum energy paths (MEPs)
downhill from each saddle point in the skeletal rearrangement
paths. Unless otherwise indicated, the Gibbs free energies are
used in the discussion.

An attempt was first made to perform the present study with
the popular B3LYP functional of DFT, which would have
allowed for a consistent comparison with the results of Choe.”
However, not all of the transition structures of the Dewar—
Landman pathway could be located at this level. We also tried
to use the MP2 method, which, on the other hand, was found
to suffer from high spin contamination for most of the stationary
points (<S%> between 0.766 and 1.144). Furthermore, the MP2
geometry optimization of the toluene molecular ion yielded an
asymmetric structure, which resulted in electron spin resonance
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TABLE 1: CCSD(T) Computed Energies (in kcal/mol) of
the Stationary Points in the Hoffman Mechanism*®

absolute relative
BHandHLYP  B3LYP  A,s BHandHLYP B3LYP A
1 —169776.16 —169777.49 1.3 0.0 0.0 0.0
TS12 —169735.99 —169737.23 1.2 40.2 403 —0.1
2 —169741.28 —169742.30 1.0 34.9 352 —03
TS23 —169740.55 —169741.94 1.4 35.6 35.6 0.0
3 —169758.79 —169760.20 1.4 17.4 17.3 0.1
TS34 —169749.48 —169750.66 1.2 26.7 26.8 —0.1
4 —169758.90 —169760.20 1.3 17.3 17.3 0.0

“The geometry optimization was performed with BHandHLYP
and B3LYP (see text). The 6-3114+G(d,p) basis set was used in all
of the calculations. Aus (Arel) is the difference between the absolute
(relative) energies computed with CCSD(T)/BHandHLYP and
CCSD(T)//B3LYP.

(ESR) parameters deviating substantially from the observed
ones. Therefore, we decided to use the BHandHLYP functional
of DFT for the geometry optimization calculations. To further
justify the use of BHandHLYP in the present study, we
undertook a computational evaluation of the performances of
BHandHLYP and B3LYP in the Hoffman mechanism (see
Scheme 2), where all of the stationary points could be optimized
with both methods. In this side study, minor deviations were
found between the BHandHLYP/6-311+G(d,p) and the B3LYP/
6-311+G(d,p) geometries. For each stationary point, the energy
was calculated with CCSD(T) on the geometries obtained with
both DFT methods. As shown in Table 1, all of the absolute
CCSD(T)//BHandHLYP energies were found to be larger than
those computed at the CCSD(T)//B3LYP level, the largest
deviation being 1.4 kcal/mol. Yet, the most important result of
this side study is that the relative energies calculated at the two
levels were found to be essentially the same, the largest deviation
being 0.3 kcal/mol.

Results and Discussion

Three channels for the skeletal rearrangement of 1 to 4 have
been located in the present work. The first pathway,
1-TS12—2—TS23—3—TS34—4, corresponds to the Hoffman
mechanism (see Scheme 4). Both the second and the third
pathways from 1 to 4 involve initial isomerization to 5, a process
that in turn may proceed by a concerted [1,3]-H shift or through
a stepwise mechanism via 2. The continued rearrangement from
5 to 4 proceeds either by the Dewar—Landman mechanism,
5—TS56—6—TS64—4, or via the route, 5—TS53—3—TS34—4,
where TS53 connects the methylenecyclohexadiene radical
cation with NCD. In addition, we have located two TSs of
importance for the NCD walk, TS22 and TS33, where TS22
corresponds to internal rotation of the methylene group in 2
and TS33 connects two 3 isomers by a concerted [1,5]-
sigmatropic rearrangement (concerted NCD walk). Moreover,
the TSs for the [1,2]- and [1,5]-H shifts in 4, TS4[1,2], and
TS4[1,5], respectively, as well as the stationary points involved
in complete hydrogen scrambling via isotoluene radical cation
structures, 5—TS55m—5m—TSSm5p—S5p, have been located.
Finally, another path, where the two methylene groups in 5 are
exchanged and which proceeds via TS55, has also been studied.

The BHandHLYP-optimized minima 1—4, involved in the
Hoffman mechanism, are displayed in Figure 1, with selected
geometrical parameters, while the optimized minima 5 and 6
involved in the Dewar—Landman pathway, as well as the
isotoluene radical cation species Sm and 5p, are displayed in
Figure 2.
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Figure 1. BHandHLYP/6-3114+G(d,p) optimized structures of the

minima involved in the skeletal rearrangement of 1 to 4 by the Hoffman
mechanism. Bond lengths are in Angstroms.

C~-C-C-C,=0.0"

1 2 3 4

C,-C-C,=1783°
C,~C,~C,-C, = 180.0°
C,-C,-C,-C,=0.0°

C-C,-C,=915°
C,-C,~C,-C, =59.4°
C,-C,C,C,=19.1°

C,-C-C,=175.0°
€,~C,-C,C, = 179.9°
C,~C,~C,~C, =0.0°

C,-C,-C, = 180.0°
C,-C,-C,C, = 180.0°
C-C~C~C,=00°

Figure 2. BHandHLYP/6-311+G(d,p) optimized structures of the
minima involved in the skeletal rearrangement of 1 to 4 by the
Dewar—Landman mechanism, as well as the optimized structures of

the meta- and para-isotoluene radical cations. Bond lengths are in
Angstroms.
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A comparison of the 1—5,5m,5p structures in Figures 1 and
2, with the corresponding geometries optimized by Choe’ at
the B3ALYP/6-311++G(d,p) level, reveals that BHandHLYP
predicts bond lengths that are systematically shorter, with an
average (maximum) deviation of —0.01 A (—=0.02 A) from
B3LYP. Despite this systematic discrepancy, the two methods
are found to predict similar geometries of the minima. For
structure 6, we note that the Cs—C5 bond is found to be 0.07 A
longer with BHandHLYP than the value of 1.57 A predicted'
with MINDO/3.

The hyperfine coupling constants (hfcc’s) computed with
BHandHLYP for the protons in 1 and 4 are displayed in Table
2 together with available experimental ESR parameters. It is
noted from this table that the calculated hfcc for the hydrogen
at the para-position of 1, —12.4 G, is in excellent agreement
with the corresponding experimental result. Because of a low
barrier for methyl rotation in 1,'° the calculated hfcc’s in the
methyl group have to be averaged to reflect the experimental
conditions. As can be seen in Table 2, such a calculated mean
value (19.4 G) becomes very close to the experimental values
(18.5%0 and 19.0?! G). For compound 4, a good agreement is
found between the observed®? and the computed ESR parameters
of all but the H1 and the H6 protons, as can be seen in the
table. This analysis validates the use of BHandHLYP method
to compute hfcc’s.?? Also, it is known that the ability of a
computational method to reproduce the observed ESR spectra
provides a strong indication for a high quality of the optimized
structure. Hence, the results presented in Table 2 show that
BHandHLYP is a good method for geometry calculations in
these systems.

The BHandHLYP-optimized TSs involved in the Hoffman
mechanism, TS12, TS23, and TS34, as well as the TS22, TS33,
TS4[1,2], and TS4[1,5] structures, are displayed in Figure 3,
with selected geometrical parameters. Similarly, the optimized
TSs involved in the Dewar—Landman pathway, TS15, TS25,
TS56, and TS64, as well as the TS53, TS55, TS55m, and
TSSmS5p structures, are displayed in Figure 4. A comparison
of the C—C bond lengths in the structures TS12, TS23, TS34,
TS25, TS55m, and TS5m5p with the corresponding distances
optimized by Choe” at the B3LYP/6-311++G(d,p) level shows
that BHandHLYP again predicts bond lengths that are system-
atically shorter with an average (maximum) deviation of —0.01
A (—0.03 A) from the B3LYP bond lengths. The same trend is
noted for the distances involved in the breaking and forming
bonds in these TSs. In particular, the maximum deviation is
found for the C4—C5 distance in TS23, which is computed to

TABLE 2: BHandHLYP/6-311+G(d,p) Calculated Proton hfce’s (*H hfce’s), in Gauss, for 1 and 4

1

an(2) au(3) an(4) an(5) aw(6) au(7.) au(Tw) an(7.)
BHandHLYP -32 0.5 -124 04 -3.1 408 8.0 9.3
Average 19.4
Exp* 2.0 18.5
Exp” 13.0 19.0

4

ap(l) ap(2) ap(3) ap(d) au(5) au(6) ap(7,) au(7w) w
BHandHLYP -94 09 -5.5 -55 09 9.4 50.0 50.0 .
Exp* 5.7 = 57 57 = 5.7 515 515 4

]

@H hfcc’s assigned to an ESR spectrum of the toluene radical cation in a CFCl; matrix at 77 K.2! » '"H hfcc’s assigned to an ESR spectrum
of the toluene radical cation in solid Argon at 16 K. ¢'H hfcc’s assigned to an ESR spectrum of the cycloheptatriene radical cation in a

CF,CICFECI, matrix at 77 K.»2
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Figure 3. Optimized geometries of the TSs involved in the skeletal
rearrangement of 1 to 4 by the Hoffman mechanism: TS12, TS23, and
TS34; methylene rotation in 2: TS22; interconversion of two 3
structures: TS33; and [1,2]- and [1,5]-H shifts in 4: TS4[1,2] and
TS4[1,5], respectively. All calculations were done at the BHandHLYP/
6-3114G(d.p) level. Bond lengths are in Angstroms.

be 0.15 A shorter with BHandHLYP as compared to the same
distance optimized’ with B3LYP. Thus, on this reaction path,
TS23 is found to be earlier with BHandHLYP than with B3LYP.
Otherwise, for the bond-breaking and -forming distances in the
other five TSs, the predictions of the two methods do not deviate
by more than 0.05 A. Also, it is noted that BHandHLYP predicts
a much later TS than MINDO/3'3 for the ring closure of 5 to 6.
This is reflected by the fact that the BHandHLYP (MINDO/
313) C¢—C; distance in TS56 is 1.70 A (1.84 A), which is 0.06
A (027 A) longer than the corresponding distance in 6.

Experimentally determined heats of formation are reported!?
for species 1, 4, and 5, which are in good agreement with our
CCSD(T)//BHandHLYP calculations. Hence, the heats of
formation of 4 and 5 relative to 1, at 298.15 K, are found to be
18.1 (19.4) and 8.9 (7.9) kcal/mol with the CCSD(T)//BHandH-
LYP method (experiment'?), respectively. It should also be noted
that the relative heat of formation of 4 at 0 K is computed to be
18.5 kcal/mol, which is in close agreement with the experi-
mental'> value of 19.1 kcal/mol. This is an improvement over
the theoretical prediction’ using the G3//B3LYP level, which
gave a heat of formation of 17.9 kcal/mol.

Norberg et al.

T815
CC,-C,=125.7°
C,~C,—C,—C,=129.1°
C,~C,~C,C, = 22.6°

C,~C,—C,=170.3°
C,~C,—C,-C, = -170.1°
C,~C,C,-C,=3.1°

C,~C,—C,=94.5°
C,~C,—C,-C, = 64.5°
C,~C,~C,-C, = 19.1°

€,-C,-C,-C,=9.3°
C,~C,-C,-C,=32.7°

C-C-C,=1204°
C,~C,—C,—C, = 115.6°
C,~C,~C,—C, = -20.4°

C,~C,—C,=179.1°
C,-C,—C,-C,=178.7°
C,—C,C,-C,=4.3°

C,-CC,=178.0°
C,-C,—C,—C, = 179.5°
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Figure 4. Optimized geometries of the TSs involved in the skeletal
rearrangement of 1 to 4 by the Dewar—Landman mechanism.

Hoffmann Mechanism and NCD Walk. A Gibbs energy
profile for the isomerization of 1 to 4 by the Hoffman mechanism
is displayed in Figure 5. This figure also shows the barriers for
internal rotation of the methylene group in 2, concerted NCD walk,
as well as the [1,2]- and [1,5]-H shifts in 4.

In agreement with the earlier theoretical studies,”!>!410 it is
found that the first step of the Hoffman mechanism, the
conversion of 1 to 2, is rate-determining for this channel. The
computed activation energy of 38.7 kcal/mol is very close to
the 38.0 kcal/mol barrier predicted in the recent study’ with
G3//B3LYP. The ring closure to 3, which is 14.0 kcal/mol more
stable than 2, proceeds with a low activation energy, 1.8 kcal/
mol, thereafter followed by ring expansion to 4, with a barrier
of 8.2 kcal/mol. As we previously noted,* 4 is found to be
only slightly more stable than 3 (—0.8 kcal/mol), a result that
is also consistent with the recent G3//B3LYP computational
study’ of Choe.

In Figure 5, it can also be noted that the [1,2]-H shift in 4
proceeds with a much larger activation energy than predicted!?
with MINDO/3. Thus, the Gibbs barrier height computed here
with CCSD(T)//BHandHLYP is found to be 24.2 kcal/mol, and
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Figure 5. Gibbs energy profiles (in kcal/mol) computed from CCSD(T)/6-311+4G(d,p) electronic energies and BHandHLYP/6-311+G(d,p) thermal
corrections to Gibbs free energies at 298.15 K and 1.0 atm for the skeletal rearrangement of 1 to 4 by the Hoffman mechanism, the internal rotation
of the methylene group in 2, the concerted NCD walk, and the [1,2]- and [1,5]-H shifts in 4.

TS4[1,2] lies 4.4 kcal/mol higher than TS12. In contrast,
MINDOY/3 predicted TS4[1,2] to lie 26 kcal/mol below TS12.13
However, with both CCSD(T)//BHandHLYP and MINDO/3,
the [1,5]-H shift through TS4[1,5] is found to have a barrier
that is higher than that of hydrogen loss, which is ~50 kcal/
mol (Figure 5). Consequently, the hydrogen shifts in 4 are found
to have higher activation energies than successive interconver-
sions of 1 and 4 via the Hoffman mechanism with CCSD(T)//
BHandHLYP.

For the NCD walk, we located one concerted and one
stepwise channel. The stepwise path, 3—TS23—2—TS23—3 has
an overall activation energy of 15.8 kcal/mol. The internal
rotation of the methylene group in the distonic ion 2 has a 0.7
kcal/mol lower activation energy than that of ring closure to 3.
Hence, the stepwise NCD walk on the PES of C;Hg"™" will result
in both inversion and retention of the CH, configuration. The
concerted channel for the NCD walk proceeds through TS33
with inversion of CH, configuration and cannot compete with
the stepwise paths because of its much higher barrier of 26.9
kcal/mol. However, the relative energy of TS33, 46.7 kcal/mol
(see Figure 5), is still below the limit for hydrogen loss,
indicating that this path might be activated at energies close to
this threshold. Moreover, no concerted channel with retention
of CH, configuration could be located for the NCD walk.
Finally, it should be noted that the radical cation NCD walk is
quite different from the corresponding neutral walk. For neutral
norcarnadiene, Kleiss et al.!? reported on concerted TSs for both
retention and inversion of the CH2 configuration. At the
CASPT2 level of calculation, the activation energies were
found!? to be 44.3 and 44.8 kcal/mol for the corresponding
concerted reactions, respectively. Hence, upon ionization, the
barrier for the NCD walk drops to less than half of the values
predicted for the neutral PESs.

Dewar—Landman Pathway. A Gibbs energy profile for the
isomerization of 1 to 4 by the Dewar-Landman pathway is
displayed in Figure 6. In addition, this figure also shows the
barrier for the concerted rearrangement of 5 to 3.

The first step in the Dewar—Landman channel is the migration
of a hydrogen atom from methyl to ortho-position in 1. This

reaction may proceed stepwise by two consecutive [1,2]-H shifts,
1-TS12—2—TS25—5, or concerted via a [1,3]-H shift,
1—TS15-5. As can be noticed from Figure 6, for the stepwise
reaction, TS12 is rate-limiting, while the second step, proceeding
through TS25, has an activation energy of only 2.4 kcal/mol.
On the contrary, the barrier for the concerted hydrogen transfer
is found to be 68.7 kcal/mol, which implies that this path is
inactive. This high activation energy contrasts with the MIN-
DO/3 barrier of 33.5 kcal/mol.!* However, a high activation
energy for the [1,3]-H shift is not surprising, since a barrier of
33.2 kcal/mol was computed,” at the MP4/6-31G(d,p) level,
for the more flexible propene radical cation.

The second step in the Dewar—Landman pathway is the ring
closure of 5 to 6 (see Figure 6). The computed activation energy
for this reaction is 40.3 kcal/mol, which is 11.4 kcal/mol higher
than the MINDO/3 result.'? In addition, the relative energies of
6 and TS56 are found to be 50.5 and 50.3 kcal/mol, respectively,
which is at the threshold for hydrogen loss, indicating that these
species are rare. This result also indicates that 6 is a highly
unstable intermediate for the back reaction to 5, a fact that is
reinforced by the late TS56 with a C¢—C; distance of 1.70 A
as compared to 1.64 for the same distance in 6.

The last step in the Dewar—Landman pathway (6 to 4) is a
concerted H shift and ring opening, which has an activation
energy of 21.8 kcal/mol. For this reaction step, we located a
TS, TS64, where H, is the hydrogen that is being transferred.
The IRC calculations reveal a complex reaction coordinate for
this transformation. Thus, the uphill path is an asynchronous
process where the breaking of C;—C¢ dominates the first part
of the IRC, while the H, transfer starts energetically near the
TS. Even the downhill path is asynchronous where the first part
of the IRC is dominated by continued H, transfer, whereas the
latter part is a combined flattening of the complete structure
and continued elongation of the C;—Cg distance. Noteworthy,
in the MINDOY/3 reported structure!? of the corresponding TS,
it is Hy that is transferred from C, to C; (see Figure 4 for the
atom labels). All of our attempts to optimize such a TS have
failed.
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Figure 6. Gibbs energy profile (in kcal/mol) computed from CCSD(T)/6-311+G(d,p) electronic energies and BHandHLYP/6-311+4G(d,p) thermal
corrections to Gibbs free energies at 298.15 K and 1.0 atm for the skeletal rearrangement of 1 to 4 by the Dewar—Landman pathway and the

isomerization of 5 to 3.
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Figure 7. Gibbs energy profile (in kcal/mol) computed from CCSD(T)/6-311+G(d,p) electronic energies and BHandHLYP/6-3114+G(d,p) thermal
corrections to Gibbs free energies at 298.15 K and 1.0 atm for the isomerization of 1 to Sp and the exchange of the methylene groups in 5.

A similar reaction coordinate is noted for the conversion of
5 to 3, which has a very high barrier of 63.9 kcal/mol, as can
be seen in Figure 6. The total reaction, proceeding through
TS53, is a concerted transfer of the hydrogen Hy, from C; to C,
and C¢—C7 bond formation (see Figures 1, 2, and 4 for species
3, 5, and TS53, respectively). Even for this rearrangement, the
hydrogen transfer starts energetically near the TS, while the most
important geometrical change in the first part of the IRC is the
formation of the C4—C; bond. Finally, by inspection of the
geometries of TS4[1,2] and TS4[1,5] in Figure 3, it can be seen
that the former TS has an almost planar carbon skeleton, while
the latter is highly bent, a result that is in agreement with the
corresponding TSs previously!? optimized with MINDO/3. In

summary, all of the paths related to the methylenecyclohexa-
diene radical cation have substantial barriers; therefore, it can
be concluded that the Hoffman mechanism is the lowest energy
pathway for isomerization from 1 to 4.

Isotoluene Radical Cations. In Figure 7, the Gibbs energy
profiles for the isomerization of 1 to Sp and for the exchange of
the methylene groups in 5 are displayed. The first (1—2) and second
(2—5) steps of the 1 to Sp isomerization have been described above.
In the third step, an ortho-hydrogen atom is transferred to meta-
position via TS55m, with an activation energy of 19.2 kcal/mol.
A relative energy of 23.4 kcal/mol is computed for compound Sm,
which is hence less stable than the other 5 and Sp isotoluene radical
cations. This is consistent with the previous G3/B3LYP results.’



Toluene Radical Cation Rearrangement and Pathways

The final hydrogen transfer to Sp is exothermic by 11.3 kcal/mol
and proceeds through a barrier of only 6.6 kcal/mol. By comparing
the relative energies of the TSs involved in the total rearrangement
of 1 to Sp, it is concluded that the first step is rate-limiting (see
Figure 7).

We have also investigated the possibility of methylene
exchange in 5§ and collected our results in Figure 7, where the
carbon atom labels in 5 and TS55 are used to clarify this
transformation. In this figure, it can be seen that, as compared
to 5, extra bonds are formed in TS55 between C; and Cs,
on the one hand, and between C; and Cs, on the other hand.
After TS55, both the C;—Cj3 bond and the C,—C53 bonds are
broken, yielding a complete methylene exchange. It should be
noted that the relative energy of TS55 is predicted to be 46.9
kcal/mol, which is lower than the threshold for hydrogen loss.
This result indicates that the methylene exchange will become
activated at energies close to this threshold.

Hydrogen Scrambling Pathways. The pathways that may
contribute to complete hydrogen scrambling in 1 are required
to have overall barriers below the threshold of ~50 kcal/mol
for hydrogen dissociation. Four of the located channels fulfill
this criterion, and two lowest energy pathways have been found.
In one of these, the scrambling proceeds by the stepwise NCD
walk involved in the Hoffman mechanism (Figure 5). In the
other lowest energy pathway, the hydrogen atoms are scrambled
via isotoluene radical cations, and this does not require any
skeletal rearrangement (Figure 7). Both of these pathways are
limited by the hydrogen transfer from methyl to the ipso-position
in 1, with an activation energy of 38.7 kcal/mol. Moreover,
scrambling of the hydrogen atoms by [1,2]-H shifts in 4 is found
to have a higher barrier (43.2 kcal/mol; see Figure 5). In
addition, with an activation energy of 46.7 kcal/mol, the
concerted NCD walk of the Hoffman mechanism (Figure 5)
also constitutes a possible candidate for hydrogen scrambling.
The remaining pathways are all found to have barriers that
exceed by far the energy required for hydrogen dissociation.

Our results clearly clarify the role that the NCD walk plays
in the complete scrambling of hydrogen atoms in rearrangements
from 1. Moreover, the importance of the 1—2 step as the rate-
determining step for the scrambling via isotoluene radical cations
should also be emphasized.

Conclusions

A quantum chemical investigation has been undertaken to
investigate the hydrogen scrambling pathways of the toluene
radical cation (1). At the CCSD(T)/6-311+G(d,p)//BHandH-
LYP/6-3114+G(d,p) level, four of the located channels may
account for the hydrogen scrambling as they have overall
barriers that are lower than the threshold of ~50 kcal/mol for
hydrogen dissociation. Two lowest energy paths have been
found. The first channel consists of skeletal rearrangement to
the NCD radical cation (3) via a distonic isotoluene intermediate
(2) followed by stepwise [1,5]-sigmatropic rearrangement (NCD
walk). The second path involves a stepwise transfer of a methyl
hydrogen atom to the ortho-position followed by interconver-
sions of isotoluene radical cations by [1,2]-H shifts. The rate
of both of these channels is predicted to be limited by the initial
[1,2]-H shift from 1 to 2, a step that requires a Gibbs activation
energy of 38.7 kcal/mol. The third pathway involves skeletal
rearrangement to the cycloheptatriene radical cation (4) via the
mechanism proposed by Hoffman!! (1—2—3—4) followed by
[1,2]-H shifts in 4. Indeed, the [1,2]-H shifts were previously
predicted by MINDO/3 to be the most plausible mechanism
for complete hydrogen scrambling in the system.'> However,
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we have found that the TS for the [1,2]-H shift in 4 has a relative
energy of 43.2 kcal/mol, which is higher than the barrier for
the conversion of 1 to 2. Finally, the fourth channel proceeds
via concerted NCD walk with an overall barrier of 46.7 kcal/
mol. As for the remaining located pathways, the Dewar—
Landman mechanism, which transforms 1 to 4 via the methyl-
enecyclohexadiene radical cation (5), is found to proceed with
much higher barriers as compared to those involved in the
Hoffman mechanism. A novel rearrangement located in the
present work, which connects 5 to 3 by concerted [1,2]-H shift
and C—C bond formation, is also associated with a barrier much
higher than that for hydrogen dissociation.
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