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Quantum mechanical calculations (B3LYP/6-31G(d)) were used to study the substituent effects and the
concertedness of the alkenyl migration/electrophilic aromatic substitution reactions recently reported by
Oshima and co-workers. Our calculations suggest that these systems prefer stepwise mechanisms with
their aryl attack steps having the highest energy transition structures, but that in some highly substituted
cases, effectively concerted but very asynchronous processes may occur.

Introduction

Recently, Oshima and co-workers described the intriguing
rearrangement reaction shown in Scheme 1, which efficiently
assembles a complicated polycyclic architecture via an alkenyl
migration/electrophilic aromatic substitution process.1,2 It was
suggested by these authors that the [1,2] alkenyl migration and
aryl attack steps in this process may be concerted (Scheme 2,
mechanism A).1 This conclusion was largely based on the
comparison of reaction rates with various substituents X
(electron donors increased the rate).1 Other mechanistic scenarios
also seem consistent with the reported data, however. Two such
possibilities are shown in Scheme 2: a stepwise mechanism
with rate-determining aryl attack (mechanism B; donor substi-
tuents could accelerate this step by making the aryl group more
nucleophilic) and a stepwise mechanism with rate-determining
alkenyl shift (mechanism C; donor substituents could accelerate
this step by through-space stabilization of the cationic substruc-
ture in the transition structure, a cation‚π effect3).

We have a general interest in unusual carbocation rearrange-
ments,4 as well as the ability of lone pairs andπ-systems to
stabilize delocalized cationic intermediates and transition struc-
tures via through-space interactions.5 Consequently, we were
intrigued by the unusual rearrangement in Scheme 1 and decided
to explore its mechanism, using hybrid Hartree-Fock/density
functional theory computations, with the goal of differentiating
between possibilities A-C (Scheme 2).
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Methods

Gaussian03was employed for all calculations.6 Simplified model
systems, in which three of the four aryl groups in the structures
from Scheme 1 are replaced by hydrogens, were used for most
calculations (Scheme 2, R) R′ ) R′′ ) H, various X’s ) H,
m-OMe, m-Me, m-Cl, m-CF3, m-NH2, m-NH3

+, m-NO2, m-CN,
p-OMe,p-Me, p-Cl, p-CF3, p-NH2, p-NH3

+, p-CN); exceptions are
mentioned in the text.7 All geometries were optimized using
B3LYP/6-31G(d);8 we and others have used B3LYP to describe
carbocation rearrangements.4 All stationary points were character-

ized as minima or transition structures by analyzing their vibrational
frequencies (intrinsic reaction coordinate calculations9a,bwere also
carried out for the transition structures shown in Figure 1). All
reported B3LYP/6-31G(d) energies include zero-point energy
corrections from frequency calculations, scaled by 0.9806.9c In some
cases, the effects of solvent were modeled using CPCM calculations
(with UA0 radii),10 a self-consistent reaction field (SCRF) method.
Structural drawings were produced usingBall & Stick.11

Results and Discussion

Mechanism.Our studies began with the parent system, for
which X ) H, in the absence of solvent. If mechanism A
(Scheme 2) is preferred for the reaction, we would expect to
find a single transition structure connecting1 and3. We could
find no such transition structure, however, and instead found
an intermediate,2, and two separate transition structures
connecting it to1 and3 (Figure 1).12,13The same situation was
observed for all substituents (X) that we explored (see Methods
for list of substituents). Moreover, for all substituents examined,
the aryl attack step is rate-determining, indicating that mecha-
nism B predominates. Although mechanism A does not occur,
we note that the difference in energy between the1 f 2
transition structure and intermediate2 is small.14 Thus, there is
only a subtle difference between this incarnation of mechanism
B and a concerted but asynchronous version of mechanism A.

Oshima and co-workers described a correlation between
reaction rates and Hammettσ constants for X) H, m-OMe,
m-Me, m-Cl, p-OMe, p-Me, p-Cl, and p-CF3.1,7 We show in
Figure 2 a plot of computed energy barriers (from1 to the2 f
3 transition structure) versusσ constants for various substit-
uents.15-17 In agreement with the experimental observations of
Oshima and co-workers, the calculations predict that the1 f 3
rearrangement should be faster with electron-donating
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substituents. Consequently, a mechanism involving a concerted
alkenyl shift and aryl attack (mechanism A) need not be invoked
to explain the experimental data.

Solvent Effects.In their mechanistic study,1 Oshima and co-
workers examined several solvents. For comparison, we exam-
ined three of these: chloroform (which is also the solvent used
in the original report for exploring substituent effects1), dichlo-
romethane, and benzene. First, structures for the parent system
(X ) H) were reoptimized using chloroform as solvent (see
Methods for details). The mechanism for the1 f 3 rearrange-
ment in chloroform does not differ significantly from that in
the gas phase. The solvent does, however, interact more strongly
with each successive stationary point along the reaction
coordinate, leading to the following relative energies:1, [0.0]
kcal/mol;1 f 2 transition structure, 25.1 kcal/mol;2, 21.0 kcal/
mol; 2 f 3 transition structure, 29.6 kcal/mol;3, 17.4 kcal/

mol.18 This is consistent with an increasing separation of charge
as the reaction proceeds (i.e., the bulk of the positive charge
moves further and further from the negatively charged OBF3

group). The same system was also examined with dichlo-
romethane and benzene. In dichloromethane, the following
relative energies were obtained:1, [0.0] kcal/mol; 1 f 2
transition structure, 24.1 kcal/mol;2, 19.7 kcal/mol;2 f 3
transition structure, 27.9 kcal/mol; and3, 15.1 kcal/mol. In
benzene, the following energies were obtained:1, [0.0] kcal/
mol; 1 f 2 transition structure, 27.3 kcal/mol;2, 23.7 kcal/
mol; 2 f 3 transition structure, 32.6 kcal/mol; and3, 21.8 kcal/
mol. These results suggest that, for the three solvents examined
computationally, the reaction should be fastest in dichlo-
romethane and slowest in benzene, which is in agreement with
the relative rates reported by Oshima et al. (dichloromethane
) 21, chloroform) 1.3, benzene) 1.0),1 again indicating that

FIGURE 1. Top: geometries and relative energies (B3LYP/6-31G(d), distances in Å, energies in kcal/mol) for structures involved in the BF3-
catalyzed rearrangement.14 Box at bottom: Energetics for the overall reaction (i.e., reactant and product without BF3).
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a concerted mechanism need not be invoked to explain the
experimental data.

Substituent Effects on BF3 Complexation.We were curious
as to whether the electron-donating and -withdrawing properties
of the relatively remote substituents X had any significant effect
on the complexation of the reactant by BF3 (to produce1) and
therefore possibly on the barriers for rearrangement if separate
BF3 and ketone reactants were used as a starting point. The

computed complexation energies (1 vs separate BF3 and ketone
reactant) generally vary from 10 to 15 kcal/mol (in the gas phase,
where any effects are likely to be largest). From Figure 3, one
can see that the magnitude of the complexation energy is slightly
larger with electron-donating substituents. This small difference
may arise from a direct through-space interaction between the
aromatic ring and the carbonyl (which could involve the
aromaticπ and carbonylπ* orbitals and/or simple electrostatic

(12) A conformer of1 (shown below) where the BF3 group points towards
the cyclobutene group was also located. This structure is∼4 kcal/mol higher
in energy than structure1 (Figure 1), and consequently we focus our
discussion throughout the text on conformers that have their BF3 group
oriented as shown in Figure 1 rather than as in the structure below. See
Supporting Information for additional details.

(13) Although the overall barrier for the1 to 3 reaction appears to be
too high to be consistent with the reaction conditions described in ref 1, it
does not include the effects of reactant complexation by BF3 (vide infra).

(14) Since the energy difference between the first transition structure (1
f 2) and intermediate2 is rather small, structures1 and2 and the transition
structure connecting them were also optimized with B3LYP/6-311+G(d,p);
extremely similar results were obtained at this level of theory:2 is 26.4
kcal/mol less stable than1, and the transition state connecting1 and2 is
28.9 kcal/mol higher in energy than1. Full optimizations at the MP2/6-
31G(d) level gave qualitatively similar results: 0.0 kcal/mol (1), 26.2 (1
f 2), 23.6 (2), 30.0 (2 f 3), 24.7 (3). See Supporting Information for
additional details.

(15) For each substituent, we were able to locate two transition-state
structures for the2 f 3 step, differing in the orientation of the aromatic
ring and which of its carbons is attacked (see below). Transition structures
with H2 “in front” (below, right) are generally 1-5 kcal/mol higher in
energy than those with H1 “behind” (below, left; Scheme 2; Figure 1). In
addition, the transition structures with H2 “in front” do not seem to lead to
minima analogous to3. Instead, rearomatization appears to occur directly
from deprotonation via one of the fluorines on the nearby BF3 group. It is
unlikely that this would occur in solution, however. For these reasons, H2
“in front” structures are not discussed further. See Supporting Information
for additional details.

(16) Hansch, C.; Leo, A.; Taft, R. W.Chem. ReV. 1991, 91, 165-195.
(17) Ammonium substituents were excluded from the best-fit lines since

these are the only substituents examined that bear a full charge, and
intramolecular interactions between the NH3

+ and BF3 groups were observed
in some structures, leading to geometries that are unlikely in solution (see
Supporting information for details).

(18) While the minima and transition structures were fully optimized in
our solvent calculations, troubles were encountered in achieving convergence
for some accompanying frequency calculations. Therefore, zero-point
corrections were not included for the numbers presented here. Test
calculations with CHCl3 were performed, and these verified that zero-point
corrections do not affect the results significantly.

FIGURE 2. Plot of calculated barriers (from1 to the2 f 3 transition structure) for BF3-catalyzed rearrangement versus Hammett constants (σm

and σp).16 The substituents shown in red are the ones used in the experiments of Oshima and co-workers,1 and additional substituents that we
examined are shown in blue. Substituents at the meta position are indicated by diamonds, whereas those at the para position are indicated by
squares.7 The straight full line corresponds to the meta substituents, excludingm-NH3

+, whereas the dashed line corresponds to the para substituents,
excludingp-NH3

+.17
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attraction), which should be stronger when the carbonyl is
complexed to the Lewis acidic BF3.

Cation‚π Effects on the [1,2] Alkenyl Shift. Although our
calculations indicate that the alkenyl shift is not the rate-
determining step of the reaction, we were still curious as to
whether there might be some sort of intramolecular cation‚π
interaction that affects the barrier for this step.3 We were
particularly interested in such issues since many carbocation
rearrangements occurring in nature could possibly involve
cation‚π interactions between bridged carbocation intermediates
or transition structures and aromatic residues in enzyme active
sites.4,5a If cation‚π interactions between the aromatic ring and
the positive charge spread over the migrating alkenyl group,
Ca and Cb (Scheme 2, structure1 for labels) are stronger than
the aromatic ringf carbonyl interactions for1 described earlier

(which can also be described as a sort of cation‚π interaction),
the barrier for the1 f 2 step should be lower for donor
substituents than it is for acceptor substituents. In addition, such
interactions should also lead to shorter distances between the
aromatic ring and the carbons involved in the [1,2] shift for
donor substituents than for acceptor substituents. Computed
barriers for the1 f 2 step are plotted versusσ constants in
Figure 4. There appears to be only a very slight dependence of
the barrier height on the electron-donating or -withdrawing
ability of the substituent. For the para substituents, the barriers
are very slightly lower with donor substituents than with
accepting groups. For the meta substituents, this dependence is
essentially nonexistent. This suggests that any through-space
interactions between the aromatic ring and Ca or Cb are, at most,
only very slightly stronger in the1 f 2 transition structure than

FIGURE 3. Plot of absolute magnitude of the calculated BF3 complexation energy for the reactant ketone versus Hammett constants (σm andσp).16

The substituents shown in red are the ones used in the experiments of Oshima and co-workers,1 and additional substituents that we examined are
shown in blue. Substituents at the meta position are indicated by diamonds, whereas those at the para position are indicated by squares.7 The
straight full line corresponds to the meta substituents, excludingm-NH3

+, whereas the dashed line corresponds to the para substituents, excluding
p-NH3

+.17

FIGURE 4. Plot of calculated barriers from1 to the1 f 2 transition structure versus Hammett constants (σm andσp).16 The substituents shown
in red are the ones used in the experiments of Oshima and co-workers,1 and additional substituents that we examined are shown in blue. Substituents
at the meta position are indicated by diamonds, whereas those at the para position are indicated by squares.7 The straight full line corresponds to
the meta substituents, excludingm-NH3

+, whereas the dashed line corresponds to the para substituents, excludingp-NH3
+.17
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in 1. Figure 5 shows that there is also only a small dependence
of the Cb-Cd distance onσ.

Role of the Methyl Group. The role of the methyl group
attached to Cb was probed by replacing the methyl with various
groups having different electronic properties. The energies of
the stationary points for the1 f 3 reaction with a variety of
attached groups (Y) are shown in Figure 6. As expected, species
with significant positive charge at Cb are selectively stabilized
by both the methyl and aryl groups compared to Y) H. The
electron-withdrawing CF3 group has the opposite effect. Not
surprisingly, intermediate2 is most sensitive to the electron-
donating or -withdrawing ability of the attached group. This
sensitivity to substituents provides an additional avenue for
increasing the facility of the rearrangement and could be probed
through future experiments.

Roles of the Phenyl Groups.We were also curious about
the effects of phenyl groups attached directly to the migrating

alkenyl group in the1 f 2 step since the systems explored by
Oshima and co-workers had phenyl groups at both Cc or Ce

(Scheme 1). The results of our calculations with and without
phenyl groups at Cc and/or Ce are summarized in Figures 7 and
8.

The presence of phenyl groups at Cc or Ce affects the barriers
for the [1,2] alkenyl shift: having a phenyl group at Cc increases
the barrier by∼2-6 kcal/mol, and having a phenyl group at
Ce decreases the barrier for the [1,2] shift by∼2 kcal/mol.
Although the origins of these counterbalancing effects are not
entirely clear and likely result from the combination of several
small effects, some interesting geometric changes occur during
the rearrangement. For example, in cases where there is a phenyl
group at Cc, this group is more nearly coplanar with the CcdCe

double bond in1 and2 (Ce-Cc-CPh,ipso-CPh,orthoe 22°) than
in the 1 f 2 transition structure (Ce-Cc-CPh,ipso-CPh,ortho

increases by 30-40°). This perhaps indicates an effort on the

FIGURE 5. Plots of aryl---cation (Cb---Cd in Scheme 2) distance (Å) in transition structures for the1 f 2 step versus Hammett constants (σm and
σp).16 The substituents shown in red are the ones used in the experiments of Oshima and co-workers,1 and additional substituents that we examined
are shown in blue. Substituents at the meta position are indicated by diamonds, whereas those at the para position are indicated by squares.7 The
straight full line corresponds to the meta substituents, excludingm-NH3

+, whereas the dashed line corresponds to the para substituents, excluding
p-NH3

+.17

FIGURE 6. Computed relative energies (kcal/mol) of stationary points for systems with various substituents Y.
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part of the phenyl group to delocalize the positive charge that
is building up at Cc as it migrates, but given that the presence
of the phenyl group increases the barrier, this effect must be
smaller than favorable interactions involving the phenyl group
in 1.

Note also that, for the largest system we explored (that with
three phenyl groups (Figure 7, W) Z ) Ph) and the one closest
to the experimental system explored by Oshima and co-workers),
the energy of2 is very slightly higher than that of the transition
structure for its formation when zero-point energy corrections
are included, implying that this reaction is effectively concerted
(at least in the absence of solvent), but that the [1,2] shift and
attack of the aromatic ring occur extremely asynchronously (a
similar situation is observed for the system with only one phenyl
group, that at Ce).

Are the Intermediates Nonclassical Cations?Given the
proximity of the carbocationic centers (Cb) and the CcdCe

double bonds in intermediates2, we wondered whether there

might be a three-center two-electron interaction between these
groups (Chart 1) of the sort found in corner-protonated cyclo-
propanes, the prototypical class of nonclassical cations.19 Let
us consider several geometric parameters relevant to this issue.
For the intermediates2 examined herein, Cb-Cc and Cb-Ce

distances ranged from 1.76 to 2.41 Å, CcdCe distances ranged
from 1.33 to 1.41 Å, and Cb-Ca-Cc angles ranged from 76 to

FIGURE 7. Computed relative energies (kcal/mol) of stationary points for systems with and without Z and W) Ph and a phenyl group at Cc. Note
that, for Z) Ph, W) Ph,2 is actually very slightly higher in energy than the1 f 2 transition structure when zero-point energy corrections are
included.

FIGURE 8. Computed relative energies (kcal/mol) of stationary points for systems with and without Z and W) Ph and a hydrogen at Cc.

CHART 1
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101° (see Table S1 in the Supporting Information for details).
Clearly, some of these structures have considerable three-center
interactions; in fact, many have Cb-Cc/e distancese 2 Å, Ccd
Ce distancesg 1.35 Å, and Cb-Ca-Cc anglese 85°, geometric
parameters that are typical of nonclassical carbocations of the
corner-protonated cyclopropane type,4b,19and, not surprisingly,
the strength (judged on the basis of these geometric criteria)
and symmetry of the Cc-Cb-Ce interactions are modulated by
groups directly attached to Cb, Cc, Ce.

Moreover, the geometry of the Cc-Cb-Ce array is also very
sensitive to the identity of the aromatic group Z, with stronger
three-center interactions being observed for systems with
electron-withdrawing X groups. For example, for X) m-NH3

+,
a strong electron-withdrawing group, the distance between Cb

and the aromatic ring is long (Cb-Cd ) 3.88 Å) and Cb and
the CcdCe group appear to interact strongly (Cb-Cc ) 1.90 Å,
Cb-Ce ) 1.85 Å, CcdCe ) 1.38 Å, and∠Cb-Ca-Cc ) 77°).
In contrast, for X) m-NH2, a strong electron-donating group,
the distance between Cb and the aromatic ring is short (Cb-Cd

) 2.54 Å) and Cb and the CcdCe group are relatively far apart
(Cb-Cc ) 2.40 Å, Cb-Ce ) 2.38 Å, CcdCe ) 1.33 Å, and
∠Cb-Ca-Cc ) 101°). Thus, our calculations strongly suggest
that through-space cation‚π interactions3 between the aromatic
ring and Cb can modulate the nonclassical character of corner-
protonated cyclopropanes, a phenomenon that would be worth
exploring through additional structural studies.

These systems are quite complex, however, and a competition
actually exists between the aromatic ring Z, the CcdCe π-bond,
and the Y group for delocalization of the positive charge at Cb,
a competition whose outcome is influenced by both the electron-
donating ability of each group and its ability to interact strongly
with Cb without inducing severe geometric strain. Consider, for
example, the Y) CH3 and Y ) Ph cases (both with Z) Ph,
R ) R′ ) R′′ ) H as shown in Figure 6). With Y) CH3, Cb

and the CcdCe group interact fairly strongly (Cb-Cc ) 2.04
Å, Cb-Ce ) 2.03 Å, CcdCe ) 1.36 Å, ∠Cb-Ca-Cc ) 84°,

and Cb-Cd ) 3.30 Å), whereas with Y) Ph, a group that is
much better at delocalizing a positive charge through direct
π-donation, Cb interacts less strongly with both the CcdCe group
and the aromatic ring Z (Cb-Cc ) 2.23 Å, Cb-Ce ) 2.24 Å,
CcdCe ) 1.34 Å,∠Cb-Ca-Cc ) 93°, and Cb-Cd ) 3.38 Å),
consistent with there being a smaller “electron demand”20 at
Cb when the phenyl group replaces the methyl group. Now
consider the corresponding Y) CF3 case: here the strongly
electron-withdrawing CF3 group increases the electron demand
at Cb, but this leads to a stronger cation‚π interaction at the
expense of the three-center (nonclassical) interaction (Cb-Cc

) 2.41 Å, Cb-Ce ) 2.40 Å, CcdCe ) 1.33 Å,∠Cb-Ca-Cc )
101°, and Cb-Cd ) 2.57 Å). There is indeed a complex interplay
between direct (hyper)conjugation (with Y), intramolecular
cation‚π interactions (through-space with the aromatic ring Z),
and three-center “nonclassical” stabilization (through-space with
the CcdCe π-bond) for these structures as they strive to slake
Cb’s thirst for electron density.

Conclusions

Quantum mechanical calculations were used to study the
concertedness of and substituent effects on the alkenyl migration/
electrophilic aromatic substitution reaction developed by the
Oshima group. For all substituents examined, our calculations
suggest that a stepwise mechanism with a rate-determining aryl
attack step (mechanism B in Scheme 2) prevails, although the
intermediate involved, which often sports considerable “non-
classical ion character”, generally does not reside in a very deep
minimum, making the reaction effectively concerted for some
cases.
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