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Breaking Down Barriers: The Liaison Between
Sigmatropic Shifts, Electrocyclic Reactions, and
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In a recent computational study we found that the antarafa-
cial [1,8] hydrogen shift in the octatrienyl cation has a very
low activation barrier (only 6.3 kcalmol�1).[1–2] The transition
structure for this rearrangement (Figure 1, two views) is

Figure 1. Two views of the transition structure for the antarafacial [1,8]
hydrogen shift in the octatrienyl cation. Selected distances are shown
in �.
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remarkably delocalized; all bonds (carbon–carbon, and even
carbon–hydrogen) are about equal in length. Herein we note
an intriguing connection between different types of pericyclic
transition structures and carbocations that emerged during
our scrutiny of this rearrangement.

Three-Center Cations
From one perspective, the [1,8] transition structure is simply a
cationic extension of a standard sigmatropic reaction
(Figure 2, top). But there are other ways to look at this

transition structure. For instance, this geometry may be
viewed (Figure 2, bottom left) as the transition structure for a
hydride transfer from an alkyl group to a carbocation center
through a three-center two-electron cationic array, the two
reaction partners linked by a triene.[3–4]

Let's examine this perspective a little further. With
appropriate geometrical constraints, delocalized [C···H···C]+

arrays can even persist as ground-state molecules, for
example, 1 and 2.[3] Molecules such as 1 and 2 are therefore

sometimes described as “stable transition states”[5] for trans-
annular hydride shifts. The [1,8] transition structure in
Figure 1, however, is just that—a transition structure (albeit
of low energy), rather than a minimum. Nonetheless, one can
play games with that transition structure that lead to species
which are minima and for which the distinction between [1,8]

transition structure and stable [C···H···C]+ cation is effectively
lost. Consider, for example, the optimized[6–8] but still
theoretical pinwheel cation shown in Figure 3, in which a
central [C···H···C]+ array is supported by three hexatriene
bridges.

Protonating Electrocyclic Reactions
There's more. Might one not describe the parent [1,8]
transition structure as the product of protonation of another
pericyclic transition structure, that for the conrotary electro-
cyclic closure of an octatetraene to a cyclooctatriene
(Figure 2, bottom right)? The calculated[6–7] transition struc-
tures for the charged [1,8] sigmatropic hydrogen shift and the
neutral 8p electrocyclic reaction are shown side-by-side in
Figure 4. Note how similar these are!

This relationship—transition structures for sigmatropic
hydrogen shifts resembling protonated electrocyclic transi-
tion structures—is quite general.[9] Figure 5 shows the calcu-
lated geometries of a series of sigmatropic and electrocyclic
transition structures involving different charges, different
numbers of electrons, and different topologies (antarafacial/
suprafacial; conrotatory/disrotatory).[2, 10] In every case, the
geometries of the corresponding electrocyclic and sigma-
tropic transition structures are strikingly similar.[11]

This actually makes quite good sense. Imagine the
transition structure for an allowed disrotatory (Cs symmetry)
or conrotatory (C2 symmetry) electrocyclic reaction. Such a
transition structure, for an allowed reaction, is characterized
by a substantial gap between filled and unfilled levels. Now
bring in a proton in the mirror plane or along the C2 axis. The
empty proton 1s orbital is symmetric and it will interact

Figure 2. Different ways to view the transition structure for the antara-
facial [1,8] hydrogen shift in the octatrienyl cation.

Figure 3. Two views of a pinwheel cation:[8] a “side” view that empha-
sizes the C···H···C unit and a “top” view that emphasizes the overall
threefold symmetry of the structure. Selected distances are shown in
�.

Figure 4. Transition structures for the antarafacial [1,8] hydrogen shift
in the octatrienyl cation and the eight-electron electrocyclic ring closure
of octatetraene. Selected distances are shown in �.
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(entirely in a one-electron method; mostly,
in an all-electron approach) with the filled
symmetric levels of the electrocyclic tran-
sition structure, stabilizing them (Fig-
ure 6a). Perhaps accommodating that
proton also “pushes” the ends of the poly-
ene apart slightly, but the primary effect is
simply stabilization of the system, without
change of electron count or orbital top-
ology. Of course, the proton will also
interact with the reactant and product of
the rearrangement, making it difficult to
predict how the activation barrier will
change (see below).

That the “aromaticity” of the transition
structures shown in Figure 5, gauged by the
delocalization of the bond lengths (and
other criteria[12]), is so well-expressed, was
not expected. The particularly impressive
congruence between the geometries of the
electrocyclic and sigmatropic transition
structures is likely due, at least in part, to
the metrical similarity of a “natural”
[C···H···C]+ separation in a hydride shift to
a carbonium ion (around 2.5–2.7 C for the
sigmatropic transition structures in
Figure 5)[13] to a typical C···C separation in
the transition state for an electrocyclic
reaction (around 2.1–2.4 C).[11]

Transition-State Proton Affinities
If we view the transition structures for
sigmatropic hydrogen shifts as protonated
electrocyclic transition structures, then we
can talk about transition-state proton affin-
ities—in other words, the affinities of parti-

Figure 5. Optimized geometries of electrocyclic and sigmatropic transition structures.
Three views of each are shown: a “top” view (closest to dividing line), a “side” view
(middle row for each), and a view down the C···(H)···C axis. Selected distances are shown
in �.

Figure 6. A schematic view of orbital interactions between the symmetric unfilled orbital of a proton with the symmetric filled (black) and unfilled
(white) p orbitals of an allowed (a) and forbidden (b) transition structure for a generic electrocyclic reaction involving 4n+2 orbitals and the
same number of electrons. Only the numbers of filled and unfilled orbitals (and the reaction topology) change for 4n orbitals, or for different num-
bers of electrons or orbitals.
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ally formed or broken carbon–carbon bonds in pericyclic
transition structures for protons.[14]

The calculated proton affinities of the anionic electro-
cyclic transition structures shown in Figure 5 (i.e. the energy
differences between the electrocyclic and corresponding
sigmatropic transition structures) are 389 kcalmol�1 for the
anionic 6p ring closure and 366 kcalmol�1 for the anionic 8p
ring closure. For comparison, proton affinities for benzylic
anions are typically ~ 380–395 kcalmol�1 and for alkyl anions
are typically ~ 410–420 kcalmol�1.[15a,b] The delocalized
anionic electrocyclic transition structures thus appear to be
of comparable basicity to other resonance-stabilized anions.

The calculated proton affinities for the neutral electro-
cyclic transition structures shown in Figure 5 are 203 kcal -
mol�1 for the 4p system and 216 kcalmol�1 for both the 6p
and 8p systems. For comparison, the proton affinities of
typical alkanes are generally ~ 130–145 kcalmol�1,[15a] of
simple alkenes are ~ 165 kcalmol�1,[15a] and of conjugated
alkenes are ~ 200–230.[15c] Again, the basicity of the delocal-
ized electrocyclic transition structures appears to be compa-
rable to that of stable delocalized p-systems.

Different Surfaces, but Similar Transition Structures
The potential energy surfaces for the electrocyclic reactions in
Figure 5 are, of course, asymmetric (Figure 7a). Whether the
ring-closed or ring-opened form is favored in a given case is
determined by many factors (strain, delocalization, charge).
On protonation, however, symmetrical sigmatropic shift
potential energy surfaces result (Figure 7b). In one case,
that of the neutral 6p electrocyclization/cationic suprafacial

[1,6] sigmatropic shift pair, the activation barrier for the
sigmatropic reaction is lower than that for either electrocyclic
ring opening or ring closure.

The surfaces we describe are curious, hundreds of kcal/
mol apart on an absolute energy scale, yet gently shaped into
unmistakable congruence at their transition states by the
stringent demands of orbitals and electrons.

What Protonation Might Change
In general, it is difficult to locate true transition structures for
orbital-symmetry-forbidden processes. Our searches (and
those of others) for forbidden transition structures for
electrocyclic reactions, for example, have not been fruit-
ful.[16–17] Being unstable and with nothing good going for them,
these transition states escape, so to speak. To put it another
way, molecules, even quite constrained, find other ways to
effect the transformation than by a forbidden process.

However, if protonation stabilizes an allowed transition
state without altering its topology, what might it do to a
forbidden reaction? A simple orbital argument (analogous to
that used for analyzing the effects of protonating the
transition structures for allowed reactions) indicates that the
“pair of electrons in a degenerate level” problem of a
potential forbidden electrocyclic transition structure is parti-
ally removed[18] upon protonation (see Figure 6b). So we set
out in search of protonated forbidden electrocyclic transition
structures, with interesting results.

We were able to locate aC2-symmetric transition structure
for formally forbidden antarafacial interconversion of two
hexadienyl cations (Figure 8).[19] Much higher in energy (by

approximately 16 kcalmol�1) than that for the
orbital symmetry-allowed rearrangement,[20]

the formally forbidden [1,6] transition struc-
ture now has lost the high degree of delocal-
ization that characterizes all the allowed
structures shown in Figure 5. Instead, it
resembles a three-center [C···H···C]+ cation,
whose ends are tethered by a simple diene
(notice the localized C=C and C�C bonds in
the diene linker and the shortened C···H
bonds in the [C···H···C]+ array).

We've also looked at the cationic [1,4]
case. Our preliminary results suggest that the
potential energy surface in the vicinity of the
allowed [1,4] transition structure is quite flat
and may be populated by both antarafacial
and suprafacial structures. More extensive
calculations will be required, however, to pin
down the nature of this system.

To summarize, the forbidden transition
states are certainly stabilized. But they also
escape, by localizing into a [C···H···C]+ cation
and a polyene. Thus, we have come full circle,
returning again to our first analogy, that
between sigmatropic shifts and three-center
carbocations.

Figure 7. Calculated (B3LYP/6-31G(d)) barriers (in kcalmol�1) for electrocyclic (a) and sigma-
tropic (b) reactions shown in Figure 5. These are from productive conformers, and for electrocy-
clic reactions, are shown in the ring-closing direction.
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Forward to the Past
The remarkable similarities between electrocyclic and sigma-
tropic transition states reinforce what was just a plausible
argument in early orbital-symmetry days[21]—that there is an
underlying electronic unity to all pericyclic reactions. As we
can see, now three-center cations are drawn into the game.
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