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ABSTRACT: The 6π electrocyclizations and Nazarov cycliza-
tions of a series of bridged bicyclic substrates were modeled with
the M06-2X density functional and the def2-TZVPP basis set, and
the factors responsible for the reactivities of these substrates and
the stereoselectivities of their ring closures were identified. The
ring closures of these bridged bicyclic trienes are up to a million-
fold faster (ΔΔG⧧ = 10 kcal mol−1) than that of 1,3,5-hexatriene,
despite the absence of any activating functional groups. Three
effects, preorganization, predistortion, and a CH π interaction, are
responsible for this sizable difference in reactivity. Stereo-
selectivity is partially controlled by torsional effects, but for
highly exo selective electrocyclizations, it is reinforced by a second effect (either a CH π interaction or a steric clash). The
absence of this second effect in the ring closures of several divinyl ketones explains the reduced selectivity of these ring closures.
In one case, a divinyl ketone (ketone 6) undergoes Nazarov cyclization to yield the endo product preferentially. For this example,
through-space interaction of a nonconjugated alkene with the divinyl ketone π system in the endo transition state and a steric
effect override the intrinsic exo selectivity.

■ INTRODUCTION
West et al. have prepared a series of bridged bicyclic trienes1

and divinyl ketones2,3 that undergo highly stereoselective triene
(6π) electrocyclizations and Nazarov cyclizations. These
bicyclic substrates are shown in Scheme 1. Carbatriene4−9

and Nazarov electrocyclizations10−25 have been the subject of
prior computational studies, but the ring closures of bridged
bicyclic substrates like those shown in Scheme 2 have yet to be
examined computationally.
The electrocyclic reactions of these bridged bicyclic trienes

and divinyl ketones merit computational study because (1) the
bridged bicyclic trienes react with surprising ease when

compared to that of their acyclic counterpart, 1,3,5-hexatriene,
and (2) these bridged bicyclic trienes and divinylketones
undergo ring closure with (often high) exo selectivity.
We have discovered that the enhanced reactivity of these

bicyclic trienes toward disrotatory ring closure is due to three
factors: substrate preorganization, predistortion, and a CH π
interaction. Each of these effects individually has a modest
impact on the rate of reaction, but, taken together, these effects
are, according to computations, responsible for up to a ∼106-
fold (at 298.15 K) increase in the rate of ring closure relative to
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Scheme 1. 6π and Nazarov Electrocyclization of Bridged
Bicyclic Trienes and Divinyl Ketones

Scheme 2. Experimental Substrates Examined
Computationally in This Study
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that of 1,3,5-hexatriene. This explains why the triene precursor,
generated in situ, is never observed experimentally. The exo
selectivities of both the Nazarov and triene ring closures are
consistent with the observed stereoselectivity of (cyclo)-
additions involving bridged bicyclic alkenes, including norbor-
nene,26−32 and are controlled by torsional effects.33−37

However, no investigation of the role of such effects on
electrocyclization stereoselectivities has been reported. Our
results suggest that, unlike (cyclo)additions to bicyclic
substrates, high exo selectivity in the electrocyclizations of
bridged bicyclic substrates 1−6 requires a second stereocontrol
element in addition to such torsional effects. In the examples
reported here, either a CH π interaction or steric repulsion can
also promote exo stereoselectivity. By contrast, divinyl ketone 6
reacts to form the endo product because participation of a
nonconjugated alkene stabilizes the endo transition state,
overcoming the intrinsic preference for the exo product.

■ RESULTS AND DISCUSSION
Reactivities of Bridged Bicyclic Trienes toward 6π

Electrocyclizations. The M06-2X/def2-TZVPP computed
ΔG⧧ of 31.5 kcal mol−1 for the ring closure of 1,3,5-hexatriene
is in good agreement with the experiment value of 29.9 kcal
mol−1.38 Unlike the electrocyclization of 1,3,5-hexatriene,
bridged bicyclic trienes 1−3 shown in Scheme 2 undergo
spontaneous ring closure upon formation.1 According to our
calculations, the ring closure of bicyclic triene 1 has a ΔG⧧ of
21.4 kcal mol−1, roughly 10 kcal mol−1 lower than the
computed ΔG⧧ for the ring closure of 1,3,5-hexatriene.38

The effects responsible for the unusual reactivities of these
bicyclic trienes were ascertained using the series of model
reactions shown in Figure 1. 1,2-disubstituted triene 9 is ∼100-

fold more reactive (at room temperature) than unsubstituted
triene 7 because the C2 methyl group destabilizes the s-trans, s-
trans conformer by introducing an allylic clash in this
conformer, as shown in Figure 2. This effect is apparent in all
1,2-disubstituted trienes described here and has also been

observed in the intramolecular Diels−Alder reactions of bicyclic
1,3,9-trienes.39

The difference between the ΔG⧧ (ca. 2.8 kcal mol−1) values
for disubstituted trienes 9 and 11 can be attributed to
predistortion of the endocyclic alkene of the norbornenyl
substrate;40 the strained nature of norbornenyl double bond is
well-documented, and alkene predistortion of this is sort has
been known to contribute to norbornene’s unusual reactivity in
(cyclo)additions.33−37 This effect likely also contributes to the
enhanced reactivities of trienes 2 and 3. Lastly, a CH π
interaction between the CH bond of the 7-methyl group and
the triene π system further lowers the activation barrier for ring
closure by 4.2 kcal mol−1 for 6,7,7-trimethyl derivative 13
relative to unsubstituted norbornenyl triene 11 (Figure 3). This

value is in line with theoretical41−43 and experimental41 values
(ca. 1.0 of the CH π interaction found in the benzene−methane
dimer);44 the exo ring closure of triene 2, which possesses no
methyl group on the bridge, has an activation free energy 1 kcal
mol−1 higher than that of triene 1. The Supporting Information
describes further evidence of this CH π interaction by way of
additional model computations.

Stereoselectivities of the Disrotatory Ring Closures of
Bridged Bicyclic Trienes. The experimental and computed
diastereomeric ratios of the triene electrocyclizations of bicyclic
trienes 1−3 are summarized in Figure 4. Theory quantitatively
reproduces the exo selectivity observed experimentally for the
ring closures of 1−3.
Torsional steering, or minimization of torsional repulsions in

transition states, at least partially controls the stereoselectivities
of all electrocyclizations described in this article. The endo and
exo transition states for the ring closure of camphor-derived

Figure 1. ΔG⧧ of the electrocyclizations of model trienes 7, 9, 11, and
13. M06-2X/def2-TZVPP free energies are reported in kcal mol−1.

Figure 2. Conformational preferences of trienes 7 and 9. Relative
stabilities (ΔG) of various conformers determined using M06-2X/
def2-TZVPP. Energy values are reported in kcal mol−1.

Figure 3. Transition structures and ΔG⧧ (M06-2X/def2-TZVPP
values are reported in kcal mol−1) of the exo ring closures of trienes 11
and 13, illustrating the stabilizing CH π interaction responsible for the
enhanced reactivity of triene 13 relative to that of 11. Energies are
M06-2X/def2-TZVPP ΔG⧧ reported in kcal mol−1.
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triene 1, shown in Figure 5, illustrate the nature of this effect.
The H−C−C−H dihedral shown in Figure 5 is staggered (63°)

in TS1exo and more eclipsed (21°) in TS1endo, leading to
increased torsional strain in the endo transition state. The
energy difference between the endo and the exo transition states
of model triene 11 suggest that this effect accounts for roughly
half of the 3 kcal mol−1 difference in the free energies of TS1exo
and TS1endo. Thus, a second effect must reinforce the intrinsic
exo selectivity of the electrocyclizations of these bridged bicyclic
trienes. In the case of trienes 1 and 3, this second effect is a
stabilizing CH π interaction (described previously) between the
7-methyl substituent and the triene π system in the exo
transition state.
Unlike trienes 1 and 3, triene 2 is unsubstituted at the

bridging carbon; therefore, the CH π interaction described
previously cannot act as a stereocontrol element for the
electrocyclization of this substrate. Nevertheless, according to
our DFT results, the ΔG⧧ difference between TS2endo and
TS2exo is 3 kcal mol−1. Interestingly, the barrier for the
formation of the endo product of 2 is roughly 3 kcal mol−1

higher than the ΔG⧧ computed for the endo ring closures of
bicyclic trienes 1 and 3, suggesting that a second destabilizing
effect present in TS2endo is responsible for enhancing exo
selectivity. Ring closure from the endo face is further

destabilized by a severe steric clash (shown in Figure 6)
between the methyl substituent on the bicyclic skeleton and the

hydrogen at the exocyclic terminus of the triene π system, as
suggested by West in his initial report.1 The two clashing
hydrogens are separated by only 1.90 Å.

Stereoselectivities of the Conrotatory Ring Closures
of Bridged Bicyclic Divinyl Ketones. The computed drs
(Figure 7) for the Nazarov cyclization of divinyl ketone 4−6

are also in quantiative agreement with experiment. These ring
closures were modeled with BF3, the Lewis acid employed
experimentally, coordinated to carbonyl oxygens of the divinyl
ketones.
The electrocyclic reaction of camphor-derived divinyl ketone

4 (ΔΔG⧧ = 1.3 kcal mol−1) is less selective than the ring
closure of triene 1 because the conrotatory exo transition state
is not stabilized by a CH π interaction (Figure 8). Unlike the 6-
carbon π system of the corresponding triene system, the
(formal) pentadienyl reactive array of divinyl ketone 4 adopts
an arrangement in which its π density is directed away from the
bridging methyl group. Consequently, the selectivity is
exclusively determined by torsional effect, which amounts to
a 1.1 kcal mol−1 difference in ΔG⧧ of the two modes of ring
closure.
The stereochemical outcome of the Nazarov cyclization of

bicyclic divinyl ketone 5 is controlled by the same effects
responsible for the ring closure of triene 2, namely, torsional
strain and steric repulsion destabilize the endo transition state of

Figure 4. Computed and experimental diastereomeric ratios for the
ring closures of triene 1−3. Reactions performed in aqueous THF at
room temperature or under reflux in either THF/H2O or CH2Cl2.
Computed diastereomeric ratios determined using the SMDTHF/M06-
2X/def2-TZVPP model chemistry.

Figure 5. Transition structures and ΔG⧧ (SMDTHF/M06-2X/def2-
TZVPP values are in kcal mol−1) for the exo and endo modes of ring
closure of bicyclic triene 1. Methyl groups of the trimethylsilyl
substituent are omitted for clarity.

Figure 6. Transition structures and ΔG⧧ (SMDTHF/M06-2X/def2-
TZVPP values are in kcal mol−1) for the exo and endo modes of ring
closure of bicyclic triene 2. Methyl groups of trimethylsilyl substituent
are shown to illustrate the steric clash that destabilizes the endo
transition state.

Figure 7. Computed and experimental diastereomeric ratios for the
ring closures of divinyl ketones 4−6 in dichloromethane. Reactions
performed in CH2Cl2 at −78 °C to room temperature. Computed
diastereomeric ratios determined using the SMDDCM/M06-2X/def2-
TZVPP model chemistry.
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this reaction. The steric repulsion between the trimethylsilyl
group and the remote bridge of the bicyclic system is
diminished in the endo transition state of 4 as compared to
that in 1 due to the decreased steric demand of the 3-carbon
unsaturated ketone side chain relative to the 4-carbon diene
side chain of 1. See the Supporting Information for the
transition structures and ΔG⧧’s for Nazarov cyclizations of 5.
In contrast to the results already described, divinyl ketone 6

undergoes electrocyclization to form the endo product
selectively. The transition states for the ring closure of this
substrate are shown in Figure 9. Computations recapitulate the
sense and level of stereoselectivity observed experimentally
(ΔΔG⧧ = 2.1 kcal mol−1). West et al. proposed that a through-
space orbital interaction involving the nonconjugated alkene at
C5−C6 (labeled in Figure 10) and the 4-electron π system
stabilizes the endo transition state, overriding the intrinsic exo
selectivity. We find that this through-space interaction is partly

responsible for the endo selectivity and that this effect is
stronger in the endo transition state, as the π system of the
pentadienyl cation is more ideally positioned to interact with
the nonconjugated alkene. Computations show that the
distance between the interacting carbon atoms (C1 and C6)
is 0.15 Å shorter in TS6endo than TS6exo. Furthermore, the
molecular electrostatic potentials (MEPs) show that the
nonconjugated alkene is more electron-rich in the exo transition
structure (more yellow in color) than in the endo transition
structure (more green in color). The atomic charge on the
distal carbon (C2) of the nonconjugated alkene is less negative
in TS6endo (−0.18e) than in TS6exo (−0.31e), also indicative of
greater interaction in TS6endo. In addition, endo selectivity is
enhanced by a steric clash that destabilizes the exo transition of
6. A severe clash (1.91 Å) exists between the methyl substituent
at bridging carbon and the hydrogen at the exocyclic terminus
of the π system (shown in Figure 9). We have examined a
model substrate in which the (interacting) nonconjugated
alkene has been saturated. For this substrate, exo selectivity is
observed, in support of our hypothesis. See the Supporting
Information for further details.

■ CONCLUSIONS
Substrate preorganization, predistortion, and steric attraction
emerge as factors that can promote the electrocyclic reaction of
1,3,5-hexatrienes. Torsional effects alone do not account for the
level of selectivity observed for these ring closures; high exo
selectivity requires the complementary action of a second effect
(steric attraction or repulsion). In one system, 6, through-space
interaction of a nonconjugated alkene and steric repulsions
reverse the intrinsic exo selectivity of Nazarov cyclization.

■ COMPUTATIONAL METHODS
All quantum mechanical calculations were performed using
Gaussian09.45 Geometry optimizations and frequency calculations
were performed with the hybrid meta-GGA density functional M06-
2X46 and the def2-TZVPP47 basis set. The SMD solvation model48

was used for the reactions of trienes 1−3 and divinyl ketones 4−6 in
THF and CH2Cl2, respectively. For all calculations, we employed an
ultrafine integration grid consisting of 99 radial shells and 590 angular
points per shell. Normal mode analysis confirmed all stationary points
as being either minima or transition states. Unscaled M06-2X/def2-
TZVPP frequencies were used to calculate Helmholtz enthalpies and
Gibbs free energies at 25 °C and 1 atm. Truhlar’s quasiharmonic
approximation was used to correct for errors in the estimatation of
vibrational entropies due to treatment of low modes (below 100 cm−1)

Figure 8. Transition structures and ΔG⧧ (SMDDCM/M06-2X/def2-
TZVPP values are in kcal mol−1) for the exo and endo modes of ring
closure of bicyclic divinyl ketone 4. Methyl groups of the trimethlysilyl
substituent are omitted for clarity.

Figure 9. Transition structures and ΔG⧧ (SMDDCM/M06-2X/def2-
TZVPP values are in kcal mol−1) for the exo and endo modes of ring
closure of bicyclic divinyl ketone 6. Methyl groups of the trimethylsilyl
substituent are omitted for clarity.

Figure 10. Molecular electrostatic potentials (MEPs) for TS6endo and
TS6exo and ΔG⧧. Potential ranges from −0.5 to 0.5 au. CHelpG
atomic charges at C2 (the distal carbon of the nonconjugated alkene)
are labeled in black. Molecular electrostatic potentials, densities, and
ΔG⧧ were determined using SMDDCM/M06-2X/def2-TZVPP.
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as harmonic oscillations. Molecular electrostatic potentials were
rendered using the PyMOL Molecular Graphics System.49 Gauss-
View50 and Avogadro51,52 were used to construct and visualize
structures. Structures were rendered using CYLview software.53
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Cartiesian coordinates, electronic energies, zero point energy,
and thermal corrections for all reported structures; imaginary
frequencies for transition states; discussions and illustrations of
the transition states for the ring closures of substrates 3 and 5;
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free of charge via the Internet at http://pubs.acs.org.
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