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ABSTRACT: The cycloadditions of cyclopentadiene and cyclo-
heptatriene with tropone are some of the earliest published
examples of [6+4] cycloaddition reactions. We report quantum
mechanical studies (ωB97X-D and DLPNO-CCSD(T)) of
transition structures and products of these reactions, as well as
quasi-classical molecular dynamics simulations of reaction
trajectories. The study reveals that these cycloadditions involve
ambimodal transition states resulting in a web of products by
pericyclic interconversion pathways. Combined with these studies,
calculations of simple parent systems and a thorough meta-analysis
of literature examples reveal the general concept that all endo-
[6+4] cycloadditions are ambimodal.

■ INTRODUCTION

In 1965,1 and in the full description of orbital symmetry
selection rules in 1969,2 Hoffmann and Woodward predicted
that trienes and dienes could react in concerted [6+4]
cycloadditions to give 10-membered-ring products. Later
they predicted that this reaction should proceed with exo,
rather than endo, stereochemistry due to repulsive secondary
orbital interactions in the endo transition state (TS).3 These
predictions were quickly confirmed by independent discoveries
by the Cookson and Itô groups,4−6 both of which studied the
reaction of cyclopentadiene and tropone (Figure 1A). The
predictions were also verified in the Woodward laboratories
with more heavily substituted reactants (Figure 1B).7

A variety of [6+4] cycloadditions have since been
discovered,8 including some that are catalyzed by enzymes in
nature.9−12 Among the earliest examples of [6+4] cyclo-
additions were the studies from the Itô group of the reactions
of cycloheptatriene with tropone and several substituted
tropones (Figure 1C).13−16 These cycloaddition cascades
generate eight stereogenic centers to form a densely function-
alized pentacyclic adduct. We have re-examined these reactions
computationally with modern accurate density functional
theory (DFT) and molecular dynamics simulations. These
studies found a web of hidden processes occurring from
ambimodal TSs. Revisiting these early examples of [6+4]
cycloadditions revealed a striking and general phenomenon: all
endo-[6+4] cycloadditions are ambimodal.
About 35 years after the first published [6+4] cycloaddition,

the Caramella group discovered a bis-pericyclic TS in the
computational investigation of cyclopentadiene dimerization.17

They showed that one TS could lead to multiple (in this case

two identical) pericyclic reaction products due to a post-
transition-state bifurcation. Such reactions are now generally
referred to as ambimodal reactions.18,19 This phenomenon
occurs when a TS is connected without an intermediate to a
second TS that is perpendicular to the reaction coordinate and
interconverts the products. Caramella,20 Singleton,21,22 Tantil-
lo,19,23 and our group24 have expanded on this concept,
discovering TSs that can lead, after multiple bifurcations on the
potential energy surface, to three25 or more pericyclic reaction
products. In this context, we hypothesized that the reaction of
tropone and either cyclopentadiene or cycloheptatriene could
also involve ambimodal TSs.

■ COMPUTATIONAL METHODS
We have now explored these reactions with highly accurate DFT and
wavefunction methods at the DLPNO-CCSD(T)/cc-pVQZ//
ωB97X-D/def2-TZVP level of theory as implemented in ORCA
4.1.1 and Gaussian 16,26−33 and describe here the details of calculated
reaction energetics of cyclopentadiene with tropone, and of
cycloheptatriene with tropone and several substituted tropones.
These studies depict the importance of secondary orbital interactions
in controlling not only stereoselectivity but the periselectivity
(selectivity between pericyclic reactions) of higher-order cyclo-
additions and elaborate on the generality of single pericyclic TSs
that lead to multiple products.
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■ RESULTS
Cyclopentadiene and Tropone: Frontier Molecular

Orbitals. Cookson and Itô confirmed Hoffmann and Wood-
ward’s prediction: tropone and cyclopentadiene react to form
an exo-tricyclic adduct with π systems anti to each other
(Figure 1A). Considering the frontier molecular orbitals
(Figure 1D), the nucleophilic C1 of cyclopentadiene (highest
occupied molecular orbital, HOMO) interacts with the
electrophilic C2 of tropone (lowest unoccupied molecular
orbital, LUMO) thus also connecting C4 of cyclopentadiene
and C7 of tropone. When the π-systems are arranged synan
endo orientationthere is an out-of-phase orbital interaction
between C2 and C3 of cyclopentadiene and C3 and C6 of
tropone that reduces stabilizing orbital interactions. In the exo
orientation, when the π-systems are anti, there are no
antibonding interactions. There can be a stabilizing secondary
orbital interaction in the exo orientation between the tropone
oxygen HOMO and C2 and C3 of the cyclopentadiene
LUMO, although this is the weaker frontier MO interaction
and has a small effect at most (Supplemental Figure S1).
Strong secondary orbital interactions can become primary
interactions and lead to bond formation; this is manifested in
ambimodal reactions, where the TSs have orbital interactions
that can lead to several products. Second, the related

experimental findings by Houk and Woodward showed that
substituted cyclopentadienes indeed form the [8+2] adduct as
a minor product.7 Given these considerations, we hypothesized
that the first report of a [6+4] cycloaddition could be
ambimodal and have a single TS that can lead to both the
[6+4] and [8+2] adducts.

Cyclopentadiene and Tropone: Calculated Reaction.
We have calculated the TSs of the reactions of cyclopentadiene
with tropone (Figures 2A,B and S2). For the reaction of

cyclopentadiene and tropone, the exo cycloaddition (TS-1) is
favored over the endo cycloaddition (TS-2) by a difference in
Gibbs free energy of activation of 3.3 kcal·mol−1. Using
transition-state theory, this energetic difference (ΔΔG⧧)
corresponds to a predicted product ratio of >99:1 exo to
endothus reproducing the experimental result that only the
exo adduct is observed.
TS-1 and TS-2 feature secondary orbital interactions. In TS-

1, the exocyclic oxygen (O8) of tropone forms a stabilizing
interaction with the cyclopentadiene C2 (2.85 Å, purple
dashed line, Figure 2A). This interaction destroys the bilateral

Figure 1. Early examples of higher-order [6+4] cycloadditions. (A)
Independent studies by Cookson and Itô in 1966 and additionally
reported in 1970. (B) Verification of Hoffmann and Woodward
predictions by Houk in 1966, published in 1970. (C) Synthesis of
pentacyclic molecules involving [6+4] cycloadditions by Itô and co-
workers in 1967. (D) Shapes of the highest-occupied and the lowest-
unoccupied molecular orbitals: LUMO of tropone, and HOMOs of
cyclopentadiene and cycloheptatriene.

Figure 2. Calculated energy surface for the (A) exo (TS-1) and (B)
endo (TS-2) reactions of tropone (1) and cyclopentadiene (2) at the
DLPNO-CCSD(T)/cc-pVQZ//ωB97X-D/def2-TZVP level of
theory.
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plane of symmetry in TS-1 and makes the exo-[6+4] highly
asynchronous. By contrast, we previously showed that
cyclopentadiene and cycloheptatriene, which lack this secon-
dary interaction, react via a symmetrical and synchronous
[6+4] TS.34−36 In a typical pericyclic ambimodal TS, the
common bond among the reactions is significantly formed at
∼2 Å, and the competing partial bonds are around ∼3 Å.37 TS-
1 does exhibit ambimodal character, with bond lengths of 1.96,
2.63, and 2.85 Å. However, the orbital overlap between the
exocyclic oxygen of tropone and the cyclopentadiene C3 is far
from ideal, with an angle of 74° (Supplemental Table S1). The
[8+2] product 4 could form, but only as a minor (∼1%)
product, and it has not been observed in experiments. The
higher energy endo-TS-2 corroborates the lack of experimental
observation of any endo products. In this TS, to avoid the
disfavorable out-of-phase orbital interaction, cyclopentadiene
twists nearly 10° to avoid the disfavorable out-of-phase orbital
interaction and to form a favorable orbital interaction between
tropone C5 and cyclopentadiene C2. This TS merges the endo-
[6+4] TS with an exo-[4+2] Diels−Alder TS. This twisting
makes the endo-[6+4] cycloaddition proceed via a single
ambimodal exo-[4+2]/endo-[6+4] TS with forming bonds of
1.95, 2.92, and 3.26 Å. This implies that the endo-[6+4] adduct
5 should be a minor product relative to the exo-[4+2] adduct
6. Previously, we reported that the competing bond distances
in the TS are related to the product ratio, where a difference of
0 Å corresponds to a 50:50 ratio and >0.4 Å corresponds to
<1% of the minor product.37 In TS-2, the difference in bond
lengths is 0.3 Å, which correlates to a predicted product ratio
of 90:10 6:5.
In ambimodal reactions, the ambimodal TS is connected on

the potential energy surface with a second TS that
interconverts the products; in these cases, these TSs are
Claisen (TS-3) or Cope (TS-4) rearrangement TSs (Figure
2A,B). Typically, in ambimodal cycloadditions, these inter-
conversion TSs are 1 or 2 kcal·mol−1 lower in energy than the
preceding ambimodal TS.25,38 In this case of the exo
cycloaddition of 1 and 2, the interconversion Claisen TS-3 is
higher in energy by 3.2 kcal·mol−1. This indicates that the
reverse reaction of 4 is ambimodal and would lead to 1, 2, and
3. This is further evidence that in the forward reaction the
[8+2] adduct 4 should not form in an appreciable amount.
Further calculations, dynamics, and discussion are in the
Supporting Information.
As shown above, the first [6+4] cycloaddition of 1 and 2 is

simple experimentally, leading to only a single observable
product, but theory reveals the rich complexity of the potential
energy surface that lurks behind the scenes, invisible to
experiment. The observed product forms via an ambimodal TS
that can lead to [6+4] and [8+2] adducts, but forms 3 for
dynamic and thermodynamic reasons. The unobserved endo
TS-2 is similarly ambimodal and complex. These results lead
us to hypothesize that all endo-[6+4] cycloadditions are
ambimodal.
Cycloheptatriene and Tropone: Experiment. About

the time of the dawn of pericyclic reactions, the Itô group
explored the reactions of the homologous systems, cyclo-
heptatriene and several tropones (Figure 1C, Scheme 1). They
found that pentacyclic adducts are formed by [6+4] cyclo-
additions of the cycloheptatriene as a 6π addend and tropone
as a 4π, followed by an intramolecular [4+2] cycloaddition.
The reactions of 1 and 2-chlorotropone (1a) with 7 formed a
single pentacyclic adduct (11 and 11a), whereas 2-methoxy-

tropone (1b) formed a mixture of regioisomers, proposed to
be 11b and 11b′.

Cycloheptatriene and Tropone: Frontier Molecular
Orbitals. Frontier molecular orbitals indicate that cyclo-
heptatriene 7 should act, like 2, as a nucleophile, with the
HOMO at C1 forming a strong interaction at C2 of tropone 1,
which is the most electrophilic site of tropone, as indicated by
the LUMO coefficient (Figure 1D). This indicates that C6 of 7
interacts with C5 of 1 as well as C4 of 7 with C7 of 1.
Arranging 1 and 7 in this geometry allows for two [6+4]
cycloadditions to occur, where either molecule can be a 4π or
6π partner. Furthermore, considering the HOMO of 1, we can
envision a third, similar interaction as occurs with cyclo-
pentadiene, where C2 of 7 interacts with the exocyclic oxygen
(O8) of 1 (Figure S1). In total, frontier molecular orbitals
predict that there should be four partially formed bonds in the
exo TS, and these could, in theory, form two [6+4] adducts
and an [8+2] adduct. This means that this reaction could lead
to three products from a single tri-pericyclic ambimodal TS, a
surmise that we have explored computationally. Because of our
long-standing interests to understand periselectivity, we also
studied Itô’s cycloadditions of the halogenated and methoxy-
lated tropones (Figure 1C, Scheme 1).

Cycloheptatriene and Tropone: Calculated Reaction.
The computed potential energy surfaces for the reactions of
substituted tropones reacting with cycloheptatriene 7 are
shown in Figures 3 and S3. The cycloaddition of 1 and 7 favors
the exo TS-5 by 2.8 kcal·mol−1 (Figure S3). Focusing on TS-5,
we note that, as predicted by frontier molecular orbital
interactions, there are four partially formed bonds in the TS,
with distances of 1.92, 2.84, 3.02, and 3.11 Å. TS-5 has
ambimodal character and could lead to three cycloaddition
productstwo [6+4] adducts and an [8+2] adduct. This
would be the second example of a tri-pericyclic reaction.23 All
the potential products have similar energies (ΔG = −1.5 to
+1.0) when compared to separate reactants, 1 and 7. This

Scheme 1. Ito ̂’s Proposed Structures for Products of
Cycloaddition Reactions of Tropone Derivatives (1, 1a, 1b)
with Cycloheptatriene (7)
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indicates that the forward and reverse reactions could occur.
Next, we performed an intrinsic reaction coordinate calculation
and found that TS-5 leads directly to the [3,3]-sigmatropic
Cope rearrangement to TS-6 and then proceeds to product 9
(Figures 3B and S4). TS-6 interconverts the two [6+4]
adducts 8 and 9. We extensively searched for [3,3]- and [5,5]-

sigmatropic Claisen TSs that would interconvert either [6+4]
adduct 8 or 9 with the [8+2] adduct 10. After many efforts, we
located the [3,3]-sigmatropic Claisen rearrangement TS-7 that
interconverts 10 and 9. This structure is a very late TS, with
the O8−C2 bond distance nearly formed at 2.19 Å, and is very
high in energy (ΔG⧧ = 37.3), nearly 5 kcal·mol−1 higher in

Figure 3. Calculated energy surfaces for tropones reacting with cycloheptatriene (7). (A) Calculated reaction energetics of tropone 1 and
cycloheptatriene 7. (B) Interconversion Cope (TS-6) and Claisen (TS-7) pathways of tropone and cycloheptatriene adducts. (C) Diels−Alder TSs
(TS-8 and TS-9) leading to pentacyclic adducts. (D) Free energy diagram for tropone (black), chlorotropone (a, green), and methoxytropone (b,
red) reacting with cycloheptatriene. (E) Summary of quasi-classical reaction dynamics trajectory results, indicating ratios of 8, 9, and 10 formed
from TS-5, TS-5a, and TS-5b. Calculations at the DLPNO-CCSD(T)/cc-pVQZ//ωB97X-D/def2-TZVP level of theory. Dynamics at the
optimization level of theory. Energies are quasi-harmonic corrected and reported at 1 M and 25 °C.
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energy than the preceding tripericyclic TS-5. Traversing such a
barrier would be an extremely rare event and indicates that a
very minor percentage (∼1%) of 10 could form momentarily
before reverting back to either separated reactants or 9.
This first cycloaddition step via TS-5 builds a reactive diene

in 8 and 9 that is pre-distorted and ready to undergo a
subsequent [4+2] Diels−Alder reaction (TS-8 and TS-9).
However, 10 does not have such a possibility and is less stable
than the reactants, and so it presumably undergoes a retro-
[8+2] reaction to re-form 1 and 7. The barriers for these
Diels−Alder TSs, TS-8 and TS-9, are quite different. We
hypothesize that this is due to the relative reactivity of the
dienophile: the dienophile of 9 is unactivated, whereas the
dienophile of 8 is an α,β-unsaturated ketone. We believe that
this electronic difference could cause the 5.2 kcal·mol−1

difference in ΔG⧧, as the structures are similarly strained
with related scaffolds. This electronic difference of the
dienophiles in 8 and 9 brings the barrier for TS-8 below
that of the interconversion Cope TS-6 and indicates that 9 will
convert via TS-6 into 8 and then exclusively form the
pentacyclic adduct 11.
Overall, the calculations predict that this reaction undergoes

a tripericyclic cycloaddition (TS-5) to form 8, 9, and 10 that
then undergo a concomitant Diels−Alder reaction (TS-8 and
TS-9) to form the experimentally observed pentacyclic adducts
11 that feature 4-, 5-, 6-, and 7-membered rings. These results
reproduce the Itô group’s 1967 report. However, our studies
indicate that a second adduct, 12, could form as a minor
product. Interestingly, 28 years later, in 1995, Singh published
similar findings at a lower temperature (140 °C versus 200
°C).39 In that paper, they reported the sole formation of our
predicted minor product 12. By lowering the temperature, we
do not expect the reaction to then “switch” to proceed through
the higher-energy TS-9. This reaction warrants further
experimental investigation.
We also calculated the chloro- (a) and methoxy- (b)

substituted tropones that the Itô group studied, in order to
understand how substituents influence the tripericyclic
reaction product ratios. We calculated the energy surfaces

with the substituted tropones (Figure 3C). In general, we
found that, in the first step, compared to TS-5, the methoxy
raises the reaction barriers (TS-5b, +2.4 kcal·mol−1) and the
chloro has a small effect on the reaction barriers (TS-5a, +0.6
kcal·mol−1). In the second step, the chloro decreases the
Diels−Alder barriers substantially (TS-8a, TS-9a, −2.1 to −3.0
kcal·mol−1) whereas the methoxy has a small effect (TS-8b,
TS-9b, +0.3 to +0.5 kcal·mol−1). Of note, the competing
Diels−Alder TSs, with either chloro or methoxy substituents,
are more facile than the Cope rearrangement TS-6a and TS-
6b. This indicates that, in these substituted systems, a second
pentacyclic adduct (12a and 12b) should also be observed.
Indeed, Itô did observe a second adduct in the reaction of 1b
with 7. However, this adduct was assigned as the regioisomer
11b′, while our calculations predict that 12b should be formed
(Figures 3 and S4).
Substitution alters the geometry of TS-5 but does not

change the mechanism (Figures 3D and 4). Using the Yang et
al. bond length model,37 the subtle changes in forming bond
lengths in the TS correspond to unique product distributions
of 8, 9, and 10. The Yang et al. bond length model from our
group is a simple method to predict product ratios of
ambimodal cycloaddition reactions based on the bond lengths
in the TS. Recently, the Goodman group (Lee et al.) published
a more general method that can be applied to all reaction
types.40 Upon rounding the predicted ratios, both methods
make similar predictions for each reaction (Figure 4).
Interestingly, the bond distance between the exocyclic oxygen
of 1/a/b and C3 of 7 is the same, and similar to the distance in
the aforementioned reaction with 2 (Table S1). We
hypothesize that this weak secondary orbital interaction is a
geometric requirement due to the proximity to the forming
carbon−carbon bonds. Such interactions have been noted in
dipolar cycloadditions.41,42

In order to test our predicted product ratios from the
tripericyclic transition states TS-5, TS-5a, and TS-5b, we
turned to quasi-classical reaction dynamics simulations. The
calculations were performed in the gas phase at the ωB97X-D/
def2-TZVP level of theory. Trajectories were initiated from

Figure 4. Comparison of tripericyclic TS geometries, energies, and predicted product ratios of 8 and 9 by Yang et al.37 and Lee et al.40 with reaction
dynamics yields.
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transition-state ensembles generated with ProgDyn and
propagated using classical equations of motion with forces
calculated quantum mechanically on the fly.43,44 Transition-
state ensembles were generated by performing a Boltzmann
sampling of geometries using normal-mode sampling and
adding the zero-point energy for each real normal mode and
thermal energy at 298 K to the structures.
Reaction trajectories initiated from TS-5 indicate that the

reactants 1 and 7 yield products 8, 9, and 10. This is indeed a
tripericyclic reaction, where a single TS leads to three unique
products (Figures 3E and 5). Out of 135 trajectories, 46 (36%)

form 8, 82 (58%) form 9, and 1 (1%) form 10. The remaining
6 (5%) trajectories recross (defined as traversing the TS region
but then recrossing to the product on the other side of the
TS).36,37 Substitutions of C2 with chloro (a) or methoxy (b)
groups alter the product ratios. The 2-chloro substituent
inverts the product ratio, where the major product is now 8a
(63%). This can be rationalized by considering the steric effect
of substituting the reacting center and can be noted in the TS-
5a structure where the forming bond length is stretched out
upon chloro substitution when compared to the unsubstituted
TS-5 (Figures 3E, 4, and S5). The methoxytropone gives
similar product ratios (60% 9, 40% 8) to the unsubstituted
case, despite having different forming bond lengths in the TS.
It is interesting how stretching out the C2−C5 bond by >0.1 Å

in TS-5b does not alter the product ratio like we saw with a
similar distortion in TS-5a. Lastly, the methoxytropone
dynamics did not yield 10b. This is likely due to the small
number of trajectories propagated, as the energetics for TS-7a
and TS-7b are similarly ∼5 kcal·mol−1 greater than those for
the preceding TS-5a/b.

■ DISCUSSION
Overall, quantum mechanical calculations revealed the
ambimodal nature of the first reported [6+4] cycloaddition
of tropone and cyclopentadiene, as well as those more complex
examples reported shortly thereafter of substituted tropones
and cycloheptatriene. Such results led us to hypothesize on the
generality or even requirement for such reactions to be
ambimodal.
Here, we postulate that all endo-[6+4] cycloadditions are

ambimodal. In the interest of clarity, we first define exo and
endo for [6+4] cycloadditions. Previously the definition for
Diels−Alder reactions was based upon whether the dienophile
substituent is near (proximal, endo) or away from (distal, exo)
the C2 and C3 of the diene, but for [6+4] cycloadditions only
the all-cis and s-cis diene and triene were considered. For [6+4]
cycloadditions, several isomers of the triene are possible, and
the diene may react from the s-trans conformation. Thus, we
define endo in the [6+4] cycloaddition as the TS or product in
which the central unit (Δ3,4, highlighted) of the triene
reaction partner is distal (exo) or proximal (endo) to the diene
reaction partner (Figure 6A). As the triene and diene reaction
partners are comprised of smaller π-units, a competing Diels−
Alder cycloaddition is always possible. Therefore, in the endo
orientation, both reactions will occur based solely on spatial
orientation. In this case, both reactions share the same
favorable frontier molecular orbital interactions. This means
that the two reactions will occur through a single ambimodal
TS.
Our definitions emphasize the difference between Hoffmann

and Woodward’s definition of secondary orbital interactions
and what we define as subordinate primary interactions (sub-
1° in Figure 6B), ∼3 Å bond lengths in ambimodal TSs.
Hoffmann and Woodward defined secondary orbital inter-
actions as those that stabilize or destabilize a TS. This would,
for example, be the interaction of C3 of a diene with C3 of a
dienophile in a Diels−Alder reaction of two dienes (Figure
6B). Such interactions cannot lead to a stable product. By
contrast, subordinate primary interactions lead to a product, as
in the interaction of C2 of a diene with C4 of the dienophile
(Figure 6B). We propose to call these interactions subordinate
primary interactions, as they can compete for bond formation;
either subordinate primary interaction can lead to one of the
products of the reaction.
To investigate the generality of this concept, we calculated

the endo-[6+4] TSs for the parent hydrocarbon cyclic and
acyclic systems (Figure 6C). These TSs feature strong
secondary orbital interactions (subordinate primary inter-
actions) with competing bond lengths of ∼2.8 and 3.1 Å. In
fact, the Diels−Alder is favored in both systems by having a
shorter forming bond length in the TS. Earlier in this paper, we
described the TSs and orbital interactions for tropones reacting
with cyclopentadiene and cycloheptatriene (i.e., TS-1, TS-2,
TS-5). In the Itô group’s 1970 publication on the cyclo-
additions of tropone and cyclopentadiene, a minor (4%) exo-
Diels−Alder adduct was reported, which suggests that our
calculated ambimodal exo-[4+2]/endo-[6+4] TS (TS-2) could

Figure 5. Four-dimensional bond length plots of reaction dynamics
trajectories. The color bar maps the common bond (C2−C1, green)
among products: separated is gray (4 Å) and formed is blue (1.5 Å).
TS ensemble geometries for TS-5 (red), TS-6 (gold), and TS-7
(gold) are overlaid in contrasting colors for clarity. (A) Randomly
selected trajectories propagated from TS-5 leading to each product.
(B) Plot of all 135 trajectories propagated from TS-5. Calculations are
at the ωB97X-D/def2-TZVP level of theory.
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also be at play.6 Those systems agree well with our proposal,
but we sought to explore other examples of such endo-[6+4]
cycloadditions to determine the generality of their ambimodal
nature, and three examples are presented in Figure 6D. The
examples are calculated TSs in spinosyn, heronamide, and
streptoseomycin biosynthesis that feature transannular ambi-

modal cycloadditions.10,11,45 Here, we also note that the
central triene unit is endo with respect to the diene reaction
partner in all three examples. These reactions have been
characterized in the original publications to be ambimodal.
Therefore, all known examples are indeed ambimodal. We
conclude, based upon this empirical evidence, that endo-[6+4]
cycloadditions will always involve ambimodal TSs because of
the enforced proximity of atoms that interact and lead to
alternative products.

■ CONCLUSION
We report a computational study that highlights the
ambimodal nature of higher-order cycloadditions of tropone
(1) with cyclopentadiene (2) and cycloheptatriene (7). The
cycloaddition of tropone and cycloheptatriene involves a
tripericyclic transition state that leads to the formation of one
[8+2] and two [6+4] cycloadducts. The strength of the
subordinate primary orbital interactions controls the formation
of different cycloadducts. Quasi-classical reaction dynamic
simulations resulted in three different products, with one of the
[6+4] adducts as the major product, in accordance with the TS
geometry. Such simulations revealed the dynamic nature of
secondary orbital interactions morphing into primary bond-
forming interactions. We have clarified this situation by
defining subordinate primary interactions that may or may
not lead to a product, depending on the trajectory. In the
reactions of cycloheptatriene with various tropones, subse-
quent intramolecular [4+2] Diels−Alder reactions form the
experimentally observed pentacyclic adducts 11 and 12. All of
these results point to the overarching concept that all endo-
[6+4] reactions are ambimodal. To verify our hypothesis, we
analyzed the parent hydrocarbon systems, the reactions of 1, 2,
and 7, and the known complex examples found in biosynthesis.
This empirical evidence confirms our postulate that all endo-
[6+4] reactions are ambimodal.
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