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ABSTRACT: We report an ambimodal trispericyclic transi-
tion state leading to [6+4]-, [4+6]-, and [8+2]-cycloadducts
in the reactions of 8,8-disubstituted heptafulvenes with 6,6-
dimethylfulvene. The potential energy surfaces for these reac-
tions were explored with wB97X-D density functional theory.
Quasi-classical direct molecular dynamics simulations gave
information on the ratios of products expected in these reac-
tions.

The transition state (TS) of a reaction is a saddle point that
directly connects reactants and products.! Over the last two
decades, a number of ambimodal T'Ss? that connect one set of
reactants and two different products have been discovered.?
In such reactions, a post-transition state bifurcation (PTSB)
allows the formation of two products as the reaction coordi-
nate descends to a second transition state connecting these
products without intervention of an intermediate.* Although
transition state theory quantifies the overall rate, the product
distribution is dynamically controlled.>* The first ambimodal
bispericyclic cycloaddition was discovered by Caramella et al.
for the dimerization of cyclopentadiene (Figure 1A).° The
authors found that a single ambimodal TS? followed by a
PTSB, leads to identical [4+2]- and [2+4]-cycloadducts.

Since that report, reactions that involve ambimodal bisper-
icyclic transition states have been characterized more and
more frequently.® For example, Singleton et al. reported a
[4+2]/[2+4] bifurcation in the cycloaddition of acrolein with
methyl vinylketone (Figure 1B).° In collaboration with Sin-
gleton, we reported the SpnF-catalyzed [6+4]/[4+2] bifurca-
tion in the biosynthesis of Spinosyn A (Figure 1C).” In col-
laboration with Tang, our groups characterized the Diels-Al-
der/hetero-Diels-Alder Lepl enzyme-catalyzed bifurcation in
the biosynthesis of Leporin C (Figure 1D).* All of these ex-
amples have been of ambimodal pericyclic reactions, but
PTSBs also occur in other reactions,” including carbocation

rearrangements in biosynthetic routes to terpenes that have
been extensively studied by Tantillo e al.'°
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Figure 1 Representative ambimodal pericyclic reactions.

Although a transition state is a saddle point with only one
direction of negative curvature,' there may be multiple bifur-
cations after the T'S to give three or more products on reaction
surfaces.'?

The reactions of tropone or heptafulvenes with fulvenes can
give a variety of thermally allowed cycloaddition products in-
volving the 87 and 67 systems of the two molecules. Regioi-
somers and stereoisomers of [8+6], [8+2], [6+4], [4+6],
[4+2], and [2+4] are possible, and we have had a long interest
in understanding how periselectivity, selectivity in formation
of the pericyclic-reaction products, is controlled.”® For tro-
pone (1a) and dimethylfulvene (2a), we have determined
that products are formed from a Diels-Alder transition state
and an ambiomodal TS leading to [6+4] and [4+6] adducts,
to give 3, 4, and §, respectively (Figure 2A)." These transi-
tion states are favored by the electrophilic nature of C2 of tro-
pone and nucleophilic tendency of C2 of the fulvene (Figure
2B).



The cycloaddition reactions of 8,8-dicyanoheptafulvene
(Ib) and 8-cyano-8-(methoxycarbonyl)heptafulvene (1c)
with 6,6-dimethylfulvene (2) were studied experimentally by
Liu and Ding, who found that [6+4]- and [8+2]-cycloadducts
are formed (Figure 2C)."* We have now explored these reac-
tions with density functional theory (DFT) and quasi-classi-
cal direct molecular dynamics (MD) simulations and found
that these primary adducts are formed from a single trisperi-
cyclic transitions state.'s
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Figure 2 A. Favored cycloadditions of tropone (1a) and di-
methylfulvene (2) forming [4+2], [4+6], and [6+4] adducts
B. HOMO and LUMO of 2 and 1a, respectively. C. Predicted
reaction products of heptafulvenes 1b and 1c¢ with 6,6-dime-
thylfulvene 2.

The transition state (TS1) for the reaction of 1b with 2 is
shown in Figure 3A. TS1 is highly asynchronous and features
four partially formed o-bonds, C1-C2, C3-C4, C5-C6, and
C7-C8, with forming bond distances of 1.99, 2.77, 3.00, and
3.18 A, respectively. Previously discovered ambimodal TS of
1a and 2 have three partially formed 6-bonds with distances
of ~2,3,and 3 A."* We thus hypothesized that TS1 is an am-
bimodal trispericyclic transition structure that could lead to
[4+6]-, [6+4]-, and [8+2]-cycloadducts.

Quasi-classical direct dynamics simulations were initiated
from TS81; reactants 1b and 2 give products 6b, 7b, and 8b
(Figure 3A, C, D). Out of 142 trajectories, 123 (87%) afford
the [4+6]-cycloadduct (6b), 4 (3%) afford the [6+4]-cy-
cloadduct (7b), and S (3%) afford [8+2]-cycloadduct (8b).
Figure 3C shows one example of each of these thre reaction
trajectories. The remaining 10 (7%) trajectories recross, that
is, traverse the transition zone, form the first bond (r< 1.7 A),
and then returning to the other side of the TS toward reac-
tants (or products). Analysis of trajectory path indicates that
all 9 trajectories leading to 7b and 8b travel sequentially from

TS1 to the Cope TS2 or TS3, respectively (Figure 3C, D),
then continue to products. This is a general feature of ambi-
modal TSs.> The Cope TSs TS2 and TS3 (Figure 6b) inter-
convert the thermodynamically less stable 6b to the more sta-
ble 7b and 8b, respectively. Indeed, the Cope rearrangement
transition state energies are similar to the cycloaddition step.
At the wB97X-D/6-31G(d) level of theory TS2 and TS3 are
lower than TS1 in electronic energy by 2.7 and 1.7 kcal-mol”,
respectively, although after introduction of vibrational and
entropic corrections they become slightly higher in the free
energy surface (Figure 3A, B).

To further characterize dynamics on this surface, 52 and 51
quasiclassical trajectories were initiated from the product in-
terconversion Cope TSs TS2 and TS3, respectively (Figure
3). TS2 and TS3 were found to be ambimodal, and both lead
to the formation of 7b and 8b from 6b (Figure 3E, F). Tra-
jectories initiated from TS2 or TS3, in one direction, pass
through TS1, stretching C1-C2 bond from ~1.6 A to nearly 2
A. These trajectories can lead to separated reactants (Figure
3E, F). This is an unusual case, where TS2 and TS3, each of
which are typical Cope transition states by geometrical crite-
ria, nevertheless are dynamically connected to one product
and one ambimodal TS that leads also to reactants and kinet-
ically favored product 6b. Interestingly, the kinetically favored
product is not observed experimentally, as it is thermodynam-
ically least favored. A single trajectory from each Cope TS un-
dergoes a formal [5,5]-sigmatropic shift and travels from 8b
to TS3 to TS1 to TS2 to 7b. Such a path traverses three tran-
sition states without intervening minima. In summary, these
simulations predict that [4+6]-, [6+4]-, and [8+2]-cycload-
ducts are initially formed ina 25:1:1 ratio. The kinetic product
occurs by formation of the secondary bond that is shortest in

the ambimodal transition sate.'341¢

We have defined reactions to be dynamically concerted
when the time-gap between bond formation (defined as <1.7
A) is <60 fs and dynamically stepwise when >60 fs.!” Dynam-
ically stepwise trajectories may be energetically concerted on
the potential energy surface, but proceed through an entropic
intermediate'®. The entropic intermediate is not a minimum
on the PES, but has a variety of geometries with essentially the
same energies that are explored before the second bond fully
forms; the favorable entropy causes such a species to be a free
energy minimum or intermediate. Ambimodal pericyclic re-
actions often involve entropic intermediates.”'*! The dynam-
ics of reaction of 1b and 2 exhibits a bond-formation time-gap
comparable to bispericyclic reactions with average time-gaps
of 90, 74, and 141 fs for formation of [4+6]-, [6+4]-, and
[8+2]-cycloadducts, respectively. The stationary points and
entropic intermediate of trajectories for formation of kinetic
product 6b are shown in Figure 4.

The results for the reaction between 8-cyano-8-(methox-
ycarbonyl) heptafulvene (1c) and 6,6-dimethylfulvene (2) ex-
hibit similar behaviours and are reported in the SL
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Figure 3 A. Dynamic reaction scheme of 1b and 2 forming 6b, 7b, and 8b from ambimodal trispericyclic transition structure

TS1. B. Conversion of 6b to observed products by ambimodal TS2 and TS3. C-F. Four-dimensional plots of trajectory geome-

tries where the common bond among products is mapped by the colorbar: separated is green (~4 A) and formed is blue (
TS ensemble geometries are overlayed in contrasting colors for clarity. C. Randomly selected trajectories propagated fr

~L.5A).
om TS1

leading to each product. D. Plot of all 142 trajectories propagated from TS1. E. Plot of 52 trajectory geometries propagated from
TS2. F. Plot of 51 trajectory geometries propagated from TS3. All calculations at the wB97X-D/6-31G(d) level of theory.



Figure 4. Snapshots of a trajectory leading from separated reac-
tants to TS1 to entropic intermediate to product 6b. Refer to
supporting information to see movies of trajectories.

In summary, we have characterized the [4+6]-, [6+4]-, and
[8+2]-cycloaddition reactions of electron-deficient substi-
tuted heptafulvenes and 6,6-dimethylfulvene as the first iden-
tified ambimodal trispericyclic reaction. The kinetic periselec-
tivity of the reaction is determined first by the primary bond-
ing interactions leading most fully formed bond in the ambi-
modal transition state. The strongest of the three secondary
orbital interactions leads through an entropic intermediate to
the kinetic product while the observed products are the result
of thermodynamic control. For these reactions at least, the
origin of periselectivty has been understood.
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