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ABSTRACT: The thermal dimerization of cycloheptatriene is predicted to occur by a H H

concerted [6 + 4] cycloaddition via an ambimodal [6 + 4]/[4 + 6] transition state (TS) and a
competing stepwise diradical (6 + 2) cycloaddition; both dimers subsequently undergo
intramolecular [4 + 2] cycloadditions to afford thermally stable tetracyclic products. The
ambimodal TS is the 107m-electron version of the prototype bispericyclic dimerization of
cyclopentadiene discovered by Caramella et al in 2002. Quantum mechanical studies using
several common DFT functionals and post-HF methods, ®B97X-D, M06-2X, DLPNO-
CCSD(T), NEVPT2, and PWPB95-D3(BJ), and quasiclassical molecular dynamics simulations
provide details of bond timing and bifurcation pathways. By comparing the ambimodal [6 + 4]/

[4 + 6] TS for cycloheptatriene dimerization with the ambimodal [4 + 2]/[2 + 4] TS of

cyclopentadiene dimerization, we found that the high distortion energy in cycloheptatriene dimerization is the key to its relatively
high energy barrier. The computational investigations were coupled with experimental studies of the cycloheptatriene dimerization,
which resulted in the isolation of the two tetracyclic dimers. At lower temperature, the product from the predicted exo-[6 + 4]/[4 +
6] cycloaddition, followed by a subsequent intramolecular [4 + 2] cycloaddition, predominantly forms, while at higher temperature,

the diradical (6 + 2) cycloadduct is the major product.

1. INTRODUCTION

Caramella et al. reported the first example of a bispericyclic
ambimodal [4 + 2]/[2 + 4] transition state (TS) for
cyclopentadiene dimerization in 2002 (Figure 1a). They
showed that the endo-[4 + 2]/[2 + 4] TS is connected without
a potential energy minimum to a Cope rearrangement TS that
links two final products (in this case, these are identical). Such
TSs that lead to bifurcations in the potential energy surface
(PES) are now generally referred to as ambimodal TSs. This
phenomenon occurs when a TS is connected directly to a
second TS without an intermediate.”® Recently, we have
reported ambimodal TSs that can lead to three different
products in the reaction of two cyclic polyenes with 10—14
total z-electrons.™”

We became interested in the possibility that cyclohepta-
triene might undergo cycloadditions via ambimodal TSs and
report here our study on the PES and dynamics of these
reactions. The computational investigations are supported by
experimental studies, affording the isolation and character-
ization of two cycloheptatriene dimers.

The history of interest in the cycloheptatriene dimerization
dates back to one of the author’s experiences in graduate
school, where Houk’s first research project in the Woodward
group was to investigate the reaction of cyclopentadiene with
cycloheptatriene in the search for a, then unknown, [6 + 4]
cycloaddition.’ When that reaction was studied experimentally,
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a variety of different products were obtained, and the
experimental elucidation of the self-reactions of cyclo-
pentadiene, the reactions of cyclopentadiene with cyclo-
heptatriene, and the potential dimerization of cycloheptatriene
were never fully elucidated, although reactions of cyclo-
heptatriene to afford unidentified products when heating neat
cycloheptatriene were observed. The self-reactions of cyclo-
pentadiene,’ and of cyclopentadiene with cycloheptatriene,”
have been elucidated theoretically.

Some substituted cycloheptatriene systems have been
reported to undergo [6 + 4] cycloadditions (Figure 1b). In
2017, the ambimodal [6 + 4]/[4 + 6] TS in the cycloadditions
of tropone to dimethylfulvene was studied computationaly.® In
2019, the first ambimodal tripericyclic TS leading to [6 + 4]-,
[4 + 6]-, and [8 + 2] cycloadducts in the reactions of 8,8-
disubstituted heptafulvenes with 6,6-dimethylfulvene was
discovered.” Recent work on one of the earliest [6 + 4]
cycloadditions, the reaction of cyclopentadiene with tropone,
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Figure 1. Representative reactions with ambimodal TSs. (a) Cyclopentadiene dimerization. (b) Ambimodal TSs in substituted cycloheptatriene
systems. (c) exo-[6 + 4] Cycloheptatriene dimerization and stepwise (6 + 2) dimerization with subsequently intramolecular [4 + 2] cycloadditions.

revealed a tripericyclic ambimodal TS that leads to three
different products by multiple bifurcations on the PES.’

In 1969, one product of thermal dimerization of cyclo-
heptatriene was determined by Yoshio Kitahara when cyclo-
heptatriene was heated at 170 °C for 100 h."® The product was
considered to be formed by a concerted [6 + 4] cycloaddition,
followed by an intramolecular [4 + 2] reaction.

In 1980, the Lewis acid-catalyzed cycloheptatriene dimeriza-

. 11,12
tion was reported.

Using the Ziegler—Natta catalyst and
mild reaction conditions, cycloheptatriene forms two tetracy-
clic molecules, which were believed to be formed by a (6 + 2)
dimerization and a subsequent intramolecular [4 + 2]
cycloaddition. Considering that the (6 + 2) cycloaddition is
thermally forbidden, we believed that this should be a stepwise
dimerization process.

After all these years, the opportunity arose to study the
thermal dimerization of cycloheptatriene at high pressure and
different temperatures. Interestingly, we found that both (6 +
2)/[4 + 2] and [6 + 4]/[4 + 2] products can be formed
thermally at 300 °C, but the [6 + 4]/[4 + 2] cycloadduct is
favored at lower temperature (Figure 1c).

22252

We have also carried out computational studies using
various modern electronic structure methods and quasiclassical
molecular dynamics (MD) of the cycloheptatriene dimeriza-
tion. We report the PES of the concerted and stepwise
pathways while testing the performance of several common
DFT functional and multireference methods in our system.
Moreover, we performed quasiclassical MD simulations on the
concerted reaction, which confirms the presence of ambimodal
TSs in this reaction.

2. COMPUTATIONAL METHODS

All the geometry optimizations and frequency calculations were
carried out with the ®B97X-D'3/def2-TZVP'* level in Gaussian 16,15
which has been proven to work well with pericyclic reactions.'®
Transition structures have also been verified by intrinsic reaction
coordinate calculations.'” M06-2X'®/def2-TZVP was also used in
Gaussian 16. Several modern electronic structure methods including
DLPNO-CCSD(T),"”~** SC-NEVPT2(12,12),** and double-hybrid
functionals PWPB95-D3(BJ)** ™" and B2PLYP-D3(BJ)*® have also
been tested for our system; all of them are implemented with def2-
TZVPP" basis in ORCA 4.2.1.°° All the diradical species converge
to the stable broken-symmetry open-shell singlet wave function.

https://doi.org/10.1021/jacs.2c10407
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Figure 2. Experimental evidence for the formation of tetracyclic cycloheptatriene dimers. (a) NMR spectra used to determine the distribution of

Chemical shift (ppm)

cycloheptatriene dimers at 200 and 300 °C. (b) Experimental vs computed "H and *C NMR spectra of the isolated cycloadducts.
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Figure 3. Calculated free energies for cycloheptatriene dimerization. (a) Concerted ambimodal exo-[6 + 4]/[4 + 6] cycloaddition and subsequent
intramolecular [4 + 2] cycloaddition. TS2 interconnects [6 + 4] adducts by Cope rearrangement. (b) Concerted ambimodal endo-[6 + 4]/[4 + 2]
cycloaddition. TSS interconnect [6 + 4] and [4 + 2] products by the Cope rearrangement. (c) Diradical stepwise pathways. Geometries and
energies were calculated using @B97X-D/def2-TZVP. (d) Concerted [6 + 4] reaction between cycloheptatriene and norcaradiene. Single point

NEVPT2(12,12)/def2-TZVPP are given in red.

The NMR spectra were calculated using the scaling method.
mPWI1PW91°*' 7*3/6-311+G(2d,p)*>***/NMR(GIAQ)*°/SMD
(Chloroform)*”//M062-X**/6-311+G(2d,p) was used to calculate
the isotropic shielding and then converted to the chemical shift using
scaling factors given by Dean J. Tantillo’s group.*’ The computed
NMR spectra were drawn using the Multiwfn 3.7 program.*’

MD simulations were performed at the @B97X-D/6-31G(d) level,
for which there is a minimal geometric difference between the TSs
calculated with the def2-TZVP and 6-31G(d) basis sets (see Table
S1). Trajectories were propagated using the Progdyn/Gaussian
interface developed by Singleton et al*' Quasiclassical trajectories
were initialized in the PES region near the TS. Normal-mode
sampling involved adding zero-point energy and thermal energy for
each real normal mode and randomly sampling a set of geometries
and velocities to obtain a Boltzmann distribution with the thermal
energy available at 298 K. The TS ensemble was then propagated in
both the forward and backward directions until either one of the
products is formed or the reactants are generated. The classical
equations of motion were integrated with a velocity Verlet algorithm,
with the energies and derivatives computed on the fly with @B97X-D
using Gaussian 16. The time step for integration is 1 fs.

3. RESULTS AND DISCUSSION

3.1. Experimental Results. To explore this dimerization
reaction experimentally, several experiments have been carried
out at high temperature and pressure. First, cycloheptatriene in
a closed pressure tube was heated to reflux in an oil bath at 200
°C for 6 d to afford a 15% yield of a mixture of the two
cycloadducts 4 and 4R. Further NMR spectra suggested that
the ratio of the adducts is 1:6.7 in favor of the [6 + 4]/[4 + 2]
adduct 4 (Figure 2a).

When cycloheptatriene was heated to 300 °C neat in an
autoclave, substantial polymerization, as well as several
different products, was observed. To reduce the polymerization
products, the reaction was stopped after 1.5 h, upon which the
mixture predominantly consists of unreacted cycloheptatriene
and mainly two cycloadducts 4 and 4R. After filtration of the
mixture through a silica plug, NMR spectra indicate that the
ratio of the two cycloadducts is about 1:1 (Figure 2a). The
relative increase in the diradical product 4R and the emergence
of polymerization both suggest that the diradical pathway is
favored in the higher temperature reaction.

The two cycloadducts 4 and 4R have identical molecular
weight and very similar polarities, which rendered separation of

https://doi.org/10.1021/jacs.2c10407
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Figure 4. (a) Computed endo-[4 + 2] cyclopentadiene dimerization
TSs and energetics calculated by @B97X-D and NEVPT2(8,8) (in
red). (b). Computed FMOs of cyclopentadiene and cycloheptatriene.
(c) Distortion/interaction—activation strain analysis of TS1 and TS6.
All values are in kcal/mol.

the species troublesome. Eventually, isolation of the two
products was achieved by several successive column chromato-
graphic purifications. The structures of the two cycloadducts
were verified by comparing the spectroscopic data to
computed NMR spectra and the previous reports of the
dimers'*™"> (Figure 2b, see the Supporting Information for
additional data).

3.2. Mechanisms and Free Energy Surfaces of
Cycloheptatriene Dimerization. The computed free energy

surfaces for the dimerizations of cycloheptatriene are shown in
Figure 3. wB97X-D/def2-TZVP was used to optimize the
structures due to its excellent performance in previous
benchmarks. Single point energies were also computed with
the multireference NEVPT2(12,12) for concerted TSs and
diradical species. As shown in the figure, the concerted
ambimodal exo-[6 + 4]/[4 + 6] TS1 is favored by 8.3 kcal/mol
(Figure 3a) over the endo-[6 + 4] TS (Figure 3b). Focusing on
the structure of TS1 (Figure 3a), there are three partially
formed bonds with lengths of 1.99, 3.02, and 3.02 A, typical of
ambimodal pericyclic TSs with one primary bonding
interaction about 2 A and two conditional primary interactions
with lengths of about 3 A. TS1 is a typical ambimodal TS that
leads to two identical [6 + 4] products 3. The [6 + 4] product
formed by TSI has energy comparable to cycloheptatriene,
indicating that the reaction is reversible. The ambimodal TS1
leads to the lower energy [3,3]-sigmatropic (Cope) rearrange-
ment TS2, which interconverts the two [6 + 4] products.
Because the two products it links are identical, TS2 is also
symmetrical and has two equal partially formed bonds with a
length of 2.68 A. The [6 + 4] adduct can readily undergo an
intramolecular [4 + 2] Diels—Alder reaction through TS3 to
form the stable cycloadduct 4. The barrier for this [4 + 2]
cycloaddition is lower than the [6 + 4] cycloaddition in the
first step; once the product 3 is formed, it will proceed through
TS3 to form the product 4. The [6 + 4] cycloadduct 3 is an
unstable intermediate and thus will not be isolable. The main
product of the exo-[6 + 4] reaction will be cycloadduct 4.

Next, the endo-[6 + 4] dimerization pathway was explored
(Figure 3b). Although the barrier to go through the endo-[6 +
4] TS TS4 is too high to be competitive, it is also ambimodal
and leads to the [6 + 4] cycloadduct § and the [4 + 2]
cycloadduct 6. These two structures are linked by a [3,3]-
sigmatropic Cope rearrangement TSS. For comparison, we
calculated the subsequent intramolecular [4 + 2] reaction of §.
However, the barrier of this reaction (35.9 kecal/mol) is higher
than TS3. Moreover, the product of this reaction is even more
unstable than the [6 + 4] product S by 8.6 kcal/mol.
Therefore, the subsequent intramolecular [4 + 2] reaction will
not happen in the endo-[6 + 4] dimerization pathway.

We also investigated whether a diradical stepwise pathway is
feasible (Figure 3c). At the ®wB97X-D level, the diradical
pathway is slightly preferred. Open-shell DFT calculations have
issues with spin contamination and may not afford reliable
energy differences with closed-shell analogues. Consequently,
the wave function-based multiconfiguratinoal method
NEVPT2(12,12) was used to explore the relative barrier
between the concerted and stepwise pathways. All 127-
electrons are included in the activate space. NEVPT2(12,12)
results predict a similar barrier between the concerted and
stepwise pathways, while the stepwise TSIR is slightly higher
than the concerted exo-[6 + 4]/[4 + 6] TS1 (about 2.4 kcal/
mol). After the formation of the diradical intermediate 1R, the
recombination of radicals can easily form an endo-[2 + 6]
intermediate 3R. Similar to product 3 in the exo-[6 + 4]/[4 +
6] pathway, intermediate 3R can also undergo an intra-
molecular Diels—Alder reaction through TS4R and form a
stable symmetrical product 4R, which is 15 kcal/mol lower in
energy than the exo-[6 + 4]/[4 + 6] product 4. Therefore, we
predict that for the cycloheptatriene dimerization, both exo-[6
+ 4] and stepwise endo-(6 + 2) can occur. Since product 3 is
thermodynamically more favored, we believe that the exo-[6 +
4]/[4 + 6] product 3 can spontaneously convert to 3R at

https://doi.org/10.1021/jacs.2c10407
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Table 1. Cycloheptatriene Dimerization Structures Benchmarked Here”

species DLPNO-CCSD(T) MO06-2X wB97XD
1+1 0.0 0.0 0.0
TS1 26.1 27.1 26.5
3 —20.9 -17.3 —-19.7
TS4 35.6 37.3 36.4
6 —26.1 —-22.4 —24.9
TSIR 32.3 29.9
1R 17.8 10.2

PWPB95-D3(BJ)

B2PLYP-D3(BJ) NEVPT2 (12,12)

0.0 0.0 0.0
23.4 19.2 21.6
—16.3 —134
34.3 31.0 31.5
—20.9 —18.4
34.2 35.1 26.5
19.6 19.9 22.1

“They include the key species of concerted and diradical stepwise pathways and their relative electronic energies (in kcal/mol) calculated by
different methods. The energies shown here are all electronic energies based on wB97X-D/def2-TZVP-optimized geometries.

higher temperature. Therefore, product 4R should be the more
favored species with the increase of temperature, which is
consistent with the experimental observation. Notably, we also
located the diradical TS TS2R, which can also undergo a
similar recombination pathway to form the exo-(6 + 2) product
4R. However, 4R is a thermodynamically unfavored product
compared to the experimentally observed products 3R and 4,
and it is less likely to be observed in the high-temperature
reaction system. Similarly, other cycloaddition products
formed by the recombination of the diradical intermediate
(eg, [4 +4],[2 +2],and [6 + 6]) are all thermodynamically
unstable products (Figure S1). These have not been observed
in high-temperature reactions.

Reactions of cycloheptatriene sometimes afford products
that suggest that the cycloaddition occurred via norcaradiene.
As has been reported by Huisgen et al, the rate of
electrocyclization of cycloheptatriene to norcaradiene is fast
at room temperature.”* Rubin measured experimentally the
barrier of electrocyclization to be only 7.2 kcal/mol.** In
previous work, we calculated some [4 + 2] cycloadditions
between norcaradiene and some typical dienophiles; the
norcaradiene pathway is indeed more favored than the direct
[4 + 2] pathway or a hypothetical [2 + 2 + 2] pathway.*”
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Therefore, we were curious about whether the cyclohepta-
triene dimerization might also involve norcaradiene.*®

To investigate the possibility of the norcaradiene pathway,
the potential [6 + 4] and [4 + 2] reactions were calculated.
Although norcaradiene has been reported to be a dienophile,”"
the barriers of reactions here are all roughly 46 kcal/mol (see
Figure S1). Compared to the exo-[6 + 4] dimerization of
cycloheptatrienes, the [4 + 2] cycloaddition of a cyclo-
heptatriene to norcaradiene is unlikely. However, as shown in
Figure 3d, the exo-[6 + 4] TSIN between norcaradiene and
cycloheptatriene has almost the same energy as the exo-[6 + 4]
dimerization of cycloheptatriene. However, TSIN only leads
to an unstable [6 + 4] product 1IN, while the tetracyclic caged
product 4 is about 15 kcal/mol more stable. The tetracyclic
caged product 4 described earlier will be the major product.
Interestingly, the endo-[6 + 4] TS2N is a [6 + 4]/[4 + 2]
ambimodal TS that can lead to the [6 + 4] product 3N and [4
+ 2] products 2N, but the barrier is too high to compete (49.5
kcal/mol).

3.3. Comparisons of the Dimerizations of Cyclo-
pentadiene and Cycloheptatriene. We have compared the
cycloheptatriene dimerization to the well-known cyclopenta-
diene dimerization, but with the latter now computed with
@B97X-D (Figure 4a). As reported by Caramella et al,' and
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Table 2. Structures and Relative Electronic Energies (in kcal/mol) Calculated by Different Methods of Species in the [2 + 2]
Cycloadditions of Tetrafluoroethylene with Butadiene and Different Conformations of Tetramethylene
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species M06-2X ®B97XD PWPB95-D3(B]) B2PLYP-D3(BJ) NEVPT2 (6,6)
8+9 0.0 0.0 0.0 0.0 0.0
10 8.5 6.3 114 9.0 13.5
TS7 29.1 282 31.8 30.3 25.1
TS8 227 26.4 24.4 22.5 24.7
species MO06-2X ®B97XD PWPB95-D3(B]J) B2PLYP-D3(BJ) NEVPT2(4,4) SDCI(reported)*>*?

11 2.0 39.2 447 4.9 46.6 44.6
12 44.0 41.5 46.9 45.3 47.8 45.7

studied using MD by our group,” the endo-[4 + 2] TS6 is an
ambimodal TS that leads to a Cope rearrangement TS and
forms two identical [4 + 2] products 7. @B97X-D results agree
well with the experimental data*® (the experimental AH* is
15.2 kcal/mol), while NEVPT2(8,8) underestimates the
barrier by around 3 kcal/mol. To further investigate the
difference in reactivity between cyclopentadiene and cyclo-
heptatriene, we explored their frontier molecular orbitals
(FMOs) (Figure 4b). The HOMO energies of cyclo-
heptatriene 1 and cyclopentadiene 2 are relatively close
(—8.33 eV for 1 and —8.39 eV for 2). Their LUMO energies
are 3.26 and 2.61 eV, respectively. With the low-lying LUMO
energy of cycloheptatriene, it should be more reactive, but our
experiments and calculations show that cycloheptatriene is
much less reactive with AG* = 42.2 vs 32.0 kcal/mol for
cyclopentadiene. Distortion/interaction—activation strain anal-
ysis"”’ ~>* was used to compare the dimerization of cyclo-
heptatriene 1 with 2 (Figure 4c). In this analysis, the activation
energy, AEY, is divided into two components. The first
component, AEg,", gives the energy required to distort the
reactants to their TS geometries without interactions. The
second component, AE, *, is the interaction energy between
the distorted reactants. The sum of AEy,* and AE,,’ equals
the total energy of activation, AE*. From the results, there is a
stronger interaction energy AE,* of TS1 (—14.0 kcal/mol)
than TS6 (—9.8 kcal/mol), which is consistent with the FMO
levels. However, the high distortion energy of TS1 (40.5 kcal/
mol vs 27.1 kcal/mol for cyclopentadiene) provides an
explanation of the relatively high barrier for the dimerization
of cycloheptatriene 1. Focusing on the structure of TS1, we
found that in TS1, all sp*-carbons of cycloheptatriene 1 are
almost in the same plane (see Figure 3a), instead of being
folded into a boat like the ground state.

3.4. Benchmarking of Different Methods. During our
research on the stepwise reaction pathway, we found that the

energetics given by different methods vary greatly. In order to
determine which is most suitable for the present system, and to
provide a reference for future work, we tested the performance
of DLPNO-CCSD(T), M06-2X, PWPB95-D3(B]J), B2PLYP-
D3(BJ), wB97X-D, and NEVPT2 for some well-studied
systems.

We first explored the barriers of concerted pathways
predicted by these different methods (Table 1). @B97X-D,
MO06-2X, and PWPB9S-D3(BJ) give similar energies compared
to DLPNO-CCSD(T), and @B97X-D best reproduces the
results of DLPNO-CCSD(T), which proves it is a good choice
for the present pericyclic reactions. B2PLYP-D3(BJ) and
NEVPT2(12,12) show a trend to underestimate the barriers by
about S kcal/mol.

For the stepwise pathway, NEVPT2(12,12) predicts that the
barrier of forming a diradical is slightly higher than exo-[6 +
4]/[4 + 6], which agrees with the experimental observation.
The hybrid functionals ®B97X-D and M06-2X also show the
same trend. However, both double-hybrid functionals,
PWPB95-D3(BJ) and B2PLYP-D3(BJ), suggest that the
stepwise barrier is much higher than the concerted exo-[6 +
4]/[4 + 6], which indicates that they are not suitable to
calculate the energy of stepwise diradical TSs. Interestingly, for
the diradical intermediate 1R, a much lower energy is given by
wB97X-D, while all other methods give close energies to
NEVPT2. Therefore, we believe that @wB97X-D tends to
underestimate the energies of diradical intermediates. To
further test which method is most suitable for the present
system, we performed benchmark calculations on two well-
studied system involving diradicals, the [2 + 2] cycloadditions
of tetrafluoroethylene with butadiene®" and the tetramethylene
diradical studied by Doubleday”>® (Table 2).

For the [2 + 2] cycloadditions of tetrafluoroethylene with
butadiene, compared to the multireference method, the
double-hybrid functionals PWPB95-D3(BJ) and B2PLYP-
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Figure 5. Three-dimensional plots of trajectory geometries. TS ensemble geometries for the cycloaddition TS (red) and Cope rearrangement TS
(gold) are overlaid in contrasting colors for clarity. The color bar maps the bond 3 length: separated is cyan—blue/yellow (3 A) and formed is blue/
red (1.5 A). (a) Selected trajectories propagated from TS1 and TS6 leading to each product. (b) Plot of all 216 trajectories propagated from TS1
and all 236 trajectories propagated from TS6. (c) Time gap distributions of the quasiclassical reaction dynamics simulations for cyclopentadiene

and cycloheptatriene dimerizations.

D3(BJ) overestimate the barrier of diradical TS7, and wB97X-
D also shows a notable tendency to underestimate the energy
of diradical intermediate 10. For TS7, the PWPB95-D3(B]J)
energy is higher than the NEVPT2 energy by 6.7 kcal/mol,
while B2PLYP-D3(BJ) is higher by 5.2 kcal/mol. For 10,
@wB97X-D gives an energy of 7.2 kcal/mol lower than the
NEVPT2 energy. Both agree well with our previous
observation in the cycloheptatriene dimerization system. In
the tetramethylene system, because the unpaired electrons are
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localized on the terminal carbons, the multireference character-
istics are small. Therefore, all tested methods perform well for
this system except @B97X-D, which still predict energies that
are around S kcal/mol lower than the multireference methods.

In conclusion, NEVPT2(12,12) and the hybrid functionals
wB97X-D and M06-2X all distinguished the concerted and
stepwise pathways reasonably well, but NEVPT2(12,12) has a
tendency to underestimate the reaction barrier. The double-
hybrid functionals PWPB95-D3(BJ) and B2PLYP-D3(BJ)
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overestimate the barrier of diradical TSs. Therefore, although
@B97X-D seems to underestimate the energies of diradical
intermediates, considering its good performance in concerted
and diradical TSs, we believe that wB97X-D is suitable for
computation of concerted pericyclic reactions and the stepwise
analogues.

3.5. MD Simulations. We also explored these reactions
with quasiclassical MD simulations. Results for cyclohepta-
triene and cyclopentadiene dimerization trajectories are
summarized and compared in Figure S. Figure Sab shows
three-dimensional plots of geometries along the trajectories
given by Progdyn. The trajectories are represented by the
partially formed bond lengths. Bonds 1 and 2 are the
conditional primary interactions in the TS, and bond 3 is the
primary interaction. Cycloadducts form by completion of bond
3 and formation of either bond 1 or bond 2. TSs ensemble
geometries for the cycloaddition TS (red), and Cope
rearrangement TSs (gold) are plotted in contrasting colors
for clarity. The length of bond 3 on trajectories is illustrated
with colors: separated is cyan—blue/yellow (3 A) and formed
is blue/red (1.5 A). For the cycloheptatriene dimerization, the
trajectories pass through TS1 (red spots) and TS2 (blue
spots) and lead to one of the outcomes. Out of 216 trajectories
propagated, 112 (52%) afford the [6 + 4] product, 104 (48%)
afford the [4 + 6] products, while no trajectory recrosses to
reform the starting materials without forming the products. For
comparison, the cyclopentadiene dimerization, out of 236
trajectories propagated, there are 116 (49%) that form the [4 +
2] product, 115 (49%) that afford the [2 + 4] product, and S
(2%) that recross to the separated cyclopentadienes. The
symmetrical TS with equal partially formed bond lengths must
afford the same amount of two identical products, so
deviations from exactly 50:50 are just a measure of how
close we have come to a statistically converged result.

Figure Sa shows some selected examples of these reaction
trajectories. For each reaction path, we select two typical
trajectories. The red trajectories afford the cycloadduct 3
directly after passing the TS, without passing the ambimodal
Cope TS zone. The blue trajectories undergo several vibrations
before forming the final product and pass through the Cope TS
region during these vibrations.

We have defined reactions to be dynamically concerted
when the time gap between bond formation (defined as <1.6
A) is <60 fs and dynamically stepwise when >60 fs.>*
Dynamically stepwise trajectories may be energetically
concerted on the PES but proceed through an entropic
intermediate.> ™’ The entropic intermediate differs from
normal long-lived intermediates, in that the entropic
intermediate maintains cyclic interactions and is thus pericyclic
in nature. 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 very shallow
free energy minimum. Figure Sb shows overlays of all the
trajectories determined for these two reactions. These plots
indicate that the bifurcations generally occur before the Cope
transition zone is reached on the potential surface.

Figure Sc shows the distribution of time gaps of trajectories
in cyclopentadiene and cycloheptatriene dimerizations. For
cycloheptatriene, our trajectories leading to the [6 + 4]
products have an average time gap of 56 fs, which indicates
that this exo-[6 + 4] pathway is on average dynamically
concerted, which means that there is usually no entropic

intermediate during the reaction, but some trajectories have
longer time gaps, and we call them dynamically stepwise. For
the cycloheptatriene dimerization, although the average time
gap suggests that it is a dynamically concerted reaction, there
are 39% of trajectories that are dynamically stepwise.

For the cyclopentadiene dimerization, the average time gap
(34 fs) is significantly shorter than that found for the
cycloheptatriene dimerization, and only 12% of the trajectories
are dynamically stepwise. The partially formed bond lengths of
the cyclopentadiene dimerization TS are shorter than those in
the cycloheptatriene dimerization TS. The shorter partially
formed bond lengths in TS6 reflect a stronger interaction
between potential bonding carbons, leading to mainly
dynamically concerted trajectories.

4. CONCLUSIONS

Our computations of cycloheptatriene dimerization predict
that both concerted exo-[6 + 4] and stepwise [6 + 2] pathways
are favorable, and via intramolecular [4 + 2] reactions, both
can lead to stable tetracyclic products. This was confirmed by
the isolation of both tetracyclic products from high-temper-
ature experiments. We have compared the ambimodal TS of
exo-[6 + 4] to the ambimodal endo-[4 + 2] TS of
cyclopentadiene dimerization and reveal that the distortion
energy is the key difference in the energetics of these reactions.
Quasiclassical reaction dynamics simulations further confirm
the ambimodal characteristic of the exo-[6 + 4] TS and
dynamical similarities to the cyclopentadiene dimerization.
The two reactions provide 6m- and 107z-prototypes of
bispericyclic reactions involving ambimodal TSs.
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