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Thermally promoted cycloaddition reactions of tropone-3,4-dimethylester and cyclopentadiene have been investigated

using density functional theory calculations at the M06-2X level and the CBS-QB3 method. The reaction shares several

characteristics with previously investigated cycloadditions involving unsubstituted tropone and cyclopentadiene, however

substitution of the tropone component with methyl esters results in lower transition state free energy barriers, greater

thermodynamic driving forces, and a significant increase in the number of possible pericyclic reaction pathways. Eighteen

possible [4+2], [6+4], or [8+2] cycloaddition products are possible and many of the initially formed cycloadducts can be

interconverted through Cope or Claisen rearrangements. Of the many possible cycloaddition products only two are

predicted to form: the exo-[6+4] product and one [4+2] product where the substituted tropone appears to be the diene.

The two computationally predicted products are the same as the two that are observed experimentally, however

computations indicate that both products result from ambimodal processes rather than single-step (monomodal)

cycloaddition pathways.

Introduction

Beginning with their discovery in 1928! and accelerating after
the development of orbital symmetry rules in 1969,% Diels-Alder
[4+2] reactions have been the most thoroughly investigated class of
cycloaddition reactions. The stereochemically-controlled formation
of two new carbon-carbon bonds in a single concerted step makes
[4+2]
transformation. Our research group has been particularly interested

reactions a highly desired and useful synthetic

in the study of dynamically reversible [4+2] reactions, both from a
theoretical point of view? and for their utility in dynamic covalent
chemistry and as thermally labile protecting groups.*> A small
collection of Diels-Alder cycloaddition reactions have been shown
to be reversible.3610 The majority of applications employing
dynamic Diels-Alder reactions have focused on derivatives of furan
and maleimide.’ Within the context of dynamic covalent
chemistry,214 cycloaddition reactions have the desireable property
of being 100% atom economical: all atoms contained in the
reactants are present in the products. This can be especially
desireable when applied to network materials such as self-healing
and remouldable polymers.l1>¢ While there continues to be
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significant interest in the discovery and development of new
reversible [4+2] cycloadditions, an alternative yet complementary
approach would involve investigations of potentially reversible
higher-order cycloadditions.'>16

In 1966 It6 and Cookson independently reported the [6+4]
with This
cycloaddition results in the exo adduct while the endo adduct is not

cycloaddition of tropone cyclopentadiene.’/18
formed on account of unfavorable secondary orbital interactions
that were also predicted by orbital symmetry.l® Several other
thermal [6+4] cycloadditions have been reported?>?> over the
intervening 55 vyears including, more recently, metal®>?® and
organocatalytic examples.?’” Some [6+4] cycloadditions have even
been shown to be catalyzed enzymatically in nature.28-3° The details
of [6+4]
cycloadditions involving smaller m-systems. Some of this complexity

cycloadditions are, however, more complex than
is inherent to the fact that any [6+4] cycloaddition can have

multiple competitive [4+2] processes. Furthermore, Caramella
discovered3? 20 years ago that even simple [4+2] reactions such as
the dimerization of cyclopentadiene can involve bis-pericyclic
transition states that are ambimodal, where a post-transition state
bifurcation can result in the formation of multiple pericyclic
products. Several groups have since investigated and reported
examples of bis-pericyclic reactions.323° Ambimodal processes
appear to be especially prominent in higher-order cycloadditions
such as [6+4] reactions. For example, a recent theoretical study by
Houk et al. combined high accuracy DFT calculations (wB97X-
D/def2-TZVP) with quasi-classical reaction dynamics to investigate
the trajectories of a series of [6+4] cycloadditions and concluded

that all endo-[6+4] cycloadditions are ambimodal.*°


mailto:bnorthrop@wesleyan.edu

Organic-& Biomolecular Chemistry

Given the increased complexity and greater number of
potentially competitive pericyclic processes involved in [6+4]
cycloadditions any attempt to design dynamically reversible [6+4]
reactions will benefit from computational modeling.* This is
especially true when starting with substituted trienes and/or
dienes, as substituents can break the symmetry of reactants and
influence the relative kinetics and favorability of different pericyclic
processes. Experimentally observed product ratios may not reveal
the more complex details underlying their formation, i.e. what Houk
et al. have referred to as “a web of hidden processes” that occur as
part of the overall mechanism.3® Mapping out all pericyclic
processes computationally can provide considerable insight that
can be used to understand experimental results and make
actionable predictions. Toward this aim, we report a computational
investigation of the pericyclic processes involved in thermally
promoted reactions between tropone-3,4-dimethylester and
cyclopentadiene (1 and 2 in Scheme 1, respecitvely). Gleason et al.
reported that heating 1 and 2 to reflux in toluene resulted in the
formation of a mixture of exo-[6+4] product 3.,, and endo-[4+2]
product 4.,4, in a 1.5:1 ratio based on *H NMR analysis.?> This
experimental result provides a good model for computational
studies of [6+4] cycloadditions involving a substituted triene
component. Computations presented herein predict that multiple
pericyclic processes, not simply the direct [4+2] and [6+4] reactions,
are involved in the conversion of 1 and 2 into products 3., and 4-
endo- Ultimately our computational results suggest that the observed
products are not predicted to form in a single step but, instead,
transition state geometric parameters suggest that they follow from

a mixture of ambimodal cycloaddition and sigmatropic pericyclic

processes.
o
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Scheme 1 Refluxing a toluene solution of tropone diester (1) and
cyclopentadiene (2) was found to give [6+4] product 3,,, and [4+2]
product 4,40

Results

The parent reaction of tropone with cyclopentadiene is known to
give the exo-[6+4] product (Figure 1a). This result has been
observed experimentally!”'® and supported by several
computational studies.140 The transition state leading to the endo-
[6+4] product has been calculated to be 3.3 kcal/mol less favored
than the exo-[6+4] transition state (31.5 kcal/mol versus 28.2
kcal/mol, respectively) when modeled at the DLPNO-CCSD(T)/cc-p-
VQZ//wB97X-D/def2-TZVP level.*° This difference is in line with the
exclusive observation of the exo product. Despite the symmetry of
both tropone and cyclopentadiene, the transition state leading to
the observed [6+4] cycloadduct is asynchronous on account of
stabilizing interactions between the tropone carbonyl oxygen atom
and the n-system of cyclopentadiene. These interactions have been

previously discussed by Houk et al.*? and indicate that the transition

2| J. Name., 2012, 00, 1-3

state is really an ambimodal exo-[6+4]/[8+2] process that can also
lead to the tricyclic product shown in Figure 1b. The [8+2] product is
not as favored as the exo-[6+4] product, and a Claisen transition
state enables the direct conversion of the [8+2] product to the
more favored, and experimentally observed, exo-[6+4] product as
indicated in Figure 1. The endo-[6+4] transition state is also
ambimodal with the exo-[4+2] process shown in pathway e of
Figure 1, as has also been observed previously. Other [4+2]
reactions between tropone and cyclopentadiene are also possible,
however they are not observed experimentally and have been

shown computationally to be less favored.*°
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Fig. 1 Summary of the m-systems involved in [6+4]/[8+2] (a/b) and
[4+2] (c-e) cycloaddition tropone
cyclopentadiene along with the chemical structures of their

reactions between and
cycloaddition product. Reacting isolated alkenes are highlighted in
green, dienes highlighted in blue, trienes highlighted in orange, and

tetraenes in magenta.

A greater number of distinct cycloaddition reactions are possible
upon reaction of tropone diester 1 and cyclopentadiene. Figure 2a
highlights the m-systems involved in the [6+4] reactions that can
take place involving all three C—C nt-bonds of tropone diester 1 and
the diene of cyclopentadiene. Two potential [8+2] cycloadditions
can be envisioned and are highlighted in Figure 2b-c. While only six
different [4+2]
tropone and cyclopentadiene given the C,, symmetry of both

products are possible between unsubstituted
reactants, fourteen unique [4+2] cycloaddition products are
possible between 1 and 2 as highlighted in Figure 2d-2j (seven
pathways each with exo and endo orientations of the reacting m-
systems). Each possible cycloaddition can, in principle, progress
with exo or endo orientations of the reacting m-systems. As will be
transition state geometries leading to several of the
cycloadditions defined in Figure 2 are only subtly different.

seen,

Furthermore, several of the cycloadditions between 1 and 2 are

predicted to be ambimodal. Experimentally,®> only two

cycloaddition products are reported to form upon the thermal

This journal is © The Royal Society of Chemistry 20xx
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reaction between 1 and 2. Computationally, however, the picture is  Supporting Information (see section I, Figure S1, and Tables S1-S2 of

much more rich, complex, and interesting. the Supporting Information). Calculations at the M06-2X level of
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Fig 2. Summary of the m-systems involved in potential [6+4] (a), [8+2] (b-c(, and [4+2] (d-j) cycloaddition reactions between tropone
diester 1 and cyclopentadiene (2), which are only numbered in reaction a. The coloring convention of Figure 1 is retained: reacting
isolated alkenes are highlighted in green, dienes highlighted in blue, trienes highlighted in orange, and tetraenes in magenta.
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Scheme 2. Overview of the cycloaddition reactions between tropone diester 1 and cyclopentadiene that are predicted to be the most
kinetically favored, i.e. lowest free energy barriers, as well as the sigmatropic processes that convert between several cycloaddition
products. Cycloaddition processes (TS-1 through TS-7) are highlighted in blue, Claisen rearrangements (TS-8, TS-9, TS-12, TS-13) are
highlighted in red, and Cope rearrangements (TS-10 and TS-11) are highlighted in purple. Transition states predicted to be ambimodal are
indicated by branching arrows (note that this determination is made based on geometric analogies to known systems rather than
molecular dynamics simulations). Sigmatropic rearrangements point in the direction of the more thermodynamically stable product.
Cycloaddition transition states are arranged from lowest relative free energy (TS-1) to highest relative free energy (TS-7).

Given the large number of cycloaddition processes that are theory correctly identify products 3¢, and 4,40 as the most favored

possible between tropone diester 1 and cyclopentadiene, an initial to form, as is observed experimentally.2> However, the M06-2X/6-
31G(d) calculations misidentify the [4+2] product 4.,40 as the major

product and the [6+4] product 3., as the minor product.

computational investigation at a modest level of computational
MO06-2X/6-31G(d),*> was undertaken to identify the
processes that are most likely to lead to product formation. A

theory,
Optimization of the transition states leading to these two products

complete summary of this initial investigation is provided in the using the high-accuracy CBS-QB3 method*? provides results that are

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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in better agreement with experiment, predicting 3., to be major
and 4,40 to be minor. Given the better agreement with experiment,
Table 1. Calculated activation and reaction free energies?® for all cycloaddition reactions and sigmatropic rearrangements summarized in

Scheme 2.
Cycloaddition TS-1 TS-2 TS-3 TS-4 TS-5 TS-6 TS-7
AG* 20.2 20.4 20.5 20.8 23.2 233 23.9
Rearrangement TS-8 TS-9 TS-10 TS-11 TS-12 TS-13
AG* 235 23.8 18.3 23.1 23.2 21.4

Product 3exo 3endo 4exo 4endo 5 6 7endo 8z»:xo 11z»:ndo 12z»:xo 1zz»:ndo

AG® -10.7 6.6 -167 -186 -08 -43 132 .141 1.9 21 4.6

2All energies are calculated at the CBS-QB3 level of theory and given in kcal/mol.

additional calculations of potentially competitive cycloaddition
reactions were carried out at the CBS-QB3 level. Overall, the
seven cycloaddition pathways predicted to have the lowest free
energy barriers at the M06-2X level were refined using CBS-QB3
calculations. Six of the seven transition states were found to be
ambimodal, and sigmatropic rearrangements enable the
interconversion between products that arise from the same
ambimodal transition state. A summary of these seven
pathways, the products they form, and sigmatropic
rearrangements that convert between products is provided in
Scheme 2. Relative transition state and reaction free energies
(CBS-QB3) for all pericyclic reactions summarized in Scheme 2
are provided in Table 1.

Figure 3a outlines the pathways that convert tropone diester
1 and cyclopentadiene into observed exo-[6+4] product 3,,. The
two ester functionalities of tropone diester 1 break the
symmetry of the molecule resulting in two different exo-[6+4]
transition states shown as TS-1 and TS-2 in Figure 3b and 3c with
key interatomic distances highlighted. These are the two lowest
free energy cycloaddition transition states for the reaction
between 1 and 2. Where the two transition states differ is
whether the newly developing C-C bond is more significantly
formed at C2 of tropone diester 1, as observed in TS-1 (Figure
3b), or at C7 of tropone diester 1, as observed in TS-2 (Figure
3c). These shorter C-C distances are highlighted by black dashed
bonds in TS-1 and TS-2. Both transition states display additional
bond forming/breaking interactions that are highlighted in green
for C-C interactions and red for C-O interactions. The
observation of these longer, competing partial bonding
interactions indicates that both TS-1 and TS-2 exhibit ambimodal
character, as has also been observed for the parent reaction
between unsubstituted tropone and cyclopentadiene.? In this
case, TS-1 and TS-2 are ambimodal exo-[6+4]/[8+2] processes
that can both lead to [6+4] product 3., however only TS-1 can
also form [8+2] isomer 5 while only TS-2 leads to [8+2] isomer 6.
The relative free energy barriers of TS-1 and TS-2 are predicted
to be very similar at AG* = 20.2 and 20.4 kcal/mol, respectively.
Formation of the exo-[6+4] product 3., is thermodynamically
favored with a relative free energy of AG® = -10.7 kcal/mol
versus AG°® = -0.8 and -4.3 kcal/mol for [8+2] products 5 and 6,

4| J. Name., 2012, 00, 1-3

respectively. Each [8+2] product, however, can be converted
into 3., by a Claisen rearrangement: [8+2] isomer 5 is converted
into 3¢y by TS-8 (Figure 3d) while [8+2] isomer 6 is converted
into 3., via TS-9 (Figure 3e). Claisen transition states TS-8 and
TS-9 are found to be 3.3 and 3.4 kcal/mol higher energy than
their associated cycloaddition transition states TS-1 and TS-2,
which is similar to earlier computational analysis of Houk et al.
who found the Claisen transition state involving unsubstituted
tropone and cyclopentadiene to be 3.2 kcal/mol higher energy
than the ambimodal [6+4]/[8+2] transition state.*°

1 9 2
(L\n
i+

HicoC—_ )
HyCO,C

\ W

AG°=0.0

TS-2

AG*=20.2 AGt=20.4

)
CHA0,C
oo LM TS-8 H5GO,C, TS-8 Hcoc. .~ O P
= > HC0L—7 — @b
N\ £ oH AGt=235 = b AGt=23.8 Heooc =/
5 300 6
AG°=-0.8 AG°=-10.7 AG°=-43
b
d

Fig 3 (a) Reaction pathways outlining the conversion of tropone
diester 1 and cyclopentadiene into observed major product 3,,,.
Calculated cycloaddition transition structures TS-1 and TS-2 are
shown in (b) and (c), respectively, while Claisen rearrangement

This journal is © The Royal Society of Chemistry 20xx
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transition structures TS-8 and TS-9 are shown in (d) and (e),
respectively. Relative reaction and transition state free energies
are given in kcal/mol and interatomic distances are given in A.

Houk et al. have demonstrated that product ratios of an
ambimodal process can be related to differences in interatomic
distances of competing bond forming/breaking interactions of
the ambimodal transition structure.** This analysis can be
applied to transition states TS-1 and TS-2 to approximate which
cycloaddition product, [6+4] or [8+2], is favored by each
transition state. In TS-1, carbon atoms C2 of tropone diester 1
and C1 of cyclopentadiene are separated by 1.86 A, which is the
shortest of the three bond forming/bond breaking interactions
highlighted in Figure 3b and therefore the “dominant” bond that
is formed regardless of whether bifurcation leads to the [6+4] or
[8+2] product. C-C bond formation between C7 of tropone
diester 1 and C4 of cyclopentadiene, highlighted in green, results
in the exo-[6+4] product while formation of a C-O bond between
08 of 1 and C2 of 2, highlighted in red, gives the [8+2] product.
Computations predict 08-C2 to be more fully formed in the
transition structure with a separation of 2.87 A relative to C7-C4,
which are separated by 3.05 A. This difference of 0.27 A
between the developing O-C and C-C bonds predicts that the
[8+2] product 5 is favored to form in a 76:24 ratio relative to
exo-[6+4] product 3.,,. As can be seen in Table 1, exo-[6+4]
product 3¢, is predicted to be -9.9 kcal/mol more stable than
[8+2] product 5 and, as shown in Scheme 2 and Figure 3,
product 5 can be converted into product 3., by Claisen
transition state TS-8. Calculations therefore suggest that the
most favored cycloaddition between tropone diester 1 and
cyclopentadiene is predicted to lead to an approximate 3:1 ratio
of 5 and 3., however unobserved [8+2] product 5 is
subsequently converted into observed product 3., by either
sigmatropic rearrangement or retrocyclization. The
computationally predicted [8+2]/exo-[6+4] favorability is
reversed in TS-2 where the C2-C1 bond highlighted in green is
more fully developed at 2.75 A relative to the 08-C3 bond
highlighted in red, which is 2.89 A. Houk’s model predicts exo-
[6+4] product 3., is favored by an approximate ratio of 87:13
relative to [8+2] product 6. While [8+2] product 6 is more
favored than isomer 5 (AG° of -4.3 versus -0.8 kcal/mol),
conversion of minor product 6 into observed product 3., via
Claisen transition state TS-9 is exergonic by -6.3 kcal/mol.
Overall, the two lowest free energy transition states TS-1 and
TS-2 both lead to the observed major product 3., via either
direct [6+4] cycloaddition or [8+2] cycloaddition followed by
rearrangement.

Multiple [4+2] cycloaddition processes involving tropone
diester 1 and cyclopentadiene are possible as shown in Figure 2.
Initial M06-2X screening of all cycloaddition processes narrowed
the scope of this CBS-QB3 study to the five [4+2] cycloadditions
TS-3 through TS-7 shown in Scheme 2; seven additional
cycloaddition processes were ruled out as non-competitive
toward product formation (see Supporting Information section
1). Of all possible [4+2] cycloadditions those involving

This journal is © The Royal Society of Chemistry 20xx
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cyclopentadiene as the diene and the C2-C3 alkene of tropone
diester 1 as the dienophile, i.e. TS-3 and TS-4 shown in Figure 4,
were found to be the most favorable. Where the two transition
states differ is whether the m-system of cyclopentaciene is
positioned under the n-system of tropone diester 1 (endo, TS-3)
or out from under the m-system of 1 (exo, TS-4). TS-3 has a
calculated energy barrier of AG* = 20.5 kcal/mol, which is only
0.3 and 0.1 kcal/mol higher energy than TS-1 and TS-2,
respectively. TS-3 is ambimodal and bifurcates to give
experimentally observed product 4.4, as well as 12.,4,. Looking
at the structure of TS-3 in Figure 4b, the forming C2—C4 bond is
the shortest at 1.91 A and will be formed regardless of whether
4.4, Or 12,4, is the major product. The forming C5-C3 bond of
TS-3, which leads to product 4eng,, is slightly shorter (3.20 A)
than the forming C3-C1 bond (3.24 A) that leads to product
12,,40. This difference of 0.04 A suggests that 4.,4, will be more
likely to form via TS-3 than 12,4, With a predicted ratio of 3:2.
Product 12.,4,, however, was not observed by Gleason et al.?
while product 4.,4, wWas. This is explained by the fact that 12,4,
is able to undergo a Cope rearrangement (TS-10, Figure 4d) to
give 4.,4, With a predicted relative free energy barrier of BG* =
18.3 kcal/mol. The Cope rearrangement from 12.,4, to the
experimentally observed 4,4, product is exergonic by 16.5
kcal/mol. The observation that the C3-C1 bond of TS-10 is
significantly shorter (2.51 A) than the C5-C3 bond (3.35 A)
indicates that the Cope transition state more closely resembles
the structure of 12.,4,, Which is indicative of an early transition
state in accord with the Hammond Postulate and further
supports observation that the rearrangement of 12.,40 t0 4endo

exothermic.
TS-10
CO-CHy o] AGF=18.3
a ng}coch3
0 = 153 HiCO,0—, o H3002C@
—= HsCO,C + HiCOC
/" AGF=205 e
4endn 1zena‘a
1+2 AG°=-18.6 AG°=-46
AG°=0.0 CO,CH, N
(. —CO,0H,
o2 Hacogc@
e e P 20
AGE=20.8 f AG®=-2.1

—a s 753
o~

1.91 |
Fig 4 (a) Reaction of cyclopentadiene with the C2-C3 alkene of
tropone diester 1 along endo (top) and exo (bottom) pathways
to give cycloaddition products 4cpg0, Qexo, aNd 12,,4,. Calculated
cycloaddition transition structures TS-3 and TS-4 are shown in
(b) and (c), respectively, while Cope transition structure TS-10 is
shown in (d). Relative energies are given in kcal/mol and
interatomic distances are given in A.

J. Name., 2013, 00, 1-3 | 5
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TS-4 (Figure 4c) leads to product 12.,, and has a calculated
free energy barrier of AG* = 20.8 kcal/mol. It is not ambimodal
and cannot undergo a Cope rearrangement to an alternative
cycloaddition product. While computations predict TS-4 to be
only 0.7 kcal/mol higher energy than the most favored transition
state TS-1, the [4+2] product 12, is not observed
experimentally. We suggest that formation of 12, is reversible
given its low thermodynamic driving force of AG® = -2.1
kcal/mol. Both experimentally observed products 3., and 4.,4
are more exergonic relative to reactants 1 and 2 (-10.7 and -18.6
kcal/mol, respectively) and are therefore both kinetically and
thermodynamically favored.

Three additional cycloaddition processes were studied at the
CBS-QB3 level in an effort to ensure all competitive
cycloadditions were considered and evaluated. The calculated
structures of transition states TS-5, TS-6, and TS-7 are shown in
Figure 5. All three cycloadditions are ambimodal as indicated
earlier in Scheme 2. None of the three cycloadditions shown in
Figure 5 would be expected to lead to products given that they
are all at least 3.0 kcal/mol less favored than exo-[6+4]/[8+2]
transition state TS-1. Their structures and relative energetics are
still worth evaluating, however, as they help provide additional
insight into the effects of the two withdrawing methyl ester
functionalities of tropone diester 1.

/ \ 2 %y ‘153.11 )
e (Y

;a2 2 1.92
N v = TS5 i/?\ TS-6
1918 Agt=232 AGt=233

c N0

7, [V

&

1.98 % 3
413 TS-7
; AGH =239

Fig 5 Calculated cycloaddition transition structures TS-5 (a), TS-6
(b), and TS-7 (c). Transition state free energies are given relative
to tropone diester 1 and cyclopentadiene starting materials and
given in kcal/mol. Interatomic distances are given in A.

TS-5 shown in Figure 5a leads to [4+2] cycloaddition
products 7endo and 11,4 The shortest bond forming/breaking
interaction in TS-5 is between C5 of tropone diester 1 and C1 of
cyclopentadiene. The C2-C2 interatomic distance, which leads to
product 7gnq40, is shorter than the C4-C4 interatomic distance
that leads to product 11.,4,: 3.02 versus 3.24 A. [4+2] product
7endo is therefore predicted to be more likely to form via TS-5 in
a 9:1 ratio over 11.,4,. Any quantities of 11,4, that might form
would be expected to convert to 7.,4, Via Cope transition state
TS-11 (AG* = 23.1 kcal/mol) given that 7.4 is predicted to be
more stable by 16.3 kcal/mol.
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Just as two different ambimodal exo-
[6+4]/[8+2]cycloaddition transition states are able to give
produc 3., two ambimodal endo-[6+4]/[4+2] cycloaddition
transition states are able to produce 3.,4,. The two calculated
endo-[6+4]/[4+2] transition structures TS-6 and TS-7 are shown
in Figure 5b and 5c, respectively. The ambimodal processes
differ by which C-C bond is more fully formed (i.e. shorter) in the
transition state: the one proximal to the esters of tropone
diester 1, as in TS-6, or the C-C bond distal to the esters, as seen
in TS-7. In both cases the C-C bond leading to an exo-[4+2]
product is shorter than the C-C bond leading to the endo-[6+4]
product: 3.11 versus 3.49 A in TS-6 and 3.01 versus 3.33 A in TS-
7. These differences suggest that [4+2] adducts 4,,, and 8, will
be the major product (295%) of ambimodal transition states TS-
6 and TS-7, respectively, while the endo-[6+4] 3.,4, Will be minor.
The minor [6+4] product 3., is also predicted to be less
thermodynamically favorable than either of the [4+2] products,
with calculated reaction free energies of AG® = -6.6, -16.7, and -
14.1 kcal/mol for products 3epg, Bexo, aNd 8¢y, respectively. The
less favored 3,4, product can, however, be converted into [4+2]
products 4., Or 8.4 through Cope rearrangements TS-12 or TS-
13, respectively. Overall, these results are consistent with those
found previously for the endo-[6+4] reaction of unsubstituted
tropone and cyclopentadiene,*® namely that (i) the transition
state is ambimodal with a [4+2] process, (ii) the exo transition
state is more favored, and (iii) a Cope transition state converts
between the [6+4] and [4+2] products with the [4+2] product
being thermodynanmically favored.

The free energies of transition states TS-1 through TS-7 can
be used to predict their approximate contributions to product
formation. Given the relative free energy differences between
the seven different transition states, transition state theory
(TST)* would predict their contributions to product formation to
be: TS-1 (39.1%), TS-2 (25.6%), TS-3 (21.3%), TS-4 (13.5%), TS-5
(0.2%), TS-6 (0.2%), and TS-7 (<0.1%). These results suggest that
extending the CBS-QB3 investigation to include all remaining,
less favored cycloaddition transition states would be
unnecessary given that transition states TS-1 through TS-4 are
predicted to contribute to >99.5% of product formation.
Furthermore, as discussed above, the formation of 12,,, via TS-4
is predicted to be reversible given the low thermodynamic
driving force of the reaction and the fact that 12, was not
observed experimentally by Gleason et al. Under the assumption
that the formation of 12, is indeed reversible then any
quantities of 12., formed will cycle over to the more
thermodynamically favorable and kinetically accessible products
formed via transition states TS-1, TS-2, and TS-3. When
considering only these three lowest free energy transition
states, TST predicts TS-1 and TS-2, which lead to the formation
of 3exo, Will account for 45.4% and 29.8% of product formation
while TS-3, which leads to 4.p4, Will account for 24.8% of
product formation. CBS-QB3 calculations therefore predict 3.4
to be the major product that is formed in a 3:1 ratio relative to
the minor product 4.,4,. This is in general agreement, though
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slightly higher, than the experimentally determined ratio of 3.,
t0 4.pgo, Which was found to be 1.5:1.

Discussion

The results above detail the pericyclic pathways that lead
from tropone diester 1 and cyclopentadiene to experimentally
observed [6+4] product 3., and [4+2] product 4.,4. As noted,
similar pericyclic processes have been investigated previously
for tropone and cyclopentadiene. Even prior to any
computational or experimental investigation, it would be
apparent that the two ester groups of tropone diester 1 will
have the effects of desymmetrizing the molecule and increasing
its electrophilicity relative to parent, unsubstituted tropone.
Developing a thorough understanding of the role(s) of
substituents in competitive higher-order cycloaddition reactions
will be necessary in order to explain experimental outcomes,
make predictions, and, ideally, design new dynamically
reversible cycloaddition reactions. Toward that aim it is
important to discuss the impact of diester substitution in 1
relative to unsubstituted tropone.

In pericyclic reactions involving cyclopentadiene and either
unsubstituted tropone or tropone diester 1, the tropone is more
electron poor and behaves as the electrophilic component while
cyclopentadiene is the more electron rich nucleophilic
component. CBS-QB3 calculations predict that the addition of
methyl ester substituents at the 3- and 4-positions of tropone
lowers the LUMO of 1 by 0.4 eV relative to unsubstituted
tropone (see Supporting Information). Therefore, it is
unsurprising that the impact of diester substitution is to lower
the free energy barrier and increase the exergonicity of every
cycloaddition reactions between cyclopentadiene and tropone 1
relative to the analogous cycloadditions between
cyclopentadiene and unsubstituted tropone. For example, exo-
[6+4]/[8+2] transition states TS-1 and TS-2 (Figure 3) have a free
energy barriers that are 8.0 and 7.8 kcal/mol lower than the
corresponding  ambimodal  transition  state  involving
unsubstituted tropone investigated previously?® (AG* of 20.2
and 20.4 versus 28.2 kcal/mol). Structurally, the influence of
diester substitution can be seen in bond distances of
forming/breaking bonds in TS-1 and TS-2. In both transition
states the oxygen-carbon distances are similar at 2.87 A in TS-1
and 2.89 A in TS-2 (Figure 3b and c, red dashed lines). Where the
two transition states differ is in their C2-C1 and C7-C4 bond
distances. In particular, comparisons across TS-1 and TS-2 reveal
that bond forming/breaking interactions involving C2 of tropone
diester 1, i.e. the tropone carbon closest to the withdrawing
ester groups, are shorter. For example, the shortest developing
bond in TS-1 is between C2-C1 (i.e. it does involve C2 of tropone
diester 1) and is calculated to be 1.86 A while the shortest
developing bond of TS-2 is between C7-C4 and found to be 0.09
A longer at 1.95 A. Comparing the other bond involved in exo-
[6+4] product formation (highlighted by a dashed green line in
Figures 3b and 3c) shows an even larger difference that favors
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shorter interatomic distances involving C2 of 1. The C7-C4
distance in TS-1 is 3.05 A while the C2-C1 distance in TS-2 is 0.3
A shorter at 2.75 A. These structural differences suggest the
withdrawing effects of diester substitution increase the
reactivity at carbon 2 of tropone diester 1. Lastly, the formation
of [6+4] product 3., is predicted to be 1.5 kcal/mol more
exergonic than in the unsubstituted case.

The only cycloaddition reactions found to be competitive
with exo-[6+4]/[8+2] processes TS-1 and TS-2 were those that
involve reaction at the C2-C3 alkene of tropone diester 1, i.e. TS-
3 and TS-4 (Figure 4). This observation suggests that the C2-C3
alkene is the most reactive dienophile of tropone diester 1. The
C2-C3 alkene is directly conjugated to the withdrawing methyl
ester at carbon 3 and the tropone carbonyl, which likely explains
its greater reactivity. When examining the structures of
transition states TS-3 and TS-4 it is notable that, again, bond
forming/breaking interactions that involve the C2 carbon of
tropone diester 1 are the shortest at 1.91 and 1.79 A,
respectively. TS-3 has a lower relative free energy than TS-4
because of bond forming/breaking interactions between C5 of
tropone diester 1 and C3 of cyclopentadiene that also account
for the ambimodal nature of TS-3. This C5-C3 interaction is
stronger than the C3-Cl interaction, based on interatomic
distances, and leads to the formation of experimentally
observed product 4.,q0. The formation and favorability of 4¢nq0 is
noteworthy because it represents an inverse electron demand
process where electron poor tropone diester 1 reacts as the
diene and comparatively electron rich cyclopentadiene is the
dienophile. We suggest the relatively low free energy barrier
(AG* = 20.5 kcal/mol) of this inverse electron demand
cycloaddition is enabled by two factors: (i) direct conjugation of
methyl esters with both terminal ends of the diene, rendering it
especially electron poor and therefore reactive, and (ii) the
additional stabilization afforded by its ambimodal nature,
wherein TS-3 is a blend of the inverse electron demand
cycloaddition leading to 4.4, and the most favored [4+2]
cycloaddition involving cyclopentadiene as the diene reacting
with the most reactive C2-C3 dienophile of tropone diester 1.

Cycloaddition transition states TS-5, TS-6, and TS-7 (Figure 5)
also involve bond forming/breaking interactions at C2 of
tropone diester 1, further highlighting the increased reactivity at
that position. All three transition states, however, are
sufficiently less stable than transition states TS-1 through TS-4
that they are predicted to account for <0.5% of product
formation. Still, their structures further highlight the impact of
methyl ester substitution at positions 3 and 4 of tropone.
Transition state TS-5, for example, represents another example
of an inverse electron demand Diels-Alder reaction leading to
the formation of 7.,40. The transition state involves the same
diene of tropone diester 1 that is withdrawn by both methyl
ester groups, however it is 2.5 kcal/mol less stable than TS-3
that involves the same diene. The higher free energy of TS-5 is
believed to be because the other cycloaddition product of the
ambimodal transition state is 11.,4,, Which involves the C4-C5
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alkene of tropone diester 1 as the dienophile. The C4-C5 alkene
is less reactive than the C2-C3 alkene given that it is directly
conjugated to only one methyl ester withdrawing group.

Endo-[6+4]/[4+2] transition states TS-6 and TS-7 further
reinforce observations regarding the impact of diester
substitution noted above. Both transition states are ambimodal
and lead to the formation of [6+4] product 3,4, along with an
inverse electron demand [4+2] product where cyclopentadiene
is the dienophile and tropone diester 1 is the diene. Despite
these similarities, CBS-QB3 computations predict TS-6 to be 0.6
kcal/mol more stable than TS-7. The primary reasons for the
greater stability of TS-6 are twofold and in line with earlier
observations. In particular, the shortest bond forming/breaking
interaction of TS-6 involves the highly reactive C2 of tropone
diester 1 whereas the shortest bond forming/breaking
interaction of TS-7 does not. Additionally, the inverse electron
demand component of TS-6, which leads to product 4.,
involves the more reactive diene of tropone diester 1 (C2-C3 and
C4-C5). The inverse electron demand component of TS-7
involves a less reactive diene composed of the C4-C5 and C6-C7
alkenes of tropone diester 1.

Conclusions

While only one example, this study of cycloaddition
reactions between tropone diester 1 and 2 cyclopentadiene
suggests that one means of understanding and tuning the
reactivity of higher-order, competitive cycloaddition
reactions is to begin with a computational evaluation of
where and how significantly a substituent(s) increases or
decreases the electrophilicity or nucleophilicity of reacting
partners overall (e.g. tropone diester 1 is more electrophilic
than unsubstituted tropone) as well as individual m-
components within each reactant (e.g. the C2-C3 alkene is
the most reactive of 1). In the current study, ambimodal
processes aappear to be kinetically favored over nearly all
single trajectory cycloadditions, likely on account of
additional stabilizing interactions in their transition states.
Further = computational investigations of similarly
substituted systems will be necessary to see if this is a
general observation or limited to the current system. Steric
factors may also come into play in some systems, however
electronic influences appear to be consequential in most
cases. Computations will continue to be an invaluable
mainstay of this kind of research for not only their
predictive value but, significantly, because of the complex
and often interconverting web of pericyclic processes that
occur “behind the scenes,” hidden from experimental
observation. Future work along these lines aims to design
higher-order cycloaddition reactions that are dynamically
reversible while continuing to explore the role of
ambimodal processes in higher-order cycloaddition
reactions.
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Computational Details

Theoretical calculations were carried out using the program
Gaussianl6 along with the GaussView6 graphical user
interface.*® Initial structures were constructed within
GaussView6 and a conformational search was carried out at the
MO06-2X/6-31G(d)*?*7 level of theory by scanning any bonds that
could rotate freely, e.g. the methyl ester substituents of
substituted tropone 1. Approximate global minima from these
conformational searches were then optimized to full
convergence at the MO06-2X/6-31G(d) level. Thermal and
vibrational analysis was used to confirm minima as having only
real vibrational frequencies. Cycloaddition and sigmatropic
(Cope and Claisen) transition states were located following
extensive searches of the potential energy surface along internal
coordinates corresponding to bond breaking and bond
formation. Approximate transition structures were then
subjected to a Berny optimization and confirmed as saddle
points by the presence of a single imaginary vibrational
frequency. Forward and reverse internal reaction coordinate
(IRC) calculations,*® followed by geometry optimizations, were
used to confirm relationships between reactants, products, and
transition  states. Ambimodal transition states were
distinguished as having (i) a single breaking/forming bond that is
common to both pericyclic products and is relatively well
developed at ~1.8-22 A, and (i) two additional
breaking/forming bonds that distinguish the two pericyclic
products that are longer at ~2.8-3.3 A. Atom trajectories in the
single imaginary vibrational mode and pyramidalization of
conjugated carbon atoms away from planarity also helped
identify ambimodal transition states, however, it is important to
note that molecular dynamics trajectories were not investigated
in the current study. To evaluate the possible involvement of
diradical species, all M06-2X wavefunctions were checked for
stability and all wavefunctions were found to be stable under
the perturbations considered. The influence of solvent was also
investigated using a CPCM implicit solvent model*® for toluene,
the solvent used experimentally by Gleason.? Solvation in
toluene did not substantively change the reaction energetics
(see Supplementary Information section le). The CBS-QB3
compound method*? was used to refine the reaction energetics
of the seven most favored cycloaddition pathways as shown in
Scheme 2. Optimized MO06-2X/6-31G(d) geometries of all
reactants, transition states, and products along these seven
pathways and the sigmatropic rearrangements that convert
between products were used as inputs for subsequent CBS-QB3
calculations. All stationary point optimizations were performed
in the gas phase at 298.15 K and 1.0 atm pressure, and all
relative free energies in this manuscript are reported in
kcal/mol. The program CLYView 2.0%° was used to generate 3D
representations of stationary points presented throughout the
manuscript.
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