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Spin-Coupled Description of Aromaticity in the Retro Diels—Alder Reaction of Norbornene®
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The electronic rearrangements along the lowest-energy path for the gas-phase retro Diels—Alder reaction of
norbornene are monitored using spin-coupled theory. We find that the most dramatic changes to the electronic
structure occur in a relatively narrow interval in which the system passes through a geometry at which it can
be considered to be significantly aromatic. We provide an estimate of the vertical resonance energy. Our
results are consistent with the anticipated synchronous “aromatic” nature of this reaction, but we find that the
key changes occur a little before the actual transition state is reached.

1. Introduction

It is now widely accepted that the gas-phase retro Diels—Alder
reaction of norbornene, leading to cyclopentadiene and ethene,
occurs via a concerted mechanism, at least in the absence of
radical-stabilizing substituents. Although femtosecond experi-
ments' initially raised the possibility of a stepwise process,
involving biradical intermediates, it is now well-established that
the lowest energy thermal pathway on the ground-state potential
energy surface is instead of the synchronous “aromatic” type.>=

The purpose of the present work is to show whether and how
such “aromatic” character is revealed by modern valence bond
(VB) theory in its spin-coupled (SC) form. The basic methodol-
ogy is much the same as in a number of previous studies of
gas-phase organic reaction pathways, in which we examined
the form of the SC wave function, and the values of several
associated quantities, at various points along an appropriate
intrinsic reaction coordinate (IRC).”-'2 In the case of electro-
cyclic reactions, ! many of these studies have resulted in fairly
similar “homolytic” electronic mechanisms involving transition
states (TSs) at which the SC wave functions attain strong
resemblance to the well-known modern VB description of the
paragon of aromaticity, benzene.!? On the other hand, a number
of other such studies have led to various different descriptions.!!
It would, though, be very surprising indeed if the present study
suggested an electronic mechanism that was significantly
different from that of the parent Diels—Alder reaction between
butadiene and ethene, the SC description of which provided the
first example of a “homolytic” combination of parallel bond-
breaking and bond-formation processes passing through an
“aromatic” TS.3

The structure of this paper is as follows. In the next section,
we outline briefly the computational methodology. We then
present our results, which do indeed show very clearly the
anticipated synchronous “aromatic” character of the electronic
mechanism of the retro Diels—Alder reaction of norbornene,
and provide an estimate of the vertical resonance energy, albeit
with the most dramatic changes in the wave function occurring
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Figure 1. Optimized carbon—carbon bond lengths for the TS: (a)
CCSD(Full)/6-31G(d), (b) MP2(Full)/6-31G(d), and (c) B3LYP/6-
31G(d). Also shown is our numbering scheme for the carbon atoms.

a little before the TS is reached. Finally, we present a summary
and our overall conclusions.

2. Computational Methodology

All geometry, frequency, and IRC calculations were carried
out in Cy symmetry with the GAUSSIANO3 package,'* at the
B3LYP, MP2(Full), and CCSD(Full) levels, within a standard
6-31G(d) basis set, using the very tight convergence criteria
and including all electrons in the MP2 and CCSD treatments.
We checked that all of the TS geometries were characterized
by a single negative eigenvalue of the Hessian.

SC calculations were then performed within the same basis
set, at selected points along the IRC calculated at the B3LYP/
6-31G(d) level with a step size of 0.1 amu'/? bohr. The SC(6)
wave function used here can be written in the form!’

vosilfiomesfivier] o

in which the 1, are nonorthogonal one-electron “active” SC
orbitals, which are optimized simultaneously with the orthogonal
doubly occupied “inactive” orbitals ¢, and with ©§. This last
is the (optimized) active-space total spin function for the spins
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Figure 2. Snapshots of symmetry-unique SC orbitals along the B3LYP/6-31G(d) IRC segment: left-hand column, —2.0 amu'? bohr (closest to
norbornene); middle column, —0.2 amu'? bohr (a little before the TS); and right-hand column, +1.0 amu'”? bohr (toward cyclopentadiene and
ethene). Three-dimensional iso-value surfaces corresponding to 1, = £0.08 were obtained from POV-Ray (Persistence of Vision Raytracer) files
produced by MOLDEN.?

of six electrons coupled to a net singlet, and it is expressed as
a linear combination of a full set of all five linearly independent
modes of spin coupling:

5
®0 = z CorOfox 2
=

in which Cy are termed the spin-coupling coefficient. The
calculations described here were carried out in the Kotani spin
basis,'®!7 which is native to the SC code that we employed,'®
but the values of Cy, were transformed!® to those for the Rumer
basis,'®20 which proves more convenient when analyzing the
evolution of the wave function during the course of this
particular reaction. The importance or “weights” in @f, of the
five different modes of spin coupling are quantified here using
the scheme of Chirgwin and Coulson.”' These Chirgwin—Coulson
weights are examined alongside the forms of the SC orbitals
and the overlaps between them.

Some additional insight into the changes to the SC wave
function along the IRC is provided by plots of the Wiberg—Mayer
indices,?>?} defined according to

W= » (DS),DS), 3)

pUA gUIB

in which D is the total spin-less one-particle density matrix, S
is a corresponding overlap matrix, and the notation p€A signifies

IRC=-0.2

IRC=1.0

all basis functions centered on atom A. Such quantities can be
expected to show points of inflection in the region of the IRC
where the bonding pattern is changing most rapidly,? even if
absolute values of Wyp tend not to be especially informative
for correlated wave functions.

We also performed standard B3LYP/6-3114+G(d,p) calcula-
tions of nucleus-independent chemical shift (NICS) values>>-2*
for various geometries along the B3LYP/6-31G(d) IRC. For the
purposes of direct comparison, we also carried out various
calculations (at the same levels of theory) for the parent
Diels—Alder reaction between butadiene and ethene.?®

3. Results and Discussion

The carbon—carbon bond lengths in the TS geometries,
optimized at various levels of theory, are summarized in Figure
1, which also shows the numbering scheme adopted for the
carbon atoms. Except for the two interfragment bond lengths,
the differences between the results from the various approaches
are fairly small. We observe for the interfragment distances that
the B3LYP/6-31G(d) results are closer to those from
CCSD(Full)/6-31G(d) than are the numbers obtained using
MP2(Full)/6-31G(d).

We also examined the thermochemistry output that is
provided by GAUSSIANO3 frequency calculations on the
reactants, products, and TSs. The various values, including
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activation enthalpies and entropies for the forward and reverse
reactions, are in harmony with those that have been reported in
other studies.*® In spite of possible concern over the predicted
strain of the norbornene framework.° it turns out that B3LYP/
6-31G(d) does fairly well in predicting thermochemical activa-
tion data. Branchadell* found that values obtained at the B3LYP
level for the potential energy barrier were very close to those
obtained with QCISD(T)/6-31G(d), whereas perturbation theory
up to third order (i.e., MP3) was required. All in all, on the
basis of our own results, as well as those in the literature, it
seems appropriate for this system to use B3LYP/6-31G(d) in
preference to MP2(Full)/6-31G(d) for generating the IRC.

The evolution of the SC orbitals along the B3LYP/6-31G(d)
IRC is summarized in Figure 2 by means of snapshots of the
symmetry-unique orbitals 1, 1, and 3. Reflection of these
three orbitals in the C; mirror plane generates 1, 1’s, and 4,
respectively. At —2.0 amu!? bohr, which is the end of the IRC
segment closest to norbornene, orbitals ¢, and 3 are clearly
involved in a bonding interaction that is reminiscent of a
classical o type bond. An equivalent o type bond arises from
Y4 and s, whereas orbitals ¥ and 6 are involved in the
expected 77 type bond. By —0.2 amu!’? bohr, near to the TS,
the SC orbitals show signs of mutation toward the forms that
will eventually pertain to the products. For example, although
1 is clearly still involved in a 7T type interaction with e, there
is now also a notable tail toward ;. Orbitals 1, and 13 have
taken on greater 2p, character, but each of them shows bulges
in the direction of both adjacent SC orbitals. At +1.0 amu'?
bohr, where the IRC segment heads toward the products, these
transformations are fairly complete, with ; and ¥, and
similarly s and 6, forming 7t type bonds in the cyclopenta-
diene moiety, while 33 and 14 constitute the s type bond in
ethene.

Summarizing these observations, we can say that the bonds
involving ¥, and 3, ¥4 and s, and 3; and ¥e on the
norbornene side of the TS are broken at much the same time as
the bonds involving 11 and ¥, 13 and ¥4, and s and ¢ are
being formed. This is of course what we would expect for a
concerted “homolytic” mechanism, but tracking the forms of
these orbitals corresponds to just one part of analyzing the
changes to the SC wave function along the IRC. In particular,
we also need to examine the weights of the different modes of
spin coupling.

The composition of the active-space spin-coupling pattern
along the IRC is illustrated in Figure 3a. At —2.0 amu'”? bohr,
the total active-space spin function is dominated by a single
Rumer eigenfunction (k = 4), consistent with the expected
bonding pattern in norbornene. At +1.0 amu!? bohr, on the
product side of the TS, the most important Rumer spin function
is instead the one with k = 1, consistent with the bonding in
separate cyclopentadiene and ethene fragments. In between these
two extremes, we observe that the most dramatic change from
one pattern to the other occurs over a relatively narrow region,
a little before the TS. These two Rumer functions, with k = 1
and k = 4, are analogous to the Kekulé modes of spin coupling
in benzene'® but adapted to the atomic framework of this
particular reaction. Similarly, the other three Rumer functions,
whose weights remain fairly small all the way along this IRC
segment, are analogues of the Dewar type modes in benzene.

It is clear from Figure 3a that the Chirgwin—Coulson weights
of the two Kekulé-like modes become equal on the norbornene
side of this IRC segment, a little before —0.2 amu'/? bohr is
reached. A similar displacement from the TS is seen in Figure
3b, which shows the evolution along the IRC of the nearest-
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Figure 3. Evolution of key quantities along the B3LYP/6-31G(d) IRC:
(a) Chirgwin—Coulson weights (RP£C) of the Rumer modes of spin
coupling (the k = 2 and k = 3 Rumer modes are related by symmetry
and have equal weights); (b) nearest-neighbor overlaps <,ly,>
between SC orbitals; and (c) Wiberg—Mayer indices Wyg for neighbor-
ing carbon atoms.

neighbor overlaps between SC orbitals. The most rapid changes
between the values of overlap integrals characteristic of the
reactants to those characteristic of the products occur over a
very narrow region of the IRC. The shapes of the various curves
in Figure 3, parts a and b, are of course entirely consistent with
our expectations for the synchronous making and breaking of
bonds and the associated recoupling of the electron spins, except
that the fastest changes appear to occur a little before the TS.
We will return later to this apparent “displacement” from the
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Figure 4. Variations of energy differences along the IRC, as defined
in the text. (a) IE(R; & Ry) — ER))l & IE(R; & Rs) — ER)I; (b)
min[lE(R; & Ry) — E(R)), IE(R; & Ry) — E(Ry], and |[Esc — E(R; &
Ry)l. The interpolated parts of the left- and right-hand branches of the
first of these curves (shown as dashed lines) cross at E(R;) = E(Ry).

TS geometry of the major electronic structure changes, which
are already fairly complete by the time the TS is reached.
Slightly more gradual changes from reactant to products are
observed in the generalized Wiberg—Mayer indices for neigh-
boring carbon atoms (see Figure 3c), but we notice again that
various curves have points of inflection, and indeed cross, in
the same general region as do the weights of the Kekulé type
modes and also the nearest-neighbor orbital overlaps.

A number of factors in the SC results presented so far
combine to suggest benzene-like aromaticity in a relatively
narrow region along the IRC: the spin-coupling pattern re-
sembles that in ground-state benzene, certain nearest-neighbor
overlap integrals become equal, certain Wiberg—Mayer indices
become equal, and even the shapes of the SC orbitals (middle
column of Figure 2) are reminiscent to some extent of those
for benzene.'> Of course, one of the energetic criteria for
aromaticity in a system such as this one is the demonstration
of a sizable resonance energy arising from the involvement of
the two Kekulé-like Rumer eigenfunctions. Perhaps the most
obvious way of estimating this resonance energy is to evaluate
the separate energies, at the same geometries and with fixed
orbitals (coming from the fully variational SC wave function),
of each of the two Kekulé-like modes and also of the
variationally optimized combination of the two of them.
Denoting these various fixed-orbital energies as E(R;), E(Rs),
and E(R; & Ry), it proves useful to look at the absolute
differences IE(R; & Ry) — E(Rj)l and IE(R; & R4) — E(Ry).
The smaller of these two quantities at any given geometry gives
an indication of the energy lowering that can be achieved for
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Figure 5. Evolution of B3LYP/6-3114+G(d,p) NICS parameters for
the retro Diels—Alder reaction of norbornene along the B3LYP/6-
31G(d) IRC segment. (a) CCSD(Full)/6-31G(d), (b) MP2(Full)/6-
31G(d), and (c) B3LYP/6-31G(d). Also shown is our numbering scheme
for the carbon atoms.

the “more important” Kekulé type mode by allowing it to mix
with the “less important” one. This quantity thus serves as a
useful indication of the vertical resonance energy. We could
instead have chosen to use the full SC energy, Esc, instead of
ER; & Ry), but it turns out that |IEsc — E(R; & Ry)l remains
fairly small for all of the geometries we considered, never
reaching 0.61 kcal mol™!.

The values of IE(R; & R4) — E(R))l and IE(R; & R4) — E(Ry)!
along the IRC are shown in Figure 4a, and the smaller of these
two quantities at any given geometry (i.e., our estimate of the
vertical resonance energy) is replotted in Figure 4b together
with |Esc — E(R; & R4)l. We have denoted by a cross the
position at which E(R;) = E(R4), according to interpolations
based on rational functions in continued fraction form. This
procedure suggests a maximum resonance energy of 24.2 kcal
mol~! close to —0.139 amu!’? bohr. The analogous definition
based on Egc instead of E(R; & R4) suggests a maximum of
24.5 kcal mol™! at almost the same position along the IRC.
These estimates of the resonance energy are larger than those
that we observed for the parent Diels—Alder reaction between
butadiene and ethene.®?® Indeed, they are larger than the
corresponding value for the ground-state of benzene.!3

Taken together, the various quantities that we have described
here leave little doubt that a modern VB description, in SC form,
of the retro Diels—Alder reaction of norbornene indicates a
narrow region of the IRC, a little before the TS, at which we
can recognize aromatic character during the synchronous making
and breaking of bonds. The apparent small shift of this key
region away from the TS can be attributed to the combined
effect of several factors that can influence the arrangement of
the six carbon atoms participating in the bond-breaking and
bond-making processes required to achieve aromatic behavior.
To start with, there are obvious steric interactions involving the
methylene group from the cyclopentadiene fragment, while
another important factor is associated with the fact that the SC
calculations are performed on top of an IRC calculated by means
of a different approach, which has a different balance between
nondynamic and dynamic correlation effects. The SC wave
function emphasizes the nondynamic correlation effects between
the electrons involved in the bonding rearrangements, which
explains why the maximum in Egc along the B3LYP/6-31G(d)
IRC also occurs a little before the TS, at very much the same
position as that of the maximum vertical resonance energy.
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Displacements of the most “aromatic” structure along the IRC
away from the TS have also been found to occur in the SC
descriptions of other reactions, starting with the disrotatory
electrocyclic ring-opening of cyclohexadiene.” In addition to
this, displacements of this type have been observed and
discussed in other VB studies of chemical reaction mecha-
nisms.?’

Interestingly, it turns out that certain NICS values for
geometries along the B3LYP/6-31G(d) IRC, calculated without
any reference to our SC wave functions, also exhibit minima
that are slightly shifted to the norbornene side of the TS. We
show in Figure 5 NICS values calculated at the B3LYP/6-
311+G(d,p) level of theory for the rings formed by carbon atoms
(1,2,5,6), (1,3,4,6), and (2,3,4,5), with the atoms numbered as
in Figure 1. The minima in these curves confirm the small
displacement of the most aromatic structure to a geometry a
little before the TS established through the analysis of the SC
wave function.

Our NICS value (—27.8 ppm) for the TS of the retro
Diels—Alder reaction of norbornene, calculated in the center
of the main overlap region [the (2,3,4,5) ring] between the two
fragments, turns out to be slightly lower than the corresponding
value (—25.3 ppm) for the TS in the parent Diels—Alder reaction
between butadiene and ethene.?¢ Including only 7 contributions,
the NICS value for the ground-state of benzene is —20.7 ppm.?
These various observations do of course parallel those mentioned
earlier in relation to our estimates of the vertical resonance
energy. On the other hand, as is well-known, NICS values are
relatively insensitive for a system such as benzene to geometrical
distortions that significantly diminish the degree of aromaticity.
As such, it is not at all surprising that the curves displayed in
Figure 5 differ from those in Figures 3 and 4 in the sense of
not showing any particularly dramatic changes over a narrow
region of the IRC.

4. Summary and Conclusions

The electronic rearrangements that occur along the lowest-
energy path for the gas-phase retro Diels—Alder reaction of
norbornene have been monitored by means of a series of SC(6)/
6-31G(d) calculations along the B3LYP/6-31G(d) IRC. We
examined the evolution along this pathway of the shapes of the
SC active orbitals, the overlaps between them, the Chirgwin—
Coulson weights of the different Rumer modes of spin coupling,
values of generalized Wiberg—Mayer indices for neighboring
carbon atoms, and an estimate of the vertical resonance energy.
We also calculated NICS values at the B3LYP/6-311+G(d,p)
level of theory.

We find that each SC orbital remains semilocalized on a single
atomic center throughout the course of the reaction, with
distortions toward nearest neighbors that reflect the particular
bonding situation and with the corresponding recoupling of the
electron spins. The electronic mechanism revealed by the present
study closely resembles that of the parent Diels—Alder reaction
of butadiene and ethene,®?° and it is tempting to denote the
various rearrangements with half arrows:

It is important to stress that this “homolytic” representation
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is not in any sense meant to suggest a biradical mechanism:
Our examination of the evolution of the SC wave function along
the IRC shows that the bond-making and bond-breaking
processes occur in concert over a relatively short interval of
the IRC. Within this region, the system passes through a
geometry at which it can be considered to be significantly
aromatic. Our estimate of the vertical resonance energy, ca. 24.2
kcal mol ™, is larger than the corresponding value for the parent
Diels—Alder reaction, and indeed, it is larger than that in
benzene. We observe that the most dramatic changes along the
B3LYP/6-31G(d) IRC segment occur a little before the actual
TS is reached.

Supporting Information Available: Tables of the numerical
data used to construct Figures 3—5. This material is available
free of charge via the Internet at http://pubs.acs.org.
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