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Modern valence bond theory, in its spin coupled form, is used to elucidate the electronic rearrangements that
take place during the course of the gas-phase hetero-Diels-Alder cycloaddition reaction ofs-cis-acrolein
(cis-1-oxabutadiene orcis-propeneal) and ethene. It is found that the most dramatic changes to the electronic
structure occur in a relatively narrow interval of the reaction pathway soon after the transition state and that
the system passes through a geometry at which it can be considered to be significantly aromatic. Although
concerted, the reaction is markedly asynchronous, with the breaking of the carbon-oxygenπ bond, and the
formation of the new carbon-oxygenσ bond, “lagging behind” somewhat the other bond-making and bond-
breaking processes.

Introduction

Heterodienes, such asR,â-unsaturated carbonyl compounds,1

undergo synthetically useful 1,4-cycloadditions to dienophiles,
such as alkenes, to produce six-membered rings containing
heteroatoms. These thermally allowed [4+2] cycloadditions may
be termed hetero-Diels-Alder reactions,2 by analogy to the
Diels-Alder reaction ofcis-butadiene and ethene. In the present
work, we use modern valence bond theory, in its spin-coupled
(SC) form, to investigate the electronic mechanism of the gas-
phase hetero-Diels-Alder cycloaddition reaction ofs-cis-
acrolein and ethene (see Scheme 1).

Computational Procedure

The geometry of the transition state (TS) for the gas-phase
cycloaddition reaction betweens-cis-acrolein (cis-1-oxabuta-
diene or cis-propeneal) and ethene was optimized using
6-31G(d) and 6-31G(d,p) basis sets with a variety of approaches,
including the restricted Hartree-Fock (RHF), density functional
theory (B3LYP), and second-order Møller-Plesset perturbation
theory [MP2(fc)] levels of theory. Analogous calculations were
also performed fors-cis-acrolein. Following an examination of
the various results, the MP2/6-31G(d) approach was selected
for mapping out the intrinsic reaction coordinate (IRC), starting
from the TS and moving in steps of about 0.1 amu1/2 bohr until
local minima were reached in the directions of the reactants
and of the product. All of these geometry optimizations were
carried out using standard procedures in GAUSSIAN98,3,4 with
tight convergence criteria for the optimizations and default
criteria for the IRC calculations. The authenticity of the various
minima and saddle points was confirmed by examining the
eigenvalues of the analytic Hessians.

We carried out spin-coupled (SC) calculations based on a
single spatial configuration consisting ofN fully optimized,
nonorthogonal, one-electron “active” orbitalsψµ, together with
a set of n fully optimized, orthogonal, doubly occupied

“inactive” orbitalsφi. Such a wave function may be written in
the general form5

in which ΘSM
N is the active-space spin function (forN electrons

with total spinS and projectionM) which is expanded in the
full spin space, according to

The cycloaddition reaction formally involves a total of six active
electrons, namely fourπ electrons froms-cis-acrolein and two
from ethene, and so it was natural to choose these numbers for
the values ofN in the various SC calculations.

In classical VB approaches, each orbital is expanded only in
terms of basis functions located on a particular atomic center.
No such restrictions are imposed here on any of the active or
inactive orbitals, which are entirely free to deform toward and
to delocalize onto other centers. It is usual to label such a
calculation “modern” valence bond. There are also no restric-
tions on the spin-coupling coefficients (CSk) in eq 2. All of the
variational parameters, namely theCSk and the expansion
coefficients of all theψµ and φi orbitals in the underlying
6-31G(d) basis set, are optimized simultaneously. In general,
the very compact SC wave functions withN active electrons
are only slightly inferior to the corresponding ‘N electrons in
N orbitals’ CASSCF descriptions, but they are of course a great
deal simpler to interpret directly.

The spin-coupled calculations reported in the present work
were performed using a version of our code6 which works in
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the Kotani spin basis,7,8 but it proved more convenient for
discussing the changes in the active-space spin-coupling patterns
to transform instead to the more traditional Rumer basis7,9 that
has been widely used in classical VB calculations. The (exact)
interconversion between different bases of spin eigenfunctions
can be carried out through a specialized code for symbolic
generation and manipulation of spin eigenfunctions, SPINS.10

The relative importance of the different Rumer functionsΘSM;k
N

to the active-space spin function are conveniently quantified
by means of their Chirgwin-Coulson weights,11 Pk

CC, defined
according to

Fors-cis-acrolein, treated as a singlet species with four active
π electrons, the active-space spin-coupling pattern is spanned
by f0

4 ) 2 Rumer functions, which may be conveniently
representedΘ00;1

4 ≡ (1-2,3-4) andΘ00;2
4 ≡ (1-4,2-3), in which

i-j denotes singlet coupling of the spins of electronsi and j.
For the reacting system, withN ) 6, S) 0 andf0

6 ) 5, Rumer
functionsΘ00;1

6 ≡ (1-2,3-4,5-6) andΘ00;4
6 ≡ (1-6,2-3,4-5) are

reminiscent of the traditional Kekule´ structures for benzene, as
shown in Figure 1, and the three remaining Rumer functions,
Θ00;2

6 ≡ (14,23,56),Θ00;3
6 ≡ (12,36,45) andΘ00;5

6 ≡ (16,25,34),
are analogous to the corresponding Dewar-like structures.

Additional information may be obtained from the total (spin-
less) one-particle density matrix,D. In particular, we examine
here the variation along the reaction pathway of the so-called
generalized Wiberg or Wiberg-Mayer indices,12-14 defined
according to

whereS is the overlap matrix, and the notationp∈a signifies
all basis functions centered on atomA, with the atoms numbered
as shown in Scheme 1. Such indices have proved most useful
at the restricted Hartree-Fock level, where they have been
employed as bond orders or bond indices to characterize the
multiplicity of chemical bonds. Unfortunately, the absolute
values ofWAB calculated from correlated wave functions are
not so informative, but we may still usefully compare the relative
magnitudes for different pairs of atoms. The main utility of the
WAB profiles is that they are expected to show inflection points
in the region of the IRC where the bonding pattern is changing
most rapidly.14

Results and Discussion

Key features of RHF, B3LYP and MP2(fc) transition state
geometries for the gas-phase hetero-Diels-Alder cycloaddition
reaction ofs-cis-acrolein to ethene are summarized in Figure

Figure 1. Rumer spin eigenfunctions included in the active-space spin-coupling patternΘ00
6 .

Figure 2. Key features of optimized geometries for the gas-phase transition state in the hetero-Diels-Alder reaction ofs-cis-acrolein and ethene,
with bond lengths in a˚ngstroms and angles in degrees.
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2. Further results, obtained using quadratic configuration
interaction (QCISD), coupled-cluster (CCD) and fourth-order
Møller-Plesset (MP4(fc)) calculations, are also available.15 At
all of these levels of theory, the heavy-atom system is nonplanar,
with the length of the forming carbon-oxygenσ bond ca. 0.1
Å greater than that of the forming carbon-carbon σ bond.
Where appropriate, we checked that our results with the
6-31G(d) basis are consistent with those reported by Lee and
co-workers.2 On the whole, the changes to the geometry on
expanding the basis to 6-31G(d,p) are fairly small, at all the
levels of theory we considered. After careful examination of
all these geometric data for the TS, we selected the MP2(fc)/
6-31G(d) approach for the subsequent IRC calculations.

The key changes to the SC description of the electronic
structure along the MP2/6-31G(d) reaction path may be deduced
by monitoring the evolution of the shapes of the active SC

orbitals, the overlaps between them, the weights of the different
Rumer spin eigenfunctions, and the relative values of the
generalized Wiberg indices. The SC active orbitals are depicted
in Figure 3 for three geometries which are sufficiently well
separated so as to highlight the key changes to the shapes of
the orbitals. The left-hand column corresponds to an early
“before” -TS geometry (RIRC ≈ -1.2 amu1/2 bohr), the central
column to the TS (atRIRC ≈ 0 amu1/2 bohr) and the right-hand
column to a late “after” -TS geometry (RIRC ≈ 1.2 amu1/2 bohr).
Although no such constraints were imposed in the calculations,
we find for each geometry that the SC active orbitals are each
associated with one heavy-atom center, and so it proves
convenient to number them accordingly (see also Scheme 1).

As one would expect, the SC description of the separated
reactants15 is characterized by essentially three pairs of active
orbitals, with predominantly singlet coupling of the correspond-

Figure 3. Active orbitals from SC/6-31G(d) calculations along the MP2/6-31G(d) IRC for the gas-phase cycloaddition reaction ofs-cis-acrolein
and ethene: early “before”-TS geometry atRIRC ) -1.19482 amu1/2 bohr (left-hand column); TS geometry atRIRC ) 0 amu1/2 bohr (central
column); late “after”-TS geometry atRIRC ) + 1.19671 amu1/2 bohr (right-hand column). Three-dimensional isovalue surfaces corresponding to
ψµ ) (0.1 were drawn from the virtual reality modeling language (VRML) files produced by MOLDEN.17
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ing spins: (ψ1,ψ2) is associated with the acrolein carbon-
oxygen π bond, (ψ3,ψ4) with the acrolein carbon-carbonπ
bond, and (ψ5,ψ6) with the ethene carbon-carbonπ bond. This
basic pattern is mostly preserved at the “before” -TS geometry
for which orbitals are shown in the leftmost column of Figure
3. The overlaps within each pair are all above 0.6, and the
reactant-like Kekule´ Rumer function dominates the active-space
spin-coupling pattern, withP1

CC ) 0.80. Even at this relatively
early stage of the reaction, there are some signs of interactions
between the orbitals of the two moieties. For example, the
overlaps〈ψ4|ψ5〉 and 〈ψ1|ψ6〉, which will correspond in due

course to the newly formed carbon-carbon and carbon-oxygen
σ bonds in the product, are already 0.28 and 0.18, respectively.

The central column in Figure 3 shows the active SC orbitals
at the TS for the gas-phase hetero-Diels-Alder addition ofs-cis-
acrolein to ethene. Orbitalsψ5 and ψ6, which were initially
responsible for the ethene carbon-carbonπ bond, are now
starting to become engaged in the new ring-closingσ bonds.
Orbitalsψ2 andψ3, which will form the carbon-carbonπ bond
in the product, show enhanced interaction with one another,
with the relevant overlap integral increasing from 0.31 in the
reactants, to 0.34 at the “before” -TS geometry, to 0.40 at the
TS. It is clear, though, from Figure 4a that the most dramatic
changes to the various overlap integrals do not occur until a
little after the TS. Similarly, although the weight of the reactant-
like Kekulé spin eigenfunction drops toP1

CC ) 0.50 at the TS,
the most rapid changes to the active-space spin-coupling pattern
(see Figure 4b) occur over a relatively short IRC interval at
slightly later geometries, where the orbital overlaps are also
changing most rapidly. The product-like Kekule´ Rumer function
still has a relatively small weight at the TS,P4

CC ) 0.16.
Indeed, this value is slightly smaller than the contribution of
P3

CC ) 0.21 from the Dewar-like Rumer spin eigenfunction
that preserves the singlet coupling of the spins associated with
the two electrons in the acrolein carbon-oxygenπ bond. All
of the numerical data used to construct Figure 4 are listed in
the Supporting Information.

The forms of the SC active orbitals at the late “after” -TS
geometry, shown in the right-hand column of Figure 3,
correspond to essentially three pairs: (ψ4,ψ5) is associated with
the ring-closing carbon-carbonσ bond, (ψ1,ψ6) with the ring-
closing carbon-oxygen σ bond, and (ψ2,ψ3) with the new
carbon-carbonπ bond in the product. The overlap integrals
within these three pairs are now 0.74, 0.61 and 0.63, respec-
tively, and the nearest-neighbor overlaps between orbitals that
were responsible for bonds in the reactants have all decreased
significantly relative to the values at the TS. It is of course now
the product-like Kekule´ Rumer function that dominates the
active-space spin-coupling pattern, withP4

CC ) 0.81. The
second largest contributor is the Dewar-like spin eigenfunction
Θ00;3

6 ≡ (1-2,3-6,4-5) albeit with a Chirgwin-Coulson weight
of just 0.09, but we note that the overlap〈ψ1|ψ2〉 is still almost
0.35 at this late geometry. The breaking of the carbon-oxygen
π bond, and the formation of the new carbon-oxygenσ bond,
clearly “lag behind” somewhat the other bond-making and bond-
breaking processes. Although concerted, the reaction is certainly
very asynchronous.

The rapid changes to the overlaps between the active SC
orbitals, over a relatively short IRC interval soon after the TS
(see Figure 4a), are accompanied by corresponding changes to
the weightsP1

CC and P4
CC (see Figure 4b) of the two Kekule´

Rumer functions in the active-space spin-coupling pattern. As
anticipated,14 the generalized Wiberg indexWAB profiles (see
Figure 4c) also show rapid changes in this region, with inflection
points located at much the same value ofRIRC as are those for
the orbital overlaps and spin function weights. Many of the
overlaps attain fairly similar values in the vicinity ofRIRC )
-0.05 amu1/2 bohr, as also do many of theWAB values, and the
weights of the two Kekule´ spin eigenfunctions also become
equal. These various observations are of course strongly
suggestive of “aromatic” character.

Summary and Conclusions

A series of SC/6-31G(d) calculations along the MP2(fc)/6-
31G(d) IRC has been used to elucidate the electronic rearrange-

Figure 4. Evolution of key quantities along the MP2/6-31G(d) IRC
for the gas-phase cycloaddition reaction ofs-cis-acrolein and ethene:
(a) overlap integrals〈ψµ|ψν〉 between nearest-neighbor active SC
orbitals; (b) Chirgwin-Coulson weights (Pk

CC) of the Rumer spin
functions included in the active-space spin-coupling pattern; (c)
generalized Wiberg indices (WAB) for nearest-neighbor atoms, numbered
as in Scheme 1. The numbering and phases of the orbitals are shown
in Figure 3, and the Rumer functionsΘ00;k

6 are depicted in Figure 1.
Numerical values are listed in the Supporting Information.
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ments that take place during the course of the gas-phase hetero-
Diels-Alder cycloaddition reaction ofs-cis-acrolein. We
examined the variation along the reaction pathway of the shapes
of the SC active orbitals, and the overlaps between them, the
weights of the different components in the active-space spin-
coupling pattern, and the values of the generalized Wiberg
indices. The different rates of the various changes show that
this concerted reaction is markedly asynchronous, with the
breaking of the carbon-oxygenπ bond, and the formation of
the new carbon-oxygenσ bond, “lagging behind” somewhat
the other bond-making and bond-breaking processes.

As in the case of the Diels-Alder reaction of butadiene and
ethene,16 we find that this gas-phase process is homolytic, in
the sense that each SC orbital remains distinctly associated with
a single atomic center throughout the course of the reaction. It
is thus tempting to represent the bond-breaking and bond-making
by half arrows:

Our calculations show that the most dramatic changes to the
electronic structure occur in a relatively narrowRIRC interval
soon after the TS, where the system passes through a geometry
at which it can be considered to be significantly aromatic.

Supporting Information Available: Tables of numerical
data used to construct Figure 4. This material is available free
of charge via the Internet at http://pubs.acs.org.
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