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Abstract: The electronic mechanism for the gas-phase Diels-Alder cycloaddition reaction is studied through
a combination of modern valence-bond (VB) theory in its spin-coupled (SC) form and intrinsic reaction
coordinate calculations utilizing a complete-active-space self-consistent field (CASSCF) wave function.
Throughout the reaction, the nonorthogonal SC orbitals resemble well-localized spx hybrids, each of which
remains permanently attached to a single carbon atom. The changes in the shapes of these SC orbitals, together
with the variations of the overlaps between neighboring orbitals, produce a lucid picture of the parallel breaking
of the butadiene and etheneπ bonds and of the formation of the two newσ bonds, closing the ring, and of the
cyclohexeneπ bond. The analogue of classical VB resonance, namely, the active-space spin-coupling pattern
within the SC wave function, shows no resonance well before and well after the transition structure (TS). At
and around the TS, this pattern is dominated by two Kekule´ Rumer spin functions of comparable weight.
This and other resemblances to the well-known SC description of benzene (similar orbital shapes, equalization
of the overlaps between neighboring orbitals) indicate clearly that the Diels-Alder reaction passes through a
geometry, very close to the TS, at which it is aromatic. The visual changes in the SC wave function as the
system follows the reaction path strongly suggest that the best schematic representation of the Diels-Alder
reaction is through a “homolytic” mechanism, in which six half-arrows indicate the simultaneous breaking of
the threeπ bonds on the reactants and formation of the three new bonds, twoσ and oneπ, in the product.

Introduction

A satisfactory theoretical model of a chemical reaction
mechanism should be able to answer two fundamental ques-
tions: Firstly, how do the energy and geometry of the ensemble
of interacting atoms vary on the way from reactants to products,
and secondly, what are the related changes in the electronic
structure of the system. Quantum chemistry is becoming
increasingly adept at providing an accurate answer to the first
of these questions for an ever-widening range of chemical
reactions. Largeab initio codes such as GAUSSIAN941 and
GAMESS (U.S. version)2 incorporate efficient optimization
algorithms which can find equilibrium geometries, locate
transition structures, and follow reaction paths using highly
correlated wave functions. However, in parallel with the
growing complexity of the wave function, the often radical
changes in the electronic structure of a reacting system become

more and more difficult to follow, visualize, and interpret. The
renewal of interest in valence bond theory in recent years3-8

serves to illustrate that chemists are no longer satisfied with
accurate numbers only: There is a recognized need for
qualitative models stemming from quantitative wave functions
and highlighting general features and tendencies in chemical
structure and reactivity. This is something which very few of
the state-of-the-art quantum-chemical approaches can provide
in a straightforward way, if at all.
Spin-coupled (SC) theory (for a recent review, see ref 9) is

one of the most useful modern renditions of valence-bond (VB)
ideas. The potential of this approach is well illustrated by the
highly unorthodox (from the viewpoint of conventional molec-
ular orbital theory) description which it provides for theπ
electron system of benzene.10-12 The sixπ electrons populate
a single product of six nonorthogonal orbitals, the spins of which
are coupled in all five possible ways to achieve an overall
singlet. The optimal orbitals turn out to be well-localized,† University of Surrey.
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similar in shape to C(2pπ) atomic orbitals with small sym-
metrical bulges toward neighboring carbons, while the optimal
spin-coupling pattern is dominated by two equivalent Kekule´
structures and has much smaller contributions from three
equivalent Dewar (or para-bonded) structures. This picture
bears striking resemblance to the classical VB description of
benzene in terms of resonance structures taken from an organic
chemistry textbook (one should now look in a rather old
edition!), and yet it comes from a wave function of an adequate
quality which accounts for most of the correlation energy
incorporated in a “6 in 6”π space complete-active-space self-
consistent field (CASSCF) calculation. The unique integration
of chemical intuition and quantitative character within the SC
descriptions of benzene and other aromatic13-16 and antiaro-
matic17,18molecules suggests that the SC approach represents
a very appropriate tool for theoretical studies of the mechanisms
of reactions which are considered to pass through aromatic or
to avoid antiaromatic transition structures.
In this paper we present the spin-coupled model for the

evolution of the electronic structure of the reacting system during
the course of a pericyclic reaction that has been the focus of
numerous theoretical studies: the gas-phase Diels-Alder cy-
cloaddition betweencis-butadiene and ethene. The details of
the mechanism for this reaction have been the subject of a
prolonged argument between theoretical chemists using semiem-
pirical and ab initio approaches.19 Experimental evidence
indicates that the concerted pathway is 2-7 kcal mol-1 below
the stepwise alternative. On the whole, semiempirical studies
tend to favor the stepwise mechanism whileab initio calculations
give preference to the concerted path, although there are notable
exceptions: For example, Houk et al.20,21found that within the
“six electrons in six orbitals” CASSCF framework [CASSCF-
(6,6)/6-31G*, geometries optimized at the same level of theory],
the diradical intermediate from the stepwise pathway is 3.1 kcal
mol-1 below the concerted transition structure. Higher-level
quadratic configuration interaction calculations including single
and double substitutions and energy contributions due to
connected triples based on a restricted Hartree-Fock (HF)
reference [RQCISD(T)], carried out by the same authors at the
CASSCF(6,6)/6-31G* geometries, place the concerted transition
structure 4.3 kcal mol-1 below the diradical intermediate. The
RQCISD(T) activation energy of the concerted transition
structure relative to reactants is 25.5 kcal mol-1, which is a
considerable improvement over the corresponding CASSCF-
(6,6) figure of 43.8 kcal mol-1 and is very close to the
experimental estimate of 25.1( 2 kcal mol-1. This indicates
that although the “6 in 6” CASSCF level of theory appears to
provide an adequate description of the structural changes in the
reacting system, the accurate prediction of the related energy
barriers requires a higher-quality wave function. The CASSCF-
(6,6) wave function takes into account the so-called “nondy-

namic” correlation effects within its “6 in 6” active space only,
while the RQCISD(T) ansatz includes correlation effects (both
“nondynamic” and “dynamic”) for all electrons.
In a recent review, Borden and Davidson22 emphasize the

importance of including dynamic electron correlation effects
in ab initio calculations and provide several examples of cases
where wave functions which include only nondynamic correla-
tion for the active electrons (such as CASSCF) may give results
which are quantitatively and sometimes even qualitatively
incorrect. Their examples include the differences between the
CASSCF and RQCISD(T) energy barriers for the Diels-Alder
reaction betweencis-butadiene and ethene mentioned above,
comparisons of the results of CASSCF calculations on the Cope
rearrangement with those from two second-order perturbation
theory treatments based on a CASSCF reference, CASPT2N23

and CASMP2,24 which account for (some of the) missing
dynamic correlation, and results from CASSCF and higher-level
calculations on excited states, radical cations and dehydroben-
zenes. In the case of the Cope rearrangement, the inclusion of
dynamic correlation effects leads to a significant change not
only in the height of the activation barrier but also in the
geometry of the transition structure.
Although the evidence adduced by Borden and Davidson is

convincing, it is too early, in our opinion, to give up on “active
space” methods: These methods introduce correlation just where
chemical intuition suggests it is really necessary and thus
significantly extend the range of systems that can be treated at
a reasonable, beyond-HF level on current computational facili-
ties. Unlike the HF approach, active space methods such as
CASSCF and SC theory are capable of providing uniform-
quality descriptions of the whole potential surface corresponding
to a chemical process, including regions of bond-breaking and
bond-formation. If chemical intuition is wrong in the initial
choice of the active space, it is usually straightforward to modify
this choice and enlarge the size of the active space until the
quality of the wave function becomes acceptable. One example
is provided by the SC description of the forbidden 2+ 2
cycloaddition of two ethene molecules,25 where we found that
our initial assumption of a four-orbital active space is insufficient
for the description of the three C-C bonds and two “unpaired”
electrons in the tetramethylene biradical intermediate at the same
level of theory and we had to adopt an eight-orbital active space
instead. In connection with this, it is also interesting to mention
that early CASSCF(4,4)/4-31G calculations on the concerted
transition structure of the Diels-Alder reaction betweencis-
butadiene and ethene26,27suggest noticeable alternation of C-C
bond lengths: 1.389, 1.376, and 1.389 on the butadiene fragment
and 1.398 on the ethene (all values in angstroms). On the other
hand, recent larger CASSCF(6,6)/3-21G and CASSCF(6,6)/6-
31G* results20,21 indicate C-C bond equalization, consistent
with the idea that the concerted transition structure is aromatic:
1.392 (1.398), 1.397 (1.397), and 1.392 (1.398) on the butadiene
fragment and 1.400 (1.404) on the ethene moiety (all values in
angstroms, 6-31G* results in parentheses).
Active space wave functions which already incorporate a

significant amount of nondynamic correlation energy provide
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a much better reference for the construction of higher-level
approaches than the standard HF ansatz. Borden and Davidson
indicate22 that, in order to match the results for the Cope
rearrangement produced by second-order perturbation theory
treatments constructed on top of a CASSCF reference (CASPT2N
and CASMP2) by techniques based on a HF reference, one has
to use either fourth-order Møller-Plesset perturbation theory
with single, double, triple, and quadruple substitutions [MP4-
(SDQT)], or QCISD(T) or CCSD(T) (coupled-cluster approach
including singles and doubles plus perturbative corrections for
connected triple excitations). In cases where the closed-shell
HF wave function is clearly inadequate, e.g., the dissociation
of one of the O-H bonds in water,28 HF-based constructions
would have to include even higher excitations or orders of
perturbation theory.
Our aim in this paper is not to reproduce the RQCISD(T)

energy barriers for the gas-phase Diels-Alder reaction20,21
through an alternative approach, but to show that the changes
occurring during the course of this reaction inside the most
compact wave function of near-CASSCF qualitysthe SC wave
functionsprovide a clear and intuitive picture of the related
bond-breaking and bond-formation processes, together with
convincing evidence that the Diels-Alder transition structure
is aromatic. It should be mentioned that the quantitative side
of our results could be improved in a straightforward way by
constructing small nonorthogonal CI (or “SC VB”) expansions29

on top of the SC wave functions along the reaction path. Past
experience29,30 indicates that while SC VB treatments of this
type do provide more accurate numbers, as well as information
about excited states, they do not change the qualitative nature
of the model contained within the single-configuration SC
reference wave function.

Computational Details

As a preliminary step, we located the concerted transition structure
(TS) for the Diels-Alder reaction through a CASSCF(6,6)/4-31G
calculation. Our TS geometry (Cs point group) is very similar to those
obtained by Houk et al.20,21using CASSCF(6,6)/3-21G and CASSCF-
(6,6)/6-31G* wave functions (see Figure 1).

The most convenient and least biased way of tracing the changes in
the geometry of the reacting system before and after the TS is to follow
the minimum-energy path (MEP),31,32 which is also known as the
intrinsic reaction coordinate (IRC).33,34 The MEP or IRC is defined as
the union of steepest-descent paths, expressed in mass-weighted
Cartesian coordinates, emerging from the saddle point corresponding
to the TS and leading toward reactants and products. In the present
paper, we employed the IRC algorithm of Gonzales and Schlegel35,36

implemented in GAUSSIAN94,1 which was the package used for all
non-SC computational work.
Just as in the case of the TS, the IRC calculations were performed

at the CASSCF(6,6)/4-31G level of theory and involved six points in
the TSf product direction and another six points in the TSf reactants
direction, in steps of 0.1 amu1/2 bohr along the path. The determination
of the CASSCF wave functions at the start of the TS geometry
optimization and at the first point of the IRC was preceded, as usual,
by standard HF calculations, providing initial guesses for the orbitals.
Additionally, we performed separate HF calculations at each of the
remaining 12 IRC points.
The SC counterpart to the 6 in 6 CASSCF wave function for the

Diels-Alder cycloaddition also involves six active orbitalsψ1-ψ6:

These active orbitals are all singly occupied and nonorthogonal, and
we shall refer to them as valence or spin-coupled orbitals.æi stand
for the doubly occupied inactive orbitals holding the core electrons
and Θ00

6 denotes the active space spin functionsa general linear
combination of all five unique spin-coupling schemes for a singlet
system of six electrons:

(the pairs of zero subscripts inΨ00
6 , Θ00

6 , andΘ00;k
6 indicate the values

of the total spinSand itsz projectionM, S) M ) 0).
The active and core orbitals are approximated, just as in molecular

orbital theory, by linear expansions in a suitable basis of atomic orbitals
(AOs) contributed by all atoms in the system. Their form is determined
through simultaneous optimization of the energy expectation value
corresponding to wave function (1) with respect to the AO expansion
coefficients for the core and active orbitals and the spin-coupling
coefficientsC0k [see eq 2]. Almost all of the fully variational SC
calculations in the present paper were performed with a very efficient
new code (CASVB)37,38 which exploits the invariance of CAS wave
functions to nonsingular transformations of the active orbitals and which
is available within MOLPRO.39 Calculations with the older code
described in ref 40 were performed only at the TS and at both ends of
the IRC segment which we studied, mainly for comparisons and to
assist orbital plotting. The basis set employed in all the SC compu-
tational work was 4-31G, identical to that used in the preliminary HF
and CASSCF calculations.
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Figure 1. Carbon-carbon bond lengths (Å) at the TS of the Diels-
Alder reaction. CASSCF(6,6)/4-31G values from the current work (top),
followed by CASSCF(6,6)/3-21G (in parentheses) and CASSCF(6,6)/
6-31G* (in brackets) values, taken from ref 21.
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For the purposes of the present investigation it is most convenient
to construct the full spin space using the Rumer basis.41 Each of the
spin eigenfunctionsΘ00;1

6 - Θ00;5
6 represents a product of three singlet

two-electron spin functions:

The two notations used in these definitions can be explained as
follows: In the first one, a singlet pair is associated with each
combination of anR and aâ spin function enclosed within a matching
pair of left and right parentheses; for example, in (R(Râ)(Râ)â) the
pairs couple the spins of the electrons in the first and sixth, second
and third, and fourth and fifth SC orbitals, respectively. In the second
notation, all electron pairs are indicated explicitly. The graphical
representation of Rumer spin functions involves Rumer diagrams which
closely resemble the resonance structures that populate the pages of
older organic chemistry textbooks. There is a one-to-one cor-
respondence betweenΘ00;1

6 - Θ00;5
6 and the well-known five reso-

nance structures for benzene:Θ00;1
6 T K1, Θ00;2

6 T D1, Θ00;3
6 T D2,

Θ00;4
6 T K2 andΘ00;5

6 T D3 where K1 and K2 and D1, D2, and D3 are
the two Kekuléand three Dewar structures, respectively.
In addition to Rumer spin eigenfunctions, SC calculations often make

use of two other spin bases introduced by Kotani and Serber (for details,
see ref 41). The interconversion between active space spin functions
(such asΘ00

6 in eq 2) expressed in the Rumer, Kotani, and Serber spin
bases has become a trivial task with the introduction of a specialized
code for the symbolic generation and transformation of spin eigen-
functions (SPINS; see ref 42). We have also recently exploited certain
computational advantages associated with character-projected spin
functions.43,44

For evaluating the relative weights of the individual Rumer spin
functions (3) as components of the overall spin function for the active
electrons (2), use can be made of one of the following two expressions,
due to Chirgwin and Coulson45 and Gallup and Norbeck,46 respectively:

where 〈Θ00
6 |Θ00

6 〉 denotes the 5×5 overlap matrix between spin
functions (3). One advantage of the Gallup-Norbeck expression over
the older Chirgwin-Coulson formula is thatP0k

GN are nonnegative by
construction, while in some casesP0k

CC can attain nonphysical negative
values. The link between the SC approach and classical VB theory is
revealed by an alternative representation of the SC wave function (1)
as a sum of five VB-style “structures”

where

The VB “resonance” energy for any structure is then given by the
difference between its energy expectation value and the full SC energy.
As a rule, the VB resonance energy for a molecule corresponds to that
for the dominant structure, i.e., for the structure with the largestP0k

CC

or P0k
GN (see eqs 4 an 5). In the case of benzene, for example, the VB

resonance energy is given byE(ΨK1) - E(Ψ00
6 ).12 Despite the similar

terminology,VB resonance energies should not be compared to
experimental resonance (or delocalization) energies calculated on the
basis of the enthalpies of hydrogenation reactions which are different
quantities and require another computational approach for their theoreti-
cal evaluation (see, e.g., ref 47).

Results and Discussion

The energy profiles along the CASSCF(6,6) IRC at the HF,
SC, and CASSCF(6,6) levels are shown in Figure 2. The SC
and CASSCF(6,6) curves are much lower than the HF one and
very close together. The amount of CASSCF(6,6) correlation
energy recovered by the SC wave function is rather uniform,
being 95.4% and 95.8% at the “-” and “+” ends of the IRC
segment and 92.9% at the TS, respectively. This justifies the
use of SC theory to study the evolution of the electronic structure
of the reacting system at geometries coming from a preliminary
CASSCF IRC calculation. The percentage of CASSCF(6,6)
correlation energy contained within the SC wave function
describing the TS of the Diels-Alder reaction is slightly higher
than the corresponding figure for benzene: 89.6% using a TZVP
basis.12

On its own, the fact that the whole active space of the SC
wave function (1) undergoes substantial changes during the
course of the cycloaddition process is hardly unexpected. The
surprise comes with the way in which the individual changes
in the shapes of the active orbitalsψ1-ψ6 and in the values of
the spin-coupling coefficientsC01-C05 piece together to provide
a lucid picture of the electronic mechanism of the Diels-Alder
reaction.
Figure 3 shows snapshots of the shapes of the symmetry-

unique SC orbitals as three-dimensional isovalue surfaces taken
at the two ends of the IRC segment which we investigated and
at the TS. The remaining orbitals can be obtained easily from
those in the figure through reflections in theσh plane passing
through the middles of the ethene and central butadiene C-C
bonds: σhψ1 ) ψ4, σhψ2 ) ψ3, andσhψ6 ) ψ5.
At IRC ) 0.6 amu1/2 bohr the butadiene and ethene fragments

are still well-separated. Orbitalsψ1 andψ2 clearly form one
of the two butadieneπ bonds, while the second one is formed
by ψ3 andψ4 (not shown). As one would expect,ψ2 has a
small additional bulge towardψ3 which is a consequence of
the weakerπ orbital interaction across the central carbon-
carbon bond. Orbitalψ6 and its symmetry-related counterpart
ψ5 describe theπ bond on the ethene fragment. It should be
mentioned that although the shapes of the SC orbitals are very
similar to those for typical conjugated systems (see, e.g., ref
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P0k
CC ) C0k∑

l)1

5

(〈Θ00
6 |Θ00

6 〉)klC0l (it is assumed that〈Θ00
6 |Θ00

6 〉 ) 1)

(4)

P0k
GN ) c(C0k)

2/(〈Θ00
6 |Θ00

6 〉-1)kk c-1 ) ∑
k)1

5

(C0k)
2/(〈Θ00

6 |Θ00
6 〉-1)kk

(5)

Ψ00
6 ) C01ΨK1

+ C02ΨD1
+ C03ΨD2

+ C04ΨK2
+ C05ΨD3

(6)

ΨK1
) Â [(core)(valence)Θ00;1

6 ] ΨD1
) Â [(core)(valence)Θ00;2

6 ]

ΨD2
) Â [(core)(valence)Θ00;3

6 ] ΨK2
) Â [(core)(valence)Θ00;4

6 ]

ΨD3
) Â [(core)(valence)Θ00;5

6 ]
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48), at this point on the IRC curve the tetrahedralization of the
ethene and terminal butadiene carbons has already started but
it is still insufficiently advanced to induce considerable changes
in the appearance of the orbitals.
At the TS (IRC) 0 amu1/2 bohr) the shapes of the SC orbitals

are already noticeably different from those on the separated
fragments. The tail ofψ1 in the direction ofψ2 disappears
almost entirely; while at IRC) 0.6 amu1/2 bohr this orbital
resembles a distorted carbon 2pπ AO, at the TS it looks as
though it is halfway through a mutation to a distorted sp3 hybrid.
This fact, together with the parallel change in the shape ofψ6,
indicates that the bonds in whichψ1 andψ6 used to participate
well before the TS, betweenψ1 and ψ2, and ψ5 and ψ6,

respectively, are now being broken simultaneously with the
formation of a new bond betweenψ1 andψ6. An identical
process takes place at the other end of the butadiene fragment:
A marked decrease in the bonding interaction between orbitals
ψ3 andψ4 and a re-engagement ofψ4 in a new bond withψ5.
The remaining two orbitals,ψ2 andψ3, of which we have shown
only the first, are the most interesting as they closely resemble
in form the SC orbitals for benzene10-12 and appear to be almost
equally distorted toward one another (these distortions will
eventually lead to the formation of the cyclohexeneπ bond)
and toward their former partners in the butadieneπ bonds,ψ1

andψ4, respectively.
The new bonding interactions which were just a little more

than hints within the TS orbitals are much more noticeable at
IRC ) - 0.6 amu1/2 bohr. The shapes ofψ1 andψ6 are now
quite similar and much more sp3-like, while ψ2 is clearly
engaged together withψ3 in a newπ bond.
The changes in the shapes of the SC orbitals with the progress

of the cycloaddition process are paralleled by the behavior of
the overlap integrals〈ψµ|ψν〉 (see Figure 4). We show only
the curves corresponding to overlaps between neighboring
orbitals, i.e., orbitals which are involved in actual bonding
interactions at some stage of the cycloaddition process. The
numerical values of these overlaps at the TS and at IRC) (0.6
amu1/2 bohr are presented in Table 1. As the reactants approach
each other, the overlaps〈ψ1|ψ2〉 ) 〈ψ3|ψ4〉 and 〈ψ5|ψ6〉
corresponding to theπ bonds on the butadiene and ethene
fragments, respectively, begin to decrease. At the same time,
the overlap〈ψ2|ψ3〉 between the SC orbitals on the two central
butadiene carbons and the overlaps〈ψ1|ψ6〉 ) 〈ψ4|ψ5〉 between
opposite orbitals on the two reactants are on the increase. As
the overlap curves pass through the TS, they undergo very rapid

(48) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi, M.J. Am.
Chem. Soc.1993, 115, 6863.

Figure 2. HF, SC, and CASSCF(6,6) energy profiles for the Diels-
Alder reaction along the CASSCF(6,6) IRC. The energies at IRC)
-0.6 amu1/2 bohr, TS (IRC) 0), and IRC) 0.6 amu1/2 bohr are
indicated explicitly below and above the corresponding curves.

Figure 3. Valence orbitalsψ1, ψ2, andψ6 from the SC wave function
for the Diels-Alder reaction at IRC) -0.6 amu1/2 bohr, TS (IRC)
0), and IRC) 0.6 amu1/2 bohr. Three-dimensional isovalue surfaces
corresponding toψµ ( 0.08, drawn from virtual reality modeling
language (VRML) files produced by MOLDEN.51

Figure 4. Variation of the overlap integrals〈ψµ|ψν between neighbor-
ing SC orbitals along the CASSCF(6,6) IRC for the Diels-Alder
reaction.

Table 1. Overlaps between Neighboring Orbitals from the SC
Wave Functions for the Diels-Alder Cycloaddition Reaction at IRC
) -0.6 amu1/2 bohr, TS (IRC) 0), and IRC) 0.6 amu1/2 bohr

quantity IRC) -0.6 TS IRC) 0.6

〈ψ1|ψ2〉 0.338 0.485 0.624
〈ψ2|ψ3〉 0.630 0.577 0.373
〈ψ5|ψ6〉 0.304 0.462 0.617
〈ψ1|ψ6〉 0.625 0.525 0.309
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changes. These occur within a short IRC interval, no longer
than 0.2 amu1/2 bohr. An important feature of the overlap curves
is that they come very near to crossing in a single point just
before the TS on the side of the reactants. At this point all
overlaps between neighboring orbitals become almost equal. The
common value that can be deduced from the plots is ap-
proximately 0.51, which is remarkably close to the overlap
between neighboring orbitals in benzene (0.52; see ref 12). After
the TS, in the direction of the product, the largest overlaps
become those that correspond to the newly formed bonds,
〈ψ1|ψ6〉 ) 〈ψ4|ψ5〉 and〈ψ2|ψ3〉, while those related to breaking
bonds,〈ψ1|ψ2〉 ) 〈ψ3|ψ4〉 and〈ψ5|ψ6〉, decrease rapidly. It is
interesting to observe that after the TS the overlap〈ψ2|ψ3〉
initially increases faster than〈ψ1|ψ6〉 ) 〈ψ4|ψ5〉, but then quickly
reaches a plateau at which its value (approximately 0.64) is in
very good agreement with that for a typicalπ bond (0.629 for
ethene; see ref 48). This suggests that the hexadieneπ bond is
established at a slightly earlier stage of the reaction in
comparison to theσ bonds which close the cycle.
The changes in the orbital shapes and overlaps illustrate just

one of the two most important aspects of the SC representation
of the processes of bond-breaking and bond formation. The
second important aspect is related to the fact that during
processes of this type the way in which the spins of the SC
orbitals are coupled together usually undergoes significant
changes, as required to accommodate the differences in the
electronic structures of reactants and products. The variations
in the composition of the active space spin functionΘ00

6 (see
eq 2) over the segment of the IRC for the Diels-Alder reaction
which we investigated are shown in Figure 5 (see also Table
2). As the Gallup-Norbeck weightsP0k

GN (see eq 5) behave
very similarly to the Chirgwin-Coulson weightsP0k

CC (see eq
4), we do not show the corresponding plots.
At each of the two ends of the IRC segment the spin function

is dominated by just one of its five components. At IRC) 0.6
amu1/2 bohr the main spin-coupling pattern is the first Kekule´-
type Rumer spin eigenfunction (1-2, 3-4, 5-6), while the
second Kekule´-type Rumer spin eigenfunction (1-6, 2-3, 4-5)

prevails at the other end of the IRC segment, IRC) -0.6 amu1/2
bohr. This is consistent, respectively, with the bonding in the
reacting butadiene and ethene molecules and in the result of
their cycloaddition: cyclohexene. Similarly to the plots of the
SC orbital overlaps (see Figure 4), the most interesting region
is in the close vicinity of the TS where, within an IRC interval
of approximately 0.2 amu1/2 bohr, the active space spin function
switches from a form appropriate for the reactants to a form
more suited to the product. The crossing point of theP01

CC and
P04
CC curves is at an IRC value which is visually indiscernible

from the approximate crossing point of the overlap curves in
Figure 4.
The analysis of Figures 4 and 5 indicates that during the

Diels-Alder cycloaddition the reacting system passes through
a very short interval of IRC values (it is tempting to say “through
a point”, but we are not allowed to do so because of the
interpolated nature of all curves) situated immediately before
the TS on the side of the reactants, throughout which its
electronic structure closely reminds us of that of benzene. Not
only do some of the TS orbitals [ψ2 (see Figure 2) and its
symmetry-related counterpartψ3] strongly resemble the SC
orbitals for benzene, but also the overlaps between neighboring
SC orbitals all attain a virtually identical value, almost equal to
that for benzene, and the weights of the two Kekule´-type Rumer
spin-coupling schemes become identical, indicating a well-
known resonance usually associated with benzene. Although
these facts should be sufficiently convincing on their own, we
decided to seek further support for the aromaticity of the TS
for the Diels-Alder reaction by calculating the VB resonance
energies corresponding to structures K1 and K2 (see eq 6):
E(ΨK1) - E(Ψ00

6 ) ) 106 kJ mol-1 andE(ΨK2) - E(Ψ00
6 ) ) 66

kJ mol-1. Clearly, the difference between these two resonance
energies would be smaller if they were calculated at the crossing
point of the curves in Figures 4 and 5, but even at the TS the
numbers are reasonably close to the resonance energy for
benzene (88 kJ mol-1, DH basis, see ref 12).
The changes in the shapes of the SC orbitals and in the nature

of the spin-coupling pattern along the reaction path strongly
suggest that the twoπ bonds on the butadiene fragment and
the etheneπ bond break simultaneously, and that the formation
of the two newσ bonds that close the cyclohexene ring and of
the cyclohexeneπ bond also takes place almost in parallel.
During the whole process each SC orbital remains distinctly
associated with a single carbon atom while its form adjusts to
accommodate the differences in the nature of bonding between
reactants and product. If we want to express all of this using
arrows or half-arrows, as is usually done in organic chemistry
textbooks, it would be most appropriate to use half-arrows as
in A below. Having in mind the SC description of the Diels-
Alder cycloaddition, we may say that the significance of the
half-arrows is two-fold: they indicate (i) the simultaneous
processes of bond-breaking and bond formation, during which

Figure 5. Composition of the active space spin-coupling pattern
Θ00

6 (see eq 2) from the SC wave function for the Diels-Alder
reaction along the CASSCF(6,6) IRC, expressed in terms of Chirgwin-
Coulson weights.

Table 2. Chirgwin-Coulson (RP0k
CC) and Gallup-Norbeck (RP0k

GN)
Weights Defining the Compositions of the Active Space Spin
Functions for the Diels-Alder Reaction in the Rumer Spin Basis at
IRC ) -0.6 amu1/2 bohr, TS (IRC) 0), and IRC) 0.6 amu1/2
bohr

IRC) -0.6 TS IRC) 0.6

k RP0k
CC RP0k

GN RP0k
CC RP0k

GN RP0k
CC RP0k

GN

1 0.091 31 0.048 32 0.347 76 0.387 24 0.634 61 0.805 72
2 0.068 76 0.027 60 0.084 72 0.038 78 0.119 66 0.074 36
3 0.085 50 0.040 36 0.066 71 0.025 39 0.072 62 0.031 66
4 0.668 93 0.843 36 0.434 08 0.523 20 0.100 48 0.056 59
5 0.085 50 0.040 36 0.066 71 0.025 39 0.072 62 0.031 66
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the orbitals change in shape, but remain on the same carbon
and (ii) the recoupling of spins during which the initial singlet
pairs associated with the butadiene and etheneπ bonds [see
the curve for (1-2, 3-4, 5-6) in Figure 5] are replaced by
singlet pairs coupling the orbitals participating in the newσ
bonds and in the cyclohexeneπ bond [see the curve for (1-6,
2-3, 4-5) in Figure 5].

A illustrates the “homolytic” mechanism for the Diels-Alder
reaction, whileB corresponds to the “heterolytic” mechanism.49

In this case the terms homolytic and heterolytic are devoid of
their usual meanings, which is a consequence of the fact that
the reacting system does not pass through a biradical or a
zwitterionic intermediate. In many recent organic chemistry
textbooks one can find a picture ofB only, accompanied by a
safeguarding remark that the scheme is not meant to illustrate
the real reaction mechanism (which does make one wonder why
it should be there in the first place). The results from this paper
indicate thatB is, in fact, misleading and if one needs to use a
simplistic representation of the mechanism of the Diels-Alder
cycloaddition,A would be much more appropriate.

Conclusions

The work presented in this paper constitutes one of the first
attempts to obtain a qualitative description of the electronic
mechanism of a pericyclic reaction based on a post-HF wave
function. It also introduces a novel use of the IRC approach
which until now has been employed mainly in order to prove
that a given TS connects the minima corresponding to reactants
and products in a chemical reaction.
The SC wave function incorporates, by definition, all the

components necessary for a proper qualitative description of
any changes in the electronic structure of the reacting system
which might take place during a cycloaddition process. As we
have shown here for the example of the gas-phase Diels-Alder
reaction, all of these components are, indeed, put to a very good
use. The evolution of the shapes of the six SC orbitals along
the reaction path provides a visual illustration of the breaking
of existing bonds and formation of new ones that take place in
parallel as the system proceeds from reactants to product. The
fact that the SC orbitals are nonorthogonal eliminates possible
spurious nodal surfaces; the related nonzero overlap values
furnish numerical estimates of the progress of the ongoing bond
reformation processes. Finally, the changes in the way in which
the spins of the six SC orbitals are coupled together to an overall
singlet show how the dominant Kekule´-type Rumer spin
function involving theπ electron pairs in butadiene and ethene
gradually gives way to the second Kekule´-type Rumer spin
function which incorporates the electron pairs from the two new
σ bonds and the cyclohexeneπ bond. We have shown that

over a very short IRC interval near the TS these two Kekule´
spin functions have almost identical weights which, together
with other similarities in orbital shapes, orbital overlaps, and
VB resonance energy values, allows us to claim that the
electronic structure of the TS of the Diels-Alder reaction
strongly resembles that of benzene. This is convincing evidence
for its aromaticity.
The aromaticity of the transition structures for different

pericyclic reactions has been analyzed using different criteria:
energies of concert, C-C bond equalization, ring-current effects
(see, e.g., ref 50 and references therein). As we have shown
for the example of the Diels-Alder cycloaddition, the SC
approach allows a more straightforward and intuitive alternative
criterion which is based on the direct comparison of the SC
wave function for the TS with that for benzene and does not
require the calculation of any additional properties.
The changes within the SC wave function during the Diels-

Alder cycloaddition are consistent with a homolytic mechanism,
in which all SC orbitals participating in the bonds being
reformed remain permanently attached to the same carbon atom
throughout the reaction. Information of this type cannot be
provided by the HF wave function because of the double
occupancy of all orbitals; although it is embedded inside the
CASSCF wave function, to obtain it, one would need to perform
a transformation of the CASSCF wave function to a VB-style
(in fact, SC-style!) representation.37

Our choice of the CASSCF approach for studying the changes
in the geometry of the reacting system was determined by the
availability of an efficient geometry optimizer and IRC routines
inside GAUSSIAN94.1 However, the fact that codes capable
of doing SC calculations are now being incorporated into large
general-purposeab initio codes such as MOLPRO39 suggests
that soon it will be possible to do all calculations necessary for
establishment of an intuitive, easy-to-visualize theoretical model
of a reaction mechanism at the SC level.
One important conclusion following from our analysis of the

mechanism of the Diels-Alder reaction is that the changes in
the electronic structure of the reacting system are much more
sudden than the changes in its geometry. All major alterations
in the SC wave function take place within a short IRC interval
of about 0.2 amu1/2 bohr, throughout which the geometry of
the system does not change very significantly. For this reason,
if an attempt had been made to look at the changes of the
delocalized orbitals inside the standard HF or CASSCF wave
function along the same interval, it would not have been possible
to discern any major differences and to derive an electronic
reaction mechanism.
This promising debut of the combination between the SC

approach and IRC calculations shows that modern VB theory
is capable of substantiating or refuting the half- and full-arrow
electronic mechanisms, so popular with organic chemists, by
comparing them to clear-cut changes in orbital shapes and
resonance patterns, stemming from near-CASSCF-quality wave
functions.
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