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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-DAddier cycloaddition reaction o$-cis-acrolein
(cis-1-oxabutadiene aris-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 earbarensz bond, and the
formation of the new carberoxygeno bond, “lagging behind” somewhat the other bond-making and bond-
breaking processes.

Introduction SCHEME 1

Heterodienes, such asf-unsaturated carbonyl compounds,

undergo synthetically useful 1,4-cycloadditions to dienophiles, @‘ ’ @ ’
such as alkenes, to produce six-membered rings containing

heteroatoms. These thermally allowee-] cycloadditions may ;
be termed hetero-DietsAlder reactions, by analogy to the

Diels—Alder reaction oftis-butadiene and ethene. In the present “inactive” orbitals¢;. Such a wave function may be written in
work, we use modern valence bond theory, in its spin-coupled the general fort

(SC) form, to investigate the electronic mechanism of the gas-

phase hetero-DietsAlder cycloaddition reaction ofs-cis- ~ N N
acrolein and ethene (see Scheme 1). W= A[( ¢ia¢iﬁ)(z BICAY! (1)
=

Computational Procedure in which ©Y,,is the active-space spin function (frelectrons

The geometry of the transition state (TS) for the gas-phase With total spinSand projectionM) which is expanded in the
cycloaddition reaction betweestcisacrolein €is-1-oxabuta- full spin space, according to
diene or cis-propeneal) and ethene was optimized using N
6-31G(d) and 6-31G(d,p) basis sets with a variety of approaches, N s N
including the restricted Hartred-ock (RHF), density functional Ogy= z Coi Osmik ()
theory (B3LYP), and second-order MghePlesset perturbation k=1
theory [MP2(fc)] Ieve_ls of thepry. Analo_gous calcula}tlor?s WETE The cycloaddition reaction formally involves a total of six active
also performed fos-cisacrolein. Following an examination of

. electrons, namely fout electrons frons-cisacrolein and two
the various results, 'the:\ M.P2/6'3.16(d) approach was Sele.Ctedfrom ethene, and so it was natural to choose these numbers for
for mapping out the intrinsic reaction coordinate (IRC), starting

R . the values oN in the various SC calculations.
{gz:rz;]l t&?n?rﬁaar\;\?ep;o:gg%rllgg t?np?hcc)af 3ibrchj:igﬁlséct? t:ﬁzrrlg:gtants In classical VB approaches, each orbital is expanded only in
R terms of basis functions located on a particular atomic center.

and of the product. All of these geometry optimizations were h - . dh f th :
carried out using standard procedures in GAUSSIARIO®jth NO Sue res'trlct|ons. are Imposed here on any o the active or
tiaht converaence criteria for the optimizations and default inactive orbitals, which are entirely free to deform toward and

gnt 9 . P - . to delocalize onto other centers. It is usual to label such a
criteria for the IRC calculations. The authenticity of the various

o ) ) - calculation “modern” valence bond. There are also no restric-
minima and saddle points was confirmed by examining the . . ey .

. . . tions on the spin-coupling coefficient€4y in eq 2. All of the
eigenvalues of the analytic Hessians.

. . . variational parameters, namely th@sx and the expansion
.We carngd out §p|n-cpupled (.SC.) calculations bqsed ON & coefficients of all they, and ¢; orbitals in the underlying
single spatial configuration consisting &f fully optimized,

. X ) 6-31G(d) basis set, are optimized simultaneously. In general,
nonorthogonal, one-electron “active” orbitalg, together with @ P y g

£n full imized h L doubl iod the very compact SC wave functions withactive electrons
a set ofn fully optimized, orthogonal, doubly occupied e only slightly inferior to the correspondiny ‘electrons in

N orbitals’ CASSCF descriptions, but they are of course a great
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nsition state in the hetereAldelsreaction ofs-cisacrolein and ethene,

Additional information may be obtained from the total (spin-

discussing the changes in the active-space spin-coupling patterngess) one-particle density matri®, In particular, we examine

to transform instead to the more traditional Rumer ddisat
has been widely used in classical VB calculations. The (exact)

here the variation along the reaction pathway of the so-called
generalized Wiberg or WibergMayer indicesi?~1* defined

interconversion between different bases of spin eigenfunctionsaccording to

can be carried out through a specialized code for symbolic
generation and manipulation of spin eigenfunctions, SPINS.
The relative importance of the different Rumer functi@@éwk

to the active-space spin function are conveniently quantified
by means of their ChirgwinCoulson weightd! PCS, defined
according to

8

PEC = CSkZ Cg@gmd@gwm (3

Fors-cisacrolein, treated as a singlet species with four active
7 electrons, the active-space spin-coupling pattern is spanne
by fg‘ = 2 Rumer functions, which may be conveniently
represente®jg,; = (1-2,3-4) anddg,, = (1-4,2-3), in which
i—j denotes singlet coupling of the spins of electro@dj.
For the reacting system, with=6,S=0 andfo6 =5, Rumer
functions 04y, = (1-2,3-4,5-6) andd5, = (1-6,2-3,4-5) are
reminiscent of the traditional Kekukgructures for benzene, as
shown in Figure 1, and the three remaining Rumer functions,
0502 = (14,23,56) 0505 = (12,36,45) an®gy.s = (16,25,34),
are analogous to the corresponding Dewar-like structures.

WAB = z Z’ (DS)pq(DS)qp (4)

pea qe

whereS is the overlap matrix, and the notatipea signifies

all basis functions centered on atéywith the atoms numbered

as shown in Scheme 1. Such indices have proved most useful
at the restricted Hartreg~ock level, where they have been
employed as bond orders or bond indices to characterize the
multiplicity of chemical bonds. Unfortunately, the absolute
values ofWjg calculated from correlated wave functions are
Jhotso informative, but we may still usefully compare the relative
magnitudes for different pairs of atoms. The main utility of the
Wag profiles is that they are expected to show inflection points
in the region of the IRC where the bonding pattern is changing
most rapidly*

Results and Discussion

Key features of RHF, B3LYP and MP2(fc) transition state
geometries for the gas-phase hetero-Diél&ler cycloaddition
reaction ofs-cisacrolein to ethene are summarized in Figure
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Figure 3. Active orbitals from SC/6-31G(d) calculations along the MP2/6-31G(d) IRC for the gas-phase cycloaddition reastmsaafrolein

and ethene: early “before>TS geometry aRrc = —1.19482 am? bohr (left-hand column); TS geometry Rirc = 0 amu’? bohr (central
column); late “after’-TS geometry aRrc = + 1.19671 ami? bohr (right-hand column). Three-dimensional isovalue surfaces corresponding to
¥, = £0.1 were drawn from the virtual reality modeling language (VRML) files produced by MOLEYEN.

2. Further results, obtained using quadratic configuration orbitals, the overlaps between them, the weights of the different
interaction (QCISD), coupled-cluster (CCD) and fourth-order Rumer spin eigenfunctions, and the relative values of the
Mgller—Plesset (MP4(fc)) calculations, are also availdblat generalized Wiberg indices. The SC active orbitals are depicted
all of these levels of theory, the heavy-atom system is nonplanar,in Figure 3 for three geometries which are sufficiently well
with the length of the forming carberoxygeno bond ca. 0.1 separated so as to highlight the key changes to the shapes of
A greater than that of the forming carbenarbono bond. the orbitals. The left-hand column corresponds to an early
Where appropriate, we checked that our results with the “before” -TS geometryRrc ~ —1.2 amid’2 bohr), the central
6-31G(d) basis are consistent with those reported by Lee andcolumn to the TS (aRrc ~ 0 ami’2 bohr) and the right-hand
co-workers? On the whole, the changes to the geometry on column to a late “after” -TS geometrRgc ~ 1.2 amd’2 bohr).
expanding the basis to 6-31G(d,p) are fairly small, at all the Although no such constraints were imposed in the calculations,
levels of theory we considered. After careful examination of we find for each geometry that the SC active orbitals are each
all these geometric data for the TS, we selected the MP2(fc)/ associated with one heavy-atom center, and so it proves
6-31G(d) approach for the subsequent IRC calculations. convenient to number them accordingly (see also Scheme 1).
The key changes to the SC description of the electronic  As one would expect, the SC description of the separated
structure along the MP2/6-31G(d) reaction path may be deducedreactant®¥ is characterized by essentially three pairs of active
by monitoring the evolution of the shapes of the active SC orbitals, with predominantly singlet coupling of the correspond-
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3 course to the newly formed carbenarbon and carberoxygen

P o bonds in the product, are already 0.28 and 0.18, respectively.
[ 'é:’"""'--t>---..,,.____{> The central column in Figure 3 shows the active SC orbitals
06 - AR q----- Q=== < at the TS for the gas-phase hetero-Digdder addition ofs-cis-

- : acrolein to ethene. Orbitalgs and s, which were initially
responsible for the ethene carberarbons bond, are now
starting to become engaged in the new ring-closinigonds.
Orbitalsy, andys, which will form the carbor-carbonz 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
L L little after the TS. Similarly, although the weight of the reactant-
IRC (amu'bohr) like Kekule spin eigenfunction drops 5 = 0.50 at the TS,
osr () : the most rapid changes to the active-space spin-coupling pattern

i -0 (see Figure 4b) occur over a relatively short IRC interval at
&° slightly later geometries, where the orbital overlaps are also
e changing most rapidly. The product-like Kekiemer function
still has a relatively small weight at the Tﬂ?,fc = 0.16.

Py Indeed, this value is slightly smaller than the contribution of
’ PSS = 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 carbeoxygenz 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 pairg4,4/'s) is associated with
the ring-closing carboncarbono bond, /1,16) with the ring-
closing carboroxygen ¢ bond, and {,13) with the new
carbon-carbonsr 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 KekuleRumer function that dominates the
active-space spin-coupling pattern, wif® = 0.81. The
second largest contributor is the Dewar-like spin eigenfunction
880;3 = (1-2,3-6,4-5) albeit with a ChirgwinCoulson weight
of just 0.09, but we note that the overlap|y,is still almost
0.35 at this late geometry. The breaking of the carboxygen
- 7 bond, and the formation of the new carbesxygeno bond,

0 -1 05 0. 05 1 clearly “lag behind” somewhat the other bond-making and bond-
IRC (amu“bohr) breaking processes. Although concerted, the reaction is certainly

Figure 4. Evolution of key _q_uantities'along' the MP_2/6-3lG(d) IRC very asynchronous.

for the gas-phase cycloaddition reactionsetisacrolein and ethene: The rapid changes to the overlaps between the active SC

() overlap integralsiy,|y,Jbetween nearestneighbor active SC orbitals, over a relatively short IRC interval soon after the TS

orbitals; (b) Chirgwir-Coulson weights F(EC) of the Rumer spin - . .
functions included in the active-space spin-coupling pattern: (c) (S€€ Figure 4a), are accompanied by corresponding changes to

generalized Wiberg indice¥\(.s) for nearest-neighbor atoms, numbered  the W(%igh'[SF’fC and PSC (see Figure 4b) of the two Kekule
as in Scheme 1. The numbering and phases of the orbitals are showrRumer functions in the active-space spin-coupling pattern. As
in Figure 3, and the Rumer _functiomgmK are depicted in Figure 1. anticipated;* the generalized Wiberg indewg profiles (see
Numerical values are listed in the Supporting Information. Figure 4c) also show rapid changes in this region, with inflection
ing spins: {12 is associated with the acrolein carben points located at much the same valueRp{c as are those for

oxygens bond, (34) with the acrolein carboncarbonz the orbital ov_erlaps and_spin functipn Weig_h'_[s: Many of the
bond, and ¢s,1s) with the ethene carbercarbone bond. This overlaps attain fairly similar values in the vicinity &rc =
basic pattern is mostly preserved at the “before” -TS geometry ~0:05 amd/?bohr, as also do many of thésg values, and the

for which orbitals are shown in the leftmost column of Figure Weights of the two Kekulespin eigenfunctions also become
3. The overlaps within each pair are all above 0.6, and the equal. '_I'hese various observations are of course strongly
reactant-like Kekul&umer function dominates the active-space Suggestive of “aromatic” character.

spin-coupling pattern, witl$ = 0.80. Even at this relatively .

early stage of the reaction, there are some signs of interactionsSumrnary and Conclusions
between the orbitals of the two moieties. For example, the A series of SC/6-31G(d) calculations along the MP2(fc)/6-
overlaps[@4|ysdand [@p1|ywel] which will correspond in due 31G(d) IRC has been used to elucidate the electronic rearrange-
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