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Abstract: The electronic mechanism for the gas-phase Biflsler 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-localizéytsids, 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 ethemebonds and of the formation of the two nembonds, closing the ring, and of the
cyclohexener 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 KelRuener 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-EAddier 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 thald@els
reaction is through a “homolytic” mechanism, in which six half-arrows indicate the simultaneous breaking of
the threewr bonds on the reactants and formation of the three new bondsg @ oner, in the product.

more and more difficult to follow, visualize, and interpret. The
renewal of interest in valence bond theory in recent yeérs
serves to illustrate that chemists are no longer satisfied with
accurate numbers only: There is a recognized need for

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 gualitative models stemming from quantitative wave functions

of interacting atoms vary on the way from reactants to products, e S .
and secondly, what are the related changes in the electronicanOI highlighting ge_n_eral fegtu_res and t_enden_mes e
structure of the system. Quantum chemistry is becoming structure and reactivity. This is somethlng which very few o_f
increasingly adept at providing an accurate answer to the first }Eeasstﬁ:-c;:‘t-ftgﬁl\-/z;:tdqvl;:ntlijfngtcgﬁmlcal approaches can provide
of these questions for an ever-widening range of chemical otralg Y, ) . .
reactions. Largeb initio codes such as GAUSSIANY94nd Spin-coupled (SC) theory (for a recent review, see ref 9) is

GAMESS (U.S. versior) incorporate efficient optimization %ne of ttll_i most usgflul :(’nci:c_iern rendltlr?ns of ﬁa.llllence-bc:jng (Vf)
algorithms which can find equilibrium geometries, locate Ih'eﬁls. etrﬁ)oéentl? 0 tthls approaptlsfwe ! uitratei 3|/t €
transition structures, and follow reaction paths using highly :g y LE:.]OE I? oX rgm e \."eWpﬁ'.nhO. convv_eg |or}a mI;)eec-
correlated wave functions. However, in parallel with the ular orbital theory) description which it provides for t

growing complexity of the wave function, the often radical electron system of benze#™? The six electrons populate

changes in the electronic structure of a reacting system becomé® single produpt of SIx nonorth'ogonal orbitals, th.e spins of which
are coupled in all five possible ways to achieve an overall

singlet. The optimal orbitals turn out to be well-localized,
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similar in shape to C(2p atomic orbitals with small sym-  namic” correlation effects within its “6 in 6” active space only,
metrical bulges toward neighboring carbons, while the optimal while the RQCISD(T) ansatz includes correlation effects (both
spin-coupling pattern is dominated by two equivalent Kékule “nondynamic” and “dynamic”) for all electrons.
structures and has much smaller contributions from three In a recent review, Borden and David$demphasize the
equivalent Dewar (or para-bonded) structures. This picture importance of including dynamic electron correlation effects
bears striking resemblance to the classical VB description of in ab initio calculations and provide several examples of cases
benzene in terms of resonance structures taken from an organiavhere wave functions which include only nondynamic correla-
chemistry textbook (one should now look in a rather old tion for the active electrons (such as CASSCF) may give results
edition!), and yet it comes from a wave function of an adequate which are quantitatively and sometimes even qualitatively
quality which accounts for most of the correlation energy incorrect. Their examples include the differences between the
incorporated in a “6 in 6%t space complete-active-space self- CASSCF and RQCISD(T) energy barriers for the Diefdder
consistent field (CASSCF) calculation. The unique integration reaction betweeris-butadiene and ethene mentioned above,
of chemical intuition and quantitative character within the SC comparisons of the results of CASSCF calculations on the Cope
descriptions of benzene and other arom&t® and antiaro- rearrangement with those from two second-order perturbation
matic'”-28 molecules suggests that the SC approach representgheory treatments based on a CASSCF reference, CASPT2N
a very appropriate tool for theoretical studies of the mechanismsand CASMPZ2* which account for (some of the) missing
of reactions which are considered to pass through aromatic ordynamic correlation, and results from CASSCF and higher-level
to avoid antiaromatic transition structures. calculations on excited states, radical cations and dehydroben-
In this paper we present the spin-coupled model for the zenes. In the case of the Cope rearrangement, the inclusion of
evolution of the electronic structure of the reacting system during dynamic correlation effects leads to a significant change not
the course of a pericyclic reaction that has been the focus ofonly in the height of the activation barrier but also in the
numerous theoretical studies: the gas-phase Blder cy- geometry of the transition structure.
cloaddition betweeris-butadiene and ethene. The details of  Although the evidence adduced by Borden and Davidson is
the mechanism for this reaction have been the subject of aconvincing, it is too early, in our opinion, to give up on “active
prolonged argument between theoretical chemists using semiemspace” methods: These methods introduce correlation just where
pirical and ab initio approache$? Experimental evidence chemical intuition suggests it is really necessary and thus
indicates that the concerted pathway is72kcal mol? below significantly extend the range of systems that can be treated at
the stepwise alternative. On the whole, semiempirical studies a reasonable, beyond-HF level on current computational facili-
tend to favor the stepwise mechanism wihiteinitio calculations ties. Unlike the HF approach, active space methods such as
give preference to the concerted path, although there are notablsCASSCF and SC theory are capable of providing uniform-
exceptions: For example, Houk et?8#1found that within the quality descriptions of the whole potential surface corresponding
“six electrons in six orbitals” CASSCF framework [CASSCF- to a chemical process, including regions of bond-breaking and
(6,6)/6-31G*, geometries optimized at the same level of theory], bond-formation. If chemical intuition is wrong in the initial
the diradical intermediate from the stepwise pathway is 3.1 kcal choice of the active space, it is usually straightforward to modify
mol~? below the concerted transition structure. Higher-level this choice and enlarge the size of the active space until the
quadratic configuration interaction calculations including single quality of the wave function becomes acceptable. One example
and double substitutions and energy contributions due tois provided by the SC description of the forbiddent22
connected triples based on a restricted Hartfeeck (HF) cycloaddition of two ethene molecul&swhere we found that
reference [RQCISD(T)], carried out by the same authors at the our initial assumption of a four-orbital active space is insufficient
CASSCF(6,6)/6-31G* geometries, place the concerted transition for the description of the three-€C bonds and two “unpaired”
structure 4.3 kcal mol below the diradical intermediate. The electrons in the tetramethylene biradical intermediate at the same
RQCISD(T) activation energy of the concerted transition level of theory and we had to adopt an eight-orbital active space
structure relative to reactants is 25.5 kcal mplwhich is a instead. In connection with this, it is also interesting to mention
considerable improvement over the corresponding CASSCF-that early CASSCF(4,4)/4-31G calculations on the concerted
(6,6) figure of 43.8 kcal mol' and is very close to the transition structure of the DielsAlder reaction betweegis-
experimental estimate of 254 2 kcal mofll. This indicates butadiene and ethetf&’ suggest noticeable alternation of-C
that although the “6 in 6" CASSCF level of theory appears to bond lengths: 1.389, 1.376, and 1.389 on the butadiene fragment
provide an adequate description of the structural changes in theand 1.398 on the ethene (all values in angstroms). On the other
reacting system, the accurate prediction of the related energyhand, recent larger CASSCF(6,6)/3-21G and CASSCF(6,6)/6-
barriers requires a higher-quality wave function. The CASSCF- 31G* resultd®?! indicate G-C bond equalization, consistent
(6,6) wave function takes into account the so-called “nondy- with the idea that the concerted transition structure is aromatic:
(13) Sironi. M.; Cooper, D. L.; Raimondi, M., Gerratt..Chem. Soc.. ;L.392 (1.398), 1.397 (1.397), and 1.392 (1.398) on the butadlepe
Chem. Commuri989 675. ragment and 1.400 (1.404) on the ethene moiety (all values in
(14) Karadakov, P. B.; Gerratt, J.; Raos, G.; Cooper, D. L.; Raimondi, angstroms, 6-31G* results in parentheses).
M. Isr. J. Chem1993 33, 253. ] ) o Active space wave functions which already incorporate a
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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)32 which is also known as the
intrinsic reaction coordinate (IRC§:3* 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 ScRke§el
implemented in GAUSSIAN94 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 TS— product direction and another six points in the-F3eactants
direction, in steps of 0.1 ar@bohr along the path. The determination

1.391 of the CASSCF wave functions at the start of the TS geometry
ﬂ gg;) optimization and at the first point of the IRC was preceded, as usual,

397 by standard HF calculations, providing initial guesses for the orbitals.
Figure 1. Carbon-carbon bond lengths (A) at the TS of the Diels Additionally, we performed separate HF calculations at each of the
Alder reaction. CASSCF(6,6)/4-31G values from the current work (top), remaining 12 IRC points.
followed by CASSCF(6,6)/3-21G (in parentheses) and CASSCF(6,6)/  The SC counterpart to the 6 in 6 CASSCF wave function for the

6-31G* (in brackets) values, taken from ref 21. Diels—Alder cycloaddition also involves six active orbitaJg—ys:
20 6
a much better reference for the construction of higher-level 6 A 6
. Yoo, =A QL (€] 1
approaches than the standard HF ansatz. Borden and Davidson oo I Dgﬂlacp,ﬁ )(F ¥)O0d (1)

indicaté? that, in order to match the results for the Cope
rearrangement produced by second-order perturbation theoryThese active orbitals are all singly occupied and nonorthogonal, and
treatments constructed on top of a CASSCEF reference (CASPT2Nwe shall refer to them as valence or spin-coupled orbitalsstand

and CASMP2) by techniques based on a HF reference, one hador the doubly occupied inactive orbitals holding the core electrons
to use either fourth-order MalleiPlesset perturbation theory —and ©, denotes the active space spin functian general linear
with single, double, triple, and quadruple substitutions [MP4- comblnatlon_ of all five unique spin-coupling schemes for a singlet
(SDQT)], or QCISD(T) or CCSD(T) (coupled-cluster approach System of six electrons:

including singles and doubles plus perturbative corrections for 5
connected triple excitations). In cases where the closed-shell 05, = ZCOk@golk @)
HF wave function is clearly inadequate, e.g., the dissociation = '

of one of the G-H bonds in watef® HF-based constructions . ]

would have to include even higher excitations or orders of (the pairs of zero subscripts g, ©, and®g, indicate the values
perturbation theory. of the total spinS and itsz projectionM, S= M = 0).

S . . The active and core orbitals are approximated, just as in molecular
Our aim in this paper is not to reproduce the RQCISD(T) orbital theory, by linear expansions in a suitable basis of atomic orbitals

; i : i3R0.21
energy barriers for the gas-phase Diedder reactiod (AOs) contributed by all atoms in the system. Their form is determined
through an alternative approach, but to show that the changesyqugh simultaneous optimization of the energy expectation value

occurring during the course of this reaction inside the most corresponding to wave function (1) with respect to the AO expansion
compact wave function of near-CASSCF quatithe SC wave coefficients for the core and active orbitals and the spin-coupling
function—provide a clear and intuitive picture of the related coefficientsCy [see eq 2]. Almost all of the fully variational SC
bond-breaking and bond-formation processes, together withcalculations in the present paper were performed with a very efficient
convincing evidence that the Dieté\lder transition structure ~ new code (CASVBY-* which exploits the invariance of CAS wave
is aromatic. It should be mentioned that the quantitative side functiorlwsbtlo noniingular trans(;%rmatilonls of the actir\]/e rc])rbit?(ljs and ‘(’j"hiCh
; ; ; is available within MOLPRG? Calculations with the older code
ggr?gt:l:c?t?:glgtssniglljllgoa%:trﬁgg;g\éz?cu? (irﬁfg%g\f/lg%r\év)?ggnvg%)ésb y described in ref 40 were performgd only gt the TS and at. both ends of
. . the IRC segment which we studied, mainly for comparisons and to
on top of the?’OS_C wave functlons_ along the reaction path. F_)aStassist orbital plotting. The basis set employed in all the SC compu-
experienc&° indicates that while SC VB treatments of thiS  tional work was 4-31G, identical to that used in the preliminary HF
type do provide more accurate numbers, as well as information 3ng CASSCF calculations.
about excited states, they do not change the qualitative nature
of the model contained within the single-configuration SC

(31) Truhlar, D. G.; Kuppermann, A. Am. Chem. Sod971, 93, 1840.
(32) Truhlar, D. G.; Kuppermann, Al. Chem. Phys1972 56, 2232.

reference wave function. (33) Fukui, K.J. Chem. Phys197Q 74, 4161.
(34) Fukui, K. InThe World of Quantum Chemistry. Proceedings of the
Computational Details First International Congress of Quantum Chemistry, Menton, 1@zgidel,

R., Pullman, B., Eds.; D. Reidel: Dordrecht, The Netherlands, 1974; p 113.
As a preliminary step, we located the concerted transition structure  (35) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

; : 36) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.
(TS) for the Diels-Alder reaction through a CASSCF(6,6)/4-31G ( -
. . . L 37) Thorsteinsson, T.; Cooper, D. L.; Gerratt, J.; Karadakov, P. B.;
calculation. Our TS geometr{ point group) is very similar to those Ra?mczndi, M.Theor. Chim. ActngQa 93 343,

obtained by Houk et &' using CASSCF(6,6)/3-21G and CASSCF- (38) Thorsteinsson, T.; Cooper, D. Theor. Chim. Actd 996 94, 233.
(6,6)/6-31G* wave functions (see Figure 1). (39) Werner, H.-J.; Knowles, P. J., with contributions from Amos, R.
D.; Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert,
(28) Handy, N. C.; Knowles, P. J.; SomasundranTKeor. Chim. Acta F.; Hampel, C.; Leininger, T.; Lindh, R.; Lloyd, A. W.; Meyer, W.; Mura,

1985 68, 87. M. E.; Nickla, A.; Palmieri, P.; Peterson, K.; Pitzer, R.; Pulay, P.; Rauhut,
(29) Gerratt, J.; Raimondi, MProc. R. Soc. London, Ser.¥98Q 371, G.; Schuz, M.; Stoll, H.; Stone, A. J.; Thorsteinsson, MOLPRO (A
525. Package of Ab Initio Programs)
(30) Da Silva, E. C.; Gerratt, J.; Cooper, D. L.; Raimondi, MChem. (40) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; RaimondiJMZhem.

Phys.1994 101, 3866. Phys.1992 97, 7637.



3978 J. Am. Chem. Soc., Vol. 120, No. 16, 1998 Karadadgibal.

. o . 6
For the purposes of_ the present investigation it is most convenient wh = Cofpxl + COZLIJDl + CO3IIJD2 + Co4‘P|<2 4 coslng (6)
to construct the full spin space using the Rumer b#siEach of the

spin eigenfunction@go;1 - @go;s represents a product of three singlet

: d wher
two-electron spin functions: ere

031 = (ap)(ap)(0f) = (12, 3-4, 5-6) Wy, = A[(core)(valencePgy] Wp, = A [(core)(valencePg,]

%= ((0B)B)(0f) = (14, 2-3, 5-6) v, = A [(core)(valence®5, 4 v, = A [(core)(valence®§, ]
O = (@)(oo)f) = (1-2,3-6,4-5) Wo, = A [fcore)(valences,

The VB “resonance” energy for any structure is then given by the

B%0:4= ((ap)(@B)B) = (16, 2-3, 4-5) difference between its energy expectation value and the full SC energy.
As arule, the VB resonance energy for a molecule corresponds to that
@SO_SZ (a(a(0B)B)B) = (1-6, 2—5, 3—4) 3) for the dominant structure, i.e., for the structure with the Iarg%&

or PSY (see egs 4 an 5). In the case of benzene, for example, the VB

The two notations used in these definitions can be explained as '€sonance energy is given By¥x,) — E(¥g,).*? Despite the similar
follows: In the first one, a singlet pair is associated with each terminology,VB resonance energies should not be compared to
combination of are. and a8 spin function enclosed within a matching experimental resonance (or delocalization) energies calculated on the
pair of left and right parentheses; for example, a{o(3)(0,3)8) the basis of the enthalpies of hydrogenation reactions which are different
pairs couple the spins of the electrons in the first and sixth, second quantities and require another computational approach for their theoreti-
and third, and fourth and fifth SC orbitals, respectively. In the second Cal evaluation (see, e.g., ref 47).

notation, all electron pairs are indicated explicitly. The graphical . )

representation of Rumer spin functions involves Rumer diagrams which Results and Discussion

closely resemble the. resonance structures the}t populate the pages of The energy profiles along the CASSCF(6,6) IRC at the HF,
older organic chemlsgry textbeooks. There is a one-.to-one cor- SC, and CASSCF(6,6) levels are shown in Figure 2. The SC
respondence betwedly,, — Ogos and the well-known five reso- 504 cASSCF(6,6) curves are much lower than the HF one and
gaencisrzuczﬁéigeforfeg stzi)fg?l&zrﬁl’&@);%; DDl' 2‘:}‘)&3‘& grzé very close together. The amount of CASSCF(6,6) correlation
oo 2 oos 3 e energy recovered by the SC wave function is rather uniform,

the two Kekuleand three Dewar structures, respectively. . " Wi
In addition to Rumer spin eigenfunctions, SC calculations often make being 95.4% and 95.8% at the-" and "+ ends of the IRC

use of two other spin bases introduced by Kotani and Serber (for details, S€gment and 92.9% at the TS, respectively. This justifies the
see ref 41). The interconversion between active space spin functionsuse of SC theory to study the evolution of the electronic structure
(such ag®f, in eq 2) expressed in the Rumer, Kotani, and Serber spin Of the reacting system at geometries coming from a preliminary
bases has become a trivial task with the introduction of a specialized CASSCF IRC calculation. The percentage of CASSCF(6,6)
code for the symbolic generation and transformation of spin eigen- correlation energy contained within the SC wave function
functions (SPINS; see ref 42). We have also recently exploited certair_l describing the TS of the DietsAlder reaction is slightly higher

computational advantages associated with character-projected spirkhan the corresponding figure for benzene: 89.6% using a TZVP
functions?#344 basis!?

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 Coulséhand Gallup and Norbeck respectively:

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

5 in the shapes of the active orbitals—s and in the values of
PSE = COkZ([(-)Sd(agO[]HCOl (it is assumed thai®5, @5, (= 1) the spin-coupling coefficiento;—Cos piece together to provide
= ) a Iuci_d picture of the electronic mechanism of the Dieidder
reaction.
5 Figure 3 shows snapshots of the shapes of the symmetry-
P = o(Cod (O30T ¢+ = Z!(c(,k)z/(uagd@gonl WK 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
where (05,05, denotes the 55 overlap matrix between spin those in the figure through reflections in thg plane pgssing
functions (3). One advantage of the Galtugorbeck expression over  through the middles of the ethene and central butadien€ C
the older Chirgwin-Coulson formula is thaPS" are nonnegative by ~ bonds: ony1 = va, onp2 = ¥3, andonpe = s.
construction, while in some casB§C can attain nonphysical negative At IRC = 0.6 amd’? bohr the butadiene and ethene fragments
values. The link between the SC approach and classical VB theory is are still well-separated. Orbitalg; andy, clearly form one
revealed by an alternative representation of the SC wave function (1) of the two butadiener bonds, while the second one is formed

as a sum of five VB-style “structures” by 13 and 4 (not shown). As one would expeaf;; has a
(41) Pauncz, RSpin EigenfunctionsPlenum Press: New York, 1979. small additional k_)ulg_e towar_d"3 which is a consequence of
(42) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi,T¥leor. the weakerz orbital interaction across the central carbon
Ch';“é ';~:CF61J995 90, El-'c b, L Retirun T8eor. Chim. ACtd.99 carbon bond. Orbitas and its symmetry-related counterpart
99(8_) fiis-Jensen, B.; Cooper, D. L.; Rettrup,feor. Chim. Actd 998 s describe ther bond on the ethene fragment. It should be
'(44) Friis-Jensen, B.; Cooper, D. L.; Rettrup,JSMath. Chem1997, mentioned that although the shapes of the SC orbitals are very
22,249, similar to those for typical conjugated systems (see, e.g., ref
(45) Chirgwin, B. H.; Coulson, C. AProc. R. Soc. London, Ser.1®5Q
201, 196. (47) Foresman, J. B.; Frisch, Axploring Chemistry with Electronic

(46) Gallup, G. A.; Norbeck, J. MChem. Phys. Lettl973 21, 495. Structure MethodsGaussian, Inc.: Pittsburgh, PA, 1996.
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Figure 2. HF, SC, and CASSCF(6,6) energy profiles for the Diels  Figure 4. Variation of the overlap integrals, |y, between neighbor-
Alder reaction along the CASSCF(6,6) IRC. The energies at#RC  jng SC orbitals along the CASSCF(6,6) IRC for the Diefdder
—0.6 amd” bohr, TS (IRC= 0), and IRC= 0.6 amd? bohr are reaction.

indicated explicitly below and above the corresponding curves.

Table 1. Overlaps between Neighboring Orbitals from the SC
Wave Functions for the DietsAlder Cycloaddition Reaction at IRC
= —0.6 amd”? bohr, TS (IRC= 0), and IRC= 0.6 amd? bohr

guantity IRC=—-0.6 TS IRC=10.6
1|20 0.338 0.485 0.624
] Y Y 2|33l 0.630 0.577 0.373
[@s|yeld 0.304 0.462 0.617
W1lyel 0.625 0.525 0.309

x4y

respectively, are now being broken simultaneously with the
formation of a new bond betweep; and ys. An identical
process takes place at the other end of the butadiene fragment:
A marked decrease in the bonding interaction between orbitals
s andiy, and a re-engagement ¢f in a new bond withys.

The remaining two orbitalsy, andvy3, of which we have shown
only the first, are the most interesting as they closely resemble
in form the SC orbitals for benzeWe2 and appear to be almost

" equally distorted toward one another (these distortions will
6 eventually lead to the formation of the cyclohexendond)
IRC=0.6 and toward their former partners in the butadienkonds,y
andi4, respectively.

P L
F
oS

3§ T B/

oS

oS

% %6

IRC=-0.6

Figure 3. Valence orbitalsy, 1,, andys from the SC wave function L . . . .
for the Diels-Alder reaction at IRG= —0.6 amd”? bohr, TS (IRC= The new bonding interactions which were just a little more

0), and IRC= 0.6 amd® bohr. Three-dimensional isovalue surfaces than hints within t/t;e TS orbitals are much more noticeable at

corresponding toy, + 0.08, drawn from virtual reality modeling lR;: = Q'G amud’?bohr. The Sh"?‘pes Qp% andwﬁi are now

language (VRML) files produced by MOLDEN. quite similar and much more %ike, while y, is clearly

engaged together witlps in a newsr bond.

48), at this point on the IRC_Z curve the tetrahedralization of the  The changes in the shapes of the SC orbitals with the progress

ethene and terminal butadiene carbons has already started bugf the cycloaddition process are paralleled by the behavior of

it is still insufficiently advanced to induce considerable changes the overlap integral&p,|y,0(see Figure 4). We show only

in the appearance of the orbitals. ) the curves corresponding to overlaps between neighboring
Atthe TS (IRC= 0 amu'2 bohr) the shapes of the SC orbitals  grpitals, i.e., orbitals which are involved in actual bonding

are already noticeably different from those on the separatedinteractions at some stage of the cycloaddition process. The

fragments. The tail ofy; in the direction ofy; disappears  numerical values of these overlaps at the TS and at+R€0.6

almost entirely; while at IRG= 0.6 amd” bohr this orbital amu’2 bohr are presented in Table 1. As the reactants approach
resembles a distorted carbon,2pO, at the TS it looks as  each other, the overlap&p|y.0 = mpslys0 and @slypel
though it is halfway through a mutation to a distortedisybrid. corresponding to ther bonds on the butadiene and ethene

This fact, together with the parallel change in the shapgedf  fragments, respectively, begin to decrease. At the same time,
indicates that the bonds in whighy andys used to participate  the overlap,|ysdbetween the SC orbitals on the two central
well before the TS, betweew: and y», and ys and ys, butadiene carbons and the overlaps|ysC= [4lysCbetween

(48) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi,JMAM. opposite orbitals on the two reactants are on the increase. As
Chem. So0c1993 115, 6863. the overlap curves pass through the TS, they undergo very rapid
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Figure 5. Composition of the active space spin-coupling pattern
630 (see eq 2) from the SC wave function for the Diefdder
reaction along the CASSCF(6,6) IRC, expressed in terms of Chirgwin
Coulson weights.

changes. These occur within a short IRC interval, no longer
than 0.2 am#2bohr. Animportant 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
@1|ypel= @alysCand@ ;w3 while those related to breaking
bonds,[1|y.0= sy s0and [@s|ypel) decrease rapidly. It is
interesting to observe that after the TS the overlgp|ys0
initially increases faster thdmy1|ys(= [34]ysL but then quickly
reaches a plateau at which its value (approximately 0.64) is in
very good agreement with that for a typicabond (0.629 for
ethene; see ref 48). This suggests that the hexadidrmad is
established at a slightly earlier stage of the reaction in
comparison to thes 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 th

in the composition of the active space spin funct@f}b (see
eq 2) over the segment of the IRC for the Diefdder reaction

Karadadgibal.

Table 2. Chirgwin—Coulson fP5Y) and Gallup-Norbeck EPSY)
Weights Defining the Compositions of the Active Space Spin
Functions for the DielsAlder Reaction in the Rumer Spin Basis at
IRC = —0.6 am&2 bohr, TS (IRC= 0), and IRC= 0.6 ami*

bohr

IRC=—0.6
"Pac "Pac
0.09131 0.04832
0.06876 0.027 60
0.08550 0.040 36

0.668 93 0.843 36
0.08550 0.040 36

TS
Pac  Poc
034776 0.387 24
0.08472 0.03878
0.06671 0.02539

0.43408 0.523 20
0.066 71 0.025 39

IRC=0.6

PG RPhe
0.63461 0.805 72
0.11966 0.074 36
0.07262 0.03166

0.100 48 0.056 59
0.07262 0.03166

abrhwNER | X

prevails at the other end of the IRC segment, FRE 0.6 am¥?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 and{? 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 Bj§ and

PSS 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 orbitalgyp (see Figure 2) and its
symmetry-related counterpatts] 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 Kékiylee 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 &d K (see eq 6):
E(Wx,) — E(WS) = 106 kJ mol andE(Wy,) — E(WS,) = 66
kJ molL. 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, 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 twar bonds on the butadiene fragment and

. N N&he ethener bond break simultaneously, and that the formation
electronic structures of reactants and products. The variations

of the two newo bonds that close the cyclohexene ring and of
the cyclohexener bond also takes place almost in parallel.
During the whole process each SC orbital remains distinctly

which we investigated are shown in Figure 5 (see also Table 555qciated with a single carbon atom while its form adjusts to

2). As the Gallup-Norbeck weightsP5 (see eq 5) behave
very similarly to the Chirgwir-Coulson weight$5C (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 IR®.6
amu’2 bohr the main spin-coupling pattern is the first Kekule
type Rumer spin eigenfunction {2, 3—4, 5-6), while the
second Kekulgype Rumer spin eigenfunction<{b, 2—3, 4-5)

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
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the orbitals change in shape, but remain on the same carborover a very short IRC interval near the TS these two Kekule
and (ii) the recoupling of spins during which the initial singlet spin functions have almost identical weights which, together
pairs associated with the butadiene and ether®onds [see with other similarities in orbital shapes, orbital overlaps, and
the curve for (+-2, 3—4, 5-6) in Figure 5] are replaced by VB resonance energy values, allows us to claim that the
singlet pairs coupling the orbitals participating in the new  electronic structure of the TS of the Dieldlder reaction
bonds and in the cyclohexemebond [see the curve for {16, strongly resembles that of benzene. This is convincing evidence
2—3, 4-5) in Figure 5]. for its aromaticity.
The aromaticity of the transition structures for different
pericyclic reactions has been analyzed using different criteria:
f</ j/ ‘\_‘ energies of concert,-©C bond equalization, ring-current effects
% ’ } (see, e.g., ref 50 and references therein). As we have shown
A for the example of the DietsAlder cycloaddition, the SC
A B 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
A illustrates the “homolytic” mechanism for the Dielélder require the calculation of any additional properties.

reaction, whileB corresponds to the “heterolytic” mechaniéi. The changes within the SC wave function during the Diels

In this case the terms homolytic and heterolytic are devoid of e cycloaddition are consistent with a homolytic mechanism,
their usugl meanings, which is a consequence of.the.fact thatin \which all SC orbitals participating in the bonds being
the reacting system does not pass through a biradical or areformed remain permanently attached to the same carbon atom
zwitterionic intermediate. In many recent organic chemistry thyoyghout the reaction. Information of this type cannot be
textbooks one can find a picture Bfonly, accompanied by &  provided by the HF wave function because of the double
safeguarding remark that the scheme is not meant to illustrateqccypancy of all orbitals; although it is embedded inside the
the real reaction mechanism (which does make one wonder whycasSCE wave function, to obtain it, one would need to perform

it should be there in the first place). The results from this paper 5 iransformation of the CASSCF wave function to a VB-style
indicate tha is, in fact, misleading and if one needs to use a (i fact, SC-style!) representatidh.

simplistic representation of the mechanism of the Diélizler Our choice of the CASSCF approach for studying the changes

cycloaddition,A would be much more appropriate. in the geometry of the reacting system was determined by the
) availability of an efficient geometry optimizer and IRC routines

Conclusions inside GAUSSIAN94: However, the fact that codes capable

The work presented in this paper constitutes one of the first of doing SC calculations are now being incorporated into large
attempts to obtain a qualitative description of the electronic general-purposab initio codes such as MOLPR®suggests
mechanism of a pericyclic reaction based on a post-HF wave that soon it will be possible to do all calculations necessary for
function. It also introduces a novel use of the IRC approach establishment of an intuitive, easy-to-visualize theoretical model
which until now has been employed mainly in order to prove Of a reaction mechanism at the SC level.
that a given TS connects the minima corresponding to reactants One important conclusion following from our analysis of the
and products in a chemical reaction. mechanism of the DietsAlder reaction is that the changes in

The SC wave function incorporates, by definition, all the the electronic structure of the reacting system are much more
components necessary for a proper qualitative description of sudden than the changes in its geometry. All major alterations
any changes in the electronic structure of the reacting systemin the SC wave function take place within a short IRC interval
which might take place during a cycloaddition process. As we Of about 0.2 ami# bohr, throughout which the geometry of
have shown here for the example of the gas-phase -Bidiier _the system does not change very significantly. For this reason,
reaction, all of these components are, indeed, put to a very goodif an attempt had been made to look at the changes of the
use. The evolution of the shapes of the six SC orbitals along delocalized orbitals inside the standard HF or CASSCF wave
the reaction path provides a visual illustration of the breaking function along the same interval, it would not have been possible
of existing bonds and formation of new ones that take place in to discern any major differences and to derive an electronic
parallel as the system proceeds from reactants to product. The'€action meqhgnlsm. o
fact that the SC orbitals are nonorthogonal eliminates possible This promising debut of the combination between the SC
spurious nodal surfaces; the related nonzero overlap values@Pproach and IRC calculations shows that modern VB theory
furnish numerical estimates of the progress of the ongoing bondiS capable of substantiating or refuting the half- and full-arrow
reformation processes. Finally, the changes in the way in which €lectronic mechanisms, so popular with organic chemists, by
the spins of the six SC orbitals are coupled together to an overallcomparing them to clear-cut changes in orbital shapes and
singlet show how the dominant KeKufgpe Rumer spin resonance patterns, stemming from near-CASSCF-quality wave
function involving ther electron pairs in butadiene and ethene functions.
gradually gives way to the second Kekiyjgpe Rumer spin JA9741741
function which incorporates the electron pairs from the two Nnew ™ 50) Jiao, H.; Schleyer, P. v. R. Chem. Soc., Faraday Sym994

o bonds and the cyclohexermebond. We have shown that 90, 1559.

(51) Schaftenaar, GAOLDEN (A Pre- and Postprocessing Program of
(49) Reutov, O. A.Fundamentals of Theoretical Organic Chemistry ~ Molecular and Electronic StructurelCAOS/CAMM Center: University

North-Holland: New York, 1967. of Nijmegen, The Netherlands.




