4232 J. Am. Chem. S0d.997,119,4232-4238

A Theoretical Study of the Endo/Exo Selectivity of the
Diels—Alder Reaction between Cyclopropene and Butadiene

Mariona Sodupe; Raphael Rios? Viceng Branchadell,” Tony Nicholas?
Antonio Oliva,™ and J. J. Dannenberg*$

Contribution from the Departament de Quica, Unitat de Qimica Fsica, Uniersitat
Autonoma, 08193 Bellaterra (Barcelona), Spain, and Department of Chemistry,

City University of New York-Hunter College and The Graduate School, 695 Parkeriue,
New York, New York 10021

Receied August 12, 1996

Abstract: Molecular orbital calculations using HartreEock (HF), complete active space self consistent field
(CASSCF), quadratic configuration interaction with single and double excitations, and triple excitations included via
perturbation (QCISD(T)) and semiempirical (AM1) methods suggest that the experimentally observed endo selectivity
for the Diels-Alder reaction between cycloproperie,and isotopically substituted butadierie, be mostly due to

an attractive interaction between a-@ of | and ther-bond between the central carbondlgfwhich is possible in

the endo (but not exo) transition state. The relevance of this observation to other Blgds endo/exo selectivities

is discussed. The activation energetics for the reactions are all substantially overestimated by HF and CASSCF
calculations, while QCISD(T) and AM1 give more reasonable results. Only AM1, however, fails to predict the
observed preference for the endo TS. Both QCISD(T) and small basis set calculations are shown to result in large
basis set superposition errors, which fortuitously lower the (uncorrected) activation energies.

The Diels-Alder reaction has been extensively studied by experimental observation. Despite the above, a recent com-
both experimental and theoretical methods. A preference for munication suggests that secondary orbital overlap is the
formation of endo product is usually (but not always) observed. determining factor in the selectivify.

Although several reasonable suggestions have been proposed

to explain the observed selectivity, none is fir_mly established. ot e — ©| @

One of the more popular explanations attributes the endo

preference to secondanyorbital overlap in the transition states. | " m

Other explanations invoke differences in primary oveAdape
differential volumes of activatioh? and different polarities of
the transition state’s.

Wiberg reported the DietsAlder reaction of cyclopropene,
I, with butadiene]|l , in 1960% Baldwin has recently reported
that | and 1€)-dideuteriobutadienella, form Diels—Alder
product with complete (within the reported limits of detection)
endo selectivity at 0C.” The nature of the reagents excludes
secondaryr-orbital overlap as defined by GleiterFurthermore,
it is difficult to understand how polarity of the transition states
or the differential volumes of activation can explain the

A report of small basis set (6-31G/3-21G) ab initio calcula-
tions gives a difference in activation energies consistent with
the quantitative experimental result. However, we show below
that this fortuitous result derives from failure to consider the
effect of basis set superposition error (BSSE).

Many groups have studied Diet#\lder reactions using
different MO techniques. Controversy abounds on the degree
of asynchronicity extant in the transition states for even the
simplest cases. For example, the prototype reaction of butadiene
with ethylene has been reported to be variously synchrotous,
to be asynchronoud,and to have two competitive reaction paths
t Universitat Autmoma de Barcelona. with the synchronous path slightly favoréd.Biradical mech-

* City University of New York-Hunter College. anisms have also been proposé#xperiments show that other

§ Visiting Professor at Universitat Autonoma. Permanent address: City clearly unsymmetrical DielsAlder reactions can proceed via
University of New York-Hunter College.

® Abstract published iAdvance ACS Abstract#pril 1, 1997. blradlcal reaction path’é‘. . . .
(1) See: Gleiter, R.; Bohm, M. @ure Appl. Chem1983 55, 237 and In this paper, we examine the possible transition states for
references therein. the reaction of cyclopropene with butadiene using several
(2) Hearndon, W. C.; Hall, L. HTetrahedron Lett1967 3095. molecular orbital (MO) methods, including HartreBock (HF),
(3) Blokzijl, W.; Blandamer, M. J.; Engberts, J. B. F. l.Am. Chem. . o .
Soc.1991 113 4241. CASSCF, and semiempirical (AM1) procedures. Our goal is
(4) Gajewski, J. JJ. Org. Chem1992 57, 5500. to understand the endo/exo selectivity. We shall specifically
Sal(a)etlgllll;Z-lL-?eAZ}n Méh';'r;n Assigéaﬁ-k(ﬁ;?rgb J. I; Mayoral, J. A; discuss the possible contributions of aB---z hydrogen bond
(6) Wiberg, K. B.: Barley, W. JJ. Am. Chem. Sod.96Q 82, 6375. in the transition state and secondary orbital overlap.
(7) Baldwin, J. E.; Reddy, V. Rl. Org. Chem1989 54, 5264.
(8) Apeloig, Y.; Matzner, EJ. Am. Chem. S0d.995 117, 5375. Methods
(9) Apeloig, Y.; Arad, D., 9th IUPAC Conference on Physical Organic . . .
Chemistry, Regensburg, Germany, 1988 (cited by ref 7). We performed MO calculations at various levels using several
(10) Li, Y.; Houk, K. N.J. Am. Chem. S0d.993 115 7478. programs. HF calculations with the 6-31G, 6-316&31G", D95, and
(11) Woodward, R. B.; Katz, T. Jretrahedron1959 5, 70. D95 basis sets were performed using GAUSSIAN 92 and 94
(12) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F.; Hillier, I. H.;
Robb, M. A.; Venturini, A.J. Am. Chem. S0d.988 110, 3050. (14) For example: Ochoa de Echagu C.; Ortlo, R. M. Tetrahedron.
(13) (a) Dewar, M. J. S.; Olivella, S.; Stewart, J. JJPAmM. Chem. Soc. Lett. 1995 36, 749.
1986 108 5771. (b) Firestone, Rl. Org. Chem1972 37, 2181. (15) Gaussian, Inc., Pittsburgh, PA.

S0002-7863(96)02826-0 CCC: $14.00 © 1997 American Chemical Society
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Table 1. Energetics of DielsAlder Reaction®

J. Am. Chem. Soc., Vol. 119, No. 18, 19283

HF CAS QCISD(T)
3-21G D95 D95* D95V D95V* D95V D95V~

s-cis biradical —270.712844 —271.724692
s-trans biradical —270.719587 —271.732231
TS endo energy —269.181366 —270.600062 —270.718320 —270.690856 —270.804995 -—271.315321 —271.720205

ZPVE 98.01 97.80 97.12

CP 9.02 1.63 1.10 1.26 1.10 8.49 6.82
TS exo energy —269.177287 —270.596808 —270.715185 —270.688714 —270.802925 —271.312496 —271.716958

ZPVE 97.95 97.71 97.06

CP 8.45 1.59 1.07 1.24 1.07 8.33 6.72
AE —75.08 —70.82 —69.54

corr —68.50 —63.65 —-62.29
AEqendo 25.16 32.90 35.82 33.38 33.82 14.57 12.68

corr 36.33 36.60 39.00 36.51 36.79 2491 21.37
AEactexo 27.72 34.95 37.78 34.72 35.12 16.34 14.71

corr 38.26 38.52 40.88 37.74 38.01 26.45 23.25
AAE 2.56 2.04 1.97 1.34 1.30 1.77 2.04

corr 1.93 1.92 1.88 1.24 1.22 1.54 1.88

aEnergies in hartrees for ab initio total energies, otherwise in kcal/mol. Corrected values (cor) include CP and ZPVE cofr¥dlioes are

for AH at 298 K.

programs® Unrestricted HartreeFock (UHF) calculations were at-

Table 2. Geometrical Parameters in A

tempted for several transition states. They all converged to the RHF HE CASSCE
result.
AML1 calculations were performed using AMPAC %and 4.537 3-21G D95 D95~ D95 D9s5*
programs. The concerted transition states were calculated by using cyclopropane
the RHF procedure, while the biradical reaction paths were calculated c=C 1.2816 1.2969 1.2824 1.3172 1.3010
by using the “BIRADICAL” keyword which does X 3 CI starting c-C 1.5232 15296 1.5027 15295 1.5045
from an open shell SCF wave function. Optimization using 2 ClI C—H 1.0749 1.0772 1.0835 1.0765 1.0818
with the RHF wave function would not converge. =C-H 1.0583 1.0622 1.0709 1.0620  1.0697
CASSCEF calculations were performed using Sifumd Abacu® butadiene
programs with an active space consisting of six electrons in the six C=C 1.3203  1.3369 1.3289 1.3578  1.3499
sr-orbitals of the reagents and the corresponding orbitals of the transition T Sce_n(c-j:o 14668 14719 14719 14710 1.4699
state. Both D95 and D95\basis sets were used. . C—Co 22813 22867 22617 23027 2.2926
The biradical intermediates were optimized using CASSCF option Co—C. 13568 13775 13719 13972 1.3906
in the GAMESSO program with the D95V basis set and the same active Cc_cc 1.4121 1.4173 1.4128 1.4203 1.4170
space used for the transition state. Ca—Ca 13332 13551 13419 13816 1.3647
Single point quadratic Cl calculations with singles and doubles H—mx 23349 24951 2.2980 2.5953 2.5997
including perturbative estimations of triple excitations, QCISHT), C—H () 1.0805 1.0819 1.0875 1.0782 1.0829
were performed on each of the CASSCF optimized structures. — 1.0760 1.0776 1.0829 1.0769 1.0812
Correction for BSSE was performed using somewhat contrové&sial TS exo
counterpoise (CP) method of Boys and Bernatdaking into account Ca—Cp 22773  2.2856 2.2642 2.3013  2.2937
the distortion of the reagents as described elsewifere. Co—Ce 13571 13773 1.3715 1.3976  1.3907
We enforced a plane of symmetry that bisects the central bond of ~ Ce—Ce 14101 14161 1.4123 14194  1.4165
butadiene and the-bond of cyclopropene for the CASSCEF calculations Ca—Ca 1.3299 13521  1.3394 13802  1.3638
on the concerted transition states. All geometrical optimizations were g::g ig;gg %8;3; iggi’g %8;;? igggcl)
unconstrained using other procedures. : : : : :
The PCMODER® and MOLDEN® programs were used for genera-
tion of input (aided by preoptimization using MMX molecular Results

mechanics force fiefd) and graphics.

(16) Graciously furnished by Eamonn Healy and M. J. S. Dewar.
(17) SemiChem, Shawnee, KS.
(18) Sirius is an MCSCF program by Jensen, H. J., Agren, H., and Olsen

(19) ABACUS is an MCSCF energy derivatives program by Helgaker,
T., Jensen, H. J., Jgrensen, P., Olsen, J., and Taylor, P. R.

(20) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunga, N.; Nguyen, K. A;
Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.
1993 14, 1347.

(21) Pople, J. A.; Head-Gordon, M.; Raghavachari JKChem. Phys.
1987, 87, 5968.

(22) (a) Schwenke, D. W.; Truhlar, D. G. Chem. Physl984 82, 2418.

(b) Frisch, M. J.; Del Bene, J. E.; Binkley, J. S.; Schaefer, H. F.JIll
Chem. Phys1986 2279. (c) Szalewicz, K.; Cole, S. J.; Kolos, W.; Bartlett,
R. J.J. Chem. Phys1988 89, 3662. (d) Gutowski, M.; van Duijneveldt-
van de Rijdt, J. G. C. M.; van Duijneveldt, F. B. Chem. Phys1993 98,
4728. (e) Turi, L.; Dannenberg, J. J. Phys. Chem1993 97, 2488. (f)
Cook, D. B.; Sordo, J. A.; Sordo, T. lint. J. Quantum Chenil993 48,
375.

(23) Meunier, A.; Levy, B.; Berthier, GTheor. Chim. Actal973 29,
49. Boys, S. F.; Bernardi, Mol. Phys.197Q 19, 553.

(24) Mayer, 1.; Surjan, P. RChem. Phys. Letl992 191, 497. Turi, L.;
Dannenberg, J. Jd. Phys. Cheml993 97, 2488.

The energetics of the forward and reverse Digldder
reactions of cyclopropene and butadiene proceeding via endo,
exo and biradical reaction paths are summarized in TaBfe 1.

" A selectior?® of the corresponding geometric parameters are
presented in Table 2 (also, see Figures3L Since CASSCF
does not generally provide a balanced treatment of electron
correlation, one might expect inconsistencies in the energetics
of the normal Diels Alder reaction. This point is illustrated by
a recent report by Houk, where CASSCF calculations overes-
timated the stabilities of the reagents compared to the products
and transition states for the Diel&lder reaction between
butadiene and ethyler#&. Had the retro-Diels Alder activation

(25) Serena Software, Bloomington, IN.

(26) Schaftenaar, G. DAOS/CAMM Center Nijmegen, Toernooiveld,
Nijmegen, The Netherlands, 1991.

(27) Gajewski, J. J.; Gilbert, K. E.; McKelvey, Advances In Molecular
Modeling Liotta, D., Ed.; JAI Press: Greenwich CT; 1990; Vol. 2, p 65.

(28) A more complete table appears in the Supporting Information.

(29) Complete geometries for the endo and exo transition states are
included in Supporting Information.

(30) Li, Y.; Houk, K. N.J. Am. Chem. S0d.993 115 7478.
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Figure 1. Endo and exo transition states.

Reagents L

s-cis biradical s-trans biradical
Figure 2. Biradicals with optimized bond lengths (CASSCF/D95V*)
indicated.
— QCISD(T)
energies been compared (rather than the normal reaction), the _ _ _.. c4ssCF
activation energies of the CASSCF calculations would have been Biradical QCISD(T)

much closer to the experimental value. The QCISD method
has been designed to be size-consistent. Although no experi-
mental activation energy has been reported, the single-point
QCISD(T) results give activations energies that are quite
reasonable for a fast reaction at°@. In the following
discussion, we shall refer to the corrected QCISD(T)/D95V*/
/CASSCF/D95V* energies and geometries unless otherwise Figure 3. Energetics of various possible reaction paths. See text for

noted. an explanation of biradical QCISD(T) transition state energies.

The activation energies for the concerted cycloaddition
calculated by using several MO procedures are reported in Tableyery similar to the corrected QCISD(T)/D95V* activatiofis,
1. Hartree-Fock calculations have been performed using the put is the only method to favor the exo path (by 0.7 kcal/rl).
3-21G, D95, and D95* basis sets. Since the activation energiesa|| ab initio calculations favor the endo reaction path. However,
involve the energy difference between the TS and the separatedhfter corrections are applied, they all underestimate the endo
reagents, we applied the CP and ZPVE corrections. The ZPVEpreference of the experiment.
correction is generally used for Dietd\lder calculations; The experimental gas-phase enthalpy of reaction was calcu-
however, the CP correction is often overlooked. While the HF |ated by using values for cylopropene and butadiene taken from
activation energies vary considerably before correction (11-kcal/ cox and Pilche?® The enthalpy of bicyclo[4.1.0]cycloheptene
mol range), they are much more consistent after correction (3-was calculated by applying the heat of dehydrogenation of
kcal/mol range). The 3-21G basis set (included for comparison cyclohexene to the enthalpy of formation of bicyclo[4.1.0]-
with Apeloig's report) has a particularly large CP correction. heptane using values from the same referéfic&he HF/D95
The CASSCF activation energies are similar to the better SCF 3nq HF/D95* calculations accurately reproduced the experi-
values. The QCISD(T) values are significantly lower, more mental value determined by this method, while the magnitude
consistent with eXpeI’ImeﬁtZPVE corrections to the CASSCF of predlcted entha|py of reaction for HF/3-21G is greater and
and QCISD(T) calculations were assumed to be 90% of the that for AM1 substantially greater.

corresponding HF/D95 and HF/D95* values. The CP correc-  cyclopropene is a very reactive dienophile. This is probably
tions calculated for the CASSCF/D95 calculations are similar 4,6 o the substantial decrease in angle strain energy upon

to those for tbe HF calculations. However, the CP's for the 5rmation of the adduct. Since a considerable amount of strain
QCISD(T) TS's are much larger than those for any of the other ight pe relieved upon formation of only one of the two new
calculations except for those using the minimal 3-21G basis pongs, a biradical mechanism intermediate could be a possibility.
set. Other reports of QCISD(T) Dels(\ldgr TS's hgve not Several Diels-Alder reactions are thought to proceed by such
made this correction. The reported activation energies reportedyachanism&® In order to test this possibility, we calculated
in them should be treated with caution. various biradical species (Table 1). We optimized the biradicals
The differences in the activations for endo and exo paths are using the CASSCF/D95V method, then performed single-point
consistently less than 2 kcal/mol for the corrected energies. QCISD(T)/D95V* calculations on these geometries. These
Surprisingly, the HF calculations give the same selectivities as : :
the best QCISD(T) calculation, despite the differences in (32) The details of the AM1 results appear in the expanded tables of the
L . . . .~ Supporting Information.
calculated activation energies. AM1 gives activation enthalpies = (33) cox, J. D.; Pilcher, GThermochemistry of Organic & Organome-

tallic CompoundsAcademic Press: New York, 1970.

(31) Single point AM1 with 3x 3 CI with the closed shell SCF wave (34) Details appear in the expanded tables of the Supporting Information.
function (Cl= 2 in AMPAC) lowers the activations energies by about 1 (35) For example, see: Ortl.; Branchadell, V.; Orflm R. M.; Oliva,
kcal/mol without changing the endo/exo selectivities. Optimization with A.; Font, J.; Bertra, J.; Dannenberg, J. J. Mol. Struct. (TheocheniP93
this option did not converge. 284, 37.

\Product
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calculations are directly comparable to the QCISD(T) results AF AC, TF AF | AC AC | T
for the concerted pathway. At this level, the s-trans and s-cis
biradicals are 5 and 10 kcal/mol, respectively, higher than the
reagents. The geometries are presented in Figure 2 and the
energetics in Table 1 and Figure 3.

We did not locate the transition state for the formation of A B C
this species as the GAMESS program does not provide the Figure 4. Examples of active centers (AC), active frames (AF), and
efficient geometry optimization procedures necessary to renderinactive frames (IF) according to the definitions given by Gléiter
the calculation feasible with the computational resources avail- cyclopentadiene (A), cyclopropene (B), and butadiene (C).
able. However, we can estimate the activation energies using
the relationship between the BDE of the bond formed or broken tion (the incipient G-C bonds already have brought the two
and the intrinsic barrier of a-€C bond that we have previously  separate reagent molecules together), there should not be a major
proposed® This relationship predicts barriers of about 27 (s- vibrational correction to this interaction.
trans) and 29 (s-cis) kcal/mol, which are significantly greater ~ After most of the work described had been completed,
than the activation for either concerted pathway. The favored Apeloig® suggested that secondary orbital interactions be the
s-trans biradical must isomerize about the central bond of the determining factor in the exo/endo selectivity (despite other
butadiene to become capable of forming the adduct, a processecent reports that suggest that secondary orbital interactions
which requires about 15 kcal/mol of activation energy. We can, are not determinant in similar casés)The question is whether
therefore, rule out the biradical mechanism on the basis of our C—H---x H-bonding and secondary orbital interactions as
calculations, as well as the experimental observation of almostdiscussed by Apeloig are physically different effects, as the

100% endo selectivity. terms “secondary orbital effect” (SOE), “secondary orbital
interaction” (SOI), and “secondary interaction” (Sl) have often
Discussion been confused in the literature. The suggestion that secondary

. . orbital overlap could be used to explain the endo selectivity of
A _p_035|ble explanatlon of t_h_e_ pr(_eferencg for the endo many Diels-Alder reactions is generally attributed to Hoffmann
transition state might be a stabilizing interaction between one 4,4 \Woodward2 The concept is based upon frontier molecular
of the H's on G of | interacting with the incipient £-Cs double orbital (FMO) theory. The primary HOMO/LUMO interaction

bond ofll in the endo (but not exo) transition state. Such an pepyeen the carbons at the bond-forming centers is augmented
interaction would be similar to that observed in some crytals by a secondary interaction between otherenters on the same

and in HO/acetylen# (_:o,mplexes. This explanation would be 55 of orhitals. Due to the spatial arrangements, this is generally
consistent with Apeloig’s observation thag-Gubstituted cy- gy hossible in the endo form of the transition state. Gléiter

clopropenes give exo adducts with substituted butadienes, buly,g carefully defined the FMO possible interactions between
other Sungt'tUte‘_j cyclopropenes with H's ag gleld endo  giene and dienophile. He defined (see Figure 4) the first order
adqucté Examination of the geometries of the endo and ex0 ,hitg) interactions as those between the active centers (AC),
TS’s supports this hypothesis. In particular, the twetCbonds 4 {he atoms forming the new bonds. He divided the second
on the methylene carbon differ in bond length by a greater ey orhital interactions into three parts. For this he divided

amount in the endo TS. The-&1 pointing to the central  he rest of the reagents into two zones. He called the “active

z-bond of the butadiene moiety (&) is the longer of the  fame” (AF) those atoms that are involveddt reorganization
two methylene €H bonds in the endo TS (see Table 2). This ¢ are not AC's. The inactive frame (IF) is defined as the

observation suggests that the interaction between thid @nd molecular fragments not involved in the reaction. For example,
m-bond is attractive. A repulsive interaction should shorten the he classified the 1- and A-centers of cyclopentadiene (Figure

C—H bond. _ _ 5A) as AC and the 2- and 3s-centers as AF, while the GH

To further test this hypothesis, we calculated thetG--z- was classified as IF. Of three possible second-order interactions,
bond interaction between two molecules of acetylene arrangedsecondary orbital effects was defined as interactions between
in a T-shapd® Our results are consistent with the crystal the AF’s of the two reagents. Interactions between the AF of
stuctures and single point ab initio calculations recently gne and the IF of the other are defined as “polar group effects”.
repOI’teOG.l The results indicate that the calculated Stab|||Z|ng By ana|ogy to CydopentadienE, the gb-f Cyc|opropene would
interaction varies little (from 0.8 to 0.9 kcal/mol) upon improv-  pe considered to be the IF (Figure 5C). Thus, the FMO
ing the level of calculation from HF/D95 to MP2/D95 interaction between the Ghbf the cyclopropene and central
However, the k- distance decreases substantially (from about carhons of the butadiene (Figure 5B) wouldt be an SOE
3.0to 2.6 A) upon application of MP2. The D95 and D95* according to this definition.

Diels—Alder transition states probably provide a reasonable  gystmann and Binsch have considered a complete perturba-
estimate of the energetic importance of this interaction, but may jgn43 approach to DielsAlder reactions. In their specific

err in the H--z distance. Since the-€H---=z-bond interaction  gppication to the reaction between cyclopentadiene and cyclo-
in the Diels-Alder transition state is an intramolecular interac- propené* they found an attraction between a-8 bond on

(36) Huang, X. L. Dannenberg, J. 3. Org. Chem1991, 56, 6367 the cyclopropene to the central carbons of the cyclopentadiene

(37) (a) Muller, T. E., Mingos, D. M. P.; Williams, D. J. Chem. Soc.,  7-System in the endo arrangement (as well as a repulsion
Chem. Communl994 1787-8. (b) Steiner, T.; Starikov, E. S.; Amado,  between the Cb's of the two reagents in the exo configuration).
A M TexeraDias J. 0. Chem Soc, Perkin Trans. 093 1321 They referred to this as a secondary interaction. However, it
Ch(em? (g,)]ysfgg’z 96 ('10)?“75331 (b) ﬁéte?sgse}g' L K|"em;J:rrér’ AL differs substantially from the SOE or SOI’s taken from FMO

Chem. Phys1984 81, 3842. (c) Engdahl, A.; Nelander, E:hem. Phys. theory because the complete perturbation treatment (like the
Lett. 1983 100, 129. (d) Dannenberg, J. J.; Turi, . Phys. Chem1993

97, 7899. (41) (a) Karcher, T.; Sicking, W.; Sauer, Detrahedron Lett1992,33,
(39) Apeloig, Y.; Arad, D.; Kapon, M.; Wallerstein, Mletrahedron. 8027-30. (b) Singleton, D. AJ. Am. Chem. S0d.992,114, 6563-4.
Lett. 1987, 28, 5917. (42) Hoffmann, R.; Woodward, R. B. Am. Chem. Sod965 87, 4388.

(40) The detailed results of these calculations are summarized in the  (43) Sustmann, R.; Binsch, ®lol. Phys.1971, 20, 1.
Supporting Information. (44) Sustmann, R.; Binsch, ®lol. Phys.1971 20, 9.
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Figure 5.
the cyclopropene CH
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Contour diagram of HOMO (orbital 26) (A) in the plane of the active four centers and (B) in the 2-fold symmetry plane that contains

variational MO treatment) considers interactions between all of the HOMO of the TS may not be the dominant factor for the
pairs of orbitals, not only the FMO'’s. In fact, Sustmann and determination of the relative energetics of the endo and exo
Binsch found the attractive interaction between theHCand TS’s. The HOMO for the endo TS is of'Asymmetry (see
m-orbitals to be greater than the primary interaction at large Figure 6). It can be thought of as the antibonding combination

separation. To properly understand this, one must consider thatof the cyclopropener-orbital and az-orbital mostly on the 2-

the most stabilizing interaction will lead to a complex, or
minimum on the energy surface. The FMO interaction is meant
to define the path to a transition state, which is repulsive at
long distance. If the secondary;-€i---sr interaction that would
stabilize a complex is operative for only one (i.e., endo) of two
possible transition states, it would lower its energy. However,
this is not necessarily an FMO effect, and therefore it is not
properly defined as SOE or SOI in the sense normally used.
Rather, it is another possible way to describe aHz--w
hydrogen bond.

Which kind of interaction determines the selectivity for the
reaction at hand? Apeloig points out that symmetry restricts
the FMO interaction to that between the HOMO of the
cyclopropene and the LUMO of butadiene. To the extent that

this interaction be dominant, one would expect some charge-

transfer from the HOMO to the LUMO, or from the-H to
the G=C. In the calculations on the-€H--+x interactions of

and 3—positions of butadiene. It is slightly antibonding between
the active centers, but bonding for the-8---7 interaction.
The HOMO-3 is the AMO that is bonding between the active
centers (see Figure 7). It, however, is antibonding for the
C—H---xr interaction. The two intervening orbitals (HOMO-1
and HOMO-2) are of A symmetry, with no density on the
C—H. HOMO-8 is bonding both at the primary centers and
for the G—H---xr interaction.

As the sum of the orbital energies counts the electronic (but
not the nuclear) repulsions twice, the orbital energies are not
going to necessarily reflect the cause of the endo/exo selectivi-
ties. Clearly, the electronic repulsions must be lower for the
exo TS, so the endo orbital energies must be lower to
compensate. Thus, the fact that the HOMO, HOMO-3, and
HOMO-8 are all lower for the endo may not be significant.

We investigated the possibility that a deuterium kinetic
isotope (KIE) effect might allow us to experimentally establish

the two acetylenes, we observed a small amount of chargethe C-H---x interaction in the transition state. Calculation of

transfer from ther-system to the €H, or from the acceptor

the differences in the activation energies (including ZPVE) for

to the H donor. the transition states where either Ha or Hb is replaced by D
The individual MOs (Figures 5 and 6, and Supporting indicated a difference of only 0.01 kcal/mol (CASSCF/D95).
Information) of the TS do not necessarily correspond to what Thus, no measurable KIE would be predicted. One might expect

may be expected from FMO theory. Furthermore, stabilization an attractive GH---z interaction to lower the stretching
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Figure 6. Contour diagram of HOMO-3 (orbital 23) (A) in the plane of the four active centers and (B) in the 2-fold symmetry plane that contains
the cyclopropene CH

frequency for the &H involved. In fact, both the symmetrical  solvent pressurt®. More recently, internal pressure has taken
and the unsymmetrical Grétretches are lowered in both endo  another definition, (d/dV)1.46 However, these quantities are
and exo transition states. The symmetrical stretch of the CH not equivalent. Solvation correlations are more common with
decreases from 3368 in cyclopropane to 3351 and 33572 cm ced than with internal pressure as the former quantity is readily
in the exo and endo transition states, respectively (CASSCF/available from data in thelandbook of Chemistry and Physics
D95). The corresponding values for the unsymmetrical stretch Gajewski found the rates of DielAlder reactions to correlate
decrease from 3278 to 3266 and 3267-émlf one imagines with ced? The cohesive energy density of butadiene (the solvent
the C-H---r vibration as composed of a weakenedi€bond, for Baldwin's study of reaction 1) is 64 cal/ém The AAV*
the effect would be to lower the activation energy for i€ vs calculated by GAUSSIAN 94 (using the HF/D95* transition
C—D. However, if one considers the-Hr interaction as states) is only 0.2 ckmol, yielding a contribution of 0.1 kcal/
restricting the G-H stretch, then the effect would be to raise mol favoring the exo TS. This difference is much smaller than
the activation for G-H vs C—D. Since the K- distance in the 2.5 and 4 cAtmol for the two examples akAV#'s of endo/
the endo TS is less than that for the acetylene dimer, it seemsexo Diels-Alder reactions listed in a reviet¥. These differ-
likely that thesr-bond in the TS is already buttressed against ences are probably due to the fact that Gaussian 94 calculates
the C-H. Furthermore, unlike stable H-bonding systems, where the molecular volume as the volume contained within the limits
an important vibrational mode consists of the two H-bonding of the contour of a defined electron density (0.001 electrons/
entities moving away from each other, this mode will correspond boh#). Such a method would not take the empty space between
to the imaginary frequency (reaction coordinate) in the endo molecules and between nonbonded atoms in the same molecule
TS. Thus, it will not contribute to the KIE. into account. The differences between the repatad+'s and
Another contributing effect to the endo selectivity can be the that calculated here may be due to one or more of several
differences in activation energy due to tRAV* contribution factors: (1) the reactions cited in the review are different from
to AG*. Reactions in solution occur under the internal pressure the one studied here; (2) the experimental values are obtained

(AH RY) under pressure where differences in the compressibilities of the
vaporization

(2) (45) Hilderbrand, J. H.; Prausnitz, J. M.; Scott, RRegular and Related
Vmolecular Solutions Van Nostrand: Princeton, 1970.
(46) Reichardt, CSolbents and Sekent Effects in organic Chemistry

. . . . 2nd ed.; VCH: Weinheim, 1988.
of the solvent. The cohesive energy density (ced), defined in " (47) Eidik, R. V.; Asano, T.: Le Noble, W. Them. Re. 1989 89,

eq 2, has sometimes been used interchangeably with the internab49.

ced=
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two TS's could affect theAAV¥, and (3) The error in the s particularly large for small basis sets, approximately 9 kcal/

theoretical volume determination may exceed AdeV*, itself. mol for 3-21G. However, the large CP’s calculated for the
. QCISD(T) activation energies are much more disturbing since
Conclusions recent reports have suggested that this approach leads to good

All ab initio calculations predict that the endo product of the activation energies for these reactions. The effect of BSSE on
reaction should be favored over the exo. However, only the these results needs to be considered. Failure to correct for this
QCISD(T) calculations predict activation energies that are €rror leads to fortU|tou§Iy accurate results for this (3-21(;) baS|s
consistent with the high reaction rate. AM1 predicts the wrong S€t. After CP correction, all the HF and CASSCF activation
endo/exo preference, but is consistent with the observed reactiornergies become rather similar.
rate. The preference for the endo product appears to be due to
a stabilizing C-H---xr interaction that can only occur in the
endo TS. Surprisingly, CASSCF calculations do not provide

significant improvement over HF for either the activation R
energies or the endo/exo selectivities. QCISD(T), however, for Table 3, extracts from outputs of CASSCF/ D9.5V optimized
endo and exo transition state calculations, showing the complete

ﬂr'?%::tépr\r;uscglzmore reasonable activation energies than elthelrgeometries of each, and MOLDEN renderings of the contour

BSSE has not generally been taken into account for the gﬁ?‘rea?:ﬂ\%t?gﬂfé?ggéi‘;?ﬁg'is3;N:(? saniﬁeﬁéu;h(ezglagees)
calculation of the activation energies of Diel&lder reactions. See anv current masthead page f)gr O?de?in and Interngt gcce.ss
While the CP correction for this error is relatively small for Y pag 9

HF calculations with reasonably good basis sets, this correction'nStrUCtlons'
can be much larger in some cases. Not surprisingly, the BSSEJA9628260

Supporting Information Available: Tables giving expanded
versions of Tables 1 and 2 and results of calculations on
acetylene dimers as well as figures giving the geometrical guide



