7134 J. Org. Chem. 2000, 65, 7134—7138

Conformational Selectivity in the Diels—Alder Cycloaddition:
Predictions for Reactions of s-trans-1,3-Butadiene

Alexander Z. Bradley, Martin G. Kociolek," and Richard P. Johnson*
Department of Chemistry, University of New Hampshire, Durham, New Hampshire 03824

rpj@cisunix.unh.edu

Received June 17, 2000

Diels—Alder cycloaddition of s-trans-1,3-butadiene (1) should yield trans-cyclohexene (7), just as
reaction of the s-cis conformer gives cis-cyclohexene (9). Investigation of this long-overlooked process
with Hartree—Fock, Moller—Plesset, CASSCF, and DFT methods yielded in every case a C,-
symmetric concerted transition state. At the B3LYP/6-31G* (+ZPVE) level, this structure is
predicted to be 42.6 kcal/mol above reactants, while the overall reaction is endothermic by 16.7
kcal/mol. A stepwise diradical process has been studied by UBLYP/6-31G* theory and found to
have barriers of 35.5 and 17.7 kcal/mol for the two steps. Spin correction lowers these values to
30.1 and 13.0 kcal/mol. The barrier to w-bond rotation in cis-cyclohexene (9) is predicted (B3LYP
theory) to be 62.4 kcal/mol, with trans-cyclohexene (7) lying 53.3 kcal/mol above cis isomer 9. Results
suggest that w-bond isomerization and concerted reaction may provide competitive routes for Diels—
Alder cycloreversion. It is concluded that full understanding of the Diels—Alder reaction requires

consideration of both conformers of 1,3-butadiene.

Introduction

1,3-Butadiene exists in two minimum energy con-
formations, s-trans (1; Scheme 1) and s-cis (2), which
differ in energy by ca. 3 kcal/mol.! Every discussion of
the Diels—Alder reaction includes the observation that
cycloaddition should occur only from the s-cis conformer
to produce cis-cyclohexene (9). This conformational ste-
reospecificity further implies that cycloaddition of s-trans-
butadiene should lead to trans-cyclohexene (7). Never-
theless, the s-trans region of this potential surface has
remained unexplored.

Early in the history of the Diels—Alder reaction, it was
recognized that the higher energy s-cis conformer of
butadiene presents the more favorable geometry for
cycloaddition to give cis-cyclohexene (9).2 This conforma-
tional preference has been supported by both theory and
experiment. The C1—C4 distance in 1 is ca. 0.65 A
greater than in 2. Thus, it is not surprising that, among
the abundant literature on this famous reaction, the
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(1) For discussions of butadiene conformers, see: (a) Choi, C. H.;
Kertesz, M.; Dobrin, S.; Michl, J. Theor. Chem. Acc. 1999, 102, 196.
(b) Wiberg, K. B.; Rosenberg, R. E.; Rablen, P. R. J. Am. Chem. Soc.
1991, 113, 2890. (c) Eliel, E. L.; Wilen, S. H.; Mander, L. N.
Stereochemistry of Organic Compounds; John Wiley & Sons: New
York, 1994. (d) Eliel, E L.; Allinger, N. L.; Angjal, S. J.; Morrison, G.
A. Conformational Analysis; Wiley: New York, 1965. (e) Bock, C. W.;
George, P.; Trachtman, M.; Zanger, M. J. Chem. Soc., Perkin Trans. 2
1979, 26. (f) Eisler, B.; Wasserman, A. J. Chem. Soc. 1953, 979.

(2) For good discussions, see: (a) Alder, K.; Stein, G. Angew. Chem.
1937, 50, 510. (b) Huisgen, R.; Grashey, R.; Sauer, J. In The Chemistry
of Alkenes; Patai, S., Ed.; John Wiley & Sons Ltd.: Chichester, U.K.,
1964; Chapter 11, p 739. (c) Norton, J. A. Chem. Rev. 1942, 31, 319.
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Wiley: New York, 1990. (e) Onishenko, A. S. Diene Synthesis; Israel
Program for Scientific Translations: Jerusalem, 1964. (f) Sauer, J.;
Sustmann, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 779. (g) Sauer,
J. Angew. Chem., Int. Ed. Engl. 1967, 6, 16. (h) Woodward, R. B.; Katz,
T. J. Tetrahedron 1959, 5, 70. (h) March, J. Advanced Organic
Chemistry; Wiley: New York 1992; p 842.
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reaction of the lower energy s-trans conformer seems to
have been uniformly dismissed as impossible, and this
often is cited as a textbook example of conformational
selectivity.?" In support of this idea, the effects of sub-
stituents on conformational bias in dienes and related
cycloaddition rates have been investigated; reactivity
diminishes with sterically demanding substituents at C2
or C3, and dienes with trans geometries fixed by ring
fusion are unreactive.??® Other studies have shown that
cycloaddition rates decrease with increasing C1-C4
distance.* In keeping with the principle of microscopic
reversibility, Diels—Alder cycloreversions are assumed
to trace the opposite route.> Much effort has focused on
the question of concert in Diels—Alder cycloadditions;
both theory and experiment provide evidence that a
stepwise diradical mechanism lies only a few kcal/mol
higher in energy than the concerted pathway.68

(3) For example, see: (a) Goodway, N. F.; West, T. F. J. Chem. Soc.
1938, 2028. (b) Craig, D.; Shipman, J. J.; Fowler, R. B. J. Am. Chem.
Soc. 1961, 83, 2885. (c) Backer, H. J. Recl. Trav. Chim. Pays-Bas 1939,
58, 643.

(4) (a) Scharf, H.-D.; Plum, H.; Fleischaur, J.; Schlecker, W. Chem.
Ber. 1979, 112, 862. (b) Sustmann, R.; Béhm, M.; Sauer, J. Chem. Ber.
1979, 112, 883.

(5) For a comprehensive review of retro-Diels—Alder chemistry,
see: (a) Rickborn, B. Org. React. 1998, 52, 1. (b) Rickborn, B. Org.
React. 1998, 53, 223.

(6) The longstanding debate on this issue seems firmly resolved in
favor of synchronous reaction; see: (a) Li, Y.; Houk, K. N. J. Am. Chem.
Soc. 1993, 115, 7478. (b) Houk, K. N.; Li, Y.; Evanseck, J. D. Angew.
Chem., Int. Ed. Engl. 1992, 31, 682. (c) Goldstein, E.; Beno, B.; Houk,
K. N. J. Am. Chem. Soc. 1996, 118, 6036. (d) Houk, K. N.; Lin, Y. T;
Brown, F. K. J. Am. Chem. Soc. 1986, 108, 554. (e) Houk, K. N.;
Gonzalez, J.; Li, Y. Acc. Chem. Res. 1995, 28, 81. (f) Houk, K. N.; Li,
Y.; Evanseck, J. D. Angew. Chem., Int. Ed. Engl. 1992, 31, 682. (9)
Karadakov, P. B.; Cooper, D. L.; Gerratt, J. 3. Am. Chem. Soc. 1998,
120, 3975. (h) Sakai, S. J. Phys. Chem. A 2000, 104, 922.

(7) Horn, B. A.; Herek, J. L.; Zewalil, A. H. 3. Am. Chem. Soc. 1996,
118, 8755.

(8) For a view supporting a stepwise reaction, see: (a) Dewar, M.
J. S.; Pierini, A. B. 3. Am. Chem. Soc. 1984, 106, 203. (b) Dewar, M. J.
S.; Jie, C. Acc. Chem. Res. 1992, 25, 537. (c) Firestone, R. A.
Tetrahedron 1996, 52, 14459.
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Scheme 1. Potential Reactions of 1,3-Butadiene Conformers
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The conventional view that limits Diels—Alder reac-
tions to s-cis dienes clearly is too restrictive; enynes long
have been studied as “diene” components,® and we have
recently shown that even 1,3-diynes can participate in
cycloadditions to generate 1,2,3-cyclohexatrienes or ben-
zynes.1® This context of high-energy product structures,
as well compelling evidence for the formation of trans-
cyclohexenes as transient products of photoisomeriza-
tion,'? led us to question whether concerted or stepwise
reaction of s-trans conformer 1 could lead directly to 7.11
According to theory,® the severely pyramidalized sz bond
in 7 destabilizes this substance by ca. 53 kcal/mol;
nevertheless, the barrier for trans — cis conversion
remains ca. 10 kcal/mol,*2913¢ and several trans-cyclo-
hexenes have been observed by flash photolysis. This
implies the possibility of an alternate Diels—Alder mech-
anism in which cycloaddition of the more abundant
s-trans conformer affords 7, which then undergoes rapid
m-bond isomerization to more stable 9. While a significant
contribution from the 1 + ethylene — 7 — 8 — 9 pathway
must be ruled out both by product strain and well-known
stereochemical results,? the energetics and mechanism
of this long-overlooked process remain unknown.

(9) For example, see: (a) Norton, J. A. Chem. Rev. 1942, 31, 319.
(b) Kloetzel, M. C. Org. React. 1948, 4, 1. (c) Butz, L. W.; Gaddis, A.
M.; Butz, E. W. J.; Davis, R. E. J. Org. Chem. 1940, 5, 379. (d)
Danheiser, R. L.; Gould, A. E.; Fernandez de la Predilla, R.; Helgason,
A. L. J. Org. Chem. 1994, 59, 5514.

(10) (a) Burrell, R. C.; Daoust, K. J.; Bradley, A. Z.; DiRico, K. J,;
Johnson, R. P. 3. Am. Chem. Soc. 1996, 118, 4218. (b) Bradley, A. Z,;
Johnson, R. P. 3. Am. Chem. Soc. 1997, 119, 9917.

(11) In retrospect, this seems an obvious question; however, we can
find no place in the abundant Diels—Alder literature2-8 where the
involvement of 7 has been considered. A Chemical Abstracts search
under structure 7 revealed no connection to Diels—Alder chemistry.

(12) (a) Kropp, P. J.; Fravel, H. G., Jr.; Fields, T. R. 3. Am. Chem.
Soc. 1976, 981, 840. (b) Inoue, Y.; Takamuku, S.; Sakurai, H. 3. Chem.
Soc., Perkin Trans. 2 1977, 1635. (c) Dauben, W. G.; vanRiel, H. C. H.
A.; Robbins, J. D.; Wagner, G. J. J. Am. Chem. Soc. 1979, 101, 6383.
(d) Inoue, Y.; Matsumoto, N.; Hakushi, T.; Srinivasan, R. J. Org. Chem.
1981, 46, 2267. (e) Saltiel, J.; Marchand, G. R.; Bonneau, R. J.
Photochem. 1985, 28, 367. (f) Goodman, J. L.; Peters, K. S.; Misawa,
H.; Caldwell, R. A. 3. Am. Chem. Soc. 1986, 108, 6803. (g) Strickland,
A. D.; Caldwell, R. A. J. Phys. Chem. 1993, 97, 13394.

(13) (a) Saunders, M.; Jiménez-Véasquez, H. A. J. Comput. Chem.
1993, 14, 330. (b) Verbeek, J.; van Lenthe, J. H.; Timmermans, P. J.
J. A.; Mackor, A.; Budzelaar, P. H. M. J. Org. Chem. 1987, 52, 2955.
(c) Johnson, R. P.; DiRico, K. J. J. Org. Chem. 1995, 60, 1074.
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Simple analysis suggests that a reverse process passing
through 7 may be more feasible. The experimental
activation energy of 65—66 kcal/mol for the Diels—Alder
cycloreversion of cis-cyclohexene! is nearly identical to
the m-bond rotational barrier in alkenes (ca. 65 kcal/
mol).’> If cycloreversion of 7 were facile, this might
provide an alternate mechanism for cycloreversion of 9.
Both concerted and diradical mechanisms have been
considered previously.>!® In addition, Lewis et al. have
provided kinetic evidence for a very different mechanism
passing through vinylcyclobutane.'4

We present here the first discussion of comparative
energetics for the Diels—Alder reaction of both conform-
ers of butadiene. Our results help to answer longstanding
textbook questions about the origin of conformational
specificity in this archetypal pericyclic reaction and fill
in an unknown, and intrinsically interesting, part of the
potential surface.

Computational Methodology. Moller—Plesset!® and
Beck3LYP?' calculations were carried out with Gaussian
98,18 while GaussView?®® was used for visualization of

(14) (a) Tardy, D. C.; Ireton, R.; Gordon, A. S. J. Am. Chem. Soc.
1979, 101, 1508. (b) Kiefer, J. H.; Shah, J. N. J. Phys. Chem. 1987,
91, 3024. (c) Lewis, D. K.; Brandt, B.; Crockford, L.; Glenar, D. A.;
Rauscher, G.; Rodriguez, J.; Baldwin, J. E. J. Am. Chem. Soc. 1993,
115, 11728.

(15) (a) Douglas, J. E.; Rabinovitch, B. S.; Looney, F. S. J. Chem.
Phys. 1955, 23, 315. (b) Wallace, R. Chem. Phys. Lett. 1989, 159, 35.

(16) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley-Interscience: New York, 1986.

(17) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G. Phys. Rev. B: Condens. Matter 1988, 37, 785.

(18) Gaussian 98, Revision A.5: Frisch, M. J.; Trucks, G. W,
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant,
J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
l.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc.:
Pittsburgh, PA, 1998.

(19) GaussView, Version 2.0; Gaussian, Inc.: Pittsburgh, PA, 1997—
1998.
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Table 1. Computational Results for Diels—Alder

Reactions
Etotal ZPVE  entropy
(au) (au) (eu) 520

Concerted Transition State TS3

MP2(FC)/6-31G* —233.65352 0.142 86 75.2
MP4SDTQ/6-31G*  —233.741 09
B3LYP/6-31G* —234.51563 0.140 63 75.6

CASSCF(6,6)/3-21G —231.658 14 0.148 13  74.9

TCSCF/6-31G* —232.85739 0.150 34 73.5
pBP86/DN* —234.580 66 0.134 03 77.8

Diradical Transition State TS4
UBLYP/6-31G* —234.508 81 0.138 74 77.9 0.4678
TCSCF/6-31G* —234.88480 0.149 92 74.1

Diradical Transition State TS11la
—234.529 07 0.137 30 88.9 0.6058

Diradical Transition State TS11b
—234.526 48 0.136 97 84.2  0.6337

Diradical Intermediate 10

UBLYP/6-31G*

UBLYP/6-31G*

UBLYP/6-31G* —234.53557 0.137 27 86.0 1.0186
7

MP2(FC)/6-31G* —233.706 58 0.148 54 70.9
MP4SDTQ/6-31G*  —233.797 20

B3LYP/6-31G* —234.56190 0.14562 715
pBP86/DN* —234.62001 0.138 83 73.3

m-Bond Transition State TS8
UB3LYP/6-31G* —234.54360 0.14185 72.4  0.9972
s-cis-1,3-butadiene (2)
B3LYP/6-31G* —155.986 49 0.085 34 66.7

Table 2. Energy Differences (kcal/mol) between cis
(TS6) and trans (TS3) Transition States

MP2(FC)/6-31G* 16.1
MP4SDTQ/6-31G* 17.0
B3LYP/6-31G* 17.7
CASSCF(6,6)/3-21G 19.7
pBP86/DN* 16.3

these results. TCSCF and CASSCF calculations employed
the Macintosh version of GAMESS,?° with MacMolplot?!
used for visualizations. Hartree—Fock and pBP86 DFT
calculations were performed with Spartan.?? In every
case, Hessian analysis was used to characterize station-
ary points. Gaussian 98 was used to calculate transition-
state magnetic properties using the GIAO method.?

Results and Discussion

trans-Cyclohexene (7). Previous theoretical studies
have located two conformers of trans-cyclohexene (7).%3
The lower energy conformer resembles the chair struc-
ture of cyclohexane. To assess its energetics, 7 was
optimized with MP2 and DFT methods. Additionally, the
m-bond rotation transition state (TS8) for cyclohexene
was located with a UBLYP/6-31G* wave function. Model
calculations show that this level of theory slightly
underestimates the rotational barrier in ethylene.’>?
Numerical results are summarized in Tables 1 and 2,
while Figure 1 shows selected geometric parameters for
7, which are similar to previous results.'® Despite its
unusual geometry and strain, the unscaled B3LYP/6-

(20) GAMESS: Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A;
Elbert, S. T.; Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, S.
N.; Nguyen, K. A; Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J.
A. J. Comput. Chem. 1998 14, 1347.

(21) Bode, B. M.; Gordon, M. S. J. Mol. Graphics Modell. 1999, 16,
133.

(22) Spartan, Version 5.1.1; Wavefunction, Inc.: Irvine, CA, 1998.

(23) (a) Wolinski, K.; Hilton, J. F.; Pulay, P. J. Am. Chem. Soc. 1990,
112, 8251. (b) Ditchfield, R. Mol. Phys. 1974, 27, 789.
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Figure 1. B3LYP/6-31G(d)-optimized structures for 7 and the
cyclohexene z-bond rotation transition state.
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Figure 2. Transition-state structure for concerted cyclo-
addition of s-trans-1,3-butadiene.

31G* double bond vibrational frequency for 7 is an
unremarkable 1614 cm™.

DFT theory appears to do an excellent job on singlet
diradicals. Spin contamination in unrestricted DFT
methods is much less pronounced than with UHF theo-
ries; nevertheless, Yamaguchi and co-workers have sug-
gested a correction for this problem.?> Following this
method as described by Houk and co-workers,% spin
correction lowers the predicted rotational barrier by a
modest 0.9 kcal/mol. Our predicted trans — cis barrier
of 9.1 kcal/mol (8.2 with spin correction) is slightly lower
than the experimental value for phenylcyclohexene that
was measured by Caldwell*? or with previous estimates
based on TCSCF calculations.’® trans-Cyclohexene is
consistently predicted to be ca. 53 kcal/mol less stable
than cis. It is surprising that this cis—trans isomerization
barrier in cyclohexene is nearly identical to that predicted
for ethylene. This probably reflects the fact that product
strain and mw-bond isomerization have identical origins.

Two New Diels—Alder Transition States. The
central question posed here is what reaction paths
connect 1 + ethylene with 7. As a first step, the transition
state (TS3) leading to 7 by concerted cycloaddition was
located, first at the HF/3-21G level, with constraint to
C, symmetry. Attempts to find a second transition state
leading to the higher energy conformation of 7 led to this
same structure. Further optimizations of transition state
TS3 with an assortment of wave functions resulted in
similar C,-symmetric structures; in every case, Hessian
analysis yielded a single imaginary vibrational mode.
Numerical results are summarized in Tables 1 and 2,

(24) (a) At the UB3LYP/6-31G* level, the energy for the Dyq 1-bond
transition state in ethylene is —78.487 23 (ZPVE = 0.044 115; S2 =
1.0110). This gives a rotational barrier of 58.4 kcal/mol (61.9 without
ZPVE corrections), which is slightly below the experimental value.l®
(b) B3LYP/6-311++G** calculations afford a barrier of 60.7 kcal/mol:
Alkorta, I.; Elguero, J. Struct. Chem. 1998, 9, 59.

(25) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. N. Chem. Phys.
Lett. 1988, 149, 537.
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Figure 3. Stationary points on the diradical route to trans-cyclohexene.

while Figure 2 shows MP2 and B3LYP geometric param-
eters. The transition-state structure resembles Mobius
benzene (trans,cis,cis-1,3,5-cyclohexatriene), a structure
we recently characterized as a shallow minimum on the
CsHs potential surface.?® However, the present orbital
topology should be Htickel; all computational results are
consistent with a [72s + z4s] process.?’” Table 2 sum-
marizes energy differences for the two concerted transi-
tion states. On the basis of previous results for Diels—
Alder reactions,®?8 MP4 and B3LYP energies should
provide the most accurate predictions.

This concerted pathway must have a multistep coun-
terpart of similar energy. Initial bond formation would
give diradical 10, one conformer of which has a suitable
geometry for closure to 7. It seemed most appropriate to
work backward from 7; thus, the transition state (TS4)
for the second step in this diradical route to 7 was first
located with both TCSCF/6-31G* and UBLYP/6-31G*
wave functions. Selected geometric parameters are given
in Figure 3. The intrinsic reaction coordinate was also
calculated with a TCSCF wave function and showed a
smooth transformation from TS4 to a diradical structure
(20) in one direction and to 7 in the other. Previous
attempts to locate a similar transition state for final
closure in the reaction of 2 were reported to be unsuc-
cessful, presumably because the barrier is very low.% The
structure of the diradical intermediate 10 was then
further optimized with the same UBLYP wave function,
as were two transition states (TS11la and TS11b) for the
addition of ethylene to diene conformation 1. TS11b
maintains the same gauche conformation as 10; thus, the
sequence 1 + ethylene — TS11b — 10 — TS4 — 7 should
provide a complete stepwise profile. Spin corrections®¢2®
(Table 3) were found to lower the diradical transition-
state energies by ca. 5 kcal/mol.

Table 3 summarizes the BLYP/6-31G* energetics for
Diels—Alder reactions of both butadiene conformers. This

(26) Johnson, R. P.; Daoust, K. J. 3. Am. Chem. Soc. 1996, 118, 7381.

(27) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital
Symmetry; Verlag Chemie GmbG: Weinheim, Germany, 1971.

(28) For other DFT studies on the Diels—Alder reaction, see: (a)
Jursic, B.; Zdravkovski, Z. J. Chem. Soc., Perkin Trans. 2 1995, 1223.
(b) Barone, V.; Arnaud, R. Chem. Phys. Lett. 1996, 251, 393.

Table 3. B3LYP/6-31G* Relative Energies and Entropies
of Stationary Points2b

Erer (kcal/mol)

structure B3LYP/6-31G* ASiel (eU)
Diels—Alder Cycloadditions
1 + ethylene 0.0 0.0
2 + ethylene 3.46 0.7
concerted cis TS6 24.8¢ —40.6°¢
concerted trans TS3 42.6 —42.7
cis-cyclohexene (9) —36.6° —45.9¢
trans-cyclohexene (7) 16.7 —46.8
diradical TS1la 32.1(26.5) —29.4
diradical TS11b 35.5(30.1) —34.1
intermediate 10 28.0 (27.5) -32.3
second diradical TS4 45.7 (40.5) —40.4
m-Bond Rotation
cis-Cyclohexene (9) 0.0 0.0
7 bond TS8 62.4 (61.5) 0.0
trans-cyclohexene (7) 53.3 -0.9
Cycloreversion of cis-Cyclohexene (9)
concerted TS6 61.4 5.3
Cycloreversion of trans-Cyclohexene (7)
concerted TS3 25.9 4.1
diradical TS4 29.0 (23.8) 6.4

aZPVE corrections are included in all cases. ® Numbers in
parentheses are after spin correction. ¢ Data from ref 6c.

level of theory can be consistently applied for all mecha-
nistic steps and provides values that agree well with
available experimental data.®?® Data for the formation
of 9 are from similar calculations by Houk and co-
workers.®¢ Predictably, the energetics for reactions of
conformers 1 and 2 are strikingly different. Without
considering entropy changes, stereospecific cycloadditions
of conformers 1 and 2 are predicted to be endothermic
by 16.7 kcal/mol and exothermic by 36.6 kcal/mol, respec-
tively. Nevertheless, the difference between the two
concerted transition states is only 16—18 kcal/mol; this
is one-third of the energy difference between the two
stereoisomeric products. Aside from the partially formed
trans o bond, the major geometric difference between
concerted transition structures TS3 and TS6 is that the
nascent o bond is ca. 0.15 A shorter in the trans transition
state. This is ascribed to the more product-like character
of this endothermic reaction. Consistent with the long-
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0.53

3.2 5.7

TS3

7 transcyclohexene

Figure 4. B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) GIAO
chemical shifts (ppm relative to TMS).

held skepticism for reaction of 1, this transition state
must be destabilized because the ends of the diene are
too far apart, which results in twisting of the nascent
central 7 bond. The entropic difference between the two
transition states is modest and does not alter these
conclusions. While a concerted reaction is thus possible
for both conformers of 1,3-butadiene, the relative ener-
getics ensure that essentially all of the chemistry must
derive from the cis diene.

As with the well-studied cis cycloaddition, a stepwise
mechanism is predicted to have similar energetics. Ad-
dition to 1 with ethylene through TS11b has a barrier
of 35.5 kcal/mol (30.1 kcal/mol with spin correction). This
leads to 10 as a shallow minimum, followed by a second
barrier of 17.7 kcal/mol (13.0 kcal/mol with spin correc-
tion) for closure to 7 through TS4. TS1la provides a
slightly lower energy for the initial addition; this would
be followed by a conformational change to reach 10. The
potential surfaces for diradical 10 must be complex; this
can dissociate to reactants, close to 7, or close to
vinylcyclobutane.* Overall, its seems that stepwise
addition of ethylene can occur to either diene conformer
with similar facility to afford a collection of diradical
intermediates. However, barriers to interconversion or
closure probably are lower than those for scission to
reactants. Detailed dynamic studies would be necessary
to understand the competition among these processes.
Closure to 7 by this route is precluded by the high barrier
in this second step.

Magnetic Properties of the Concerted Transition
State. Schleyer and co-workers have shown that the
expected aromaticity of transition states can be elegantly
demonstrated by direct calculation of magnetic proper-
ties.? Because transition state 3 describes a [72s + 74s]
array, it should be aromatic. Figure 4 shows 'H NMR
chemical shifts calculated at the B3LYP/6-311+G(2d,p)//
B3LYP/6-31G* level of theory for the transition state and
product. The most dramatic effect is seen in the equato-
rial hydrogen of the incipient allylic group. The chemical
shift of 6 5.8 is ca. 1 ppm downfield relative to 1, which
is consistent with an aromatic transition state.
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Mechanism of the Retro-Diels—Alder Reaction.
The substantial exothermicity of Diels—Alder cycloaddi-
tions results in a large barrier for cycloreversion. Never-
theless, retro-Diels—Alder reactions have been widely
investigated and used in synthesis.?% Zewail recently
studied the femtosecond time scale cycloreversion of
norbornene and concluded that diradical and concerted
mechanisms are both operative.” Photochemical retro-
Diels—Alder reactions are well-known.>3° One of our
initial questions was whether these photoreactions might
proceed by initial cis—trans isomerization, followed by
cycloreversion of 7. Given our present results, this seems
unlikely because the barrier to trans—cis isomerization
is >10 kcal/mol lower than that for cycloreversion.

The experimental activation energy for thermal cleav-
age of cyclohexene is 65—66 kcal/mol.>* Using data from
Houk and co-workers,® concerted cycloreversion of 9 is
predicted to have a barrier of 61.4 kcal/mol, slightly lower
than the experimental value. According to our calcula-
tions, -bond rotation has a predicted barrier of 62.4 kcal/
mol (61.5 kcal/mol with spin correction). Both numbers
would be improved by higher level calculations, but their
similarity suggests that cis—trans isomerization in cyclo-
hexene might occur in competition with cycloreversion!
This also provides a previously unrecognized indirect
route for cycloreversion via 7. Cycloreversions of 7 or 9
should have opposite stereochemical consequences in the
diene component; thus, this question may be subject to
experimental verification. The stereochemistry of the
diene fragment in the Diels—Alder cycloreversion of
simple cyclohexenes has not been described.®

Conclusions

The Diels—Alder cycloaddition is stereospecific with
respect to conformation. Concerted and stepwise reaction
paths exist for both cis and trans diene conformers which
connect them to the respective isomers of cyclohexene.
Energetics of the s-trans reaction are unfavorable be-
cause of product strain. Nevertheless, our results dem-
onstrate for the first time that the usual paradigm for
Diels—Alder reactions is incomplete: a thorough under-
standing of this archetypal reaction requires consider-
ation of the full range of processes shown in Scheme 1,
not just those involving the s-cis conformer.
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