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ABSTRACT

Density functional theory (B3LYP/6-31 +G*) has revealed the origin of stereoselectivity in intramolecular Diels —Alder reactions of vinyl
oxocarbenium ions. The cycloaddition has endo preference and occurs with remote stereocontrol syn to the substituent at the stereogenic
center. Torsional steering, the preference for the staggered conformation about forming o-bonds, dictates the preferred transition structure.

The Diels-Alder (DA) reactions of vinyl oxocarbenium ions
have been the subject of recent intefedinder conditions
similar to those used in the Noyori ketalization reaction,
compoundl undergoes an intramolecular ionic DA reaction
via the intermediate vinyloxocarbenium i@with remote
stereocontrol to afford cycloadducisand5 each as a 9:1
mixture of diastereomers (Scheme?®1$tructures4 and 5
are formed presumably from intermedia@eeither by loss
of a proton or by trapping of the oxocarbenium ion by the
extended TMS ether, respectivelirans-Enone6 is the
isomerization product ofl and cannot form a cyclic
oxocarbenium ring; therefore6 does not provide any
cycloadducts.

The intermediacy of a vinyl oxocarbenium ion in an

of certain enoates. The proposed mechanism for this reaction
involves the reversible formation of a vinyl oxocarbenium
ion which can cyclize irreversibly to the cycloadduct. This
concept was further extended by several grdupammakia

and co-workersobserved a difference in the behavior of
bis-TMS-protectedl and bis-TIPS-protected; bis-TIPS-
protectedl cannot form an oxocarbenium ion under the
reaction conditions (Al(OT§TfOH, CH,Cl,, —20 °C) and
provides an 85:15 mixture of bis-TIPS-protecteths-alkene

and bis-TIPS-protected DA cycloadducts as a mixture of
diastereomers. The decreased reactivity and selectivity of bis-
TIPS 1 compared to that of suggest that these compounds
react via different mechanisms, specifically thatacts via

an oxocarbenium ion.

intramolecular DA reaction was first proposed by Roush and ~ Conformational searches by Sammakia et al. on model

co-worker$ in the hydrofluoric acid catalyzed DA reactions
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reactants using the AM1 method led to the hypothesis that
the contrasteric product is formed due to steric interference
from the pseudoaxial hydrogens, Bnd H,, on the vinyl-

(4) Roush, W. R.; Gillis, H. R.; Essenfeld, A. B. Org. Chem1984,
49, 4674.
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oxocarbenium ring, which preferentially blocks one face of
the dienophile (Figure 1.The formed product involves
attack syn to the ethyl group.

Diene attach from
top - disfavored

Hb

Diene attack from
bottom - favored

\ Attachment point for
diene (truncated)

Figure 1. AM1 optimized model reactant (center) and cycload-

dition transition states (left and right) proposed by Sammakia and

co-workers?

We have previously shown that reactions tend to occur
with staggered arrangements about bonds to the reactingar

centers, For that reason, a different transition state for the
disfavored approach was expected. Consequently,
dertook a theoretical investigation of the reaction. B3LYP/
6-31+G* density functional theory calculations as imple-
mented in Gaussian ®3vere used to locate the transition
states for model systems bfand to provide a more detailed
explanation of the stereochemistry.

Four transition structures (TSs) were located for the
intramolecular ionic DA reaction of a model fdr. endo
syn (7) and anti §) with respect to the methyl group
(modeling the TMSOCKLCH, group in1) and exo syn9)
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we un-

and anti (10). The endo syn TS is preferrétHgyo—endo=

0.9 kcal/mol), and the difference in enthalpy for the two endo
DA TSs is 1.9 kcal/mol. All TSs (Figure 2) are fairly
asynchronous; the formingbonds fall in the range of 2.65
2.06 and 2.862.90 A. This asynchronicity is a result of
electron withdrawal from the oxocarbenium group in con-
jugation with the dienophile.

Figure 2. B3LYP stationary points for four transition structures
of the intramolecular DielsAlder reaction of model. Distances
are in A. Relative enthalpies are in kcal/mol.

When a search for transition structures involving eclipsing
ound forming bonds was performed, four higher energy
TSs were located. All these eclipsed TSs (Figure 3) are
similarly asynchronous; the formingrbonds falling in the
range of 2.03-2.06 and 2.842.83 A. The alkene hydrogen
and H, (from Sammakia’s model) on the oxocarbenium ring
are nearly eclipsed in each case, with the dihedral angles in
a range of 3.0—17.0°.

If the seven-membered ring maintained its lowest energy
conformation, the difference between endo syn and eclipsed
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s substituent in the oxocarbenium ring. This apparently con-

trasteric result can be best understood by considering the
preferred staggered conformation of the formimdponds
with respect to the allylic bonds. Long recognized by Félkin
for nucleophilic additions, transition state staggering, which
we have called torsional steerifgletermines the stereose-
lectivity of addition reactions. In the preferred TS conformer,
there is nearly perfect staggering with respect to the two
forming C—C bonds. When calculations are performed on
the model system lacking the methyl substituent on the seven-
membered ring, the eclipsed TS is 3.3 kcal/mol higher in
energy than the staggered. Similarly, the eclipsed transition
structure conformations of the seven-membered oxocarbe-
nium ring suffer from torsional strain from eclipsed forming
bonds and are disfavored, as shown in Figure 3. The alkyl
substituent of the syn TS adopts a pseudoequatorial confor-
mation on the seven-membered oxocarbenium ring, repre-
sented in Figure 2. On the other hand, the same substituent
on the anti TS is pseudoaxial since the difference between
the staggering and eclipsing around the forming bonds is
greater than the difference between pseudoequatorial and
pseudoaxial methyl conformations.

Figure 3. B3LYP stationary points for four eclipsed transition To assess how larger substituents may influence the
structures of the intramolecular Dielé\lder reaction of model. stereoselectivity, single point calculations were performed

Distances are in A. Relative enthalpies are in kcal/mol and compared using B3LYP/6-3%G* density functional theory on pseudo-
. axial and pseudoequatorial conformations for various alkyl
groups on the truncated oxocarbenium ring. Table 1 shows

endo anti attack would be 3.1 kcal/mol. In fact, both go the relative energies of these structures. Bulkier alkyl groups
through staggered conformations (Figure 2), and the endolead to greater differences in enthalpy. The bulkéet-butyl

syn and endo anti difference is predicted to be only 1.9 kcal/ 9roup has greater 1,3-diaxial interactions in the pseudoaxial
mol, in good agreement with experiment. position and is thermodynamically disfavored in this con-

How can the direction of attack be influenced by the formation. We predict that a bulkier substituent will show a
apparently minor differences between the two faces of this greater preference for a syn transition state with the sub-
alkene? The stereochemical outcome of this reaction arisesstituent in a pseudoequatorial conformation. A maximum
from attack of the diene on the same face as the methylactivation energy difference of 3.1 kcal/mol will be achieved

Figure 4. Transition structures of model reacti@n B3LYP optimized model reactants, and Newman projections of oxocarbenium rings.
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Table 1. B3LYP Enthalpies for Pseudoequatorial and
Pseudoaxial Conformations of Different Alkyl Groups on the
Seven-Membered Oxocarbenium Ring

entry R pseudo- pseudo- AH,oq
equatorial axial (kcal/mol)
1 Me Me Me 1.3
@/ &)
DU
Me = Me' e
2 Ph Ph Ph 1.6
@ [©)
1 i
Me == Me ==
3 -Bu By +By 33

when the substituent is locked in the pseudoequatorial
conformation.

These results provide another powerful example of the
impact of torsional steering upon the stereoselectivities of
additions tar-bonds, specifically in [4+ 2] cycloadditions.
The new explanation of the origin of stereochemistry is
shown in Figure 4. Torsional steering directs attack to occur
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in a staggered formation. In the favored conformation of the
oxocarbenium ring, this leads to a preference for attack syn
to the methyl. Staggered attack anti to the methyl requires a
ring flip to a higher energy conformation with a pseudoaxial
methyl. The preference for a staggered conformation with
respect to forming bonds controls stereoselectivity.
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