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Recently, highly diastereoselective epoxidations of chiral 1,2-dihydronaphthalenes were reported.
Crystallographic characterization of the major product indicated that the selectivity cannot be
attributed to long-range steric effects. We examined this system through ab initio and semiempirical
quantum mechanical modeling. Corroborating experimental data, our investigations explain the
apparent irrelevance of direct interactions with substituents and address the insensitivity of the
stereoselectivity to oxidant structure. Furthermore, extension of this model to other related
epoxidation reactions indicates that π-facial discrimination may be interpreted as a result of a
preference for a staggered asynchronous transition state, obtainable only through axial attack.

Introduction

The startling example of high stereoselectivity ob-
served for the epoxidation of 1, depicted in Figure 1, has
recently been attributed to long-range steric effects.1
Interestingly, such high selectivity was maintained de-
spite variation of the substituent, R, or modification of
the oxidant: both m-chloroperbenzoic acid (m-CPBA) and
dimethyldioxirane (DMD) react with diastereomeric ex-
cesses (d.e.) over 95%.

In these systems, studied by Linker and co-workers,
the oxidant attacks on the face anti to that of the phenyl
group. A hydroxy directing effect2 may be ruled out as
the source of such preferential π-facial attack due to the
fact that an acid, a homoallylic alcohol, and an ester all
produce the same d.e. Although a steric effect involving
phenyl group interaction with the oxidant was cited, an
X-ray structure3 of the preferred product, obtained for
the system where R ) CO2Me, indicates that there is no
significant difference between the two faces of such a 1,2-
dihydronaphthalene (Figure 1). The structure exhibits
the expected diequatorial conformation,4 indicating that
the phenyl group is too far away to block either π-face of
the precursor cyclohexene ring. The R groups are not
likely to assist the approaching oxidant in any way.
Thus, neither the allylic substituents, R, nor the phenyl
group can be expected to exert significant stereocontrol.

Experimental precedent and recent work in our group
provided a clue as to the source of this selectivity. Over
forty years ago, Corey and Sneen postulated that elec-
trophilic attack on cyclohexenes occurs from an axial
direction.5 Furthermore, Toromanoff has analyzed tor-
sional angle changes that occur for a variety of related
reactions,6 Vedejs et al.7 have investigated the signifi-
cance of torsional effects and preference for axial attack
in the epoxidations of 4-tert-butylmethylenecyclohexane,
and Ducrot and co-workers8 showed the same preference
for axial attack exists in the stereoselective alkene
epoxidations observed for flexible polycyclic systems. We
have demonstrated how preferences such as this may be
understood in terms of torsional effects in the transition(1) Linker, T.; Peters, K.; Peters, E.-M.; Rebien, F. Angew. Chem.,
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Figure 1. X-ray structure for the predominant epoxidation
product of 1.
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state.9 Torsional effects “steer” the electrophile so that
it attacks in a manner conducive to minimization of
eclipsing interactions between the forming bond and the
allylic C-H bond. Consequently, we have undertaken a
theoretical study to determine whether these torsional
effects, or the steric effects proposed by Linker et al.,
cause the remarkable stereoselectivity of this reaction.

Computational Methods

Semiempirical geometry optimizations for all systems were
carried out at the PM3 level of theory implemented in
SPARTAN.10 Each transition structure gave only one imagi-
nary harmonic vibrational frequency corresponding to the
formation of new C-O bonds. The activation energies were
estimated from RHF/6-31G* single-point calculations on the
PM3-optimized geometries using Gaussian 94.11

Results and Discussion

While quantum mechanical methods such as B3LYP
are now available to provide accurate transition states
for such reactions, a study of systems the size of 1,2-
dihydronaphthalenes (1,2-DHNs) is still prohibitively
time-consuming. In the past, we developed force field
transition state models for such cases and applied them
successfully.12 While we obtained promising results for
epoxidations using this method, we chose to investigate
the use of semiempirical quantum mechanics and com-
pare these results to our B3LYP studies,13 which dem-
onstrated that the peracid oxidation of alkenes proceeds
through a spiro transition state. For substituted alkenes,
such as butadiene, bond formation is asynchronous,
whereas in the case of ethylene, the transition state is
symmetrical. In our semiempirical PM3 studies, the
transition states for the reactions of ethylene and buta-
diene with performic acid were located (Figure 2) and
found to parallel the B3LYP geometries, showing a spiro
and synchronous transition state for ethylene and a spiro,
asynchronous transition state for butadiene. They differ
in that PM3 gives a much later transition state in terms
of the C-O distances, and the PM3-derived butadiene
transition state is less asynchronous.

Having established the reliability of semiempirical
methods, the transition structures for the performic acid
epoxidation of the 1,2-DHN, where R ) CO2H, were
located using PM3 and are illustrated in Figure 3. Attack
from either face resulted in a spiro orientation of the
peracid and asynchronous C-O bond formation, as

in the model reactions. In both cases, the shortest C-O
bond length involves C2, the sp2 carbon furthest from the
aromatic ring, with a 1.834 Å distance for approach from
the top face and a 1.835 Å for attack syn to the phenyl.
The longer bond lengths are 1.872 and 1.871 Å, respec-
tively.

The RHF/6-31G* single-point energies calculated for
the PM3 geometries correctly identify the favored prod-
uct, corresponding to epoxidation occurring on the face
anti to that of the phenyl. The transition state for anti
attack is 1.2 kcal/mol more stable than attack from the
opposite face. Closer examination of the favored transi-
tion structure indicates that the shorter of the forming
C-O bonds is in a staggered orientation relative to the
substituents on C3, whereas the disfavored transition
structure shows significant eclipsing between the forming
bond and the allylic hydrogen of C3. As the Newman
projections in Figure 4 indicate, the favored, staggered
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Figure 2. Comparison of B3LYP and PM3 transition struc-
tures for the epoxidations of ethylene and butadiene by
performic acid.

Figure 3. Transition structures for the performic acid epoxi-
dation of 1, where R ) CO2H.
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arrangement in the more stable transition structure
results from an axial attack of the peracid, whereas
equatorial attack results in significant eclipsing interac-
tions.

To confirm the absence of any significant steric effects
and to investigate the magnitude of torsional effects, we
investigated the 1,2-DHNs related to the Linker mol-
ecule, where the allylic substituent, 2, and phenyl group,
3, have been removed. Interestingly, in both instances,
attack from the axial position is favored, corresponding
to product formation anti to the phenyl and syn to the
substituent on C3. The favored transition structures for
both systems are illustrated in Figure 5.

In the favored transition structure for the epoxidation
of 2, the asynchronicity of the transition state is more
pronounced than in the Linker system, with a short C-O
bond distance of 1.852 Å and a long C-O distance of
1.899 Å. For 3, the forming bond distances are 1.836 and
1.874 Å, respectively. Just as in 1, the transition states
for these systems may be characterized by a preference
for a staggered arrangement of the forming C-O bond,
resulting from an axial approach of the oxidant. The data
for all 1,2-DHNs modeled are summarized in Table 1.
We thus propose that the stereoselectivity discovered by
Linker et al. arises from the interplay of torsional effects
in the proximity of the forming bond and not from
hindrance of a π-face or as the result of “steering” by a
heteroatom.

The apparent insensitivity of 1 to the nature of the
oxidant is similarly explained by a torsional steering
model. Torsional effects in the proximity of the C-O

bond forming at C2 are what control the stereoselectivity,
so the most relevant atoms in each oxidant molecule
would be those involved in the formation of the C-O
bonds, i.e., the steric bulk and torsional effects in the
region of the transferred oxygen are what matters, not
the groups attached to the oxygen. The relevant bulk of
performic acid, m-CPBA, and DMD is, therefore, almost
identical.

We also tested the PM3 model on related systems
studied earlier.9d We examined the extent of applicability
for this model by studying the variety of substitution
patterns exhibited by the carbon analogues of the so-
called partial ergot alkaloids and related compounds.

The experimentally observed stereoselectivity calcu-
lated for 4 indicates an 85:15 preference for attack anti
to the methyl group. Our model correctly predicts the
favored product, with attack syn to the methyl group
disfavored by 2.0 kcal/mol. The transition structures are
illustrated in Figure 6. The favored transition state,
corresponding to an axial attack of performic acid, is
asynchronous, with C-O bond lengths of 1.852 and 1.894
Å. The shorter of the forming C-O bonds is staggered
nicely relative to the equatorially oriented allylic hydro-
gen. The disfavored product, on the other hand, is less
asynchronous, with forming C-O bond lengths of 1.858
and 1.877 Å and the shorter C-O bond is eclipsing the
axially oriented allylic proton. This case is interesting
because the selectivity again favors attack from the face
opposite that of the substituent in the 4-position, which
is remarkable considering that the methyl group is much
smaller than the phenyl group. Additionally, the pre-

Figure 4. Staggered and eclipsed orientations of the forming
bond as the result of axial and equatorial attack on 1a.

Figure 5. Favored transition structures for performic acid
epoxidation of 2 and 3.

Table 1. Modeling of the Epoxidations of 1-3

Figure 6. PM3 transition structures for performic acid
epoxidation of 4.
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ferred epoxide forms on the bottom face, whereas in the
case of the Linker 1,2-DHN the preferred epoxide formed
on the top face. Closer examination shows that the half-
chair conformations of 1 and 4 are different. Neverthe-
less, what is important to selectivity is neither the size
of the substituent at C4 nor the ring conformation.
Torsional steering, the preference for a staggered ar-
rangement of the forming C-O bond, is the source of
stereocontrol in this reaction.

Our model also reproduces the experimentally observed
lack of selectivity observed in the oxidation of methylin-
dene, 5. The transition structures, illustrated in Figure
7, are again asynchronous, but not to the same extent
observed in 4. The forming C-O bond lengths in the syn
attack are 1.870 and 1.889 Å, whereas those for anti
attack are 1.852 and 1.906 Å. Due to the presence of
the planar C5 ring, the torsional strain imparted by
approaching anti to the methyl group is effectively the
same as the approach anti to the hydrogen, and thus, no
selectivity is observed. Our model predicts only a 0.2
kcal/mol energy difference between the two approaches,
“favoring” attack anti to the methyl group. The lack of
selectivity arises from the inability to arrive at a more
staggered transition state because the C-Me and C-H
angles relative to the plane of the ring are nearly
identical (Figure 7). Neither the methyl nor the hydrogen
is either axial or equatorial; therefore facial discrimina-
tion on the basis of torsional effects is nonexistent. The
lack of selectivity in the absence of torsional steering
underscores the importance of torsional effects and
demonstrates the insignificance of steric effects imparted
by substituents, even when they are allylic.

The preferred transition structures for compound 6 are
illustrated in Figure 8. Experimentally, a 99:1 d.e. was
observed, favoring the epoxide formed syn to the C4
proton. Axial attack, resulting in a staggered orientation
for bond formation, is again favored; therefore the
predominant epoxide is that which forms on the bottom,
en face. This preference is remarkable in that the
underside of the molecule could be thought of as more
congested due to the presence of the C4 proton. Never-
theless, torsional effects override this potential steric
impediment and the performic acid attacks from the
bottom face with its proton facing in toward the C4
proton, despite the 1.95 Å distance between them.

The facial selectivity in the reactions of 7 is the reverse
of that observed for the other systems; experimentally,
the favored product is that which results from addition

syn to the substituent, or attack from the zu face.9d The
reversal of selectivity may be explained in terms of the
conformation of the seven-membered ring. The most
stable conformation for the cycloheptene has the carbon
R to the ring fusion oriented out of the plane, in the
direction of the zu face (Figure 9). Staggered attack at
C2 corresponds to an approach from the zu face. In this
case, the steric congestion encountered on the en face
might be implicated as the source, but as was demon-
strated in the study of 6, torsional strain predominates.
Furthermore, if the peracid proton-homoallylic proton
interaction were a significant contributor, the facial
selectivity would actually parallel the facial selectivity
observed in 6, since the en face would then be favored.
Moreover, if this were truly the case, then the selectivity
should be higher in 7 than in 6, where no such interaction
exists. In fact, the experimental data indicates that the
selectivity for 6 is much higher than in 7, 99:1 as
compared to 82:18, and the facial selectivity is opposite
to that of the previously studied systems. The selectivity
is best explained as the result of torsional steering in the

Figure 7. PM3 transition structures for performic acid
epoxidation of 5.

Figure 8. PM3 transition structures for performic acid
epoxidation of 6.

Figure 9. PM3 transition structures for performic acid
epoxidation of 7.

Table 2. PM3 Investigation of Epoxidation of
Compounds 4-7
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transition state. The data for this and all of the other
highly substituted systems are summarized in Table 2.

Conclusion

It is clear that our model correlates well with experi-
ment, successfully identifying the favored product for all
molecules studied. Furthermore, each of the favored
transition structures has the oxidant attacking in an
axial fashion, leading to a staggered arrangement of the
forming bond. This behavior strongly suggests that
torsional control is operative. We have thus demon-
strated that this pattern of axial attack is pervasive
throughout an entire series of 1,2-dihydronaphthalenes
(Scheme 1).

The presence of R groups R and â to the forming bond
impart an effect only in that they help fix the half-chair
conformation of the transition state, which in turn
dictates which π-face will result in axial attack. Our
semiempirical model thus strongly indicates that oxidant

π-facial discrimination is the consequence of a large
preference for a torsionally unencumbered transition
state, obtainable only through staggering of the forming
bond, resulting from axial attack.
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