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Abstract

A detailed computational investigation of possible activated complexes in the epoxide opening of cyclohexene
oxide by a chiral lithium amide is presented. Transition states for the two routes giving (S)- and (R)-alkoxides with
and without solvent have been calculated. Geometry optimizations at PM3 and HF/3-21G levels of theory, and
single point calculations at B3LYP/6-31+G(d) level have been used. The experimentally obtained stereoselectivity
is semi-quantitatively reproduced at all levels except PM3//PM3. The factors found to control the stereoselectivity
are solvation and some non-bonded interactions other than those previously proposed. © 1999 Elsevier Science
Ltd. All rights reserved.

1. Introduction

Enantioselective deprotonation ofmeso-epoxides by chiral lithium amides yielding chiral allylic
alcohols in high yield and enantiomeric excess (e.e.) is of increasing importance in synthesis. There
are many recent reports on improvement of the stereoselectivity and yield obtained by trial and error
structural changes of the amides.1–26 Surprisingly, no thorough experimental or theoretical studies of
the epoxide opening mechanism and initial- and transition-state structures can be found in the literature.
Thus the basis for rational design of effective stereoselective amides is lacking.

The challenge to predict and interpret the stereoselectivity in lithium organic chemistry computatio-
nally has recently been accepted by a few groups.27–30 Major questions to be answered concern the
structures and energies of transition states (TS) and the role of solvation. However, the task is difficult
due to the complexity of the systems.

Following our previous reports,19,31–34which include solvent effects on enantioselective deprotona-
tion of epoxide and solvent induced isomerization of allylic alcohol to homoallylic alcohol, we now
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present a computational study of the epoxide opening of cyclohexene oxide (1) by lithium (S)-(+)-2-(1-
pyrrolidinylmethyl)-pyrrolidide (2) which predicts the observed stereoselectivity and indicates the origin
of the stereoselectivity. In particular the important role of the solvent, i.e. THF (Fig. 1), is demonstrated.
Our study is limited to complexes between monomeric lithium amide and epoxide although oligomers of
the base may be reactive and contribute to the product formation.

Figure 1. Epoxide opening of cyclohexene oxide (1) with the chiral lithium amide2 yielding the allylic alcohols (S)-3 and (R)-3

2. Computational methods

All ab initio calculations were performed using the Gaussian 9435 program, while semiempirical
calculations were done using the Spartan36 program. Geometries were optimized at PM337,38 and HF/3-
21G39 levels of theory. At the PM3 level, the option HHON in Spartan was used to correct for hydrogens
in close contact.40,41 Due to the size of the studied system no TS optimizations have been performed at
higher levels. All geometries were characterized as minima or transition states on the potential energy
surface (PES) by use of the sign of the eigenvalues of the force constant matrix obtained from a frequency
calculation. Calculated transition states with one imaginary frequency were confirmed to describe the
correct displacement on the PES by a mode analysis. Reaction energies and activation barriers are
calculated at PM3, HF/3-21G, and B3LYP/6-31+G(d)42–44 levels of theory.

3. Results and discussion

Amide promotedβ-elimination of cyclohexene oxide yielding an allylic alcohol was shown in
deuterium labeling experiments by Thummel and Rickborn,45 and later by Morgan and Gajewski,20 to
take place exclusivelysynto the oxygen. The epoxide and lithium amide were suggested to form a 1:1
monomeric complex in which the deprotonation takes place.

Cyclohexene oxide can rapidly isomerize between two chiral enantiomeric half-chair conformations
(Scheme 1). An activation barrier of 4.2 kcal mol−1 of this isomerization was calculated at the PM3 level,
which is to be compared with the experimental value of 4.3 kcal mol−1.46

Scheme 1.

The lithium amide2 will react with both enantiomers and form pre-complexes (PC1 and PC2) in
which the deprotonation takes place. The pre-complexes are presumably rapidly interconverting and the
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transition states for (R)- and (S)-alkoxide, (TS1 andTS2), respectively, are in equilibrium according to
the Curtin–Hammett principle.47,48 This means that the stereoselectivity is determined by the difference
in free energy (δ∆G‡) between the transition states, while the energies of the pre-complexes contribute
to the determination of the rates of the two routes (Scheme 2).

Scheme 2.

The epoxide opening reaction is found to be stereoselective (80% e.e. of (S)-alcohol)15 and this
represents a free energy difference between the diastereoisomeric transition states of 1.25 kcal mol−1

at 20°C.
Asami5 rationalized the observed enantioselectivity by proposing that the deprotonation occurs pre-

ferentially through the transition state complex where the steric interactions between the cyclohexene
oxide and the amide are minimized, i.e.TS2, leading to (S)-alcohol, is preferred overTS1 (Fig. 2).

Figure 2. Proposed transition structures yielding (R)-alcohol (TS1) and (S)-alcohol (TS2)

3.1. Ab initio structures

Optimized transition states for the epoxide opening are presented in Fig. 3. Selected calculated bond
distances of the optimized structures are given in Table 1.

At the HF/3-21G level, three transition states yielding the (R)-alkoxide (TS1a–c) and three yielding
the (S)-alkoxide (TS2a–c) were identified. These TSs all have six-membered rings with Li coordinating
to the epoxide oxygen (Scheme 3).

The epoxide opening is concerted with the proton abstraction, which is performed by the amidic
nitrogen (N2). In TS1a–b andTS2c the lithium amide is coordinated above the cyclohexene oxide ring
while in TS2a–b andTS1cthe amide is positioned outside the cyclohexene oxide ring.

At the HF/3-21G level, the epoxide ring is opened to nearly the same extent inTS1 andTS2. O–C1

distances are calculated to be 1.58–1.65 Å and O–C6 distances are 1.47–1.48 Å. These are to be compared
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Figure 3. Calculated TSs for epoxide opening of cyclohexene oxide with2 yielding (R)-alkoxide (TS1a–c) and (S)-alkoxide
(TS2a–c)

with the O–C1 and O–C6 distances in cyclohexene oxide (1) which are calculated to be 1.48 Å, and the
corresponding O–C bond distance in the lithium alkoxide of cyclohexen-2-ol (3) which is calculated to
be 1.40 Å at the same level of theory. This suggests that the O–C1 bond in the epoxide ring is partially
broken in the transition state, while the O–C6 bond is essentially unchanged. The double bond character
is not fully developed between C1 and C2 as the bond distance is calculated to be 1.46–1.47 Å, and the
hybridization at C2 is in betweensp2 andsp3. In 3, with the double bond fully developed, the bond length
is calculated at the same level of theory to be 1.32 Å. Abstraction of the proton inTS1andTS2 is almost
linear; the C2–H2–N2-angle is calculated to be 171–173°. The proton is found to be more than half-
transferred to the nitrogen; C2–H2 bonds are found to be 1.43–1.47 Å and N2–H2 bonds are 1.26–1.30
Å. The C2–N2 distances are calculated to be 2.72–2.78 Å, indicating the presence of strong hydrogen
bonds. The reaction is dominated by proton transfer in the initial part of the reaction coordinate, while
the epoxide opening is dominating in the later. Upon epoxide opening the developed oxyanion yields
increased attraction by the lithium cation; O–Li distances are calculated to be 1.78–1.79 Å. The lithium
cation is also coordinating the amide nitrogen, N2, with a distance of 1.92 Å and the amine nitrogen, N1,
at distances of 2.02–2.08 Å. Thus the lithium cation is tricoordinated.
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Table 1
Selected calculated bond distances (Å) for deprotonation transition states and comparable compounds

at PM3 and HF/3-21G levels of theory

Scheme 3.

TS1a and TS1b differ mainly in the conformation of the cyclohexene oxide ring. InTS1a H3 is
positioned equatorially and H3′ axially, while in TS1b H3′ is equatorial and H3 axial. Thus these
hydrogens inTS1badopt nearly eclipsed positions to H2 and H2′ , respectively, while inTS1aH3 and H3′

are nearly staggered relative to H2 and H2′ . The calculated energy difference between the two activated
complexes (3.1 kcal mol−1, favoringTS1a) reflects the differences in interactions described above.

No interaction between the axial H4 in the cyclohexene oxide ring and H7 in the lithium amide is
detected inTS1a. The distance of 2.49 Å is larger than the sum of the van der Waal’s radii of two
hydrogens (2.40 Å). A distance of 2.32 Å is calculated between H2 and H15′ and also between H7 and H12

in TS1a indicating only minor steric interactions. Also betweenTS2aandTS2b is the energy difference
traced to the conformational difference between the cyclohexene oxide rings. Other interactions between
the cyclohexene oxide ring and the lithium amide are small. A distance of 2.66 Å between H3 and H15

and 2.25 Å between H10 and H12 is found inTS2a. In TS1cthe cyclohexene oxide ring adopts the same
conformation as inTS1ato eliminate the unfavorable eclipsing interactions.

An energy comparison of the TSs gives a difference of 0.81 kcal mol−1 in favor of TS2a, i.e. the TS
yielding the (S)-alkoxide, overTS1awhich yields the (R)-alkoxide (Table 2). After thermal and entropic
corrections the difference in free energy at 298 K is calculated to be 0.82 kcal mol−1. The small energy
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Table 2
Calculated total energies (E) in a.u., relative activation energies (δ∆E‡), and relative free activation

energies (δ∆G‡) in kcal mol−1 for deprotonation transition states

difference makes the interpretation intricate, butTS2aappears to have smaller steric interactions between
the cyclohexene oxide ring and the lithium amide thanTS1a. Thus this seems to be a major reason for
the obtained enantioselectivity.

Single-point energy calculations using B3LYP/6-31+G(d) and HF/3-21G optimized geometry gave an
energy difference of 0.83 kcal mol−1. The difference in free energy at 298 K is calculated to be 0.83 kcal
mol−1 at this level. This energy difference corresponds to an e.e. of 60% at 298 K.

TS1bandTS1care calculated at the HF/3-21G level to be 3.1 and 3.2 kcal mol−1, respectively, higher
in energy thanTS1a. The estimated corresponding differences in free energy are 2.7 and 3.4 kcal mol−1,
respectively. Single point energies at the B3LYP/6-31+G(d) level suggest these energies to be 3.3 and 2.3
kcal mol−1, respectively, while the corresponding free energies are 2.9 and 2.5 kcal mol−1, respectively.
The corresponding energies forTS2b andTS2c are 3.1 and 2.3 kcal mol−1 at the HF/3-21G level and
2.9 and 0.1 kcal mol−1 at the B3LYP/6-31+G(d) level, respectively. The calculated free energies are
2.5 and 2.2 kcal mol−1 at the HF/3-21G level and 2.3 and 0.1 kcal mol−1 at the B3LYP/6-31+G(d) level.
When using a correlated level for the energy calculation,TS1candTS2care energetically closer toTS1a
andTS2a, while TS1b andTS2b remain essentially unaffected. No indication of any substantial Li–π
interactions is found in the optimized structures.

3.2. Semiempirical structures and energies

PM3-optimized transition states for the epoxide opening are depicted in Fig. 4.
At the PM3 level, six transition states yielding the (R)-alkoxide and six yielding the (S)-alkoxide were

identified. The structuresTS1d–f andTS2d–f all feature long O–C1 bonds. Attempts to optimize these
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Figure 4. Calculated TSs for epoxide opening of cyclohexene oxide with2 yielding (R)-alkoxide (TS1a–c) and (S)-alkoxide
(TS2a–c)

states at the HF/3-21G level resulted only in theTS1a–c and TS2a–c structures, respectively. In the
following discussion we have concentrated on the TSs present at both levels.

The epoxide rings inTS1a–TS2c at the PM3 level of theory are somewhat less opened than at the
HF/3-21G level. O–C1 distances are calculated to be 1.52–1.57 Å, with the longest bond found forTS1c,
and O–C6 distances are 1.43–1.44 Å. In1 the O–C1 distance is calculated to be 1.44 Å. The corresponding
O–C bond distance in the lithium alkoxide of3 is calculated to be 1.37 Å. Formation of the double bond
is not complete in the TS. The bond distance between C1 and C2 is calculated to be 1.45–1.47 Å in
TS1a–TS2c. In 3 the double bond is found to be 1.33 Å at the same level of theory. The proton in
transit inTS1a–TS2c is morethan half transferred towards the nitrogen, C2–H2 distances are 1.55–1.57
Å, and the proton transfer angle is 159–169°. The O–Li distances are calculated to be 1.86–1.89 Å in
TS1a–TS2c, i.e. 0.1 Å longer than at the HF/3-21G level. The distance is also considerably longer than
in 3 where the bond distance is found to be 1.60 Å. The lithium cation is also coordinating the amide
nitrogen, N2 (2.07–2.08 Å forTS1a–TS2c), and the amine nitrogen, N1 (2.16–2.24 Å in all states), thus
being tricoordinated. In the parent lithium amide,2, the corresponding bond distances are calculated to
be 1.84 and 2.18 Å, respectively, at the same level of theory.

As in the HF/3-21G level of theory, the steric interactions at the PM3 level between the lithium amide
and the cyclohexene oxide ring is small. InTS1a the H2–H12 and H2–H13 distances are 2.37 Å and the
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distance between H10 and H11´ is 2.23 Å. InTS1b the H3–H7´ distance is 2.57 Å and the H7–H11 distance
is 2.34 Å. Interactions between H10 and H11´ (2.24 Å) and H2–H12 (2.35 Å) are also found inTS1b. The
eclipsed hydrogens in the cyclohexene oxide ring are inTS1bseparated by 2.47 and 2.34 Å, respectively.
In TS1cH15´ is positioned 2.36 Å from H2, indicating a small interaction, and the distance between H10

and H11´ is found to be 2.25 Å. The lithium amide part adopts a different conformation inTS1c than in
TS1a. The pyrrolidine ring is flipped and the dihedral angle C11–C12–C13–C14 is found to be −151° in
TS1c, compared to −118° inTS1aandTS1b. The adopted conformation of the lithium amide part results
in some steric interactions between H7 and H12. The distance between the two hydrogens is calculated to
be 2.30 Å which is slightly unfavorable. The energy difference betweenTS1aandTS1b is calculated to
be 0.4 kcal mol−1, while TS1c is 3.7 kcal mol−1 higher in energy thanTS1a.

TS2a adopts a ring conformation without eclipsing hydrogens. H3 and H2 are separated by 2.53 Å
and the distance between H3 and H15 is found to be 2.51 Å. InTS2b the distance between the eclipsed
hydrogens is 2.39 and 2.32 Å, respectively, and the distance between H3 and H15 is 2.41 Å. InTS2a–b,
H10–H11´ are interacting at the distance 2.23 Å, and H2 interacts slightly with H12 at 2.38 Å. The sum
of such interactions is assumed to be the origin of the higher energies ofTS2b (+1.5 kcal mol−1) over
TS2a.

TS2c does not have any eclipsing hydrogens in the cyclohexene oxide ring and the pyrrolidine ring
adopts a similar conformation as inTS1c, the dihedral angle C11–C12–C13–C14 is found to be −154°.
Also here are interactions between H7´ and H12 detected by the distance 2.29 Å inTS2c.

In none of the optimized transition states at PM3 level could a strong Li–π interaction be detected.
Li–C1 distances were found to be about 2.9 Å, which is smaller than the sum of the van der Waals radius
of a carbon and a lithium atom (3.5 Å), but indicates no direct coordination.

Comparison of the two lowest PM3-optimized transition states,TS1aandTS2a, shows that the energy
difference is 0.5 kcal mol−1 in favor of the TS yielding the (R)-alkoxide which is contradictory to
experiment and HF/3-21G calculations. PM3 is known to give reasonable structures while energies are
not so well modeled. We therefore calculated the relative energies ofTS1a–c andTS2a–c with B3LYP/6-
31+G(d) and with PM3-optimized geometries to obtain more reliable energies. A difference of 0.7 kcal
mol−1 in favor of the TS yielding the (S)-alkoxide was now found corresponding to an e.e. of 55% at 298
K. This method also predictsTS1cto be lower in energy thanTS1b, andTS2cto be lower in energy than
TS2b, which also was seen with HF/3-21G geometries using B3LYP energies. The steric interactions in
the nearly eclipsed transition states seem to be underestimated in PM3.

Thus formation of an excess of the (S)-isomer is predicted in the absence of solvation at the highest
level of theory used. The results obtained by also considering solvation of the activated complexes are
presented in Table 3.

3.3. Solvation

Some computational studies on solvation in lithium organic chemistry at the semiempirical level can
be found in the literature49–56,27,57,58,23but only sparsely at higher levels.59–61

In this work, the solvation was studied by direct coordination of one THF molecule to the lithium
cation, thus making it tetracoordinated. The structures for the solvated complexes represent the most
stable states achieved after a detailed investigation at the PM3 level of several local minima, obtained
by solvent rotation around the Li–THF bond. Large energy variations were found depending on the
arrangement of the solvent molecule.
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Table 3
Calculated heats of formation (∆Hf), absolute energies (E in a.u) and relative enthalpies (δ∆Hf) in

kcal mol−1 for deprotonation transition states

3.4. Semiempirical structures

Optimized solvated activated complexes for the epoxide opening are depicted in Fig. 5. Selected
calculated bond distances of the optimized structures are presented in Table 4. Upon solvation, the
changes in structure for the TSs are mainly found in the vicinity of the solvated lithium cation. For
TS1a–c the O–Li bonds are elongated by 0.02–0.06 Å to 1.90–1.93 Å.TS1a+THF has the shortest and
therefore the strongest O–Li bond. The Li–N2 bonds are elongated by 0.03–0.04 Å to 2.09–2.11 Å and
the Li–N1 bonds are 0.03–0.05 Å longer than in the unsolvated structures. The position of the transferred
hydrogen inTS1a–c is not greatly affected, only inTS1a is the N2–H2 bond shortened by 0.04 Å to
1.18 Å. The length of the O–C1 distance is also somewhat shortened upon solvation, the distance is
0.01–0.04 Å shorter in the solvated states. The THF–Li distances are calculated to be 2.00–2.04 Å. The
solvation energies differ in the three states. The solvation energy forTS1c+THF is 8.0 kcal mol−1 while
for TS1a+THF andTS1b+THF it is 6.8 kcal mol−1 and 6.5 kcal mol−1, respectively.

The solvated transition states giving the (S)-alkoxide, TS2a–c+THF , exhibit most of the features
described for the transition states giving (R)-alkoxide. Li bonds to heteroatoms are elongated by
0.04–0.07 Å, however the degree of proton transfer is also only slightly affected in this case. The distance
between the THF oxygen and Li is calculated to be 2.02 Å and the solvation energy ranges from 6.5 kcal
mol−1 for TS2c+THF to 8.1 kcal mol−1 for TS2b+THF .
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Figure 5. Calculated solvated TSs including solvent for epoxide opening of cyclohexene oxide with2 yielding (R)-alkoxide and
(S)-alkoxide. Some hydrogens are omitted for clarity

A comparison of the lowest transition states for yielding (S)- and (R)-alkoxide at this level indicates
that solvation causes the energy differences in general to be larger. Solvation is somewhat more effective
at this level of theory in the TSs yielding the (S)-alkoxide than the (R)-alkoxide.TS2a+THF is 0.3 kcal
mol−1 lower in energy thanTS1a+THF resulting in a predicted stereoselectivity in good agreement with
experiment.

Single-point calculations at the B3LYP/6-31+G(d) level of theory with PM3-optimized geometries are
also given in Table 5.TS1c+THF is the transition state with lowest energy yielding the (R)-alkoxide
while TS2a+THF is the lowest TS for the (S)-route. The energy difference between the two TSs is
1.7 kcal mol−1, corresponding to an e.e. of 88%, which is close to the experimental value of 80%. The
solvation energies ofTS1a–c+THF range from 9.1 kcal mol−1 for TS1a+THF to 10.7 kcal mol−1 for
TS1c+THF . The solvation energies forTS2a–c+THF vary from 10.4 kcal mol−1 for TS2a+THF to 11.0
kcal mol−1 for TS2b+THF .

To improve the energies of the solvated transition states we optimized the key structures with the ab
initio method HF/3-21G.

3.5. Ab initio structures

Optimized transition states are shown in Fig. 6 while selected bond distances are given in Table 4.
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Table 4. Selected calculated bond distances (Å) at PM3 and HF/3-21G levels of theory for solvated deprotonation transition states
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Table 5
Calculated heats of formation (∆Hf), absolute energies (E in a.u.), relative enthalpies (δ∆Hf) and

solvation energies (Esol) in kcal mol−1 for solvated deprotonation transition states

The non-solvent parts of the HF/3-21G optimized structures differ somewhat from the unsolvated
structures. The largest effect is seen in the vicinity of the lithium. The O–Li distance is shortened by
0.01 Å inTS1aand by 0.05 Å inTS2a. Similarly, the Li–N2 and Li–N1 distances are shortened by 0.12
Å for both structures. The N2–H2 distance also shows some dependence upon solvation; the distance is
elongated by 0.11 Å inTS1aand 0.07 Å inTS2a. The distance between Li and O in THF is calculated
to be 1.92–1.95 Å at this level of theory.

Calculated energies at the HF/3-21G//HF/3-21G level of theory show thatTS2a+THF is 2.21 kcal
mol−1 lower in energy thanTS1a+THF (Table 6). The corresponding difference in free energy is 1.96
kcal mol−1. Single point calculations at this geometry using B3LYP/6-31+G(d) do not change the relative
energies much, i.e.TS2a+THF is 2.23 kcal mol−1 lower in energy and 1.98 kcal mol−1 lower in free
energy. This is 0.7 kcal mol−1 larger than the experimental value but the stereoselectivity has the correct
sign. The enantiomeric excess of the reaction at this level is calculated to be 93%. The solvation energy
seems to be overestimated at the HF/3-21G level (−20.2 kcal mol−1 for TS2a+THF and −18.0 kcal mol−1

for TS1a+THF ). At the B3LYP/6-31+G(d) level, the corresponding solvation energies are 8.5 and 7.1
kcal mol−1, respectively, i.e. the TS giving the (S)-alkoxide is better solvated by THF.

4. Conclusion

A detailed computational investigation of possible activated complexes in the epoxide opening of
cyclohexene oxide by a chiral lithium amide has been presented. Transition states for the two routes
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Figure 6. Calculated (HF/3-21G//HF/3-21G) solvated TSs for epoxide opening of cyclohexene oxide with2 yielding
(R)-alkoxide and (S)-alkoxide

Table 6
Calculated total energies (E) in a.u., solvation energies (Esol), relative activation energies (δ∆E‡) and

relative free activation energies (δ∆G‡) in kcal mol−1 for solvated deprotonation transition states
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giving (S)- and (R)-alkoxide with and without solvent, respectively, have been calculated. Geometry
optimizations at the PM3 and HF/3-21G levels of theory, and single point calculations at the B3LYP/6-
31+G(d) level have been used. PM3 itself does not reproduce even qualitatively the stereoselectivity
for the reaction in the unsolvated case. At the B3LYP/6-31+G(d)//PM3 level, the (S)-transition state is
favored by 0.7 kcal mol−1 (55% e.e.), and the observed stereoselectivity is also qualitatively reproduced
at the HF/3-21G level. The difference in free activation energy is calculated to be 0.8 kcal mol−1 (60%
e.e.) at the B3LYP/6-31+G(d)//HF/3-21G level, which is to be compared with 1.2 kcal mol−1 (80%
e.e.) found experimentally. Upon inclusion of solvation by THF, the correct stereoselectivity is semi-
quantitatively predicted at both PM3 and HF/3-21G levels. The free activation energy is calculated to
be 2.0 kcal mol−1 (93% e.e.) at the B3LYP/6-31+G(d)//HF/3-21G level, favoring the transition state
giving the (S)-alkoxide, while at the B3LYP/6-31+G(d)//PM3 level, the difference is found to be 1.7
kcal mol−1 (88% e.e.). Thus the observed stereoselectivity is semi-quantitatively reproduced at all levels
except in the unsolvated case at PM3//PM3. Important factors controlling the stereoselectivity (other
than those previously proposed) are solvation, which is larger in the TS yielding the (S)-alkoxide, and
small differences in steric interactions between the cyclohexene oxide ring and the lithium amide in the
activated complexes.
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