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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 g8jtan@ 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 afieseepoxides 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 amideg® 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 graip¥. 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;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 dxitg 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.
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Figure 1. Epoxide opening of cyclohexene oxidgwith the chiral lithium amide yielding the allylic alcohols$-3 and R)-3

2. Computational methods

All ab initio calculations were performed using the Gaussiaf® @togram, while semiempirical
calculations were done using the Spatfgprogram. Geometries were optimized at Fi¥ and HF/3-
21G*® levels of theory. At the PM3 level, the option HHON in Spartan was used to correct for hydrogens
in close contact®*! 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}*levels of theory.

3. Results and discussion

Amide promotedp-elimination of cyclohexene oxide yielding an allylic alcohol was shown in
deuterium labeling experiments by Thummel and Rickidrand later by Morgan and Gajews¥i to
take place exclusivelgynto 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 miobf this isomerization was calculated at the PM3 level,
which is to be compared with the experimental value of 4.3 kcaf hf6l
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Scheme 1.

The lithium amide2 will react with both enantiomers and form pre-complexB€{ and PC2) in
which the deprotonation takes place. The pre-complexes are presumably rapidly interconverting and the
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transition states forR)- and §)-alkoxide, TS1andTS2), respectively, are in equilibrium according to
the Curtin—~Hammett principl&-48 This means that the stereoselectivity is determined by the difference

in free energy §AG*) between the transition states, while the energies of the pre-complexes contribute
to the determination of the rates of the two routes (Scheme 2).
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The epoxide opening reaction is found to be stereoselective (80% e.&)-alc¢hol}®> and this
represents a free energy difference between the diastereoisomeric transition states of 1.25 kcal mol
at 20°C.

AsamP 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%S2, leading to §-alcohol, is preferred overS1 (Fig. 2)
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Figure 2. Proposed transition structures yieldiRyrélcohol (TS1) and §-alcohol TS2)

3.1. Abinitio 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 tReglkoxide TS1a-) and three yielding
the (§-alkoxide (TS2a=) 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 (N). In TS1a-b andTS2cthe 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 extd®limndTS2 O-G
distances are calculated to be 1.58-1.65 A andgligtances are 1.47-1.48 A. These are to be compared
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TS1a TS1b TSlc
HF/3-21G: 0 HF/3-21G: 3.1 HF/3-21G: 3.2
B3LYP/6-31+G(d): 0 B3LYP/6-31+G(d): 3.3 B3LYP/6-31+G(d): 2.3

TS2a TS2b TS2c
HF/3-21G: -0.8 HF/3-21G: 3.1 HF/3-21G: 2.3
B3LYP/6-31+G(d): -0.8 B3LYP/6-31+G(d): 2.9 B3LYP/6-31+G(d): 0.1

Figure 3. Calculated TSs for epoxide opening of cyclohexene oxide2wiklding (R)-alkoxide TS1la-<c) and §)-alkoxide
(TS2a<)

with the O—G and O-G distances in cyclohexene oxid#) (vhich are calculated to be 1.48 A, and the
corresponding O—C bond distance in the lithium alkoxide of cyclohexen-2}ablfich is calculated to

be 1.40 A at the same level of theory. This suggests that the, ®ed in the epoxide ring is partially
broken in the transition state, while the Osabnd is essentially unchanged. The double bond character
is not fully developed between;@nd G as the bond distance is calculated to be 1.46-1.47 A, and the
hybridization at G is in betweersp? andsp’. In 3, with the double bond fully developed, the bond length

is calculated at the same level of theory to be 1.32 A. Abstraction of the profo®liandTS2is almost

linear; the G—H>—Ny-angle is calculated to be 171-173°. The proton is found to be more than half-
transferred to the nitrogen;»,SH, bonds are found to be 1.43-1.47 A ang-N, bonds are 1.26-1.30

A. The G—N, distances are calculated to be 2.72-2.78 A, 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 A. The lithium
cation is also coordinating the amide nitrogen, With a distance of 1.92 A and the amine nitrogen, N

at distances of 2.02—2.08 A. Thus the lithium cation is tricoordinated.
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Table 1
Selected calculated bond distances (A) for deprotonation transition states and comparable compounds
at PM3 and HF/3-21G levels of theory

Method 0-C, 0-C¢  Ci-C¢  Ci-C; Cy-H,  Ny-Hy  Cy-N;  O-Li Li-Np  Li-N;

1 PM3 1.439 1435 1494 1.513
HF/3-21G 1480 1471 1.477  1.515
3 PM3 1.373 1.512 1333 1.601
HF/3-21G 1.395 1.522 1.317 1.560
TSla PM3 1.534 1438 1494 1.461 1.549 1.216 2747 1.876  2.069  2.168
HF/3-21G 1.636 1.468 1469  1.460 1.438 1.293 2.722 1.779 1918 2.034
TS1b PM3 1.515  1.443 1497 1467 1.560 1.208 2739 1889  2.073  2.157
HF/3-21G 1.584  1.483 1.473 1.474 1.474 1.262 2.723 1.788  1.922  2.028
TSl1c PM3 1.568  1.433 1.491 1.454 1.552 1.225 2764 1.871  2.069  2.235
HF/3-21G 1.639 1.467 1469 1.460 1.459 1.298 2749 1.781 1917  2.083
TS1d PM3 1916 1393 1482 1428 1.290 1.597 2.861 1.783  2.024  2.165
TSle PM3 1.887 1398  1.481 1.430 1.346 1.559 2884 1.780 2.026  2.166
TS1f PM3 1916 1.393 1.485 1.424 1.319 1.595 2.902 1.790  2.009 2.226
TS2a PM3 1.541 1.437  1.493 1.460 1.545 1.222 2.753 1.880 2.065 2.172
HF/3-21G 1.640 1468 1469  1.460 1.427 1.301 2.723 1.781 1916 2.021
TS2b PM3 1.541 1.438 1493 1.460 1.546 1.224 2.748 1.859  2.069 2.175
HF/3-21G 1.605 1479 1470  1.465 1.444 1.283 2717 1788 1.922  2.020
TS2¢ PM3 1.534 1439 1492 1.462 1.574 1.222 2.751 1.889  2.078 2216
HF/3-21G 1.646 1469 1467 1458 1.471 1.288 2.778 1.780  1.924  2.044
TS2d PM3 1.882 1397  1.483 1.429 1.348 1.559 2896 1.781 2.016  2.166
TS2e PM3 1.879 1398  1.483 1.429 1.347 1.561 2.894 1.778 2017  2.167
TS2f PM3 1.909 1394 1481 1.429 1.349 1.604 2.886 1.793  2.012  2.204
Li N2
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Scheme 3.

TSlaand TS1b differ mainly in the conformation of the cyclohexene oxide ring.Ti81la Hs is
positioned equatorially and 4H axially, while in TS1b Hz is equatorial and Kl axial. Thus these
hydrogens i S1badopt nearly eclipsed positions te Bind H, respectively, while iTfSlaHsz and Hy
are nearly staggered relative te Hnd Hy. The calculated energy difference between the two activated
complexes (3.1 kcal mot, favoring TS18) reflects the differences in interactions described above.

No interaction between the axialsHn the cyclohexene oxide ring and;Hh the lithium amide is
detected inTSla The distance of 2.49 A is larger than the sum of the van der Waal's radii of two
hydrogens (2.40 A). A distance of 2.32 A is calculated betwegartd H s and also between+and Hi,
in TS1laindicating only minor steric interactions. Also betweE®2aandTS2bis 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 A betvgegmdHH 5
and 2.25 A between {3 and H;, is found inTS2a In TS1cthe cyclohexene oxide ring adopts the same
conformation as i Slato eliminate the unfavorable eclipsing interactions.

An energy comparison of the TSs gives a difference of 0.81 kcat'niolfavor of TS24, i.e. the TS
yielding the §)-alkoxide, ovelTSlawhich 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.ifibe small energy
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Table 2
Calculated total energies (E) in a.u., relative activation ener@iaEY), and relative free activation
energies §AGY) in kcal mol™ for deprotonation transition states

E SAE*  SAG*
HF/3-21G//HF/3-21G'
TSla -770.62735 0 0
TS1b -770.62245  +3.08  +2.65
TSlc 770.62222 4322 +3.41
TS2a -770.62865  -0.81  -0.82
TS2b -770.62234  +3.14  +2.50
TS2¢ 77062373 4227 +2.22
B3LYP/6-31+G(d)//HF/3-21G

TSla -780.09285 0 0
TS1b -780.08756  +3.32  +2.90
TSlc -780.08920  +2.29  +2.48
TS2a -780.09417  -0.83  -0.83
TS2b -780.08819  +2.92  +2.28
TS2¢ -780.09263  +0.14  +0.09

1. Numbers in bold indicate the states with lowest energy

difference makes the interpretation intricate, b82aappears to have smaller steric interactions between
the cyclohexene oxide ring and the lithium amide tA&ila 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 mdl The difference in free energy at 298 K is calculated to be 0.83 kcal
mol™! 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 kcatin@spectively, higher
in energy tharTS1a The estimated corresponding differences in free energy are 2.7 and 3.4 kcgl mol
respectively. Single point energies at the B3LYP/6-31+G(d) level suggest these energies to be 3.3 and 2.3
kcal mor?, respectively, while the corresponding free energies are 2.9 and 2.5 kcdl nespectively.

The corresponding energies f662b and TS2care 3.1 and 2.3 kcal mdi at the HF/3-21G level and

2.9 and 0.1 kcal mol at the B3LYP/6-31+G(d) level, respectively. The calculated free energies are
2.5 and 2.2 kcal mot at the HF/3-21G level and 2.3 and 0.1 kcal mait the B3LYP/6-31+G(d) level.
When using a correlated level for the energy calculafid@lcandTS2care energetically closer fBS1a
andTS2a while TS1b andTS2b remain essentially unaffected. No indication of any substantiaftLi—
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 tH®-alkoxide and six yielding theSj-alkoxide were
identified. The structure$S1d-f andTS2d-f all feature long O—¢bonds. Attempts to optimize these
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TSla TS1b TS1c
PM3: 0 PM3: 0.4 PM3: 3.7
B3LYP: 0 B3LYP: 2.8 B3LYP: 1.2

TS2a TS2b TS2c
PM3: 0.6 PM3: 2.1 PM3: 5.2
B3LYP: -0.7 B3LYP: 2.5 B3LYP: 2.1

Figure 4. Calculated TSs for epoxide opening of cyclohexene oxide2wiklding (R)-alkoxide TS1la<c) and §)-alkoxide
(TS2a<)

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

The epoxide rings iTS1a-TS2c at the PM3 level of theory are somewhat less opened than at the
HF/3-21G level. O—gdistances are calculated to be 1.52—-1.57 A, with the longest bond foum& iy
and O—G distances are 1.43-1.44 A.Inhe O—G distance is calculated to be 1.44 A. The corresponding
O-C bond distance in the lithium alkoxide ®fs calculated to be 1.37 A. Formation of the double bond
is not complete in the TS. The bond distance betweerai@i G is calculated to be 1.45-1.47 Ain
TS1a-TS2c In 3 the double bond is found to be 1.33 A at the same level of theory. The proton in
transit inTS1a-TS2cis morethan half transferred towards the nitrogen—8, distances are 1.55-1.57
A, and the proton transfer angle is 159-169°. The O—Li distances are calculated to be 1.86-1.89 A in
TS1a-TS2g i.e. 0.1 A 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 A. The lithium cation is also coordinating the amide
nitrogen, N (2.07-2.08 A forTS1a-TS20), and the amine nitrogen,N2.16-2.24 A in all states), thus
being tricoordinated. In the parent lithium ami@ the corresponding bond distances are calculated to
be 1.84 and 2.18 A, 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.T6lathe H—Hi, and H—H;3 distances are 2.37 A and the
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distance between{gand H1-is 2.23 A. InTS1bthe H—H7 distance is 2.57 A and the;HH1 1 distance

is 2.34 A. Interactions betweemffand H1- (2.24 A) and H—Hi» (2.35 A) are also found ifS1b. The
eclipsed hydrogens in the cyclohexene oxide ring afeSihb separated by 2.47 and 2.34 A, respectively.
In TS1cH1s is positioned 2.36 A from b indicating a small interaction, and the distance betwegn H
and Hy- is found to be 2.25 A. The lithium amide part adopts a different conformatidrsitcthan in
TS1a The pyrrolidine ring is flipped and the dihedral anglg-€C1o—Ci3—Ci4 is found to be —=151° in
TS1c compared to —118° imSlaandTS1b. The adopted conformation of the lithium amide part results
in some steric interactions between &hd H». The distance between the two hydrogens is calculated to
be 2.30 A which is slightly unfavorable. The energy difference betilc&taandTS1bis calculated to

be 0.4 kcal mott, while TS1cis 3.7 kcal mot! higher in energy thaS1a

TS2aadopts a ring conformation without eclipsing hydrogens.add H are separated by 2.53 A
and the distance between ldnd Hs is found to be 2.51 A. ITS2b the distance between the eclipsed
hydrogens is 2.39 and 2.32 A, respectively, and the distance betwgandHs is 2.41 A. InTS2a-b,
Hi0—H11 are interacting at the distance 2.23 A, anglirteracts slightly with H, at 2.38 A. The sum
of such interactions is assumed to be the origin of the higher energieS2if (+1.5 kcal mot?') over
TS2a

TS2cdoes not have any eclipsing hydrogens in the cyclohexene oxide ring and the pyrrolidine ring
adopts a similar conformation as T51¢ the dihedral angle G—Cy1>—Ci13—Ci4 is found to be —154°.

Also here are interactions between ldnd H» detected by the distance 2.29 Als2c

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

Comparison of the two lowest PM3-optimized transition stal&l,aandTS2a, shows that the energy
difference is 0.5 kcal mot 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 energieES d-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™t in favor of the TS yielding theS)-alkoxide was now found corresponding to an e.e. of 55% at 298
K. This method also prediciBS1cto be lower in energy thahS1b, 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 thg){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 literatuf8-56.27.57.58.24t only sparsely at higher level%;6t

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 formatio\Hy), absolute energies (E in a.u) and relative enthalpiésH;) in
kcal mol? for deprotonation transition states

AHy SOAH;
PM3//PM3
TS1a -15.163 0
TS1b -14.777 +0.39
TSlc -11.420 +3.74
TS1d -17.785 -2.62
TSle -13.715 +1.45
TS1f -13.592 +1.57
TS2a -14.614 +0.55
TS2b -13.084 +2.08
TS2¢ -9.944 +5.22
TS2d -14.846 +0.32
TS2e -13.396 +2.08
TS2f -10.693 +4.47
B3LYP/6-31+G(d)//PM3 E

TS1a -780.07872 0
TS1b -780.07424 +2.81
TSlc -780.07675 +1.24
TS1d -780.08577 -4.42
TSle -780.07808 +0.40
TS1f -780.08389 -3.24
TS2a -780.07988 -0.73
TS2b -780.07479 +2.47
TS2c -780.07545 +2.05
TS2d -780.08586 -4.48
TS2e -780.07883 -0.07
TS2f -780.08185 -1.96

I.Ina.u.

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 A to 1.90-1.9B1a+THF has the shortest and
therefore the strongest O-Li bond. The Li-bbnds are elongated by 0.03-0.04 A to 2.09-2.11 A and
the Li-N; bonds are 0.03-0.05 A longer than in the unsolvated structures. The position of the transferred
hydrogen inTS1a- is not greatly affected, only ifSlais the N—H, bond shortened by 0.04 A to
1.18 A. The length of the O—Cdistance is also somewhat shortened upon solvation, the distance is
0.01-0.04 A shorter in the solvated states. The THF-Li distances are calculated to be 2.00-2.04 A. The
solvation energies differ in the three states. The solvation energySbe+r THF is 8.0 kcal mott while
for TS1a+THF andTS1b+THF it is 6.8 kcal mot! and 6.5 kcal mott, respectively.

The solvated transition states giving th®-&alkoxide, TS2a—c+THF, exhibit most of the features
described for the transition states givinB){alkoxide. Li bonds to heteroatoms are elongated by
0.04-0.07 A, 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 A and the solvation energy ranges from 6.5 kcal
mol™ for TS2¢+THF to 8.1 kcal mot? for TS2b+THF .
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TS1a+THF TS1b+THF TS1c+THF
PM3: 0 PM3: 0.7 PM3: 2.5
B3LYP: 0 B3LYP: 1.6 B3LYP: -0.3

TS2a+THF TS2b+THF TS2c+THF
PMa3: -0.3 PM3: 0.8 PM3: 5.5
B3LYP: -2.0 B3LYP: 0.7 B3LYP: 0.5

Figure 5. Calculated solvated TSs including solvent for epoxide opening of cyclohexene oxi@syigitting (R)-alkoxide and
(9)-alkoxide. Some hydrogens are omitted for clarity

A comparison of the lowest transition states for yieldi®y @nd 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 th§){alkoxide than theK)-alkoxide. TS2a+THF is 0.3 kcal
mol™ lower in energy thaT S1a+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 5TS1c+THF is the transition state with lowest energy yielding ti)-élkoxide
while TS2a+THF is the lowest TS for theS)-route. The energy difference between the two TSs is
1.7 kcal mot?, corresponding to an e.e. of 88%, which is close to the experimental value of 80%. The
solvation energies of Sla-c+THF range from 9.1 kcal mot for TS1a+THF to 10.7 kcal mot! for
TS1c+THF. The solvation energies fd@iS2a-c+THF vary from 10.4 kcal mot* for TS2a+THF to 11.0
kcal mol? 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. Abinitio structures

Optimized transition states are shown in Fig. 6 while selected bond distances are given in Table 4.



Table 4. Selected calculated bond distances (A) at PM3 and HF/3-21G levels of theory for solvated deprotonation transition states

Method 0-C, 0-C¢ Ci-Cs Ci-C, Cy-H, Nz-H; Ca-N, O-Li Li-N, Li-N;  Li-THF
TS1a+THF PM3 1.545 1.434 1.491 1.451 1.555 1.178 2.718 1.896 2.113 2.206 1.998
HF/3-21G  1.605 1.472 1.469 1.465 1.440 1.287 2.723 1.888 1.990 2.089 1.946
TS1b+THF PM3 1.512 1.441 1.496 1.463 1.546 1.209 2.736 1.919 2.109 2.192 2.029
TS1c+THF PM3 1.531 1.437 1.492 1.456 1.546 1.215 2.751 1.930 2.094 2.262 2.012
TS2a+THF PM3 1.519 1.439 1.494 1.461 1.539 1.215 2.744 1.934 2.101 2.201 2.018
HF/3-21G  1.600 1.473 1.470 1.467 1.439 1.283 2.719 1.884 1.987 2.083 1.923
TS2b+THF PM3 1.509 1.442 1.496 1.463 1.539 1.217 2.737 1.927 2.111 2216 2.024
TS2¢+THF PM3 1.524 1.438 1.492 1.461 1.558 1.230 2.745 1.926 2.100 2.268 2.020

6.2-592 (666T) OTANaWWASOIpaYeNa] /e 18 |1 UOSS|IN "0 'S
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Table 5
Calculated heats of formatiom\Hs), absolute energies (E in a.u.), relative enthalpig&Hs) and
solvation energies (&) in kcal mol? for solvated deprotonation transition states

AH¢ SAH; Esol
PM3//PM3
TS1a+THF' -73.034 0 6.76
TS1b+THF -72.362 +0.67 6.47
TS1c+THF. -70.529 +2.51 7.99
TS2a+THF -73.307 -0.27 7.56
TS2b+THF -72.272 +0.76 8.07
TS2c+THF -67.523 +5.51 6.46
B3LYP/6-31+G(d)//PM3 E
TS1a+THF? -1012.54696 0 9.16
TS1b+THF -1012.54440 +1.61 10.37
TS1c+THF -1012.54747 -0.32 10.72
TS2a+THF -1012.55013 -1.99 10.42
TS2b+THF -1012.54591 +0.66 10.97
TS2c+THF -1012.54622 +0.46 10.75

1. THF=-51.115 kcal mol™" 2. THF=-232.45364 a.u.

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 AinTS1aand by 0.05 AinTS2a Similarly, the Li-N> and Li—N; distances are shortened by 0.12
A for both structures. The N-H, distance also shows some dependence upon solvation; the distance is
elongated by 0.11 A iTS1aand 0.07 A inTS2a The distance between Li and O in THF is calculated
to be 1.92—1.95 A at this level of theory.

Calculated energies at the HF/3-21G//HF/3-21G level of theory showTt®aa+THF is 2.21 kcal
mol™® lower in energy thaTS1a+THF (Table 6). The corresponding difference in free energy is 1.96
kcal molt. Single point calculations at this geometry using B3LYP/6-31+G(d) do not change the relative
energies much, i.eTS2a+THF is 2.23 kcal maot! lower in energy and 1.98 kcal mdllower in free
energy. This is 0.7 kcal mol 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 kcaltoolTS2a+THF and —18.0 kcal mot
for TS1a+THF). At the B3LYP/6-31+G(d) level, the corresponding solvation energies are 8.5 and 7.1
kcal mor?, respectively, i.e. the TS giving th&)¢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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HF/3-21G//HF/3-21G: -1.96 kcal/mol HF/3-21G//HF/3-21G: 0 kcal/mol

B3LYP/6-31+G(d)//HF/3-21G: 0 kcal/mol
B3LYP/6-31+G(d)//HF/3-21G: -1.98 kcal/mol

Exp. value: 8AG* = -1.25 kcal/mol

Figure 6. Calculated (HF/3-21G//HF/3-21G) solvated TSs for epoxide opening of cyclohexene oxid@ wiilding
(R)-alkoxide and §)-alkoxide

Table 6
Calculated total energies (E) in a.u., solvation energigs)(Eelative activation energie$ AE¥) and
relative free activation energieS§ AG¥) in kcal mol™ for solvated deprotonation transition states

E Ew  OAE*  8AG*
HF/3-21G//HF/3-21G
TS1a+THF' -1000.35526  -18.0 0 0
TS1c+THF -1000.35454 0.45
TS2a+THF -1000.35878  -202 221 -1.96
B3LYP/6-31+G(d)//HF/3-21G

TS1a+THF? -1012.56188 -7.10 0 0
TS1c+THF -1012.56166 0.14
TS2a+THF -1012.56544 -8.50 -2.23  -1.98

1. THF=-229.69916 a.u.
2. THF=-232.45772 a.u.
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giving (§- 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 Skeansition state is
favored by 0.7 kcal mol (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(6@so

e.e.) at the B3LYP/6-31+G(d)//HF/3-21G level, which is to be compared with 1.2 kcal' rt&0%

e.e.) found experimentally. Upon inclusion of solvation by THF, the correct stereoselectivity is semi-
guantitatively predicted at both PM3 and HF/3-21G levels. The free activation energy is calculated to
be 2.0 kcal mott (93% e.e.) at the B3LYP/6-31+G(d)//HF/3-21G level, favoring the transition state
giving the ©§-alkoxide, while at the B3LYP/6-31+G(d)//PM3 level, the difference is found to be 1.7
kcal mol! (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 yieldin&)taékéxide, and

small differences in steric interactions between the cyclohexene oxide ring and the lithium amide in the
activated complexes.
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