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Abstract—Stereoselective deprotonation of cyclohexene oxide, using a mixed dimer built of the chiral lithium amide, lithium
(1R,2S)-N-methyl-1-phenyl-2-pyrrolidinyl-propanamide, and 2-lithio-1-methylimidazole, has been studied. The composition of the
rate limiting activated complex was determined by kinetics to be built from one mixed dimer molecule and one epoxide molecule.
Based on this knowledge computational chemistry has been applied to gain insight into possible structures of the activated com-
plexes.
� 2004 Elsevier Ltd. All rights reserved.
R*NLi

R*NH BLi

BH
O

OH

2

(S)-4

Scheme 1.

NN
n-BuLi

THF
NN

1 Li-1

Li

Scheme 2.
1. Introduction

Chiral lithium amides have been developed for enan-
tioselective deprotonation reactions of, for example,
epoxides and ketones.1 Such reactions are synthetically
important since the chiral products obtained are useful
intermediates in the organic synthesis, for example, of
biologically active compounds.2 The chiral lithium
amides are often applied in stoichiometric amounts or in
excess. Alternatively, there have also been a number of
attempts to run the enantioselective deprotonation
reactions, for example, of epoxides under catalytic
conditions.2–4 The chiral lithium amide (R*NLi) has
been used in sub-stoichiometric amounts in the presence
of a bulk base (BLi) working as a chiral lithium amide-
regenerating reagent, in order to obtain a catalytic cycle
(Scheme 1). However, nonenantioselective deprotona-
tion by the bulk base yields a racemic product that
competes with that of the chiral base, resulting in lower
enantioselectivity than in the stoichiometric reaction
with chiral lithium amide.

In order to improve the degree of enantioselectivity in
catalytic deprotonations, access to bulk bases with lower
kinetic basicity than, for example, lithium diisopropyl
lithium amide LDA, but with comparable or higher
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thermodynamic basicity, is required. In our search for
such bases, we used 1-methylimidazole 1 as a bulk base
precursor.4;5 This azole underwent carbon deprotona-
tion at the C-2-position by n-BuLi to yield the carbenoid
compound 2-lithio-1-methylimidazole Li-1 (Scheme
2).5;6
The deprotonating ability of the base Li-1 was studied
using cyclohexene oxide 2 as substrate. In contrast to
LDA, Li-1 did not yield any deprotonation of 2. This is
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presumably due to the fact that proton transfer to car-
bon is usually slower than that to a more electronegative
atom such as nitrogen. This result indicates that Li-1
should be a useful bulk base in catalytic asymmetric
deprotonation.

Indeed as expected, it was found that when using Li-1 as
a bulk base instead of LDA together with the chiral base
Li-3 as a catalyst, deprotonation of 2 produced chiral
allylic lithium alkoxide (S)-Li-4 with the same repro-
ducible stereoselectivity (93% ee) as the deprotonation in
the absence of the bulk base.4

Interestingly, when running the deprotonation using
equimolar amounts of chiral base Li-3 and bulk base
Li-1 an increase in stereoselectivity (96% ee) was observed.
Apparently the bulk base plays a more intricate role
than just regenerating the chiral base from the chiral
diamine formed upon deprotonation of the epoxide.4

We herein report the results of an investigation into
molecular composition of the deprotonation activated
complexes. Kinetics have been used to determine the
composition of the rate limiting activated complexes and
based on this knowledge, computational chemistry has
been applied to calculate structures of the activated
complexes.
Table 1. Initial rates obtained from 0.5% reaction in runs with dif-

ferent concentrations of reagents and additives in THF at 20.0 �C

Run [2]/

mM

[5]/mM [(Li-3)2]/

mMa

[1]/mM [3]/mM (d[4]/dt)/
107 M s�1

50 100 11.5

50 100 11.4

50 100 51.3a

100 50 11.8

100 50 11.8

100 75 18.1

100 75 18.7

100 100 22.4

100 100 23.2
2. Results and discussion

Kinetics can tell us about the molecular composition of
activated complexes in reactions through experimentally
determined reaction orders, if the molecular composi-
tion of the reagents in the initial state is known.7

Lithium amides are strong dipoles, which makes them
prone to aggregate.8 The aggregate composition of
homochiral lithium amide Li-3 has previously been
investigated using 6Li and 13C labeled chiral lithium
amide and multinuclear NMR spectroscopy.5 The re-
sults show that Li-3 in tetrahydrofuran (THF) is present
as homodimer (Li-3)2 in the initial state (Scheme 3).
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100 100 23.1

100 100 23.0

100 100 100 13.5

100 100 100 58.5

100 100 103a

100 100 102a

100 200 41.0

100 200 46.9

200 100 47.4

200 100 48.9

200 100 195a

a Initial rates taken from Ref. 9.
The rate-limiting activated complex in the deprotona-
tion reaction of epoxide 2 by (Li-3)2 has been shown to
be built from one molecule of 2 and one molecule of (Li-
3)2 rather than a monomer of Li-3.7;9 Furthermore, by
using mixtures of isotopically labeled Li-3 and Li-1, it
was shown that mixed dimer (heterodimer) 5, composed
of one molecule of Li-1 and one molecule of Li-3, is
formed. In solutions made from equimolar amounts of
Li-1 and Li-3 in THF, heterodimer 5 was exclusively
formed at the expense of homoaggregates (Scheme 3).

In order to clarify the role of the mixed dimer in the
deprotonation reaction, we performed kinetic and
computational studies of the composition and structures
of the rate-limiting activated complexes involved in the
reaction.

The asymmetric deprotonation of cyclohexene oxide 2
by mixed dimer 5 was carried out in THF at 20.0 �C
using different concentrations of 2 and 5. The concen-
trations of product 4 over time were determined using a
calibrated quench-extraction-GC procedure. The reac-
tions were followed close to completion; a plot of the
concentration of the product versus time turned out to
be close to linear for a large fraction of the reaction.
This indicated that the reaction products diamine
(1R,2S)-N-methyl-1-phenyl-2-pyrrolidinyl-propanamide
3 and 1-methylimidazole 1 modify the rates of the
reactions. The enantiomeric excess of the (S)-allylic
alcohol was found not to change significantly (�0.2%)
during the reaction. In order to avoid interference of
reaction products, initial rates were determined using
data for only ca. 0.5% conversion (Table 1).
The reaction orders with respect to the epoxide 2 and the
mixed dimer 5 were obtained from the plots of log (ini-
tial rate) versus log (concentration) as shown in Figures
1 and 2.

The gradients give the experimental reaction orders and
were determined to be 1.03 and 0.94 for 2 and 5,
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Figure 1. Plot of log (d[4]/dt) versus log [2] is shown and the reaction

order with respect to 2 obtained from the gradient.
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Figure 2. Plot of log (d[4]/dt) versus log [5] is shown and the reaction

order with respect to 5 obtained from the gradient.
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respectively, that is, the reaction is first-order both in the
case of the epoxide 2 and mixed dimer 5. This shows that
the deprotonation takes place via a transition state built
from one molecule of epoxide 2 and one molecule of
heterodimer 5. This is in contrast to the results of the
kinetics in THF for the deprotonation of 2 by (Li-3)2 in
the absence of Li-1, which has previously shown that
the transition state is composed of one molecule of
homodimer (Li-3)2 and one molecule of epoxide 2.9 This
difference in transition state composition is concluded to
be the reason for the change of stereoselectivity. The
difference between the stereoselectivities observed for the
reactions run under stoichiometric conditions (96% ee)
and catalytic conditions (93% ee) could be due to dif-
ferential solvation by the lithium methylimidazole of the
diastereoisomeric activated complexes. This acquired
knowledge of the molecular composition of the acti-
vated complexes was the starting point for a computa-
tional investigation of possible activated complex
structures with the results presented below.
3. Computational studies of the activated complexes

The potential energy surfaces for the stereoselective
deprotonations were explored computationally. The rate
limiting activated complexes were identified as the
deprotonation activated complexes. The geometries and
energies of possible isomeric activated complexes lead-
ing to (R)- and (S)-products have been calculated. Ini-
tially, the PM3 level of theory10–14 was used, since PM3
is known to give geometries of organolithium com-
pounds similar to those obtained from experiment and
high level theory.15;16 The most stable structures were
optimized using density functional theory (DFT). In the
calculations of the deprotonation activating complex
involving heterodimer 5, a syn-b-elimination mechanism
was assumed.17;18 Recently, experimental evidence for
this mechanism has been obtained.19 Calculations of
heterodimer 5 itself have previously been reported.5

In the transition states for deprotonation of 2, one
lithium atom (Li1) from the mixed dimer coordinates to
the epoxide oxygen (O1), while the amide nitrogen (N1)
abstracts the b-proton (Scheme 4).
The most stable unsolvated activated complexes, leading
to (R)- and (S)-product at the B3LYP/6-31þG(d)//PM3
level of theory, were further optimized at B3LYP/6-
31G(d)//B3LYP/6-31G(d) level of theory.20;21 The most
stable activated complexes, (R)-TSa and (S)-TSa, have
an (R)-configuration on the amide nitrogen (N1) while
the oxygen-coordinated lithium atom (Li1) was also
coordinated to the carbon (C3) in the imidazole ring
(Fig. 3).

All distances in the reaction center six-membered rings
of the activated complexes (R)-TSa and (S)-TSa are
similar (Fig. 3). The C1–O1 bond of the epoxide part
was substantially broken (1.97�A), while the N1–Li1
coordination in the activated complexes were elongated
(2.14�A) when compared to the Li1–N1 coordination
bond in the mixed dimer itself (1.91�A). Geometrical
differences between the diastereoisomeric activated
complexes (R)-TSa and (S)-TSa were found in the ori-
entation of the phenyl group and of the methyl group
attached to the amide nitrogen (N1). In (R)-Tsa, the
phenyl group is located on the same side of the mixed
dimer as the cyclohexene oxide moiety while the N-me-
thyl group is on the opposite side. In (S)-TSa, the N-
methyl group is located on the same side as the cyclo-
hexene oxide moiety while the phenyl group is on the
opposite side.

The next most stable activated complexes at the B3LYP/
6-31þG(d)//PM3 level of theory, (R)-TSb, and (S)-TSb,
were also further optimized at B3LYP/6-31G(d) level of
theory. In these activated complexes, the oxygen-coor-
dinated lithium coordinates to the nitrogen (N2) in the



Figure 3. Optimized unsolvated activated complexes at B3LYP/6-31G(d) level of theory. Relative energies in kcalmol�1 are shown in parentheses.

Hydrogens are omitted for clarity.
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imidazole ring rather than C3. The different orientation
of the imidazole ring in activated complexes, (R)-TSb,
and (S)-TSb, induce geometrical changes when com-
pared to activated complexes (R)-TSa and (S)-TSa. For
example, the proton in the transfer is more shifted from
the carbon in the cyclohexene oxide part toward the
amide nitrogen (C2–H1: 1.33�A, N1–H1: 1.46�A in (R)-
TSb and (S)-TSb), than in (R)-TSa and (S)-TSa (C2–
H1: 1.30�A; N1–H1: 1.50�A, respectively); the coordi-
nation of lithium (Li1) to the amide nitrogen (N1) is also
slightly longer (0.05–0.07�A), and the Li1–Li2 distance is
increased (0.18–0.20�A). At the B3LYP/6-31G(d) level of
theory, the difference in potential energy between (S)-
TSa and (R)-TSa was 0.66 kcalmol�1 favoring the for-
mation of (S)-product. The changed orientation of the
imidazole rings in (S)-TSb and (R)-TSb led to small
increases of the activation energies (0.4 and
0.69 kcalmol�1) when compared to (S)-TSa and (R)-
TSa, respectively.

The potential energy difference between the two most
stable activated complexes at the B3LYP/6-31G(d) level
of theory corresponds to an enantiomeric excess of the
(S)-enantiomer of 51% at 298K (Table 2). The calcu-
lated Gibbs free energy difference between the two most
stable activated complexes was 0.063 kcalmol�1 at
298K, which corresponds to a calculated enantiomeric
excess of the (S)-enantiomer of only 5%. Thus, the ob-
served favored enantiomer is also the one that is pre-
dicted by the calculations although the prediction is far
from being quantitative.

Activated complexes, with the coordination between the
lithium and the nitrogen in the pyrrolidine ring broken,



Table 2. Calculated energy differences in kcalmol�1 between the most

stable diastereoisomeric activated complexes at the B3LYP/6-31G(d),

together with calculated and experimental enantiomeric excesses

Solvent DECalcd
a DGCalcd

b DGExp
c EeCalcd

d EeExp

None 0.66 51(S)

THF 0.73 56(S)

None 0.063 5(S)

THF 0.51 41(S)

THF 2.30 96

a Potential energy difference between the two most stable TSs.
bCalculated Gibbs free energy differences between the two most stable

TSs at 298K.
c Experimental Gibbs free energy difference at 293K calculated from

the experimental ee.
d Enantiomeric excesses calculated from the potential energy difference

between the two most stable TSs at 298K.
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were also investigated but were found to be 14–
24 kcalmol�1 less stable than (R)-TSa at the B3LYP/6-
31þG(d)//PM3 level of theory and therefore not opti-
mized further.

Monosolvation by THF of the lithium coordinating the
epoxide oxygen in the activated complexes leads to
stabilization by 1.7–4.9 kcalmol�1 at the PM3 level of
theory. Monosolvation of the second lithium (Li2),
which coordinates the nitrogen in the pyrrolidine ring in
the activated complex of the mixed dimer, results in
destabilization at the PM3 level of theory of the acti-
vated complexes by a few kcalmol�1. Therefore, further
solvation at this position was not considered.

The two most stable monosolvated activated complexes
found at the B3LYP/6-31þG(d)//PM3 level of theory
were further optimized at the B3LYP/6-31G(d) level of
theory.22–24 A major structural difference caused by
THF-solvation is that the bonds between lithium (Li1)
and amide nitrogen (N1) are broken in (R)-TSÆTHF
(3.79�A) and (S)-TSÆTHF (3.72�A), compared to their
unsolvated counter parts (R)-TSa and (S)-TSa (2.14�A).

The major differences between the activated complexes
(R)-TSÆTHF and (S)-TSÆTHF comes from the differ-
Figure 4. Optimized THF-solvated activated complexes at B3LYP/6-31G(d) l

Hydrogens are omitted for clarity.
ences in Li1–C3 and Li1–N2 bond lengths due to the
orientation of the imidazole ring (Fig. 4). In (R)-
TSÆTHF, the oxygen-coordinated lithium (Li1) is coor-
dinated to a carbon (C3) in the imidazole ring, while in
(S)-TSÆTHF, the lithium (Li1) is coordinated to the
nitrogen (N2). The lithium coordination to the epoxide
oxygen (O1) is also longer (0.04–0.05�A) than in the
unsolvated activated complexes due to the THF solva-
tion.

The potential energy difference between the activated
complexes (R)-TSÆTHF and (S)-TSÆTHF was
0.73 kcalmol�1 in favor of forming (S)-products at the
B3LYP/6-31G(d) level of theory. The potential energy
difference between the most stable activated complexes
corresponds to an enantiomeric excess of 56% at 298K.
The calculated Gibbs free energy difference between the
two most stable activated complexes was 0.51 kcalmol�1,
which corresponds to a calculated enantiomeric excess of
the (S)-enantiomer of 41% (Table 2).

The energy difference between the geometry optimized
activated complexes at the B3LYP/6-31G(d) predicts the
(S)-allylic lithium alkoxide as the main product in the
deprotonation of cyclohexene oxide. The theoretically
derived enantiomeric excess was 51% for the unsolvated
and 55% for the THF solvated activated complexes.
Thus, the predicted values are lower than the experi-
mentally observed ee of 96%.
4. Conclusion

The composition of the rate-limiting activated complex
in the deprotonation of cyclohexene oxide by mixed
dimer 5 has been determined using kinetics. Our results
show that diastereoisomeric activated complexes are not
only built from one molecule of the chiral lithium amide
and one molecule of epoxide, but that the transition
state also contains one molecule of the bulk base. Cal-
culations correctly predicted the (S)-allylic alcohol as
the major product in accordance with the experimental
evel of theory. Relative energies in kcalmol�1 are shown in parentheses.
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result. These findings have implications for the use of
mixed dimers in design of stereoselective deprotonation
systems.
5. Experimental

5.1. General

Reaction vessels and syringes dried in a vacuum oven
(50 �C) overnight. Transfers of reagents were performed
with gas-tight syringes in nitrogen atmosphere. THF
was distilled from sodium benzophenone ketyl in a
nitrogen atmosphere and stored over molecular sieves
(4�A) in septum sealed vials in a glove box (Mecaplex
GB 80 equipped with a gas purification system that re-
moves oxygen and water). A stock solution (2.0M) of
cyclohexene oxide (distilled from calcium hydride) in
THF was prepared inside the glove box. 1-Hexanol was
used as a standard in the GC-analysis; a stock solution
(3.40mM) of 1-hexanol (distilled from calcium hydride)
in carbon tetrachloride (distilled from calcium chloride)
was prepared. The concentration of n-butyllithium was
determined by a double Gilman titration.9
5.2. Gas chromatography analysis

Gas chromatography analyses were performed on a
Varian 3400 chromatograph equipped with an 8200 Cx
auto sampler and a flame ionization detector (FID). For
the separation, an achiral DBWX-30W column (30m,
0.25 lm) from Varian Inc. was used with hydrogen as
the carrier gas (2mLmin�1). Reaction samples (1.0 lL)
were introduced onto the column via a split injector
(split flow 15mLmin�1) and the components separated
using a temperature program. Initially the temperature
was held at 80 �C for 2min and then for a further 2min
increased to 120 �C. The injector temperature was
225 �C while the detector was held at 250 �C.

Gas chromatography response factors for 2 and 4 were
determined, using 1-hexanol as a reference, to be
1.01and 0.85, respectively. The enantiomeric excesses of
4 were measured using a Chrompack Chirasil-CB Dex
(30m, 0.25) at 95 �C. tR (S)-4¼ 6.85min, tR (R)-
4¼ 7.30min.

The reproducibility of the GC-analyses procedure was
investigated by analysis of a reaction sample of the (S)-
and (R)-allylic alcohol [93% ee of (S)]. Seventeen injec-
tions gave an average value of 93.3% with 2r equal to
0.2%. The enantiomeric excess of the (S)-allylic alcohol
was monitored during the conversion of the epoxide
while the ee was found to be consistently within exper-
imental error (95.8� 0.3%).
5.3. Typical kinetic procedure

Amine (1R,2S)-N-methyl-1-phenyl-2-pyrrolidinyl-prop-
anamine9 (21.8 lL, 0.1mmol) and 1-methylimidazole
(50 lL, 0.1mmol, 2M in THF) were dissolved in THF
(796 lL) in a reaction vessel inside a glove box, trans-
ferred out of the glove box and n-butyllithium (82.0 lL,
0.2mmol, 2.44M in hexanes) then added under a
nitrogen atmosphere. The yellow reaction solution was
allowed to equilibrate at 20.00� 0.05 �C for 10min in a
thermostat. The reaction was started by the addition of
cyclohexene oxide 2 (50 lL, 0.1mmol, 2.0M) with
samples (50 lL) withdrawn at approximately 3min
intervals from the reaction vessel and quenched in
hydrochloric acid solution (100 lL, 0.6M saturated with
sodium chloride). Compounds 2 and 4 were extracted
with carbon tetrachloride (500L) containing the stan-
dard 1-hexanol (3.40mM). The liquid phases were sep-
arated by centrifugation and the organic phase
transferred to a vial and analyzed by capillary gas
chromatography.

The quantitative transfer of 2 and 4 from the aqueous
phase to the carbon tetrachloride phase during the
workup was determined as follows: solutions of 2 and 4
in THF with compositions similar to those in the kinetic
experiments were prepared. Samples (50 lL) were with-
drawn and added to solutions of carbon tetrachloride
(500 lL) containing 1-hexanol (3.16mM). Other sam-
ples (50 lL) of solutions of 2 and 4 were added to
solutions of hydrochloric acid (100 lL, 0.6M saturated
with sodium chloride). The latter mixtures were
extracted with solutions of carbon tetrachloride (500 lL)
containing 1-hexanol (3.16mM). After separation by
centrifugation, the organic layers were transferred to
vials. The samples from the two types of preparations
were analyzed with capillary gas chromatography. The
concentration ratios of epoxide 2 and allylic alcohol 4 to
1-hexanol determined for the two types of preparations
were found to be within 0.5% of the average value,
respectively.

The concentration of 4 was measured for about the first
0.5% of conversion of 2. Initial rates were usually
reproduced within 2% of the average values, respec-
tively.
5.4. Computational details

All activated complexes were optimized at the PM3 level
of theory using the option HHon.10–14 All activated
complexes were verified as first order saddle points on
the potential energy surface (PES) by using the fre-
quencies obtained from the force constant matrix and by
visualization of the imaginary frequency at the PM3.
The most stable activated complexes at the B3LYP/6-
31þG(d)//PM3 level of theory were further optimized
at the B3LYP/6-31G(d) level of theory.22–24 All DFT
calculations were performed by GAUSSIAN 98GAUSSIAN 98.25

The most stable activated complexes [three leading to
the (R)- and three leading to (S)-product] at the B3LYP/
6-31þG(d)//PM3 level of theory were then further
geometrically optimized at B3LYP/6-31G, followed by
geometry optimization at the B3LYP/6-31G(d) level of
theory. Different conformers of the activated complexes
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were investigated by structure modifications. These
modifications were performed by altering the orienta-
tion of the imidazole ring, having either an (R)- or (S)-
configuration on the abstracting amide nitrogen, by
rotation of the phenyl group, by breakage of the coor-
dination between the lithium and the nitrogen in the
pyrrolidine ring. Different conformers of the cyclohex-
ene oxide and pyrrolidine ring were also investigated. In
order to model how the solvent, THF, influences the
structure of the activated complexes, the most stable
activated complexes were optimized at the PM3, and
B3LYP/6-31G(d) level of theory, where one or two
lithium atoms in the activated complexes were specifi-
cally solvated with one or two THF molecules. Alto-
gether, about 276 unsolvated, mono-, and di-THF
solvated activated complexes were calculated at the PM3
level of theory.
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