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a b s t r a c t

The formation of alkyllithium–lithium methoxide mixed aggregates was modeled with the B3LYP density
functional method. In the gas phase there was little tendency to form mixed dimers or trimers. Mixed
tetramer formation was more energetically favorable, particularly for tert-butyllithium. THF solvation
favored the formation of methyllithium and ethyllithium mixed tetramers, but not those of sec-
butyllithium and tert-butyllithium. The potential for resolution of chiral alkyllithiums by mixed aggre-
gate formation with enantiomerically pure lithium alkoxides was examined.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Organolithium mixed aggregates are complexes between two
different lithium compounds, whose properties may be quite
different from those of either pure component. Formation and
synthetic applications of these species are the subject of a recent
review.1 The focus of this work was the formation of mixed
aggregates between alkyllithiums and lithium alkoxides. A deca-
meric and a dodecameric mixed aggregate between n-pro-
pyllithium and lithium n-propoxide were reported in hydrocarbon
solution.2,3 Mixed tetramers and mixed hexamers of tert-butyl-
lithium and lithium tert-butoxide have also been reported in
hydrocarbon solvents.4,5 Related mixed tetramers of lithium
acetylides with lithium alkoxides in THF, diethyl ether, and solvent
mixtures have also been reported.6,7 A lithium alkoxide–phenyl-
lithium mixed dimer has also been reported.8 However, a literature
search failed to reveal any systematic study of alkyllithium–lithium
alkoxide mixed aggregate formation in polar solvents.

This particular type of mixed aggregate is of interest for several
reasons. First, alkyllithiums exposed to small amounts of air form
lithium hydroxide, peroxides, and alkoxides from the oxygen and
water vapor, which can form mixed aggregates with the remaining
alkyllithium. This can result in increased reactivity of the
alkyllithium.9 Secondly, chiral alcohols are often obtained in-
expensively from natural products, and the corresponding lithium
alkoxide mixed aggregates with alkynyllithiums have resulted in
asymmetric induction for addition reactions.10,11 Finally, it has long
All rights reserved.
been known that secondary acyclic alkyllithiums can undergo rapid
racemization, particularly in polar solvents.12 This suggests the
possibility of resolution of the alkyllithium enantiomers by for-
mation of stable mixed aggregates with chiral lithium alkoxides.

In this paper we examined the formation of alkyllithium–
lithium methoxide mixed dimers, trimers, and tetramers in the gas
phase to determine the effects of increasing steric bulk of the
alkyllithium. This also serves as an approximation to the behavior
of these compounds in hydrocarbon solvents. Next, the effect of
THF solvation was examined. Addition of polar solvents usually, but
not always, breaks up higher aggregates into lower aggregates and/
or monomers. Finally, the possible use of these mixed aggregates to
resolve chiral alkyllithiums was examined.

2. Computational methods

All calculations were performed using Gaussian 98 or Gaussian
03.13 The gas phase and solution energies reported include gas
phase internal energy, thermal corrections to the free energy at 200
and 298.15 K, and where applicable, solvation terms. The temper-
ature of 200 K was chosen as it is typical of dry ice–acetone bath
temperatures, which are nominally ‘�78 �C or 195 K’, but are
usually slightly higher.

The solvation free energy change of the gas phase organolithium
molecule (RLi)n due to microsolvation by m explicit ethereal solvent
ligands E (in this case, THF) is calculated by considering the process

ðRLiÞnDmE/ðRLiÞn$mE (1)

The microsolvation model assumes that the free energy change
accompanying this reaction adequately represents the solvation
free energy DG

�

solv of the solute (RLi)n in the solvent E, so that
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Figure 1. Optimized gas phase geometries of mixed dimers and mixed trimers. Gray: carbon; white: hydrogen; violet: lithium; red: oxygen.

Table 1
Calculated free energies of gas phase mixed dimer and mixed trimer formation
(kcal/mol)

RLi/temp (RLi)(LiOMe) (RLi)2(LiOMe) (LiOMe)2(RLi)

DG DG per Li DG DG per Li DG DG per Li

MeLi/200 15.3 7.63 8.44 2.81 9.76 3.25
MeLi/298.15 12.3 6.13 6.22 2.07 7.32 2.44
EtLi/200 16.3 8.13 8.84 2.95 9.81 3.27
EtLi/298.15 13.6 6.82 6.68 2.22 7.36 2.45
s-BuLi/200 14.0 6.99 RR 6.56 RR 2.19 7.92 2.64
s-BuLi/298.15 11.4 5.71 4.39 1.46 5.60 1.87
s-BuLi/200 RS 4.91 RS 1.63
s-BuLi/298.15 2.40 0.802
t-BuLi/200 12.6 6.28 3.03 1.01 7.08 2.36
t-BuLi/298.15 9.51 4.76 0.454 0.151 4.69 1.56
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G8
T ðsoluteÞ[ G8

T ðgasÞDDG8
solv (2)

In other words, the free energy of a ‘supermolecule’ (RLi)n$mE relative
to that of m solvent molecules is assumed to yield the free energy of
the solvated molecule (RLi)n in the condensed phase. The gas phase
free energies of the relevant species are obtained computationally as

G8
T ðgasÞ[ EenDDG8

T (3)

where the terms on the right hand side as well as the procedure
used for calculating them are described below. The geometry of
each molecule was first optimized using the B3LYP hybrid density
functional method14,15 with the 6-31þG(d) basis set, followed by
a calculation of vibrational frequencies at the same level of theory.
Thus we have:



Figure 2. Optimized gas phase geometries of mixed tetramers.

Table 2
Calculated free energies of gas phase mixed tetramer formation (kcal/mol)

RLi/temp (RLi)2(LiOMe)2 (RLi)(LiOMe)3 (LiOMe)(RLi)3

DG DG per Li DG DG per Li DG DG per Li

MeLi/200 �0.683 �0.171 �0.689 �0.172 �0.451 �0.113
MeLi/298.15 �0.707 �0.177 �0.770 �0.192 �0.458 �0.115
EtLi/200 �0.122 �0.0304 �0.544 �0.136 0.306 0.0766
EtLi/298.15 0.096 0.0240 �0.484 �0.121 0.741 0.185
s-BuLi/200 RR �1.07 RR �0.267 �1.56 �0.391 RRR �0.761 RRR �0.190
s-BuLi/298.15 �0.948 �0.237 �1.45 �0.363 �0.614 �0.154
s-BuLi/200 RS �0.96 RS �0.241 RRS �0.776 RRS �0.194
s-BuLi/298.15 �0.914 �0.228 �0.627 �0.157
t-BuLi/200 �5.91 �1.48 �4.45 �1.11 �4.95 �1.24
t-BuLi/298.15 �5.97 �1.49 �4.64 �1.16 �5.36 �1.34
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Table 3
Calculated free energies of mixed dimer tetrasolvate formation from the disolvate
(kcal/mol)

Mixed dimer 200 K 298.15 K

LiOMe–MeLi 0.80 5.18
LiOMe–EtLi 2.57 7.27
LiOMe–s-BuLi 2.92 7.73
LiOMe–t-BuLi 3.24 7.97
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Een¼the electronic energy plus nuclear repulsion of the equilibrium
geometry, using B3LYP/6-31þG(d),
Evib

0 ¼unscaled B3LYP vibrational zero point energy,
DG

�

T¼B3LYP thermal corrections to the free energy for a standard
state of 1 atm and specified temperature from the masses. This
includes contributions from translational, rotational, and vibra-
tional degrees of freedom.

Calculations for the free energy changes for the ‘reactions’ (di-
merizations, tetramerizations, mixed aggregate formation, etc.) are
straightforward using the G

�

T (gas) terms defined in Eq. 2.
Correction terms are needed to convert the gas phase free

energies to standard state of a solution, which is taken as 1 mol L�1.
The details of these corrections have been previously published.16

Briefly, a correction is required to convert the standard state of an
ideal gas (1 atm) to the standard state of the solution. These cor-
rections amount to 1.1120 kcal/mol at 200 K and 1.8943 kcal/mol at
298.15 K. These correction terms were included in all solution
phase reactions below, i.e., calculations where the microsolvation
model was used. Yet another correction is required for proper
treatment of the explicit solvent molecules used in microsolvation.
The traditional approach is to set the standard state of a pure liquid
to be the concentration of the pure liquid itself, which then allows
one to drop the concentration of the pure liquid from equilibria
expressions (consider the ionic product of water, for example).
However, since we have decided to adopt the standard state of
1 mol L�1 for all species, the free energy change for the process

2RLi$2THF/ðRLi$THFÞ2D2THF (4)

is given by17

DG8 [ LRT ln

�
ðRLi$THFÞ2

�

½RLi$2THF�2
L2RT ln½THF� (5)

The molarity of the THF solvent was calculated to be 13.26 at
200 K, and 12.33 at 298.15 K, from its tabulated density.18 The
corrections due to the second term in the equation above amount to
�1.0273 and �1.4883 kcal/mol per THF at 200 and 298.15 K,
respectively. These corrections were included whenever free THF
appeared on one side of the equation. However, for the mixed ag-
gregate formation reactions in this paper, equal numbers of co-
ordinated THF molecules appeared on each side of the equations,
causing these terms to cancel.
Table 4
Calculated free energies of THF solvated mixed dimer and mixed trimer formation (kcal/

RLi/temp (RLi)(LiOMe)$2THF (RLi)2

DG DG per Li DG

MeLi/200 6.25 3.12 3.82
MeLi/298.15 5.92 2.96 4.70
EtLi/200 5.22 2.61 4.92
EtLi/298.15 4.65 2.32 6.36
s-BuLi/200 4.98 2.49 RR 2.2
s-BuLi/298.15 4.20 2.10 3.23
s-BuLi/200 RS 1.6
s-BuLi/298.15 2.55
t-BuLi/200 6.04 3.02 9.23
t-BuLi/298.15 5.74 2.87 11.1
3. Results and discussion

3.1. Gas phase studies

Alkyllithiums typically exist as tetramers and higher aggregates
in hydrocarbon solvents. The presence of several aggregates in
equilibrium indicates that the free energy difference between
them is small. Therefore, the alkyllithium and lithium methoxide
tetramers were used as the basis for calculation of the free ener-
gies of mixed dimer, trimer, and tetramer formation in the gas
phase.

1=4ðLiOMeÞ4ð1ÞD1=4ðRLiÞ4ð2Þ/ðLiOMeÞðRLiÞð3Þ (6)

1=4ðLiOMeÞ4ð1ÞD1=2ðRLiÞ4ð2Þ/ðRLiÞ2ðLiOMeÞð4Þ (7)

1=2ðLiOMeÞ4ð1ÞD1=4ðRLiÞ4ð2Þ/ðLiOMeÞ2ðRLiÞð5Þ (8)

1=2ðLiOMeÞ4ð1ÞD1=2ðRLiÞ4ð2Þ/ðLiOMeÞ2ðRLiÞ2ð6Þ (9)

3=4ðLiOMeÞ4ð1ÞD1=4ðRLiÞ4ð2Þ/ðLiOMeÞ3ðRLiÞð7Þ (10)

1=4ðLiOMeÞ4ð1ÞD3=4ðRLiÞ4ð2Þ/ðRLiÞ3ðLiOMeÞð8Þ (11)

2-8a R[CH3; 2-8b R[C2H5; 2-8c R[s�Bu;

2-8d R[t�Bu

Since the sec-butyllithium exists as a set of fluxional aggregates
(dimers, tetramers, and hexamers) in cyclopentane,19 the most
stable RRRR diastereomer of the tetramer was used as the refer-
ence point. The energies of each diastereomeric aggregate con-
taining two or more sec-butyllithium units were calculated
separately.

The optimized geometries of the gas phase mixed dimers (3)
and mixed trimers (4 and 5) are shown in Figure 1. Each of those
species optimized to a structure containing a nearly planar ring
containing the lithium, oxygen, and carbon atoms. The calculated
free energies of mixed dimer and trimer formation are given in
Table 1. Formation of these mixed aggregates was not particularly
favorable compared to the homo-tetramers.

Figure 2 shows the optimized gas phase geometries of the mixed
tetramers 6–8, and the corresponding free energies of mixed
tetramer formation are given in Table 2. Each mixed tetramer
optimized to a tetrahedral structure. Compared to mixed dimer and
mixed trimer formation, the mixed tetramer formation was ener-
getically favorable. The free energies in Table 2 are consistent with
mol)

(LiOMe)$3THF (LiOMe)2(RLi)$3THF

DG per Li DG DG per Li

1.27 7.32 2.44
1.56 7.65 2.55
1.64 8.71 2.90
2.12 9.20 3.06

9 RR 0.763 7.00 2.33
1.08 7.01 2.34

1 RS 0.536
0.849
3.08 7.81 2.60
3.71 8.20 2.73



Figure 3. Optimized geometries of THF solvated mixed dimers and mixed trimers. Hydrogens omitted for clarity.

Table 5
Calculated free energies of THF solvated mixed tetramer formation (kcal/mol)

RLi/temp (RLi)2(LiOMe)2$4THF (RLi)(LiOMe)3$4THF (LiOMe)(RLi)3$4THF

DG DG per Li DG DG per Li DG DG per Li

MeLi/200 �5.87 �1.47 �3.41 �0.853 �10.2 �2.54
MeLi/298.15 �3.31 �0.828 �2.07 �0.519 �7.27 �1.82
EtLi/200 �4.17 �1.04 �2.00 �0.500 �4.64 �1.16
EtLi/298.15 �1.50 �0.375 �0.263 �0.0657 �0.707 �0.177
s-BuLi/200 RR 1.18 RR 0.294 1.65 0.411 RRR 6.52 RRR 1.63
s-BuLi/298.15 4.46 1.11 3.91 0.977 11.3 2.84
s-BuLi/200 RS 1.54 RS 0.386 RRS 6.20 RRS 1.55
s-BuLi/298.15 4.83 1.21 10.7 2.69
t-BuLi/200 7.82 1.95 1.54 0.384 21.5 5.39
t-BuLi/298.15 12.5 3.12 4.00 0.999 27.7 6.91

L.M. Pratt et al. / Tetrahedron 64 (2008) 5314–53215318



Figure 4. Optimized geometries of THF solvated mixed tetramers. Hydrogens omitted for clarity.
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the tendency of tert-butyllithium to form mixed tetramers, and for
less hindered alkyllithiums to form higher mixed aggregates in
hydrocarbon solvents. The energies of mixed tetramer formation of
sec-butyllithium showed little difference between the RR and RS
diastereomers of (s-BuLi)2(LiOMe)2 or between the RRR and RRS
diastereomers of (LiOMe)(s-BuLi)3.

3.2. Studies in THF solution

Methyllithium has been found to be tetrameric in a 0.6 M
solution in THF at 193 K.20 In THF at 165–209 K, measurements
reported by Bauer et al.21 show that n-butyllithium is a dimer–
tetramer equilibrium, sec-butyllithium is a monomer–dimer equi-
librium, and tert-butyllithium is a monomer; typical concentrations
for these measurements are 1.2–1.4 M. Three lithium NMR signals
have been observed for ethyllithium in a 1:1 mixed solvent of THF
and pentane at 158 K,22 which were tentatively assigned as the
dimer, tetramer, and a small amount of hexamer. Since for most
alkyllithiums the dimers are in equilibrium with other aggregates,
the energy differences between these aggregates are small.
Therefore, the dimers were used as the reference point for calcu-
lation of the free energies of mixed aggregate formation.

The aggregation state for THF solvated lithium methoxide was de-
termined by calculating the free energy of the tetramer from the dimer.

2ðLiOMeÞ2$2THF/ðLiOMeÞ4$4THF (12)

Formation of the tetramer was exergonic by 24.0 and 20.7 kcal/mol at
200 and 298.15 K, respectively. The lithium methoxide tetrasolvated
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tetramer was therefore used in the subsequent calculations for the
free energies of mixed aggregate formation.

Homo- or mixed dimers can potentially exist in THF solution
with either one or two THF ligands per lithium atom. We have
previously shown that the solvation state of alkyllithium dimers
varies with temperature and steric bulk, and that the disolvated
dimer is favored at higher temperatures and with sec- and tert-
butyllithium.23 The disolvated alkyllithium dimers were used as the
reference state in this paper. The free energies of mixed dimer
tetrasolvates were calculated from the disolvated by

ðLiOMe-RLiÞ$2THFD2THF/ðLiOMe-RLiÞ$4THF (13)

The free energies of tetrasolvate formation are shown in Table 3, and
include corrections for the standard state of free THF, as described in
Section 2. These energies were endergonic by 0.8–3.2 kcal/mol at
200 K and by 5.2–8.0 kcal/mol at 298.15 K. Therefore, the disolvated
(one THF per lithium atom) mixed dimers were used in subsequent
calculations. Since higher mixed aggregates are even more sterically
hindered, their free energies of formation in THF solution were
calculated using one THF ligand per lithium atom.

The free energies of THF solvated mixed dimers and mixed tri-
mers were calculated according to Eqs. 14–16, and the results are
shown in Table 4. Figure 3 shows the optimized geometries. In
contrast to the planar mixed trimers in the gas phase, the THF
solvated mixed trimers adopted boat-like or ladder-like confor-
mations of the lithium–oxygen–carbon backbone. As in the gas
phase, mixed dimer and mixed trimer formation was not particu-
larly favorable, although solvation favored the mixed dimer
formation by about 3–6 kcal/mol over the gas phase, and the
(RLi)2(LiOMe) mixed trimer by about 1–2 kcal/mol. The free ener-
gies of formation for the solvated (LiOMe)2(RLi) mixed trimers were
similar to those in the gas phase.

1=4ðLiOMeÞ4$4THFD1=2ðRLiÞ2$2THF/ðRLiÞðLiOMeÞ$2THF (14)

1=4ðLiOMeÞ4$4THFDðRLiÞ2$2THF/ðRLiÞ2ðLiOMeÞ$3THF (15)

1=2ðLiOMeÞ4$4THFD1=2ðRLiÞ2$2THF/ðLiOMeÞ2ðRLiÞ$3THF (16)

The free energies of THF solvated mixed tetramer formation were
calculated according to Eqs. 17–19, and the energies are reported in
Figure 5. Optimized geometries of (RLi)2(LiOMe)2 mixed tetramers of sec-butyllithium w
alkoxide of menthol.
Table 5. The optimized geometries are shown in Figure 4. THF
solvation favors the formation of methyllithium and ethyllithium
mixed tetramers, but apparently disfavors the formation of the sec-
butyllithium and tert-butyllithium mixed tetramers because of
increased steric effects. This does not necessarily mean that the
mixed tetramers do not form in THF solution, but if they are formed,
the tetramer units may not be strongly coordinated to four THF
ligands, and bulk solvent effects may be dominant in those systems.
It was instructive to examine the formation of mixed tetramers
of (R)-lithium sec-butoxide with R and S sec-butyllithium, as
described below.

1=2ðLiOMeÞ4$4THFDðRLiÞ2$2THF/ðRLiÞ2ðLiOMeÞ2$4THF (17)

3=4ðLiOMeÞ4$4THFD1=2ðRLiÞ2$2THF/ðRLiÞðLiOMeÞ3$4THF (18)

1=4ðLiOMeÞ4$4THFD3=2ðRLiÞ2$2THF/ðLiOMeÞðRLiÞ3$3THF (19)

The preceding calculations indicate that the tetramer is the most
stable mixed aggregate relative to the mixed dimer and trimers,
and that in the absence of coordinating solvent molecules, the
(RLi)2(LiOMe)2 mixed tetramer is usually favored. It is therefore
instructive to examine similar mixed tetramers with chiral lithium
alkoxides to estimate how effective they might be in resolving ra-
cemic sec-butyllithium. For this purpose, we examined the forma-
tion of the mixed tetramers of lithium (R)-2-butoxide and the
lithium alkoxide of (1R,2S,5R)-menthol. The mixed tetramers were
modeled with two monomer units of sec-butyllithium in the RR, RS,
and SS configurations. The energy of each mixed tetramer was
calculated relative to the most stable form, which is the RR di-
astereomer with lithium (R)-2-butoxide and the SS diastereomer
with the lithium alkoxide of menthol. The optimized geometries
are shown in Figure 5, and the energies are given in Table 6.

The next most stable diastereomer of the lithium (R)-2-butoxide
mixed tetramer is the RS configuration. The free energy difference
is 0.474 and 0.577 kcal/mol at 200 and 298.15 K, respectively. This
corresponds to equilibrium constants for the interconversion of
0.30 and 0.38 at the respective temperatures. The lithium alkoxide
of menthol is predicted to be somewhat better for the resolution of
racemic sec-butyllithium, with free energy differences between the
SS and the next most stable RS diastereomers of 0.909 and
ith chiral lithium alkoxides. Top row: lithium (R) sec-butoxide; bottom row: lithium



Table 6
Relative free energies of sec-butyllithium mixed tetramers with chiral lithium
alkoxides (kcal/mol)

R–OLi Temp (K) RR RS SS

(R) s-BuOLi 200 0 0.474 0.604
(R) s-BuOLi 298.15 0 0.577 0.794
Menthol 200 1.18 0.909 0
Menthol 298.15 1.40 0.993 0
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0.993 kcal/mol, respectively, at 200 and 298.15 K. The correspond-
ing equilibrium constants are 0.09 and 0.19 for the interconversion
of the two diastereomers. Since these structures are rather steri-
cally hindered, the gas phase structures will likely provide good
approximations for the energy differences in weakly coordinating
solvents. Even THF may not strongly bind to each lithium atom
because of steric effects. Changing the solvent will likely have some
influence on the resolution of racemic alkyllithiums, as will the
chiral lithium alkoxide structure.

4. Conclusions

Alkyllithiums form mixed aggregates with lithium methoxide,
with mixed tetramers or higher aggregates being favored over
mixed dimers and trimers. Mixed tetramers of methyllithium and
ethyllithium are solvated by one THF ligand per lithium atom, but
steric effects may reduce the coordination of solvent ligands in more
hindered aggregates. Comparison of the free energies of formation
of diastereomeric mixed tetramers of chiral lithium alkoxides shows
the potential of these species for resolution of racemic alkyllithiums.
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