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A set of high-field, low-temperature NMR experiments has been conducted on various
mixtures of Me6Li and 6LiBr in toluene. All the 6Li and 1H signals of the (MeLi)n(LiBr)4-n

aggregates were unambiguously assigned via one- and two- dimensional (HOESY and COSY)
experiments. The influence of the MeLi/LiBr ratio on the concentration of these different
aggregates in solution was then studied. The data suggest that the populations of the five
possible complexes follow an almost purely statistical distribution with the exception of the
MeLi(LiBr)3 species. The later, which was found to be less abundant than expected, is also
less favored on the basis of aggregation energies obtained from density functional theory
calculations.

Introduction

The influence of lithium halides on the reactivity of
organometallic reagents, in general, and on organo-
lithium compounds, in particular, has been the subject
of many reports in the literature.1 The effect of such
halides is generally attributed to the modification of the
aggregation pattern of the species in solution; however
the details of the changes in the complexes remain
generally unknown. The formation of mixed-aggregates
between alkyllithium compounds and lithium bromide
or iodide was demonstrated in 1960 in the solid state2

and in 1967 in solution.3 A 7Li/1H NMR pioneer study
published as early as 1972 by Novak and Brown4

provided a detailed description of the tetrameric ag-
gregates formed between methyllithium and lithium
bromide in diethyl ether at various temperatures and
for different MeLi/LiBr ratios. These authors concluded
that five different types of mixed tetramers can arise,
following the general formula (MeLi)4-n(LiBr)n with
n ) 0-4, for which the relative abundances depend
explicitly on the MeLi/LiBr ratio. Unfortunately, the
relatively broad lines due to the large contribution of
the quadrupolar relaxation of the 7Li nucleus and the

low resolution associated with the 220 MHz instrument
used in Brown’s work prevented the observation of the
eight signals expected for the various lithium cations
belonging to these aggregates. The relative intensities
of the four signals corresponding to the four possible
lithium local environments (that is, different first
neighbors, Figure 1) had thus been measured, but the
exact population of the five different tetramers (A-E)
could not be determined: the weak effect of the remote
ligand induces chemical shift differences smaller than
the resolution of Brown’s instrument.

For instance, the 7Li NMR is unable to discriminate
between Li3 (belonging to a B-type complex) and Li4

(included in a C-type one), for which only the remote
ligand is different. Repeating these experiments with a
6Li-marked alkyllithium compound and a high-field
instrument is likely to give better-resolved signals.
Eppers and Günther have previously shown the advan-
tages of this “isotopes switch” in a study relying on the
simple differences between 6Li signal intensities due to
NOE effects with neighbor 1H.5 This fine work was
completed by a careful description of mixed aggregates
involving CH3Li, CD3Li, and LiI (in a fixed 1:1:2 ratio)
at 178 K in diethyl ether. The results led the authors
to conclude that (i) at this temperature, the inter- and
intra-aggregate exchanges are slow and (ii) the five
possible tetramers A-D coexist in solution in propor-
tions consistent with a statistical distribution. Only the
6Li spectra were reported, although the 1H signals could,
in principle, also be used to differentiate the various
complexes. However, all methyl groups are equivalent
in a given tetramer (Figure 1), and thus only four
different signals can be expected for the five tetramers,
while a precise assay of the species requires a baseline
separation between signals and therefore a relatively
large chemical shift range.
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We present here results obtained with methyllithium
and lithium bromide in a 75:25 d8-toluene-diethyl ether
(DEE) mixture. The DEE comes from the methyllithium
synthesis (see the Experimental Details section) and
ensures the solubility of both MeLi and LiBr. A similar
reaction medium was actually used in a previous study
of the enantioselective protonation of tetralone lithium
enolates.6 We have focused here on the measurement
of the evolution of the population of the various ag-
gregates as a function of the MeLi/LiBr ratio through
6Li labeling and “standard” high-field NMR. Such an
analysis can be important for correlating the observed
reactivity/selectivity to the distribution of aggregates.1,6

Results and Discussion

Identification of the Species in Solution. To
optimize the experimental conditions, we first consid-
ered the effect of temperature on a representative
sample of MeLi/LiBr ) 1:1.6. Decreasing the tempera-
ture from 298 to 195 K induces a progressive splitting
of the original 1H and 6Li singlets into three and seven
main signals, respectively (Figure 2). It also transforms
the 13C singlet into a superposition of two to three
multiplets. Since a temperature less than 200 K is
required to reach a sufficient level of resolution, we
chose to work at 183 K (with one exception mentioned
below), that is, in conditions similar to those employed
by Günther.5

At this temperature, the 1H spectrum of a pure
methyllithium solution displays one singlet at -1.51
ppm (Figure 3A). The corresponding 6Li recording also
exhibits one singlet at 2.99 ppm, together with a set of
weak unidentified broad signals around 1.5 ppm. The
13C spectrum features a heptet around -13.7 ppm with
1J(13C,6Li) ) 5.9 Hz. The empirical Bauer-Winchester-
Schleyer (BWS) formula7 gives access to the number of
6Li nearest neighbors (n):

The measured value suggests here that n ≈ 3. Both
the static tetramers and hexamers have three lithium
nuclei around each carbon. Tetramers have been ob-

served for instance by Brown in diethyl ether4 and
McKeever in THF,8 while hexamers have been described
by Fraenkel for s-BuLi and n-PrLi in cyclopentane9 and
by Thomas for several alkyllithiums in the same sol-
vent.10 The splitting of the 13C resonance due to the 13C-
6Li coupling in orgnolithium hexamers observed to be
ca. 3.0 Hz is actually the result of a fast first-order
reorganization of the aggregate which averages the
three one-bond 13C-6Li coupling constants (ca. 6 Hz)
with very small couplings to the three distant 6Li’s.10

Therefore, the tetramer is the most likely form of
aggregation under our conditions, and the 2.99 ppm

(6) (a) Flinois, K. Ph.D. Thesis, Université de Rouen, 2000. (b)
Flinois, K.; Yuan, Y.; Bastide, C.; Harrison-Marchand, A.; Maddaluno,
J. Tetrahedron 2002, 58, 4707.

(7) Bauer, W.; Schleyer, P. von R. Adv. Carbohydr. Chem. 1992, 1,
89.

(8) McKeever, L. D.; Waack, R.; Doran, M. A.; Baker, E. B. J. Am.
Chem. Soc. 1968, 90, 3244.

(9) (a) Fraenkel, G.; Henrichs, M.; Hewitt, J. M.; Su, B. M.; Geckle,
M. J. J. Am. Chem. Soc. 1980, 102, 3345. (b) Fraenkel, G.; Henrichs,
M.; Hewitt, M.; Su, B. M. J. Am. Chem. Soc. 1984, 106, 255.

(10) Thomas, R. D.; Jensen, R. M.; Young, T. C. Organometallics
1987, 6, 565.

Figure 1. Five different tetramers involving methyllithium and lithium bromide. The different lithium nuclei are
characterized by their first/remote ligands. For instance, in complex C, the notation 2Li4: CCBr/Br means that type-4
lithiums are directly surrounded by two carbons and one bromine and indirectly by one remote bromine ligand.

1J(13C,6Li) ≈ (17 ( 2)/n

Figure 2. Temperature effect (298-195 K) on 1H (left) and
6Li (right) NMR spectra of a MeLi/LiBr ) 1:1.6 solution in
toluene.
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lithium singlet is to be associated with Li1 in the (MeLi)4
aggregate (species A in Figure 1).

The first addition of LiBr has been adjusted to a MeLi/
LiBr ) 2:1 ratio, and the associated spectra are dis-
played in Figure 3B. The most interesting aspect of the
data is the 6Li resonance, which displays, besides the
original singlet (slightly shifted in this sample to 3.03
ppm), two additional sharp signals at 2.99 and 2.34
ppm, for which the relative integration, after deconvo-
lution, is 1:2.8. Unresolved multiplets are also observed
at higher field. We interpret this result as the formation
of a dominant B-type mixed aggregate for which the Li2-
type cation corresponds to the 2.99 ppm signal and the
Li3-type cation to the 2.34 ppm singlet. This preliminary
hypothesis is based on (i) the expected similarity
between the chemical shifts of Li1 (in complex A, Figure
1) and Li2 (in complex B), differing only by the remote
ligand effect, and (ii) the ratio between the Li2 and Li3

signal integration being close to 3, as expected in
complex B. The 1H spectrum is difficult to interpret at
this stage since it features a broad signal corresponding

to several species. However, the highest peak at -1.47
ppm is probably characteristic of the methyl in complex
B, as verified by the HOESY experiment discussed
below. By analogy, the peak at -1.52 ppm is associated
with the methyl groups in tetramer A.

A second addition of LiBr, which decreases the MeLi/
LiBr ratio to 1:1.4, yields a clear set of singlets (Figure
3C). While the Li1 peak at low field vanishes, four new
signals appear in addition to the 2.99 and 2.34 ppm
ones, corresponding to Li2 and Li3: (i) two strongly
peaked singlets of equal intensity at 2.27 and 1.71 ppm
that have been assigned to Li4 (as expected, similar to
the Li3 chemical shift) and Li,5 respectively, in the newly
formed complex C; (ii) a sharp singlet at 1.63 ppm,
assigned to Li6 from a D-type complex; (iii) a large
singlet at 1.17 ppm that likely incorporates the corre-
sponding Li7 signal together with one or several ag-
gregates of pure LiBr (including Li8). The 1H spectrum
displayed three main singlets, likely associated with the
aggregates identified by the 6Li spectrum, viz., B (at
-1.47 ppm, as above), C (at -1.44 ppm), and D (at -1.42
ppm). These assignments, based on chemical shifts and
integration arguments similar to those above, were also
checked by a HOESY two-dimensional spectrum (vide
infra).

Further addition of LiBr decreases the MeLi/LiBr
ratio to 1:3. The 6Li spectrum in Figure 3D shows the
same collection of peaks. Now, however, the peak at the
highest field (1.05 ppm) is dramatically increased, while
the ratio between the other signals remains more or less
the same. Within the framework of the above assign-
ments, this strongly peaked signal likely corresponds
to the Li8 in pure LiBr tetramers E, with the complexes
B, C, and D remaining in fixed relative concentrations.
Similarly, the 1H spectrum exhibits the same three main
signals in comparable ratios.

Finally, we have also recorded the 6Li spectrum of our
stock solution of 6LiBr in ether, dissolved in d8-toluene
as above (Figure 3E). The low solubility of LiBr in
toluene gives a weak singlet at 1.14 ppm, a chemical
shift similar to that observed for the main species in
the above spectrum.

All the above assignments could be confirmed by
performing 6Li-1H HOESY (Figure 4A) and 6Li-6Li
COSY experiments (Figure 4B) on a MeLi/LiBr ) 1:1.6
sample at 195 K. The first spectrum clearly shows the
two correlations between Me2 and both Li2 and Li3

signals, indicating that these three species belong to the
same aggregate. The same observation could be made
for Me3, Li4, and Li5, on one hand, and for Me4, Li6, and
Li7 on the other. Thus, these data fully support the
assignments made above from the relative intensities
of the lithium and proton signals. Interestingly, the
COSY long-range experiment shows a fine Li2/Li3 cor-
relation but no Li4/Li5 and Li6/Li7 cross-peaks. This
absence can be understood in light of recent results by
Hilmersson and co-workers.11 These authors have ob-
served that in heterogeneous aggregates involving
lithium amides and alkyllithium compounds, a 2J(6Li,6Li)
coupling can be measured between nonequivalent lithium
nuclei belonging to a quadrilateral only if the two
complementary atoms are carbons. This feature is found

(11) Arvidsson, P. I.; Ahlberg, P.; Hilmersson, G. Chem. Eur. J. 1999,
5, 1348.

Figure 3. 1H (left), 6Li (middle), and 13C (right) NMR
spectra at T ) 183 K of Me6Li in toluene after addition of
6LiBr: (A) pure MeLi; (B) MeLi/LiBr ) 2:1; (C) MeLi/LiBr
) 1:1.4; (D) MeLi/LiBr ) 1:3; (E) pure LiBr.
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exclusively in complex B, which justifies the sole Li2/
Li3 correlation. Worthy of note is the case of complex
D, in which Li6 and Li7 share three faces completed by
two bromine atoms. Moreover, no Li6/Li7 cross-peaks are
observed in the spectrum of Figure 4B, suggesting that
Hilmersson’s observation can be extended to other
heterogeneous aggregates.

We decided to investigate the origin of this phenom-
enon by computing the 6Li-6Li coupling constants for
lithium atoms belonging to mixed tetramers B, C, and
D. We first ran a complete optimization of the five
tetramers, yielding the structures depicted in Figure 5.
Obviously, the final polyhedra are far from the ideal
cubes of Figure 1. The Li-Li coupling constants, cal-
culated either at the Hartree-Fock (HF) or density
functional theory (DFT) levels, are reported in Table 1,
together with the corresponding distances. The coupling
between nonequivalent lithium nuclei (bold values in
the table), the only ones to be observed, decrease from
B to C to D at the HF level. This result is consistent
with the observation of a Li2/Li3 COSY correlation and

the absence of Li4/Li5 and Li6/Li7 cross-coupling peaks
(Figure 4), a consequence of the relatively long distance
between these nuclei (2.64 and 2.96 Å, respectively,
compared to 2.42 Å for Li2-Li3). In fact, the data in
Table 1 indicate that the coupling constants computed
at the HF level decrease rapidly with the inter-nuclei
distances, a phenomenon that likely underlies also the
observation of Hilmersson. In addition, we want to point
out that the introduction of diffuse functions on non-
hydrogen atoms does not affect the geometry of the
complexes, yet does not account as accurately for the
decrease in coupling constants from B to C to D. Taking
into account the correlation, using DFT, does not
significantly improve the results. The only coupling
constant that could be measured is the Li2-Li3 coupling
in tetramer B, suggesting that the calculated J data
are overestimated. This correlation-independent dis-
crepancy could be due to the absence of solvent in our
models.

We conclude the present discussion with the 13C
spectrum of Figure 6 (recorded, in this case, at 173 K).
Apart from the weak methyllithium multiplet at -12.18
ppm, only the toluene (at 137.27, 128.75, 127.91, 125.06,
and 20.40 ppm) and ether (at 65.80 and 15.21 ppm)
signals are observed. Interestingly, the two diethyl ether

Figure 4. Bidimensional 6Li, 1H HOESY (left) and 6Li,6Li COSY (right) of a 1:1.6 Me6Li/6LiBr solution in toluene at
195 K.

Figure 5. DFT optimized (MeLi)n(LiBr)4-n tetramers
A-E.

Table 1. Hartree-Fock (HF) and DFT Calculated
6Li-6Li Distances and Coupling Constants in

Tetramers B, C, and D (Figures 1 and 5)a

HF DFT

6-31G** 6-31+G** B3P86/6-31+G**

dLi-Li (Å) J (Hz) dLi-Li (Å) J (Hz) dLi-Li (Å) J (Hz)

Tetramer B
Li2-Li3 2.42 -0.86 2.42 -0.72 2.42 -0.60
Li3-Li3 2.60 -0.39 2.59 -0.54 2.59 -0.52
Tetramer C
Li4-Li4 2.44 -0.77 2.44 -0.82 2.44 -0.73
Li4-Li5 2.64 -0.47 2.64 -0.65 2.64 -0.65
Li5-Li5 2.88 -0.10 2.88 -0.24 2.88 -0.25
Tetramer D
Li6-Li7 2.95 -0.11 2.96 -0.20 2.96 -0.20
Li6-Li6 2.66 -0.48 2.66 -0.68 2.66 -0.64

a Bold values correspond to couplings between nonequivalent
lithium nuclei.
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singlets are associated with two smaller peaks at high
field (65.07 and 14.51 ppm). We think these new signals
correspond to the Et2O molecules directly bound to the
lithium cations, i.e., in the first solvation shell, that are,
at this low temperature in toluene medium, in slow
exchange with free ether. This observation is supported
by dipolar correlations between lithium signals and
ether protons (Figure 6 right). Only in a few similar
cases have slow solvent exchanges been reported be-
fore.12 In the case of dimeric hexamethyldisilazide,
several solvation patterns could even be characterized
in ether/THF solvents.12b We did not extend our own
studies in this direction yet.

Populations in Solution. Both the 1H and the 6Li
peak assignments, made above for each complex, give
access to the A/B/C/D ratio in the various cases studied.
First, the influence of the absolute concentration on the
relative proportions of these aggregates was checked.
We recorded the 6Li and 1H spectra of a MeLi/LiBr )
1:1.4 mixture prepared either in the usual conditions
or diluted three times with d8-toluene. The spectra
(Figure 7) show that there is a limited influence of the
concentration on the populations.

The relative populations can be discerned from the
1H or from the 6Li data. While the 1H spectra give access

only to A-D, the 6Li data include the contribution of
pure LiBr (complex E and higher oligomers). The poised
integrations correspond, after deconvolution of the
peaks, to the ratios reported in Table 2. These data,
displayed in Figure 8, can be compared to those calcu-
lated within the framework of a thermodynamic equi-
librium between tetramers having the same free energy
of formation. Under such conditions, the fractional
quantity F of each static tetramer is expected to follow
the formula4

where n is the number of bromine(s) in the complex
considered, and f 4-n

(MeLi) and f n
(LiBr) are the fractional

concentrations of MeLi and LiBr in the initial mixture,
i.e., f 4-n

(MeLi) + f n
(LiBr) ) 1.

The theoretical data match the spectroscopic data
well. Generally, the agreement with the 6Li results is
better than those from the 1H measurements. This is
likely due to the high resolution and splitting of the 6Li
spectra, which increases the accuracy of the measure-
ments. It is worth underscoring the fact that the
concentration of complex D is systematically smaller
than expected, an observation fully consistent with
Brown’s results4 and related to the higher energy of
formation of this complex, as presented below in the
theoretical results section.

DFT theoretical calculations have been performed to
understand the discrepancies arising between the ex-

(12) See for instance: (a) Lucht, B. L.; Collum, D. B. J. Am. Chem.
Soc. 1994, 116, 6009. (b) Lucht, B. L.; Collum, D. B. J. Am. Chem.
Soc. 1995, 117, 9863. (c) Hilmersson, G. Chem. Eur. J. 2000, 6, 3069.

Figure 6. 13C spectrum (left, at 173 K) and HOESY (right, at 183 K) of a MeLi/LiBr ) 1:1.6 sample.

Figure 7. 6Li NMR spectra of a MeLi/LiBr ) 1:1.4 toluene
solution. Concentration ) 1.1 M (left) and 0.3 M (right).

Table 2. Proportions between Complexes A-E at
Various MeLi/LiBr Ratios at 183 K as Obtained by

6Li and 1H Signal Integrations or Calculated

MeLi/LiBr
1H ratios
(A/B/C/D)

6Li ratios
(A/B/C/D/E)

theoretical ratios
(A/B/C/D/E)

1/0 100/0/0/0 100/0/0/0/0 100/0/0/0/0
1/0.5 28/69/3/0 18/54/28/0/0 20/40/29/10/1
1/1.4 0/23/59/18 0/12/39/24/25 3/17/36/33/11
1/3 0/20/60/20 0/8/28/19/45 0/5/21/42/32
1/∞ 0/0/0/0/100 0/0/0/0/100

F(Li4Me4-nBrn) ) f 4-n
(MeLi) × f n

(LiBr) × [ 4!
(n!(4 - n)!)]

4094 Organometallics, Vol. 22, No. 20, 2003 Desjardins et al.
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perimentally determined distributions of the five dif-
ferent tetramers and those predicted on the basis of
statistical considerations. The energies in the gas phase
and in diethyl ether are reported in Table 3, together
with the zero-point energies (ZPE). The latter must be
included because of its large variations among the
various cases considered.

As the aggregates identified in the medium are
tetramers, we have assumed that all steps in the
reaction schemes leading to the final aggregates involve
only mixed or pure tetramers reacting face-to-face.
Consequently, the following steps have been considered
in order to generate all possible aggregates starting from
pure methyllithium and LiBr, as achieved experimen-
tally:

The energetics of these reactions, including ZPE and
solvent effects, are reported together in Scheme 1. Step
1 is clearly exothermic (3.6 kcal/mol) and favors the
formation of (MeLi)2(LiBr)2. Among the three possible
exit channels for the second step, only 2a is favorable
(i.e., slightly exothermic: -0.3 kcal/mol provided that
the ZPE correction is taken into account) with respect

to (MeLi)2(LiBr)2 and leads to (MeLi)3(LiBr). By con-
trast, both channels to (MeLi)(LiBr)3 (2b and 2c) are
endothermic (by 0.9 and 2.1 kcal/mol, respectively) and
are thus expected to be less efficient than path 2a, at
least at low temperatures such as those at which the
experiments were performed.

Therefore, these calculations account relatively well
for the(MeLi)2(LiBr)2 and (MeLi)3(LiBr) proportions
found experimentally as well as for the lower observed
concentration for (MeLi)(LiBr)3 than is predicted by
statistical arguments.

Conclusion

The high-field, low-temperature NMR analysis of
various mixtures of Me6Li and 6LiBr in toluene gives
access to all the 6Li signals of the (MeLi)n(LiBr)4-n
aggregates. These have been unambiguously assigned
using mono- and bidimensional (HOESY and COSY)

Figure 8. Experimental (based on 6Li NMR signal integrations, left) and statistical (right) distribution of complexes
A-E as a function of LiBr molar proportion in the MeLi/LiBr mixture.

Table 3. Energetics of Tetramers A-E in Vacuo and in Diethyl Ether (DEE)a

tetramer E (gas-phase) E (DEE) ZPE (kcal/mol) Etot (DEE)

A -190.665812 -190.665791 88.3 -190.525074
B -2722.922362 -2722.923185 68.2 -2772.814500
C -5255.180245 -5255.181041 48.7 -5255.103431
D -7787.431533 -7787.432183 21.1 -7787.388996
E -10319.686098 -10319.686098 6.3 -10319.67605

a Absolute energies are in atomic units.

(MeLi)4 + (LiBr)4 h 2(MeLi)2(LiBr)2 (1)

(MeLi)2(LiBr)2 + (MeLi)4 h 2(MeLi)3(LiBr) (2a)

(MeLi)2(LiBr)2 + (LiBr)4 h 2(MeLi)(LiBr)3 (2b)

2(MeLi)2(LiBr)2 h (MeLi)3(LiBr) + (MeLi)(LiBr)3

(2c)

Scheme 1. Relative Energies (kcal/mol) for the
Interconversion of Tetramers (A ) Me4Li4; B )

Me3Li4Br, C ) Me2Li4Br2, D ) MeLi4Br3, E ) Li4Br4)
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experiments. The 6Li-6Li coupling constants calculated
by HF and DFT methods account relatively well for the
observed correlations, although their values seem to be
overestimated, probably due to the absence of solvent
in the models considered. A comparable observation has
been made before for the MeLi-(Me2O)n aggregates: the
J(13C-6Li) decreases when going from n ) 0 to n ) 3.19

A slow ether exchange between the first solvation shell
and the free diethyl ether in toluene has also been
observed at low temperature. The relative variation of
the concentration of these different aggregates in solu-
tion as a function of the MeLi/LiBr ratio has been
determined. The data indicate that the populations of
the complexes closely follow a pure statistical distribu-
tion, except for the MeLi(LiBr)3 species, which is found
to be less abundant than expected. The lower abundance
of MeLi(LiBr)3 could be rationalized on the aggregation
energies computed using DFT, which suggests that the
MeLi(LiBr)3 complex is significantly less favored than
the four other complexes. Large numerical differences
between ZPE values associated with the different ag-
gregates have been computed, due to the significant
difference between the mass of the methyl group and
that of the bromine atom. Therefore, this correction
must be taken into account to obtain relevant enthalpies
for reactions involving such systems.

Finally, this work suggests that working with 6Li-
labeled compounds on high-field instruments can pro-
vide accurate information on the various species in
solution. This can be of major importance in the
understanding of the mechanisms and selectivities of
reactions involving such reagents.

Experimental Section

Experimental Details. Under an atmosphere of ultradry
argon (dried and deoxygenated by bubbling through a com-

mercial solution of n-butyllithium in hexane) at room temper-
ature in distilled diethyl ether, 6Li (0.5% Na)13 was reacted
with methyl chloride.14 A ∼0.8-0.9 N salt-free MeLi solution
was obtained (in about 50% yield) and assayed following usual
procedures.15 Various amounts of 6LiBr (previously prepared
reacting HBr in diethyl ether with Me6Li in the same solvant)
were mixed with the methyllithium, and 0.2 mmol of this
etheral solution (∼220-250 µL) was then placed in the NMR
tube and diluted to 0.9 mL with d8-toluene. Commercial
tetrahydrofuran-d8 was distilled over sodium and benzophe-
none. 6Li (95%) was purchased from Aldrich and washed in
freshly distilled pentane.

Computational Details. All DFT energy calculations have
been carried out using the Gaussian9816 software with the
B3P86 hybrid functional and 6-31+G** basis set. For all
systems, the geometries were fully optimized and the interac-
tion energies reported take into account the zero-point vibra-
tional corrections. The solvent (diethyl ether) was taken into
account according to the self-consistent-field reaction scheme
within the Onsager’s dipole model.17 All geometries were fully
optimized and the zero-point energies (ZPE) were determined.
The NMR Li-Li coupling constants in the various tetramers
were calculated at the Hartree-Fock level with the same basis
set using the Dalton18 software. Our previous investigations
have shown for tetramer A that correlation effects, as calcu-
lated from a MP2 treatment, on the coupling constants are
small enough to be neglected.19

Spectroscopical Details. All NMR experiments were
performed on a Bruker Avance DMX 500 spectrometer,
equipped with a z-gradient unit and a 5 mm {1H, 6Li, 13C, and
15N} quadruple-resonance Bruker probe. Measuring frequen-
cies were 500 MHz (1H), 125 MHz (13C), and 73 MHz (6Li). 1H
and 13C chemical shifts were referenced to the solvent d8-
toluene signals at δ 2.09 and 20.40, respectively. Lithium
spectra were referenced to external 0.3 M 6LiCl in MeOH-d4

(δ 0.0). Processing of NMR data was performed on an SGI O2
computer, using the manufacturer’s program Xwinnmr2.1
(Bruker).

1D NMR Measurements. The proton and lithium one-
dimensional data were recorded with standard parameters.
To remove 13C-1H coupling, the one-dimensional 13C spectrum
was recorded with broad band proton decoupling.

2D NMR Measurements. 6Li/6Li COSY.20 The following
parameters were used for acquiring and processing the
spectrum in absolute values: 128 experiments with 1024 data
points and 8 scans each were recorded; a delay of evolution of
long-range coupling of 250 ms was used; no proton decoupling
was used; one time zero filling in f1; pure sine bell window
function was applied before Fourier transformation.

6Li/1H HOESY.21 The following parameters were used for
acquiring and processing the spectrum in phase-sensitive
mode: 128 experiments with 1024 data points and 16 scans
each were recorded; pure phase line shapes was obtained by
using time proportional phase incrementation (TPPI) phase
cycling. A mixing time of 800 ms was used; one time zero filling
in f1; π/2 and π/3 shifted sine square window functions were
applied to f2 and f1 dimensions, respectively, before Fourier
transformation.
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