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A quantitative analysis of the intermolecular forces responsible for the formation of aggregates/complexes involving
organolithium compounds has been undertaken using the Restricted Variational Space (RVS) decomposition scheme

of the intermolecular interaction energy.

Two series of RVS computations have been carried out for every complex. The first one concerns the fully
optimized systems while for the second the optimization has been limited to the intermolecular parameters. As
expected, our results confirm that the electrostatic contribution is always the main stabilising component in these
systems even when one of the partners of the complex is non-polar. In the case of aggregation between two lithiated
species, comparison of the two sets of results indicates that the distortion undergone by the partners in the complexes
takes place at the expense of an energy decrease of the interacting entities which is minor when compared to the
concomitant increase of the electrostatic contribution. In the case of methyllithium dimer we have checked that

the extension of the basis set does not alter these results.

Introduction

The efficiency of organolithium compounds in key reactions
such as deprotonations or carbon-carbon bond formation
endows these reagents with a corner-stone position in organic
chemistry. Because of the emphasis put on asymmetric syn-
thesis over the past twenty years, many of these organometallic
reagents have been used in conjunction with chiral additives.
For alkylation reactions, ligands such as amines,' aminoalco-
hols,? alcohols and diols,>*® ethers,'** aminoethers® or oxazol-
ines® have been employed, either in stoichiometric or catalytic
amounts. Many models have been proposed to justify the
enantioselectivities induced by these systems, most of them
relying on the putative formation of a tight complex between
partners before or during the interaction with the electrophilic
species involved in the reaction. Because of their lability, such
complexes have been evidenced only in a limited number of
cases.” More generally, organolithium chemistry is character-
ized by its tendency to involve clusters presenting polycoordin-
ated lithium atoms, possibly including solvent molecules, and
presenting hypervalent-looking carbons, as evidenced both
experimentally and theoretically.””® This peculiar behavior has
led to detailed theoretical investigations on the nature of the
core bonds in various oligomers,” Morokuma’s energy decom-
position scheme'* being applied even to a set of Li—X dimers
such as MeLi and NH,Li.**

Our recent interest in the field of lithium amide—alkyllithium
complexes %! led us to undertake a quantitative study on the
physico-chemical forces driving these molecular phenomena.
This investigation has been done using the RVS/CSOV !
decomposition scheme which provides, like Morokuma’s, pre-
viously used for the study of methyllithium dimer and smaller
entities, an evaluation of the contributions of these different
forces to the overall stabilization of the aggregates/complexes
studied. In order to encompass as many situations as possible
for the different compounds of interest to us, we have con-
sidered standard lithiated compounds such as methyllithium
(MeLi), lithium dimethylamide (LMA) and lithium ethenolate

(CH,=CHOLIi, denoted by EnoLi in the following), taken as
models of alkyllithiums, lithium amides and lithium enolates
respectively. In the case of EnoLi we have considered two
threshold conformations, in agreement with highly accurate
ab initio calculations,'® the differences between these two struc-
tures possibly altering the stabilization contributions. Inter-
actions between MeLi and dimethyl ether (Me,0O), benzene
(C¢H¢) and butyne, and that of LMA with dimethyl ether
have also been included in this study in order to examine the
contribution(s) which govern(s) the preference between aggre-
gation and complexation. The known importance of the
deformation™ undergone by the aggregating species, associ-
ated with the alteration of the bonding scheme, prompted us to
undertake a second set of calculations corresponding to opti-
mizations limited to the intermolecular geometrical parameters
(keeping the internal geometry of the interacting monomers
frozen). We thought that the differences between these latter
values and those calculated for the fully optimized complex
could provide evidence of which contributions are promoted by
the monomer distortion.

Computational details

The interaction energy decomposition, which gives access to
the electrostatic [Eg], exchange/steric [Ex], polarisation of
entity A by the electric field generated by entity B [E,,(A)] and
charge transfer [E,] energies, was carried out using the
Restricted Variational Space method (RVS)'* as implemented
in GAMESS." Using the RVS algorithm instead of Moro-
kuma’s original analysis'* offers the advantage that the polar-
isation and charge transfer contributions of each interacting
fragment are calculated separately, as proposed earlier for
dimers by the Constrained Space Orbital Variation (CSOV)
method.’” The geometry optimizations, complete or limited
to the intermolecular geometrical parameters (the geometry
of the monomers being “frozen”) were performed with
GAUSSIANY94 "5 at the DFT level only, using the B3P86 func-
tional ' for consistency with our previous work on this type of
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Table 1 Variations of the energy and charges of MeLi with the “extension” of the 6-31G basis set

6-31G 6-31++G 6-31G 6-31G++G
(d.p) (d,p) (3df,3pd) (3df,3pd)
E(a.u) SCF —47.0208 —47.0225 —47.0242 —47.0244
DFT —47.6140 —47.6162 —47.6183 —47.6181
uD SCF 5.675 5.950 5.740 5.923
DFT 5.230 5.650 5.397 5.665
Charges SCF Li Mulliken 0.420 0.544 0.397 0.464
NBO 0.831 0.872 0.834 0.882
Mulliken —0.616 —0.796 —0.600 —0.778
NBO —1.417 —1.423 —1.362 —1.386
H Mulliken 0.066 0.084 0.068 0.105
NBO 0.195 0.184 0.176 0.168
DFT Li Mulliken 0.369 0.553 0.286 0.420
NBO 0.794 0.854 0.798 0.831
Mulliken —0.634 —0.907 —0.644 —0.730
NBO —1.450 —1.480 —1.416 —1.384
H Mulliken 0.088 0.118 0.119 0.103
NBO 0.219 0.209 0.206 0.168

system.* The basis set used for all the computations was 6-
31G**.'" In the case of methyllithium, the basis set has been
progressively enlarged to the 6-31++G(3df,3pd)'"® level to
investigate the stability of the results with respect to the basis
extension. A basis set linear dependency '® appeared to become
of some importance in the case of the largest set. This led us to
switch, for the Mulliken populations, to GAUSSIAN98 '
modifying the threshold value for the elimination of the overlap
matrix eigenvalues close to zero (and the corresponding eigen-
vectors). It also appeared necessary to remove the diffuse s
functions on carbon and lithium in order to avoid the occur-
rence of a spurious population in this orbital (on lithium) when
dealing with the 6-31++G(3df,3pd) set. This was not necessary
for the NBO charges since this analysis is much less sensitive to
near linear dependencies.

Results and discussion

Previous results *»¢?° have clearly shown the major polar char-
acter of lithiated species. The values reported in Table 1 for
methyllithium, using the geometry obtained from an optimiz-
ation carried out with the 6-31G** basis set and the B3P86
functional, confirm these results since the values of the molecu-
lar dipole moment (x) and of the lithium/carbon net charges are
large. Table 1 shows also that the molecular energies as well as
the charges calculated following the NBO scheme and x under-
go only minor variations upon increasing the size of the basis
set from 6-31G** to the more flexible 6-31+ +G(3df,3pd), and
this at the SCF as well as at the DFT levels. The values obtained
after a full optimization of MeLi at the DFT level with this
latter basis set do not exhibit significant changes compared with
the previous ones.

The crucial role played by the electrostatic forces in inter-
actions involving such compounds has been established by a
Morokuma intermolecular interaction energy decomposition.*
Since we are primarily concerned in this work with such
decomposition results, we have checked also that the individual
contributions, as well as their variations due to the aggregation-
linked distortions, were not modified upon basis set extensions,
as shown by the data of Table 2. This observation is in agree-
ment with previous results on smaller basis sets.”® These pre-
liminary results indicate that, for such an investigation, the
results obtained using the 6-31G** basis set reach a reasonable
level of confidence.

In Table 3 are reported the results concerning aggregates
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Table 2 Variations of the different contributions (in kcal mol™!) to the
interaction energy for (MeLi), with the “extension” of the 6-31G basis
set

6-31++G 631G 6-31++G
6-31G(d.p)*  (d.p) (3df3pd)  (3df3pd)”
Es  —99.5(—49.5) —101.6 -97.1 —96.7 (—49.1)
Ex 66.2(34.2) 69.0 66.7 66.1 (34.4)
E —144(-9.4) ~14.0 -178 ~17.8 (—12.6)
E. —6.6 (—4.0) —64 64 —6.0(=3.4)
SE  —542(-287) =530 —54.6 —54.2(—30.7)

“ Values in parentheses correspond to the frozen geometry situation.

between two organolithium compounds, A and B, of which
geometries have been obtained from the two types of optimiz-
ations. The first one (“Opt.” columns) corresponds to a com-
plete optimization of the complexes, the geometries of the
interacting entities obtained from the optimized overall com-
plex being used as input for the RVS computations. Upon the
formation of the complex, the monomers A and B get distorted
(becoming A’ and B’) and thus A + B—>A’-B’. In contrast, the
values under the “Froz.” headings correspond to the results of
optimizations limited to the intermolecular parameters, that is
with the internal molecular geometries of A and B as obtained
from optimization of the isolated species (A + B—>A-B). The
2 F line sums up all the contributions, plus the basis set super-
position errors (BSSE, ranging from —0.1 to —1.8 kcal mol™).
It corresponds, except for higher order terms, to the interaction
energy between A’ and B’ in the A'-B’ complex for the Opt.
columns [XE,,=E, g — (E, + Eg)] and the interaction
energy between A and B in the A-B complex for the Froz.
columns [ZE,,, = E, s — (E4 + Eg)]. The next two lines display,
in the Opt. columns, the aggregation energy at the SCF (AEgcg)
and at the DFT (AEpgr) levels, viz. AE=E,. 5 — (Es + Eg). In
the Froz. columns, AE is equal to E,  — (E, + Ep) and differs
from XE;, only by the higher order terms. The difference
between AEgcr and AEpgr gives an approximation of the dis-
persion energy. Finally, the last four lines (8Escg and SEppr)
correspond to the monomer distortion energies upon complex-
ation (8E(A) = E,, — E,). The values of these quantities remain
similar at the SCF and DFT levels. It is also important to
underline that AEgr and AEpgr include, in the Opt. columns,
both the intermolecular interaction and 6E, while the corre-
sponding XE values derived from the RVS computations



Table 3 Contributions to the intermolecular interaction energies (kcal mol ') of optimized complexes containing lithiated species.” The “frozen”
situation corresponds to a restricted optimization of the complexes (see text)

(MeLi), (LMA), MeLi-LMA EnoLi(I)-LMA EnoLi(Il)-LMA
Opt. Froz Opt. Froz. Opt. Froz. Opt. Froz. Opt. Froz.
E, —99.5 —49.5 —112.1 —89.4 —100.3 —68.4 —105.3 —85.5 —96.5 =79.7
E, 66.2 34.2 60.4 59.0 64.2 454 54.0 52.2 49.8 47.5
E,(A) =72 —4.7 -6.2 -5.6 =57 =51 =53 —4.8 -6.7 =52
E,.(B) =72 —4.7 -6.2 -5.6 =76 =52 =71 -6.8 -6.2 -6.3
E(A) -33 -2.0 =33 -24 —2.6 -1.9 -2.2 -2.6 -1.8 -1.4
E.(B) =33 -2.0 =33 -24 -34 =25 -3.8 -2.8 -34 =25
SE*® —54.2 —28.7 —70.6 —46.4 —55.4 —33.7 —69.7 —50.3 —64.8 —47.6
AEgcg€ —42.3 -29.2 —61.5 —46.4 —49.0 —38.1 =70.2 —50.8 —65.6 —48.2
Eper —44.7¢ -31.8 —59.7¢ —49.3 —49.3°¢ —40.3 —61.0 —532 —56.8 —49.3
SEscr(A) 7.1 6.1 6.5 4.3 2.8
dEscr(B) 7.1 6.1 2.8 5.6 5.2
SEppr(A)® 7.0 6.2 6.2 2.4 3.5
SEppr(B)# 7.0 6.2 22 9.9 5.9

“ E;: electrostatic, E,: repulsion, E,,: polarisation, E,: charge transfer. > Sum of the different contributions including the basis set superposition
errors corrections (BSSE). ¢ SCF and ¢ DFT interaction energies using the B3P86 geometries. ¢ Taken from ref. 10.” SCF and ¢ DFT energy variation
of the monomers due to the geometrical distortion taking place upon the formation of the complex; monomer A is the left part of the AB complex

and B the right one.

Table 4 Contributions to the intermolecular interaction energies (kcal mol™!) of optimized complexes containing lithiated species.” The “frozen”
situation corresponds to a restricted optimization of the complexes (see text)

MeLi-Me,O MeLi-C¢H, MeLi-butyne LMA-Me,O

Opt. Froz. Opt. Froz Opt. Froz. Opt. Froz.
E, —24.2 -23.0 -9.8 -10.5 —14.2 —-12.4 —254 —-24.9
E, 9.7 9.2 2.9 5.5 8.7 6.6 10.6 10.3
E,(A) -0.2 -0.2 -0.5 —0.6 -0.4 -0.3 —0.1 —0.1
E,(B) —3.7 —3.6 -2.8 —3.7 -3.0 -2.9 -3.8 —4.0
E(A) -0.4 -0.4 -0.6 -0.4 -0.3 -0.2 -0.7 —0.6
E.(B) -0.4 —-0.4 —4.4 —2.8 =25 —2.4 -0.3 —-0.4
SE® —19.1 —18.3 -13.2 —12.6 -11.6 -11.5 -19.7 -19.8
AEgc* -19.2 —18.5 —13.1 —12.7 —11.7 —11.6 -19.9 —-19.9

Eppr? -19.9 —19.1 —14.8 —-14.7 —13.8 —13.5 —20.7¢ —20.2

SEscr(A) 0.0 0.0 0.0 0.1
SEscr(B)” 0.1 2.0 0.4 0.2
SEppr(A)# 0.0 0.0 0.0 0.1
SEprr(B)# 0.4 2.1 0.2 0.4

“¢ See footnotes to Table 3.

correspond to the interaction energy between already “dis-
torted” monomers and thus do not take into account the 3E.
We see from the values of Table 3 that, in all cases, the
electrostatic term (Eg) is by far the main contribution to the
stability of the aggregates. The electrostatic factor is 30-45 kcal
mol ! larger than the total interaction energy TE. This term is
however considerably enhanced in the fully optimized (Opt.)
complexes when compared to the frozen ones, indicating the
importance of monomer distortion for the improvement of the
electrostatic interaction. A much more limited increase of the
repulsion (E,) term is observed when going from the frozen to
the fully optimized arrangement. The polarization, E,,, and
charge transfer, E, terms are considerably less modified by the
geometrical rearrangements. But the most important feature
remains the favorable electrostatic factor that considerably
overcomes the unfavorable distortion and exchange destabiliz-
ing contributions. The dispersion term is small and even posi-
tive in one case. This poor characteristic illustrates the known
weakness of many density functionals in accounting for the
weak long range van der Waals interactions.?! Since an accurate
evaluation of this term is not relevant to the problem studied
here, we choose not to dedicate further attention to this point.
Also worthy of note is the variation of ZE between the two sets
of RVS results that reaches, as well as the monomer distortion,

a maximum in MeLi and LMA dimers as can be seen from
Fig. 1 and Table 3.

Regarding the EnoLi-LMA complexes, it appears that the
binding mode of the amide lithium to the oxygen of the enol-
ate’s conformation I takes place in a site close to the one occu-
pied by the lithium in conformation II (and vice versa) as can
be seen from the comparison of Fig. 1D and 1E. A comparable
result has been recently reported for enolate dimers.'*® This
binding mode reduces the energy gap between the two com-
plexes with respect to that between the two EnoLi conform-
ations (1.4 and 5.6 kcal mol ™! respectively in favor of form II in
both cases).

The data of Table 4 deal with complexes between MeLi or
LMA and non-lithiated organic molecules, corresponding to
solvation-type interactions. The distortions undergone by the
monomers in these conditions are much smaller, as can be seen
from Fig. 2, than those induced by aggregation phenomena.
However, the electrostatics remain the main contributing factor
to the overall interaction energy, even with such non-polar
compounds as benzene or butyne. In these cases, E5 and F are
of the same order of magnitude. The complete optimization of
these complexes is associated with only a minor improvement
of the interaction energy (<1 kcal mol™!). The gap between
the distortion energy values obtained in the present cases and
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Fig. 1 Optimized arrangements of the complexes between lithiated species (upper: fully optimized complexes; lower: internal geometry frozen): A:
(LiMe),; B: (LMA),; C: MeLi-LMA; D: EnoLi(I)-LMA; E: EnoLi(II)-LMA.

C D

Fig. 2 Optimized arrangements of the complexes between lithiated
species and non-lithiated organic molecules. A: MeLi-Me,O; B: MeLi-
C¢Hg; C: MeLi-butyne; D: LMA-Me,0.
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those reported in Table 3 arises from the differences between
an interaction inducing a modification of the binding pattern
(in the case of lithiated compounds aggregation) and that
due to a simple lithium-solvent coordination (Lewis-type
neutralization).

The sets of results reported here show that the geometrical
distortions taking place upon the formation of organolithium
aggregates increase considerably the interaction energy, princi-
pally through the electrostatic contribution, at the minor
expense of the internal energy of the interacting species. This
weak distortion factor is to be related to the well-known low
directionality of lithium interactions. The weight of the electro-
static contribution indicates that a strong influence of polar
substituents on the interacting partners is to be expected. Last
but not least, comparison of the data of Table 3 with those of
Table 4 shows that if the monomers were not distorted, the
aggregation of MeLi would be disfavored with respect to
its complexation in ether (—31.8 vs. —19.9 X 2 =—-39.8 kcal
mol™"). In contrast, in the same conditions LMA would
dimerize rather than form a complex with ether (—49.3 vs.
—20.2 X 2 = —40.4 kcal mol™!) while the mixed dimer MeLi—
LMA could be in equilibrium with the MeLi-Me,O and LMA-
Me,O species (—40.3 vs. —19.1 + —20.2 = —39.3 kcal mol ™).
Similarly MeLi dimer and MeLi-C¢Hg have comparable
stabilities (—31.8 vs. —14.7 x 2=—-29.4 kcal mol™!). These
concluding remarks could be of interest in relation to the
behavior of very rigid lithiated molecules in solution.
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