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Summary: Quantum chemical studies (B3LYP) of metal—
halogen exchange in the model system LiCH=CH,/Mel
are consistent with a T-shaped hypervalent iodine species
of the type I(vinyl)(Me)(Li) being the transition state. In
support of prior proposals by Collum and others that
solvent acceleration of organolithium reactions does not
result primarily from solvent-induced changes in the
aggregation state of the lithium reagent, we find the
solvent substantially accelerates the reaction even for a
monomeric nonaggregated transition state. Introduction
of a model solvent molecule suggests that solvent accel-
eration is the result of transition state stabilization by
tighter binding of the solvent to lithium in the transition
state as well as a destabilization of the reactant adduct,
(vinyll)-(LiMe), relative to the separated reagents.

Introduction

Solvent acceleration of organolithium reactions by
THF or TMEDA is very common,! but different pos-
sibilities have been discussed to account for the effect.
It was once commonly ascribed to the formation of lower
organolithium aggregates, but as noted in a recent
review by Collum,?2 this idea is not confirmed by careful
scrutiny.2 Here, we study the problem by quantum
chemical methods?® using the empirically parameterized
DFT theory, B3LYP,3 implemented via the GAUSSI-
AN94 program,¥ as previously used for organometallic
problems3d with good reliability.3¢ We show that tighter
binding of a donor solvent to the transition state is
indeed sufficient to substantially accelerate a model
reaction, metal—halogen exchange, without change in
aggregation.

The metal—halogen exchange reaction® to synthesize
organolithium compounds (eq 1), discovered by Wittig
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and by Gilman,® is of prime importance in organic
synthesis. It is rightly considered! one of the most

R—Li + R'—Br — R'—Li + R—Br 1)

remarkable reactions in organic chemistry because it
often proceeds in seconds even at —90 °C and the
formation of the thermodynamically strongly preferred
coupling products of eq 2 is completely avoided. The

R—Li + R'—Br — R'—R + LiBr )

mechanism was the subject of prolonged debate. CI-
DNP studies® have shown evidence for radical interme-
diates, but if the whole reaction passed through such
intermediates, it is difficult to see how the cross coupling
products of eq 2 could be completely avoided, as ob-
served. Early observations by Wakefield” suggested
nucleophilic attack on halogen might be involved, but
radical anion intermediates were later proposed by the
same author.! lodine ate complexes were proposed by
Wittig et al.,® are consistent with kinetic data,® and in
some cases have been observed in the reaction mix-
tures.’® Finally, much important theoretical work has
been carried out on other aspects of organolithium
chemistry,!! and detailed studies of solvation effects in
organolithium compounds have been published.2

This paper provides quantum chemical support for
significant solvent acceleration of organolithium reac-
tions in one model reaction, metal—halogen exchange.
The mechanism of the exchange, confirmed by the
present study, involves a T-shaped hypervalent iodine
species, as illustrated in eq 3.

R—Ii + X—R — R—X—=R —
Li
1
R—X + Li—R' (3)
(X=Br,1)
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Figure 1. The anti monosolvated adduct between
CH,=CHI and MeL.i which is considered to be the reactive
conformer.

Results and Discussion

To investigate this pathway, we have performed
B3LYP theoretical studies (see Computational Details
section). A model system was chosen involving mono-
meric LiMe and CH,=CHI. LiMe is in reality ag-
gregated in solution, but we wished to simplify the
system by taking the monomer in this initial work in
order to test the idea?? that solvent acceleration might
occur independent of the state of aggregation. Another
reason for choosing the monomeric model is the finding
by Streitweiser and co-workers!? that the monomer is
indeed the true reactive species in a number of reactions
of lithium enolates where the oligomer is the main form
in solution. Because we needed to locate a transition
state, a very difficult procedure, we needed to simplify
the quantum model system as much as possible, hence
our use of a single H,O rather than one or more Me,O
ligands.

The results show that unsolvated LiMe reacts with
CH,=CHlI to give a reactant adduct of the two species,
CH,=CHL.i(IMe), with the vinyl and methyl groups in
a syn conformation and having a calculated exother-
micity of 6.4 kcal/mol relative to the reagents. The anti

Me
Me\?i ?I/
/CH—I CH—I
cH? CH
syn anti

adduct, only 0.3 kcal/mol less stable, is considered on
least-motion grounds to be the one that leads on to
reaction. A transition state of type 1 with one imagi-
nary frequency was successfully located at an energy
of +16.5 kcal/mol relative to the separated reagents and
+22.9 kcal/mol relative to the syn reactant adduct. The
geometry of the anti adduct and transition states closely
resemble those shown in Figure 1 and 2, which are for
the monosolvated species (see below). The energy
relationships involved, measured relative to the sepa-
rated reagents, are shown in Figure 3.
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Figure 2. The monosolvated transition state with one
model H,0 ligand found for the metal—halogen exchange
reaction between CH,=CHI and MeLi. The unsolvated
transition state has an almost indistinguishable structure
except that the Li—I distance changes to 2.50 A.
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Figure 3. The energy profile of the reaction, showing the
origin of the change in barrier heights. The unsolvated case
is shown by a full line and the solvated by a dotted line.
Energies are in kcal/mol relative to the separated reagents,
LiMe + CH,CHI for the unsolvated case or to H,O-LiMe
+ CH,CHI for the monosolvated case (S = solvent or
vacancy).

Nucleophilic attack on halide as the key step is
consistent with the reaction going well for iodides and
to some extent for bromides but poorly for chlorides,
where hypervalency is much less common. The pro-
posed T-shaped transition state 1 keeps R and R’ well
apart, allowing the system to avoid the formation of
cross coupling products, RR'. This species (1) can be
thought of as an ion pair between a linear [XR;]~ anion
and Lit. The T-shaped structure of 1 can, therefore,
be considered as resulting from the preference?!® for a
linear geometry in IR, as also seen in such well-known
hypervalent ions as I3~ (or in general, [XY2]~ where X
=Brorl, Y =CI, X=Y =1). Indeed, stable
perfluoroalkyl versions of this species (R = (CF3)3C,
CeFs) were prepared by Farnham and Calabrese,'%2 and
solvent-separated Li[IPh;] was directly observed by
Reich1% py13C NMR in samples formed from PhLi and
Phl in the presence of HMPA. As a hypervalent species,
the ion is expected to have three lone pairs in the
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equatorial plane (2), to one of which the lithium cation

would naturally be expected to coordinate, hence pro-
ducing an overall T-shape for 1.
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On including an ether solvent in the reaction, modeled
here by a single H,O ligand on lithium, we find new
syn and anti (Figure 1) reactant adducts, exothermic
relative to the reactants by 4.2 and 2.3 kcal/mol,
respectively. The difference in the dipole moments
between MeL.i (5.6 D) and MeLi(OH,) (8.5 D) appears
to be the major factor responsible for the larger energy
difference between the syn and anti adducts in the
solvated case versus the nonsolvated one, a result of
dipole—dipole interactions with vinyl iodide. A new
transition state (Figure 2) was found with an energy of
+11.9 kcal/mol relative to the separated reagents and
+16.1 kcal/mol relative to the syn reactant adduct.
Since the dipole moment of the reactant complex is very
similar to the one for the transition state, 9.56 D
compared to 9.58 D, additional long-range polarization
effects are not expected to have a differential effect on
the activation barrier. The calculated barrier height for
the solvated case (16.1 kcal/mol) is not very different
from those found (E, = ca. 12 kcal/mol) experimentally4
for related reactions, especially considering that poly-
solvation is likely in the real experimental system and
this is expected to lead to an additional stabilization,
resulting in a further reduction in the activation en-
ergy.'® We cannot rigorously exclude the possibility that
the real solvent, thf, might not be so tightly bound in a
real transition state with more bulky R and R’ ligands,
but this is unlikely since the iodine is only three
coordinate and so not excessively crowded.

These results suggest that a ca. 6.8 kcal/mol decrease
in the barrier height is possible from monosolvation in
the absence of any change in the aggregation state of
the organolithium reagent—a substantial value and well
able to account for most of the observed accelerating
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effect of THF. Tighter binding of the solvent in the
transition state is evident from the shorter Li—O
distance in the transition state (Li—O 1.85 A) versus
the reactant adduct (1.89 A). The stabilization of the
transition state is most easily interpreted in terms of
stronger solvation as a result of the greater positive
charge expected for lithium in a relatively ionic LiT[IRz]™
transition state structure. The energy profile of the
reaction is summarized in Figure 3, where it is clear
that the effect of solvation is not just to stabilize the
transition state but to destabilize the reactant adduct
between the solvated organolithium and the halide,
relative to the separated reagents.

We confirm the generally accepted!81® mechanism
involving a hypervalent iodine ate intermediate, as
shown in eq 3 and Figure 2. The proposal of Collum?
that solvent acceleration of the reaction can occur by
solvent stabilization of the transition state independent
of the state of aggregation of the organolithium reagent
is also confirmed. This work also provides a detailed
mechanism for the solvent effect: solvent stabilization
of the transition state and destabilization of the reagent
adduct relative to the separated reagents.

Computational Details

We used an empirically parameterized DFT theory, B3LYP,®
as implemented via the GAUSSIAN94 program,* which has
previously been successfully applied to organometallic
problems.3 In the B3LYP calculations, large basis sets were
used for the energies. For hydrogen, carbon, and oxygen, the
6-311+G(2d,2p) basis was used, which is a triple ¢ basis
containing two polarization functions and an additional set of
diffuse functions on all atoms except hydrogen. For lithium
the d95v(1d) basis was used, and iodine was treated with an
effective core potential due to Hay and Wadt!® to which two
sets of diffuse p-functions and three sets of d-functions were
added. All degrees of freedom were optimized, and Hessians
were calculated at the B3LYP level using standard DZ basis
sets (LANL2DZ). The transition states were found to have
one imaginary frequency, and the equilibrium structures were
found to have no imaginary frequencies.
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