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Abstract Two methods have been developed for determin-
ing the aggregation equilibrium constants of lithium
enolates based on the change in UV-vis spectrum with
concentration and the effect of aggregation on proton-
transfer equilibria. Dimers and tetramers are common.
Substitution « to the carbonyl group generally reduces
aggregation. Kinetic studies show that Sy2 alkylations
generally occur with the monomers, even in the presence of
large amounts of aggregate. The qualitative chemistry is well
modeled by ab initio computations at the HF level with
modest basis sets; in these studies solvation is modeled by a
combination of coordination of lithium cation with an ether
oxygen and the electrostatic interaction of the resulting dipoles
and quadrupoles with the solvent dielectric continuum.

Keywords Aggregation - Alkylation -
Equilibrium constant - Acidity - Molecular orbital

Introduction

Modern organic syntheses frequently take place in organic
solvents in which the active reagents are often present as
ion pairs and aggregates. Relatively little research has been
done on the equilibrium constants for aggregate formation
and their reactivities. Much of my research during the past
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decade or so has been devoted to the study of aggregates of
lithium and cesium enolates. In this review, I will empha-
size lithium enolates and our methods for determining
aggregation equilibrium constants and reactivities, the ex-
perimental results and our initial approaches in modeling
this chemistry with ab initio molecular orbital theory at a
modest level, RHF with the 6-31+G* basis set.

Preformed lithium enolates are important reagents in
organic synthesis because they can be alkylated by Sy2
reactions with alkyl halides and sulfonates and they under-
go aldol addition reactions with carbonyl compounds; both
are useful routes to generating new carbon-carbon bonds
[1-5]. These enolates have long been known to be ag-
gregated in ethereal solutions as well as in the solid state
[6], and such aggregates have been suggested to be in-
volved in reactions. [7] Actual evidence for the involve-
ment of lithium enolate aggregates, however, is sparse. The
problem is that at normal temperatures the equilibria
among aggregates are rapid, giving rise to a classic Curtin—
Hammett situation (Scheme 1) [8].

The total rate of reaction is given by Eq. 1 in which the
aggregation equilibrium constants are defined relative to
the ion-pair monomer whose concentration is [M]. It is
possible that even though an aggregate dominates the
equilibrium, the rate constant of a monomer could be
sufficiently high that most of the flux of reaction occurs
through the monomer. Indeed, this is what we have
generally found.

Rate =Xk, K, [M]" (1)

Methods and results

In order to establish the relative roles of monomer and
aggregate in reactivity, it is necessary to determine the
individual aggregation equilibrium constants and rate
constants. Determining the equilibrium constants involves
measurements over a concentration range in which the
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Fig. 1 The transition moment
of an aggregate is at higher
energy because of the electro-
static repulsion to additional
cations

relative aggregation concentrations vary. In practice, this
concentration range is of the order of magnitude of 107> to
107 M, a concentration so dilute that the only practical
analytical tool is UV-vis spectroscopy. Accordingly, the
enolates studied generally contain a phenyl or biphenylyl
ring to provide a useful chromophore for measurements.
Two general tools were discovered to be effective in this
study:

1. The UV-vis spectrum of some enolates was found to
vary as a function of concentration, indicating that
different aggregates have different spectra [9].

2. Coupled equilibria: the proton-transfer equilibria to
monomeric indicators are skewed by aggregation [10].

In applying the first method, a series of spectra were taken
over a more than tenfold concentration range and the

Table 1 Aggregation of some lithium enolates in THF

Transition at higher energy

digitized data were subjected to Singular Value Decompo-
sition, SVD, a method that involves a matrix diagonalization
to give a series of vectors and associated coefficients [11].
The first vector represents the mean of the spectra and has a
large coefficient. The second is the first order deviation from
the mean and has a significant but smaller value. The re-
maining coefficients are much smaller and represent noise.
The two significant vectors suggest two components. In
many cases the existence of an isospestic point also points to
two components. From further matrix manipulation, the
spectra of the two components can be determined. When
each experimental spectrum is analyzed in terms of these
component spectra, the composition is given. For a mono-
mer—dimer mixture a plot of [dimer] vs [monomer]” gives a
straight line whose slope is K| »; for a monomer—tetramer
mixture the corresponding plot is of [tetramer] vs [mono-

Entry | Li Enolate K, | Kis [M]in1lM | pK
O Li
1 Ph@%/ 5.0E+8 |0.0047 | 15.9
LiPhIBP
*Li -0
2 @_@ 4300 0011|126
Ph
LiBPCH
O Li*
3 O‘ 47E+10 | 0.0015 | 14.2
Ph
LiPAT
O Lit
4 Ph 2650 0.014 1.1
Ph
LiPhPAT
O Li
5 Ph 3800 0011 | 140
Ph
LiBnPAT
O Li
6 1400 0.019 16.7
Ph
LiBuPAT




Fig. 2 Dimerization of lithium
vinyloxide at HF/6-31+G* as
AE plus unscaled ZPE

mer]*. The corresponding linear relation establishes the
nature of the equilibrium (Egs. 2 and 3).

Ki»
. (2)
2 Monomer—=Dimer
Ki4
(3)

4 Monomer—=Tetramer

We have found the spectrum of the aggregate always to
have A« at shorter wavelength than the monomer. We
interpret this effect simply on the basis of Fig. 1. The
transition involves movement of electron density from the
oxide anion to the organic moiety. Such movement is
electrostatically more difficult for an aggregate with more
Li" cations close to the negative charge.

The second method is based on the proton-transfer
equilibrium in Eq. 4 in which Ind-H is an indicator whose
lithium salt is known to be monomeric. This equilibrium is
skewed to the right by aggregation of R™ Li" (Eq. 5).

% @)
R—H+Ind Li" = Ind—H+RLi"
Kl,n

nRLi* = (R Li*), ©)

The equilibrium constant defined by Eq. 6 is equivalent
to the relative ion pair pK (Eq. 7). The symbol {R™ Li'} is
used to denote the formal concentration of R™ Li" as given,
for example, by spectroscopy.

Kops = {R"Li"}[Ind — H] /[R — H][Ind " Li"] (6)

pKobs(RH) = pK(Ind — H) — log Kopbs @)

We have determined the pK's of a number of such
indicators relative to the assumed value of 22.9 for
fluorene, the per-hydrogen pK in DMSO [12].

Summed over the full set of aggregates in a lithium
enolate equilibrium, K, is given by the expression in Eq. 8
[11]. In turn, this equation reduces to Eq. 9 for a simple
monomer—dimer equilibrium and to Eq. 10 for a monomer—
tetramer equilibrium. In Eq. 9, for example, a plot of K,

HF/6-31+d
A(E + ZPE)

-56.7 kcal mol™!
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vs {R™ Li"}/Kgs gives a straight line from which K, and
K, can be derived from the intercept and slope.

Kops = 1K1 nK? ({RTLi*} /Kobs) "™ ®)
Kobs = Ku + ZKI,ZKg{R_LiJr}/Kobs (9)
Kobs = Ko + 4K 5K ({RTLiY} /K opy)’ (10)

For enolates in which both methods could be applied, the
results are generally in good agreement. These methods
have been applied to a range of lithium enolates [13-21]. A
few of the values obtained are summarized in Table 1. One
important generalization from these results is that substi-
tution in the -position results in reduced aggregation. This
generalization can be seen by comparison of entries 1 with
2 in Table 1 and of entry 3 with 4-6.

A simple ab initio model of enolate dimerization is
shown in Fig. 2.

The reaction is strongly exothermic, as expected
electrostatically for the union of two ion pairs, but this
picture is misleading because no role is assigned to solvent.
The aggregation of the lithium salt of p-phenylisobutyro-
phenone (LiPhIBP) is almost independent of temperature
(Table 2), indicating that the primary driving force is
entropic rather than enthalpic [16]. This had been shown
previously by others, notably Jackman for lithium
phenolates [22] and Chabanal for other 1:1 salts [23].
When the coordinated solvent is included with tetracoordi-
nated lithium cations, the aggregation equilibria become
Egs. 11 and 12 (in which S is the solvent, generally THF).

2ROLiS; = (ROLS,), + 28 (11)

2(ROLIS,), = (ROLIS), + 4S (12)

Table 2 Effect of temperature on the aggregation of the lithium
enolate of p-phenylisobutyrophenone (LiPhIBP); AH°=1.5+1 kcal
mol ™!, AS°=40+5 e.u. [16]

Temp. °C KyaM>
25.0 5.2x107
0.0 4.4x107
-20.0 3.2x107
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Diel. Solv.

Fig. 3 Effect of successive solvation of lithium vinyloxide by dimethyl ether (E), HF/6-311+G*, AE + unscaled ZPE (kcal mol ™), as a
combination of coordination and electrostatic interaction with the dielectric continuum using the dielectric constant of THF [25]

In each case lithium remains coordinated to four oxy-
gens, giving only a small enthalpic change but aggregation
liberates solvent molecules with their increased entropy.

In computations, dimethyl ether has frequently been
used in place of THF because of its smaller size [24, 25].
The effect of solvation by dimethyl ether is summarized in
Fig. 3.

We considered solvation as two specific components.
One is the specific coordination of solvent with lithium
cation and computed as the “supermolecule” with the
coordinated solvent specifically included in the molecule.
The second component is the “dielectric solvation” of the
coordinated species, the electrostatic interaction of the

RHF 631+Gd
E + ZPE

+E
—
-19.7

supermolecule with a “Polarized Continuum” dielectric as
included in the Gaussian program using the dielectric
constant of THF [26]. Coordination is a significant exo-
thermic term but is smaller with successive coordinations.
This effect is consistent with a simple electrostatic model of
interaction of the solvent dipole with the cationic charge.
The successive coordinations involve the additional elec-
trostatic interactions with the opposing dipoles of the
preceding solvents. The dielectric term is initially im-
portant but rapidly diminishes with successive solvation.
The first complex is a dipole whose electrostatic interaction
with the dielectric is significant. As successive solvent is
added, the resulting dipole moments are smaller. Further-

Fig. 4 Comparison of successive coordination by dimethyl ether and THF; energy changes in kcal mol '



Fig. 5 Effect of solvation on
dimerization of lithium vinyl-
oxide at HF/6-31+G* +
unscaled ZPE, kcal mol ™!

more, the increasing size of the solvated moiety requires a
greater cavity in the continuous dielectric until at the final
structure the electrostatic term is insufficient to compensate
for the cavity required. The net energy change for the final
coordination of solvent, —3.1 kcal mol ', is small and
interesting. Chabanal [23] has suggested that the entropy
change of such a reaction be approximated by the entropy
of freezing of the solvent; for THF this quantity is —12.4 e.u.
which is equivalent at room temperature to an enthalpy
change of 3.7 kcal mol ' that is, the last coordination in
Fig. 2 has a AG® of about 0 or K=1. This means that the
lithium enolate is not fully coordinated in solution—
substantial populations are apparently tricoordinated.
Because of the relatively small role of dielectric solvation
in these systems we have not generally computed this term
and have focused the computed models on the role of
coordination solvation.

We tested how well dimethyl ether works as a
computational model for THF by calculating the energetics
of successive THF coordination of lithium vinyloxide
compared to Me,O at the smaller basis set level of 6-31+
G*; we had shown previously that this is as effective a level
as the larger 6-311+G* for many purposes [25]. The com-
parison shown in Fig. 4 shows that THF is generally more
coordinating than Me,O but only by about 1 kcal mol .
Even this difference is expected to be reduced by the lower
dielectric solvation of THF’s larger cavity size.

The effect of solvation on dimerization of lithium
vinyloxide is summarized in Fig. 5. Coordination about
lithium has been kept constant in the process shown.
Dimerization is now much less exothermic than the
uncoordinated model in Fig. 2 and would be less exother-
mic if the monomer has greater coordinative solvation than
the dimer.

Having determined a number of aggregation equilibrium
constants, we can now look at the kinetics. Kinetic
measurements were made using the UV spectra of the
enolates, which were therefore at low concentration,
typically 10 °—10"* M, much less than the concentrations
of the alkyl halides used, typically about 0.02 M. The
second-order reactions are thus of pseudo-first order.
Moreover, the reactions were typically allowed to run to
only about 10% in order to avoid possible complications
with mixed aggregates involving the reaction products.
Under these conditions the In (fraction reaction)=(fraction
reaction) and it was only necessary to plot the extent
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reaction vs time to determine the pseudo-first-order rate
constants. These numbers were divided by the concentra-
tion of the alkyl halide to obtain the corresponding second-
order rate constant. These rate constants are composites
since the alkylation reaction is an Sy2 process with all of
the various aggregates present. For example, for a mono-
mer—dimer system, the total rate is given by Eq. 13, which
can be rearranged to Eq. 14. In these equations the £'s are
the appropriate second-order rate constants.

Rate /[RX] = kyv[Monomer] + kp[Dimer] (13)

Rate /[RX][Dimer] = kyi[Monomer] /[Dimer] + kp ~ (14)

Since the aggregation equilibrium constant is known, we
can calculate [Monomer]| and [Dimer] at any given
concentration of {Li enolate}. Eq. 14 has the convenient
form that a plot of the rate quantity on the left vs
[Monomer]/[Dimer] should give a straight line with slope
ky and intercept kp. Many examples of such treatments
have given normal values of k; and values for &p (or &r) of
essentially zero. For these cases, a simple plot of Rate/[RX]
vs [Monomer] gives a normal straight line without any
upward curvature indicative of a role for kp or Ar.

For the alkylation of the lithium enolate of p-
phenylsulfonylisobutyrophenone (LiSIBP) with p-z-butyl-
benzyl bromide, a complete analysis was possible to give
kv=0.33 M 's " and kp=1.1x10"* M"'s™" or kw/kp=3,000

Sn2 Monomer

SN2 Dimer

Fig. 6 Assumed cyclic transition structure models for alkylation of
lithium enolates
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Fig. 7 Computational models
for some ion pair S\2 reactions

AE* = 36.4 kcal mol’!

[14]. The general finding is that the monomers are much
more reactive in alkylation reactions than the aggregates.
This behavior was rationalized on the basis of the assumed
cyclic transition structures in Fig. 6.

The Sn2 reaction of the dimer is then expected to be
slower because the oxide ion is neighbor to two lithium
cations and is therefore less nucleophilic and the lithium
cation is close to two oxide ions and is therefore less
electrophilic. This hypothesis was tested by ab initio
computations, as summarized in Fig. 7.

These are ion-pair SN2 reactions and simple such
reactions of methyl halides with alkali halides were
shown previously to have strongly bent reaction angles
and consequently high reaction barriers [27]. The com-
puted transition structure for reaction of lithium vinyloxide
with methyl chloride is that of a six-membered ring with an
expanded reaction bond angle and a much lower and more

Fig. 8 Computed structures for
unsolvated monomer and dimer
of CH,=C(OLi), at HF/6-31+
G*. The CI structure of the
monomer is 14.8 kcal mol !
more stable than the C2v
structure

®

HF/ 6-31+Gd + ZPE

AE* = 21.0 keal mol™!

accessible reaction barrier. The corresponding reaction of
the dimer has broken one Li—O coordination bond with a
correspondingly larger and almost normal reaction bond
angle; nevertheless, the loss of coordination results in a
substantially higher reaction barrier.

Reactions of dilithiated carbonyl compounds have
achieved great importance in synthetic chemistry. For
example, substituted acetic acids can usually be dimetal-
lated to the dilithium enediolates, which can then be
alkylated to give the corresponding disubstituted acetic
acids cleanly (Eq. 15).

R'X
RCH,COOLi — RCH = C(OLi), — RR'CHCOOLi

(15)

-14.8 keal mol!
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Fig. 9 Computed dimerization reactions at HF/6-31+G* with lithium solvated such that the same numbers of dimethyl ethers are liberated.

Energy changes shown are kcal mol ™'

In earlier work, the dilithium salt of «-naphthylacetic
acid was found to be aggregated and to have a pK of about
23 [28]. The spectrum does not change with concentration
and lithium carboxylates themselves are aggregated, so
neither of our two general methods could be used to
determine the extent of aggregation. The aggregates are
broken up with hexamethylphosphoramide (HMPA), how-

Fig. 10 Computed energetics of
some equilibria with dilithium
enediolate to give mixed
aggregates with lithium amide.
Energy changes in kcal mol '
indicate that lithium amide
forms 2:1 mixed aggregates

ever, and the stoichiometry indicates the dilithium salt to be
a dimer [29]. This dimer is exceptionally tight and the
amount of monomer present is too small to show up in
alkylation kinetics.

Ab initio modeling at the HF/6-31+G* level showed
two minima on the potential energy surface for the un-
solvated dilithium salt of acetic acid, a C2v structure and a

+1/2 (LiNHy),




680

lower energy Cl1 structure as shown in Fig. 8. The cor-
responding dimer has a structure that resembles a distorted
cubic structure of a lithium enolate tetramer. The dimer-
ization of CH,=C(OLi), was found to be much more
exothermic than that of CH,=CHOLI dimer going to tet-
ramer (Fig. 9). In both cases the lithiums were coordina-
tively solvated to the same degree such that the same
numbers of ethers were liberated in the reaction. The com-
puted energetics are in good qualitative agreement with the
experimental chemistry.

Dilithium a-naphthylacetate was found to form mixed
aggregates with some lithium amides but the stoichiometry
was not determined. Computed structures and reactions
summarized in Fig. 10 suggest that the amides form 2:1
complexes with the dilithium enediolate.

The molecular orbital computations were accomplished
with various versions of the Gaussian program up to
Gaussian 03 [26].
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