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Despite the fact that the transesterification reaction stands
out as one of the most fundamental reactions in organic
chemistry, there are no general methods for carrying out this
transformation under mild conditions. We wish to report that
a variety of alkali-metal alkoxides show high activity as catalysts
for the ester interchange reactionsa coupled transesterification
process (eq 1). These alkoxide clusters are at least 106 times
more active than the known lanthanide isopropoxide catalysts
recently reported by Okano (M(OiPr)3; M ) La, Nd, Gd, Yb).1

Although alkali-metal alkoxides have been used for decades as
strong bases,2 to our knowledge, these complexes have been
overlooked as catalysts for the ester metathesis reaction. We
present herein preliminary experiments which document the
remarkable rate-accelerations that alkali-metal alkoxides (M)
Li+, Na+, K+, Rb+) affect on the ester metathesis reaction.

The high activity of these complexes became evident as we
attempted to measure the rate at which the substrates in eq 1
reached equilibrium. In the presence of 5 mol % NaOtBu, this
reaction reaches equilibrium in<10 s. To establish equilibrium
this catalyst completes at least 400 turnoVers in<10 s!! Such
fast rates make aliquot quenching techniques coupled with GC
analysis inappropriate for kinetic studies. However, more
convenient rates were observed withtert-butyl acetate, and thus
the process in eq 2 was adopted for more detailed mechanistic
studies.3

Since Mtert-butoxides are soluble in common organic solvents
and are easily purified by sublimation, they serve as ideal
catalyst precursors. At a first-order level of analysis, the
mechanism for the equilibration undoubtedly involves a series
of coupled transesterification reactions (Scheme 1). This
scenario invokes the intermediacy of NaOMe or NaOEt,
suggesting that these materials should be equally competent
catalysts for this process. Control experiments, however, show
that, in fact, NaOEt is a poor catalyst for eq 2, presumably due
to its insolubility in the reaction medium. Careful studies of
the reaction in eq 2 using 5 mol % of NaOtBu as catalyst show
that clean first-order relaxation kinetics are observed for at least
a single half-life (∼10-20 turnovers).4 However, the solutions
begin to cloud after this period of time, and the reaction rates
speed up despite precipitation of the catalyst. Clearly, such an

observation is not consistent with the simple scenario in Scheme
1 since NaOMe should be immediately generated and precipi-
tated from the solution. Isolation of this slowly precipitated
solid and quenching with DCl/D2O followed by 1H NMR
analysis indicates that the aggregate is composed of a 3:1 ratio
of NaOMe and NaOtBu.
An examination of the known solution5,6 and solid-state7

structures of Mtert-butoxides suggests that higher order clusters
(tetramers or hexamers) are reasonable intermediates and may
be intimately involved in catalyst turnover. In a related
transesterification reaction, Jackman has clearly demonstrated
that tetrameric and/or hexameric aggregates are the primary
reactants in THF and dioxolane.8

Literature precedence coupled with the reported data leads
to the preliminary hypothesis that our catalysts are also alkoxide
clusters, perhaps tetramers (A-C), and that high reactivity
(relative to NaOEt) is at least partially due to the enhanced
solubility imparted by thetert-butoxy ligands in organic
solvents. In essence, thein situ-derived clusters are solubilized
forms of NaOMe and NaOEt resulting from the partial replace-
ment of thetert-butoxy groups in the clusterB.9 As tert-butoxy
groups continue to be substituted by methoxy or ethoxy
substituents, the clusters lose their solubility and precipitate from
solution.10 In hexane/ester mixtures, the insolubility of the
trimethoxy/mono-tert-butoxy cluster suggests that for the process
in eq 2,A, B, and the cluster derived from 2-OMe and 2-OtBu
groups constitute the active catalysts.11 The presence of more
than one active catalyst may also be responsible for the apparent
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rate increases after the first 1-1.5 half-lives. Despite this
gradual precipitation of catalyst, most reactions reach equilib-
rium long before complete precipitation of catalyst occurs.

We have also determined the influence of the cation on the
rates of reaction and observed that rate increases dramatically
upon descending the periodic table (Table 1, Figure 1). It is
not clear whether this effect is a result of greater ionicity in the
metal-oxygen bond (electronic), structural changes imparted by
the larger metals on the cluster framework (steric), or both.12

We have also observed a curious solvent effect on the
reactivity of NaOtBu. Again, using eq 2 as our test reaction

we find that well-behaved relaxation kinetics are observed over
at least 1 half-life (Table 2). These studies reveal that the
reactions are more rapid in nonpolar solvents with turnover in
hexanes being∼5× faster than that in THF. Such a trend has
been previously observed by Jackman for the transesterification
of aryl esters mediated by a well-characterized lithium-aryloxide
tetramer and was attributed to reduced competition by the
solvent for the ester preequilibrium metal binding site (C).8 Such
a mechanism may also be operative in the present metal clusters.
In addition to the above mechanistic studies we have also

begun investigating the synthetic utility of the ester interchange
reaction. Using a protocol wherein an aspirator vacuum is
applied to the reaction to remove a volatile byproduct (methyl
acetate), it was possible to synthesize benzyl benzoate andtert-
butyl benzoate in>94% yield using up to 5 mol % of a
commercially available solution of KOtBu in THF (eqs 3-4).

In summary, a new class of remarkably active ester metathesis
catalysts have been identified and their reactivity associated with
higher-order aggregates. Current efforts are directed toward an
understanding of the relationship between the catalysts solution
structure and activity. Coupled to such efforts are studies aimed
at catalyst optimization and development of this reactivity into
a viable synthetic methodology for both small molecule and
polyester synthesis.
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Table 1. Effect of Alkali-Metal Cation on the Approach to
Equilibrium of Eq 2a

metal ionic radii (Å)12 kobs (s-1) t1/2 (s)

Li+ 0.76 <3.2× 10-4 b >2100
Na+ 1.02 1.3× 10-3 535
K+ 1.38 3.2× 10-2 22
Rb+ 1.52 g9× 10-2 c ∼8
aReaction conditions: 0.8 M in each ester, 40 mM in MOtBu (5

mol %) under nitrogen atmosphere. See Supporting Information for
experimental details.b Ill-behaved kineticssreaction never reached
equilibrium. c Lower limitsreaction rates were too fast to accurately
measure (equilibrium in∼15-30 s).

Figure 1. Observed first-order relaxation rate constants for eq 2 vs
ionic radius of the MOtBu catalyst (0.8 M in each ester, 40 mM in
catalyst monomer (5 mol %), see Supporting Information for experi-
mental details). The line represents a smooth curve through the data
points.

Table 2. Effect of Solvent on the Rate of Approach to
Equilibrium for Eq 2a

solvent kobs (s-1 (× 10-3)) t1/2(s)

hexanes 7.0( 0.9 100
toluene 3.6b 195
tBuOMe 3.4b 205
ether 3.4( 0.2 205
CH2Cl2 1.6b 435
THF 1.3( 0.3 535

aReaction conditions: 0.8 M in each ester, 40 mM NaOtBu (5 mol
%), under nitrogen. The reaction was monitored to 20% conversion
by GC and analyzed using standard approach to equilibrium kinetic
expressions. See Supporting Information for full experimental details.
b Single measurement.
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