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A wide array of reactions are subject to catalysis by
nucleophiles, including the acylation of alcohols,1 the
cyanosilylation of aldehydes,2 and the addition of alcohols
to ketenes.3 Although important progress has been made
in the development of asymmetric variants of these
processes,4 the discovery of a catalyst that is both
versatile and highly enantioselective remains elusive.
This may be due in part to the fact that some of the most
efficient nucleophilic catalysts for these reactions have
planar structures (e.g., pyridine, 4-(dimethylamino)-
pyridine (DMAP),5 and imidazole), thereby requiring the
design of an asymmetric environment in the vicinity of
an sp2-hybridized nucleophilic atom.6
We are exploring the possibility that π-complexation

of a heterocycle to a transition metal may be an especially
effective approach to the development of chiral analogues
of planar nucleophilic catalysts such as DMAP and
imidazole. When a 2-substituted heterocycle is π-bound
to a metal, the resulting complex is chiral, and the
asymmetry in the vicinity of the nucleophilic atom is well-
pronounced, as illustrated in Figure 1. Viewing along
the (lone pair)-(nitrogen atom) axis, increased dif-
ferentiation of left from right (H vs R) and of top from
bottom (a void vs MLn) corresponds to a more asymmetric
environment; if either left/right or top/bottom is not
differentiated, then the compound is achiral. In this
paper, we report the preparation of chiral π-complexes
of heterocycles with transition metals and demonstrate
that they serve as catalysts for an array of useful organic
reactions. Furthermore, we establish the utility of one
of the complexes as an asymmetric catalyst for the
acylation of chiral secondary alcohols.
Our initial investigation has focused on the four

previously unknown (π-heterocycle)FeCp* complexes de-
picted in Figure 2, three of which are chiral (2-4). We
selected the FeCp* fragment as our MLn because of its
electron-rich nature, stability, and steric bulk,7 and we

chose azaferrocene derivatives 1 and 28-10 and pyrindinyl
complexes 3 and 411 in order to explore the nucleophilicity
of five- and six-membered π-bound heterocycles that have
different steric and electronic characteristics. We have
studied the catalytic activity of these complexes in the
aforementioned reactionssthe acylation of alcohols, the
cyanosilylation of aldehydes, and the addition of alcohols
to ketenes. In order to provide a clear comparison of the
effectiveness of 1-4 as catalysts, we determined by 1H
NMR spectroscopy the half-life for each reaction in the
presence of each complex.12

The development of new families of catalysts, both
achiral and chiral, for the acylation of alcohols continues
to be an important challenge in synthetic organic chem-
istry.13,14 We have explored the reaction of 1-phenyl-
ethanol with diketene in the presence of complexes 1-4
(eq 1),15 and we have established that azaferrocene
derivatives 1 and 2, as well as DMAP analogue 4, serve
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Figure 1. Chiral (π-heterocycle)MLn complex.

Figure 2. New (π-heterocycle)FeCp* catalysts.
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as effective catalysts for this acylation process (>102 rate
enhancement).

π-Complexed heterocyclic nucleophiles also catalyze
the cyanosilylation of aldehydes,2,16 thereby generating
synthetically useful cyanohydrins (eq 2).17 The presence

of 5 mol % of complex 2 or 3 results in approximately
10-fold acceleration of the reaction, whereas 1 and 4
afford rate enhancements of ∼2-3 orders of magnitude.
We have also explored the capacity of π-bound hetero-

cycles 1-4 to catalyze the addition of an alcohol to a
ketene.3 In the addition of an alcohol to an unsym-
metrical ketene, a new stereogenic center is formed in
the product ester; the stereochemical issue for this
reaction is therefore fundamentally different from the
simple acylation process described earlier. A catalytic
quantity of amine is known to significantly accelerate
esterification, but the mechanism by which catalysis is
achieved (nucleophilic or Bronsted base) is still under
debate.3 Heterocycles 1-4 have the potential to function
either as nucleophiles or as Bronsted bases, and we have
established that all four complexes do indeed serve as
catalysts for the addition of benzyl alcohol to phenyl-
ethylketene (eq 3).

Thus, π-bound heterocyclic complexes 1-4 serve as
catalysts, with varying degrees of effectiveness, for the
acylation of alcohols, the cyanosilylation of aldehydes,
and the addition of alcohols to ketenes (eqs 1-3).18
Catalyst 4, a chiral ortho-substituted derivative of DMAP,
is the most effective, providing greater than 100-fold

acceleration for each process.19 The importance of the
electronic activation afforded by the dimethylamino group
is apparent from comparison of the catalytic activity of
4 with that of 3.
We have begun to explore the chemistry of optically

active (π-heterocycle)-metal complexes.20 In our initial
studies, we have established that azaferrocene derivative
2 functions as an effective catalyst for the kinetic resolu-
tion of chiral secondary alcohols (eqs 4 and 5).21 To the

best of our knowledge, these selectivity factors (s) are the
highest that have been reported for the catalyzed, non-
enzymatic acylation of these two substrates.6,14
In conclusion, we have demonstrated that chiral π-com-

plexes of heterocycles with transition metals serve as
catalysts for an array of important organic reactions.
Furthermore, we have synthesized one such complex in
enantiomerically pure form (2) and shown that it cata-
lyzes the stereoselective acylation of alcohols. Current
efforts are focused on additional studies of the utility of
2 as a chiral catalyst and on the synthesis of other
optically active (π-heterocycle)-metal complexes.
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