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ABSTRACT
Whereas chiral Lewis acid catalysis has been intensively investi-
gated, chiral Lewis base (nucleophilic) catalysis has been com-
paratively neglected. We have developed “planar-chiral” derivatives
of 4-(dimethylamino)pyridine (DMAP), a highly versatile nucleo-
philic catalyst, that are effective in a diverse array of processes,
including the Staudinger synthesis of â-lactams, the acylation of
silyl ketene acetals, and the kinetic resolution of amines.

Introduction
Nucleophiles have long been known to catalyze a wide
array of transformations, but only recently has the devel-
opment of enantioselective variants of these processes
become the focus of significant interest.1 Among nucleo-
philic catalysts, 4-(dimethylamino)pyridine (DMAP) is
certainly one of the most versatile.2 As described in a prior
Account,3 in 1995 we decided to explore the utility in
asymmetric catalysis of “planar-chiral” derivatives of
DMAP and related nitrogen heterocycles (e.g., 1-4); at
the time, there were no reports of effective chiral cat-
alysts based on a DMAP framework. In that Account,
we outlined the rationale for our catalyst design, and
we described a few early applications of these com-
plexes (Figure 1). In the interim, we have been pleased to
discover that planar-chiral derivatives of DMAP catalyze
a diverse array of asymmetric processes, and in this
Account we provide an overview of these recent investiga-
tions.

Reactions of Ketenes
Couplings with Imines to Form â-Lactams.4 We hypoth-
esized that our catalytic enantioselective additions of
alcohols to ketenes (Figure 1) proceed via chiral enolate
A (Figure 2), which undergoes protonolysis to generate a
new stereocenter.5 We were curious as to whether we
could intercept intermediate A with an electrophile more
complex than a proton, specifically, an imine. This would
transiently generate zwitterion B (Figure 3), which could
cyclize to provide a â-lactam bearing up to two new
stereocenters.

To the best of our knowledge, at the time that we
initiated our investigation there were no examples of such
a nucleophile-catalyzed [2 + 2] cycloaddition to produce
â-lactams. However, soon after we began our studies,
Lectka reported that a quinine-derived catalyst can in fact
achieve couplings of a variety of monosubstituted ketenes
(and diphenyl ketene) with imine 5, with excellent ste-
reoselectivity.6

Our own work focused on nucleophile-catalyzed
Staudinger reactions of disubstituted ketenes. We were
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FIGURE 1. Early applications of planar-chiral heterocycles in
asymmetric catalysis.

FIGURE 2. Possible pathway for catalytic enantioselective additions
to ketenes.
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pleased to discover that planar-chiral DMAP and PPY [PPY
) 4-(pyrrolidino)pyridine] derivatives that bear an FeCp*
group (complexes 1 and 2, respectively) are efficient,
enantioselective catalysts for a wide range of couplings.
In the case of symmetrical disubstituted ketenes, we
obtain good ee with a broad spectrum of imines (aryl-,
heteroaryl-, alkenyl-, and alkyl-substituted; Table 1).

Catalyst 2 is also effective for Staudinger reactions of
unsymmetrical disubstituted ketenes with an array of
imines (Table 2), thereby efficiently generating two con-
tiguous stereocenters (one tertiary and one quaternary).
These highly substituted â-lactams can be converted into
other useful building blocks, such as γ-amino amides or
γ-amino alcohols, via reaction with amines or LiAlH4.
Furthermore, catalyst 2, which is commercially available,
can be recovered in good yield (∼80%).

Additions of Amines to Form Amides.7 Having estab-
lished that our planar-chiral heterocycles can catalyze
enantioselective reactions of ketenes with alcohols and
with imines, we turned our attention to couplings of
ketenes with amines (eq 1). As far as we were aware, there
had been no reports of asymmetric catalysis of this
transformation.

Undoubtedly, this lack of success is due in part to the
high nucleophilicity of many amines, which leads to a
relatively rapid uncatalyzed addition reaction that, of
course, is not enantioselective. We investigated a variety
of amines, and we determined that commercially available
2-cyanopyrrole has sufficiently attenuated nucleophilicity
that it does not directly add to a disubstitututed ketene
at room temperature. However, in the presence of catalyst
2, the desired N-acylpyrrole is produced, generally with
very good ee (Table 3). The method tolerates hindered
aryl, as well as heteroaryl, substituents on the ketene, as

well as a wide range of alkyl groups (Me f t-Bu). The
N-acylpyrroles can be converted in one step to an array
of useful compounds (e.g., acids, esters, amides, alde-
hydes, and alcohols) with essentially no erosion in enan-
tiomeric excess (e2%; Figure 4).

Initially, we assumed that these catalytic asymmetric
additions of 2-cyanopyrrole, like the reactions of ketenes
with alcohols and with imines, proceed via enolate A
(Figure 3). However, relative to the latter processes, the
pyrrole additions displayed puzzling differences in ste-
reoselectivity and in reactivity. As a consequence of these
dichotomies, we embarked on a mechanistic investigation
of the reaction of 2-cyanopyrrole with ketenes, and we
made the following observations:

(1) Treatment of 2-cyanopyrrole with 2 leads to depro-
tonation of the pyrrole and formation of an ion pair; this
ion pair, not 2 itself, is the resting state of the catalyst
during the reaction.

(2) The rate of the reaction has a first-order dependence
on ketene and on 2 and a zero-order dependence on
2-cyanopyrrole.

FIGURE 3. Nucleophile-catalyzed reactions of ketenes: Interception of chiral enolate A with electrophiles.

Table 1. Catalytic Asymmetric Staudinger Reactions
of Symmetrical Ketenes

Table 2. Catalytic Asymmetric Staudinger Reactions
of Unsymmetrical Ketenes

Table 3. Catalytic Asymmetric Additions of
2-Cyanopyrrole to Ketenes

a 5% catalyst was used.
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(3) The rate of the reaction is approximately 5 times
faster with 1-H-2-cyanopyrrole than with 1-D-2-cyano-
pyrrole.

(4) The ee of the product decreases as the concentra-
tion of the reaction mixture increases.

(5) The ee of the product varies linearly with the ee
of 2.8

On the basis of these data, we postulate that additions
of pyrroles to ketenes that are catalyzed by 2 proceed
through the pathway illustrated in Figure 5. According to
this mechanism, the role of 2 is to serve, in protonated
form, as a chiral Brønsted acid catalyst.9 This discovery of
a new, highly enantioselective mode of reactivity for
planar-chiral heterocycles adds an exciting dimension to
their utility in asymmetric catalysis.

C-Acylations to Form 1,3-Dicarbonyls
Intramolecular Processes.10 In an early study, we showed
that planar-chiral complexes 1 and 2 effectively catalyze
the enantioselective rearrangement of O-acylated azlac-
tones (Figure 1).11 Because a diverse array of indole
alkaloids and benzofuran-derived natural products bear
quaternary stereocenters in the 3-position of the hetero-
cycle, we decided to pursue the possibility of accessing
such compounds via rearrangement processes. We were
pleased to determine that complex 4 furnishes very good

enantioselectivity for reactions of both O-acylated oxin-
doles and benzofuranones (Table 4).

Our data and the observations of Black and co-
workers12 are consistent with these nucleophile-catalyzed
rearrangements proceeding through the pathway illus-
trated in Figure 6. Indeed, we have been able to obtain a
low-resolution crystal structure of the ion pair (6) derived
from the reaction of catalyst 4 with an O-acylated ben-
zofuranone.

Intermolecular Processes.13 Most recently, we have
been pursuing intermolecular C-acylations to form 1,3-
dicarbonyls. In the absence of a catalyst, silyl ketene
acetals do not generally react with anhydrides. We an-
ticipated that a nucleophilic catalyst might accelerate this
process via the pathway outlined in Figure 7.

We have determined that complexes 1-4 can in fact
catalyze the C-acylation of silyl ketene acetals by anhy-
drides. Although C5Me5-substituted 1 and 2 furnish only
modest enantioselectivity, C5Ph5-bearing 4 (as well as 3)

FIGURE 4. Transformations of N-acylpyrroles.

FIGURE 5. Proposed pathway for enantioselective additions of
2-cyanopyrrole to ketenes catalyzed by 2.

FIGURE 6. Proposed pathway for nucleophile-catalyzed rearrange-
ments of O-acylated enolates.

Table 4. Catalytic Asymmetric Rearrangements of
O-Acylated Oxindoles and Benzofuranones

a 10% catalyst was used.
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provides good to excellent ee (Table 5). As illustrated in
eq 2, we can also apply this method for catalytic asym-
metric intermolecular C-acylation to reactions of acyclic
silyl ketene acetals; interestingly, we observe high ee even
when we employ an isomeric mixture of substrates.
Currently, the scope of these processes is limited to silyl
ketene acetals that bear an R-aryl substituent.

Our mechanistic data are consistent with the pathway
outlined in Figure 7. In the second step of the catalytic
cycle, we believe that the acetate anion activates the silyl
ketene acetal via desilylation to generate enolate C. To
provide support for this hypothesis, we examined the
acylation depicted in eq 3. In the absence of a catalyst,
this silyl ketene acetal does not react with Ac2O; on
the other hand, the addition of 5% [Me4N]OAc leads to
rapid C-acylation. These observations are readily ex-
plained by attack of the acetate at silicon to generate either
hypervalent silicate 7 or enolate C. Other data suggest that
the enolate, not the silicate, is the reactive species. For
example, a change in the substituents on silicon [e.g.,
SiMe3 f SiMe2Ph f Si(i-Pr)3] does not affect the ee of
the catalytic asymmetric process, and independently
generated acylpyridinium and enolate ions react to fur-
nish the C-acylated product with enantioselectivity com-
parable to that obtained in the catalytic reaction (eq 4).14

Thus, our studies support the hypothesis that the asym-
metric acylations illustrated in Table 5 and eq 2 capitalize
on dual activation of the electrophile and the nucleo-

phile: the catalyst generates a more reactive (and chiral)
acylating agent (acetic anhydride f acylpyridinium ion)
as well as a more reactive nucleophile (silyl ketene acetal
f enolate).

Kinetic Resolutions
Alcohols.15 In early studies, we established that catalyst 3
can kinetically resolve a variety of arylalkylcarbinols,16 as
well as certain propargylic alcohols.17 More recently, we
have determined that 3 is also effective for a range of
allylic alcohols (Table 6).

We have applied catalyst 3 to the kinetic resolution of
an allylic alcohol (8) that has served as an intermediate
in a synthesis of the potent anti-cancer agent epothilone
A.18 In their study, Sinha and Lerner employed a catalytic
antibody to achieve the desired kinetic resolution (selec-
tivity factor ∼17); with catalyst 3, the reaction also
proceeds with excellent selectivity (eq 5).

Amines.19 Although we and others have recently re-
ported progress in the development of nonenzymatic
acylation catalysts for the kinetic resolution of alcohols,20

corresponding advances for reactions of amines have not

FIGURE 7. Possible pathway for nucleophile-catalyzed C-acylations
of silyl ketene acetals.

Table 5. Catalytic Asymmetric Intermolecular
Acylations of Silyl Ketene Acetals
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been described. Indeed, when we attempted to apply
complexes 1-4 to the kinetic resolution of 1-phenylethyl-
amine, for a variety of acylating agents (e.g., anhydrides,
acid chlorides, and chloroformates), we observed es-
sentially no selectivity. Control experiments indicated that
the likely culprit is direct reaction of the amine with the
acylating agent.

Fortunately, as a consequence of our studies of catalytic
asymmetric rearrangement processes (Figure 1), we dis-
covered an acylating agent (9) that reacts with our chiral
DMAP derivatives much more rapidly than with pri-
mary amines. By employing this O-acylated azlactone, we
can resolve an array of primary benzylic amines with
useful selectivity (Table 7). An increase in the steric
demand of the aryl or alkyl group leads to a moderate
enhancement in the selectivity factor (entries 1-4), whereas
electronic alterations have essentially no effect (entries 1,
5, and 6).

Conclusion
During the past several years, we have established that
planar-chiral DMAP derivatives 1-4 serve as effective
enantioselective catalysts for an array of processes (e.g.,
the synthesis of â-lactams, N-acylpyrroles, and R,R-
disubstituted â-ketoesters). During the course of these
studies, we have uncovered an unanticipated mode of
catalysis for these complexes (in protonated form)sas
chiral Brønsted acids. This discovery adds an interesting

new dimension to future investigations of applications of
planar-chiral derivatives of DMAP in asymmetric catalysis.

For the studies described in this Account, I am deeply indebted
to a highly talented group of co-workers. Support for this program
is currently provided by the National Institutes of Health (National
Institute of General Medical Sciences, R01-GM57034) and by
Novartis.
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