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ABSTRACT

A novel domino reactionsstereoselective Ireland-Claisen rearrangement and asymmetric Michael additionsis described. A protocol starting
from Baylis-Hillman adducts 3a-f using chiral lithium amide affords optically active γ-substituted δ-aminoacids 4a-f with high
diastereoselectivities and enantioselectivities. The acid can be isolated easily from large-scale reactions and transformed to 2,3-disubstituted
piperidines 11 or 2-substituted nipecotic acid derivates 12.

The design and development of new asymmetric domino
reactions is regarded as a fascinating challenge for organic
chemists. The increasing number of publications concerning
applications of this type of reaction is testimony to their
possibilities in organic synthesis, offering the advantages of
atom economy, simple procedures, and savings in cost and
time.1 We have recently demonstrated the asymmetric
synthesis of the stereoisomers of 2-amino-5-carboxymeth-
ylcyclopentane-1-carboxylate in enantiomerically pure form,
via a domino reaction involving an asymmetric Michael
addition of chiral lithium N-benzyl-N-R-methylbenzylamide
(R)-1 to (E,E)-octa-2,6-diendioate and a subsequent 5-exotrig
intramolecular cyclization.2 Later, the versatility of this
methodology was extended, and ε and �-functionalized R,�-

unsaturated esters were shown to participate in conjugate-
addition-cyclization reactions.3 Several domino reactions
have been reported, incorporating Michael addition reactions,
especially in the initial step. The best-known of these is
probably the domino Michael addition-SN2 reaction also
known as the Michael-initiated ring closure (MIRC) reac-
tion;4 nonetheless, asymmetric Michael-terminated processes
are scarce in the literature,5 as are Claisen rearrangement-
initiated domino reactions. A number of these latter have
been reported, such as Claisen rearrangement/Bergman
cyclization,6 Claisen rearrangement/Diels-Alder cycload-
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dition,7 and Ireland-Claisen rearrangement/Schmittel cy-
clization.8 However, we report here the first one-pot highly
asymmetric Ireland-Claisen rearrangement/Michael addition
domino reaction, which, starting from readily accessible
acetylated Baylis-Hillman adducts, yields nonracemic δ-
amino acids (Scheme 1). These compounds could find

various applications in organic and peptidomimetic synthesis:
for example, as monomers for the generation of oligomers9

that display a variety of specific secondary structures (named
“foldamers” by Gellman),10 as substituted ethylene dipeptide
isosteres,11 these isomeric peptides show different biological
functions,12 as chiral auxiliaries in asymmetric synthesis,13

and in the asymmetric synthesis of 2,3-disubstituted pip-
eridines (Scheme 1). Some of these have been the object of
considerable synthetic effort, such as for neurokinin-1 (NK1)

receptor antagonists (these are of continuing interest14 since
the natural ligand for the NK1 receptor, Substance P, has
been implicated in the pathophysiology of a wide of disease
conditions including neurogenic inflammation, transmission
of pain, emesis, and depression15) or the potent antimalarial
agent (+)-febrifugine,16 first reported as a metabolite of the
Chinese medicinal plant Dichroa febrifuga.17

Baylis-Hillman adducts have been obtained according to
the literature procedure;18 subsequent acetylation furnishes
the acetyl derivatives 2, which upon isomerization using
DABCO19 or CsF20 afford the trisubstituted olefins 3
(Scheme 1, Table 1 and 2). We obtained the δ-amino acid 4
by reaction of the above-mentioned acetates with chiral
lithium amide (R)-1, using sequential addition of n-butyl-
lithium in tetrahydrofuran at -78 °C to the chiral amine and
then adding the acetate (2 or 3) in tetrahydrofuran. As shown
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Table 1. Asymmetric Addition of Acetate 2 to (R)-1 (3.6 equiv)

entry 2 R1 R2 4a (%) deb,c (%) 6 (%) 8 (%) 9 (%)

1 a phenyl Me 22 85 (>95) 2 50 2
2 b phenyl t-Bu 24 >95 (>95) 51
3 c 3,4-dimethoxyphenyl Me 23 86 (>95) 5 27
4 d pyridin-3-yl t-Bu 37 >95 (>95) 3 29 1
5 e fur-2-yl Me 18 86 (>95) 5 33
6 f Ph-CHdCH- Me 25 6 6

a Yields are of isolated product. b Determined by 1H NMR spectroscopic analysis, and refer to (4S,5S)-4 over (4R,5S)-5, the only δ-amino acid
diastereoisomers detected. Even when the minor one could not be totally isolated, it was possible to determine its presence in the chromatography enriched
fraction or it could be obtained by base treatment of (4S,5S)-4 producing partial epimerisation at C-4. c Values in parenthesis after careful column chromatography
and in some cases crystallization from EtOAc/hexane.

Scheme 1. Asymmetric Synthesis of γ-Substituted δ-Amino
Acids and Transformation to 2,3-Disubstituted Piperidines
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in Figure 1 and Table 1, the reaction of acetate 2 in this
way gave rise stereoselectively to the diaddition product 8,
together with the acid 4. However, upon subjecting acetate
3 to the aforementioned conditions, the acid (4S,5S)-4 is
obtained as the major adduct (de ) 72-95%),21 which could
be obtained as a single diastereoisomer by column chroma-
tography or by crystallization either as the δ-amino acid or
at a later stage as the δ-lactam (vide infra).

Monoaddition adducts 6 and 7 are the result of Michael
addition of (R)-1 via an SN2′ protocol to 2 and 3, respectively,
and diaddition adducts 8 and 9, the result of further addition
of the remaining lithium amide to 6 and 7, respectively. The
stereochemistry of monomer and diaddition compounds has
been established in a parallel investigation within our group
by chemical correlation and 1H NMR including two-
dimensional homonuclear COSY, heteronuclear HMQC and
HMBC, NOE, and ROESY experiments, and in the case of
8a by X-ray diffraction structure.

Importantly, the process can be scaled up; even when a
mixture of the acetate isomers 2b/3b (5.0 g) in a 1:1 ratio was
added to the lithium amide [(R)-1] as previously described, the
crude reaction product was obtained as expected. Upon extrac-
tion with NaOH(aq) (1 M) and the usual workup of the acid,

4b was isolated in a 45% yield, ready to go for further
transformation. The nonacidic compounds 7, 8, and 9 (Table
1-entry 2, Table 2-entry 2) mentioned previously remained in
the organic layer, in 29% overall yield.

In a one-pot reaction, hydrogenolysis of δ-amino acid (4S,5S)-
4a and (4S,5S)-4b and subsequent in situ lactamization gave
the piperidin-2-ones (5S,6S)-10a ([R]20

D ) +39.7 (c ) 1.2,
CHCl3) and (5S,6S)-10b ([R]20

D )+38.1 (c ) 1.3, CHCl3), in
81% and 85% yields, respectively. These products crystallize
easily from EtOAc/hexane. Reduction of (5S,6S)-10a with LAH
in THF furnished piperidine (2S,3S)-11 in 72% isolated yield,
which illustrates the applicability of the methodology to the
preparation of 2,3-disubstituted piperidines. Or, alternatively,
reduction of (5S,6S)-10b with BH3·THF22 provides compound
(2S,3S)-12 in 89% yield, keeping the ester functionality and
giving access to interesting nipecotic acid derivates.23 The
configuration of the newly formed stereogenic center was
determined to be 5S,6S through single-crystal X-ray structure
analysis in the case of product 10a;24 the packing of the
molecules is shown in Figure 2. This corroborates the antici-
pated stereochemistry for (4S,5S)-4, assigned taking into account
the established model of addition of (R)-1 to (E)-R,�-unsaturated
esters.25 Davies et al. have recently published a comprehensive
review in this area of chemistry covering the scope, limitations,
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Table 2. Asymmetric Addition of Acetate 3 to (R)-1 (3.6 equiv)

entry 3 R1 R2 4a (%) deb,c (%) 7 (%) 8 (%) 9 (%)

1 a phenyl Me 54 89 (>95) 3 9 3
2 b phenyl t-Bu 56 >95 (>95) 1 7 2
3 c 3,4-dimethoxyphenyl Me 48 78 (>95) 2 5 7
4 d pyridin-3-yl t-Bu 54 >95 (>95) 2 12 3
5 e fur-2-yl Me 32 72 (>95) 9 12
6 f Ph-CH)CH- Me 70 25 (ref 21) 8 8

a Yields are of isolated product. b Determined by 1H NMR spectroscopic analysis, and refer to (4S,5S)-4 over (4R,5S)-5, the only δ-amino acid
diastereoisomers detected. Even when the minor one could not be totally isolated, it was possible to determine its presence in the chromatography enriched
fraction or it could be obtained by base treatment of (4S,5S)-4 producing partial epimerisation at C-4. c Values in parenthesis after careful column chromatography
and in some cases crystallization from EtOAc/hexane.

Figure 1. Compounds obtained in the addition of acetates 2 and 3
to (R)-1, as it is shown in Tables 1 and 2.
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and synthetic applications of the use of enantiomerically pure
lithium amides as homochiral ammonia equivalents in conjugate
addition reactions.26 Since we can postulate a uniform reaction
mechanism, all the examples described should possess the
related configuration accordingly.

The crystal contains two molecules in the asymmetric unit.
In the crystal structures the molecules of 10a are connected
by intermolecular N-H · · · O hydrogen bonds [N1 · · · O6 )
2.93(5) Å, H1N · · · O6 ) 2.12(1) Å, <N1-H1N · · · O6>
) 175(7)°; N2 · · · O3 ) 2.87(4) Å, H2N · · · O3 ) 1.84(5)
Å, <N2-H2N · · · O3> ) 167(3)°]. This demonstrates its
potential for peptidomimetic applications.

To explain the stereochemical course of the process that
generates 4 from 2 stereoselectively, it is necessary that the
Ireland-Claisen rearrangement go through transition state
II; this should be more stable than TS I due to chelation
(Scheme 2). This in turn furnishes 12 with the required E
geometry in the double bond for subsequent asymmetric
Michael addition.25 The high asymmetric induction for
stereocenters C-4 and C-5 is in accordance with the reported
model for asymmetric Michael addition of (R)-1 to R-alkyl
R,�-unsasturated ester.27,25 It is reasonable to think that amide
deprotonation is favorable on 3 over initial Michael addition
to a trisubstituted double bond, so a rearrangement probably

through III would give rise II28 and consistently (E)-12 and
finally 4. The difficulty for initial Michael addition on 3, in
relation to 2, explain his better yield on acid 4. For acetate
2, Michael addition to the terminal double bond (which is
not very sterically hindered) is preferred over enolate
formation. Nonetheless, the solution structure and aggrega-
tion of the lithiated chiral enolates remains to be determined.

In conclusion, the novel domino protocolsstereoselective
Ireland-Claisen rearrangement and asymmetric Michael
additionsprovides the first practical and efficient one-pot
route to optically active γ-substituted δ-amino acids. In two
examples, hydrogenolysis has been proven to produce the
parent piperidin-2-ones, 2-substituted nipecotic acid derivates,
and 2,3-disubstituted piperidines upon concomitant reduction.
Importantly, the analogous series of reactions deploying the
enantiomer of lithium amide (R)-1 in the initial conjugate
addition step will allow simple access to ent-4, and conse-
quently to (2R,3R)-11. The highly enantioenriched title
compounds now available in this way are valuable substrates
for further synthetic transformations to polyamino natural
products and 2,3-disubstituted chiral piperidines, which are
currently being investigated in our laboratory.
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Figure 2. X-ray crystal structure of (5S,6S)-10a.

Scheme 2. Proposed Mechanism To Obtain 4 from 2 and 3. (a)
Ireland-Claisen Rearrangement

1690 Org. Lett., Vol. 10, No. 9, 2008


