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Abstract—We report here our findings on a new and highly efficient strategy for the synthesis of b-amino acids involving the addi-
tion of bis(O-silyl) ketene acetals on Mannich type iminium electrophiles.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The Mannich reaction between a carbonyl compound
and an in situ generated imine is a classical method
for the preparation of b-amino ketones and represents
one of the most important basic reaction types in organ-
ic chemistry.1 It has also been extended to the prepara-
tion of b-amino acids2 and b-lactams by the use of
preformed enol synthetic equivalents.3 However, this
reaction is difficult to apply to the synthesis of com-
pounds bearing no substituent in position 3. This is
mainly due to the difficult access to a stable formyl imine
equivalent. Many reagents were reported in the litera-
ture in order to overcome this limitation, for instance,
the use of precursors such as N,O-acetals or aminals,
which lead to formyl iminium ion by activation with a
strong Lewis acid. However, these unstable reagents
are difficult to prepare and to handle. Plus, their poor
reactivity leads to low yields of aminomethylation.4 Fi-
nally, the protecting groups of these aminomethylating
agents have to be removed under harsh conditions.5
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Knochel and co-workers reported the reaction of
preformed dibenzylidene iminium trifluoroacetate salt,
obtained from the corresponding N,N,N00,N00-tetrabenz-
yl aminal, with organozinc and magnesium derivatives.6

We have recently shown that this reaction can be
extended to zinc-enolates in a Reformatsky type reac-
tion leading to b2-amino acids bearing proteinogenic
amino acids side chains7 (Scheme 1).

In the reported strategy, zinc-enolates were generated
after nitric oxidation and subsequent esterification of
a-amino acids, and reacted with dibenzylidene iminium
trifluoroacetate, leading after classical deprotection
steps to b2-amino acids. Enantiomerically pure Boc-b2-
homoleucine was obtained in a good overall yield
starting from inexpensive (LL)-leucine and using
Oppolzer’s sultam as the chiral auxiliary. However, if
excellent selectivity was obtained in that case, further
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Scheme 1. b2-Amino acids synthesis by homologation of a-amino
acids.
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investigations demonstrated that unsatisfying diastere-
oselectivities were obtained for derivatives bearing side
chains with poor steric hindrance. On a formal point
of view, the homologation route we have developed
could be considered as the aminomethylation of an ester
enolate, as first reported by Evans et al.8 and Oppolzer
et al.9 and then applied by Lelais and Seebach to the
preparation of b2-amino acids.10 However, the ami-
nomethylating reagents used in the previously described
syntheses present severe limitations, which have ham-
pered up-scaling. We hypothesized that the addition of
dibenzylidene iminium trifluoroacetate onto ester eno-
lates might circumvent all these restrictions. However,
all the attempts with ester enolates generated by various
bases have failed. Silyl enol ether derivatives have been
reported as an alternative to ester enolates; they have
been used for example in Mannich type reactions using
preformed or in situ generated methylene iminium
salts.11 In order to get a general methodology, we re-
ported recently that the in situ generated iminium ion
can also be introduced on chiral silyl ketene N,O-ace-
tals12 (Scheme 2).

This methodology allowed us to prepare a wide range of
optically pure b2-amino acids bearing alkyl or function-
alized side chains, orthogonally protected for peptide
synthesis. We have shown that the N,N,N00,N00-tetrabenz-
yl aminal can be very easily prepared on a 100 g scale,
isolated and stored as a highly stable crystalline com-
pound. Consequently, it represents a very convenient
precursor for aminomethylating reagent. One possible
improvement of the reported synthesis would be the
reduction of the number of steps, for instance, by reduc-
ing the deprotection procedures. Among silyl enol deriv-
atives, bis(O-silyl) ketene acetals constitute an original
class of nucleophiles, as they can behave as 1,3-carbon,
oxygen dinucleophiles resulting from the successive
cleavage of both oxygen–silicon bonds. Kunz and
co-workers have reported the reaction between bis(O-
silyl) ketene acetals and N-galactosyl-aldimines in the
presence of zinc chloride leading to disubstituted b2,3-
amino acid derivatives in high yields and diastereoselec-
tivity.13 However, the addition on non-substituted Schiff
bases, (i.e., formylimine derivatives that would lead to
b2-amino esters) was not reported. Rudler and co-work-
ers have recently shown that the addition of bis (O-tri-
methylsilyl) ketene acetals to pyridines and their
derivatives, in situ activated with ethylchloroformate,
could occur both at the a- and b-carbon atom with re-
spect to the nitrogen atom, that is, on a formal point
of view, at the carbon of an iminium.14 Simultaneously,
the same group and the group of Langer extended this
strategy to other N-heterocyles.15 The ease of prepara-
tion of bis(trimethylsilyl) ketene acetals and their clean
reaction with activated imine electrophiles led us to
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Scheme 2. Addition of chiral silyl ketene N,O-acetals on in situ
generated iminium salt.
explore their potential as nucleophiles in aminomethyla-
tion reactions with formyl iminium ion derivatives. If
successful, such a reaction would lead to b2-amino acid
derivatives by a mononucleophilic addition reaction to
iminium salts. Herein, we describe our preliminary
results on the reactivity of bis(O-trimethylsilyl) ketene
acetals toward various iminium electrophiles, results
which led not only to b2-amino acid derivatives, but also
depending on the structure of the starting ketene acetals
to a,b-unsaturated d-amino acid derivatives.
2. Results and discussion

In a preliminary study, we have shown that in the pres-
ence of ethylchloroformate, imine 2 is able to add to
bis(O-trimethylsilyl) ketene acetals, leading to a new
product, obtained in 40% yield as a white solid, mp
130 �C. According to NMR data, its structure is consis-
tent with the disubstituted b-amino acid 3a16 (Scheme
3).

The same behavior was obtained with the monosubsti-
tuted ketene acetal 1b, which led to a 3:1 mixture of dia-
stereomeric acids 3b.

We assumed that the imine is first activated by the addi-
tion of the ethylcarbonyl group on the nitrogen atom
leading to an iminium ion, which reacts then with the
ketene acetal. Since the crucial intermediate in these
transformations is an iminium salt, the scope of this
methodology was analyzed by reacting various ketene
acetals with different iminium salts. Thus, compounds
4a–c were generated from the corresponding aminals
in the presence of acetyl chloride or trifluoroacetic anhy-
dride. They were reacted with different bis (O-trimethyl-
silyl) ketene acetals after isolation (4a) or in situ
generated in a one-pot procedure (4b and 4c) avoiding
difficult handling of the iminiums and thus leading to
better yields in these cases17 (Scheme 4, Table 1).

Amino acid 5a was obtained in 50% yield by condensing
the isolated iminium salt 4a on ketene acetal 1a. In a
one-pot procedure, compound 6a was obtained as a
white solid in 70% yield. Finally, ketene acetals 1a–e
were reacted with the iminium salt 4c (i.e., dibenzylidene
iminium trifluoroacetate) leading to compounds 7a–e,
obtained as solids or an oil (7d) in good yields. Interest-
ingly, among the iminium salts, 4c led to b2-amino acid
derivatives that could be debenzylated and suitably pro-
tected for peptide synthesis (Scheme 5).

Noticeably, the use of bis(trimethylsilyl) ketene acetals
led to carboxylic acid, avoiding additional deprotection
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Scheme 3. Reaction of bis(O-trimethylsilyl) ketene acetals with imine
in the presence of ethylchloroformate.
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Scheme 4. Reaction of bis(O-trimethylsilyl) ketene acetals with differ-
ent iminium salts.

Table 1. Yields of the reaction of bis(O-trimethylsilyl) ketene acetals
with different iminium salts

Ketene acetal Iminium salt Product [yield (%)]

1a 4a 5a (50)
1a 4b 6a (70)
1a 4c 7a (98)
1b 4c 7b (60)
1c 4c 7c (85)
1d 4c 7d (75)
1e 4c 7e (90)

7a-e 8a-e

(i) NH4HCO2, Pd-C, MeOH-THF
(ii) Boc2O, K2CO3, dioxane-H2O

Bn2N CO2H
R1 R2
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Scheme 5. Debenzylation and N-Boc protection.

Figure 1. Diamond projection of the Z isomer of compound 9.
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step. Debenzylations of compounds 7 were performed
on Pd/C using ammonium formate as the source of
hydrogen. In the case of compound 7e, nitrogen depro-
tection required the addition of sodium hydrogenocar-
bonate to reach the completion of the reaction. It can
be hypothesized that zwitterion formation decreased
the rate of debenzylation because of steric hindrance
generated by internal chelation. The resulting amines
were then N-protected as tert-butyloxycarbonyl carba-
mates 8a–e in good yields for deprotection–protection
steps (65–80%).

The presence of an additional double bond in the ketene
acetal modified the course of the reaction. Indeed, when
the ketene acetal 1f was reacted with the iminium salt 4a,
instead of the corresponding b2-amino acid, the a,b-
unsaturated-d-aminoacid was obtained as a 80:20 mix-
ture of Z:E isomers 9 in a vinylogous Mannich type
reaction18,19 (Scheme 6).
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Scheme 6. a,b-Unsaturated-d-aminoacids.
The two isomers were partially separated by silicagel
chromatography to give major Z isomer as white crys-
tals suitable for an X-ray crystallographic structure
determination. A Diamond projection of this compound
confirmed the c-addition of the trimethylsilylester eno-
late to iminium salt 4a20 (Fig. 1).

The unsaturated d-aminoacid obtained as its ammonium
chloride salt has a trans geometry between the acid func-
tion and the methyl group. This class of amino acids is a
useful tool for structure–activity relationship studies of
biologically active peptides.21
3. Conclusion

In summary, bis(O-trimethylsilyl) ketene acetals repre-
sent a good alternative to enolates for the synthesis of
b2-amino acids using iminium ions as aminomethylating
agents. Indeed, ketene acetals can be (i) easily prepared
and (ii) reacted at room temperature in a one-pot proce-
dure with in situ prepared iminium ions. We are cur-
rently working on an asymmetric synthesis and the
extension of this strategy for the preparation of various
substituted d-aminoacids.
Acknowledgments

The authors thank Dr. Albert Loffet and Dr. Fabrice
Cornille for their help and Senn Chemicals for financial
support.
References and notes

1. Arend, M.; Westermann, B.; Risch, N. Angew. Chem., Int.
Ed. 1998, 37, 1044.

2. (a) Seebach, D.; Beck, A. K.; Bierbaum, D. J. Chem.
Biodiv. 2004, 1, 1111; (b) Cheng, P. R.; Gellman, S. H.;
Degrado, W. F. Chem. Rev. 2001, 101, 3219.

3. Hart, D. J.; Deok-Chang, H. Chem. Rev. 1989, 89, 1447.
4. (a) Hintermann, T.; Seebach, D. Helv. Chim. Acta 1998,

81, 2093; (b) Sebesta, R.; Seebach, D. Helv. Chim. Acta
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