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ABSTRACT

A stereoselective decarboxylative aldol addition of β- and R-keto acids in the presence of catalytic amounts of amines is described. By the optional
deployment of chiral enolizable aldehydes an access to enantiopure configurative defined ketopentoses, ketohexoses, or ketoheptoses is given.

Only a few reports in themetal-catalyzed series so far
have tried to demonstrate the synthetic usefulness of
deployment of direct decarboxylative aldol additions
in asymmetric C-C bond formation processes.1 This
mild and operationally simple transformation plays a
very important role in aldol processes of polyketide2 or

carbohydrate3 biochemical pathways. Also, organoca-
talytic solutions of this transformation have been
tackled. β-Keto carboxylic acids, typically malonic
monoesters, were reacted with aldehydes in the pre-
sence of stoichiometric or catalytic amounts of tertiary
amines at room temperature.4 Only a very limited
number of manuscripts have been published that re-
port the deployment of R-keto carboxylic acids in
direct decarboxylative aldol additions.5 Accounts on
the synthesis of enantiopure aldol adducts by direct
and amine-catalyzed decarboxylative aldol addition
have not been reported so far.
During our ongoing studies in the field of amine-

catalyzed direct aldol additions6 we have been able to
develop a direct amine-catalyzed decarboxylative al-
dol addition of β- as well as R-keto carboxylic acids
with enolizable aldehydes. Thus, by deployment of
chiral enolizable aldehydes, an access to defined con-
figured optically pure aldol products is given. Herein,
we want to discuss the results of these investigations.
Preliminary experiments indicate that tertiary amines
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catalyze a direct decarboxylative aldol addition of β-
keto carboxylic acids with enolizable aldehydes, pro-
ducing the corresponding aldol adducts in high yield.
To this end, we reacted isobutyraldehyde with benzoyl-
acetic acid in the presence of catalytic amounts of
triethylamine (eq 1).

The reactions were complete after 2-3 h at room tem-
perature. Longer reaction times caused side reactions and
thus diminished yields (among others aldol condensation).
Yields do not depend on the amines employed. The same
yields and reaction times were observed with secondary,
primary, or tertiary amines.7 In a very clean reaction, the
corresponding aldol adduct was isolated in 71% yield.
Products derived from a competitive self-aldol addition of
isobutyraldehyde were not detected.
In further investigations we were able to extend this

transformation. By deployment of several chiral enolizable
aldehydes 2a-h, aldol adducts 3a-hwere isolated in good
to excellent yields.
Racemization or epimerization was not detected during

these processes. The aldol adducts were obtained in enan-
tiopure form (Scheme 1).

The configurational outcome of this reaction was
not influenced by the deployment of different tertiary
amines. As a rule, high anti-selectivities were observed
under these reaction conditions. In some cases practi-
cally only one diastereoisomer could be detected. The
high anti-selectivity observed for aldol adduct 3c can
be explained by transition state model A. An equator-
ial attack on the benzyl-protected R-configured lac-
taldehyde 2c would give rise to the anti-configured
product 3c (91% de). The syn-configured aldol

product 3c could be expected by assumption of an
unfavored axial attack on the R-configured aldehyde
2c (transition state model B, Figure 1).

In a next series of experiments several different β-
ketoacids were tested in these reactions (Scheme 2).
Again high anti-selectivities were detected under these
reaction conditions. The formation of chiral 1.5-di-
ketone 5d can be explained by an aldol condensation/
Michael addition. With malonic ester a different be-
havior is observed. By reacting the monophenyl mal-
onate 4c with protected lactaldehyde 1c the formation
of lactone 5c was observed. In order to determine the
configuration, lactone 5c was reduced with LiAlH4 to
afford the syn-configured diol 5e (Scheme 2).

Further investigations revealed that even R-keto
acids engage in the decarboxylative C-C bond form-
ing process under these reaction conditions. This
transformation is very sensitive to the amines and
aldehydes deployed. When pyruvate, phenylpyruvate,
or bromopyruvate was treated with protected lactal-
dehyde 1c, no reaction was observed. However, a clear
decarboxylative addition of hydroxypyruvate 6 with
protected lactaldehyde 1c was observed in the presence
of catalytic amounts of triethylamine.

Figure 1. Proposed transition states.

Scheme 1. Direct Decarboxylative Amine-Catalyzed Aldol Ad-
dition of Benzoylacetic Acid

Scheme 2. Decarboxylative Amine-Catalyzed Aldol Additions
of Different β-Keto Acetic Acids
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On the other hand, no reactions took place when hydro-
xypyruvate 6was reacted with protected aldehyde 1a, 1g, or
1h in the presence of triethylamine. Optimization indicated
that N-methylmorpholine (NMM) as the optimal catalyst
for these substrates. When catalytic amounts of N-methyl-
morpholine were used, the corresponding aldol adducts
7a-7d were isolated in good yields and with a slight anti-
diastereoselectivity (Scheme 3).8

In order to demonstrate the utility of this transfor-
mation in the total synthesis of carbohydrate deriva-
tives, anti-configured aldol adduct 7a was converted
into D-erythro-2-pentulose 8 (eq 2). This was easily
accomplished by deprotection of the acetal of hydro-
xyketone 7a followed by spontaneous cyclization. The

spectral data of pentulose 8 matched in full those
described in the literature.9

In conclusion, we have described an amine-catalyzed
decarboxylative addition of chiral aldehydes toβ-keto aswell
as R-keto acids. This operationally simple protocol gives a
very easy access to polyhydroxylated defined configured
carbohydrate derivatives. Especially chiral aldol adducts of
the β-keto acetic acid series are of particular interest, since
asymmetric synthesis of these so-called “acetate”-aldol ad-
ducts cannot be as easily accomplished by other aldol
methodologies10 as it is demonstrated by this procedure.
Further investigations of the mechanism and an asymmetric
and catalytic version of this transformation are underway.
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Scheme 3. Amine-Catalyzed Decarboxylative Addition of
Aldehydes to R-Keto Acids
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