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ABSTRACT

Hundreds of Lewis acid/ligand combinations have been screened for stereochemical induction in the Passerini multicomponent reaction. The
combination of titan tetraisopropylate and (4S,5S)-4,5-bis(diphenylhydroxymethyl)-2,2-dimethyldioxolane was found to give enantiomeric excesses
between 32% and 42% in several examples. The absolute stereo induction of one example was determined chemically and by means of X-ray
crystallography. This comprises the first asymmetric Passerini reaction and the first example of a stereochemical induction in an isocyanide
based multicomponent reaction by a chiral Lewis acid.

Isocyanide-based MCRs belong to the most interesting
diversity-generating reactions in organic chemistry.1 Mostly
in a one-pot manner, very many different scaffolds are
accessible in a large number of examples from simple start-
ing materials.2 The most prominent of these isocyanide
based MCRs are the Passerini reaction3 (P-3CR) of iso-
cyanides discovered in 1921, oxo components and car-
boxylic acids, and the Ugi reaction4 (U-4CR) from 1959
of isocyanides, oxo components, primary amines, and

carboxylic acids, respectively. During isocyanide-based
MCRs, a new stereocenter is usually generated at the posi-
tion of the former carbonyl carbon.5 Unfortunately, no
conclusive and general way to induce stereochemical in-
formation in the products of MCRs has been developed
in the past. Ugi6 early on recognized that the highest
induction of the new stereocenter formed (Scheme 1) can
be obtained from chiral amines in the case of U-4CR. In
the first instance, chiral phenylethylamines have been utilized
that could be cleaved hydrogenolytically or under acidic
conditions.7 Then chiral ferrocenylakylamines have been
initially used as cleavable chiral ammonia equivalents.8
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Later, Kunz et al.9 and others10 recognized that high induc-
tion could be obtained from glycosylamines. Thus, stereo-
chemically pureR-amino acids have been synthesized.
Unfortunately, none of these methods is generally applic-
able to the plethora of isocyanide-based MCRs. More-
over, the cleavage conditions are quite harsh and thus not
compatible with a wide range of functional groups. Recently,
Ugi et al. described a greatly improved stereoinduction
using a thioglycosylamine with very mild cleavage con-
dition.11 For the P-3CR, no enantioselective procedure at
all has been described in the past.12 Moreover, chiral Lewis
acids have never been used successfully in isocyanide-
based MCRs to induce stereochemistry in the resulting
products.13

Herein, we would like to present for the first time a chiral
Lewis acid based approach toward the solution of the
problem of stereoinduction in isocyanide-based MCRs.

To discover a way to induce stereoselectivity in the
Passerini reaction, we chose to screen various Lewis acid/
chiral ligand combinations.14 We selected oxophilic Lewis
acids15 that have been reported to interact with the compo-
nents of the P-3CR, aldehydes, carboxylic acids, and
importantly isocyanides: Ti, Zr, Mg, Al, B, Cu, Zn, Sc, and

Yb. As chiral ligands we used 12 different commercially
available compounds with a known potential to induce other
stereoselective reactions (Scheme 2).

As a model and screening reaction we chose benzyl
isocyanide13, isobutyric aldehyde14, and benzoic acid15
as starting materials giving product16 (Scheme 2). The
reaction is high yielding (86%), does not show significant
side products, and can be followed by HPLC using an UV
detector. Baseline separation of the enantiomers with reten-
tion times of less than 30 min could be accomplished after
some experimentation with Chiralcel-ODH (4.6× 250 mm)
as chiral stationary phase. This column performed better than
a evaluation set of five short Pirkle-type Chirex columns (50
mm), although Chirex 3020 gave nearly separated peaks of
the enantiomers. In contrast to the Ugi reaction, the Passerini
reaction is preferably carried out in apolar aprotic solvents.16

Therefore, as solvent we investigated ether, THF, DCM,
toluene, and dioxane. In accordance with the experiments,
the screening concentration of the educts was held at 0.5 M.
Three ligand/Lewis acid ratios were used: 1/1, 1/2, and 2/1.
The catalyst-to-educt ratio was either 1/1 or 0.5/1. The order
of educt addition was aldehyde, isocyanide, and carboxylic
acid. The reaction mixture was stirred overnight at room
temperature and then quenched with aqueous NaHCO3 and
THF. The organic layer was separated and purified by a
silica-based solid-phase extraction column. The enantiomeric
excess was determined by HPLC, if necessary, after a further
chromatographic separation.

Using 16 Lewis acids, 12 chiral ligands, and 5 solvents,
an abundance of reactions was performed and screened
(Figure 1). Many of the reactions gave a lot of side products
as compared to the reaction without any additives. Often,
the desired product was not found anymore. In some cases,
the P-2CR product was formed instead, whereby water acts
formally as acid component yielding the corresponding
R-hydroxyamide. Several combinations especially including
the Lewis acidsG Yb(OTf)3, H Zn(OTf)2, K MgBr2, M
MgBr2-OEt2, andN BF3-OEt2 showed encouraging ee’s.
Unfortunately, several byproducts were formed. Therefore,
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Scheme 1

Scheme 2. The Passerini Model Reaction
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these reactions were not investigated. Only the Lewis acid
A Ti(i-OPr)4 in combination with ligands7, 9, and12showed
significant ee’s and clean reactions that allowed the isolation
of the product at the same time. These reactions were
repeated and examined more closely.

To get a first idea about scope and limitation of this
catalystA7, a couple of reactions varying the components
(Table 1) were performed. Stereoinduction from 32% to
42% has been reached in these reactions. Generally, one
observes that the reaction with additive suffers from poorer
yields. During the hydrolysis of the reaction, considerable
amounts ofR-hydroxy methyl amides (P-2CR product) are
formed.

The absolute stereoinduction was determined by perform-
ing the P-3CR between 2S-N-Boc-phenylalanine, isobutyral-
dehyde, and benzylisocyanide yielding the correspond-
ing product 22 in a diastereomeric ratio of 1:1.27. The
structure of the preferentially crystallizing isomer22
was investigated by X-ray crystallography (Scheme 3) and
the stereochemistry determined to be2-S,5-R. This com-
pound with known absolute stereochemistry was then
subjected to saponification with aqueous sodium hydroxide
solution, yielding the corresponding stereochemically
pure,R-configuredR-hydroxyamide23. The stereoisomeric
mixture of the P-3CR with catalystA7 yielding compound
16 with an ee: 36% was also subject to saponification.
The resulting mixture of the two alcohols (R- and S-23)

as compared with the reference isomerR-23 obtained
from the crystal22. This clearly indicates that the major
stereoisomer isS-configured, proven by coelution of the
isomer.

The reaction can be performed with sub-stoichiometric
amounts of Ti and ligand, but a considerable loss of
enantiomeric excess occurs. Clearly, in the stereochemistry-
inducing step of the reaction the aldehyde has to be
complexed by Ti (Scheme 4). Generally, titanium complexes
are known to exist in complex mixtures of monomeric and
oligomeric structures.17 The configuration displayed in the
rate-determining step causes the latter stereochemistry of the
Passerini product. A possible complex24 could account for
the observed induction. The addition of the isocyanide onto
the aldehyde carbon giving the imminium ion25 could
happen via a pre-coordination of the isocyanide on the
titanium. Alternatively, the isocyanide inserts directly without
precoordination with the titanium atom. Addition of the
carboxylic acid yields theR-adduct26, which upon rear-
rangement forms the Passerini product.
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Figure 1.

Table 1. Enantiomeric Excesses and Yields of Selected P-3CR

a Isolated yield of the Passerini reaction performed on a 1 mmol scale
with A7. b In brackets: isolated yield of the Passerini reaction performed
on a 5 mmol scale withoutA7. c Enantiomeric excess of the Passerini
reaction performed withA7.
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In conclusion, we are reporting for the first time an
enantioselective Passerini MCR using a chiral Lewis acid
catalyst.18 This catalyst system was found by screening of a
multitude of different reactions. Although the observed ee’s

are not yet synthetically useful, chiral Lewis acids provide
a promising and not yet explored tool toward chiral MCRs.
The possibility to perform chiral MCRs would tremendously
broaden the synthetic usefulness of these reactions. Further
work is ongoing to improve the enantioselectivity of the
P-3CR by modifying the ligands and reaction conditions and
to investigate the reaction mechanism.
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