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1. Introduction

As we walk in an oak forest or near the seashore, we enjoy
discovering smells, nice landscapes and many other messages of an
infinite variety. We marvel seeing the green leaves of summer change
colour to red, orange, gold and finally fall down. Often as a child, we
marvel at the sight of a piece of wood slowly burning in a fireplace.
We marvel! But we also wonder. How do the leaves change colour?
Why does wood burn? The answer to all these questions is -
Chemistry!

Chemistry, particularly Organic Chemistry, is the basis of any
kind of life on our planet. Every living species is essentially made up
of carbon derivatives. It is believed now that methane (CH4),
ammonia, hydrogen and water were the main components of the
earth’s atmosphere several billion years ago. In presence of an
important energy source, these compounds were able to combine to
form more complex molecules (amino acids), which were carried to
the sea by rain. Eventually, these amino acids reacted together to form
proteins that combined in turn to create more advanced molecules and
thus, the foundations of life were set.

Proteins are the main components of all living systems on earth.
For instance, muscles and many other parts of the human body are
made of proteins. We are therefore composed and surrounded by
organic compounds. The life-forms on this planet - from algae to
mammals, including human beings - are based on organic chemistry.

Not only organic chemistry is present in biological systems but
it is also an important part of our everyday life. Indeed many of the
materials that are present in our homes, like detergents, paper,
polyester or rubber, are made up of carbon compounds. The gasoline
that propels a car, pesticides, odourants and most medicines are
organic and the list is far from exhaustive.

Although organic chemistry is often defined as the chemistry of
the compounds of carbon, it should be said here that many inorganic
compounds also contain carbon atoms.

Many of the organic molecules, both artificial and natural,
discussed above are what we call Chiral, that is molecules which are
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not superposable with their mirror image. These molecules have the
same constitutional structure as their mirror image but different three-
dimensional structure.

Chirality is a key element in Nature. Most of the amino acids
present in proteins that compose living cells and all natural sugar
molecules are chiral. The importance of chirality in organic synthesis
is growing exponentially, and the synthesis of these molecules in high
yields has become a great challenge in areas like the pharmaceutical
and food industries.

Mother Nature is the best organic chemist on earth and thanks
to a wide range of very specific and active enzymes, she can
synthesize all kinds of chiral molecules she may need.

In his attempt to mimic Nature, man has created and developed
several methods to obtain chiral molecules. We shall discuss some of
them later in this thesis. Recently catalytic systems capable of
inducing chirality have emerged.1 This class of catalysts includes
enzyme-catalysed systems as well as organometallic complexes. The
impact of these asymmetric catalysts in today’s industry is increasing
very quickly.2 We can mention for instance the production of L-
DOPA, an active drug against Parkinson’s disease, obtained via
asymmetric hydrogenation employing a rhodium organometallic
complex.3

Most organometallic catalysts used in asymmetric synthesis
consist of a metal centre surrounded by one or several organic
molecules that are called ligands. These molecules, which can be
neutral or ionic, are often chiral since, as we shall see later in the
thesis, they are responsible for inducing asymmetry during the
reaction. However, all ligands must have at least one electron pair
which can be donated to the central metal through a process which is
called coordination.

In this thesis we report the design and the preparation of new
chiral ligands for asymmetric synthesis. The ligands synthesized are
all based on nitrogen donor systems (pyridine, oxazoline), some of
them containing also one or several alcohol moieties. We shall discuss
in detail the synthetic challenge involved in the preparation of such
chiral ligands. Indeed, the major part of the work presented here has
been devoted to the solution of synthetic problems. However, we were
able to synthesize these target chiral molecules in good yield and
achieve very high selectivity in some cases when used in catalytic
asymmetric synthesis. As will be seen later, some of these chiral
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ligands are the tools of choice for asymmetric induction in reactions
like asymmetric addition of diethyl zinc (Et2Zn) to aldehydes and
asymmetric allylic substitution.

HO

HO CO2H

H2N H

Figure 1. L-DOPA.

Before discussing synthetic problems, an explanation of some
fundamental principles may be useful. The first chapters will therefore
enlighten the reader on chirality and give a general outline of
asymmetric synthesis and organometal chemistry. For further
information and explanations the reader will be invited to consult
more specialized literature.
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2. Stereochemistry and Chirality - Fundamental
principles4

Stereoisomers are molecules that have the same number and
types of atoms with the same “connectedness” but which differ in the
arrangement of these atoms in space. We shall see that there are two
subclasses of stereoisomers: enantiomers and diastereoisomers.

2.1 The Phenomenon of Chirality

We have been discussing chiral molecules in the
introduction, but what is in fact a chiral molecule?

Chirality is a very important symmetry property of three-
dimensional objects. Any object is chiral when it is not
superposable on its mirror image. We should remember here
that superposable means that one object can be placed on the
top the other so that all parts coincide. Chirality of some
familiar objects like our hands or our feet is very obvious. A
left-handed glove would never suit a right hand or vice versa.
Have you ever tried to dance with your left foot in a right shoe?
In these cases chirality is clear but there are many objects for
which the situation is not clear and a more strict test of
superposability is necessary. As a small exercise, the reader
may try to classify the pirate represented in figure 2 as being
chiral or achiral!

In a chemical context, chirality is applied to the three-
dimensional structure of molecules. A chiral molecule and its
mirror image are called enantiomers and they form an
enantiomeric pair.5 Two enantiomers have the same
constitutional structure but different three-dimensional
structure.
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Figure 2. The dangerous pirate by Maxime Lamy (6 years old).

Chirality of molecules can be demonstrated with very
simple molecules as 2-butanol (Figure 3).

CH3

H
C2H5

HO

C2H5

OH
H

CH3

Mirror plane

Figure 3. The two enantiomers of 2-butanol.

In organic chemistry, chirality is often (but not always)
related to the presence of one or several stereogenic centres in
the molecule. In most cases this stereogenic centre is a
tetrahedral carbon (as in 2-butanol), a phosphorus,6 sulfur, or in
some special cases, a nitrogen atom.7

The number of stereoisomers for a compound will
depend on the number of stereogenic centres present in its
molecule. Thus if n is equal to the number of stereogenic
centres, there can be 2n stereoisomers. When comparing any
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two of these stereoisomers either they will be mirror images of
each other (in this case they will be enantiomers) or they will
not (in this case they will be called diastereoisomers).

Enantiomers have identical chemical and physical
properties in an achiral environment. They have, for instance,
the same solubility, melting points and chromatographic
retention times. However, in a chiral environment, there are
some properties in which enantiomers differ. We can mention
as an example the case of a compound called limonene (Figure
4a) which has one enantiomer smelling of oranges and the other
of lemons. The difference sometime can be even more
pronounced. For instance, the compound propranolol (Figure
4b) can act either as a β-blocker or as a contraceptive
depending upon its configuration. Here we can clearly see the
importance of enantioselective synthesis.

Figure 4a. The two enantiomers of limonene.

O NHPri
H OH

Figure 4b. Propanolol.

Diastereoisomers have completely different properties -
melting point, boiling point, solubility and so forth. They can be
separated by crystallisation or chromatography and often these
procedures are used to resolve enantiomeric mixtures. Indeed,
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by coupling two enantiomers to an enantiomerically pure chiral
auxiliary, one obtains two diastereoisomers which can be more
easily separated. After subsequent treatment to recover the
chiral auxiliary, the enantiomerically pure compounds can be
isolated.

2.2 Specific rotation

There is another important property in which enantiomers
differ and that is the direction in which they rotate the plane of
plane-polarised light. Thus, one enantiomer rotates the plane a
certain angle in a clockwise direction, while the other rotates
the same angle but in the opposite direction. The observed
angle of rotation of the plane of polarisation by an optically
active molecule is usually denoted by the symbol α. The angle
may be either positive or negative depending on whether the
rotation is clockwise or counterclockwise. The number of
degrees that the plane of polarisation is rotated as the light
passes through a solution of an enantiomer depends on the
number of chiral molecules that it encounters. Therefore it will
dependant upon the length of enantiomer solution which is
irradiated and the concentration of that solution.

In order to make this measured rotation a criterion for
enantiomeric purity, chemists have defined a quantity called the
specific rotation, [α], which is defined by the Biot’s law (la loi
de Biot):

[α] = 
α

c . l

α: observed rotation (°)

c: concentration of the solution containing the optically active
compound (g.mL-1)

l: length of the cell containing the solution (dm)
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The value of the specific rotation [α] depends upon the
solvent, the temperature and the wavelength of the light which
is employed. We have therefore to specify these quantities
when reporting specific rotation values. Most measurements are
made at 25 °C and using the D-line of the sodium lamp (589
nm). The specific rotation is then written:

α[ ]D
25

2.3 Nomenclature of enantiomers

In this thesis we will use the (R,S) system defined by
Cahn, Ingold and Prelog.8

2.4 Enantiomeric composition

The determination of the enantiomeric composition of a
chiral compound is very important. As we have seen before,
some substances like pharmaceuticals have to be
enantiomerically pure. Therefore methods need to be accurate
and extremely reliable. Of course, there are many methods
available, but our goal here is not to give an extensive
description of them all nor to enter into theoretical
considerations, but more to give an overview of those most
frequently used today. For more information the reader is
invited to study the listed references.

2.4.1 Chiroptical method

This is a traditional method for assessing
enantiomeric composition which involves the
measurement of optical rotation activity. It requires the
knowledge of specific rotation [α]max of the
enantiomerically pure isomer of the investigated
compound. The optical purity is then defined by:

op = ([α]obs/[α]max) . 100 %

with [α]obs specific rotation of the sample
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The term optical purity can only be applied to a single
enantiomer or to mixtures of enantiomers. It must not be
applied if other compounds are present in the mixture.

There are many variables which can potentially
modify the specific rotation: the nature of the solvent
used, the wavelength of the light, the temperature and the
presence of impurities. The concentration of the solution
can also interfere, even though it is factored into the
calculation of the specific rotation.9 The concentration
effect is a consequence of association phenomena that
vary with the functional groups present in the molecule
and the solvent. For example, polar molecules like acids
or alcohols can exhibit concentration effects in nonpolar
solvents and thus the specific rotation increases when the
concentration decreases.

Another problem arises from the fact that for many
substances it is not possible to have access to the
enantiomerically pure compound and therefore to obtain
the [α]max value. Of course, this makes any comparison
impossible.

Nowadays, the term Enantiomeric Excess (ee) is
often used for optical purity and is defined as the excess
of one enantiomer over the other:

ee % = 
moles of one enantiomer - moles of other enantiomer

total moles of both enantiomers
x 100

2.4.2 Conversion of Enantiomers into
Diastereoisomers for NMR Analysis10

The principle of this method is to form two
diastereoisomers by reacting the enantiomeric mixture
with a chiral derivatizing agent (CDA). The resulting
diastereoisomers are then analyzed by 1H NMR
spectroscopy, displaying two different patterns and
thereby making possible the determination of the
enantiomeric ratio.
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Since the pioneering work of Raban and Mislow11

describing the use of (R)-(-)-O-methylmandeloyl chloride
(Figure 5, 1) to analyze alcohols and amines, many other
CDAs have been developed. Today, α-methoxy-α-
trifluoromethylphenylacetic acid (MTPA) or Mosher’s
reagent (Figure 5, 2) is by far the most frequently used
CDA.12 These reagents are indeed very interesting, since
1H NMR analysis can also give information concerning
the absolute configuration of the stereocentres present in
the molecule. The presence of the CF3 group in MTPA
makes also possible the analysis of the resulting
diastereoisomeric mixture by 19F NMR spectroscopy.
This often simplifies the analysis, since the spectrum is
less complex and the risk of overlapping peaks is small.

Recently, another CDA, α-cyano-α-
fluorophenylacetic acid (CFPA) (Figure 5, 3), has been
proposed as an alternative to the classical MTPA.13 This
reagent seems to be very effective for hindered substrates
which react slowly with MTPA. Furthermore, chemical
shift differences between the resulting diastereoisomers
have been found to be larger.

31P NMR spectroscopy has also been used with
CDA’s containing phosphorus atoms (Figure 5, 4).14

OCH3

H
Ph

COCl

OCH3

F3C
Ph

COOH

CN

F
Ph

COOH
P NMe2

Me

Me

1 2

34

Figure 5. Some chiral derivatizing  agents.

2.4.3 Use of a Chiral Shift Reagent
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Chiral shift reagents are enantiomerically pure
compounds obtained by complexation of lanthanide
metal salts (Eu, Yb or Pr) with chiral β-diketones. These
complexes are able to coordinate to heteroatoms present
in alcohols, amides, amines, ketones or esters. Therefore,
when added to a mixture of enantiomers having one of
these functional groups, they give rise to diastereomeric
complexes displaying different NMR spectra.

The first lanthanide induced shift was observed by
Whitesides and Lewis in 1970 with Eu(t-cam)3 (Figure 6,
5).15 Since then, many chiral shift reagents have been
developed, but one of the most effective one is still
Eu(dcm)3 (Figure 6, 6).16

O

O
Eu/3 O O

Eu/3

5 6

Figure 6. Some chiral shift reagents.

2.4.4 Chromatography on Enantioselective
Stationary Phase

Separation and analysis of enantiomeric mixtures
by chiral chromatography is widely used. The
development of new chiral stationary phases and modern
reliable methods have allowed analyses to be carried out
on nanogram quantities of samples, without the need for
sample pre-treatment.

There are a number of chiral stationary phases
available today. Amino acids and metal complexes have
been used successfully for the separation of complex
molecules.17 During the last decade an important
breakthrough in gas-chromatographic separation of
enantiomers has been achieved by using cyclodextrins
(α, β and γ) as chiral stationary phases in high-resolution
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capillary columns. These phases permit enantiomer
separations not only for alcohols, amino acids or sugars,
but also for apolar molecules like alkenes or cyclic
saturated hydrocarbons.18 They can be used over a wide
range of temperatures from 25 up to 250 °C, often with
very good resolution.
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3. Asymmetric Synthesis and Catalysis

The world in which we live is chiral. All biological receptors
are chiral. Therefore, when a biologically active compound such as a
drug interacts with these receptors, the two enantiomers of the drug
will interact differently with possibly different effects. Thus, it is
obvious that two enantiomers should be considered as different
compounds when screened for pharmacological activity.

Today there are a lot of methods to obtain enantiomerically pure
compounds19, but until recently resolution of racemic mixtures
(mixtures containing an equal amount of both enantiomers) was far
the most common technique. In this procedure, both enantiomers are
allowed to react with an enantiomerically pure compound to form two
diastereoisomers, which can be separated by crystallisation or
chromatography.20 Subsequently, each diastereoisomer is treated
separately to liberate a pure enantiomer. Another method involves
using available natural chiral compounds (chiral pool) and
derivatizing them.

However these methods do not create new stereocentres from
achiral substances. Furthermore, despite being very rich, the chiral
pool cannot provide all necessary chiral starting materials. For these
reasons, asymmetric synthesis provides a powerful alternative for the
generation of enantiopure compounds.

3.1 Asymmetric Synthesis

There are different ways to define the concept of
asymmetric synthesis. We can mention as an example the
definition presented by Marckwald in 190421:

“Asymmetrische” Synthesen sind solche, welche aus
symmetrisch konstituierten Verbindungen unter intermediärer
Benutzung optisch-activer Stoffe, aber unter Vermeidung jedes
analytischen Vorganges, optisch-activ Substanzen erzeugen.
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“Asymmetric” syntheses are those which produce optically active substances from
symmetrically constituted compounds with intermediate use of optically active
materials, but with the avoidance of any separations.

In short, we shall say that asymmetric synthesis involves
the formation of new stereogenic units in a substrate under the
influence of a chiral group which can either exist in the
substrate (intramolecular chirality transfer) or be external
(intermolecular chirality transfer).

3.1.1 Internal Asymmetric Induction

The formation of a new chiral unit is influenced by
the presence of a stereogenic centre already existing in
the substrate (Figure 7). This method therefore requires
careful selection of the starting material in the planning
stages of the synthesis and the existing chiral centre must
not be affected during the reaction. Of course, in some
cases, the asymmetric induction is not always 100% in
favour of one diastereoisomer. However, very often, the
resulting diastereomers can be separated by classical
methods (crystallisation, chromatography).

An alternative method is to introduce the chiral
information into the substrate at a suitable stage before
the chirality forming reaction and then remove it when it
has served.

C*A P* C*R

Figure 7. Internal asymmetric induction (A: reactive part of the
substrate, C*: chiral directing group, R: reagent, P*: new chiral
centre).

3.1.2 External Asymmetric Induction

These reactions involve processes where the chiral
information is delivered by the reagent. One example is
the enantioselective reduction of carbonyl groups using
chlorodiisopinocampheylborane (DIP-chloride) (Figure
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8).22 This is indeed an attractive method but the drawback
is that an enantiomerically pure reagent is needed in a
stoichiometric amount. In an industrial process this may
be very expensive.

)2BCl

Figure 8. DIP-chloride.

Another procedure, which is still the subject of
intensive research efforts, involves the use of a chiral
catalyst to transform an achiral substrate to a chiral
molecule. The principle is to use a small amount of a
chiral substance (the catalyst) to produce naturally
occurring and nonnatural chiral compounds in large
quantities. The efficiency of a catalytic system will
depend on its ability to achieve high chiral multiplication.
The amount of catalyst required is also very important; in
the best case it should not exceed 0.05 equiv. There are
various possibilities for such catalytic systems. Enzymes
are surely the most powerful catalysts known.23 All amino
acids and sugar molecules essential to any kind of life are
chiral molecules synthesized stereoselectively by
enzymes. While it is undoubtedly true that most enzymes
can achieve the transformation of an achiral substrate to a
chiral one faster and with higher specificity than any
nonenzymatic catalyst, they are also subject to some
limitations. For instance, many enzymes need cofactors.
In addition, except for oxido-reductases, transferases, and
hydrolases, most ligases (enzymes that catalyse bond
formation) are substrate-specific.24 Thus, fumarase
reversibly and stereospecifically adds water to fumaric
acid to produce (S)-(-)-malic acid only (Figure 9) and
mesaconase adds water to mesaconic acid to form (+)-
citramalic acid (Figure 10).



18

HHOOC

H COOH

H
H

HOOC

H COOH

fumarase

HO

(S)-(-) malic acid

Figure 9. Fumarase-catalysed reaction.

HHOOC

H3C COOH

H
H

HOOC

H3C COOH
HO

mesaconase

(+)-citramalic acid

Figure 10. Mesaconase-catalysed reaction.

3.2 Organometallic Asymmetric Catalysis

Over the past two decades chiral metal complexes have
become a powerful tool for asymmetric synthesis. Some of
these systems display activity and selectivity approaching that
of natural enzymes.

Most of the metals used in catalysed asymmetric
synthesis are transition metals. Indeed, functional groups that
coordinate to a transition metal can undergo a dramatic change
of their properties - electrophilic species can become
nucleophilic and vice versa, stable compounds can become
reactive and very reactive compounds can be stabilised.
Furthermore many organometallic reactions are highly specific,
being able to discriminate between structurally similar sites in a
substrate, thereby reducing the need for long protection-
deprotection sequences so common in classical organic
chemistry.

Nevertheless, working with transition metal compounds
is often not as easy as with normal carbon compounds. Indeed,
the metal oxidation state and coordination geometry influence
its reactivity towards organic substrates and small variations
may generate dramatic changes. Very often the real catalytic
species involved in catalytic processes is not the one introduced
initially. The active species are often short-lived and present at
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very low concentration levels. Thus it is difficult to have an
accurate understanding about what is really going on during a
reaction, making predictions sometime impossible.

Not only is the metal centre important in organometallic
synthesis, but the nature of the ligands (i.e. molecules
coordinated to the metal) also plays a fundamental role. They
can alter the electronic distribution in the complex and also
introduce specific steric constraints on the reacting substrate.
The reaction may therefore very easily be tuned by selecting the
right ligand.25

In asymmetric catalysis, at least one ligand has to be
chiral. The chiral ligand is the key element for the transfer of
chirality to the substrate since it is the chiral auxiliary that
induces asymmetry. As the substrate coordinates to the metal,
the reaction has the possibility to proceed via two
diastereoisomeric transition states, each leading to one
enantiomer. The steric interactions between the chiral ligand
and the substrate will influence the stability and thus their
energy of the two possible diastereoisomeric transition states.
The reaction will proceed via the transition state requiring the
lowest energy, leading to a single enantiomeric product.

The first advance in the area of metal-catalysed
asymmetric synthesis was surely the preparation of new
Wilkinson’s catalysts ([RhCl(PPh3)3]) with chiral phosphines.
These catalysts were successfully used for the synthesis of
amino acids by asymmetric hydrogenation of α-amido-α,β-
unsaturated esters (Figure 11).26 Since, there have been many
innovations in the field like the introduction of tartrate-titanium
alkoxide complexes for the epoxidation of allylic carbinols by
Sharpless27 or the discovery of the 2,2’-bis(diarylphosphino)-
1,1’-bi-naphthyl (BINAP) - a very powerful ligand used in
asymmetric hydrogenation (Figure 12).28 For a global view of
the topic and more information, the reader is invited to consult
the excellent reviews written by Brunner,29a Bosnich and
Fryzuk,29b and the monograph written by Seyden-Penne on
chiral auxiliaries and ligands in asymmetric synthesis.29c
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P

P

H3CO

Ph

Ph
H3CO

Figure 11. (R,R)-DiPAMP used in asymmetric hydrogenation.

PPh2

PPh2

Figure 12. (R)-BINAP.

3.3 Kinetic and Thermodynamic Aspects of 
Stereoselective Synthesis

Processes involving asymmetric induction can be either
thermodynamic or kinetic.

Let us consider a starting material X that can react to
form two products Y and Z (two diastereoisomers) which may
be in equilibrium via X or another route. The product ratio
(Y/Z) is given by:

Y/Z =
[Y]

[Z]
= K = exp (-∆G/RT)

where ∆G is the free energy difference between Y and Z (GZ -
GY). This process is said to be under thermodynamic control
(Figure 13). Thus if enough energy is supplied the product of
lower energy will be formed.
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Z

X

Y∆G

Reaction coordinate

Free 
energy

Figure 13. Conversion of X into Y and Z under thermodynamic control.

When the process is under kinetic control, the conversion
of X to Y and Z is not reversible. Y and Z have the same free
energies (they are enantiomers), but not the same rates of
formation. In other terms, the free energies of activation for the
formation of Y and Z are different (Figure 14). The product
ratio (Y/Z) depends only on the difference in the transition state
energies (∆∆G≠) and is given by:

Y/Z = k1/k2 = exp (-∆∆G≠/RT)

where k1 and k2 are the rate constants for the formation of Z and
Y, respectively.

Enantioselective processes and particularly those using
chiral organometallic catalysts are under kinetic control. They
can proceed via two diastereoisomeric transition states (of
different energy) affording two enantiomers (of equal energy).
The route requiring the lowest energy is preferred and thus one
enantiomer is formed preferentially.
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X

Z Y

Reaction coordinate

Free 
energy

∆∆G≠ 

Figure 14. Conversion of X into Y and Z under kinetic control.

In diastereoselective processes, both the transition states
and the final products are diastereoisomeric. Therefore the
reaction can be either under kinetic or thermodynamic control.
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4. Synthesis of Chiral Pyridyl Alcohol 
Derivatives

Chiral pyridyl alcohols are very interesting compounds, which
have found many applications in asymmetric synthesis. The presence
of the pyridine ring (which is known to coordinate to a wide variety of
metals) is a feature that makes these alcohols very useful in several
enantioselective processes. For instance, in combination with titanium
(IV), they catalyse asymmetric epoxidation of olefins.30 They also
have been found to be very active in the asymmetric addition of
dialkylzinc compounds to aldehydes31 and the nickel-catalysed
conjugate addition of diethyl zinc.32 Pyridyl alcohols are also very
important precursors to more advanced ligands. They have been used,
for example, to synthesize pyridyl phosphines,

33 C3-symmetric
phosphorus esters34 and, as we shall see later in this chapter, for the
synthesis of chiral bipyridines.35 Additionally, chiral pyridyl alcohols
have been used as a resolving agent for some carboxylic acids.36

4.1 Asymmetric Reduction of Prochiral
Ketones

This method is by far the most used and most extensively
described for the preparation of chiral alcohols. The reducing
agent employed is commonly chlorodiisopinocampheylborane,
Ipc2BCl. This reagent, first described by Brown,22, 37a is indeed
very attractive for the asymmetric reduction of a variety of
ketones. Although nowadays it is commercially available, it can
be readily prepared from α-pinene in high chemical and optical
purities by hydroboration followed by treatment with hydrogen
chloride (HCl) in diethyl ether (Scheme 1).37b Although Ipc2BCl
shows poor selectivity for the reduction of alkyl ketones, it
possesses an exceptional capability for reducing aryl alkyl
ketones with excellent induction. The selectivity is higher when
the difference in size between the aromatic ring and the
aliphatic group is significant. Thus, reduction of acetophenone
(7) with (-)-Ipc2BCl affords an enantiomeric excess of 98%,
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whereas the one of isobutyrophenone gives 90%. In both cases,
the resulting alcohol has an (S) absolute configuration but in
several cases the absolute configuration of the alcohol can be
different despite using the same isomer of Ipc2BCl. This case is
illustrated in Figure 15 for the reduction of acetophenone and
pivalophenone (8) with (-)-Ipc2BCl.

)2BHBH3.SMe2

0 °C, THF

HCl

0 °C, Et2O

)2BCl

Scheme 1. Preparation of (-)-Ipc2BCl from (+)-α-pinene.

In their excellent work on the enantioselective synthesis
of several active pyridine derivatives, Bolm et al. have
extensively used this reducing agent.38 They synthesized
(amongst others) compounds 11 and 12 by reduction of the
corresponding prochiral ketones 9 and 10, using (+)-(Ipc)2BCl
and (-)-(Ipc)2BCl, respectively, with good selectivity.
Compounds 9 and 10 were prepared by mono-metal-halogen
exchange of 2,6-dibromopyridine 13 with n-butyllithium in
ether followed by treatment with acetonitrile and pivalonitrile
respectively. Subsequently, the pyridyl alcohols 14 and 15 were
obtained after debromination of 11 and 12 using Bu3SnH/AIBN
(Scheme 2).
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Figure 15. Transition-state model for asymmetric reduction with (-)-
Ipc2BCl of a) acetophenone and b) pivalophenone.
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9 , R=CH3
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13

14 , R=CH3
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11 , 12
Bu3SnH / AIBN

Scheme 2.

Despite the attractiveness of this method, it has also some
serious drawbacks! One of them is the exchange of bromine to
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chlorine. Thus, when starting from compounds 9 or 10,
chloropyridine derivatives, which are difficult to separate (from
the desired products), are also formed. The amount of
byproduct depends on the reaction time and temperature.
Another problem arises from the fact that when the carbonyl
compound bears two substituents of similar size, the selectivity
decreases. Furthermore, reaction times are often long - of the
order of two days is not unusual. Work-up is also difficult due
to the formation of by-products like α-pinene and
isopinocampheol (16) which makes purification a fastidious
task. The amount of 16 increases upon standing in air and it
also forms during chromatographical purification.

OH

16

4.2 Catalytic Biotransformations

Employing biological methodology can be an effective
way of obtaining enantiomerically pure hydroxyalkylpyridines.
Several interesting methods using lipases have been developed.
Norin et al. have reported the catalytic power and
stereospecificity of Candida antartica lipase in the resolution of
racemic mixtures of several 1-(pyridinyl)-ethanols in presence
of S-ethyl thiooctanoate.39a Schneider et al. have also resolved
the same kind of compounds with Pseudomonas sp. (SAM II)
lipase in a phosphate buffer at pH 7.0.39b Asymmetric reduction
of ketones using baker’s yeast has also been widely used to
obtain chiral alcohols.40 The micro-organism contains several
hundreds of enzymes and therefore the yeast displays a vast
range of chemical capabilities. This is, of course, good and bad
at the same time. Compared to transformations catalysed by
purified enzymes, reactions with baker’s yeast can be messy.
The aqueous medium contains the cellular mass, nutrients,
usual metabolites and the substrate which will often be
transformed into more than one product. Recovery of the
desired product and of the unreacted starting material might be
not straightforward.
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Enzymes are powerful tools which are able to distinguish
small and large groups on each side of the carbonyl group
(Scheme 3). The difference in bulk regulates the kinetics of
reactions such as selective reduction or esterification. Thus,
when the size of the two groups is similar, as a t-butyl and a
pyridyl group, the reaction is very slow or sometimes does not
even occur.39a

However, even if these methods work extremely well
they are commonly limited to only few substrates and often the
two enantiomers are obtained in a maximum yield of 50% each.

O

S L

Scheme 3. S (small group), L (large group).

4.3 Resolution of Racemic Mixtures

Resolution of racemic mixtures is a very common
method to obtain enantiomerically pure compounds. The
racemic mixture is allowed to react with an enantiomerically
pure compound (the resolving agent) to form a pair of
diastereoisomers which can be separated by crystallisation or
flash chromatography (Scheme 4).

(±) M + RA* (+) M-RA*  +  (-) M-RA*

Scheme 4. Resolution of a racemic mixture (±)M using a resolving agent
RA*.

This procedure has been used successfully by Sharpless
et al., using dibenzoyltartaric acid as a resolving agent to obtain
compound 17 as one enantiomer after multiple
recrystallization.41 Bolm et al were less successful in their
attempt to resolve rac-18.38 They synthesized the corresponding
diastereomeric esters and the carbonates, derived from (1S)-
camphanoyl chloride 19 and (-)-[(1R)-menthyl chloroformate]
20, but were unable to obtain any separation by preparative-
scale column chromatography on silica gel.
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In an attempt to prepare enantiomerically pure 2,2-
dimethyl-1-(2-pyridyl)-1-butanol, which we wanted to use as a
precursor for the synthesis of chiral
(hydroxyalkyl)pyridinooxazolines, we tried to resolve the
corresponding racemic mixture rac-21. For this purpose, we
synthesized rac-21 by lithiation of 2-bromopyridine with n-
butyllithium in THF followed by reaction with pivalaldehyde
(Scheme 5). The first resolving agent we tested was (S)-
ketopinic acid 22. This acid and similar compounds have been
used previously for the resolution of rac-2131b and complex
bis(pyridyl)methanol ligands.42 Compound 22 was synthesized
according to a described procedure by oxidation of (1S)-(+)-
camphor-10-sulfonyl chloride with potassium permanganate in
presence of sodium carbonate.43 It was then converted into the
corresponding acid chloride, using the reaction mixture oxalyl
chloride (C2O2Cl2)/DMF, and finally reacted with rac-21 to
afford two diastereoisomeric esters 23 and 24 (Scheme 6).
Although these esters could be separated by flash
chromatography on silica gel on very small scale, their
separation became impractical on a preparative scale due to
poor resolution.

N Br N

1) n-BuLi

OH
2) tBuCHO

rac-21

Scheme 5.
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Scheme 6.

In a final attempt, we tested a method using (S)-
phenylethylisocyanate 25 as a resolving agent. Chiral
isocyanates have been previously used successfully in our
group for the resolution of (±)-1-(1-isoquinolinyl)-1-(2-pyridyl)
ethanol.44 Although compound 25 can be synthesized
quantitatively in a one-pot procedure by the action of phosgene
on (S)-phenylethylamine 26,45 we opted for a two-step
procedure, which also afforded 25 in good yield46 (thereby
avoiding any manipulation of phosgene). Compound 26 was
converted into the corresponding carbamate 27 through the
action of ethyl chloroformate and triethylamine, and
subsequently transformed into 25 with trichlorosilane (HSiCl3).
Rac-21 was treated with isocyanate 25 in presence of 4-(N,N-
dimethylamino) pyridine (DMAP) at 135 °C affording two
diastereomeric carbamates which could not be separated by
flash chromatography on silica gel nor on aluminium oxide
(neutral, basic or acidic) (Scheme 7). Similarly, (R)-
naphthylisocyanate 28 was also synthesized but the resulting
carbamates could not be separated either.
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Scheme 7. Synthesis of (S)-phenylethylisocyanate 25 and coupling with
rac-21.

Finally we were able to bypass these resolution problems
by elaborating a new synthetic pathway to obtain the
enantiomerically pure chiral (hydroxyalkyl)pyridinooxazolines,
which did not require preliminary resolution of rac-21. This
method will be described within the next chapter.

N
H

H3C
C O

28

4.4 Use of the Chiral Pool

This is indeed an attractive method to synthesize chiral 2-
(1-hydroxyalkyl) pyridines. Even though the yields are
sometimes not high, the starting materials are often cheap and
present a high degree of enantiomeric purity.

This procedure has been used very successfully in several
cases. For instance, Chelucci et al. obtained very good
selectivity when condensing 2-lithiopyridine with optically
active naturally occurring ketones (Scheme 8).31c The internal
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asymmetry induced by these chiral ketones was excellent and
only one diastereoisomer was isolated each time. They also
synthesized a chiral nitrile derivative from commercial (S)-
methyl-2-hydroxy propanoate (L-lactic acid methyl ester),
which was transformed subsequently into a pyridine ring
through cobalt(I)-catalysed cocyclotrimerization with
acetylene.47

N Li

OH
N

OH
N

OH
N

O

O

2)

3)

O

1)

1) : 2) : 3) :

Scheme 8.

Recently, synthesis of the two diastereoisomers 29 and
30 in 90 % total yield has been reported by our group.48 They
were obtained in a ratio of 83:17 and could be easily separated
by chromatography. The synthetic pathway is represented in
scheme 9.
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4)

L-menthol

Scheme 9. 1) TsCl, pyridine 2) NaCN, DMSO 3) 2-lithiopyridine, diethyl
ether 4) NaBH4, MeOH.

4.4.1 Synthesis of 2-(1-Hydroxyalkyl)pyridines
and 2-Bromo-6-(1-hydroxyalkyl)-pyridines

We have now synthesized new chiral pyridyl
alcohol derivatives, starting from other cheap chiral
sources. D-mannitol 31 was transformed into (R)-2,3-O-
isopropylideneglyceraldehyde 32, according to a known
procedure,49 and subsequently reacted with 2-
pyridyllithium and 2-bromo-6-lithiopyridine (obtained
from 2,6-dibromopyridine) to afford two pairs of
diastereoisomeric alcohols (33a + 33b) and (34a + 34b),
which could be separated by chromatography (Scheme
10).

We have also synthesized new alcohols starting
from the methyl esters of naturally occurring lactic and
mandelic acids 35 and 36. These esters were O-
methylated with methyl iodide in presence of Ag2O,50

giving 37 and 38. Addition of 2-pyridyllithium and 2-
bromo-6-lithiopyridine to these O-methylated esters gave
the pyridyl ketones 39-42 which were reduced to their
corresponding alcohols (43a + 43b), (44a + 44b) (from
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2-pyridyllithium addition) and (45a + 45b), (46a + 46b)
(from 2-bromo-6-lithiopyridine addition) (Scheme 11).
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Scheme 10.
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Scheme 11.

4.4.2 Synthesis of 2,2’-bis(1-
Hydroxyalkyl)bipyridines

In their work on the enantioselective synthesis of
several active pyridine derivatives, Bolm et al.
synthesized successfully chiral bipyridines by nickel(0)-
mediated homocoupling of enantiomerically pure 2-
bromo-6-(1-hydroxyalkyl)-pyridines, obtained by Ipc2BCl
reduction of prochiral ketones  (Scheme 12).38 Kabat et
al. also used this method to synthesize a C2-symmetric
bipyridine from (3R)-3-(2-bromo-6-pyridyl)-1,2;5,6-di-O-
isopropylidene α-D-glucofuranose.51
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Similarly, 34a and 34b were subjected to nickel-
catalysed coupling after preliminary protection, thus
yielding bipyridine 52. Subsequent desilylation afforded
53 quantitatively (Scheme 13). Compounds 56 and 57
were also prepared in high yields from 45b and 46b
respectively (Scheme 14).
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4.4.3 The Case of 2-Bromo-6-(1-
hydroxymenthyl)-pyridine
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In a like manner to the way we obtained ketones
41 and 42 (cf. scheme 11), we intended to synthesize
ketone 58 by addition of 2-bromo-6-lithiopyridine to
(1S,2S,5R)-1-cyano-2-isopropyl-5-methylcyclohexane 60.
The main goal was to synthesize 2,2’-bis(1-
hydroxymenthyl)bipyridines by homocoupling alcohols
59a and 59b isolated after  reduction of 58 with NaBH4

(Scheme 15). As discussed earlier, analogous ketones
have been synthesized previously in the Moberg group by
addition of 2-pyridyllithium to 60, which is obtained by
cyanation of the (1R,2S,5R)-(-)-menthol (L-menthol)
tosylate 61 (Scheme 9). Surprisingly, attempts to add 2-
bromo-6-lithiopyridine or the corresponding Grignard
reagent 6-(2-bromopyridyl) magnesium bromide to 60
failed. In both cases, 2-bromopyridine was isolated,
establishing evidence that the metallic derivatives did not
add. Possibly the steric demand of a 2-bromopyridyl
group is too great for addition to the cyano group in the
axial position to occur (Figure 16).

We thought that nitrile 62, having the cyano group
in an equatorial position, could be more reactive than 60.
We therefore tried to synthesize this compound from L-
menthol, according to a previously described procedure
(Scheme 16).52 Although tosylate 63 was obtained in a
satisfactory yield, it proved to be highly unstable and
readily decomposed upon standing. We also attempted to
synthesize 62 by epimerisation of 60. It was thought that
a strong base would be able to abstract the proton located
on the carbon bearing the cyano group, and subsequent
protonation would give 62 preferentially (presumed more
stable due to an equatorial cyano group) (Scheme 17).
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Figure 16. (1S,2S,5R)-1-cyano-2-isopropyl-5-methylcyclohexane.

However, attempts to epimerise 60, using a variety
of bases (n-BuLi, lithium diisobutylaluminium (DIBAL)
or sodium methoxide), proved fruitless and each time the
starting material was recovered unchanged.
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5. Synthesis of Chiral Pyridinooxazolinealcohols
and their Methyl Ethers - Application in

Metal Catalysed Asymmetric Synthesis

In the previous section, we described the synthesis of several 2-
(1-hydroxyalkyl)pyridines carrying one optically active substituent
(with one or more stereogenic centres) and the synthesis of some C2-
symmetric ligands (2,2’-bis(1-hydroxyalkyl)bipyridines) having two
identical chiral substituents. These types of ligands have found many
applications, notably they have proved to be very active in several
enantioselective processes. In our investigations on catalytic systems,
we envisaged that combining two different chiral substituents on
either side of the pyridine ring, and incorporating at the same time
another coordination site, could improve the selectivity of our ligands.
For example, tridentate ligands obtained by modification of 2,2-
dimethyl-1-(2-pyridyl)propanol via reaction with 1,1-diarylepoxides
were found to be very selective compared to the parent compound.31b

As will be seen later in this chapter, chiral 2-oxazolines, either
alone or in combination with other units, have proved to be very
effective ligands in organometallic catalysis. They can induce very
high enantiomeric excesses. Since they are easily accessible through
condensation of enantiopure amino alcohols with suitable precursors,
and since they provide an additional coordination site as well as an
extra stereogenic centre, we thought that they would be excellent
candidates for the second chiral unit for a chiral pyridyl alcohol
(Scheme 18).
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Scheme 18.
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Before going into more details concerning the synthesis of these
new ligands, we shall review briefly the chemistry of 2-oxazolines. Of
course, our goal here is not to burden the reader with excessive details
(which can be found in a variety of reviews),53 but more to give an
overview of these very interesting compounds. The topic of
bisoxazolines will be dealt with in Chapter 6.

5.1 Chemistry of 2-Oxazolines

Oxazolines have been known for many years. They were
first prepared in 1884,54 but only during the last thirty years has
the literature reflected the considerable interest in this field. A
noticeable acceleration in oxazoline research took place when
substituted β-amino alcohols became commercially available.

Due to their inertness to various reagents (RLi, RMgX,
LiAlH4, CrO3, mild base or acid), oxazolines have been used as
a masking group for carboxylic acids. The oxazoline can be
hydrolyzed to the carboxylic acid or ester in aqueous or
alcoholic HCl.55 The nitrogen of the oxazoline is basic and
forms quaternary compounds (oxazolinium salts) with alkyl
halides (often methyl iodide) that can be hydrolysed in a basic
medium to recover the acid (Scheme 19).56

2-Oxazolines also provide efficient and novel routes to
various organic molecules. The α-hydrogen atoms of an alkyl
group introduced in the 2-position are acidic and can be readily
replaced with other groups. In aromatic systems, the oxazoline
is an efficient director for o-lithiation of the benzene nucleus.
The resulting o-lithiooxazoline reacts as a nucleophile with
various electrophilic reagents. As we shall see later,
aryloxazolines derived from o-methoxy or o-fluoro benzoic acid
also undergo aromatic nucleophilic substitution.

N

O
R

N

O
R

CH3

CH3I

+
I-

NaOH
RCO2H

Scheme 19. Formation and base-mediated hydrolysis of an oxazolinium
iodide salt.
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The presence of a free electron pair on the nitrogen
makes also possible the use of the oxazolines as ligands for
transition metals. Indeed, they have been found in many
microbial metal chelators such as vibriobactin  and
mycobactin.57

Oxazolines are five-membered heterocyclic compounds
having one double bond. The double bond may be located in
three positions, giving rise to three different oxazoline rings.
The 2-oxazoline structure is the most common, whereas 3 and
4-oxazolines exist primarily as laboratory research compounds
(Figure 17).
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R32R
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Figure 17.

5.1.1 Some Utilisations of 2-Oxazolines58

5.1.1.1 Protecting Group and Transformations into
Other Functional Groups

As discussed earlier, due to their strong
stability toward organometallic reagents and
common reducing and oxidising agents (the
addition to the C=N bond is very slow), 2-
oxazolines are often used to protect acids. The
behaviour of 2-oxazolines toward most common
reagents has been largely reviewed by Greene and
Wuts in their book on protective groups in organic
synthesis.59

Hydrolysis of oxazolines with strong acids
or bases affords carboxylic acids. However, a
much smoother hydrolysis can give access to other
functional groups. Thus, 2-oxazolines can be
converted into aldehydes in a sequence involving
synthesis an oxazolinium salt, by reaction with
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methyl iodide or MeOSO3F, followed by reduction
with NaBH4 (Scheme 20).60
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Scheme 20.

Aromatic 2-oxazolines can also be converted
directly into nitriles by treatment with POCl3-
pyridine61 or into oxazoles by oxidation with NiO2

62

(Scheme 21).

N
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R

N
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R

NiO2

Scheme 21. NiO2 oxidation of oxazolines to oxazoles.

5.1.1.2 ΝΝucleophilic Substitution on Aryloxazolines

o-Methoxy and o-fluoro aryl oxazolines can
undergo nucleophilic substitution with a variety of
reagents such as alkoxides, lithium amides,
Grignard reagents or organolithium compounds
(e.g. Scheme 22). This method has been used for
the synthesis of a wide range of molecules, in
particular, the synthesis of unsymmetrical
binaphthyls. Meyers et al. prepared 65 by addition
of α-naphthyl magnesium bromide to 1-methoxy
naphthyl oxazoline (Scheme 23).63 Novak et al.
also used this method for the synthesis of the
biphenyl compound 66, a precursor to cannabinol
(Scheme 24).64
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5.1.1.3 Metalation and Electrophilic Substitution on
Aryloxazolines

The oxazoline ring is an excellent director
for o-metalation; the resulting nucleophilic species
can be treated with a wide range of electrophiles,
allowing functionalisations which sometimes are
not readily accessible by other means.65 Various
alkyllithium bases can serve this purpose, but n-
butyllithium is by far the most commonly used



44

(Scheme 25). If metalation is repeated, it can
readily give access to 2,6-disubstituted
aryloxazolines, which may be treated subsequently
to yield the carboxylic acid or some related
compound.
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Scheme 25. Metalation and electrophilic substitution on
aryloxazolines (E+ = electrophile).

5.1.1.4 Chiral 2-Oxazolines as Ligands for
Asymmetric Synthesis Catalysts

This is the feature of oxazoline chemistry
that interests us most in this thesis. Due to the
strong affinity of the oxazoline nitrogen for various
metals, 2-oxazolines readily form complexes
which can be used as catalysts in asymmetric
synthesis.

A procedure described by Meyers in 1974
uses a chiral oxazoline derivative 68 for the
reduction of ketones.66 68 is obtained from the
reaction of the chiral non-racemic 4-
hydroxymethyloxazoline 67 with LiAlH4 (Scheme
26). Of course, in this case the oxazoline ring does
not act as a chiral ligand but more as a chiral
auxiliary inducing asymmetry. Oxazoline alcohols
similar to 67 have also been used as ligands for the
addition of diethylzinc to aromatic aldehydes.67
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)2AlH2Li
LiAlH4

67 68
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Scheme 26.

Phosphorus-containing oxazoline ligands
have been used successfully in asymmetric
palladium-catalysed allylic substitution. Indeed,
several groups achieved good selectivity using
ligands such as 69 and 70.68 Ligand 71, having a
sulfur-containing heterocycle combined with an
oxazoline ring, has also proved to be effective in
this reaction (Scheme 27).69

Ph Ph
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Ph Ph

OMeMeO

OO

H3C
NSi(CH3)3

OSi(CH3)3

N

O

PPh2 N

O

PPh2R
R

[(η3-C3H5)PdCl]2, ligand

N

O

SPh

69

(MeOCO)2CH2, BSA, KOAc

BSA (N,O-Bis(trimethylsilyl)acetamide) =

R

70 71

Ligand =

Scheme 27. Asymmetric palladium catalysed allylic
substitution.

The combination rhodium-oxazolines also
constitutes a powerful tool for asymmetric
synthesis; Brunner et al. reported good selectivity
in rhodium-catalysed hydrosilylation of ketones,
using 72a and 72b. These ligands were obtained by
combining a chiral 2-oxazoline moiety with a
pyridine ring in the 2-position.70a,b,c They also tested
ligand 73, synthesized from quinoline (Scheme
28).70d More recently, some of these
oxazolinylpyridines were also tested in asymmetric
palladium-catalysed allylic substitution.71
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Nishiyama et al. also reported the synthesis
of some tridentate ligands (py-box (120))72 and
their applications in rhodium-catalysed
hydrosilylation.
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R R

[Rh(COD)Cl]2, Ph2SiH2
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Ligand =

72b

Py-Box

120

Scheme 28. Rhodium-catalysed hydrosilylation.

In combination with Cu(OAc)2, 72 has also
been used as a catalyst, for the monophenylation of
cis-cyclohexan-1,2-diol and meso-butan-2,3-diol
with triphenylbismuth diacetate (Scheme 29).73
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OH
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Cu(OAc)2, 72

Ph3Bi(OAc)2
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ee = 30%
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Scheme 29.

5.1.2 Preparation of Oxazolines
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5.1.2.1 Direct Methods

From carboxylic acids:

This process (the most inexpensive) involves
the reaction of an amino alcohol with a carboxylic
acid (aliphatic or aromatic) at high temperature
(Scheme 30). Water that forms during the reaction
is often removed by azeotropic distillation. Of
course, the NH2 and the OH groups of the amino
alcohol have to be located on adjoining carbon
atoms (β-amino alcohol). However, this method is
quite harsh and can be useless when there are
sensitive functionalities present in the molecule.

Another one-pot procedure, using much
milder conditions (the reaction is run at room
temperature), involves the use of
triphenylphosphine, triethylamine and an excess of
CCl4 in acetonirile.74 The reaction is believed to
proceed via an activated triphenyl-phosphonium
ester (Scheme 31).
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RNH2HOR
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+ ∆

Scheme 30.

NH2HOR
O

OH N

O
R

R
O

OPPh3

PPh3

Et3N/CCl4
CH3CN

+

Triphenyl-phosphonium ester intermediate:

Scheme 31.

From nitriles:

Witte et al. investigated carefully the use of
catalytic amounts of several Lewis acid for the
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direct transformation of nitriles to 2-oxazolines in
presence of β-amino alcohols. They achieved good
yields using ZnCl2, CuSO4, or Zn(AcO)2,2H2O at
moderate temperature (100-130°C).75 Similarly,
Bolm et al. synthesized various 2-oxazolines,
heating the reactants with ZnCl2 in chlorobenzene
for 24 hours.76 More recently, Clarke et al.
improved the procedure by running the reaction
under microwave irradiation.77 The reaction times
were much shorter than those for the previously
described procedures (15 minutes). The authors
demonstrated the versatility of this method for a
wide range of functional groups which were
compatible with the reaction conditions.

Due to its simplicity, this method is very
attractive. However, the purification has to be done
carefully to avoid any trace of residual metal salt,
which may easily catalyse further decomposition
of the oxazoline.78

5.1.2.2 Indirect Methods

From acid chlorides or esters:

Reaction of an acid chloride with a β-amino
alcohol provides an hydroxyamide which is then
transformed into the corresponding chloroamide by
treatment with thionyl chloride or oxalyl chloride
(C2O2Cl2)/DMF. The chloroamide is then subjected
to a base-mediated cyclization, affording the
oxazoline ring (Scheme 32). In some cases, acid
chlorides can be replaced by esters. Meyers et al.
achieved good yields using this method for the
synthesis of functionalized aromatic and aliphatic
acids.55 The chloroamide was cyclized using an
aqueous solution of NaOH (20%). Schow et al.
also applied this method for the synthesis of an
oxazoline-intermediate, which was used for the
total synthesis of milbemycim β3, an antibiotic.79

Direct cyclization can also be achieved directly
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from the hydroxyamide by reaction with o-
chlorophenylphosphoro[bis-(1,2,4)-triazolide] 74
(Scheme 33)80 or Me2SnCl2

81 under milder
conditions.
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From aziridines and epoxides:

An alternative procedure, involving the
condensation of carboxylic acid derivatives with
aziridines followed by rearrangement, also
provides the mild conditions sometimes required
for the formation of oxazolines (Scheme 34).82 The
rearrangement of the acylaziridine is often
performed smoothly in ether or dichloromethane in
presence of a catalytic amount of sulfuric acid (0.5
- 3 mol%) at room temperature for 6-16 hr.
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In an analogous approach, epoxides have
also been used. Together with trimethylsilyl
cyanide, in presence of a Lewis acid (AlCl3 or
ZnI2), they form a trimethylsilyl ether of a β-
hydroxy isonitrile, which is subsequently
deprotected by KF. Final transformation, using a
catalytic amount of PdCl2, affords the 2-oxazoline
ring (Scheme 35).83
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(H3C)3SiO
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O
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ZnI2 or AlCl3

KF PdCl2

Scheme 35.

From nitriles via imidates:

Another common method for the synthesis
of 2-oxazolines involves the acid-catalysed
condensation of β-amino alcohols with imidates
(Scheme 36).84 The imidates can be synthesized
from the corresponding nitrile in different ways.
Treatment of a nitrile, dissolved in methanol or
ethanol, with a catalytic amount of sodium
methoxide or sodium ethoxide, often affords good
yields.85a An alternative procedure involves passing
of HCl gas through a solution of the nitrile in
dichloromethane.85b,c In all these procedures,
incursion of water must be carefully avoided to
prevent hydrolysis of the freshly formed imidate
into an unreactive ester.
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Scheme 36. Synthesis of 2-oxazolines via imidate and
proposed mechanism.

5.2 Synthesis of Chiral 2-(1-Hydroxyalkyl)-6-
(4,5- dihydro-2-oxazolyl)pyridines
Derived from 2,2-Dimethyl-1-(2-pyridyl)-
1-butanol

We wanted to synthesize 2-pyridinooxazolinealcohols
from 2,2-dimethyl-1-(2-pyridyl)-1-butanol (Figure 18). For this
purpose, we considered four synthetic pathways. Two pathways
(A and A’) involved primary synthesis of the pyridine-
oxazoline unit, followed by subsequent introduction of the
hydroxyalkyl unit, whereas in the other two (B and B’), the
formation of the pyridinealcohol unit preceded the introduction
of the oxazoline ring.

N

OH

O

N

R'
R
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Figure 18.

Synthetic pathway A:

We planned to build the oxazoline ring by reaction of a
chiral β-amino alcohol with an imidate, derived from a cyano
group introduced in 6-position of the pyridine ring. Subsequent
condensation of this newly formed unit onto pivalonitrile (via
metal-halogen exchange) was supposed to yield a ketone which,
in an ultimate step, would be reduced into the desired
compound. The chirality present in the oxazoline ring was
expected to influence the stereochemical outcome of the
reduction (Scheme 37).
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R'
R

O

Scheme 37. Synthetic pathway A.

The starting compound, 2-bromopyridine, was
transformed into 6-cyano-2-bromopyridine in a sequence
involving oxidation by m-CPBA (meta-chloroperbenzoic acid)
to the corresponding N-oxide, followed by treatment with
dimethyl sulfate (CH3O)2SO2 and sodium cyanide (NaCN).86

The resulting nitrile was then stirred in methanol with a
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catalytic amount of sodium methoxide, affording an imidate
which was subsequently converted into an oxazoline (Scheme
38). Although we achieved good yields up until this stage of the
procedure, the metal-halogen exchange step, either with n-BuLi
or t-BuLi, did not prove to be successful. Possibly a competitive
alkylation of the pyridine ring caused this failure. Comparable
alkylations have been previously reported for the metalation of
related systems.87

N Br N Br
O

N BrNC

N Br
HO NH2

O

N

R R'R'R

m-CPBA 1) (CH3O)2SO2

2) NaCN

1) NaOMe

2)

Scheme 38.

Synthetic pathway A’:

This synthetic sequence is very similar to the one
described previously (Scheme 39). The only difference lies in
the fact that the chiral unit pyridine-oxazoline is condensed onto
pivalaldehyde, thus giving direct access to the new stereogenic
centre. The chirality in the oxazoline ring was expected to
influence the stereochemistry at the newly formed stereocentre.
However, since metal-halogen exchange proved to be
ineffective, this approach was not investigated further.
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Scheme 39. Synthetic pathway A’.

Synthetic pathway B:

In this approach, the key step is the resolution of rac-21
(obtained from the addition of 2-lithiopyridine onto
pivalaldehyde). In a second stage, the cyano group is introduced
in the 6-position of the pyridine ring, for further transformation
into an oxazoline ring.

However, as previously discussed in Chapter 4 (cf.
“resolution of racemic mixtures”), attempts to resolve rac-21
proved to be fruitless and therefore, we opted for method B’.

Synthetic pathway B’:

In this approach no preliminary resolution of rac-21 was
required since an “automatic” resolution was to occur in the
course of the last reaction. Compound rac-21 was oxidised to
the N-oxide rac-75, which was converted into the nitriles rac-
76a and rac-76b by the action of trimethylsilylcyanide and
dimethylcarbamoyl chloride, according to a previously
described method.88 Both nitriles were successfully converted
into imidate rac-77 by raction with sodium methoxide, which
was then converted into diastereomeric oxazolines by reaction
with the appropriate amino alcohol. Thus, use of (S)-valinol
afforded a diastereoisomeric mixture of 78a and 78b, whereas
79a and 79b were obtained from (R)-2-phenylglycinol (Scheme
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40). Eventually, diastereoisomers of 78 and 79 were separated
by flash chromatography on silica gel. The absolute
configurations of the new stereogenic centres were determined
by correlation with the chemical shifts of esters, prepared from
the chiral alcohols and (R)-O-methylmandelic acid.89

The methyl ether derivates 78c,d and 79c,d were readily
prepared by methylation of 78a,b and 79a,b respectively, using
sodium hydride and methyl iodide (Scheme 40).

Using the same sequence, we also synthesized
diastereoisomers 81a and 81b, starting from a racemic mixture
of 1-(2-pyridyl)ethanol, obtained by addition of 2-lithiopyridine
onto acetaldehyde (Scheme 41). However, exchanging a t-butyl
group for a methyl group afforded diastereoisomers that we
were unable to separate. Therefore, in this case, an initial
enzymatic resolution of racemic 1-(2-pyridyl)ethanol39a (cf.
chapter 4) would be a preferable route.

In an analogous procedure, ligands 82a and 82b were
prepared starting from ketone 83, obtained by addition of 2-
lithiopyridine to pivalonitrile. The required tertiary pyridyl
alcohol rac-84 was synthesized by reaction of 83 with
methylmagnesium iodide (Scheme 42). Both ligands could also
be separated by flash chromatography on silica gel.

During the chromatographic separation of 78a and 78b,
slow hydrolysis of 78b (the second eluted isomer) into 80,
occured on the column (Scheme 43). Surprisingly, this
hydrolysis did not affect 78a. Apparently, the amount of 80
depended largely on the chromatographic separation time; that
is, the slower the elution, the more hydrolysis. Repeated
chromatography resulted in complete hydrolysis of 78b. To a
certain extent, this phenomenon was also observed for 79b, that
is the isomer staying longer in contact with the silica gel.
However, in this case, hydrolysis was much slower and no trace
of hydrolysis products was detected after two flash
chromatographic separations.
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Scheme 43. Oxazoline ring opening on silica gel.

A possible explanation for this behaviour is likely to be
found in the conformation of the ligands. Some recent studies in
the group have demonstrated that in their most stable
conformation the carbon-oxygen bond in 2-(1-hydroxyalkyl)-
pyridines is parallel to the pyridine ring with the heteroatoms
syn or anti to each other depending upon whether the alcoholic
proton is hydrogen-bonded to the pyridine nitrogen or not.90 In
the present situation, in contact with silica gel, the pyridine
nitrogens are assumed to no longer be hydrogen-bonded to the
alcoholic protons, but instead to those of the hydroxy groups
present at the surface of the gel. Thus, the alcoholic hydroxy
group is thought to adopt an anti conformation with a transoid
arrangment of the diaza system in order to reduce electron
repulsion. Therefore, in the case of 78b and 79b, the two bulky
groups are assumed to be located on the same side of the plane
defined by the two rings and the ligands are expected to be
more strongly absorbed on silica gel, thus eluting more slowly
than their epimers (Figure 19). This also explains why only the
second eluted diastereoisomers undergo hydrolysis.
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H
N

HO

H O

N Ph

78b 79b

Pyridine ringOxazoline ring

Isopropyl tButyl

Pyridine ring Oxazoline ring

Phenyl
tButyl

Silica gelSilica gel

Figure 19. Absorbtion of 78b and 79b on silica gel.

5.3 Synthesis of Chiral 2-(1-Hydroxyalkyl)-6-
(4,5- dihydro-2-oxazolyl)pyridines
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Derived from (R)-[(1S,2S,5R)-1-(2-
Isopropyl-5-

methyl)cyclohexyl](2-pyridyl)methanol (30)

Starting from 30, readily available from L-menthol (cf.
chapter 4),48 we synthesized 85a using the sequence described
for the transformation of rac-21 into 78 and 79 (Scheme 44).
During the last step, epimerization at the benzylic position
occurred upon prolonged reaction time, thus giving access also
to 85b. Ligand 86a was obtained using (S)-valinol. It should be
noted that in this case no epimerization was observed.
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Scheme 44.

5.4 Application to Enantioselective Addition
of Diethylzinc to Aldehydes

Carbonyl groups play a central role in synthesis owing to
their well developed chemistry. It is no surprise that the
asymmetric reactions of the carbonyl group provide perhaps the
largest set of reactions capable of accessing enantiomerically
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pure compounds. Carbonyl compounds can undergo a multitude
of reactions. The α-centre can function as a nucleophile,
resulting in alkylation reactions and aldol type addition
reactions with a second carbonyl functionality. In α,β-
unsaturated carbonyl compounds the β-carbon is electrophilic,
and 1,4-additions give rise to a further class of substituted
carbonyl groups. Direct attack at the carbonyl carbon also
provides other types of reaction. Carbonyl functionalized
compounds can also undergo reduction (hydride addition) or
nucleophilic addition of alkyl, allyl groups, etc.

In order to generate a chiral centre from a carbonyl group
one has in principle two alternatives. The first one, as seen
earlier in the section concerning the synthesis of chiral pyridyl
alcohols, is the reduction of the ketone with a suitable chiral
hydride reducing agent. Another choice is the formation of a
new C-C bond from an aldehyde, through chiral delivery of a
nucleophile R’- (Scheme 45). The two faces of an
unsymmetrically substituted achiral carbonyl compound (like an
aldehyde, RCHO) are enantiotopic. Direct nucleophilic attack
on such carbonyl group can give rise to two possible
enantiomers, depending on which side the attack occurs. The
carbonyl group is said then to be prochiral.
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R
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R'
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R
R'

H

H-

(X = R')
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R'-

C-C bond formation

Reduction

Scheme 45.

5.4.1 Background
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The addition of organometallic reagents to
aldehydes provides a powerful method for the generation
of secondary alcohols. One can simultaneously construct
a new chiral centre and a new carbon-carbon bond.
Although development of an asymmetric version of this
reaction has met limited success so far, the addition of
alkyllithium and Grignard reagents to aromatic aldehydes
has been successfully achieved in presence of a proline-
derived diamine ligand,91,92 thereby giving access to
enantiomerically enriched products. Coordination of this
ligand to the organometallic species gives rise to chiral
complexes capable of enantiofacial differentiation on the
aldehyde targets. In fact, the addition of the alkyl group
proceeds via two diastereoisomeric transition states of
different stability (one for each enantiotopic face), and
therefore gives one enantiomer preferentially (Figure 20).
Although these methods provide very good selectivity, at
least a stoichiometric amount of the ligand is needed
because of the competing uncatalysed reactions, which
produce racemic material.

O

R
H

Enantiotopic faces 
No stereocenters

achiral 
reagent

chiral 
reagent

Enantiomeric Diastereomeric 
transition states

Figure 20.

Organozinc reagents are surely among the oldest
known organometallic compounds. The first synthesis of
diethylzinc was reported in 1849.93 Even if organozinc
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reagents react relatively sluggishly with aldehydes, this
reactivity can be enhanced by coordination to a ligand.
Mukaiyama et al. reported in 1978 the addition of
diethylzinc to benzaldehyde in the presence of a β-amino
alcohol derived from (S)-proline.91a Even though they did
not achieve any chiral induction, the ligand did accelerate
the reaction and the yields were satisfactory (76%)
(Scheme 46). Later, Oguni et al. reported an asymmetric
induction for the same reaction in presence of a catalytic
amount of (S)-leucinol (a primary amino alcohol) giving
(R)-1-phenylpropanol ((+)-87a) in 48.8% ee.94a The first
highly enantioselective addition of dialkylzincs to
aldehydes was achieved by Noyori et al. using a β-
tertiary amino alcohol, (-)-3-exo-
(dimethylamino)isoborneol (DAIB) (88).94b This ligand
turned out to be very active since it afforded (+)-87a in
98% yield and 99% ee. Since then, many ligands have
been developed, not only for the enantioselective addition
of diethylzinc to benzaldehyde95 (Figure 21), but also for
many other organozinc reagents.96
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5.4.2 Mechanistic Aspects

Monomeric dialkylzinc compounds have an sp-
hybridized linear geometry and are inert to simple
carbonyl derivatives, because the alkyl-metal bond is
nonpolar. Indeed, compounds like dimethylzinc, having a
linear structure with a 1.95 Å bond length between the
zinc and carbon atoms, do not add to aldehydes.
However, replacement of one of the alkyl substituents
with an alkoxide produces a much more reactive species.
Part of the reason for this increase in reactivity is the
rehybridization of the zinc from linear to bent and a
change of the coordination geometry to tetrahedral. The
bond length between the zinc and carbon atoms becomes
longer, resulting in a decrease in the bond energy and an
increase in the nucleophilicity of the alkyl group.
According to Noyori et al., the reaction involves an
active dimeric complex (2 ligands + 2 Zn) which is
cleaved into a binuclear zinc complex (1 ligand + 2 Zn)
by addition of extra dialkylzinc (Scheme 47).95d This new
dinuclear complex binds benzaldehyde at its vacant
coordination site, whereupon a further dissociation to a
mononuclear unsaturated zinc species occurs before the
alkyl transfer to the carbonyl carbon takes place.
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In some cases the optical purity of the alcohols
obtained can be higher than that of the chiral catalyst
used. This asymmetric amplification is explained by the
fact that the major enantiomer of the catalyst forms a
stable dimeric meso-type complex with the minor
enantiomer of the catalyst, whereas the rest of the major
isomer forms a more reactive dimeric complex (with the
same configuration at both chiral centres) which
catalyses the reaction. This phenomenon is represented in
Scheme 48 for nonenantiomerically pure DAIB.

The active species is not necessarily always a
dimer. In 1990, Corey et al. described the synthesis of an
active monomeric complex 89 obtained by mixing
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diethylzinc with one equivalent of ligand. The stable
complex was purified by recrystallization, and catalysed
efficiently the addition of diethylzinc to benzaldehyde
(Scheme 49).95g
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5.4.3 Enantioselective Addition of Diethylzinc to
Aldehydes Catalysed by
(Hydroxyalkyl)pyridinooxazoline

Ligands 78 and 79 were tested in the addition of
diethylzinc to benzaldehyde (90a) and p-
chlorobenzaldehyde (90b) (Scheme 50). The results are
compiled in table 1.

Table 1. Asymmetric addition of diethylzinc to aldehydes
catalysed by chiral pyridylcarbinols.

Ligand Substrate ee (%) yield (%) abs conf
78a 90a 81 85 S
78a 90b* 76 40 S
78b 90a 40 68 R
79a 90a 88 95 R
79a 90b* 81 83 R
79b 90a 71 84 S
1531b 90a 26 24 R

Reaction conditions: 2 mmol aldehyde, 4 mmol Et2Zn, 0.1 mmol
ligand, 4 ml hexane, 4 ml toluene, 0 °C, 24 h. *: room temperature



67

As for the addition of diethylzinc to benzaldehyde
catalysed by pyrrolidinylmethanols,97 the sense of the
enantioselectivity is determined by the configuration of
the asymmetric carbon atom bearing the hydroxy group.
Thus 78a yields (S)-(-)-1-phenylpropanol ((-)-87a),
whereas 78b afforded (R)-(+)-1-phenylpropanol ((+)-
87a). This effect was even more pronounced with ligand
79a, affording (+)-87a in 88% ee and high yield (95%).
This is in accordance with the results obtained with 15,
having a (R) configuration. The same observation was
made earlier by Chelucci et al.31c

 and Hoshino et al.31b

when they ran the same reactions with chiral pyridyl
alcohols. It is also important to note that 1531b gives a
lower ee than to ligands 78 and 79. This result indicates
that an improvement of the stereodifferentiating ability of
2-pyridylcarbinols could be obtained by introduction of a
substituent on the 6-position of the pyridine ring.
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This tendency was also observed by Bolm et al.
with (R)-91,31a affording (+)-87a in 93% ee and 73%
yield. However, in 91, the second substituent on the
pyridine ring is a phenyl group and therefore does not
permit additional chelation. When they instead
substituted a second pyridine ring into the 6-position,
lower enantioselectivities were achieved. They
rationalised that the presence of an additional chelating
moiety led to the formation of several competing
catalytically active complexes. In our case, the ligands
also contain an extra coordinating unit, but the observed
enantioselectivity is much higher. One explanation could
be that the oxazoline nitrogen does not coordinate to the
zinc atom and therefore the oxazoline ring acts more as a
chiral substituent enhancing the selectivity. On the other
hand, oxazolines do coordinate to zinc98 and furthermore,
in our ligands the oxazoline nitrogen is appropriately
situated for such coordination to occur. In order to
understand this behaviour and to investigate the stucture
of the active species involved, we prepared the zinc
complex of 78a by mixing diethylzinc with 1 equivalent
ligand. Although we were able to assign the signals of the
1H and 13C NMR spectra, we did not succeed in getting
X-ray quality crystals which would have allowed a
structural characterisation. Therefore, one cannot say if
the active complex has a dimeric or a monomeric
structure.

N

OH

(R)-91

5.5 Application to Palladium-catalysed 
Asymmetric Allylic Alkylation
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Over the past three decades, considerable advances in
organic synthesis have occurred via the use of transition metal
complexes. Among the transition metal complexes used for
organic syntheses, those of palladium have a unique position.
Before its introduction in 1960 as a catalyst in the Wacker
process, in which ethylene is transformed into acetaldehyde,
palladium was mainly used as a hydrogenation catalyst. Since
then, many synthetic reactions using palladium have been
discovered,99 and palladium-based reagents and catalysts have
become indispensable tools for organic synthesis. A particularly
versatile and widely used class of palladium-catalysed reactions
is nucleophilic allylic substitution (Scheme 27). The search for
efficient enantioselective catalysts for this kind of
transformation is an important challenge in this research area100

and major efforts have been devoted to the development of
highly selective ligands, so vital for the transfer of chirality.

5.5.1 Background

Historically, the first discovery of the activity of π-
allyl palladium complexes toward nucleophiles can be
attributed to Tsuji. In 1965, he reported the reaction of
(π-allyl)palladium chloride with carbonucleophiles, such
as malonates, acetates, and enamines - offering thereby a
new method for sp3-sp3 carbon-carbon bond formation.101

In the early 1970’s, a catalytic variant of this reaction,
using amines as nucleophiles, was introduced by Walker
et al.102 Later, Trost et al. reported the first asymmetric
palladium-catalysed allylation.103 However, this reaction
was stoichiometric but a year later the same group
reported a catalytic variant affording 46% ee. Since then,
the reaction has been widely studied and many
applications have been found.104

5.5.2 Mechanistic Aspects

The asymmetric allylation can proceed in different
ways, depending on whether the nucleophile is soft or
hard (Scheme 51).104a,105 The first step involves the
oxidative addition of the allylic substrate to Pd0,
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transformed thereby into PdII and affording thus a η3-allyl
palladium complex. This step proceeds with inversion of
configuration. The second step is the nucleophilic attack
on the η3-allyl complex. It is not clear whether the neutral
species or the cationic complex is involved in this step.104b

The nature of the counter ion is certainly an important
parameter.106 However, it seems that the cationic complex
is favoured in presence of bidentate phosphine ligands
and it is reasonable to assume that this is also the species
involved when other bidentate ligands are used. Soft
nucleophiles add externally with inversion of
configuration at the addition centre, thus leading to a
product with overall retention of configuration, whereas
hard nucleophiles coordinate first to palladium before
attacking the π-allyl group from the side where palladium
is located. This leads to an overall inversion of
configuration. During this last step, PdII is transformed
into Pd0, thus completing the catalytic cycle.
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Scheme 51. Catalytic circle of the palladium-catalysed allylic
substitution with soft (a) and hard (b) nucleophiles.

5.5.3 Metals and Ligands in Catalysed
Asymmetric Allylic Alkylation

Even if most of the work in this field has been
devoted to palladium, other transition metals have been
used. Rhodium,107a cobalt,107b nickel,107c iron,107d tungsten107e

and molybdenum107f also promote allylic substitution.

The nature of the chiral ligand used is very
important. Indeed the outcome of the reaction,
particularly the stereochemical outcome, is very
dependant on the nature of the ligand. The
stereoselectivity of the reaction is deeply affected by the
interaction between the nucleophile and the ligand. The
interaction between the ligand and the allylic unit, after
the nucleophilic attack, also influences the
regioselectivity.108 The nature of the electron-donating
atoms present in the ligand is also an important
parameter. The different properties of the donor atoms
are transmitted to the allylic substrate through the metal.
Phosphorus and nitrogen atoms do not have the same
effect on bond lengths and energies of the complex (e.g.
trans-influence effect), and therefore one centre in the
substrate will be more sensitive that the other one
towards nucleophilic attack. Many ligands have been
used, but it is not possible to say which is the best one in
general since the outcome of the reaction is largely
affected by the nature of the substrate, the nucleophile,
the solvent and the counter ions. However it is fair to say
that, so far, phosphine ligands have been the most
employed. Surely due to their ability at stabilising metal
complexes.109 In figure 22, some chiral ligands which
have been successfully used in allylic alkylations are
represented. As we have seen earlier in this chapter,
oxazoline rings, in combination with phosphorus or
sulfur-containing units, also constitute a class of ligands
exhibiting high selectivity.68,69 Beside this, the
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combination of two oxazoline rings has also proved to be
a very effective way of synthesizing ligands inducing
high enantioselectivity.108c
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Figure 22. Some chiral ligands used in allylic alkylation.

5.5.4 Substrate and Nucleophile
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Although allylic alkylations with cyclic allylic
substrates have been quite successful,110 1,3-diarylallyl
substrates remain the most frequently used. Among them,
1,3-diphenylallyl acetate is by far the most widely
employed and the most reactive substrate. In the resulting
complexes, the phenyl groups prefer a syn configuration
and thus, two complexes each with two different allylic
termini can be formed (Scheme 52). With C2-symmetric
ligands, the two π-allyl palladium complexes are
identical and the stereochemical outcome is determined
only by which of the allylic termini that the nucleophile
attacks. In the case of a C1-symmetric ligand, the two
complexes are different.
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Scheme 52.

The nucleophile also plays an important role in the
reaction outcome. Hayasi et al. have reported excellent
results of palladium-catalysed asymmetric allylic
alkylations using acetylacetone as a nucleophile (96%
ee), whereas a similar reaction using dimethyl malonate
gave only modest selectivity (46% ee).111 It also seems
that the manner which the nucleophile is generated
affects the selectivity.
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The anion derived from dimethyl malonate is often
used as a nucleophile. It is generated in situ by action of
N,O-bis(trimethylsilyl)acetamide (BSA) on dimethyl
malonate.112 It is noteworthy to add here that heteroatom
nucleophiles can also be used in very similar reactions.
For instance, allylic amination can be achieved, using
amines as nucleophile, with very high selectivity.113

5.5.5 Allylic Substitutions

Allylic substitution of rac-1,3-diphenyl-2-propenyl
acetate (rac-101) was carried out according to a
previously described procedure.114 The catalyst was
prepared in situ from 2.5 mol% of bis[(π-allyl)palladium
chloride] and 5 mol% of ligand in CH2Cl2 at 50 °C in a
sealed flask. The substitution reaction was performed at
room temperature and the nucleophile was generated as
specified above, i.e. from dimethyl malonate and BSA
and a catalytic amount of KOAc (Scheme 53).

Ligands 78, 79, 82, 85, 86 and 102 were tested in
the reaction (Figure 23). The results are compiled in table
2. The reactions proceeded smoothly to give 103 in high
yields (67-92%) after a reaction time of four days.

Ph Ph
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Ph Ph

OMeMeO

OO

[(η3-C3H5)PdCl]2, 

(MeOCO)2CH2, BSA, KOAc 
78, 79, 82, 85, 86 and 102

rac-101 103

Scheme 53.

The absolute configuration of the chiral centre in
the oxazoline ring seemed to determine the absolute
configuration of the product. Ligands with S-
configuration at that centre gave (S)-103, whereas those
with R-configuration resulted in (R)-103. The substituents
on the chiral centre next to the pyridine ring enhanced or
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reduced the enantiomeric excess depending on the
absolute configuration at that centre. The nature of these
substituents affected the amount of the enhancement or
reduction. Comparison of the alcohols carrying a t-butyl
group with those carrying a neomenthyl group revealed
that the more sterically demanding neomenthyl group
gave considerably larger differences in the
stereocontrolling efficiency between the diastereomeric
ligands.

Table 2. Enantioselective allylation of rac-101 with dimethyl
malonate.

Entry Ligand Yielda(%) eeb(%)
1 79a 81 95 (R)
2 79b 96 90 (R)
3 79c 67 15 (R)
4 79d 97 >99 (R)
5 85a 83 >99 (R)
6 85b n.d. 39 (R)
7 78b 79 78 (S)
8 78a 96 91 (S)
9 78d 91 99 (S)

10 78c 85 33 (S)
11 86a 91 45 (S)
12 82a 0 -
13 82b 0 -
14 102 97 50 (R)

a Isolated yield after chromatography (n.d = not determined). b

Determined by HPLC analysis of 103 with a chiral column
Chiralcel-OD.

The difference was only moderate when 2-
hydroxy-2,2-dimethyl-propyl groups were used. Ligands
79a and 79b gave (R)-103 with 95 and 90% ee
respectively (entries 1 and 2), and 78b and 78a gave (S)-
103 with 78 and 91% ee respectively (entries 7 and 8). A
more sterically demanding ligand such as neomenthyl
enhanced the differences in the stereocontrolling
efficiency between the diastereoisomeric ligands. Ligand
85a gave (R)-103 with over 99% ee, while 85b gave the
same compound with only 39% ee (entries 5 and 6
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respectively). This trend is confirmed by comparing 78b
and 86a (entries 7 and 11), a more sterically demanding
group improves the efficiency of the most effective
diastereoisomer.

With the O-methylated ligands, an even more
dramatic difference in the stereochemical outcome of the
reaction was observed (entries 3 and 4, 9 and 10). The
reaction afforded (R)-103 with over 99% ee when using
79d while 79c only gave 15% ee. It is noteworthy to
mention that with the ligands containing an ether
function, the highest induction was obtained for ligands
having opposite absolute configurations at the two
stereogenic centres, in contrast to observations made for
the alcohol ligands.
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The two diastereoisomeric ligands 82a and 82b,
each with a tertiary alcohol group, were also tested as
ligands in the allylic substitution reaction. However, no
product was isolated under the usual reaction conditions,
and the starting material was recovered quantitatively.
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Possibly, these ligands are too sterically crowded to
permit a simultaneous coordination of both substrate and
ligand to palladium.

Eventually, pyridinooxazoline 102 was synthesized
and tested as a reference. Even though the reaction
proceeded much faster than with the previous ligands (24
h), an ee of merely 50% was observed (entry 14).

5.5.6 Conformation of the Ligands

The dramatic difference in selectivity between the
alcohol derivatives and the corresponding methyl ethers
can be rationalised by considering the conformation of
the ligands in the catalytically active complexes. As
mentioned in section 5.2, 2-(1-hydroxyalkyl)-pyridines
adopt a planar syn or anti conformation depending on
whether the alcoholic proton is hydrogen-bonded to the
pyridine nitrogen or not. The situation is similar for the 2-
(1-alkoxyalkyl)pyridines except that the heteroatoms are
anti to each other. In the present situation, the most
efficient alcohol ligands have an (R,R)* configuration,
whereas the most active ether ligands have an (R,S)*
configuration. Thus it seems likely that the alcohol
ligands and the O-methylated ligands adopt different
conformations after coordination. While not particularly
obvious, the presence of the palladium atom makes
impossible any hydrogen bonding between the alcohol
and the pyridine nitrogen and, therefore, for the hydroxy
ligands the heteroatoms should also be anti to each other.

In order to obtain information about the
conformation of the ligands in the complexes involved in
the catalytic reaction, complexes 104 and 105 were
prepared from 78a and 78c respectively, and their NMR
spectra studied. Assignments of all important carbon and
proton signals were made through the combined use of
1H,1H-COSY, 13C,1H-COSY and 1H-NOESY experiments.
The pattern displayed by 105 showed the existence of
two complexes, possibly isomers, and, surprisingly, the
presence of a non-deprotonated alcohol function.
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We also observed some interesting NOE
interaction were also observed from the t-butyl group to
Ha’, Hs’ and the proton in the 3-position of the pyridine
ring H3 in both complexes (Figure 24). The hydroxy
proton in 104 showed an interaction with Hs’, whereas no
interaction was observed between the methoxy protons
and Hs’ or Ha’ in 105. The methoxy group instead interacts
with H3, whereas in 104 no equivalent interaction
between H3 and the hydroxy proton was observed. NOE
effect between the benzylic proton and Ha’ was observed
only in 105.
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Figure 24. Conformation of complexes 104 and 105, as deduced
from NOE experiments.

From the results obtained from these NMR
investigation, one can conclude that for the most efficient
ligands, the two bulky groups (one on the oxazoline ring
and the other on the pyridyl alcohol part) are located at
opposite sides of the plane defined by the heterocyclic
rings in complexes derived from both the O-methylated
and the hydroxy ligands. This assumption implies that π-
allylpalladium complexes A and B (Figure 25) are those
expected from alcohol 79a (R,R)*, whereas C and D are
those for 79d (R,S)*, each of them affording higher ee
than the diastereomers 79b (R,S)* and 79c (R,R)*,
respectively.

Since the absolute configuration of the products
formed in the reaction can be determined, once the
structure of the active complex is known, the site of
preferred nucleophilic attack can be ascertained (the
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arrows in figure 25). In this type of reaction, the most
stable complex usually reacts faster to lead to the major
product enantiomer. However, this is not always the case
and under Curtin-Hammett conditions the less stable
complex may react preferentially.115 However,
preliminary NOE experiments indicate that A and C are
the preferred complexes. This suggests that the
nucleophile attacks trans to the oxazoline ring.

Our present efforts are oriented towards the
preparation of X-ray quality crystals of the active
complexes, in order to permit a structural
characterisation. Assuming that the solid-state structure
mirrors that in solution, this would give a more accurate
picture of the substrate-catalyst complex.
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Figure 25. Both diastereoisomers of the π-allylpalladium
complexes of ligands 79a and 79d. The arrows indicate the allylic
terminus which is attacked to result in the major enantiomeric
product.

5.6 Rhodium-Catalysed Hydrosilylation

As discussed earlier, the combination of oxazolines and
pyridines has been used for the synthesis of active ligands in the
rhodium-catalysed reduction of ketones with hydrosilanes. Of
particular interest were the 2-oxazolylpyridines, which induced
very high enantioselectivity.70
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It therefore seemed pertinent to study the effect of a
second stereogenic centre in the ligand. Therefore,
hydrosilylation of acetophenone (106) was performed in the
presence of ligands 78c and 78d, and [Rh(COD)Cl]2 (Scheme
54).

O OH[Rh(COD)Cl]2, Ph2SiH2

78c,78d

106 107

Scheme 54.

In both cases, only racemic alcohol (107) was isolated.
One reason for this result may be that these ligands are too
bulky to permit coordination to Rh(I), the reaction proceeding
instead via a route which does not involve the chiral ligand.
This explanation is in accordance with the recent results of
Brunner et al. in a study describing the use of similar ligands in
enantioselective hydrosilylation of acetophenone.116 They
showed that ligands 123a and 123b (Figure 26) did not lead to
significant enantioselectivities. A similar reason was proposed
to explain this lack of selectivity - steric hindrance inhibiting
the complexation of 123.
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6. Synthesis of a Chiral Supramolecular Ligand 
with both a Metal Complexation Centre and a
Passive Binding Site

6.1 The Concept of Supramolecular
Chemistry

Since the early work of Pedersen,117a,b Cram,117c and
Lehn,117d the field of supramolecular chemistry, also called host-
guest chemistry, has grown tremendously. It is a highly
interdisciplinary field covering the chemical, physical, and
biological features of complex structures composed of several
molecules. Therefore, supramolecular chemistry is located at
the intersection of several areas and it has developed into a
body of new concepts which has progressively generated novel
areas of investigation.

Supramolecular species are formed by the aggregation of
several components held together by non-covalent bonds. They
are characterised both by the spatial arrangement of these
components, their architecture, and by the nature of the
intermolecular bonds that hold the constituents together. They
possess well-defined structural, conformational,
thermodynamic, kinetic and dynamical properties. Various
types of interactions govern the structure of these associates.
Thus, weak forces such as hydrogen bonds, ion-dipole and
dipole-dipole interactions, van der Waals interactions are often
encountered. As described by Lehn, supramolecules represent
the next level of complexity of matter after the elementary
particle, the nucleus, the atom and the molecule.118 A parallel
can be drawn with natural language and one might say that the
atom, the molecule, the supramolecule would be the letter, the
word and the sentence in the language of chemistry!

The strength of the interactions present in a
supramolecule are, in general, weaker than covalent bonds,
therefore they are thermodynamically less stable and
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dynamically more flexible than molecules. The bond-strengths
range from weak (e.g. hydrogen bonds) to strong or very strong
for metal ion coordination. The former provides associations of
the type enzyme-substrate, whereas the latter lies in the area of
antigen-antibody interactions.

6.2 Supramolecular Chemistry as a Tool in 
Catalytic Asymmetric Synthesis -

Bimetallic Complexes

Recently, in the field of catalytic asymmetric synthesis, a
new type of chiral ligands has been designed and synthesized so
as to interact with the reacting substrate by means of secondary
interactions between functional groups on the substrate and the
chiral ligand.119 Such a secondary interaction between the
reacting substrate and an additional recognition site suppresses
the degrees of freedom in the transition state and makes easier
to control the stereochemistry of the product. An interesting
feature of these ligands is their resemblance to enzymatic
systems in the way they can stereodifferentiate substrates. Until
now, various molecular catalysts able to mimic some basic
enzyme functions have been designed and studied. Among this
new class of ligands, interesting molecules have been designed
to position two metals with differing properties. A “hard”
alkaline cation with low polarizability and a “soft” transition
metal cation, allowing metal-catalysed asymmetric
transformations, have therefore been introduced in two different
binding sites of the ligands.

In order to allow different complexations, such ligands
must possess two cavities different in nature. Thus, the alkali
metal cation is often (but not always) complexed with a crown
ether or an azacrown ether unit, whereas the transition metal
cation can be complexed with units derived from conventional-
type ligands used in asymmetric catalysis. In some cases, a
pendant chain bearing a group at the terminal position (e.g. an
alcohol or an amine), capable of hydrogen bonding to a hard
cation, can also provide a passive binding site.

Even though supramolecular catalysts with
organometallic functions have not been studied to a large
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extent, the combination of hard-soft coordination sites has been
successfully used in some cases in metal-catalysed asymmetric
synthesis. For instance, Sawamura et al. reported the synthesis
of ligand 108 designed for use in palladium-catalysed allylic
substitution of rac-1,3-diphenyl-2-propenyl acetate (Scheme
55).120 However, in this case, the purpose of the crown ether is
rather to interact with the nucleophile (the deprotonated anion
of the β-diketone) and thus favour attack on one allyl terminus
(Figure 27). This secondary interaction significantly improves
the selectivity.
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Figure 27.

6.3 Synthesis of a New Chiral
Supramolecular Ligand

6.3.1 Background

In our effort to design and synthesize chiral
supramolecular organometallic catalysts with molecular
recognition properties toward selected prochiral
substrates, a heterobimetallic complex of bipyridyl ligand
(109), bearing a pendant crown ether for passive binding,
has been recently synthesized in our group. It was shown
that this ligand binds the potassium salt of 10-undecenoic
acid via interaction of bipyridyl bound Cu(I) with the
double bond and via ionic bonding of the K+ carboxylate
with the 18-crown-6 unit, whereas a shorter substrate,
potassium 6-heptenoate, only coordinates to the crown
ether (Figure 28).121

This is indeed a nice example of molecular
recognition using the concept of double coordination, and
opens the way to interesting applications. For instance,
one can think of a catalyst which could be able to
differentiate between different substrates in a mixture and
selectively transform just one of them. The substrate
capable of simultaneous secondary interaction and
interaction with the catalytic centre should react faster,
due to its preferential coordination to the catalyst (Figure
29).
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Figure 28. Ligand 109 acts as a host for potassium 10-
undecenoate (n=8), whereas potassium 6-heptenoate (n=3) only
coordinates to the crown ether.
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Figure 29. Selective complexation: the substrate capable of
secondary interaction and fitting exactly to the catalyst should
coordinate and react preferentially.

Since the length of the substrate seems to be an
important parameter for double coordination to occur,
one could envisage a metal-mediated asymmetric
transformation of only one double bond of a polyolefinic
potassium carboxylate substrate. The double bond
located a suitable distance from the carboxylate, that is a
distance at least equal to that between the two metal
centres, should react preferentially (Figure 30).



87

NG

NG

M2
N

M1
N

catalyst:

M1 = Catalytically active metal (soft) 
M2 = Non-catalytically active metal (hard ) 
NG = Non-reacting group 
AG = New group after reaction

N
M1

N

NG

M2

AG

Reaction

Figure 30. Selective coordination and reaction of one double bond
of a polyolefinic substrate.

6.3.2 From a Dipyridine to a Bis(oxazoline) Unit

As a continuation of this project, we wanted to
synthesize a supramolecular ligand which, along with
good coordination properties, would allow us to achieve
asymmetric transformations at an olefinic termini. While
dipyridine systems coordinate to transition metals, they
are not renowned for being such highly active catalysts.
On the other hand,  chiral bis(oxazoline) systems have
proved to be active ligands in a variety of catalytic
reactions. Indeed, since the early 1990s, many impressive
enantioselective carbon-carbon bond-forming reactions,
aziridinations, hydrosilylations, oxidations and reductions
have been reported using bis(oxazoline)-metal
complexes.122 Of particular interest is the combination of
bis(oxazolines) with Cu(I) for the cyclopropanation or the
aziridanation of olefins. In 1991, Masamune et al.
reported the use of various modified chiral
bis(oxazolines) ligands for the copper-catalysed
asymmetric cyclopropanation of unsymmetrical cis-1,2-
disubstituted olefins (Scheme 56).123 The same year,
Evans et al. also reported good selectivity for the copper-
catalysed cyclopropanation of styrene, using the same
kind of ligands.124 Some years later, the same group used
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these bis(oxazolines) for the copper-catalysed
aziridination of styrene and related compounds with (N-
(p-toluenesulfonyl)imino)phenyliodinane (110) (Scheme
57). Here again, the results were very satisfactory and the
resulting chiral aziridines were used for further
transformations.125

For these reasons, the bis(oxazoline) appeared to
us to be an excellent unit that would surely enhance the
activity of our ligand. We therefore decided to synthesize
ligand 111, having a bis(oxazoline) unit instead of the
dipyridine unit.
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R4

N2
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O

CO2R
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catalyst 
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CH2Cl2
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Scheme 56. Copper-catalysed asymmetric cyclopropanation.
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Scheme 57. Copper-catalysed aziridination of styrene and related
compounds.

6.3.3 Preparation of the Ligand

A closer analysis of 111 shows that this ligand is
composed of three different parts: a bis(oxazoline), a
crown ether and a spacer which connects these two
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complexing units (Figure 31). No matter which synthetic
method is considered, any synthesis of this molecule
inevitably involves the connection of these three units. A
very important factor being, of course, the order in which
they are connected.

O
O

O

OO
OO

O

N

OO

N
PhPh

Spacer

Crown ether

Bis(oxazoline)

111

Figure 31.

However, since the crown ether is quite polar and
its introduction may make any chromatographic
separation difficult, it seemed wise to introduce this unit
as late as possible. For that reason, we concentrated our
efforts onto the synthesis of the bis(oxazoline)-spacer
section.

6.3.3.1 Synthesis of the Bis(oxazoline)-spacer
System

There are no specific methods for
synthesizing bis(oxazoline) systems and most
methods described in chapter 4 for the synthesis of
2-oxazolines, can be used. The only difference
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resides in the fact that two 2-oxazoline rings are to
be synthesized simultaneously.

From malonitrile:

We opted first for the method involving the
acid-catalysed condensation of a β-amino alcohol
with an imidate. As discussed earlier, this
procedure has proved to be very efficient for the
synthesis of pyridinooxazolinealcohols.
Furthermore, the necessary starting material,
malonitrile (112), is a readily available and
inexpensive chemical.

We considered two possible synthetic
sequences. The first one, described in scheme 58
(a), implied the coupling of spacer 113 to
malonitrile (the synthesis of the spacer will be
dealt later in this chapter), followed by
transformation of the nitrile functions into 2-
oxazoline rings. Unfortunately, the yield of
monosubstituted malonitrile was extremely low
and disubstituted malonitrile was obtained almost
exclusively, even though only one equivalent of
base was used. Switching to a weaker base did not
improve the situation but only decreased the yield
of disubstituted compound.
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In a second attempt (Scheme 58 (b)), we
synthesized first the bisoxazoline unit, using (R)-2-
phenylglycinol, and then attempted to react this
compound with the spacer. Although the yield of
monosubstituted compound was slightly higher
this time, we also obtained the disubstituted
derivative. Furthermore, the monosubstituted
compound was found to be unstable. It did not
decompose only during the chromatographic
separation of the two derivatives, but also upon
standing. To our surprise, the disubstituted
compound remained unchanged.

We thought that this difference in behaviour
was probably due to the presence of the remaining
acidic proton in the monosubstituted compound. In
such a case, exchanging the remaining acidic
proton with an alkyl group, should prevent any
decomposition, and therefore we decided to
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substitute this proton with a methyl group, before
coupling the spacer. Monomethylation of
malonitrile has previously been described, using
methyl iodide and a phase transfer catalyst.126

However, we did not achieve good results using
the same reaction conditions and the yields were
relatively moderate. Attempts to monomethylate
directly the bisoxazoline derivative were not
successful either, resulting preferentially in
bisalkylation.

From dimethyl methyl malonate:

Dimethyl methyl malonate (114) offered the
advantage of already having the desired methyl
substituent. It was readily transformed into the
enantiomerically pure bis(oxazoline) 115 (without
requiring any purification) in a sequence involving
conversion to the corresponding diamide (116), by
action of two equivalents of (R)-2-phenylglycinol
at high temperature, followed by chlorination with
(COCl)2/DMF (formation of a bis(alkyl chloride))
and base-induced ring-closure (Scheme 59).127

Compound 115 was also quite unstable -
decomposing upon standing within two days and
had to be used directly for the next step.
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Spacer 113b, isolated after protection and
bromination of 3-hydroxybenzyl alcohol (117)
(Scheme 60), was then coupled to 115, after
preliminary deprotonation with one eq of BuLi,
thus giving access to the desired bis(oxazoline)-
spacer system (118) (Scheme 61).
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6.3.3.2 Synthesis of the Final Ligand

The acetate group turned out to be the
protecting group of choice for the phenolic
function. Earlier attempts, using instead a tosylate
group128 (113a), were less successful, since the
basic conditions required for the deprotection also
destroyed the oxazoline rings. The acetate group
could be easily removed by action of CH3MgI in
THF, to afford 119. A previously described
procedure reported the use of NaHCO3 for such a
deprotection.129 However, in our case, this method
was inappropriate and the protected phenol was
recovered unchanged. Crown ether 121 was
coupled to 119 to form the final ligand 111, using
1,3-dicyclohexylcarbodiimide (DCC) and a
catalytic amount of 4-dimethylaminopyridine
(DMAP) (Scheme 62).130 This system provided the
mild conditions needed for the reaction. Indeed,
attempts to achieve esterification via the acid
chloride derived from 121 failed, resulting in
decomposition of the oxazoline rings.

6.4 Application to Copper-catalysed
Asymmetric Aziridination

Aziridines are versatile intermediates for the synthesis of
compounds bearing a nitrogen functionality.131 For the
preparation of aziridines, a variety of methods has been
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developed using, for instance, diethoxytriphenylphosphorane
(DTPP)-promoted ring-closure reaction of β-amino alcohols or
their derivatives.132 Another common preparation of chiral
aziridines involves the ring-opening of chiral epoxides with
sodium azide and subsequent treatment with
triphenylphosphine.133 Chiral aziridines can also be synthesized
from N-benzylideneaniline and an anion derived from chiral 1-
chloroalkyl tolyl-p-sulfoxides, 134 or by the addition of
dimethyloxosulfonium methylide or dimethylsulfonium
methylide to (S)-(+)-N-tolyl-p-sulfinyl phenylamine.135
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Scheme 62.

With regard to the catalytic preparation of aziridines,
there are principally two alternatives. One method involves a
copper-catalysed carbenoid transfer to imines,136 whereas the
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other, more widely studied, involves the metal-promoted
activation of PhI=NTs.137 In the latter method, copper has been
by far the most commonly used metal, although the use of
(salen)manganese(III) complexes has also been reported.138

Indeed, several asymmetric aziridination reactions using Cu(I)-
dinitrogen ligand complexes,139 particularly bis(oxazolines),125

have been reported. In most cases, the selectivity displayed was
very good. Therefore, Cu(I)-catalysed aziridination appeared to
us the reaction of choice to evaluate the catalytic activity of our
ligand.

6.4.1 Synthesis of the Substrate140

Several olefins have been successfully tested in
copper-catalysed asymmetric aziridination. However,
reactions with styrene and its derivatives remain the most
abundantly described. A recent study on the relative rates
of catalytic aziridination of a series of para-substituted
styrenes showed that those with electron-donating
substituents were more reactive than unsubstituted
styrenes. The methoxy-substituted was by far the most
active.141

In light of this study and the promising results of a
preliminary complexation study performed with 111 and
Cu(I), which showed that the olefinic bond of potassium
10-undecenoate coordinates to copper, whereas the
double bond of a shorter substrate, potassium 6-
heptenoate, does not,142 we targeted substrate 122. This
compound is composed of a potassium carboxylate group
and a styrene moiety.

O CH2-(CH2)9-COOK

122

Compound 122 was synthesized from 4-
acetoxystyrene (124) and 11-bromoundecanoic acid
methyl ester (128) according to scheme 63. In a similar
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fashion, we also synthesized substrate 127 for a future
estimation of the substrate-differentiation capability of
our ligand.

O

O

O CH2-(CH2)9-COOH

O CH2-(CH2)9-COOK

124

125

126

122

BrH2C-(CH2)9-COOCH3BrH2C-(CH2)9-COOH
TsOH

MeOH
128

O CH2-(CH2)9-COOCH3

a)

b)

b)

Scheme 63. a) KOH, MeOH, 124 b) KOH, MeOH

O CH2-(CH2)3-COOK

127

6.4.2 Aziridination

Until now, most efforts have been devoted towards
the optimisation of the reaction conditions. Several
attempts to transform 125 into an aziridine were run in
acetonitrile without chiral ligand, in order to get an
estimation of the reaction time. As expected, the reaction
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proceeded much faster with 125 (8 min) than with styrene
(one night). Another important observation is that after
20 minutes of stirring, the aziridine started to decompose.
It seems that this decomposition is catalysed by copper,
since the product isolated after chromatographic
purification was stable.

We have now began to investigate the aziridination
of the potassium salt 122 but we are confronted with
solubility problems. Indeed, 122 is poorly soluble in
acetonitrile and therefore does not react. As a result of
this lack of competition, Cu(I) instead catalyses the
decomposition of PhI=NTs. We are currently
investigating the possibility of increasing the solubility of
the substrate, and hope soon to perform our first
asymmetric aziridination with ligand 111.
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7. Polymer-Bound Ligands

7.1 Introduction

During the last three decades, many investigations
dealing with the preparation and the use of polymer-supported
catalysts have been reported. These new catalytic systems are
indeed very attractive and exhibit several interesting properties.
The major advantage of such systems is that they can be easily
separated from low-molecular-weight species in solution and
therefore be readily removed from the reaction mixture. The
idea of employing an heterogeneous asymmetric catalyst that
can be reused is very attractive. Also, with a polymer-supported
reagent, the use of excess reagent often results in a greater
reaction yield. This excess can be easily recovered by washing
the polymer with a suitable solvent and then recycled.

Of course, there are many other advantages. For example,
if filtration and washing of the polymer are all that is required to
isolate the product, it becomes reasonably easy to automate the
process for industrial applications.

7.2 Polymeric Support

In order for the support to be insoluble in most solvents,
the polymer has to be crosslinked. Linear polymers are more
soluble and therefore the separation of the polymeric and non-
polymeric species becomes more difficult. In such a case,
precipitation of the polymer by adding the reaction mixture to
an appropriate solvent or in some cases, membrane filtration, is
often required.

Until a few years ago, styrene-based polymers were by
far the most widely used supports - certainly because of their
success in the Merrifield solid-phase polypeptide synthesis,143

but also because they were among the few commercially
available. However, these polymeric structures are often
difficult to analyze by spectroscopic means such as 1H or 13C
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NMR, and it can be fastidious to react all the polymer linkers
with the ligand which is to be grafted.

Recently, very interesting new polystyrene polymers,
with good swelling properties, have been developed.144 These
resins, consisting of poly(ethylene glycol) (PEG) grafted onto
cross-linked polystyrene with linkers X attached to the termini
of the PEG moiety (Figure 32) offer many advantages. For
instance, the PEG chain and the molecule bound at its end can
easily dissolve in organic solvents while the polystyrene
skeleton does not. This facilitates the transformation between
solid and solution phases. Furthermore, NMR analysis is made
easier since the resolution obtained for such polymers is much
higher than that obtained with conventional stuctures.

X
O

O O
O

X

CH2

C 
H

C 
H2

CH3

n m

v

Figure 32.

7.3 Polymer-Bound Transition Metal
Complex Catalysts for Asymmetric
Synthesis

Homogeneous catalysis is a powerful tool for asymmetric
synthesis, giving high selectivity under mild conditions. On the
other end, heterogeneous catalysis is frequently less selective
and only the atoms located at the surface of the catalyst
contribute to the activity. However, homogeneous catalysis
presents also some limitations. For instance, the catalysts are
not as durable as heterogeneous catalysts. Furthermore, it is
sometimes difficult to separate products and catalysts in such
systems. To overcome these problems, attaching soluble
catalyst to a support, such as a polymeric structure, appears to
be an attractive alternative. Indeed by associating these two
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different techniques, one combines the advantages and avoids
the disadvantages of each class of catalytic system.

Since the beginning of the 70’s, a growing interest has
been devoted to the elaboration of such systems and many of
them have been exhaustively reviewed.145 For example,
interesting systems have been recently reported for reactions
such as asymmetric epoxidation, dihydroxylation or
hydrogenation, using polymer-bound (salen)Mn(III)
complexes,146a,b 1,4-bis(9-O-quininyl)phthalazine ((QN)2-
PHAL),146c and BINAP146d respectively (Figure 33). In some
cases, the selectivity obtained were very good (›99.9%) and the
yield very satisfactory (93%).146c
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Figure 33. Some polymer-supported catalysts: A: (salen)Mn(III), B: 1,4-
bis(9-O-quininyl)phthalazine ((QN)2-PHAL), C: BINAP.

7.4 Enantioselective Allylic Alkylation using 
Polymer-Supported Pyridinooxazolines

7.4.1 Preparation of the Catalysts

We prepared several catalysts by attaching
pyridinooxazolines on polymeric supports, such as
TentaGel, ArgoGel and 1% crosslinked polystyrene. For
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this purpose, ligands 47a and 79a were selected as
suitable and therefore grafted.

Ligand 47a was first coupled to the protected
spacer 48a under Mitsunobu conditions, and after
deprotection with aqueous ammonia, the resulting
compound was treated with chloromethylated
polystyrene-1% divinylbenzene (49a) and ArgoGel-
Wang-Cl (49b) in DMF in the presence of K2CO3 to
afford polymers 50a and 50b, respectively (Scheme 64).
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ArgoGel-supported ligands 50c was synthesized,
starting from compound 79a, according a similar
synthetic sequence. However, in this case 48a turned out
to be too sterically hindered to permit any coupling and
therefore, spacer 48b, containing two carbon atoms
between the carboxylic acid function and the aromatic
ring, had to be used instead (Scheme 65). Furthermore,
the combination DCC/DMAP proved to be more
effective with these ligands than the usual Mitsunobu
conditions.
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A TentaGel resin containing carboxylic acid
groups (49c) was also used as a solid support in order to
allow direct attachment of the ligand to the polymer.
Ligand 47a reacted with 49c in presence of DCC/DMAP
to yield the desired polymer 50e (Scheme 66).

O

HO2C
N

O

O

O

TG TG

50e 

47a    + 
49c

O

N

Ph

Scheme 66.

Finally, in order to allow comparison of the
reactivity of the polymeric catalysts with a monomeric
analog, ester 131a was prepared from 47a and the
appropriate acid.
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7.4.2 Catalytic Reaction

The catalysts prepared above were tested in the
allylic substitution of rac-1,3-diphenyl-2-propenyl
acetate (rac-101) according to the procedure described
earlier (cf. section 5.5.5). The preliminary results are
compiled in table 3.

Table 3. Enantioselective allylation of rac-101 with dimethyl
malonate.

Catalyst eea (%)
50a 78
50b 80
50c 68
50e 80

131a 80
a Determined by HPLC analysis of 103 with a chiral column
Chiralcel OD-H.

The results of this preliminary study are very
promising and show that these polymer-supported ligands
also display good selectivity. However, at present, it
seems that not all the reaction parameters are fully
optimised. The yields were found to fluctuate
significantly when the same reaction was run several
times using identical reaction conditions.

The reason for such behaviour is still unclear. It
may be due to unequal concentrations of the active
catalyst in the reaction mixture. In which case, the
reaction stirring speed is likely to be an important
parameter. Right now, the reaction is still under
investigation and we hope soon to get some information
in order to understand this phenomenon.
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8. Concluding Remarks

This thesis has dealt mainly with the synthesis of polyfunctional
ligands. New synthetic methods have been developed, affording chiral
ligands in good yields from cheap starting materials. The ligand
combination pyridine-oxazoline-alcohol has proved to be very
effective in catalytic asymmetric synthesis, especially in palladium-
catalysed allylic alkylation of rac-1,3-diphenyl-2-propenyl acetate (ee
over 99%). By choosing the stereochemistry of the chiral centre in the
oxazoline ring, it is possible to select the stereochemistry of the
product. However, the exact structure of the active complex involved
in the reaction still remains uncertain and therefore a structural
characterisation by X-ray analysis is desirable.

We have shown than it is possible to graft pyridinooxazoline
ligands to various polymeric structures via a suitable linker. We are
currently testing these catalysts in the enantioselective allylic
alkylation. Furthermore, it would be interesting to get some
information about the structure of the active complexes involved in
the reaction and see, for instance, if the ester function coordinates to
the metal.

The possibility of using other supports could also be
investigated. It would be of interest to link catalytic systems such as
pyridinooxazolines, to dendritic structures. These highly branched
macromolecules present a larger number of reactive end groups at
their periphery compared to a normal linear polymeric structure, and
therefore have the possibility of carrying a large number of ligands.
This could result in an increase in activity of the catalytic material.

Regarding the supramolecular study, until now most work has
been directed towards the synthesis of the ligand, but of course our
long term goal is to prepare systems having both the high efficiency
and the high selectivity shown by natural enzymes. We are currently
interested in the aziridination of styrene derivatives but other catalytic
reactions, such as asymmetric cyclopropanation, could also be
considered.
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9. Supplementary Material

Synthesis of substrate 122.

Compound 128. A solution of 11-bromoundecanoic acid (1 g,
3.7 mmol) and p-toluenesulfonic acid monohydrate (72 mg, 0.37
mmol) in 50 mL methanol was stirred at reflux overnight. After
evaporation of methanol in vacuo, the resulting colourless oil was
dissolved in 10 mL EtOAc and the solution was washed with a 10%
aqueous NaHCO3 solution (10 mL). After drying on Na2SO4 the
solvent was evaporated under reduced pressure giving 128 (770 mg,
71%) as a colourless oil. 1H NMR (CDCl3) (400 MHz) δ 3.66 (3H, s),
3.40 (2H, t, J = 6.7 Hz), 2.30 (2H, t, J = 7.3 Hz), 1.84 (2H, q, J = 7
Hz), 1.61 (2H, m), 1.41 (2H, m), 1.28 (10H, app s).

Compound 125. A mixture of 4-acetoxystyrene (162 mg, 1
mmol), potassium hydroxide (118 mg, 2.1 mmol) and one crystal of
16-crown-6 in 10 mL methanol was stirred at reflux for 2 h. Then, 11-
bromoundecanoic acid methyl ester (124) in solution in 2 mL
methanol was added in one portion and the resulting mixture was
stirred at reflux overnight. The product precipitated when the reaction
mixture was allowed to cool down to room temperature. Filtration and
thorough washing with ice cold methanol gave 95.5 mg (30%) of the
desired compound (125) as white crystals. 1H NMR (CDCl3) (400
MHz) δ 7.32 (2H, d, J = 8.5 Hz), 6.84 (2H, d, J = 8.5 Hz), 6.65 (1H,
dd, J = 17.5, 10.7 Hz), 5.60 (1H, app d, J = 17.7 Hz), 5.10 (1H, app d,
J = 11.6 Hz), 3.95 (2H, t, J = 6.4 Hz), 3.66 (3H, s), 2.30 (2H, t, J =
7.6 Hz), 1.77 (2H, m), 1.61 (2H, m), 1.43 (2H, m), 1.29 (10H, app s).

Compound 126. A suspension of 125 (233 mg, 0.73 mmol) and
potassium hydroxide (164 mg, 2.92 mmol) was stirred overnight at 65
°C. The resulting homogeneous mixture was allowed to cool down to
room temperature and it was then made slightly acidic (pH = 6) by
adding dropwise NaHSO4 aq (1 M) resulting in the formation of a
white precipitate which was filtered off. Subsequent dissolution of the
crude product in chloroform followed by filtration and evaporation of
the filtrate under reduced pressure afforded 100 mg (45%) of the



108

expected compound (126) as a white solid. 1H NMR (CDCl3) (400
MHz) δ 8.71 (1H, s), 7.32 (2H, d, J = 8.5 Hz), 6.84 (2H, d, J = 8.5
Hz), 6.65 (1H, dd, J = 17.7, 11 Hz), 5.59 (1H, app d, J = 17.7 Hz),
5.11 (1H, app d, J = 11 Hz), 3.95 (2H, t, J = 6.6 Hz), 2.35 (2H, t, J =
7.5 Hz), 1.77 (2H, m), 1.63 (2H, m), 1.44 (2H, m), 1.30 (10H, app s).

Compound 122. A solution of 126 (71 mg, 0.23 mmol) and
potassium hydroxide (14.5 mg, 0.25 mmol) in 4 mL methanol was
stirred at 65 °C overnight. After evaporation of the solvent under
reduced pressure and thorough drying, 75.1 mg (93%) of the expected
compound (122) as a white solid were isolated. 1H NMR (MeOH-d4)
(400 MHz) δ 7.32 (2H, d, J = 8.8 Hz), 6.84 (2H, d, J = 8.8 Hz), 6.64
(1H, dd, J = 17.6, 11 Hz), 5.59 (1H, app d, J = 17.5 Hz), 5.05 (1H,
app d, J = 11 Hz), 3.95 (2H, t, J = 6.4 Hz), 2.17 (2H, t, J = 7.32 Hz),
1.75 (2H, m), 1.59 (2H, m), 1.45 (2H, m), 1.32 (10H, app s).
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Styrbjörn: I do appreciate the very elegant way you talk about love.
Krister: You see, one does not need to be German to become World
Champion!
Christian L.: “Det är lugnt, man slappna av, man...”
Katja: The girl who moves faster than her shadow! It feels good to
meet people as crazy as me!
Henry and Sidén: You’ll see, one day I will become as good as you in
playing “patience”!
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Jonas (Kaffe Organico - Tom of Finland expert): You’ll see too, when
I have time to play video games!
Emma: Indeed, a beautiful name; that’s perhaps the reason why I used
it for my e-mail adress!
Sophie: My favourite dance partner and my sweet angel. You’ll do
fine with your Ph.D.
Achim: Even though you were a disaster in the lab, you are a very
good German teacher! Brett, Neil, Chris, Andy and Vince rule!
Pagula: It’s great to speak Portuguese with somebody, even so far
from Portugal. Muito obrigado companheiro e boa sorte!
Jenny and Monika: I’m always impressed every time you talk about
your work (at least the few times that you did).
Alberto: The king of the expresso and the “swimming pool”! I
promise, I will visit you in Napoli.
Aldo: Thank you for so much NMR advice. Next time you come back
I may not be here anymore, but I hope to see you anyway.
Maria: Sometimes I wish I could be as good a cook as you, instead of
talking as much as you!
Danilo: Il romantico.
Pepe (the hunter): My model. I learned a lot from you!
David S.: Thanks a lot for your friendship, I hope you did enjoy my
jokes!
Tobias R.: I still remember the good times when you were a strong
and tough dry solvents manager with no mercy.
Ivar: Are you impressed by my work?
Ingvor and Lena: When it comes to solving administration problems
I’m not that good. Thank you for all your help!
Ulla: Thank you for taking care of the NMR equipment.
Mats: I am not a genius when it comes to computers and software, but
thank God, you were there!
Marcus: Looking forward to seeing you in the “Tour de France”!
Tommy R.: Somebody to share my stress with while writing this
thesis.
Anh: You always listen to me and smile when I talk to you, even
though you surely think that I just talk too much.
Christian P.: It’s nice sometime to meet such optimistic people,
positive and full of hope. I enjoyed having you as a team mate.
Elodie: What a fascinating life you have! Merci pour les histoires ta
vie!
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Pierre: How great it was to see you everyday with such a high level of
motivation!
Anders M.: I still have our little dictionary!
Tomas N.: Thank you for so many “Friday beers”.
Didier (le gars Didier): Voila un gars qui n’en veut! One of the few
who do enjoy my videos.
Arlette: It was nice to have you here, looking forward to seeing you
again!

There are, of course, many other people, undergraduate and
graduate students, former graduate students etc. Thank you all for
having made these years so memorable. I forgive you, even though
you had lunch at 10:30 am., even if you had a 15 minute lunch in the
kitchen, even if you drank tea, even if you called this dry stuff that I
call toast bread, even if you did not like French cheese!

There are also a number of people from the Department of
Polymer Chemistry who have meant a lot to me. I would like to thank
here all the group of Professor Anders Hult and particularly:
Henrik (Bronski Henrik): I hope you enjoyed your sightseeing of
France (the true one). I know, it’s not that easy to impress cows with a
Polo shirt (even teenage cows!).
Claire (Clairette): Mon soleil, ma lumière, tu es toujours là, même les
jours les plus gris. Those who have never seen Claire’s smile, cannot
tell what a real smile is!
Thierry (Terrrry!): Well, where shall I start...? Regarding science,
there is not so much to say. On the other hand, concerning some other
aspects of your life, there is too much to tell! I shall conclude by
calling you: King of the(ir) Night or Master Internet! Thank you by
the way, for being such a great tent mate, every year at Roskilde
Festival!
Philippe (Albert or Calbute): King of his own night! Toujours aussi
etonné de t’entendre dire “je suis vert”! Avec un système pileux
comme le tien, comment arrives tu à t’en rendre compte?
Mickael: Thank you for asking me almost every day - “How is it
going with the writing?” - and for the coffee.
Ronnie: OK, you don’t belong to the Department anymore, but you
are the only one who believes it!
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I would also like to thank here all the people who have
contributed to make my life outside work, very exciting and pleasant:
Anne-Marie: My second mother here in Sweden. When I needed help
and advice, you were always there. I’m very proud to be your friend.
Tommy Ö. (Crazy Tommy): Don’t you think that one day we should
try something else than Sophies! I still wait for the day when your
French won’t be restricted anymore to these two expressions: “Ça
plane pour moi” or “Voulez vous ... avec moi ce soir?”. Not so
appropriate to start a conversation with a French lady in Paris!
Christophe (Monsieur Georges): Ça c’est de la thèse ou je ne m’y
connais pas!
Ed: You are surely much worse than me! Thank you for many wild
nights (too many) in Stockholm!
Hawrylkiewicz family: Thank you all for all the vivid discussions
about the questions of life and many other topics. I promise you Uncle
Adam, that one day I will buy one of your paintings. You have to
understand that right now, I just cannot afford to spend one years
salary to buy one!
Rogan and Pia: I hope that your lovely daughter will still remember
Farbror Emmanuel and Farbror Tommy in 20 years!
Hasse F.: Thank you for having initiated me to the Roskilde cult.
Sandrine: We had similar childhood, we had the same stupid records
(Carlos, Annie Cordy, Les Charlots, C. Jérôme) and we enjoy talking
about it. Es tu aussi la reine des paupiettes?
Mette: Thank you for everything and all the fun we had together.

All my friends at Stockolmspolisens Idrottsförening Rowing
Club: Jocke (le Cochon d’Inde), Johan (Can you drink beer in a place
that is not a sauna?), Peter (In the future could you talk less about
German training methods, and drink more beer with Johan in the
sauna instead? You are also a great German teacher!), Jacob, Tomas (I
hope you enjoyed your French experience!).

All my friends at St. Gertruds Kantorei and particularly Per-
Erik, Dieter and Herbert. It was great to sing Bach and Telemann with
you.

All my friends at the French high school here in Stockholm and
particularly Michelle.

I also have to thank all my friends in France and Spain who,
even though I don’t live so close anymore, keep calling me and
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regularly visit me here in Sweden. It’s great to see you all and party
every time we meet again.

Saint-Saëns and Rachmaninov, for keeping me company with
such great piano concertos during all these nights of writing.

Finally, I would like to express my wholehearted thanks to all
my family in France and Portugal who has always supported me, in
spite of the distance. Thanks and love to my father Joseph and my
mother Fernande. Thanks to my sister, Virginie; my brothers,
Stéphane and Dave; my nephews, Maxime, Adrien and Julien. Special
thanks to Maxime for his contribution towards a better understanding
of chirality and for the nice drawings he regularly sends me. Thanks to
my brother and sister-in-law, Philippe and Isabelle; grandma Virginia
for sending me so much cheese so often, you became very famous
here; my uncle and aunt from Creuse, Jacques and Marie-Antoinette,
the Swedish did appreciate your home-made alcohol (especially for
breakfast); my godson, Aurélien, (I still don’t remember the name of
your latest girlfriend) and my uncle Chico!

Thank you all!
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