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Abstract 
 
This thesis deals with the design of ligands for efficient asymmetric catalysis and 
studies of the conformation of the ligands in the catalytically active complexes. All 
ligands developed contain chiral oxazoline heterocycles.  
 The conformations of hydroxy- and methoxy-substituted pyridinooxazolines 
and bis(oxazolines) during Pd-catalysed allylic alkylations were investigated using 
crystallography, 2D-NMR techniques and DFT calculations. A stabilising OH-Pd 
interaction was discovered which might explain the difference in reactivity 
between the hydroxy- and methoxy-containing ligands. The conformational 
change in the ligands due to this interaction may explain the different selectivities 
observed in the catalytic reaction. 
 Polymer-bound pyridinooxazolines and bis(oxazolines) were synthesised and 
employed in Pd-catalysed allylic alkylations with results similar to those of 
monomeric analogues; enantioselectivities up to 95% were obtained. One 
polymer-bound ligand could be re-used several times after removal of Pd(0). The 
polymer-bound bis(oxazoline) was also used in Zn-catalysed Diels-Alder 
reactions, but the heterogenised catalyst gave lower selectivities than a monomeric 
analogue. 
 A series of chiral dendron-containing pyridinooxazolines and bis(oxazolines) 
were synthesised and evaluated in Pd-catalysed allylic alkylations. The dendrons 
did not seem to have any influence on the selectivity and little influence on the 
yield when introduced in the pyridinooxazoline ligands. In the bis(oxazoline) 
series lower generation dendrimers had a postive on the selectivity, but the 
selectivity and the activity decreased with increasing generation. 
 Crown ether-containing ligands were investigated in palladium-catalysed 
alkylations. No evidence of a possible interaction between the metal in the crown 
ether and the nucleophile was discovered. 
 A new type of catalyst, an oxazoline-containing palladacycle was found to be 
very active in oxidations of secondary alcohols to the corresponding aldehydes or 
ketones. The reactions were performed with air as the re-oxidant. Therefore, this is 
an enviromentally friendly oxidation method. 
 
Keywords: asymmetric catalysis, chiral ligand, oxazolines, conformational study, 
allylic substitution, polymer-bound ligands, dendritic ligands, crown ether, 
oxidations, palladacycle. 
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1 Introduction  

 
1.1 Asymmetric Catalysis 

 
The need for enantiopure compounds is increasing since the pharmaceutical 
industry today has limited use for racemates. The technique that still is the most 
popular for furnishing enantiopure material is resolution of racemates, despite the 
fact that the yield of the desired enantiomer is at best 50% using traditional 
methods. If the undesired enantiomer cannot be racemised and recycled it will also 
give rise to a waste problem. The use of chiral auxiliaries gives rise to the same 
problem; a lot of waste is generated if the auxiliary can not be reused. Since 
enantiopure starting materials from the chiral pool are not always available 
(particularly on a large scale), an attractive alternative method is enantioselective 
catalysis. There are basically two kinds of catalysts that can be used, biocatalysts 
and chiral synthetic catalysts. Why industry today, 30 years after the discovery of 
asymmetric catalysis, still uses “old-fashioned” methods may be due to several 
reasons. The price of the metal and the chiral catalyst along with the difficulties 
associated with the recycling and separation of the catalyst are maybe the most 
important factors. 
 Nature is an expert in the synthesis of enantiopure compounds; the technique 
used is enzymatic enantioselective catalysis. Many scientists have, since the end of 
the sixties, tried to mimic the enantioselective processes mediated by enzymes and 
to achieve this, a plethora of chiral ligands have been developed. Some of these 
systems have levels of activity and selectivity approaching those of an enzyme. 
Several catalytic reactions have been developed allowing enantioselective 
formation of C-H, C-C, C-O, C-N, and other bonds, often with excellent results in 
terms of efficiency and selectivity. 
 The two most important aspects of a new catalyst are its ability to increase 
reaction rate and improve enantioselectivity. This can be achieved via appropriate 
molecular architecture of the catalyst and optimised reaction conditions. In the 
design of a new, successful catalyst, the steric and electronic properties of the 
ligand as well as the nature of the metal are important. The metals used are usually 
transition metals. The ideal ligand should be easily accessible and the ligand-
structure should be labile to systematic modification, allowing optimisation for 
participation in a specific application. 
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 The aim of this introduction is to provide a background to the chemistry 
described in this thesis and not to give a review. There are several excellent 
reviews on this area. 1 
 
 
1.2 Allylic Alkylation 
 
1.2.1 Background 
 
The enantioselective allylic alkylation is a powerful reaction since a new chiral 
centre, as well as a new C-C bond are formed. One advantage with this reaction is 
that it often proceeds under milder conditions than ordinary substitution reactions 
and with different chemo-, regio- and stereoselectivities. Reactions of this type are 
usually performed with soft nucleophiles such as stabilised carbanions or amines. 
In the case of amines the reaction is called an allylic amination. Allylic 
substitution is the collective name for these two related reaction types.  
 Trost and Strege described in 1977 the first example of an enantioselective 
metal-catalysed allylic substitution, exhibiting an ee of 46%.2 Since then a variety 
of new catalysts have been developed and enantioselectivities over 90% can be 
achieved for some substrates. Acetate and carbonate are typical leaving groups for 
this reaction. The metal most often used is palladium but the reaction is also 
catalysed by nickel,3 rhodium,4 platinum,5 ruthenium,6 iridium,7 cobalt,8 iron,9 

                                                 
1 (a) Ojima, I. Catalytic Asymmetric Synthesis, 2nd ed., Wiley-VCH, Inc, New York, 2000. 
(b) Jacobsen, E. N. Pfaltz, A.; Yamamoto, H. Comprehensive Asymmetric Catalysis I-III, 
Springer-Verlag, Berlin Heidelberg, 1999. (c) Cornils, B.; Herrman, W. A. Applied 
Homogeneous Catalysis with Organometallic Compounds, VCH, Weinheim 1996. (d) 
Noyori, R. Asymmetric Catalysis In Organic Synthesis, John Wiley & Sons, Inc, New 
York, 1994. (e) Fache, F.; Schulz, E.; Tommasino, L.; Lemaire, M. Chem. Rev. 2000, 100, 
2159. 
2 Trost, B. M.; Strege, P. E. J. Am. Chem. Soc. 1977, 99, 1649. 
3 Bricout, H.; Carpentier, J.-F.; Mortreux, A. J. Chem. Soc., Chem. Commun. 1995, 1863. 
4 (a) Sawamura, M.; Sudoh, M.; Ito, Y. J. Am. Chem. Soc. 1996, 118, 3309. (b) Evans, P. 
A.; Nelson, J. D. J. Am. Chem. Soc. 1998, 120, 5581. (c) Evans, P. A.; Nelson, J. D. 
Tetrahedron Lett. 1998, 39, 1725. (d) Poli, G.; Giambastiani, G. Chemtracts-Organic 
Chemistry, 2001, 204. 
5 Blacker, A. J.; Clark, M. L.; Loft, M. S.; Willliams, J. M. J. Chem. Commun. 1999, 913. 
6 (a) Zhang, S.-W.; Mitsudo, T.-a.; Kondo, T.; Watanabe, Y. J. Organomet. Chem. 1993, 
450, 197. (b) Kondo, T.; Ono, H.; Satake, N.; Mitsudo, T.-a.; Watanabe, Y. 
Organometallics 1995, 14, 1945. 
7 Takeuchi, R.; Kashio, M. J. Am. Chem. Soc. 1998, 120, 8647. 
8 Hegedus, L. S.; Inoue, Y. J. Am. Chem. Soc. 1982, 104, 4917. 
9 Enders, D.; Jandeleit, B.; Raabe, G. Angew. Chem. Int. Ed. Engl. 1994, 33, 1949. 
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molybdenum10 and tungsten.11 Since the mechanism has been established using 
palladium complexes, most studies of new ligands are performed with this metal 
and so is the case in this thesis.  
 
1.2.2  Mechanism 
 
The palladium-catalysed allylic substitution can be divided into two classes 
mechanistically, depending on the nucleophile. Soft (stabilised) nucleophiles have 
pKa<25 and they usually attack the allyl moiety from the side opposite the metal. 
Hard (unstabilised) nucleophiles are those with a pKa>25 and they attack 
palladium first and then undergo intramolecular transfer to the allyl group in the 
reductive elimination step. The mechanisms of the former process have been 
studied in detail and the catalytic cycle for a soft nucleophile is shown in Scheme 
1.12,13,14,15 The first step is association followed by oxidative addition to form 
cationic complex 1 or neutral complex 2. The equilibrium between these two 
species is dependent on the anion, the solvent and the ligand. With bidentate 
ligands, which are most common, the cationic complex dominates. The next step is 
nucleophilic addition wherein the soft nucleophile approaches the allyl group from 
the side opposite the metal. The reaction proceeds with net stereochemical 
retention (Scheme 1), but the complete picture is more complicated, as will be 
explained below. 
 

                                                 
10 (a) Trost, B. M.; Lautens, M. J. Am. Chem. Soc. 1982, 104, 5543. (b) Trost, B. M.; 
Lautens, M. Tetrahedron 1987, 43, 4817. (c) Dvorák, D.; Starý, I.; Kocovský, P. J. Am. 
Chem. Soc. 1995, 117, 6130. 
11 Trost, B. M.; Hung, M.-H. J. Am. Chem. Soc. 1983, 105, 7757. 
12 Trost, B. M.; Lee, C. Asymmetric Allylic Alkylation Reactions Editor: Ojima, I. Catalytic 
Asymmetric Synthesis, 2nd ed, Wiley-VCH, Inc, New York, 2000, 593-649. 
13 Trost, B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395. 
14 Frost, C. G.; Howarth, J.; Williams, J. M. J. Tetrahedron: Asymmetry 1992, 3, 1089. 
15 Pfaltz, A.; Lautens, M. Allylic Sutstitution Reactions Editors: Jacobsen, E. N. Pfaltz, A.; 
Yamamoto, H. Comprehensive Asymmetric Catalysis II, Springer-Verlag, Berlin 
Heidelberg, 1999, 833-884. 
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Scheme 1. The catalytic cycle for the allylic alkylation with soft nucleophiles. 

 
 The first two steps in this catalytic cycle, the formation of the Pd-olefin 
complex and the π-allyl complex, are both reversible if the leaving group (X) is 
acetate since the acetate ion is also a good nucleophile.16 The structure of the 
chiral ligand is a very important factor in effecting enantioselectivity in this 
process. Since both the bond-breaking and bond-forming processes take place on 
the π-allyl face opposite the metal and its chiral ligand, it is crucial that chirality 
transfer over the allyl group is efficient.  
 To be able to compare different ligands, a benchmark reaction has been 
developed. The substrate used is rac-(E)-1,3-diphenyl-2-propenyl acetate and the 
anion of dimethyl malonate is employed as a nucleophile. The anion is generated 
in situ with a system of KOAc and BSA.17,18 Addition of the sodium salt of 
dimethyl malonate to the substrate is also a common method. The results obtained  

                                                 
16 Amatore, C.; Jutand, A.; Meyer, G.; Mottier, L. Chem. Eur. J. 1999, 5, 466. 
17 (a) Trost, B. M.; Murphy, D. J. Organometallics 1985, 4, 1143. (b) Leutenegger, U.; 
Umbricht, G.; Fahrni, C.; von Matt, P.; Pfaltz, A. Tetrahedron 1992, 48, 2143. 
18 For an explanation of the role of BSA: El Gihani, M. T.; Heaney, H. Synthesis 1998, 
357. 
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with these two methods often vary with the solvent and the counter-ion (Na+, K+, 
Li+ and R4N+).19 The substrate used in the benchmark reaction is one of the most 
reactive substrates. Aliphatic substrates are less reactive but they have with a few 
ligands been quite successful.19a,20 
 Two enantiomers of the substrate (olefin) can, via the allylic alkylation, be 
transformed to the same enantiomer of the product. This means that it is possible 
to obtain a 100% yield of the product with 100% ee from a racemic substrate. This 
can be achieved if the two different enantiomers of the substrate give rise to the 
same π-allyl intermediate; this is the case if R1=R2 (Scheme 1), like in the 
benchmark substrate. If the leaving group (anion) and the cationic π-allyl complex 
become solvent-separated this is the case since the allyl complex becomes 
symmetric. However, an asymmetric complex is formed if the leaving group and 
the allyl complex form an intimate ion pair. The consequence of this behaviour is 
that the stereochemical information from the substrate influences the 
stereochemical outcome of the reaction. This phenomenon is called memory 
effect.21 The existence of a memory effect in the reaction usually depends on the 
substrate used. The reactions with the benchmark substrate are believed to occur 
without memory effects.22 This thesis focuses on this class of substrates. 
 Another way to achieve 100% yield and 100% ee from a racemic mixture is 
illustrated in Scheme 2. The enantiomers of the substrate give rise to two 
diastereomeric π-allyl intermediates, which can be interconverted. The 

                                                 
19 (a) Trost, B. M.; Bunt, R. C. J. Am. Chem. Soc. 1994, 116, 4089. (b) Trost, B. M.; Bunt, 
R. C. J. Am. Chem. Soc. 1998, 120, 70. (c) Kodama, H.; Taiji, T.; Ohta, T.; Furukawa, I. 
Tetrahedron: Asymmetry 2000, 11, 4009. (d) Wang, Y.; Guo, H.; Ding, K. Tetrahedron: 
Asymmetry 2000, 11, 4153. (d) Saitho, A.; Uda, T.; Morimoto, T. Tetrahedron: Asymmetry 
2000, 11, 4049. (e) Gong, L.; Chen, G.; Mi, A.; Jiang, Y.; Fu, F.; Cui, X.; Chan, A. S. 
Tetrahedron: Asymmetry 2000, 11, 4297. (f) Saitoh, A.; Achiwa, K.; Tanaka, K.; 
Morimoto, T. J. Org. Chem. 2000, 65, 4227. (g) Mino, T.; Shiotsuki, M.; Yamamoto, N.; 
Suenaga, T.; Sakamoto, M.; Fujita, T.; Yamashita, M. J. Org. Chem. 2001, 66, 1795. 
20 (a) Minami, T.; Okada, Y.; Otaguro, T.; Tawaraya, S.; Furuichi, T.; Okauchi, T. 
Tetrahedron: Asymmetry 1995, 6, 2469. (b) Dierkes, P.; Ramdeehul, S.; Barloy, L.; 
DeCian, A.; Fischer, J.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Osborn, J. A. Angew. 
Chem. Int. Ed. 1998, 37, 3116. (c) Saitoh, A.; Uda, T.; Morimoto, T. Tetrahedron: 
Asymmetry 1999, 10, 4501. (d) Longmire, J. M.; Wang, B.; Zhang, X. Tetrahedron Lett. 
2000, 41, 5435. 
21 (a) Trost, B. M.; Bunt, R. C.; J. Am. Chem. Soc. 1996, 118, 235. (b) Lloyd-Jones, G. C.; 
Stephen, S. C. Chem. Eur. J. 1998, 4, 2539. 
22 The reaction with enantiomerically pure 1-(4-tolyl)-3-phenylpropenyl-2-enyl acetate, a 
substrate similar to the benchmark substrate, has been shown to exhibit no memory effects; 
Von Matt, P.; Lloyd-Jones, G. C.; Minidis, A. B. E.; Pfaltz, A.; Macko, L.; Neuburger, M.; 
Zehnder, M.; Rüegger, H.; Pregosin, P. S. Helv. Chim. Acta 1995, 78, 265. 
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isomerisation is due to an attack of the Pd(II)-allyl complex by an external Pd(0)-
complex.23,24 

 

OAc OAc  
Scheme 2. 

 
 There are different ways in which the chiral ligand can effect 
enantiodiscrimination depending on the substrate used.12,13 Figure 1 illustrates the 
five different ways that enantiodiscrimination can take place. 
 

Pd
L L
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L L
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X X
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L L
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X
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L L
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Figure 1. Different possibilities for effecting enantiodiscrimination. 
 
 The π-allyl metal complexes are dynamic systems that are under equilibrium 
under normal alkylation conditions and this complicates studies of the catalytic 
system. This dynamic phenomenon is very important to have in mind since 
enantioface exchange can either reinforce or be to the detriment of the 

                                                 
23 (a)Hayashi, T.; Yamamoto, A.; Hagihara, T. J. Org. Chem. 1986, 51, 723. (b)Granberg, 
K. L.; Bäckvall, J.-E. J. Am. Chem. Soc. 1992, 114, 6858. (c) Takahashi, T.; Jinbo, Y.; 
Kitamura, K.; Tsuji, J. Tetrahedron Lett. 1984, 25, 5921. (d) Amatore, C.; Gamez, S.; 
Jutand, A.; Meyer, G.; Moreno-Mañas, M.; Morral, L.; Pleixats, R. Chem. Eur. J. 2000, 6, 
3372. 
24 Mackenzie, P. B.; Whelan, J.; Bosnich, B. J. Am. Chem. Soc. 1985, 107, 2046. 
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enantioselectivity. There are two processes to take into account, syn-anti 
isomerisation and apparent allyl rotation.12,13,15 

 The syn-anti interconversion occurs by a π-σ-π equilibrium in which the 
hapticity changes from 3 to 1. In the η1-intermediate the isomerisation can take 
place by rotation around the C-C bond. This process is only relevant for non-cyclic 
substrates. 
 The net result of the apparent allyl rotation is that the two termini of the allyl 
moiety change place with each other and that the central carbon atom moves to the 
opposite side of the plane. The most obvious conclusion at first glance is that a 
rotation of the allyl group has taken place, but this would require breaking of two 
Pd-C bonds simultaneously which is energetically unfavourable. The mechanism 
for this process has been debated and suggestions include that it proceeds via π-σ-
π isomerisation with rotation around the Pd-C bond in the η1-intermediate,25 or via 
ligand dissociation to a tri-coordinated Pd complex (with mono-coordination of 
the bidentate ligand) followed by rotation and then reformation of the Pd-ligand 
bond.26 Another suggestion is that a penta-coordinate complex is formed when an 
anion (such as fluoride or chloride) or a polar solvent (such as DMSO or 
acetonitrile) coordinates to palladium. This penta-coordinate complex can undergo 
pseudorotation.27 Normally the equilibria are faster than or at comparable rates to 
the rate of the nucleophilic attack and the Curtin-Hammet principle can thus be 
applied. 
 
 
1.3 Aim of the Study 
 
The purpose of this work was to study the chiral recognition in the allylic 
substitution process in order to obtain a mechanistic understanding of the 
chemistry in the catalytic systems previously developed in the group. This is 
important to be able to rationally design new systems for asymmetric processes. 
Another goal was to develop catalysts which are easily handled and recovered 
while exhibiting high efficiency and selectivity.24 

                                                 
25 (a) Faller, J. W.; Thomsen, M. E.; Mattina, M. J. J. Am. Chem. Soc. 1971, 93, 2642. (b) 
Faller, J. W.; Tully, M. T. J. Am. Chem. Soc. 1972, 94, 2676. 
26 (a) Albinati, A.; Ammann, C.; Pregosin, P. S.; Rüegger, H. Organometallics 1990, 9, 
1826. (b) Albinati, A.; Kunz, R. W.; Amman, C. J.; Pregosin, P. S. Organometallics 1991, 
10, 1800. (c) Gogoll, A; Örnebro, J.; Grennberg, H.; Bäckvall, J.-E. J. Am. Chem. Soc. 
1994, 116, 3631. 
27 Hansson, S.; Norrby, P.-O.; Sjögren, M. P. T.; Åkermark, B. Organometallics 1993, 12, 
4940. 
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2 Ligand Influence on the Asymmetric Induction 
 
2.1 Background 
 
Several chiral ligands have been investigated in allylic alkylations and many of 
them have shown to induce enantioselectivity. However, some of the most 
commonly used ligands such as BINAP and DIOP gave only modest results in this 
reaction.28 The ligands investigated differ in symmetry properties, donor atoms 
and denticity (mono- or bidentate). Traditionally most work has been focused on 
phosphine ligands but today N,N and P,N ligands are extensively employed. High 
enantioselectivities can be achieved with both C1- and C2-symmetric ligands, 
utilising chirality at a carbon, chirality on a donor atom (e.g. phosphorous), axial 
chirality or planar chirality. Figure 2 shows examples of some successful ligands. 
 

N N
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N
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N PPh2 PPh2

P
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5
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Figure 2. Ligands that have been assessed in allylic alkylation with high selectivity.29,30 

 
 The two phenyl rings in the benchmark substrate prefer a syn configuration in 
the π-allyl complex, thus giving rise to two predominating diastereomeric 

                                                 
28 Sawamura, M.; Nagata, H.; Skamoto, H.; Ito, Y. J. Am. Chem. Soc. 1992, 114, 2586. 
29 (a) Andersson, P. G.; Harden, A.; Tanner, D.; Norrby, P.-O. Chem. Eur, J. 1995, 1, 12. 
(b) von Matt, P.; Pfaltz, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 566. (c) Bolm, C.; 
Kaufmann, D.; Gessler, S.; Harms, K. J. Organomet. Chem. 1995, 502, 47. (d) Kubota, H.; 
Koga, K. Tetrahedron Lett. 1994, 35, 6689. (e) Togni, A.; Breutel, C.; Schnyder, A.; 
Spindler, F.; Landert, H. Tijani, A. J. Am. Chem. Soc. 1994, 116, 4062. 
30 Nordström, K.; Macedo, E.; Moberg, C. J. Org. Chem. 1997, 62, 1605. 
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complexes (Figure 3). When a C2-symmetric ligand is used only one complex is 
formed, as apparent allyl rotation results in an identical situation and the 
stereochemical outcome is only determined by which of the two allylic termini the 
nucleophile attacks. Due to this situation many chemists have preferred to use C2-
symmetric ligands. 
 

**

=

C2-symmetric ligand

C1-symmetric ligand

PhPh Ph Ph

Nu

PhPh Ph Ph

Nu

Nu

*

Nu  
 

Figure 3. The different possible π-allyl complexes that predominates with C1- and C2-
symmetric ligands. 

 
 Although the catalytic cycle is well established regarding stereochemistry and 
reaction pathway there is still some debate about the key step, the 
enantiodetermination. Depending on whether the reaction proceeds via an early or 
late transition state (TS), the model used for interpreting the results differs. If the 
TS is early, it resembles the starting material and the best way to understand the 
enantiodescriminating step is to observe the π-allyl complex. The nucleophile has 
two allylic termini to choose between in each diastereomeric complex. If the 
substrate is not symmetric, the nucleophile will often attack at the least substituted 
terminus. In the case of a meso-substrate (as in Figure 3), the nucleophile will 
attack the allylic terminus most remote from palladium. If ligands with different 
donor atoms are used, e.g. P,N ligands, the nucleophilic attack will usually be 
trans to phosphorus.31 This is due to the large trans-influence of phosphorus. 
Increased difference in the trans-influence between the donor atoms would thus 
give rise to enhanced enantioselectivity. Steric interactions can also give rise to 
different Pd-C bond distances or block the entrance for the nucleophile to one 
allylic terminus and is thus an important factor in order to achieve a selective 
nucleophilic attack.  
                                                 
31 (a) Allen, J. V.; Coote, S. J.; Dawson, G. J.; Frost, C. G.; Martin, C. J.; Williams, J. M. J. 
J. Chem. Soc., Perkin Trans. 1 1994, 2065. (b) Sprinz, J.; Kiefer, M.; Helmchen, G.; 
Reggelin, M.; Huttner, G.; Walter, O.; Zsolnai, L. Tetrahedron Lett. 1994, 35, 1523. (c) 
Dawson, G. J.; Williams, J. M. J.; Coote, S. J. Tetrahedron: Asymmetry 1995, 6, 2535. 
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 A late transition state in the key step has been proposed quite recently.20c,22,32 
In this case the TS of the key step is product-like and the nucleophilic attack and 
subsequent rotation of the Pd-olefin complex proceeds in order to form the most 
favoured π-olefin complex (Figure 4).19f,20c If the ligand is C2-symmetric there is 
just one route for each case. 
 

Ph

Nu Ph

Ph

NuPh

Ph Ph

Ph

Nu
Ph

Ph Ph

Ph

NuPh

PhPhPhPh

NuNu

Nu Nu

unfavoured favoured favoured unfavoured

 
 

Figure 4. Model for the enantiodiscrimination when the TS is late. The curved arrows 
show the direction of the rotation of the allyl group. 

 
 Previous results from our group utilising ligands with a conformationally non-
rigid –OH or –OMe groups prompted us to investigate how these ligands affect the 
enantioselectivity.30 The results of reactions using some of the ligands in this 
series (9-10) are shown in Figure 5 together with results from some additional 
ligands, synthesised in our group in order to illustrate the importance of the 6-
substituent of the pyridine ring (11-13, 15-16).33 Ligand 14, with a methyl group in 
the 6-position was reported by Chelucci.34  
 

                                                 
32 (a) Brown, J. M.; Hulmes, D. I.; Guiry, P. J. Tetrahedron 1994, 50, 4493. (b) 
Steinhagen, H.; Reggelin, M.; Helmchen, G. Angew. Chem. Int. Ed. Engl. 1997, 36, 2108. 
33 Bremberg, U.; Rahm, F.; Moberg, C. Tetrahedron: Asymmetry 1998, 9, 3437. 
34 Chelucci, G.; Medici, S.; Saba, A. Tetrahedron: Asymmetry 1997, 8, 3183. 
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Figure 5. Selectivities obtained in the allylic alkylation using the “benchmark” conditions. 
 
 The results clearly show that the substituent in the 6-position of the pyridine 
ring has a big influence on the selectivity. The introduction of a second 
stereogenic centre in ligands 9 and 10 also has a big influence on the selectivity. 
Ligand 13, with hydrogen in the 6-position, gave only 50% ee and when the steric 
bulk was increased with a methyl group 1434 the ee raised to 74%. Ligand 15 
probably has a similar level of steric hindrance as ligand 14 since it gave almost 
the same degree of selectivity. The hydroxymethyl ligand 11 and the 
methoxymethyl ligand 12 gave higher selectivities (88% ee and 82% ee 
respectively). When the hydroxy group was locked in the plane of the aromatic 
rings as in ligand 16 no reaction occurred. O-methylation of 9a, with R,S-
configuration, (to give 10a) resulted in an improvement in selectivity from 90% to 
99% ee. In contrast, O-methylation of 9b, with R,R-configuration, (to give 10b) 
resulted in a drastic drop in selectivity from 95% to 15% ee. These results indicate 
that ligands 9 and 10 adopt different conformations. 
 The conformation of the ether- and the alcohol-containing ligands (except 16) 
is different in the free state. The ether ligands prefer a planar anti conformation 
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and the hydroxy-containing ligands adopt a planar syn conformation due to 
hydrogen bonding to the pyridine nitrogen.35 In the metal complex they should 
adopt similar conformations since the lone pair of the pyridine nitrogen is bound to 
palladium. Since the results from ligands 9-10 indicated different conformations 
we decided to investigate this more deeply. 
 
 
2.2 Conformational Studies upon Steric Effects 
 
2.2.1  Pyridyl Alcohol Ligands 
 
In order to study the conformations of the hydroxymethyl and the methoxymethyl 
ligands we used a combination of X-ray crystallography, DFT calculations and 
NOESY measurements.  
 Attempts to grow crystals of the allyl complexes for X-ray crystallography 
failed. We therefore chose to study a simplified complex 17 prepared from ligand 
11 and Pd(II) chloride. 
 

NO

N

R

OR'

Pd
Cl

Cl

17 R=Ph; R'=H
18 R=H; R'=H 
19 R=H; R'=Me

 
 

 The X-ray analysis of complex 17 revealed two crystallographically 
independent complexes in the asymmetric unit (molecules A and B, Figure 6). 
Two distinct conformations of the hydroxymethyl unit were present in each crystal 
form, so in total four different solid state conformations were found. 
 
 

                                                 
35 Moberg, C.; Adolfsson, H.; Wärnmark, K.; Norrby, P.-O.; Markstokk, K.-M.; Møllendal 
H. Chem. Eur. J. 1996, 5, 516. 



 13

                                        

 
                                        

 
Figure 6. A and B represent two independent crystal forms of complex 17. In each crystal 

form two conformations of the hydroxy moiety are present. 
 
 The two major and the two minor conformations, respectively, have different 
probabilities but are otherwise very similar. This result does not provide any 
explanation pertaining to the role of the hydroxy moiety. The minor conformer, 
with a dihedral angle of –93o, places the OH very close to one of the chlorine 
atoms, indicating a hydrogen bond. 
 The result above prompted us to perform hybrid DFT calculations (B3LYP) 
on complex 18, a simplified, achiral version of complex 17. Two local minima (C 
and D) were found and the TS for the rotation was also calculated (E) (Figure 7).  
 

Pd

Cl Cl

NN

Pd

Cl Cl

NN

Pd

Cl Cl

NN

C

O OO

O
OO

H

HH

D E  
Figure 7. Calculated conformational minima (C and D) for a simplified hydroxymethyl 

Pd(II) chloride complex (18). Conformation E represents the rotational TS. 
 

Dihedral angle 
N-C-C-O 

Probability 

159.5o 91.5% 
-94.3o 8.5% 
 

Dihedral angle 
N-C-C-O 

Probability 

159.1o 79.4% 
-92.8o 20.6% 
 

A 

B 
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 The DFT calculations of the gas phase complex showed conformations similar 
to those found in the solid state (Table 1), but the conformation with the smaller 
dihedral angle was favoured in the calculation, and the conformation with the 
larger dihedral angle was favoured in the X-ray structures. The reason may be that 
in the gas phase the intermolecular hydrogen bonding interactions, that are 
observed in the crystal structure for the conformations with large dihedral angle, 
are absent. The presence of a hydrogen bond in the syn conformation (C) was also 
observed in the calculated minimum. The O-H bond in C is indeed slightly longer 
(0.02 Å) than the O-H bond in D. 
 

Table 1. Relative energies (relative to C) and dihedral 
anglesfor the calculated structures in Figure 7. 

 
Conformation Dihedral angle, 

N-C-C-O 
∆E (kJ/mol) 
(Relative values) 

C -73o 0 
D 178o 9.2 
E (rotational TS) 149o 18.4 

 
 For the methylated Pd(II)Cl2 complex (19) only one minimum with an N-C-C-
O dihedral angle close to 180o was found. 
 We continued the investigation with calculations of the conformational 
minima for π-allyl and 1,3-diphenyl-π-allyl complexes (20-21) of the achiral 
ligand containing a hydoxymethyl moiety. Two minima were found for both 
complexes, and for these complexes the planar anti conformations were found to 
be more stable (Table 2). The conformational minimum of the methylated allyl 
complex was also calculated and again only one minimum was found, the 
observed dihedral angle being close to 180o.  
 

NO

N

OH

Pd

R

R

20 R=H 
21 R=Ph  

 
 From these results it is difficult to explain the selectivities. The most 
energetically favoured conformation of the hydroxymethyl-containing ligand has a 
dihedral angle close to 180o, as does the methoxymethyl-containing ligand. 

Complex Dihedral angle 
N-C-C-O 

∆E (kJ/mol) 
(Relative values) 

20 170o 0 
20 -71o 11.7 
21 178o 0 
21 -85o 7.1 

Table 2. Calculated relative energies and dihedral 
angles. 
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 The next step in our investigation was to perform calculations on an olefin 
complex, and for this purpose 22 was used as a model. Fluoride anion was chosen 
as nucleophile to simplify the calculations. Two mimima were found, F and G, for 
this complex, but now the conformation with the smaller N-C-C-O dihedral angle 
(F) was found to be 9kJ/mol more stable than the anti conformation (Figure 8). 
This suggests the presence of an interaction between palladium and the proton in 
the hydroxy group. 
 

NO

N

OH

Pd
F

22  
 

G

Pd

NN

O

O
H

F

Pd

NN

O

O

H

F

F  
Figure 8. Calculated minima for the Pd(0) olefin complex (22) using fluoride as a model 

of the nucleophile. 
 
 Calculations were also performed on the TS of the nucleophilic attack (H, 
Figure 9) to elucidate the effect of the conformation on the stereoselectivity. The 
DFT calculations (B3LYP) were performed using the DPCM method as 
implemented by Gaussian 9836 to approximate a dichloromethane solution. The 

                                                 
36 Gaussian 98, Revision A.3, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. 
E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.: Montgomery, Jr., J. A.; Stratmann, 
R. E.; Burant, C. J.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. 
C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; 
Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, 
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; 
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, 
R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A., 
Gonzalez, C., Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; 
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calculation showed that the N-C-C-O dihedral angle was -55o. This is very close to 
the dihedral angle in the product olefin complex (-57o), suggesting a late TS. 
However, the TS seems to be early in view of the rotation of the allyl moiety since 
it has only rotated 4o from the starting complex (Figure 9). 
 

H  
 

Figure 9. Conformation of the calculated TS of the fluoride nucleophilic attack on the Pd 
π-allyl complex. The N-C-C-O dihedral angle is –55o. 

 
 The Pd(II) chloride and Pd(II) allyl complexes were also investigated by 
NOESY measurements (Figure 10). NOESY was chosen as a complementary 
technique since it allowed studies of the structure of the complexes in solution. 
The 1H NMR spectrum of the complex studied was assigned with the aid of 
COSYgs, HMQCgs and NOESY using standard pulse sequences. The allyl 
complexes had to be cooled in order to prevent coalescence of the NMR signals 
due to rapid allyl rotation. The NOESY study indicated that the hydroxy group in 
ligand 17 was turned towards palladium since no NOE was observed between the 
hydroxy proton and H-5.  
 

                                                                                                                           
Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S. And J. A. Pople, Gaussian, 
Inc., Pittsburgh PA, 1998. 
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Figure 10. The grey curves represent NOESY correlations. The denotations w (weak), m 

(medium) and s (strong) refer to their relative strength.37 Only NOE correlations to the 
methylene and the hydroxy/methoxy moieties are shown. 

 
 The methoxymethyl-containing complex 25 demanded much lower 
temperature in order to freeze out the apparent allyl rotation than the 
hydroxymethyl complex 24. The activation energies of rotation were estimated to 
be 7.4 kJ/mol higher for complex 24 than for complex 25. This calculation was 
based on the different coalescence temperatures for the two complexes (Figure 
11). The difference in the rotational barrier is interpreted as being caused by an 
interaction between the hydroxy group and the Pd-allyl moiety. The apparent allyl 
rotation prevented assignment of the two rotamers of complexes 24 and 25, which 
is the reason for the NOESY correlations in Figure 10 being so unspecific 
regarding the ends of the allyl group. The correlations for complex 24 indicate an 
N-C-C-O dihedral angle around 180o since no NOE was observed between the 
hydroxy proton and the allyl moiety. This is in agreement with the results of the 
DFT calculation. Signals from complex 25 were difficult to interpret since the 
methoxy group showed couplings to H-5 in the pyridine ring as well as to the allyl 

                                                 
37 In order to denote the relative strengths of the NOESY signals all signals were compared 
to the signal between H-4 and H-5/3. This signal was chosen since it is present and can be 
assumed to be constant for all complexes. A signal denoted (s), is as large as or larger than 
the reference signal. A signal denoted (w), has half or less than half of the intensity of the 
reference signal.  
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protons. Since the correlation to H-5 was strong, the preferred N-C-C-O dihedral 
angle was assumed to be around 180o, in agreement with the calculations. 

25 °C   25 °C  

-17 °C   17 °C  

-19 °C   14 °C  

-21 °C   10 °C  

-33 °C   0 °C   
 

 
Figure 11. Coalescence of the signals from H-5. 

 
 The systems studied were only simple models. The aim was to apply the 
knowledge from these simple systems on the more complex and more selective 
ligands 9 and 10. Since both calculations and NMR experiments showed that the 
methoxy moiety prefers an anti conformation (N-C-C-O dihedral angle around 
180o) the same can be assumed for ligands 10a and 10b. The conformation of the 
hydroxy group (in an allyl complex) was less clear but both calculation and 
NOESY indicated anti conformation. The calculations showed that the hydroxy 
group is turned partly towards palladium in the olefin complex formed after the 
nucleophilic attack. The difference in energy of the rotational barrier for the 
apparent allyl rotation, observed by NMR, also indicated an interaction between 
the hydroxy group and the metal. The hydroxy-containing ligands 9a and 9b were 
therefore assumed to change their conformations during the catalytic cycle. Figure 
12 illustrates that the conformation of the two successful ligands 9b and 10a have 
pseudo-C2 symmetry after the nucleophilic attack and that the expected product is 
the same for both, despite the different absolute configuration on the freely 
rotating moiety. 

25 24
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Figure 12. Conformational preferences for ligands 9b and 10a. The upper models are for 
predicting the enantiodiscrimination when the TS is late (olefin-like), and the lower for an 

early TS (allyl-like). Both models give the same results. 
 
 Reactions utilising hydroxy ligand 9a have an ee that is only slightly lower 
than reactions catalysed by hydroxy ligand 9b, 90% ee compared to 95%. The 
reason for this might be that ligand 9a has a pseudo-C2-arrangement of the bulky 
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substituents that does not differ much from the arrangement in the complex with 
ligand 10a (Figure 12). The bulky substituent above the plane is OH for ligands 9a 
and 9b, and tBu for ligand 10a. The noticeably low enantioselectivity for ligand 
10b (15%) might be explained by the pseudo-meso conformation that gives rise to 
very small energy differences between the different allyl/olefin complexes (Figure 
13). 
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Figure 13. Conformational preferences for ligands 9a and 10b. The upper model is for 
predicting the enantiodiscrimination when the TS is late, and the lower for an early TS. 

Both models give the same result. 
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 The application of ligands harbouring freely rotating hydroxy and methoxy 
groups in enantioselective catalysis has previously not been investigated so 
thoroughly since most ligands used in catalysis are rigid systems when bound to 
the metal. Hayashi et al. demonstrated that introduction of a side chain with 
terminal hydroxy groups into a chiral ferrocenylphosphine ligand can improve the 
stereoselectivity (up to 52%) and the activity.38 An attractive interaction between 
the terminal hydroxy group and the nucleophile is thought to be responsible for the 
effect.38,39 In the rhodium(I)-catalysed asymmetric hydrogenation the role of 
hydroxy and methoxy moieties has been investigated. Knowles et al. reported in 
1982 that changing the methoxy group in DiPAMP to hydroxy gave a 
hydrogenation catalyst with enhanced enantioselectivity but poor reactivity.40 
Since then several other examples of increasing enantioselectivity connected to the 
introduction of hydroxy groups have been found for this reaction. Börner studied 
the mechanism for this and observed an interaction between rhodium and one 
hydroxy group (2.396 Å) that affected the conformation of the catalyst.41 This 
interaction is between the metal and the oxygen in the hydroxy group, and is thus 
different from the interaction found for our systems. 
 
2.2.2  Bis(oxazoline) Ligands 
 
In 1999 Balavoine et al. reported a series of bis(oxazoline) ligands 26 that had 
been assessed in the allylic alkylation of rac-(E)-1,3-diphenyl-2-propenyl acetate 
with sodium dimethyl malonate.42 A remarkable effect, absent in 26b, was 
observed when the hydroxy-containing ligand 26a was used as a catalyst. Ligand 
26a gave the (S)-product with 92% ee while derivatives 26b-26d gave the (R)-
product with 77-90% ee. These results are very interesting since the same 
backbone (26a) can give rise to either enantiomer of the product simply by 
methylating or esterifying the OH group. What is also interesting is the difference 
in reactivity between these ligands. The catalyst with the hydroxy-containing 
ligand 26a is much more reactive than the O-substituted derivatives (Table 3).  
 
 

                                                 
38 (a) Hayashi, T.; Kanehira, K.; Hagihara, T.; Kumada, M. J. Org. Chem. 1988, 53, 113. 
(b) Hayashi, T. Pure & Appl. Chem. 1998, 60, 7. 
39 Sawamura, M.; Ito, Y. Chem. Rev. 1992, 92, 857. 
40 (a) Knowles, W. S.; Christopfel, W. C.; Koenig, K. E.; Hobbs, C. F. Adv. Chem. Ser. 
1982, No 196, 337.  
41 Börner, A. Eur. J. Inorg. Chem. 2001, 327. 
42 Hoarau, O.; Aït-Haddou, H.; Daran, J.-C.; Cramailère, D.; Balavoine, G. G. A. 
Organometallics 1999, 18, 4718. 
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Table 3. Enantioselective allylic alkylations 
using ligands 26a-e.42 

O

N N

O

ORPh RO
Ph

(S) (S)

(S) (S)

26a R=H
26b R=Me
26c R=COPh
26d R=COMe
26e R=CH2Ph  

 
 
 Two hypotheses for the explanation of the changes in stereochemical outcome 
in this reaction were presented by Balavoine et al. (I and J, Figure 14). In both 
hypotheses an interaction between the nucleophile and the proton of the hydroxy 
group is essential to give the (S) enantiomer as the major product. 
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Figure 14. Two explanations for the reversal in enantioselectivity.42 

 
 Since we had observed large changes in enantioselectivity between hydroxy 
and methoxy ligands with our pyridinooxazolines, and since we were able to 
explain this behaviour by a change in conformation due to an interaction between 
palladium and the hydrogen in the hydroxy group, we were interested to see if the 
same explanation could be applied for the bis(oxazoline) ligands. Ligands 27a, 
27b and 27c were synthesised and utilised as ligands to see if the same behaviour 
was observed when the phenyl group was not present on the carbon atom bearing 
the hydroxy/methoxy/phenyl ester group. In this series all ligands gave the same 
product, the (S)-enantiomer (Table 4). Also in this series the hydroxy-containing 
ligand promoted a faster rate of reaction than the ether and ester derivatives.  
 

Ligand t(h) ee yield 
26a 2 92% (S) 98% 
26b 96 85% (R) 65% 
26c 24 90% (R) 98% 
26d 24 77% (R) 99% 
26e 96 ------ no reaction 
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O

N N

O

OR RO

Ph Ph
(S) (S)

27a R=H
27b R=Me
27c R=COPh  

 
 Calculations were performed on both ligand types using Jaguar, the basis set 
used being B3LYP/lacvp* in order to investigate if the same conformational 
change occurred in the bis(oxaxoline) ligands due to an interaction between -OH 
and Pd(0). Calculations were made on allyl and olefin complexes of the hydroxy- 
and methoxy-containing ligands (26-33). In the π-allyl complexes only one major 
complex from each ligand exists due to the C2 symmetry of the ligands, the syn-
anti and anti-anti complexes not being considered. In these complexes, the N-C-C-
O dihedral angles were similar for the hydroxy- and methoxy-containing ligands, 
65o and 180o in 28a, 65o and –175o in 28b, 69o and 179o in 31a and 68o and 175o in 
31b.  
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 The NH2

- ion was used as model for the nucleophile in the calculations 
performed upon the olefin complexes. The energies of complexes 29a and 30a 
were calculated and the energy difference was found to be 8.6 kcal in favour of the 

Table 4. Catalytic results in the allylic  
alkylation utilising ligands 27a-c. 
Ligand t(h) ee yield 
27a 6.5 93-98%(S) 91% 
27b 24 87-89% (S) 82% 
27c 24 81% (S) 83% 
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complex giving the (S) olefin (when dimethyl malonate was used as a nucleophile) 
(Figure 15). This is in agreement with the experimental results. The conformation 
of the ligand had changed compared to that in the allyl complex. The N-C-C-O 
dihedral angles in the lowest energy complex 29a were –67o and 55o and the 
structure was stabilised by an interaction between the protons in the two hydroxy 
groups and Pd (H-Pd 2.300 Å/2.663 Å). The O-H bond in the hydroxy group 
closest to the nucleophile (H-Pd 2.300 Å) was slightly elongated, by ca. 0.01 Å. 
The protons in the hydroxy groups in allyl complex 28a were turned away from 
palladium. Calculations on complex 29b and 30b showed that the energy 
difference was 1.1 kcal in favour of complex 29b, in agreement with the 
experimental results (88% ee (S)). 
 

 
 

Figure 15. Calculated conformational minima for olefin complexes 29a and 30a. 
 

 Calculations were also performed on the olefin complexes with ligands 
published by Balavoines et al. (32-33). The conformation of the hydroxy-
containing ligand in the allyl complexes (32a and 32b) was very similar to the 
ones found for complexes 29a and 30a; the N-C-C-O dihedral angles were near 
65o on both sides and the protons in the hydroxy groups had a favourable 
interaction with palladium (H-Pd 2.337 Å/2.355 Å). In this case the O-H bonds on 
both sides were slightly elongated, by ca 0.01 Å. The energy difference between 
the complexes was 0.6 kcal/mol in favour of complex 30a. This was not in accord 
with experimental data, since the (S) olefin was produced with 92% ee. The energy 
difference calculated was very small and many local minima existed for both 
complexes. More calculations will be performed using more accurate basis sets. 
The bis(oxazoline) backbone was far more twisted in complex 32a than in 
complex 33a. The ligand in complex 33a adopted close to C2-symmetric 
conformation whereas the ligand in complex 32a had both hydroxy groups above 
the coordination plane. In the methoxy-containing complexes 32b and 33b the 
conformations of the ligands were similar to the ones found 29b and 30b, the N-C-
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C-O dihedral angles were close to 175o on both sides. The olefin complex with (R) 
absolute configuration (if the nucleophile is dimethyl malonate) had an energy that 
was 1.5 kcal/mol lower than the olefin complex with (S) absolute configuration. 
This was in accordance with experimental results (85% ee of (R)-product). 
 Calculations were also performed on the TS of the nucleophilic attack 
catalysed by hydroxy- and methoxy-containing ligands to elucidate the effect of 
the conformation on the stereoselectivity. The calculations were done on 
simplified complexes with NH3 as a nucleophile (K and L, Figure 16). Indeed, the 
conformations of the ligands in the TS were similar to the ones found in the olefin 
complexes. The TS for the hydroxy-containing ligand seemed to be stabilised by 
OH-Pd interactions (Pd-H 2.556 Å/2.6546 Å). The O-H bonds were not elongated 
in the transition state as in the olefin complexes. The lowering of the energy of the 
TS by the OH-Pd interaction is in agreement with the activity of the catalysts, as 
reactions were completed within 2 h and 6.5 h, respectively, for the hydroxy 
functionalised ligands 26a and 27a whereas the methoxy-containing ligands 26b 
and 27b required 96 h and 24 h, respectively. Calculations of the TS were also 
performed on a simplified methoxy-containing ligand. The results shows that the 
conformation of the methoxy groups is similar to the conformations in the olefin 
complexes, with N-C-C-O dihedral angles being close to 180o on both sides. 
 

K L  
 
Figure 16. Conformation of the calculated TS of the NH3 nucleophilic attack on the Pd π-

allyl complex. The N-C-C-O dihedral angles are –62o on both sides. 
 

 
2.3 Electronic Effects 
 
If the donor atoms in the ligands have very different electronic properties, the 
electronic effects are usually more important than the steric effects in order to 
determine the selectivity in the nucleophilic attack, as stated in Sections 2.1 and 
2.2. The most classic example is the use of P,N ligands. In these ligands the 
nucleophilic attack usually occurs trans to phosphorus due to the higher trans 
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influence of phosphorus. Carbon has even higher trans influence, and exchange of 
phosphorus for σ-bonded carbon was expected to increase the stereoselectivity. 
Cyclopalladated imine complexes would be appropriate catalysts to achive this. 
These kinds of catalysts have been used in Heck and Suzuki cross couplings.43  
 Palladacycle 34 was synthesised from palladium acetate and (4S)-4-isopropyl-
2-phenyl-4,5-dihydro-1,3-oxazole (35) in 96% yield (Scheme 3). A published 
procedure by Williams et al. was followed in order to obtain 35 from benzonitrile 
and valinol.44 
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Scheme 3. 

 
 Catalyst 34 was assessed in the allylic alkylation of rac-(E)-1,3-diphenyl 
acetate with dimethyl malonate. To our disappointment 34 was found to be 
inactive as a catalyst for this reaction. However, 32 was found to be active as a 
catalyst in another application, this is described in chapter 6. 
 

                                                 
43 (a) Ohff, M.; Ohff, A.; Milstein, D. Chem. Commun. 1999, 357. (b) Weissman, H.; 
Milstein, D. Chem. Commun. 1999, 1901. 
44 Bower, J. F.; Martin, C. J.; Rawson, D. J.; Slawin, A. M. Z.; Williams, J. M. J. J. Chem. 
Soc., Perkin Trans. I 1996, 333. 
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3 Polymer-Bound Ligands in Asymmetric Catalysis 
 
3.1 Background 
 
The production of enantiomerically pure compounds on an industrial scale by the 
use of homogeneous asymmetric catalysis is limited. Problems associated with the 
separation and the recycling of the expensive chiral catalyst is probably the major 
reason for this. A lot of research has been performed during the past three decades 
in order to make chiral catalysts more attractive for industrial applications.45 The 
goal is to develop rapid and selective catalytic systems that are well-defined and 
can be recovered completely after the reaction.46 Figure 17 illustrates different 
concepts for immobilisation and separation of chiral metal complexes. This 
chapter will focus on polymer-bound catalysts, homogeneous as well as 
heterogenous. The next chapter focuses on dendritic ligands. 
 

Heterogeneous Homogeneous

Dendritic
Ligands

Soluble 
Polymers

 Liquid-Liquid
(aqueous or 
fluorous phase)

   Solid-Liquid
(organic/inorganic
polymer)

chemical
bond

encapsu-
lation

Separation by filtration

Separation by
phase separation

Separation by filtration
    or precipitation

 
 

Figure 17. Illustration of the different methodologies used for the recycling of chiral 
catalysts. 

 

                                                 
45 (a)Blaser, H.-U.; Pugin, B.; Studer, M. Chiral Catalyst Immobilization and Recycling 
(Eds.: De Vos, D. E.; Vankelecom, I. F. J.; Jacobs, P. A.), Wiley-VCH, Weinheim, 2000, 
1-17. (b) Fodor, K.; Kolmschot, S. G. A.; Sheldon, R. A. Enantiomer 1999, 4, 497. 
46 Baker, R. T.; Tumas, W. Science 1999, 284, 1477. 
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 There are basically two different strategies for making a catalyst easy to 
recycle through using polymers. The first approach is immobilisation of chiral 
ligands onto insoluble polymeric (organic or inorganic) supports. The second 
possibility is to bind the catalyst onto a polymer that is soluble under the reaction 
conditions and can be recovered after precipitation or via ultrafiltration. The 
disadvantages of attaching chiral ligands onto insoluble supports, such as cross-
linked polystyrene, are that lower activities and selectivities usually are 
observed.47 One very important factor seems to be the choice of the polymeric 
support. If the polymer does not swell in the solvent used during the reaction most 
of the immobilised catalyst is not available. The separation of a truly 
heterogeneous catalyst is much easier and less expensive than the separation of a 
catalyst anchored to soluble supports.45 The approach of using soluble polymeric 
supports, such as modified poly(ethylene glycol), is less common. The advantage 
with this methodology is that since the catalysis can be performed under 
homogeneous conditions, higher selectivities and activities can usually be 
achieved.48 Common for both methodologies is that the catalytic activity and/or 
the stereoselectivity found in the solution-phase for the catalyst do not always 
correlate to those found when the catalyst is bound to a polymer. 

A relatively new sort of polymer combines the advantages of the two 
methodologies in many applications. This class consists of polymers that exhibit 
outstanding swelling properties in comparison with the traditionally crosslinked 
polystyrene resins. Examples of these polymers include TentaGel and ArgoGel. 
Catalytic processes employing these resins are more similar to homogeneous than 
heterogenous catalysis due to their excellent swelling properties and purification is 
easy since they are insoluble polymers. TentaGel and ArgoGel are graft-
copolymers of gel-type polystyrene and derivatives of poly(ethylene glycol) 
(PEG).49 Another advantage with these resins compared to the traditionally used 
polystyrene-divinylbenzene resins is that they are more easily analysed by 
spectroscopic methods in the solvent-swollen state. 

During the past decade the use of resin-bound catalysts has been growing 
enormously to include catalytic applications such as oxidations, reductions and 
alkylation of aldehydes utilising diethylzinc.50 

                                                 
47 Reger, S. T.; Janda, K. D. J. Am. Chem. Soc. 2000, 122, 6929. 
48 Annunziata, R.; Benaglia, M.; Cinquini, M.; Cozzi, F.; Pitillo, M. J. Org. Chem. 2001, 
66, 3160. 
49 (a) Barany, G.; Albericio, F.; Kates, S. A.; Kempe, M. ACS Symposium Series, 680; 
Harris, J. M.; Zalipsky, S., Eds.; Poly(ethylene glycol) Chemistry and Biological 
Applications. Am. Chem. Soc., 1997. (b) Bayer, B. Angew. Chem. Int. Ed. Engl. 1991, 30, 
113. (c) Li, W.; Yan, B. J. Org. Chem. 1998, 63, 4092. 
50 A recent review: Clapham, B.; Reger, T. S.; Janda, K. D. Tetrahedron 2001, 4637. 
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There have been a few attempts to use immobilised catalysts in the 
asymmetric Pd-catalysed allylic alkylation. Recently Uozumi et al. reported the 
use of a polymer-bound (PS-PEG) P,N-ligand in allylic alkylation in water.51 
Enantioselectivities of up to 94% were achieved and the ligand was recycled three 
times with approximately the same results. Lemaire et al. developed polymeric 
nitrogen-ligands such as polyamides and polyureas.52 The chiral ligand used in the 
copolymerisation was a C2-symmetric diamine. The polyamide ligand showed the 
highest selectivity (80%) but gave only 38% yield. 
 
 
3.2  Polymer-Bound Pyridinooxazolines 
 
3.2.1 Synthesis 
 
A series of polymer-bound catalysts was synthesised from ligands 9a, 9b and 11. 
The polymeric supports used were chloromethylated SX1, which is a polystyrene 
resin cross-linked with 1% divinylbenzene, ArgoGel-Wang-Cl and TentaGel 
HL-COOH. When the ligands were coupled to ArgoGel and polystyrene, a 
spacer with a protected phenolic residue was used since it was known that 
phenolic compounds react readily with chloromethylated polymers.53 
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Esterification of ligands 9a, 9b and 11 was tried using spacer 36. Ligand 11 
was successfully coupled with 36a using Mitsunobu conditions to give compound 
38 (Scheme 4). Attempts with a model compound (simplification of the ligand) 
showed that Mitsunobu conditions worked better than DCC/DMAP. The yield 
after coupling and deprotection of the carbonate with aqueous ammonia was 56%. 
The secondary alcohols in ligands 9a and 9b seemed to be too sterically hindered 
to undergo reaction with spacer 36a according to attempts to couple a model 
compound, rac-2-(2,2-dimethyl-1-hydroxylpropyl)pyridine. Spacer 36b, which is 
less sterically hindered, was therefore chosen. In this case DCC/DMAP gave the 
product in moderate yields while the Mitsunobu conditions gave no product at all. 
                                                 
51 Uozumi, Y.; Shibatomi, K. J. Am. Chem. Soc. 2001, 123, 2919. 
52 Gamez, P.; Dunjic, B.; Fache, F.; Lemaire, M. Tetrahedron: Asymmetry 1995, 6, 1109. 
53 Levacher, V.; Moberg, C. React. Polym. 1995, 24, 183. 
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The yields of 39a and 39b were 58% and 65%, respectively. The deprotection 
proceeded in excellent yields affording 40a and 40b in 95% and 93% yield, 
respectively. 
 

NO

N

Ph

OH
OCOOCH3

CO2H

THF

NO

N

Ph

OH

R'
R''

OCOOCH3

CO2H

CH2Cl2

37 R=COOCH3
38 R=H

NO

N

Ph

O

O

OR

NO

N

Ph

O

O

ORR'
R''

9a R'=tBu, R''=H
9b R'=H, R''=tBu

11

DEAD, PPh3+

36a

+

36b

DCC, DMAP

39a R=COOCH3, R'=tBu, R''=H
40a R=H, R'=tBu, R''=H

39b R=COOCH3, R'=tBu, R''=H
40b R=H, R'=tBu, R''=H  

 
Scheme 4. 

 
The spacer-attached ligands were then coupled to the chloromethylated resins 

using K2CO3 in DMF resulting in polymers 41-43 (Scheme 5). The conversion 
was determined by elemental analysis to 40-57%. 
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Scheme 5. 
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Ligands 9a, 9b and 11 were also coupled to a TentaGel resin containing a 
carboxyl group in the presence of DCC/DMAP. This resin was not so sterically 
crowded and had a suitable functional group, therefore no need for a spacer 
existed. According to elemental analysis conversions to the products 44-45 were in 
the order of 80-100%. This is therefore a satisfactory way for attaching this kind of 
ligands onto polymeric supports, since no spacer is required and high conversions 
in the coupling are obtained. 
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To be able to compare the catalytic performance of the polymer-bound 
catalysts with a monomeric analogue, ligand 46 was synthesised from ligand 11 
and benzoic acid in 75% yield using DCC/DMAP. 
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3.2.2 Evaluation in the Allylic Alkylation 
 
Monomer 46 and the easily available polymer-supported ligands 44, 45a and 45b 
were assessed in the Pd-catalysed allylic alkylation of rac-(E)-1,3-diphenyl-2-
propenyl acetate. The reactions were performed in dichloromethane at room 
temperature. The catalytic complex was generated from 2 mol% of bis[(π-
allyl)palladium chloride] and 6 mol% of the ligand. The nucleophile was 
generated in situ from dimethyl malonate in the presence of BSA and a catalytic 
amount of KOAc. All reactions with these ligands were slow; the reaction time 
was about seven days. The enantioselectivities were always reproducible but the 
yields varied considerably (Table 4). The polymer-bound ligands containing a tBu 
group (45a and 45b) showed low activity and the yields were very low. This made 
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it difficult to determine the enantioselectivity accurately, and the ee for these two 
are therefore not very precise. The reaction utilising polymer-bound ligand 44 
gave the product with 80% ee and 60-100% yield and the reaction catalysed by 
monomeric ligand 46 afforded 77% ee and 76-98% yield. It is interesting to note 
that the polymer does not seem to have any negative effect on the performance of 
the ligands. 
 

Table 4. Catalytic results from the allylic alkylation of 
rac-(E)-1,3-diphenyl-2-propenyl acetate with dimethyl  
malonate. 

Catalyst Yield (%) ee (%) 
44 60-100 80 

45a 4 66 
45b 3 61 
46 76-98 77 

 
During the reactions Pd(0) precipitated and coated the polymers, preventing 

reuse of the ligands. The moderate enantioselectivities obtained with these ligands 
did not encourage us to conduct further investigations towards achieving catalyst 
recycling. 
 
 
3.3 Polymer-Bound Bis(oxazoline) Ligands 
 
3.3.1 Background 
 
A related class of ligands that has been very successful in catalytic applications are 
the bis(oxazolines). They have been utilised in a number of different catalytic 
applications such as Diels-Alder,54,55 aldol,54,56 aziridination,54 allylic 
                                                 
54 Recent reviews: (a) Johnson, J. S.; Evans, D. Acc. Chem. Res. 2000, 33, 325-335; (b) 
Ghosh, A. K.; Mathivanan, P.; Capiello, J. Tetrahedron: Asymmetry 1998, 9, 1-45; (c) 
Ojima, I. Catalytic Asymmetric Synthesis; Wiley-VCH: New York, 2000. 
55 (a) Evans, D. A.; Miller, S. J.; Lectka, T.; von Matt, P. J. J. Am. Chem. Soc. 1999, 121, 
7559; (b) Crosignani, S.; Desimoni, G.; Faita, G.; Righetti, P. Tetrahedron 1998, 54, 
15721; (c) Evans, D. A.; Johnson, J. S. J. Am. Chem. Soc. 1998, 120, 4895; (d) Evans, D. 
A.; Olhava, E. J.; Johnson, J. S.; Janey, J. M. Angew. Chem., Int. Ed. 1998, 37, 3372. (e) 
Evans, D. A.; Miller, S. J.; Lectka, T. J. Am. Chem. Soc. 1993, 115, 6460: (f) Evans, D. A.; 
Barnes, D. M.; Johnson, J. S.; Lectka, T.; von Matt, P.; Miller, S. J.; Murry, J. A.; 
Norcross, R. D.; Shaughnessy, E. A.; Campos, K. R. J. Am. Chem. Soc. 1999, 121, 7582. 
(g) Carbone, P.; Desimoni, G.; Faita, G.; Filippone, S.; Righetti, P. Tetrahedron 1998, 54, 
6099. 
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alkylation54,17b and cyclopropanation17b,54,57 reactions. A few examples of 
immobilisation and recycling of this ligand class have been reported. Mayoral et 
al. have immobilised several bis(oxazoline)-copper complexes onto clays and 
other anionic supports by cation exchange and used them for enantioselective 
cyclopropanation reactions.58 Re-use of the catalyst was possible, but some 
supports exhibited leaching and decreased selectivity was observed. The 
enantioselectivities were considerably lower for the heterogenised reactions than 
for the homogeneous reactions (94% and 91% for the homogeneous and 69% and 
64% for the immobilised reactions) and the ratio between the two products (trans- 
and cis-cyclopropanes) was affected. The ratio decreased from 2.4 to 1.8 since the 
immobilised catalyst favoured the cis-cyclopropanes to a larger extent than the 
homogeneous catalyst. Hutchings et al. have also using a non-covalent bonding 
approach when they have immobilised bis(oxazolines) onto zeolite.59 The 
immobilised catalyst was assessed in enantioselective Cu-catalysed aziridination 
reactions. However the yields and enantioselectivities were lower than those 
observed using the homogeneous catalyst. Mayoral et al. have also developed a 
covalently bonded bis(oxazoline) 47, by polymerisation of the central methylene 
bridge but the enantioselectivities it provided were quite low, 46-77% ee in the 
cyclopropanation of styrene with ethyl diazoacetate.60  
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56 (a) Kobayashi, S.; Nagayama, S.; Busujima, T. Chem. Lett. 1999, 71; (b) Evans, D. A.; 
Kozlowski, M. C.; Burgey, C. S.; MacMillan, D. W. C. J. Am. Chem. Soc. 1997, 119, 
7893; (c) Matsunaga, H.; Yamada, Y.; Ide, T.; Ishizuka, T.; Kunieda, T. Tetrahedron: 
Asymmetry 1999, 10, 3095. 
57 Doyle, M. P.; Protopopova, M. N. Tetrahedron 1998, 54, 7919. 
58 (a) Fraile, J. M.; Garcia, J. I.; Mayoral, J. A.; Tarnai, T. Tetrahedron:Asymmetry 1998, 
9, 3997; (b) Fraile, J. M.; Garcia, J. I.; Mayoral, J. A.; Tarnai, T.; Harmer, M. A. J. Catal. 
1999, 214. 
59 Langham, C.; Piaggio, P.; Bethell, D.; Lee, D. F.; McMorn, P.; Bulman Page, P. C.; 
Willock, D. J.; Sly, C.; Hancock, F. E.; King, F.; Hutchings, G. J. Chem. Commun. 1998, 
1601. 
60 Burguete, M. I.; Fraile, J. M.; Garcia, J. I.; Garcia-Verdugo, E.; Luis, S. V.; Mayoral, J. 
A. Org. Lett. 2000, 2, 3905. 
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Our purpose was to synthesise a polymer-bound bis(oxazoline) ligand and to 

test it in the allylic alkylation as well as in additional catalytic processes. 
Simultaneous to our work Salvadori et al. developed an insoluble polymer-bound 
(polystyrene) bis(oxazoline) ligand.61 This ligand was used in the enantioselective 
Cu-catalysed Mukaiyama aldol reaction. The polymer-bound ligand was not as 
active as a soluble analogue (1 hour, 90% yield compared to 15 min, 100% yield). 
The selectivities were in the same range as that obtained with the soluble ligands 
(88-93% ee). 
 
3.3.2 Synthesis 
 
The polymer-supported catalyst 49 was synthesised from 48 and Argo-Gel-Wang-
Cl using K2CO3 in DMF (Scheme 6). The catalyst had a functionalisation of 
0.071 mmol/g according to elemental analysis.  
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Scheme 6. 

 
3.3.3 Evaluation in the Allylic Alkylation 
 
The polymer-bound catalyst, 49, was tested in the allylic substitution of rac-(E)-
1,3-(E)-diphenyl-2-propenyl acetate with dimethyl malonate using the same 
conditions as explained above (3.2.2). The commercially available ligand 50 (R-
(+)-2,2'-isopropylidene bis(4-phenyl-2-oxazoline)) was used as a reference ligand. 
As with the polymer-bound pyridinooxazolines the enantioselectivities were 
consistent but the yields varied from time to time. The reason for the variation in 
yield is not known. The reactions catalysed by these ligands were faster than the 
pyridinooxazolines and the yields after 4 days were 67-95% when ligand 50 was 
used, and the enantiomeric excesses were 95-96%. The results when ligand 49 was 
used were 94-95% ee and 28-70% yield. The selectivity was about the same for 

                                                 
61 Orlandi, S.; Mandoli, A.; Pini, D.; Salvadori, P. Angew. Chem. Int. Ed. 2001, 40, 2519. 
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the reactions catalysed by the monomeric or the polymer-bound catalyst despite 
the fact that ligand 50 is C2-symmetric and ligand 49 is C1-symmetric. 
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 The good enantioselectivities achieved using this polymer-bound ligand 
prompted us to investigate if it was possible to recycle the polymer-bound ligand. 
As stated in Section 3.2.2, Pd(0) precipitates during the reaction and the catalyst 
can therefore not be recycled. However, it is still desirable to be able to recover the 
ligand since it is expensive and not so easily available. Indeed, after washing the 
Pd-coated polymer with a saturated solution of KCN in DMSO the palladium was 
removed and we were able to reuse the ligand. No loss in selectivity was observed 
(recycling up to five times was performed) and the yields varied between 29 and 
93%. The trend in the yields indicated an increase in activity of the catalyst. 
 
3.3.4 Evaluation in the Diels-Alder Reaction 
 
Bis(oxazolines) are an important ligand class in the catalysis of Diels-Alder 
reactions.54,55 Ligand 49 was therefore assessed in the zinc-catalysed cycloaddition 
of 3-(2-propenoyl)-2-oxazolidone 51 and cyclopentadiene 52 (Scheme 7). Ligand 
50 was also used in this application as a reference ligand.  
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Scheme 7. 
 

The reaction was performed in the same way as described by Evans et al.55a  
The catalytic complex was prepared from 10 mol% zinc iodide, 11 mol% ligand 
and 20 mol% AgSbF6 in dichloromethane at room temperature. In the literature 
procedure the solution with the catalytic complex is filtered before use. This could 
not be performed when the polymer-bound catalyst 49 was used. The reaction was 
performed at –78 oC. At this temperature the reaction catalysed by 49 was 
extremely slow, only traces of 53 were formed after 48 h. When ligand 50 was 
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used as a catalyst the reaction went to completion after 15 h; the endo:exo ratio 
was 94:6 and the endo ee was 85% (literature value: 49:1 and 92% ee).55a When 
ligands 49 and 50 were employed at room temperature both reactions went to full 
conversion. Ligand 50 gave the endo product in 57% ee but ligand 49 gave to our 
disappointment, only racemic product. The reaction was also run at –40 oC and the 
activity of the polymer-bound catalyst was still low, merely 13% conversion 
overnight. Since the catalytic complex used in the reactions employing ligand 50 
was filtered before use we wanted to investigate if the presence of a salt could 
explain the low activity and the formation of racemic 53. Experiments at –40 oC 
showed that the yields were not affected by the presence of salts in the reaction but 
the ee of the endo product decreased from 71% to 63%. However this decrease in 
selectivity for ligand 50 when the salts are present in the reaction mixture could 
not explain why the polymer-bound ligand gave racemic product. 

One possible explanation for the low activity of the polymer-bound catalyst in 
the low-temperature reactions is that the polymer is probably more rigid at low 
temperature than at room temperature. When the polymer is not in a swollen state 
the surface area of the polymer is decreased and so is the exposure of a large 
fraction of the ligands. 

Simultaneous with our work, two other groups also developed polymer-bound 
bis(oxazoline) ligands. Cozzi et al. synthesised ligands 54a and 54b.48 These 
ligands were attached to a soluble polymeric support (PEG) and the polymers were 
assessed in the Cu-catalysed Diels-Alder cycloaddition of N-acryloyloxazolidone 
and cyclopentadiene (up to 45% ee), in the cyclopropanations of styrene and 1,1-
diphenylethylene with ethyl diazoacetate (up to 93% ee) and in the ene-reactions 
between ethylglyoxalate and α-methylstyrene or methylenecyclohexane (up to 
95% ee). In the last two reactions the selectivities were about the same as those 
observed using related non-supported ligands. Cozzi et al. also encountered 
problems in the Diels-Alder reactions regarding the selectivity of the polymer-
bounded catalyst.48 They observed a racemic mixture at –78 oC with ligand 54b but 
managed to improve the ee to 45% by synthesising the ligand under conditions 
that gave an “counterion free” ligand. The enantioselectivites were still much 
lower in those reactions catalysed by the polymer-bound catalyst than those 
obtained using monomeric ligands and this behaviour could not be explained. The 
assumption that the lack of C2 symmetry of the polymeric ligands was the reason 
for the low enantioselectivities seemed to be insufficient since ligand 55 gave 95% 
ee. As in our case the polymer-bound ligand was successful in other catalytic 
applications. 
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4 Dendrimers and Dendrons in Asymmetric Catalysis 
 
4.1 Background 
 
A dendrimer is a highly branched, fractal-like macromolecule with a 
predetermined structure and a defined three-dimensional topology; the degree of 
symmetry is extraordinary. Usually dendrimers can be considered as spheres that 
are built up of several dendrons. The dendron can be regarded as a three-
dimensional cone. The relative size of a dendrimer is given by its generation. The 
generation is defined as a layer of the building block from the core/focal point. 
Several applications for dendrimers have been shown since the first publications in 
the late 1970s and early 1980s on dendrimers by Vögtle et al.,62 Tomalia et al.63 
and Newkome et al.64 Examples of applications are molecular encapsulation,65 
catalysis, 66,67,68,69 polymerisation initiators,70 and as drug-carriers.71 

The occurrence in the literature of dendritic catalysts for asymmetric synthesis 
has, since 1994, increased rapidly. There are several reasons for using dendrimers 
in catalysis. Dendritic catalysts are homogeneous in most systems but can be 
recovered by e.g. precipitation or nanofiltration.72 They can be used in flow-
through reactors where they are retained by a membrane.73 Dendritic catalysts 

                                                 
62 Buhleier, E.; Wehner, W.; Vögtle, F. Synthesis 1978, 155. 
63 Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Roeck, J.; 
Ryder, J.; Smith, P. Polym. J. (Tokyo) 1985, 17, 117. 
64 Newkome, G. R.; Yao, Z.-q.; Baker, G. R.; Gupta, V. K. J. Org. Chem. 1985, 50, 2003. 
65 (a) Jansen, J. F. G. A.; de Brabander-van den Berg, E. M. M.; Meijer, E. W. Science 
1994, 266, 1226. 
66 Gorman, C. Adv. Mater. 1998, 10, 295. 
67 Smith, D. K.; Diederich, F. Chem. Eur. J. 1998, 8, 1353.  
68 Oosterom, G. E.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Angew. 
Chem. Int. Ed. 2001, 40, 1828. 
69 Astruc, D.; Chardac, F. Chem. Rev. 2001, 101, 2991. 
70 (a) Gitsov, I.; Ivanova, P. T.; Fréchet, J. M. J. Macromol. Rapid Commun. 1994, 15, 387. 
(b) Trollsås, M.; Hedrick, J. L.; Mecerreyes, D.; Dubois, P.; Jerome, R.; Ihre, H.; Hult, A. 
Macromolecules 1998, 31, 2756. 
71 Malik, N.; Wiwattanapatapee, R.; Klopsch, R.; Lorenz, K.; Frey, H.; Weener, J. W.; 
Meijer, E. W.; Paulus, W.; Duncan, R. Journal of Controlled Release 2000, 65, 133. 
72 Fan, Q.-H.; Chen, Y.-M.; Chen, X.-M.; Jiang, D.-Z.; Xi, F.; Chan, A. S. C. Chem. 
Commun. 2000, 789. 
73 (a) Brinkmann, N.; Giebel, D.; Lohmer, G.; Reetz, M. T.; Kragl, U. J. Catal. 1999, 183, 
163. (b) Eggeling, E. B.; Hovestad, N. J.; Jastrzebski, T. B. H.; Vogt, D.; van Koten, G. J. 
Org. Chem. 2000, 65, 8857. (c) Kragl, U.; Dreisbach, C. Angew. Chem. Int. Ed. Engl. 
1996, 35, 642. (d) de Groot, D.; Eggeling, E. B.; de Wilde, J. C.; Kooijman, H.; van 
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therefore possess one of the big advantages of heterogeneous catalysts namely the 
recycling possibility, but they still have the advantages of homogeneous catalysts; 
they are more selective and not so easily poisoned and also allow mechanistic 
studies and relatively low metal loadings.74 Another reason for using dendrimers is 
that steric crowding at the molecular periphery might change the bond angles in 
the catalytic site, which in turn might affect the activity and selectivity of the 
catalyst. Dendrimers can be synthesised with a well-defined topology and with 
specific functionalities at predetermined positions. The catalytic sites can be 
situated on the surface where they are well exposed or in the core (Figure 18). This 
is perhaps one of the biggest differences compared to heterogenised catalysis in 
which a large fraction of the catalyst can be buried within a polymer, reducing 
availability of reactive sites. 
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Figure 18. Schematic picture over dendrimers with the catalytic site at the surface (to the 

left) or in the core (to the right) 
 
Brunner et al. made a very early contribution to the field of chiral dendrimers 

as catalysts with their so called dendrizymes.75 These ligands have an achiral 
catalytic site in the centre of the dendrimer and chiral groups on the surface (see 
56, Figure 19 for an example). The idea was to mimic an enzyme. These 
dendrizymes were used in the Rh-catalysed hydrogenation of N-
acetamidocinnamic acid and in the Cu-catalysed cyclopropanation of styrene with 
ethyl diazoacetate. The enantioselectivities were very low (<10% ee) and the 
proposed explanation for the low selectivities was the long distance between the 
catalytic centre and the chiral groups. Another example is the bis(oxazoline) with a 
chiral surface of dendritic arms (see 57, Figure 19 for an example) developed by 

                                                                                                                           
Haaren, R. J.; van der Made, A. W.; Spek, A. L.; Vogt, D.; Reek, J. N. H.; Kamer, P. C. J.; 
van Leeuwen, P. W. N. M. Chem. Commun. 1999, 1623. (e) de Groot, D.; de Waal, B. F. 
M.; Reek, J. N. H.; Schenning, A. P. H. J.; Kamer, P. C. J.; Meijer, E. W.; van Leeuwen, P. 
W. N. M. J. Am. Chem. Soc. 2001, 123, 8453. 
74 Bosman, A. W.; Janssen, H. M.; Meijer, E. W. Chem. Rev. 1999, 99, 1665 
75 (a) Brunner, H. J. Organomet. Chem. 1995, 500, 39. (b) Brunner, H.; Altmann, S. Chem. 
Ber. 1994, 127, 2285. 
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Chow et al.76 A Cu complex of this ligand was used as a catalyst in a Diels-Alder 
reaction. However, a racemic product was obtained and the same explanation 
seems to apply here; the chiral groups are far away from the reactive centre and 
the molecules are very flexible, preventing efficient transfer of chirality. 

The approach of having the catalytic centre in the dendrimer core has been 
successful when the distance to the chiral groups is very small. The induced 
enantiomeric excesses are often the same as those obtained using analogous 
ligands.74,77 For instance, optically active dendrimers with BINOL in the core (58) 
are as active and selective as BINOL itself in the asymmetric alkylation of 
benzaldehyde with diethylzinc in the presence of Ti(O-iPr)4.78 In the absence of 
Ti(O-iPr)4 Fan et al. found that dendritic chiral BINOL ligands were more active 
and more selective than BINOL, but the enantioselectivities decreased with the 
increase of generation.79 This methodology has been most successful for low 
generation dendrimers; at higher generations the reactivity decreases due to 
difficulties associated with the substrates reaching the catalytic centre. Seebach et 
al. found a positive dendritic effect on the enantioselectivity, when the chiral 
ligand DDB is in the core of a chiral dendrimer with the chirality close to the 
catalytic site when these ligands are employed in the base–catalysed addition of 
methanol to methyl phenyl ketene.80 

                                                 
76 Chow, H.-F.; Mong, T. K.-K.; Wan, C.-W.; Wang, Z.-Y. Adv. Dendritic Macromol. 
1999, 4, 107. 
77 (a) Bolm, C.; Derrien, N.; Seger, A. Synlett 1996, 387. (b) Rheiner, P. B.; Seebach, D. 
Chem. Eur. J. 1999, 5, 3221. (c) Yamago, S.; Furukawa, M.; Azuma, A.; Yoshida, J. 
Tetrahedron Lett. 1998, 39, 3783. (d) Rheiner, P. B.; Sellner, H.; Seebach, D. Helv. Chim. 
Acta 1997, 80, 2027. (e) Bolm, C.; Derrien, N.; Seger, A. Chem. Commun. 1999, 2087. 
78 Hu, Q.-S.; Pugh, V.; Sabat, M.; Pu, L. J. Org. Chem. 1999, 64, 7528. 
79 Fan, Q.-H.; Liu, G.-H., Chen, X.-M.; Deng, G.-J.; Chan, A. S. C. Tetrahedron: 
Asymmetry 2001, 12, 1559. 
80 Butz, T.; Murer, P.; Seebach, D. Polym. Mater. Sci. Eng. 1997, 77, 132. 
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Figure 19. Examples of dendritic chiral ligands that have been used in asymmetric 

catalysis. 
 



 42

Van Leeuwen et al. prepared a series of carbosilane dendrimers with a dppf-
like catalyst in the core and utilised them in the Pd-catalysed allylic alkylation 
reaction of 3-phenylallyl acetate with sodium diethyl methylmalonate.81 The 
reactivity decreased with increasing generations and a change in regioselectivity 
was also observed on proceeding to higher generations. The proposed reason for 
this behaviour is that the apolar microenvironment created within the carbosilane 
dendrimer affects the selectivity. The difference in P-Pd-P bite angles caused by 
increasing steric interactions between the dendritic arms can also be an 
explanation for the altered regioselectivity.81 

The catalytic results obtained using dendrimers with the chiral ligands 
attached to the surface of the dendrimer have in some cases been shown to be 
sensitive to the generation of the dendrimer. When high generation dendrimers are 
used, the steric interference between the ligands usually deteriorates the selectivity 
of the catalyst.82 For the lower generation dendrimers the selectivity is about the 
same as that of monomeric analogues. The reactivity is about the same or slightly 
lower for the dendritic ligands.83,84 Metal-metal interactions have been a problem 
in some systems.68,85 Jacobsen et al. have shown that when there is a short distance 
between the catalytic centres, co-operative catalysis can be observed.86 In the ring-
opening of epoxides, the epoxide coordinates to one metal and the approaching 
nucleophile is directed by a neighbouring metal. The dendritic catalyst exhibited 
significantly enhanced catalytic activity in the hydrolytic kinetic resolution of 
terminal epoxides.  

To summarise, one can say that there have been two ways of using dendritic 
catalysts. The first is to create large dendrimers with many active sites on the 
surface. This is done in order to increase the availability of the reactive sites. The 
second approach is to encapsulate a single catalytic site whose selectivity and 
activity become affected by the steric environment. Both types of systems have in 
common, that due to the size of the dendrimers, they can be recovered via 
nanofiltration. 

Since we have shown that selectivities in allylic alkylation catalysed by 
pyridylalcohols and bis(oxazoline) ligands are sensitive to conformational changes 
in the catalytic complex (chapter 2), we wanted to investigate how dendrons of 

                                                 
81 Oosterom, G. E.; van Haaren, R. J.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. 
N. M. Chem. Commun. 1999, 1119. 
82 (a) Köllner, C.; Pugin, B.; Togni, A. J. Am. Chem. Soc. 1998, 120, 10274. (b) Suzuki, T.; 
Hirokawa, Y.; Ohtake, K.; Shibata, T.; Soai, K. Tetrahedron: Asymmetry 1997, 8, 4033. 
83 Seebach, D.; Marti, R. E.; Hinterman, T. Helv. Chim. Acta 1996, 79, 1710. 
84 Togni, A.; Dorta, R.; Köllner, C.; Pioda, G. Pure & Appl. Chem. 1998, 70, 1477. 
85 Miedaner, A.; Curtis, C. J.; Barkley, R. M.; DuBois, D. L. Inorg. Chem. 1994, 33, 5482. 
86 Breinbauer, R.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2000, 39, 3604. 
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different generations and with different kinds of surfaces would affect the 
enantioselectivities.  

 
 

4.2 Synthesis and Evaluation in the Allylic Alkylation 
 
Two types of ligands were used for the synthesis of dendritic ligands, 
pyridinooxazolines and bis(oxazolines). Both types were known to work well in 
Pd-catalysed allylic alkylations. The ligands that were chosen were functionalised 
with appropriate hydroxyl groups that could be used for coupling with dendrons 
with carboxylic acids in the focal points. The ligands were coupled to dendrons of 
different generations and also with different surfaces. Two different kinds of 
surfaces were used, achiral and chiral. (1R,2S,5R)-Menthol acetic acid was used in 
order to generate a chiral surface and acetonide to provide the achiral. The ester 
couplings between the ligands and the dendrons were conducted with DCC and a 
catalytic amount of DPTS (4-(dimethylamino)pyridinium-4-toluenesulfonate)87 or 
EDCI in dichloromethane. The method with DCC/DPTS is designed for producing 
high molecular weight polyesters.87 We obtained in most cases only moderate 
yields and this was due to difficulties in the purification for most reactions. In 
some cases with the dendrons of higher generations the reactions did not go to 
completion. Ligands 59-65 were synthesised and assessed as ligands in the allylic 
alkylation of rac-(E)-1,3-diphenyl-2-propenyl acetate with dimethyl malonate 
using the same conditions as explained above (Section 3.2.2). 
 

                                                 
87 Moore, J. S.; Stupp, S. I. Macromolecules 1990, 23, 65. 
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 In the pryridinooxazoline series the underivatised ligand 11 was superior in 
inducing enantioselectivity compared to the ester-derivatised ligands 46, 59-62. 
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However, in the bis(oxazoline) series a reaction catalysed by the ligand derivatised 
with a G#1 generation dendron 63 gave almost as high enantioselectivity as a 
reaction catalysed by the underivatised ligand 27a, despite the fact that the phenyl 
ester derivatised ligand 27c was inferior. There seems to be a trend for both ligand 
classes that the enantioselectivity decreases with increasing generation of the 
dendrons although the trend is weak for the pyridinooxazoline ligands. The 
distance between the catalytic centre and the substituent may be too long in the 
pyridinooxazoline ligands; this could explain the similar selectivities observed for 
ligands 46, 59-62. Another reason can be that the system is too flexible. For the 
bis(oxazoline) ligands the substituent seems to have an effect and this can be due 
to the fact that the substituents are closer to the catalytic centre. 
 The reaction times when the pyridinooxazoline ligands were used as ligands 
were 96 h and the yields were over 90% in most cases. The reaction times and the 
yields varied in the bis(oxazoline) series. Reactions employing ligand 63 showed 
complete conversion after 48 h, and the yield was 89%. The reaction involving 
underivatised ligand 11 gave 93% yield after 4 h. Ligand 64 had very low activity 
and the yield with this process was only 10% after 96 h. The activity of the 
bis(oxazoline) ligands seems to be more sensitive to the generation of the 
dendrons than the pyridinooxazoline series. This is probably due to the fact that 
the reactants have more difficulties to reach the catalytic site in a difunctionalised 
ligand with G#4 dendrons than in a monofunctionalised ligand with a G#4 
dendron and this supports the conclusion that the substitutents are much closer to 
the active site for this kind of ligands than for the pyridinooxazoline ligands.  
 The introduction of a dendron with a chiral surface does not seem to have any 
influence on the selectivity in the pyridinooxazoline series since the reactions 
employing the two diastereomers, 62a and 62b as catalysts gives 79% ee. The 
bis(oxazoline) derivative 65 gave higher enantioselectivity than its phenyl ester 
derivative 27c (94% ee and 81% ee, respectively), the diastereomer of 65 is under 
preparation and will be evaluated. 
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5 Asymmetric Catalysis using Crown Ethers as Ligands 
 
5.1 Background 
 
In order to mimic enzymes, ligands that exert secondary interactions with the 
reagent or the substrate have been developed. The term secondary interaction has 
been coined to describe attractive, catalyst-substrate interactions that occur outside 
the primary coordination sphere of the metal.39 These interactions can increase 
both the rate and the selectivity of the reaction simultaneously. There are several 
types of possible interactions e.g. Coulombic attraction and hydrogen bonding. 
These interactions are weaker than covalent bonds and this is important since it is 
essential that formation of these interactions are reversible on the time scale of the 
catalytic turnover so that unreacted substrate can replace the formed product. 
Crown ethers have been used in ligand design in order to achieve secondary 
interaction with the substrate.28,39,88  

Our aim of this study was to see if it was possible to achieve a rate 
enhancement in the alkylation of rac-1,3-(E)-diphenyl-2-propenyl acetate with 
dimethyl malonate. The idea was to attract the nucleophile via a positive metal ion 
(Na+ or K+) in the crown ether and thereby create a high local concentration of the 
nucleophile close to the reactive centre. 
 
 
5.2 Synthesis of Ligands and Evaluation of Rate Enhancement in the Allylic 

Alkylation 
 
The crown ether-containing ligand 66 was synthesised by ester coupling of the 
hydroxy-functionalised ligand 11 and 4'-carboxybenzo-18-crown-6. Different 
reaction conditions for the allylic alkylations were tested since it is most probable 
that these interactions are dependent on the counter-ion, the concentration and the 
solvent. All experiments were also performed by using the phenyl ester analogue 
46.  

                                                 
88 Sawamura, M.; Nakayama, Y.; Tang, W.-M.; Ito, Y. J. Org. Chem. 1996, 61, 9090. 
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When the pyridinooxazolines 46 and 66 were employed as catalysts in the 
alkylation of rac-1,3-(E)-diphenyl-2-propenyl acetate with the sodium salt of 
dimethyl malonate in THF, the crown ether-containing ligand 66 seemed to be 
more active than ligand 46 in dilute systems (relativity ratio 2.5:1). At higher 
concentrations no difference at all in activity between the catalysts was observed. 
An explanation for this behaviour is that the concentration of the soluble 
nucleophile salt, which was used in excess, is very high and that the nucleophile is 
already quite naked due to the solvation of the counter-ion (sodium) by THF.  

The solvent was changed to dichloromethane. In this solvent the sodium salt 
of dimethyl malonate is only partially soluble (depending on the concentration) 
and most of the available nucleophile should be solubilised by the crown ether. 
When ligand 46 was used as a catalyst, benzo-18-crown-6 was added to solubilise 
the nucleophile enabling a fairer comparison. A small difference in activity 
between ligand 66 and 46 was observed at low substrate concentration (reactivity 
ratio 2:1). A relatively low concentration of the anion was desired in order to see 
an effect, but the increased amount of solvent probably solubilised more of the 
nucleophile and the effect was thus small. The enantioselectivity for reactions 
employing ligand 46 and benzo-18-crown-6 was somewhat higher than for those 
using ligand 66 (75% and 67% ee, respectively). 

C2-Symmetric ligand 67 was synthesised and compared with its phenyl ester 
derivative 68. The crown ether moieties in these ligands are probably closer to the 
catalytic centre than in ligand 66, as concluded from examination of models of the 
ligands and of the experimental results from these ligands when they are 
substituted with dendrons (Section 4.2). In order to keep the nucleophile at a low 
concentration even in dilute systems, the nucleophile was generated in situ from 
dimethyl malonate using BSA/KOAc. The solvent used was dichloromethane. 
Also in this case, benzo-18-crown-6 was added when the phenyl derivative 68 was 
employed as a catalyst. No difference in activity of the catalysts was observed.  
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In some cases KOAc was dissolved in a solution of the crown ether before 
starting the reaction in order to be sure that the crown ether contained the desired 
cation. Since we discovered that palladium precipitated during the formation of the 
allyl complex , probably due to the nucleophilicity of acetate, K2CO3 was used 
instead. No difference in reactivity was observed between ligands 67 and 68.  
 These systems are very complex and there are many factors to control. We 
have only been able to detect a small rate enhancement in very dilute systems. The 
assumption that a rate enhancement can occur for these systems is based upon a 
nucleophilic attack as the rate-determining step. 
 
 



 
 



 50

 
6 Palladium-Catalysed Oxidations using Air as Reoxidant 

 
6.1 Background 
 
Oxidation of alcohols producing carbonyl-containing molecules such as aldehydes, 
ketones and carboxylic acids is an important transformation in synthetic organic 
chemistry. One traditional method is stoichiometric oxidation utilising chromium 
reagents. The disadvantage with this methodology is that large amounts of by-
products are formed and that chromium is an environmental hazard. A great need 
for new, economical and environmentally friendly reagents exists. In recent years 
more environmentally friendly reagents have been developed. Several catalytic 
methods have been developed with different kinds of stoichiometric reoxidants. 
The most appealing processes are those using O2 and H2O2. One example is the 
use of a tungsten catalyst and a phase transfer reagent in aqueous H2O2.89 
Palladium(II) catalysts have been used with O2 or air under high pressure as 
reoxidant.90 The most commonly used palladium catalyst today is Pd(OAc)2. For 
economic, environmental and security reasons it would be optimal to use oxygen 
from the atmosphere without applying pressure as the sole reoxidant. 
 
 
6.2 Evaluation of the Catalyst 
 
By coincidence we discovered that the Pd-cycle 34 synthesised for allylic 
alkylations worked as a catalyst for oxidation of alcohols in air without any 
additional reoxidants. Since this catalyst seemed to have great potential to work as 
an efficient catalyst in air without applying pressure, a comparative study was 
performed between 34 and Pd(OAc)2 (Table 5.). Four different reaction conditions 
(A-D) were tried in combination with both catalysts when employed in the 
oxidation of rac-1-phenylethanol 69 to acetophenone 70. Methods A, C and D 
were chosen since they had been working well in the oxidations catalysed by 
                                                 
89 (a) Sato, K.; Aoki, M.; Takagi, J.; Noyori, R. J. Am. Chem. Soc. 1997, 119, 12386. (b) 
Sato, K.; Takagi, J.; Aoki, M.; Noyori, R. Tetrahedron Lett. 1998, 39, 7549. 
90 (a) Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, S. J. Org. Chem. 1999, 64, 6750. (b) 
Nishimura, T.; Maeda, Y.; Kakiuchi, N.; Uemura, S. J. Chem. Soc., Perkin Trans. 1 2000, 
4301. (c) Peterson, K. P.; Larock, R. C. J. Org. Chem. 1998, 63, 3185. (d) Kaneda, K.; 
Fujie, Y.; Ebitani, K. Tetrahedron Lett. 1997, 38, 9023. (e) ten Brink G.-J.; Arends, I. W. 
C. E.; Sheldon, R. A. Science 2000, 278, 1636. (f) Blackburn, T. F.; Schwartz, J. J. Chem. 
Soc., Chem. Commun. 1977, 157. (g) Nishimura, T.; Onoue, T.; Ohe, K.; Uemura, S. 
Tetrahedron Lett. 1998, 39, 6011. 
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Pd(OAc)2 and oxygen gas.90b,c,g Method B was chosen since these conditions were 
known to be compatible with cyclometallated imine catalysts in the Suzuki cross 
coupling in air. Using palladium acetate, the highest yields were obtained with 
NaHCO3 in DMSO (Method A); under the same conditions palladacycle 34 gave 
only 33% yield. The best results were however obtained with a mixture of catalyst 
34, molecular sieves and pyridine in toluene, where quantitative yields were 
obtained.  
 

Table 5. Results from oxidation of 69 to 70 catalysed by  
palladacycle 34 or Pd(OAc)2. 

OH O

69 70
N

O

Pd
AcO

2

34:

 
Catalyst Method[a] Yield[b]   

(2 h) 
Yield[b]  
(4 h) 

Yield[b] 
(24 h) 

34 A 0%  33% 
Pd(OAc)2 A 24%  89% 
34 B 45% 48% 56% 
Pd(OAc)2 B 28-34% 30% 36-42% 
34 C 28-51% 71-78% 100% 
Pd(OAc)2 C 39-53% 44-56% 48-58% 
34 D 35% 45% 52% 
Pd(OAc)2 D 58% 62% 66% 

[a] Method A: 5 mol % Pd), 2 eq. NaHCO3), DMSO (1.0 mL), 80 oC. 
Method B: 10 mol % Pd, 0.95 eq. K2CO3, o-xylene, 130 oC. Method C: 
5 mol % Pd, 0.2 eq. pyridine, toluene, 3 Å MS, 80 oC. Method D: 5 mol 
% Pd, 0.2 eq. pyridine, toluene, perfluorodecalin, 3 Å MS, 80 oC. [b] The 
yields were determined with GC using naphthalene as internal standard. 

 
All the experiments documented above using methods A-B were also 

performed with air bubbling through the reaction mixture, to see if the rate of 
conversion was improved. Small improvements in activity of the catalyst were 
observed in some cases. Perfluorinated solvents, like perfluorodecalin used in 
method B, have been reported to be useful in oxidations since they have high O2-
solubility, which can lead to higher reaction rates.90b,91 The use of perfluorodecalin 
had a positive effect when Pd(OAc)2 was used (compared to method C) but a 
negative effect when palladacycle 34 was employed as a catalyst. The amount of 

                                                 
91 Klement, I.; Lütjens, H.; Knochel, P. Angew. Chem. Int. Ed. Engl. 1997, 36, 1454. 
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oxygen does not seem to be the rate-limiting factor when palladacycle 34 is used 
as a catalyst since neither the use of perfluorodecalin or bubbling air had any 
dramatic positive effect of the reactivity. 

Since catalyst 34 was shown to be more active as a catalyst than Pd(OAc)2 and 
thereby showed great potential, it was also assessed in the oxidations of 1-octanol 
and 2-octanol to see if it was able to oxidise primary and secondary aliphatic 
alcohols. Both substrates were selectively oxidised with high conversions (Scheme 
19).  
 

H

O

5 mol % 34

3 Å MS
toluene
pyridine

65% conversion

OH O

5 mol % 34

3 Å MS
toluene
pyridine

OH

100% conversion

 
 

Scheme 19.  
 

We also investigated if the chiral catalyst 34 could be used for enantioselective 
oxidations. The enantiomeric composition of 69 was measured after ca. 50% 
conversion. No significant resolution was observed. Since then Sigman et al. and 
Stolz et al. showed that palladium-catalysed oxidative kinetic resolutions of 
alcohols using molecular oxygen is possible.92 Both of them used an achiral 
palladium source like Pd(OAc)2, Pd2(dba)3 and Pd(MeCN)2Cl2 and added a chiral 
ligand to achieve kinetic resolution. Choice of ligand, palladium source and 
conditions seemed to be crucial in order to achieve resolution. The most successful 
ligand was (-)-sparteine 71 in both publications where high enantioselectivites 
were obtained. 

 

N

N
H

H H

H

71  

                                                 
92 (a) Jensen, D. R.; Pugsley, J, S.; Sigman, M. S. J. Am. Chem. Soc. 2001, 123, 7475. (b) 
Ferreira, E. M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 30, 7725. 



 
 



 53

 
7 Concluding Remarks 
 
This thesis dealt mainly with the design of efficient and conveniently prepared 
chiral oxazoline-containing ligands. The conformations of hydroxy- and methoxy-
containing ligands were studied in order to understand the mechanism of 
enantiodiscrimination. A stabilising OH-Pd(0) interaction was discovered that 
could be used in the design of new active and selective ligands.  
 Synthetic methods for attaching oxazoline-containing ligands to polymeric 
supports were developed and we have shown that it is possible to graft 
pyridinooxazolines and bis(oxazolines) to various polymeric supports via suitable 
linkers. The polymer-bound catalysts were evaluated in the Pd-catalysed allylic 
alkylation of rac-(E)-1,3-diphenyl-2-propenyl acetate and enantioselectivities up 
to 95% ee were obtained. We have shown that it is possible to reuse the polymer-
bound ligand after removal of precipitated Pd(0). A most attractive development 
would be if it were possible to reuse the catalyst which could be possible with 
these kind of N,N-ligands if they were used in flow-through reactors. 
 Dendritic ligands were developed and shown to be promising catalysts for the 
Pd-catalysed allylic alkylation. Good enantioselectivities (up to 94% ee) and good 
yields were obtained. It would be interesting to investigate if the polarity of the 
dendron could be modified in such a way as to increase the attraction of the 
reactive species into the core and thus to avoid a decrease in reactivity with 
increasing dendrimer generation when difunctionalised ligands are used. The 
effect of chiral surfaces of the dendrons is under investigation for the 
bis(oxazoline) ligand. 
 Regarding the crown ether-containing ligands, previous work has focused on 
the preparation of the ligands and this thesis describes the first evaluation of some 
of these ligands in the allylic alkylation. A small rate enhancement has been found 
in dilute systems. It would be of interest to employ these ligands in the catalysis of 
difunctional substrates. 
 A chiral oxazoline-containing palladacycle was synthesised and found to be 
active as a catalyst in the oxidation of alcohols to the corresponding aldehydes or 
ketones using air as the sole re-oxidant. This kind of chiral palladacycles is very 
easy to obtain and further investigations to see if it is possible to get even more 
active catalysts for these transformations would be most interesting. Since 
enantioselective oxidations have been developed, further investigations in order to 
see if it is possible to achieve resolution with this kind of catalyst would also be 
appealing. 
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