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Abstract 
 
This thesis deals with the design of chiral ligands for asymmetric palladium-
catalysed allylic substitution reactions.  The effect of the symmetry and the 
electronic properties of the ligands on the reactivity and selectivity of the 
resulting metal complexes were investigated.  Preparation of ligands from the 
chiral pool is also described. 
 Chiral 2-(1-hydroxyalkyl)pyridines and 2-(1-alkoxyalkyl)pyridines 
carrying a chiral pyrrolidine ring in the 6-position of the pyridine ring were 
synthesised. The effect of the conformational preferences of the ligands in the 
metal complexes on the reactivity and selectivity was studied. The 
performance of these ligands did not show a clear trend that could be 
rationalised by a general model. 
 Chiral N,P-ligands with pseudo-C2 and pseudo-meso symmetry based upon 
pyrrolidines, pyridines, 1,1´-binaphthylazepines, phospholanes and 1,1´-
binaphthylphosphepines were synthesised.  The performance of these ligands 
was compared to the performance of the corresponding C2-symmetric and 
meso-ligands.  It was found that the steric properties, related to the symmetry 
of the ligands, had a major impact on the reactivity and selectivity in the 
catalytic reaction.  It was also found that the electronic properties of the donor 
atoms have to be considered in detail when designing ligands with mixed 
donor atoms. 
  
Keywords: chiral ligands, catalysis, pseudo-C2, pseudo-meso, pyrrolidines, 
pyridines, phospholanes, 1,1´-binaphthylazepines, 1,1´-binaphthyl-
phosphepines, allylic substitution, palladium. 
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1. General Introduction 
 
1.1 Catalysis 
 
A catalyst is by definition any molecule that is able to lower the activation 
energy for a given reaction and thereby increase the rate of the reaction 
without being consumed in the specific transformation. This definition covers 
a huge number of substances, but in this thesis only transition metal-based 
catalysts are discussed. Transition metal-catalysed reactions play an important 
role in chemical industry today. The major source of organic bulk chemicals 
originates from products of the coal and petroleum industries, which have 
been transformed with the aid of transition metals in catalytic processes.1 One 
example of such an industrial process is the rhodium-catalysed 
hydroformylation of propene shown in Scheme 1. 
 

 
 

Scheme 1 
 
There are two general types of catalysis: heterogeneous and homogeneous. 
The former is still the most frequently encountered in industry but the latter is 
gaining ground. Heterogeneous catalysis is less sensitive to harsh conditions 
and the recovery and re-cycling of the catalyst is easier than in homogeneous 
catalysis. Homogeneous catalysis also suffers from higher risk of 
contamination of the product with the transition metal itself, which may be a 
serious problem if the product is intended for pharmaceutical use. 
Nevertheless, homogeneous catalysis has been shown to be very efficient 
when high degrees of regioselectivity, enantioselectivity and chemoselectivity 
are required.2 The last two requirements are illustrated in Scheme 2 by an 
asymmetric catalytic hydrogenation reaction, a key step in the Monsanto 
process for making L-DOPA.  
 The chemistry of transition metal complexes is a vast and fast growing 
field. The activity and selectivity of metal complexes in catalytic reactions 
depend on several factors. Of great importance is the electronic nature of the 

                                                 
1 Weissermel, K.; Arpe, H.–J. Industrial Organic Chemistry; VHC: Weinheim, 1997. 
2 Bhaduri, S.; Mukesh, D. Homogeneous Catalysis; Wiley-Interscience: NewYork, 2000. 
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transition metal itself but also that of the ligands, which are the molecules or 
ions, coordinated to the metal.  
 

 
 

Scheme 2 
 
The ligands serve as Lewis bases and the metals as Lewis acids. The ligand 
binds to the metal through σ or π bonds, or through a combination of both. A 
ligand that donates electrons to the metal from a free electron pair is called a 
σ-donor. If the ligand uses its π-electron system to create a dative bond to the 
metal it is referred to as a π-donor. If the ligand has π*or σ* orbitals which can 
accept electron density from the metal, the ligand is also referred to as a π-
acceptor or π-acid. Nitrogen and phosphorus are two frequently encountered 
ligand donor atoms. Electron-rich tertiary amines and tertiary phosphines are 
usually strong σ-donors. Tertiary amines have no orbitals of sufficiently low 
energy available for accepting electrons, but phosphorus possesses such 
orbitals and can serve as a π-acid. The electronic properties of the substituents 
on phosphorus do not only change the σ-donation ability but also the π-acid 
character.3 In general, electron-withdrawing substituents increase the π-acid 
nature but decrease the σ-donation ability. There are nitrogen-based ligands 
that possess considerable π-acid character. Examples of ligands of this type 
are 1,10-phenanthrolines, azadienes and bipyrimidines.4 The denticity of the 
ligands is also an important factor affecting the properties of the catalyst. If a 
ligand possesses only one donor atom that coordinates to the metal it is 
referred to as a unidentate ligand. If a ligand has several donor atoms that 
coordinate, it is a multidentate ligand. However, a molecule that contains 
several potential donor atoms does not necessarily have to function as a 
multidentate ligand.5 The catalytic reactivity and selectivity of a metal 
complex are also dependent on the steric factors that the ligands impose on 
                                                 
3 Golovin, M. N.; Rhaman, M. Md.; Belmonte, J. E.; Giering, W. P. Organometallics 1985, 4, 
1981. 
4 Cotton, F. A.; Wilkinson, G.W. Advanced Inorganic Chemistry; Wiley-Interscience: New 
York, 1988, pp 348−353.  
5 Amatore, C.; Fuxa, A.; Jutand, A. Chem. Eur. J. 2000, 6, 1474. 
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the complex. The cone angle Θ, see Figure 1a, is a useful parameter for 
estimating the steric properties of a monodentate phosphorus ligand.6 For 
bidentate ligands, the bite angle7 βn can have a major impact upon the 
selectivity and reactivity, see Figure 1b.   
 

 
 

Figure 1. 
 
It is important to consider electronic effects in catalyst design as the electronic 
properties can be modified to control both regiochemistry and 
enantioselectivity. When using ligands that contain different donor atoms one 
has to consider the different trans influence and trans effect of these donor 
atoms. The trans influence is defined as the weakening of the bond trans to the 
atom in question and the trans effect is defined as to what extent an atom can 
influence the dissociation of a ligand coordinated trans to it. The trans 
influence is a thermodynamic parameter, whereas the trans effect is a kinetic 
one. Steric effects can also weaken bonds in a metal complex and change its 
electronic properties.  

                                                 
6 Tolman, C. A. Chem. Rev. 1977, 77, 313. 
7 (a) Van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 
100, 2741. (b) Dierkes, P.; Van Leeuwen, P. W. N. M.  J. Chem. Soc., Dalton Trans. 1999, 
1519.   
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1.2 Asymmetric Catalysis 
 
The transformation of a racemic or an achiral starting material into an 
enantiopure product is a process, which is under kinetic control. Most 
frequently, the source of chiral induction comes from the catalyst or the 
reagents. The selectivity in the process is dependent upon the energy 
difference between the two diastereomeric transition states. By choosing a 
well-designed chiral ligand and optimal reaction conditions, the energy 
difference between the two transition states can be sufficient to provide high 
selectivity. 
This concept is illustrated in Figure 2 where substrate S is converted into 
products P1 and P2 under kinetic control. 
 

 
 

Figure 2. 
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2. Sources of Enantiopure Substances  
 
2.1 The Chiral Pool as a Source of Enantiopure Ligands 
 
Access to enantiopure reagents or metal complexes is normally necessary for 
asymmetric synthesis. Nature was for a long time the only source of 
enantiopure building blocks for organic synthesis. The first ligands used for 
asymmetric catalysis originate from naturally occurring chiral alkaloids.8 
Today it is possible to use resolution techniques combined with asymmetric 
synthesis to obtain compounds with a high degree of optical purity. Classical 
resolution relies upon the formation of diastereomeric mixtures followed by 
separation by crystallisation or by chromatography. Nowadays, 
chromatography on chiral phases is also utilised for the separation of 
enantiomers.  Enzymatic kinetic resolution where an enzyme discriminates 
between the enantiomers in a reaction can also be used to obtain material of 
high optical purity. However, the yield cannot exceed 50% when utilising 
these resolution techniques, unless the undesired enantiomer can be racemised 
and the process repeated. On the other hand, dynamic kinetic resolution, with 
in situ isomerisation of the substrate is a resolution technique which makes it 
possible to obtain a yield of more than 50%.9 Today, all of these techniques 
are utilised in organic chemistry. Techniques employing a catalytic amount of 
chiral material to transform a racemic mixture or an achiral substrate into a 
stereochemically pure form should be expected to have a more prosperous 
future than those utilising stoichiometric amounts of chiral reagents. 
 The chiral pool still serves as an important source of enantiopure starting 
materials for ligand synthesis. Examples of some successful ligands derived 
from the chiral pool are presented in Figure 3. By retrosynthetic analysis it 
can be seen that 1 is derived from tartaric acid, 2 from camphor, 3 from a 
cinchona alkaloid, 4 from phenylalanine and 5 from mannitol. The major 
advantage in using the chiral pool is the accessibility of inexpensive 
enantiopure starting materials. However, in many cases the ”cheap” starting 
material from the chiral pool has to be transformed via several synthetic steps 
before it can serve as a ligand. This is one of the reasons why the use of the 

                                                 
8 Bredig, G.; Fiske, P. S. Biochem. Z. 1912, 46, 7. 
9 (a) Persson, B. A.; Huerta, F. F.; Bäckvall, J.-E. J. Org. Chem. 1999, 64, 5237. (b) Tan, D. S.; 
Günter, M. M.; Drueckhammer, D. G. J. Am. Chem. Soc. 1995, 117, 9093.   
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chiral pool has a tendency to result in low overall yields. Sometimes it is 
necessary to have access to both enantiomers of a compound, especially when 
the material is to be used for drug manufacturing, as both enantiomers of the 
chiral compound are required to be tested. However, both enantiomers of a 
substance from the chiral pool are not always easily available, which is also 
something to keep in mind.  

 
 

Figure 3. 
 

2.2 Pyridyl Alcohols Derived from the Chiral Pool 
 
There are several examples where chiral pyridyl alcohols have been utilised 
successfully as ligands for asymmetric transition metal catalysis.10 Several 
methods have been described for the preparation of compounds of this class. 
These methods usually involve asymmetric reduction of ketones or resolution 
of racemic mixtures. For asymmetric reduction, B-chlorodiisopinocampheyl-
borane11 (Dip-Cl), oxazaborolidines12 and reduction using biological 
methods13 are usually employed. The selectivity of the reduction is strongly 
dependent upon the steric differences within the ketone, which makes this 
approach far from general. Resolution techniques based upon the formation of 

                                                 
10  (a) Macedo, E.; Moberg, C. Tetrahedron: Asymmetry 1995, 6, 549; (b) Bolm, C.; Zehnder, 
M.; Bur, D. Angew. Chem., Int. Ed. Engl., 1990, 29, 205. (c) Ishizaki, M.; Fujita, K.; 
Shimamoto, M.; Hoshino, O. Tetrahedron: Asymmetry 1994, 5, 411. (d) Bremberg, U.; Rahm, 
F.; Moberg, C. Tetrahedron: Asymmetry 1998, 9, 3437.  
11 Bolm, C.; Ewald, M.; Felder, M.; Schlingloff, G. Chem. Ber, 1992, 125, 1169.  
12 Corey, E. J.; Helal, C. J. Tetrahedron. Lett. 1996, 37, 5675. 
13 (a) Akakabe, Y.; Takahashi, M.; Kamezawa, M.; Kikuchi, K.; Tachibana, H.; Ohtani, T.; 
Naoshima, Y. J. Chem. Soc., Perkin Trans1. 1995, 1295. (b) Bailey, D.; O’Hagan, D.; Dyer, 
U.; Lamont, R. B. Tetrahedron: Asymmetry 1993, 4, 1255.   
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diastereomeric mixtures are occasionally very efficient for compounds of this 
type,14 but often involve tedious separation. Kinetic resolution using a lipase 
as the catalyst has also been employed for the resolution of pyridyl alcohols.15  
 The chiral pool contains several synthons that can be transformed into 
enantiopure pyridyl alcohols. In this work we investigated the use of L-lactic 
acid, L-mandelic acid and D-mannitol as synthons for this purpose. The 
stereocenter in these compounds induces stereoselectivity in the subsequent 
steps of the synthesis as can be seen in the synthesis of the compounds in 
Schemes 3-4. The reaction of 6a or 6b with the O-methyl methyl ester of L-
mandelic acid 7a or the O-methyl methyl ester of L-lactic acid 7b resulted in 
the pyridyl ketones 8a-d. These compounds were then reduced to the 
corresponding alcohols 10a-d.  A major setback in this approach was the low 
yields and also the need for silylation to enable separation of the 
diastereomers. 
 

 
 
Scheme 3 Reagents and conditions: i, Et2O, −78 °C to RT; ii, NaBH4, Et2O, MeOH, −78 °C to 
RT; iii, NaBH4, MeOH, 0 °C; iv, TBDMSCl, Imidazole, DMF, RT.  

                                                 
14 Elman, B.; Moberg, C. Tetrahedron 1986, 42, 223.  
15 (a) Uenishi, J.; Nishiwaki, K.; Hata, S.; Nakamura, K. Tetrahedron Lett. 1994, 35, 7973. (b) 
Seemayer, R.; Schneider, M. P. Tetrahedron: Asymmetry 1992, 3, 827. (c) Orrenius, C.; 
Mattson, A.; Norin, T. Tetrahedron: Asymmetry 1994, 5, 1363.   
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The alcohols 10a and 10b were obtained in 86% and 71% yield, respectively 
after desilylation of 11a and 11b with tetrabutylammonium fluoride. The 
preparation of the D-mannitol derivatives 13a-d, which were obtained via the 
reaction of 6a or 6b with (R)-2,3-O-isopropylideneglyceraldehyde 12 as 
shown in Scheme 4, was more straightforward and further derivatisation was 
not required to assist separation of the diastereomers. 
 

 
 

Scheme 4 Reagents and conditions: i, Et2O, −78 °C to RT. 
 
The pyridyl derivative 11d was transformed into the bipyridine 15 as 
illustrated in Scheme 5. Compounds 16 and 17 were prepared in a similar 
manner from 13b and 9b, respectively.   
 

 
 

Scheme 5 Reagents and conditions: i, PPh3, NiCl2, Zn, DMF, 70 °C; ii, TBAF, THF, RT. 
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2.3 Conclusions 
 
In this work it has been shown that readily available materials from the chiral 
pool can be transformed into potential ligands for asymmetric catalysis. 
Applications of the pyridyl and bipyridyl alcohols synthesised in this work 
have been investigated within our group and further derivatisation and 
evaluation of the ligands are under development.16  
 

                                                 
16 Rahm, F.; Moberg, C. OMCOS 11. Poster P037.  
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3.  Palladium-Catalysed Allylic Substitution 
 

3.1 Metal-Catalysed Allylic Substitution 
 

The transition metal-catalysed allylic substitution reaction is a transformation 
of great synthetic importance since a new bond to carbon is created. Several 
transition metals have been used for this type of reaction e.g. Ni, Pd, Pt, Fe, 
Ru, Co, Rh, Ir, Mo and W, but palladium is the metal that has received most 
attention throughout the years.  
 
3.2 Palladium-Catalysed Allylic Substitution  

 
The palladium-catalysed allylic substitution reaction has been developed to 
become a powerful tool in organic chemistry since Tsuji first discovered it in 
1965.17  A simplified version of this reaction is presented in Scheme 6. The 
leaving group (X) is usually an acetate or carbonate group. A wide range of 
nucleophiles (Nu-) can be used e.g. carbon-, nitrogen-, oxygen- and sulfur- 
containing nucleophiles. 
 

 
 

Scheme 6 
 
The proposed mechanism for this reaction using a soft nucleophile18 is shown 
in Figure 4. The catalytic cycle begins with the association of a coordinatively 
unsaturated Pd(0) complex with an allylic substrate. The formed olefin 
complex undergoes oxidative addition to form a π-allyl complex. In this 
process Pd(0) is oxidised to Pd(II). The nucleophile attacks the Pd(II) 
complex to form the product associated to a Pd(0) complex. The cycle is 
completed by product dissociation from the Pd(0) complex. When a soft 
nucleophile is used, the product is obtained with overall retention of 
configuration. It is important to remember that Pd exists in two different 
formal oxidation states in this reaction, 0 and +II. The stability of the Pd(0) 

                                                 
17 Tsuji, J.; Takashashi, H.; Morikawa, M. Tetrahedron Lett. 1965, 7, 4387.  
18 If the pKa of the corresponding acid of the nucleophile is < 25 the nucleophile is said to be 
soft.   
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complex with ligands that are poor π-acceptors is lower than that of a 
complex stabilised by π-acids. The Pd(II) complex on the other hand is 
stabilised by electron-donating ligands.  If the ligands possess both high σ-
donation ability and π-acid character the situation should be ideal from a 
stability point of view of the metal complexes, but a complex that is stable is 
often unreactive. However, if a ligand that has only σ-donation ability is used 
then the oxidative addition must be fast to prevent the decomposition of the 
Pd(0) complexes.  
 

 
 

Figure 4. 
 

 The mechanism for this reaction when using a hard nucleophile resembles 
the mechanism shown in Figure 4, but differs in that the nucleophile is 
coordinated to the palladium before it attacks the π-allyl moiety, leading to 
overall inversion of configuration, see Figure 5. 
 

PdII
L Nu

PdII
L L

Nu-
+

-L

 
 

Figure 5. 
 
The fact that this reaction tolerates a wide number of structural modifications 
of the allylic fragment and of the nucleophiles makes it useful for a number of 
target molecules. One example where this is demonstrated is the pyrrole 
synthesis19 shown in Scheme 7. 
                                                 
19 Genêt, J.-P.; Balabane, M.; Bäckvall, J.-E.; Nyström, J. E. Tetrahedron Lett. 1983, 24, 2745. 
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Scheme 7 
 
3.3 Palladium-Catalysed Asymmetric Allylic Substitution 
 
The enantiodetermining step in the catalytic cycle for palladium-catalysed 
asymmetric allylic substitution varies depending on substrate and nucleophile. 
Some examples of substrates with different enantiodetermining steps are 
shown in Figure 6. 
 

 
 

Figure 6. 
 

3.4 Dynamics of the Allyl Complex 
 
In order to be able to rationalise the outcome from an asymmetric allylic 
substitution, it is important to be aware of the fact that more than one π-allyl 
complex can result from the oxidative addition of the substrate. Usually the 
configuration with the larger substituents in a syn arrangement is preferred 
over the anti arrangement, Figure 7. The syn and anti complexes equilibrate 
under thermodynamic control. A complex with syn,syn configuration can be 
converted into a syn,anti complex through a change of hapticity, η3-η1, 
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followed by rotation around the carbon-carbon bond and reformation of the 
initial η3-hapticity. This process is referred to as η3-η1-η3-isomerisation.20   

 

 
 

Figure 7. 
 

The apparent allyl rotation, where the allyl moiety seems to have undergone a 
simple rotation around the palladium allyl axis, is also an important process, 
Figure 8. This process does not change the anti,syn configuration, but changes 
the exo/endo configuration. 
 

 
 

Figure 8. 
 
The apparent allyl rotation does not involve simple rotation of the allyl moiety 
around the Pd-allyl bond. There are three mechanisms proposed for this 
transformation: change of hapticity followed by rotation similar to the above-
mentioned η3-η1-η3-isomerisation,21a loss of one ligand followed by rotation 
and reassociation, 21b and pseudorotation of a pentacoordinated intermediate.22 
Another isomerisation process can also be involved: if the concentration of 
the Pd(0) species is high then the risk for racemisation through an SN2-like 
process is enhanced.23 

 
 
 

                                                 
20 Trost, B. M.; Lee, C. in Catalytic Asymmetric Synthesis, 2nd ed, Ojima, I. Ed.; Wiley-
Interscience: New York, 2000, pp 595−596.  
21 (a) Sprinz, J.; Kiefer, M.; Helmchen, G.; Reggelin, M.; Huttner, G.; Walter, O.; Zsolnai, L. 
Tetrahedron Lett. 1994, 35, 1523. (b) Gogoll, A.; Örnebro, J.; Grennberg, H.; Bäckvall,  J.-E. J. 
Am. Chem.  Soc. 1994 , 116, 3631.  
22  Hansson, S.; Norrby, P.-O.; Sjögren, M. P, T.; Åkermark, B.; Cucciolito, M. E.; Giordano, 
F.; Vitagliano, A. Organometallics 1993, 12, 4940. 
23 Granberg, K. L; Bäckvall, J.-E. J. Am. Chem. Soc. 1992 , 114, 6858.  
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3.5 Nucleophilic Attack on the Allyl Complex 
 
There are several factors that determine which allylic terminus is attacked by 
the nucleophile. These factors are related to the substrate as well as to the 
properties of the ligand. For unsymmetrical substrates, the nucleophile usually 
attacks the least sterically hindered terminus but the use of strong π-acceptor 
ligands can dramatically change the regioselectivity of the reaction.24 
Selectivity can also be induced by electronic dissymmetry at the allylic 
termini.25,26 When the allylic substrate is symmetric selectivity can be induced 
by steric congestion or through electronic dissymmetry at the allylic termini. 

 
3.6 Chiral Ligands for Palladium-Catalysed Asymmetric Allylic       

Substitution 
 

3.6.1 Chiral Ligands 
 
Many chiral ligands have been utilised successfully in palladium-catalysed 
asymmetric allylic substitution reactions. Some of them are shown in Figure 
9. The ways by which these ligands induce chirality varies substantially. 
Chiral induction can occur through pure steric congestion, through electronic 
dissymmetry or through a process where a functional group directs the 
nucleophilic attack via a secondary interaction. The ligands employed usually 
have C2 or C1 symmetry. The advantage of using a ligand with C2 symmetry is 
found in the number of possible complexes, which is reduced by a factor of 2 
compared to a ligand with C1 symmetry. There is no general rule that a ligand 
with C2 symmetry is more selective than a ligand with C1 symmetry, but the 
evaluation of the possible stereochemical pathways is simplified. 
 When evaluating the outcome from a reaction catalysed by a metal 
complex derived from a specific ligand one should keep in mind that the 
reaction could have either an early27 or a late transition state.28 This means 

                                                 
24 Åkermark, B.; Zetterberg, K.; Hansson, S.; Krakenberger, B. J. Organomet. Chem. 1987, 
335, 133.  
25 Prat, M.; Ribas, J.; Moreno-Manãs, M. Tetrahedron 1992, 48, 1695. 
26 Loiseleur, O.; Elliott, M. C.; von Matt, P.; Pfaltz, A. Helv. Chim. Acta. 2000, 83, 2287. 
27 Mackenzie, P. B.; Whelan, J.; Bosnich, B. J.  Am. Chem. Soc. 1985, 107, 2046.  
28 Hagelin, H.; Åkermark, B.; Norrby, P.-O. Chem. Eur. J. 1999, 5, 902. 
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that in order to explain the outcome of the reaction one has to examine both 
the Pd(II) complexes and the stability of the product Pd(0) complexes. 
 

 
 
Figure 9. Examples of chiral ligands used in palladium-catalysed asymmetric allylic 
substitution. 
 

3.6.2 Investigation of Different Steric Scaffolds  
 
Some chiral ligands with different steric scaffolds are shown in Figure 9. It is 
important to investigate the ability of different steric scaffolds to transfer 
chirality to the reacting substrates. The results from such an investigation can 
be useful when designing ligands intended to be used in a combinatorial study 
of symmetry and electronic effects in metal complexes.  
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3.6.3 Trans-2,5-Disubstituted Pyrrolidine as Steric Scaffold 
 
The great success of several oxazoline-containing ligands29 and the 
pyrrolidine-containing ligand 2230 led us to make a comparison between 
trans-2,5-disubstituted pyrrolidine and a 4-substitued oxazoline as steric 
scaffolds. The substituents in the 2- and 5-positions of the pyrrolidine ring can 
be varied31 easily and phosphorus can be introduced utilising the same 
methodology as for nitrogen, thereby creating a phospholane32 as shown in 
Scheme 8.  
 

 
 

Scheme 8 
 
Ligand 27,33 Figure 10, had been assessed before in our group34 in the well-
known palladium-catalysed allylic substitution of rac-1,3-diphenyl-2-
propenyl acetate (28) using dimethyl malonate as the nucleophile, resulting in 
an ee of 50 % in favor of R-29, Scheme 9.35 
 
 

                                                 
29 (a) von Matt, P.; Pfaltz, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 566. (b) Sprinz, J.; 
Helmchen, G. Tetrahedron Lett. 1993, 34, 1769. (c) Leutenegger, U.; Umbricht, G.; Fahrni, C.; 
von Matt, P.; Pfaltz, A. Tetrahedron 1992, 48, 2143. 
30 Kubota, H.; Nakajima, M.; Koga, K. Tetrahedron Lett. 1993, 34, 8135. 
31 (a) Pichon, M.; Figadére, B. Tetrahedron: Asymmetry 1996, 7, 927. (b) Cahill, J. P.; 
Cunneen, D.; Guiry, P. J. Tetrahedron:  Asymmetry 1999, 10, 4157.  
32 (a) Burk, M. J.; Feaster, J. E.; Harlow, R. L. Tetrahedron: Asymmetry 1991, 2, 569. (b) Burk, 
M.  J. J. Am. Chem. Soc. 1991, 113, 8518. (c) Burk, M. J.; Feaster, J. E.; Nugent, W. A.; 
Harlow, R. L. J. Am. Chem. Soc. 1993, 115, 10125.  
33 Brunner, H.; Obermann, U. Chem. Ber. 1989, 122, 499. 
34 Nordström, K.; Macedo, E.; Moberg, C.  J. Org. Chem. 1997, 62, 1604. 
35 Trost, B. M.; Murphy, D. J. Organometallics 1985, 4, 1143.  
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Figure 10. 

 
 

Scheme 9       
 

We chose to make the comparison with the easily available pyrrolidine-
containing ligands 30 and 31, Figure 11, originally synthesised by McGrath et 
al. as outlined in Scheme 10.36 
 

 
Figure 11. 

 
 

 
Scheme 10 

                                                 
36 Sweet, J. A.; Cavallari, J. M.; Price, W. A.; Ziller, J. W.; McGrath, D. V. Tetrahedron: 
Asymmetry 1997, 8, 207.         
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3.6.4 Results and Discussion 

 
The results from the catalysis in Scheme 9, using 30 and 31, are summarised 
in Table 1. 
 
                            Table 1.                

Ligand[a] Ee [%] (abs. conf) 
30 18 (S) 
31 64 (R) 

[a] 2 mol% of bis[(π-allyl)palladium chloride] and 6 
mol% of the ligand were used. 

  
The pyridine rings in ligands 30 and 31 do not have substituents that can 
make them particularly π-acidic. Therefore, it seems reasonable to assume 
that steric interactions alone determine the selectivity in the metal complexes 
shown in Figure 12. 
   

 
         

Figure 12. 
 
It had previously been shown by our group that complex 32, derived from 
ligand 27, is preferred over its diastereomer and that the nucleophile attacks 
trans to the oxazoline ring.34 If the product originates from the most abundant 
complex, which in the case of the pyrrolidine ligand 31 should be 33 due to 
more severe steric interactions between the phenyl groups in 34, then the 
favoured formation of the (R) enantiomer of 29 can be explained by a 
nucleophilic attack trans to the pyrrolidine ring. From this rationale it could be 
suggested that a trans-2,5-disubstituted pyrrolidine serves as a better steric 
scaffold than an oxazoline when they contain substituents that are equal in 
size. 
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3.7 Conformational Study of Pyrrolidine-Containing Pyridyl 
Alcohols 

 
3.7.1 Introduction 

 
For a long time we have been interested in effects on reactivity and selectivity 
of a catalytic reaction, which are imposed by variations of the symmetry of 
the ligand in the metal complex. Initial and very successful studies34 were 
performed using chiral 2-(1-hydroxyalkyl)- (35) and 2-(1-methoxyalkyl)-6-
(4,5-dihydro-2-oxazolyl)pyridines (36), Figure 13. 

 

 
 

Figure 13. 
 

An experimental and theoretical study37 suggested that ligands 35 and 36, 
with hydroxy and methoxy substituent, respectively, resulted in complexes, 
which adopted different conformations in the transition state leading to the 
Pd(0) olefin product complex. Ligand 35 resulted in a pseudo-C2 

conformation with the bulky groups on different sides of the coordination 
plane whereas ligand 36 gave a pseudo-meso conformation with the bulky 
groups on the same side of the coordination plane, as shown in a simplified 
form in Figure 14. The selectivity and reactivity were dramatically different 
due to the different conformations in the transition state. It was shown that the 
complexes adopting a pseudo-C2 conformation were superior to those 
adopting a pseudo-meso conformation both in terms of selectivity and 
reactivity.34 

 

 
Figure 14. 

                                                 
37  Svensson, M.; Bremberg, U.; Hallman, K.; Csöregh, I.; Moberg, C. Organometallics 1999, 
18, 4900. 
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The large difference in reactivity and selectivity, due to the two different 
conformations shown in Figure 14, led us to further investigate this 
phenomenon. In this case we wanted to investigate whether ligands containing 
chiral pyrrolidines would show the same trend or if this phenomenon was 
restricted to oxazoline-containing ligands.  
 The promising result using ligand 31 led us to synthesise a derivative of 
31, which was substituted in the 2-position with a 1-methoxyalkyl chain, 
ligand 37, Figure 15. 
 

 
 

Figure 15. 
 

A methyl group on the alkoxyalkyl chain instead of a tert-butyl group was 
chosen in an initial study, in order to avoid too much steric hindrance in 
combination with the two phenyl groups on the pyrrolidine ring.  
 

3.7.2 Synthesis of Pyrrolidine-Containing Pyridyl Alcohols:Part 1 
 
We had noticed that the pyrrolidine derivative 31 had a tendency to 
decompose, probably due to the fairly electron-rich nature of the nitrogen in 
the pyrrolidine ring. To avoid separation of diastereomeric mixtures of the 
final product we chose to apply an asymmetric approach for the synthesis of 
the pyridyl alcohol part and to introduce the pyrrolidine part as late as 
possible in the synthesis of ligand 37 as outlined in Scheme 11. 
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Scheme 11 Reagents and conditions: i, NaH, MeI, THF, 0 °C; ii, n-BuLi, DMF, THF, Hexane, 
Et2O, NaBH4, MeOH, −78 °C to RT; iii, CBr4, PPh3, CH2Cl2, 0 °C; iv, (2R,5R)-2,5-
diphenylpyrrolidine, K2CO3, CH3CN. 
 
The synthesis started from the readily available chiral pyridyl alcohol 38,11 
which was methylated38 and transformed to the picolyl alcohol 40. The picolyl 
alcohol was converted to the corresponding bromide 41 under mild 
conditions. In principal two different strategies could have been employed to 
create the pyrrolidine part in ligand 37. The first one would have involved 
treatment of a 1,4-dimesylate or 1,4-diol cyclic sulfate, as illustrated in 
Scheme 8, with an amine derivative of 41. In this approach, it is important to 
have access to a large amount of amine, since this reaction works best when 
the amine is employed both as nucleophile, base and solvent. The cyclisation 
method, for the preparation of the pyrrolidine part, were not suitable in our 
case, since it would have required fairly large amounts of an amino derivative 
of 41. Instead we performed an SN2 reaction between (2R,5R)-2,5-diphenyl-
pyrrolidine39 and the picolyl bromide derivative 41. 

                                                 
38  The compound 39 has later been briefly described: Kwong, H.-L.; Cheng, L.-S.; Lee, W.-S.; 
Wong, W.-L.; Wong, W.-T. Eur. J. Inorg. Chem. 2000, 1997. 
39 Chong, J. M.; Clarke, I. S.; Koch, I.; Olbach, P. C.; Taylor, N. Tetrahedron: Asymmetry 
1995, 6, 409.          
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3.7.3  Results and Discussion 
 
The palladium complex of ligand 37 turned out to be catalytically inactive for 
the transformation of 28 into 29, Scheme 9, since no conversion was 
observed. It seems reasonable to suggest that the lack of reactivity is due to 
the presence of the phenyl rings on the pyrrolidine part of the molecule, 
providing too much steric hindrance in the metal complex.  At this point it 
appeared unfruitful to continue the investigation with ligands based on 
(2R,5R)-2,5-diphenylpyrrolidine as steric scaffold. Already the introduction of 
a fairly small 1-methoxyalkyl chain in the 2-position completely inhibited the 
activity of the metal complex. Nevertheless, the phenomenon as such was 
interesting enough to continue the study and synthesise new ligands 
containing chiral pyrrolidines attached to chiral pyridyl alcohol derivatives. 
 

3.7.4 Synthesis of Pyrrolidine-Containing Pyridyl Alcohols: Part 2 
 
 We concluded that steric hindrance was the reason for the lack of reactivity in 
the complex formed from ligand 37. Therefore we changed to the less 
sterically demanding  (2R,5R)-2,5-dimethylpyrrolidine as steric scaffold.  In 
this case a tert-butyl group in combination with two methyl groups on the 
pyrrolidine ring did not seem to introduce too much steric hindrance. For a 
full conformational study we needed to have access to both 6-(1-
hydroxyalkyl) and 6-(1-methoxyalkyl) derivatives.  At the same time we 
wanted to be able to vary the absolute configuration in the 1-position in the 
alkyl part of the molecule. Therefore, we chose to synthesise a new generation 
of ligands as outlined in Scheme 12.  
 The synthesis started with the readily available pyridyl alcohols 42a and 
42b.11 We protected these alcohols by converting them into their 
corresponding silyl ethers, 43a and 43b, respectively. Lithiation, reaction with 
DMF and in situ reduction of the formed aldehyde resulted in the 
monoprotected dialcohols 44a and 44b. Unfortunately the bromination 
protocol used in Scheme 11 failed when applied to 44a and 44b. Bromination 
using SOBr2 was also unsuccessful in this case. However, mesylation worked 
well but resulted in fairly unstable mesylates that had to be used directly in the 
following step. The pyrrolidine used in the formation of 45a and 45b was 
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prepared according to the procedure of Masamune and co workers,40 but the 
work-up was performed under acidic conditions to avoid loss of the volatile 
chiral amine. The protecting groups of 45a and 45b were unaffected when 
treated with tetrabutylammonium fluoride, but could be removed with HCl. 
Methylation of 46a and 46b resulted in the last two ligands in this series. 
 

  
 
Scheme 12 Reagents and conditions: i, TBDMSCl, DMF, Imidazole; ii, n-BuLi, DMF, 
Hexane, Et2O, NaBH4, MeOH, −78 °C to RT; iii, MsCl, Et3N, CH2Cl2, (2R,5R)-2,5-
dimethylpyrrolidine hydrochloride, diisopropylethylamine, CH3CN, 50 °C; iv, 2M HCl, 0 °C; 
v, NaH, MeI, THF, 0 °C to RT. 

                                                 
40 Short, R. P.; Kennedy, R. M.; Masamune, S. J. Org. Chem. 1989, 54, 1755. 
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3.7.5 Results and Discussion 

 
The results from the catalysis performed with ligands 45a-47b in the reaction 
shown in Scheme 9, are presented in Table 2. 
 
 Table 2. 

Ligand[a] Yield [%] Ee [%] (abs. 
conf) 

30  18 (S) 
45a 4 8 (S) 
45b 85 80 (R) 
46a 13 27 (S) 
46b quant 84 (R) 
47a quant 74 (S) 
47b quant 83 (R) 

[a] 2 mol% of bis[(π-allyl)palladium chloride] and 6 mol% 
of the ligand were used. 

 
The results clearly indicate that the absolute configuration at the picolylic 
centre in ligands 45a-47b plays a more important role in determining the 
absolute configuration of the product than the stereogenic centres in the 
pyrrolidine ring. This result was opposite to that previously obtained using the 
oxazoline series of ligands 35-36, where the absolute configuration at the 
oxazoline unit played a major role in the stereoselectivity of the product 
formation.34 Furthermore, in this series, all of the ligands having (S) 
configuration at the picolylic centre showed similar selectivity and reactivity, 
i.e. 45b, 46b and 47b. This observation suggests that the preferred 
conformation of the ligands in the metal complexes is the same, irrespective 
of the substitution pattern in the picolylic alcohol part of the ligand. In this 
case we assume that the sterically demanding groups occupy the same side of 
the coordination plane, Figure 16, since the results were more or less the 
same, irrespective of the substitution pattern in the picolyl part of the 
molecule. The apparent lack of conformational differences between the ether 
and alcohol derivatives was unexpected since such differences were observed 
in the oxazoline series.  
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Figure 16. 

 
On the other hand a profound difference, both in terms of reactivity and 
selectivity, was observed between the metal complexes derived from the 
ligands having (R) configuration at the picolylic center, 45a, 46a and 47a. 
Ligand 47a was the only ligand in this series that exhibited reactivity and 
enantioselectivity similar to its diastereomer. We had assumed that ligand 47a 
would adopt a pseudo-C2 conformation in its metal complex. This complex 
would have Pr-chirality,41 which can explain the preference for the formation 
of product with (S) configuration, Figure 17. 
 

 
Figure 17. 

 
The results obtained with ligands 45a and 46a are more difficult to explain.  
They could be due to conformational preferences induced by the substituents 
in the benzylic position similar to those observed in the oxazoline series. The 
results from this investigation clearly show that the ligands containing chiral 
pyrrolidines form metal complexes that do not show the same trend as the 
complexes based on oxazolines. On the other hand this investigation neither 
confirmed nor contradicted the idea that a metal complex containing a ligand 
adopting a pseudo-C2 conformation is better in terms of reactivity and 
selectivity than a complex containing a ligand adopting a pseudo-meso 
conformation. It was clear at this point that a new approach was needed to get 
more information about ligands with pseudo-C2 and as well as those with 
pseudo-meso symmetry. 

                                                 
41 Saitoh, A.; Achiwa, K.; Tanaka, K.; Morimoto, T. J. Org. Chem. 2000, 65, 4227. 
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3.8 Investigation of Electronic Desymmetrisation 
 

3.8.1 Introduction 
 
As stated above, a new approach was needed for the investigation of ligands 
with pseudo-C2 and pseudo-meso symmetry. We thought that one way to 
avoid unpleasant and unpredictable conformational preferences of the ligands 
in the metal complexes was to construct complexes with ligands that possess 
pseudo-C2 or pseudo-meso symmetry also as free ligands. A ligand that 
possesses pseudo-C2 symmetry can be constructed by changing one of the 
donor atoms in a bidentate C2-symmetric ligand. Two examples of ligands of 
this type are presented in Figure 18. 

 
 

Figure 18. Compound 4842 is a Diop (1) derivative and compound 4943 is an analogue of 
Trost´s ligand 24. 
 
An analogous electronic desymmetrisation of a meso compound would result 
in a pseudo-meso ligand. The enantioselection obtained in catalysis from a 
pseudo-meso ligand designed by electronic desymmetrisation would depend 
solely on electronic effects. The phospholane containing Duphos family of 
ligands was chosen as a starting-point for the construction of our new ligands. 
The target ligands for this investigation protected as their borane derivatives 
are presented in Figure 19. 

 
Figure 19. 

                                                 
42 Fabien, R.; Gaillard, N.; Sinou, D. J. Mol. Catal. A: Chem. 1999, 144, 473. 
43 Kim, Y. K.; Lee, S. J.; Ahn, K. H. J. Org. Chem. 2000, 65, 7807. 
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The nitrogen-nitrogen ligand 2230 and the phosphorus-phosphorus ligand 54,32 
Figure 20, had been synthesised previously. Therefore, ligands 50 and 51 
became our primary targets, since we wanted to be able to extend our study to 
a kinetic investigation of symmetry in combination with electronic effects. 
Ligands 5244 and 53 were also thought to be suitable candidates for the 
investigation of metal complexes with pseudo-C2 and pseudo-meso symmetry.  
   

 
 

Figure 20. 
 

3.8.2 Initial Attempts to Synthesise Ligands with Pseudo-C2 and 
Pseudo-Meso Symmetry, Derivatives of the Duphos Family. 

 
As stated above the alkane derivatives 50 and 51 were of primary interest. The 
ligands in this series all contain a trivalent phosphorus atom in oxidation state 
III, which is more or less prone to get oxidised to the more stable oxidation 
state V. In general phosphorus compounds with electron-donating substituents 
are more sensitive towards oxidation than to those with electron-withdrawing 
substituents. This matter dramatically complicates the study from a synthetic 
point of view as the reactions and purifications might have to be performed 
with either a temporary protecting group, e.g. BH3,45 attached to the 
phosphorus or in the absence of air. We concluded that the best synthetic 
strategy was to introduce the phosphorus moiety as late as possible in the 
synthesis of 50 and 51. 
 Achiwa and coworkers had shown46 that they could generate and use a 
borane protected lithium salt of a phospholane as the nucleophile, Scheme 13, 
by applying a modified version of Burk’s original procedure.32a 
 

                                                 
44 A synthetic procedure for the preparation of ligand 52 was published recently: Marinetti, A.; 
Jus, S.; Labrue, F.; Lemarchand, A.; Genêt, J.-P.; Ricard, L. Synthesis 2001, 2095.  
45 Ohff, M.; Holz, J.; Quirmbach, M.; Börner, A. Synthesis 1998, 1391. 
46 Morimoto, T.; Ando, N.; Achiwa, K. Synlett 1996, 1211.  
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Scheme13 
 

The successful use of 56 as the nucleophile in the reaction leading to a 
phosphorus-protected final product led us to adopt this methodology for our 
purposes. We thought that 59, generated in situ from 58, Scheme 14, would be 
a suitable electrophile for 56 in the synthesis of ligands of the type 50 and 51. 
 

 
 

Scheme 14 
 
The electrophile 59 and its precursor 58, Scheme 15, had been synthesised 
and used for the construction of a phosphorus-nitrogen ligand by Koga and 
coworkers.47  
 

 
 

Scheme 15 
 
Due to lack of experimental details and the time-consuming approach for the 
synthesis of the key intermediate 62 in Scheme 15, we chose instead to 
synthesise 62 as outlined in Scheme 16.  
 

                                                 
47 Kubota, H.; Koga, K. Tetrahedron Lett. 1994, 35, 6689.    
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Scheme 16 Conditions: Mw heating, 3 × 2 min, 30 W. 
 
The amino alcohol 62 was converted into the hydrochloric salt 58 according 
to Koga’s procedure shown in Scheme 15. However, treating the phospholane 
64, following the protocol in Scheme 13, with the aziridinium ion 59 resulted 
in no product resembling the desired one, Scheme 17.  
 

 
 

Scheme 17 Conditions: THF, −35 °C to RT.  
 

3.8.3 Discussion 
 
Our approach to synthesise ligands 50 and 51 did not work. If this was due to 
the electrophile or the lithium salt of the phospholane is hard to say, since 
they had worked well separately in other systems. 
 

3.8.4 Synthesis of Ligands with Pseudo-C2 and Pseudo-Meso 
Symmetry, Derivatives of the Duphos Family. 

 
As mentioned above the synthesis of the primary targets for our investigation 
failed. Therefore we turned our attention to ligands 52 and 53. Several routes 
could have been employed for the synthesis of ligands 52 and 53. However, 
two potential starting materials, 65 and 66, Figure 21, were considered as 
synthons for 52 and 53 since we thought that the pyrrolidine unit should be 
introduced before the phosphorus part of the molecule. 
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Figure 21. 
 

In principal, 52 or 53 could be obtained by treating 65 with the lithium salts 
64 or 56. Cross coupling of 66 with 64 or 56 might also result in 52 and 53 
protected with borane. However the presence of a bromine in 66 also enables 
the introduction of a substituent, e.g. PCl2, P(OEt)2, PO(OEt)2, that might be 
reduced to the primary phosphine 67, which in turn may be transformed into 
52 or 53 using the protocol in Scheme 8. Since more than one potential 
approach could be applied starting from 66, this pyrrolidine derivative was 
chosen as building block for the preparation of 52 and 53. The cross coupling 
approach was rejected due to the bad experience using the lithium salt 64. 
Originally the synthesis and properties of phenylphosphine,48 used in the 
synthesis of 64, had made us skeptical about the to use of the primary 
phosphine 67 as an intermediate in the synthesis of ligands 52 and 53, since 
67 should be more electron-rich than the parent compound phenylphosphine. 
LiAlH4 is often used as reducing agent in the synthesis of primary 
phosphines.49 The use of LiAlH4 usually requires aqueous work-up, which 
often increases the risk for oxidation of air-sensitive phosphines. On the other 
hand, Burk,50and later van Leeuwen,51 had synthesised primary phosphines 
from the corresponding phosphonite, using as reducing agent a combination 
of trimethylsilyl chloride and LiAlH4. With this reduction protocol, originally 
                                                 
48 Horvat, R. J.;  Furst, A.  J. Am. Chem. Soc. 1952, 74, 562. 
49 Quin, D. L. A Guide To Organophosphorus Chemistry; Wiley-Interscience: NewYork, 2000 
pp 70−71. 
50 Burk, M. J.; Gross, M. F. Tetrahedron Lett. 1994, 35, 9363.     
51 Dierkes, P.; Ramdeehul, S.; Barloy, L.; De Cian, A.; Fischer, J.;  Kamer, P. C. J.; Van 
Leeuwen, P. W. N. M.; Osborn, J. A.  Angew. Chem., Int. Ed. Engl. 1998, 37, 3116. 
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introduced by Kyba et al.52 for the reduction of phosphonates, aqueous work-
up was excluded. Instead the reactions were quenched with methanol 
followed by filtration of the mixture and evaporation of the solvent. This 
small but in fact ingenious modification inspired us to adopt this methodology 
and synthesise ligands 52 and 53 as outlined in Scheme 18. 

 

 
 

Scheme 18 Reagents and conditions: i, 75 °C; ii, t-BuLi, ClP(OEt)2, BH3×DMS, Et2O, −95 °C 
to RT; iii, DABCO, toluene 45 °C; iv, LiAlH4, TMSCl, THF, −78 °C to RT; v, for 52 n-BuLi, 
(2S,5S)-hexanediol cyclic sulfate, Et2O, −78 °C to RT; for 53 n-BuLi, (2R,5R)-hexanediol 
cyclic sulfate, THF, BH3×DMS, −78 °C to RT.  
 
The synthesis started with the preparation of 66. Anilines are commonly 
known to be poor nucleophiles, especially when substituted with electron-
withdrawing groups, but the aesthetic simplicity in Scheme 8, and the 
interesting result in Scheme 16 led us to treat 63 with an excess of 
bromoaniline at elevated temperature. This resulted in an acceptable yield of 
66, which was transformed to 69 through lithiation at low temperature and 
treatment with diethylchlorophoshine followed by protection with BH3. The 
reaction was run at low temperature using t-butyllithium as lithiating agent to 
suppress the reduction of the fairly electron-rich lithium derivate of 66. The 
direct isolation and purification of 70 was not successful due to its instability 
in air. Therefore, it was isolated as its borane derivative 69, which was later 
deprotected using 1,4-diazabicyclo[2.2.2]octane (DABCO) as deprotecting 
agent. 

                                                 
52 Kyba, E. P.; Liu, S.-T.; Harris, R. L. Organometallics 1983, 2, 1877. 
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 Prolonged reaction time compared to standard conditions was necessary in 
order to obtain complete deprotection,53 since the presence of 69 interfered 
with the purification of the final products. The phosphonite derivative 70 was 
reduced, the product filtered and the solvent evaporated without exposing the 
very air-sensitive phosphine 67 (Caution: toxic) to air. This precaution was 
important since all attempts to isolate or to protect with BH3 in situ resulted in 
the corresponding phosphine oxide. However, a major part of the chiral 
phosphine was lost during evaporation of the solvent mixtures. The crude 
phosphine was immediately transformed to the corresponding phospholane 
derivative following the procedure by Burk32c but with in situ protection with 
BH3 in order to obtain the air-stable products 52 or 53.  
 

3.8.5 Results and Discussion 
 
Ligands 52 and 53 were assessed in the reaction shown in Scheme 9. The 
results are presented in Table 3. The ligands were used without prior 
deprotection, to avoid oxidation. Instead Pd(OAc)2 was used as palladium 
source and deprotecting agent.54  
 
              Table 3. 

Ligand[a] Yield 
[%] 

ee [%] 
 (abs. conf.) 

Time 
(min) 

52 100 37 (S) 50 
53 100 37 (R) 50 

                                        [a] 3.37 % of Pd(OAc)2 and 2.5 mol% of the ligand were used. 
 . 
The results in Table 3 were not what we had expected at first. They indicate 
that the ligands 52 and 53 do not serve as bidentate ligands but rather as 
monodentate ligands. This rationale seems reasonable since the product is 
obtained with the same ee but with opposite absolute configuration using the 
two ligands. This rationale seems even more reasonable when considering the 
results of Rajanbabu and Yan55 who had shown that the use of the 
phospholane ligand, Figure 22, resulted in an ee of 37 % of (R)-29 when 
assessed in the reaction in Scheme 9. 
                                                 
53 Brisset, H.; Gourdel, Y.; Pascal, P.; Le Corre, M. Tetrahedron Lett. 1993, 34, 4523. 
54 Riegel, N.; Darcel, C.; Stéphan, O.; Jugé, S. J. Organomet. Chem. 1998, 567, 219. 
55 Yan, Y. Y.; Rajanbabu, T. V. Org. Lett. 2000, 2, 199.   
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Figure 22. 
 

The reason for the suggested monodentate behavior can be explained in terms 
of a too electron-rich phosphorus in combination with a too electron-poor 
nitrogen. Since the phosphorus and the nitrogen in the metal complexes 
derived from 52 and 53 are substituted with two alkyl groups, their σ-
donation ability would be expected to increase compared to unsubstituted 
aniline and phenylphosphine. However, since the lone pair on the nitrogen is 
conjugated with the aromatic system,56 the σ-donation ability of the nitrogen 
is lowered compared to that of the phosphorus. The free electron pair on 
phosphorus is not likely to be delocalized over the phenyl ring to any larger 
extent, due to assumed poor overlap between the lone pair orbital and the π-
orbital on the adjacent carbon.57 This seems to result in a situation where the 
phosphorus has more σ-donation ability and π-acid character than the 
nitrogen. This combination seems to favour a monodentate coordination 
mode, since phosphorus will probably stabilize Pd(II) and Pd(0) to a larger 
extent than the nitrogen part in ligands 52 and 53. The combination of an 
aniline nitrogen atom and an alkyl-substituted phosphorus atom in ligands has 
been shown to result in dynamic mixtures of metal complexes with mono and 
bidentately coordinated ligands.58 This undesirable coordination mode of 
phosphorus-nitrogen containing ligands has also been invoked to explain low 
selectivity in other cases.59  For example, it has been shown that the nitrogen 
atom in ligand 49 does not serve as a donor atom.43 However, the ligand of 
Sinou, 48, and its performance in the catalysis in Scheme 9 is very interesting 
in the perspective of the above-mentioned results. Sinou showed that with the 
metal complex obtained from 48, Figure 23, the product was obtained in 50% 
ee,42 whereas the metal complexes derived from the C2–symmetric analogues, 

                                                 
56 Smith, M. B.; March, J. March´s Advanced Organic Chemistry; Wiley-Interscience: New 
York, 2001, pp 40−42.  
57 Quin, D. L. A Guide To Organophosphorus Chemistry; Wiley-Interscience: NewYork, 2000 
pp 77−78. 
58 Anderson, J. C.; Cubbon, R. J.; Harling, J. D. Tetrahedron: Asymmetry 2001, 12, 923.        
59 Wimmer, P.; Widhalm, M. Tetrahedron: Asymmetry 1995, 6, 657. 
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1 and 71, did not exhibit any enantioselection, although they showed 
reactivities similar to 48. No explanation for the different selectivities of the 
ligands was provided.60,42 We concluded that a new type of ligand had to be 
developed to avoid unwanted coordination mode in the study of ligands with 
pseudo-C2 and pseudo-meso symmetry. 
 

 
 

Figure 23. 
 
 

 3.8.6 Synthesis of Ligands with Pseudo-C2 and Pseudo-Meso 
Symmetry Based on the 1,1´-Binaphthylazepino and the 1,1´-
Binaphthylphosphepino Units. 

 
At this point it was clear that we needed ligands in which the nitrogen lone 
pair is not in conjugation with an aromatic system. Therefore we had to 
construct new ligands with pseudo-C2 and pseudo-meso symmetry. Since the 
primary phosphine 67, Scheme 18, caused major problems in the synthesis of 
52 and 53 due to its volatility and air-sensibility, a more stable intermediate 
for the synthesis of new nitrogen-phosphorus-containing ligands was highly 
desirable. In an interesting paper by Katti61 it is shown that the primary 
phosphine 73 in Scheme 19 is air-stable. 
 

 
 

Scheme 19 
 

                                                 
60 Fabien, R.; Delbecq, F.; Nguefack, C.; Sinou, D. Eur. J. Inorg. Chem. 2000, 351. 
61  Gali, H.; Prabhu, K. R.; Karra, S. R.; Katti, K. V. J. Org. Chem. 2000, 65, 676. 
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Examples of air-stable alkyl substituted primary phosphines are rare.62 
Primary phosphines are usually pyrophoric, especially those containing only 
small alkyl chains. The presence of a bulky group seems to render primary 
phosphines a tendency to get oxidised.63,64 Another interesting feature of alkyl 
substituted primary phosphines is that the presence of an amine or amino 
derivative in the alkyl chain seems to stabilise primary phosphines towards 
oxidation.65,61,62 It was found that the primary amino-analogue of 73, 3-
aminopropylphosphine, is moderately air-stable and non-pyrophoric.65 Thus it 
appeared possible to construct ligands with electron-rich nitrogen and 
phosphorus using an air-stable phosphine as an intermediate, as long as 
sterically demanding groups were incorporated, e.g. 1,1´-binaphthylazepine 
unit 74, Figure 24. This steric scaffold has been utilized before with 
considerable success in palladium catalysed allylic substitution reactions. 66,47 
 

 
 

Figure 24. 
 

The bulkiness and facile synthesis of this unit and the possibility to introduce 
phosphorus utilising the same methodology as that used for nitrogen, and 
thereby creating a 1,1´-binaphthylphosphepino analogue,67 made it a suitable 
candidate for the development of our new generation of ligands with pseudo-
C2 and pseudo-meso symmetry. The general method for the synthesis of 
compounds of this class is shown in Scheme 20. 
 

                                                 
62 Goodwin, N. J.; Henderson, W.; Nicholson, B. K. Chem. Commun. 1997, 31, and references 
cited there in. 
63 Brynda, M.; Geoffroy, M.; Bernardinelli, G. Chem. Commun. 1999, 961.  
64 Ohashi, A.; Matsukawa, S.; Imamoto, T. Heterocycles 2000, 52, 905. 
65 Prabhu, K. R.; Pillarsetty, N.; Gali, H.; Katti, K. V. J. Am. Chem. Soc. 2000, 122, 1554. 
66 Bourghida, M.; Widhalm, M. Tetrahedron: Asymmetry 1998, 9, 1073.  
67 Xiao, D.; Zhang, Z.; Zhang. X. Org. Lett. 1999, 1, 1679. 
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Scheme 20 
 
It seemed probable that neither a replacement of the 1,3-dihydro-isoindol part 
in 73 for a 1,1´-binaphthylazepine unit nor a replacement of the propyl chain 
for an ethyl chain would decrease the stability of the primary phosphine to 
any further extent. The synthetic strategy shown in Scheme 20, with the 
readily available (2-aminoethyl)diethylphosphonate61 77 as a precursor for a 
hopefully stable primary phosphine 78, seemed accessible, Figure 25. 
 

 
 

Figure 25. 
 

With this phosphine in hand it would be possible to use the methodology in 
Scheme 20 also for the preparation of the 1,1´-binaphthylphosphepino unit. 
The new borane-protected target ligands with pseudo-C2 and pseudo-meso 
symmetry, 79 and 80, are presented in Figure 26. 

 

 
 

Figure 26. 
 

We decided to protect the phosphorus in the final products as a precaution, 
since the attachment of two electron-rich benzylic carbons could increase the 
tendency for phosphorus to get oxidised even if the primary phosphine, 78, 
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would be stable towards oxidation. The synthesis of 79 is outlined in Scheme 
21. The synthesis of 80 was performed analogously to 79, but using (R)-75 in 
step iv. Interestingly, we observed that the primary phosphine 78 was much 
more stable towards oxidation than the aromatic primary phosphine 67 in 
Scheme 18. 

 

 
 

Scheme 21 Reagents and conditions: i, (2-aminoethyl)diethylphosphonate, Et3N, THF, reflux; 
ii, LiAlH4, THF, 0 °C; iii, BH3×DMS, THF, RT; iv, (S)-75, NaH, THF, RT; v, DABCO, 
CH2Cl2.   
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3.8.7 Results and Discussion 
 
The ligands 79 and 80 were assessed in the reaction in Scheme 9. The results 
from the catalysis are presented in Table 4.  

 
 

 
 Table 4. 

Ligand[a,b] L : Pd Time [h] Yield [%] Ee [%] (abs. 
conf) 

79[a] 1:1 6 100 98 (S) 
80[a] 1:1 72 95 37 (R) 
79[b] 2:1 8 100 98 (S) 
80[b] 2:1 8 100 59 (S) 

[a] 2.5 mol% of Pd(OAc)2, 2.5 mol% of the ligand and 28 were used. 
[b] 0.5 mol% of bis[(π-allyl)palladium chloride] and 2 mol% of the ligand, 
deprotected prior to use using DABCO, were used. 

 
The results show that for the sterically demanding substrate 28, there is a 
profound difference both in terms of selectivity and reactivity between the 
metal complexes derived from ligands 79 and 80 with pseudo-C2 and pseudo-
meso symmetry, respectively. Interestingly, the outcome of the catalytic 
experiments was affected differently depending on the ligand to palladium 
ratio. Lowering the amount of catalyst and using ligand in excess to palladium 
would be expected to slow down the catalysis. This was indeed observed for 
reactions employing ligand 79, but not for those with ligand 80. Instead the 
activity of the formed metal complex increased significantly when employing 
excess of ligand 80. Furthermore, the enantioselectivity was higher and 
formation of the opposite product enantiomer was favoured. This indicates 
that a bidentate coordinated ligand complex is not formed from ligand 80 
when a higher ligand to palladium ratio is employed.  Instead a more active 
complex might be formed by monodentate coordination of two ligands to the 
same palladium centre. Ligands 79 and 80 have similar electronic properties 
but the assumed monodentate behaviour of ligand 80, when used in excess, 
might be the result of steric preference for a monodentate coordination mode 
over a chelating ring.  
 Ligands 79 and 80 were assessed also in the catalytic reaction shown in 
Scheme 22, to investigate whether the selectivity and reactivity differences of 
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the metal complexes were substrate dependent or not. The results from the 
catalysis are presented in Table 5. 
 

 
 

Scheme 22 
 

The results from the catalysis indicate that the reactivity and selectivity 
differences of metal complexes derived from ligands 79 and 80 are substrate 
dependent. The metal complex derived from the ligand with pseudo-C2 
symmetry was superior to that derived from the ligand with pseudo-meso 
symmetry in the catalytic reaction using 28 as the substrate, but a different 
situation was observed when using the cyclic substrates 83 and 84. In the case 
of 83, there was a difference in both reactivity and selectivity between the two 
ligands but no reactivity or selectivity differences were observed for 84.68 
 
  Table 5. 

Ligand[a, b] n Time [h] Conversion 
[%] 

Ee [%] (abs. 
conf) 

79[a] 2 24 40 12 (R) 
80[a] 2 24 70 26 (R) 
79[b] 1 24 100 27 (R) 
80[b] 1 24 100 26 (R) 

[a]  2.5 mol% of Pd(OAc)2 and 2.5 mol% of the ligand were used, 40 °C. 
[b]  2.5 mol% of Pd(OAc)2 and 2.5 mol% of the ligand were used, RT. 

 
 A stereochemical rationale for the results in Table 4 using the sterically 
demanding substrate rac-1,3-diphenyl-2-propenyl acetate (28), is presented in 
Figure 27. 

 

                                                 
68 Performed by Dr. Jean-Luc Vasse. 
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Figure 27. 
 

It seems reasonable that the two π-allyl-palladium complexes A and B are 
formed in about equal amounts from the pseudo-C2 symmetric ligand 79 since 
there should be no significant steric differences in complexes A and B. On the 
other hand, nucleophilic attack trans to phosphorus on complex A seems to 
have a lower energy barrier than the corresponding attack on complex B since 
the product olefin complex formed in A, obtained via rotation of the allyl 
fragment, suffers from less steric congestion than the product formed from B. 
This rationale could explain why the (S)-enantiomer was obtained with high 
enantiomeric excess. 
 Formation of two π-allyl complexes is also expected in the case of the 
pseudo-meso ligand 80. However, in this case the equilibrium between 
complexes C and D should be shifted towards D, since C suffers from severe 
steric congestion. However, with this ligand complexes with syn,anti and 
anti,anti structures should also be considered. Nucleophilic attack trans to 
phosphorus in complex D results in a product with (R)-configuration. This 
was the major product enantiomer, but the ee was low. Probably the low 
reactivity results from unfavorable rotation of the allyl fragment in the 
formation of the olefin complex. It is harder to find a rationale for the results 
obtained in the catalytic reactions using the cyclic substrates 83 and 84 shown 
in Scheme 22, since different product selectivity was observed using the two 
ligands in the catalytic reaction with substrate 83 but not with 84. 
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3.9 Symmetry and Kinetics 
 

3.9.1 Introduction 
 
As mentioned above it was found that the metal complex derived from ligand 
79, with pseudo-C2 symmetry, had higher catalytic activity than the complex 
derived from ligand 80, with pseudo-meso symmetry, for the open substrate, 
rac-1,3-diphenyl-2-propenyl acetate (28), Scheme 9. We decided to prepare 
nitrogen-nitrogen and phosphorus-phosphorus68 analogues of 79 and 80, i.e. 
ligands with C2 and meso symmetry, Figure 28, in order to get further 
information about the effect of the steric properties, related to the symmetry 
of the ligand, on the kinetics of the catalytic process.  
 

 
Figure 28. 

 

3.9.2 Synthesis of Ligands with C2 and Meso Symmetry Based on the 
1,1´-Binaphthylazepino and the 1,1´-Binaphthylphosphepino 
Units 

 
The C2-symmetric ligand 87 was prepared according to the procedure of Cram 
and Mazaleyrat in Scheme 2069 by using diaminoethane as the nucleophile. 
The meso ligand 88 had been prepared and isolated by Mazaleyrat using a 
resolution technique.70  However, we chose to synthesise ligand 88 as outlined 
in Scheme 23 in order to avoid the separation of diastereomeric mixtures or 
the use of a monoprotected diamine. 
                                                 
69 Mazaleyrat, J.-P.; Cram, D. J. J. Am. Chem. Soc. 1981, 103, 4585.  
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Scheme 23 Reagents and conditions: i, Diaminoethane, Et3N, Toluene, 60 °C; ii, (R)-75, Et3N, 
Toluene, 60 °C.   
 
Diaminoethane was used in excess in order to suppress the formation of the 
enantiomer of 87 in the reaction with (S)-75, in accordance with the general 
procedure shown in Scheme 20. The primary amine 91 was cyclised to 88 
with (R)- 75 as the electrophile, using standard conditions. 
 

3.9.3 Results and Discussion 
 
The ligands 87-90 were assessed in the reaction shown in Scheme 9. The 
results are presented in Table 6. 
 
 Table 6. 

Ligand[a,b] Time [h] Yield [%] Ee [%] (abs. 
conf) 

87[a] 1.5 100 99 (R) 
88[a] 24 2 - 
89[b] 4 100 94 (S) 
90[b] 4 20 - 

[a] 1.25 mol% of bis[(π-allyl)palladium chloride] and 2.5 mol% of 
the ligand were used.  
[b] 2.5 mol% of Pd(OAc)2 and 2.5 mol% of the ligand were used.68 

 
The results from the catalysis show that, irrespective of the nature of the 
donor atoms, a metal complex with meso symmetry is catalytically less active 

                                                                                                                     
70 Mazaleyrat, J.-P. Tetrahedron: Asymmetry 1997, 8, 2709. 
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than its C2-symmetric analogue in the reaction using rac-1,3-diphenyl-2-
propenyl acetate (28) as substrate, Scheme 9. This observation was in 
accordance with the results using ligands with pseudo-C2 and pseudo-meso 
symmetry, which indicates that metal complexes with the bulky groups on the 
same side of the coordination plane are generally catalytically less active than 
complexes with the bulky groups on opposite sides for this type of substrate. 
This clearly shows that the different activities of the corresponding metal 
complexes could arise from symmetry differences between the ligands.  
 
3.10 Variation of Backbone and Chelating Ring Size 
 

3.10.1  Introduction 
 
When designing bidentate ligands it is important to be aware of the fact that 
the bite angle in the chelating ring of the metal complex may have a 
tremendous impact on the reactivity and selectivity of the formed complex.7a,b 
For bidentate phosphine ligands it has been rationalised that an increase of the 
size of the chelating ring and, thus, an increase of the bite angle could result in 
increased enantioselectivity.7a The higher enantioselectivity is supposed to 
arise from the formation of a more effective “chiral pocket” where the 
substituents on the donor atoms embrace the substrate to a larger extent. The 
nature of the backbone of the ligand is another important factor that could 
affect the selectivity of the metal complex, as well as its reactivity and 
stability, as it influences the rigidity of the chelating ring formed around the 
transition metal.71 The metal complex derived from the C2-symmetric ligand 
87 showed unexpectedly high catalytic activity, considering the common fact 
that metal complexes derived from nitrogen-nitrogen ligands are considerably 
less reactive than those derived from N,P- and P,P-ligands. At present only a 
few N,N-ligands such as 2172 and 2230, Figure 9, have shown reactivity and 
selectivity similar to 87 in the catalysis in Scheme 9. Therefore, it was 
interesting to investigate what kind of effects would arise from the variation 
of the backbone and the size of the chelating ring of the parent ligand 87.  
 

                                                 
71 (a) Zhang, L.; Zetterberg, K. Organometallics, 1991, 10, 3806 (b) Arnek, R.; Zetterberg, K. 
Organometallics, 1987, 6, 1230.   
72 Tanner, D.; Andersson, P. G.; Harden, A.; Somfai, P. Tetrahedron Lett. 1994, 35, 4631. 
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 3.10.2 Synthesis of Ligands with Different Backbones and Chelating 
Ring Sizes 

 
We prepared ligands 92-94, Figure 29, to study the influence of the backbone 
and the chelating ring size on the selectivity and reactivity. Ligand 92 had 
been synthesised before,73 but no experimental data or procedure was 
available. We synthesised ligand 92 in 73% yield using the procedure shown 
in Scheme 20 with propanediamine as the nucleophile. Ligands 93 and 94 
were synthesised analogously to 92 in 49 and 51% yield respectively, using 
(1S,2S)- and (1R,2R)-1,2-diaminocyclohexane as nucleophiles.   
 

 
 

Figure 29. 
 

3.10.3 Results and Discussion 
 
Ligands 92-94 were assessed in the reaction shown in Scheme 9. The results 
are presented in Table 7. 
 
 Table 7. 

Ligand[a] Time [h] Yield [%] Ee [%] (abs. 
conf) 

92[a] 72 - - 
93[a] 72 - - 
94[a] 72 98 94(R)  

[a] 1.25 mol% of bis[(π-allyl)palladium chloride] and 2.5 mol% of 
the ligand were used. 

                                                 
73  Nakada, M. AN 1999:629080. 
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No product was observed using ligand 92. The reason for the poor result may 
be found in the instability of the formed metal complexes using ligand 92, as 
indicated by fairly rapid precipitation of Pd(0). This observation could be 
explained by the lack of stability of the formed six-membered metal-chelate 
of ligand 92. A chair conformation is the most stable conformation for a 
cyclohexane ring. In this conformation the ideal torsion angles are 60° and the 
C-C-C angle is 109.5°. A six-membered palladacycle would be expected to 
deviate from the preferred chair conformation since Pd (II) and even more so 
Pd (0) is fairly large compared to an sp3 carbon atom.74  Back-donation from 
palladium in the Pd(0) complex derived from ligand 92 is not expected to 
compensate for the instability of the six-membered palladacycle since the N-
donor atoms are not good π−acceptors. This combination might be enough to 
destabilize the metal complex to such an extent that it decomposes, e.g. by 
precipitation of Pd(0). On the other hand, the formation of a six-membered 
chelate is not necessarily detrimental when using palladium. Indeed, several 
examples of ligands with a six-membered chelating ring have been used with 
great success, especially ligands based on bisoxazolines, but in these systems 
the presence of nitrogen-carbon double bonds in the ring seems to generate 
more stable chelates. One example of a successful ligand with a six membered 
chelating ring is shown below.75  
 

 
 
The introduction of a cyclic backbone in the parent ligand 87 changed the 
reactivity completely and the metal complex of 93 turned out to be inactive as 
a catalyst. On the other hand, the metal complex from ligand 94 showed 
catalytic activity, but the selectivity was lower and the reaction time needed 
for complete conversion increased significantly compared to the parent ligand 
87.  It seems reasonable to conclude that ligands 93 and 94 are examples of 
ligands with mismatching and matching stereochemistry since they show 
completely different activity. A decrease in activity of the metal complexes of 

                                                 
74 Hancock, R. D. J. Chem. Educ. 1992, 69, 615. 
75 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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93 and 94 compared to the one derived from 87 might be caused by the 
backbone. In addition, the bulky binaphthyl substituents result in more severe 
steric congestion in the metal complex derived from 93 and 94, as they are 
situated somewhat closer than in 87. Thereby the size of the chiral pocket is 
decreased for the reacting substrate. This might be another reason for the 
lower activity.  
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4. Conclusions and Final Remarks 
 
In this thesis it is shown that symmetry is an important factor in ligand design 
and that the symmetry of the ligands in metal complexes can lead to different 
reactivity and selectivity in the catalytic process. It is also shown that the 
properties of the donor atoms have to be considered in great detail when 
designing ligands with mixed donor atoms. A new generation of ligands that 
are suitable for unactivated acyclic and cyclic substrates has to be developed 
in order to get further information about the reactivity and selectivity 
differences between metal complexes with pseudo-C2 and pseudo-meso 
symmetry. The π-allyl complex derived from rac-1,3-diphenyl-2-propenyl 
acetate (28) activated for nucleophilic attack to larger extent than those 
derived from the cyclic substrates. Ligands with high π−acid character seem 
to be needed to lower the energy barrier for nucleophilic attack on the 
unactivated cyclic substrates. A ligand with pure σ-donation ability cannot 
stabilize the transition state for the transformation of Pd(II) into Pd(0) to the 
same extent as a ligand with π−acid character. The N,P-ligands in this thesis 
are optimized in terms of σ-donation but not in terms of π-back-donation, 
which could explain the low reactivity for the unactivated cyclic substrates. 
The new ligands have to be optimized for the small and less sterically 
demanding cyclic substrates to enhance the enantioselectivity. It seems 
reasonable that ligands forming rigid metal chelates with a large bite angle 
would be suitable for this purpose.76 Hopefully, this would provide the 
efficient chiral pocket needed for success with cyclic substrates.  Expressed 
differently, there is still a lot to be explored and developed. 

 
 
 
 
 
 
 

                                                 
76 Trost, B. M.; Lee, C. in Catalytic Asymmetric Synthesis,2nd ed, Ojima, I. Ed.; Wiley-
Interscience), Wiley-Interscience: New York, 2000, pp 602−618. 
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