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Abstract 
This thesis deals with the design and syntheses of chiral, enantiopure pyridine-
containing ligands and their applications in asymmetric catalyis. 

Chiral pyridyl pyrrolidine ligands and pyridyl oxazoline ligands were 
synthesized and employed in the palladium-catalysed allylic alkylation of 1,3-
diphenyl-2-propenyl acetate with dimethyl malonate. The influence of the steric 
properties of the ligands were investigated. 

Ditopic ligands, containing crown ether units as structural elements, were 
synthesized and some of the ligands were used as ligands in the palladium-
catalysed allylic alkylation of 1,3-diphenyl-2-propenyl acetate with dimethyl 
malonate. A small rate enhancement was observed, compared with analogous 
ligands lacking the crown ether unit, when these ditopic ligands were used in 
dilute systems. 

A modular approach was used to synthesize chiral enantiomerically pure 
pyridyl alcohols and C2-symmetric 2,2’-bipyridines, with the chirality originating 
from the chiral pool. Electronic and steric properties of the compounds were 
varied and they were used as ligands in the enantioselective addition of 
diethylzinc to benzaldehyde. The sense of asymmetric induction was found to be 
determined by the absolute configuration of the carbinol carbon atom. The 
electronic properties of the ligands had a minor influence on the levels of 
enantioselectivity induced by the ligands. 

Chiral pyridyl phosphinite ligands and pyridyl phosphite ligands were 
synthesized from the pyridyl alcohols and evaluated as ligands in palladium-
catalysed allylic alkylations. With the phosphinite ligands, the sense of chiral 
induction was found to be determined by the absolute configuration of the 
former carbinol carbon atom. A kinetic resolution of the racemic starting material 
was observed with one of the phosphite ligands. Moderate enantioselectivities 
were achieved. 

 
 
 

Kewords: asymmetric catalysis, chiral ligand, chiral pool, oxazoline, crown 
ether, ditopic receptor, bipyridine, pyridyl alcohol, modular approach, P,N-
ligand, diethylzinc, allylic alkylation. 
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1. Asymmetric Synthesis 
1.1  Introduction 
Over the last two decades, the increasing demand for enantiomerically pure 
substances, especially from the pharmaceutical industry, has encouraged the 
chemists to develop efficient synthetic methods for the production of single 
enantiomers of the compounds desired. Of all the pharmaceutical products sold 
world-wide in 2001, a value of $147 billion, or 36%, was due to single-
enantiomer drugs.1 
 
In the quest for enantiomerically pure compounds, the synthetic chemist has 
three alternative paths to choose from: to start from a pure enantiomer of a 
natural product, to resolve a racemate into pure enantiomers or to use 
asymmetric synthesis. 
 
Nature is the world-leading chemist in synthesizing chiral enantiopure 
substances and a vast variety of structures are available for the synthetic chemist 
to use. Low cost and high optical purity are two reasons for fishing in the chiral 
pool. However, several steps are often required for reaching the target molecule, 
resulting in low overall yields. Another disadvantage of this approach is that 
most natural products are readily available only in one enantiomeric form. 
 
In a classical resolution, a chiral enantiopure resolving agent is used to transform 
a racemate into a mixture of diastereomers. After a conventional separation (for 
example crystallisation or chromatography), the resolving agent can be removed 
to yield the pure enantiomers. Kinetic resolution relies on a chiral nonracemic 
agent that reacts at a substantially higher rate with one enantiomer of a racemate 
than with the other. One drawback with both of these methods is that the 
maximum theoretical yield of the desired enantiomer is 50%. The use of 
dynamic kinetic resolution, in which the slow-reacting enantiomer is 
continuously racemised, can solve this problem. Chromatographic separation of 
a racemate on a chiral column or preferential crystallisation of one enantiomer 
may be attractive alternatives but, again, only 50% yield can be reached.  
 
Asymmetric synthesis can be carried out either under substrate control using a 
chiral auxiliary, under reagent control using a chiral reagent, or by the use of a 
chiral catalyst. High diastereoselectivities and the possibility of conventional 
separations make the chiral auxiliary approach an attractive route to creating new 
stereogenic elements. Additional synthetic steps are, however, required for the 
attachment and final removal of the auxiliary. The need for a stoichiometric 
amount of an enantiopure substance can also cause problems, if the auxiliary is 
not easily removed and recycled after the synthetic sequence. High 
stereoselectivities can be reached with a chiral reagent as well, and there is no 
                                                           
1 Rouhi, M. Chem. Eng. News 2002, 80 (23), 43. 
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need for additional synthetic steps. The problems connected with the use of 
stoichiometric amounts of an enantiopure substance remain, however. The 
reagent or auxiliary is often a derivative of the chiral pool, and again a problem 
can arise if the enantiomeric form desired is not available. A more sophisticated 
approach is to use a chiral catalyst, as only a catalytic amount of a chiral 
substance is required to yield a stoichiometric amount of a chiral product. A 
chiral catalyst can be either an enzyme, a catalytic antibody or an organometallic 
complex (an organic ligand coordinated to a metal ion), even though low 
molecular-weight organic catalysts are becoming increasingly employed. In 
contrast to enzymes and catalytic antibodies, organometallic catalysts are 
generally more tolerant to heating and various organic solvents. Another 
advantage of organometallic catalysts is that they can often be modified to 
catalyse transformations of several kinds. The same is true of catalytic 
antibodies, but the process of optimising the structure of a catalytic antibody is 
more complicated. One limitation of asymmetric catalysis is that it is hard to 
develop a catalyst that is not substrate specific. In many cases the catalyst has to 
be optimised for each new substrate, and a general catalyst can, at best, be 
developed for a limited substrate class. This thesis deals with organometallic 
complexes as chiral catalysts and the discussion will, therefore, be limited to this 
area hereafter. 
 
The field of asymmetric catalysis has experienced exponential growth during the 
last decade, and several catalysts have become versatile everyday tools in 
asymmetric synthesis. Despite the increased understanding of the factors 
influencing for example enantioselectivity, the mechanisms behind most catalytic 
reactions are still not fully understood. The nature of the ligand has a profound 
influence on the properties of the catalyst, but the choice of solvent and counter-
ion is often important as well. Furthermore, additives can sometimes modify the 
catalytic properties. In other words, extensive experimental work on finding 
successful combinations of these factors is required. Therefore, high-throughput 
screening technologies are being developed together with techniques for fast and 
simple analyses of yields and enantiomeric purities. In order to minimise the 
consumption of chemicals, methods allowing downsizing are also attracting 
increasing attention. 
 
Efficient methods for the preparation of series of structurally modified ligands 
are also desirable. Preferably, a modular approach is employed, in which both 
steric and electronic properties of the ligand can easily be varied, starting from a 
common readily available structural unit. 

1.2  Ligand Design 
A successful ligand design is the key to an efficient catalyst. There are many 
aspects that have to be taken into account when a ligand for a certain metal-
catalysed reaction is to be designed. In most metal-catalysed reactions, however, 
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the mechanism and/or the factors influencing the selectivity are not fully 
understood, which makes a totally rational design virtually impossible.  
 
The ligand can be coordinated to a metal using one, two, or more bonds, making 
it a monodentate, bidentate, or polydentate ligand, respectively. Most ligands 
form a dative σ-bond to the Lewis-acidic metal using a lone electron pair of the 
most basic atom present, often a nitrogen or phosphorus atom, and are called σ-
donors. Metals in low oxidation states have occupied high-lying d-orbitals which 
can be stabilised if the ligand possesses empty π* or σ* orbitals. This 
phenomenon is called π-backdonation and the ligand is referred to as a π-
acceptor or a π-acid. The opposite situation arises if the ligand has filled orbitals 
that can interact with empty d-orbitals of the metal. One example is alkoxy 
ligands (RO-) that can stabilise metals in relatively high oxidation states [for 
example Ti(IV) and Mn(V)] by interaction of the non-bonding oxygen lone pairs 
with the empty d-orbitals of the metal.2  
 
The electronic properties can easily be modified in tertiary phosphorus ligands. 

As the average electronegativity of the groups attached to phosphorus increases, 
the ligand becomes a poorer σ-donor but a better π-acceptor, the order of 
increasing π-acidity being PMe3 < PAr3 < P(OMe)3 < P(OAr)3 < PCl3.3 Nitrogen 
ligands are normally good σ-donors and some ligands, for example 2,2’-
bipyridine, phenanthroline, and terpyridine, also exhibit significant π-acidity. 
Metal complexes of these ligands are generally more stable than those of 
aliphatic amines. If the ligand contains a set of donor atoms with varying 
electronic properties, the difference in trans-influence has to be considered. 
Trans-influence is a thermodynamic property defined as the ability of a donor to 
weaken the bond trans to itself (on the opposite side of the metal).4 This means 
that groups coordinated trans to electronically different donor atoms exhibit 
different reactivities, as for example the terminal allylic positions in an π-allyl 
palladium complex with a P,N-ligand (Figure 1a). 

                                                           
2 Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M. Advanced Inorganic Chemistry; 
Wiley-Interscience: New York, 1999, 463-495. 
3 (a) Crabtree, R. H. The Organometallic Chemistry of the Transition Metals; Wiley-
Interscience: New York, 1994, 83-86. (b) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; 
Bochmann, M. Advanced Inorganic Chemistry; Wiley-Interscience: New York, 1999, 431-
443. 
4 Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles and Applications of 
Organotransition Metal Chemistry; University Science Books: Mill Valley, CA, 1987, 242-
243. 
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 Figure 1. Trans-influence (a) and symmetry (b). 

The ligand also makes up the steric scaffold responsible for the transfer of 
chirality to the substrate. By proper steric (repulsive) influence of the ligand, the 
substrate(s) can be made to coordinate the metal in a specified fashion, 
facilitating enantioselection. An alternative is to introduce functionalities in the 
ligand capable of attractive interactions with the substrate or another 
participating reactant. In some instances it can be beneficial to use ligands with 
rotational symmetry and many successful ligands are for example C2-symmetric. 
One reason to use such a ligand is that the number of possible complexes is 
reduced by a factor of two (Figure 1b). There is, however, no fundamental reason 
why ligands with rotational symmetry should be superior to C1-symmetric 
ligands.  
 
One important property of bidentate ligands is the bite angle (Figure 2a, βn 
shown in an arbitrary bidentate phosphorus ligand). Upon coordination to a 
metal ion, the preferences of both the ligand and the metal will determine the 
angle between the two coordination bonds. In square-planar and octahedral 
complexes the preferred P – M – P angle is about 90°, whereas in tetrahedral 
complexes it is about 109°. A change in the bite angle can have a strong effect on 
the activity and/or the selectivity of the catalyst.5 Furthermore, bite angle and 
steric effects are often interrelated. By a change in the bite angle, sterically 
demanding groups on the ligand can be moved towards or away from the 
coordination site. The chelate ring size is also essential in this context (Figure 
2b). A larger chelate ring will generally result in a larger bite angle. This can in 
turn affect the stability of the metal complex. A small metal ion is normally more 
stabilised by a five-membered chelate ring, wheras a six-membered chelate ring 
is better at stabilising a large metal ion.6 

 Figure 2. Bite angle (a) and chelate ring size (b). 

                                                           
5 (a) Dierkes, P.; van Leeuwen, P. W. N. M. J. Chem. Soc., Dalton Trans. 1999, 1519. (b) 
van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 
100, 2741 and references therein. 
6 (a) Hancock, R. D.; Wade, P. W.; Ngwenya, M. P.; de Sousa, A. S.; Damu, K. V. Inorg. 
Chem. 1990, 29, 1968. (b) Hancock, R. D. Acc. Chem. Res. 1990, 23, 253. 
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2. Chiral Enantiopure Pyridine-Containing 
Ligands 
2.1  Introduction 
Ligands containing nitrogen donors are known to be very useful in asymmetric 
metal catalysis. Compared with organophosphorus ligands, they are stable 
toward oxidation and are often easy to synthesize. Among the plethora of 
nitrogen ligands, those containing pyridine are of particular interest for several 
reasons. Pyridines are stable compounds with rich and well-known chemistry, 
and their electronic properties make them suitable as ligands for a large variety 
of metal ions. In addition, pyridine constitutes a rigid and well-defined platform, 
from which different ligands can be built. Some examples of pyridine-containing 
ligands that have been successfully applied in asymmetric catalysis are shown in 
Figure 3. 
 

Figure 3. Examples of pyridine-containing  
ligands used in asymmetric catalysis 

The following short summary is meant to give a brief overview of some families 
of pyridine-containing ligands that have been used in asymmetric catalysis. 
Chiral metal complexes not used in catalysis are not included. Excellent reviews 
already describe some types of ligands, and those further interested are referred 
to these. In this summary, ligands are divided into different families based on the 
basic pyridine-containing backbones, focusing on different synthetic strategies to 
attain the target ligands. The coordination modes of the ligands within a certain 
family can vary, making an unambiguous classification difficult. 

2.2  2,2’-Bipyridines 
2,2’-Bipyridines are excellent ligands for many metal ions and numerous 
complexes have been used successfully in asymmetric catalysis.7 In addition to 
                                                           
7 (a) Chelucci, G.; Thummel, R. P. Chem. Rev. 2002, 102, 3129. (b) Fletcher, N. C. J. Chem. 
Soc., Perkin Trans. 1, 2002, 1831. 
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the two σ-donating nitrogen atoms, the fully conjugated π-system makes 
bipyridines good π-acceptors, resulting in remarkably stable metal complexes. 
There are several synthetic routes to bipyridines and depending on the structure 
of the target ligand, some are preferable to other routes. In the synthesis of C2-
symmetric ligands the method of choice relies on nickel-mediated homocoupling 
of halopyridines already containing the chirality desired. In the first report of 
chiral nonracemic C2-symmetric 2,2’-bipyridines, Bolm et al. used this approach 
to synthesize 7 from pyridyl alcohol 6 (Scheme 1), obtained by asymmetric 
reduction of the corresponding ketone using (–)-B-chlorodiisopino-
campheylborane.8 Furthermore, 6 could be coupled with 2-pyridylzinc chloride 
in the presence of tetrakis(triphenylphosphine)palladium(0) to yield C1-
symmetric bipyridine 8. 
 

Scheme 1 

Kwong and Lee synthesized a number of C2-symmetric bipyridines by the same 
method, but using optically active ketones from the chiral pool as the source of 
chirality (Scheme 2).9 Monolithiation of 2,6-dibromopyridine followed by 
reation with (–)-menthone (10) and (+)-camphor (11) yielded the bromopyridyl 
alcohols 12 and 13, respectively, as single diastereomers. Nickel-mediated 
homocoupling provided the corresponding bipyridines 14 and 15.  
 

Scheme 2 

                                                           
8 (a) Bolm, C.; Zehnder, M., Bur, D.; Angew. Chem. Int. Ed. 1990, 29, 205. (b) Bolm, C.; 
Ewald, M.; Felder, M.; Schlingloff, G. Chem. Ber. 1992, 125, 1169. 
9 Kwong, H.-L.; Lee, W.-S. Tetrahedron: Asymmetry, 1999, 10, 3791. 
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Bipyridines containing one or two alcohol moieties have been used successfully 
in asymmetric additions of dialkylzinc reagents to prochiral aldehydes (Scheme 
3). The addition of commercially available diethylzinc to benzaldehyde (16) has 
commonly been used to compare the ability of different catalysts to induce 
enantioselectivity. For a more detatailed discussion on this reaction, see Chapter 
4. The highest enantioselectivity was achieved with the C2-symmetric camphor-
based ligand 15, which favoured the formation of (R)-17 in 95% ee. The other 
ligands 7, 8 and 14 gave the same enantiomer in 92, 78 and 85% ee, respectively.  
 

 Scheme 3 

The introduction of a fused ring next to the pyridine moiety increases the rigidity 
of the steric scaffold, and in this manner makes the steric interaction between the 
ligand and the substrate coordinated to the metal more efficient. With this in 
mind, Katsuki and co-workers synthesized a series of bipyridines starting from 
2-chloro-5,6,7,8-tetrahydroquinoline, 18 (Scheme 4).10 Deprotonation with LDA 
followed by reaction with various electrophiles yielded rac-19, which had to be 
resolved using chiral HPLC to provide enantiopure 20. Subsequent 
homocoupling yielded the bipyridines 21. 
 

 Scheme 4 

Many synthetic routes to C1-symmetric 2,2’-bipyridines involve a condensation 
reaction between an α,β-unsaturated carbonyl compound and a derivative of 2-
acetylpyridine, in which the second pyridine ring is formed.11 In one report, (–)-
pinocarvone 23 was condensed with 2-acetylpyridinepyridinium iodide 22, 
obtained by reaction of 2-acetylpyridine with iodine in pyridine, to yield C1-
symmetric bipyridine 24 (Scheme 5).12 Introduction of substituents to increase 
                                                           
10 Ito, K.; Katsuki, T. Tetrahedron Lett. 1993, 34, 2661. 
11 Kröhnke, F. Synthesis, 1976, 1. 
12 Hayoz, P.; von Zelewsky, A. Tetrahedron Lett. 1992, 33, 5165. 
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the steric demand of the ligands was possible by deprotonation in the benzylic 
position followed by stereoselective attack of different electrophiles to yield 
bipyridines 25 as single diastereomers.13 This approach was recently extended to 
make the synthesis of C2-symmetric bipyridines possible, thus avoiding the 
difficulties associated with the preparation of 2-halopyridines and the nickel-
mediated homocoupling.14  
 

 Scheme 5 

Copper(I) complexes of many bipyridines have been used as catalysts in the 
asymmetric cyclopropanation of alkenes.7 In these studies, the cyclopropanation 
of styrene with tert-butyl diazoacetate (27a) has generally been employed as a 
model reaction to examine the activity and selectivity of various catalysts 
(Scheme 6). Early studies by Katsuki and co-workers showed that copper(I) 
complexes of C2-symmetric 2,2’-bipyridines were efficient catalysts of this 
reaction.10,15 In the presence of trimethylsilyl-substituted bipyridine 21b (Scheme 
4), the formation of both trans- and cis-28 proceeded with high 
enantioselectivities, 92 and 98% ee respectively, whereas the iso-propyl analogue 
21a afforded the trans-isomer in 77% ee. The best result obtained with the C1-
symmetric ligands in Scheme 5 was accomplished with the benzyl-substituted 
ligand 25c, which provided trans- and cis-28 with 64 and 68% ee, respectively.16  

 

Scheme 6 

Palladium complexes of several bipyridines have been evaluated as catalysts in 
allylic substitutions.7 Alkylation of rac-1,3-diphenyl-2-propenyl acetate (rac-29) 
with the nucleophile generated in situ from dimethyl malonate, BSA and KOAc 
                                                           
13 Chen, C.; Tagami, K.; Kishi, Y. J. Org. Chem. 1995, 60, 5386. 
14 (a) Kolp, B.; Abeln, D.; Stoeckli-Evans, H.; von Zelewsky, A. Eur. J. Inorg. Chem. 2001, 
1207. (b) Chelucci, G.; Saba, A. Synth. Comm. 2001, 31, 3161. 
15 (a) Ito, K.; Tabuchi, S.; Katsuki, T. Synlett 1992, 575. (b) Ito, K.; Katsuki, T.; Synlett 1993, 
638. 
16 Chelucci, G.; Gladiali, S.; Sanna, M. G.; Brunner, H. Tetrahedron: Asymmetry 2000, 11, 
3419. 
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has normally been used to assess the performance of a new catalyst (Scheme 7).17 
For a more detailed discussion on this topic, see Chapter 3. Only moderate 
enantioselectivities have generally been reported with 2,2’-bipyridines, but some 
ligands have been shown to induce higher levels of enantioselection. Palladium 
complexes of ent-25a-c (Scheme 5) were shown to be active catalysts in this 
reaction. Total conversions were reached, providing (R)-30 with 74, 79 and 89% 
ee, respectively.18  
 

 Scheme 7 

Complexes of bipyridines with rhodium(I) have been evaluated as catalysts in 
asymmetric hydrosilylation and transfer hydrogenation of ketones with varying 
success.7a Chiral enantiopure 2,2’-bipyridines have also attracted increasing 
attention as ligands in the asymmetric copper(I)-catalysed allylic oxidation of 
cycloalkenes.19 

2.3  Pyridyl Amines 
The chiral pool contains a large variety of enantiopure amino derivatives that, 
either as such or after further functionalisations, can be used as ligands in 
asymmetric catalysis.20 Amine type ligands are generally chemically stable, but 
in contrast to their phosphorus counterparts not configurationally stable. This 
makes the use of stereogenic nitrogen atoms difficult. Bidentate ligands 
containing one pyridine donor and one amine donor have hitherto not found 
widespread applications in asymmetric catalysis, but some successful examples 
exist.  
 
In the beginning of the 1990’s, Chelucci and co-workers reported the synthesis of 
several optically active pyridyl amine ligands starting from α-amino acids 
(Scheme 8).21 Cobalt(I)-catalysed co-cyclotrimerisation of nitrile 32, derived 
from L-proline (31), with acetylene gave 2-[(2S)-2-pyrrolidinyl]pyridine (3), 
after deprotection. Pyridyl amines 34 and 36 were synthesized using the same 
protocol, starting from L-valine (33) and L-isoleucine (35), respectively. 

                                                           
17 Trost, B. M.; Murphy, D. J. Organometallics 1985, 4, 1143. 
18 Chelucci, G.; Pinna, G. A.; Saba, A. Tetrahedron: Asymmetry 1998, 9, 531. 
19 (a) Malkov, A. V.; Bella, M.; Langer, V.; Kočovský, P. Org. Lett. 2000, 2, 3047. (b) Malkov, 
A. V.; Baxendale, I. R.; Bella, M.; Langer, V.; Fawsett, J.; Russell, I. R.; Mansfield, D. J.; 
Valko, M.; Kočovský, P. Organometallics 2001, 20, 673. 
20 Blaser, H.-U. Chem. Rev. 1992, 92, 935. 
21 (a) Chelucci, G.; Falorni, M.; Giacomelli, G. Synthesis, 1990, 1121. (b) Falorni, M.; 
Chelucci, G.; Conti, S., Giacomelli, G. Synthesis, 1992, 972. 
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 Scheme 8 

These ligands have been shown to be highly efficient chiral inducers in the 
addition of diethylzinc to benzaldehyde (Scheme 3).22 When 3 was used as the 
ligand, (S)-17 was generated with nearly complete enantioselectivity. Ligands 34 
and 36 provided the same enantiomer of the product with 91 and 98% ee, 
respectively. Compound 3 was also used as ligand in the palladium-catalysed 
allylic alkylation of rac-1,3-diphenyl-2-propenyl acetate with dimethyl malonate, 
resulting in the formation of the (R)-product of 64% ee.23 
 
Pyridyl aziridine 39 was synthesized starting from the chiral pyridyl imine 37, 
derived from picolinaldehyde and (S)-valinol. Stereoselective addition of iso-
propylmagnesium chloride, followed by deprotection of the alcohol, gave pyridyl 
amine 38 in high yield and almost complete diastereoselectivity (Scheme 9).24 
Quantitative ring closure to pyridyl aziridine 39 was then achieved with 1,1’-
carbonyldiimidazole (CDI). Upon coordination of 39 to a metal ion the nitrogen 
atom becomes a stereogenic centre. Therefore, two complexes can form, 
depending on which face of the aziridine ring is turned towards the metal. When 
39 was coordinated to palladium(II), however, selective (R)-coordination (40) 
occurred. This was explained by less steric interaction between the iso-propyl 
groups compared with the complex with S configuration on the aziridine nitrogen 
(41). The (R)-complex formed was used as a catalyst in the alkylation of rac-1,3-
diphenyl-2-propenyl acetate with the preformed sodium salt of dimethyl 
malonate as nucleophile, resulting in 42% ee of (R)-30.  

                                                           
22 (a) Chelucci, G.; Conti, S.; Falorni, M.; Giacomelli, G. Tetrahedron, 1991, 47, 8251. (b) 
Conti, S.; Falorni, M.; Giacomelli, G.; Soccolini, F. Tetrahedron, 1992, 48, 8993. 
23 Chelucci, G.; Caria, V.; Saba, A. J. Mol. Catal. 1998, 51. 
24 Fiore, K.; Martelli, G.; Monari, M.; Savoia, D. Tetrahedron: Asymmetry, 1999, 10, 4803. 
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 Scheme 9 

One way of avoiding diastereomeric complexes due to lack of face-selective 
coordination of the amine moiety is to employ an intrinsically C2-symmetric 
nitrogen-containing substituent. In this context, a series of ligands containing 
trans-2,5-methylpyrrolidine was synthesized (Scheme 10).25 Reduction of 
diketone 42 with baker’s yeast yielded (S,S)-2,5-hexanediol (43) of high 
enantiomeric purity, from which the C2-symmetric pyrrolidine moiety was 
obtained. The stereogenic centres in pyridyl alcohols 46a and 46b were 
introduced through asymmetric reduction of ketone 45 using (+)- or (–)-B-
chlorodiisopinocampheylborane, respectively.  
 

 Scheme 10 

Ligands 47a and 47b were evaluated in palladium-catalysed allylic substitution 
of rac-1,3-diphenyl-2-propenyl acetate with dimethyl malonate. The catalyst 
                                                           
25 Stranne, R.; Moberg, C. Eur. J. Org. Chem. 2001, 2191. 
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derived from 47b demonstrated higher activity, as well as higher selectivity, 
giving 84% ee of the (R)-product in quantitative yield. When ligand 47a was 
used, the opposite enantiomer of the product was isolated in low yield and with 
low optical purity (13% yield, 27% ee).  
 
The substituents in the 2- and 5-position of the pyrrolidine moiety can be 
varied,26 and other pyridine ligands containing the C2-symmetric trans-2,5-
disubstituted pyrrolidine moiety have been reported.27,I 

2.4  Pyridyl Imines, Oxazolines, and Imidazolines 
Chiral pyridyl imines are readily available by Schiff base condensation of a 
pyridyl aldehyde or ketone, with a chiral amine. As mentioned above, chiral 
enantiopure amines are easily obtained from the chiral pool, making this route to 
chiral nitrogen-containing ligands attractive.  
 
In an early study by Brunner et al., the Schiff bases obtained by condensation of 
picolinaldehyde (48a), 2-acetylpyridine (48b) and 2-benzoylpyridine (48c) with 
(S)-phenyl ethylamine (49) were used in the rhodium(I)-catalysed 
hydrosilylation of acetophenone (Scheme 11).28 An enantiomeric excess of 57% 
in favour of the (R)-product was reached when 50a was used as the ligand. Since 
then, a large number of pyridyl imines have been synthesized from a variety of 
chiral amines.29 Platinum(I) complexes of pyridyl imines have been used in 
hydrosilylations of ketones,30 and iridium(I) complexes have proven to be active 
catalysts in asymmetric transfer hydrogenations of ketones.31 

                                                           
26 Pichon, M.; Figadère, B. Tetrahedron: Asymmetry, 1996, 7, 927. 
27 (a) Sweet, J. A.; Cavallari, J. M.; Price, W. A.; Ziller, J. W.; McGrath, D. V. Tetrahedron: 
Asymmetry, 1997, 8, 207. (b) Shi, M.; Lei, G.-X.; Masaki, Y. Tetrahedron: Asymmetry, 1999, 
10, 2071. (c) Uemae, K.; Masuda, S.; Yamamoto, Y. J. Chem. Soc., Perkin Trans. 1 2001, 
1002. 
28 Brunner, H.; Riepl, G. Angew. Chem. Int. Ed. Engl.1982, 21, 377. 
29 For a short review, see: Chelucci, G. Gazz. Chim. Ital. 1992, 122, 89. 
30 Brunner, H.; Reiter, B.; Riepl, G. Chem. Ber. 1984, 117, 1330. 
31 Zassinovich, G.; Bettella, R.; Mestroni, G.; Bresciani-Pahor, N.; Geremia, S.; Ranaccio, L. 
J. Organometal. Chem. 1989, 370, 187. 
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 Scheme 11 

A modular approach was more recently used to optimise the structure of pyridyl 
peptide ligands used in copper-catalysed allylic substitutions (Scheme 12).32 
Various catalytic systems were evaluated by varying the peptide part of the 
ligands as well as the substituents on the pyridine. The best result was achieved 
with a copper(I)-complex of ligand 53 in the ethylation of the allylic 
phosphonate 54, giving 55 in 83% yield and 90% ee.  
 

 Scheme 12 

Several ligands with the possibility of multidentate coordination have recently 
been reported. Pyridyl imine ligands with a pendant phosphine-containing arm 
have been used successfully in the enantioselective copper-catalysed conjugate 
addition of diethylzinc to enones.33 Schiff bases derived from the axially chiral 
amine 2-amino-2’-hydroxy-1,1’-binaphthyl (NOBIN, 56) were synthesized and 
used in asymmetric catalysis (Scheme 13).  

                                                           
32 Luchaco-Cullis, C.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem. Int. Ed. 
2001, 40, 1456. 
33 Morimoto, T.; Yamaguchi, Y.; Suzuki, M.; Saitoh, A. Tetrahedron Lett. 2000, 41, 10025. 
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 Scheme 13 

Brunner et al. used (S)-58 in the enantioselective ruthenium-catalysed transfer 
hydrogenation of acetophenone (Scheme 14), providing (S)-1-phenyl ethanol 
(61) in almost quantitative yield and with excellent enantiomeric excess (96% 
yield, 95% ee).34 
 

 Scheme 14 

The ruthenium(II)-complex of (R,R)-59 was shown to be an efficient catalyst in 
the cyclopropanation of styrene (Scheme 6).35 High trans:cis selectivity (90:10) 
as well as enantioselectivity (97 and 90% ee, respectively) were achieved when 
ethyl diazoacetate (27b) was used. 
 
Oxazolines are very useful nitrogen donor moieties in organometallic chemistry, 
giving stable complexes with many metal ions. A large variety of oxazoline 
containing ligands, including pyridyl oxazolines (65), have been reported and 
several have been successfully applied in asymmetric catalysis. There are a 
number of methods of synthesizing chiral pyridyl oxazolines via the rection of 
pyridyl nitriles (62) or picolinic acid derivatives (63) and optically active β-
amino alcohols (64). The protocols most commonly used are shown in Scheme 
15. 

                                                           
34 Brunner, H.; Henning, F.; Weber, M. Tetrahedron: Asymmetry 2002, 13, 37. 
35 Tang, W.; Hu, X.; Zhang, X. Tetrahedron Lett. 2002, 43, 3075. 

N
H

O

NH2

OH

56

(S)-58

N
H

O

H

O

N

N N

OH HO

(R,R)-59

N

N

OH

48a 57

Ph

O

60

Ph

HO H

61

2-propanol, t-BuOK
Ru(PPh3)3Cl2, Ligand



 

 
 
  

15

 

 Scheme 15 

The substitution pattern of the oxazoline ring can easily be varied by the use of 
different β-amino alcohols. The oxazoline ring also constitutes a rigid scaffold 
which can make the steric interaction between the ligand and the substrate 
coordinated to the metal ion more efficient than is possible with the pyridyl 
imine ligands discussed above. 
 
The first chiral pyridiyl oxazoline ligands were introduced by Brunner et al. in 
copper(II)-catalysed asymmetric monophenylation of meso-1,2-diols using a 
phenylbismuth reagent (Scheme 16).36 The best result was achieved with the (S)-
valinol-based ligand 68, which gave 50% ee of the monophenyl ether 71.  
 

 Scheme 16 

Rhodium(I) complexes of the pyridyl oxazolines 68 and 69 were found to 
catalyse the asymmetric hydrosilylation of acetophenone (Scheme 11), favouring 
the (R)-product with 62 and 83% ee, respectively.37 The enantioselectivity was 
increased to 89% when the diphenyl-substituted ligand 74 was used (Scheme 
17).38 Introduction of the phenyl groups was achieved by using β-amino alcohol 

                                                           
36 (a) Brunner, H.; Obermann, U.; Wimmer, P. J. Organomet. Chem. 1986, 316, C1. (b) 
Brunner, H.; Obermann, U.; Wimmer, P. Organometallics 1989, 8, 821. 
37 Brunner, H.; Obermann, U. Chem. Ber. 1989, 122, 499. 
38 Brunner, H.; Henrich, C. Tetrahedron: Asymmetry, 1995, 6, 653. 
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73, synthesized from the amino acid ester 72 by addition of phenyl Grignard 
reagent. 
 

 Scheme 17 

Pyridyl oxazolines containing a chiral substituent in the 6-position of the 
pyridine ring were synthesized from the racemic pyridyl alcohol 75 in a four-step 
procedure (Scheme 18).39 Introduction of the oxazoline ring in the last step 
afforded a diastereomeric mixture, which was separated to yield optically pure 
76 and 77. These pyridyl oxazoline ligands were shown to favour the formation 
of opposite enantiomers in the addition of diethylzinc to benzaldehyde. Ligand 
76 gave (S)-1-phenyl-1-propanol (17) in 71% ee, whereas 77 gave the (R)-isomer 
in 88% ee. 
 

 Scheme 18 

Chiral pyridyl oxazolines have been used extensively as ligands in palladium-
catalysed allylic substitution. The protocol described in Scheme 7 has generally 
been utilised to compare the performance of the various ligands. To increase the 
understanding of the factors influencing the activities and selectivities of the 
catalysts, series of ligands with varying steric40,II and electronic properties41 have 
been synthesized. Some examples of reported ligands are presented in Figure 4 
together with the enantioselectivity attained with the ligand in the catalytic 
reaction. These studies show that the introduction of a substituent in the 6-
position of the pyridine ring can have a dramatic effect on the enantioselectivity 
of the catalyst. Electronic properties, on the other hand, have been shown 
primarily to affect the activity of the catalyst and only to a small extent the 
enantioselectivity.  

                                                           
39 Macedo, E.; Moberg, C. Tetrahedron: Asymmetry 1995, 6, 549. 
40 (a) Nordström, K.; Macedo, E.; Moberg, C. J. Org. Chem. 1997, 62, 1604. (b) Chelucci, 
G.; Medici, S.; Saba, A. Tetrahedron: Asymmetry 1997, 8, 3183. (c) Chelucci, G.; Medici, S.; 
Saba, A. Tetrahedron: Asymmetry 1999, 10, 543. 
41 (a) Chelucci, G.; Deriu, S. P.; Saba, A.; Valenti, R. Tetrahedron: Asymmetry 1999, 10, 
1457. (b) Chelucci, G.; Deriu, S.; Pinna, G. A.; Saba, A.; Valenti, R. Tetrahedron: Asymmetry 
1999, 10, 3803.  
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Figure 4. Ligands used in the palladium-catalysed allylic 
substitution of rac-1,3-diphenyl-2-propenyl acetate with  
dimethyl malonate. (Ligands 2 and 76-78 ref. 40a; 79 ref.  
40a,b; 80-81 ref. 41a; 82-83 ref. 40b.) 

Palladium catalysts derived from polymer-supported and dendritic pyridyl 
oxazoline ligands have also been used in allylic substitution.42 These catalysts are 
attractive for several reasons, especially since they can easily be recovered and 
reused. 
 
Shortly after Brunner’s introduction of the pyridyl oxazolines in asymmetric 
catalysis, Nishiyama et al. published the synthesis of C2-symmetric 
bis(pyridinooxazoline) ligands (pybox).43 Pybox ligands 1, 85, and 86 were 
prepared by the reaction of dipicolinic acid (84) with (S)-valinol, (S)-sec-
leucinol, and (S)-tert-leucinol, respectively (Scheme 19). Rhodium(III) 
complexes of these ligands were prepared and used as catalysts in 
hydrosilylation of acetophenone (Scheme 11). Catalysts based on 1 and 85 gave 
the (S)-product with very high enantioselectivities, 94 and 91% ee, respectively, 
whereas pybox 86 provided an unselective rhodium catalyst. Interestingly, when 
the rhodium(I) complexes of the corresponding mono(pyridinooxazolines) 68 
and 69 (Scheme 16) were used in the same reaction, formation of the (R)-product 
was favoured (60 and 91% ee, respectively).44 

                                                           
42 (a) Hallman, K.; Macedo, E.; Nordström, K.; Moberg, C. Tetrahedron: Asymmetry 1999, 
10, 4037. (b) Malkoch, M.; Hallman, K.; Lutsenko, S.; Hult, A.; Malmström, E.; Moberg, C. J. 
Org. Chem. 2002, 67, 8197. 
43 Nishiyama, H.; Sakaguchi, H.; Nakamura, T.; Horihata, M.; Kondo, M.; Itoh, K. 
Organometallics 1989, 8, 846. 
44 When 68 and 69 were used by Brunner et al., 62 and 83% ee of the (R)-product were 
obtained, respectively. See ref. 37.   
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 Scheme 19 

The pybox ligands have found widespread applications as ligands in asymmetric 
catalysis after the early reports by Nishiyama,45 and some have become 
commercially available. Recent reports on the use of pybox ligands include the 
ruthenium-catalysed asymmetric cyclopropanation of alkenes,46 the Lewis acid-
catalysed enantioselective aldol addition,47 and the Lewis acid-catalysed 
enantioselective 1,3-dipolar cycloaddition.48 
 
Imidazolines are analogous to oxazolines regarding coordination mode and steric 
properties. Both heterocycles coordinate metal ions through the imine nitrogen 
atom and the five-membered rings provide virtually identical steric scaffolds 
(Figure 5). The main differences are found in the electronic properties. 
Imidazolines are somewhat more electron-rich, since nitrogen is less 
electronegative than oxygen. Moreover, the electronic properties can be changed 
by the introduction of various substituents (R’) on nitrogen without the steric 
properties of the imidazolines being affected. In spite of these attractive features 
of the imidazoline moiety, very few metal complexes of this type of ligands have 
been reported. Some palladium complexes of chiral pyridyl imidazolines have 
recently been used in copolymerisation of carbon monoxide and styrene,49 but the 
applications in asymmetric catalysis have been scarce.  

                                                           
45 Nishiyama, H. Advances in Catalytic Processes; Doyle, M. P., Ed.; JAI: New York, 1997, 
Vol 2, pp153-188. 
46 (a) Nishiyama, H.; Soeda, N.; Naito, T.; Motoyama, Y. Tetrahedron: Asymmetry 1998, 9, 
2865. (b) Iwasa, S.; Tsushima, S.; Nishiyama, K.; Tsuchiya, Y.; Takesawa, F.; Nishiyama, H. 
Tetrahedron: Asymmetry 2003, 14, 855. 
47 (a) Evans, D. A.; Kozlowski, M. C.; Murry, J. A.; Burgey, C. S.; Campos, K. R.; Connell, B. 
T.; Staples, R. J. J. Am. Chem. Soc. 1999, 121, 669. (b) Evans, D. A.; Masse, C. E.; Wu, J. 
Org. Lett. 2002, 4, 3375. 
48 (a) Iwasa, S.; Tsushima, S.; Shimada, T.; Nishiyama, H. Tetrahedron 2002, 58, 227. (b) 
Iwasa, S.; Maeda, H.; Nishiyama, K.; Tsushima, S.; Tsukamoto, Y.; Nishiyama, H. 
Tetrahedron 2002, 58, 8281. (c) Suga, H.; Inoue, K.; Kakehi, A. J. Am. Chem. Soc. 2002, 
124, 14836. 
49 Bastero, A.; Ruiz, A.; Claver, C.; Castillón, S. Eur. J. Inorg. Chem. 2001, 3009. 
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Figure 5. Pyridyl imidazoline ligands  
(a) and pyridyl oxazoline ligands (b) 

The synthesis of pyridyl imidazoline 88 from 2-pyridyl nitrile and (S,S)-1,2-
diphenylethylenediamine (87, Scheme 20) was reported by Brunner and co-
workers in 1989.50 Rhodium(I) and copper(II) complexes were prepared and used 
in the hydrosilylation of acetophenone, and in the monophenylation of meso-1,2-
cyclopentanediol, respectively, but the yields and enantioselectivities were low.51 
 

 Scheme 20 

In a more recent study, the pyridyl imidazoline 88 was synthesized according to 
the prodecure used by Brunner, and subsequently methylated to yield ligand 89 
(Scheme 21).52 Ruthenium(II) complexes of ligands 88 and 89 were evaluated as 
Lewis acid catalysts in the enantioselective Diels-Alder reaction of methacrolein 
(90) with cyclopentadien (91). Both catalysts provided the product with a high 
exo:endo ratio (94:6), but with low optical purity (45 and 31% ee of exo-92, 
respectively). When a ruthenium(II) complex of pyridyl oxazoline 79 was used 
in the same reaction, the product was obtained in the same exo:endo ratio, but 
with higher optical purity (58% ee).  
 

 Scheme 21 

                                                           
50 Botteghi, C.; Schionato, A.; Chelucci, G.; Brunner, H.; Kürzinger, A.; Obermann, U. J. 
Organomet. Chem. 1989, 370, 17.  
51 Brunner, H.; Chuars, T. Monatsh. Chem. 1994, 125, 1293. 
52 Davenport, A. J.; Davies, D. L.; Fawcett, J.; Russell, D. R. J. Chem. Soc., Perkin Trans. 1, 
2001, 1500. 
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2.5  Pyridyl Amides 
Chiral pyridyl amides are readily obtained by a condensation reaction of a 
suitable chiral amine (93) and a picolinic acid derivative (94, Scheme 22). Series 
of structurally modified pyridyl amides can conveniently be synthesized, since a 
large variety of chiral enantiopure amines are commercially available or easily 
prepared. The coordination chemistry of pyridyl amide ligands is rich and many 
metal ions are known to form stable complexes with this family of ligands.53 The 
pyridyl amide ligands represented by 95 can coordinate to a metal ion either as 
an N,N-donor or as an N,O-donor. The ligands can either act as neutral species or 
coordinate as anionic ligands after deprotonation of the amide functionality. 
 

 Scheme 22 

Although a vast number of metal complexes of pyridyl amide ligands have been 
reported, their applications in asymmetric catalysis have been few. Bispyridyl 
amides derived from C2-symmetric diamines have emerged as attractive ligands 
and some very successful applications have been published.  
 

 Figure 6 

The C2-symmetric bispyridyl amides 96 and 97 (Figure 6) were evaluated as 
ligands in the Lewis acid-catalysed ring opening of cyclohexene oxide with 
trimethylsilyl azide (Scheme 23).54 The best catalyst for this reaction was found 
to be the zirconium complex of ligand 96, which favoured the formation of the 
(1S,2S)-enantiomer of 99 in 71% ee.  

                                                           
53 For a short review, see: Moberg, S.; Adolfsson, H.; Wärnmark, K. Acta Chem. Scand. 
1996, 50, 195. 
54 Adolfsson, H.; Moberg, C. Tetrahedron: Asymmetry 1995, 6, 2023. 
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 Scheme 23 

In 1998, Trost and Hachiya used 97 as a ligand in the asymmetric molybdenum-
catalysed alkylation of the allylic carbonate 100 (Scheme 24).55 Highly 
regioselective alkylations were achieved (101:102 49:1) and the chiral branched 
product 101 was obtained in 99% ee. 
 

 Scheme 24 

After this early report, the field of molybdenum-catalysed allylic alkylation has 
received a great deal of attention. A method that involves microwave-mediated 
acceleration under non-inert conditions was developed and used successfully in 
the reaction described in Scheme 24.56 Thus, a catalyst based on ligand 97 gave 
the branched product 101 in 98% ee after a reaction time of 7 minutes.57 The 
regioselectivity of the alkylation was slightly decreased (101:102 28:1). 
Differently substituted bispyridyl amide ligands were later synthesized and 
shown to induce even higher regioselectivities (up to 88:1) and 
enantioselectivities (>99% ee) after reaction times of 4-12 minutes.58  
 
Several structurally modified bispyridyl amide ligands have been synthesized 
and evaluated in the molybdenum-catalysed allylic alkylation in order to increase 
the understanding of the mechanism of this very useful reaction.59 Some 
applications to total syntheses of biologically active substances have recently 

                                                           
55 Trost, B. M.; Hachiya, I. J. Am. Chem. Soc. 1998, 120, 1104. 
56 Kaiser, N.-F. K.; Bremberg, U.; Larhed, M.; Moberg, C.; Hallberg, A. Angew. Chem. Int. 
Ed. 2000, 39, 3596. 
57 Compared with reaction times of 3 hours in the original protocol, see ref. 55. 
58 (a) Belda, O.; Kaiser, N.-F.; Bremberg, U.; Larhed, M.; Hallberg, A.; Moberg, C. J. Org. 
Chem. 2000, 65, 5868. (b) Belda, O.; Moberg, C. Synthesis 2002, 1601. 
59 (a) Malkov, A. V.; Spoor, P.; Vinader, V.; Kočovský, P. Tetrahedron Lett. 2001, 42, 509. (b) 
Trost, B. M.; Dogra, K.; Hachiya, I.; Emura, T.; Hughes, D. L.; Krska, S.; Reamer, R. A.; 
Palucki, M.; Yasuda, N.; Reider, P. J. Angew. Chem. Int. Ed. 2002, 41, 1929. 
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been reported.60 Molybdenum-catalysed allylic alkylations have also been 
performed with a solid supported bispyridyl amide ligand with excellent results.61 
 
Pyridyl amide ligands containing a phosphine moiety have been used with 
varying success in the copper-catalysed enantioselective conjugate addition of 
diethylzinc to enones.33,62  

2.6  Pyridyl Alcohols 
Chiral pyridyl alcohols constitute a family of ligands that have been used 
extensively in asymmetric catalysis. They have been evaluated as ligands in 
asymmetric epoxidation of olefins,63 the nickel-catalysed enantioselective 
conjugate addition of diethylzic to enones,64 and the enantioselective addition of 
diethylzinc to aldehydes (Scheme 3).65,9 The latter application has been, by far, 
the most comprehensively studied and a large number of pyridyl alcohol ligands 
have been shown to induce high to excellent levels of enantioselectivity. Some 
examples of reported ligands are shown in Figure 7 together with the 
enantioselectivity obtained in the catalytic reaction. 
 

Figure 7. Ligands used in the addition of diethylzinc to 
benzaldehyde. (Ligands 103, 6, and 104 ref. 65a, 105 ref.  
65c, 105 ref. 65b, 107 ref. 9, 108 and 109 ref. 65e.) 

                                                           
60 (a) Palucki, M.; Um, J. M.; Yasuda, N.; Conlon, D. A.; Tsay, F.-R.; Hartner, F. W.; Hsiao, Y.; 
Marcune, B.; Karady, S.; Hughes, D. L.; Dormer, P. G.; Reider, P. J. J. Org. Chem. 2002, 67, 
5508. (b) Trost, B. M.; Andersen, N. G. J. Am. Chem. Soc. 2002, 124, 14320. 
61 Belda, O.; Lundgren, S.; Moberg, C. Submitted for publication. 
62 Hu, X.; Chen, H.; Zhang, X. Angew. Chem. Int. Ed. 1999, 38, 3518. 
63 Hawkins, J. M.; Sharpless, K. B. Tetrahedron Lett. 1987, 28, 2825. 
64 (a) Bolm, C. Tetrahedron: Asymmetry 1991, 2, 701. (b) Bolm, C.; Ewald, M.; Felder, M. 
Chem. Ber. 1992, 125, 1205. 
65 (a) Bolm, C.; Schlingloff, G.; Harms, K. Chem. Ber. 1992, 125, 1991. (b) Chelucci, G.; 
Soccolini, F. Tetrahedron: Asymmetry 1992, 3, 1235. (c) Collomb, P.; von Zelewsky, A. 
Tetrahedron: Asymmetry 1995, 6, 2903. (d) Collomb, P.; von Zelewsky, A. Tetrahedron: 
Asymmetry 1998, 9, 3911. (e) Kang, J.; Kim, H. Y.; Kim, J. H. Tetrahedron:Asymmetry 1999, 
10, 2523. (f) Xu, Q.; Wu, X.; Pan, X.; Chan, A. C.; Yang, T.-K. Chirality, 2002, 14, 28. (g) 
Goanvic, D. L.; Holler, M.; Pale, P. Tetrahedron:Asymmetry 2002, 13, 119. 
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Large efforts have been devoted to finding efficient ways of synthesizing chiral 
pyridyl alcohols and a variety of successful methods have reported. Classical 
resolutions of racemic compounds as well as various kinetic resolution 
techniques have widely been employed.66 One example of an efficient dynamic 
kinetic resolution involving a ruthenium-catalysed isomerisation of the starting 
material was reported.67 
 
Several methods that involve asymmetric synthesis of chiral nonracemic pyridyl 
alcohols have been reported. Most of these incluce asymmetric reductions of the 
corresponding ketones.8,68 In a recent report, regio- and enantioselective 
functionalisation of 2-chloropyridine (110, Scheme 25) was achieved by 
deprotonation with the superbase BuLi-112 followed by the addition of 
benzaldehyde to yield chiral pyridyl alcohol 111 of moderate optical purity (58% 
ee).69 The absolute configuration of the major enantiomer formed was not 
reported.  
 

 Scheme 25 

Some of the methods relying on asymmetric synthesis have shown somewhat 
poor results regarding the optical purity of the product desired. Therefore, 
separation of a scalemic mixture has often been required to provide the chiral 
pyridyl alcohol in an enantiomerically pure form. 
 
The problems connected with the separation of scalemic (or racemic) mixtures 
can be avoided by the use of a diastereoselective synthesis starting from the 
chiral pool (vide supra). Some examples where chiral pyridyl alcohols have been 
synthesized from the chiral pool are shown in Scheme 26. Pyridyl alcohol 105 
was obtained by a condensation reaction of (–)-pinocarvone (23) and the 
pyridinium bromide 113, followed by the diastereoselective introduction of the 
alcohol functionality.65c Compounds 108 and 109 were obtained as single 
diastereomers via the addition of the organometallic reagents 115 and 116, 
respectively, to the chiral ketone (–)-menthone (10).65e Cobalt-catalysed 
cocyclotrimerisation of acetylene with the chiral nitrile 118, derived from methyl 
(S)-lactate (117), yielded the optically pure pyridyl alcohol 119.  

                                                           
66 See Paper II 
67 Persson, B. A.; Huerta, F. F.; Bäckvall, J.-E. J. Org. Chem. 1999, 64, 5237. 
68 See Paper II. Some more recent reports include (a) Okano, K.; Murata, K.; Ikariya, T. 
Tetrahedron Lett. 2000, 41, 9277. (b) Nakamura, K.; Takenaka, K.; Fujii, M.; Ida, Y. 
Tetrahedron Lett. 2002, 43, 3629. (c) Garrett, M. D.; Scott, R.; Sheldrake, G. N. Tetrahedron: 
Asymmetry 2002, 13, 2201. 
69 Fort, Y.; Gros, P.; Rodriguez, A. L. Tetrahedron:Asymmetry 2001, 12, 2631.  
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 Scheme 26 

2.7  Pyridyl Phosphines, Phosphinites, and Phosphites 
The electronic properties of a ligand are important to take into account when a 
catalyst is designed (vide supra). If the donor atoms of the ligand have different 
electronic properties, the difference in trans-influence may be used to achieve a 
more selective catalyst. A convenient way of introducing electronic dissymmetry 
is to use ligands containing different donor atoms. In this context, several 
phosphorus-nitrogen ligands (P,N-ligands) have been synthesized and used in 
asymmetric catalysis, in som cases with excellent results. Several chiral 
pyridine-containing P,N-ligands have been reported and some examples are 
dicussed below.  
 
Tridentate pyridyl diphosphine ligand 122 (Scheme 27) was synthesized in two 
steps from the diol 120, obtained by asymmetric reduction of the corresponding 
diketone using (–)-B-diisopinocampheylborane.70 Ligand 122 was evaluated in 
the ruthenium-catalysed asymmetric transfer hydrogenation of ketones70 and in 
asymmetric hydrogenations of imines71 with moderate results. 
 

 Scheme 27 

                                                           
70 Jiang, Q.; Van Plew, D.; Murtuza, S.; Zang, X. Tetrahedron Lett. 1996, 6, 797. 
71 Sablong, R.; Osborn, J. A. Tetrahedron Lett. 1996, 37, 4937. 
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Katsuki and co-workers syntesised the pyridyl phosphines 126 (Scheme 28) from 
the chiral chloropyridines 123.72 Suzuki cross-coupling of the chloropyridines 
with o-hydroxyphenylboronic acid (124) gave the chiral pyridyl alcohols 125. 
The alcohol functionality was then used to introduce the phosphine moiety in a 
three-step procedure.  
 

 Scheme 28 

These P,N-ligands were used in the palladium-catalysed allylic alkylation of rac-
1,3-diphenyl-2-propenyl acetate as outlined in Scheme 7. The most efficient 
catalyst was based on ligand 126a and the (S)-enantiomer of the product was 
obtained in 97% ee. The enantioselectivity observed with ligand 126b was 
somewhat lower, 91% ee of the same enantiomer. Ligand 126a was also shown 
to be an efficient chiral inducer in the allylic alkylations of the cyclic substrates 
2-cyclohexenyl pivalate (127) and 2-cycloheptenyl pivalate (128) with dimethyl 
malonate (Scheme 29).73 The alkylated products 129 and 130 were obtained in 87 
and 94% ee, respectively.  
 

 Scheme 29 

Recently, a palladium complex of ligand 126a was used as the catalyst in 
asymmetric Baeyer-Villiger oxidations of cyclobutanonoes with good to 
excellent enantioselectivities.74 Palladium complexes of structurally similar 
pyridyl phosphines, derived from the chiral pool, have been used in the 
asymmetric allylic alkylation75 and in the asymmetric Heck addition.76 Efficient 

                                                           
72 Ito, K.; Kashiwagi, R.; Iwasaki, K.; Katsuki, T. Synlett 1999, 1563. 
73 Ito, K.; Kashiwagi, R.; Hayashi, S.; Uchida, T.; Katsuki, T. Synlett 2000, 284. 
74 Ito, K.; Ishii, A.; Kuroda, t.; Katsuki, T. Synlett 2003, 643. 
75 Chelucci, G.; Saba, A.; Soccolini, F. Tetrahedron 2001, 57, 9989. 
76 Malkov, A. V.; Bella, M.; Stará, I. G.; Kočovský, P. Tetrahedron Lett. 2001, 42, 3045. 
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catalysts based on pyridyl phospine ligands with axial77 or planar78 chirality have 
also been reported.  
 
Surprisingly few examples of chiral pyridyl phosphinite ligands have been 
reported, considering their straightforward syntheses from the corresponding 
chiral pyridyl alcohols. Pyridyl phosphinite ligands 131 and 133 were obtained 
by deprotonating the alcohol functionality followed by reaction with 
chlorodiphenylphosphine (Scheme 30).79 Rhodium complexes of these ligands 
were used in the asymmetric hydroformylation of olefins with varying success. 
 

 Scheme 30 

A series of achiral pyridyl phosphinites were recently synthesized by van 
Leeuwen and co-workers and used to investigate the significance of the ligand 
bite angle (vide supra) in palladium-catalysed allylic alkylations.80 
 
A few pyridyl phosphite ligands with axial chirality were reported by Faraone 
and co-worker.81 The chlorophosphite 135 (Scheme 31), obtained from (S)-
BINOL and phosphorus trichloride, was reacted with various 2-(1-
hydroxyalkyl)pyridines 134 to yield the chiral P,N-ligands 136. They were tested 
in the asymmetric palladium-catalysed allylic alkylation of rac-1,3-diphenyl-2-
propenyl acetate with dimethyl malonate (Scheme 7). Ligand 136a, without a 
substituent in the 6-position of the pyridine ring, gave rise to a racemate in the 
catalytic reaction. When the 6-methyl-substituted ligand 136b was employed, the 
(S)-enantiomer of the product was formed, but with low optical purity (11% ee). 
Increasing the steric hindrance of the pyridine moiety further (ligand 136c) gave 
a less selective catalyst, which afforded the same enantiomer in 7% ee. 

                                                           
77 Kwong, F. Y.; Yang, Q.Y.; Mak, T. C. W.; Chan, A. S. C.; Chan, K. S. J. Org. Chem. 2002, 
67, 2769. 
78 (a) Son, S. U.; Jang, H.-Y.; Han, J. W.; Lee, I. S.; Chung, Y. K. Tetrahedron: Asymmetry 
1999, 10, 347. (b) Tao, B.; Fu, G. Angew. Chem. Int. Ed. 2002, 41, 3892. 
79 Ligand 131: Arena, C. G.; Nicolò, F.; Drommi, D.; Bruno, G.; Faraone, F. J. Chem. Soc. 
Chem. Commun. 1994, 2251. Ligand 133: Chelucci, G.; Marchetti, M.; Sechi, B. J. Mol. Cat. 
1997, 111. 
80 van Haaren, R. J.; Druijven, C. J. M.; van Strijdonck, G. P. F.; Oevering, H.; Reek, J. N. H.; 
Kamer, P. C. J.; van Leeuwen, P. W. N. M. J. Chem. Soc., Dalton Trans. 2000, 1549. 
81 (a) Arena, C. G.; Drommi, D.; Faraone, F. Tetrahedron: Asymmetry 2000, 11, 2765. (b) 
Arena, C. G.; Drommi, D.; Faraone, F. Tetrahedron: Asymmetry 2000, 11, 4753. 
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 Scheme 31 

One interesting P,N-ligand based on the 8-hydroxyquinoline scaffold was 
reported by Buono et al. in 1997.82 Ligand 140 (Scheme 32) was obtained by an 
exchange reaction between tri(dimethylamino)phosphine (137) and the chiral 
diamine 138, followed by addition of 8-hydroxyquinoline (139). Upon 
coordination to a metal ion, the phosphorus atom becomes a stereogenic centre 
and two diastereomeric complexes are possible. When ligand 140 was 
coordinated to palladium, however, only the complex with R configuration at the 
phosphorus atom was formed.83 This ligand has been extensively used in 
asymmetric catalysis, and some examples include palladium-catalysed allylic 
alkylations82,84 and aminations,85 the copper-catalysed Diels-Alder reaction,86 and 
the copper-catalysed addition of diethylzinc to enones.84b,87 
 

 Scheme 32 

                                                           
82 Brunel, J.-M.; Constantieux, T.; Labande, A.; Lubatti, F.; Buono, G. Tetrahedron Lett. 1997, 
38. 5971. 
83 Brunel, J. M.; Constantieux, T.; Buono, G. J. Org. Chem. 1999, 64, 8940. 
84 (a) Brunel, J. M.; Tenaglia, A.; Buono, G. Tetrahedron: Asymmetry 2000, 11, 3585. (b) 
Delapierre, G.; Brunel, J. M.; Constantieux, T.; Buono, G. Tetrahedron: Asymmetry 2001, 12, 
1345. 
85 Constantieux, T.; Brunel, J.-M.; Labande, A.; Buono, G. Synlett 1998, 49. 
86 Brunel, J. M.; Del Campo, B.; Buono, G. Tetrahedron Lett. 1998, 39, 9663. 
87 Delapierre, G.; Constantieux, T. Brunel, J. M.; Buono, G. Eur. J. Org. Chem. 2000, 2507. 
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2.8  Aim of the Thesis 
This thesis deals with the syntheses of chiral, enantiopure pyridine-containing 
ligands and their applications in asymmetric catalysis. The syntheses of several 
families of ligands based on the pyridine backbone are described (Figure 8). The 
purpose of the study was to investigate the influence of the steric properties of 
the ligands employed in the palladium-catalysed allylic substitution. The 
applications of pyridyl pyrrolidine ligands and pyridyl oxazoline ligands to the 
catalytic reaction are presented in this context. Another goal was to demonstrate 
the utility of the chiral pool when synthesizing chiral enantiopure ligands, Thus, 
a series of chiral pyridyl alcohols were prepared from cheap, readily available 
natural products. The synthetic approach made the variation of steric and 
electronic properties of the pyridyl alcohols possible. The evaluation of these 
compounds as ligands in the enantioselective addition of diethylzinc to 
benzaldehyde is presented. Further functionalisations of the pyridyl alcohols into 
pyridyl phosphinites and pyridyl phosphites gave access to chiral P,N-ligands. 
Applications to palladium-catalysed allylic substitutions are discussed.  
 

Figure 8. Various families of pyridine-containing ligands prepared.  
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3. Palladium-Catalysed Allylic Substitution 
The palladium-catalysed allylic substitution (Scheme 33) is a powerful reaction, 
since a new stereogenic centre and a carbon-carbon or a carbon-heteroatom bond 
are formed at the same time. The reaction can be performed under mild 
conditions and a variety of substrates and nucleophiles can be used. Since the 
first report of an asymmetric palladium-catalysed allylic substitution by Trost 
and Siege in 1977,88 this reaction has developed into a versatile tool in 
asymmetric synthesis.  
 

 Scheme 33 

The reaction mechanism of the allylic substitution is well-known, at least when 
stabilised carbon or heteroatom nucleophiles are used (Figure 9).89 Association of 
an allylic substrate 141, typically an acetate or a carbonate, to palladium(0) 
followed by an oxidative addition generates the cationic π-allyl palladium(II) 
complex 143. The electrophilic palladium ion activates the allylic carbon atoms 
of the substrate for nucleophilic attack. Addition of the nucleophile gives the 
unstable palladium(0) olefin complex 144, which releases the product 145 to 
regenerate the catalyst. The reaction proceeds, in principle, with net retention of 
configuration, since both the oxidative addition step and the nucleophilic 
addition occur with inversion of configuration at the reacting allylic carbon 
atom. However, the picture is more complicated, and several factors affect the 
stereochemical outcome of the reaction. 

                                                           
88 Trost, B. M.; Strege, P. E. J. Am. Chem. Soc. 1977, 99, 1649. 
89 (a) Trost, B. M.; Van Vraken, D. L. Chem. Rev. 1996, 96, 395. (b) Pfaltz, A.; Lautens, M. 
Allylic Substitution Reactions Editors: Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H. 
Comprehensive Asymmetric Catalysis II, Springer-Verlag, Berlin Heidelberg, 1999, 833-884. 
(c) 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. 
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Figure 9. Catalytic cycle of the palladium-catalysed  
allylic alkylation. 

Since the π-allyl complex plays a central role in the catalytic cycle, it is 
important to understand that it exists in a state of dynamic equilibrium. The 
ligands can dissociate, reassociate and change their geometry within the 
timescale of a catalytic cycle. There are at least two processes to take into 
account, syn-anti isomerisation and apparent allyl rotation.89 In the former 
process, also known as π-σ-π isomerisation, a syn-syn complex (Scheme 34) can 
be transformed into a syn-anti complex through a change in hapticity followed 
by rotation around the carbon-carbon bond and subsequent reformation of the π-
allyl coordination. The isomerisation can proceed one step further and generate 
the corresponding anti-anti complex. When the substituents on the allyl group 
are large, as in the case of 1,3-diphenylallyl substrates, the syn-syn isomer is 
usually the predominant species in solution, but the equilibrium can be shifted to 
favour the syn-anti or the anti-anti isomer, for example, by the use of sterically 
demanding ligands. 
 

 Scheme 34 

The apparent allyl rotation (Scheme 35) makes the two allylic termini switch 
positions with each other and in the process, the central carbon atom moves to 
the opposite side of the coordination plane. If the two ligands L and L’ are 
different, as in a C1-symmetric bidentate ligand, the apparent allyl rotation gives  
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rise to a diastereomeric complex. On the other hand, if L and L’ are identical, as 
in a C2-symmetric bidentate ligand, this process generates two identical 
structures.  
 

 Scheme 35 

The mechanism of apparent allyl rotation has been much debated. One 
suggestion involves a process similar to the syn-anti isomerisation (vide supra) 
with a rotation around the palladium-carbon bond in the η1- intermediate.90 
Dissociation of one ligand, followed by rotation and reassosiation, is another 
possibility.91 A process in which a pentacoordinated allyl complex undergoes 
pseudorotation has also been suggested.92 
 
Depending on the choice of substrate, the enantiodiscriminating step can be 
either the oxidative addition or the nucleophilic attack.89 The chiral information 
of a symmetrically substituted allylic substrate is lost upon oxidative addition, 
and the same meso allyl moiety is generated from both enantiomers of the 
substrate. If the catalyst is chiral, the allylic termini become diastereotopic and 
the enantioselectivity is determined by the regiochemistry of the nucleophilic 
attack. The ligand can affect the regioselectivity by steric or electronic effects, or 
by a combination of both. Electronic differences of the allylic termini can be 
induced by steric repulsion of the ligand, making one carbon-palladium bond 
longer (Figure 10). Nucleophilic attack is favoured at the allylic carbon atom 
with the longest carbon-palladium bond. Another way is to use a ligand with a 
set of electronically different donor atoms (Figure 1a), for example a P,N-ligand. 
Nucleophilic attack will preferentially occur at the allylic terminus trans to the 
phosphorus donor atom.  
 

Figure 10. Electronic differences of the allylic carbon atoms, caused by steric 
repulsion of the ligand.  

When a C2-symmetric ligand is used, only one π-allyl complex has to be 
considered (the syn-anti, and anti-anti isomers are disregarded) and the task of 

                                                           
90 Sprinz, J.; Kiefer, M.; Helmchen, G.; Huttner, G.; Walter, O.; Zsolnai, Reggelin, M. 
Tetrahedron Lett. 1994, 35, 1523. 
91 Gogoll, A.; Örnebro, J.; Grennberg, H.; Bäckvall, J.-E.; J. Am. Chem. Soc. 1994, 116, 
3631. 
92 Hansson, S.; Norrby, P.-O.; Sjögren, M. P. T.; Åkermark, B. Organometallics 1993, 12, 
4940. 
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predicting the regioselectivity of the nucleophilic attack becomes more 
straightforward. If the transition state is early,93 it resembles the π-allyl palladium 
complex, and the nucleophile will attack the most electrophilic allylic carbon 
atom (path a, Scheme 36). On the other hand, if the reaction proceeds via a late 
transition state,94 the steric interactions in the produced olefin palladium complex 
have to be taken into account. In the addition step, the allyl group will rotate 
relative to the coordination plane, in order to make the palladium-olefin 
interaction possible. Nucleophilic attack that leads to the less sterically hindered 
complex will thus be favoured (path a, Scheme 36). However, in most cases it is 
not clear whether the transition state is early or late and both models should, 
therefore, be considered.  
 

 Scheme 36 

 
 

                                                           
93 Mackenzie, P. B.; Whelan, J.; Bosnich, B. J. Am. Chem. Soc. 1985, 107, 2046. 
94 (a) Brown, J. M.; Hulmes, D. I.; Guiry, P. J. Tetrahedron 1994, 50, 4493. (b) Hagelin, H.; 
Åkermark, B.; Norrby, P.-O.; Chem. Eur. J. 1999, 5, 902. 
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4. Addition of Diethylzinc to Benzaldehyde 
The catalytic asymmetric alkylation of a prochiral aldehyde using an 
organometallic reagent is one of the most useful methods to synthesize chiral 
secondary alcohols. A stereogenic centre is generated in the reaction and, at the 
same time, a new carbon-carbon bond is formed. This is one advantage of the 
enantioselective alkylation of aldehydes compared with the enantioselective 
reduction of ketones, in which the carbon skeleton is left unchanged throughout 
the reaction.  
 
Early enantioselective alkylations of aldehydes were achieved with alkyllithiums 
and dialkylmagnesium reagents.95 However, a stoichiometric amount (sometimes 
more) of the chiral ligand was needed due to the high tendency of these 
organometallic reagents to add to the aldehyde, even at low temperatures.  
 
The first catalytic enantioselective alkylation of benzaldehyde by the use of 
diethylzinc (Scheme 3) was reported by Oguni and Omi in 1984.96 They showed 
that a catalytic amount of optically active β-amino alcohols promoted the 
reaction. When (S)-leucinol was employed, (R)-1-phenyl-1-propanol was formed 
in 49% ee. The advantage of using diethylzinc instead of other organometallic 
reagents (vide supra) was that it did not add to the aldehyde in the absence of the 
chiral inducer. Consequently, the nonselective background reaction was no 
longer a problem.  
 
Shortly after the successful application of (S)-leucinol as a ligand in the catalytic 
enantioselective alkylation of benzaldehyde, Noyori and co-workers showed that 
the β-amino alcohol DAIB (146, Figure 11) promoted the addition of diethylzinc 
to aromatic aldehydes with high levels of enantioselectivity (up to 99% ee).97 It 
was also shown that an equimolar mixture of diethylzinc and DIAB was unable 
to alkylate benzaldehyde, and that an excess of diethylzinc relative to DIAB was 
necessary for the reaction to take place, indicating the presence of a binuclear 
zinc complex in the catalytic cycle. Furthermore, a positive nonlinear effect was 
detected in the reactions employing DIAB as the ligand.98 When DIAB with an 
optical purity of 15% ee was used, (S)-1-phenyl-1-propanol was produced in 
95% ee. Soai et al. used the β-amino alcohol DBNE (147, Figure 11) obtained 
from norephedrine, in the enantioselective alkylation of aliphatic aldehydes with 
excellent levels of enantioselectivity.99 Since these early reports of highly 

                                                           
95 (a) Mukaiyama, T.; Soai, K.; Sato, T.; Shimizu, H.; Suzuki, K. J. Am. Chem. Soc. 1979, 
101, 1455. (b) Mazaleyrat, J.-M.; Cram, D. J. J. Am. Chem. Soc. 1981, 103, 4585. 
96 Oguni, N.; Omi, T. Tetrahedron Lett. 1984, 25, 2823. 
97 Kitamura, M.; Suga, S.; Kawai, K.; Noyori, R. J. Am. Chem. Soc. 1986, 108, 6071. 
98 Kitamura, M.; Okada, S.; Suga, S.; Noyori, R. J. Am. Chem. Soc. 1989, 111, 4028. 
99 Soai, K.; Yokoyama, S.; Ebihara, K.; Hayasaka, T. J. Chem. Soc., Chem. Commun. 1987, 
1690. 
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enantioselective alkylations of aldehydes a large number of successful ligands 
have been reported,100 and some examples are shown in Figure 11. 
 

Figure 11. Examples of ligands used in the enantioselective  
alkylation of aldehydes. 

Uncoordinated dialkylzinc reagents adopt a linear geometry around the central 
zinc atom, which makes the zinc-carbon bonds non-polar. As a consequence, the 
nucleophilicity of monomeric dialkylzincs is low and they do not react with 
aldehydes in hydrocarbon solvents. The reaction of a β-amino alcohol with a 
dialkylzinc compound generates an alkylzinc alkoxide 150 (Scheme 37), which 
is unable to act as an alkylating agent (vide supra). Instead, this tricoordinate 
zinc complex acts as a bifunctional catalyst. The Lewis acidic zinc atom 
coordinates benzaldehyde via an oxygen nonbonding orbital, which activates the 
carbonyl functionality for nucleophilic attack. Moreover, the Lewis basic oxygen 
atom in 150 coordinates another dialkylzinc to form the binuclear complex 151. 
This coordination distorts the geometry of the zinc reagent into a bent structure 
and the zinc-carbon bonds are elongated, resulting in increased nucleophilicity. 
 

 Scheme 37 

The bornane backbone of 150 provides a clear distinction between the two 
diastereomeric faces of the five-membered zinc alkoxide ring. The two geminal 
methyl groups block the exo face of the catalyst and the coordination of 
benzaldehyde is directed to the endo face. Theoretical studies on the mechanism 
and on the origin of enantioselection, indicate that the alkyl transfer occurs via a 
transition state of anti trans geometry (152),101 i.e. the five-membered zinc 
alkoxide ring and the terminal four-membered ring are oriented in an anti fashion 
                                                           
100 (a) Soai, K.; Niwa, S. Chem. Rev. 1992, 92, 833. (b) Pu, L.; Yo, H.-B. Chem. Rev. 2001, 
101, 757. 
101 (a) Yamakawa, M.; Noyori, R. J. Am. Chem. Soc. 1995, 117, 6327. (b) Goldfuss, B.; 
Houk, K. N. J. Org. Chem. 1998, 63, 8998. (c) Yamakawa, M.; Noyori, R. Organometallics 
1999, 18, 128. For realted studies, see: (d) Goldfuss, B.; Steigelmann, M.; Khan, S. I.; 
Houk, K. N. J. Org. Chem. 2000, 65, 77. (e) Vázquez, J.; Pericàs, M. A.; Maseras, F.; 
Lledós, A. J. Org. Chem. 2000, 65, 7303. (f) Rasmussen, T.; Norrby, P.-O. J. Am. Chem. 
Soc. 2001, 123, 2464. 
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and the oxygen atom of the aldehyde uses its electron pair trans to the phenyl 
ring in the coordination to the zinc atom in the five-membered ring. The alkyl 
group is, consequently, transferred to the Si face of the aldehyde and the 
secondary product alkoxide is formed. The product is released from the catalyst 
as a zinc alkoxide and is further stabilised by the formation of dimers and, 
finally, tetramers.  
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5. Pyridine-Pyrrolidine LigandsI 
5.1  Background 
Our interest in nitrogen-containing ligands for asymmetric catalysis led us to 
investigating trans-2,5-disubstituted pyrrolidines (153) as a structural element of 
such ligands (Figure 12). Several pyridyl oxazolines had previously been 
described by us and we wanted to compare the ability of the pyrrolidine moiety 
to induce enantioselectivity with that of the oxazoline. Pyridyl oxazoline 79 had 
been shown to induce moderate enantioselectivities (50% ee) in the palladium-
catalysed allylic substitution of rac-1,3-diphenyl-2-propenyl acetate with 
dimethyl malonate (Scheme 7).40a The easily available pyridyl pyrrolidines 154 
and 155 were considered suitable candidates for such a comparison. 
 

 Figure 12 

5.2  Syntheses of Ligands 
The ligands were synthesized according to the procedure shown in Scheme 38. 
Diols 43 and 157 were obtained from the corresponding diketones by 
asymmetric reduction with baker’s yeast and (–)-B-chlorodiisopino-
campheylborane, respectively. Mesylation of the alcohols and subsequent ring-
closure with 2-(aminomethyl)pyridine (158) yielded the ligands desired. 
 

 Scheme 38 
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5.3  Results and Discussion 
Ligands 154 and 155 were evaluated as ligands in the catalysis outlined in 
Scheme 7, and the results are shown in Table 1. 

Table 1. Palladium-catalysed allylic substitution of  
rac-1,3-diphenyl-2-propenyl acetate in the presence  
of ligands 154, 155, and 79. 

Liganda Ee (%)b Abs. config. 
154 18 S 
155 64 R 
79c 50 R 

a The catalysts were generated in situ from 2 mol%  
bis[(π-allyl)palladium chloride] and 6 mol% ligand.  
The reactions were carried out in CH2Cl2 at rt. 
b Determined by 1H NMR using Eu(hfc)3 as chiral shift reagent. 
c Results previously published, see ref. 40a. 

 
The pyridine and pyrrolidine rings of ligands 154 and 155 have similar electronic 
properties, which means that the abilities of the ligands to induce 
enantioselectivity are based mainly on steric properties. Two diastereomeric π-
allyl complexes can form as intermediates when a C1-symmetric ligand is used in 
the alkylation of a symmetrically substituted allyl acetate (only the syn-syn 
complexes are considered, vide supra). The product is generally formed from the 
most stable isomer.93 In an earlier study by our group, it was assumed that 
complex 159, derived from ligand 79, is favoured over its diastereomer and that 
nucleophilic attack occurs on the allyl terminus trans to the oxazoline ring 
(Figure 13).40a Based on this model, it seems reasonable to imagine that complex 
160 is more stable than its diastereomer 161, because of the severe steric 
interaction of the two phenyl rings in the latter. The formation of the (R)-product 
can, therefore, be explained by nucleophilic attack on the allylic terminus trans 
to the pyrrolidine ring. These results indicate that a trans-2,5-distubstituted 
pyrrolidine moiety is more efficient in inducing enantioselectivity than an 
oxazoline, when they contain substituents of the same size. 
 

Figure 13. Intermediate π-allyl complexes of ligands  
79 and 155. 
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6. Pyridino-Oxazoline and Quinolino-
Oxazoline Ligands: Influence of Steric 
FactorsII 
6.1  Background 
Several pyridyl oxazolines had previously been reported to induce varying levels 
of enantioselectivity in the palladium-catalysed allylic substitution of rac-1,3-
diphenyl-2-propenyl acetate with malonate. Variation of the substituent in the 6-
position of the pyridine ring had been shown strongly to influence the 
enantioselectivity (Figure 4). In an earlier study by our group, hydroxymethyl- 
and methoxymethyl-substituted ligands (2 and 76-78) had been synthesized and 
evaluated in the catalytic reaction.40a  
 
In order to increase the understanding of the factors that influence the 
enantioselectivity of the reaction, we decided to synthesize some novel pyridyl 
oxazolines and quinolinyl oxazolines and evaluate them as ligands in the 
catalytic reaction. 

6.2  Syntheses of Ligands 
The quinolinyl oxazoline ligands 164 and 165 were synthesized from (R)-
phenylglycinol and the 2-cyanoquinolines 162 and 163, respectively (Scheme 
39). Copper chloride was chosen as the catalyst since the standard method 
(Scheme 15), which relies on zinc chloride as the catalyst, turned out to be 
unsuccessful in the reaction involving nitrile 163. The syntheses of ligands 167 
and 169 started from 2-(hydroxymethyl)pyridine (134a). Introduction of the 
cyano group in the 6-position of the pyridine ring was followed by formation of 
the desired oxazoline 167 by the procedure described above. All attempts to 
methylate the hydroxy group, using either sodium hydride and methyl iodide in 
THF or sodium hydroxide and methyl iodide in DMSO, provided ligand 169 in 
low yields. We decided instead to carry out the O-methylation one step earlier in 
the synthesis. Thus, hydroxymethyl pyridine 166 was O-methylated under 
standard conditions to yield methoxymethyl pyridine 168. Formation of the 
oxazoline was achieved in a two-step procedure via the imidate, as described in 
Scheme 15. In the synthesis of 169 this protocol was found to be superior to the 
copper-catalysed process. 



 

 
 
  

40

 

Scheme 39 

We were also interested in the 7-hydroxyquinolinyl oxazoline 171 (Scheme 40), 
which we envisaged could be obtained from the corresponding nitrile 170. Zinc-
catalysed formation of the oxazoline ring gave a mixture of two oxazoline-
containing species that seemed to be in dynamic equilibrium. These species were 
assumed to be the quinolinyl oxazoline desired (171) and the corresponding 
tautomer 172. Due to problems appearing during attempts to isolate compound 
171 in a pure form, the synthesis of this ligand was not pursued. 
 

 Scheme 40 

6.3  Results and Discussion 
The ligands were subjected to the catalytic reaction outlined in Scheme 7, and 
the results are presented in Table 2.  
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Table 2. Palladium-catalysed allylic substitution of rac-1,3-diphenyl- 
2-propenyl acetate in the presence of ligands 164, 165, 167, and 169. 

Liganda Yield (%)b Ee (%)c Abs. config. 
164 99 73 R 
165 n.r. - - 
167 93 88 R 
169 99 82 R 

a The catalysts were generated in situ from 2 mol% bis[(π-allyl)palladium chloride] and 
6 mol% ligand. The reactions were carried out in CH2Cl2 at rt. b Isolated yields  
c Determined by HPLC using a chiral column (Daicel Chiralcel OD-H) 

 
The steric influence exerted by ligand 164 is comparable to that of 6-methyl-
substituted ligand 82 (Figure 4) and the enantioselectivities obtained with these 
ligands are almost identical (73 and 74% ee, respectively), whereas the use of 
ligand 165, with a hydroxy group in the plane of the quinoline ring, is 
detrimental to the catalysis. Interestingly, a ligand containing a 1-hydroxymethyl 
substituent in the 6-position of the pyridine ring (167) provides a more selective 
catalyst than does a ligand containing a 1-methoxymethyl substituent (169) in the 
same position (88 and 82% ee, respectively). 
 
It is known that pyridines with a 1-hydroxyalkyl substituent in the 2-position of 
the pyridine ring adopt a conformation, in which the carbon-oxygen bond is in 
the plane of the pyridine ring, with the oxygen atom syn to the nitrogen atom. 
This conformation is favoured due to a hydrogen bond between the hydroxy 
proton and the pyridine nitrogen atom (Figure 14a).102 Pyridines with a 1-
methoxyalkyl substituent in the 2-position adopt a different conformation, still 
with the carbon-oxygen bond in the plane of the pyridine ring, but with the 
oxygen atom anti to the nitrogen atom. This conformation is the most stable one 
mainly as a result of the repulsion of the electron pairs in the syn conformation 
(Figure 14b), but also due to a stabilising interaction of the nitrogen lone pair 
with the C-O antibonding σ-orbital (Figure 14c). 
 

Figure 14. Intramolecular hydrogen bond (a), electron  
pair repulsion (b) and stabilising orbital interaction (c). 

                                                           
102 Moberg, C.; Adolfsson, H.; Wärnmark, K.; Norrby, P.-O.; Marsokk, K.-M.; Møllendal, H. 
Chem. Eur. J. 1996, 2, 136. 
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Palladium complexes of 6-(1-hydroxymethyl)pyridinooxazolines (Figure 15a) 
and 6-(1-methoxymethyl)pyridinooxazolines (Figure 15b) have further been 
studied in our group.103 The conformations of the ligands in the different 
complexes were deduced by X-ray crystallography, DFT-calculations and NMR 
experiments. It was shown that the ether ligand adopts a conformation similar to 
that in the free ligand, that is with the methoxy group turned away from the 
palladium ion. The situation was less clear with the alcohol ligand. It was shown 
that this ligand undergoes a conformational change when going from 
palladium(II) to palladium(0). The ligand adopts an anti planar structure in the 
palladium(II) complex, whereas in the palladium(0) complex, the hydroxy group 
is turned slightly towards palladium, forming an axial hydrogen bond to the 
metal ion.104 With this in mind, it is possible to rationalise the results obtained 
with these ligands in the catalytic reaction. 
 

Figure 15. Conformations of ligands containing a 1-
hydroxyalkyl substituent (a) and a 1-methoxyalkyl  
substituent (b). 

Variations of the R- and R’-group on the hydroxyalkyl substituent had little 
influence on the enantioselectivities observed with the ligands [88% ee with 167 
(R1=R2=H), 90% ee with 76 (R1=t-Bu, R2=H) and 95% ee with 77 (R1=H, R2=t-
Bu), Figure 15]. With the hydroxy group in an axial position to palladium, the R-
groups are located far from the allyl group and it is thus resonable that they do 
not have a major influence on the stereochemical outcome of the reaction. 
 
Methoxyalkyl substituents, on the other hand, had a remarkable effect on the 
enantioselectivities attained with the ligands [82% ee with 169 (R1=R2=H), 
>99% ee with 2 (R1=t-Bu, R2=H) and 15% ee with 78 (R1=H, R2=t-Bu), Figure 
15]. The preferred conformation of the methoxyalkyl group places the steric bulk 
in close vicinity to the allyl group, making the steric interaction very efficient. 
 
This study shows that the substituent in the 6-position of the pyridine ring has a 
large influence on the enantioselectivity obtained with the ligand. Furthermore, 
the conformational preference of the ligand can be used to bring sterically 
demanding groups in close vicinity to the substrate and thus induce high levels of 
enantioselectivity. 

                                                           
103 Svensson, M.; Bremberg, U.; Hallman, K.; Csöregh, I.; Moberg, C. Organometallics 1999, 
18, 4900. 
104 Hallman, K.; Frölander, A.; Wondimagegn, T.; Svensson, M.; Moberg, C. To be published. 
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7. Chiral Ligands Containing Crown 
EthersV 
7.1  Background 
Multiple interactions with a substrate are often found in enzyme-catalysed 
reactions. Organometallic catalysts based on ligands that are capable of 
coordinating a metal ion and, at the same time, being involved in a second 
interaction with the reacting substrate are attracting current interest. The 
secondary interactions can be of various types, for example hydrogen bonding, 
π-π-stacking or electrostatic interaction, and can result in increased selectivity as 
well as activity of a catalyst in favourable cases.105 Secondary interactions may 
also be used to bind a specific substrate to the catalyst and in that way selectively 
transform one substrate in a mixture of potential substrates (Figure 16a). Another 
function can be to induce regioselectivity in a reaction on a substrate containing 
several reactive functional groups. Some examples have been published, where 
the ligand interacts with an incoming nucleophile in palladium-catalysed allylic 
substitutions (Figure 16b). This approach is particularly attractive when a 
prochiral nucleophile is used, since the new stereogenic centre is created far from 
the basic ligand scaffold.106  
 

Figure 16. Selective substrate binding (a) and secondary interaction with a 
nucleophile (b), exemplified by ditopic ligands containing crown ethers. 

We wanted to investigate the possibility to increase the reactivity and selectivity 
in the palladium-catalysed allylic alkylation of rac-1,3-diphenyl-2-propenyl 
acetate with dimethyl malonate by the use of ligands capable of secondary 
interactions with the nucleophile. The strategy was to synthesize ligands 
containing crown ether units as structural details, capable of binding the counter 
ion of the nucleophile and thus making the secondary interaction possible. 
Several chiral ditopic ligands meeting these demands were synthesized and some 
were evaluated as ligands in the catalytic reaction. 
                                                           
105 Sawamura, M.; Ito, Y. Chem. Rev. 1992, 92, 857. 
106 (a) Sawamura, M.; Nagata, H.; Sakamoto, H.; Ito, Y. J. Am. Chem. Soc. 1992, 7, 2587. 
(b)Sawamura, M.; Nakayama, Y.; Tang, W.-M.; Ito, Y. J. Org. Chem. 1996, 61, 9090. 
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7.2  Ligand Synthesis and Application in Allylic Alkylation 
Esterification of the pyridyl oxazoline 167 with 4-carboxybenzo-18-crown-6 
(173) using EDCI yielded the ligand 174 (Scheme 41). This ligand was evaluated 
in the allylation reaction with the preformed sodium salt of dimethyl malonate as 
the nucleophile and allylpalladium chloride dimer as the metal source. A variety 
of reaction conditions were tested, under which the nucleophile counter ion was 
assumed to be trapped by the crown ether. All results obtained with ligand 174 
were compared with those obtained with ligand 175 (Figure 17) under the same 
reaction conditions, with the purpose of detecting differences in the reactivity 
and/or selectivity of the two systems. 
 

 Scheme 41 

 

 Figure 17 

When the reactions were performed in THF at low concentrations (0.1 M), a 
small difference in reactivity was seen, the catalyst based on ligand 174 being 
2.5 times more active than that based on ligand 175. No difference in reactivity 
could be detected at higher concentrations. These observations can be explained 
by the fact that the concentration of the nucleophile is quite high under these 
conditions, considering that the nucleophile salt is present in excess. In addition, 
the reactivity of the nucleophile is enhanced by the ability of THF to solvate the 
counter ion. 
 
The sodium salt of the nucleophile was no longer completely soluble when the 
solvent was changed to dichloromethane. Under these conditions the crown ether 
solubilised a part of the nucleophile salt, thus making the nucleophile available 
for the reaction. To make the comparison of the two ligands more fair, benzo-18-
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crown-6 was added to the reaction mixture, when ligand 175 was employed (1:1 
ligand:crown ether). At low concentration (0.024 M), the catalyst based on 
ligand 174 was found to be twice as reactive as that based on ligand 175. Both 
catalysts favoured the formation of the (R)-product but the enantioselectivity was 
slightly higher in the reactions with the combination of ligand 175 and benzo-18-
crown-6 than in those employing ligand 174 (75 and 67% ee, respectively). 
 
In order to keep the concentration of the nucleophile low, we wanted to generate 
the nucleophile in situ and in close proximity of the reaction site. A method used 
earlier by Ito and co-workers was tested.106 Potassium fluoride was used as the 
base in a solid-liquid two-phase system with benzene as the solvent. The basicity 
of the fluoride ion is greatly increased when the potassium counter ion is bound 
to the crown ether. In this way the nucleophile can only be generated by 
potassium fluoride that has previously been complexed to the crown ether, hence 
in direct connection with the reaction site when a ditopic ligand is used. When 
the ligands were evaluated under these conditions, a two-fold excess of 
potassium fluoride was used in benzene. Benzo-18-crown-6 was added in the 
reactions involving ligand 175. When dimethyl malonate was used as the 
nucleophile precursor, no reaction occurred. The diester was probably not acidic 
enough to be deprotonated by the fluoride ion. The nucleophile precursor was, 
therefore, replaced by acetyl-acetone, which should be more easily deprotonated. 
When this method was used, the product was indeed formed but the reaction 
rates of the two catalytic systems were too low to allow a reliable comparison. 
 
The C2-symmetric bisoxazoline ligand 176 was synthesized from the 
corresponding bisoxazoline diol107 and compared with its phenyl ester analogue 
177 (Figure 18) in the allylation reaction described above. The reactions were 
performed in dichloromethane and the nucleophile was generated in situ from 
dimethyl malonate, BSA, and KOAc in order to keep the concentration of the 
nucleophile low. Benzo-18-crown-6 was added to the reactions using 177 as the 
ligand. No differences in reaction rates could be observed.  
 

 Figure 18 

                                                           
107 Lutsenko, S.; Jacobsson, U.; Moberg, C. Synth. Commun. 2003, 33, 661. 
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8. Syntheses of Chiral Enantiopure Pyridyl 
Alcohols Starting from the Chiral Pool. 
Applications in Asymmetric CatalysisIII,IV 
8.1  Background 
Chiral enantiopure 2-(1-hydroxyalkyl)pyridines had earlier been studied by our 
group. The two diastereomeric pyridyl alcohols 181 and 182 (Scheme 42) were 
synthesized in a two-step procedure from the nitrile 179, derived from (–)-
menthol.108 Addition of 2-litiopyridine (178) to the nitrile, followed by aqueous 
work-up gave the pyridyl ketone 180, which was reduced to the diastereomeric 
alcohols in a ratio of 83:17. 
 

 Scheme 42 

Due to the many applications of enantiopure 2-(1-hydroxyalkyl)pyridines as 
ligands in asymmetric catalysis (vide supra) we wanted to extend the scope of 
this synthetic approach. The aim was to demonstrate the utility of the chiral pool 
when synthesizing series of enantiopure pyridyl alcohols and C2-symmetric 2,2’-
bipyridines.  

8.2  Syntheses of Ligands 

8.2.1  2-(1-Hydroxyalkyl)pyridines 
We chose D-mannitol, L-lactic acid, L-mandelic acid, and (–)-menthol as starting 
materials in the syntheses of chiral enantiopure 2-(1-hydroxyalkyl)pyridines. The 
diastereomeric pyridyl alcohols 184 and 185 (Scheme 43) were obtained in one 
step by the reaction of 2-lithiopyridine (178) with the aldehyde 183, synthesized 
from D-mannitol.109  

                                                           
108 Adolfsson, H.; Nordström, K.; Wärnmark, K.; Moberg, C. Tetrahedron:Asymmetry 1996, 
7, 1967. 
109 Schmid, C. R.; Bryant, J. D. Org. Synth. 1993, 72, 6. 
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 Scheme 43 

The methyl ester 186 (Scheme 44) was obtained from esterification of L-lactic 
acid with methanol, followed by O-methylation. Addition of 2-lithiopyridine 
(178) to the ester gave the pyridyl ketone 187, which was reduced in situ to yield 
a mixture of the alcohols 188 and 189. Unfortunately, the epimeric alcohols had 
to be transformed into the corresponding silyl ethers to make chromatographic 
separation possible. The need for additional steps decreased the yields 
significantly. Subsequent deprotection yielded the pyridyl alcohols 188 and 189 
in low overall yields, 13 and 4%, respectively. 
 

 Scheme 44 

The pyridyl alcohol 192 (Scheme 45) was synthesized according to an analogous 
procedure, starting from the ester 190, obtained from L-mandelic acid. Reaction 
of 2-lithiopyridine (178) and 190 generated pyridyl ketone 191, which was 
reduced in situ at –78 °C to yield 192 as a single diastereomer. 
 

 Scheme 45 

8.2.2  2-Bromo-6-(1-hydroxyalkyl)pyridines and 2,2’-Bipyridines 
The same strategy was used to synthesize a number of pyridyl alcohols with a 
bromo substituent in the 2-position of the pyridine ring. These compounds were 
recognised as interesting synthons for the syntheses of various types of ligands, 
such as 2,2’-bipyridines and 2-aryl-substituted pyridyl alcohols. Thus, addition 
of 2-bromo-6-lithiopyridine (9), generated from 2,6-dibromopyridine (193, 
Scheme 46), to the aldehyde 183 gave the diastereomeric alcohols 194 and 195. 
Nickel-mediated homocoupling of the major isomer (194) gave the bipyridine 
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desired, but it was not possible to obtain a pure sample by the use of column 
chromatography. Therefore, 194 was first transformed into the corresponding 
tert-butyldimethylsilyl ether, which was then subjected to the nickel-mediated 
homocoupling, to give the bipyridine 196 in 51% yield over two steps. 
Desilylation provided the C2-symmetric bipyridine 197 in quantitative yield. 
 

 Scheme 46 

Addition of 2-bromo-6-lithiopyridine (9) to the ester 186 gave the pyridyl ketone 
198 expected, in good yield (Scheme 47). Reduction of the ketone gave an 
epimeric mixture of pyridyl alcohols that had to be converted into the 
corresponding tert-butyldimethylsilyl ethers to make their separation by column 
chromatography possible. Thus, compounds 199 and 200 were isolated in 22 and 
20% yield, respectively. Nickel-mediated homocoupling of the 2-bromopyridine 
derivative 199 and subsequent desilylation of compound 201 yielded the 
bipyridine 202. 
 

 Scheme 47 

The 2-bromo-substituted pyridyl alcohol 203 (Scheme 48) was obtained as a 
single isomer by an analogous procedure, starting from the methyl ester 190. 
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Protection of the hydroxy group, followed by the nickel-mediated homocoupling 
and desilylation yielded the bipyridine 205 desired.  
 

 Scheme 48 

8.2.3  2-Bromo-6-(1-hydroxyalkyl)pyridines Derived From Neomenthyl 
Nitrile 
The syntheses of 2-bromo-substituted pyridyl alcohols derived from (–)-menthol 
proved not to be as straightforward as expected. When neomenthyl nitrile (179) 
was added to 2-bromo-6-lithiopyridine (9) in diethyl ether, no reaction was 
observed and the nitrile was recovered unchanged (Scheme 49).  
 

 Scheme 49 

An increase in reactivity was accomplished by the use of a mixture of THF, 
hexane, and diethyl ether (1:1:2) as the solvent, but a complicated mixture of 
products was produced. This was probably due to unselective lithiation of 2,6-
dibromopyridine to give several differently lithiated pyridine species.110 A reverse 
addition technique was employed to achieve clean monolithiation of 2,6-
dibromopyridine in this solvent mixture. Thus, a solution of 2,6-dibromopyridine 
was added drop-wise to a solution of n-BuLi at –78 °C to generate 2-bromo-6-
lithiopyridine (9) cleanly. In this solvent mixture, the addition of 2-bromo-6-
lithiopyridine to neomenthyl nitrile (179), followed by aqueous work-up, yielded 
the pyridyl ketone 206 in 58% yield (Scheme 50). Reduction gave the 
diastereomeric alcohols 207 and 208 in 54 and 14% yield, respectively, after 
separation by column chromatography.  

                                                           
110 Cai, D.; Hughes, D. L.; Verhoeven, T. R. Tetrahedron Lett. 1996, 15, 2537. 
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 Scheme 50 

In the synthesis of the neomenthyl ketone 206, the epimeric menthyl ketone 209 
(Figure 19) was formed to a small extent. The amount of the epimerised ketone 
formed was found to depend on the ratio of solvents in the solvent mixture used. 
When the reaction was performed in a 1:1:3 mixture of THF, hexane, and diethyl 
ether, 206 and 209 were formed in a ratio of 84:16 in 71% total yield. 
Unfortunately, separation by column chromatography was troublesome and only 
the neomenthyl ketone 206 was isolated in a pure form (58%, vide supra). 
Interestingly, when the solvent mixture was changed to 1:1:2 
(THF:hexane:diethyl ether) the formation of the equatorial isomer 209 was 
favoured (82:18), but the total yield was low (44%). Due to the additional 
problem of separation by column chromatography, the menthyl ketone 209 was 
not obtained in a pure form by this approach. Attempts were made to epimerise 
the neomenthyl ketone 206 into the menthyl ketone 209 by the use of potassium 
hydroxide in toluene with a catalytic amount of 18-crown-6. After 22 hours of 
heating at reflux, a mixture of 206 and 209 was obtained in a 67:33 ratio. Once 
more, separation by column chromatography did not provide the pure menthyl 
ketone 209.  
 

 Figure 19  

We decided to investigate the possibility of epimerising neomenthyl nitrile (179) 
before the addition of 2-bromo-6-lithiopyridine. We assumed that menthyl nitrile 
(210, Scheme 51), with the cyano group in an equatorial position, would be more 
reactive than 179 with the cyano group in an axial position. Furthermore, 
reaction of menthyl nitrile with 2-bromo-6-lithiopyridine was assumed to 
preferably yield the menthyl ketone 209. 
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 Scheme 51 

Attempts to epimerise neomenthyl nitrile (179) into menthyl nitrile (210) had 
previously been made in our group.111 A variety of bases (n-BuLi, lithium 
diisobutylaluminium and sodium methoxide) were used but the starting material 
was recovered unchanged in all cases. The synthesis of 179 by alternative routes 
also failed. 
 
Encouraged by the partial epimerisation of the neomenthyl ketone 206 in toluene 
at reflux (vide supra), we subjected neomenthyl nitrile (179) to the same reaction 
conditions. After heating at reflux for 22 hours, a 50:50 mixture of 179 and the 
epimerised menthyl nitrile (210) was obtained. When the reaction was carried 
out in butanol, with 30 mol% of potassium tert-butoxide as base at 180 °C under 
microwave irradiation, a 54:46 mixture of 179 and 210 was obtained in 11 
minutes. Due to the problem of removing the solvent from the rather volatile 
nitrile mixture (a considerable amount of the nitrile mixture was evaporated 
under high vacuum) several of solvents and bases were evaluated for the reaction 
heated by microwave irradiation. The best result was achieved in ethanol with 15 
mol% of sodium ethoxide as the base, yielding a 50:50 mixture of the nitriles 
after 20 minutes at 160 °C. Unfortunately, all attempts failed to separate the 
epimeric nitriles by distillaton or by column chromatography. Pure menthyl 
nitrile (210)112 can be synthesized by an alternative procedure from the 
corresponding carboxylic acid, which can be obtained by the reaction of carbon 
dioxide with the Grignard reagent of (-)-menthyl chloride.113 
 
In order to generate the menthyl ketone 209, a 50:50 mixture of the epimeric 
nitriles was treated with 2-bromo-6-lithiopyridine in a 1:1:2 mixture of THF, 
hexane, and diethyl ether (Scheme 52). The menthyl ketone desired was obtained 
together with an unidentified by-product that could not be removed by column 
chromatography. Reduction of the ketone gave a 90:10 mixture of diastereomeric 
alcohols, 211 being the major isomer. A pure sample of the pyridyl alcohol 211 
was obtained in 24% yield over two steps, after column chromatography. The 
minor diastereomer was unfortunately not isolated in a pure form. 

                                                           
111 Emmanuel Macedo, PhD Thesis, 1998, KTH, Stockholm, Sweden. 
112 Lebedev, M. Y.; Erman, M. B, Tetrahedron Lett. 2002, 43, 1397. 
113 Lebedev. M. Y. Personal Communication 
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 Scheme 52 

8.2.4  6-Aryl-2-(1-hydroxyalkyl)pyridines 
A series of sterically and electronically modified pyridyl alcohols were obtained 
by the introduction of various aryl groups in the 6-position of the pyridine ring. 
Thus, the 6-aryl-2-(1-hydroxyalkyl)pyridines 212-218 were synthesized via the 
Suzuki coupling of the 2-bromo-substituted pyridyl alcohols 203 and 207 with 
phenylboronic acid, o-methylphenylboronic acid, p-methoxyphenylboronic acid, 
and p-(trifluoromethyl)phenylboronic acid as outlined in Scheme 53. The 
reactions were carried out in a two-phase system of toluene, methanol, and water 
with tetrakis(triphenylphosphine)palladium and sodium carbonate and gave the 
6-aryl-substituted pyridyl alcohols desired in 64-93% yield.  
 

 Scheme 53 

8.3  Determination of Absolute Configurations 
The absolute configurations of the neomenthyl alcohols 181 and 182 (Scheme 
42) had previously been determined in our group by the use of NMR data of their 
Mosher ester derivatives.108 Diastereomeric esters were obtained by esterification 
of the major isomer of the alcohols with (R)- and (S)-MTPA. The esters were 
assumed to adopt the preferred conformation according to the model proposed by 
Mosher and Dale,114 with the trifluoromethyl group in the same plane as the 
carbonyl group, as well as the proton on the former carbinol carbon atom (Figure 
20). In the ester derived from (R)-MTPA, an upfield shift of the signal assigned 

                                                           
114 Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512. 
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to the proton in the 2-position of the cyclohexane ring compared with the signal 
assigned to the same proton in the diastereomeric ester derived from (S)-MTPA, 
suggested that the major isomer should have R configuration at the carbinol 
carbon atom. 
 

Figure 20. An ester derived from (R)-MTPA. 

However, Grayson and co-workers115 used an alternative synthetic route to obtain 
the pyridyl alcohols 181, 182 together with the two epimeric alcohols 219 and 
220 (Figure 21), and determined their absolute configurations by X-ray 
crystallography. Their results showed that the absolute configurations of the 
carbinol carbon atoms in 181 and 182 were, in fact, opposite to those assigned by 
us. As a consequence, the 2-bromo-substituted pyridyl alcohols 207 and 208 
were shown to have S and R configuration, respectively, at the carbinol centres, 
considering that 207 was obtained as the major isomer in the reduction of ketone 
206. This assumption was corroborated by similarities of the NMR spectra of 
181 and 182. By comparison of the NMR data of the menthyl epimer 211 with 
that of the pyridyl alcohols 219 and 220, pyridyl alcohol 211 was assumed to 
have R absolute configuration at the carbinol centre. 
 

Figure 21 

Analogous determinations had also been made for the pyridyl alcohols derived 
from D-mannitol, L-lactic acid, and L-mandelic acid.III The absolute configuration 
of pyridyl alcohol 192 was determined from NMR data of the corresponding 
Mosher ester. The presence of a NOE between the methoxy group in the Mosher 
acid part of the ester and the pyridine protons, and the absence of a NOE 
between the same methoxy group and the benzylic proton indicated this pyridyl 
alcohol to have S absolute configuration at the carbinol centre. Since our 
previous determinations had been proven wrong, we decided to confirm the 
absolute configuration of pyridyl alcohol 192 by the use of X-ray 
crystallography.116 It was shown that the absolute configuration was not in 

                                                           
115 Cunningham, D.; Gallagher, E. T.; Grayson, D. H.; McArdle, P. J.; Storey, C. B.; Wilcock, 
D. J. J. Chem. Soc., Perkin Trans 1, 2002, 2692. 
116 The X-ray structure of pyridyl alcohol 192 was determined by Dr. Andreas Fischer, KTH 
Chemistry, Inorganic Chemistry, Stockholm, Sweden. 
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agreement with that assigned from the NMR experiments, and 192 was shown to 
have R configuration at the carbinol carbon atom. 
 
Debromination of compound 203, via lithiation using n-BuLi followed by 
quenching with water, yielded 192 and was thus shown to have R configuration 
at the carbinol centre. A comparison of the NMR data of 188 and 189 with that of 
192 and its diastereomer,117 suggested 188 to have R configuration at the carbinol 
centre. In analogy, silylated pyridyl alcohol 199 was assumed to have R 
configuration at the former carbinol centre.  
 
When pyridyl alcohol 194 was subjected to the nickel-mediated homocoupling 
(Scheme 46), some debromination occurred to yield 184. These alcohols were 
assumed to have S configuration at the carbinol centres. This assumption was 
based on the similarities of the NMR data of 184, 194, and their diastereomers, 
compared with the NMR data of the diastereomeric pairs of the alcohols derived 
from L-lactic acid and L-mandelic acid. Attempts were made to crystallise 
pyridyl alcohol 194 but no crystals suitable for X-ray crystallography were, 
unfortunately, obtained. 

8.4  Results and Discussion 
A number of the pyridyl alcohols and 2,2’-bipyridines described above were 
evaluated as chiral inducers for the addition of diethylzinc to benzaldehyde and 
the results are reported in Table 3. All reactions were carried out in toluene at 0 
°C for 20 h. The reaction conditions were not optimised for each ligand since we 
were primarily interested in comparing the abilities of the various ligands to 
induce enantioselectivity. 

                                                           
117 When ketone 191 was reduced at room temperature, a diastereomeric mixture of 
alcohols was obtained in a ratio of 8:1, 192 being the major one. 
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 Table 3. Addition of diethylzinc to benzaldehyde in the presence of chiral 
pyridyl alcohols and 2,2’-bipyridines. 

Entry Liganda Yield (%)b Ee (%)c Abs. Config 
1 181 94 64 S 
2 182 96 64 R 
3 207 84 69 S 
4 208 88 56 R 
5 211 94 28 R 
6 216 80 79 S 
7 217 96 79 S 
8 218 84 82 S 
9 192 94 67 S 

10 203 77 54 S 
11 212 93 67 S 
12 213 74 61 S 
13 214 85 66 S 
14 215 83 70 S 
15 202 88 47 S 
16 205 90 83 S 

a The reactions were carried out in toluene at 0 °C with 10 mol% ligand and 2.0 eq Et2Zn  
(1.1 M in toluene). b GC-yields. c Determined by GC 

 
When the ligands derived from (–)-menthol were employed, the absolute 
configuration of the 1-phenyl-1-propanol (17, Scheme 3) formed was evidently 
determined by the absolute configuration of the carbinol centre of the ligand. 
Thus, pyridyl alcohols 181 and 182 favoured the formation of opposite 
enantiomers of the product but with the same selectivity (64% ee, entries 1-2). 
This observation is different to that made by Grayson and co-workers.118 The 
enantioselectivities attained with the 2-bromo-substituted pyridyl alcohols 207, 
208 and 211 were strongly influenced by the relative configuration of the 
stereocentres of the ligands (69, 56 and 28% ee, respectively, entries 3-5). The 
steric scaffold of the menthyl ligand 211 was apparently less efficient at 
transferring the chirality than the scaffold of the correspondning neomenthyl 
ligand 208. The introduction of an aryl group in the 6-position of the pyridine 
ring had a positive effect on the enantioselectivities, and ligands 216, 217, and 
218 gave the (R)-product in 79, 79 and 82% ee, respectively (entries 6-8).  
 
The formation of the (S)-product was favoured, when the ligands derived from L-
mandelic acid were subjected to the catalytic reaction. The enantioselectivity 
obtained with the 2-bromo-substituted ligand 203 was lower than that obtained 
with ligand 192 (54 and 67% ee, entries 10 and 9, respectively). Interestingly, the 

                                                           
118 The reactions were run in a 1:1 mixture of toluene and hexane and ligands 181 and 182 
were reported to favour the formation of the (R)-product in 12 and 23% ee, respectively. See 
ref. 115. 
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selectivities induced by the 2-aryl-substituted ligands 212, 214, and 215 (67, 66 
and 70% ee, entries 11, 13 and 14, respectively) were not markedly different 
from that induced by 192. The selectivity was, however, decreased to some 
extent when ligand 213, with a methyl group in the ortho position, was employed 
(61% ee, entry 12).  
 
One interesting observation was that the electronic properties of the ligands had 
only a minor effect on the enentioselectivities observed. Thus, ligands containing 
a phenyl, a p-methoxyphenyl, or a p-(trifluoromethyl)phenyl group in the 6-
position of the pyridine ring gave rise to roughly the same enantioselectivities 
(entries 6-8 and entries 11, 13 and 14). This is contrary to the results obtained 
with hydroxyalkylimidazoline ligands published by Casey and Smyth.119 In this 
study the electronic properties of the imidazoline ring was shown to strongly 
influence the levels of enantioselectivity obtained in the addition of diethylzinc 
to various aldehydes. 
 
The bipyridines derived from lactic acid and mandelic acid, 202 and 205, were 
also evaluated as ligands in the addition reaction. The formation of (S)-1-phenyl-
1-propanol was favoured in both cases, but the enantioselectivity obtained with 
the mandelic acid derived 205 was markedly higher (83% ee) than that obtained 
with the lactic acid derived 202 (47% ee). Interestingly, the bipyridine 205 acted 
as a more efficient chiral inducer than the 6-aryl-substituted ligands 212-215 
(entries 16 and 11-14). 
 
The sense of asymmetric induction for this series of ligands is in accordance with 
the enantioselectivity model proposed for β-aminoalcohols.101 The bulky R-group 
on the carbinol carbon atom directs the coordination of the aldehyde to the less 
sterically hindered face of the five-membered chelate ring (Figure 22). The 
aldehyde coordinates to the zinc atom in the five-membered chelate ring in an 
anti fashion (vide supra) and two competing transition structures can be drawn. 
The anti cis structure is higher in energy due to repulsive interactions between 
the ethyl groups in the four-membered ring, meaning that the (S)-product is 
preferentially formed via the anti trans structure. 

Figure 22 

                                                           
119 Casey, M.; Smyth, M. P. Synlett 2003, 102. 
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9. Syntheses of Chiral Enantiopure P,N-
Ligands. Applications in Asymmetric 
CatalysisIV 
9.1  Background 
We were interested in synthesizing some novel P,N-ligands starting from chiral 
enantiopure pyridyl alcohols and evaluate them as ligands in palladium-catalysed 
allylic alkylations. Methods for synthesizing series of structurally modified 
pyridyl alcohols had previously been developed in our group (vide supra) and 
the introduction of various phosphorus moieties by the use of the alcohol 
functionality present was envisaged.  

9.2  Syntheses of Ligands 

9.2.1  Pyridyl Phosphinites 
The pyridyl phosphinite 221 was obtained from the pyridyl alcohol 192 by 
deprotonation using n-BuLi followed by reaction with chlorodiphenylphosphine 
(Scheme 54). Partial decomposition of the product was observed during 
purification by column chromatography and the phosphinite moiety was found to 
slowly oxidise upon standing. In situ protection of the labile phosphorus moiety 
using BH3

.SMe3 provided compound 222 in 77% yield. The easier purification 
and higher stability of the BH3-protected 222 compared with the unprotected 
221, made us choose this approach in the synthesis of the 6-phenyl-substituted 
analogue 223.  
 

 Scheme 54 

The diastereomeric neomenthyl ligands 224 and 225 (Scheme 55) were 
synthesized according to the same reaction sequence described above in 43 and 
62% yield, respectively. 
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 Scheme 55 

9.2.2  Pyridyl Phosphines 
We were also interested in the pyridyl phosphine 228 (Scheme 56), which we 
envisaged could be obtained by a nucleophilic displacement of the tosylate group 
in compound 226 with lithium diphenylphosphide. However, no reaction was 
observed and the starting marerial was recovered unchanged. The leaving group 
was changed to mesylate and 227 was subjected to the same reaction. Once 
more, only starting material was recovered after the reaction. 
 
The somewhat less sterically hindered mesylated pyridyl alcohol 229 (Scheme 
56) was also used in the reaction. Yet again, only starting material was recovered, 
even when the reaction mixture was heated under microwave irradiation to 100 
°C in a closed vessel. At 150 °C a complex mixture of unidentified products was 
obtained.  
 
Due to these problems, the syntheses of pyridyl phosphines along this route were 
no longer persued. 
 

Scheme 56 

9.2.3  Pyridyl Phosphites 
The pyridyl phosphite ligands 231 and 232 were synthesized as outlined in 
Scheme 57. The appropriate enantiomer of the chlorophosphite 135, obtained 
from BINOL and phosphorustrichloride, was reacted with the pyridyl alcohol 
192 and triethylamine in toluene at low temperature, to yield the pyridyl 
phosphinites as moisture sensitive solids. 
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 Scheme 57 

9.3  Results and Discussion 
The P,N-ligands described above were used as ligands in the palladium-catalysed 
alkylation of rac-1,3-diphenyl-2-propenyl acetate with dimethyl malonate 
(Scheme 58). Different methods to generate the catalysts were employed, 
depending on the nature of the ligand used. Attempts to generate of the catalyst 
in situ by the use of allylpalladium chloride dimer were unsuccessful for the 
BH3-protected ligands 222-225, which had to be deprotected with diethyl amine 
before use. The catalysts could also be generated in situ from the BH3-protected 
ligands by the use of palladium acetate.120 The results of the catalytic reactions 
are presented in Table 4. 
 

 Scheme 58 

                                                           
120 Riegel, N.; Darcel, C.; Stéphan, O.; Jugé, S. J. Organometal. Chem. 1998, 567, 219. 
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Table 4. Palladium-catalysed allylic substitution of rac-1,3-diphenyl-2-propenyl 
acetate with malonate in the presence of ligands 221-224 and 231-232. 

Entry Liganda Pd:L 
(% cat.)a Pd-sourcea Time 

(h) 
Conv. 
(%)b 

Ee 
(%)c 

Abs. 
config. 

1 221 1:1.5  (4) [(C3H5)PdCl]2 4 100 46 R 
2 222 1:1  (4) Pd(OAc)2 1.5 100 48 R 
3 222 1:1  (2) Pd(OAc)2 17 100 48 R 
4 222d 1:1  (4) [(C3H5)PdCl]2 8 100 48 R 
5 222d 1:1.5  (4) [(C3H5)PdCl]2 8 100 47 R 
6 223 1:1  (2) Pd(OAc)2 189 36 52 R 
7 223d 1:1  (4) [(C3H5)PdCl]2 100 99 56 R 
8 223d 1:1.5  (4) [(C3H5)PdCl]2 4 100 10 R 
9 224 1:1  (2) Pd(OAc)2 4 95 44 R 

10 224 1:1  (4) Pd(OAc)2 1 100 44 R 
11 225 1:1  (2) Pd(OAc)2 16 95 50 S 
12 231 1:1  (2) [(C3H5)PdCl]2 31 99 51 S 
13 231 1:1  (4) [(C3H5)PdCl]2 21 99 51 S 
14 232 1:1  (2) [(C3H5)PdCl]2 31 100 2 S 
15 232 1:1  (4) [(C3H5)PdCl]2 21 100 5 S 

a The catalysts were generated in situ from the amounts of the ligand and the palladium source 
indicated. The reactions were carried out in CH2Cl2 at rt. b Determined by HPLC. c Determined by 
HPLC using a chiral column (Daicel Chiralcel OD-H). d The ligand was deprotected with Et2NH 
 
All pyridyl phosphonite ligands derived from L-mandelic acid favoured the 
formation of the (R)-enantiomer of 30 (Scheme 58). Thus, the pyridyl 
phosphonite 221 afforded the product in 46% ee (entry 1). When the BH3-
protected analogue 222 was used together with palladium acetate, a highly active 
catalyst was generated. With a catlyst loading of 4%, full conversion was reached 
in less than 2 hours and the product was obtained in 48% ee (entry 2). 
Decreasing the catalyst loading to 2% resulted in the same enantioselectivity but 
the reaction time had to be prolonged to 17 hours for full conversion to be 
reached (entry 3). Deptotection of the phosphinite moiety followed by in situ 
generation of the catalyst by the use of allylpalladium chloride dimer, gave a less 
active catalyst but the enantioselectivity observed was maintained (48% ee, entry 
4). The use of an excess of the ligand (Pd:ligand 1:1.5) did not affect the rate or 
the enantioselectivity of the reaction (entry 5). 
 
The catalyst generated from the 6-phenyl-substituted ligand 223 and palladium 
acetate displayed a very low activity. Only 36% conversion was reached in 189 
hours but the product was produced in somewhat higher optical purity (52% ee, 
entry 6) than when 222 and 223 were used. When the ligand (223) was 
deprotected proir to the catalytic reaction and the allylpalladium chloride dimer 
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was used as the metal source, full conversion was reaced in 100 hours and the 
product was formed in 56% ee (entry 7). The use of an excess of the ligand 
(Pd:ligand 1:1.5) increased the reactivity dramatically but it was detrimental to 
the enantioselectivity observed (10% ee, entry 8).  
 
It seems resonable to assume that the aryl group in the 6-position of the pyridine 
ring makes the palladium complex formed rather crowded. This can account for 
the low activity observed for the catalyst based on ligand 223 (entries 6-7). 
Furthermore, when the ligand is present in excess, the possibility of monodentate 
coordination of two ligands through the phosphorus atoms to one palladium may 
generate a more active complex. In this coordination mode the transfer of 
chirality from the ligand to the substrate becomes much less efficient. This 
phenomenon can explain the dramatic increase in activity of the catalyst, and, at 
the same time, the drop in enantioselectivity of the reaction under these 
conditions (entry 8). 
 
When the pyridyl phosphinites 224 and 225, derived from (–)-menthol, were 
used in the catalytic reaction, the absolute configuration of the product was 
determined by the absolute configuration of the benzylic carbon atom of the 
ligand. Thus, ligand 224 favoured the formation of the (R)-product in 44% ee 
(entries 9-10), whereas the diastereomeric ligand 225 favoured the opposite 
enantiomer of the product in 50% ee (entry 11). 
 
The catalysts generated from the pyridyl phosphites 231 and 232, displayed the 
same acitivity in the reaction but gave the product with varying optical purity. 
Thus, ligand 231, derived from (S)-BINOL, favoured the formation of the (S)-
product in 51% ee (entries 12-13), whereas ligand 232, derived from (R)-
BINOL, gave rise to the same enantiomer of the product with very low optical 
purity (2-5% ee, entries 14-15). Interestingly, a kinetic resolution of the racemic 
substrate (rac-29) was observed with ligand 231. The optical purity of the 
substrate increased with increasing conversion (50% ee at 50% conversion and 
76% ee at 93% conversion). On the other hand, a slight decrease in the optical 
purity of the product was observed with increasing conversion. At 50% 
conversion, the highest enantiomeric excess was observed (56%). 
 
In the sudies by Faraone and co-workers (vide supra),81 pyridyl phosphites 136, 
derived from (S)-BINOL, showed no or very low levels of chiral induction in the 
palladium-catalysed allylic alkylation discussed above. This was partly ascribed 
to the lack of rigidity of the six-membered chelate ring formed upon 
coordination to palladium. The presence of an additional substituent in the 
picolinic position of ligands 231 and 232 can be assumed to make the chelate 
rings of the palladium complexes of these ligands more rigid. The chelate rings 
should preferably adopt a conformation in which this substituent is situated in a 
pseudo-equatorial position (Figure 23a). If the chelate ring in the palladium 
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complex of ligand 231 adopts this conformation, the steric bulk of the ligand is 
positioned as showed in Figure 23b, and the ligand has thus Pr chirality.121 This is 
in agreement with the favoured formation of the (S)-enantiomer of the product in 
the catalytic reaction. 
 

 Figure 23  

Upon an analogous inspection of the palladium complex of ligand 232, no clear 
conclusion about the location of the steric bulk can be made. The six-membered 
chelate ring is still slightly flexible, despite the presence of the pseudo-equatorial 
R-group (Figure 23a). Small conformational changes of the chelate ring leads to 
relocation of the steric bulk in the Pd-232 complex. Similar conformational 
changes in the corresponding complex of ligand 231 does not affect the position 
of the steric bulk to a great extent. 
 
Pyridyl phosphites 231 and 232 were also evaluated as ligands in the palladium-
catalysed allylic alkylation of 2-cyclohexenyl acetate (233) with dimethyl 
malonate according to Scheme 59. The results are shown in Table 5 
 

 Scheme 59 

 Table 5. Palladium-catalysed allylic substitution of rac-2-cyclohexenyl  
 acetate with malonate in the presence of ligands 231 and 232. 

Ligand Pd:L  
(% cat.)a 

Time  
(h) 

Yield 
(%)b 

Ee  
(%)c 

Abs. 
config. 

231 1:1  (4) 112 61 31 S 
232 1:1  (4) 143 58 17 R 

a The catalysts were generated in situ from 2 mol% bis[(π-allyl)palladium chloride] and 
4 mol% ligand. The reactions were carried out in CH2Cl2 at rt.  
b Isolated yields after column chromatography.  
c Determined by 1H NMR using Eu(hfc)3 as chiral shift reagent. The absolute configuration  
was determined by comparing the optical rotation with a literature value. 

                                                           
121 Saitoh, A.; Kazuo, A.; Tanaka, K.; Morimoto, T. J. Org. Chem. 2000, 65, 4227. 
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The sense of asymmetric induction was seemingly determined by the absolute 
configuration of the axially chiral BINOL-moiety. In the reaction employing (S)-
BINOL-based ligand 231, (S)-234 was obtained in 31% ee, while the 
diastereomeric ligand 232, derived from (R)-BINOL, favoured the formation of 
(R)-234 in 17% ee. 
 
The favoured formation of the (S)-enantiomer of 234 with ligand 231 is in 
agreement with the Pr chirality of the ligand. Due to the low level of asymmetric 
induction obtained with ligand 232 it is hard to draw any conclusions regarding 
the stereochemical outcome of the catalytic reactions with this ligand. The 
flexibility of ligand 232 (vide supra) can make it susceptible to structural 
changes in the substrate coordinated to the palladium complex and, therefore, 
make it adopt different conformations depending on which substrate is used.  
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10. Concluding Remarks 
Nitrogen ligands were synthesized and used in the allylic alkylation of 1,3-
diphenyl-2-propenyl acetate with malonate. The steric properties of the ligands 
were shown to be important for the enantioselectivity observed in the catalytic 
reaction.  
 
Crown ether-containing ligands were synthesized and some were used as ligands 
in the allylic alkylation reaction. A small rate enhancement was observed in 
dilute systems. It would be interesting to apply these ligands to reactions in 
which a secondary interaction with the substrate is possible, and in this way 
induce substrate selectivity.  
 
The utility of the chiral pool as a source of chiral enantiopure starting materials 
was demonstrated. A modular approach was applied, in which a series of chiral 
pyridyl alcohols and C2-symmetric 2,2’-bipyridines were synthesized from 
natural products.  
 
The chiral pyridyl alcohols were shown to servre as useful synthons for the 
preparation of chiral pyridyl phosphinite ligands and pyridyl phosphite ligands. 
Structural modifications of the ligands with the purpose to make their complexes 
with transition metal ions more rigid, could make these ligands interesting for 
further catalytic applications.  
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