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1.1 Catalysts and their place in our society 
 

The term “catalysis” was first introduced by Berzelius in 1836 when he observed that certain 

chemicals could speed up a reaction. Catalysis stems from the Greek with the meaning of “loosen” 

and “down”. A catalyst is a substance that accelerates a chemical reaction by lowering the energy 

barrier between the reactants and the products and that is regenerated after the reaction. Since the first 

observation of a catalyst, the field of catalysis is constantly growing and finds many applications in 

our everyday life; in our food to make cheese and beer, in our cars to reduce the emission of toxic 

gases and in most of the industrial chemical processes to synthesize drugs, polymers and other 

chemicals. In the last decades, the development of catalysts was considerable as new requirements 

emerged for chemical industry. A green chemistry is crucial for the future of our planet, aiming to 

reduce the waste formed during the production of materials by eliminating the formation of side 

product, by increasing the yield of the reaction or by reducing the amount of additives introduced in 

stoichiometric amount. 

 

 A major breakthrough in chemistry was accomplished in 1849 by Louis Pasteur, a French 

scientist who observed that the crystals of sodium ammonium tartrate were present in two asymmetric 

forms that were mirror images of one another. The separation of the two different crystal forms 

allowed him to isolate the first chiral molecule. The enantiomeric property of molecules was 

explained in 1874 by the Dutch chemist, Jacobus Henricus van’t Hoff, with his work on the 

phenomenon of optical activity. Those discoveries helped to better understand the properties of 

chemicals that interact differently with our body depending on the chiral form used. A famous 

example is the limonene as odorant substance, the (R)-(+)-limonene having the odor of orange and the 

(S)-(-)-limonene having the odor of lemon. The importance to develop enantiopure chemicals is 

evident, particularly for drugs. With this an important role for the catalysts emerged: to induce 

enantioselectivity. 

 

 In this introduction we focus on the important field of transition metal catalysis. Several 

parameters can be modified to optimize a catalytic reaction. However, as the catalysis usually takes 

place at the metal center, the modification of the ligands surrounding it allows fine-tuning of the 

catalyst to seek for the desired regio- and enantioselectivity for a given substrate. Finding the best 

catalyst is still based on trial-and-error and sophisticated guesses, but new insights on the reaction 

mechanism and high-throughput strategies help us to have a better understanding of our systems and 

to find the proper catalyst for a given substrate. Indeed a single catalyst can address effectively the 

selective transformation of a limited number of substrates. 
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 In this Chapter we will present the success story of the rhodium-catalyzed hydrogenation of 

functionalized alkenes through the design of ligands, their applications and the mechanistic issues, the 

trends over the years and the new supramolecular strategies emerging in asymmetric hydrogenation. 

 

 

1.2 Design of ligands for rhodium-catalyzed hydrogenation reactions 
 

Several important breakthroughs have been reported since the first example of homogeneous 

hydrogenation catalyzed by rhodium complexes was introduced by Wilkinson in 1965.1 The 

Wilkinson’s catalyst Rh(PPh3)3Cl was successfully used to reduce olefins with dihydrogen under mild 

conditions. Two years later Knowles and Sabacky2 and Horner et al.3 independently developed the 

first chiral homogeneous catalysts using P-chiral monodentate ligands (1 and 2, Figure 1). Those 

chiral ligands replaced the triphenylphosphine in the Wilkinson’s catalyst; meanwhile [Rh(cod)2]+ 

and [Rh(nbd)2]+ were found to be good catalyst precursors.4 Despite the low selectivities obtained, 

these seminal results were crucial as proof of principle. At first, the low enantioselectivity was 

attributed to the many degrees of freedom of the ligand, particularly the free rotation around the P-Rh 

bond. 

 

 

Figure 1. a) Two of the first P-chiral ligands used in asymmetric hydrogenation. b) Two of the first 

bidentate ligands used in asymmetric hydrogenation. 

 
 Dang and Kagan developed the first chiral bidentate phosphine, the chirality being on the 

linker between the two phosphorus atoms (3, Figure 1).5 A remarkably high selectivity was obtained, 

up to 70 % ee in the hydrogenation of 2-acetamidocinnamic acid that gave credit to the use of 

diphosphine ligands. In 1977, Knowles6 developed the bidentate version of PAMP: DIPAMP (4, 

Figure 1) affording 95 % ee in the hydrogenation of methyl 2-acetamidocinnamate, which was high 

compared to 55 % ee obtained with the monodentate version. The use of DIPAMP in the commercial 

process of the pharmaceutical L-DOPA2b (Scheme 1) stimulated the search for new bidentate ligands 

for over 30 years. Nonetheless, a few examples of monodentate ligands were reported7 during this 

period encouraged by Kagan who saw the potential of monodentate ligands: “We can expect that they 

[monophosphanes] will play a role of increasing importance in many aspects of organometallic 
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catalysis. We hope that this review will encourage practitioners of asymmetric catalysis to consider 

the potential of chiral monodentate phosphines and to investigate this area which has been quite 

neglected till now”.8 

 

 

Scheme 1. L-DOPA synthesis. 

 

 The synthesis of bidentate ligands with the chirality in the backbone is easier than those 

with stereogenic P-chiral ligands, requiring the resolution of the phosphine or time-consuming 

strategies to introduce the chirality. Many families of bidentate phosphine ligands were reported 

during thirty years preceding the entrance in the new millennium9 (Figure 2), nourishing the myth that 

diphosphine ligands were required to obtain high enantioselection. An excellent example was BINAP, 

a famous rigid bidentate diphosphine ligand developed by Noyori10 and successfully applied for 

asymmetric hydrogenation. Knowles11a and Noyori11b received the Nobel Prize in 2001 for their work 

on asymmetric hydrogenation. The interest in new bidentate ligands continues. In the rhodium-

catalyzed asymmetric hydrogenation of functionalized substrates, the substrate coordinates in a 

bidentate fashion to square-planar rhodium (with alkene and carbonyl), which gives rise to the 

formation of four substrate–metal coordination modes. The use of C2-symmetric bidentate ligands 

reduces the number of coordination modes to only two (Re, Si), and this has therefore been put 

forward as a successful design strategy. Another approach is the use of strongly unsymmetrical 

ligands.12 Strong donor / strong � acceptor bidentate ligands13 provide sufficient differences in 

electronic properties to direct the coordination of the chelating substrate. The drawback of such 

unsymmetrical ligands could be the tedious synthesis. Current efforts are now put on smart modular 

ligands requiring only few synthetic steps and still affording interesting versatility.14 

 

 

Figure 2. Non-exhaustive families of bidentate ligands. 
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1.3 Mechanistic aspects in the rhodium-catalyzed asymmetric hydrogenation 

of functionalized alkenes 
 

 The performance of diphosphine ligands in the rhodium-catalyzed hydrogenation of 

dehydroamino acids led to in-depth investigations of the asymmetric hydrogenation mechanism. The 

first mechanistic proposals were based on kinetic studies by Halpern and others15 and characterization 

of several intermediates by NMR or X-ray by Brown and coworkers.16 They proposed the 

“unsaturated-dihydride” mechanism A-B-C-D (Scheme 2). After hydrogenation of the diene 

affording the catalytically active species A, the prochiral substrate coordinates reversibly to the 

diphosphine complex to obtain the substrate-complex adduct B. The next step is the irreversible 

oxidative addition of molecular dihydrogen to afford the Rh(III) dihydride species C. The migratory 

insertion reaction forms the alkyl hydride species D followed by the reductive elimination to afford 

the hydrogenated product and to regenerate the solvate species A. 

 

 

Scheme 2. Catalytic hydrogenation of methyl 2-acetamidoacrylate via the unsaturated-dihydride 

mechanism A-B-C-D or via the dihydride-unsaturated mechanism A-E-F-D. 

 

 The enantioselection is determined at the first irreversible step of the reaction (B-C). 

Kinetic studies showed that the oxidative addition is also the rate-determining step of the reaction, as 

a first-order dependence of the catalytic hydrogenation rate on dihydrogen pressure has been 
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generally observed. The detailed NMR and kinetic study by Landis and Halpern15a using C2-

symmetric DIPAMP allowed them to observe that the prochiral bidentate substrate can coordinate in 

two different fashions affording the two diastereoisomers B1 (Re-face adduct) and B2 (Si-face 

adduct) leading to the (S)-product and (R)-product, respectively (Scheme 3). The two 

diastereoisomers are in equilibrium and of different energy, in our example B1 (Re-face adduct) is 

more stable than B2 (Si-face adduct). They observed that the “minor” diastereoisomer B2 reacts faster 

upon addition of dihydrogen leading to the (R)-product. Thus, there is a fast equilibrium between B1 

and B2 and the enantioselectivity is determined by their relative reactivity in the oxidative addition 

step. The enantiomeric excess is therefore very sensitive to the temperature and dihydrogen pressure. 

Several examples reported rhodium-catalyzed hydrogenation based on the same Halpern mechanism 

(or anti-lock-and-key).17 

 

 

Scheme 3. Halpern mechanism (anti-lock-and-key) and anti-Halpern mechanism (lock-and-key) for 

asymmetric hydrogenation. 

 

 Imamoto et al.18 reopened the debate about the mechanism of the rhodium-catalyzed 

asymmetric hydrogenation. Although the affinity of the solvate complex A for dihydrogen was 

known to be low, the solvate dihydride species E was observed for the first time at low temperature 

using electron-rich phosphine ligands.18 The solvate dihydrides existed as a pair of diastereoisomers 
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in rapid equilibrium and reacted with alkenes to afford high enantioselectivities. They proposed the 

“dihydride-unsaturated” mechanism where the reversible oxidative addition of dihydrogen occurs 

prior to the coordination of the substrate to afford the dihydride solvate species E (Scheme 2). The 

coordination of the functionalized alkene allows to obtain the intermediate F. The enantioselectivity 

is determined during the next irreversible step, the migratory insertion reaction to form the alkyl 

hydride species D. The development of density functional theory (DFT) gave more insights on 

mechanistic considerations. An outstanding computational study was published by Landis19 and 

Feldgus considering the possible routes of the “unsaturated-dihydride” mechanism in great detail. 

They observed the interconversion of isomers at the dihydride level (species C) with a computed 

barrier of 14.1 kcal.mol-1. This suggests that the oxidative addition of dihydrogen is reversible and 

that the rate-determining and selective step is the migratory insertion to form the alkylhydride 

complex D. Of course simple model phosphines have been used for the calculation, which is assumed 

to give comparable results to the ligands used in hydrogenation reactions. 

 

 The combinations of recent experimental studies and computations shed more light on the 

reaction mechanism of the asymmetric hydrogenation using diphosphine ligands. Compared to the 

initial study, two points are discussed: 1) the dihydrogen addition may not be the rate-limiting step 

(Feldgus, Landis, Imamoto and Gridnev) and 2) the dihydride solvate can play an effective role in the 

catalytic cycle (Imamoto and Gridnev). According to Heller,20 if the catalytic cycle follows the 

“dihydride-unsaturated” mechanism, then there should be no pressure dependence of the 

enantioselectivity observed. However, even at the lowest temperature, the solvate hydride is only a 

minor component of the equilibrium mixture. Beside those new considerations, the “classic” 

mechanism proposed by Halpern and Brown holds for most of the ligand systems. 

 

 

1.4 Recent developments of monodentate ligands 
 

In 2000, the generally accepted dogma that bidentate ligands perform better than the monodentate 

analogues in asymmetric transition-metal catalysis was overturned. Indeed the seminal reports of 

Reetz, Pringle, Feringa and de Vries demonstrated that monodentate phosphite,21a phosphonite21b and 

phosphoramidite21c ligands (Figure 3) can be as active and selective as bidentate ligands in the 

rhodium-catalyzed asymmetric hydrogenation reaction, which is demonstrated for different 

substrates.22 Considering the important features of such ligands, de Vries23 and Reetz24 studied in 

more detail phosphoramidite and phosphite ligands, respectively. For bidentate ligands the active 

species is clearly the rhodium complex with two phosphorus atoms coordinated. The application of 

monodentate ligands implies that several species can be present in solution. De Vries and coworkers 
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studied the effect of ligand to rhodium (L / Rh) ratio and observed, as expected, that the catalytic 

activity ceased when the ratio is 3. But surprisingly they also observed that the rate of the reaction 

increased when the ratio is lowered to 1.5 or 1 and that the enantioselectivity remained the same as 

for an L / Rh of 2. This suggested that the rhodium complex with a single ligand is responsible for the 

catalysis. However, a non-linear effect study was carried out. This study was pioneered by Kagan to 

observe the effect of the enantiopurity of the ligands on the catalytic outcome of the reaction.25 The 

non-linear effect is used with monodentate ligands to determine if the rhodium species responsible for 

the catalysis possesses two or more coordinated ligands. In the case where the active species is 

formed with one monodentate ligand L, a linear effect is observed between the enantiomeric excess of 

the product and the ee of the ligand. Indeed, when a mixture of the two enantiomeric forms of the 

ligand is used, two complexes are present in solution MLR and MLS. As their activity is the same and 

they provide the two opposite enantiomers, the ee of the product will be proportional to the ee of the 

ligand. In the case where the active species is formed with two monodentate ligands L, the 

heterocomplex MLRLS is also present in solution, either more active and or selective or less than the 

enatiopure forms, a positive or negative non-linear effect will be observed. In the case of 

phosphoramidite ligands, a small non-linear effect was observed, establishing also the presence of an 

active species having two or more coordinated ligands. A dependence of the reaction rate on the 

dihydrogen pressure signifies that the oxidative addition of dihydrogen is the rate-determining step as 

in Halpern’s mechanism. The study of the phosphite ligands by Reetz et al. revealed that the active 

species corresponds to two monodentate ligands coordinated to the rhodium center and that a lock-

and-key mechanism (anti-Halpern) is operative where the major diastereoisomer formed by 

complexation of the prochiral substrate to the rhodium affords the favored enantiomer as product of 

the reaction.  

 

 

Figure 3. Chiral monodentate ligands used in asymmetric hydrogenation. 

 

 In the last decade, several different strategies have been successfully applied to develop the 

use of those monodentate ligands. A time-consuming tweaking of the ligand structure by covalent 

modification is necessary to obtain acceptable levels of enantioselectivities for a given substrate. The 

synthesis of the monodentate ligands having a BINOL backbone offers a great versatility; the alcohol 
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or amine moiety can be easily varied. The combinatorial approach in which chiral catalysts are 

prepared and screened in a parallel fashion is therefore a frequently applied strategy26 such as the 

example of de Vries et al.27 with the screening of  phosphoramidite ligands (Figure 4). 

 

 

Figure 4. Parallel synthesis and screening of monodentate phosphoramidite ligands in asymmetric 

hydrogenation.27 

 

 An interesting breakthrough in the classic combinatorial approach is the use of mixtures of 

monodentate ligands as reported by Reetz et al.29 and de Vries, Feringa and coworkers.30 As seen 

previously, the use of strongly asymmetric bidentate ligands allows to reduce the number of 

coordination modes of the functionalized alkene. In the mixture approach, two monodentate ligands 

La and Lb are combined with the aim to form a heterocomplex MLaLb, which is more active and 

selective than the corresponding homo-complexes MLaLa and MLbLb. If no secondary effects 

(electronic, steric or attractive interactions) are present then a statistical mixture is expected: MLaLa / 

MLaLb / MLbLb = 1/2/1. Competition between the different complexes in solution occurs; the 

presence of homocomplexes can significantly alter the outcome of the reaction. By optimization of 

the ratio of the two monodentate ligands, the composition of the catalyst mixture can be tuned and, 

with this, the selectivity can be optimized as demonstrated by Feringa et al.30a (Scheme 4a). However, 

a proportion of the precious metal will be kept in an inactive state and an excess of ligand is wasted. 

Reetz observed that by adding an achiral monodentate ligand, a reversal of enantioselectivity can be 

obtained (Scheme 4b) compared to the chiral homocomplex.29a Overall, the application of ligand 

mixtures significantly increases the size of the catalysts library. 
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Scheme 4. Mixture of monodentate ligands leading to dramatic enhancement or reversal of 

enantioselectivity in asymmetric hydrogenation. 

 

 A recent and successful approach to form bidentate ligands is to use complementary 

supramolecular interactions. Successful examples were introduced by Reek and coworkers31 using 

metal-ligand interactions where the selective interaction between a pyridine moiety and the 

catalytically inactive Zn-porphyrin allows the formation of supramolecular bidentate ligands that are 

highly selective in asymmetric hydrogenation (Scheme 5) and kinetic resolution using palladium. 

Similarly, Takacs proposed a supramolecular combinatorial approach allowing the exclusive 

formation of heterocomplex based on tetrahedral Zn compounds.32 

 

 

Scheme 5. SupraPhos: supramolecular bidentate ligands by metal-ligand interaction and application 

in rhodium-catalyzed asymmetric hydrogenation. 
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 Another strategy to form supramolecular heterobidentate ligands is to use hydrogen bond 

interactions. An example was developed by Breit by using the tautomeric pair of 2-pyridinone and 2-

hydroxypyridine.33a Indeed the self-assembly through hydrogen bonding is observed after 

dimerization (Scheme 6a). Breit then developed two motifs inspired by DNA base pairing of adenine 

and thymine. The mixture of aminopyridine and isoquinoline allowed the exclusive formation of 

supramolecular heterodentate ligands (Scheme 6b).33b Excellent enantioselectivities were obtained 

with such supramolecular ligands in the hydrogenation of functionalized alkenes (Scheme 6c).33c,d An 

advantage of supramolecular interactions is to reduce the degrees of freedom of the ligands as in 

bidentate ligands. 

 

 

Scheme 6.  Hydrogen bonded Breit systems and applications in asymmetric hydrogenation. a) Self-

assembly of monodentate ligand. b) Self-assembly of adenine / thymine and aminopyridine / 

isoquinolone. Piv = pivaloyl. c) Rh-catalyzed asymmetric hydrogenation of functionalized alkenes 

using self-assembled aminopyridine / isoquinolone phosphonite ligands. 

  

 The interest for the hydrogen bond as supramolecular interaction to favor self-assembly has 

grown in the field of transition metal catalysis. Different systems have been developed such as the use 

of urea moiety reported by Love34a (Scheme 7a) and Reek34b,c (Scheme 7b) and good to excellent 

enantioselectivities were obtained with the UREAPhos ligands (Scheme 7c).34c Ding reported in 2006 

the ability of phosphoramidite ligands to self-assemble through hydrogen bonding.34d 
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Scheme 7. Supramolecular bidentate ligands formed by hydrogen bond developed by a) Love and b) 

Reek et al. and c) applications of Reek’s UREAPhos in Rh-catalyzed asymmetric hydrogenation. 

  

 In an example of supramolecular bidentate ligands, van Leeuwen showed that it is possible 

to use ionic interaction to make bidentate ligands for selective hydroformylation of 1-octene (Scheme 

8a).35a This was further developed for asymmetric hydrogenation by Gennari and coworkers using 

ligands having a chiral backbone (Scheme 8b and c).35b,c 

 

 

Scheme 8. Supramolecular bidentate ligands formed by ionic interaction developed by a) van 

Leeuwen and b) Gennari et al. and c) applications in Rh-catalyzed asymmetric hydrogenation. 

 

 The development of ligands for asymmetric hydrogenation of alkenes gave rise to 

applications in industry as well as in synthetic chemistry. Different beliefs have been ruled out while 

new discoveries emerged with new catalytic systems. A general rule is that there is no single catalytic 
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system that can hydrogenate all the substrates with high stereocontrol. In addition, there is still room 

for improvement for many classes of substrates and this goes along with the increasing number of 

ligands reported in literature. The mechanism of the asymmetric hydrogenation of functionalized 

alkenes catalyzed by bisphosphine-rhodium complexes has been extensively studied, and maybe it is 

the most understood reaction. However with the application of new ligands with different electronic 

and steric properties new mechanistic pathways, other intermediates and other mechanisms become 

accessible. The story of the asymmetric hydrogenation is far from being finished! 

 

 

1.5 Aims and outline of this thesis 
 

The search for new ligands, catalytic systems and substrates for asymmetric hydrogenation reactions 

is of great interest for industry as well as academic science. Many different strategies have been 

applied to develop new systems including rational design and high-throughput screening along with 

new techniques and instruments for a better understanding of our catalysts. In this thesis, we 

developed new phosphoramidite ligands having amino acid derivatives. We studied their performance 

in rhodium-catalyzed asymmetric hydrogenation and their supramolecular and dynamic properties. 

 In Chapter 2, we evaluated the activity and selectivity of monodentate phosphoramidite 

ligands derived from �-amino acid derivatives in the rhodium-catalyzed hydrogenation of 

functionalized alkenes. Thanks to the versatility of the amino acid moieties, we easily created a 

diverse set of ligands and discussed the influence of different steric modifications on the catalytic 

outcome. We also studied the ability of the amino acids to steer enantioselectivity in the rhodium-

catalyzed hydrogenation using ligands having a flexible backbone. 

 In Chapter 3, we evaluated the application of ligand mixtures based on amino acid based 

phosphoramidite, urea based phosphite and urea based phosphine ligands in the rhodium-catalyzed 

hydrogenation of benchmark substrates. 

 In Chapter 4, we studied heterocombinations of amino acid based phosphoramidite and 

phosphine ligands in the asymmetric hydrogenation of methyl 2-hydroxymethylacrylate. We showed 

the formation of a supramolecular bidentate ligand through a single hydrogen bond between 

LEUPhos and a urea based phosphine. This supramolecular ligand was proven to be highly 

enantioselective in the hydrogenation of methyl 2-hydroxymethylacrylate and several of its 

derivatives. 

 In Chapter 5, we investigated in more detail the supramolecular combinations of 

phosphoramidite with phosphine ligands and the substrate orientation through hydrogen bond 

formation with the amino acid moiety of the phosphoramidite ligand. We studied its impact on the 

stability of intermediates of the catalytic cycle by DFT calculations and spectroscopic techniques. We 
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also followed the kinetics of the reaction by gas uptake measurements and discussed the mechanistic 

pathway of the rhodium-catalyzed hydrogenation reaction with supramolecular heterobidentate 

ligands. 

 

 In the second part of this thesis (Chapters 6 and 7), we discussed the potential of dynamic 

combinatorial chemistry in the field of catalysis and the different concepts to design a selection 

procedure and dynamic combinatorial libraries to allow the selection of the best catalyst among a 

mixture. 

 In Chapter 7, we investigated the dynamic character of the P-N bond in the 

phosphoramidite ligands. We developed dynamic combinatorial libraries of phosphoramidite and 

aminophosphine ligands and their applications in selection procedures of catalysts. 
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