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Summary 
 

 

 The search for transition metal complexes based on new ligands for new asymmetric 

catalytic conversions in general, and asymmetric hydrogenation in particular, is of great interest for 

industry as well as academic science. Strategies to uncover new catalysts vary from rational design to 

high-throughput screening of libraries of catalysts. The implementations of new techniques and 

instruments has facilitated the progress in the field to a large extend as it leads to better understanding 

of catalyst systems, and also speed-up the accumulation of informative data. One of the most studied 

catalytic reactions, and also frequently applied in industry, is the rhodium-catalyzed asymmetric 

hydrogenation. Its success story is dominated by the application and development of phosphorus 

ligands, and a brief overview is given in Chapter 1. In this thesis, we focused on the design and the 

study of new monodentate phosphoramidite ligands having amino acid derivatives. The amino acids 

are of great interest in asymmetric catalysis as they are available in enantiopure forms and they offer 

an important versatility, ideal to fine-tune catalysts. 

 In Chapter 2 we studied two different sets of phosphoramidite ligands (see Scheme below) 

in the rhodium-catalyzed asymmetric hydrogenation of different substrates. The first set constituted 

of enantiopure bisnaphthol-based ligands, which is evaluated to study the influence of modifications 

at three different positions (R1-3) of the amino acids on the catalytic outcome; up to 84 % ee was 

obtained for methyl �-acetamidocinnamate and up to 97 % ee for methyl 2-acetamidoacrylate. The 

second set is made of ligands having a tropos backbone that can rotate around the C-C bond between 

the two phenyl groups giving rise to two opposite enantiomers. This set has been studied to 

investigate if ligands with the amino acids as the only chiral function are sufficient to steer the 

enantioselectivity during the catalytic reaction. They proved to be able to compete with their 

bisnaphthol analogues. 
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 A ligand mixture strategy was studied in Chapter 3 as a combinatorial approach to 

discover new heterocombinations of monodentate ligands (amino acid based phosphoramidites, urea 

based phosphites and phosphines) for asymmetric hydrogenation. We observed that 

heterocombinations of ligands afford more selective catalysts than the corresponding 

homocombinations in the hydrogenation reaction of dimethyl itaconate (up to 93 % ee). Mixtures of 

phosphoramidite ligands also give catalysts that outperformed their corresponding homocombinations 

in the asymmetric hydrogenation of methyl 2-acetamidoacrylate and ee’s up to 84 % were obtained. 

However higher ee’s were achieved with the homocombinations of phosphite ligands.The 

hydrogenation of the challenging substrate, N-(3,4-dihydro-2-naphthalenyl)acetamide shows that the 

combinations of functionalized phosphoramidite ligands with ureaphosphine ligand give rise to very 

active catalysts that display relatively high ee. 

 In Chapter 4, we studied the electronic and steric effects as well as hydrogen bonds on the 

formation of the heteroligand complexes between monodentate amino acid based phosphoramidite 

and monodentate phosphine ligands. The amount of heterocomplex can be tuned between 70-94 % 

using various non-functionalized phosphine ligands, but has no influence on the enantioselectivity 

obtained for the Roche ester (94-95 % ee for all combinations). But we showed that for pure 

heterocomplex formation the hydrogen bond between LEUPhos and a urea based phosphine is 

required (see Figure below). This supramolecular ligand proved to be highly enantioselective in the 

hydrogenation of methyl 2-hydroxymethylacrylate (up to 99 % ee) and several of its derivatives 

included a trisubstituted alkene (92-99 % ee). Detailed analysis of the results, supported by DFT 

calculations, suggests that substrate orientation through a hydrogen bond between the alcohol group 

of the substrate and the ester moiety of the phosphoramidite plays a crucial role in achieving the 

excellent selectivities. 

  
 We investigated in more details the supramolecular combinations of phosphoramidite with 

ureaphosphine ligands and the substrate orientation through hydrogen bond formation with the 

hydrogen bond acceptor of the phosphoramidite ligand (Chapter 5). We followed the kinetics of the 

reaction by gas uptake measurements. The results showed that the catalysts formed with 

supramolecular heterobidentate ligands are all following the ‘classic’ unsaturated-dihydride 

mechanism in the rhodium-catalyzed hydrogenation reaction. We also studied the impact of the 
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hydrogen bond between the ligand and the substrate on the stability of intermediates of the catalytic 

cycle by DFT calculations and spectroscopic techniques. We could identify all substrate-complexes 

of these catalysts by 31P NMR. For [Rh(1)(4)(5e)]BF4, the catalyst that does not form additional 

hydrogen bond with the substrate, the minor diastereoisomer is responsible for the product formation, 

showing that the catalyst follows the Halpern mechanism. In both [Rh(2)(4)(5e)]BF4 and 

[Rh(3)(4)(5e)]BF4, a hydrogen bond between the ligand and the substrate stabilizes the productive 

intermediate. In fact for [Rh(3)(4)(5e)]BF4, the minor diastereoisomer becomes the major one. This 

implies in this series of complexes a switch from the Halpern to the anti-Halpern mechanism. Further 

experiments are in progress to confirm the results and to use this type of strategies as a rational design 

element. 

 

 In Chapter 6, we discussed the potential of dynamic combinatorial chemistry (DCC) in the 

field of catalysis through a few examples, providing first proofs of principle. For both cage type 

catalysts as well as transition metal complexes the DCC approach could have significant advantages 

above rational design or traditional combinatorial strategies. We mainly focused on the principles, the 

different concepts to design targets and selection procedures allowing the amplification and the 

selection of the best catalyst among a mixture. 

 We investigated in Chapter 7 the dynamic character of the P-N bond in phosphorus ligands 

for applications in Dynamic Combinatorial Chemistry. We observed the reversible exchange of the 

amine on phosphorus and developed dynamic combinatorial libraries of phosphoramidite and 

aminophosphine ligands. Our preliminary results to use the dynamic exchange of P-N bonds with 

amines on ligands coordinated to Rh, Ir, Pd, Pt and Ru were unsuccessful. The major hurdle to this 

chemistry appeared to be the harsh conditions of exchange and the use of 1H-tetrazole as catalyst. 

Tetrazole is in itself a relatively good ligand for transition metals and can easily displace cod and 

chloride from the metal center. The coordinated ligand is not subject to any exchange of amine. The 

design of the proper catalyst is the key point for the breakthrough in transition metal catalysis using a 

dynamic combinatorial library of phosphorus ligands. 
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 De zoektocht naar nieuwe liganden, katalytische systemen en substraten voor 

asymmetrische hydrogeneringsreacties is van groot industrieel en academisch belang. Een 

verscheidenheid aan strategieën is toegepast om nieuwe systemen te ontwikkelen zoals rationeel 

ontwerp en ‘high-throughput screening’ in samenspel met een scala aan spectroscopische en andere 

analysetechnieken om de werking van de katalysatoren beter te begrijpen. Een van de meest 

bestudeerde katalytische reacties is de rhodium-gekatalyseerde asymmetrische hydrogenering van 

alkenen. Het succesverhaal van deze reactie ging gepaard met de ontwikkeling van chirale 

fosforliganden en wordt beschreven in Hoofdstuk 1. De nadruk in dit proefschrift ligt op het ontwerp 

en de bestudering van nieuwe monodentaat fosforamidiet liganden die zijn gefunctionaliseerd met 

aminozuren. Aminozuren zijn waardevolle bouwstenen voor asymmetrische katalyse aangezien ze 

natuurlijk voorkomen in enantiomeer-zuivere vorm en grote diversiteit waardoor de eigenschappen 

van de katalysatoren nauwkeurig gestuurd kunnen worden. 

 In Hoofdstuk 2 zijn twee verschillende reeksen van fosforamidiet liganden (zie Schema) 

bestudeerd in de asymmetrische hydrogenering van verschillende substraten. De eerste reeks heeft 

een enantiomeer-zuiver bisnaftolskelet en is bestudeerd om de invloed van de verschillende 

substituenten (R1-3)  van de aminozuren op de katalytische eigenschappen te evalueren; tot 84 % ee is 

behaald met methyl �-acetamidocinnamaat en tot 97 % ee met methyl 2-acetamidoacrylaat. De 

tweede serie bevat een tropos skelet dat kan roteren om de C-C binding tussen de twee fenylringen. In 

deze reeks is onderzocht of de chiraliteit van het aminozuurfragment de enantioselectiviteit tijdens de 

katalytische reactie kan sturen. Inderdaad geven deze liganden vergelijkbare resultaten als die uit de 

eerste reeks met een enantiomeer-zuiver skelet. 

 


